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F O R E W O R D 

A D V A N C E S I N C H E M I S T R Y S E R I E S was f o u n d e d i n 1 9 4 9 b y the 

A m e r i c a n C h e m i c a l Society as a n outlet for symposia a n d 
col lections of data i n spec ia l areas of t o p i c a l interest that c o u l d 
not be accommodated i n the Society's journals . I t prov ides a 
m e d i u m for sympos ia that w o u l d otherwise be f ragmented , 
the ir papers d i s t r ibuted among several journals or not p u b ­
l i shed at a l l . Papers are r e v i e w e d c r i t i ca l l y a c cord ing to A C S 
ed i tor ia l standards a n d receive the care fu l attention a n d proc ­
essing character ist ic of A C S publ i cat ions . V o l u m e s i n the 
A D V A N C E S I N C H E M I S T R Y S E R I E S m a i n t a i n the in tegr i ty of the 

symposia o n w h i c h they are based; however , v e r b a t i m repro ­
duct ions of prev ious ly p u b l i s h e d papers are not accepted. 
Papers m a y i n c l u d e reports of research as w e l l as reviews since 
symposia m a y embrace b o t h types of presentation. 
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P R E F A C E 

A s our society becomes more technologica l ly anchored, the role of 
so l id state chemistry i n so lv ing problems is seen c lear ly . W h i l e i n 

the past m a n has witnessed the g r o w t h of the electronics industry , based 
on the ab i l i ty of so l id state chemists to prepare desired materials of h i g h 
p u r i t y , i n the future he undoubted ly w i l l see so l id state chemists des ign­
i n g a n d p r o d u c i n g materials that contr ibute i n such v a r i e d fields as 
energy conversion, storage, a n d transmission, in format ion storage a n d 
processing, a n d resource management . Indeed , this process is a lready 
under w a y . F r o m the academic po int of v i e w , so l id state chemistry is a 
mature d i sc ip l ine i n E u r o p e , but i t is s t i l l i n its in fancy i n the U n i t e d 
States. W i t h these real izations i n m i n d , a conference ent i t led " T h e F i r s t 
S u m m e r S y m p o s i u m on So l id State C h e m i s t r y " was h e l d at the U n i v e r ­
sity of W y o m i n g at L a r a m i e , W Y i n 1978. 

T h e purpose of this meet ing was to a l l ow chemists a n d physicists 
to interact o n a b r o a d range of subjects, most of w h i c h w o u l d perforce 
be dist inct f r o m the area of research of any one part i c ipant . O n e conse­
quence of such a format is that attendees are ob l i ged to consider subjects 
that" are n e w to t h e m ; hopefu l ly , the examinat ion of prob lems f rom di f ­
ferent perspectives w i l l l ead to f r u i t f u l insights a n d exchanges, or to 
nove l approaches to diff icult problems. A s a result of this intent ion , the 
chapters i n this vo lume cover m a n y topics. T h e chapters are presented 
under three general headings : A p p l i c a t i o n s of P h y s i c a l Techn iques to 
So l id State C h e m i s t r y ; Mater ia l s for E n e r g y Convers ion , Storage, a n d 
Transmiss ion ; and Preparat i on a n d Propert ies of D i v e r s e Sol ids. 

T h e chapters i n the first section discuss less c ommonly used p h y s i c a l 
techniques for analysis a n d / o r character izat ion of solids. T h e second 
section has a heavy emphasis on the explo i tat ion of solar energy, but 
includes such topics as catalysis, hydrogen storage, a n d nove l c onduct ing 
materials as w e l l . T h e last segment deals w i t h the more t rad i t i ona l 
topics of preparat ion a n d properties , but the materials s tud ied a n d / o r 
the methods used are general ly of an unusua l nature. 

I t is expected that s imi lar b road ly const i tuted conferences w i l l be 
h e l d i n the future , a n d i t is h o p e d that the present vo lume w i l l be use fu l 
a n d of interest to the so l id state c ommuni ty . 

ix 
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1 

Muon Spin Rotation: A n Exotic Probe of the 
Atomic Environment 

ARTHUR B. DENISON 

Department of Physics and Astronomy, University of Wyoming, 
Laramie, WY 82071 

The muon, through its magnetic moment, acts as a probe of 
the magnetic environment in a solid on the atomic scale. 
The purpose of this review is to elucidate the type of infor­
mation that may be obtained. The muon may remain as a 
free particle as in all metallic conductors, or as in some 
insulators and semiconductors, it may combine with an 
electron to form muonium. In ferromagnetic metals the 
various components of the local field have been studied and 
interpreted. The behavior of muonium in solids is varied 
depending on the nature of the bound electron, which may 
be either localized or diffuse over a number of lattice 
neighbors. 

nphe m u meson (/JT), or m u o n , is a sensitive a n d del icate probe of 
matter on the atomic scale. T h i s part i c le , w h i c h carries either a p lus 

or a minus charge, m a y m i m i c the behav ior of the p ro ton or e lectron i n 
matter a n d thus finds itself i n v o l v e d i n a var iety of probe situations 
r a n g i n g f r o m chemica l reactions to static a n d d y n a m i c magnet i c behavior 
i n solids. 

D u e to the nonconservat ion of p a r i t y ( J ) , the w* - » /A* + v decay 
produces muons w i t h the ir spins opposite to the l inear m o m e n t u m {IT is a 
p i meson a n d v is n e u t r i n o ) . W i t h proper m o m e n t u m def in i t ion a po lar ­
i z e d b e a m of muons m a y be* obta ined . T h e p o l a r i z e d muons stop i n 
matter a n d reflect the l o c a l magnet i c environment t h r o u g h the L a r m o r 
precession frequency. T h e posit ive m u o n m a y r e m a i n free as b u t i n 
m a n y cases i t m a y combine w i t h a n electron (e") to f o r m m u o n i u m (/x+ — 
e"). A t the e n d of the m u o n l i f e t ime (about 2.2 X 10" 6 sec ) , the decay 
(lk - » e* + v + F) produces a pos i t ron ( e l e c t ron ) , w h i c h is emi t ted 
pre ferent ia l ly i n the d i rec t ion of the m u o n sp in . T h e precession 
f requency of the m u o n ( a n d therefore the l o ca l magnet ic field) can be 

0 - 8 4 1 2 - 0 4 7 2 - 1 / 8 0 / 3 3 - 1 8 6 - 0 0 3 $ 0 5 . 7 5 / 1 
© 1980 A m e r i c a n C h e m i c a l Society 
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4 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

measured w i t h pos i tron detectors i n a g iven so l id angle. A n o t h e r 
important quant i ty is the depo lar izat ion t ime. T h i s characterist ic t ime 
reveals the d y n a m i c environment of the m u o n t h r o u g h dephas ing of the 
spins o r ig ina l ly i n phase i n the beam. T h i s dephas ing t ime is closely 
re lated to the T 2 re laxat ion t ime often measured i n magnet ic resonance 
experiments to obta in in format ion concerning the interatomic motions 
a n d correlations. 

I n the f o l l o w i n g text the m u o n s p i n rotat ion (/*SR) m e t h o d w i l l be 
descr ibed i n more deta i l . T h e f ormat ion a n d q u a n t u m descr ipt ion of 
m u o n i u m w i l l be considered. A survey of the k inds of studies that m a y 
be done w i t h /xSR is g iven . T h i s survey, a l t h o u g h not meant to be 
exhaustive, shou ld give the reader a good idea of w h a t is n o w b e i n g 
done i n the field. T h e field current ly is very act ive a n d n e w ideas a n d 
types of measurements are be ing generated constantly. Several excellent 
r e v i e w articles current ly exist {2,3) a n d are r e commended to the reader 
for broader a n d more deta i l ed in format ion . 

Method of Measurement 

F i g u r e 1 lists some of the important properties of the m u o n . T h e 
m u o n , a l epton w i t h s p i n 1/2 , is p r o d u c e d f rom p i o n decay i n a nuc lear 
accelerator. Several high- f lux meson faci l i t ies (or meson factories) exist 
today. T h e p r i m a r y sites used for /xSR w o r k are the L o s A l a m o s M e s o n 
Physics F a c i l i t y ( L A M P F ) i n N e w M e x i c o , the T r i - U n i v e r s i t y M e s o n 
F a c i l i t y ( T R I U M F ) i n V a n c o u v e r , B r i t i s h C o l u m b i a , the Schweizerisches 
Inst itut fur N u k l e a r f o r s c h u n g ( S I N ) i n V i l l i g e n , S w i t z e r l a n d , a n d the 
Russ ian Inst itute for N u c l e a r Studies at D u b n a . D u e to the type of 
interact ion that acts d u r i n g the p i o n decay ( I ) , the m u o n magnet ic 
moment is d i rec ted i n the opposite sense to the m u o n m o m e n t u m . B y 
select ing muons w i t h i n a g iven m o m e n t u m range, one m a y obta in a 
h i g h l y p o l a r i z e d m u o n b e a m (about 9 0 % ) . T h e mass of the m u o n is 
206.8 times the mass of the electron, w h i c h means i t is about one-n inth 
the mass of the proton . B o t h pos i t ive a n d negat ive muons m a y be 
produced . T h e l i fe t ime of the m u o n is short (about 2.2 X 10" 6 sec ) , 
so the experiments must be des igned to obta in the relevant in format ion 
w i t h i n just a f ew l i fet imes. T h e magnet ic moment is the key to the / A S R 
technique , as the L a r m o r precession f requency is measured to obta in 
the magnet ic field at the site of the m u o n i n the sample under study. 
F o r the free m u o n the L a r m o r precession frequency ( / L ) is / L = 13.55 
k H z / G X B ( G ) , where B is the magnet i c field strength. 

T h e m e t h o d of detect ion of the precession of the m u o n magnet ic 
moment aga in relies on the fact that p a r i t y is not conserved i n the weak 
decay mode of the m u o n . T h e posit ive m u o n decays into a pos i tron (e + ) 
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1. D E N I S O N Muon Spin Rotation 5 

7 T + fJL+ + 

SPIN OPPOSITE TO MOMENTUM IN DECAY 

SPIN = I /2 

MASS = 105.7 Mev = 206.8 m e 

LIFETIME { T M ) = 2.199 x I0"6sec. 

I I et> 

MAGNETIC MOMENT (/i^ ) » g^sJ = 3.183^.p 

LARMOR FREQUENCY (f,) = 13.55 KHz /G xB 

Figure 1. Properties of the muon 

a n d t w o neutrinos (n* e* + ve -\- vn) in such a w a y that the pos i t ron 
is emit ted i n a pre ferent ia l d i rec t ion w i t h respect to the m u o n magnet ic 
moment . If y is the energy of decay n o r m a l i z e d to the m a x i m u m possible 
energy (52.8 M e V ) , then 

N(y,B) = 2 j / 2 { ( 3 -2y) +P(2y - l ) c o s ® } (1) 

gives the d i s t r ibut ion of positrons of energy y ejected at a n angle © f r o m 
the m u o n moment , where P is the i n i t i a l po lar i za t i on . I f one integrates 
over the a l l o w e d energy spectrum, the to ta l asymmetry for the decay 
positrons is g iven b y 

i V ( 0 ) - A T o [ l + ^ P c o 8 0 j (2) 

T h i s pre ferent ia l f o r w a r d d i rec t ion of decay positrons w i t h respect to the 
m u o n sp in can be used to f o l l ow the m u o n precession w i t h pos i t ron 
detectors i n a g iven so l id angle w i t h respect to the sample target. 
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6 S O L I D S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

F i g u r e 2 shows a n idea l i zed exper imental setup. A p o l a r i z e d beam 
of muons is d i rec ted into a sample target. T h e muons s low d o w n a n d 
essentially stop i n that target. F o r most of the materials s tudied , the 
s l o w i n g - d o w n process does not destroy the i n i t i a l m u o n po lar i za t i on . A s 
the m u o n enters the target, a count i n sc int i l lator counter S i is registered. 
I f the m u o n stops i n the target, no count w i l l be observed i n S 2 . W e 
denote a stopped m u o n as SiS* 2, where W2 is a n a n t i - S 2 . W i t h this event 
a c lock is started. I f the m u o n decays w h e n its magnet ic moment is 
po in ted i n the d i rec t ion of S 3 , the pos i t ron w i l l pass t h r o u g h S 3 . W h e n 
the pos i tron is detected i n S 3 , the c lock is stopped a n d the to ta l event 
is stored as a count i n the correct t ime b i n of a m u l t i c h a n n e l analyzer . 
A s m a n y events are recorded , a t ime h is togram is b u i l t u p , w h i c h shows 
the t ime -modula ted decay of the precessing m u o n , as shown i n F i g u r e 3. 

T h e s ignal can be represented as 

N(t) — No e - 'Ml +A(t) cosUt + <£)] + B G (3) 

for muons that have decayed at the same c h e m i c a l site (t represents t i m e ) . 
T h e i n i t i a l n u m b e r of muons decay ing at t = 0 is g iven b y N0, is the 
m u o n l i fe t ime, w is the L a r m o r f requency or f requency of the wigg les 
i n the decay his togram, gives the phase of the first w i g g l e w i t h respect 
to counters zero t ime , a n d B G is the b a c k g r o u n d s ignal . T h e func t i on 
A(t), the so-cal led depo lar izat ion funct ion , carries the in fo rmat ion about 
d y n a m i c a l aspects of the c h e m i c a l environment . T h i s f u n c t i o n describes 
the dephas ing of the precessing muons due to the d i s t r ibut i on of l o ca l 
magnet ic fields a n d the t ime -modu la ted atomic environment . O f t e n the 
func t i on can be s imp ly represented as A(t) = A 0 exp( —t/taep), w h e r e 
*deP p lays the same role as T 2 , the rec iproca l of the l ine w i d t h i n magnet ic 
resonance measurements. W e w i l l have more to say about the i n f o r m a ­
t i o n that can be obta ined f r o m this funct ion as w e treat ac tua l experiments. 
I t is possible , of course, that the m u o n m a y stop i n several unequiva lent 
sites, w h i c h w o u l d then give a more compl i ca ted t ime histogram, showing 
beats. T h e f requency in format ion c a n be obta ined as the p o w e r spectrum 
or F o u r i e r transform of the histogram. 

Muonium 

Before d iscuss ing the type of c h e m i c a l or p h y s i c a l in f o rmat i on that 
can be obta ined f r o m / A S R experiments, i t is necessary to consider the 
exotic atom m u o n i u m (4). T h i s a tom, consist ing of a pos i t ive m u o n a n d 
a n electron, has m a n y features of the h y d r o g e n atom. T h e impor tant 
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1. D E N I S O N Muon Spin Rotation 7 

POLARIZED BEAM 

MAGNET COILS 

S; •SCINTILLATION 
COUNTER 

^ STOP = S i S 2 

/ i S T O p e + = S, S 2 S 3 (OCCURS TIME t AFTER , t S T O p ) 

Figure 2. Schematic for experimental setup. The magnetic field is di­
rected perpendicular to the incoming beam and the initial polarization 

/xSR HISTOGRAM 

N(t ) = NQe 
- t / T t t 

I + Ae cos(w t ) \ + BG 

t 

= MUON LIFETIME ( 2.2/t sec. ) 

A = INITIAL POLARIZATION OF 

"STOPPED" MUON 

T = DEPOLARIZATION TIME 

01^= 2 i r f L = PRECESSION FREQUENCY OF / i + 

COUNTS 

CHANNELS (TIME) 
Figure 3. The measured signal (time histogram) obtained in the fiSR 

experiment 
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8 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

po in t for our discussion is that m u o n i u m is q u i c k l y f o rmed i n m a n y 
insulators a n d semiconductors so that the m u o n decay h is togram has 
the spectral features of this c oup led t w o - s p i n system. T h e interact ion 
H a m i l t o n i a n for m u o n i u m i n an external magnetic field H is g iven as 

Ji - C#l ' S + flfifliH " I + Qefie H • S (4) 

w h i c h gives rise to the f a m i l i a r B r e i t - R a b i energy d i a g r a m shown i n 
F i g u r e 4. T h e m u o n i u m hyperf ine interact ion has a strength g iven by 
cz/f/h = w0/27T = 4463 M H z where h is Planck 's constant. A t l o w m a g ­
net ic fields the spins interact strongly w i t h one another a n d the external 
field acts on ly as a per turbat ion . T h e opposite extreme occurs at h i g h 
fields as the spins decouple a n d l ine u p w i t h the external field. T h e t w o 
field regions are best descr ibed w i t h t w o different q u a n t u m representa­
tions, ( F , m F ) at l o w field a n d (Z, S, m M , m e ) at h i g h fields. T h e d i a g r a m 

MUONIUM ATOM 

MAGNETIC FIELD 
Figure 4. Breit-Rabi diagram for the muonium atom. The energies E j 
are given analytically in the text. Magnetic field is given in kilo gauss 

units; v0 = 4463 MHz. 
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1. D E N I S O N Muon Spin Rotation 9 

i n F i g u r e 4 shows the energy levels a n d the relat ive projections of the 
spins. T h e states at any magnet i c field are descr ibed i n the h igh - f i e ld 
representation as ( E j is the energy) 

I tfi>-| + + >|| 

l # » > — « | + - > | | + c | - + > n (5) 

| # 3 > = | >|| 

| # 4 > = C | + - > | | ~S\ -+>|| 

w i t h 

_ 1 l ~ i _ i _ x T 2 i r . x i i / 2 

a n d 

x _ (gefie - grfu) 1 H 1 

E x p e r i m e n t a l l y one looks for the m u o n i u m precession frequencies. 
T h e observed frequencies depend on the magni tude of the a p p l i e d field 
a n d its d irect ion relat ive to the i n i t i a l m u o n polar izat ion. . M u o n i u m is 
f o rmed w i t h the i n i t i a l po lar i za t i on d i rec t ion of the m u o n preserved so 
that the electron is captured i n a state either para l l e l , |+,+ > , or a n t i -
para l l e l , |+>"">> to the m u o n project ion. T h e general s i tuat ion w i t h 
respect to arb i t rary magnet ic field or ientat ion is compl i ca ted , b u t one 
c a n examine some s imple cases. I n the case of a w e a k transverse field, 
the states |+,+ > a n d — > are not rea l ly e igen states since the axis 
of quant i za t i on (external magnet ic field) is perpend i cu lar to the i n i t i a l 
m u o n po lar izat ion . Nevertheless , the s i tuat ion is not so compl i ca ted , 
since the coup led ( t r ip le t ) s p i n state w i l l precess i n the magnet ic field 
i n a d i rec t ion dominated b y the electron moment . T h e wiggles o n the 
t ime histogram w i l l occur w i t h a frequency f L

M u = 1 / 2 ( f L
e + fjj1) = 

(1.4 M H z • G " 1 ) . A t h igher fields the correct ca l cu la t i on must be made 
(5 ) to obta in the frequencies corresponding to the A m = 1 transitions 
between the states shown i n F i g u r e 4. T h e resul t ing h is togram w i l l show 
beats that m a y be ana lyzed b y F o u r i e r transforms to obta in the des ired 
frequencies. 

F o r m u o n i u m i n a l o n g i t u d i n a l field, the states |+,+ > a n d |+>~~> 
are f o rmed w i t h 5 0 % of the tota l m u o n i u m popu la t i on i n each state. 
H o w e v e r , the state |+>~~> is not p u r e i n the sense that i t is a super­
pos i t i on of states E2 a n d E 4 , that is , — > — s\E2> + c | E 4 > . S u c h a 
m i x e d state w i l l osci l late i n t ime between |+,—> a n d |—,+ > w i t h the 
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10 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

f requency a>24. A t l o w external magnet ic fields, w24 = wo a n d this fre­
quency is too h i g h to resolve w i t h current apparatus, so hal f the avai lable 
po lar i za t i on is lost. A s the field is increased, however , one can show 
that the po lar i za t i on of the |+,—> state oscillates between + 1 a R d 
JPmin, where Pmin = (x2 — 1)/(x2 -\- 1), w i t h x = w/w 0 . T h e resul t ing 
m u o n po lar i za t i on as a func t i on of magnet ic field is then g iven b y 

P W - l + (i)[aT5r] (6) 

Muonium in Insulating Solids: Depolarization Studies. T h e behav­
ior of m u o n i u m i n an external magnet ic field, descr ibed i n the preced ing 
section, is for m u o n i u m i n a v a c u u m i n the absence of p e r t u r b i n g effects. 
Dev iat ions f rom such behavior for m u o n i u m i n solids provides in fo rma­
t ion about the mater ia l under study. M u c h of the current theory of 
depo lar izat ion , as w e l l as early measurements, was done by the Russ ian 
group ( 5 , 6 , 7 , 8 ) . D e p o l a r i z a t i o n f r o m the atomic environment comes 
f r o m several causes, the most important of w h i c h is the so-cal led proper 
m u o n i u m mechanism ( 8 ) . T h e m u o n i u m electron is strongly c oup led to 
the environment a n d t h r o u g h sp in interactions relaxes r a p i d l y . T h e m u o n 
that is c oup led to the electron t h r o u g h the hyperf ine interact ion also 
depolarizes r a p i d l y . A s an external l o n g i t u d i n a l field is a p p l i e d above 
the c r i t i c a l field, the spins are decoup led a n d the m u o n i u m po lar i za t i on 
restored. F i g u r e 5 shows the restoration of po lar i za t i on of m u o n i u m i n 
quartz . T h e fit to the data is excellent w h e n us ing E q u a t i o n 6 w h i c h 
describes the idea l case for m u o n i u m i n a v a c u u m . Q u a r t z ( S i 0 2 ) 
appears neutra l to m u o n i u m i n m a n y respects. It is possible, us ing 
E q u a t i o n 6 a n d the def init ion of x = ( w / w 0 ) , to find the effective hyper ­
fine constant ^ of the m u o n i u m i n a g iven substance b y fitting the data 
obta ined f r om depo lar izat ion as a func t i on of magnet ic field. I n quartz , 
as expected, the v a c u u m value of the hyperf ine c o u p l i n g constant is 
obta ined . 

A modi f i cat ion of this process occurs w h e n the electron associated 
w i t h the m u o n i u m is chemica l ly active. I f the electron enters into a 
chemica l b o n d , the m u o n w i l l be free for a t ime before at taching to 
another electron. T h e m u o n becomes r a p i d l y depo lar i zed ( i n l o w field) 
w h i l e i t is i n m u o n i u m but not so r a p i d l y as a free m u o n . E x a m i n i n g 
this process i n deta i l ( 9 ) , one finds that the depo lar izat ion fo l lows 

p _ , M 2 ( l + 2vr) 
2[(<or) 2 ( l + vr + Z 2 ) + ( l + 2 v r ) 2 ] U ) 

where x has its usua l def init ion, v is the f l i pp ing f requency of the electron 
i n m u o n i u m , a n d r is the l i fe t ime of the m u o n i u m configuration. F i g u r e 
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1. D E N I S O N Muon Spin Rotation 11 
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Soviet Physics JETP 

Figure 5. The residual polarization for muonium in quartz (Si02) as a 
function of magnetic field. The external magnetic field is perpendicular 
to the beam polarization (8). (Solid line predicted by Equation 6 in text.) 

6 shows the close agreement w i t h the pred i c t i on for m u o n i u m i n K C 1 as 
a funct ion of magnet ic field. It was impossible to obta in v a n d T separately, 
a l though the produc t vr was determined ( V T = 1.81 ± 0.10). Feas ib le 
bounds on the separate quantit ies are discussed i n the o r i g ina l paper . 
A d d i t i o n a l discussion of the mechanism of depo lar izat ion of the m u o n 
also is g iven there, w h i c h points u p the importance of impur i t i e s i n the 
sample. Impur i t i es such as those f ound i n K C 1 give rise to l o ca l magnet ic 
fields, w h i c h depolar ize the m u meson. A g a i n , b y examin ing the external 
field dependence on this extra depo lar izat ion , one m a y estimate the 
magni tude of the l o ca l field. These authors report a ca lcu lated l o ca l 
field on the order of 50 G . 

Muonium in Insulating Solids: Precession Measurements. R e c a l l 
that t h r o u g h the F o u r i e r analysis of a t ime h is togram taken f r o m m u o n i u m 
precession i n a transverse field, the frequencies corresponding to the A m 
= 1 transit ions i n the B r e i t - R a b i d i a g r a m ( F i g u r e 4 ) m a y be obta ined . 
F i g u r e 7 shows the p o w e r spec trum resu l t ing f r o m the F o u r i e r t rans form 
of the h is togram of m u o n i u m i n S i 0 2 ( q u a r t z ) a n d i n p -doped S i . T h e 
two frequencies so obta ined for S i 0 2 are w i 2 a n d w 34. F r o m these meas­
u r e d frequencies at a k n o w n magnet ic field, one can read i ly calculate 
the m u o n i u m hyperf ine c o u p l i n g constant. A s ment ioned prev ious ly , the 
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12 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

1000 2000 

B ( GAUSS ) 
3000 

Soviet Physics JETP 

Figure 6. The residual polarization as a function of magnetic field in 
KCl. The effects of forming and reforming the muon atom in the chemi­
cal environment give rise to the curve above 200 G. Additional depolari­
zation due to local magnetic fields is evident at low fields (9). (Solid line 

predicted by Equation 7 in text.) 

hyperf ine constant is the same as that for m u o n i u m i n a v a c u u m . I n other 
words , the m u o n i u m i n S i 0 2 has f ound a spacious enough site to accom­
modate itself essentially unper turbed . S u c h unper turbed m u o n i u m is 
f o u n d i n a n u m b e r of materials ( 2 ) . 

I n contrast to this v a c u u m l i k e behavior are the results for the semi ­
conductors S i a n d G e . I n fact, the behavior of m u o n i u m i n these materials 
is current ly one of the most interest ing prob lems i n /xSR. G u r e v i c h (5 ) 
observed m u o n i u m i n G e that showed the hyperf ine f requency o) h y i , (Ge) 
« 0.56 w 0 ( v a c ) . B r e w e r et a l . (10) p u b l i s h e d their results i n 1973 for 
p -doped S i (see F i g u r e 7 ) . F o r m u o n i u m i n the interst i t ia l site they 
observed w h y p ( S i ) « 0.405 w 0 ( v a c ) . T h e m u o n i u m behaves as t h o u g h i t 
is somewhat swol len i n the site i n w h i c h i t finds itself. S u c h m u o n i u m 
i n w h i c h the m u o n a n d electron are essentially l o ca l i zed , a lbe i t swol len , 
is ca l l ed deep-donor m u o n i u m . If one assumes that the hyperf ine inter ­
ac t ion fo l lows the contact interact ion |^(0)|2 oc ( 1 / r 3 ) , where |^(0)|2 is 
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1. D E N I S O N Muon Spin Rotation 13 
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Figure 7. (a) The power spectrum from the time histogram for muonium 
in quartz (SiOB). The two frequencies near 130 MHz represent the transi­
tions v12 and v3i in the Breit-Rabi diagram (10). (b) The power spectrum 
from muonium in Si. The upper frequencies come from a swollen mu­
onium in Si and the lower two frequencies have their origin in a shallow 

donor muonium (10). 

p r o p o r t i o n a l to the e lectron density at the m u o n site, t h e n the radius 
can be ca lcu lated to have expanded b y r o u g h l y 2 0 % . W a n g a n d K i t t e l 
(11) interpreted the swe l l ing as due to sh ie ld ing b y the valence b a n d 
electrons. C o k e r , L e e , a n d D a s (12) have attempted to pred i c t the 
observed hyperfine shift b y us ing a self-consistent, charge-extended 
H i i c k e l m o d e l w i t h a cluster of 31 atoms. Reasonable agreement is 
f o u n d for b o t h the models above for the deep-donor m u o n i u m . 

A n o t h e r set of frequencies has been observed, however , that are 
anisotropic w i t h respect to crystal or ientat ion i n the external field. These 
l ines, the so-cal led anamolous l ines, were diff icult to interpret a n d 
p r o d u c e d g a n d c/f- values that were h a r d to expla in . T h e Swiss group 
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14 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

[Patterson et a l . (13)] f o u n d that b y rotat ing the crystal about various 
axes, they c o u l d pred i c t frequencies qui te w e l l , us ing an anisotropic 
sp in H a m i l t o n i a n . 

J / l I U * — <^_[_ (I A + IySy) + 

c#\\i& - QePe S • H — Qyfi* I • H (8) 

It was f o u n d that this anisotropic hyperf ine interact ion h a d a n axis of 
symmetry ) about any one of the < 1 1 1 > direct ions. T h i s descr ip ­
t ion , w h i c h is not u n c o m m o n i n electron sp in resonance work , a l l o w e d 
a m u c h s impler interpretat ion w i t h the reasonable parameters 

| j^L I = 92.1 ± 0.3 M H z 

\jfu | = 17.1 ± 0.3 M H z 

g* = 2.01 ± 0.01 

0 e = 2.2 ± 0 . 2 

F u r t h e r w o r k is presently b e i n g done to e lucidate the nature of the site 
w i t h this symmetry . Several possible models are p u t f o r w a r d i n the 
o r i g i n a l paper . 

Positive Muons in Metal 

T h e m u o n remains as a free m u o n i n conductors , where the 
meta l l i c electrons are corre lated a n d act to screen the /x+ charge rather 
t h a n c o n t r i b u t i n g a n e lectron to make the m u o n i u m atom. T w o general 
types of prob lems have been s tud ied that have p r o v e d most exc i t ing : 
( 1 ) the s tudy of m u o n di f fusion i n metals a n d (2 ) the study of magnet i c 
interact ions i n materials . B o t h studies require k n o w l e d g e of the w h e r e ­
abouts of the m u o n a n d therefore d e a l w i t h the physics of interst i t ia l sites, 
defects, a n d t r a p p i n g . 

D i f f u s i o n . In f o rmat i on concern ing the di f fusion a n d t r a p p i n g of 
muons i n metals is obta ined t h r o u g h the depo lar izat ion t ime . T h i s 
depo lar izat ion t ime depends on temperature a n d l o c a l e n v i r o n m e n t a l 
factors, such as the magnet ic surroundings a n d the mechanism of t rapp ing / 
Several metals have been examined. T h e results show that the behavior 
of the m u o n is b y no means u n i f o r m for different materials . I t is be­
c o m i n g clear that even for a g iven m e t a l sample the exper imental results 
c a n be qui te different, d e p e n d i n g o n the n u m b e r of impur i t i es i n the 
sample. T h e results are sensitive to the method of preparat ion a n d 
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1. D E N I S O N Muon Spin Rotation 15 

anneal ing , w h i c h m a y influence s tructura l defects a n d dislocations. M a n y 
n e w results are appear ing i n the l i terature (see, for example, 14r-22), a n d 
communica t i on w i t h various laboratories shows the l i ve ly act iv i ty i n this 
field, w i t h n e w a n d p u z z l i n g results appear ing constantly. Rather than a 
complete survey of a l l the materials examined to date, a discussion of the 
general approach to understanding , the results w i t h some specific examples 
w i l l be g iven here. 

I n E q u a t i o n 3 the t e rm A(t) carries the depo lar izat ion in format ion . 
R e c a l l that the depo lar izat ion t ime is the characterist ic dephas ing t ime 
of the muons due to d y n a m i c re laxation effects f r om the sample itself. 
It has been k n o w n for a l ong t ime i n the field of magnet ic resonance 
re laxat ion that the re laxat ion times are determined by* the power spec­
t r u m of the t ime -modula ted loca l magnet ic environment . Theories that 
quant i ta t ive ly pred i c t the re laxat ion times use a corre lat ion t ime T , 
characterist ic of the p e r i o d of the l o ca l magnet ic fluctuations. Reasonable 
success i n bo th magnet ic resonance a n d m u o n depo lar izat ion has been 
obta ined b y us ing the funct ion (21) 

A(t) — A0 e x p { - 2 c r s 2 r 2 [ e x p ( - ^ / r ) - 1 + t/r]} (9) 

where T is the characterist ic magnet ic fluctuation t ime (often the m u o n 
hop t i m e ) a n d o-s

2 represents a latt ice sum over the ne ighbor ing nuc lear 
dipoles. T h i s func t i on reduces to a Gauss ian (Aoe~ants) for s low dif fusion 
( T - » oo) a n d to an exponentia l (e'2**71) for fast di f fusion ( T -> 0 ) . A s 
ment ioned , the experiments are done as a func t i on of temperature for 
any g iven sample, a n d the quant i ty i n the exponent ia l of A(t) is 
measured. 

A s an example of the results obta ined as a funct ion of temperature , 
the data of Gauster et a l . (14) are shown i n F i g u r e 8. T h e data for C u 
were fit b y us ing the general expression ( E q u a t i o n 9 ) , w i t h a va lue for 
a 2 of 0.257 dz 0.003 s"1. T h i s va lue of a2 assumes the m u o n is t rapped at 
an octahedral interst i t ia l site. T h e results on A l , on the other h a n d , show 
a surpr i s ing lack of t r a p p i n g , even at very l o w temperatures. T h i s lack 
of t r a p p i n g i n A l can be par t ia l l y ra t iona l i zed i f one assumes that the 
concentrat ion of t r a p p i n g sites is l o w , so that a m u o n cannot find 
vacancies i n its l i fe t ime or, a l ternatively , that such sites are not deep 
traps, so that de t rapp ing occurs q u i c k l y . T h e explanat ion for this large 
difference between these two materials w i t h s imi lar face-centered c u b i c 
( F C C ) lattices is not complete at this t ime. 

T h e basic m o d e l of di f fusion g iven is further substantiated i n C u 
b y a beaut i fu l set of experiments done b y C a m a n i et a l . (22) as inter ­
preted b y H a r t m a n n (23). T h e copper nucleus , i n a d d i t i o n to possessing 
a magnet ic d ipo le moment , has a reasonably large quadrupo le moment . 
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16 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 
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Solid State Communications 

Figure 8. The depolarization rate of the diffusing /A + in (a) Cu and (b) Al 
as a function of temperature (14) 

I n the case of m u o n di f fusion i n C u the m u o n distorts the site at w h i c h 
it sits. S u c h a distort ion produces an electric field gradient different f r o m 
zero, w h i c h w i l l interact w i t h the ne ighbor ing nuc lear quadrupo le m o ­
ments. T h e or ientat ion of the ne ighbor ing nuc le i , a n d therefore the 
resu l t ing d ipo le sum a2, depends on the interact ion of the quadrupo le 
moment w i t h the i n d u c e d electric field gradient a n d the interact ion of 
the nuc lear magnet ic d ipo le moment w i t h any magnet i c field present. 
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1. D E N I S O N Muon Spin Rotation 17 

T h e depo lar izat ion of the m u o n spins was measured as a func t i on of an 
a p p l i e d external magnet ic field. T h e results so obta ined , us ing a single 
crystal of C u or iented i n a k n o w n w a y i n the external magnet ic field, 
are shown i n F i g u r e 9. These results, w h i c h depend on the compet i t i on 
between the nuclear or ientat ion due to the e lectr ic field gradient a n d the 
external magnet ic field, agree extremely w e l l w i t h the theory. I n a d d i t i o n , 
the amount of d istort ion due to the presence of the m u o n has been 
measured. F i g u r e 10 shows the results of depo lar izat ion measured as a 
funct ion of external field a n d as a funct ion of crystal or ientation. A best 
fit to the data occurs for a n assumed expansion of the latt ice site of 
about 5 % . 

t (/x sec. ) 

Figure 9. Measured asymmetry N(t) in Cu(lll) at 80 K as a function of 
magnetic field strength and direction: (%), 4800 G; (O), 3500 G (22). 
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Physical Review Letters 

Figure 10. Depolarization rate of the fi+ in a single crystal of Cu as 
a function of magnetic field strength and direction: ( ), the predicted 
values for undistorted site; ( ), the predicted values for a dilation of 
the site by 5%. Cu(100): (9), 80 K; (O), 20 K. Cu(110): (+), 80 K; 

(O), 20 K. Cu(lll): (A), 80 K; (£s)9 20 K (22). 

Recent results o n n i o b i u m a n d v a n a d i u m (17,18,19,20) show more 
compl i ca ted behavior of the depo lar izat ion exponent ia l as a func t i on of 
temperature. F i g u r e 11 i l lustrates the general behavior of the depo lar i za ­
t i o n funct ion . T h e feature of concern is the d i p corresponding to a 
decrease i n depo lar izat ion rate at par t i cu lar temperatures. S u c h d ips 
are very dependent o n the p u r i t y of the samples used. T h e current 
interpretat ion can be qua l i ta t ive ly ment ioned here, a l though the details 
of the theory are s t i l l b e i n g w o r k e d out (15,17,19), a n d i t is c lear that 
more data are r equ i red . I n the h igh- temperature reg ion ( D ) m u l t i p h o n o n 
processes occur that essentially keep the m u o n untrapped , r esu l t ing i n a n 
averag ing of the l o ca l magnet i c environment , g i v i n g smal l depo lar izat ion . 
A s the temperature goes d o w n ( C ) , traps do become effective, so that 
the m u o n finds itself stationary i n the v i c i n i t y of nuc lear magnet i c 
dipoles , w h i c h q u i c k l y dephase the m u o n spins. I n the r eg i on of the 
d i p ( B ) t w o models are current ly used. F o r this effect i n N i , G r e b i n n i k 
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1. D E N I S O N Muon Spin Rotation 19 

temperature 
Figure 11. General behavior of the depolarization rate of muons in the 

body-centered cubic metals Nb and V 

et a l . (15) have proposed a k i n d of q u a n t u m t u n n e l i n g as a mechanism 
for di f fusion, w h i c h actual ly increases as the temperature decreases. T h i s 
m o d e l treats the reg ion at very l o w temperature ( A ) as b e i n g effective 
i n a l l o w i n g the m u o n to diffuse r ead i l y a n d find traps. T h e oppos ing 
theory (19) argues that i n reg ion B the m u o n dif fusion i n a c lassical 
sense has s lowed to the po int w h e r e i t is diff icult to find a d e p o l a r i z i n g 
trap a n d yet is fast enough that m o t i o n a l averaging , as ment i oned above, 
is s t i l l effective. I n this latter m o d e l at very l o w temperatures, the m u o n 
is s lowed to the po int that the mot i ona l averag ing disappears. 

T h e dif fusion experiments do relate to some fundamenta l questions 
about the behavior of a m u o n i n matter . Is the m u o n l o ca l i zed or is i t 
spread out i n the q u a n t u m m e c h a n i c a l sense? H o w does this character 
change as a func t i on of temperature? T h e m u o n a n d its resu l t ing strain 
field, a po laron , m a y move together t h r o u g h a crysta l but aga in change 
character as a funct ion of temperature. T h e future should b r i n g some 
answers to these questions. 

Magnetism. T h e m u o n has been used as a probe i n a var ie ty of m a g ­
net ic materials . W o r k has been done i n the m e t a l ferromagnets as w e l l as 
i n b o t h meta l l i c a n d nonmeta l l i c anti ferromagnets . Several different 
aspects of magnet i za t i on a n d the o r i g i n of magnet i sm have been examined 
l o o k i n g at b o t h static a n d d y n a m i c effects. Perhaps the simplest a n d 
cleanest type of measurement is to moni tor the change i n the l o ca l m a g ­
net i za t i on above a n d b e l o w the c r i t i c a l temperature . F i g u r e s 12 (a ) a n d 
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20 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

1 2 ( b ) show the dramat i c change i n l o ca l magnet i za t i on i n N i i n the 
paramagnet i c a n d ferromagnet ic state. F i g u r e 12 ( c ) shows the general 
g r o w t h of magnet i za t i on a n d the closeness to the f a m i l i a r B r i l l o u i n 
funct ion . 

Measurements have been made i n ferromagnetic N i , F e , a n d C o a n d 
i n G d [see R e v i e w b y A . Schenck (24)] as w e l l as ant i ferromagnet ic D y 
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1. D E N I S O N Muon Spin Rotation 21 

ol I I I I I J 
0 200 400 600 

T E M P E R A T U R E ( K ° ) 
Physics Letters 

Figure 12c. The local magnetic field at the stopped muon site as a func­
tion of the applied magnetic field: (A), (%), poly crystal, (Q), single 

crystal, 

a n d H o ( D y has b o t h a n anti ferromagnetic a n d ferromagnetic phase as 
the temperature is l o w e r e d ) . These studies become q u i c k l y n o n t r i v i a l 
w h e n the o r i g i n of the observed field is quest ioned i n deta i l . T h e in terna l 
(s ite) field is g iven general ly as 

-Btot = B ext ~" £<lem — - ^ L + " B d l p -\- -Bhyp 

where B e x t is the external ly a p p l i e d field; B d e m is the demagnet izat ion 
field (general ly dependent o n the shape of the s a m p l e ) ; B L is the L o r e n t z 
field; B d ip is the field contr ibuted f r om the surround ing nuc lear (or elec­
t ronic ) dipoles ; a n d B h v p is the field due to the over lap of the conduct i on 
electron w a v e funct ion w i t h the m u o n (the so-cal led contact hyperf ine 
field). Phys i ca l l y , the most interest ing quantit ies are B d i p a n d B h y p . T h e 
d ipo le field is important i n de te rmin ing the site of the stopped m u o n . 
These fields are not zero i n C o a n d G d . T h e pos i t ive m u o n , w h i c h finds 
itself general ly at an interst i t ia l site, is a pos i t ive ly charged i m p u r i t y a n d 
as such modifies the electron density i n its v i c i n i t y . T h e hyperf ine field 
results f r o m the u n p a i r e d electron sp in density at the site of the m u o n , 
w h i c h depends on electron density a n d electron po lar i zat i on . A s such 
the m u o n acts as a probe of its o w n d i s t u r b i n g influence on the conduc t i on 
b a n d . O n c e the p e r t u r b i n g effects are removed , however , the behavior 
of the conduct i on electrons at the interst i t ia l site c a n be interpreted i n 
the n o r m a l site. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

01
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X, JJL secT 

Soviet Letters JETP 

Figure 13. Measured values of depolarization rate (X) and residual 
polarization (P) in Dysprosium as a function of temperature. TN is the 

Neel temperature (29). 

A f ew comments about the results should be made. I n a l l four of 
these ferromagnets the l o ca l magnet ic field ar i s ing f r om the contact 
interact ion w i t h the conduct ion electrons is negative, that is , i n the 
opposite d i rec t ion to the a p p l i e d field. I n N i the hyperf ine field is qui te 
smal l based on w h a t one m i g h t expect f rom increased sp in density due 
to charge red is t r ibut ion a r o u n d the posit ive m u o n . I n the case of C o a n d 
N i the m u o n m a y stop i n two sites w i t h different symmetry . I t is in ferred 
f r om the precession data a n d ca l cu lat ion of B d i P that the m u o n stops at 
an octahedral site. F o r G d , w h i c h is a hexagonal c lose-packed (hep ) 
crystal , a l l s topping sites have a nonzero d ipo le contr ibut ion . F r o m the 
data a n d the ca l cu lated d ipo le sum, i t is in ferred that the m u o n stops 
i n the octahedral site. 
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1. D E N I S O N Muon Spin Rotation 23 

Ant i f erromagnet i c D y a n d H o have been examined b y us ing / /SR. 
F i g u r e 13 shows the depo lar izat ion rate a n d asymmetry A0 measured as 
a func t i on of temperature b y G u r e v i c h et a l . ( 2 5 ) . D y has b o t h a ferro­
magnet ic a n d anti ferromagnetic transit ion. T h e results for H o are s imi lar , 
showing a d iscont inui ty of bo th the depo lar izat ion rate a n d i n i t i a l 
asymmetry near T N . These measurements were made at 306 G . H o f m a n n 
et a l . (26) used the pSR t echnique to measure the l o ca l magnet ic field 
at the site of the posit ive m u o n i n D y ( F i g u r e 14) . A single precession 
f requency was seen i n b o t h the ferromagnetic a n d ant i ferromagnet ic 
states, s h o w i n g that the m u o n must be stationary. 

TEMPERATURE ( K ) 

Figure 14. Local magnetic field at the site of the stopped muon in Dy 
as a function of temperature (26) 

Conclusion 

I n summary , the m u o n , either free or c o m b i n e d w i t h an electron to 
f o rm m u o n i u m , shows interest ing effects brought about b y the interactions 
o c curr ing i n solids at the atomic leve l . T h e posit ive m u o n is sensitive to 
the electron density a n d c h e m i c a l environment . B o t h static a n d fluctu­
at ing l o ca l magnet ic fields can be measured t h r o u g h the precession 
frequency a n d depo lar izat ion times. T h e general study of the interactions 
of the m u o n a n d m u o n i u m i n matter gives in format ion b o t h about the 
mater ia l under s tudy a n d the nature of the m u o n i n matter , w i t h n e w 
experiments often s h o w i n g unexpected or surpr i s ing results. A s t ime 
progresses, the nature of the m u o n i n matter w i l l become clearer. Perhaps 
one can compare fiSR w i t h the g r o w t h of the field of magnet ic resonance. 
T h e ear ly resonance experiments were of a n exploratory nature , a lbeit 
exc i t ing , yet as the subject became better understood , the technique 
became p o w e r f u l as a n analyt i c too l i n chemistry . 
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Glossary of Symbols 

e± = electron ( + or — ) 
= m u o n (-f- or — ) 

v = neutr ino 
t = t ime 

w = frequency, i n radians per second; w = 2-n-f = 2irvi9 where / a n d 
vi are i n hertz 

/ L = L a r m o r precession frequency of free m u o n 
y = energy of decay pos i tron ( n o r m a l i z e d to 52.8 M e V ) 
P = i n i t i a l po lar i za t i on of m u o n 

P(x) = po la r i za t i on as a func t i on of a p p l i e d magnet i c field 
A0 = effective i n i t i a l po lar i za t i on of muons stopped i n sample 

A(t) = depo lar izat ion funct ion (as funct ion of t ime) 
B , H = magnet ic field strength ( i n gauss) ; Bi no rmal ly is used to 

mean contr ibut ion to l oca l field i n the so l id 
^ = H a m i l t o n i a n operator 

g = spectroscopic sp l i t t ing factor ( L a n d e g factor for free muon ium) 
/?v= (en/2mc) B o h r magneton (e lectron or m u o n ) 

c/f = hyperfine c o u p l i n g constant (11 or 1 ) , p a r a l l e l or p e r p e n d i c u ­
lar to an axis of symmetry 

I = m u o n sp in q u a n t u m operator 
S = electron sp in q u a n t u m operator 
F = I + S 

\Ei> = wave funct ion of state at energy Ei 
17, S > = w a v e funct ion for coup led I a n d S sp in system obta ined for 

the case of an externally a p p l i e d field p a r a l l e l to the i n i t i a l 
m u o n po lar i za t i on 

Tn = na tura l l i fe t ime of m u o n (about 2.2 X 10" 6 sec) 
r = characterist ic fluctuation t ime of magnet ic environment 

o- s
2 == parameter represent ing the strength of the interact ion of the 

m u o n w i t h ne ighbor ing magnet ic d ipo le moments 
JUSR = m u o n sp in rotat ion 

Si = sc int i l la t ion counter i 
hep = hexagonal c lose-packed 
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2 

Some Uses of High-Resolution Electron 
Microscopy in Solid State Chemistry 

LEROY E Y R I N G 

Department of Chemistry and the Center for Solid State Science, 
Arizona State University, Tempe, A Z 85281 

The principles of electron microscopy are briefly sketched 
to permit an evaluation of the potential use and limitations 
of high-resolution techniques to solid state chemistry. The 
ReO3-related systems have been extensively studied and are 
very selectively reviewed and illustrated. Compositions in 
the interval MO3 to M2O5 are described, including the 
formation and destruction of point and extended defects. 
The intergrowth of regular structural elements with defects 
and the ordering of the latter into new phases are observed. 
These phases include oxygen deficient MO3, tetragonal 
tungsten bronzes of variable composition, and also the 
block structures such as H-Nb2O5 of varied composition. 
Fluorite-related phases representative of the larger class 
of less ideally suited materials for high-resolution trans­
mission electron microscopy (HRTEM) study have been 
investigated. The results on these ordinary materials are 
described and illustrated, including structure determination 
where conventional methods have failed, new phases, various 
forms of extended defects, and phase transformations. 

O o l i d state chemistry is comprehensive i n its concern. It deals, at the 
^ molecu lar l eve l , w i t h composi t ion , structure, bond ing , react ion charac ­
teristics, a n d thermodynamic properties of solids, as is t y p i c a l of the 
chemistry of gases a n d solutions. I n add i t i on , a n d i n par t i cu lar , i t is 
concerned w i t h the properties of materials that der ive f r o m their solidness. 
F o r these materials three -d imensional structure a n d s tructura l defects 
are at the root of their compos i t ion a n d properties. T h e range of 

0-8412-0472-1 /80/33-186-027$09.00/1 
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c h e m i c a l var ia t i on is greatly enlarged i n the so l id state because of the 
re laxat ion of sto ichiometry requirements , a n d hence f r o m this fact is 
der ived the poss ib i l i ty of inf inite compos i t ional v a r i a b i l i t y a n d aniso­
t rop ic react ion alternatives. 

It w o u l d be diff icult to overestimate the importance of exhaustive 
s t ruc tura l character izat ion . N o one needs to be c o n v i n c e d of the va lue of 
a n X - r a y or neutron di f fract ion invest igat ion, w h i c h reveals the repeat ing 
unit , hence the long-range order, i n crysta l l ine mater ia l s—this is the 
b e g i n n i n g of almost any study. H o w e v e r , the int imate details of the 
structure of r ea l solids, i n c l u d i n g the ir defects a n d imperfect ions , greatly 
influence their c h e m i c a l propert ies . C l a s s i c a l di f fract ion methods g ive 
l i m i t e d in format ion f r o m such smal l regions of space; therefore, w e must 
look elsewhere for a technique that y ie lds this s tructural in format ion . 

M o s t chemists fee l less at home i n re c iproca l space, since the ir v i e w 
of structure involves the spat ia l conf iguration of atoms descr ibed i n terms 
of the l ength a n d direct ions of c h e m i c a l bonds or of d i sp laced or m o v i n g 
atoms. I n these terms the composi t ion , structure, s tabi l i ty , react iv i ty , or 
mechanism of react ion are conce ived i n terms of l i t e ra l models of atoms 
i n fixed or transient posit ions. T o the extent that this is true , a n i n s t r u ­
ment that w o u l d magni fy a reg ion of space sufficiently a n d i n a t ime 
frame compat ib le to h u m a n observation (so that i n d i v i d u a l atoms c o u l d 
be ident i f ied a n d located i n space a n d f o l l o w e d as c h e m i c a l changes 
occur ) w o u l d be the u l t imate instrument of c h e m i c a l analysis. T h e 
h igh-reso lut ion electron microscope ( H R E M ) has this audacious poten­
t ia l . I t is our purpose here to sketch, of necessity superf ic ial ly , the 
present state of these techniques as they are used to i l l u m i n a t e so l id 
state chemistry . 

T h e advantage of direct v i sua l i za t i on of the structure of r ea l solids, 
i n c l u d i n g their defects, becomes apparent w h e n one reviews the tor ­
turous p a t h b y w h i c h ind i rec t methods y i e l d uncer ta in ident i f i cat ion of 
the p r i n c i p a l defects i n any mater ia l . O n e must not oversel l H R E M as a 
direct means of f o l l o w i n g the course of c h e m i c a l react ion i n solids, b u t 
the va lue of be ing able to v isual ize the types of defects a n d their juxta­
pos i t ion i n any mater ia l is enormous. T h e impac t of H R E M o n our 
knowledge of structure a n d mechanism i n so l id state chemistry has been 
pro found . 

It has been more than a score of years since M e n t e r ( I ) ant i c ipated 
the e luc idat ion of structure based on latt ice imag ing . H i s dream has been 
rea l i zed i n large measure today w h e n two -d imens iona l images capable 
of po int - to -po int in tu i t i ve interpretat ion at a reso lut ion of 3.5 A or better 
are be ing taken. T h e technique is flourishing bo th i n pract i ce a n d theory, 
expand ing d a i l y its range of app l i ca t i on to solids. W e w i l l n o w q u a l i ­
tat ively examine the methods of this technique i n order to assess the ir 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

02



2. E Y R I N G High-Resolution Electron Microscopy 29 

usefulness a n d l imitat ions . T h i s w i l l be f o l l owed b y a g l impse of d iverse 
types of studies of interest to the so l id state chemist. F i n a l l y , a n attempt 
w i l l be made to see directions the field might take i n the immedia te future. 

HREM Imaging 

U n d e r favorable c ircumstances i t is possible to image a crysta l i n 
two dimensions w i t h a po int - to -po int reso lut ion of about 2 A . I t has 
been possible to image crystals at a resolut ion of about 3.5 A for the 
past several years u s i n g re lat ive ly inexpensive, c o m m e r c i a l l y ava i lab le 
instruments. I t is to be hoped that w i t h i n the next decade i t w i l l be 
rout ine to image crystals at about 1.5 A . T h i s means that, whereas n o w 
details of structure, i n c l u d i n g defects, are revealed microscop i ca l ly at the 
subuni t c e l l l eve l (say, the l eve l of c oord inat ion p o l y h e d r a ) , i t s h o u l d 
be possible to observe solids at the atomic l eve l . C l e a r l y these advances 
i n technique have un fa thomed significance for so l id state chemistry . 

F o r a thorough discussion of e lectron microscope i m a g i n g of crysta l 
structures, the book "D i f f rac t i on Phys i cs " b y J o h n M . C o w l e y is sug­
gested ( 2 ) . M o r e abbrev iated sources, such as C o w l e y ( 3 ) , A l lpress ( 4 ) , 
A l lpress a n d Sanders ( 5 ) , A l lpress et a l . ( 6 ) , a n d O 'Kee fe et a l . ( 7 , 8 ) , 
should be consulted for references to the p r i m a r y l i terature a n d for the 
deta i led mathemat i ca l , exper imental , a n d ca l cu la t i ona l details of micros ­
copic i m a g i n g . 

A t present, most of the w o r k be ing done is w i t h convent ional fixed 
b e a m high-reso lut ion transmission electron microscopy ( H R T E M ) oper­
at ing at 100 k e V . These microscopes are d irect analogues of op t i ca l 
microscopes : part ic les f r o m a n electron g u n are accelerated a n d concen­
trated on the sample to be imaged . T h e effective size of the source is 
n o r m a l l y a f ew microns i n d iameter ( 2 ) . 

T h e resolut ion a n d contrast of the image are large ly determined i n 
the i n i t i a l stage of magni f icat ion b y the objective lens. Spher i ca l aberra­
t ion , w h i c h depends on phase retardat ion , increases very r a p i d l y for 
beams dif fracted at increasing B r a g g angles. Lenses i n c o m m o n use 
have a spher i ca l aberrat ion constant of 1-3 m m , l i m i t i n g the resolut ion 
to a f e w angstroms. T h i s , rather than high-vo l tage or lens-current 
instabi l i t ies , is the p r i n c i p a l l i m i t a t i o n to reso lut ion ( 2 ) . E le c t romagnet i c 
stigmators are adjusted to correct any ast igmatism. 

E l e c t r o n microscopy is enhanced because of the ease w i t h w h i c h 
bo th selected area electron di f fract ion a n d an image of the same reg ion 
of a crysta l can be recorded. F i g u r e 1 i l lustrates bo th modes of operat ion 
of a t y p i c a l three-lens m a g n i f y i n g system, us ing the symbo l i sm of 
geometric optics. T h e reg ion of the spec imen to be v i e w e d is ba thed 
b y the near ly p a r a l l e l electron b e a m after i t has passed t h r o u g h the 
condenser lens system. T h e scattered electrons f rom the spec imen are 
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30 S O L I D S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

Figure 1. The ray paths in an electron microscope used (a) to produce a 
high-magnification image or (b) to produce a diffraction pattern of a 

selected area of the specimen. 

focused on the back focal p lane of the objective lens to produce the 
di f fract ion pattern . T h i s is the first F o u r i e r transform of the object. 
These electrons interfere aga in i n the Gauss ian image p lane to produce 
an image. T h e a m p l i t u d e d i s t r ibut ion i n the image is a F o u r i e r transform 
of that i n the back foca l p lane . 

T h e foca l l ength of the intermediate lens m a y be changed [as i n 
F i g u r e 1 ( b ) ] so that instead of the image p lane the back foca l p lane of 
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2. E Y R I N G High-Resolution Electron Microscopy 31 

the objective is i m a g e d at the object p lane of the projector lens, where 
it m a y be v i e w e d on a fluorescent screen or photographed . 

A smal l aperture p l a c e d i n ' t h e image p lane of the object ive lens w i l l 
select only part of the image to be magnif ied . Since a s w i t c h i n the 
intermediate lens w i l l not change the area selected i n the aperture, the 
di f fract ion pattern p r o d u c e d i n the di f fract ion mode w i l l represent on ly 
the selected area. T h i s selected area electron di f fraction capab i l i ty is of 
immense importance , especial ly w i t h crystal l ine specimens, since i t per ­
mits correlat ion of the di f fract ion pattern w i t h the same reg ion of contrast 
observed i n the image. T h e m i n i m u m area selected is l i m i t e d b y the 
spher ica l aberrat ion of the lens to regions about 0.5 / m i i n diameter 
at 100 k e V . 

The Formation of the Image. A s i n d i c a t e d above, the image is 
f o rmed by interference of the electron beams i n the image p lane of the 
objective lens. A n objective aperture is used to select the di f fracted 
beams that w i l l be used to f o r m the image. T h e aperture is important 
for two fundamenta l reasons. F i r s t , because the phase retardat ion of a 
di f fracted beam varies as the f our th power of the angle of traversal of 
the lens ( 5 ) , i t is advanatgeous to l i m i t the beams to those scattered at 
l ower angles. Second, since there is a finite resolut ion of the microscope, 
contrast is i m p r o v e d i f those beams are removed that are f r om interp lanar 
spacings less than the resolution of the microscope and hence w o u l d 
s i m p l y contr ibute to the background . 

If on ly one dif fracted b e a m is i n c l u d e d w i t h the direct beam, inter ­
ference w i l l produce s imply a set of fr inges, w h i c h under suitable 
condit ions w i l l correspond to the set of planes i n rea l space that give 
rise to the di f fract ion spot. M o r e often, m a n y beams are used w i t h the 
direct beam to f o rm a br ight - f ie ld , two -d imens iona l image ( 2 ) . I n some 
instances i t may be desired to exclude the direct b e a m a n d obta in an 
image only f r om interference of the di f fracted beams p r o d u c i n g a dark -
field image. I n this case a h igher resolution has been observed ( 9 ) . 

Other Experimental Conditions. I t is necessary to reduce c o n t a m i ­
nat ion of the spec imen as m u c h as possible. T h i s is accompl i shed b y 
p r o v i d i n g surfaces cooled to l i q u i d n i trogen temperatures i n the v i c i n i t y 
of the specimen. I n some cases i t is necessary to improve the v a c u u m , 
a n d this automat ica l ly reduces the rate of contaminat ion . 

I n order to have images that can be interpreted in tu i t i ve ly , i t is 
necessary to have specimens less than 100 A thick . T h i s is accompl i shed 
i n any of several ways . Meta l s m a y be prepared i n t h i n , evaporated, or 
sputtered films. B r i t t l e , nonmeta l l i c specimens m a y be prepared b y 
gr ind ing—somet imes at l i q u i d ni trogen t emperatures—produc ing f rag ­
ments t h i n enough to be imaged . I n any case, i o n t h i n n i n g m a y be used, 
a n d i f the s tructural features of interest are not affected b y this treatment, 
sui tably t h i n specimens m a y be obtained. 
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T h e specimens are supported f requent ly on ho ley carbon gr ids , 
where a t h i n edge of suitable characteristics is f o u n d pro jec t ing over a 
hole i n the support film. 

F o r h igh-reso lut ion i m a g i n g of crystals i t is necessary to have a 
doub le - t i l t ing spec imen ho lder that can orient the c rys ta l a long any of 
several zone axes as desired. 

I n order to have good contrast i n a n image w h i c h is also interpretable , 
the correct aperture a n d thinness of c rysta l must be c o m b i n e d w i t h a 
careful ly adjusted focus. U s u a l l y this requires a n underfocus of about 
900 A (10 ) . A b s o r p t i o n produces no contrast i n the Gauss ian image 
p lane i f the aperture is unrestr icted ( 5 ) . 

The Calculation of Images. I n order for H R T E M to be use fu l i n 
the determinat ion of structure, the images p roduced , w h i c h are a n array 
of l i ght a n d dark spots, must be interpretable i n terms of the type a n d 
locat ion of the atoms i n the specimen. Idea l ly the image w o u l d s imply 
be a two -d imens iona l pro ject ion of the atomic arrangement, enab l ing 
the contrast to be interpreted in tu i t i ve ly ( F i g u r e 2 ) . U n d e r careful ly 
contro l led condit ions of spec imen a n d microscope, this has been f o u n d 
to be possible (10). 

Sat is fy ing a l l these condit ions is more l i m i t i n g t h a n is desirable , 
a n d one w o u l d l ike to be able to use image contrast w h e r e these stringent 
requirements are not f u l l y met. S u c h images are not interpretable w i t h 
confidence i n terms of atom positions unless they can be shown to agree 
w i t h ca lcu lated images over a range of condit ions (8). Therefore , i t is 
necessary to calculate images that correspond to the orientations and 
thicknesses of the spec imen of k n o w n or postu lated structure a n d c o m ­
pare these w i t h those observed. I n order to make the calculations the 
condit ions of focus of the microscope must have specified values, and 
the beam divergence , aperture size, a n d spher i ca l aberrat ion constant 
must be k n o w n (8). E v e n i f the details of structure cannot be deter­
m i n e d w i t h assurance, the characteristics of the image a l l ow u n e q u i v o c a l 
ident i f i cat ion w i t h a par t i cu lar phase. F o r most c h e m i c a l studies this 
in format ion is enough, a n d i t cannot be obta ined i n other ways . 

C o m p u t e r packages n o w have been deve loped that enable image 
calculations to be made based on n -beam mul t i s l i ce d y n a m i c a l theory 
(8,11). These ca lcu lated images are necessary to the interpretat ion of 
observed images, as w i l l be i l lustrated be low. 

High-Voltage H R T E M . T h e o p t i m u m reso lut ion of a microscope 
is g iven b y the equat ion 

d = 0 . 6 A 3 / 4 C B
1 / 4 

where d is the h a l f - w i d t h of the spread funct ion , A is the wave l ength of 
the electron, a n d C 8 is the spher ica l aberrat ion coefficient ( 2 , 3 ) . G o o d , 
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2. E Y R I N G High-Resolution Electron Microscopy 33 

Figure 2. A print by M . C. Escher showing about one and a half unit 
cells. Light and dark patches are intuitively interpretable in terms of the 
elements of the structure. Even out of focus, the relative distances and 
symmetries are preserved. The more perverse will find satisfaction in 

viewing it upside down (31). 

stable, h igh-voltage supplies n o w can be made a n d used w i t h very stable 
lens currents, so that i t shou ld be possible to increase the reso lut ion 
b y decreasing A, that is, b y go ing to h igh-vol tage electrons. A t 500 k e V 
one expects to obta in 1.7 A point - to -po int resolut ion. 

T h e r e are several advantages to u s i n g h igh-vo l tage microscopes such 
as the a b i l i t y to s tudy specimens three or four t imes as t h i c k w i t h the 
same ease of interpretat ion as i n 100-keV machines . Contras t w i l l be 
enhanced b y a factor of t w o or three, w i t h the same c lar i ty a n d w i t h less 
damage due to inelast ic scattering. T h e p r i n c i p a l advantage for the 
chemist , however , w i l l be the poss ib i l i ty of fitting contro l l ed atmosphere 
spec imen stages i n the m u c h larger microscope lens channels . T h e more 
penetrat ing e lectron b e a m w i l l be less affected b y the t h i n gaseous e n v i ­
ronment p r o v i d e d for the spec imen at e q u i l i b r i u m . A reso lut ion of atoms 
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conjures u p the not imposs ib le feat of observing the transport of atoms i n 
crystals. T h i s shou ld also advance the capab i l i t y of de te r min ing structure 
b y d irect i m a g i n g . 

T h e results of 1 - M e V microscope studies of several materials a n d 
the instrument itself have been descr ibed b y H o r i u c h i a n d his co-workers 
(12,13,14). T h e reso lut ion improvement over 100-keV instruments is 
dramat ic . W i t h a 2 - A resolut ion, one c a n v i r t u a l l y resolve the atoms 
at the tetrahedral sites between the crossed shear planes i n the b lock 
structure N b i 2 0 2 9 . H o w e v e r , these instruments are extremely expensive 
a n d w i l l r equ ire a great dea l of development before they become as 
prac t i ca l l y use fu l as the 100-keV instruments. 

Applications of HRTEM to Solid State Chemistry 

T h e development of the field of e lectron microscopy is of enormous 
significance to the so l id state chemist. I t is a m a z i n g to contemplate that 
a l l the h igh-reso lut ion studies ever m a d e have examined on ly about 1 
m m 2 of spec imen area w i t h a mass of about 0.2 fig of mater ia l . T h e r e is 
a lot more to be seen! E v e n w i t h this s m a l l mass, studies have i n c l u d e d 
the observation of u l trastructure a n d defects i n a great var ie ty of m i n e r a l 
specimens ( 1 5 ) , carbon i n m a n y forms i n c l u d i n g d i a m o n d , graphite , a n d 
even s ingle-atom-thick sheets (16), a n d a w i d e range of crystal l ine a n d 
noncrysta l l ine inorganic solids (17). 

W e w i l l discuss here only two types of studies o n crystal l ine oxides. 
T h e first inc ludes examinat ion of m a n y s tructura l types a n d defects i n 
R e 0 3 - b a s e d crystals (most w o r k has been done o n these almost idea l ly 
su i ted mater ia ls ) a n d the second inc ludes studies of the fluorite-related 
b i n a r y rare earth oxides to i l lustrate the va lue of the technique i n a 
more o rd inary but less w e l l suited crysta l type. 

Structures Based on the R e 0 3 Structure Type—Region of Crys-
tallographic Shear. T h e R e 0 3 structure is one of the easiest to v i sua l i ze . 
I t consists of meta l atoms octahedral ly coord inated w i t h oxygen in w h i c h 
a l l corners of the coord inat ion octahedra are shared i n three direct ions. 
T h i s cub i c network has the same appearance pro jected a long any of the 
p r i n c i p a l axes—that is, metal - f i l led octahedra i n square out l ine w i t h 
alternate squares unf i l l ed i n a checkerboard fashion. T h e unf i l l ed squares 
are elements of square tunnels i n a l l three direct ions. T h e u n i t cells of 
these re lated structures are one coord inat ion octahedron th i ck (about 
4.8 A ) a n d f requent ly qu i te large i n the other direct ions; hence they 
are almost i d e a l subjects for h igh-reso lut ion study. 

T h e investigations w e w i l l discuss invo lve r e d u c e d W 0 3 sometimes 
conta in ing M o or N b . N b is the most c o m m o n meta l i n the h i g h l y 
reduced materials invest igated. T h e oxides near M 0 3 i n compos i t ion 
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2. E Y R I N G High-Resolution Electron Microscopy 35 

have defects ca l led crysta l lographic shear ( C S ) . Those of intermediate 
compos i t ion have defects i n v o l v i n g octahedra that have sheared i n a 
c y l i n d r i c a l fashion, p r o v i d i n g pentagonal tunnels a long the axis of shear. 
T h e most r educed oxides are sheared i n two directions. A l l these 
materials preserve the octahedral coord inat ion of the meta l atoms b y 
increas ing edge shar ing of the coord inat ion octahedra as the metal - to -
oxygen rat io is increased b y reduct ion . 

C S i n W 0 3 has been studied b y I i j ima (18) a n d is i d e a l i z e d i n 
F igures 3 ( b ) a n d 3 ( c ) . F i g u r e 3 ( b ) shows a pro ject ion of R e 0 3 a long 
the c-axis. Imag ine remova l of a l l oxygens i n a (210) p lane a n d c los ing 
the structure to rega in the same oxygen structure b y a shear ing act ion 
1/2 [110]. S u c h a n operat ion is represented b y (210) 1 /2[110] . T h i s 
is the creat ion of a W a d s l e y defect (19 ) . F i g u r e 3a is a h i g h resolut ion 
m i c r o g r a p h of such a W a d s l e y defect ( 18 ) . T h e m a i n features are 
unmistakable even t h o u g h the rea l edge-sharing octahedra are consider­
ab ly distorted. I i j i m a f ound that under other than o p t i m u m i m a g i n g 
condit ions , the de ta i l is not so evident. Nevertheless , the defects are 
easily recognized , a n d the ir f ormat ion a n d dep loyment i n this structure 
can be observed. 

Figure 3. (a) High-resolution electron micrograph of a WOs_s crystal 
obtained with the electron beam incident parallel to the c-axis. A promi­
nent feature of the contrast shows the (210) CS plane, across which square 
arrays of the dark dots (indicating W atom positions) are shifted. The 
contrast distributions are in good accordance with the idealized model of 
the (210) CS plane (b). However, the image showed that edge-sharing 
octahedra (shaded) are considerably distorted, so that the distance X of 

(c) is much larger than in the ideal model (18). 
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Figure 4. (a) Oscillatory dark and light contrast bands running parallel 
to the CS plane on both sides, (b) With further electron beam irradiation, 
new CS planes develop with the same periodicity as that of the oscillatory 

contrast in (a) (18). 

T h e r e is a c lear premoni tory behavior before the C S planes 
develop d u r i n g electron i r rad ia t i on [ F i g u r e 4 ( a ) ] . T h i s manifests itself 
as waves of contrast var ia t i on of a regu lar spac ing , w h i c h t h e n deve lop 
into C S defects p a r a l l e l to a n o r i g i n a l defect [ F i g u r e 4 ( b ) ] . T h i s 
appearance of l inear p a r a l l e l l ines of blotches of contrast a long the [102] 
d i rec t i on indicates early stages of development of the shear planes. These 
dark strain fields d isappear w h e n the shear occurs. A s W a d s l e y defects 
increase i n concentrat ion, they t end to become p a r a l l e l a n d to p u r g e 
themselves of k inks , w h i c h appear f requent ly i n the ear ly stages. 

T h i s behavior is consistent w i t h aggregation of oxygen vacancies on 
a d isk , surrounded b y p a r t i a l dislocations, w h i c h can expand a n d move 
l o n g i t u d i n a l l y as suggested b y A n d e r s o n a n d H y d e ( 2 0 ) . 

I i j i m a observed only (210) a n d (210) C S planes i n mater ia l r e d u c e d 
at 1 0 2 2 ° C . T h e r e were no planes observed i n the [010] zone. O n the 
other h a n d , d u r i n g e lectron b e a m heat ing , C S occurs o n (201) a n d (201 ) . 
T h i s anisotropic behav ior is considered to be d u e to the d is tort ion of 
m o n o c l i n i c W 0 3 structures f rom the c u b i c R e 0 3 . T h e d is tort ion is a 
func t i on of temperature , as are the pre ferred direct ions of shear. I n no 
case w e r e (102) planes pre ferred . 

T H E R E G I O N O F T H E T E T R A G O N A L T U N G S T E N B R O N Z E T Y P E O F S T R U C ­
T U R E S . I i j i m a a n d A l lpress (21,22) c lar i f ied the nature of structures 
a n d defects i n W 0 3 c o n t a i n i n g pentavalent cations ( N b ) i n considerable 
concentrat ion, together w i t h the concomitant oxygen deficiency. 
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2. E Y R I N G High-Resolution Electron Microscopy 37 

I n these structures, as i n R e 0 3 , on ly corner shar ing of coord inat ion 
octahedra occurs, but columns of four or more strings of octahedra shear 
c y l i n d r i c a l l y a long c such that w h e n corner shar ing is reestabl ished, 
t r iangular a n d pentagonal tunnels have been created a long the per iphery 
of the shear surface. T h e tunnels c a n be filled b y strings of — N b — O — 
N b — i n ordered ways to generate a var iety of superstructures. F i g u r e 5 
i l lustrates these phenomena i n tetragonal tungsten bronze ( T T B ) , 
4 N b 2 0 5 • 9 W 0 3 a n d 2 N b 2 O s • 7 W 0 3 . 

T h e various T T B - l i k e elements m a y occur i n d i v i d u a l l y as extended 
defects, be ordered into a definite structure, or be i n t e r g r o w n w i t h the 
W 0 3 matr ix to accommodate a n y composit ion. T h i s is observed as c lear ly 
shown i n F i g u r e 6, w h e r e regions of 4 N b 2 0 5 • 9 W 0 3 are separated by-

Acta Crystallographica 

Figure 5. Structural elements encountered in the binary system Nb^Og • 
WOs. Each hatched square represents an M06 octahedron, which shares 
its corner oxygen atoms with neighboring octahedra to form a lattice of 
composition MOs. (a) The cubic ReO. structure, (b) The host lattice of 
the tetragonal tungsten bronze (TTB). (c) The structure of 4Nb2Os • 
9WOs contains three TTB subcells, and the superlattice is a consequence 
of the ordered occupation of one-third of the pentagonal tunnels by 

-O-M-O-M-O- strings parallel to c (filled circles) (21). 
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38 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

Figure 6. (a) Lattice image from a crystal of 4Nb205 • 9WOs containing 
a zigzag, out-of~phase boundary (marked with arrows). Rectangles outline 
the unit cells of the ordered structure, and circles within the boundary 
mark TTB subcells in which all four pentagonal tunnels are empty. The 
presence of the boundary causes a displacement of 1/3 [010] in the 
ordered structure, (b) Model of the boundary structure, derived from the 
contrast in (a). The host lattice of the corner-shared octahedra is continu­
ous, but the pattern of occupied tunnels (full circles) is interrupted at the 

boundary (21). 

a z igzag , out-of-phase boundary . T h e corre lat ion between the t h i n 
crysta l image contrast a n d the structure is c lear ly shown. 

I t has been possible f rom these studies to explore the composi t ion 
l imits of each phase by observing d i rec t ly the o c cupancy of the tunnels 
w h e n phase separation occurred . I t has been possible to see a var iety of 
in te rg ro wt h patterns, a n d i t has been possible to determine n e w structures 
b y d irect observat ion. 

The Block Structures. I f the oxygen deficiency is further increased 
b y cont inued increase of N b 5 + ions, the R e 0 3 - r e l a t e d structures s w i t c h 
once more into a different regime, i n this case the crysta l lographic shear 
characterist ic of the moderate ly r educed W 0 3 occurs i n two direct ions 
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2. E Y R I N G High-Resolution Electron Microscopy 39 

to give infinite co lumns of R e 0 3 structure of smal l dimensions i n two 
directions shifted w i t h respect to each other a long the c o l u m n such that 
edge shar ing occurs at the ir boundaries . 

F i g u r e 7 (23) gives a sqhematic representation of the i d e a l i z e d 
b lock structure of the p o l y m o r p h H - N b 2 0 5 bo th as a pro ject ion of edge-
a n d corner -shar ing octahedra a n d as an abstract representation showing 
only the blocks a n d the co lumns of tetrahedral ly coordinated N b atoms. 
Not i c e that 3 X 4 octahedral co lumns are regular ly interspersed w i t h 3 
X 4 co lumns sheared a n d shifted one-half a n oc tahedra l distance to 
p e r m i t edge sharing. 

I n F i g u r e 8 (23) a t h i n crysta l , w h i c h is p r i m a r i l y of the H - N b 2 0 5 

structure, is in terrupted b y a f a u l t i n w h i c h two 3 X 4 co lumns are 
in tergrown. T h i s is s imi lar to a stacking fault of layers of atoms. N o t i c e 
that the apparent reduct i on resu l t ing i n increased edge shar ing has been 
accommodated i n a most ingenious w ay , preserv ing the octahedral coord i ­
nat ion of most of the meta l atoms. 

Acta Crystallographica 

Figure 7. (a) Idealized model of the structure of H-Nb205 and (b) its 
simple representation. The darker and lighter squares, which form 3 X 5 
and 3X4 blocks by their corner sharing, are centered about the two 
levels perpendicular to the b-axis and are 1.9 A apart. The black circles 
represent the tetrahedrally coordinated Nb atoms. The unit cell is out­

lined (a = 21.2, b = 3.8, c = 19.4Aandp = 120°) (23). 
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2. E Y R I N G High-Resolution Electron Microscopy 41 

T h e studies so far i l lus t rated have establ ished that w h e n a suitable 
crystal is v i e w e d i n a h igh-reso lut ion microscope w i t h the appropr iate 
or ientat ion a n d w i t h the correct adjustment of the electron optics a n d 
p h y s i c a l choice of reflections, an image is obta ined that c a n b e interpreted 
in tu i t i ve ly i n terms of the two -d imens iona l pro jected po tent ia l of the 
crystal . F u r t h e r m o r e , this h igh-reso lut ion image reveals defects w h e n 
they occur beyond the po int - to -po int resolution, w h i c h is usual ly 3.5 A 
or better i n microscopes presently avai lable . 

B e y o n d the rather two -d imens iona l defects just discussed, i t has 
been possible to observe po int defects i n some of these b lock structures. 
S u c h defects have been descr ibed , for example , b y I i j i m a et a l . (24). 
I n F i g u r e 9 ( a ) a po int defect is c lear ly s h o w n i n the 3 X 4 b lock 
structure of N b i 2 0 2 9 , where a w h i t e spot i n d i c a t i n g one of the square 
tunnels is rep laced b y a b lack spot, resul t ing f r om a shift i n the atomic 
posit ions. F i g u r e 9 ( b ) gives the i r interpretat ion of the anatomy of the 
de fec t—two d i sp laced interst i t ia l meta l atoms a n d two excess oxygen 
atoms. F i g u r e 9 ( c ) shows the locations of the d isp laced m e t a l atoms i n 
the perfect structure, suggesting that the defects c o u l d be annealed out 
(or p r o d u c e d i n rare cases) b y heat ing w i t h the e lectron beam. T h a t 
this is true is i l lustrated i n F i g u r e 10, where i n the sequence ( a ) , ( b ) , 
( c ) , defects appear a n d , more often, d isappear as a func t i on of t ime 
i r rad ia ted i n the electron beam. STATES O F AMERICA 

T h e po in t defects are thought to be due to on ly a f e w atoms a n d not 
to a f e w columns of atoms. F u r t h e r m o r e , the defects c o u l d be ascr ibed 

Figure 9a. Enlarged image of the black spot appearing in Figure 10(c). 
The position of the spot corresponds to one of the 2X3 channels in a 

block (24). 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

02



42 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

Figure 9c. Perfect structure corresponding to the one in Figure 9b (24) 
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2. E Y R I N G High-Resolution Electron Microscopy 43 

H R T E M on Fluorite-Related Structures. A s has been p o i n t e d out, 
H R T E M techniques are best a p p l i e d to crystals whose interest ing struc­
t u r a l relat ionships are shown i n pro ject ion w h e n v i e w e d a long a very 
short axis. T h i s is true both i n theory a n d pract ice . T h e systems of R e 0 3 -
re lated structures discussed so far are near ly idea l i n this respect, a n d 
they have revealed the int imate details of the ir s t ructura l relat ionships 
a n d imperfect ions i n a 'shameless w a y . W e n o w demonstrate the use of 
H R T E M on a more c o m m o n type of structure, w h i c h does not have a 
very short axis i n one d irec t ion w i t h large dimensions i n the other two 
a n d hence strains the assumptions of the present ca l cu la t i ona l abi l i t ies 
a n d the capabi l i t ies of the microscope. F o r this purpose w e r e v i e w 
w o r k done on the rare ejirth oxides, w h i c h are fluorite-related systems. 

T h e structures of intermediate phases i n the fluorite-related rare 
earth oxides h a d been s tudied b y convent ional di f fract ion means a n d b y 
ind i rec t means, such as e lectr ica l c onduc t i v i ty a n d the pressure d e p e n d ­
ence of composi t ion , for m a n y years w i t h o u t approach ing a satisfactory 
unders tanding of the structural basis of the homologous series of in ter ­
mediate phases. F o r an unders tanding of the chemistry of any mater ia l , 
the s tructural p r i n c i p l e re la t ing dist inct phases a n d the nature of the 

Figure 10. (a,b,c) Series of pictures taken at several-minute intervals, 
showing the effect of electron irradiation on the black spots (24) 
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t 

12 

10 

12' 

t 

Journal of Solid State Chemistry 

Figure 11. Projections of the unit cells of the fluorite-related homologous 
series of the rare earth oxides along the common a-axis, [211 ]F. Notice 
that the unit cell of monoclinic 12 is obtained by twinning the primitive 
12 about (110) and that 12' is formed when 12 is further twinned about 
(Oil). The monoclinic unit cell of 10 is formed analogously to 12' from 
the primitive 10. The monoclinic unit cells all have a common ac plane, 

different from that common to the primitive unit cells (26). 
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2. E Y R I N G High-Resolution Electron Microscopy 45 

Figure 12. Calculated n-beam crystal structure images for the (100)7 

zone of PryOtg. Calculations were made with atomic-scattering factors 
(6X6 unit cells). Notice that the image at 27-A thickness and 900-A 
underfocus is a projection of the actual arrangement of two columns of 
oxygen vacancies per unit cell. A similar image recurs at about 135-A 
thickness. The other most prevalent image has one spot per unit cell and, 
although unequivocably recognizable, does not correspond to the pro­

jected potential (11). 
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Figure 15. Observed (100)9 image of Pr9016. Inset shows the corre­
spondence of the image to that calculated for a thin crystal (28). 

isolated defects i n v o l v e d i n any associated c h e m i c a l change must be 
del ineated. Sustained efforts to get this in format ion h a d been only 
m a r g i n a l l y successful before H R T E M was app l i ed . 

T H E I N T E R M E D I A T E P H A S E S . Compos i t i ona l ly , the h igher oxides of 
the rare earths ( C e , P r , a n d T b ) h a d been shown to be long to a homo­
logous series R N 0 2 n - 2 , w i t h R m e a n i n g rare earth, a n d n a n integer, 
4 < n < oo ( n = 4 , 7 , 9 , 1 0 , 1 1 , 1 2 , oo k n o w n ) . E x c e p t for hexagonal 
C e 4 0 6 a n d P r 4 0 6 ( h i g h t emperature ) , a l l the phases were k n o w n to be 
f luorite-related, but determinat ion of their true u n i t cells h a d been 
impossible . T h e p r o b l e m stemmed m a i n l y f rom the dif f iculty i n g r o w i n g 
single crystals of suitable size a n d per fect ion w i t h o u t unmanageable 
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Figure 17. Observed image of TbltO20. There are clearly two spots per 
unit cell corresponding closely to the proposed structure (inset is calcu­

lated thin-crystal image) (28). 

t w i n n i n g . T h e electron microscope is quite capable of examin ing t h i n 
crystals 1 y? i n area, w h i c h are t y p i c a l l y u n t w i n n e d a n d qui te suitable 
for observation. 

A study of a l l the t h e n - k n o w n phases i n the P r O ^ a n d TbOa- systems 
w e r e made b y K u n z m a n n a n d E y r i n g (26), u s i n g electron opt i ca l tech­
niques . T h i s study revealed the un i t cells of a l l the establ ished phases 
a n d suggested a s tructural p r i n c i p l e for the o d d members of the series. 
T h e researchers f o u n d that i f the crystals were v i e w e d d o w n the i r a-axis 
( i n the (211) F zone, where F stands for fluorite i n d i c e s ) , they exhib i ted 
a regular ly v a r y i n g pro ject ion profi le , as i l lus trated i n F i g u r e 11. T h i s 
indicates that the a-axis is c o m m o n to a l l the homologous series, a n d i n 
that l i m i t e d sense i t is the largest fluorite defect feature that a l l phases 
have i n common. 

F u r t h e r examinat ion reveals, however , that the series is d ichotomous 
w i t h the o d d - n group character ized b y a c o m m o n ac p lane a n d the 
even members also w i t h a c o m m o n but different ac p lane . T h a t is , the 
o d d members also have a c-axis i n c ommon , a n d the even members a 
c o m m o n but different c-axis. Indeed , the even members are f o r m e d b y 
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. 4 

i r ' ' ' (a) i " ' ' 
° o x y g t n v a c a n c y 

(b) 
• t l x - c o o r d l n a t e c a t i o n 

• t c v o n - c o o r d l n a t a c a t i o n 
• t i a h t - c o o r d l n a t t cat ion 

Figure 18. Projection in (211)F of two possible structures of Pr2tOu 

(n = 12). (a) Model with PI symmetry, (b) Model with Pm symmetry 
(29). 

t w i n n i n g a p r i m i t i v e ce l l , re lated to the o d d members ( a n d s h o w n i n 
F i g u r e 11 ) , at the u n i t c e l l l eve l , g i v i n g a f o lded defect feature whose 
folds are re lated to the ac planes of the o d d members . T h i s ac p lane is 
character ized b y h a v i n g a l l the meta l atoms i t contains six- (rather t h a n 
seven- or e ight- ) coord inated w i t h the two vacant oxygen posit ions across 
the b o d y d iagona l of their coord inat ion cube at an angle of 73° to the ac 
plane . Therefore , the largest feature i n c o m m o n to a l l the phases is 
this ac p lane , w h i c h , i n the even members , is f o lded i n a z i gzag w a y . 

Figure 19. Crystal structure image in (211)F of a thin crystal of Pr2}pw 

The inset is a calculated image from the PI structural mole, Figure 18 
(29). 
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T h e structure of P r 7 O i 2 has been determined b y tota l profi le analysis 
of neutron p o w d e r di f fraction data. T h i s has served as the basis of 
p r e d i c t i o n of m e t a l atom shifts i n the t r i a l structures ( 2 7 ) . 

F r o m observed a n d ca l cu lated h igh-reso lut ion images, i t has been 
possible to determine structures for the o d d members P r 7 O i 2 , P r 9 O i 6 , 
T b u 0 2 o ( P r n O 2 0 is observed to have a qu i te different a n d very large 
u n i t c e l l ) . T h e ca l cu lated a n d observed images are g iven i n F i g u r e s 
12-17. T h e study of P r 7 O i 2 was done b y Skarnul is et a l . ( I I ) , w h i l e 
that of P r 9 O i 6 was made b y Tuenge a n d E y r i n g (28 ) , a n d T b n O 2 0 was 
s tud ied b y K u n z m a n n a n d E y r i n g (26) a n d Tuenge a n d E y r i n g ( 2 8 ) . 
I n the case of P r 7 O i 2 , whose structure is k n o w n ( 2 7 ) , the reso lut ion of 
the microscope is not qui te sufficient to separate the rows of vacancy 
spots that are ca l cu la ted for t h i n crystals a n d that recur at greater 
thicknesses. These rows of vacancies are c lear ly resolved, however , i n 
the h igher members , a n d there is satisfactory agreement between c a l c u -

Figure 21. Observed crystal structure image of Tb2fiu, calculated in 
Figure 20 (28) 
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20 
Weight change, mg 

30 40 50 60 70 80 90 

1.50 1.65 1.70 1.75 1.80 
Composition, x in PrO x 

1.95 2.00 

Figure 22. Phase diagram of the PrOx-02 system. Prominent features 
are the homologous series Rn02n-2> 4 < n < oo, and two nonstoichiometric 

phases a and <r. 

la ted a n d observed images. There remains l i t t le doubt that the proposed 
structures of the o d d members are correct. 

T h e proposed projected structure of the even m e m b e r phases m a y 
be suggested b y that for p phase ( P r 2 4 0 4 4 ) . T h e proposed structure is 
s h o w n i n F i g u r e 18 ( 2 9 ) , i n w h i c h the f o lded planes s imi lar to those 
for the o d d members are apparent . F i g u r e 19 (29) shows an observed 
image w i t h the ca lcu lated image as an inset; the agreement is rather 
good. T h e structures for the n = 12 members for T b i 2 0 2 2 , of w h i c h 
there are several , are different. O n e of them, ca l cu lated a n d observed, 
is s h o w n i n F igures 20 a n d 21 (28 ) . N o t i c e that there is on ly a subtle 
difference between these two structures. T h e y have the same vo lume 
a n d hence the same vacancy density. T h e vacancies occur i n u n d u l a t i n g 
pairs a long the [ 1 1 0 ] F d i rec t ion , but i n one case one sheet is shi fted 
a long ( 1 1 0 ) F w i t h respect to the next. 
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2. E Y R I N G High-Resolution Electron Microscopy 55 

It should be repeated that i n the past i t h a d not been possible to sort 
out these structures b y us ing the convent iona l methods of X - r a y a n d 
neutron di f fract ion, but H R T E M has y i e l d e d a great dea l of very specific 
in format ion . T h e complex i ty of the system is remarkable . V i r t u a l l y a l l 
the h igher oxides be long to the compos i t ional homologous series R E n -
02n-2, a n d apparent ly a l l w i t h n > 7 have very s imi lar defect structures, 
d i f fer ing only b y the spac ing of p lanar defect features, yet the on ly 
i s o m o r p h i n the three series is R 7 O i 2 . F o r example , for n = 12 the 
one p o l y m o r p h seen so far i n the PrO^. system is different f r om any of 
the three or more seen i n the T b O ^ system. 

H R T E M in the Study of Phase Reactions. I t is c lear b y n o w that 
H R T E M can be used to get s t ructura l in format ion on a var iety of phases. 
I n this case the spec imen a n d microscope condit ions must be k n o w n a n d 
contro l led very careful ly . I n m a n y other cases, however , where the 
structures are k n o w n , u n k n o w n , or immater ia l , the phases, phase r e l a ­
t ionships, a n d the in tergrowth characteristics are c learly identi f iable b y 
the ce l l parameters or symmetry characteristics, w h i c h are revealed b y 
the intensi ty d i s t r ibut i on i n the image but w h i c h do not correspond to 
the array of the charge density of the crystal . It is probab le that the 
contr ibut ion of H R T E M to so l id state chemistry w i l l be greatest i n these 

Figure 23. Image of Zr029Sc0m71Olm6Ji in the (1H)F zone. Notice do­
mains of the n = 4 phase about 70 A across imbedded in a matrix of an 
n = 7 phase. The large hexagonal pattern is due to an overlay of the two 

phases in perfect register. 
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56 S O L I D S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

Figure 24. Image of intergrowths of members of the homologous series, 
(a) Lattice image from (100)9, showing intergrowth with iota. Domains 
of n = 4 with n = 7 phase. Notice the thinness of the interface between 
these phases of different structures, (b) (lll)p lattice image, showing a 
domain of Pr9012 in a crystal that is largely sigma phase. An intimate 
intergrowth between n = 7 and n = 9 phases. These phases are perfectly 
coherent, having the same ac planes at the interface and differing only in 
the width of the slab—in this case, one unit cell wide for a few cycles (32). 
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Figure 26. An image of inter grown slabs of n = 12 and n = 11 phases 
in highly oxidized TbOx. In this projection the body diagonal of n = I I 
is the same length as the edge of n = 12, permitting almost perfect coher­

ence (28). 

latter cases w h e r e react ion in format ion , i f not s tructura l in format ion , is 
g i v e n d irect ly . C h e m i c a l react ion i n the so l id state is a c companied b y 
the red i s t r ibut i on of mater ia l , a n d this is r e corded d i rec t ly b y H R T E M . 

T h e use of H R T E M to give in f o rmat i on about the i n d i v i d u a l defects 
i n solids, w h i c h are the agents of c h e m i c a l change, have been repeatedly 
ment i oned i n the paragraphs above where the R E 0 3 - r e l a t e d structures 
w e r e discussed. W e close our discussion w i t h some examples of crystals 
of the fluorite-related materials u n d e r g o i n g change. 

T h e phase d i a g r a m of the P r O ^ system is s h o w n i n F i g u r e 22. O f 
interest here are images of t ransformat ion events i n the two-phased 
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2. E Y R I N G High-Resolution Electron Microscopy 59 

regions. I n F i g u r e 23 the in t e rg ro w t h of the n = 4 a n d n ^= 7 phases 
i n the re lated system Zr^ScyOs are observed i n the ( l l l ) p zone; w e see 
here the perfect topotaxial re lat ionship a n d the coherence of the t w o 
phases. T h e r e is a matr ix of R 7 O i 2 i n w h i c h domains of R 4 0 6 of about 
7 0 - A d iameter are dispersed. These t w o phases are different enough i n 
structure that they do not seem to in tergrow at the u n i t c e l l l eve l . M i c r o ­
graphs of p u r e PrOa. i n this compos i t ion reg ion are s imi lar {see F i g u r e 
2 4 ( b ) ] . 

I n F i g u r e 2 4 ( a ) the i n t e r g r o w t h of the n = 7 a n d n = 9 phases 
is observed. I n these cases the structures are v e r y s imi lar , d i f fer ing o n l y 

Figure 27. Sequential images from a (211)p zone, showing nucleation 
and growth of sheets of n = 7 into ann = 9 phase of PrOx. Time between 

images about 2 min (30). 
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60 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

b y a smal l var iance i n the fc-axis, a n d have in tergrowth of var iab le 
thickness across the c o m m o n ac planes. Images resemble structures w i t h 
frequent s tacking faults. T h e a l ternat ing of n = 7 a n d n = 9, one u n i t 
c e l l th ick , can be read i ly d iscerned for a short distance. 

I n the T b O a . - 0 2 system, the p r i n c i p l e two-phase reg ion is be tween 
n = 7 a n d n = 11. F i g u r e 25 shows a reg ion of in te rgrowth of these 
two phases. B e t w e e n lines of good register, one can observe 11 rows of 
n = 7 a n d 7 rows of n = 11, w i t h the region between c lear ly m a r k e d 
b y dark strain fields. F i g u r e 26 shows a reg ion of in tergrowth of n = 12 
a n d n = 11, where the pro jected b o d y d iagona l of n = 11 equals the ce l l 
edge of n = 12. 

I n cer ta in cases c h e m i c a l change c a n be f o l l o w e d as i t occurs at 
h i g h resolution. F i g u r e 27 (30) gives a sequence of images taken only 
a f ew minutes apart ( the exposure t ime is about 7 sec) d u r i n g the 
decomposi t ion of a crysta l of n = 9, s h o w i n g dramat i ca l l y the nuc leat ion 
a n d r a p i d g r o w t h of the n = 7 phase o c curr ing a long the ac p lane . 
T h e r e is m u c h slower g r o w t h a long b. 

Conclusion 

T h e technique a n d use of H R T E M i n b road studies of the more or 
less i d e a l s tructura l systems, based u p o n the R e 0 3 structure, has been 
i l lustrated . I n this case i n d i v i d u a l extended a n d p o i n t defects have been 
seen i n s p l e n d i d deta i l , i n c l u d i n g format ion a n d destruct ion; regions of 
coherent in te rgrowth of component parts have been observed at the l eve l 
of resolut ion of coord inat ion octahedra; a n d the i n d i v i d u a l phases have 
been d i sp layed w i t h images fa i th fu l to the charge density pro ject ion to 
a resolut ion of 3.5 A . I n some cases n e w structures have been d i rec t ly 
ind i ca ted . 

I n add i t i on , s imi lar studies of a n ord inary system not so i dea l l y 
sui ted to H R T E M , the f luorite-related system, have been descr ibed. I n 
this case w e note that the best s t ructura l in fo rmat ion avai lable for the 
intermediate phases is obta ined b y d irect observat ion of image contrast. 
A l s o , the details of phase reactions are s h o w n to be revealed d i rec t ly b y 
H R T E M images. I n this case, too, n e w phases are observed a n d charac ­
t e r i zed for the first t ime. 

C o m p u t e r packages for the ca l cu la t i on of images are ava i lab le to 
m a k e m o n i t o r i n g of results possible, a n d microscopes are b e i n g i m p r o v e d 
a n d invented . T h e r e shou ld be a b r i g h t future for the app l i ca t i on o f 
this t e chn ique to the s tudy of so l id state prob lems. T h e n u m b e r o f 
cases s tud ied so far is min iscu le compared to the obvious appl icat ions . 
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2. E Y R I N G High-Resolution Electron Microscopy 61 

Glossary of Symbols 

H R T E M = high-reso lut ion transmission electron microscopy 
H R E M = h igh-reso lut ion electron microscope 

d = hal f w i d t h of the spread func t i on 
A = wave l ength of the e lectron 

C s = spher ica l aberrat ion coefficient 
k e V = volts X 10" 3 

M e V = volts X 10" 6 

[uvw] = indices of a d i rec t ion i n the direct latt ice (zone axis) 
(uvw) = indices of a " f o r m " of zone axis 
(hid) = indices of a set of p a r a l l e l planes 

C S = crysta l lographic shear 
a, by c = u n i t - c e l l vectors 

n = a n integer m a r k i n g a m e m b e r of a homologous series 
R = rare earth element 
i = R 7 0 1 2 , n = 7 
£ = R 9 0 1 6 , n — 9 
€ _ R 1 0 O 1 8 , n = 10 
8 = R u O 2 0 , n — 11 

P = Ri2022, n = 12 
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3 
Electron Resonance in ABX3 Linear Chain 
Systems 

B A R R Y B. G A R R E T T 

Flor ida State University, Tallahassee, FL 32306 

Despite the many theoretical and experimental studies of 
electron resonance line shapes for linear chain antiferro-
magnets in the paramagnetic state, there are still qualita­
tively new observations to be made for these systems. The 
line width anisotropy of TMMC and several related com­
pounds has been described as proportional to \Y2°\n. The 
one-dimensional case should give n = 4/3, but we find n = 
1.8 from the curvature of the anisotropy and n = 2 from a 
fit of the anisotropy for [(CH3)4N]MnCl3 (TMMC), 
[(CH3)4N]MnBr3 (TMMB), and C s M n B r 3 (CMB). To fit 
the line width anisotropics and the frequency dependence 
of the line widths, nonsecular components of the dipole­
-dipole interaction must be included in the relaxation 
mechanism. Three-dimensional C s M n C l 3 has a line width 
anisotropy accurately described by (1 + cos2θ). 

T P h e use of electron resonance l ine w id ths to moni tor s p i n correlations 
i n the paramagnet i c state of one-d imensional magnet ic systems has 

been c o m m o n for several years. M u c h theoret ical interest has centered 
on the dif fusive behavior of the sp in correlations, the n o n - L o r e n t z i a n 
l ine shape, a n d the problems of deconvo lut ing f our -sp in corre lat ion 
functions that arise i n the descr ipt ion of e lectron resonance l ine w i d t h s 
( 1 - 5 ) . E x p e r i m e n t a l studies have focused more on the angular d e p e n d ­
ence of the l ine w i d t h a n d the l ine broaden ing that occurs o n approach ing 
the three -d imensional o rder ing temperature of a n anti ferromagnet f r o m 
above (6-11). A n overs impl i f ied descr ipt ion of the contr ibut ions to the 
electron resonance l ine w i d t h is that an exchange-narrowed l ine is 

0-8412-0472-1 /80/33-186-063$05.00/l 
© 1980 American Chemical Society 
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64 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

broadened b y d i p o l e - d i p o l e interactions between nearest neighbors i n a 
l inear cha in . T h e sp in correlations for this d ipo lar interact ion dissipate 
more s lowly than might be expected because the correlations must diffuse 
a w a y p r i m a r i l y a l ong the c h a i n . I n the l o n g corre lat ion t ime l i m i t the 
angular dependence of the d ipo lar interact ion (3 cos 2 0 — 1) = Y 2 ° is 
pro jected into the l ine w i d t h anisotropy. A s the temperature is l owered 
t o w a r d the order ing temperature , the sp in corre lat ion l e n g t h s — a n d 
hence the corre lat ion t imes—become longer; thus the l ine becomes 
broader as an ordered state is approached. 

These l ow-d imens iona l features were observed i n the pro to typ i ca l 
one -d imens ional systems C s M n C l 3 • 2 H 2 0 = C M C ( ces ium manganese 
t r i ch lo r ide d i h y d r a t e ) ( 7 , 8 ) a n d [ ( C H 3 ) 4 N ] M n C l 3 — T M M C ( te tra -
m e t h y l a m m o n i u m manganese t r i ch l o r ide ) (5,9) w i t h l ine w i d t h m i n i m a 
for external field orientations near 55° f r o m the c h a i n axis, a strong 
b r o a d e n i n g at l o w temperatures, a n d supposedly f requency- independent 
l ine w id ths . W h i l e these features have been c i ted as characterist ic of 
one -d imens ional sp in c o u p l i n g , two -d imens iona l magnet i c systems exhib i t 
s imi lar l ine w i d t h anisotropy due to dominant d i p o l e - d i p o l e interactions 
w i t h a symmetr i c set of neighbors i n a p lane (10,11). T h e angular de-
pendance of the l ine w i d t h for T M M C was fitted b y |Y 2°| 4 / 3 i n accordance 
w i t h dif fusive models (1,9) b y i g n o r i n g the w i d t h at the 55° or ientat ion, 
a n d l ine shape was shown to be n o n - L o r e n t z i a n for angles at w h i c h the 
diffusive terms is dominant . 

A recent theoret ical treatment of sp in re laxat ion i n one d imens ion 
(5 ) p a r t i a l l y avoids the four -sp in corre lat ion p r o b l e m w h i l e deve lop ing 
a f u l l treatment of f requency, temperature , a n d angular dependence of 
the l i n e w i d t h . W h i l e this treatment does not account fu l l y for the h i g h -
temperature l ine w i d t h — n o r does i t fit the angular anisotropy very 
w e l l for T M M C — i t does develop the nonsecular contr ibut ions to the 
l ine w i d t h , i n c l u d i n g the ir anisotropics . T h e secular term varies as 
13 cos 2 6 — l | n , a n d the nonsecular terms vary as 10 s i n 2 6 cos 2 6 a n d s i n 4 6; 
i n the l o n g corre lat ion t ime l i m i t on ly the secular t e r m contributes to the 
l ine w i d t h , w h i l e for short corre lat ion times the three terms have equa l 
weights a n d the anisotropy reduces to 1 + cos 2 6. T h e latter anisotropy 
corresponds to the usua l result for an ax ia l anti ferromagnet w i t h three-
d imens iona l connect iv i ty (12). T h e nonsecular terms give L o r e n t z i a n 
l ine shapes. 

Experiments 

T h i s paper presents a summary of our exper imental studies of the 
temperature dependence of the angular anisotropy for several l inear c h a i n 
A M n X 3 systems [ A — R b \ C s + , or [ ( C H 3 ) 4 N + ] a n d X — C I or B r ] . 
A l l these materials have hexagonal structures w i t h l inear chains of face-
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3. G A R R E T T ABX3 Linear Chain Systems 65 

Figure 1. ABXS structures: (a) four unit cells viewed down the c-axis; 
(O), A; (O), X; at 1/4, 3/4 (dashed lines); (%), B; at 0, 1/2; (b) perspec­
tive view of the chain; (c) hexagonal layer stacking pattern in CsMnCls. 

shared M n C l 6 octahedra except C s M n C l 3 a n d R b M n C l 3 . C s M n C l 3 has a 
re lated structure consist ing of face-shared t r imer units that corner-share 
w i t h three other trimers on each end ; R b M n C l 3 has d i m e r units w i t h 
s imi lar three -d imensional connect iv i ty . T h e structures are i l lus trated i n 
F i g u r e 1. Samples for electron resonance were obta ined f r om larger 
crystals p repared for op t i ca l studies i n S. L . Ho l t ' s Laborator ies (13,14, 
15,16). V e r y smal l crystals were c leaved off the larger samples a n d 
mounted , us ing a p o l a r i z i n g microscope, w i t h the c-axis n o r m a l to the 
axis of a quartz r o d for pos i t i on ing i n the electron paramagnet i c resonance 
( E P R ) cav i ty . C a r e was taken to ensure that the samples were s m a l l 
enough not to d is turb the cavity t u n i n g . A l l Q b a n d spectra were taken 
w i t h crysta l mount ings veri f ied w i t h X b a n d data a n d a l l c rys ta l mount ­
ings were veri f ied w i t h at least two separate crystals. A l l l ine w i d t h data 
are peak-to-peak der ivat ive w i d t h s i n gauss. 

Results 

C e s i u m manganese t r i ch lor ide , C s M n C l 3 , is a good three -d imensional 
analog of the l inear c h a i n manganese compounds . I n v i e w of the 
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66 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

THETA (DEGREES) 

Figure 2. Line width anisotropy for CsMnCls fitted by A H P P = [A(l + 
cos2 0) + B7; <r = rms deviation: (O), 295 K, 9.27 GHz, A = 24.8, B = 
11.3, o = 0.26; (A), 295 K, 34.99 GHz, A = 32.8, B = 25.7, <r = 0.6; (D), 

78 K, 9.23 GHz, A = 118.7, B = 4.1, u = 1.5. 

numerous demonstrations that a three-d imensional ant i ferromagnet ica l ly 
c oup led paramagnet should have [1 + cos 2 6] l ine w i d t h anisotropy, i t 
was surpr is ing to find very l i t t le exper imenta l veri f icat ion i n the l i terature. 
F o r that reason i t seemed w o r t h w h i l e to m a k e such a veri f icat ion. T h e 
l ine w id ths for C s M n C l 3 are w e l l represented b y A ( l + c o s 2 + B , as 
shown i n F i g u r e 2, w i t h root m e a n square ( rms) deviations about 1 % 
of the l ine w i d t h . T h e coefficients A a n d B are b o t h dependent on 
frequency a n d temperature. T h e l ine shapes for C s M n C l 3 were i n every 
case L o r e n t z i a n a n d superimposable w i t h scal ing. A s imi lar l ine w i d t h 
anisotropy was obta ined for R b M n C l 3 , b u t the concho ida l fracture a n d 
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3. G A R R E T T ABX3 Linear Chain Systems 67 

moisture sensit ivity of the crystals caused us to cease further measure­
ments once the f o r m of the anisotropy was established. 

L i n e a r c h a i n r u b i d i u m a n d ces ium-manganese t r ibromides show 
s imi lar l ine w i d t h propert ies , but m u c h more extensive data were t a k e n 
on the ces ium salt. T h e X b a n d 295-K data for these salts, F i g u r e s 3 
a n d 4, are w e l l represented b y A cos 4 6 + B , w i t h no evidence for a 55° 
m i n i m u m a n d h a v i n g m u c h too r a p i d a l ine w i d t h decrease away f r o m 
the c-axis to be represented b y (1 + cos 2 6). L o w e r i n g the temperature 
gave no essential var ia t ion of the l ine w i d t h anisotropy, a n d the l i n e 
shapes were a l l L o r e n t z i a n . S u c h results were qui te surpr i s ing because 
these salts were k n o w n to have one-d imensional , l inear c h a i n propert ies 
f rom opt i ca l and magnet ic studies (14,15). T h u s i t was bo th a rel ief a n d 

THETA (DEGREES) 

Figure 3. Line width anisotropy for RbMnBr3 at 295 K and 9.27 GHz: 
(%), data. The curve through the data is fitted with or = 0.66 G. Com­
ponents of the fit, 22.93 \Y2°\2 + 181.45 sin2 0 cos2 6 + 23.62 sin4 6 + 

44.40, are shown below. 
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170 

0 30 60 90 

THETA (DEGREES) 

Figure 4. Line width anisotropy for CsMnBr3 at 295 K and 9.26 GHz: 
(%), data. The solid curve through the X band data is fitted with u = 
0.91 G . Components of the fit, 28.11 \Y2°\2 + 214.5 sin2 0 cos2 6 + 28.43 
sin4 6 + 34.57, are shown as dotted lines. 34.99 GHz: (A), data. The 
solid curve through the Q band data is fitted with a = 0.72 G. Com­
ponents of the fit, 34.14 \Y2°\2 + 177.7 sin2 6 cos2 0 + 33.51 sin4 6 + 

34.83, are shown as continuous curves below. 

a second surprise to find a 55° m i n i m u m i n the Q b a n d l ine w i d t h 
anisotropy for C s M n B r 3 ( c e s i u m manganese t r i b r o m i d e ) ( C M B ) . T h i s 
demonstrates that the 55° l ine w i d t h m i n i m u m is not a necessary conse­
quence of one -d imens ional magnet i sm a n d that the corre lat ion t imes for 
this system are accessible i n the usua l E P R frequency range. I t is also 
interest ing that the l ine shapes are L o r e n t z i a n i n the absence of the 55° 
m i n i m u m b u t n o n - L o r e n t z i a n shapes appear for angles other t h a n 0 = 55° 
w h e n the l i n e w i d t h m i n i m u m is present. C o m p a r i s o n of X b a n d a n d 
Q b a n d anisotropics for C s M n B r 3 i n F i g u r e 4 shows that they do not 
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3. G A R R E T T ABX3 Linear Chain Systems 69 

differ b y a single add i t i ve component because each curve lies w e l l b e l o w 
the other over a signif icant range of angles, a n d there c a n be no negative 
contr ibut ions to a l ine w i d t h . 

T h e fact that the qual i tat ive features of the l ine w i d t h anisotropy 
are f requency-dependent indicates that the corre lat ion t i m e is i n that 
intermediate reg ion where nonsecular terms are not averaged away ; thus 
it is appropr iate to attempt a descr ipt ion of the l ine w i d t h anisotropy 
w i t h a l inear combinat i on of the secular d ipo lar t e rm |Y2°|n a n d the 
nonsecular terms s i n 2 0 cos 2 0 a n d s i n 4 6 together w i t h a constant. T h e 
results of a least-squares fitting for the R b M n B r 3 a n d C s M n B r 3 data are 
shown i n F igures 3 a n d 4. T h e exper imenta l anisotropics are obvious ly 
w e l l represented b y such a fitting w i t h rms deviat ions of less t h a n 1 % . 
T h e two frequency data for C s M n B r 3 are represented b y the same 
constant t e rm a n d s l ight ly different re lat ive weights of the secular a n d 
nonsecular terms as is appropr iate for the case of an intermediate 
corre lat ion t ime. T h e fitting of the R b M n B r 3 data is s imi lar to that for 
C s M n B r 3 at X b a n d . I n each case the relat ive coefficients of the secular 
a n d nonsecular terms are close to those that w i l l give a net (1 + cos 2 6) 
anisotropy, w i t h the p r i m a r y dev iat ion b e i n g the smal l coefficient of the 
s i n 2 6 cos 2 6 term. 

50 100 150 200 250 

TEMPERATURE (°K) 

Figure 5. Temperature dependence of line widths. RbMnBrs: (A), 9 = 
0° ; 0 = 90°. CsMnBrs: (&), 0 = 0°; (O), 6 = 90°. 
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THETA (DEGREES) 

Figure 6. Line width anisotropy at 295 K and 9.27 GHz: (O), 
TMMC; (+), TMMB. The TMMB data is scaled 3.39 [AH - AH55] + 

AH55 (TMMC). 

T h e temperature dependences of the p a r a l l e l a n d perpend i cu lar X 
b a n d l ine w i d t h s for b o t h C s M n B r 3 a n d R b M n B r 3 are s h o w n i n F i g u r e 5. 
I n v i e w of the fittings a n d f requency dependence descr ibed above, i t is 
surpr is ing that b o t h of these salts appear to be approach ing h i g h - t e m ­
perature l i m i t i n g l ine w i d t h s at r o o m temperature. I t is also notable 
that C s M n B r 3 exhibits a m u c h more g radua l l ine broaden ing w i t h a 
higher- temperature onset of such broaden ing t h a n does R b M n B r 3 . I n 
neither case have w e been able to correlate the broaden ing curve w i t h 
the three -d imens ional o rder ing at l ower temperatures. 

Sh i f t ing attention n o w to the bes t -known one-d imensional magnet ic 
system, T M M C , a n d its b r o m i d e analogue, [ ( C H 3 ) 4 N ] M n B r 3 = T M M B 
( t e t r a m e t h y l a m m o n i u m manganese t r i b r o m i d e ) , w e also find some u n ­
u s u a l f requency a n d temperature effects o n the e lectron resonance l ine 
w i d t h s . F i g u r e 6 shows a superposit ion of X b a n d angular -dependent 
l ine w id ths for T M M C a n d T M M B , w h i c h c lear ly shows that these salts 
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3. G A R R E T T ABX3 Linear Chain Systems 71 

have the same l ine w i d t h anisotropy at r o o m temperature . ( N o t e that 
the T M M B l ine w i d t h i n excess of the 55° w i d t h is m u l t i p l i e d b y 3.39 for 
this comparison. ) T M M C has been reported to have a f requency- inde­
pendent l ine w i d t h , but a care fu l compar ison of X b a n d a n d Q b a n d 
l ine w i d t h s for one single crysta l m o u n t i n g , shown i n F i g u r e 7, i l lustrates 
that there is a n o n t r i v i a l f requency dependence of the l ine w i d t h aniso­
tropy . T M M B has a s imi lar i f not i d e n t i c a l f requency dependence at 
r o o m temperature . F i t t i n g the T M M B a n d T M M C r o o m temperature 
data i n the same manner as done i n F i g u r e s 3 a n d 4 y ie lds fit w i t h about 
four-to-one dominance of the secular (Y 2 °| 2 t e r m over the nonsecular 
terms. N o reasonable fits of the data c o u l d be obta ined w i t h |Y2°|n, n = 
4 / 3 , as prev ious ly suggested ( 9 ) . I n fact, a l l fittings of T M M C a n d 
T M M B data w i t h n < 2 r e q u i r e d nonphys i ca l , negative l ine w i d t h con ­
tr ibut ions even t h o u g h an analysis of the curvature of the l ine w i d t h 
anisotropics y i e l d e d n = 1.8 for s ingle- term fittings. 

Studies of the temperature dependence of T M M B l ine w i d t h s re ­
vea led a sudden disappearance of the 55° m i n i m u m between 145 K a n d 
140 K , as shown i n F i g u r e 8. T h i s t rans i t ion is also observable i n the 

I i • • • i i i i i 
0 20 40 60 80 

THETA (DEGREES) 

Figure 7. Frequency dependence of line width anisotropy for TMMC: 
(O), 9.2 GHz; (D), 34.99 GHz. 
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TEMPERATURE (°K) 
Figure 8. Temperature dependence of TMMB line widths: (O), 6 ~ 0°; 
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3. G A R R E T T ABX3 Linear Chain Systems 73 

perpend i cu lar l ine w i d t h but appears to have no immediate effect on the 
p a r a l l e l l ine w i d t h . E x a m i n a t i o n of the l ine w i d t h anisotropy above a n d 
be low the 140-K transit ion, F i g u r e 9, shows that the p r i m a r y effect is 
a d d e d w i d t h i n the region of the 55° m i n i m u m . A smal l 55° m i n i m u m 
is reestabl ished as T M M B is cooled to 75 K . A t l ower temperatures the 
anisotropy becomes more compl i ca ted a n d has not been complete ly 
analyzed . 

T h e transit ion i n T M M B was subsequently observed to manifest 
itself b y increasing the magni tude of the t r igona l splitt ings i n the op t i ca l 
spectrum (16). A l l these results suggested that the 140-K transi t ion 
c o u l d be due to an order ing of the m e t h y l groups i n the te t ramethy l -
a m m o n i u m cat ion s imi lar to that observed b y M o r o s i n (17) i n T M M C 
at 128 K . T h i s supposit ion was recently veri f ied i n a low-temperature 
X - r a y study b y A l c o c k a n d H o l t (18). T h u s i t appeared w o r t h w h i l e to 
reexamine T M M C l ine widths near the 128-K transit ion. A s can be seen 
i n F i g u r e 10, there is no evidence i n the epr l ine w i d t h s for any change 
near 128 K . Interest ingly, the X - r a y evidence suggests larger changes 
i n T M M C than i n T M M B at the transit ion (18), bu t op t i ca l (16,19) 
a n d epr studies can only detect a transit ion i n T M M B . 

A t l ower temperatures the l ine w i d t h for T M M C begins to broaden 
r a p i d l y at 45 K , corresponding to the deve lopment of l ong correlat ion 

1500 -

i i i i 1 

0 50 100 150 200 250 
TEMPERATURE (°K) 

Figure 10. Temperature dependence of TMMC line widths: (O), 0 = 
O°;(A),0=9Oo;(m),0 = 55°. 
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74 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

lengths a n d t imes i n the chains. T h e 55° m i n i m u m disappears at about 
30 K a n d the l ine becomes too b r o a d to observe at a round 20 K . A very 
w e a k l ine becomes observable near 20 K a n d narrows to a n isotropic 
700 -G-wide l ine be low 11 K . T h i s w e a k l ine p r o b a b l y is not caused b y 
manganese ions p a r t i c i p a t i n g i n l inear c h a i n correlations b u t rather is 
caused b y spins that are on ly w e a k l y c oup le d into the corre lated sp in 
system. These w e a k l y coup led ions c o u l d be manganese ions at surfaces 
or near defects or poss ib ly even i m p u r i t y ions. S u c h w e a k l y coup led spins 
c o u l d be very useful probes of sp in dynamics near or i n the ordered state. 
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Design of a Time-of-Flight Single-Crystal 
Diffractometer for the Argonne Prototype 
Pulsed-Neutron Source 

S. W . PETERSON, A . H. R E I S , JR. , A. J . SCHULTZ, and P . DAY 

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439 

The prototype pulsed-neutron source, zero-gradient synchro­
tron intense neutron generator prototype prime (ZING P'), 
and its expected successors, intense pulsed neutron system I 
(IPNS I) and IPNS II, at Argonne National Laboratory will 
supply neutrons at 30 or 60 Hz and peak flux levels of 1014-
1016 n · cm-2 · sec-1. These user-oriented facilities will be 
available to the scientific community on a proposal basis. A 
time-of-flight (TOF) single-crystal diffractometer based on 
the Laue technique and utilizing a broad thermal neutron 
spectrum (0.7-5 Å) is being designed to take full advantage 
of the high instantaneous flux. The design of a first-stage 
instrument is based on the use of a 3He-filled, multiwire, 
position-sensitive area detector of the Borkowski-Kopp 
type. The 20 X 20-cm active area of the detector has a 100 
X 100 multiwire double-cathode grid, which can provide 
about 2-mm spatial resolution; the third data parameter, 
TOF, is resolvable into 1000 channels. The initial micro-
processor data memory will limit the product of x, y, and 
time resolution to 106 bytes. Data collection will involve 
simultaneous measurement of 102-103 reflections in the Laue 
mode with stationary crystal and detector. A strategy for 
collecting a complete sphere of data with a minimum 
number of fixed crystal and counter positions is being devel­
oped. Angular movements of crystal and detector are 
provided by means of a four-circle diffractometer; provi­
sion also is made for a detector translation. Crystal orienta-

0 - 8 4 1 2 - 0 4 7 2 - 1 / 8 0 / 3 3 - 1 8 6 - 0 7 5 $ 0 5 . 0 0 / 1 
© 1980 A m e r i c a n C h e m i c a l Society 
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76 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

tion procedures similar to those used in current four-circle 
instruments are being devised. Data collection rates are 
expected to be greater than 104 reflections per day at 
IPNS II. 

T R or the explorat ion of n e w areas of so l id state chemistry , ins trumenta -
t i on must develop at the same pace a n d leve l of sophist icat ion as 

the evo lv ing research areas. Condensed-matter neutron di f fract ion exper i ­
ments have p r o v e d to be essential to the unders tanding of the structure 
of materials . O n l y three high- f lux (about 1 0 1 5 n • c m " 2 • sec" 1) reactors 
exist w o r l d w i d e at w h i c h state-of-the-art neutron-scatter ing studies can 
be accompl ished . A l t h o u g h two of them are i n the U n i t e d States, their 
ava i lab i l i ty to the general research c o m m u n i t y has been quite restr icted 

I n the future , more intense neutron fluxes ( 1 0 1 6 n • c m - 2 • sec" 1 or 
greater) are needed to study more complex condensed-matter systems, 
w h i c h are increasingly becoming concerns of the so l id state, chemica l , 
a n d b i o l og i ca l communit ies . I n add i t i on , high-f lux sources w o u l d a l l ow 
the use of smaller sample sizes, thereby greatly extending the range of 
materials that can be invest igated. S u c h fluxes are b e y o n d the current 
des ign capabi l i t ies of steady state fission reactors. H o w e v e r , n e w h i g h -
flux pulsed-neutron sources w i t h peak fluxes that m a y approach 1 0 1 6 are 
a lready under development . O n e of these is a pu l sed reactor; the others 
make use of h igh-energy p u l s e d beams f r o m part i c le accelerators ( 2 ) . 
F o r example , h igh-energy protons f rom a synchrotron source can be 
in jected into a heavy meta l target, d i s l odg ing large numbers of h i g h -
energy neutrons, w h i c h , w h e n moderated , y i e l d p u l s e d t h e r m a l ( a n d 
ep i thermal , E > 0.15 e V ) neutron beams whose peak flux can be m u c h 

Table I. Pulsed-Neutron 

Name Location 

T o h o k u L i n a c 0 T o h o k u , J a p a n 
H a r w e l l , U K H a r w e l l L i n a c I I ' 

O R L E A ° (wi th m u l t i p l i e r ) O a k R i d g e , U S 
L o s A l a m o s , U S 
T s u k u b a , J a p a n 
R u t h e r f o r d , U K 
Argonne , U S 

W N R ° 
K E N S 6 

N I M R O D * (modified) 
I P N S V 
I B R - 2 * D u b n a , U S S R 

° Existing. 
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4. P E T E R S O N E T A L . Time-oj-Flight Single-Crystal Diffractometer 77 

higher t h a n that avai lable i n steady state reactors. A p a r t i a l l i s t ing of 
proposed a n d exist ing pu lsed sources is shown i n T a b l e I . 

T h e A r g o n n e N a t i o n a l L a b o r a t o r y I P N S p r o g r a m as deve loped over 
the past six years is shown i n T a b l e I I . T h e second, or Z I N G P ' , stage is 
current ly i n operat ion; however , construct ion of I P N S phase I w i l l start 
i n October , 1978, a n d operat ion is s cheduled to b e g i n i n A p r i l , 1981. 
D e v e l o p m e n t of neutron-scattering a n d di f fract ion instrumentat ion that 
takes advantage of T O F measurements inherent i n pu lsed -beam operat ion 
is an integra l part of the A r g o n n e program. Six ins truments—four of 
w h i c h are already, or shortly to be, i n operat ion—are p l a n n e d for the 
Z I N G P ' phase a n d are l is ted i n T a b l e I I I . T h e smal l -angle a n d single-
crystal diffractometers are current ly i n des ign a n d early construct ion 
stages. 

T h e Argonne pulsed-neutron faci l it ies are p l a n n e d a n d w i l l be 
operated to encourage extensive use b y the entire scientific c ommuni ty . 
W i t h i n this concept, the prototype T O F single-crystal neutron di f fract ion 
system descr ibed be l ow is be ing developed. 

TOF Neutron Techniques 

T h e r m a l neutrons make very suitable probes for condensed matter 
because of their favorable wave length , energy, a n d ve loc i ty properties. 
T h e r m a l neutron wavelengths (1.8 A n o m i n a l ) are comparab le i n 
magni tude to interatomic distances a n d to c o m m o n l y ava i lab le X - r a y 
wavelengths. T h i s fact l e d to the development of monochromat i c neutron 
techniques for s tructura l research even though neutrons lack the intense 
characterist ic rad ia t i on c o m m o n to x-rays. I n the case of crystal l ine 
p o w d e r samples the convent ional technique uses a fixed wave l ength a n d 
the intensity , I , of the dif fracted beam is measured as a funct ion of the 

Source Pro jects W o r l d w i d e 

Method 
Frequency 

(Hz) 

Peak Thermal 
Flux 

(n • cm'2 • sec1) 

S p a l l a t i o n 
S p a l l a t i o n 
S p a l l a t i o n 
S p a l l a t i o n 
F i s s i o n 

(e", k, n) 
(e", \, n) 
(e~, A, n) a n d fission 

110 
150 
800 
120 

15 
53 
30 

5 

1 0 1 2 

1.5 X 1 0 1 3 

1.5 X 1 0 M 

1 0 1 4 

1 0 w 

4 X 1 0 1 5 

1 0 1 5 

1 0 1 6 

'Design and construction stage, 
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Table II. Argonne National Laboratory 

Facility 

Z I N G P 
Z I N G P ' 
I P N S , Phase I 
I P N S I I , phase I I 

Proton 
Accelerator 

ZGS° booster I 
Z G S booster I I 
Z G S booster I I 
H I S 6 

Frequency 
(Hz) 

10 
30 
30 
60 

Protons/Pulse 

2.5 X 1 0 1 0 

I X 1 0 1 2 

5 X 1 0 1 2 

5 X 1 0 1 3 

° Zero-gradient synchrotron. 

scattering angle 20. W h e n e v e r the B r a g g equat ion A = 2d s in © is 
satisfied, a m a x i m u m is observed i n I versus 20 (A is the neutron w a v e ­
length , d is the latt ice spac ing , a n d ® is the B r a g g scattering a n g l e ) . 
I n the more recently deve loped T O F method for neutrons, the roles of 
A a n d 0 are reversed, a n d neutrons of var iab le w a v e l e n g t h are used to 
measure the di f fracted beam intensities at a fixed angle 20. T h i s method 
(3,4,5) is very p o w e r f u l for p o w d e r di f fract ion, i n par t because of its 
u t i l i za t i on of the b r o a d energy d i s t r ibut ion associated w i t h thermal i zed 
neutrons. 

T O F techniques have been extended to s ingle-crystal di f fract ion, 
a n d the methods (6) deve loped are qu i te s imi lar to the w e l l - k n o w n 
X - r a y L a u e technique . I n the X - r a y case po ly chromat i c r a d i a t i o n is 
di f fracted f r om a stationary single crystal , a n d the di f fract ion pat tern is 
recorded on a photographic film. F i g u r e 1 shows X - r a y L a u e patterns 
of monoc l in i c decamethy l ferrocene - te t racyanoquinod imethane ( T C N Q ) , 
a charge transfer c o m p o u n d w i t h interest ing so l id state properties . These 
patterns are obta ined w i t h a stationary crysta l , us ing w h i t e rad ia t i on p r o ­
d u c e d f r o m a n M o X - r a y tube , a n d they indicate the pat tern a n d density 
of spots that are character ist ic of the method . T h e fa ta l f law i n this 
otherwise use fu l m e t h o d is that a l l the orders ( n = 1 - » Z) of a B r a g g 
p lane , where n is a n integer a n d I is one of the M i l l e r Indices hkl, dif fract 
wavelengths A i / n ( A i is the first order ) at precisely the same angle. T h e 

Table III. Z I N G P' Instruments 
A . P o w d e r Di f fractometers 

1. H i g h R e s o l u t i o n ; A Q / Q ^ 0 .3% 
2. H i g h In tens i ty , A Q / Q « 1% 

B . S i n g l e - C r y s t a l Di f f rac tometer , u n i t cells less t h a n 25 A 
C . S m a l l - A n g l e Di f f ractometer 
D . Inelast ic Spectrometers 

1. C r y s t a l A n a l y z e r , E < 30 m e V , A J E 2 - 1 0 m e V 
2. Chopper Spectrometer, E < 1 eV , &E/E » 0.05 

° Q = 4TT sin e/2. 
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4. P E T E R S O N E T A L . Time-of-Flight Single-Crystal Diffractometer 79 

Pulsed-Neutron Source Program 

Proton 
Energy No. of Peak Thermal 

(MeV) and Neutrons/ Neutron Neutron Flux 
Target Proton Beams (n • cm'2 • sec'1) 

200 P b 
500 
500 2 3 8 U 
800 2 3 8 U 

2 
8 

20 
30 

2 
5 

12 
12 

5 X 10 1 1 

1 0 1 4 

7.5 X 1 0 1 4 

1 0 1 6 

Operation 

J a n u a r y 1974 
October 1977 
A p r i l , 1981 

6 High-intensity synchrotron. 

measured intensity is a sum over a l l the orders. T h i s proper ty effectively 
has b l o c k e d the deve lopment of the X - r a y L a u e m e t h o d for structure 
analysis. I n the neutron case the o v e r l a p p i n g orders are separated i n 
t ime, a n d T O F measurements easily p e r m i t resolut ion of the orders 
a l l o w i n g i n d i v i d u a l hkl values to be obta ined readi ly . F i g u r e 2 shows a 
d i a g r a m of the A r g o n n e s ingle-crystal instrument ( u n d e r construct ion) 
des igned to operate i n the L a u e mode. T h e des ign (7 ) uses the w e l l -
k n o w n four-c irc le geometry for or ient ing the crysta l a n d rotat ing the 
detector i n a hor i zonta l p lane a n d also provides a detector translat ion 
a long the 20 a rm. T h e key to r a p i d data co l lect ion is the posit ion-sensit ive 
area detector, w h i c h , w h e n operated i n a T O F mode, provides a three-
d imens iona l g r i d w i t h two space a n d one t ime coordinates. A large 
detector of this type w i l l easily permi t simultaneous measurement of 
1 0 2 - 1 0 3 d i f fract ion peaks. 

Description of the TOF Pulsed-Neutron Single-Crystal Diffractometer 

Source, Chopper, and Beam Line. T h e basic layout of the neutron 
source, Z I N G P ' , is shown i n F i g u r e 2. H " partic les are injected f r o m a 
5 0 - M e V l inear accelerator into a 5 0 0 - M e V synchrotron. T h e H " partic les 
are s t r ipped of their electrons to f o rm H \ A k i c k e r magnet directs the 
protons onto a tungsten target where each pro ton reacts to p roduce 
about 8 neutrons. A po lyethylene moderator , a B e reflector, a n d a large 
sh ie ld complete the assembly. T h e Z I N G P ' prototype source is expected 
to operate at a 3 0 - H z repet i t ion rate, y i e l d 1 X 1 0 1 2 protons per pulse , 
a n d give a peak t h e r m a l neutron flux of approx imate ly 1 0 1 4 n • c m " 2 • 
sec" 1. T h e resul t ing t h e r m a l neutron spectrum is shown i n F ig f i r e 3. 

T h e s ingle-crystal instrument w i l l be p l a c e d 8.5 m f rom the moderator 
o n a b e a m l ine that tapers f rom a 10 X 10-cm beam size at the moderator 
to 0.5 X 0.5 c m at the sample. T h e flight p a t h a n d beam divergence are 
chosen so as to g ive the best possible trade-off be tween t ime resolut ion 
a n d intensity requirements . 
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Figure 1. Laue diffraction photographs of a monoclinic crystal of deca-
methylferrocene-TCNQ mounted along the b-axis; the X-ray beam is 

oriented parallel to the c-axis and a-axis, respectively. 
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3001 

CO 

1 2 3 4 
W a v e l e n g t h ( A n g s t r o m ) 

Figure 3. The thermal neutron source spectrum of ZING P 

Since neutrons p r o d u c e d i n the target a n d par t ia l l y thermal i zed i n 
the hydrogenous moderator appear i n bursts at 1/30-sec intervals , the ir 
t ime of a r r i v a l at the detector, after scattering b y the sample , can be 
t i m e d read i ly . T h e t ime t is g iven b y t = l/v, where I is the flight p a t h 
l ength a n d v is the neutron veloc i ty . T h e neutron wave l ength A is g iven 
b y the D e B r o g l i e expression A = h/mx>, where h is P lanck 's constant a n d 
m is the neutron mass. T h u s the wave l ength is p ropor t i ona l to T O F 
a n d is easily obta ined . E v e r y neutron a r r i v i n g at a posit ion-sensit ive 
detector w i t h T O F measurement capab i l i ty c a n be character ized w i t h x 
a n d y pos i t ion coordinates a n d a t or A coordinate. T h e prec i s ion of these 
coordinates is l i m i t e d b y the t ime resolut ion, g iven largely b y the neutron 
pulse w i d t h (about 15 /xsec for 1-A neutrons ) , w h i c h is p r o p o r t i o n a l to 
wave length , a n d the flight p a t h l ength a n d b y the spat ia l resolut ion of 
the detector a n d the data storage system. 

W i t h a flight p a t h of 9 m (source-to-sample = 8.5 m , sample-to-
detector = 0.5 m ) a n d a 30-cycle repet i t ion rate, neutrons for w h i c h A 
> 14.7 A w i l l be overtaken b y the m u c h faster neutrons of the succeeding 
pulse . T h i s f rame over lap cond i t i on , i f present, w o u l d result i n assign-

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

04



4. P E T E R S O N E T A L . Time-oj-Flight Single-Crystal Diffractometer 83 

merit of incorrect wavelengths a n d must be e l iminated . T h e a dd i t i on 
of a chopper to the system al lows selection of a l i m i t e d w a v e l e n g t h 
b a n d , e l iminat ing bo th very short a n d very l o n g w a v e l e n g t h neutrons, 
w h i c h m a y be undesirable . Specifications of such a chopper are g iven 
i n T a b l e I V . 

Detector System 

A s w e have seen above, a stationary c rys ta l c a n produce several 
h u n d r e d simultaneous L a u e reflections w h e n i r rad ia ted b y a po lychro ­
mat i c beam. W h e n a pu l sed po lychromat i c beam is used, these reflections 
are separated i n t ime, a n d an appropr iate posit ion-sensit ive area detector 
can determine the pos i t ion coordinates a n d wave l ength associated w i t h 
each reflection, as w e l l as the intensity. T h e detector adopted for the 
current instrument is a 3 H e - f i l l e d , m u l t i w i r e propor t i ona l counter of the 
B o r k o w s k i - K o p p type ( 8 ) . T h e anode-cathode assembly is shown i n 
F i g u r e 4, a n d a s impl i f ied d i a g r a m is g iven i n F i g u r e 5. T h e detector is 
filled to 5 a tm pressure w i t h 3 a tm of 3 H e a n d 2 a tm of X e gas. T h e 
neutron react ion w i t h i n the detector is J n + 3 H e - » 3 H -|- *P + 0.77 
M e V . T h e X e gas is a d d e d to shorten the p a t h lengths of the react ion 
products , a pro ton a n d a tr i ton . T h e energetic t r i ton a n d pro ton generate, 
b y co l l i s ion , electrons that flow t o w a r d the anode a n d posit ive ions that 
flow t o w a r d the cathodes. T h e posit ive ions move very s lowly , hence 

Table IV. Design of Chopper for Single-Crystal 
Diffractometer/ZING P' : Horizontal Axis 

Speci f icat ions: 
Source-to-chopper entrance : 4-0 m 
Source-to-chopper ex i t : 4.5 m 
C h o p p e r l ength : 0.5 m 
Chopper r a d i u s : 0.2 m 
Chopper v e l o c i t y : 7200 r p m (120 H z ) 
W a v e l e n g t h range ( fu l l i n t e n s i t y ) : 0.7—5.0 A 
W a v e l e n g t h range (opening and c l os ing ) : 0.5-5.2 A 
B e a m size at entrance: 5 c m i n diameter 

4.0 m : F r o n t Chopper Face 
0.7 A ; v — 5.6505 X 10 3 m • sec" 1 ; * — 0.7079 X 10 ' 3 sec; 
30.58° = opening angle 
5.0 A ; v = 0.7910 X 10 3 m • s e c 1 ; t = 5.0568 X 10" 3 sec; 
218.46° = c losing angle 

4.5 m : B a c k Chopper F a c e 
0.7 A ; v = 5.6505 X 10 3 m • sec" 1 ; t = 0.7963 X 10 ' 3 sec; 
34.40° == opening angle 
5.0 A ; v = 0.7910 X 10 3 m • sec" 1 ; t = 5.6890 X 10" 3 sec; 
245.77° = c losing angle 
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Figure 4. Anode-cathode assembly for a multiwire, two-dimensional, 
positiorirsensitive proportional counter 

the pulse detected at the cathodes is p r i m a r i l y a n i n d u c e d charge effect 
due to the electron avalanche near the anode. T h e difference i n the rise 
t imes of the current pulse generated i n the two cathode c ircuits a n d 
measured at the two ends of each c i r cu i t is used to determine the x a n d 
y coordinates of the locat ion of the event. T h e t w o cathode grids are 
orthogonal a n d s trung cont inuously f r om single wires i n the pat tern 
shown i n F i g u r e 5. T h e resu l t ing grids have 2 - m m separations i n b o t h 
x a n d y (100 turns per 20-cm counter d i m e n s i o n ) , a n d the expected 
spat ia l reso lut ion is approx imate ly equa l to the w i r e spac ing . 

Data Storage and Microprocessor Requirements. T h e rate of da ta 
co l lec t ion that becomes possible b y m a t c h i n g high- f lux pu l sed sources 
w i t h efficient mult idetectors is rather large, a n d this creates a f o rmidab le 
da ta -hand l ing a n d storage p r o b l e m . T h e magni tude of the p r o b l e m is 
apparent w h e n one considers that a single mult idetector can accept data 
at about 50,000 events per second a n d each event must be coded to a n 
address w i t h a resolut ion of 100 X 100 channels for spat ia l in format ion 
a n d 1000 channels for t ime, g i v i n g a total of 10 7 po tent ia l storage locations. 
T h e electronic detect ion system that is b e i n g des igned for this purpose 
ac tua l ly provides for 256 X 256 channels of pos i t i on in format ion a n d a 
4096-channel t i m e base, w h i c h is a n even larger matr ix . 

T h e data acqu is i t i on task is so lved b y us ing a l o c a l microprocessor 
a n d a remote S igma 5 computer . L o c a t e d next to the instrument is a 
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Figure 6. Simulated Laue patterns of a two-dimensional proportional 
counter. The histogram is for the same crystal orientation as that for the 
X-ray Laue pattern of Figure 1(a). The units of the ordinate and abscissa 
are in centimeters. Each asterisk represents a set of h k l values with no 

order separation in time. 

microprocessor w i t h 512 64-bit words of w r i t a b l e contro l store ( a n e w 
contro l p r o g r a m can be l oaded i n a f e w seconds) a n d 10 6 bytes (8 b i ts ) 
of data memory . T h e microprocessor w i l l pos i t ion the crysta l a n d detector, 
r e a d the x, y, a n d t ime ana log to d i g i t a l converters ( A D C ' s ) , buffer the 
events i n data memory , a n d transmit [at 10 k i l obauds ( k B d ) ] the a d ­
dresses of over f lowed buffer locations to a S i g m a 5 computer (1 m i d i s ­
t a n t ) . T h e S i g m a w i l l b u i l d three -d imens ional histograms a n d store t h e m 
on disk m e m o r y for d i sp lay a n d m a n i p u l a t i o n b y the user at the exper i ­
m e n t a l site. T h e S i g m a 5 prov ides sufficient storage a n d computa t i ona l 
capac i ty ( i t supports 26 other unre la ted exper iments) to support user 
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4. P E T E R S O N E T A L . Time-of-Flight Single-Crystal Diffractometer 87 

a n d / o r automat ic contro l of the experiment, interact ive spectral s i m u l a ­
t i on , m a n i p u l a t i o n a n d analysis of the co l lected histograms, a n d p a r t i a l 
structure determinat ion . Since adequate buf fer ing (256:1) for the i n i t i a l 
data rates w i l l require 8-bit buffers, the present microprocessor data 
m e m o r y (expandable to 2 X 10 6 bytes) w i l l l i m i t the product of the x, y, 
a n d t i m e resolutions to 10 6 bytes (64 X 64 X 256 b e i n g a t y p i c a l cho i ce ) . 

A s imulat ion p r o g r a m has been deve loped to generate sample histo­
grams of neutron L a u e patterns. I n F i g u r e 6 is shown a s imulated 
h is togram of neutron L a u e data for d e c a m e t h y l f e r r o c e n e - T C N Q , w h i c h 
m a y be c o m p a r e d w i t h the X - r a y L a u e pattern , F i g u r e 1 ( a ) . T h i s 
pat tern gives an impress ion of the n u m b e r of s imultaneous reflections 
that can be recorded b y a system w i t h sufficient resolution. 

User-Oriented Software 

A software package for the T O F single-crystal instrument is b e i n g 
deve loped w i t h the needs of the occasional outside user i n m i n d ; that is , 
the software w i l l p r o m p t the user w h e n inputs are requ i red . T h e goal 
of the software development is to p r o v i d e a system for automat ic crysta l 
or ientat ion a n d determinat ion of un i t ce l l a n d crysta l symmetry , automatic 
co l lect ion of a u n i q u e data set, a n d reduc t i on of the data to a f o rm 
suitable for structure analysis. Since the L a u e technique is essentially 
nove l , n e w o r substantial ly modi f ied versions of o lder diffractometer 
programs are be ing prepared for a l l the necessary software. 

T h e system is b e i n g designed so that a crysta l can be m o u n t e d o n 
the two-c i rc le H u b e r goniometer ( F i g u r e 2 ) i n a general or ientat ion. 
T h e or ientat ion matr ix , u n i t ce l l parameters, a n d L a u e symmetry then 
can be determined f r o m the L a u e h is togram generated w i t h the crysta l 
set i n its i n i t i a l or ientation. T h e flow d iagram of F i g u r e 7 i l lustrates the 
process. N strong reflections are selected f rom the i n i t i a l h is togram a n d 
stored i n a reflection file. T h e p r o g r a m L B L I N D , ( B L ) ( 9 ) , a n auto­
mat i c i n d e x i n g p r o g r a m , operates on these to determine i n i t i a l c e l l c on ­
stants, symmetry , i n i t i a l or ientat ion matr ix , a n d reflection indices ; L S , a 
least-squares refinement p r o g r a m , refines the u n i t c e l l a n d matr ix b y 
least-squares procedures ; T H R E , a crysta l or ientat ion p r o g r a m us ing data 
for three reflections, generates a n or ientat ion matr ix a n d u n i t c e l l a n d 
m a y be used i n p lace of L B L I N D w h e n three indexed reflections are 
k n o w n . H R E S , a p r o g r a m for de te rmin ing L a u e spot coordinates, a l lows 
h igh-reso lut ion determinat ion b y a process i n v o l v i n g a l l ocat ion of the 
buffer m e m o r y to a l i m i t e d reg ion of the detector; a n d N E W H , a reflec­
t i o n i n d e x i n g p r o g r a m , a l lows the i n d e x i n g of a set of reflections b y 
p l a c i n g a n or ientat ion matr ix i n core. 

I n the data co l lect ion por t i on the exper imental parameters , a long 
w i t h the rec iproca l latt ice l imi t s , are f ed into G E N , a ref lection i n d e x i n g 
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88 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

^ run1 

Figure 7. The crystal alignment and unit cell determination software 
flow diagram: (#), reflection number; x = coordinate of peak position on 
detector in horizontal direction; y = coordinate of peak position on de­
tector in vertical direction; WL = wavelength; width = peak width at 
half height; TAU = (sin 6)/\; I = IT - BKG; IPK = peak height; IT = 
total intensity; BKG = background under peak; SIG == standard devia­
tion of I ; HSTNUM = histogram number designation. The various pro­

grams that may be run are shown in circles. 
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4. P E T E R S O N E T A L . Time-of-Flight Single-Crystal Diffractometer 89 

Table V . Number of Simultaneous Reflections 

20 (degrees) dmin (A) Amax (A) N°' * 

30 3.3 16.8 20 
90 1.2 6.1 1100 

180 0.83 4.2 4400 
aN = number of reflections = (8 A d e t / 3 Rdet2) (sin 0) 4 7 u n i tcei i [ (1 /X m l n

3 ) — 
(lXmax3)] with Funitceii = (25 A ) 3 ; J?det = crystal-to-detector distance = 30 cm; 
^4 d e t = detector area = (20 X 20) cm 2 ; \ m a* — X m i n = 6 A, where X is the neutron 
wavelength; X m in = 1 A, 26 = the mean scattering angle in the horizontal plane. 

6 Data rate for I P N S II is about 50,000 reflections per degree; or, alternatively, 
X-ray-sized samples of about 02-mm edge would give 250 reflections per degree. 

p r o g r a m , w h i c h generates a n h,k,l file for data co l lect ion . T h e p r o g r a m 
P N S E T is used to determine the n u m b e r of c rysta l orientations a n d 
detector angles r e q u i r e d to col lect a complete data set. T h i s m a p p i n g of 
r e c iproca l space w i l l be a c compl i shed i n a n order ly w a y , b u t adjacent 
histograms w i l l i nev i tab ly over lap , thus p r o v i d i n g , inc identa l l y , adequate 
sca l ing be tween reflections. T h e data are co l lec ted i n a stationary crysta l 
mode , and , d e p e n d i n g on the detector a n d crysta l posit ions, the n u m b e r of 
reflections N co l lected at each setting m a y v a r y greatly. T a b l e V indicates 
the n u m b e r of s imultaneous reflections that m a y be co l lected at a cer ta in 
0 a n d a wave l ength range f r o m 1 A to 7 A . A s 0 is increased, smaller d 
spacings are detectable a n d N increases. T h e p r o g r a m C D provides for 
setting the c h i , p h i , omega, a n d 20 angles to predetermined values a n d 
for co l lec t ing a set of ref lection intensities that const itute the des ired 
histogram. D u r i n g data co l lect ion the deve lop ing h is togram can be 
v i e w e d o n a Textron ix v ideo d i sp lay uni t . 

I n the data reduc t i on phase each histogram, w h i c h has been stored 
o n a S i g m a 5 computer—trans ferred f r o m the microprocessor to a S i g m a 
5 disk at each overf low of a n address l o c a t i o n — w i l l be integrated to 

Table VI . Advantages and Disadvantages of a T O F Pulsed-
Neutron Single-Crystal Instrument 

Advantages: 
1. N o scanning r e q u i r e d—A integrat ion 
2. Spec trum r i c h i n A < 1 A ( smal l d ^ ' s measurable) 
3. A 4 factor favors large A ' S 
4. S imultaneous measurement of m a n y (10^-10 3) hkl's 
5. E a c h hkl eas i ly measured at several A ' S a l l o w i n g correct ion for 

ext inct ion a n d m u l t i p l e d i f f ract ion 
6. Smal l e r sample size w i t h increased flux 

Disadvantages: 
1. Source spectrum must be accurate ly k n o w n 
2. E x t i n c t i o n and absorpt ion have a wave length dependence 
3. Detec tor u n i f o r m i t y a n d s t a b i l i t y are c r i t i c a l 
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90 S O L I D S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

determine peak intensities a n d backgrounds . Correct ions then w i l l be 
a p p l i e d for source spectrum, wave l ength var ia t i on of scattering efficiency, 
a n d absorpt ion a n d ext inct ion. F i n a l l y , reflections w i l l be sorted a n d 
averaged, w i t h various statist ical error estimates a p p l i e d to the final 
data set. 

Summary 

A T O F p u l s e d neutron s ingle-crystal di f fract ion system is be ing 
deve loped for the Z I N G P ' a n d I P N S faci l i t ies at A r g o n n e N a t i o n a l 
Labora tory . T h e advantages a n d distances of this instrument are s u m ­
m a r i z e d i n T a b l e V I . W e feel that the disadvantages can be dealt w i t h 
exper imental ly , a n d the advantages of the system outwe igh those of 
comparable n o n - T O F types of instruments. T h e instrument is in tended 
for use b y a nat iona l user c o m m u n i t y a n d is b e i n g des igned accord ingly . 
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Glossary of Symbols 

Adet = detector area 
C H M = C h e m i s t r y D i v i s i o n 

d = latt ice spac ing 
E L = Elec tron ics D i v i s i o n 

h = Planck 's constant 
I = intensity 

I P N S = intense pu l sed neutron system 
I = f l ight p a t h l ength 

m = neutron mass 
n = neutron 
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4. P E T E R S O N E T A L . Time-oj-Flight Single-Crystal Diffractometer 91 

N = n u m b e r of reflections 
Q «= 4TT s in ® / A 

Rdet = crystal-to-detector distance 
S C D = single c rysta l dif fractometer 

SSS = So l id State Science D i v i s i o n 
t = t ime (sec) 

T O F = t ime of flight 
v = neutron ve loc i ty 

Z G S = zero-gradient synchrotron 
Z I N G P ' = zero-gradient synchrotron intense neutron generator 

prototype p r i m e 
A = neutron wave length 
® = B r a g g scattering angle 
E = neutron energy 
0 = B r a g g angle 

T C N Q = te tracyanoquinodimethane 
h,k,l = M i l l e r indices 

A D C = analog to d i g i t a l converter 
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5 
Some Recent Progress in Solid State Chemistry 
of Electronic Materials 

R. A . LAUDISE 

Be l l Laboratories, Murray Hill, NJ 07974 

The electronic materials community provides a driving 
force for much research and development in solid state 
chemistry. Recent progress in five areas is described: (1) 
intercalation compounds for storage batteries; (2) new 
titanate microwave dielectrics; (3) the reactions of oxygen 
in semiconductor silicon; (4) amorphous dielectrics; and 
(5) imperfections in quartz. 

" E l e c t r o n i c materials are the br i cks a n d mortar of so l id state devices, 
- L / w h i c h i n t u r n are the sine q u a n o n of electronic systems. Progress 
i n te lecommunicat ions , automata, computers , a n d re lated fields is c r i t i ­
ca l ly dependent o n i m p r o v i n g the properties of exist ing electronic 
materials a n d d iscover ing n e w materials w i t h better propert ies . S o l i d 
state chemistry plays a centra l role i n electronic materials research a n d 
development . M a n y of the goals of so l id state chemistry are i d e n t i c a l 
to those of electronic materials research. Indeed , often the general goals 
of so l id state chemistry are best pursued b y us ing electronic materials 
as the vehic le . F o r example, w e bel ieve some impor tant goals of so l id 
state chemistry are the f o l l o w i n g : 

1. T o understand the connect ion between c h e m i c a l b o n d i n g 
a n d structure i n solids a n d their properties . I n electronic 
materials the foundations of unders tanding that the p h y s i ­
cists have b u i l t for electronic propert ies often g ive the 
so l id state chemist a so l id base f r o m w h i c h to b e g i n 
activit ies . 

2. T o understand the genesis of imperfect ions i n sol ids, the i r 
e q u i l i b r i a , a n d the ir role i n de termin ing properties. H e r e 
electronic properties often prov ide a u n i q u e probe that 
the so l id state chemist m a y exploit for d e t e r m i n i n g the 
nature a n d concentrat ion of imperfect ions. 

0-8412-0472-l/80/33-186-095$05.00/l 
© 1980 American Chemical Society 
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96 S O L I D S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

T o i m p r o v e a n d unders tand preparat ive methods so as to 
have the p o w e r to prepare a var iety of solids. H e r e the 
goals of e lectronic materials a n d so l id state chemistry are 
complete ly consistent, a n d the economic d r i v i n g forces for 
use fu l e lectronic materials often have resul ted i n subtle , 
diff icult , a n d expensive preparat ive techniques a n d e q u i p ­
ment be ing rout ine ly avai lable . 
T o discover n e w solids w i t h interest ing properties . H e r e 
electronic materials scientists w o u l d p r o b a b l y define " in ter ­
es t ing" as "u l t imate ly use fu l . " Semant ic nuances aside, most 
w o u l d agree that so l id state chemistry a n d electronic 
materials are aga in i n resonance a n d that " interest ing" can 
cover a great d e a l of terr i tory i n m o d e r n electronics. 

I n the remainder of this paper w e w i l l g ive br ie f rev iews of some 
recent so l id state chemistry activit ies i n B e l l Laborator ies , w h i c h w e 
bel ieve i l lustrate , to a considerable degree, the fu l f i l lment of m a n y of 
these goals a n d show the synergy between so l id state chemistry a n d 
electronic materials . E x a m p l e s c o u l d just as w e l l have been chosen f r om 
the w o r k of m a n y other laboratories i n electronic materials . T h e subjects 
considered are these: interca lat ion compounds as storage battery elec­
trodes. ( H e r e w e submit that the m o t i v a t i n g forces i n c l u d e the fu l f i l lment 
of goals 1, 3, a n d 4 ) ; n e w titanate dielectrics (goals 1 a n d 4 ) ; oxygen 
prec ip i ta t i on i n dislocation-free S i (goa l 2 ) ; n e w amorphous dielectrics 
(goals 1, 3, a n d 4 ) ; a n d imperfect ions i n quar tz (goals 2 a n d 3 ) . 

O u r overviews of each of the subjects w i l l , of necessity, be cursory 
a n d w e r e c o m m e n d perusa l of the o r i g ina l papers for those w i s h i n g more 
complete ( a n d r igorous) descriptions. 

Intercalation Compounds as Storage Battery Electrodes 

L a y e r e d compounds have been avai lable since ant iqu i ty , m i c a a n d 
graphite b e i n g p r i m e examples. F o l l o w i n g the ava i lab i l i t y of X - r a y 
crysta l lographic s tructura l in format ion , i t became apparent that the 
u n i q u e propert ies of such compounds ( c l eavab i l i ty i n m i c a , sl ipperiness 
i n graphi te ) were caused b y a layered conf iguration at the atomic l eve l , 
w i t h strong chemica l bonds w i t h i n the layers a n d w e a k bonds between 
them. Interest i n solids w i t h interactions i n less t h a n three dimensions , 
such as l inear c h a i n conductors a n d layered compounds , is presently 
h i g h because they often prov ide tests of our unders tand ing of the re la ­
t ionship between b o n d i n g , structure, a n d properties . O n e f a m i l y of 
compounds of h i g h research interest since the late 1960s has been the 
layered trans i t ion meta l chalcogenides. A s a n example , s tudy of these 
compounds d i d m u c h to untangle the connections between b o n d i n g a n d 
properties a n d showed that they w e r e the first materials to exhib i t the 
phenomenon of charge density waves (1,2). 
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A charge density w a v e ( C D W ) is a c o u p l e d per i od i c d istort ion b o t h 
of the conduc t i on electron density a n d the latt ice , w i t h the w a v e l e n g t h 
of the d is tor t ion de termined b y the F e r m i surface. Since one- a n d t w o -
d imens i ona l solids have F e r m i surfaces w i t h sections that are p a r a l l e l or 
nest ing, C D W often exist. I n three -d imensional solids such features m a y 
in frequent ly occur b y accident , w h i l e i n solids of less t h a n three d i m e n ­
sions they w i l l be l i k e l y to occur. T h e F e r m i surface delineates the 
d i s t r ibut i on of m o m e n t u m of electrons i n the conduct i on b a n d a n d hence 
is re lated to the d i s t r ibut ion of bonds i n the so l id . Sol ids w i t h a 
nonisotropic b o n d d i s t r ibut i on thus possess qu i te asymmetr i c F e r m i 
surfaces. A t the onset temperature of the C D W its w a v e l e n g t h is 
incommensurate w i t h the latt ice spac ing , so that w h i l e , for example, M + 

ions move t o w a r d regions of h i g h negative charge, no superlatt ice occurs. 
A t a l ower temperature the C D W w a v e l e n g t h c a n often be a m u l t i p l e 
of latt ice spacing, p r o d u c i n g a superlatt ice structure. Some of the phase 
changes thought to l i m i t e lectr ica l storage capac i ty as more l i th iums are 
intercalated into trans i t ion m e t a l chalcogenides are be l i eved to be asso­
c iated w i t h C D W - l i k e behavior . A l l o y i n g of F e , for example , w h i c h was 
prev ious ly shown to i n h i b i t C D W s , has been used to extend the capac i ty 
of p r a c t i c a l electrodes. 

I t is possible to introduce atoms ( intercalate) between the layers of 
many - layered materials , especial ly w h e n the b o n d i n g between layers is 
as w e a k as v a n der W a a l s forces. F o r instance, i n V S 2 , L i m a y be 
in t roduced between the layers ( F i g u r e 1) w i t h o u t substantial ly p e r t u r b ­
i n g the structure. 

Research o n interca lat ion compounds for energy storage has been 
conducted b y M u r p h y , D i S a l v o , T r u m b o r e , B r o a d h e a d a n d their c o l ­
leagues (3,4,5,6) at B e l l Laborator ies a n d b y W h i t t i n g h a m a n d c o l ­
leagues (7,8) at E x x o n . W e w i l l r ev iew here some of the recent B e l l 
Laborator ies activit ies . I t became apparent to D . W . M u r p h y a n d F . J . 
D i S a l v o (3,4) a n d the ir colleagues (5,6) that L i - i n t e r c a l a t e d chalco ­
genides m i g h t be attract ive as battery materials for several reasons: 

1. T h e structure was l i t t l e p e r t u r b e d b y interca lat ion , sug­
gest ing that a n electrode c o u l d survive m a n y c h a r g e -
discharge cycles w i t h o u t deter iorat ion. 

*» 

2. T h e reduct ion potent ia l of the L i ° / L i + c oup le is h i g h , 
i n d i c a t i n g a battery w i t h a h i g h voltage m i g h t be possible. 

3. T h e atomic we ight of L i is l o w , i n d i c a t i n g that a battery 
i n w h i c h each g ram of L i d ischarged c o u l d produce m a n y 
coulombs m i g h t be possible. S u c h a battery w o u l d have a 
very favorable charge storage density per k i l o g r a m of 
electrode, that is , m a n y w a t t hours per k i l o g r a m of elec­
t rode c o u l d be stored. 
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TYPICAL INTERCALATION STRUCTURE 

Li VS 2 

O S.Se.etc. 
£ M 
0 ALKALI 

0 
•-Q 

_ 0 

Figure 1. Schematic of Li intercalation in transition metal dichalcoge-
nides 

<Z> 
Li MX2 

Li + 

CL0 4" 

IN PROPYLENE CARBONATE 

DISCHARGE 

L i — » - L i + + e" 

L i + + V S 2 + e - - * » L l V S 2 

Figure 2. Cell configuration for intercalation electrode storage battery 
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5. L A U D I S E Solid State Chemistry of Electronic Materials 99 

Invest igat ion of a var iety of possible materials for electrodes r e q u i r e d 
that n e w synthetic techniques for l ayered chalcogenides be devised . These 
have been discussed i n the l i terature a n d w i l l not be r e v i e w e d here 
(9,10,11). A s a result of these studies, several compounds were charac­
ter i zed a n d their op t imiza t i on for electrode materials has proceeded a 
considerable distance. 

A t y p i c a l c e l l conf iguration that resulted f r om these studies is shown 
i n F i g u r e 2, a room temperature ce l l us ing L i C 1 0 4 i n propy lene carbonate 
as the electrolyte. T h e theoret ical storage densi ty of a var ie ty of elec­
trodes is s u m m a r i z e d (3,4) i n F i g u r e 3. A s can be seen, greater- than-a-
factor-of -two improvement over P b ac id and N i - C d batteries is possible. 
Ce l l s have been c y c l e d m a n y t imes. M u c h so l id state chemistry a n d 
development remains to be done, but the contr ibut ions of so l id state 
chemistry are a lready apparent. 

CB1 m WATT-H0UH3/KG 

U/TISi 400 

U/VSt 510 

U/Vi-x«iS, 510-560 
(M = Ft£r) 

WCt 240 

K AGS OATTERY 247 

Figure 3. Power storage density for battery electrodes 

New Titanate Dielectrics 

A n important field i n so l id state chemistry of electronic materials 
is molecu lar engineering. O b v i o u s l y , r ea l materials are deve loped t h r o u g h 
a large amount of empi r i c i sm. H o w e v e r , as m u c h as possible , m o d e r n 
researchers attempt to des ign use fu l materials f r o m first p r i n c i p l e s — t o 
make use of our basic atomic a n d molecu lar k n o w l e d g e to devise materials 
w i t h o p t i m u m engineer ing properties for r ea l devices, that is , to molec -
u l a r l y engineer materials . So l id state chemistry , w h i c h addresses the 
basic propert ies of materials a n d attempts to unders tand the connect ion 
between b o n d i n g a n d structure a n d propert ies , provides perhaps a u n i q u e 
v i e w p o i n t t o w a r d engineer ing rea l materials . 

A n example of materials that have been engineered to have u n i q u e 
use fu l propert ies are the t i t a n i u m - r i c h b a r i u m titanates, w h i c h have 
been des igned to have a h i g h d ie lectr i c constant, a u n i q u e l o w die lectr ic 
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loss, a n d a temperature stabi l i ty at m i c r o w a v e frequencies so that they 
c a n replace large, expensive meta l l i c resonant cavit ies. I n m i c r o w a v e 
c i r cu i t ry i t is important to contro l prec ise ly the carrier frequencies. T h i s 
is accompl i shed b y the use of care fu l ly s ized a ir - f i l l ed meta l cavities or 
b y the use of d imens iona l ly contro l led ceramic dielectr ics . I n each case 
the dimensions a n d the d ie lectr ic constant fix the resonant f requency of 
the device a n d thus set the f requency that is passed or stopped. Since 
ceramics have a h igher d ie lectr i c constant t h a n air , smaller devices are 
possible . H o w e v e r , for p r a c t i c a l devices the loss a n d temperature s tabi l i ty 
for a ceramic -based system must be comparab le w i t h that for a m e t a l 
cav i ty system. 

F o r a copper cav i ty at 4 G H z , t y p i c a l specifications are loss t a n < 
1.5 X 10" 4 a n d a temperature coefficient of resonant f requency less t h a n 
or e q u a l to 17 p p m per degree. ( T h e temperature coefficient is contro l l ed 
b y the t h e r m a l expansion of C u , resu l t ing i n a decrease i n resonant fre­
quency w h e n temperature increases.) F o r a n appropr iate ceramic device 
these requirements must be met, a n d , i n a d d i t i o n , for the size decrease 
to be attract ive , the d ie lec tr i c constant (K) of the mater ia l s h o u l d be 
greater than 30. 

H . M . O ' B r y a n a n d his coworkers (12,13) showed that i n searching 
for a n appropr iate mater ia l i t is l og i ca l to consider the d ie lectr ic constant 
requ irement first. H i g h - p o l a r i z a b i l i t y materials w o u l d be expected to 
have a large K . P o l a r i z a b i l i t y arises f r o m electric a n d ion ic contr ibut ions . 
F o r K > 30 an electronic c ont r ibut i on alone w o u l d be insufficient. T h e r e ­
fore, one must consider materials w i t h h i g h i on i c po lar izab i l i t i es . H i g h 
i on i c p o l a r i z a b i l i t y arises i n solids w i t h smal l , h i g h l y charged cations that 
are easily m o v e d re lat ive to the an ion latt ice w h e n a n electric field is 
a p p l i e d . P r o m i s i n g classes w o u l d i n c l u d e oxides conta in ing cations 
such as T i 4 + , Z i 4 + , H f 4 + or V 3 + « 5 , N b 3 + - 5 , T a 3 + * 5 a n d so on . I f the 
d ie lectr i c constant is greater t h a n 100, the s m a l l s ize of the dev ice a n d 
the resultant very s m a l l d imens iona l contro l w i l l be economical ly unat ­
tract ive . Therefore , very h i g h K compounds such as ferroelectrics are 
r u l e d out. 

T y p i c a l d ie lectr i c materials w i t h K > 30 have negat ive temperature 
coefficients of the ir d ie lectr i c constant (approx imate ly — 300 p p m per 
degree, l e a d i n g to a n approx imate ly 150-ppm temperature coefficient for 
the resonant f r e q u e n c y ) . T h i s effect is the d irect result of the decrease 
i n the n u m b e r of po lar i zab le entities p e r vo lume as temperature increases 
a n d the latt ice expands. T h e r e is a subclass of materials for w h i c h , as 
the temperature increases, an increase i n po lar i za t i on per ent i ty c o m ­
pensates for the v o l u m e expansion. T h a t is, i n some solids the i on i c 
p o l a r i z a b i l i t y per T i 4 + increases i n a w a y to compensate for the decrease 
i n T i 4 + per u n i t v o l u m e as the s o l i d expands. T h i s effect c a n occur i n 
cer ta in perovskite materials , because the angle of t i l t of the oxygen 
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5. L A U D I S E Solid State Chemistry of Electronic Materials 101 

octahedra changes w i t h temperature i n a w a y to make cat ion movement 
easier. T y p i c a l compounds exh ib i t ing this effect i n c l u d e C a Z r 0 3 , S i Z r 0 3 , 
B a 2 T i 9 0 2 o , a n d BaTLiOg, where the temperature coefficients are substan­
t ia l ly closer to zero than for n o r m a l dielectrics . 

D i e l e c t r i c loss w i l l be enhanced i n conduct ive materials so that 
electric c onduc t iv i ty v i a impur i t i es or ox idat ion state changes is avo ided . 
L a t t i c e imperfect ions such as vacancies, second phases, f ore ign ions, a n d 
gra in boundaries a l l interfere w i t h i on ic mot i on i n the osc i l la t ing electric 
field a n d increase loss i n the m i c r o w a v e reg ion , so these are to be avo ided 
or m i n i m i z e d also. 

B a s e d on the*considerations above, O 'Bryan a n d co-workers (12,13) 
engineered a c o m p o u n d , B a 2 T i 9 0 2 o . I n the ceramic f o r m , w h i c h is 
r e q u i r e d for cost effectiveness, i t was p a r t i c u l a r l y impor tant to contro l 
the microstructure a n d pur i ty . T h e properties o f this m a t e r i a l are K = 
40, temperature coefficient of resonant f requency 2 p p m / ° C , a n d loss 
t a n 1 X 10 - 4 . 

F i g u r e 4 shows a device w i t h a ceramic resonator (d = 1 /2) i n ) 
exposed. T h i s device replaces a C u cav i ty whose dimensions are 8 X 
2 i n . T h i s device is b e i n g considered for use i n a n e w d i g i t a l rad io 
system des igned to serve as a major communicat ions l i n k i n metropo l i tan 

Figure 4. Digital radio microwave filter using BaBTi9O20 dielectric 
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areas. D u b b e d D R - 1 8 , for d i g i t a l rad io at 18 G H z , the system w i l l carry 
u p to 28,224 simultaneous telephone conversations a n d is c r i t i ca l l y 
dependent on the mo lecu lar ly engineered t itanate d ie lectr i c w e have 
descr ibed. 

Oxygen Precipitation in Dislocation-Free Si 

Semiconductor materials , because of their p u r i t y a n d per fect ion a n d 
because of their we l l -understood electronic properties , p rov ide a n i d e a l 
m e d i u m to study the genesis of imperfect ions a n d their interactions a n d 
e q u i l i b r i a w i t h impur i t ies . T h e need for h igher-per formance a n d smal ler -
feature-size devices a n d the need for unders tanding h o w to a v o i d a n d 
contro l imperfect ions and secure desired dopant profiles m a k e such 
studies technologica l ly essential. Space does not p e r m i t r e v i e w i n g the 
l o n g l i s t ing of such work . W e w i l l discuss here some recent studies of 
P a t e l , Jackson, a n d Reiss (14,15) on the prec ip i ta t i on of oxygen i n i t i a l l y 
present i n dislocation-free S i and the kinetics of the f ormat ion of the 
s tack ing faul t loops that are caused b y this prec ip i ta t ion . 

A m o n g the defects k n o w n to be p r o d u c e d w h e n oxygen conta in ing 
dislocation-free S i is heated are s tacking faults, w h i c h have been shown 
to be a lways associated w i t h precipitates or prec ip i ta t i on colonies at their 
center. I t is general ly assumed that these precipitates are some f o r m of 
S i 0 2 . I n the w o r k of P a t e l , Jackson, a n d Reiss (14,15,16) d i s locat ion-
free crystals conta in ing approx imate ly 8 X 1 0 1 7 c m " 3 of oxygen were 
heated for various times i n the temperature range 1000°-1200°C, where 
the fault sizes ( 1 - 1 0 3 ^m) c o u l d be convenient ly observed b y X - r a y 
topography a n d opt i ca l microscopy. Samples were preannealed at 700°C 
before the higher- temperature treatment. T h e format ion of s tacking 
faults ( F i g u r e 5 ) as revealed b y X - r a y topography a n d etch ing was not 
observed at 1200°C unless the samples h a d prev ious ly been also annea led 
at 700 ° C . T h i s occurred i n spite of the fact that, for oxygen ( c / c s ) » 
1.2 at 1200° C , where c is the oxygen concentrat ion a n d c a is the e q u i ­
l i b r i u m so lub i l i ty at 1200°C. C l e a r l y , oxygen prec ip i ta t i on at 1200°C 
requires a nuc leat ion center of some sort that is p r o d u c e d b y the 700°C 
anneal (15,16). 

Quant i ta t ive opt i ca l a n d X - r a y topographic measurements were used 
to determine faul t sizes. These stacking faults were shown [ M a h e r et a l . 
(17), F i g u r e 6] to be associated w i t h a centra l prec ip i tate a n d d is loca­
tions. Because of the large coherency strains associated w i t h oxygen 
prec ip i ta t i on , the prec ip i tate part i c le is a lways associated w i t h d is loca ­
tions. T h e large vo lume change ac company ing prec ip i ta t i on also requires 
d isplacement of s i l i con f rom the part i c le per matr ix inter face : 

2 0 i + 2 S i S i - » S i 0 2 i + S i i 
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5. L A U D I S E Solid State Chemistry of Electronic Materials 103 

Figure 5. X-ray topographs AgKat: (top) As-grown Czochralski Si, ap­
proximately 8 X 1017 cm~3 oxygen, heated at 1205°C for 8 hr; (bottom) 
identical crystal heated at 700°C for 2 hr prior to 1200°C 8-hr treatment 

(U). 

T h e excess interst i t ia l sil icons (S i i ) diffuse a w a y a n d col lapse to f o r m 
an interst i t ia l F r a n k type of extrinsic fault . A s p o i n t e d out b y M a h e r , 
M a h a j a n , et a l . (16,17), T E M observation cannot d i s t ingu ish be tween 
this mechanism a n d one i n w h i c h a Shockley p a r t i a l a n d a F r a n k p a r t i a l 
d is locat ion are f o rmed b y dissociat ion of a perfect d is locat ion. T h e 
Shockley p a r t i a l w o u l d then g l ide away , l eav ing the F r a n k p a r t i a l sur­
r o u n d i n g a stacking fault . G r o w t h occurs b y oxygen di f fus ing to that 
central prec ip i tate a n d interstit ials f o rmed at the prec ip i tate i n t u r n 
m i g r a t i n g to the faul t edge, caus ing i t to grow. O n c e the p a r t i a l inter ­
st i t ia l l oop is f o rmed , prec ip i tate g r o w t h can be v i sua l i zed to proceed 
b y the f o l l o w i n g : 

1. D i f fus ion of oxygen to a spher ica l surface of radius R± 
concentric w i t h a g r o w i n g par t i c l e of radius R, where R± 
is approx imate ly a latt ice distance 
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Figure 6. Stacking fault generated after 45 hr at 1000°C. Note the 
clearly defined central precipitate colony and the trace of the earlier posi­

tion of the Frank partial (17). 

2. A reversible j u m p f rom a site on a shel l of radius R i to the 
surface of the part i c l e 

3. A net transfer of oxygen on the surface to a g r o w i n g edge 
a n d a net flux of s i l i con f r o m the part i c l e to the edge of 
the s tacking fau l t 

T h e m o d e l leads to an expressions for the g r o w t h of the d iameter 
of the faul t w i t h t ime, l ead ing to the dependence 

d oc £3/4 

T h e tm dependence arises because the m o d e l above predicts a t1/2 

dependence of the g r o w t h of the part i c l e radius R. H e n c e R ^ Kt1/2, 
where K is a constant i n v o l v i n g the coefficient of self -diffusion. F r o m 
this w e find that the par t i c l e v o l u m e at any t i m e t is 4 / 3 TTR 3 ^ 4 / 3 
ir(Kt)3/2. I f w e n o w assume that the v o l u m e of m a t e r i a l i n the s tack ing 
fau l t [ ( T T D 2 / 4 ) 6 ] is p r o p o r t i o n a l to the par t i c l e vo lume , w e c a n show 
that D « K 3 / 4 ^ / 4 . F i g u r e 7 shows that the t3'4 dependence is w e l l obeyed. 
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Figure 7. Plot of dt1/4 vs. time for the growth of precipitate diameter (d) 
in Si (14) 

A p p r o p r i a t e studies of the temperature dependence of the g r o w t h rate 
give energies of act ivat ion consistent w i t h the energies of ac t ivat ion for 
the self -dif fusion of s i l i con . 

T h u s care fu l so l id state c h e m i c a l studies have g iven a reasonably 
complete p i c ture of the genesis a n d g r o w t h of oxygen precipitates a n d 
their associated p h y s i c a l imperfect ions i n S i . T h e studies even suggest 
processing regimes (temperatures a n d t imes) that w i l l m i n i m i z e u n d e -
s ired imperfect ions i n S i . 

New Amorphous Dielectrics 

M a t e r i a l s that f o rm glasses easily have h i g h viscosity melts , so that 
they cannot order even w h e n cooled rather s lowly . I t has been k n o w n 
for a l o n g t ime that r a p i d q u e n c h i n g can freeze i n the d isordered state 
of l i q u i d s , p r o d u c i n g amorphous solids. 

M a n y materials can be f o r m e d as amorphous solids b y coo l ing at 
rates of 1 0 5 - 1 0 6 ° C • sec" 1, u s ing apparatus such as splat coolers a n d 
techniques p ioneered b y D u w e z , W i l l e n s , a n d K l e m e n t (18,19). T h e 
p r o b l e m w i t h such methods, w h e r e an almost explosive gas blast splats 
a spray of smal l l i q u i d droplets onto a h igh - thermal - conduct iv i ty surface, 
is that the samples p r o d u c e d are smal l a n d consequently h a r d to charac -
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terize a n d are often i n a morpho logy (relatively finely d i v i d e d particulates) 
that is technologica l ly uninterest ing. T h e w o r k of C h e n , M i l l e r , a n d 
others (20,21,22) has resulted i n the ava i lab i l i ty of techniques for p r o ­
d u c i n g very l ong r i b b o n geometries of r a p i d l y quenched materials . A 
t y p i c a l arrangement of M i l l e r ' s a n d Chen 's apparatus is shown i n F i g u r e 
8. A jet of mo l ten mater ia l me l ted b y resistance or rad io f requency heat­
i n g i n the tube reservoir is d i rec ted at a cambered , h igh - thermal - con ­
d u c t i v i t y sp inn ing whee l . T h e mater ia l is quenched ( 1 0 5 - 1 0 6 ° C • sec" 1 ) , 
often resu l t ing i n the f ormat ion of a glass. C e n t r i f u g a l force holds the 
r i b b o n f o rmed i n contact w i t h the w h e e l w h i l e i t is cooled, but the 
camber angle is such that the r i b b o n is later cast off the whee l . T h i s 
apparatus a n d its re lat ive , the ro l ler quencher , have been used to make 
amorphous meta l l i c alloys w i t h h i g h strengths (23,24,25) ( p r o b a b l y 
due to the absence of gra in boundaries a n d crysta l lographic s l ip planes 
present i n po lycrysta l l ine materials of the same compos i t ion) a n d w i t h 
u n u s u a l magnet ic properties (26,27). I f the al loy compos i t ion is chosen 
appropr iate ly , almost i d e a l soft magnet ic materials can be f o rmed (26). 
S u c h materials have very l o w coercive forces. T h e y magnet ize a n d 
demagnet ize very easily, because d o m a i n wal l s i n an amorphous mater ia l 
can move easily since no g r a i n boundaries are present. 

Recent ly Glass a n d N a s s a u (28) have used the ro l ler quencher to 
prepare a n u m b e r of n e w amorphous dielectr ics . I n par t i cu lar , they 
have succeeded i n p r e p a r i n g amorphous a - L i N b 0 3 a n d a - L i T a 0 3 . These 
materials exhib i t d ie lectr ic m a x i m a ( F i g u r e 9 ) at a temperature l ower 
than their crystal l ine C u r i e temperature a n d show posi t ive tests for 
pyroe lec tr i c i ty after p o l i n g . M . E . L i n e s (29) deve loped a theory (pre -

Figure 8. Schematic of spin-quenching apparatus for preparing amor­
phous materials 
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i 

TEMPERATURE °K 

Tc CRYSTALLIZATION 

Figure 9. Dielectric constant of crystalline and amorphous LiNbOs: 
lower temperature peak due to dipole effects; higher temperature peak 

due to crystallization. 

ced ing the exper imental w o r k ) that predicts that ferroelectr ic i ty can 
exist i n amorphous materials . A qual i tat ive representation of one feature 
of this theory is shown i n F i g u r e 10. A s can be seen, p r o v i d e d l o c a l 
dipoles are preserved ( i n the case of niobates a n d tantalates, the l o c a l 
N b 0 6 a n d T a 0 6 p o l y h e d r a are preserved to some degree ) , then i n the 
presence of an a p p l i e d field some net d ipo le a l ignment is permi t ted . 
S i m p l e geometric arguments suggest that quantit ies dependent o n d i p o l e 
a l ignment c o u l d s t i l l have finite magnitudes i n the glass, t h o u g h r e d u c e d 
over the i r crysta l values, since the l o ca l M 0 6 groups are r a n d o m l y 
or iented to any par t i cu lar d i rec t ion of field app l i cat ion . 

Glass , Nassau , a n d N e g r a n (30) have invest igated, also very recent ly , 
the i on i c c onduc t iv i ty o f a - L i N b 0 3 a n d a - L i T a 0 3 . T h e y rea l i zed that 
some of the problems w i t h crystal l ine , h igh - i on i c - conduct iv i ty so l id 
electrolytes arise f r o m the fact that w h i l e the conduc t iv i ty i n single 
crystals is h i g h , this is on ly so w h e n the crysta l lography al lows the m o t i o n 
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PYROELECTRICITY, PIEZOELECTRICITY, FERROELECTRICITY 

Figure 10. Schematic of alignment of electric dipoles in an amorphous 
dielectric and in a crystal in an applied electric field 

of sma l l ions such as alkal is a long specific crysta l lographic axes. O p t i m u m 
materials have a h i g h density o f w e a k l y b o n d e d i on i c species as w e l l as 
a h i g h degree of disorder i n the m o b i l e i o n sublatt ice . These s tructura l 
requirements are rather stringent, a n d f e w crystal l ine materials meet them. 
I n a d d i t i o n , p r a c t i c a l batteries usua l ly require po lycrysta l l ine materials 
i n w h i c h the d i scont inui ty of m o b i l e i o n channels at gra in boundaries 
usua l ly reduces conduct iv i ty . I n glasses the s tructura l requirements are 
not so severe, since they are d isordered to b e g i n w i t h . T h u s i t is not 
surpr i s ing that , for instance, N a + i o n m o b i l i t y is h i g h i n tetrahedral ly 
coord inated si l icate glasses. T h e conduc t iv i ty is , of course, isotropic , a n d 
gra in boundary problems are nonexistent. 

A l r e a d y Glass et a l . (30) have s h o w n that niobate a n d tantalate 
glasses can exhib i t r oom temperature conduct iv i t ies as h i g h as 10 5 ( O • 
c m ) " 1 . I n the case of a - L i N b 0 3 this is 1 0 2 0 t imes the conduct iv i ty of the 
single crysta l . T h u s conduct iv i t ies 10" 1 t imes those of ceramic L i / ? - A l 2 0 3 

already have been obta ined . U n d e r s t a n d i n g so far is qua l i ta t ive , a n d b y 
no means have a l l the relevant systems a n d variables been explored. 
I t is not un fa i r to say that amorphous dielectrics are a n e w state of 
matter a w a i t i n g the further unders tand ing a n d explorat ion of so l id 
state chemists. 

Imperfections m Quartz 

Q u a r t z is p r o b a b l y the second most important m a t e r i a l i n electronics, 
at least i n terms of vo lume produced . P r o b a b l y close to 500,000 l b • year" 1 
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N 
tr 
< 

100 p 

GROWTH RATE IN mm/DA. 

0.5 1.0 2.0 4.0 

10,000 

GROWTH RATE IN mil /DA. 
Figure 11. Partition of impurities as a function of quarts growth rate 
[effective equilibria constant = (M3+ • H+) in solid per (M3+) in solution 
(OH") in solution]. Crystallization temperatures: (O), 350°C; (D), 360°-

375°C. 

of hydro thermal ly g r o w n quartz are p r o d u c e d i n the w o r l d . W e (31,32) 
have s tudied the par t i t i on of impur i t i es i n quar tz a n d have s h o w n that 
the charge compensat ion react ion 

M 3 + ( a q ) + H + ( a q ) -> M S i
3 + + H i + 

w h e r e M 3 + ( a q ) is F e 3 + ( f r om corrosion of the steel autoclave w a l l i n 
w h i c h the quar tz is g r o w n ) or A l 3 + ( a n i m p u r i t y i n the smal l -part i c le 
n a t u r a l quartz feedstock that is recrysta l l i zed ) a n d H + ( a q ) enters the 
latt ice as O H " f r o m the aqueous O H " solutions used to get h i g h enough 
so lub i l i ty for crysta l l i zat ion at the cond i t i on of g r o w t h (25,000 p s i , 1 M 
N a O H , about 4 0 0 ° C ) . M 3 + ions go to S i 4 + latt ice sites a n d are charge-
compensated b y interst i t ia l H + ( w h i c h easily fits into the large channels 
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i n the quartz latt ice p a r a l l e l to the c d i r e c t i on ) . T h e H + ions strongly 
associate w i t h latt ice 0 = ions so that the ir presence a n d concentrat ion 
can be measured b y in f rared absorpt ion. I n add i t i on , O H causes an 
acoustic loss, w h i c h l imi ts the usefulness of p iezoelectr ic filters a n d 
oscil lators ( 3 1 , 3 2 ) . W e have shown that the d i s t r ibut ion constant for H + 

depends u p o n g r o w t h rate v i a the B u r t o n - P r i m - S l i c h t e r equat ion ( F i g u r e 
11) a n d have devised ways to m i n i m i z e O H a n d i m p r o v e the piezoelectr ic 
usefulness of quar tz ( 33 ) . 

L a t e l y w e have s tudied methods for p r e p a r i n g dislocation-free quartz . 
F i g u r e 12 shows dislocation-free a n d h i g h l y d is located specimens of 
h y d r o t h e r m a l quartz that w e have g r o w n (33 ) . Dis locat ion- free mater ia l 

Figure 12. Specimens of synthetic quartz: (top) highly-dislocated; (bot­
tom) dislocation-free. 
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5. L A U D I S E Solid State Chemistry of Electronic Materials 111 

can be read i ly g r o w n p r o v i d e d care ful ly etched (damage- free) d is loca ­
tion-free seeds are used. Dis locat ions can be in i t ia ted i f part i cu late 
inclusions are g r o w n into the quartz . W h e n quartz g r o w t h is f r om a n 
F e - c o n t a i n i n g vessel, these inclusions are usual ly F e 6 2 + F e 9 3 + H 9 N a i 2 ( S i 3 -
O s ) i 5 , the m i n e r a l T u h u a l i t e . S u c h inclusions can be m i n i m i z e d i f g r o w t h 
is f r o m noble m e t a l - l i n e d autoclave. T h e analogies between these studies 
a n d those m a d e o n S i are obvious, t h o u g h quar tz is more c o m p l i c a t e d 
c h e m i c a l l y a n d nowhere near ly as w e l l understood . Nevertheless , the 
need a n d usefulness of the so l id state c h e m i c a l v i e w p o i n t i n unders tand ­
i n g a n d i m p r o v i n g this impor tant mater ia l is paramount . 

Conclusions 

W e have t r i ed to give several examples of recent w o r k where so l id 
state chemistry has p l a y e d a role i n accompl i sh ing electronic materials 
research a n d development . W e hope w e also have been able to show that 
as a result of these studies, where electronic materials were the l earn ing 
m e d i u m , the science a n d technology of so l id state chemistry have been 
advanced . 

Acknowledgments 

W e w o u l d l ike to thank D . M . M u r p h y a n d F . J . D i S a l v o , H . M . 
O ' B r y a n , K . A . Jackson, J . R . P a t e l , H . S. C h e n , G . Y . C h i n , A . M . Glass , 
K . Nassau , J . H . W e r n i c k a n d E . D . K o l b for discussions, for p r o v i d i n g 
mater ia l , a n d for a l l o w i n g us to describe their work . 

Literature Cited 

1. Wilson, J. A.; DiSalvo, F. J.; Mahajan, S. Phys. Rev. Lett. 1974, 32, 882. 
2. Wilson, J. A.; DiSalvo, F. J.; Mahajan, S. Adv. Phys. 1975, 24, 117. 
3. Murphy, D. W.; Carides, J. N. ; DiSalvo, F. J.; Cros, C.; Waszczak, J. V. 

Mater. Res. Bull. 1977, 12, 825. 
4. Murphy, D. W.; Trumbore, F. A. J. Cryst. Growth 1977, 39, 185. 
5. Broadhead, J. "Power Sources 4"; Collins, D. H., Ed.; Oriel Press: 1973; 

469. 
6. Broadhead, J.; Trumbore, F. A. "Power Sources 5"; Collins, D. H., Ed.; 

Academic: New York, 1975; 661. 
7. Whittingham, M. S. Prog. Solid State Chem. 1977, 12, 1. 
8. Whittingham, M. S.; Gamble, F. R. Mater. Res. Bull. 1975, 10, 363. 
9. Murphy, D. W.; DiSalvo, F. J.; Hull, G. W., Jr.; Waszczak, J. V. Inorg. 

Chem. 1976, 15, 17. 
10. Murphy, D. W.; Trumbore, F. A. J. Electrochem. Soc. 1976, 123, 960. 

1976, 123, 960. 
11. Murphy, D. W.; Trumbore, F. A.; Carides, J. N. J. Electrochem. Soc. 1977, 

124, 325. 
12. O'Bryan, H. M., Jr.; Thompson, J. J., Jr.; Plourde, J. K. J. Am. Ceram. 

Soc. 1974, 57, 450. 
13. Plourde, . K.; O'Bryan, H. M., Jr.; Thompson, J. J., Jr. J. Am. Ceram. Soc. 

1975, 58, 418. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

05



112 S O L I D S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

14. Patel, J. R.; Jackson, K. A.; Reiss, H . J. Appl. Phys. 1977, 48, 5279. 
15. Reiss, H.; Patel, J. R.; Jackson, K. A. J. Appl. Phys. 1977, 48, 5247. 
16. Mahajan, S.; Rozgonyi, G. Z.; Brasen, D. Appl. Phys. Lett. 1977, 30, 73. 
17. Maher, D. M.; Staudinger, A.; Patel, J. R. J. Appl. Phys. 1976, 47, 3813. 
18. Klement, W., Jr.; Willens, R. H.; Duwez, P. Nature 1960, 187, 869. 
19. Duwez, P.; Willens, R. H.; Klement, W., Jr. J. Appl. Phys. 1960, 31, 1136. 
20. Chen, H. S.; Miller, C. E. Mater. Res. Bull 1976, 11, 49. 
21. Liebermann, H. H.; Graham, C. D., Jr. IEEE Trans. Magn. 1976, MAG-

12, 921. 
22. Chen, H. S.; Miller, C. E. Rev. Sci. Instrum. 1970, 41, 1237. 
23. Leamy, H . J.; Chen, H. S.; Way, T. T. Metall. Trans. 1972, 3, 69. 
24. Masumoto, T.; Maddin, R. Mater. Sci. Eng. 1975, 29, 1. 
25. Davis, L. A. In "Metallic Glasses"; Gilman, J. J., Leamy, H. J., Eds.; 

ASM: Metals Park, OH, 1978; 191. 
26. Sherwood, R. C.; Gyorgy, E. M.; Chen, H. S.; Ferris, S. D.; Norman, G.; 

Leamy, H. J. AIP Conf. Proc. 1974, 24, 745. 
27. Gyorgy, E. M. In "Metallic Glasses"; Gilman, J. J.; Leamy, H . J., Eds.; 

AMS: Metals Park, OH, 1978; 275. 
28. Glass, A. M. ; Lines, M. E.; Nassau, K.; Shiever, J. W. Appl. Phys. Lett. 

1977, 31, 249. 
29. Lines, M. E., submitted for publication in Phys. Rev. 
30. Glass, A. M.; Nassau, K.; Negran, T. J., in press. 
31. Ballman, A. A.; Laudise, R. A.; Rudd, D. W.; Appl. Phys. Lett. 1966, 8, 53. 
32. Lias, N . C.; Grudenski, E. E.; Kolb, E. D.; Laudise, R. A. J. Cryst. Growth 

1973, 18, 1. 
33. Barns, R. L.; Freeland, P. E.; Kolb, E. D.; Laudise, R. A.; Patel, J. R., 

submitted for publication in J. Cryst. Growth. 
RECEIVED September 13, 1978. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

05



6 

Photo Responses of Pure and Doped Rutile 

JOHN B. GOODENOUGH 

Inorganic Chemistry Laboratory, South Parks Road, 
Oxford OX1 3 Q R England 

Photoconductivity, photosensitized electron spin resonance 
(ESR), and photosensitized electrochemical reactions of 
pure and doped rutile are summarized. The first two meas­
urements have revealed the energies of metastably occupied, 
localized states—both native-defect and impurity 3dn states 
—relative to the band edges. Electrochemical studies sug­
gest the general shape of the density of donor surface states 
in reduced rutile; they also reveal both a fast (t1/2 < 0.1 
sec) anodic and a slow (t = 10 sec) cathodic photocurrent 
in rutile photosensitized with [Ru(bipy)3]Cl2. The data are 
related to the questions of localized versus itinerant 3d 
electrons in oxides, the possible formal valence states of 
transition metal ions, and the design of a suitable anode for 
the photoelectrolysis of water with sunlight. 

/ ^ \ v e r the past 50 years remarkab le developments have occurred i n our 
contro l a n d use of metals , po lymers , glasses, a n d electronic materials . 

Meta l lurg i s t s have been p r i m a r i l y concerned w i t h the m e c h a n i c a l p r o p ­
erties of sol ids; so l id state chemists have large ly f o rmed the ir identit ies 
w i t h i n the context of electronic materials . I n these technologies the so l id 
state physicists have med ia ted between the chemis t -meta l lurg i s t a n d the 
engineer; they have also b u i l t the conceptual foundations for our descr ip ­
t i o n a n d contro l of the m e c h a n i c a l a n d electronic propert ies of crystal l ine 
materials . 

A s the century of inexpensive o i l draws to a close, the t e chn i ca l c o m ­
m u n i t y turns increasingly t o w a r d the prob lems of energy co l lect ion, stor­
age, a n d u t i l i za t i on . I n these technologies c h e m i c a l engineer ing plays a 
signif icant ro le , a n d med ia t i on between energy engineers a n d those w h o 
prepare a n d characterize materials w i l l r equ i re a m u c h greater c h e m i c a l 

0-8412-0472-l/80/33-186-113$06.25/l 
© 1980 American Chemical Society 
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component than has t rad i t i ona l ly been brought to materials prob lems b y 
the physicists . Chemists t ra ined i n the concepts of so l id state physics are 
a lready i n too short supp ly for i n d u s t r i a l d e m a n d , a n d the p r o b l e m is 
dest ined to become more acute i n the near future . 

F o r this chapter I have chosen a restr ic ted top i c—some photo re ­
sponses i n p u r e a n d d o p e d r u t i l e — t h a t nevertheless has w i n d o w s i n four 
d i rec t ions : our descr ipt ions of electrons i n solids, solar energy u t i l i z a t i o n 
a n d catalysis , materials character izat ion , a n d electrochemistry. 

Bulk and Surface Electron States 

I n oxides, outer s a n d p electrons p r i m a r i l y responsible for c h e m i c a l 
b o n d i n g are itinerant: they are descr ibed b y one-electron b a n d theory i n 
w h i c h each electron is considered to be shared equa l ly b y a l l l i ke atoms 
on equivalent latt ice posit ions. Oxides have a large i on i c component i n 
the ir b i n d i n g energies, a n d the electrostatic M a d e l u n g energy stabil izes 
filled, p r i m a r i l y 0 2 " : 2 p 6 bands a finite energy b e l o w any empty , p r i m a r i l y 
cat ionic s a n d p bands. T h e energy gap Eg = (Ec — E v ) be tween the top 
of the filled 0 2 " : 2 p 6 va lance bands ( E v ) a n d the b o t t o m of the empty 
cat ion —s, p bands ( E c ) is general ly so large i n oxides of the m a i n group 
elements that shal low donor or acceptor centers associated w i t h these 
bands are thermodynamica l l y unstable re lat ive to the f ormat ion of nat ive 
defects. ( H e a v y posttransit ion elements m a y f o rm oxides capable of sup­
p o r t i n g shal low donors or acceptors.) 

C o m m o n native defects i n oxides are anion a n d cat ion vacancies. A n 
isolated an i on vacancy , Vo , creates a posi t ive crysta l field po tent ia l that 
stabil izes be l ow the c o n d u c t i o n b a n d edge Ec l o ca l i zed states centered at 
V 0 ; they are symmetr ized , near-neighbor cat ion orbitals l owered out of 
the conduct ion b a n d . T h e y correspond to the w e l l - k n o w n color centers 
encountered i n a l k a l i hal ides. I n oxides a n isolated V 0 center traps one 
electron at a n energy about 2e2/R ~ 0.8 e V be l ow Ec, where R is the 
distance f r o m the V 0 center to a nearest-neighbor cat ion a n d e is the 
electron charge. These centers m a y trap one, two , or three electrons; 
vacancy c luster ing a n d vacancies near the surface t rap electrons at some­
w h a t different energies. A s a result , an ion vacancies p r o v i d e a d i s t r i b u ­
t i o n of donor states extending about 1 e V be low E c . S i m i l a r l y , ca t ion 
vacancies create a d i s t r ibut ion of acceptor states above the valance b a n d 
edge Ey f o rmed f rom symmetr i zed , near-neighbor an ion orbitals ra ised out 
of the valence b a n d . 

O u t e r 4f electrons at rare earth cations are localized: they are w e l l 
descr ibed b y crysta l field theory, a n d interatomic interactions can be 
treated b y per turbat i on theories (superexchange, double exchange, or i n ­
direct exchange) . L o c a l i z e d electrons i n a p a r t i a l l y filled shel l are charac-
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6. G O O D E N O U G H Photo Responses of Pure and Doped Rutile 115 

ter i zed b y discretely separated energy levels for different occupancies , i n 
this case for different values of n i n the 4 f n man i f o ld . T h e energy separa-
itons 17 are due to the electrostatic cou lomb interactions between elec­
trons of that shel l . 

O u t e r d electrons at transi t ion m e t a l cations i n oxides m a y be i t iner ­
ant or l o c a l i z e d ( I ) ; i n some cases i t inerant a n d l o c a l i z e d d electrons 
coexist at the same cat ion ( 2 ) . W h e t h e r electrons are i t inerant or l o c a l ­
i z e d depends u p o n the re lat ive magnitudes of the intraatomic energies U 
a n d the interatomic energies. Interatomic energies are measured b y the 
t i g h t - b i n d i n g b a n d w i d t h toh = 2zb, w h e r e z is the n u m b e r of l i k e nearest 
neighbors a n d b is the nearest-neighbor resonance (or electron transfer) 
in tegra l 

ba= ty*J/Vi) ( 1 ) 

i n w h i c h ^ is the per turbat i on of one-electron po tent ia l at site Rj 
due to a l i k e a t o m at a n d ^ , ^ ; are one-electron a tomic w a v e funct ions 
at these sites. (H* is the vec tor ia l distance f r o m a chosen o r i g i n to the i t h 
latt ice site.) T h e b a n d w i d t h wh = 2zb fo l lows d i rec t ly f r o m first-order 
t u n n e l i n g theory a n d the assumpt ion (7 = 0. I f w b < < U, the electrons 
are l o ca l i zed ; i f wh > > U, the electrons are i t inerant . W h e r e wh ~ 17, 
convent iona l b a n d theory must be mod i f i ed b y the i n t r o d u c t i o n of strong 
corre lat ion energies a n d e lec tron- la t t i ce c o u p l i n g . 

T h e locations of the d n a n d f n energies re lat ive to Ec a n d E v deter­
m i n e w h a t f o r m a l valence states are avai lab le to transi t ion m e t a l or rare 
earth cations. T h e rare earth oxides have 5 d bands that over lap the 6s 
a n d 6p bands, so Ec m a y be the edge of a 5d rather than a 6s b a n d . S u c h 
is the case i n E u O , for example ( 3 ) . If the energy of a 4f n m a n i f o l d lies 
w i t h i n the energy gap Eg= ( E c — E v ) , t h e n two f o r m a l valence states 
are possible for the rare earth ca t i on ; they correspond to the conf igura­
tions 4 f n and 4 f n _ 1 . I n E u O the E u 2 + : 4 f 7 energy l eve l lies about 1.1 e V 
b e l o w E c , a n d ox idat ion to create E u 3 + : 4 f 6 configurations is possible . O n 
the other h a n d , the energies 17 for 4f electrons are general ly U > E g , a n d 
c o m m o n l y no 4 f n conf iguration has a n energy w i t h i n E g . I n this case on ly 
ine 4f n conf igurat ion can be obta ined . F o r example, on ly the G d 3 + : 4 f 7 core 
conf igurat ion is f ound . Subst i tut ion of g a d o l i n i u m for e u r o p i u m i n 
Eui .a .Gda .0 results i n the G d conf igurat ion 4 f 7 5 d 1 , where the 5d* state is a 
sha l low donor state just be l ow E c . ( I n this ox ide .shal low donor states are 
possible because E c is at the bot tom of a 5 d b a n d ) . O n the other h a n d , 
the G d 3 + : 4 f 7 l eve l lies w e l l be l ow E v , so i t is imposs ib le to ox id ize G d 2 0 3 

so as to create a G d 4 + : 4 f 6 l eve l . 
T h e free i o n energies U for t rans i t ion m e t a l d n configurations are 

smaller than those for rare earth 4f n configurations, a n d i n a crysta l , c ova l -
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ent m i x i n g w i t h ne ighbor ing l igands produces a larger reduc t i on of a 
t rans i t ion m e t a l U f r o m its free i o n va lue . Therefore , a t rans i t ion meta l 
U < Eg = (Ec — E v ) is c ommon , especial ly w h e r e E c is the bot tom of a 
cat ion s b a n d . Consequent ly , at least one, a n d perhaps several , dn config­
u r a t i o n has its energy w i t h i n a g iven E g . T h i s s i tuat ion makes m u l t i p l e 
f o r m a l valence states possible. I n the case of v a n a d i u m , for example , the 
oxides V O , V 2 0 3 , V 0 2 , a n d V 2 0 5 are a l l k n o w n , w h i c h impl ies energy 
separations of the V 2 + : d 3 , V 3 + : d 2 , a n d V 4 + : d * configurations that are less 
t h a n 3 e V . Since these ions can have d e lectron b a n d w i d t h s approach ing 
2 e V i n oxides, the c o n d i t i o n U ~ wh is fu l f i l l ed . T h e pecu l ia r c h e m i c a l 
a n d p h y s i c a l propert ies of v a n a d i u m oxides reflect this s i tuat ion ( 2 ) . 

I f two transit ion m e t a l ions are present i n the same crysta l , the r e l a ­
t ive energies of the ir d n mani fo lds determine the f o r m a l valence states o n 
the cations. F o r example , F e V 0 3 c o u l d be F e 2 + V 4 + 0 3 or F e 3 + V 3 + 0 3 . W i t h 
the first set of valence states, o r d e r i n g of cations w i t h i n the c o r u n d u m 
subarray is expected to g ive the i lmeni te structure of F e T i 0 3 . I n fact, the 
ions r e m a i n d isordered a n d Mossbauer spectroscopy confirms a n F e 3 + : d 5 

conf igurat ion (4). 
A knowledge of the energies of l o ca l i zed electron mani fo lds a n d the 

energies U that separate them, of the posit ions of the b a n d edges E c a n d 
E v , a n d of the energy d i s t r ibut i on of b u l k states associated w i t h nat ive 
defects is necessary for any systematic des ign of so l id state electronic 
devices. I n a d d i t i o n , the dev ice engineer m a y need to contro l surface 
states. I n e lemental semiconductors these have energies near the center 
of the gap E c — E v unless active i n chemisorpt ion ; i n po lar compounds 
the surface states for each species t e n d to be d i sp laced above ( cat ion ic ) 
or be l ow (an ion i c ) the center of the gap. C h e m i s o r p t i o n occurs w h e r e 
surface state orbitals interact w i t h atomic or molecu lar orbitals of a c h e m ­
i c a l species adsorbed on the surface; the interact ion produces a c h e m i c a l 
b o n d between the so l id a n d the adsorbate. C h e m i c a l ac t iv i ty at the sur­
face depends o n the posit ions of the surface states re lat ive to the b u l k 
states a n d their e lectron occupancy before a n d after chemisorpt ion or 
phys i sorpt i on . 

T h i s chapter summarizes some experiments des igned to p rov ide in for ­
m a t i o n about b u l k a n d surface states i n T i 0 2 . R u t i l e has been extensively 
s tud ied as a possible anode for the photoelectrolysis of water b y sunl ight , 
a t op i c dealt w i t h i n another chapter of this v o l u m e ( 5 ) . 

Dopant 3dn Configurations 

R u t i l e crystal l izes i n a tetragonal structure w i t h T i 4 + ions i n s imple 
strings of edge-shared octahedra p a r a l l e l to the c-axis that are connected 
b y shar ing c o m m o n oc tahedra l site corners; see F i g u r e 1. E a c h O 2 " i o n is 
b r i d g i n g i n one str ing a n d n o n b r i d g i n g i n the other; each has three 
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Figure 1. Tetragonal structure of Ti02 

coplanar , nearest-neighbor cations a n d a p,r o r b i t a l d i rec ted p e r p e n d i c u ­
lar to the p lane t o w a r d a vacant octahedral site. T h i s structure gives rise 
to energy bands h a v i n g E v as the top of the 0 2":2p7r 2 b a n d a n d E c as the 
bot tom of the empty T i 4 + : 3 d bands; see F i g u r e 2. T h e cub i c component of 
the crystal l ine fields splits the fivefold-degenerate 3 d orbitals into three 
more stable t 2 g a n d two less stable e g orbitals . T h e T i 4 + — O 2 " — T i 4 + inter ­
actions are strong enough to transform the e g orbitals into one-electron o-* 
orbitals a n d two of the t 2 g orbitals into one-electron ?r* orbitals ; T i 4 + — T i 4 + 
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118 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

interactions para l l e l to the c-axis transform the r e m a i n i n g t 2 g o rb i ta l into a 
one-d imensional b a n d a l l o w i n g conduct iv i ty a long the c-axis. T h e photo ­
conduct iv i ty of s ingle-crystal T i 0 2 exhibits a large anisotropy at threshold , 
Eg = (Ec — Ey) = 3.0 e V ; the conduc t iv i ty a long the c-axis is more than 
two orders of magn i tude larger than that i n the basal p lane ( 6 ) , w h i c h 
places Ec at the bot tom of the one-d imensional 3 d b a n d , as i l lustrated i n 
F i g u r e 2. 

E l e c t r o c h e m i c a l measurements locate the H + / H 2 l eve l of a n aqueous 
so lut ion of p H = 1 at 4.5 e V be low the v a c u u m leve l , a n d measurements 
of the f lat -band potent ia l of n-type T i 0 2 re lat ive to the H + / H 2 l eve l i n 
such a so lut ion suggest a n electron affinity x ~ 4 e V (7). ( A F e r m i energy 
E F about 0.4 e V be low E c is est imated i n these experiments, where E F 

was about o p t i m a l for the photoelectrolysis of water . ) T h i s measurement, 
together w i t h Eg, provides absolute energies for Ec and E v i n T i 0 2 , a 
neutra l adsorbed layer at the surface o c curr ing for p H = 5.7 ( 8 ) . 

I n i t i a l attempts to measure the energies of 3 d n mani fo lds of several 
transit ion meta l cations substituted into T i 0 2 r e l i e d heav i ly on semi-
e m p i r i c a l arguments ( 9 ) . I n these experiments the intensities of the 
electron sp in resonance ( E S R ) signals associated w i t h different 3 d n con ­
figurations were moni tored as a funct ion of the concentrat ion of interst i t ia l 
l i t h i u m . Unfor tunate ly , i t was not possible to determine accurately the 
pos i t ion of the F e r m i energy i n the b a n d gap as a func t i on of the L i + i o n 
concentrat ion. Therefore , a c ombinat i on of photoconduct iv i ty a n d photo­
sensitive E S R measurements was made at the U n i v e r s i t y of T o k y o to 
overcome this dif f iculty ( 10 ) . 

Surface photocurrent versus wave length A ( A A ^ 10 n m ) of the i n c i ­
dent l ight , c h o p p e d at 300 H z for i m p r o v e d detect ion, was measured at 
77 K (to reduce dark currents) on as-sl iced or ox id i zed samples. F i g u r e 
3 ( a ) shows the results before a n d after exposure to an intense w h i t e l i ght 
for a crysta l slab as s l i ced f rom an or ig ina l , u n d o p e d ingot. E lec t rons 
excited b y the wh i te l i g h t at 77 K become t r a p p e d i n metastable states 
h a v i n g energies w i t h i n Eg; these are interpreted to be p r i m a r i l y surface 
states. A room temperature anneal returns the sample to its e q u i l i b r i u m 
d i s t r ibut i on . T h e strong absorpt ion be l ow 415 n m is due to excitat ion 
across the 3.0 e V b a n d gap. F i g u r e 3 ( b ) shows t y p i c a l results for s imi lar 
experiments on o x i d i z e d crysta l slabs subst i tut ional ly d o p e d w i t h V , C r , 
M n , a n d F e . D o p i n g to 0 .001-0 .01% levels was accompl i shed b y heat ing 
s ingle-crystal slabs of T i 0 2 w i t h the transi t ion meta l p o w d e r at 4 0 0 ° -
800°C for 1 hr i n a sealed tube a n d subsequently o x i d i z i n g i n oxygen at 
850° -1000°C for 1 day. T h e results were insenit ive to the dopant i o n ; the 
increased densities of states appear to be b u l k states associated w i t h cat ion 
vacancies created b y ox idat ion (see d iscussion of p o l a r i z e d l i ght exper i ­
ments b e l o w ) . A s expected, the density of deep acceptor states associated 
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6. G O O D E N O U G H Photo Responses of Pure and Doped Rutile 119 

Energy hv (eV) 
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Figure 3. Surface photocurrent at 77 K vs. wavelength \ of incident 
monochromatic light (A\ ^ 10 nm): (%) before; (O), after exposure to 
intense white light for (a) as-sliced and (b) doped, followed by oxidation 

single-crystal Ti02 (10). 
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Figure 4. Schematic summary of 
band gap states metastably occupied 
at 77 K as revealed by surface pho­
toconductivity and photosensitive 

ESR measurements 

f^-^EW ' /Fe 2 * ) 

. . y 3 : : 3 d 2 . E o ( V 4 V v ^ 

- ^ 3 d ! E o ( M n > / M n 2 - } 

^ E W ' / M n 3 * ) 
• 5 5 T E ° ( V W ) 

!£E° (Cr 4 7Cr 3 *) 
^ - E ° ( F e 4 W ) 

Density of States. 

w i t h cat ion vacancies extends about 1 e V above E v . Before i r rad ia t i on 
w i t h w h i t e l ight , f e w of the acceptor states are oc cup ied b y electrons, con ­
sistent w i t h a f e r m i energy E F near E v . 

A f t e r exposure of the doped samples to wh i te l ight , the photocurrent 
was moni tored as a funct ion of the t ime of exposure to the monochromatic 
l ight . T h e photocurrent decreased w i t h t ime for A ̂  500 n m , as m i g h t be 
expected i f the monochromat i c l ight returns the electron d i s t r ibut ion 
t o w a r d e q u i l i b r i u m . H o w e v e r , for A ̂  450 n m the photocurrent increases 
w i t h t ime, w h i c h indicates that the monochromat ic rad iat ion is either 
p u m p i n g electrons out of acceptor states that are b e i n g repopulated 
t h e r m a l l y b y electrons or increas ing the surface m o b i l i t y of the electrons 
b y p o p u l a t i n g surface traps w i t h electrons exc i ted f r o m the b u l k . B o t h 
phenomena can be expected for b u l k acceptor states b e l o w E F , w h i c h 
w o u l d p lace E F w i t h i n 0.3 e V of E v i n the o x i d i z e d samples. 

I n summary , the photocurrent measurements conf irm a b a n d gap of 
E g 3.0 e V , a n d they reveal a n a r r o w b a n d of l o w density of states (des­
ignated E i states i n F i g u r e 4) extending f r o m the center of the b a n d gap 
to about 0.5 e V above E v , a n d i n o x i d i z e d samples a density of acceptor 
states extending a f u l l 1 e V above E v w i t h a n E F about 0.3 e V above E v . 
T h e E x states are assumed to be surface states that are p r i m a r i l y of anionic 
character ; the b u l k acceptor states (des ignated E 2 i n F i g u r e 4 ) appear to 
be centered at cat ion vacancies. 

I n contrast to the photoconduct iv i ty measurements, photosensit ive 
E S R spectra at 77 K , observed w i t h a convent ional X b a n d spectrometer, 
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6. G O O D E N O U G H Photo Responses of Pure and Doped Rutile 121 

were dopant - i on specific. F i g u r e 5 i l lustrates three types of experiments 
that were p e r f o r m e d : ( a ) the constant- intensity d a r k s igna l undergoes 
a change A l that varies w i t h the t ime ti after exposure to monochromat i c 
l i g h t ; ( b ) the A l f r o m a dark s igna l that has been c h a n g e d b y previous 
w h i t e l i g h t exposure at 77 K is m o n i t o r e d as a func t i on of the t i m e t2 after 
exposure to monochromat i c l i g h t ; a n d ( c ) the A l f r o m a dark s igna l that 
has been changed b y exposure at 77 K to w h i t e l i g h t f o l l o w e d b y 415-nm 
l i g h t is m o n i t o r e d as a func t i on of the t ime t3 after exposure to mono­
chromat i c l i ght . F i g u r e s 6 a n d 7 show A l versus A for tx = 2 m i n a n d t2 — 

(a) l 
v. 

Monochromatic 
Light on 

i i i i *t , 
0 2 4 6 min. 

Dark 

Monochromatic 
Light on 

(b) 1 
1 1 1 i i i ^«-2 

0 2 4 6 min. 
Dark Dark 

Intense 
White 
Light 

Monochromatic 
Light on 

1 ^ V * — 1 

V 
v Dark 

i i i i i ~ 
0 2 4 6 min. 

Dark 
Intense 415mu 
White Light 
Light 

Figure 5. Definition of experimental times (a) tl9 (b) t2, and (c) t3, and 
schematic representation of typical variations of ESR signal intensity with 

times at 77 K (10). (Differential peak oc intensity) 
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Figure 6. Spectra at 77 K of the change A l in ESR signal intensity from 
t1 = 0 to tt = 2 min for four impurity cations in Ti02: (a-c) oxidized; 

(d) reduced (10). 
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Figure 7. Spectra at 77 K of the change A l in ESR signal intensity from 
t2=0 to t2 = 2 min for the same impurity-cation states in the same TiOs 

crystals as in Figure 6: (a-c) oxidized; (d) reduced (10). 
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2 m i n , respect ively . A l l signals were n o r m a l i z e d to the intensity of the 
monochromat i c l i ght , a n d between each measurement the inf luence of 
the previous exposure to monochromat i c l i g h t was r e m o v e d b y either a 
r o o m temperature annea l ( F i g u r e 6) or a r e i r rad ia t i on b y w h i t e l i g h t 
( F i g u r e 7 ) . 

F o r each dopant a n E S R s ignal is associated w i t h a g iven f o r m a l 
valence state M m + : 3 d n ; the intensi ty of the s ignal depends u p o n the n u m ­
ber of dopant ions i n the M m + state. Changes i n the 3 d n p o p u l a t i o n are 
caused b y l i g h t - i n d u c e d e lectron transfer to or f r o m the M m + ions : 

M w + : 3 d * + l e - » M ( m - 1 ) + : 3 d n + 1 (2) 

M m + : 3 d n _ l e ^ M ^ ^ d " - 1 (3) 

Mm+ + M m + - » M C m _ 1 ) + + M ( w + 1 ) + (4) 

T h e E i a n d E 2 states as w e l l as the valence b a n d m a y serve as sources or 
sinks for electrons, a n d e lectron or hole transfer t h r o u g h the crysta l occurs 
v i a the conduc t i on a n d valence bands , respect ively . A s i n d i c a t e d i n F i g ­
ures 6 a n d 7, the E S R signals m o n i t o r e d were f r o m the V ^ r S d 1 , the 
C r 3 + : 3 d 3 , the F e 3 + : 3 d 5 , a n d the M n 4 + : 3 d 3 ions. 

Interpretat ion of the spectra of F i g u r e s 6 a n d 7 is based on the 
assumpt ion that electrons, once exc i ted f r o m El9 E 2 , or 3 d w states to the 
c o n d u c t i o n b a n d b y monochromat i c l i g h t of w a v e l e n g t h A, c a n move 
t h r o u g h the crysta l either to become re t rapped at a distant, l o c a l i z e d 
e lectron center or to recombine w i t h a valence b a n d hole . M o r e o v e r , 
monochromat i c l i g h t h a v i n g A < 450 n m m a y create m o b i l e valence b a n d 
holes e ither i n d i r e c t l y — b y exc i t ing electrons f r o m a n E 2 state that be ­
comes thermal ly r epopu la ted f r o m the va lance b a n d — o r d i rec t ly i f A < 
415 n m . Metas tab le electrons c a n be t r a p p e d at El9 E 2 , or d n centers. 

I n o x i d i z e d T i 0 2 : V most of the v a n a d i u m ions have the f o r m a l 
valence V 5 + : 3 d ° . T h e E S R s igna l f r o m a V 4 + : 3 d x i o n is sharp a n d easily 
moni tored . T h e V 4 + / V 5 + rat io is so l o w i n o x i d i z e d samples that any V 3 + 

i o n p o p u l a t i o n c a n be i g n o r e d a n d any changes A l versus tx i n the E S R 
s igna l represent a n increase i n the V 4 + i o n p o p u l a t i o n f r o m its e q u i l i b r i u m 
value . T h e spec t rum of F i g u r e 6 ( a ) shows A l > 0 on ly for A < 600 n m . 
F r o m F i g u r e 3 ( b ) the density of o c cup ied states for the v i r g i n dark 
state is neg l ig ib l e for A > 700 n m , a n d w e w o u l d expect a t w o - w a y ex­
change of electrons be tween 3 d n configurations a n d E i or E 2 states where 
the energy hv & [ E c — E ( V 4 + ) ] . H o w e v e r , a A l > 0 c a n be expected for 
hv > [ E c — E ( V 4 + ) ] , since a metastable e lectron d i s t r i b u t i o n becomes 
possible under these condit ions . T h i s reasoning places the V 4 + : 3 d 1 l eve l 
about 2.1 e V b e l o w E c , a n assignment that appears to be conf i rmed b y 
F i g u r e 7 ( a ) . A f t e r exposure to w h i t e l i ght , the V 4 + : d * p o p u l a t i o n is 
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6. G O O D E N O U G H Photo Responses of Pure and Doped Rutile 125 

near ly d o u b l e d , a n d monochromat i c l i g h t tends to re turn this p o p u l a t i o n 
to its e q u i l i b r i u m va lue , m a k i n g A l < 0, i f hv « [ E c — E ( V 4 + ) ] . T h e 
m a x i m u m A l at about 450 n m for b o t h tx a n d t2 reflects e lectron transfer 
f r o m V 4 + ions to m o b i l e holes created b y t h e r m a l excitat ion to E 2 states 
near E v . 

I n o x i d i z e d T i 0 2 : C r , the C r 3 + / C r 4 + p o p u l a t i o n rat io is m u c h larger 
t h a n the V 4 + / V 5 + rat io i n o x i d i z e d T i 0 2 : V . T h i s observat ion indicates 
that the C r 3 + : 3 d 3 l eve l lies d i s t inc t ly b e l o w the V ^ d 1 l eve l at 2.1 e V 
b e l o w E c . F r o m F i g u r e s 6 ( b ) a n d 7 ( b ) , reasoning s imi lar to that for 
T i 0 2 : V places the C r 3 + : 3 d 3 l eve l about 2.7 e V b e l o w E c . A large c rys ta l -
field sp l i t t ing places the h i g h - s p i n C r 2 + : 3 d 4 l eve l w e l l above E c , so this 
valence state need not be considered. 

I n the case of o x i d i z e d T i 0 2 : F e , essentially a l l the i r o n ions are i n 
the F e 3 + : 3 d 5 state at e q u i l i b r i u m , a n d any A l at t± must be negat ive . T h e 
existence of the i lmeni te phase F e 2 + T i 4 + 0 3 indicates that the F e 2 + : 3 d 6 

l eve l m a y l i e b e l o w E c i n T i 0 2 , at least i f o c cup ied , so a A l < 0 c a n be 
p r o d u c e d either b y excitations f r o m E x or E 2 states to F e 2 + : 3 d 6 levels 
near Ec or b y the react ion 

hv 
2 F e 3 + > F e 2 + + F e 4 + (5) 

i f the e m p t y F e 3 + : 3 d 5 l eve l lies above E v . A s seen i n F i g u r e 6 ( c ) , f a i lure 
to observe at A l < 0 u n t i l A < 650 n m seems to p lace the empty F e 2 + : 3 d 6 

l eve l about 0.1 e V above E c . H o w e v e r , latt ice re laxat ion about a n occu ­
p i e d F e 2 + : 3 d 6 l eve l w o u l d stabi l ize this b y about 0.3 e V , thereby p l a c i n g 
the o c c u p i e d l eve l about 0.2 e V b e l o w E c a n d a l l o w i n g f o rmat i on of 
F e 2 + : 3 d 6 ions i n the presence of T i 4 + ions. T h i s d e d u c t i o n appears to be 
conf i rmed b y the observat ion of A l at t2, F i g u r e 7 ( c ) , a n d at 13 (10). A s 
A - » 4 l 5 n m , R e a c t i o n 5 appears to p roduce a sharp increase i n |Al|. I t 
also is enhanced for A < 450 n m b y t h e r m a l exc i tat ion of va lence b a n d 
electrons to e m p t i e d E 2 states w i t h subsequent ho le capture at a n F e 3 + : 3 d 5 

l eve l . A l t h o u g h the o c cup ied F e 3 + : 3 d 5 l eve l appears to be at, or just 
be low, E v , the empty l eve l is l i f t ed above E v b y latt ice re laxat ion about 
the F e 4 + : 3 d 4 i on . T h u s the filled F e 3 + : 3 d 5 l eve l appears to l i e just b e l o w 
E v i n T i 0 2 a n d the empty F e 2 + : 3 d 6 l eve l just above E c , so oc tahedra l site 
i r o n i n oxides has a n energy 

U = S ( F e 2 + ) - # ( F e 3 + ) ~ 3 e V (6) 

Since this marks a d d i t i o n of the first e lectron after the ha l f - f i l l ed , h i g h -
s p i n 3 d she l l , i t is a re lat ive ly large free- ion U. S u c h a s m a l l va lue for the 
crysta l l ine U is qu i te consistent w i t h the re la t ive ly h i g h superexchange 
interact ions be tween F e 3 + ions i n oxides ( J ) . 
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Since F e V O s contains F e 3 + a n d V 3 + ions rather t h a n F e 2 + a n d V 4 + 

ions, w e must p lace the oc tahedral site V 3 + : 3 d 2 l eve l b e l o w the F e 2 + : 3 d 6 

l eve l , a n d hence b e l o w Ec i n T i 0 2 . T h i s deduc t i on impl ies that for octa­
h e d r a l site v a n a d i u m i n oxides, 

U = E ( V 3 + ) - E ( V 4 + ) £ 2 e V (7) 

w h i c h is consistent w i t h the observat ion of a s e m i c o n d u c t o r - m e t a l t rans i ­
t i o n i n V 0 2 characterist ic of a U « wh (1). 

I n the case of T i 0 2 : M n , o x i d i z e d samples conta in near ly a l l the 
manganese ions i n the M n 4 + : 3 d 3 state, i n d i c a t i n g a M n 3 + : 3 d 4 l e v e l i n the 
v i c i n i t y of the V 4 + : 3 d 1 l eve l , w h i c h is 2.1 e V b e l o w E c . T h e existence of 
the i lmeni te M n 2 + T i 4 + 0 3 indicates that the M n 2 + : 3 d 5 l eve l also lies b e l o w 
Ec. Because the rate of decay of a metastable M n 3 + i o n to a M n 4 + state 
i n o x i d i z e d T i 0 2 : M n is too r a p i d for convenient m o n i t o r i n g of the E S R 
s ignal f r o m M n 4 + : 3 d 3 ions, the photosensit ive E S R signals s h o w n i n F i g ­
ures 6 ( d ) a n d 7 ( d ) are for r e d u c e d T i 0 2 : M n . I n r e d u c e d T i 0 2 : M n the 
f e r m i energy E F lies close to E c , a n d very f ew of the manganese ions are 
M n 4 + : 3 d 3 . T h i s finding is also consistent w i t h a M n 3 + : 3 d 4 l eve l at least 
2 e V b e l o w E c . I n the spectra of F i g u r e s 6 ( d ) a n d 7 ( d ) , a pos i t ive A l 
for the measured M n 4 + E S R s ignal represents a negat ive A l for the M n 3 + 

ions, where the M n 2 + i o n p o p u l a t i o n must be i n c l u d e d i n the M n 3 + i o n 
popu la t i on . R a i s i n g E F above the M n 3 + : 3 d 4 l eve l i n r e d u c e d T i 0 2 : M n 
also reduces the concentrat ion of ca t i on vacancies a n d m a y introduce 
an ion vacancies. Therefore , the density of E 2 states s h o u l d be smaller , 
a n d a corresponding density of donor states b e l o w E c m a y be in t roduced . 
H o w e v e r , there is no evidence for a metastable capture of electrons i n 
cat ionic states. 

Since the p o p u l a t i o n of M n 4 + ions is very s m a l l i n r e d u c e d T i 0 2 : M n , 
on ly a A l > 0 can occur for tlt T h e react ion 

hp 
2 M n 3 + — - » M n 4 + + M n 2 + (8) 

shou ld introduce at A l > 0 for tu where hv ^ [Ec — E ( M n 3 + ) ] , w h i c h 
places the M n 3 + : 3 d 4 l eve l about 1.9 e V b e l o w E c . A f t e r exposure to w h i t e 
l i ght , the metastable e lectron d i s t r ibut i on leaves a larger p o p u l a t i o n of 
M n 4 + i o n s — a n d p r e s u m a b l y of M n 2 + ions as w e l l . Therefore , A l < 0 for 
t2 is possible hv < [ E c — E ( M n 3 + ) ] , a n d F i g u r e 7 ( d ) is consistent w i t h 
p lacement of the M n 3 + : d 4 l eve l about 1.9 e V b e l o w E c . Absence of a 
A J < 0 for t2 at 850 n m seems to p lace the M n 2 + : 3 d 5 l eve l at least 1.5 e V 
b e l o w E c , w h i c h gives, for oc tahedra l site M n i n oxides, a n energy of 

U = E ( M n 2 + ) - E ( M n 3 + ) £ 0.5 e V (9) 
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6. G O O D E N O U G H Photo Responses of Pure and Doped Rutile 127 

i n the absence of a static J a h n - T e l l e r d is tor t ion at the M n 3 + i on . T h i s 
deduc t i on is consistent w i t h the observat ion of a spontaneous d i spro -
por t ionat ion react ion 2 M n 3 + - » M n 2 + - f M n 4 + , bu t on ly for a f e w spec ia l 
cases where the structure accommodates the t w o valence states i n a n i o n 
interstices of d i s t inc t ly different size. 

T h e use of p o l a r i z e d monochromat i c r a d i a t i o n adds another d i m e n ­
sion to the experiment. I n F i g u r e 1 w e see t w o inequiva lent strings of 
edge-shared octahedra r u n n i n g p a r a l l e l to the c-axis. L a b e l e d P a n d Q 
strings i n F i g u r e 1, they are d i s t ingu ished b y a 90° ro tat ion about the 
c-axis. I f the magnet ic field is p a r a l l e l to the c-axis, E S R signals f r o m the 
P a n d Q strings are equivalent . I f the field is p a r a l l e l to a [110] axis, the 
t w o signals are resolved. T h e p r i n c i p a l site axis i n the basa l p lane is 
[110] for the P strings a n d [110] for the Q strings. W e define S i g n a l I 
as that f r o m cations h a v i n g the ir p r i n c i p a l basal -p lane axis p a r a l l e l to 
the magnet i c field H ( P cations i f H || [110]) a n d S igna l I I as that f r o m 
cations w i t h this axis pe rpe nd i cu lar to the magnet i c field ( Q cations i f 
H || [110] ) . 

W i t h the e lectr ic - f ie ld vector E of the monochromat i c rad ia t i on 
p o l a r i z e d p a r a l l e l to the c-axis a n d the magnet i c field H p a r a l l e l to the 
[110] axis, the spectra for Signals I a n d I I were essentially i dent i ca l a n d 
s imi lar to those f o u n d for u n p o l a r i z e d l ight . W i t h the monochromat i c E 
vector p a r a l l e l to the external magnet ic field a l ong the [110] axis, the 
spectra for Signals I a n d I I became c lear ly different for A < 600 n m , the 
energy d o m a i n p o p u l a t e d b y E 2 states. T h e r e is no anisotropy associated 
w i t h the energy d o m a i n p o p u l a t e d b y E i states. F o r V 4 + ions the spectra 
corresponding to F i g u r e 7 have A l > A l 0 for S i g n a l I a n d A l < A l 0 for 
S igna l I I , where A Z 0 is the isotropic s ignal of F i g u r e 7. F o r F e 3 + ions 
S igna l I has AZ < A l 0 a n d S igna l I I has A l > A l 0 just the reverse ( 1 0 ) . 
These anisotropics impose severe constraints on any m o d e l of the b u l k 
native defect responsible for the E 2 states. 

T h e observed anisotropics reflect different valence state populat ions 
at P and Q cations after photoexcitat ion b y the po lar i zed monochromat ic 
l ight . Essent ia l ly one-dimensional electron transfer a long the c-axis is 
possible because E c is at the bot tom of a one-d imensional 3 d b a n d ; see 
F i g u r e 2. T h e observed anisotropics are consistent w i t h a pre ferent ia l 
charge transfer f r om E 2 defects to P cations ( S i g n a l I ) , since the V ^ i S d 1 

l eve l lies above the E 2 b a n d a n d the F e 3 + : 3 d 5 l eve l lies b e l o w it . Photo -
excitation of an electron f rom an E 2 state be l ow E ( V 4 + ) m a y be f o l l owed 
b y a V 4 + i o n decay, a direct charge transfer to that E 2 state f r om a 
ne ighbor ing V 4 + i on . I n this case photoexci tat ion makes AZ > 0 a n d 
decay makes AZ < 0. Pre ferent ia l photoexci tat ion f r om E 2 states to a P 
l ine , but equal decay f r om P a n d Q l ines, w o u l d produce a AZ > A Z 0 for 
S igna l I a n d a AZ < AZ 0 for S igna l I I . I n the case of T i 0 2 : F e photo -
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excitat ion of E 2 electrons to the F e 2 + : 3 d 6 l eve l d iminishes the popu la t i on 
of F e 3 + ions, a n d the s i tuation is just opposite that for T i 0 2 : V . 

C a t i o n vacancy acceptor states w o u l d have a n energy b a n d w i t h the 
same re lat ion to the valence b a n d as the observed E 2 states. I r rad ia t i on 
w i t h monochromat i c l ight po lar i zed a long the [110] axis w o u l d excite an 
electron i n a P vacancy to a Q str ing T i : 3 d conduct ion b a n d v i a a n an ion 
E or F i n F i g u r e 1. E lec t rons t rapped at a Q vacancy w o u l d be excited 
v i a the same anions to a P str ing conduct i on b a n d . I f the absorpt iv i ty of 
the l i g h t is de termined b y the a n i o n - c a t i o n charge transfer rather t h a n 
the p o l a r i z a b i l i t y of the electrons w i t h i n a cat ion vacancy , the transi t ion 
p r o b a b i l i t y for electron transfer f r om a Q vacancy to a P str ing is greater 
t h a n f r o m a P vacancy to a Q str ing; see F i g u r e 1. T h i s is the pre ferent ia l 
charge transfer r e q u i r e d to account for the anisotropics of Signals I a n d 
I I . W e therefore conc lude that the E 2 states are associated, at least i n 
large part , w i t h cat ion vacancies in t roduced b y sample ox idat ion. 

T h u s far w e have f o u n d that low-temperature measurements of the 
surface photoconduct iv i ty of ox id i zed samples provides in f o rmat i on about 
the density d i s t r ibut i on of l o ca l i zed states capable of t r a p p i n g metastable 
electrons. I n the as-sl iced specimens a b a n d of E i states was ident i f ied 
extending 1 e V b e l o w the center of the b a n d gap; these are tentat ively 
interpreted to be anionic surface states. O x i d i z e d samples exhib i t a 
denser b a n d of E 2 states extending about 1 e V above E v ; a n d w i t h the 
a i d of p o l a r i z e d l i ght i n photosensit ized E S R measurements, they are 
ident i f ied as p r i m a r i l y cat ion vacancy acceptor states. Photosensit ized 
E S R measurements also p e r m i t p lacement of l o ca l i zed 3 d n m a n i f o l d 
energies associated w i t h subst i tut ional dopants. These findings are s u m ­
m a r i z e d i n F i g u r e 4. I n order to obta in in format ion about cat ionic 
surface states a n d anion-vacancy states, w h i c h do not appear to capture 
metastable electrons at 77 K , w e m a y t u r n to e lec trochemica l measure­
ments on reduced T i 0 2 . 

Electrochemical Studies 

H y d r o g e n is an important c h e m i c a l feedstock n o w obta ined f rom 
fossi l fuels, except where abundant h y d r o p o w e r is avai lable . Moreover , 
i t is itself a f u e l represent ing convenient long- term energy storage. 
U t i l i z a t i o n of solar energy, w h i c h has a large seasonal var ia t i on i n most 
lat itudes, is p l a g u e d b y the need for l ong- term storage. Therefore , the 
conversion of solar energy into hydrogen v i a the electrolysis of water 
must be a h igh -pr i o r i ty technica l object ive. 

F u t u r e hydrogen p r o d u c t i o n f r om water w i t h solar energy w i l l 
p r o b a b l y u t i l i ze photovol ta ic cells c oup led to a convent ional electrolysis 
p lant . T h e cost of efficient photovol ta ic cells w i l l come d o w n b y at least 
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6. G O O D E N O U G H Photo Responses of Pure and Doped Rutile 129 

an order of magni tude i n the next 10 years, a n d better oxygen electrodes 
for electrolysis cells n o w appear feasible. T h e advantages of such a d u a l 
system are flexibility, a l l o w i n g m u l t i p h o t o n processes v i a series connect ion 
of cells, a n d greater efficiency of energy concentrat ion. Nevertheless , the 
announcement b y F u j i s h i m a a n d H o n d a (11) of one-photon photoelec-
trolysis of water w i t h u l travio let ( U V ) l i ght a n d a w o r k i n g anode of 
n-type T i 0 2 has s t imulated invest igat ion of the direct photoelectrolysis 
of water b y sunl ight , especial ly after it was shown that po lycrysta l l ine 
films of T i 0 2 are as effective as single crystals ( 12 ) . . T h e solar spectrum 
peaks at about 2.5 e V , a n d the electrolysis of water under ambient 
condit ions requires 1.23 e V at the p o w e r levels of solar inso lat ion . T h e 
o p t i m u m voltage f r om a photovol ta ic ce l l is about 0 . 6 E g , w h e r e Eg is the 
b a n d gap of the w o r k i n g semiconductor electrode. Therefore , an Eg ^ 
2.1 e V is needed for s ingle-photon electrolysis of water ; but 2.1 e V is 
s t i l l an attract ive m a t c h to the solar spectrum. 

A water electrolysis c e l l consists of two meta l l i c electrodes connected 
b y a p o w e r source a n d immersed i n a n aqueous electrolyte. I n a photo-
electrolysis c e l l the electrodes are connected d irect ly , a n d the p o w e r 
source is (so lar) rad ia t i on inc ident on a semiconductor electrode. O n e 
or bo th electrodes m a y be i l l u m i n a t e d a n d semiconduct ing . T h e oxygen 
anode must be an n-type semiconductor , the hydrogen cathode a p- type 
semiconductor . Since exist ing hydrogen electrodes are better t h a n oxygen 
electrodes, most i n i t i a l w o r k has concentrated on an n-type semiconductor 
anode w i t h a p l a t i n u m hydrogen electrode. 

T h e i d e a l energy d iagram for the electrodes a n d electrolyte of such a 
ce l l are shown schematical ly i n F i g u r e 8. L i g h t of energy hv > Eg 

>-o cr 
UJ 
z 

o cr 
LU 

3*6 

n-type 

T 
4-5eV 

l-23eV 

Layer 

Aqueous Solution Metal 

Figure 8. One-electron energies versus distance x for the semiconductor-
liquid-^metal interfaces of a photoelectrolysis cell 
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inc ident on the semiconduct ing electrode creates a ho le -e lec t ron pa i r . 
I f l i ght is absorbed i n the deplet ion layer near the l i q u i d - s o l i d interface, 
separation of the electrons a n d holes can be accompl i shed b y the in terna l 
electric field—proportional to dEJdx, or the b a n d bend ing—before 
e lec tron-ho le recombinat ion occurs. T h e b a n d b e n d i n g shown i n F i g u r e 
8 has a s ign that drives holes to the s e m i c o n d u c t o r - l i q u i d interface a n d 
electrons away f r o m i t to the p l a t i n u m - l i q u i d interface. A t the p l a t i n u m 
electrode, electrons combine w i t h H + ions to cause the evo lut ion of H 2 . F o r 
this to occur the F e r m i energy E F — c o m m o n to b o t h shorted electrodes 
— m u s t be at the H + / H 2 l eve l i n the l i q u i d , w h i c h is 4.5 e V b e l o w v a c u u m 
at p H = 1. If E F is 0.3-0.4 e V be l ow E c , b a n d b e n d i n g of the correct 
s ign requires an electron affinity x < 4.2 eV . F o r efficient ho le -e l e c t ron 
separation a x < 3.8 e V is needed. T h e l ight-generated holes, on the 
other h a n d , enter the b a n d of semiconductor surface states. T h e r e they 
accept electrons f r om the 0 2 / H 2 0 l eve l to cause the evo lut ion of gaseous 
0 2 . I f holes col lect i n the 0 2 " : 2 p 6 b a n d , chemica l ins tab i l i ty should 
result . Therefore , E v should be be l ow the 0 2 / H 2 0 leve l , w h i c h is 5.73 
e V be low v a c u u m at p H = 1. A x < 3.8 e V a n d an E v b e l ow the 0 2 / H 2 0 
l eve l requires a semiconductor w i t h E g > 2.0 e V , i n good agreement w i t h 
our i n i t i a l estimate. 

E v e n i f E v is deeper t h a n the 0 2 / H 2 0 leve l , c h e m i c a l ins tab i l i ty of 
the semiconductor anode c a n be a p rob l em. A x < 3.8 e V means that 
preparat ion of a n n-type mater ia l requires f a i r l y severe r e d u c i n g cond i ­
tions. E v o l u t i o n of oxygen at the surface of such an n-type semiconductor 
w i t h o u t reox idat ion of the so l id is on ly possible because the b a n d b e n d i n g 
drives electrons away f r o m the surface, w h i c h is itself ox id ized . B u t 
under these condit ions an in terna l field exists to d r i ve pos i t ive ly charged 
partic les to the surface a n d negat ively charged partic les into the bu lk . 
These partic les m a y be ions as w e l l as holes a n d electrons. I f the ions 
i n the so l id are mob i l e at room temperature , the electrode w i l l be 
chemica l ly unstable . T h i s constraint places severe l imitat ions on the 
range of semiconduct ing materials that c a n be used, especial ly i f the 
electrodes must have l i fet imes of 20 years. 

Three strategies can be pursued to c i r cumvent these prob lems : 
1. Start w i t h a stable electrode of large energy gap a n d appropr iate 

X, such as S r T i 0 3 , a n d introduce l o ca l i zed mani fo lds i n the gap at a n 
energy 2.0-2.2 e V be low E c . Subst i tut ion of S n 2 + ions for S r 2 + ions, for 
example, w o u l d appear promis ing . Subst i tut ion of 2 P r 3 + ions for 3 S r 2 + 

ions w o u l d p r o b a b l y give too smal l an ext inct ion coefficient. Substitutions 
for T i 4 + ions w o u l d per turb the n a r r o w T i : 3 d bands. W h a t e v e r the 
strategy, it must leave the system chemica l ly stable, re ta in an i t inerant 
3 d electron conduct i on b a n d ( i f titanates are u s e d ) , a n d introduce a 
leve l - to -band transit ion of sufficient osci l lator strength that most of the 
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6. G O O D E N O U G H Photo Responses of Pure and Doped Rutile 131 

l ight is absorbed w i t h i n the deplet ion layer. T h i s is a dif f icult set of 
constraints to satisfy. 

2. O b t a i n a good oxygen electrode a n d use a p- type semiconductor 
for a w o r k i n g cathode. 

3. Start w i t h a stable w o r k i n g anode of large energy gap a n d 
appropr iate x, such as S r T i 0 3 , a n d photosensit ize w i t h a d y e molecule 
attached to the surface. T h i s strategy requires absorpt ion of a major 
f ract ion of the inc ident l ight w i t h i n a film of dye that is t h i n enough 
for charge transfer f r om an excited state of the molecule to the so l id 
to be m u c h more probab le than a re turn to the g round state, as i l lustrated 
schematical ly i n F i g u r e 9. 

C l a r k a n d Sut in (13) reported efficient charge transfer to T i 0 2 f r o m 
a photoexc i ted R u L 3

2 + i on , where L = 2 ,2 ' - b ipyr idy l , a n d the ni trogen 
atoms f o r m an octahedral interstice for the r u t h e n i u m . T h e ground state 
4 d e lectron conf igurat ion at a R u 2 + i o n is l o w - s p i n t 2 g

6 e g ° ; the first exc i ted 
state, * R u 2 + : t 2 g

5 e g
1 , is about 2.1 e V above i t a n d has a l o n g l i fe t ime. A t 

p H = 1 the * R u L 3
2 + l eve l is above E c at the surface of T i 0 2 , so charge 

transfer to the T i 0 2 c onduct ion b a n d is possible ; see F i g u r e 9. Moreover , 
the R u L 3

3 + i o n left b e h i n d after the charge transfer has a narrow , empty 
R u L 3

2 + l eve l that overlaps the 0 2 / H 2 0 l eve l at p H — 1; the o c cup ied 
levels are somewhat l ower t h a n the unoccup ied . Therefore , R u L 3

3 + ions 
accept electrons f r o m the 0 2 / H 2 0 leve l to re turn to the R u L 3

2 + state 
w i t h the evo lut ion of gaseous 0 2 . 

A t O x f o r d , attempts to reproduce the experiments of C l a r k a n d S u t i n 
gave qui te different results, a n d interpretat ion of the experiment has 
p r o v i d e d ind i rec t in format ion about charge transfer processes to a n d 
f rom surface states i n reduced T i 0 2 (14). 

T h e w o r k i n g electrode of the exper imental ce l l was a s ingle-crystal 
slice of T i 0 2 h a v i n g an (001) face exposed to l i ght f rom a 1000-W M a z d a 
high-pressure xenon l a m p d irected through either a monochromator or a 
450-nm interference filter of 20 -nm b a n d w i d t h . T h e T i 0 2 slices w e r e 
reduced under H 2 at 600°C for 2 hr , a n d the exposed face was subse­
quent ly po l i shed w i t h d i a m o n d or a l u m i n a paste a n d etched w i t h 
concentrated n i t r i c a c i d or C P - 4 etchant to produce an extremely flat 
surface, as de termined b y scanning electron microscopy . These slices 
were m o u n t e d w i t h an e lectrochemical ly inert s i l i c one - rubber glue, a n d 
contact was made at the back of the sample w i t h evaporated i n d i u m . A 
p l a t i n u m - m e s h counter electrode was p l a c e d i n a separate compartment 
of the ce l l , a n d a s tandard A g / A g C l electrode ( S S E ) was connected to 
the ce l l b y a salt br idge . T h e base electrolyte used conduc t iv i ty water 
a n d was always 0 . 5 M Ar is tar -grade H 2 S 0 4 a n d N a 2 S 0 4 . Deoxygenat i on 
of the electrolyte was done w i t h n i t rogen or argon pur i f i ed b y passage 
t h r o u g h copper turnings at 120°C. T h e [ R u L 3 ] C l 2 a d d e d was made b y 
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© *A/A* 

0 2 /H 2 0 

H*/H 2 

(a) (b) 

Figure 9. Schematic representation of photosensitized semiconductor 
electrode: (a) photoelectrolysis (anodic photocurrent); (h) energy transfer 

modifying cathodic current. 

direct r e combinat i on f o l l o w e d b y m u l t i p l e recrysta l l i zat ion f r o m de-
i o n i z e d water . Preelectrolysis of the solutions d i d not change the 
electrode kinet ics . 

T h e flat-band potentials of the T i 0 2 electrodes were deternnned 
f r om measurements of b o t h M o t t - S c h o t t k y capacitances a n d photocurrent 
appearance potentials . 

F i g u r e 10 is the energy l eve l d i a g r a m for the w o r k i n g e l e c t rode -
electrolyte interface. I n this d i a g r a m E ° ( A m + / A ( m ~ 1 ) + ) is the energy of 
intersect ion of the two n a r r o w energy densities of states for the couple 
i n d i c a t e d i n parentheses i f the populat ions of each couple are equa l . T h e 
more o x i d i z e d partner i s a lways at a h igher energy. T h e energy sp l i t t ing 
reflects different l i g a n d b o n d lengths for different electron occupat ion , as 
i n the discussion above of F e 3 + : 3 d 5 a n d F e 2 + : 3 d 6 levels i n T i 0 2 . T h e 
l eve l E ° ( * R u L 3

2 + / R u L 3
+ — t 2 g ) , neglected i n the energy d iagrams of 

C l a r k a n d Sut in , corresponds to the energy at w h i c h an electron is 
transferred to the empty t 2 g o r b i t a l of the exc i ted * R u 2 + : t 2 g

5 e g
1 i o n to 

f o r m R u + : t 2 g
8 e g

1 . T h e E ° ( R u L 3 2 + / R u L 3
+ ) l eve l for e g -e lectron transfer is 

h igher i n energy b y the photoexc i tat ion E ° ( R u L 3
2 + / * R u 3

2 + ) - E ° ( R u L 3
3 V 

R u L 3
2 + ) , w h i c h is the crystal - f ie ld sp l i t t ing . T w o sets of b a n d gap states 

are s h o w n : JEJi a n d E 3 states. T h e E i states appear to be anionic surface 
states; the E 3 states are sensitive to surface preparat ions a n d perhaps also 
to the reduc t i on method . T h e flat-band po tent ia l was —0.3 V w i t h 
respect to S S E i n the electrolyte specified. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

06



6 G O O D E N O U G H Photo Responses of Pure and Doped Rutile 133 

W i l s o n (15) has s h o w n that the density of donor states near the 
surface, the E 3 states of F i g u r e 10, c a n be in fer red f r o m a p lo t of the 
photocurrent versus ce l l po tent ia l under b a n d gap i l l u m i n a t i o n i n the 
absence of any sensitizer such as [ R u L 3 ] C l 2 . I n his m o d e l the electric 
field d i s t r ibut ion is assumed to be u n p e r t u r b e d b y the photoexci tat ion, 
a n d any hole generated i n the deplet ion layer is assumed to reach the 
surface. A t the surface the holes either recombine w i t h surface electrons 
or produce a current i n the c e l l b y accept ing electrons f r o m the l i q u i d . 
E l e c t r o n - h o l e recombinat ion at the surface represents a loss. T h e q u a n ­
t u m efficiency for charge transfer to the l i q u i d is obta ined b y n o r m a l i z i n g 
the charge transfer f lux ( g i v e n b y the current i n the external c i r c u i t ) to 
the inc ident pho ton flux. T h e independent var iab le is the voltage across 
the dep le t ion layer , w h i c h is g iven b y the voltage across the c e l l measured 
f r om the flat-band potent ia l . T h e shape of the quantum-ef f ic iency- ( or 
photocurrent ) versus-voltage curve varies w i t h the surface density of 

VOLTAGE (vs S.S.EJ 

E W ^ W 2 / ) 

E°(H*/H2) 
EISS.EJ 

E°(*RuL2
3

+/RuL+
3) 

E°10 2/H 20) 
E°(RuL 3

3VRuL Z
3

+) 

ELECTROLYTE 

Figure 10. Surface state energy densities and electrolyte energies rela­
tive to the hand edges of n-type Ti02 (14) 
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134 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

donor states, a n d the W i l s o n analysis gives a reasonable fit to the data 
i f the donor states are assumed to have an exponent ia l decrease i n 
density on m o v i n g f rom E c into the energy gap. T h i s exponent ia l decrease 
is i n d i c a t e d schematical ly i n F i g u r e 10. I f the E 3 states are p r i m a r i l y 
an ion vacancy trap states, the shape of the surface density of states m i g h t 
decrease on m o v i n g into the gap, more l ike the d i s t r ibut i on of E 2 states 
revealed b y F i g u r e 3 ( b ) . S u c h a d i s t r ibut i on w o u l d also give a reason­
able fit i n the W i l s o n analysis. 

W i t h or w i t h o u t [ R u L 3 ] C l 2 , the ce l l showed a cathodic dark current 
at electrode potentials negative of + 0 . 5 V w i t h respect to the flat-band 
potent ia l . A cathodic current means a net e lectron transfer f r o m the 
so l id to the electrolyte, p resumably f r om E 3 states to the H + / H 2 l eve l . 

T h e R u L 3
2 + -> * R u L 3

2 + t ransi t ion is excited b y 450-nm rad ia t i on , 
w h i c h has a p h o t o n energy hv < E g . A photocurrent was observed i f 
450-nm rad ia t i on was a p p l i e d i n the presence of [ R u L 3 ] C l 2 . A t the l ight 
intensities a n d dye concentrations used, the total photocurrent was a lways 
a smal l f ract ion of the dark current. I t h a d two p r i n c i p a l characterist ics : 
( a ) at voltages more pos i t ive t h a n about + 0 . 4 V w i t h respect to flat-band 
condit ions , a smal l anodic photocurrent w i t h fast (ti/2 < 0.1 sec) rise 
t ime was observed; ( b ) at a l l voltages less than + 0 . 5 V w i t h respect to 
the flat-band potent ia l , a cathodic photocurrent w i t h s low (t1/2 10 
sec) rise t ime was observed. T h e cathodic photocurrent h a d a steady-
state va lue substantial ly greater t h a n that of the anodic photocurrent ; 
i t was reduced b y about 5 0 % w h e n oxygen was r igorously p u r g e d f rom 
the system for several hours w i t h pur i f i ed argon. 

T h e m o d e l proposed b y C l a r k a n d S u t i n (13) for the anod ic photo­
current has the general f o r m 

kg diffusion k 
A ;=± B > electrode > O + e" (10) hp 

where A = R u L 3
2 + , B — * R u L 3

2 + , O = R u L 3
3 + , e" is the e lectron trans­

ferred to the so l id to g ive a n anodic current , k9 is the rate of decay, a n d k 
is the e lectron transfer ve loc i ty . I n such a m o d e l the concentrat ion b of 
exc i ted species B is governed b y the equat ion 

f - D + (11) 

w h e r e D is the dif fusion constant, x is the distance f r o m the electrode, 
a n d the last t e rm gives the rate of generation of b b y l i g h t of intensi ty I 
f a l l i n g on species A i n concentrat ion a, for ext inct ion coefficient <£. I f a 
is taken to be constant a n d I to be independent of x, i m p l y i n g on ly l i ght 
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6 G O O D E N O U G H Photo Responses of Pure and Doped Rutile 135 

observed close to the surface produces a B at the surface, integrat ion 
of E q u a t i o n 11 subject to the boundary condit ions 

b (xfl) = 0 and D ^-wmm0 — kb(0,t) (12) 
ox 

gives an anodic current that, for w i d e variat ions i n the adjustable p a r a m ­
eter k2/Dkg, rises to a m a x i m u m i n the range 0 < kgt < 10. G i v e n a 
l g « 5 X 10 5 sec" 1, the photocurrent reaches this m a x i m u m w i t h i n a f e w 
mil l iseconds at most, consistent w i t h the fast rise t ime observed. O n the 
other h a n d , the analysis also shows that a s imi lar m o d e l cannot be used 
to account for the s low rise t ime of the cathodic photocurrent . 

A m o d e l capable of p r o v i d i n g a quant i tat ive interpretat ion of the 
cathodic photocurrent considers changes i n the ongo ing cathodic d a r k 
current as a result of e lectron loss f r om the surface. E l e c t r o n transfer 
f r om a surface state to the conduct i on b a n d can be accompl i shed i n three 
ways (see F i g u r e 1 0 ) : ( a ) an E 3 e lectron transfer to the * R u L 3

2 + / R u L 3
+ 

l eve l is f o l l owed b y electron transfer back to the conduct i on b a n d f r o m 
the R u L 3

2 + / * R u L 3
+ l eve l ; ( b ) e lectron transfer to the conduc t i on b a n d 

f rom the R u L 3
3 + / R u L 3

2 + l eve l is f o l l owed b y an E i e lectron transfer to the 
R u L 3

3 + / R u L 3
2 + l eve l ; a n d ( c ) energy transfer f r o m the * R u L 3

2 + -> R u L 3
2 + 

transit ion excites a surface state electron into the conduc t i on b a n d . I n 
any of these processes no net charge transfer to or f r om the so l id takes 
place . H o w e v e r , there is a change i n the charge d i s t r ibut i on at the 
surface due to transfer of electrons to the bu lk . T h e b u i l d u p of pos i t ive 
charge at the surface is equivalent to sh i f t ing the a p p l i e d voltage to a 
more negative va lue , w h i c h increases exper imental ly the ongoing dark 
current. T h e cathodic photocurrent thus represents a l ight m o d u l a t i o n 
of the dark cathodic current. W i t h this mechan ism the t ime constant for 
establ ishing a steady state cond i t i on depends on the rate of r e combinat i on 
of the conduct ion b a n d electron a n d the surface state hole created. 

A n important future step is to attach the sensitizer i o n d i rec t ly to the 
semiconductor surface to see h o w changes i n the surface states a n d 
charge transfer processes alter the s ituation. P r e l i m i n a r y experiments are 
encouraging. 

Glossary of Symbols 

E g = energy gap, e q u a l to (Ec — E v ) 
E c = energy at bo t tom of the t i t a n i u m 3 d conduct i on b a n d 
E v = energy at top of the oxygen valence b a n d 

E i , E 2 , E 3 = energies of bands of energy gap states: E i p resumably 
refers to surface states, E 2 to cat ion vacancies, E 3 to 
an ion vacancies 
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136 S O L I D S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

E ( d * ) , E ( f n ) = energies of l o ca l i zed d w or f n configurations 
V 0 = isolated an ion vacancy 
R = distance f r om a V G center to a nearest-neighbor cat ion 
e = magni tude of the e lectron charge 

wh = b a n d w i d t h 
U = intraatomic c ou lomb energy spht t ing E ( d n ) f r o m 

E ( d » + 1 ) o r E ( f » ) f r o m E ( f » + 1 ) 
X — electron affinity, that is, separation of E c f r o m v a c u u m 

energies 
by = resonance ( o r e lectron transfer) integra l be tween or­

bitals o n n e i g h b o r i n g l i k e cations at posit ions Rf a n d 

e g , t 2 g = one-electron d orbitals i n a c u b i c crystal l ine field 
h, h, h = t imes def ined b y F i g u r e 5 

A l = change i n intensity of X b a n d E S R s ignal n o r m a l i z e d 
to the intensity of the inc ident monochromat i c l i ght 

hv, A = energy, w a v e l e n g t h of the inc ident monochromat ic 
l i g h t 

A A = change i n w a v e l e n g t h 
S i g n a l I , I I — X b a n d E S R s ignal f r o m P a n d Q strings of cations 

( F i g u r e 1) i f external H || [110] a n d monochromat i c 
l i ght is p o l a r i z e d w i t h E vector 11 H . 

H = a p p l i e d magnet ic field 
E = electr ic - f ie ld vector of monochromat ic , p o l a r i z e d l ight 
L = 2 , 2 ' - b i p y r i d y l 

fcg(sec-1) = r a t e of decay f r o m excited state * R u L 3
2 + to g r o u n d 

state R u L 3
2 + 

k(cm • sec" 1 ) = electron transfer ve loc i ty f r om excited * R u L 3
2 + to the 

anode 
D ( c m 2 • sec" 1) = dif fusion coefficient for R u L 3 i n the electrolyte 

x = distance into electrolyte f rom the anode surface 
a,b = concentrations of R u L 3

2 + a n d * R u L 3
2 + 

= ext inct ion coefficient for l ight absorbed b y R u L 3
2 + 

z = n u m b e r of l ike nearest neighbors 
^ = per turbat i on of one-electron po tent ia l at site Kj 

E F = f e r m i energy leve l 
E S R = electron sp in resonance 
S S E = standard A g / A g C l electrode 26 
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7 

Solid State Precursors: 
A Low-Temperature Route to Complex Oxides 

J . M. LONGO, H. S. H O R O W I T Z , and L. R. CLAVENNA 

Corporate Research Laboratories, Exxon Research and Engineering Company, 
L inden , N J 07036 

The atomic scale mixing of cations in solid solution pre­
cursors having the calcite structure results in the ability to 
synthesize fully reacted mixed-metal oxides at significantly 
lower temperatures and in shorter times than are required 
for conventional solid state synthesis techniques. These 
lower temperatures of reaction have yielded oxides with 
surface areas that are 10 to 100 times higher than the same 
oxides prepared by conventional methods. This synthesis 
technique also has been used to study phase relations in the 
manganese-rich portion of the Ca-Mn-O system at tempera­
tures below 1000°C and has resulted in the assemblage of a 
new subsolidus phase diagram containing several low-tem­
perature phases having the following compositions: Ca2-
Mn3O8, CaMn3O6, CaMn4O8, and CaMn7O12. 

l i y l T e t a l oxides conta in ing more than one type of cat ion are of interest 
f r o m b o t h a prac t i ca l a n d fundamenta l po int of v i e w . C o m p l e x 

oxides are able to stabi l ize u n u s u a l ox idat ion states, have signif icant 
nonstoichiometry , a n d contain u n i q u e structural arrangements. H o w e v e r , 
they are l i m i t e d i n several appl icat ions , especial ly cata lyt i c appl icat ions , 
because of the l o w surface area that results f rom the h i g h temperatures 
usual ly needed to obta in complete react ion. 

T h e t rad i t i ona l ceramic approaches to these complex meta l oxides 
invo lve repeated high-temperature firing of the component oxides w i t h 
f requent regr indings . These harsh condit ions are r e q u i r e d to overcome 
the s low react ion kinetics that occur w h e n two solids are brought 
together, as is i l lus trated i n F i g u r e 1. T h e reactant partic les are schematic -

0 - 8 4 1 2 - 0 4 7 2 - l / 8 0 / 3 3 - 1 8 6 - 1 3 9 $ 0 5 . 0 0 / l 
© 1980 A m e r i c a n C h e m i c a l Society 
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1 0 0 , 0 0 0 8 
TO 

2 0 0 8 

Figure 1. Conventional solid state 
reaction techniques give slow reac­

tion kinetics. 

a l l y i l lus trated to emphasize the fact that no matter w h a t the par t i c l e 
size, each reactant part i c le contains only one type of cat ion. Severe 
react ion condit ions are necessary to obta in a single-phase produc t because 
of the di f fusional l imitat ions of so l id state reactions. I n i t i a l react ion is 
r a p i d , but further react ion goes slower a n d slower as the produc t layer 
bu i lds u p a n d dif fusion paths become longer. A fine p o w d e r of a pprox i ­
mate ly 10-jum part i c le size (100,000 A ) s t i l l represents di f fusion distances 
o n the order of 10,000 u n i t c e l l d imensions. T h e use of techniques such 
as f reeze -dry ing ( 1 , 2 ) or coprec ip i tat ion (3,4) improves react iv i ty of 
the component oxides or salts because these methods can g ive i n i t i a l 
crystall ites on the order of on ly several h u n d r e d angstroms i n diameter . 
B u t this s t i l l means dif fusion must occur across 10 to 50 un i t cells. 

T h e severity of react ion condit ions necessary to overcome these 
di f fusional l imitat ions natura l ly leads to crysta l l ine , low-surface-area 
materials . A d d i t i o n a l l y , the h i g h temperatures that must be u t i l i z e d 
l i m i t the ab i l i t y to stabi l ize the h igher valence states of t rans i t ion m e t a l 
elements. 

Idea l ly , i n order to achieve complete react ion i n the shortest amount 
of t ime a n d at the lowest possible temperature , one w o u l d l ike to see 
m i x i n g of the component cations on an atomic scale. C o m p o u n d pre ­
cursors (5,6) w i l l achieve this goal , b u t the sto ichiometry of the pre ­
cursor, unfortunately , often does not co inc ide w i t h the sto ichiometry of 
the des ired product . T h e use of so l id so lut ion precursors (7 ) prov ides 
a l l the advantages of c o m p o u n d precursors b u t avoids the sto ichiometry 
l imitat ions . 

A so l id so lut ion m a y be ob ta ined b y subst i tut ion (to a var iab le 
extent) of one element i n a host latt ice b y another element, such that 
the crysta l lographic symmetry of the host latt ice is not altered. F o r the 
purposes of this discussion, a so l id so lut ion m a y be considered to be the 
interpenetrat ion on an atomic scale of two chemica l ly different but 
s tructura l ly s imi lar lattices. C o n c e p t u a l l y , then , i f one wants to prepare a 
complex oxide at l o w temperatures, one c a n f o r m a so l id so lut ion be tween 
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7. L O N G O E T A L . Solid State Precursors 141 

two (or more ) cations i n the proper rat io , h a v i n g an a n ion latt ice that 
can be modi f ied . T h u s i f a so l id so lut ion carbonate is synthesized, i t c a n 
r a p i d l y be decomposed to an oxide; l ikewise , i f a so l id so lut ion oxide 
precursor is prepared , it can either be reduced or o x i d i z e d to the des ired 
phase d e p e n d i n g on the valence states of the cations. I n each of these 
cases the cations are a lready m i x e d on an atomic scale i n the single-phase 
precursor so that decomposi t ion , ox idat ion, or r educ t i on is r a p i d a n d 
complete at s ignif icantly l ower temperatures a n d shorter t imes. F i g u r e 2 
schematical ly i l lustrates the so l id so lut ion precursor concept. Whereas 
the reactant cations m a y be 100,000 A apart i n convent ional so l id state 
reactions ( F i g u r e 1 ) , i n so l id so lut ion precursors they are o n the order 
of 10 A apart, regardless of part i c le size. F u r t h e r m o r e , the nature of the 
so l id so lut ion is such that it is possible to cont inuously vary the cat ion 
composi t ion i n the structure, a n d one is not l i m i t e d to discrete c o m ­
p o u n d precursors. 

T h e so l id so lut ion precursor technique has, to date, been explo i ted 
i n this laboratory p r i m a r i l y for the preparat ion of high-surface-area, 
mixed -meta l oxides b y decompos i t i on of s o l id solutions of carbonates 
h a v i n g the calcite structure. T h i s technique has w i d e a p p l i c a b i l i t y since 
the carbonates of C a , M g , Z n , M n , F e , C o , N i , a n d C d a l l f o r m the calc i te 
structure a n d w i l l , i n general , f o rm so l id solutions w i t h each other. I n 
this paper w e w i l l describe our experience w i t h the so l id so lut ion pre ­
cursor method w h e n a p p l i e d to several of these mixed -meta l systems. 

T h e most obvious benefit of this synthesis t e chn ique is that i t gives 
a route to higher-surface-area complex oxides. Just as important , h o w ­
ever, is the approach p r o v i d e d b y the so l id so lut ion precursor technique 
to the discovery of total ly n e w materials that are not stable at the h igher 
temperatures usual ly necessary for convent ional so l id state react ion be­
tween s m a l l part ic les . 

T h e C a - M n - O system was chosen as a start ing po in t i n order to 
explore the potent ia l of the so l id so lut ion precursor m e t h o d for synthe-

Figure 2. Solid solution precursor 
techniques give fast reaction kinetics 
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142 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

s i z ing n e w complex oxides. T h i s system fulf i l ls the p r i m a r y requirement 
for such a study i n that C a C 0 3 a n d M n C 0 3 are isostructural , each 
d i s p l a y i n g the calc i te crysta l structure. T h u s i t is possible to prepare 
C a - M n carbonate so l id solut ion precursors for subsequent react ion to 
C a - M n oxides. There are add i t i ona l characteristics that m a k e the C a -
M n - O system a par t i cu lar ly versati le one for exp lor ing the properties of 
n e w mixed -meta l oxides. F i r s t of a l l , the M n i o n is a very f lexible 
transit ion meta l o c curr ing i n the so l id state as the 2 + t h r o u g h the 7 + 
cations. W h e n incorporated a long w i t h the electroposit ive C a into a 
crystal structure, the h igher valence states of M n can be s tab i l i zed , 
especial ly at l o w temperature. 

I n this paper w e describe prev ious ly unatta inable low-temperature 
phase relations i n the manganese-r ich por t ion of the C a - M n - O system. 
T h i s n e w low-temperature phase d i a g r a m ( F i g u r e 3) shows the c o m ­
p lex i ty possible w h e n a cat ion can have m u l t i p l e valences a n d w h e n there 
is sufficient react iv i ty to ob ta in e q u i l i b r i u m at l o w temperatures. T h e 
use of the extremely reactive so l id so lut ion precursors, C a i ^ M n ^ C O s , also 
has a l l owed us to moni tor synthesis parameters that are usual ly obscured 
b y convent ional h igh-temperature react ion condit ions. A c c o r d i n g l y , the 
influence of heat ing rate, oxygen p a r t i a l pressure, part i c le morpho logy , 
temperature , a n d res idua l surface species on the final produc t w i l l be 
discussed. 

Experimental 

M o s t materials syntheses re ferred to i n this report were carr i ed out 
b y us ing the so l id so lut ion precursor method ( 7 ) . Precursors were 
prepared b y prec ip i ta t ing the carbonates f rom a w e a k l y ac id i c so lut ion 
of the appropr iate cations i n the des ired stoichiometry. A m m o n i u m 
carbonate was the p r e c i p i t a t i n g agent. T h e so l id so lut ion precursors 
w e r e reacted at temperatures r a n g i n g f r o m 800° to 1000°C for t imes 
r a n g i n g f r o m 0.5 to 150 hr . T h e react ion atmosphere was p u r e flowing 
0 2 , unless otherwise specified. T h e convent ional so l id state react ion 
syntheses that were carr i ed out were accompl i shed b y h a n d - g r i n d i n g , 
w i t h an agate mortar a n d pestle, the c a l c i u m a n d manganese reagent-
grade carbonates a n d then firing i n oxygen at the specified temperatures. 
These firings were usual ly in terrupted at frequent intervals for add i t i ona l 
g r i n d i n g i n order to fac i l i tate the react ion. 

A l l react ion products a n d so l id solut ion precursors were examined on 
a P h i l l i p s X - r a y dif fractometer to determine w h i c h phases w e r e present. 
O x y g e n content of a l l C a - M n oxide phases was establ ished b y u s i n g a 
F i s h e r Thermograv imetr i c A n a l y z e r conta in ing a C a h n electrobalance. 
Samples were r educed i n H 2 a n d we ight loss was a t t r ibuted to manganese 
w i t h ox idat ion states h igher than 2 + . T h e average manganese valence 
was also determined b y w e t chemica l means ( 8 ) . T h e method for exper i ­
menta l ly measur ing the cat ion stoichiometry, as w e l l as the procedure 
for d e t e r m i n i n g the decompos i t i on temperature of the low-temperature 
C a - M n oxide phases, is deta i l ed i n H o r o w i t z et a l . ( 9 ) . 
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T(°C) 
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u 

• 1 

CaMn03 Mol. % Mn0x Mn0x 

Figure 3. Isobaric (P02 = 1.0 atm) subsolidus phase relations in the 
manganese-rich portion of the Ca-Mn-O system 

Specific surface areas were determined b y the B r u n a u e r - E m m e t t -
T e l l e r ( B E T ) method , us ing ni trogen adsorpt ion. S ingle -po int de termina­
tions were used; these were f o u n d to agree w i t h i n 5 % of t r ip le -po int 
determinations. 

Results 

F o l l o w i n g the exper imental procedures out l ined above, a series of 
carbonate precipitates was prepared . X - r a y di f fract ion conf irmed that 
the precipitates w e r e single-phase so l id solutions h a v i n g the calc i te 
crystal structure. T h u s the homogeneous m i x i n g of m e t a l cations o n a n 
atomic scale (about 10 A ) was achieved. T a b l e I lists the interp lanar 
spacings of the major X - r a y di f fraction peaks for some of the mixed -meta l 
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T a b l e I . 

fhkU 

Compound (104) (012) 

C a C 0 3 3.03 3.85 
[ C a o 6 7 M n o 3 3 ] C 0 3 2.99 3.80 
[Cao .6oMn 0 .4o ]C0 3 2.97 3.77 
[Cao.5oMn 0 .5o ]C0 3 2.94 3.75 
[ C a 0 2 9 M n 0 7 i ] C O 3 2.91 3.74 
[ C a 0 2 5 M n 0 75 ]CO 3 2.90 3.71 
[ C a o . 2 o M n 0 . 8 o ] C 0 3 2.90 3.71 
[ C a 0 . i 2 5 M n 0 . 8 7 5 ] C O 3 2.88 3.70 
[ C a 0 . o 8 M n 0 . 9 2 ] C 0 3 2.87 3.70 

M n C 0 3 2.85 3.67 
[ C d 0 . i i M n 0 8 9 ] C O 3 2.86 3.67 
[Cd 0 . i 25Mn 0 . 875 ]CO 3 2.87 3.70 
[ C d 0 . 3 3 M n o . 6 7 ] C 0 3 2.88 3.71 
[ C d 0 . 5 o M n 0 . 5 o ] C 0 3 2.91 3.74 

C d C 0 3 2.94 3.80 
C o C 0 3 2.74 3.55 

[ C o 0 . 6 7 M n 0 . 3 3 ] C O 3 2.80 3.61 
[ C o 0 . 4 o M n 0 . 6 o ] C 0 3 2.83 3.65 

M n C 0 3 2.85 3.67 

carbonate precursors prepared . T h e corresponding data for the e n d -
m e m b e r carbonates are also i n c l u d e d for comparison . 

A s T a b l e I shows, the systems descr ibed here ( C a - M n , C d - M n , C o -
M n ) adhere f a i r l y closely to Vegard 's l a w . Therefore , the m o n i t o r i n g of 
latt ice parameters , or of a specific interp lanar spac ing , prov ides a con ­
venient method for check ing , to a first approx imat ion , the compos i t ion 
of a single-phase prec ipi tate . F o r compos i t ional increments of the sizes 
that are seen i n T a b l e I , the changes i n in terp lanar spac ing are general ly 
resolvable, a n d the precipitates of d i f fer ing composit ions can be rough ly 
ident i f ied a n d d is t inguished f r o m one another. W h e n more precise 
estimates of compos i t ion are des ired , this approach is unacceptable 
because the high-surface-area precipitates have X - r a y di f fract ion patterns 
whose peaks are too b r o a d to make precise latt ice parameter de termina ­
t i o n possible. Because of this uncerta inty i n the compos i t i on of the 
precursor ( the meta l cat ion stoichiometry of the precursor was not 
a lways i n exact agreement w i t h the sto ichiometry of the i n i t i a l aqueous 
solut ion of m e t a l ca t i ons ) , compos i t ional analysis for m e t a l cat ion 
sto ichiometry was per formed on the reacted mixed -meta l oxides. 

T h e importance of precursor par t i c l e size was m i n i m i z e d i n our 
in t roduct i on to the so l id so lut ion precursor concept; however , i t can 
s t i l l have an important effect on react ion kinet ics . A l t h o u g h cations are 
m i x e d o n a n atomic scale w i t h i n each reactant part i c l e , the size of the 
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7. L O N G O E T A L . Solid State Precursors 145 

Interplanar Spacings 

f h k U 

(IIS) (202) (HO) (116) (024) 
2.27 2.09 2.49 1.87 1.90 
2.25 2.07 2.46 1.84 1.89 
2.24 2.05 2.45 1.84 1.86 
2.23 2.05 2.44 1.83 1.86 
2.21 2.03 2.43 1.81 1.86 
2.21 2.03 2.42 1.80 1.86 
2.20 2.02 2.42 1.79 1.86 
2.19 2.01 2.41 1.78 1.85 
2.19 2.01 2.40 1.78 1.84 
2.17 2.00 2.40 1.77 1.83 
2.19 2.01 2.40 1.77 1.84 
2.19 2.01 2.40 1.78 1.84 
2.19 2.02 2.42 1.79 1.85 
2.21 2.04 2.43 1.81 1.87 
2.25 2.07 2.46 1.84 1.89 
2.11 1.95 2.33 1.70 1.78 
2.15 1.99 2.37 1.75 1.81 
2.16 1.99 2.38 1.75 1.82 
2.17 2.00 2.40 1.77 1.83 

reactant part i c le can s t i l l l i m i t the extent of gas - so l id contact a n d heat 
transfer t h r o u g h the part i c le . 

T a b l e I I shows h o w the B E T surface area of the so l id so lut ion 
precursor can be modi f ied b y min or adjustments to the prec ip i ta t i on 
procedure . R e f e r r i n g to T a b l e I I , one c a n see that a 1:1 C a : M n rat io 
so l id solut ion precursor powder , w h i c h was recovered a n d d r i e d i m m e d i ­
ately after prec ip i ta t i on , has a surface area of 9 m 2 • g" 1 . W i t h the 
thought that the presence of res idua l electrolyte, i n the f o r m of a m m o n i u m 
carbonate, m i g h t be caus ing agglomerat ion of part ic les a n d thereby 
l o w e r i n g the apparent surface area, another ba t ch was prepared i n w h i c h 
the n o r m a l prec ip i ta t i on was f o l l o w e d b y a thorough water r inse p r o ­
cedure. A f t e r i t was dr i ed , the p o w d e r was m u c h finer i n appearance 
a n d more free f l owing than the untreated powder , a n d its surface area 

Table II. Surface Area of Precursors Can Be Modified 

Surface Area (m2 • g'1) 

No l w H20 + IP A 
Treatment Rinse Rinse 

M n C 0 3 66 110 150 
C a M n ( C 0 3 ) 2 9 32 74 
C a C 0 3 1 11 10 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

07
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showed an increase to 32 m 2 • g" 1 . I n order to further decrease agg lom­
eration, w e made an attempt to d isplace res idua l water w i t h the l ower -
surface-tension i s opropy l a l coho l ( I P A ) b y f o l l o w i n g prec ip i ta t i on w i t h 
consecutive water a n d I P A rinses. T h e powder , w h i c h was aga in finer 
i n appearance a n d more free f l owing than the untreated prec ip i tate , 
showed another increase i n surface area to 74 m 2 • g" 1 . 

T a b l e I I also indicates that a d d i t i o n a l batches of prec ipitates w e r e 
prepared as controls. T h e M n C 0 3 prec ip i tate shows the same t r e n d of 
increas ing surface area w i t h the water rinse a n d another increase w i t h 
the water p lus I P A rinse. T h e C a C 0 3 shows a large increase i n surface 
area for the water rinse a n d the water p lus I P A rinse w h e n compared to 
the untreated prec ip i tate , but does not show a signif icant difference 
be tween the water a n d water p lus I P A - r i n s e d powders . 

These results are of p r e l i m i n a r y nature a n d their impl i cat ions are 
not f u l l y understood. H o w e v e r , it does appear that rea l a n d significant 
improvements i n surface area can be effected b y re lat ive ly m i n o r 
modif ications i n the prec ip i ta t i on procedure . 

A s ment ioned before, magnes ium, c a l c i u m , a n d most of the first-row 
d iva lent transit ion elements f o rm the calc i te structure. Theore t i ca l crysta l 
chemistry considerations w o u l d l ead one to expect that i t is possible to 
prepare , b y the process descr ibed , single-phase so l id so lut ion calcite 
precipitates of almost a l l combinat ions of these elements. E x p e r i m e n t a l 
results w i t h one such combinat i on ( n i c k e l a n d manganese ) , however , 
revealed that the prec ip i tate p r e p a r e d i n this case was not a single-phase 
calc ite structure mater ia l but a prec ip i tate consist ing of M n C 0 3 w i t h a 
calc ite structure a n d an amorphous N i - c o n t a i n i n g phase. I t is ev ident 
f r o m the results of this experiment that the so l id so lut ion precursor 
concept is not as un iversa l as it first appeared , a n d that the a p p l i c a b i l i t y 
of this method for any contemplated combinat i on of elements must be 
exper imental ly determined . 

A f t e r h a v i n g prepared a n d character ized the so l id so lut ion calc i te 
precursor , one m a y fire i t at a preselected temperature (general ly less 
t h a n 1000°C) a n d for a t ime sufficient to y i e l d the desired high-surface-
area mixed -meta l oxide. Since the cations are a lready homogeneously 
m i x e d on an atomic scale i n the precursor , the decomposi t ion of the calc ite 
to the f u l l y reacted, mixed -meta l oxide takes p lace at s ignif icantly l ower 
temperatures a n d i n shorter times re lat ive to synthesis b y convent ional 
so l id state techniques. 

I n the C a - M n - O system, for example , the preparat i on of the 
perovskite , C a M n 0 3 , b y s tandard so l id state react ion requires heat ing of 
the component oxides or carbonates at 1300°C i n an oxygen-containing 
atmosphere for several days w i t h frequent regr ind ing . T h e resu l t ing 
produc t is very crysta l l ine a n d has a surface area of on ly 0.2 m 2 • g" 1 . 
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7. L O N G O E T A L . Solid State Precursors 147 

T h e same p u r e c o m p o u n d can be prepared b y decompos ing , u n d e r 
o x i d i z i n g condit ions , a 1:1 C a : M n so l id so lut ion calc i te precursor at 
900°C for 30 m i n . T h e surface area of this f u l l y reacted perovskite , 
C a M n 0 3 , is 11 m 2 • g" 1. 

T h e f u l l y reacted perovskite-re lated oxide C a 2 M n 0 4 has been pre ­
p a r e d w i t h a surface area of 17 m 2 • g" 1 b y react ing a 2:1 C a : M n so l id 
solut ion calcite precursor at 800°C i n air for 15 m i n . S tandard so l id state 
react ion of the same c o m p o u n d f rom the component carbonates (1300°C 
for several days w i t h frequent regr ind ings ) gives a surface area of on ly 
0.8 m 2 • g" 1 . 

I n the C d - M n - O system the c o m p o u n d C d 2 M n 3 0 8 has been p r e p a r e d 
at 500°C for 1 hr , i n oxygen f r om a so l id so lut ion calc ite precursor 
h a v i n g a 2 :3 C d : M n ratio . T h i s c o m p o u n d has a surface area of 98 
m 2 • g" 1 ; the same c o m p o u n d p r e p a r e d b y convent ional so l id state 
react ion h a d a surface area of 3 m 2 • g" 1 . 

I n general , the so l id so lut ion precursor m e t h o d gives improvements 
i n surface area re lat ive to convent ional so l id state techniques that range 
f r om a factor of 10 to 100. 

A n a d d i t i o n a l benefit that can be der ived f r o m the re lat ive ly l o w 
synthesis temperatures afforded b y the so l id so lut ion precursor technique 
is the ab i l i t y to synthesize tota l ly n e w materials . F i g u r e 3 shows that 
the l o w react ion temperatures made possible b y the so l id so lut ion pre ­
cursors reveals f a i r l y complex subsol idus relations i n the C a - M n - O 
system, i n c l u d i n g four compounds that are not stable at 1 a t m 0 2 

above 1000°C. 
T h e first c o m p o u n d to appear is C a M n 7 O i 2 , w h i c h is also the most 

stable mixed-valence c o m p o u n d of the system. I t contains six M n 3 + a n d 
one M n 4 + a n d has a structure re lated to perovskite ( 1 0 ) , w i t h three M n 3 + 

a n d a C a 2 + o n the A site. T h i s c o m p o u n d was first reported b y B o c h u 
et a l . (10), w h o employed pressures of 80 k b a r a n d react ion temperatures 
of 1000°C for its synthesis. Joubert , i n a pr ivate c o m m u n i c a t i o n , reports 
that they also have been able to prepare this phase w i t h o u t h i g h pres­
sure ( I I ) . A b o v e 960°C, C a M n 7 0 i 2 breaks d o w n into C a M n 2 0 4 a n d 
M n 2 0 3 . 

A t l ower temperatures ( T < 940° C ) another mixed-valence phase 
appears w i t h a C a / M n ratio of 1 /3 . T h e r m o g r a v i m e t r i c analysis i n H 2 

shows that one - th i rd of the manganese is present as M n 4 + a n d therefore 
indicates a f o r m u l a of C a M n 3 0 6 . Toussaint (12) reports a C a M n 3 0 7 i n 
his study, but his p u b l i s h e d X - r a y pat tern shows on ly the strong l ines of 
C a M n 4 0 8 . H e states that there w e r e s m a l l amounts of the c a l c i u m - r i c h 
phase C a M n 0 3 present i n his preparat i on of C a M n 3 0 7 . B e l o w 910°C a 
c o m p o u n d w i t h a C a / M n rat io of 1 /4 appears i n the phase d iagram. I n 
this case thermograv imetr i c analysis shows that one-half of the manganese 
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is present as M n 4 + , l e a d i n g to a f o r m u l a of C a M r ^ O g . Toussaint (12) 
reports a phase C a M n 4 0 7 , b u t his X - r a y data show i t to be a mix ture 
conta in ing p r e d o m i n a n t l y C a M n 7 O i 2 . A thorough analysis of our o w n 
X - r a y patterns for C a M n 3 O e a n d C a M n 4 O g is not complete , but i t does 
appear that these two phases are re lated structural ly . T h e y c a n b o t h be 
w r i t t e n as C a a . M n 0 2 , w h e r e x — 1 /3 for C a M n 3 0 6 a n d x — 1/4 for 
C a M n 4 O s , suggesting that they are re lated to the A a . M n 0 2 phases de ­
scr ibed b y Fouass ier et a l . (13). 

B e l o w 890°C a c o m p o u n d h a v i n g a C a / M n rat io of 2 / 3 becomes 
stable. T h e r m o g r a v i m e t r i c analysis gives a f o r m u l a of C a 2 M n 3 0 8 (14), 
w h i c h indicates that a l l manganese are 4 + . C a 2 M n 3 0 8 is a l ayered 
structure consist ing o f inf inite manganese oxide sheets h e l d together b y 
C a 2 + i n t r i gona l pr i smat i c coord inat ion w i t h oxygen ( 1 5 ) . 

T h e so l id so lut ion precursor technique was the on ly synthesis m e t h o d 
f o u n d to y i e l d the low-temperature C a - M n - O compounds i n p u r e f o r m . 
C o n v e n t i o n a l so l id state react ion methods w o u l d y i e l d these compounds 
on ly as constituents of mul t iphase mixtures , even after pro l onged (several 
h u n d r e d hours ) firings at 800° -900°C w i t h numerous interrupt ions for 
regr indings . T h e low-temperature phases discussed above, a long w i t h 
C a M n 0 3 a n d C a M n 2 0 4 , were the on ly phases encountered i n the M n - r i c h 
p o r t i o n of the phase d i a g r a m , a l though syntheses f r o m precursors of 
intermediate composit ions were t r i e d . 

A s m i g h t be expected f r om the presence of a n u m b e r of m i x e d -
valence phases, the react ion kinet ics of the l ower - (less than 1000°C) 
temperature phase d i a g r a m are v e r y sensitive to several exper imenta l 
var iables . Subt le changes i n the oxygen p a r t i a l pressure d u r i n g react ion 
have rather dramat i c effects on the react ion kinet ics . S u c h changes i n 
the oxygen ' p a r t i a l pressure m a y be brought about b y the presence of 
r e s idua l surface species. F o r example , w a s h i n g the so l id so lut ion pre ­
c ip i tate precursor w i t h a h y d r o c a r b o n c a n i m p e d e the attainment of 
single-phase products . P r e s u m a b l y d u r i n g decompos i t ion i n the presence 
of hydrocarbons , a C O / C 0 2 atmosphere is l o ca l ly generated at react ion 
interfaces. T h e i n i t i a l r e d u c i n g atmosphere w i l l favor f o rmat ion of phases 
w i t h M n 3 + , w h i c h must then react to f o r m the e q u i l i b r i u m phase. I n a 
s imi lar manner , g r i n d i n g the start ing materials or intermediate products 
u n d e r acetone has a m a r k e d effect o n the ab i l i t y to at ta in e q u i l i b r i u m . 
I n fact, g r i n d i n g under acetone a n d then firing causes a sufficiently 
r e d u c i n g atmosphere that C a M n 4 O s ( w h i c h has a h i g h M n 4 + content 
re lat ive to its decompos i t ion products , C a M n 3 O e a n d C a M n 7 O i 2 ) cannot 
be f o rmed . T h i s indicates that even t h o u g h the react ion is car r i ed out at 
the r ight temperature a n d oxygen p a r t i a l pressure, the react ion kinet ics 
for the f o rmat ion of C a M n ^ O g f r o m C a M n 3 0 6 a n d C a M n 7 O i 2 are 
v e r y slow. 

W e have observed that the decompos i t ion of the so l id so lut ion 
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7. L O N G O E T A L . Solid State Precursors 149 

precursor does not a lways d i rec t ly l e a d to the des ired product . F o r 
example , appropr iate calc ite precursors for C a 4 M n 3 O i o a n d for C a 3 M n 2 0 7 , 
u p o n decompos i t ion i n oxygen, l ead to mixed-phase products , w h i c h 
consist p r e d o m i n a n t l y of C a M n 0 3 a n d C a 2 M n 0 4 . I t is apparent that the 
unusua l ly h i g h stabi l i ty of the perovskite (16) a n d perovskite-re lated 
structures of C a M n 0 3 a n d C a 2 M n 0 4 , respect ively , create large d r i v i n g 
forces, w h i c h i n t u r n create unfavorable kinet ics for the f o rmat ion of 
C a 4 M n 3 O i o a n d C a 3 M n 2 0 7 . T h e p u r i t y of react ion products c a n also be 
affected b y the heat ing rate employed . Precursors shou ld be i n t r o d u c e d 
into a furnace that has a lready been preheated to the react ion tempera ­
ture. Excess ive ly s low heat ing rates are to be avo ided , since they p e r m i t 
the format ion of n o n e q u i l i b r i u m phases. F o r example , C a i - a - M n ^ C O s 
precursors w i l l s lowly decompose at l o w temperatures (about 5 0 0 ° C ) 
to y i e l d M n oxides a n d C a - r i c h carbonate. 

T h e decomposi t ion temperatures for the n e w low-temperature phases 
are very sensitive to the e q u i l i b r i u m oxygen pressure. O n c e the phases 
have been f o rmed b y contro l of temperature treatment at 1 a t m 0 2 , they 
c a n be decomposed b y sw i t ch ing to f l owing a i r — o r more dramat i ca l l y 
b y firing i n stagnant air . F o r example , C a M n 4 0 8 , whose decomposi t ion 
temperature i n flowing 0 2 is 910°C, w i l l decompose i f fired at 810°C i n 
stagnant air . T h e effect o n the s tructural ly re lated C a M n 3 0 6 is less 
pronounced , presumably because i t contains a l ower percentage of M n 4 + . 
A firing atmosphere of p u r e C 0 2 destabil izes a l l the low-temperature 
phases ( C a 2 M n 3 0 8 , C a M n 3 O e , C a M n 4 0 8 , a n d C a M n 7 O i 2 ) to temperatures 
at least as l o w as 700°C. 

F o r the compounds i n the manganese-r ich por t i on of the phase 
d i a g r a m there is a clear corre lat ion between the percentage of M n 4 + a n d 
the decompos i t ion temperature i n 1-atm 0 2 . T h e one exception is 
C a M n 0 3 , w h i c h is a n extremely refraetory phase despite the fact that a l l 
its manganese is M n 4 + . T h i s increased t h e r m a l s tabi l i ty c a n be understood 
i n terms of the u n i q u e stabi l i ty offered b y the perovskite structure as w e l l 
as its re lat ive ly h i g h c a l c i u m content. 

Conclusions 

T h e so l id so lut ion precursor technique has been i n t r o d u c e d as an 
effective m e t h o d for mixed-metal -ox ide synthesis. W e have f o u n d that 
the atomic scale m i x i n g of cations i n so l id so lut ion precursors h a v i n g the 
oalcite structure results i n the a b i l i t y to synthesize f u l l y reacted m i x e d -
m e t a l oxides at s igni f icantly l ower temperatures a n d i n shorter t imes then 
are r e q u i r e d for convent ional so l id state synthesis techniques. These 
l ower temperatures of react ion have y i e l d e d oxides w i t h surface areas that 
are 10 to 100 times h igher than the same oxides p r e p a r e d b y convent ional 
methods. 
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N o t on ly does the so l id so lut ion precursor synthesis route give 
higher-surface-area complex oxides, bu t i t also provides an approach to 
the discovery of tota l ly n e w materials that are not stable at the h igher 
temperatures that usua l ly characterize convent ional so l id state reactions. 
F o r example , the so l id so lut ion precursor t e chn ique has a l l o w e d us to 
assemble a n e w subsol idus C a - M n - O phase d i a g r a m conta in ing several 
n e w low-temperature phases. 

T h e so l id so lut ion precursor synthesis route is thought to have w i d e 
a p p l i c a b i l i t y since M g , C a , C d , M n , F e , C o , N i , a n d Z n carbonates a l l 
f o r m the calc i te structure. A l l the monoxides of these same elements, 
p lus those of Sr a n d B a , f o r m the rock salt structure, thereby p r o v i d i n g 
a n alternate low-temperature synthesis route u t i l i z i n g rock salt structure, 
so l id so lut ion precursors. These rock salt precursors m a y be obta ined b y 
decomposi t ion , i n inert or r e d u c i n g atmospheres, of the appropr iate 
calc ite precursor . T h e aragonite group represents another co l lect ion of 
m e t a l carbonates that can be effectively employed as so l id so lut ion p r e ­
cursors. Aragon i te is a p o l y m o r p h of calc i te , a n d the cations that w i l l 
crystal l ize w i t h its structure inc lude c a l c i u m , s t ront ium, l ead , a n d b a r i u m . 
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8 

Liquid-Junction Solar Cells Using Pressure-
Sintered Polycrystalline CdSe and CdTe 
Semiconductors 

M U R R A Y R O B B I N S 

Be l l Laboratories, Murray Hill, N J 07974 

Liquid-junction solar cells, composed of a semiconducting 
electrode and counterelectrode immersed in a suitable oxida­
tion-reduction (redox) electrolyte, can be used to convert 
solar energy to electrical energy. An advantage of this type 
of photoelectrochemical cell is that the substitution of 
polycrystalline for single-crystal electrodes should be pos­
sible without substantial efficiency losses. Pressure-sintered 
polycrystalline CdSe and CdTe have been prepared and 
annealed. Conversion efficiencies using polycrystalline CdSe 
and CdTe electrodes reached about 70% of that observed 
for cells containing single-crystal electrodes. 

l he cells to be discussed consist of a semiconductor electrode a n d a 
- 1 - counterelectrode, immersed i n a so lut ion c o n t a i n i n g a suitable redox 

electrolyte. T h e n-type semiconductors , func t i on as photo anodes. U p o n 
i l l u m i n a t i o n of the semiconductor , electrons are p romoted f r o m the 
valence b a n d to the conduct ion b a n d , creat ing an electron-hole p a i r 
at or near the s e m i c o n d u c t o r - l i q u i d interface. U n d e r the influence of 
the electric field i n the space charge reg ion , the holes migrate to the 
s e m i c o n d u c t o r - l i q u i d interface a n d the electrons move t h r o u g h the b u l k 
of the semiconductor to the external l oad a n d to the counterelectrode 
l i q u i d interface. T h e hole at the semiconductor surface oxidizes the 
r e d u c e d ha l f of the redox couple . T h e electron at the counterelectrode 
surface acts as a r e d u c i n g agent, w h i c h can react w i t h the ox id i zed 

0_8412-0472-l/80/33-18e-151$05.00/l 
© 1980 American Chemical Society 
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PHOTOANODE 
N-TYPE 

SOLUTION COUNTER 
ELECTRODE 

(CARBON) 

Figure 1. Schematic diagram of a liquid-junction solar cell 

member of the redox couple ( F i g u r e 1 ) . T h e electrode reactions for 
the sul f ide-polysul f ide couple are 

Photoanode : h + + S = -> 1 / 2 S / 

C a t h o d e : e" + 1 / S 2
= - > S = 

T h e e q u a l a n d opposite reactions produce cells w i t h no net c h e m i c a l 
change. 

T h e u p p e r l i m i t of the open-c ircui t photovoltage ( E o c ) , approached 
i n a n intensely i l l u m i n a t e d l i q u i d - j u n c t i o n solar ce l l , is approx imate ly 

where E F
C S ) is the semiconductor F e r m i l eve l a n d E r e d o x is the redox 

po tent ia l of the electrolyte. 
A t the surface of the semiconductor anode the photo-generated hole 

c a n react i n one of two w a y s : 
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8. ROBBINS Liquid-Junction Solar Cells 153 

M A C S ) + xh+ M * + + A 0 (1) 

(2) 

I n the first react ion the hole oxidizes the an ion of the semiconductor 
( M A ) , l e a d i n g to decomposi t ion of the electrode, instead of o x i d i z i n g 
the r e d u c e d ha l f of the redox couple ( E q u a t i o n 2 ) . E l e c t r o d e d e c o m ­
pos i t ion of this type was observed b y Ger ischer ( J ) , w h o made the first 
l i q u i d - j u n c t i o n solar c e l l b y us ing a n n - C d S photo anode i n a n aqueous 
solut ion of K 4 F e ( C N ) 6 / K 3 F e ( C N ) 6 as the redox electrolyte. 

U s i n g a var ie ty of b i n a r y semiconduct ing photo anodes ( s u c h as 
C d S or C d S e ) , researchers have s h o w n (2 ) that semiconductor s tabi l i ty 
improves b y us ing fast, reversible redox couples w i t h increas ing ly reduc ­
i n g redox potentials . Redox couples that have been tested are S 2

2 ~ / S 2 " , 
S e 2

2 V S e
2 " , a n d T e ^ V T e 2 " w i t h redox potentials ( E r e d o x ) of - 0 . 7 , - 0 . 9 

a n d —1.1 , respect ively ( 2 ) . A s the E r edox becomes increas ingly negative, 
the photovoltage decreases. I t is evident , therefore, that semiconductor 
stabi l i ty is ach ieved at the expense of c e l l efficiency. O f the three 
chalcogenide redox couples, S 2

2 ~ / S 2 ~ has been the first choice, as i t has 
the most pos i t ive E r edox. 

Semiconductor dop ing , p u r i t y a n d surface per fect ion are impor tant 
factors i n the preparat i on of photo anodes for l i q u i d - j u n c t i o n cells for 
reasons s imi lar to those operat ing i n so l id state photovol ta ic devices. 

D o p i n g of semiconductors can be used to (1 ) p r o d u c e d the des ired 
type of semiconduct iv i ty ( n or p), (2 ) effect the conduc t iv i ty of the 
semiconductors , (3 ) increase E F i n n-type semiconductors , a n d (4 ) 
contro l the thickness of the space charge region. Impur i t i es a n d surface 
imperfect ions introduce recombinat ion centers for electrons a n d holes. 
T h e p u r i t y of the semiconductor is contro l led i n the preparat i on of the 
mater ia l . Surface imperfect ions are created w h e n samples are cut to 
size for ce l l use. 

P o l i s h i n g further damages the semiconductor surface, a n d i t is 
necessary to e tch the photo anodes before use. I n F i g u r e 2 the c e l l 
per formance of e tched a n d unetched s ingle -crystal n - C d S e photo anodes, 
i n S 2

2 " / S 2 " so lut ion, are c ompared ( 3 ) . 
T a b l e I shows the efficiencies observed for a var iety of s ingle-crystal , 

n- type semiconductor photo anodes. H e l l e r et a l . (4) f o u n d w h e n C d S e 
photo anodes were used w i t h S 2

2 " / S 2 ~ solut ion, the short -c ircuit photo ­
current decayed as a func t i on of t ime . T h e proposed mechanism for this 
decay i n v o l v e d the f o l l o w i n g reactions: 

C d S e + 2 h + - » C d 2 + + Se° 

C d 2 + + S = - » C d S 
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CdS/O.IF N Q 2 S - 0 . 0 2 F S - O . I M N d O H / C CELL 

CVJ 
E 
o 
o 
E 

4 -

>-

CO 

UJ 
Q 

2 -

cr 

o 

4_1 m a / c m 2 

2.9 m a / c m 2 

IRRADIANCE : SUNLIGHT, 76.6 m W / c m 2 

0.35V 

0.1 0.2 0.3 0.4 
C E L L VOLTAGE 

0.5 0.6 

Journal of the Electrochemical Society 

Figure 2. Current-voltage properties of liquid-junction cells using 
etched ( ) and unetched ( ) n-CdS photoanodes: l8C = 4.1 mA • 
(cm2)-1; lmax = 2.9 mA • (cm2)'1; Vmax = 0.35; and fill factor (ff) = 

( U X V m J / a c X V j ( 3 j . 

T h e C d 2 + i n so lut ion is p r o d u c e d at the surface of the photo anode a n d 
remains i n the v i c i n i t y of the s e m i c o n d u c t o r - l i q u i d junct ion . C d 2 + a n d 
S = c ombine a n d f o rm a C d S layer on the surface of the C d S e . T h i s C d S 
film forms a b l o c k i n g layer a n d prevents the photo -produced holes f r o m 
m i g r a t i n g to the s e m i c o n d u c t o r - l i q u i d interface. A s shown i n F i g u r e 3, 
the a d d i t i o n of Se to the su l fur -po lysu l f ide so lut ion prevents this f o r m 

Table I. Cell Efficiencies (at 1 sun) Using 
Single-Crystal Photo Anodes 

Overall 
Conversion Current 
Efficiency Efficiency 

Cell (%) (%) 

n - C d T e | K a S e - S e - K O H | C 8.4 65 
n - C d S e | K ^ S - S - K O H | C 7.5 80 
n - G a A s | K 2 S e - S e - K 0 H | C 12 70 
n - I n P | K a S e - S e - K O H | C unstable 
n - S i | K s S e - S e - K O H | C unstable 
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8. B O B B I N S Liquid-Junction Solar Cells 155 

of electrode degradat ion ( 4 ) . T h e deta i led mechanism b y w h i c h the Se 
add i t i on stabilizes the C d S e electrode is not k n o w n . O n e hypothesis 
involves the react ion of S e = w i t h C d 2 + at the surface of the C d S e photo 
anode, thereby prevent ing the f ormat ion of a C d S b l o c k i n g layer. T h e 
Se that has been a d d e d exchanges w i t h the polysul f ide electrolyte, 
d a r k e n i n g the co lor of the solution. E x p e c t e d losses i n c e l l efficiency 
caused b y increased solut ion absorpt ion of l i g h t were almost to ta l ly 
ba lanced b y an increase i n the open-c ircui t voltage ( 4 ) . I t was possible , 
therefore, to stabi l ize the C d S e photo anode w i t h m i n i m a l loss of 
efficiency. 

I n p-n hetero junct ion cells there must be close m a t c h i n g of crysta l lo -
graphic parameters at the junct ion w h e r e efficiency losses i n so l id state 
photocel ls are a major p r o b l e m i n the use o f po lycrys ta l l ine semicon­
d u c t i n g films. H o w e v e r , i n the l i q u i d - j u n c t i o n c e l l there are no crystal lo -
graphic m a t c h i n g prob lems at the l i q u i d - s o l i d interface, a n d this ought 
not to be a source of loss u p o n shi f t ing f r o m single-crystal to p o l y ­
crystal l ine electrodes. 

W i t h po lycrysta l l ine electrodes two important cr i ter ia must be met : 
(1 ) the gra in size must exceed 1 //.m for d irect b a n d gap semiconductors , 
so that a l l the inc ident l ight be absorbed i n the first layer of grains as 
the gra in boundaries act as traps for the m i n o r i t y carriers; (2 ) the space 
charge reg ion must equal or exceed the absorpt ion l ength so that the 
photo-excited carriers be separated b y the field, thereby decreasing the 

STABILIZATION OF THE 
n - C d S e / I M Na 2 S-IMS°-IM N a O H / C C E L L 

'0.07 M se° 

p.01 M se ° 
0.02M se° 

8,000 

<1120> FACE 

C O U L O M B S / C m ' 
12',000 16,000 20 ,000 

4 0 
T 

50 2 0 30 

EQUIVALENT DAYS IN SUNLIGHT 

6 0 

Figure 3. Stabilization of n-CdSe photo anode by the addition of Se to 
S2

2'/S2 solution 
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p r o b a b i l i t y of recombinat ion . I n this w o r k w e report the preparat ion 
a n d per formance of pressure-sintered, po lycrysta l l ine , n - C d S e a n d C d T e 
photo anodes. 

Experimental 

C d S e ( 9 9 . 9 9 9 % ) a n d C d T e ( 9 9 . 9 9 % ) powders (about 3 /mi ) were 
purchased f r o m A l f a Products . T h e powders were pressed (5000 p s i ) 
at r o o m temperature into pellets (0.75 i n . d iameter a n d 0.5 i n . t h i c k ) . 
T h e pellets were p l a c e d i n a h igh-dens i ty a l u m i n a die w i t h a 1-in. base. 
T h e pel let was surrounded b y z i r con ia sand. T h e die was pos i t ioned i n 
a k a n t h a l - w o u n d furnace between the platens of a C a r v e r C o . b e n c h 
press as shown schematica l ly i n F i g u r e 4. T h e gas in let at the bot tom 
al lows a flushing of the furnace inter ior w i t h a n e u t r a l gas. A gas 
accumulator , y i e l d i n g a 5 - t o - l ratio of operat ing pressure to gas tank 
pressure, m a i n t a i n e d a constant pressure o n the press. A m a x i m u m tank 
pressure of 2000 l b a l l o w e d the author to m a i n t a i n a m a x i m u m press 
pressure of 10,000 l b . T h e desired pressure was p u t on the d ie a n d the 
furnace temperature was m a i n t a i n e d for 2 hr , f o l l owed b y coo l ing at the 
rate of 75 ° C • h r 1 to r oom temperature. T h e s low heat ing a n d coo l ing 
cycles were necessary to a v o i d t h e r m a l shocking of the a l u m i n a die . 
T h e inter ior of the furnace was cont inuously f lushed w i t h N 2 or A r . 
T a b l e I I gives pressure s inter ing condit ions a n d the densities of C d S e 
a n d C d T e pellets p r o d u c e d . X - r a y di f fract ion patterns w e r e obta ined to 
ver i fy that no s tructura l or gross c h e m i c a l changes h a d taken place . 
Pel lets of C d S e a n d C d T e were po l i shed a n d thermal ly etched for 16 m i n 
at 600 ° C i n the f l owing A N for microscop ic s tudy of the sample surface. 
I n the pellets of C d S e a n d C d T e the average g r a i n size was observed to 
be 20-30 / i m . H o t , pressed pel lets p repared i n this manner were general ly 
p-type, w i t h resistances i n excess of 200,000 Q. I n order to m a k e the 
materials n 7 t y p e a n d decrease the resistance, the pellets were annealed 
i n C d at a var ie ty of temperatures a n d t imes. A s the annea l ing t empera ­
ture was increased, the resist ivity of the samples decreased. I n order to 
obta in the necessary t ime of anneal ing to y i e l d u n i f o r m C d d o p i n g , 
several pellets were sectioned to determine i f the resistance was u n i f o r m 
throughout . 

A n n e a l e d pellets were etched i n 4 / 1 H C I / H N O 3 for 1 m i n , r insed 
i n water , immersed 1 m i n i n a 1 0 % K C N solut ion a n d r insed for 1 m i n 
i n H 2 0 . T h e resu l t ing samples w e r e In -wet ted , Ag-epoxy-contacted , a n d 
m o u n t e d i n epoxy for c e l l immers ion . T a b l e I I I shows the annea l ing 
condit ions a n d c e l l per formance of some of the n - C d S e po lycrys ta l l ine 
electrodes i n compar ison to our best s ingle-crystal C d S e electrode. A 

Table II. Pressure-Sintering Conditions 

Structure 
Pressure 

T (°C) (lb) 

C d S e w u r t z i t e 
C d T e zinc blende 

950 10,000 
675 10,000 
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Journal of the Electrochemical Society 

Figure 4. Schematic of pressure-sintering equipment 

and Pellet Densities of CdSe and CdTe 

Time Density, % of X-ray 
(res) Pressed X-ray Density 

2 5.37 5.66 95 
2 5.75 5.85 99 
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E o 
o 
E 

CO 

15 

u 10 

Z 
UJ 
rr oc 
3 5 

HOT-PRESSED POLYCRYSTALLINE n - C d Se|lF Na2S-1F S-1F NaOH|c 

8 m a / c m 

IRRADIANCE 7 i m w / c m (sunlight) 
EFFICIENCY : 5.1 % V 0.45V 

I L 

0.1 0.2 0,3 0.4 

CELL VOLTAGE 

0.5 0.6 0.7 

Figure 5. Properties of liquid-junction solar cell using a pressure-sintered 
polycrystalline n-CdSe photo anode (5) 

solar conversion efficiency (5 ) of 5 . 1 % ( F i g u r e 5 ) , us ing a n electrode 
s imi lar to pe l le t 3, was measured . 

Pressure-s intered C d T e was In-annealed a n d etched i n a manner 
s imi lar to that descr ibed for C d S e . C d T e photo anodes were prepared , 
a n d the l i q u i d - j u n c t i o n solar ce l l output was compared , as i n the case 
of C d S e , w i t h C d T e s ingle-crystal photo anodes, as shown i n F i g u r e 6. 

Discussion 

A s seen i n T a b l e I I I , the efficiency of po lycrysta l l ine pressure-sintered 
photo anodes is not very dependent o n the density of the pel let . I t is 

CdSe Sample 

C r y s t a l 
Pressed pel let 

1 
2 

Table III. Annealing and Comparative 

Cd Anneal 

T(°C) 

600 
700 

Time (hr) 

16 
110 

•Unit value corresponds to about 25 mA • (cm 2 ) ' 1 . 
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CdTe/1.3M K Se2-0.9MK0H/C 

15 - SINGLE CRYSTAL SUNLIGHT, 71.4 mW/cm2 

10 

6.5 mA/cm2 

^-3.7% 

5 

N 
E u 
< 0 
E 

I i i i • i i \ 

N 
E u 
< 0 
E POLY­

CRYSTALLINE 
SUNLIGHT 73.6mW/cm2 

10 -

5.5 mA/cm2 

5 
1 \ 

0 i i 

1 \ 

1 0.36V >v 
1 ! / i . \ 1 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
VOLTS 

POLYCRYSTAL ANNEAL In 700 °C 72 HRS 

Figure 6. Properties of liquid-junction solar cells using single-crystal 
CdTe and pressure-sintered polycrystalline CdTe photo anodes 

important that the pel let be sufficiently dense to exclude perco lat ion of 
solution through the semiconductor to the conductor b a c k i n g the anode. 
I f such perco lat ion occurs, the c e l l w i l l be shorted a n d no photovol ta ic 
effect w i l l be observed. 

Performance of Pressed CdSe Electrodes 

Relative 
Current0 Volts Relative 

(short circuit) (open circuit) Fill Factor Efficiency 

1.00 0.747 0.58 1.00 

0.70 0.730 0.58 0.69 
0.68 0.755 0.49 0.70 
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T h e r e is no dif f iculty i n exceeding the 1-fim g ra in size necessary for 
l i ght absorpt ion i n the first layer of grains. 

D u e to the dif f iculty i n measur ing carr ier concentrat ion i n p o l y ­
crystal l ine materials , the correct d o p i n g condit ions ( temperature a n d 
t i m e ) were a r r i v e d at empir i ca l l y . Cond i t i ons were v a r i e d to produce 
samples for w h i c h the ce l l efficiency was m a x i m i z e d . W h e n the best set 
of annea l ing condit ions w e r e atta ined, po lycrysta l l ine photo anodes w i t h 
u p to 7 0 % of s ingle-crystal efficiency for b o t h C d S e a n d C d T e were 
obta ined . 

Conclusion 

L i q u i d - j u n c t i o n solar cells us ing po lycrysta l l ine electrodes w i l l oper­
ate at efficiencies that are commensurate w i t h cells conta in ing single-
crysta l electrodes. I f this type of c e l l is ever to be of use i n energy 
conversion, the a b i l i t y to u t i l i z e po lycrysta l l ine electrodes w i l l be an 
economic factor. Pressure s inter ing is a v iab le method of p r o d u c i n g a 
var iety of semiconduct ing photoelectrodes for study w i t h o u t the effort 
i n v o l v e d i n g r o w i n g single crystals. 
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9 
Oxyfluoride Photoelectrodes for the 
Photodecomposition of Water by Solar Energy 

A . WOLD and K . DWIGHT 

Department of Chemistry, Brown University, Providence, R I 02912 

Several oxides—for example, TiO2, SrTiO3, SnO2, and WO3 
—have been used as anodes for the photoelectrolytic decom­
position of water by solar energy. All these oxides must be 
made to conduct by the creation of oxygen defects. How­
ever, oxygen deficiencies undoubtedly are responsible for 
the long-term instability of the electrodes studied to date. 
An alternative method of enhancing conductivity is to use 
chemical substitution of oxygen by fluorine. The absence of 
oxygen vacancies should result in the formation of more 
stable electrodes toward oxygen in solution. 

T n most of the previous investigations that have dealt w i t h n-type oxide 
A electrodes for the photoelectrolysis of water , increased conduc t i v i ty 
was ach ieved b y the p r o d u c t i o n of oxygen deficiencies. T h i s early w o r k 
o n n-type anodes such as T i0 2 -a> i nd i ca ted that the defect compounds 
were stable. H o w e v e r , recent evidence (1,2) has shown that these 
compounds do not show long- term stabi l i ty i n the presence of oxygen at 
their surfaces. A n alternative m e t h o d of p r o d u c i n g c o n d u c t i n g electrodes 
is to substitute fluorine for oxygen rather than to create oxygen vacancies. 
B o t h methods result i n the f ormat ion of 3 d 1 t i t a n i u m , w h i c h w o u l d 
account for the re lat ive ly h i g h conduc t iv i ty obta ined . I n a recent p u b l i ­
cat ion D e r r i n g t o n et a l . (3) reported on the photoe lectro lyt ic behavior of 
W03.xFx. P u r e W 0 3 , p repared b y complete ly o x i d i z i n g tungsten f o i l , 
c o u l d best be indexed on a t r i c l i n i c system s imi lar to the one reported 
b y R o t h a n d W a r i n g (14). I t transforms to a monoc l in i c phase u p o n the 
r e m o v a l of smal l amounts of oxygen (15). Whereas the system W 0 3 . f 

( O ^ x ^ 1) is monoc l in i c throughout the entire range (5)i the system 
WO3.fl.F-p p r e p a r e d i n the study of D e r r i n g t o n et a l . (3) undergoes 
progressive s tructura l modif icat ions, w h i c h are s u m m a r i z e d i n T a b l e I . 

0 - 8 4 1 2 - 0 4 7 2 - l / 8 0 / 3 3 - 1 8 6 - 1 6 1 $ 0 5 . 0 0 / l 
© 1980 A m e r i c a n C h e m i c a l Society 
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Table I. Structural 

x a (A) b(A) 
0 

0.0079 ± 0.0005 
0.0177 ± 0.001 
0.0663 ± 0.005 

7.306(1) 
7.301(1) 
7.311(1) 
7.369(1) 

7.527(1) 
7.527(1) 
7.545(1) 
7.482(1) 

T h e structure remains t r i c l in i c for very smal l (x = 0.0079) amounts of 
subst i tuted fluorine i n the system W03.XFX. W h e n the amount of sub­
st ituted fluorine is 0.0177, the structure has undergone the transi t ion to 
the monoc l in i c phase, a n d w h e n x = 0.0663, the resul t ing phase is 
or thorhombic . 

T h e resist ivity of the p u r e W 0 3 samples was approx imate ly 10 6 O • 
c m . T h e resistivities of the W O s . * samples ranged between 1.2 X 10 4 

a n d 7 X 10" 1 fi • c m , a n d the resistivities of the W03.xFx samples ranged 
be tween 100 a n d 5 O • c m . A b s o r p t i o n measurements ind i ca ted that the 
b a n d gap of W 0 3 a n d a l l W 0 3 . « F . samples was 2.65 ± 0.10 e V . T h i s is 
consistent w i t h prev ious investigations (3 , 5-12). 

T h e photocurrents versus a p p l i e d voltage are p lo t ted i n F i g u r e 1 for 
several W 0 3 . x samples. Measurements w e r e made w i t h the electrolyte i n 
e q u i l i b r i u m w i t h a ir . A s c a n be seen, the largest photocurrent is reached 
for the W 0 3 . x sample h a v i n g the lowest resistance, w i t h the photocur ­
rents of the r e m a i n i n g samples decreasing as the resistance increases. 
These results are consistent, w i t h the only effect b e i n g a change i n the 
overa l l ce l l resistance. 

T h e photocurrents for two t r i c l i n i c samples of WOs.xFx are s h o w n 
versus a p p l i e d bias i n F i g u r e 2, the measurements b e i n g made w i t h the 
electrolyte i n e q u i l i b r i u m w i t h air . A l t h o u g h photocurrents were observed 
for a l l of the tungsten oxyfluorides s tudied , the monoc l in i c a n d ortho-
r h o m b i c composit ions (x ^ 0.0177) show more complex behavior . 

T h e spectral responses of the W O ^ F a . samples shown i n F i g u r e 3 
were obta ined w i t h an a p p l i e d bias of 0.5 V . T h e photocurrents p lo t ted 
here were n o r m a l i z e d for c lar i ty b y t a k i n g the rat io of the photocurrent 
at a g iven wave length to the m a x i m u m photocurrent obta ined ( that is , 
at 400 n m ) . T h e ac tua l photocurrents at 400 n m are for x = 0.0079, I 
— 16.06 fjA • ( c m 2 ) " 1 , a n d for x — 0.0083, I — 6.07 pA • ( c m 2 ) " 1 . T h e 
colors of the materials v a r i e d f r o m a l i g h t green for the x = 0.0079 sample 
to darker green for the x = 0.0083 sample. 

T h e stabi l i ty of the W03.x a n d W O ^ F a , samples was invest igated 
b y three procedures : s tabi l i ty against reoxidat ion, s tab i l i ty against h y d r o l ­
ysis or d isso lut ion, a n d stabi l i ty i n a w o r k i n g c e l l arrangement. F i g u r e 4 
shows the results o f the reox idat ion experiments o n samples of about 175 
m g . W h i l e W 0 3 . f r ead i ly oxidizes at 250° -300°C , the W O g ^ F * sample 
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9. W O L D A N D D W I G H T Oxyfluoride Photoelectrodes 163 

Properties of WO3-3F4. 

C a /3 y 

3.854(1) 88°43 ' ± 2 ' 90°17 ' ± 2 ' 90°39 ' ± 2 ' 
3.856(1) 8 8 ° 4 8 ' ± 2 ' 90° 17' ± 2 ' 90°35 ' ± 2 ' 
3.851(1) 90° 90°51 ' 90° 
3.848(1) 90° 90° 90° 

is stable to 600°C, i m p l y i n g an increased stabi l i ty to reoxidat ion . A l s o , 
the t h e r m a l grav imetr i c data s h o w n i n F i g u r e 4 indicates that the c o m ­
pos i t ion of the oxyfluoride samples prepared i n this study can be repre ­
sented b y the f o rmula W03.xFx. I f the compos i t ion of the samples h a d 
been W03.x¥y instead of W 0 3 - * F « , then there w o u l d have been a ga in 
i n w e i g h t recorded equivalent to the va lue x — y. F r o m F i g u r e 4 w e 
see that the sensit ivity of this m e t h o d is such that values of x (represent­
i n g a n oxygen def ic iency) i n the system W03.x c a n be determined , where 
values of x are less t h a n 0.01. 

H y d r o l y s i s a n d dissolut ion experiments were made b y p l a c i n g sam­
ples of W O 3 - S a n d W03.xFx i n 0 . 2 M H 2 S 0 4 a n d l eav ing these at 9 0 ° C 
for 350 hr . N e i t h e r sample showed any hydro lys is or dissolut ion. 

S tab i l i ty i n a w o r k i n g ce l l , w i t h the electrolyte i n e q u i l i b r i u m w i t h 
air , was determined b y b ias ing the electrode at 0.5 V w i t h respect to the 

- a . s 

P H O T O C U R R E N T UF WD 
-+-

3 - X 

a D.7 OHM-CM 

+ 16 OHM-CM 

• ISO OHM—CM 

• 520 OHM-CM 

• I EDO OHM-CN 

1 I l 1 l • I 1 

0 . S I 

B1R5 VQLTREE 

» i > 

Inorganic Chemistry 

Figure I . Photocurrent versus applied bias for several W 0 5 . x samples 
in 0.2M NaC2Hs02 (pH 7.8) (2) 
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5 

H « 

3 

2 --

- 0 . 5 

P H D T D C U R R E N T DF WD F 
J x x I . 1 . . . . I I . . . I . . . . I • 

D X a 0.0D73C2) 

+ X n 0 0 8 3 ( 2 ) 

-4-
0 .5 I 

BIH5 VDLTREE 
1.5 

Inorganic Chemistry 

Figure 2. Photocurrent versus applied bias for several W0S _ XFX samples 
in 0.2M NaC2HsOg (pH 7.8) (2) 

p l a t i n u m cathode, i l l u m i n a t i n g then w i t h the f u l l output of a 150 -W 
xenon l a m p a n d m o n i t o r i n g the changes i n photocurrent w i t h t ime . W h i l e 
the s l ight ly r educed W 0 3 . , films gave stable photocurrents , the more 
r educed samples were less stable. T h e most r educed sample (x « 0.03) 
was very unstable , w i t h the photocurrent decreasing b y 3 0 % over a 
p e r i o d of 2 hr . T h i s is consistent w i t h the results f o u n d b y H a r d e e a n d 
B a r d ( I I ) . O n the other h a n d , the t r i c l i n i c samples of W O a . ^ F ^ gave 
stable photocurrents of 2 m A • ( c m 2 ) " 1 for periods of u p to 46 h r (about 
7 0 0 ° C ) . I n add i t i on , there was no v is ib le change o n the surface of the 
electrode. 

A s a result of the w o r k on the W03_x¥x system, i t was expected that 
members of the system T i 0 2 - a . F a 7 also w o u l d show increased stabi l i ty over 
T i O o .x, since a l l the an ion sites w o u l d be occup ied . 

Samples of Ti02.xFx were p r e p a r e d b y the fluorination of T i 0 2 

wafers ( cut f r o m single crystals ob ta ined f r o m N a t i o n a l L e a d ) , u s i n g a 
fluorinating system s h o w n i n F i g u r e 5. H y d r o g e n fluoride was generated 
b y the t h e r m a l decompos i t i on of potass ium bi f luor ide at 260°C. T h e 
T i 0 2 wa fer was pos i t i oned w i t h i n a sample t u b e a n d centered w i t h 
respect to the hot zone of a furnace. F i g u r e 5 depicts the arrangement 
of the furnaces a n d gas t r a i n used for the prepara t i on of the T i 0 2 . a . F a r 

samples. A gas mix ture of 8 5 % argon a n d 1 5 % h y d r o g e n was d r i e d b y 
pass ing i t t h r o u g h a phosphorus pentox ide d r y i n g tube , flowing i t over 
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5PECTRRL RESPONSE or WD F 
I -a—i—i—i—i—i—J—i—i—i—|—i—i—i—i—|-

0 4—i—i—i—*—i—i—i—i—i—i—i—i—*—*• 
H00 HS0 500 550 

W R V E L E N E T H ( N M ) 
Inorganic Chemistry 

Figure 3. Normalized spectral reponse of W O s _ x F x in 0.2M NaC2Hs02; 
Eg = optical band gap (2.7 eV) (2). 

the potass ium bi f luor ide ( w h i c h was kept at 2 6 0 ° C ) , pass ing i t over the 
sample, a n d finally ex i t ing i t t h r o u g h a sod ium h y d r o x i d e bubb ler . 
Samples were fluorinated at temperatures be tween 575° a n d 700°C. 
At tempts to fluorinate a T i 0 2 wa fer at 550° f a i l e d to y i e l d a homogeneous 
product . T h e products p r e p a r e d i n this manner appeared pa le b l u e to 
b lack i n color. T h e darker colors resulted f r o m higher - temperature 
preparations. 

Samples of T i 0 2 . a ? F a . were p r e p a r e d for analysis b y g r i n d i n g a p iece 
of each fluorinated wafer to give approx imate ly 100 m g of sample. T h e 
finely d i v i d e d p o w d e r was heated i n an oxygen atmosphere f r om r o o m 
temperature to 1000°C, a n d changes i n the w e i g h t w e r e recorded u s i n g 
a C a h n electrobalance ( m o d e l R G ) a n d a chart recorder. N o n e of the 
samples i n the series showed any measurable w e i g h t change, w h i c h 
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Figure 4. Stability against reoxidation for WOs _ x and WOs _ XFX in flow­
ing oxygen (2) 
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Figure 5. Schematic illustration of the fluorination apparatus (13) 
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ind i ca ted that the the fluorine h a d substituted for the oxygen a n d that, 
w i t h i n the l imits of the analysis (about 0.001), there were no measurable 
add i t i ona l vacancies present i n the compounds studied. T h e fluoride 
contents of the samples fluorinated at 700° a n d 600°C were de termined 
w i t h an O r i o n fluoride electrode ( m o d e l 94-09) . T h e fluoride content of 
the sample fluorinated at 700°C gave a value of x i n T i 0 2 - « F « of 0.002, 
whereas that of the sample fluorinated at 600°C gave a va lue of x = 
0.0001, w h i c h was the l i m i t detectable b y the fluoride electrode a n d is 
subject to some uncertainty , since the value of x i n this mater ia l can be 
reported only w i t h i n an accuracy equivalent to ± 0.0002. 

A bar approx imate ly 4 X 2 X 1 rnm was cut f r om each of the 
fluorinated wafers i n such a fashion that only the two large faces be longed 
to the outside surface of the sample. E a c h bar was further s u b d i v i d e d 
into three sections 4 X 2 X 0.25 m m i n order to establish whether each 
fluorinated wafer was t ru ly homogeneous. T h u s the m i d d l e section was 
taken ent ire ly f r om the inter ior of the wafer a n d made no contact w i t h 
the outside surface. I n d i u m leads were b o n d e d ul trasonica l ly to each 
section, a n d the standard V a n der P a u w technique (13) was used to 
measure its resist ivity. Exce l l ent agreement, w i t h i n exper imental error, 
between the resist ivity values for inside a n d outside sections was obta ined 
for a l l the fluorinated wafers considered i n this study. T h i s result 
demonstrates that the fluorination process h a d penetrated u n i f o r m l y 
throughout each sample. T h e measured resist iv ity values are shown as 
a funct ion of fluorination temperature i n F i g u r e 6. 

Electrodes w e r e p r e p a r e d b y c u t t i n g pieces approximate ly 4 m m 
square f r om the fluorinated samples a n d evaporat ing a t h i n coat ing of 
copper onto the back of each to prov ide good e lectr ical contacts. A n o d e 
assemblies were fabr i cated b y u s i n g i n d i u m meta l to solder these elec­
trodes to p l a t i n u m wires that h a d been sealed i n smal l borosi l icate glass 
tubes a n d then coat ing a l l but the front surface w i t h a n electr ical ly 
insu lat ing res in ( M i c r o s t o p , M i c h i g a n C h r o m e a n d C h e m i c a l C o . ) . C a r e 
was taken not to d is turb the act ive photosurface. F o r measurement, these 
anodes were m o u n t e d i n a smal l glass ce l l approx imate ly 8 m m f r o m the 
quar tz w i n d o w . A p l a t i n i z e d p l a t i n u m cathode (2.5 c m 2 i n area) was 
mounted 2 c m b e h i n d and b e l o w w i t h anode, and a saturated ca lomel 
reference electrode ( S C E ) 10 c m above i t . T h e ce l l was filled w i t h 100 
m L of 0 . 2 M sod ium acetate electrolyte ( p H ^ 7.5), w h i c h was p u r g e d 
of d issolved oxygen b y continuous b u b b l i n g of the 8 5 % argon a n d 1 5 % 
hydrogen gas. A cathode potent ia l of approx imate ly — 0.64 V versus S C E 
was used as the c r i t e r i on for comple ted p u r g i n g . 

A 150 -W xenon arc was used to i l luminate an aperture 5 m m i n 
diameter , w h i c h was imaged onto the anode b y means of a quartz lens. 
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Figure 6. Variation of resistivity with the fluorination temperature of 
TiOs. XFX electrodes (13) 

T h i s resulted i n a reproduc ib le area 2.25 m m i n d iameter i r r a d i a t e d w i t h 
approx imate ly 50 m W of to ta l power . T h e instantaneous p o w e r was 
de termined for each curve b y us ing a ca l ibrated E p p l e y thermopi le 
(16- junct ion C o b l e n t z - t y p e ) . A n o d i c bias was a p p l i e d v i a a voltage 
f o l l ower h a v i n g a n output impedance less than 0.1 O, a n d the resu l t ing 
response was measured w i t h a current ampli f ier , w h i c h inserted a 
neg l ig ib le potent ia l drop (less t h a n 1 /xV) i n the external c i r cu i t . 

T h e var iat ion of photocurrent w i t h anode potent ia l (measured against 
S C E ) is shown i n F i g u r e 7 for samples f luor inated at several temperatures 
( T F ) be tween 575° a n d 700°C. T h e ind i ca ted photocurrent densities 
have a l l been n o r m a l i z e d to a tota l i r rad ia t i on of 12.5 m W • ( m m 2 ) " 1 , 
corresponding to 50 m W inc ident over the i l l u m i n a t e d area o f 4 m m 2 . 
I t is ev ident that the saturat ion photocurrent (measured at a n anode 
potent ia l of 0.6 V ) increases s ignif icantly w i t h decreasing fluorination 
temperature over this range. T h e essentially l inear nature of this re la t i on -
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RNDM: POTENT IRL Y5 5CE ( V O L T S ) 

Inorganic Chemistry 

Figure 7. Dependence of photocurrent upon anode potential (SCE ref­
erence) for Ti02-xFx electrodes fluorinated at various temperatures TF 

for white xenon arc irradiation of 1.25 W • (cm2)'1 (13) 

ship c a n be seen i n F i g u r e 8. T h e peak photocurrent of 17.9 m A • 
( c m 2 ) " 1 obta ined here is approx imate ly twice the m a x i m u m [9.2 m A • 
( c m 2 ) " 1 ] f o u n d w i t h unf luor inated Ti02-x under s imi lar condit ions ( 14 ) . 

T h e latera l shift of the curves presented i n F i g u r e 7 results f r o m a 
systematic var ia t i on of the flat-band potent ia l (Ufb). V a l u e s for I 7 f b 

(measured against S C E ) were obta ined f r o m the l inear dependence of 
the square root of the photocurrent u p o n anode potent ia l for smal l values 
of the current (values less t h a n 0.5 m A • ( c m 2 ) " 1 i n F i g u r e 7 ) . T h e y are 
shown p lo t ted against fluorination temperature i n F i g u r e 9. T h e observed 
increase i n flat-band potent ia l corresponds to a decrease i n its energy. 
T h i s decrease i n energy appears anomalous for a n increase i n carr ier 
concentrat ion, w h i c h w o u l d be expected to raise the F e r m i l eve l , b u t 
s imi lar behavior has been reported elsewhere ( 8 ) . T h e d e t e r m i n i n g factor 
m a y w e l l be a l o w e r i n g of the valence b a n d because o f the greater 
e lectronegativity of the subst i tuted fluorine (10,15). 
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Figure 8. Variation of saturation photocurrent, measured at an anode 
potential of 0.6 V, with the fluorination temperature of Ti02 _ XFX elec­

trodes for white xenon arc irradiation of 1.25 W • (cm2)'1 (13) 

T h e spectral photo response of the fluorinated electrodes was s tud ied 
b y insert ing a n O r i e l monochrometer ( m o d e l 7240) i n p lace of the 5 -mm 
aperture. T h e curves s h o w n i n F i g u r e 10 were obta ined at an anode 
po tent ia l of 0.6 V w i t h a sl it w i d t h of 0.5 m m , w h i c h gave a spectral 
reso lut ion of 4 n m . T h e photocurrents have been n o r m a l i z e d so as to 
y i e l d integrated outputs corresponding to the values g iven i n F i g u r e 8. 
These data c a n also be expressed i n terms of q u a n t u m efficiency (elec­
trons per photon ) b y d i v i d i n g the observed photocurrent (electrons per 
second) b y the inc ident rad ia t i on (photons per second) . T h e curves 
presented i n F i g u r e 11 have not been corrected for any absorpt ion i n the 
electrolyte or c e l l w i n d o w , nor for ref lection f r o m the sample surface. 
F r o m F igures 10 a n d 11 w e see that the increase i n observed photo ­
current w i t h decreasing fluorination temperature arises f rom increased 
responsiv i ty at the longer wavelengths . These wavelengths penetrate 
more deeply into the electrodes, a n d the ir photo-generated electron-hole 
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Figure 9. Variation of flat-band potential (SCE reference) with the 
fluorination temperature of Ti02_jFx electrodes (13) 

pairs w i l l become separated on ly i f this penetrat ion is less t h a n the w i d t h 
of the dep le t ion layer . T h u s the i m p r o v e d response observed at l o w T F 

m a y be at t r ibuted to the increase i n deplet ion layer w i d t h resu l t ing f r om 
the increase i n resist iv ity seen i n F i g u r e 6. 

T h e spectral photo response of a sample of T i 0 2 - a , r e d u c e d at 600°C 
also has been measured . T h e results, n o r m a l i z e d to 9 .2 -mA- ( c m 2 ) " 1 

integrated output (13) are c ompared w i t h those obta ined for T i 0 2 . » F « 
i n F i g u r e 12. I t is ev ident that the fluorinated mater ia l gives a n a p p r e c i ­
ab ly greater response at the longer wavelengths , w h i c h effect c a n be 
a t t r ibuted to a n absence of vacancies i n the fluorinated samples. T h e 
solar spectrum fal ls off m u c h more r a p i d l y b e l o w 400 n m t h a n the xenon-
arc spectrum. T h u s the d i spar i ty between the outputs of fluorinated a n d 
r e d u c e d rut i l e w o u l d be greatly enhanced under solar i r rad ia t i on . 

T h e long- term stabi l i ty of electrodes p r e p a r e d f r o m these same t w o 
samples has been determined u n d e r 12.5 m W • ( m m 2 ) " 1 i r r a d i a t i o n w i t h 
a n a p p l i e d anodic bias of 1.5 V . T h e resu l t ing decay of photocurrent w i t h 
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Figure 10. Spectral photo response of Ti02.J?x for electrodes fluori­
nated at various temperatures TF, normalized to white xenon arc irradia­

tion of 1.25 W • (cm2)-1 (13) 
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Figure 11. Quantum efficiency in electrons per photon as a function of 
excitation wavelength for TiOg _ X F X electrodes fluorinated at various tem­

peratures TF (13) 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

09



9. W O L D A N D D W I G H T Oxyfluoride Fhotoeleqtrodes 173 

5 P E C T R R L R E S P O N S E 

0.25 

f 0 .2 

n 

I 0 . 15 

E 0.1 + 

• 
o 0 .05 zn 

• 0 

250 

X X 

X 
i 1 . • • • 1 • • • « T 9 e 
300 350 400 

WRVELEN5TH ( N M ) 

450 

Inorganic Chemistry 

Figure 12. Comparison between the spectral photo response of TiOz_xFx 

electrodes fluorinated at 575°C and that of Ti02_x electrodes reduced at 
600°C, normalized to white xenon arc irradiation of 1.25 W • (cm2)'1 (13) 

t ime is shown i n F i g u r e 13. T h e fluorinated electrode was f o u n d to be 
apprec iab ly less stable t h a n the r educed electrode i n 0 . 2 M sod ium acetate, 
p resumably because of hydrolys is of the fluorine ions. St ich hydrolys is 
should be suppressed b y a sufficient concentrat ion of fluoride ions i n the 
electrolyte. Measurements w e r e m a d e i n a luc i te c e l l h a v i n g a fluorite 
w i n d o w 2 m m th i ck w i t h a 0 . 2 M solution of potass ium bi f luor ide buffered 
to a p H of 6 w i t h potass ium hydrox ide a n d w i t h a 0 . 2 M solut ion of 
unbuf fered potass ium bi f luoride ( p H = 3.5). A s seen i n F i g u r e 13, the 
hydrolys is was p a r t i a l l y a n d complete ly suppressed, respect ively , b y these 
two electrolytes. I n the latter case the long- term stabi l i ty was i m p r o v e d 
over that of unf luor inated rut i l e . 

I n summary , the subst i tut ion of smal l amounts of fluorine for oxygen 
i n W 0 3 increases the stabi l i ty of the photo anode a n d i n T i 0 2 increases 
the photocurrent output , w h i c h arises f r o m increased response at longer 
wavelengths . T h e i m p r o v e d response m a y be par t ia l l y a t t r ibuted to a n 
increase i n the w i d t h of the charge deplet ion layer . T h e increase i n 
stabi l i ty is a result of the lack o f defects i n the n-type oxyf luoride elec­
trodes. F u r t h e r w o r k is necessary i n order to determine i f a n oxyfluoride 
electrode can be prepared that combines increased stabi l i ty w i t h a suffi­
c ient photo response necessary for a suitable photo anode. 
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Figure 13. Comparison between the decay of photocurrent with time for 
Ti02.x electrodes in 0.2M sodium acetate and that for TiOs.xFx elec­
trodes fluorinated at 575°C in 0.2M potassium bifluoride, 0.2M potassium 
bifluoride buffered with potassium hydroxide, and 0.2M sodium acetate. 
Measurements were made with 1.5 V of anodic bias under white xenon 

arc irradiation of 1.25 W • (cm2)'1 (13). 
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10 
Conducting Polymers: A Comparison of the 
Properties of Polythiazyl (SN)x and 
Polyacetylene (CH)x and Their Derivatives 

G . B . STREET and T . C. CLARKE 

IBM Research Laboratory, San Jose, CA 95193 

The properties of the only two synthetic polymers known 
to exhibit metallic conductivity, (SN)x and doped (CH)x, are 
discussed. Although pristine (SN)x is a semimetal and pris­
tine (CH)x a low-band gap semiconductor, their behavior 
becomes intriguingly analogous after treatment with halo­
gens. The effects of halogens and other dopants are dis­
cussed from a structural, electronic, and spectroscopic point 
of view. 

l he interest i n synthetic metals , w h i c h h a d its origins t i n L i t t l e ' s 
-•-theoret ical w o r k o n room temperature superconductors (1,2) has 

m a i n t a i n e d its impetus , encouraged b y systematic advances i n materials 
resu l t ing f r o m the strongly interact ive efforts of chemists a n d physicists . 
T h e earliest materials of interest were the K r o g m a n n type of salts (3) 
a n d the organic charge transfer salts exempli f ied b y T T F - T C N Q (4). 
F o l l o w i n g these materials came (SN)X (5-7) a n d its halogen derivatives 
(8-11), the first p o l y m e r i c metals a n d s t i l l the on ly examples of super­
conduc t ing po lymers . M o s t recent ly polyacetylene has been shown to 
exhib i t a range of c onduct iv i ty f r o m semiconductor to m e t a l w h e n 
chemica l l y treated w i t h a var ie ty of dopants (12,13). A s this class of 
synthetic metals has expanded, so has the poss ib i l i ty of a ch i ev ing meta l l i c 
a n d semiconduct ing properties i n po lymers w h i l e re ta in ing the techno­
l og i ca l ly desirable characteristics of plastics. I n this paper w e w i l l 
examine the propert ies of ( S N ) * a n d its derivatives together w i t h those 
of the meta l l i c derivatives of ( C H ) ^ . T h e chemistry (6) a n d physics 

0-8412^0472r-l/80/33-186-177$05.00/1 
© 1980 American Chemical Society 
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( 5 , 7 ) of ( S N ) a . have been r e v i e w e d prev ious ly a n d its properties have 
been c o m p a r e d w i t h those of the organic charge transfer salts (14). T h e 
p o l y t h i a z y l hal ides have been the subject of a more recent rev iew (15). 
T h e early w o r k on l inear a n d subst i tuted polyacetylenes has been d is ­
cussed b y M e i e r (16). 

History 

B o t h ( S N ) a . a n d ( C H ) ^ were w e l l k n o w n i n the c h e m i c a l l i terature 
for m a n y years p r i o r to their re lat ive ly recent explo i tat ion b y the so l id 
state communi ty . I t is pert inent to note that an apprec iat ion of the ir 
most signif icant properties h a d to await extensive materials w o r k to 
produce h i g h - q u a l i t y crystals of ( S N ) a . a n d films of ( C H ) ^ . Since 1953 
( S N ) a . has been k n o w n to exhib i t interest ing e lec tr i ca l propert ies (17), 
b u t i t was not u n t i l 1973 (18) that crystals of sufficient q u a l i t y to d e m o n ­
strate its intr ins ic meta l l i c propert ies were obta ined . T h e difficulties w i t h 
( C H ) a . , w h i c h is prepared b y p o l y m e r i z i n g acetylene i n presence of a 
Z i e g l e r - N a t t a catalyst, w e r e perhaps more severe. Crysta ls of ( C H ) ^ 
have not yet been prepared . Berets a n d S m i t h (19) discussed the p r o b ­
lems of p r o d u c i n g polyacetylene free f rom catalyst a n d oxygen. H o w e v e r , 
i t was the extensive w o r k of S h i r i k a w a a n d his co-workers (20,21) that 
finally l e d to the o p t i m i z a t i o n of this process a n d the first h i g h l y p u r e 
polyacetylene, i n the f o rm of th in films. Nevertheless , Berets a n d S m i t h 
were able to show that the conduct iv i ty of compressed pellets of ( C H ) a . 
p o w d e r c o u l d be v a r i e d over 7 orders of magni tude . T h e conduc t i v i ty 
was increased b y a factor of 10 3 b y treatment w i t h acceptors such as B F 3 , 
whereas treatment w i t h a m m o n i a reduced the conduct iv i ty b y a factor 
of 10 4 . C h i a n g et a l . (13) i n conjunct ion w i t h S h i r a k a w a , u s i n g donors 
as w e l l as acceptors, have v a r i e d the conduct iv i ty of po lyacetylene films 
over 12 orders of magni tude . W e have shown that certa in trans i t ion 
m e t a l salt solutions, for example, A g C 1 0 4 / t o l u e n e , are also effective i n 
chang ing the conduct iv i ty of ( C H ) ^ films (22). E x a m i n a t i o n of these 
si lver derivatives of ( C H ) ^ has been h e l p f u l i n e luc idat ing the mechan ism 
b y w h i c h other acceptors influence the conduct iv i ty of ( C H ) ^ , a n d they 
w i l l be discussed i n some deta i l . 

Structures and Bonding of (SN)X and (CH)X 

T h o u g h this r ev i ew w i l l be concerned large ly w i t h the properties of 
derivatives of (SN)- , . a n d ( C H ) ^ rather t h a n the pr i s t ine materials , the 
s imilar i t ies between the structures of ( S N ) * a n d ( C H ) * themselves 
deserve some attent ion a n d are also significant to the discussion of their 
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10. S T R E E T A N D C L A R K E Conducting Polymers 179 

p h y s i c a l properties . T h o u g h ( S N ) a . is f o rmed v i a the so l id state p o l y ­
mer i za t i on of S 2 N 2 , the resu l t ing crystals are not h i g h l y perfect ( 6 ) . 
T h e y are fibrous a n d usual ly h i g h l y t w i n n e d besides conta in ing a large 
n u m b e r of defects (23). B y contrast, even the best films of ( C H ) * are 
po lycrysta l l ine a n d not very ordered (20), showing on ly about 10 b r o a d 
w e a k reflections i n X - r a y (24) a n d electron di f fract ion. T h e films are 
actual ly a m a t of r a n d o m l y a l igned fibers p a c k e d w i t h on ly 3 0 % of 
theoret ical density ( 2 5 ) . E l e c t r o n di f fract ion studies of i n d i v i d u a l fibers 
show pre ferred or ientat ion even t h o u g h the i n d i v i d u a l fibers are poor ly 
crysta l l ine (26). B y c o m b i n i n g the in format ion f r o m X - r a y di f fract ion 
studies w i t h the presumed geometry of the ( C H ) a . c h a i n a n d molecu lar -
p a c k i n g considerations, B a u g h m a n et a l . (24) have proposed a structure 
for ds -po lyacety lene . T h e structures of b o t h (SN)-, . (27) a n d cis-(CH)a} 

are g iven i n F i g u r e 1. ( S N ) a . a n d ( C H ) ^ consist of essentially flat chains , 
the l ength of w h i c h is u n k n o w n . I n the case of (SN)* , the chains p a c k 
i n p a r a l l e l planes, whereas the chains i n successive planes of (CH)X are 
rotated such that the i r ?r c louds are almost orthogonal , r e d u c i n g the 
nonbonded electron interact ion . 

O b v i o u s l y , i t w o u l d be desirable to prepare ( C H ) a , i n the f o rm of 
single crystals or even as or iented films i n order to ob ta in a more c o m ­
plete unders tand ing of m a n y of the phenomena that are of interest i n this 
mater ia l . Ito et a l . (20) were ab le to p a r t i a l l y a l i g n films b y stretching. 
T h i s technique has been signif icantly i m p r o v e d recent ly b y S h i r a k a w a 
a n d I k e d a (28) to give films that exhib i t anisotropic properties . T h e 
s imi lar i ty i n the c h a i n axis repeat ing u n i t of (SN)a . a n d ( C H ) ^ , as s h o w n 
i n F i g u r e 1, encouraged us to attempt to g r o w ( C H ) ^ ep i tax ia l ly o n 
cha in -a l igned films of ( S N ) ^ . H o w e v e r , the nature of the p o l y m e r i z a t i o n 
process is such that i t occurs at the acety lene-catalyst so lut ion interface, 
a n d no epitaxy took place . At tempts to g row or iented ( C H ) ^ films o n 
stretched M y l a r f a i l e d for s imi lar reasons. 

Intercalation of (SN)X and (CH)X 

T h e comparat ive ly w e a k in tercha in b o n d i n g i n ( S N ) ^ a n d ( C H ) a , 
indicates that bo th materials m i g h t be subject to interca lat ion b y appro ­
pr iate guest molecules . T h e ready f ormat ion of adducts (29,30) be tween 
S 4 N 4 or S 2 N 2 a n d L e w i s acids, together w i t h the observat ion that these 
types of molecules interact w i t h ( C H ) ^ as w e have descr ibed , suggests 
that they c o u l d intercalate i n b o t h c h a i n structures. E x p o s i n g ( S N ) a -
to m a n y such molecules gave no expansion characterist ic of interca lat ion , 
except i n the case of b r o m i n e (31—40). H o w e v e r , X - r a y studies of ( C H ) ^ 
exposed to a var ie ty o f molecules , i n c l u d i n g bromine , showed that inter ­
ca lat ion takes p lace r e a d i l y i n this system. 
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180 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

Figure I . Comparison of the structures of (SN)X and cis-(CH)x showing 
the chain configurations 
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10. S T R E E T A N D C L A R K E Conducting Polymers 181 

B e r n a r d et a l . (31) first reported that b romine c o u l d be intercalated 
into (SN)a- . T h o u g h the o r ig ina l shape of the ( S N ) a . crystals is re ta ined , 
at room temperature bromine vapor causes them to expand approx imate ly 
5 0 % i n vo lume perpend i cu lar to the cha in axis, to give a compos i t ion 
( S N B r 0 . 4 ) * . Desp i te this expansion i n the vo lume of the crystals, the 
( S N ) a . un i t c e l l v o l u m e contracts b y 6 % i n directions perpend i cu lar to 
the c h a i n axis (32). N e i t h e r the crystals nor the u n i t c e l l show any 
change i n dimensions a long the c h a i n axis. T h e fact that the separation 
between 102 planes decreases o n brominat i on strongly suggests that the 
bromine is interca lat ing between the chains i n the 102 p lane a n d not 
between the 102 planes themselves. 

Intercalat ion of ( C H ) ^ was first demonstrated b y B a u g h m a n et a l . 
(24). T h e y showed f r om X - r a y data that i n the i od ine -doped films 
reported b y C h i a n g et a l . (11-13) the i od ine intercalates between the 
(100) planes. W e have also prepared ( C H I o ^ ) ^ b y exposing ( C H ) ^ 
films to the room temperature vapor pressure of i od ine overnight . I n 
agreement w i t h B a u g h m a n , our X - r a y data ( T a b l e I ) show that the iod ine 
enters the ( C H ) ^ latt ice such that it causes an expansion of the (100) 
p lane spacing. T h e (100) peak, normal ly of zero intensity i n pr ist ine 
( C H ) ^ , becomes quite strong a n d shifts i n va lue , o w i n g to the iodine 
o c c u p y i n g the ( C H ) ^ c h a i n sites i n the (100) a n d (200) planes i n an or­
dered fashion. S i m i l a r studies of ( C H B r o ^ y ) * (22) a n d [ C H ( A s F 5 ) 0 . i 5 ] # 
ind icate that these species intercalate i n a fashion s imi lar to iod ine . 
I n the case of ( C H I 0 . 2 ) * w e were also able to measure the separation 
d ( 0 0 2 ) a n d show that the vo lume of the u n i t c e l l h a d expanded b y 
about 9 . 5 % . F r o m the data i n T a b l e I i t is possible to calculate the 
v a n der W a a l s diameter , D , of the intercalant b y us ing the f o r m u l a 

where d?(200) is the va lue of d ( 2 0 0 ) after intercalat ion . T h e values 
obta ined for iod ine a n d bromine , 4.06 A a n d 3.46 A respect ively , are i n 
good agreement w i t h the l i terature (41). T h e va lue obta ined for A s F 5 

is 4.98 A , compared to 4.75 A determined for a n A s F 5 - g r a p J i i t e in ter ­
calat ion c o m p o u n d (42). It is interest ing to note that b romine causes a 
contract ion i n un i t c e l l parameters for bo th ( S N ) * a n d ( C H ) ^ . 

Table I. X - r a y Data for Pristine and Intercalated ( C H ) j , 

D ( A ) = 2d 1 (200) - 3.80 

d(WO) 
(A) 

&(200) 
(A) 

&(002) 
(A) 

( C H ) . 
( C H B r o . 47 ) * 
(CHIo .2)^ 
[ C H ( A S F b ) O . I G ] . 

7.31 
7.96 
8.83 

3.80 
3.63 
3.93 
4.39 

2.19 

2.30 
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Structure of the Intercalants 

F r o m X - r a y di f fract ion, electron di f fract ion (9,34), i n f rared ( I R ) 
(37), a n d R a m a n spectroscopy (32-36), magnet ic suscept ib i l i ty (38), 
a n d extended X - r a y absorpt ion fine structure ( E X A F S ) data ( 3 9 ) , i t 
appears that the bromine i n ( S N B r o . 4 ) * is present as B r 3 ~ ions as w e l l as 
neutra l B r 2 molecules ( 15 ) . Besides be ing intercalated i n the 102 planes, 
the bromine species are also d i s t r ibuted i n the inter f ibr i l lar regions. 
Because of the smal l d iameter (30 A ) of the fibers of ( S N ) * after b r o m i -
nat ion (9,34), the inter f ibr i l lar bromine may be as m u c h as 9 0 % of the 
total . E l e c t r o n di f fraction (9) a n d diffuse X -ray -scat ter ing data (40) 
show that the b r o m i n e gives rise to a one-d imensional ( 1 - D ) c o m ­
mensurate superlattice or iented a long the c h a i n axis w i t h a p e r i o d of 
2b, twice that of the ( S N ) ^ cha in . F r o m geometr ical considerations, i t 
seems p laus ib l e that the 2b superlattice is due to B r 3 " or iented p a r a l l e l 
to the ( S N ) * . chains. I n order to give rise to the 1-D superlatt ice , the 
B r 3 ~ must be attached to the ( S N ) ^ c h a i n i n a regular manner . A s 
halogens are usual ly attached to sul fur atoms i n p o l y t h i a z y l hal ides , i t 
seems l i k e l y that the B r 3 ~ ions order w i t h their axes p a r a l l e l to the ( S N ) * 
chains, i n a manner that maximizes s u l f u r - b r o m i n e interactions, as shown 
i n F i g u r e 2. S i m i l a r pr inc ip les w o u l d determine the arrangement of the 
B r 2 molecules. 

R a m a n spectroscopy shows that the bromine intercalated into ( C H ) x 

also exists as B r 3 " ions (22,43). F r o m X - r a y studies the axes of the B r 3 " 
ions w o u l d also appear to be para l l e l to the c h a i n (22). H o w e v e r , i n 
this, case there is no evidence of any order ing of the B r 3 " ions a long the 
c h a i n d i rec t ion , nor is there any significant amount of neutra l B r 2 . A s 
the ( C H ) a . fibers are about 200 A i n diameter , almost a n order of m a g n i ­
tude larger than ( S N ) ^ , the amount of bromine on the outside of the 
fibers is smal l c ompared w i t h that intercalated between the chains. 
Desp i te these differences, the models of b rominated ( S N ) ^ a n d ( C H ) ^ 
are remarkab ly s imi lar . I n bo th cases the bromine oxidizes the cha in to 
give a n extended p o l y m e r i c cat ion , a n d the l inear B r 3 " anions a l i g n 
p a r a l l e l to the axis of the chains. 

IC1, I B r , a n d I 2 a l l react w i t h ( S N ) * (8,10,45), but the products 
are not s imple intercalat ion compounds a n d they have not been exten­
s ively s tudied . These differences m a y relate to the larger size of i od ine 
re lat ive to bromine , but the lack of affinity of sul fur for i od ine m a y be 
more significant. I n the case of IC1 bo th electron di f fract ion (44) a n d 
R a m a n studies (33) ind icate that the IC1 is absorbed p r i m a r i l y on the 
surface as the neutra l molecule a n d that no ox idat ion of the c h a i n 
takes place . 

IC1, I B r , a n d I 2 a l l react w i t h ( C H ) ^ also, a n d i n the case of i od ine 
the react ion is oxidat ive intercalat ion , as w e have a lready discussed for 
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10. S T R E E T A N D C L A R K E Conducting Polymers 183 

Figure 2. Model for brominated (SN)X showing possible orientation of 
Brs~ relative to the (SN)X chain. The van der Waals dimensions of the 

Br3~ ion are shown to scale with the (SN)X chain. 

bromine . T h e iod ine is present as I 3 " a n d also as a second species, either 
I 5 " or I 2 (25). T h o u g h A s F 5 does not react s imp ly w i t h ( S N ) * , i t does 
give a n intercalat ion c o m p o u n d w i t h ( C H ) ^ H o w e v e r , m u c h less is 
k n o w n about the final state of the A s F 5 after intercalat ion . I f the inter ­
calat ion involves ox idat ion of the cha in , as the e lectr ical properties suggest 
a n d as is the case for bromine a n d iod ine , the expected react ion w o u l d be 

3 A s F 5 + 2e -> 2 A s F 6 " + A s F 3 

(where e = e lec tron) . T h e exper imenta l evidence i n support of this 
mechan i sm is s u m m a r i z e d elsewhere (46). E X A F S measurements sug-
gst that this react ion also occurs i n the interca lat ion of graphite b y A s F 5 

(47). 

Spectroscopy 

T h e I R (48,49) a n d R a m a n spectra of ( S N ) * (49 ,50 ) have been 
invest igated several t imes; however , m u c h of the early I R data (51) is 
compl i cated b y the presence of impur i t ies . Recent studies b y M a c k l i n 
et a l . (37) show that on b rominat i on the I R a n d R a m a n spectra change 
i n a s imi lar manner : the peaks broaden a n d shift somewhat i n frequency. 
I n add i t i on , strong I R peaks appear i n the R a m a n spectra a n d v ice versa 
because of the loss of the invers ion center re la t ing the two chains i n the 
un i t c e l l of pr is t ine ( S N ) * . A l l these changes can be exp la ined b y the 
increase i n disorder that takes place o n brominat ion . A f t e r b rominat i on , 
the difference between corresponding I R a n d R a m a n frequencies is 
reduced , ref lect ing the destruct ion of the v i b r a t i o n a l association between 
the ( S N ) x chains. T h e 20 -60 - cm" 1 shift i n the I R peaks re lat ive to pr is t ine 
(SN)-, . is a measure of the strong interact ion between the ( S N ) * latt ice 
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a n d bromine . T h e observed increase i n f requency of the S N stretching 
modes on b rominat i o n is consistent w i t h the ox idat ion of the ( S N ) * 
c h a i n b y the bromine , w h i c h w o u l d remove a n t i b o n d i n g ir* electrons. 
A l t h o u g h no n e w bands appear that c a n be re lated to S - B r or N - B r 
bonds , the presence of b romine as B r 3 " a n d B r 2 c a n be de termined f r o m 
bands i n the reg ion be l ow 400 cm""1. I n the R a m a n (33,36) the presence 
of B r 3 " is ident i f ied b y its symmetr i c a n d asymmetr ic stretching f requen­
cies at 150 a n d 190 c m " 1 (37), respectively . A peak at 230 c m " 1 is 
interpreted as B r 2 (33,37). T h e large shift, f r o m the va lue of 325 c m ' 1 

observed for gaseous bromine , is a measure of the strength of its associa­
t i o n w i t h the ( S N ) * latt ice . 

U n l i k e ( S N ) * , the ( C H ) * cha in exists i n bo th cis a n d trans forms. A s 
prepared at — 78 ° C , the stable f o rm has the cis geometry, but on heat ing 
to 200°C, i t is converted to the t h e r m o d y n a m i c a l l y more stable trans 
f o r m (20,21). These isomers are read i ly d is t inguishable b y the ir charac­
teristic I R a n d R a m a n spectra, as shown i n T a b l e I I . These data were 
reported b y Ito et al . (21). T h e y reported a C - C stretch at 1100 c m ' 1 

for the trans, but w e have observed that this b a n d is actual ly a doublet 
at 1080 c m " 1 a n d 1120 c m " 1 (22). S y m m e t r y analysis (52) of the R a m a n 
a n d I R modes leads to assignment of c is - transoid a n d trans-transoid 
geometries for the cis a n d trans forms of po lyacetylene , as s h o w n i n 
F i g u r e 3. 

O n appropr iate d o p i n g ( C H ) * becomes meta l l i c a n d absorbs strongly 
i n the I R (12); thus R a m a n techniques have p r o v i d e d most in fo rmat ion 
about these meta l l i c derivat ives . H o w e v e r , i n our experience as the 
amount of acceptor ( B r 2 , I 2 , A s F 5 , A g C 1 0 4 ) increases, the R a m a n bands 
associated w i t h pr i s t ine ( C H ) * becomes progressively weaker , a n d no 
n e w bands characterist ic of the e lectron-depleted ( C H ) * c h a i n appear 

Table II. Infrared and Raman Spectra of cis-
and fr*MM-Polyacetylene 

Observed Frequency (cm'1) 

Assignment CIS trans 

C — H stretch 3057 (vw) 
3044 (w) 3013 (m) 

C — H i n p lane de format ion 1329 (s) 1292 ( w w ) C — H i n p lane de format ion 
1249 (w) 

C — H out of p lane de format ion 740 (vs) 1015 (vs) 
C — C — C bond de format ion 446 (vs) 
C = C stretch 1552* 1474* 
C — C stretch 1262* 1080*, 1120* 

920* 1016* 
° Raman bands. 
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H H H H 
\ / \ / 
C = C C = C 

/ \ / \ / 
c = c c = c 
/ \ / \ 

H H H H 

(a) 

H H H 
I I I 

I I I 
H H H 

Figure 3. The cis-transoid (a) and 
( t h e trans-transoid (b) forms of (CH)X 

(22). T h i s may result f rom a screening effect associated w i t h the free 
electron absorpt ion of the meta l l i c po lymer . D o p i n g m i x e d c i s - t rans 
films leads to interest ing effects on the re lat ive rates of d isappearance of 
cis a n d trans bands. D o p i n g w i t h halogens or A s F 5 causes a decrease i n 
the cis bands relat ive to trans, w h i l e the reverse effect is observed o n 
treatment w i t h s i lver perchlorate . T h i s does not result f r om a c i s - t rans 
i somer izat ion cata lyzed b y the dopant, because the absolute intensity of 
the trans bands does not actual ly increase on dop ing . Instead, the re lat ive 
intensities of the cis a n d trans bands change; bo th gradua l ly decrease 
w i t h increas ing dopant concentration. It appears more l i k e l y that this 
is a k ine t i c phenomenon , the c i s - ( C H ) * react ing faster t h a n trans w i t h 
A s F 5 a n d the halogens, whereas the reverse is true for A g C 1 0 4 . T h i s 
interpretat ion is re in forced b y the observation that on treatment w i t h 
a m m o n i a the cis a n d trans R a m a n bands of b o t h A s F 5 - a n d A g C 1 0 4 -
treated ( C H ) * films reappear w i t h approx imate ly the same re lat ive a n d 
absolute intensities as i n the u n d o p e d start ing mater ia l . 

T h e two C - C stretch bands of trans-(CH)* at 1080 a n d 1120 c m " 1 

also behave dif ferently w i t h different dopants. Treatment w i t h s i lver 
perchlorate causes the 1120-cm" 1 b a n d to decrease more r a p i d l y t h a n the 
1080-cm" 1 band . Subsequent treatment w i t h a m m o n i a restores b o t h bands 
to the ir o r i g ina l intensities. B r o m i n e selectivity reduces the 1080-cm" 1 

b a n d re lat ive to the b a n d at 1120 cm" 1 . These results w o u l d seem to 
suggest the presence of two different types of trans environments , a l though 
the nature of this difference is not clear. 

Bonding in (SN)X and (CH)X 

Before discussing the e lectr ica l properties of these po lymers , i t is 
instruct ive to discuss the ir bond ing . F r o m s imple l inear c o m b i n a t i o n 
of atomic orbitals a n d molecu lar o rb i ta l ( L C A O - M O ) theory a n d f r o m 
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elementary b a n d theory, it is possible to rat ional ize the ir observed elec­
t r i c a l properties. A more rigorous, but to m a n y chemists less satisfying, 
treatment is obta ined f r o m detai led b a n d structure calculations for 
( S N ) , (7 ) a n d ( C H ) * ( 5 3 - 5 5 ) . 

I n the s implest m o d e l for an isolated S N unit , bo th sul fur a n d n i trogen 
can be assumed to be s p 2 h y b r i d i z e d , w i t h the r e m a i n i n g p o r b i t a l 
perpend i cu lar to the p lane of the cha in . E i g h t electrons can be accom­
modated i n the two b o n d i n g a n d one n o n b o n d i n g s p 2 orbitals o n each 
atom. T w o electrons w o u l d then go into a ir o r b i t a l f o rmed b y the p 
orbitals on the sul fur a n d n i trogen a n d one electron w o u l d reside i n a n 
unf i l l ed 7 T * an t ibond ing orb i ta l . I n a cha in of such S N units the p 
orbitals f o rm a de loca l i zed ir network a long the cha in , r ough ly corre­
spond ing to the 7T a n d T T * orbitals of the i n i t i a l S N uni t . T h e ir b a n d w i l l 
be filled b y two electrons per S N un i t a n d the ir* l eve l w i l l r e m a i n 
hal f - f i l l ed , w i t h one electron per ( S N ) uni t . I t is this ha l f - f i l l ed ir* 
orb i ta l that, i n this s imple mode l , is responsible for the metal l i c con­
duc t i v i t y i n ( S N ) * . B a n d structure calculations reveal that ( S N ) * is 
actual ly a semimetal ( 7 ) . 

I n the case of ( C H ) * each carbon of the basic C H u n i t m a y aga in 
be cons idered to be s p 2 h y b r i d i z e d , w i t h one electron f o rmal ly i n v o l v e d 
i n each of the o- bonds to ne ighbor ing atoms a n d the f our th valence 
electron i n the p orb i ta l perpend i cu lar to the p lane of the cha in . W i t h i n 
each basic C 2 H 2 u n i t the p orbitals w i l l then combine to f o rm a filled w 
a n d an empty T T * o rb i ta l . I n an extended polyolef in these molecu lar 
orbitals then give rise to a filled ir b a n d and an unf i l l ed ir* b a n d . 

I n the l i m i t of complete electron d e r e a l i z a t i o n a n d u n i f o r m c a r b o n -
carbon b o n d lengths, L C A O - M O theory predicts that the separation 
between the ir a n d ir* bands w o u l d a p p r o a c h zero, caus ing ( C H ) * itself 
to exhibit meta l l i c behavior . B o t h spectroscopic evidence (56) a n d 
theoret ica l predict ions (53 -55 ) suggest, however , that b o n d al ternat ion 
a n d hence incomplete d e r e a l i z a t i o n w i l l be observed even i n very l o n g 
c h a i n polyenes. T h i s introduces a finite gap between the ir a n d ir* bands, 
caus ing ( C H ) * to behave as a semiconductor , as is i n fact observed 
experimental ly . 

Recent b a n d structure calculations of G r a n t a n d B a t r a (55) confirm 
that bond-a l ternated ( C H ) * is a semiconductor . I n case of trans-(CH) ^ 
the ca l cu la ted b a n d gap of 0.8 e V is caused b y b o n d alternat ion. I n the 
absence of such a l ternat ion the b a n d structure of trans- ( C H ) * indicates 
that i t w o u l d be a meta l , i n agreement w i t h our s impler arguments . 
H o w e v e r , c i s - ( C H ) * , accord ing to the b a n d structure calculat ions, w o u l d 
have a b a n d gap of about 1.0 e V , resu l t ing f rom the crysta l symmetry , 
even for the case of u n i f o r m b o n d lengths. 

C h e m i c a l ox idat ion of ( C H ) * films to g ive a polyole f inic cat ion leads 
to r e m o v a l of electrons f r o m the filled ir valence b a n d a n d the observed 
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10. S T R E E T A N D C L A R K E Conducting Polymers 187 

increase i n conduct iv i ty . S i m i l a r l y , c h e m i c a l r educ t i on to f o r m a p o l y -
olefinic an ion w o u l d l ead to the in t roduc t i on of electrons into the empty 
7r* conduct ion b a n d , again g i v i n g rise to conduct iv i ty . T o the extent 
that d e r e a l i z a t i o n is increased i n the i on i c derivatives of ( C H ) * , the 
w i d t h a n d separation of the IT a n d w* bands m i g h t also be expected to 
change on dop ing . 

Electrical Properties of (SN)X and (CH)X 

T h e fact that ( C H ) * is a s m a l l - b a n d gap semiconductor , whereas 
( S N ) * is a semimetal , makes i t m u c h more sensitive to dopants. Indeed , 
the conduct iv i ty of ( C H ) * c a n be v a r i e d over 12 orders of magni tude , 
w h i l e that of ( S N ) * c a n be v a r i e d on ly b y one order of magni tude . I n 
add i t i on , the reasons for the conduc t iv i ty changes are not the same i n 
bo th systems. I n the case of ( C H ) * the observed changes can be 
exp la ined i n terms of changes i n the n u m b e r of carriers, w h i l e i n ( S N ) * 
changes i n the l i fe t ime or the m o b i l i t y of the carriers dominate the 
conduct iv i ty . 

T h e increase i n the conduct iv i ty of ( S N ) * on p a r t i a l ox idat ion w i t h 
bromine is shown i n F i g u r e 4 ( a ) as a func t i on of temperature ( 9 ) . 
S i m i l a r changes i n the conduct iv i ty , perpend i cu lar a n d para l l e l to the 
( S N ) * chains, have been reported b y C h i a n g et a l . (11). E v e n i f a l l the 
bromine were present as B r 3 ~ , the n u m b e r of carriers generated is not 
sufficient to exp la in the increase i n conduct iv i ty . G r a n t (57) has c a l c u ­
la ted the shift of the F e r m i l eve l as a func t i on of charge transfer, u s i n g 
a r i g i d b a n d m o d e l for ( S N ) * . A charge transfer, consistent w i t h current 
estimates of the amount of B r 3 ~ i n ( S N B r o . O * , appears to remove the 
electron pocket i n the b a n d structure of ( S N ) * a n d hence el iminates 
electron-hole scattering. T h i s type of scattering is be l i eved to be the 
predominant mechan ism responsible for l i m i t i n g the conduc t iv i ty of 
pr is t ine ( S N ) * . Suppress ion of e lectron-hole scattering process s h o u l d 
be mani fested b y a change f r om a T2 dependence of the resist iv ity (58) 
to a l inear temperature ( T ) dependence. A l t h o u g h the observed t e m ­
perature dependence is not l inear , the t r e n d t o w a r d smal ler temperature 
exponents is apparent for the resist ivity of b rominated ( S N ) * (11). 
F u r t h e r m o r e , the thermopower , shown i n F i g u r e 4 ( b ) , becomes p - type 
on brominat i on , aga in consistent w i t h the r emova l of the electron pocket . 
T h u s the order-o f -magnitude increase i n conduc t iv i ty o n b rominat i on is 
p r e d o m i n a n t l y the result of a n increase i n the carr ier l i f e t ime rather t h a n 
an increase i n the n u m b e r of carriers ( 9 ) . C h e m i c a l l y , one c a n v i e w the 
charge transfer as l e a d i n g to the format ion of an extended p o l y t h i a z y l 
cat ion, w i t h un i t pos i t ive charge for every B r 3 " . 

Greene et a l . (59) have s h o w n that the superconduct ing trans i t ion 
temperature of ( S N ) * increases b y about 1 0 % to 0.316 K o n brominat i on , 
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Electrical Conductivity vs. Temperature 
.for (SN)X & (SNBrQ4)x 
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Figure 4. (a) Temperature dependence of the dc conductivities a\\b and 
o-J-b; (b) absolute thermoelectric power Sb for (SNBr0 J x 
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10. S T R E E T A N D C L A R K E Conducting Polymers 189 

a n d the w i d t h of the transi t ion is r educed f r om 60 to 12 m K . I n contrast 
to the temperature for ( S N ) * itself, the trans i t ion temperature after 
b rominat i on decreases w i t h pressure, as w o u l d be expected for a three-
d imens iona l s -p superconductor . T h i s behavior is consistent w i t h the 
bromine caus ing an increase i n the c o u p l i n g between fibers or chains, 
as suggested b y the reduct ion of the un i t ce l l vo lume on brominat i on . 
T h e c r i t i c a l field anisotropy measurements a n d the Meissner effect m e a ­
surements also indicate that ( S N B r 0 4 ) * is more three -d imensional than 
( S N ) * ( 5 9 ) . 

( C H ) * is s imi lar to ( S N ) * i n its react ion w i t h bromine , b u t i t also 
reacts w i t h other acceptors a n d some donors. I n a series of very interest­
i n g studies, C h i a n g , Heeger , M a c D i a r m i d , S h i r a k a w a , a n d the ir co­
workers (12,13) have shown that ( C H ) * can be chemica l ly d o p e d w i t h 
donors or acceptors to y i e l d n-type a n d p- type materials w i t h e lectr i ca l 
conduct iv i t ies r a n g i n g over 12 orders of magni tude f r om insulator to 
metal . Stretching the films of ( C H ) * b y a factor of three causes p a r t i a l 
a l ignment of the fibers a n d leads, i n the case of A s F 5 d o p i n g , to c o n ­
duct iv i t ies of 2000 O 1 • c m - 1 , comparable to that of pr is t ine ( S N ) * 
crystals (60). W e have observed conduct ivit ies i n the range of 1000 to 
2000 I T 1 • c m - 1 i n unstretched films doped w i t h 1 1 - 1 7 % A s F 5 . These 
same films exhibit a d is t inct ly nonmetal l i c temperature dependence b e l o w 
250 K , as shown i n F i g u r e 5 ( a ) (61). T h e conduct iv i ty decreases b y a 
factor of 1.5 o n coo l ing f rom room temperature to 4.2 K . O v e r the s m a l l 
temperature range above 250 K that w e have invest igated, the conduc ­
t i v i ty is metal l i c . T h e r m o p o w e r studies i m p l y that the fibers are i n t r i n ­
s ical ly metal l i c over the who le temperature range. A s shown i n F i g u r e 
5 ( b ) , the thermopower is sma l l (about 10 / i . V / K ) a n d posit ive at 300 K 
w i t h a l inear temperature dependence, extrapolat ing to zero at 0 K . T h e 
sign of the thermopower is consistent w i t h the A s F 5 ac t ing as an acceptor, 
a n d the l inear slope, w i t h zero intercept , is t y p i c a l of a meta l . Presumab ly 
the act ivated conduct iv i ty observed for the film be low 250 K is caused 
b y poor interfiber coup l ing . 

I n order to account for the rather sharp increase i n conduc t iv i ty a n d 
in f rared absorpt ion that occurs a r o u n d 1 - 2 % dopant concentrat ion, 
C h i a n g et a l . (12) have proposed a m o d e l of ( C H ) * as a d irect b a n d 
gap, q u a s i - l - d semiconductor . T h e acceptor dopants give rise to hole 
states i n the gap, w h i c h are l o ca l i zed at l o w concentrat ion. A s the con ­
centrat ion of dopant increases to a c r i t i c a l l eve l of about 1 - 2 % , the 
n u m b e r of holes i n the valence b a n d becomes so large that they screen 
the b o u n d states, a n d the trans i t ion to meta l l i c c onduc t iv i ty takes p lace . 
H o w e v e r , w e do not bel ieve that d o p i n g creates states i n the gap, t h o u g h 
such states p r o b a b l y exist because of disorder. Instead, the acceptor mo le ­
cule , for example, I 2 , chemica l ly oxidizes the ( C H ) * c h a i n , a n d the 
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S( JUV/K) 

Figure 5. (a) Temperature dependence of the dc resistivity R (crRT = 
conductivity at room temperature) (b) absolute thermopower S of 

[CH(AsF5)0.12]x. 

acceptor l eve l associated w i t h a charged I 3 ~ acceptor state lies at some 
energy be l ow the top of the valence b a n d . A s suggested b y C h i a n g et a l . 
(12), the charged acceptor localizes the hole at l o w dopant concentrat ion. 

W e have f o u n d that treatment w i t h certain meta l l i c salt solutions 
also enhances the conduc t iv i ty of ( C H ) * films (22). W e w i l l discuss 
these derivatives i n some deta i l because they shed considerable l i ght o n 
the mechan ism of the d o p i n g process. D i p p i n g ( C H ) * films into appro ­
pr iate s i lver perchlorate or tetrafluoroborate solutions i n toluene gives 
films of composi t ion C H [ A g C 1 0 4 ] 0 . o 2 , w h i c h show conduct iv i t ies of 3 
fi"1 - c m " 1 at r oom temperature , very close to the conduct iv i ty of A s F 5 -
d o p e d films at the same d o p i n g levels. A l t h o u g h si lver salts are k n o w n 
to d i sp lay ion ic conduct iv i ty i n other systems, the observed thermopower 
of 20 /xV/degree is incompat ib le w i t h i on i c conduct iv i ty i n this case 
(62). X - r a y di f fract ion data for these films show that a l though the peaks 
corresponding to ( C H )* itself r e m a i n unchanged a n d no s i lver perchlorate 
is observed, n e w peaks appear that can be at t r ibuted to free si lver. T h e 
observed thermopower is too h i g h to be at tr ibutable to free s i lver (1.5 
/ xV / °C at 2 5 ° C ) (63). Moreover , w h e n the s i lver perch lorate - t reated 
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10 S T R E E T A N D C L A R K E Conducting Polymers 191 

films are exposed to a m m o n i a vapor , the X - r a y peaks corresponding to 
free si lver r e m a i n unchanged , but the film conduct iv i ty decreases r a p i d l y 
a n d permanent ly to levels comparable to those i n untreated ( C H ) * . 
T h u s the enhanced conduct iv i ty i n the doped films cannot be due to 
s i lver meta l . T h e absence of c onduc t iv i ty associated w i t h the free s i lver , 
b o t h before a n d after exposure to a m m o n i a , is exp la ined b y e lectron 
micrographs , w h i c h c lear ly show that the s i lver exists i n discrete is lands. 
T h e strong wave length- independent absorpt ion seen i n the I R reg ion 
after s i lver salt treatment, a n d at tr ibuted to meta l l i c behavior , also 
disappears on a m m o n i a exposure, a l l o w i n g the observation of bands 
attr ibutable to the perchlorate anion. These data suggest that the s i lver 
ions are act ing as oxidants to give free s i lver a n d conduc t ing polyolef inic 
cations w i t h i m m o b i l e perchlorate counterions ( E q u a t i o n 1 ) . 

( C H ) * + 7 /AgC10 4 -> [ ( C H ) / + ( C 1 0 4 - ) J + yAg° (1) 

W e bel ieve that other acceptors behave s imi lar ly , c reat ing s imple 
polyolef inic cations. T h u s there is no need to invoke b r o m o n i u m ions or 
s imi lar ir complexes. 

Conclusions 

T h e s imilar i t ies a n d differences between ( S N ) * a n d ( C H ) * a n d the i r 
derivatives have been examined. T h e basic c h a i n structures of b o t h 
po lymers are s imi lar , but ( S N ) * is a semimetal whereas ( C H ) * is a 
semiconductor . A f t e r treatment w i t h bromine , however , b o t h materials 
exhibit metal l i c conduct iv i ty . A l t h o u g h the physics responsible for these 
increases i n conduct iv i ty is not the same i n b o t h systems, the chemistry 
t a k i n g p lace u p o n brominat i on is qui te s imi lar . T h e chains are o x i d i z e d 
to p o l y m e r i c cations a n d the bromine is r educed to B r 3 " . These l inear 
B r 3 " ions are intercalated between the p o l y m e r chains , w i t h the i r axes 
para l l e l . I n the case of ( S N ) * this ox idat ion is l i m i t e d to bromine , b u t 
( C H ) * reacts w i t h a var iety of other acceptors as w e l l as some donors. 
T h e physics a n d chemistry of these processes are be l ieved to be s imi lar 
to brominat i on , w i t h the ( C H ) * f o r m i n g a polyolef inic cat ion i n the case 
of acceptors a n d a polyolef inic an ion i n the case of donors. T h e absence 
of s imi lar donor complexes for ( S N ) * m a y reflect the fact that ( S N ) * 
a lready has one ant ibond ing electron per S N u n i t i n the highest o c c u p i e d 
orb i ta l . 

T h e final sto ichiometry of these intercalat ion compounds of ( S N ) * 
a n d ( C H ) * p r o b a b l y is de termined b y several factors. I n the case of 
bromine , B r 2 enters the mater ia l a n d oxidizes the chains to a degree 
determined b y the respective ox idat ion a n d reduct ion potentials a n d 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

10



192 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

M a d e l u n g energy, f o r m i n g the p o l y m e r i c cat ion a n d B r 3 ~ counter ions. 
I f more bromine can fit into the latt ice than can be reduced b y the 
po lymer , the excess w i l l r e m a i n as neut ra l bromine . S u c h appears to be 
the case for ( S N ) * , where b o t h B r 3 " a n d B r 2 have been ident i f ied i n 
(SNBro. - i )* . I n the case of ( C H ) * , a l l the b romine is r educed to B r 3 " . 
A further factor that m a y also influence the stoichiometry as w e l l as the 
e lectr i ca l propert ies of these po lymers is the metastabi l i ty of these 
b r o m i n e complexes. ( S N ) * treated w i t h bromine under less m i l d c o n d i ­
tions tends to f o r m S 4 N 3

+ B r 3 " , a n d i n the case of ( C H ) * bromine has a 
tendency to a d d across the ethylenic doub le bond . 

T h e e lectr i ca l propert ies of these c o n d u c t i n g po lymers offer m a n y 
exc i t ing possibi l i t ies . Progress t o w a r d achievement of their f u l l po tent ia l 
should be encouraged b y developments l e a d i n g to more chemica l ly a n d 
thermal ly stable materials . 

Glossary of Symbols 

D =- v a n der W a a l s d iameter 
d(hkl) = separation of the hkl planes 
ef(hfcZ) == separation of the hkl planes after interca lat ion 
E X A F S = extended X - r a y absorpt ion fine structure 

m K == mi l l idegrees K e l v i n 
R = resistance 
S = thermopower 

1-D — one-d imensional 
= microvo l ts 

CI = ohms 
T T F —»tetrathiasulvalene 

T C N Q = te tracyanoquinodimethane 
I R = i n f r a r e d 

b = latt ice constant i n the c h a i n d i rec t ion for b o t h ( S N )* a n d 
( C H ) * 

e = e lectron 
N M R = nuc lear magnet i c resonance 

L C A O = l inear c o m b i n a t i o n of atomic orbitals 
M O =— molecu lar o r b i t a l 

T = temperature 
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11 
Mixed Phenazine-N-Methylphenazinium-7,7, 
8,8-Tetracyano-p-Quinodimethanide: 
A Quasi-One-Dimensional Metallike System 
with Variable Band Filling 

JOEL S. MILLER 

Occidental Research Corporation, Irvine, CA 92713 

ARTHUR J . EPSTEIN 

Xerox Webster Research Center, Xerox Corporation, Rochester, NY 14644 

A new series of highly conducting, one-dimensional (1-D) 
organic complexes based on the replacement of N-methyl-
phenazinium (NMP+) with neutral phenazine (Phen) in 
(NMP+)(TCNQ-) (TCNQ- = 7,7,8,8-tetracyano-p-quinodi-
methane) is reported. The series of complexes was charac­
terized by solution absorption spectra, X-ray diffraction, and 
differential scanning calorimetry (DCS). Up to 50% replace­
ment of NMP+ with phenazine has been achieved. Thus an 
isomorphous series of highly conducting organic complexes 
permitting the study of the physical properties of 1-D sub­
stances as a controlled function of band filling (Fermi energy) 
and disorder has been realized. Conductivity results show a 
semiconducting behavior, with charge carriers activated to 
extended states with a large, strongly temperature dependent 
mobility. The energy gap is found to decrease with decreas­
ing band filling, varying as the square. The inconsistency of 
these results with various disorder models is also indicated. 

T J e c e n t studies of q u a s i - l - D substances have focused p r i m a r i l y u p o n 
the des ign of n e w materials a n d deta i l ed analysis of the e lectr ica l , 

opt i ca l , a n d magnet i c properties (1-17). H o w e v e r , a t h o r o u g h u n d e r -

0-8412-0472-1 /80/33-186-195$05.00/l 
© 1980 American Chemical Society 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

11



196 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

s tand ing of the salient features of such 1-D materials has not as yet been 
achieved . W e fe l t that n e w insights into the p h y s i c a l processes associated 
w i t h 1-D systems c o u l d be m a d e i f w e ta i lor -made a n isomorphous series 
of complexes, w h i c h , to a first approx imat ion , di f fered only i n the degree 
of b a n d filling, a n d w e subsequent ly s tud ied the p h y s i c a l propert ies as a 
f u n c t i o n of F e r m i energy. 

T h e prototype system chosen (18) for modi f i cat ion was based on 
( N M P + ) ( T C N Q " ) (19). I t seemed reasonable to assume that , i f the 
T C N Q c h a i n provides a d r i v i n g force for the s tab i l i zat ion of the 1-D 
structure, r e m o v a l o f N M P + ( a n d the e lectron associated w i t h its T C N Q ' 
m o i e t y ) w o u l d reduce the average charge per T C N Q , that is, T C N Q * " 
(z < 1 ) . R e m o v a l of the cat ion w o u l d destroy the un i t ce l l ; however , 
subst i tut ion of the N M P + ca t ion w i t h a neutra l mo lecu le of c omparab le 
size, shape, a n d p o l a r i z a b i l i t y shou ld stabi l ize the structure. 

W i t h these assumptions, a n d k n o w i n g that the crysta l structure (20) 
of the d isordered phase of ( N M P ) ( T C N Q ) contains r a n d o m l y or iented 
m e t h y l groups (21) (• i n F i g u r e 1) a n d that the m e t h y l group is smal l 
i n compar ison w i t h the r i n g systems a n d does not exhibi t pre ferent ia l 
orientations, one m a y pred i c t that n e u t r a l phenaz ine , P h e n , 2, m i g h t 
substitute for the N M P + , I , i n ( N M P ) ( T C N Q ) , f o r m i n g an isomorphous 
complex. 

T h r o u g h React ions A , B , C , or D , out l ined i n Scheme I , complexes 
of ( N M P + ) * ( P h e n ) ! _ a . ( T C N Q " ) a . ( T C N Q ° ) i .* s s ( N M P % ( P h e n ) 1 _ * ( T C N Q ) , 
3, sto ichiometry w i t h 1 ^ x > 0.5 c o u l d be isolated as dark, ref lecting 
needle crystals. V i s u a l appearance a n d crysta l lographic , e lemental c o m ­
pos i t i on a n d D S C measurements, as w e l l as temperature dependence of 
the conduc t iv i ty a n d magnet i c suscept ib i l i ty , ind icate that these crystals 
resemble but are not i d e n t i c a l w i t h ( N M P + ) ( T C N Q " ) . 

C H ; 

N M P + Phenaz ine 
2 

Scheme I 

A . N M P + P F 6 " + L i T C N Q " . + P h e n 0 + T C N Q 0 

B. ( N M P + ) ( T C N Q " ) + (Phen 0 ) ( T C N Q 0 ) ( N M P ) , (Phen)!. . (TQNQ) 
1.0^x^0.5 

3 

D . ( N M P * ) ( T C N Q ) 2 - + (Phen 0 ) ( T C N Q 0 ) + T C N Q 0 
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11. M I L L E R A N D E P S T E I N Quasi-One-Dimensional Metallike System 197 

Figure 1. Structure of (NMP)(TCNQ). Replacement of N M P + with neu­
tral phenazine should increase disorder in the system without altering 
the gross structural features significantly, (a) Projection in ac plane; 
(b) projection in be plane. The TCNQ molecules stack parallel to the 

a-axis. 

U n i t c e l l determinations were obta ined on 3(x = 0.24 =h 0.01 a n d 
0.46 ± 0.01) ; see T a b l e I . T h e results of the X - r a y s tudy show that 
3(x = 0.24 a n d 0.46) is not equivalent but isomorphous to the ( N M P ) -
( T C N Q ) structure prev ious ly reported b y F r i t c h i e (20), a n d exhibits 

Table I. Unit Cell Parameters 0 for ( N M P ) x ( P h e n ) i . ^ T C N Q 

(NMP)o.n- (NMP)oM-
(NMP)- (PhenJo.ge- (PhenJo.te-

(TCNQ)" TCNQ TCNZ) 

x 1.00 0.74 0.54 
a (A) 3.8682 (4) 3.890 (8) 3.865 (7) 
b (A ) 7.7807 (8) 7.799 (3) 7.611 (32) 
c ( A ) 15.735 (2) 15.706 (6) 16.329 (51) 
a 91.67 (1) 91.75 (6) 93.73 (49) 

92.67 (1) 92.96 (13) 91.53 (31) 
7 95.38 (1) 95.45 (2) 94.65 (20) 
V ( A 3 ) 470.7 473.4 477.4 

" Molecular Structure Corporation, College Station, Texas. 
6 See Fritchie (20). 
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large s tandard deviat ions, w h i c h are characterist ic of the s m a l l crystals 
s tud ied a n d the crysta l lographic d isorder i m p o s e d u p o n the system b y 
r a n d o m replacement of the N M P + w i t h P h e n . 

T h e so lut ion absorpt ion data , F i g u r e 2, c lear ly shows that 3 [ F i g u r e 
2 ( e ) ] contains phenaz ine , N M P + , a n d n e u t r a l a n d an ion ic T C N Q a n d is 

1 I —I 1 1 

\ \ ( a y / \ 

255 400 600 800 1000 
WAVELENGTH, X, nm 

Figure 2. Absorption spectra: (a) Li+TCNQ~; (b) TCNQ0; (c) NMP+PF6~; 
(d) phenazine; (e) (NMP)0t5Jf(Phen)0i6(TCNQ). The ordinate is arbitrary. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

11



11. M I L L E R A N D E P S T E I N Quasi-One-Dimensional Metallike System 199 

< 

r- i i i 1 1 —r 1 — 

X=l.00 

(b) 
— X=0.86 

/ ( O X=0.63 

S \ . (d)X=0.5l 

0 100 200 300 400 
TEMPERATURE ,T, °K 

Figure 3. Differential scanning calorimetry traces of 
(NMP)x(Phen)1 XTCNQ as a function of x 

used to evaluate (18) the compos i t ion of 3, that is, x. T h e D S C traces 
are characterist ic of exothermic ( N M P ) ( T C N Q ) a n d qua l i ta t ive ly d is ­
s imi lar to endothermic ( P h e n ) ( T C N Q ) (23) a n d ( N M P ) ( T C N Q ) 2 

(24). C o m p l e x 3 exhibits a n exothermic decompos i t ion greater t h a n 
200°C. F o r larger x the decomposi t ion exotherm occurs at h igher t e m ­
peratures. A n e w exothermic feature at 5 ° - 1 5 ° C temperatures l ower 
t h a n the exotherm also appears w i t h a magni tude that increases w i t h 
x; see F i g u r e 3. 
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2.0 

0 40 80 120 160 200 240 280 320 360 

TEMPERATURE, T ° K 

Figure 4. Normalized four-probe a-axis conductivity versus temperature 
for some representative (NMF^Fhen)]^ _ X(TCNQ) samples. The solid lines 
are computer fits to Equation 1 with values given in Table II: (O), x = 

1.00; (A), x = 0.94; (D), x = 0.81; (%), x = 0.63. 

T h e dc e lectr ical c onduc t iv i ty o- of 3 a long the stacking d i rec t i on is 
also s imi lar but not equiva lent to that of ( N M P + ) ( T C N Q " ) (18,25); 
see F i g u r e 4. T h e meta l l ike behavior , that is , da/dT < 0 (T = t empera ­
t u r e ) , is observed for a l l the samples measured near r o o m temperature. 
T h e differences i n the r o o m temperature conduct iv i ty values, g i ven i n 
T a b l e I I , are not signif icant due to the errors i n v o l v e d i n measur ing the 
cross-sectional areas of the smal l samples (about 1 X 0.03 X 0.02 m m ) . 
T h e temperature for the m a x i m u m conduct iv i ty , T m , is l ower i n P h e n 0 -
rep laced samples than i n ( N M P ) ( T C N Q ) (26). T h e low-temperature 
behavior of these four samples is shown i n F i g u r e 5. W h i l e the conduc­
t i v i t y decreases monoton ica l ly for T < T m , the n o r m a l i z e d conduct iv i ty , 
o - n ( T ) = < r (T ) /o - (295 K ) , also increases w i t h increas ing phenaz ine 
content i n this temperature range. 

T h e <T(T) curves i n F i g u r e 4 are s imi lar . W e have prev ious ly shown 
that for ( N M P ) ( T C N Q ) (26) a n d numerous other systems (27,28) 
that feature a b r o a d weak m a x i m u m i n o-(T) at T m , a-(T) can be 
exp la ined as a produc t of an act ivated carr ier concentrat ion, n(T), a n d 
a temperature-dependent m o b i l i t y , fi(T). W e have f o u n d that w e can 

Table II. Conductivity Parameters for (NMP) x (Phen) 1 . x ( T C N Q ) 

x O-n(Tm) Tm(KJ a A (meV) 

1.00 
0.94 
0.81 
0.63 

200 
100 
100 

70 

1.17 
1.27 
1.85 
1.26 

220 
205 
155 
175 

4.1 
3.9 
3.7 
2.2 

78 
68 
50 
35 
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11. M I L L E R A N D E P S T E I N Quasi-One-Dimensional Metallike System 201 

fit the <r„(T) da ta for ( N M P ) a ! ( P h e n ) 1 . i E ( T C N Q ) for 60 K < T < 
400 K w i t h 

< r n ( r ) = 4 T - « | % x p = ^ J (1) 

w i t h A ( x ) (ac t ivat ion energy) constant for a l l samples of the same 
phenaz ine content (several for each phenaz ine concentrat ion) a n d a 
sample-dependent constant i n the ranges of 2 to 4 ( T a b l e I I ) . T h e 
constant A is fixed b y <r„(295 K ) = 1. 

T h e so l id l ines in*Figures 4 a n d 5 show the fits ob ta ined w i t h these 
parameters i n E q u a t i o n 1. T h e good agreement above 65 K is p a r t i c u l a r l y 
impressive i n v i e w of the large var ia t i on i n <r n(T) w i t h x. B e l o w 65 K 
the observed conduc t iv i ty is greater t h a n that p r e d i c t e d b y E q u a t i o n 1. 
T h i s suggests that another transport mechan ism is d o m i n a t i n g at l o w 
temperatures. 

I n F i g u r e 6 the l inear var ia t i on of the gap A w i t h the square of the 
N M P content ( b a n d filling), x2, is presented. T h i s result is impor tant i n 
unders tand ing the microscop ic aspect of 1-D materials . T h e presence of 
a d is tort ion of the u n d e r l y i n g latt ice w i t h p e r i o d 2a/x, w h e r e a is the 

T(K) 

10-81 J I I I I L_ I I l_ 
0 5 10 15 20 25 30 35 40 45 

I000/T(K"') 

Figure 5. Experimental log <T(T)/(T(295 K) VS. inverse temperature for 
samples of Figure 4, and computer fits from Equation 1 with parameters 
given in Table II: ( O ) , x = 1.00; (A), x = 0.94; (U)9 x = 0.81; (%), x = 

0.63. 
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NMP CONTENT, x 

/ 
/ 

/ 

tf/- I I I I I 
0 0. 2 0. 4 0. 6 0. 8 1.0 

(NMP CONTENT)2,x2 

Figure 6. Variation of activation energy A obtained for T > 65 K with 
fraction x of NMP 

average repeat u n i t a long the T C N Q cha in , w o u l d l ead to an energy gap 
at the F e r m i energy, E F , for a l l b a n d fillings. H o w e v e r , the exper imenta l 
evidence for a Pe i r l s type of d is tort ion is not yet conclusive . Recent 
X - r a y diffuse scattering studies of ( N M P ) ( T C N Q ) i m p l y 0.67 charge 
transferred f r o m N M P to T C N Q (29,30). E a r l i e r workers suggested a 
charge transfer of 0.91 based u p o n strong X - r a y scattering to fifth order 
(31). A M o t t - H u b b a r d gap due to on-site c ou lomb repuls ion (32) w o u l d 
l ead to a semiconductor gap for on ly x = 1.0. T h e a d d i t i o n of nearest-
ne ighbor c ou lomb interact ions (33) leads to a gap at the 1/4 b a n d l e v e l 
as w e l l , w h i c h is insufficient to exp la in the semiconduct ing behav ior of the 
intermediate x systems. W e po in t out that par t (or even a l l ) of A m a y be 
a m o b i l i t y gap associated w i t h l o ca l i za t i on of states at the b a n d edges 
due to disorder . I t has also been suggested that long-range i n t r a c h a i n 
c ou lomb interact ions m a y l e a d to a gap at E F for a l l x (34). H o w e v e r , 
none of these models as yet exp la in the observed var ia t i on of A w i t h x2. 

A m o d e l based o n the ear l ier w o r k of W o y n a r o v i c h et a l . (35) is 
also attract ive. I n this m o d e l in tercha in electrostatic in terac t i on between 
charge densi ty waves stabil izes the charge density waves a n d leads to an 
energy gap at E F for a l l b a n d fillings. T h e magn i tude of this gap depends 
r o u g h l y o n the square of the charge density ( that is , degree of charge 
t rans fer ) , i n agreement w i t h exper imenta l data ; see F i g u r e 6. A s f o r m u -
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la ted , the g r o u n d state is nonmagnet ic , a l though a d d i t i o n of on-site or 
i n t r a c h a i n cou lomb repuls ion w o u l d p r o b a b l y make the g r o u n d state 
magnet ic . These results suggest that the observed act ivat ion energies i n 
re lated systems are not solely due to on-site or near-neighbor c ou lomb 
interactions. 

T h e quest ion then arises as to whether a b a n d semiconductor m o d e l 
is compat ib le w i t h the disorder expected to exist i n these crystals. W h a t 
determines the nature of conduct i on is the l ength of the reg ion for w h i c h 
the w a v e func t i on is extended (26-28) la. A t temperatures h i g h enough 
for these states to be s ignif icantly o c cup ied (T > 65 K i n our samples ) , 
they w i l l dominate the dc conduct iv i ty . A t l o w enough temperatures 
( d e p e n d i n g on the property b e i n g m e a s u r e d ) , electrons i n l o ca l i zed states 
m a y dominate the behavior . Increas ing the phenaz ine content increases 
the disorder a n d hence decreases la. Several groups have at tempted to 
quant i tat ive ly m o d e l o - (T) ( T > 65 K ) for T C N Q salts assuming that 
the electrons hop among the l o ca l i zed states. B l o c h et a l . (36) a t t r ibuted 
or at l o w temperatures to var iable -range phonon-assisted h o p p i n g a n d at 
h i g h temperatures to diffusive h o p p i n g . G o g o l i n et a l . (37) quant i tat ive ly 
fit o - (T) w i t h a disorder mode l , u t i l i z i n g intramolecu lar phonons for 
phonon-assisted h o p p i n g ( T < T m ) a n d p h o n o n l o ca l i za t i on (T > T m ) . 
A t tempts to a p p l y these models to the ( N M P ) a . ( P h e n ) i _ a . ( T C N Q ) system 
l e a d to a p r e d i c t i o n of increas ing Tm w i t h increas ing phenaz ine content, 
at var iance w i t h exper imental findings. Shante (38) has also proposed 
a m o d e l for anisotropic h o p p i n g conduc t i on i n ( N M P ) ( T C N Q ) that 
suggests s imi lar behavior for phenaz ine-subst i tuted samples for T < 
100 K i n contrast w i t h exper imental results. 

I n conc lus ion w e have shown that ( N M P ) f l , ( P h e n ) i . a ? ( T C N Q ) forms 
a continuous series of materials w i t h semiconduct ing behavior . D a t a 
analysis leads to A = (78 m e V ) * 2 a n d a large , strongly temperature 
dependent m o b i l i t y for T > 65 K . T h e major effect of increased disorder 
is to give rise to a d d i t i o n a l strongly l o ca l i zed states at the b a n d edges 
( b a n d t a i l i n g ) , increas ing the low-temperature 1-D ( h o p p i n g ) c o n d u c t i o n 
at l o w temperatures. T h i s system has b r o a d impl i ca t i ons for unders tand ­
i n g the source of energy gaps a n d the ro le of d isorder i n mo lecu lar 
conductors. A d d i t i o n a l p h y s i c a l data , i n c l u d i n g magnet i c suscept ib i l i ty , 
e lectron sp in resonance, a n d thermoelectr ic power , conf irm this con­
t inuous behavior as a func t i on of x be tween that characterist ic of ( N M P ) -
( T C N Q ) (x = 1.0) a n d that characterist ic of the ha l f - f i l l ed b a n d case 
[for example, q u i n o l i n i u m ( T C N Q ) 2 ] . 

Glossary of Symbols 

N M P + = N - m e t h y l p h e n a z i n i u m 
T C N Q ' = 7 ,7 ,8 ,8-tetracyano-p-quinodimethanide 
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1-D = one-d imens ional 
P h e n = phenaz ine 
D S C = di f ferent ial -scanning ca lor imetry 

o- = c onduc t iv i ty 
T = temperature 

T m = temperature of m a x i m u m conduct iv i ty 
n = carr ier concentrat ion 
H = m o b i l i t y 

on = n o r m a l i z e d conduct iv i ty 
a = exponent for temperature dependence of m o b i l i t y 
A = act ivat ion energy 
x = N M P fract ion 

E F = F e r m i energy 
a = latt ice p e r i o d 

A = constant 
la = l o ca l i za t i on l e n g t h 
a — u n i t c e l l axis 
b = u n i t c e l l axis 
c = un i t c e l l axis 

V = un i t c e l l vo lume 
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12 
Hydrogen Absorption by Intermetallic 
Compounds 

W . E . WALLACE, R. S. C R A I G , and V . U. S. RAO 

Department of Chemistry, University of Pittsburgh, Pittsburgh, PA 15260 

Many intermetallic compounds absorb hydrogen extensively, 
with volumetric capacities often exceeding that of liquid 
hydrogen. While the capacity of these materials is extra-
ordinary, their most remarkable feature is the rapidity with 
which they dissolve and release hydrogen, the process often 
being 95% complete within about 200 sec at room tempera­
ture. Recent work dealing with structures, thermodynamics, 
kinetics, or sorption and a few aspects of the superconduc­
tivity of hydrogenated intermetallic compounds is reviewed. 
In hydrogenated rare earth intermetallics pressure increases, 
in a family of compounds, systematically with atomic num­
ber of the rare earth. In the series RET3 (where RE is a 
rare earth and T = Fe, Co, or Ni), pressure increases in the 
sequence Fe to Co to Ni. Hydrogenation often significantly 
influences superconductivity. 

[he extensive so lub i l i ty of hydrogen i n p a l l a d i u m a n d other t rans i t ion 
A metals has been k n o w n for m a n y years. Studies of these systems, 

p a r t i c u l a r l y their magnet i c propert ies , have engaged the attent ion of 
numerous investigators; this is because inferences can be d r a w n w i t h 
regard to the electronic m a k e u p of the host m e t a l b y establ ishing the 
effect of hydrogenat ion o n the various p h y s i c a l propert ies of the system 
( I ) . U n t i l recently , corresponding attention has not been p a i d to effects 
of hydrogenat ion o n the properties of intermeta l l i c compounds . T h i s is 
n o w changed ; studies of hydrogenated intermetal l i c compounds are 
current ly the most act ive areas of i n q u i r y i n the general field of m e t a l -
h y d r o g e n systems. 

0 - 8 4 1 2 - 0 4 7 2 - l / 8 0 / 3 3 - 1 8 6 - 2 0 7 $ 0 8 . 5 0 / l 
© 1980 A m e r i c a n C h e m i c a l Society 
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Interest i n hydrogen-conta in ing intermetal l i c compounds develops 
out of two rather separate concerns: (1 ) they present some s t r ik ing 
features whose e luc idat ion m a y improve our basic unders tand ing of the 
so l id state, a n d (2 ) they are of p r a c t i c a l s ignif icance as a means for 
stor ing hydrogen , a n issue that arises i n efforts b e i n g m a d e to develop 
h y d r o g e n as a fue l . I n regard to the first concern , the incorporat ion of 
h y d r o g e n i n the latt ice c a n pro f ound ly influence the e lectr i ca l a n d 
magnet ic behavior of the system. I n certa in systems the presence of 
h y d r o g e n signif icantly affects the interactions that b r i n g o n supercon­
d u c t i v i t y (2-5) or ferromagnet ism ( 6 ) . These interactions m a y be 
enhanced or d i m i n i s h e d or even ext inguished ( 2 - 7 ) . E l u c i d a t i o n of 
these d ivergent behaviors should l ead to an improvement i n our u n d e r ­
s tanding of the electronic m a k e u p of the host metals. I n regard to 
h y d r o g e n storage i t seems l i k e l y that the affinity of intermeta l l i c c o m ­
pounds for h y d r o g e n w i l l be of p i v o t a l signif icance i n deve lop ing the 
fue l capab i l i ty of hydrogen . 

Since m u c h has been w r i t t e n ( 7 , 8 ) i n recent years about hydrogen 
as a fue l a n d the so-cal led h y d r o g e n economy, discussion of the various 
aspects of this issue is unwarranted . I t is appropr iate , however , to 
m e n t i o n the prob lems that emerge w h e n one considers the spec ia l issue 
of h y d r o g e n storage, w h i c h is one aspect of the deve lopment of h y d r o g e n 
as a fue l . T h e r e are three p r i m a r y ways of s tor ing h y d r o g e n : (1 ) as a 
compressed gas, (2 ) as a l i q u i d or so l id , a n d (3 ) i n the f o rm of a meta l 
h y d r i d e . Compressed hydrogen has l o w energy density a n d the con ­
tainers r e q u i r e d are b u l k y , heavy, a n d dangerous. L i q u i d or so l id 
h y d r o g e n entails cryogenic temperatures, 20 K or lower , a n d appears to 
lack the convenience a n d safety r e q u i r e d for widesca le , everyday usage. 
M e t a l hydr ides are w i d e l y regarded as the on ly p r a c t i c a l means for 
s tor ing h y d r o g e n for m o b i l e use, as i n p o w e r i n g an automobi le , a bus , 

Table I. Hydrogen Capacity Relative to Liquid Hydrogen" 

Compound Capacity 

R E F e 3 * 0.9-1.3 (9) 
R E C o 7 0.9-1.4 (10) 
R E C o 3 1.4-1.5 (10,11) 
L a N i 5 1.4 (12) 
E r F e 0 8 M n 1 2 1.7 (IS) 
Z r a s Z r H 2 1.7 0 

U a s U H 3 2.0° 
0 The volumetric capacity of liquid hydrogen is 45 X 10 2 2 hydrogen atoms per 

cubic centimeter at 20 K . The volumetric capacities of the intermetallic compounds 
and of Z r H 2 and YH3 are given for 1 atm and 25°C relative to liquid hydrogen at 
20 K . 

6 R E represents the rare earths Gd, T b , Dy , Ho, and E r . 
0 Computed from the known lattice parameter. 
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or an a irplane . H e n c e enormous attention is b e i n g focused on h y d r o ­
genated metals because of their signif icance f r om bo th a p r a c t i c a l a n d 
fundamenta l po int of v i e w . 

T h e h y d r o g e n capacities of several intermetal l ics are l i s ted i n T a b l e 
I , a long w i t h the capacities of two trans i t ion elements, Z r a n d Y . I t seems 
that the b i n a r y hydr ides Z r H 2 a n d U H 3 excel i n regard to hydrogen 
capac i ty . I n spite of this they are w i t h o u t significance as a p r a c t i c a l 
means for stor ing hydrogen . T h i s arises because they are too stable; for 
example , the pressure of h y d r o g e n over Z r H 2 is about 10 " 1 4 torr at 25 °C . 
L i b o w i t z , H a y e s , a n d G i b b (14) showed that w h e n Z r is chemica l ly 
u n i t e d w i t h N i to f o rm Z r N i , i t hydrogenates to f o rm Z r N i H 3 , w h i c h has 
a 25 °C vapor pressure of 5 X 10" 4 torr . A l t h o u g h this is s t i l l too l o w 
for p r a c t i c a l use, i t has a vapor pressure near ly 10 orders of magn i tude 
greater t h a n Z r H 2 . T h i s early w o r k i l lustrates one signif icant feature of 
hydrogenated intermetal l i cs : they are often signif icantly less stable t h a n 
the re lated b i n a r y hydr ide . T h i s feature, w h i l e exceedingly important , is 
less signif icant t h a n another aspect of intermetal l i c c o m p o u n d s — t h e i r 
kinet ics . T h e r a p i d i t y w i t h w h i c h appropr iate ly chosen intermetal l i c 
compounds absorb a n d release h y d r o g e n is i l lus t rated (15) i n F i g u r e s 
1-3. T h i s is the t r u l y remarkable feature of intermeta l l i c compounds , 
that w h i c h sets them apart f rom the meta l l i c elements as hydrogen hosts 
a n d sets t h e m apart as p rac t i ca l materials for the storage of hydrogen . 

T h e l i terature dea l ing w i t h hydrogenated intermeta lhc compounds 
is large a n d is g r o w i n g at a substant ia l pace. H e n c e i n a r e v i e w of the 
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Figure 2. Hydrogen uptake by bulk specimens of LaNi5 and FrCoh at 
room temperature: LaNis; (O), PrCo5. 
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Figure 3. Hydrogen uptake by a bulk specimen of ErFeg: (%), ErFet. 
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present nature, it is not feasible to cover a l l aspects of the field. T h e 
influence of hydrogenat ion on magnet ic properties has been dealt w i t h 
i n two recent reviews (16,17) a n d hence w i l l not be i n c l u d e d i n the 
present discussion, a l though this represents one of the most act ive areas 
of the field. A t t e n t i o n w i l l be l i m i t e d to just four facets of the systems: 
s tructura l features, thermodynamics , k inet ics , a n d the effect of h y d r o ­
genation on superconduct iv i ty . 

Structural Features 

Evidence Gained from X - r a y Diffraction. T h e inf luence of h y d r o ­
genation u p o n the host latt ice is n o r m a l l y f o l l o w e d b y X - r a y di f fract ion 
measurements. B u t such measurements f a i l to g ive in fo rmat ion about the 
posit ions of hydrogen . H y d r o g e n locations are n o r m a l l y establ ished b y 
neutron di f fract ion work . A l m o s t w i t h o u t exception, entry of hydrogen 
into the host meta l entails an expansion of the latt ice. T h e expansions i n 
E r F e 2 a n d i n E r ( F e , M n ) 2 ternaries hydrogenated to saturation at 525 p s i 
at r oom temperature are shown i n T a b l e I I ( 13 ) . These data are i l l u s t r a ­
t ive of the general trends observed. V o l u m e increases of 3 0 % are not 
u n c o m m o n for the hydrogen-saturated mater ia l . I n E r F e 2 a n d i n the 
E r ( F e , M n ) 2 ternaries, hydrogenat ion does not l e a d to a change i n s y m ­
metry of the host latt ice . T h i s is exceptional . I n the major i ty of cases 
hydrogenat ion does lead to a change i n symmetry . F o r example , h y d r o ­
genation of S m C o 5 , w h i c h has the hexagonal C a C u 5 structure, produces 
(18) a degradat ion of symmetry to orthorhombic . T h e same distort ion is 
observed i n deuterated P r C o 5 , w h i c h has been invest igated b y u s i n g 
neutron di f fract ion techniques. Results obta ined are discussed i n the next 
section. 

Neutron Diffraction Studies. W h e n cons iderat ion is g iven to the 
absorpt ion of h y d r o g e n b y a meta l , one of the first concerns is the l ocat ion 
of hydrogen i n the host metal . I n i t i a l l y , attention was focused on t rans i ­
t i on meta l hydr ides . ( H y d r i d e s a n d deuterides are discussed interchange­
ab ly since their s tructural differences are almost a lways significant. T h e 
deuter ide is usual ly used i n neutron di f fract ion w o r k instead of the 
h y d r i d e because of the large incoherent scattering of hydrogen . ) U H 3 

(19) a n d T h H 2 a n d Z r H 2 (20) were the earliest hydr ides s tudied . L a t e r , 

Table II. Increase in Lattice Parameters in Hydrogenation 
of E r ( F e , M n ) 2 Alloys 

x in Er(Fe,Mn)2Hx % Increase 

3.8 8.1 
4.2 8.0 
4.6 10.0 
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m a n y other hydr ides were examined (21 ) . G e n e r a l considerations sug­
gested that hydrogen w o u l d be f o u n d i n the interstices of the host meta l 
at the tetrahedral or octahedral sites. E x p e r i m e n t conf irmed these expec­
tations i n the major i ty of systems s tudied ; for example , hydrogen is at the 
tetrahedral site i n U a n d Z r a n d at the octahedral site i n P r (22) a n d 
N i (23). T h i s is not i n v a r i a b l y the case. F o r example , M a n s m a n n a n d 
W a l l a c e observed that part of the hydrogen is i n a site h a v i n g three near 
neighbors i n H o D 3 (24). 

T h e earliest neutron di f fract ion w o r k on hydrogenated intermeta l l i c 
compounds appears to be that of Bergsma , Goedkoop , a n d V a n V u c h t o n 
T h 2 A l H 4 ( 25 ) . T h e y f o u n d that H i n this mater ia l is i n the te trahedral 
interstices w i t h four T h as nearest neighbors . I n this respect the s i tuation 
is i d e n t i c a l w i t h that i n T h H 2 . L a t e r Peterson, Sadana, a n d K o r s t (26) 
examined N i Z r H 3 a n d N i Z r D 3 b y neutron scattering. T h e y f ound the 
mater ia l to conta in two crysta l lographica l ly inequiva lent hydrogens. T h e 
u n i t c e l l contains eight H i n tetrahedral sites, h a v i n g three Z r a n d one 
N i as near neighbors , a n d four H i n w h a t m a y be t e rmed pseudoocta-
h e d r a l sites. T h e octahedral interstices are de formed, and the h y d r o g e n 
is d i sp laced so that i t ac tual ly exists i n fivefold coordinat ion . T h e results 
for H o D 3 a n d N i Z r D 3 are consistent w i t h an observation made some years 
ago (27) that " s t ruc tura l evidence accumulated to date suggests that the 
i d e a l oc tahedral site is usual ly not a stable pos i t ion for dissolved 
hydrogen . " 

A s w i l l become evident later, the large class of intermetal l i c c om­
pounds i n w h i c h one component is a rare earth is presently the subject 
of intensive invest igat ion b y several research groups. A t t e n t i o n has been 
focused on the thermodynamics of these systems a n d the effects of 
h y d r o g e n u p o n their magnet ic properties . Surpr i s ing ly , u n t i l recent ly 
l i t t le attention has been p a i d to the structures of these interest ing systems. 
H o w e v e r , this s i tuat ion is c h a n g i n g r a p i d l y . F o r example , i n the past 
twelve months s tructura l w o r k has been p u b l i s h e d on hydrogenated L a N i 5 

b y three groups, f r om N o r w a y , S w i t z e r l a n d , a n d Russ ia (see b e l o w ) . 
T h e first w o r k on hydrogenated rare earth intermetal l ics was carr i ed 

out b y Ku i jpers a n d L o o p s t r a (28). T h e y established the structure of 
P r C o 5 D 3 . 9 ( D is used instead of of H because the incoherent scattering 
of D is smaller. T h i s h y d r i d e w i l l be discussed henceforth as P r C o 5 D 4 , 
on w h i c h i t is s tructural ly based a n d whose sto ichiometry it closely 
approaches. ) b y u s i n g neutron di f fract ion techniques. T h e results 
obta ined are s h o w n i n F i g u r e 4. T h e D - D distances are such as to 
prec lude the existence of mo lecu lar deuter ium i n the system. T h e D - D 
b o n d is r u p t u r e d at the surface of the meta l , a n d the d e u t e r i u m enters the 
latt ice i n monatomic f o rm. ( T h i s is also true of the deuter ide of L a N i 5 , 
re ferred to be low, a n d the other intermeta l l i c hydr ides . ) I n the u n i t 
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a = 8 .868A 

b = 5 . 3 4 l 

0 = 8.868 

2 = 0 

O P r 
<8> C o ( l ) 
• D ( i ) 

Figure 4. Structural arrangement in FrCo5T>k showing the atomic posi­
tions in planes at Z = 0 and Z = 1/2 in the unit cell. Upon deuteration, 

hexagonal PrCo5 is transformed into an orthorhombic material. 

c e l l there are 6 octahedral sites at Z = 0, 4 tetrahedral sites each at Z = 
VA a n d % , a n d 12 tetrahedral sites at Z = V2. T h e sites at Z = LA a n d 
% have on ly C o as near neighbors, whereas a l l the others have two P r 
a m o n g the near neighbors . W e r e a l l interstices h a v i n g P r near neighbors 
filled, the composi t ion w o u l d be P r C o 5 H 9 . S teward (29) obta ined , i n 
isostructural L a C o 5 , composit ions t end ing t o w a r d L a C o 5 H 9 at pressures 
exceeding 1000 atm. 

T h e structure of P r C o 5 D 4 ( F i g u r e 4 ) shows that the tetrahedral sites 
w i t h on ly C o near neighbors are empty . D is f o u n d on ly i n sites w i t h 
t w o P r near neighbors ; the oc tahedra l sites are two- th i rds filled a n d the 
te trahedral sites are one - th i rd filled. 

A s a hydrogen host, L a N i 5 is the p a r a d i g m . A c c o r d i n g l y , there has 
been very considerable interest i n ascertaining where hydrogen is s i tuated 
i n this mater ia l . E a r l y s tructural efforts w e r e unsuccessful ( 30 ) . T h e 
structure was recently solved almost s imultaneously b y A n d r e s e n ( 3 1 ) , 
F i s c h e r et a l . ( 3 2 ) , a n d Burnasheva et a l . ( 33 ) . W h e n examined b y 
X - r a y s , hydrogenated L a N i 5 appears to re ta in the hexagonal symmetry 
of the meta l l i c host. W h e n examined b y neutron di f fract ion, however , 
the symmetry is f o u n d to be degraded to rhombohedra l . I n the L a N i 5 D 6 

structure (see F i g u r e 5) hal f of the hydrogen is i n locations near the 
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Table III. Hydrogen Positions in PrCos and LaNi 5 ° 

Tetrahedral Sites Tetrahedral Sites 
Octahedral Sites (Z — 1/4 and 3/4) (Z — h/2) 

PrCo5 LaNi5 PrCo5 LaNi5 PrCo5 LaNi5 

F i l l e d 
E m p t y 
T o t a l 

4 6 0 0 4 12* 
2 0 8 8 8 0 
6 6 8 8 12 12 

° T h e uni t cell for P r C o s D 4 is the orthorhombic cell , which contains two formula 
units . T o facilitate comparison of the two hydrides , L a N i s D e is described i n a h y p o ­
thetical uni t cell identical with that of P r C o s D ^ . 

6 These sites are occupied statistically b y six D atoms. 

i d e a l oc tahedral site positions i n the L a N i 5 . T h e y are s l ight ly d i sp laced 
above the basal p lane , a n d at the same t i m e the N i i n the Z = 0 p lane 
is d i sp laced d o w n w a r d . There are add i t i ona l displacements i n the p lane 
perpend i cu lar to the c-axis, so that the system has a threefo ld rather than 
the s ixfo ld axis of the host meta l . These sites are complete ly o c cup ied 
i n L a N i 5 , i n contrast w i t h the s i tuat ion i n P r C o 5 i n w h i c h they are on ly 
two- th i rds f i l led . T h e te trahedra l sites at Z = V i are ha l f filled instead 
of one- th ird filled as i n P r C o 5 , w i t h h y d r o g e n statist ical ly o c cupy ing the 
sites. H e r e aga in there are s l ight displacements f r om the i d e a l positions. 

T h e essential features of the hydrogen structure i n these materials 
are s u m m a r i z e d i n T a b l e I I I . 

Thermodynamic Characteristics 

General Comments. I n this section attent ion w i l l be focused p r i ­
m a r i l y on four aspects of the thermodynamics of hydrogenated inter ­
meta l l i c compounds : (1 ) hydrogen capaci ty , (2 ) the n u m b e r of hydr ides 
f ormed , (3 ) the energetics of the hydrogenat ion process, a n d (4 ) cer ta in 
systematics noted i n the behavior of hydrogenated rare earth intermeta l ­
l ics. A s regards hydrogen capacity this is, of course, pressure-dependent. 
H o w e v e r , the pressure general ly rises very r a p i d l y per un i t increment of 
hydrogen b e y o n d about 50 a tm, a n d so, i n pract i ce , capac i ty in fo rmat ion 
w i l l be p r o v i d e d for a p p l i e d pressures i n the range of about 50 a tm. 

T o date inferences i n regard to the energetics of hydrogenat ion have 
been d r a w n f rom exper imental determinat ion of the dependence of 
hydrogen pressure ( ? ) on temperature ( T ) . In P is observed to v a r y 
l inear ly w i t h T " 1 (see F i g u r e 6 as an e x a m p l e ) , a n d the A H is obta ined 
f rom the slope of the plot . T h i s is thermodynamica l l y v a l i d on ly i f the 
process is reversible . I n cer ta in instances, for example , T i F e - H , the proc ­
ess is not reversible (34); there is a large hysteresis be tween results 
obta ined u p o n absorpt ion a n d desorption. Consequent ly , A H values 
obta ined b y a p p l y i n g the van't Ho f f equat ion to these systems are open 
to quest ion. 
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2.1 2.3 2.5 2.7 

VT X I O 3 ( K " ' ) 

Figure 6. Plot showing the linear dependence of In P P l on T'1 for sev­
eral REFes-H systems; PPiis the plateau pressure. 

T h e large var ia t i on i n h y d r o g e n vapor pressure between a n element 
a n d a c o m p o u n d — Z r versus Z r N i — h a s been a l l u d e d to earlier. A s noted, 
there is a difference of hydrogen pressure of 10 orders of magn i tude 
between the element a n d the c o m p o u n d . T h e r e are also variat ions w i t h i n 
famil ies of compounds , for example , the R E C o 5 or R E C o 3 famil ies . 
Interest ing systematic trends are noted , a n d these are of significance f r om 
b o t h a p r a c t i c a l a n d fundamenta l po int of v i e w . 

T h e n u m b e r of phases is in ferred f r o m the pressure -compos i t ion 
isotherm ( P C I ) . T h e two P C I s shown i n F i g u r e 7 i l lustrate this point . 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

12



12. W A L L A C E E T A L . Hydrogen Absorption by Compounds 217 

It is customary to designate the several phases h a v i n g progressively 
h igher hydrogen contents as a, p, a n d y hydr ides . 

Results obta ined for T i F e are discussed i n deta i l elsewhere ( 3 4 ) . 
T h e y are not e laborated u p o n i n this rev iew, despite the importance of 
this c o m p o u n d as a p rac t i ca l means for h y d r o g e n storage, because of the 
i r revers ib i l i ty i n this system. It is to be noted that the F e T i - H system 
forms two hydr ides , T i F e K L i a n d T i F e H « 2 , apart f r om a t e r m i n a l a 
phase. 

T h e systems L a N i 5 - H a n d S m C o 5 - H were among the first s tudied . 
Results shown i n F i g u r e s 8 a n d 9 are taken f r om the doc tora l thesis of 
F . A . K u i j p e r s , D e l f t U n i v e r s i t y ( I S ) . D e s p i t e a detectable hysteresis, 

H/GdCo3 

0 1 2 3 4 5 

10 

E 
o 

cu 
k-
3 
(/) 
</> 
CU 
w. 

Q-
CM 

X 0.1 

0.01 

0 1 2 3 
H/GdFe3 

Figure 7. Pressure-composition isotherms for GdFe5-H (150°C) and 
GdCos-H (150°C). The data points marked X represent absorption; 

the others represent desorption. 
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700, 

71 1 . 1 1 . i_ 
0 7 2 3 4 5 6 

(H/LaNig) 

Figure 8. Pressure-composition isotherms for the LaNi5-H system from 
Kuijpers for absorption (-+)and desorption (<-) (17) 

- SmCo5 

T=80°Ct r 

T=60°C 

J \ — T=40°C 
— • — • « » 

J 
- T=20°C 

T " 
i i 'I I I 

0 1 2 3 
^ x (H/SmCo5) 

Figure 9. Pressure-composition isotherms for the SmCop-H system 
from Kuijpers for absorption (^>) and desorption (<-) (17) 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

12



12. W A L L A C E E T A L . Hydrogen Absorption by Compounds 219 

the van ' t H o f f re lat ionship was a p p l i e d to these systems to ob ta in A H 
for the process. T h e A H of so lut ion of hydrogen i n L a N i 5 a n d S m C o 5 

was observed to be — 30 a n d — 33 k j - m o l " 1 H 2 , respectively . T h i s is 
the range of A H r e q u i r e d to obta in a mater ia l h a v i n g a vapor pressure 
of about 1 a t m near r oom temperature. T h i s fo l lows because A S for the 
process is essentially the negative of the entropy of h y d r o g e n gas, that is , 
AS is fixed b y the loss i n entropy of gaseous hydrogen w h e n i t condenses 
into a so l id . 

Hydrogen Capacity. T h e vo lumetr i c h y d r o g e n capacit ies of F e T i , 
L a N i 5 , a n d M g 2 N i — t h e present p r i m e candidates for hydrogen storage— 
are g iven i n T a b l e I V , a long w i t h those of several other materials . T h e 
metals i n T a b l e I V are restr icted to b i n a r y systems that have the f o l l o w i n g 
characterist ics : (1 ) appropr iate h y d r o g e n capac i ty a n d sufficiently r a p i d 
absorpt ion a n d release of hydrogen to be of p rac t i ca l interest, a n d (2 ) 
k n o w n crysta l lographic characteristics so that the n u m b e r of h y d r o g e n 

Table IV. Hydrogen Capacity of Several Metallic Hosts 

Host x in (Host) • Hx r* 
F e T i 1.9 1.41 (Si) 
L a N i 5 6.0 1.42 (12) 
M g 2 N i 4.0 1.30 (SB) 

G d F e 3 3.1 0.98 (9) 
T b F e 3 4.2 1.32 (9) 
D y F e 3 3.0 1.00 (9) 
H o F e 3 3.6 1.19 (9) 
E r F e 3 2.7 0.93 (9) 

G d C o 3 4.6 1.48 (9) 
T b C o 3 4.5 1.50 (9) 
D y C o 3 4.3 1.48 (9) 
H0C03 4.2 1.42 (9) 
E r C o 3 4.2 1.43 (9) 

C e 2 C o r 5.3 1.40 (10) 
P r 2 C o 7 5.8 0.88 (10) 
N d 2 C o 7 6.2 1.00 (10) 
G d 2 C o T 5.9 0.93 (19) 
T b 2 C o 7 6.6 1.05 (10) 
D y 2 C o 7 6.4 1.02 (10) 

L a C o s 4.2 0.99 (18) 
C e C o 5 2.6 0.67 (18) 
P r C o 5 3.0 0.96 (18) 
N d C o 5 2.7 0.69 (18) 
S m C o s 2.5 0.65 (18) 

a r = number of hydrogen atoms per volume relative to 4.2 X 10 2 2 , the number 
density in liquid hydrogen. 
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Table V . Hydrogen Capacity of Several Metallic Hosts 

Host xin(Host)'Hx r' 

Y 3 N i 8.0 2.8 (36) 
L a 8 N i 8.8 3.1 (86) 
C e 3 N i 8.4 2.9 (36) 
T h 7 N i 3 28.0 3.9 (37) 
Y 3 N i 2 7.5 2.1 (36) 

L a N i 3.6 2.5 (36,38) 
Y N i 3.0 2.1 (36) 
C e N i 2.7 1.9 (36) 
L a 2 N i 3 4.4 1.2 (36) 
L a N i 2 4.5 2.1 (38) 

Y N i 2 3.7 1.7 (36) 
T h N i 2 4.0 1.9 (37) 
P r 2 N i 7 9.5 1.3 (39) 
E r N i 3 3.6 1.3 (39) 
C a N i 5 4.8 1.1 (40) 

Y 3 C o 8.0 2.8 (36) 
Y 4 C o 3 11.6 2.3 (36) 
Y C o 2 4.2 1.9(36,41) 
G d C o 2 4.1 1.9 (36) 
T h 7 C o 3 30.0 4.2 (39) 

T h C o 4.0 2.8 (37) 
T h C o B 4.6 1.1 (11,37) 

Y F e 2 4.2 1.9 (36,43,44) 
Y F e 3 4.8 1.7 (36,43) 
Y 6 F e 2 3 20.0 1.0 (36,43,45) 

T h F e 8 3.0 1.1 (87,46) 
T h 7 F e 3 28.0 3.9 (87,47) 
Y M n 2 4.0 1.9 (36,88) 
Y « M n 2 3 25.0 1.2 (86,45,48) 

T h 6 M n 2 a 25.0 1.2 (6) 

Y P d 3.1 2.1 (86) 

Z r V 2 5.3 2.3 (41) 
Z r C r 2 4.0 1.7 (41) 
Z r M n 2 3.6 1.6 (41) 

* r == number of hydrogen atoms per volume relative to 4.2 X 10 2 2 , the number 
density in liquid hydrogen. 

atoms per c u b i c cent imeter can be accurate ly est imated. T h e metals 
l i s ted i n T a b l e V can conta in large amounts of hydrogen , b u t either the i r 
k ine t i c or crysta l lographic features, or bo th , are u n k n o w n . I n v i e w of the 
lack of the latter data , the ir vo lumetr i c hydrogen capac i ty has been 
ca l cu la ted u n d e r the assumption that the v o l u m e per m e t a l a tom is the 
same as i n L a N i 5 H 6 , that i s , 1.69 X 10" 2 3 c m 3 . T h i s is not w h o l l y 
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unreasonable since the intermetal l ics i n c l u d e d are f rom famil ies k n o w n 
to be c lose ly -packed, a n d the atomic vo lumes of the metals p r o b a b l y do 
not vary b y more than 10 to 1 5 % . T h e vo lumetr i c capacities are, accord ­
ing ly , uncer ta in b y approximate ly this amount. Desp i te this uncerta inty , 
i t is c lear that the hydrogen capac i ty of m a n y of these materials ( for 
example , the 7 : 3 T h compounds ) is extraordinar i ly h i g h . 

T h e increase i n h y d r o g e n capac i ty i n rare earth systems as the rare 
earth content increases is apparent f r om the data i n T a b l e I V . T h i s is as 
expected since i t is the chemica l affinity of the rare earth component that 
draws the hydrogen into the latt ice. T i p lays this role i n T i F e , a n d 
M g i n M g 2 N i . 

Number of Phases. T h e data i n F i g u r e 7 indicate t w o p la teau 
regions for the G d C o 3 - H system but only one i n the G d F e y - H system. 
S ince the p la teau regions occur because of the coexistence of the two 
so l id phases, there are two so l id phases i n the G d F e 3 - H system a n d three 
(a, /?, a n d y) i n the G d C o 3 - H system. G o u d y et a l . (39) have conc luded 
o n the basis of crysta l lographic w o r k that the two phases i n the F e 
system are a a n d y. T h e features apparent i n F i g u r e 7 exempl i fy the 
behavior of the entire R E C o 3 - H a n d R E F e 3 - H famil ies . 

T h e n u m b e r of phases ind i ca ted b y the P C I for several systems of 
interest are s u m m a r i z e d i n T a b l e V I . Present t h i n k i n g is that the different 
h y d r i d e phases are character ized b y different ways of arrang ing the 
hydrogen atoms (or ions) on the avai lable interst i t ia l sites. Cons ider , for 
example , R E C o 5 . I t c o u l d be hydrogenated to R E C o 5 H 1 3 i f a l l tetrahedral 
a n d octahedral sites were filled (see T a b l e I I I ) or to R E C o 5 H 9 i f the 
tetrahedral sites h a v i n g no R E near neighbors are left vacant. A t the 
compos i t ion R E C o 5 H 4 less than hal f of the interstices are occup ied . T h u s 
there is the poss ib i l i ty of o rder -d i sorder phenomena a n d various super-
latt ice formations i n v o l v i n g different arrangements of the filled a n d empty 
interstices. T h i s s i tuat ion was encountered several years ago i n T a 2 H 
a n d T a 2 D (49, 50 ) . T a w i t h a l l te trahedra l a n d oc tahedra l sites o c cup ied 
w o u l d be represented b y the f o r m u l a T a 2 H i 8 . There are m a n y ways to 
arrange the hydrogen atoms (or ions) o n the 18-fold more abundant 
interst i t ia l posit ions, a n d three or perhaps four p o l y m o r p h i c varieties of 

Table VI . Number of Phases in Selected Hydrided 
Intermetallic Compounds 

F e T i 3 R E F e 3 3 
M g a N i 2 R E C o 3 3 
L a N i B 2 R E 2 C o 7 3 

REC05 3 ( o r 4 ) a 

"Steward et al. {29) have observed a fourth phase in L a C o s - H at very high 
pressures. 
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Table VII. Heats of Desorption of Hydrogen from 
Various Metals ( k j • mol" 1 H 2 ) 

a + fi P + y 

F e T i " 28 25 
M g a N i ' 64 
L a N V 30 

a + fi P + y 

C e C o / 43.5 

P + y 

L a C o 5 * 
C e C o 5 

a + p 

45 
39 

P r C o 3
e 54 P r 2 C o 7 64.5 55 P r C o 5 38 

N d 2 C o 7 72 57 N d C o 6 

S111C05 

41 
31 

G d C o 3 * 51 4 5 G d 2 C o 7 57 .5 40 
T b C o 3 48.5 44 T b 2 C o 7 

D y 2 C o 7 

48 40.5 
D y C o 3 42 

T b 2 C o 7 

D y 2 C o 7 46 36 

H0C03 36 H o 2 C o 7 42 37 
E r C o 3 38 E r 2 C o 7 39 E r 2 C o 7 

a + y 

Y C o 5 ' 32 

G d F e 3 * 50.5 
T b F e 3 48 
D y F e 3 47 
H o F e 3 45 
E r F e 3 43 
Z r N i ' 77 

a Ref. 86. 
6 Ref. 35. 
c Ref. 18. 
d R E F e 3 , REC03, and R E 2 C o 7 data are taken from Ref. 10. 
e Ref. 11. 
1 Ref. 14. 

T a 2 H were observed, d i f fer ing i n the w a y that h y d r o g e n (or deuter ium) 
populates the latt ice sites. I t seems l i k e l y that the s tructura l differences 
between « , a n d y rare earth intermetal l i c hydr ides arise because of 
the different ways of arrang ing hydrogen i n the energetical ly favored 
m a n y f o l d more abundant interstices. 

T h e different a, f3, a n d y phases are character ized not only b y differ­
ent structures but also i n some cases b y s t r ik ing ly different properties . 
F o r example, ft a n d y G d C o 3 - H have a C u r i e temperature of about 600 
a n d 28 K , respect ively ( 5 1 ) . E r F e 2 H 3 6 a n d E r F e 2 H 4 also have greatly 
di f fer ing C u r i e temperatures, about 300 a n d 2 K , respect ively ( 5 2 ) . 

T h e concept advanced above to the effect that different phases are 
character ized b y v a r y i n g hydrogen arrangements is to date mere ly a 
p laus ib le hypothesis. T h e necessary neutron di f fract ion w o r k to support 
this postulate is yet to be carr ied out. 
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The Energetics of Hydride Formation. T h e slope of the p l o t of In 
P versus 1 / T has been used to establ ish A H for the f ormat ion of a 
n u m b e r of hydr ides . A compi la t i on of results obta ined is g iven i n 
T a b l e V I I . 

Entrop ies of absorpt ion of hydrogen into the several meta l l i c hosts 
s tudied are f o u n d (18) to be about —125 J • k" 1 m o l " 1 H 2 , w h i c h is 
approx imate ly the negative of the molar entropy of hydrogen . T h i s 
suggests that this loss is the major contr ibut ion to the A S associated w i t h 
the entry of hydrogen into the meta l . W i t h this va lue for A S , the enthalpy 
of desorpt ion must be i n the range of 30-35 k j • m o l " 1 H 2 to produce a 
vapor pressure of 1 to 10 a tm at 25°C. M g 2 N i has a considerably h igher 
A H va lue , a n d i t develops a pressure of 1 a t m on ly at temperatures a p ­
p r o a c h i n g 600 K . T h i s is a d isadvantage i n us ing the substance as a 
p r a c t i c a l storage mater ia l for hydrogen . 

Systematic Trends. T h e hydrogenated rare earth intermetal l i cs 
exhib i t some very interest ing systematic trends. These are exempli f ied 

100 

10 

E 
° I 
cu 
k_ 
ZD 
V) 
V) CO 
£ 0.1 

CM 
X ' 

0.01 

0.001 

Ce Pr Nd Gd Tb Dy Ho Er 

Atomic Number 
Figure 10. Variation of the measured plateau pressures (100°C) with 
nature of the rare earth for several families of rare earth intermetallic 

compounds 
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Table VIII. Plateau Pressures in E r Systems at 2 5 ° C 

P (atm) 

E r F e 3 0.067 
E r C o 3 0.48 
E r N i 3 1.35 

i n F i g u r e 10 a n d i n T a b l e V I I I . T h e data i n F i g u r e 10 show a progressive 
rise i n the p la teau pressure at ( a rb i t rar i l y selected) 100°C w i t h atomic 
n u m b e r of the rare earth constituent. C e a n d P r are exceptions to this 
t r e n d because of an al tered valence state. C e exists as a quadr ipos i t ive 
i o n a n d P r as a mixture of + 3 a n d + 4, whereas the other rare earths 
are tr iposi t ive . T h e data i n T a b l e V I I I show that the p la teau pressure 
i n the sequence of three isomorphous E r compounds increases i n the 
order F e : C o : N i . 

T h e u l t imate basis for the systematic trends noted undoubted ly lies 
i n the b a n d structure of the materials , w h i c h i n the m a i n remains to be 
e luc idated . Proper b a n d structure in format ion has only been a c q u i r e d 
for S m C o 5 , G d C o 5 , a n d Y C o 5 ( 5 3 ) , w h i c h is too restr icted a coverage to 
p e r m i t one to interpret the trends observed. 

T h e systematic trends noted empi r i ca l l y are of very considerable 
p r a c t i c a l va lue i n that systems can be chosen that have pressure -compo­
s i t ion characteristics con forming to par t i cu lar specifications, a feature of 
significance to des ign engineers. 

Kinetic Features 

A s noted i n the Introduct ion , the t r u l y remarkable feature of the 
good h y d r o g e n absorbers such as L a N i 5 is the r a p i d i t y w i t h w h i c h they 
absorb a n d release hydrogen . T h i s is the more remarkab le w h e n cogn i ­
zance is taken of the complex i ty of the process. U p o n absorpt ion , 
molecu lar hydrogen must strike the surface, dissociate a n d poss ib ly 
ion ize , a n d then penetrate the latt ice. O f t e n the entry of h y d r o g e n is 
accompanied b y a phase transformation i n the so l id . C o r r e s p o n d i n g 
processes are i n v o l v e d i n desorption. 

A l t h o u g h m a n y qual i tat ive studies of the rates of hydrogen uptake 
or release have been made , f ew studies have been made i n sufficient 
de ta i l to p e r m i t establ ishment of the order of the process a n d the 
act ivat ion energy. Recent ly the k inet i c features of the hydrogenat ion of 
several intermeta l l i c compounds have been examined i n some deta i l ; 
these are a l l compounds i n w h i c h one of the constituents is a rare earth. 
Results obta ined i n these studies w i l l be summar i zed i n this section. 

T h e reason for the p a u c i t y of k inet i c in format ion is the dif f iculty i n 
ob ta in ing reproduc ib le k ine t i c data. Surfaces are easily po isoned (54). 
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F o r example , G u a l t i e r i et a l . (15) showed that L a N i s , P r C o 5 , E r C o 3 , 
H o C o 3 , a n d E r F e 2 , a l l of w h i c h n o r m a l l y absorb h y d r o g e n w i t h great 
r a p i d i t y , become inert to hydrogen after a br ie f exposure to an atmosphere 
conta in ing about 0 . 1 % S 0 2 . T h e r a p i d i t y of H 2 absorpt ion b y untreated 
L a N i 5 a n d P r C o 5 is i l lustrated i n F i g u r e 2. F o r the S 0 2 - t r e a t e d materials 
there was no detectable H 2 absorpt ion over a p e r i o d of 20 hr . 

A s ind i ca ted above, absorpt ion or desorpt ion is a mult istage process. 
F o r example , the f o l l o w i n g steps can be envis ioned : 

1. H 2 ( g ) -> H 2 (surface) 

2. H 2 (surface) -> 2 H (surface) 

3. 2 H (surface) - > 2 H ( b u l k ) 

T h e r e m a y also be a phase change i n the host m e t a l a c company ing step 
3. T h e rate of co l l i s ion w i t h the surface is m a n y orders of magni tude 
larger t h a n the absorpt ion rate, a n d so i t can be exc luded as the rate-
de termin ing step ( R D S ) . 

These three steps present b u t the barest out l ine of the total process. 
O t h e r factors m a y be i n v o l v e d : for example , heat transfer effects, mass 
transport into the cracks a n d fissures of the p u l v e r i z e d mater ia l , m igra t i on 
o n the surface to a l o w energy po int of entry into the so l id , a n d so on. 

Studies of the L a N i 5 - H System. T h i s is the system that has re ­
ce ived the greatest attention to date. It has been s tudied b y G u a l t i e r i , 
re ferred to earl ier (15,54), b y V a n V u c h t et a l . (12) w h o first d e m o n ­
strated the r a p i d desorption, b y Boser (55 ) , a n d b y T a n a k a et a l (56, 57 ) . 

Boser s tud ied the absorpt ion a n d desorpt ion rates of hydrogen f rom 
L a N i 5 i n the two-phase region. I n his absorpt ion experiments he exposed 
L a N i 5 to H 2 gas i n a c losed container a n d f o l l owed the decrease i n 
pressure w i t h t ime . I n the desorpt ion experiments the t ime dependence 
of the b u i l d u p i n pressure was noted. F o r desorpt ion a n d absorpt ion 
Boser fit his measurements to a n expression as fo l l ows : 

P<> _ Af 1 1 
P _ P f - M + l 

w h e r e P0 = i n i t i a l pressure of hydrogen , P f = final pressure of hydrogen , 
P = final pressure of h y d r o g e n at t ime t, a n d A = a constant. F o r 
desorpt ion, (PQ — Pf)/(P — Pt) = C0/C, where C G a n d C represent the 
concentrations of hydrogen i n the meta l at times 0 a n d t, respectively . 
Therefore , 1 / C is l inear w i t h t, i n d i c a t i n g that the process is second 
order w i t h respect to hydrogen concentration. T h e absorpt ion does not 
show a In P or 1 / P l inear w i t h t ime characterist ic of first- a n d second-
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order processes, respect ively , conf i rming that the concentrat ion i n the gas 
phase is not rate contro l l ing . Boser proposed that the rate of the phase 
trans i t ion was the R D S , a conclus ion that is at var iance w i t h that of 
T a n a k a et a l . (see b e l o w ) . 

Boser est imated an act ivat ion energy of 31 k j • m o l " 1 for the ac t iva ­
t i o n energy of the process. I n the early study of the hydrogenat ion a n d 
dehydrogenat ion of L a N i 5 , V a n V u c h t et a l . (12) f o u n d the process to 
be 90 to 9 5 % complete at r oom temperature , a n d they est imated an 
ac t ivat ion energy of about 50 k j • m o l " 1 . It is u n l i k e l y that the studies 
of hydrogen absorpt ion into a n d desorpt ion f rom L a N i 5 made p r i o r to 
1977 have a n y t h i n g more than qual i tat ive significance. P r o b a b l y the rate 
of the process was contro l led b y heat transfer. 

T h e most careful s tudy to date of L a N i 5 as a hydrogen host is that 
of F l a n a g a n a n d his associates. I n the first study (56) he a n d his asso­
ciates have establ ished the kinet ics of absorpt ion of hydrogen into a 
sphere 0.54 c m i n diameter . T h i s study i n v o l v e d on ly the a phase a n d 
was carr ied out at temperatures r a n g i n g f r om 353 to 423 K . I n the ir 
second study (57) they per fo rmed measurements at 195 K i n the t w o -
phase region. T h e first study was carr ied out under condit ions of near ly 
constant hydrogen pressure. T h e y noted that the hydrogen uptake was 
l inear w i t h ( t i m e ) 1 7 2 . Since the expression for di f fusion into a sphere 
of radius r 0 reduces for sma l l t ime to C / C w = 6(Dt/irr0

2)1/2, w h e r e C 
a n d Coo are the concentrations at t a n d t = oo a n d D is the dif fusion 
constant, T a n a k a et a l . c onc luded that the absorpt ion into L a N i 5 is 
d i f fus ion-control led . T h e y est imated a n ac t ivat ion energy of 40 k j • 
g-atom" 1 of H ( ± 1 0 % ) . T h i s , of course, pertains to the a phase. 

I n the second experiment measurements were made at 195 K to 
suppress the rate of the process a n d hence to m i n i m i z e the inf luence of 
heat transfer effects. T a n a k a et a l . (57) f ound that the i n i t i a l rate of 
up take of hydrogen v a r i e d as A P , where A P is the difference between 
the a p p l i e d a n d e q u i l i b r i u m pressures. T h e y conc luded that the rate of 
the process is contro l led b y the rate at w h i c h h y d r o g e n penetrates the 
cracks a n d fissures. 

G u a l t i e r i a n d W a l l a c e (54) s tud ied the absorpt ion of H 2 b y L a N i 5 

over temperatures r a n g i n g f r o m 77 to 300 K , us ing the change i n ac 
resistance to moni tor the hydrogen content of the sample. T h e r e was no 
absorpt ion u n t i l the temperature reached about 150 K . A b s o r p t i o n p r o ­
ceeded at a measurable rate for a l l temperatures greater t h a n 150 K . 
These observations are i n general agreement w i t h the findings of H a l s t e a d 
( 5 8 ) , w h o conc luded f r o m pro ton nuc lear magnet ic resonance ( N M R ) 
studies that h y d r o g e n m o b i l i t y i n L a N i 5 essentially ceases for T < 150 K . 

T h e r a p i d i t y w i t h w h i c h h y d r o g e n enters or leaves the latt ice w h e n 
the p phase is present suggests that h y d r o g e n m o b i l i t y is very m u c h 
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larger i n this phase than i n the a phase. T h e r e is c lear exper imenta l 
evidence for this difference. T h e studies of T a n a k a et a l . (56) l e a d to 
a 25 ° C dif fusion constant for h y d r o g e n i n the a phase of about 3 X 10~9 

c m 2 • sec" 1. K a r l i c e k a n d L o w e (59) s tudied the p phase b y the p u l s e d 
field gradient pro ton N M R technique a n d have obta ined a va lue of about 
1.3 X 10" 8 c m 2 • sec" 1. 

T h e rad i ca l l y different di f fusion rate i n the a a n d p phases seems to 
p r o v i d e a n explanat ion for the r a p i d i t y of h y d r o g e n uptake i n L a N i 5 for 
150 < T < 200 K . T a n a k a et a l . (56) observed that about 100 m i n is 
r e q u i r e d to achieve about 0 . 0 1 % saturation at 195 K a n d 1 a t m H 2 

pressure. G u a l t i e r i a n d W a l l a c e (54) achieved 1 0 % saturation at 175 K 
i n 1 m i n b u t w i t h an a p p l i e d pressure of 20 atm. I f the rate is propor ­
t i ona l to P, as observed b y T a n a k a , C l e w l e y , a n d F l a n a g a n , 1 0 % satura­
t i on at 1 a tm w o u l d be achieved i n about 20 m i n . T h e r a p i d i t y of this 
react ion suggests that at h i g h pressures the p phase h y d r i d e is b e i n g 
f o rmed d i rec t ly f r o m L a N i 5 w i t h o u t passing t h r o u g h the a phase as a n 
intermediate . T h i s occurs because of the h u n d r e d f o l d greater m o b i l i t y 
i n the p phase. 

T h e di f fer ing k inet i c features of the a a n d ft phases is perhaps a 
consequence of the v a r y i n g p a r t i a l m o l a l enthalpy of h y d r o g e n i n L a N i 5 . 
V a n V u c h t et a l . (12) f o und a heat of so lut ion of — 15 k j • g-atom" 1 

of h y d r o g e n for an a-fi mixture , whereas T a n a k a et a l . (60) observed 
— 33.9 k j • g-atom" 1 of hydrogen for the inf inite ly d i lute solution. T h e 
l ower energy of hydrogen i n the a phase c o u l d give rise to a h igher 
act ivat ion energy for dif fusion a n d hence a l ower mob i l i t y . 

Studies of the S m C o 5 - H System. Z i j l s tra a n d W e s t e n d o r p (61) 
were s tudy ing the behavior of S m C o 5 i n regard to its use as a magnet i c 
mater ia l . W h i l e e tch ing i t for convent ional meta l lographic examinat ion , 
they observed that hydrogen entered the latt ice . T h e extensive solvent 
capac i ty for h y d r o g e n was conf irmed b y V a n V u c h t et a l . (11) w h o 
observed that gaseous hydrogen r a p i d l y entered S m C o 5 a n d was also 
r a p i d l y released. I n this case a phase change occurred , p r o d u c i n g a n 
or thorhombic mater ia l . 

R a i c h l e n a n d D o r e m u s (62) s tudied the desorpt ion process i n the 
two-phase region. F r o m the t ime dependence of desorpt ion they con­
c l u d e d that di f fusion was not rate contro l l ing i n the temperature range 
0° to 30°C . T h e y employed a m o d e l i n w h i c h S m C o 5 was regarded as 
a n assemblage of spher i ca l part ic les of radius R . T h e phase b o u n d a r y 
m o v e d w i t h a ve loc i ty v o n desorpt ion so that the radius of untrans formed 
mater ia l is R = R0 — vt, where R0 is the rad ius at t ime t. T h e y were 
able to fit their data reasonably w e l l w i t h v = 1.6 X 10" 6 a n d 4.4 X 10" 7 

c m • sec" 1 at 10° a n d 0 ° C , respectively. T h e y der ived an act ivat ion 
energy of about 50 k j • m o l " 1 . H o w e v e r , the r a p i d i t y of hydrogen uptake 
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or release f r o m S m C o 5 is such that the poss ib i l i ty of heat transfer b e i n g 
rate contro l l ing cannot be exc luded . 

Studies o f the R E C o 3 - H a n d R E F e 3 - H Systems. G o u d y et a l . (10) 
s tud ied the kinet ics of desorpt ion of the hydrogenated R E C o 3 a n d R E F e 3 

systems w i t h R E = D y a n d E r . Temperature ranges w e r e chosen so as 
to restrain the rate of release of hydrogen , so that heat transfer was not 
rate l i m i t i n g . ( A l s o , the apparatus used was des igned w i t h this c on ­
s iderat ion i n m i n d . ) A s noted above, three phases are f o u n d i n the 
R E C o 3 - H systems. D e s o r p t i o n was s tudied i n the y a n d p phase regions 
a n d i n bo th two-phase regions £ - y a n d a-p. 

T h e rate of evo lut ion of hydrogen was assumed to f o l l ow a n expres­
s ion of the f o l l o w i n g f o r m : 

where C is a measure of concentrat ion, k is a rate constant, a n d n is a 
constant des ignat ing C react ion order. I n the w o r k c i t ed i t is the quant i ty 
of h y d r o g e n r e m a i n i n g i n the sample at t ime t measured as the v o l u m e 
that w o u l d be o c cup ied i f the hydrogen were a gas at 1 a tm a n d 25°C . 
I f n = 1, the react ion is first order a n d In C is l inear w i t h t ime. E x p e r i ­
ment was not i n accord w i t h first-order kinet ics . F o r second-order kinet ics 
( that is , n = 2 ) , the expression above integrates to 1 / C = ht + constant. 
T h i s behavior was observed (see b e l o w ) for a l l the systems s tudied b y 
G o u d y et a l . 

Results for the E r C o 3 - H system g iven i n F i g u r e 11 are representative 
of the several systems studied . I n i t i a l l y , the hydrogen content was such 
as to p u t the system i n the y phase reg ion , so that the i n i t i a l r a p i d rate 
corresponded to the release of hydrogen f r om y E r C o 3 - H . T h e break i n 
the curve corresponds to hydrogen release i n the two-phase / J - y reg ion . 
T h e slope is larger at smaller t imes, i n d i c a t i n g that hydrogen release is 
more r a p i d f r om the pure y phase. 

T h e results obta ined for the E r C o 3 - H system i n the p phase f o l l owed 
b y desorpt ion f r o m the a-p r eg ion indicate a behavior general ly s imi lar 
to that descr ibed i n the preced ing p a r a g r a p h for the y a n d y-p two-phase 
regions. I n add i t i on , the behavior of the D y C o 3 - H system is very s imi lar 
to that of the E r C o 3 - H system. D a t a obta ined for these systems are 
co l lected i n T a b l e I X . Rate constants a n d act ivat ion energies are shown 
on ly for desorpt ion i n the two-phase regions. 

T h e D y F e 3 - H a n d E r F e 3 - H systems w e r e s tudied b y G o u d y et a l . 
(10) i n the fashion used for the corresponding C o systems. Second-order 
kinet ics were also observed for the release of h y d r o g e n f r om these 
systems. T h e s i tuat ion differs s l ight ly i n that for the F e systems there 
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Figure 11. Plot showing the kinetic features of the release of hydrogen 
from the ErCo3-H system at several temperatures. The sample is initially 
in the y phase region. At the break the system enters the two-phase /3-y 
region. The concentration C is determined by the volume of gas released; 

hence C is proportional to volume. 

are on ly two phases, termed a a n d y. H e n c e the desorpt ion i n v o l v e d 
i n i t i a l l y the loss of hydrogen f r om the y phase a n d later the loss of 
hydrogen a n d the y-a phase transit ion. D a t a obta ined are summar i zed 
i n T a b l e X . 

Studies of the Gd 2 Co7—H and D y 2 C o 7 - H Systems. T h e rare earths 
a n d cobalt f o rm a c o m p o u n d h a v i n g the sto ichiometry R E 2 C o 7 , w h i c h is , 
of course, intermediate i n compos i t ion between R E C o 3 a n d R E C o 5 . 
G o u d y et a l . (10) examined two members of this series, R E = G d a n d 

Table IX. Kinetic Parameters for the Desorption of 
Hydrogen from DyCo3 and E r C o 3 

Temperature 105katl00°C E a 

Range (°C) (Ir1 sec1) (kj • mol1) ° 

E r C o 3 - H ( y ) 53 -73 2 X 10 5 110 
E r C o 3 - H ( y - / 3 ) 53 -73 18.8 75 
E r C o 3 - H ( £ ) 103-126 1.6 X 10 3 120 
E r C o 3 - H ( / ^ « ) 103-126 1.01 84 
D y C o 3 - H ( y ) 79-107 4.6 X 10 3 70 
D y C o 3 - H ( y - 0 ) 79-107 2.54 67 
D y C o 3 - H ( 0 ) 139-161 22 150 
D y C o 3 - H (/?-<*) 139-161 0.055 105 
• E* — activation energy. 
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Table X . Kinetic Parameters for the Desorption of 
Hydrogen from D y F e 3 and E r F e 3 

Temperature 105katlOO°C E a 

Range (°C) (Ir1 sec'1) (kJ • mol'1)° 

D y F e 3 - H ( y - a ) 194-216 0.0032 105 
E r F e 3 - H ( y ) 159-186 4.7 150 
E r F e 3 - H ( y - « ) 159-186 0.109 96 
• 2£a = activation energy. 

D y , w i t h regard to the kinetics of hydrogen desorption. I n these systems, 
as w i t h the R E C o 3 and R E F e 3 systems, the release of hydrogen obeyed 
second-order kinet ics . D a t a for the two R E 2 C o 7 - H systems are presented 
i n T a b l e X L Exper iments were carr ied out i n a s l ight ly different fashion 
f r om that employed i n s tudy ing the R E F e 3 - H a n d R E C o 3 - H systems. 
T h e i n i t i a l composi t ion was fixed b y choice of hydrogen pressure to l ie 
i n the two-phase reg ion y-/3 or /3-a. D u r i n g the course of the react ion, 
the process changed f rom hydrogen evolut ion f rom a two-phase system 
to evo lut ion f r om a single phase, /? or a. H o w e v e r , i n the case of D y 2 C o 7 -
H , the a phase was not reached because a pressure less t h a n 1 a tm 
w o u l d have been requ i red , a n d a l l experiments were per formed under 
condit ions such that hydrogen was evo lved under a constant pressure 
of 1 a tm. 

T h e k inet i c results obta ined o n the R E C o 3 , R E F e 3 , a n d R E 2 C o 7 

systems meri t two comments. F i r s t , the act ivat ion energies satisfy the 
cr i ter ion for an endothermal process i n that they exceed the A f f of 
process. Second, the observation of second-order kinet ics gives strong 
ind i ca t i on that i n the par t i cu lar systems s tudied recombinat ion of atoms 
at the surface is the rate -determining step. It should be emphasized 
that the evidence pertains to on ly a f e w systems, a n d i t w o u l d be i n a p p r o ­
pr iate to regard this as general for a l l intermetal l i c compounds or even 
for those i n v o l v i n g the rare earths. 

Table XI . Kinetic Parameters for the Desorption of 
Hydrogen from Gd 2Co7 and D y 2 C o 7 

Temperature 10s k at 100°C E t t 

Range (°C) (L-1 sec1) (kJ • mol-1)"1 

G d 2 C o 7 - H ( y - ) 8 ) 68 -99 60.0 75 
G d 2 C o T - H ( ^ ) 68 -99 2 X 10 s 85 
G d 2 C o 7 - H ( ^ ) 160-186 0.0083 150 
G d 2 C o 7 - H ( a ) 160-186 1.4 210 
D y 2 C o 7 - H ( y - J 8 ) 43 -68 174 63 
D y 2 C o 7 - H ( ^ ) 43 -68 — 3 X 10 s 60 
D y 2 C o 7 - H ( i 8 - a ) 122-143 1.65 96 
° Ei = activation energy. 
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12. W A L L A C E E T A L . Hydrogen Absorption by Compounds 231 

Effect of Hydrogenation on Superconductivity 

General Comments. A n o t h e r interest ing feature of m e t a l - h y d r o g e n 
systems is the effect of hydrogenat ion on superconduct iv i ty . T h e dis ­
covery of superconduct iv i ty i n T h 4 H ( D ) i 5 at 8.3 K (63), i n P d - H ( D ) 
alloys at 9 K (64,65), a n d i n P d - C u - H alloys at 16.6 K (66) ( i n each 
case the host meta l be ing a nonsuperconductor ) has s t imulated the 
invest igat ion of the superconduct iv i ty of the hydr ides a n d deuterides of 
intermetal l i c compounds . T h e superconduct iv i ty of the P d - H ( I ) alloys is 
interest ing since the isotope effect is reversed f r o m that n o r m a l l y encoun­
tered ( 6 5 ) , that is, the higher-mass al loy has the h igher superconduct ing 
transit ion temperature, T 8 . Recent studies b y Duf fer et a l . (67) of the 
hydr ides a n d deuterides of the k n o w n superconductor H r V 2 ( T s = 9.2 
K ) have revealed a large but n o r m a l isotope effect, w i t h T B decreasing 
sharply w i t h H ( D ) concentrat ion ( F i g u r e 12) . 

Prev ious investigations (68) on the hydrogen absorpt ion charac ­
teristics of Z r V 2 h a d revealed a large intake of hydrogen ( u p to 1.7 H 
atoms per meta l a tom) at moderate pressures. T h e ternary systems 
H f 1 . a . Z r a ? V 2 have been f ound to behave s imi lar ly . Results obta ined i n the 
invest igat ion of the superconduct ing propert ies of the hydr ides a n d 
deuterides of H f 0 . 5 Z r 0 . 5 V 2 are presented i n the f o l l o w i n g section. T h i s 
a l loy compos i t ion exhibits the highest Ts a m o n g the ternaries H f i _ a ; Z r a . V 2 

( F i g u r e 13) a n d has hence been chosen for examinat ion . 
Studies of Hydrogenated H f 0 . 5 2 r 0 . 5 V 2 . F o r the superconduct iv i ty 

studies a l loy buttons of H f o . 5 Z r 0 . 5 V 2 were p r e p a r e d b y i n d u c t i o n m e l t i n g , 
f o l l owed b y heat treatment at 800°C for 7 days. X - r a y examinat ion 
revealed single-phase materials w i t h the cub i c L a v e s structure a n d latt ice 
parameter aQ = 7.310 A . T h e materials were then a l l oyed w i t h h i g h -
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0 . 5 0 
C o m p o s i t i o n (x ) 

0 0 

Figure 13. Variation of T8 with composition x in the parent alloys 
Hh.xZrxV2 

p u r i t y hydrogen or deuter ium at room temperature a n d 2.5 X 10 6 P a . 
A b s o r p t i o n of H ( D ) under these condit ions resul ted i n a n a l loy of 
compos i t ion H f o . 5 Z r 0 . 5 V 2 H ( D ) 5 . i 2 ± o . o 5 . W i t h i n the l imits of error, the 
amounts of H a n d D absorbed were ident i ca l . X - r a y measurements 
revealed the cub i c Laves structure w i t h latt ice parameter a0 = 7.910 A 
for each. 

A range of H a n d D concentrations was p r o d u c e d b y e q u i l i b r a t i n g 
various ratios of the f u l l y h y d r i d e d or f u l l y deuter ided alloys w i t h pure 
Hfo.5Zro.5V2 i n quar tz tubes under 2 X 10 4 P a hydrogen (or deuter ium) 
at 450°C for 48 to 72 hr . T h e resu l t ing samples were approx imate ly 
0.5 g i n weight . X - r a y measurements of the samples ind i ca ted that 
complete e q u i l i b r i u m was achieved under these condit ions , w i t h the 
latt ice parameter increas ing l inear ly w i t h H ( D ) concentrat ion. A l l the 
hydr ides a n d deuterides ma inta ined the C 1 5 L a v e s structure of the 
parent mater ia l . 

A b s o r p t i o n of H ( D ) results i n a d is integrat ion of the parent ingots 
into a fine p o w d e r . T h e superconduct ing trans i t ion was detected b y u s i n g 
a n inductance b r i d g e c i r cu i t as descr ibed earl ier ( 6 9 ) . T h e t rans i t ion 
w i d t h s of the h y d r i d e a n d deuter ide specimens were about 1 K . 

A s s h o w n i n F i g u r e 14, the effect of h y d r o g e n a n d deuter ium absorp­
t i o n b y Hfo.5Zro.5V2 is to first increase, then decrease, the trans i t ion tern-
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12. W A L L A C E E T A L . Hydrogen Absorption by Compounds 233 

perature. TB is increased f r o m 10.1 K for the parent mater ia l , Hfo .5Zro.5V2, 

to 11.8 K for Hfo .5Zro.5V2Do.4- A n o r m a l isotope effect was f o u n d at a l l 
composit ions. A surpr i s ing result of the invest igat ion was the sudden 
depression of T s b e y o n d x = 1.25 for the h y d r i d e a n d b e y o n d x = 0.6 for 
the deuter ide . A t h igher concentrations invest igated, u p to x = 1.5, no 
superconduct iv i ty c o u l d be detected above 1.2 K for b o t h hydr ides a n d 
deuterides. 

Several investigators have devoted attention recently to the effect of 
hydrogenat ion u p o n superconduct iv i ty . T h e ideas emerg ing can be 
a p p l i e d to the systems descr ibed above. A s shown b y G a n g u l y (70) 
a n d b y Papaconstantopoulos a n d K l e i n ( 7 1 ) , the h igh- f requency H or D 
v i b r a t i o n a l modes p l a y a n important role i n in f luenc ing the T s of h y d r i d e 
materials . I n the case of the P d - H ( D ) al loys, the enhancement of T a 

b y add i t i on of H or D is re lated (70, 71) to the unusua l softness of the 
v ib ra t i ona l modes detected b y tunne l ing (72) a n d neutron inelastic 
scattering (73,74) experiments. T h e r a p i d var ia t i on of T s w i t h x i n 
PdH -p a n d P d D ^ i n the composi t ion range 0.8 < x < 1.0 has been shown 
b y K l e i n et a l . (75) to arise f r o m the increase i n the e lectronic density 
of states at the F e r m i leve l for components associated w i t h the H or D 
sites. T h e reverse isotope effect i n P d H ( D ) has been at t r ibuted (70, 

1 1 1 1 1 ~T~ 

0 . 4 0 . 8 

Composit ion (x) 

Figure 14. Influence of the addition of hydrogen and deuterium on the 
superconducting transition temperature of Hf0 5Zr0 5V2: (O), Hf0 BZr0 5-

ViH,;C),Hj0.!iZr0.liVibx. ' 
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75, 76) to the anharmonic i ty of the H ( D ) vibrat ions seen i n the tunne l ing 
(72) a n d the neutron inelast ic scattering (74) studies. 

T h e M c M i l l a n expression (77) for Ts as modi f i ed b y D y n e s (78) 
m a y be wr i t t en as 

where <<o> is an average p h o n o n frequency as def ined b y M c M i l l a n 
( 7 7 ) , /x* is the C o u l o m b ( repuls ive ) pseudopotent ia l , a n d A is the 
e l e c t ron -phonon mass enhancement factor. F o r a pure meta l A can 
be w r i t t e n (77) as 

where M is the atomic mass, < w 2 > is the average of the square of the 
p h o n o n f requency as def ined b y M c M i l l a n (76), < I 2 > is the average of 
the square of the e lec t ron -phonon matr ix elements, a n d N(E) is the 
electronic density of states at the f e r m i level . I n alloys consist ing of 
elements of vast ly di f fer ing masses, such as meta l hydr ides ( for example , 
P d H ) , A can be w r i t t e n (71, 79) as the sum of contr ibut ions ar i s ing f r om 
the heavy a n d l ight atom v ibrat ions . H o w e v e r , i n the present case, since 
the concentrat ion x of H or D i n H f 0 . 5 Z r o . 5 V 2 H ( D ) a , is smal l , i n the range 
of concentrat ion s tudied , such a separation w i l l not be attempted. 

L o w - t e m p e r a t u r e heat capac i ty measurements o n H f H 2 a n d Z r V 2 

have been per fo rmed b y R a p p a n d V i e l a n d (80) a n d on H f V 2 and 
Hfo .5Zro . 5 V 2 b y Inoue a n d T a c h i k a w a (81). T h e former reported the 
values of the electronic specific heat coefficient y a n d the D e b y e t e m ­
perature 0 D , whereas the latter reported only the values of y. T h e 
results are s u m m a r i z e d i n T a b l e X I I . 

E x a m i n a t i o n of these data suggests that the b r o a d m a x i m u m (82) 
i n T 8 near y = 0.5 i n the ternary system Hf y Zr i_„V2 is the result of the 
m a x i m u m i n y, a n d hence N(EQ), at that compos i t ion . 

Table X I I . y and 0D Obtained from the Low-Temperature 
Specific Heat Measurements 0 

A = 
N(E0) < I 2 > 

M < w
2 > 

Compound 
T8 

(K) 
y X 10-* 

(erg • cm3 • K2) 
On 

(K) 

H f V 2 

H f 0 . 5 Z r 0 . 5 V 2 

Z r V 2 

9.2 
10.1 

8.5 

1.89 
2.80 
1.60 219 

190 

a Data from Refs. 80 and 81. 
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0.8 -

0.6 -

0.4 0.8 1.2 

Composit ion (x) 

Figure 15. Variation of electron-photon mass enhancement factor A 
with composition in Hf0t5Zr0BV2H(D)x: (O), Hf05Zr05V2Hx; (%) Hf05-

Zr0.5V2Dx. 

F o r the system H f 0 . 5 Z r 0 . 5 V 2 H ( D ) a ? values of 0 D or <o>> are not 
avai lab le because of the absence of heat capac i ty or neutron inelast ic 
scattering data. Because of the re lat ive ly smal l H ( D ) concentrat ion, 
0 < x < 1, one m a y expect < w > to be not drast i ca l ly a l tered i n 
compar ison to the parent c o m p o u n d Hfo.5Zro.5V2, since the n u m b e r of 
H ( D ) modes in t roduced is proport ionate ly smal l . F o r a r o u g h estimate 
of A , w e w i l l therefore assume <<o> for H f o . s Z r o ^ V ^ H ^ D ) ^ w i t h s m a l l 
values of x to be near ly the same as that for Hfo.5Zro.5V2. F u r t h e r , <me 
has the approximate re lat ion (77) 6D ^ 1.2<a>>. 

T h e data i n T a b l e X I I suggest that 6D « 200 K for Hfo.5Zro.5V2. O n e 
m a y reasonably choose fi* ^ 0.13 for trans i t ion metals (77,83). W i t h 
these assumptions a n d the observed values o f T B , the values of A have 
been ca l cu la ted for H f 0 . 5 Z r 0 . 5 V 2 H ( D ) a , as s h o w n i n F i g u r e 15. I t c a n be 
seen that the va lue of A is ra ised f r om A = 1.015 ( for Hfo.5Zro.5V2) to 
A — 1.115 ( for Hfo .5Zro.5V 2Ho .5) w i t h the i n i t i a l a d d i t i o n of hydrogen . 
T h i s enhancement i n A m a y be caused b y a moderate increase of N ( O ) 
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or b y a sl ight decrease of the denominator i n the expression above for 
A because of the H mode be ing re lat ive ly soft. 

T h e large depression i n T 8 at h igher concentrations of H a n d D is 
rather surpr is ing . F o r T s < 1.5 K i t is necessary to have A < 0.51. I t is 
u n l i k e l y that a t w o f o l d decrease i n A f r om the va lue for the n o n h y d r i d e d 
a l loy c o u l d have occurred f r om a corresponding increase i n the denomi ­
nator of the expression for A for the re lat ive ly l o w concentrations of 
H ( D ) s tudied . I t is more probab le that there has been a decrease i n 
N(E0) at these h igher concentrations that has caused a reduc t i on i n A . 

It shou ld also be ment ioned that i n the cub i c L a v e s structure ( C 1 5 ) 
al loys , such as Hfo.5Zro.5V2, the u n i t c e l l has eight f o r m u l a units of 
Hfo.5Zro.5V2 a n d the f o l l o w i n g (67) tetrahedral sites: 

5 a sites formed b y four V 

20 p sites formed b y two H f (Zr) and three V 

16 y sites formed b y two H f (Zr) a n d two V 

It appears that a l l the avai lab le sites are filled at the highest H ( D ) 
concentrations. A t l ower concentrations there m a y be pre ferent ia l filling 
of the various sites, w h i c h m a y give rise to the m a x i m u m i n the T s 

versus x curve through a possible soft mode of H v ibra t i on at one of the 
sites. Reso lut ion of these questions w i l l necessitate neutron di f fraction 
a n d inelast ic neutron scattering measurements. 

It is evident f r om this br ie f s tudy of one selected system that the 
entry of h y d r o g e n can signif icantly m o d i f y the superconduct ing properties 
of metals. T h e system T h 7 F e 3 is another example i n this ve in . T h e meta l 
is a superconductor (84) w i t h T s « 2 K , W h e n hydrogenated to 
Th 7 Fe3H 3 o , i t loses its superconduct iv i ty a n d becomes a ferromagnet 
( 8 5 ) . T h e explanat ion advanced b y M a l i k , Takesh i ta , a n d W a l l a c e (85) 
for this surpr i s ing change is that T h donates electrons a n d H a n d F e 
compete for these electrons. I n the H- free mater ia l the F e d b a n d is 
filled b y absorpt ion of electrons donated b y T h , a n d the mater ia l is a 
P a u l i paramagnet ; i t transforms into a superconductor at sufficiently l o w 
temperatures. W i t h the entry of h y d r o g e n there is compet i t i on between 
H a n d F e for the electrons donated b y T h . Because of this compet i t ion , 
the F e d b a n d is no longer filled, F e becomes magnet ic , a n d the system 
develops ferromagnet ism. 
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12. W A L L A C E E T A L . Hydrogen Absorption by Compounds 237 

Glossary of Symbols 

R E = rare earth 
r = no. of hydrogen atoms per un i t vo lume re lat ive to that for 

l i q u i d hydrogen 
P 0 = i n i t i a l pressure of hydrogen 
Pf = f inal pressure of hydrogen 
P = pressure of hydrogen at t ime t 

C 0 = concentrat ion of hydrogen i n meta l in i t i a l l y 
C = concentrat ion of hydrogen i n meta l at t ime t 

Co, = concentrat ion of hydrogen i n meta l at t = oo 
D = dif fusion constant 
r0 = radius of sphere 
A = constant 

R 0 = radius of transformed S m C o 3 i n i t i a l l y 
R = radius of transformed S m C o 5 at t ime t 
v = ve loc i ty ( c m • sec" 1) 
k = rate constant 
n = constant, react ion order 

E a = act ivat ion energy 
a0 = lattice parameter 

<co> = average pho no n frequency 
/x* = C o u l o m b ( repuls ive ) pseudopotent ia l 

A — e lec t ron-phonon mass enhancement factor 
< I 2 > = average of the square of the e lec t ron -phonon matr ix elements 
N ( E ) = electronic density of states at the F e r m i l eve l 

T s = superconduct ing transit ion temperature 
OB = D e b y e temperature 
T = F e , C o , o r N i 
Z = coordinate i n un i t c e l l 
D = d e u t e r i u m 
T = temperature 

TC = C u r i e temperature 
H = h y d r o g e n 

P C I = pressure -compos i t ion isotherm 
o, = hydr ides w i t h progressively h igher hydrogen content 

A S = entropy change 
R D S = rate -determining step 

N M R = nuc lear magnet ic resonance 
M = atomic mass 

y = electronic 
A = specific heat coefficient 
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13 
Crystal Growth by the Electrolysis of 
Molten Salts 

R. S. FEIGELSON 

Center for Materials Research, Stanford University, Stanford, CA 94305 

One of the unique features of electrodeposition is that it is 
an electrically driven process capable of precise control. 
Applied to the growth of single crystals it would provide a 
potentially significant advantage over more conventional 
crystal growth techniques, which utilize a thermal driving 
force to achieve crystallization. Discussed in this paper is 
some recent work concerning the application of electrodepo­
sition to the growth of large single crystals and epitaxial 
films of various materials. Included is a brief discussion of 
the principles of electrochemical crystal growth, theoretical 
and experimental crystal growth studies, and the electro­
chemical synthesis and preparation of thin films of techno­
logically useful semiconductors such as Si, GaP, InP, and 
GaAs. 

i n l e c t r o d e p o s i t i o n is an o l d technology that dates back to the early part 
- L / of the 19th century. T w o branches soon emerged, namely , l o w -
temperature aqueous electrochemistry a n d mol ten salt e lectrochemistry 
( M S E ) . B y far the largest concentrat ion of effort was devoted to the 
low-temperature process for the obvious reasons that these are s imple 
systems to construct a n d operate a n d that aqueous solut ion chemistry is 
m u c h better understood than that for complex mo l ten salts. 

I n spite of the fact that mol ten salt technology lagged far b e h i n d , 
b o t h w i t h regard to theoret ical unders tand ing a n d technolog ica l sophist i ­
cat ion, two processes of significant c ommerc ia l importance were deve l ­
oped : (1 ) the H a l l process for ref ining a l u m i n u m f rom bauxite ore a n d 
(2 ) the a l k a l i meta l separation process. A br ie f history of M S E is g iven 
i n T a b l e I . 

0-8412-0472-l/80/33-186-243$08.25/l 
© 1980 American Chemical Society 
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Table I. Historical Highlights of the Field of MSE 

Year Event Investigator 

1807 potass ium f rom K O H D a v y 

1833 decomposit ion of K I , P b C l 2 , P b l 2 , A g C l , 
S n l 2 , P b O , S b 2 0 3 , S b 2 S 3 and borax 

F a r a d a y 

1852 a l k a l i n e earth metals f rom fused salts B u n s e n 

1855 decomposit ion of M g C l 2 B u n s e n and 
M a t t h i s e n 

1861 synthesis of s od ium-tungs ten bronze 
( N a , W 0 3 ) 

Scheibler 

1898 b e r y l l i u m f rom fused salts L e b e a u 

1929 synthesis of borides A n d r i e a u x 

1936 a l u m i n u m f rom fused salts H a l l 

1936 to 
present 

var ious ant imonides , arsenides, borides, i n t e r ­
metal l i cs , oxides, phosphides, re f rac tory 
metals , s i l ic ides , and sulfides 

I n add i t i on to the development of the H a l l process i n the 1930s, 
workers , p r i n c i p a l l y i n F r a n c e , started to explore the use of M S E for the 
synthesis of nove l compounds whose preparat ion b y other techniques was 
compl i ca ted b y h i g h me l t ing temperatures a n d h i g h dissociation pressures. 
These i n c l u d e d m a n y of the transit ion, refractory, a n d rare earth meta l 

Table II. Examples of Materials Produced by 
Molten 

BORIDES PHOSPHIDES SILICIDES 

B a B 6 M n B F e 2 P M n P T i S i 2 

CaB« M113B4 F e P C r P Z r S i 2 

C e B 6 M11B4 F e P 2 V 2 P C r S i 2 

L a B 0 M n B 1 2 F e 3 P V P M n 2 S I 
N d B 8 N b B 2 N i 3 P C u 3 P M n 2 S i 
G d B 6 T a B 2 N i 5 P 2 C u 2 P C r 3 S i 
Y B 6 T i B 2 N i 2 P N b P F e 2 S i 
B r B e V B 2 N i 6 P 5 T a P T i S i 2 

Y b B 6 V B 4 C o 2 P Z n 3 P 2 L i 6 S i 2 

S r B 6 Z r 3 B 4 C o P C d 3 P 2 C a S i 2 

T h B 6 Z r B 2 C o P 2 G a P C e S i 2 

C r B M o 2 B M o 3 P I n P L a S i 2 

C r 2 B M o B M o P 
C r B 2 W B W o P 
C r 3 B 2 S m B 6 W P 
C r 3 B 4 P r B 6 M n 2 P 
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13. F E I G E L S O N Crystal Growth 245 

borides, carbides, and si l ic ides, as shown i n T a b l e I I . Exce l l en t rev iew 
articles on the subject of M S E were w r i t t e n b y K u n n m a n n ( I ) , W o l d 
a n d Be l lavance ( 2 ) , a n d E l w e l l ( 3 ) . 

Since a var iety of potent ia l ly useful materials can be synthesized t y 
M S E , the development of techniques to produce large h i g h - q u a l i t y single 
crystals w o u l d be very desirable. T h e app l i ca t i on of this technology to 
crystal g rowth , however , has so far been negl ig ib le . T h i s is indeed sur­
p r i s i n g since i t is re lat ive ly easy to produce electrodeposits w i t h smal l , 
we l l - f o rmed single crystals. F e w studies, however , have been d irected 
t o w a r d contro l l ing the e lectrochemical parameters necessary to improve 
crystal size a n d qua l i ty . A c c o r d i n g to K u n n m a n n ( I ) , " M a t e r i a l s electro-
chemica l ly prec ip i ta ted f rom fused melts can almost a lways be obta ined 
i n the f o r m of reasonably large crystals w h e n sufficiently l o w current 
densities are employed . " W h i l e this is c lear ly a n overs impl i f i cat ion, i t 
does suggest, as i m p l i e d b y l o w current densities, that crystals can be 
g r o w n i f condit ions of g r o w t h are careful ly contro l led . It has only been 
i n the last f ew years, however , that crystal g r o w t h technologists have 
recognized that electrodeposit ion offers several u n i q u e advantages over 
convent ional crysta l processing techniques a n d have b e g u n to study the 
condit ions necessary to grow large single crystals a n d ep i tax ia l layers 
w i t h useful properties . 

T h e potent ia l advantages of mo l ten salt e lectrocrystal l izat ion for 
crysta l g r o w t h are as fo l lows : (1 ) it is a re lat ive ly low-temperature 
technique that avoids thermal decomposi t ion a n d excessive vapor pres­
sure; (2 ) i t is an i so thermal process—temperature gradients are not 

Electrocrystallization in Elevated-Temperature 
Salt Systems 

Carbides Arsenides Sulfides Other Groups 

F e 3 C M o A s M0S2 ant imonides 
M o C W A s W S 2 oxides 
M o 2 C F e A s re fractory metals 
W C F e A s 2 in termeta l l i c compounds 
W 2 C G a A s 
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needed for g rowth ; (3 ) i t is re lat ive ly temperature- insensit ive a n d smal l 
changes i n temperature do not affect g r o w t h rate; (4 ) a congruent ly 
m e l t i n g system is not r e q u i r e d ; (5 ) deposit ion can be contro l led very 
accurately b y contro l l ing e lectrochemical parameters alone; (6 ) solutions 
c a n be pur i f i ed b y u n i q u e e lectrochemical techniques ; and (7 ) g r o w t h 
features can be studied quant i tat ive ly b y careful ly v a r y i n g e lectrochemical 
parameters [for example, see Bostanov ( 4 ) ] . 

F r o m the standpoint of crystal g r o w t h the most important potent ia l 
advantage is that the contro l of the g rowth process can be ach ieved b y 
contro l l ing ce l l potent ia l or current density. T h e prec is ion w i t h w h i c h 
this c a n be accompl i shed is orders of magnitudes better than that possible 
w i t h temperature control , where 0.1 ° C is cons idered excellent temperature 
stabi l i ty . A l s o , e lectrochemical pur i f i cat ion , w h i c h w i l l be discussed later, 
can be used to enhance the p u r i t y of the electrodeposits a n d i n some 
cases w o u l d permi t the use of more economica l start ing materials . 

A m o n g the several disadvantages to the M S E method are that (1 ) 
the depos i t ing mater ia l has to be e lectr ical ly conduct ing , (2 ) g rowth 
rates tend to be l o w since g r o w t h is f r om solution, a n d (3) selection of 
suitable solvent-solute systems is difficult. 

I n this paper some recent w o r k at the Center for Mater ia l s Research, 
Stanford U n i v e r s i t y , concerning the extension of e lectrodeposit ion to the 
g r o w t h of large single crystals of various types is discussed. A l s o discussed 
is the preparat ion of technologica l ly useful semiconductors under c o n d i ­
tions u n i q u e l y different f rom convent ional techniques. T h e f o l l o w i n g 
topics w i l l be covered : 

1. Pr inc ip les of e lectrochemical crystal g r o w t h 
2. C r y s t a l g r o w t h studies 

a. C o m p a r i s o n of e lectrocrystal l izat ion w i t h thermal crys­
ta l l i zat ion processes 

b. Seeded g r o w t h (static g r o w t h ) 
c. E l e c t r o c h e m i c a l C z o c h r a l s k i technique (dynamic growth) 

3. M a t e r i a l preparat ion 
a. S i 
b. G a P a n d I n P 
c. G a A s 

It should be recognized at the outset that a l though M S E is a very 
o l d technology the state of the art for g r o w i n g useful crystals for device 
appl icat ions is s t i l l very p r i m i t i v e , a n d its competit iveness w i t h other, 
more classical approaches is s t i l l uncerta in . 

Principles of Electrochemical Crystal Growth 

I n M S E the passage of current through a mol ten salt electrolyte 
provides the d r i v i n g force for the depos i t ion of a des ired mater ia l on an 
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13. F E I G E L S O N Crystal Growth 247 

electrode of a n electrolyt ic ce l l . T h e passage of current is the result of 
a n ox idat i on - reduc t i on react ion i n w h i c h e lectrochemical ly active species 
are r e d u c e d at the cathode a n d ox id i zed at the anode. 

Anode reac t i on : A " y - » A + V* (1) 

Cathode reac t i on : C + * + ze~->C (2) 

where the overa l l react ion can be w r i t t e n as 

zk-y + yC+e ->zk + yC (3) 

These reactions occur w h e n the ce l l potent ia l exceeds the decomposi t ion 
potent ia l ( E d ) for the crys ta l l i z ing species. T h e e q u i l i b r i u m potent ia l 
E can be descr ibed b y the Nernst equat ion : 

» - - ( ! £ ) ' » ( [ » ) 
where E° is the standard ce l l potent ia l , R is the gas constant, T is the 
temperature ( K ) , F is Faraday 's constant, a n d [ ] indicates concentrat ion 
or act iv i ty of the react ing species. T h e potent ia l just i n excess of this 
e q u i l i b r i u m potent ia l is E d a n d is used to dr ive the k inet i c a n d di f fusion 
processes i n the melt a n d at the electrodes. 

W h e n voltage is a p p l i e d to inert (nondisso lv ing ) electrodes of a n 
electrolyt ic ce l l , the current behavior is as shown i n F i g u r e 1. I n this 
i d e a l i z e d case E d represents the decomposi t ion potent ia l for the depos i t ion 
of the desired species. I n rea l systems there is more t h a n one set of 

cr 

Vdy V d X 

C E L L P O T E N T I A L — > 

Figure I . Idealized current vs. voltage curves for deposition of two 
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reac t ing species that c a n plate out at the electrodes. E v e n i n a very pure 
s imple mol ten salt system, other species are present that can deposit under 
non idea l condit ions. F o r example, the solvents themselves are capable 
of b e i n g dissociated. 

I f impur i t i es are present, they also m a y deposit i n a n u m b e r of forms, 
d e p e n d i n g u p o n the operat ing condit ions . Species whose decomposi t ion 
potentials are l ower t h a n those of the des ired species ( E < E d ) w i l l 
e lectrodeposit ait c e l l potentials less t h a n E d a n d w i l l codeposit w h e n the 
c e l l potent ia l is equa l to or greater t h a n E d . I f the decomposi t ion potent ia l 
for a species is s ignif icantly greater t h a n that of the desired species, i t 
shou ld stay i n so lut ion a n d not electrodeposit . I t is p a r t i c u l a r l y important , 
therefore, to choose a solvent system that has a h i g h decomposi t ion 
potent ia l , such as a l k a l i meta l f luorides. 

Those impur i t i es i n the system that deposit at potentials less than 
E d can be r emoved f r o m the mel t b y a preelectrolysis technique . A f t e r 
depos i t ion for some p e r i o d of t ime at E < E d , the electrode conta in ing 
the deposited impur i t ies can be removed a n d rep laced b y a fresh one, 
a n d the crysta l g r o w t h r u n started at E > E d . W h e n the i m p u r i t y 
species has a decomposi t ion po tent ia l equa l to that of the species des ired , 
then codeposit ion w i l l occur. 

T h e segregation phenomenon observed i n electrodeposit ion is s imi lar 
to the n o r m a l segregation of impur i t ies d u r i n g convent iona l recrysta l l i za -
t i o n f r o m solution. I n these techniques the d i s t r ibut i on coefficient (k) 
(k = C S / C L , w h e r e C s is the concentrat ion of solute i n the so l id a n d C L 

is the concentrat ion of solute i n the l i q u i d ) describes the segregation 
behavior of the solute or a n i m p u r i t y i n solution. W h e n k = 1, there is 
no i m p u r i t y segregation, a n d this corresponds to the case i n electrode-
pos i t i on where E d ( l m p ) = E d ( c m p d ) . I f E d ( i m p ) > E d ( c m p d ) , then i t is s imi lar 
to h a v i n g k < 1, where the i m p u r i t y is rejected f r o m the crysta l a n d 
segregates i n the mel t (or so lut ion ) . W h e n E d ( i m p ) < E d ( C mpd), the 
i m p u r i t y is incorporated into the g r o w i n g crysta l , w h i c h is s imi lar to 
h a v i n g k > 1. T h e dependence of i m p u r i t y incorporat ion on c e l l potent ia l 
a n d decomposi t ion potent ia l is the basis for b o t h e lectrochemical p u r i f i ­
cat ion a n d d o p i n g control . N e i t h e r process, however , has been thoroughly 
s tud ied yet. T h e decomposi t ion potent ia l is, as can be seen f r o m the 
Nernst equat ion , a funct ion of b o t h temperature a n d concentrat ion. O f 
par t i cu lar importance is the solute or i m p u r i t y concentrat ion i n solut ion. 

Crystal Growth Studies 

Comparison of Electrocrystallization with Thermal Crystallization 
Techniques. E l e c t r o d e p o s i t i o n has i n c o m m o n w i t h other c rys ta l l i za t i on 
techniques , such as the sol idi f icat ion of melts , sub l imat ion , recrys ta l l i za -
t i on f rom solut ion, a n d chemica l vapor reactions, that b o t h nuc leat ion a n d 
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13. F E I G E L S O N Crystal Growth 249 

g r o w t h phenomena are invo lved i n the deposit ion process. T o use M S E 
for crystal g rowth , therefore, i t is very important to contro l bo th the 
nuc leat ion process and the g r o w t h rate. T h e process of e lectrochemical 
crysta l l i zat ion can be thought of as analogous to n o r m a l crysta l g rowth , 
where the supersaturation (or temperature gradient ) is rep laced b y the 
e lectr ica l potent ia l i n excess of E d ( A E ) as the d r i v i n g force. 

E l w e l l et a l . (5) have suggested an analogy between n o r m a l crystal 
g r o w t h f rom solut ion a n d the flow of current i n an electrolyte ce l l . T h e y 
considered the various stages of g r o w t h as h a v i n g the character of an 
impedance to the flow of c rys ta l l i z ing mater ia l a n d , b y measur ing the 
resistance i n the c i rcu i t a n d its dependence on exper imental parameters, 
were able to study crysta l g r o w t h mechanisms a n d the nature of the 
rate -contro l l ing process. 

T h e l inear g r o w t h rate (v) equat ion for a thermal ly d r i v e n so lut ion 
g r o w t h process has been der ived b y G i l m e r et a l . (6) as fo l lows : 

v = crD^n £ A + 8 + A A 8 Z A " 2 + A (J^- coth J L _ i^J 1 

(5) 

where o- is the relat ive supersaturation, D is the solute dif fusion coefficient, 
7)e is the e q u i l i b r i u m concentrat ion of solute, O is the molar vo lume , A is 
a n adsorpt ion parameter , D / A is the dr i f t ve loc i ty of molecules enter ing 
the adsorpt ion layer a n d b o u n d a r y layer w i d t h , A S is a surface di f fusion 
parameter , I is the step spac ing , a n d A is the m e a n distance t rave led b y 
a n adsorbed molecule . T h e impedances represented b y the terms i n the 
bracket relate to the various crysta l g r o w t h steps, that is, vo lume dif fusion 
a n d interface attachment kinet ics (adsorpt ion , surface di f fusion, a n d 
incorporat i on ) . Therefore , the l inear g r o w t h rate is propor t i ona l to the 
d r i v i n g force (o-) a n d inversely propor t i ona l to the bracketed impedance 
terms ( R ) . 

v oc <T[R]-I (6) 

T h e g r o w t h rate equat ion for e lectrodeposit ion is 

Jn 
zFA 

(7) 

where 7 is the ce l l current, F is Faraday ' s constant, A is the area of 
electrode, z is the number of electrons transferred per molecule , a n d e is 
the deposi t ion efficiency (c < 1.0). T h e g r o w t h therefore is d i rect ly 
propor t i ona l to f, the current density (1/A). 
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L o o k i n g back to F i g u r e 1, w e m a y wr i t e 

E = Ed + IR (8) 

or 

Atf = IR (9) 

I n general , R is nonohmic since the dependence of current o n potent ia l 
m a y be extremely complex. E q u a t i o n 9 can be rewr i t ten as fo l lows : 

I m m AE ( d r i v i n g force) _ ( 1 Q ) 

R 

where y is the overpotent ia l for a single electrode. 
T h e s imi lar i ty between E q u a t i o n s 6 a n d 10 is apparent . F u r t h e r m o r e , 

one c a n define for the case of so lut ion g r o w t h w i t h a t h e r m a l d r i v i n g 
force: 

-^solution " Rvd 4" -^ik ( H ) 

where R v d a n d R i k are the impedances to flow due to vo lume dif fusion 
a n d interface attachment k inet ics , respectively. I n e lectrocrysta l l izat ion , 
R contains an add i t i ona l t e rm, R<.t, due to charge transfer processes: 

Relectrodeposition — ^vd + ^ i k ~f" -^ct (12) 
a n d therefore 

I = T/fByd + -Bik + -Ret]" 1 

T h e dependence of crysta l g r o w t h rate on supersaturation, E q u a t i o n 6, 
i n the l i m i t where the interface k inet i c stage is rate de termin ing is 
n o r m a l l y w r i t t e n as 

(?) ^ ^ t a n h f ^ ) (13) 

where C a n d o-i are surface structure a n d energy parameters : 

A t lowo-: v = ^ 2 - (14) 

A t h igh <T(<T > > <n): v = Co- (15) 

T h e interface k inet i c stage, therefore, m a y be either l inear or n o n ­
l inear d e p e n d i n g on the mater ia l a n d the effective supersaturation. I n 
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13. F E I G E L S O N Crystal Growth 251 

crystal g r o w t h f r om thermal ly d r i v e n mo l ten salt solutions, b o t h a l inear 
a n d a quadrat i c dependence of V on a has been reported . T h e l inear 
dependence is usual ly re lated to vo lume dif fusion as the rate -determining 
step, a n d the quadrat i c dependence w i t h g r o w t h o n screw dislocations. 

U s i n g the guidel ines above, E l w e l l et a l . (5 ) showed that b y p l o t t i n g 
I versus -q for e lectro lyt ic g rowth , the nature of the crys ta l l i za t i on process 
cou ld be postulated. T h e y compared the electrolytic g r o w t h a n d disso lu­
t i on of two materials , N a a , W 0 3 , where there is a h i g h solute content a n d 
a l o w z, a n d L a B 6 , w h i c h has a l o w solute content a n d a very h i g h z. 
Plots of I versus rj for b o t h systems are shown i n F i g u r e 2. I n the case 
of N a a . W 0 3 the l inear var ia t ion i n anodic current w i t h -q c o u l d be due 
to either charge transfer or to l ow-vo lume dif fusion. I t was demonstrated, 
b y measur ing the var ia t i on of R w i t h the rotat ion rate of the crystal , that 
v o l u m e dif fusion was the rate -determining step. T h e nonohmic g r o w t h 
behavior is determined p a r t l y b y vo lume dif fusion a n d p a r t l y b y interface 
attachment kinet ics . 

F o r the case of L a B 6 ne i ther g r o w t h nor disso lut ion exhib i t ohmic 
behavior , a n d therefore the crysta l g r o w t h of L a B 6 does not depend o n 
vo lume dif fusion but on interface kinetics a n d charge transfer processes. 

O n e can rewri te E q u a t i o n 7 i n the f o rm 

V=KI (16) 

where K (K = Q,/zF) is the g r o w t h rate constant. T h e m a x i m u m a l l ow­
able g r o w t h rate w i l l depend o n the properties of the mater ia l to be 
electrodeposited. T h e influence of K on e lectrochemical crysta l g r o w t h 
w i l l be discussed later. 

Seeded Grotutb (Static) 

W h i l e some materials , such as the sod ium-tungs ten bronzes, c a n 
be electrodeposited easily i n the f o rm of large single crystals, this is not 
the case for most compounds that have been synthesized e lectrochemi-
ca l ly . I t was an impor tant first step, therefore, to develop a thorough 
unders tand ing of the exper imental e lectrochemical parameters necessary 
for the g r o w t h of large single crystals. B o t h the nuc leat ion characteristic^ 
of the system under invest igat ion as w e l l as the factors in f luenc ing g r o w t h 
stabi l i ty are of importance . 

L e t us consider at this po int w h a t is r e q u i r e d to generate a n effective 
mol ten salt system for the electrodeposit ion of a specific c ompound . T h e 
first p r o b l e m is to select an appropr iate solvent system that w i l l ( 1 ) 
dissolve the solute i n reasonable concentrations, ( 2 ) keep the l i q u i d u s 
temperature l ow , (3 ) have l o w vo la t i l i ty , ( 4 ) have a l o w viscosity , a n d 
(5 ) have constituents whose decomposi t ion potentials are large compared 
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Journal of Crystal Growth 

Figure 2. (a) Current vs. overpotential for tungsten bronzes: (O), Na061-
W O a ; (X), Na0 7SWOs. Cathodic curves calculated using R = 0.612 + 
0.164I1'2 fi and R = 0.458 + 0.09311" , / 2 Q, respectively, (b) Current vs. 

overpotential for LaB6 (5). 
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13. F E I G E L S O N Crystal Growth 253 

to the species to be deposited. M a n y such solute-solvent systems are 
l i s ted i n the l i terature a n d can f o rm the basic start ing po in t for an 
invest igat ion. O f par t i cu lar importance i n M S E have been the m i x e d 
a l k a l i meta l fluorides a n d m i x e d fluoride-oxide solvents. 

H a v i n g chosen an appropr iate solvent i n w h i c h the species to be 
deposited can be dissolved i n reasonable concentrat ion a n d h a v i n g chosen 
a suitable solute that has a l o w vo la t i l i t y a n d provides a large f ract ion of 
e lectr ica l ly active species, one must next solve the p r o b l e m of c ompat i ­
b i l i t y between this mo l ten salt so lut ion a n d the c ruc ib le a n d electrode 
materials . A l so , one must remember that the cruc ib le a n d electrodes must 
be nonreactive w i t h the electrodeposit a n d must be capable of w i t h s t a n d ­
i n g the necessary operat ing temperature of the system. A w i d e range of 
electrode a n d c ruc ib l e materials have been used i n various M S E cells. 

Since i t is usua l ly necessary to use two different solute species to 
electrodeposit a b i n a r y c o m p o u n d , the relat ive concentrat ion of solute 
species i n so lut ion is important . U s i n g sto ichiometric ratios is not c o m m o n 
since i t is more important to m a t c h the decomposi t ion potent ia l of the 
two species. I f the appropr iate composi t ion is not used, then one or the 
other species may plate out preferent ia l ly a n d an excess of one component 
w i l l result. 

T h e anode by pro duc t can also present some problems. I n some cases 
(usua l ly w h e n 0 2 is f o rmed at the anode) this p roduc t must be kept 
a w a y f r o m the deposited materials since a chemica l react ion m i g h t 
take place . 

Zubeck et a l . (7 ) chose l a n t h a n u m hexabor ide ( L a B 6 ) , a member of 
the refractory rare earth borides, as a m o d e l mater ia l to study the p r o b l e m 
of contro l led nuc leat ion a n d crystal growth . L a n t h a n u m hexaboride is 
a good electron emitter a n d is current ly be ing used as a replacement for 
convent ional electron microscope filaments. I t has a cub i c meta l l i c struc­
ture a n d exists over a w i d e sto ichiometry range. A n d r i e u x (8 ) first 
e lectrodeposited L a B 6 f r om a mixture of oxide a n d fluoride salts. T h e 
depos i t ion produc t was i n the f o r m of submi l l imeter - s i zed crystal l i tes . 
It is an example i n w h i c h the solute-solvent rat io is very l o w , m a k i n g 
g r o w t h p a r t i c u l a r l y diff icult b o t h b y e lectrochemical techniques a n d other 
so lut ion g r o w t h techniques. 

T h e emphasis of the L a B 6 w o r k b y Zubeck et a l . (7 ) was contro l led 
electrodeposit ion l e a d i n g to the p r o d u c t i o n of large single crystals. T h e 
electrolysis c e l l used is shown i n F i g u r e 3. G r o w t h was accompl i shed 
under a n inert H e atmosphere. T h e b a t h used for e lectrodeposit ion 
contained 2.2 m o l % L a 2 0 3 , 33.5 m o l % B 2 0 3 , 31.2 m o l % L i 2 0 , a n d 
33.1 m o l % L i F . T h e B 2 0 3 was used b o t h as a fluxing agent a n d as the 
source of boron. L i F was used to dissolve the oxides a n d l ower mel t 
viscosity a n d the L i 2 0 was part of the low-temperature solvent. 
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Figure 3. Molten salt electrolysis system (7) 

T h e ce l l reactions are as fo l lows : 

2 L a 2 0 3 + 1 2 B 2 0 3 -> 4 L a B 6 + 2 1 0 2 

A n o d e : 4 2 0 2 " -H> 2 1 0 2 + 84e" 

C a t h o d e : 4 L a 3 + + 2 4 B 3 + + 84e" -> 4 L a B 6 

(17) 

(18) 

(19) 

N o t e that for each molecule of L a B 6 e lectrodeposited, 21 electrons have 
to be transferred. A large n u m b e r of electrode materials were invest i ­
gated, f ew of w h i c h were compat ib le w i t h the mol ten salt solutions. G o l d 
was f ound to be the most suitable bo th for the anode a n d cathode. C e l l 
current c ou ld be adjusted b y choosing an appropriate electrode area ( 2 0 -
50-mi l -d iameter w i r e for the cathode, 1.1-cm-wide f o i l for the anode ) . 
A l l compounds used were i n the f o rm of reagent-grade chemicals , but the 
baths were pur i f i ed b y preelectrolysis at a ce l l potent ia l near £ d for L a B 6 

a n d the cathodes subsequently rep laced w i t h n e w ones p r i o r to the 
start of growth . 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

13



13. F E I G E L S O N Crystal Growth 255 

U n d e r the ce l l condit ions descr ibed, E d for L a B 6 was 1.85 V . D e p o s i ­
t ion , therefore, was accompl ished w i t h ce l l potentials i n the range 1.85-
2.1 V . It is possible to dr ive the g r o w t h process i n either a constant 
current or voltage mode or b y v a r y i n g either parameter i n a contro l led 
manner . F i g u r e 4 shows the current behavior as a funct ion of t ime for a 
constant ce l l potent ia l . T h e i n i t i a l current rise is due to the nuc leat ion 
of smal l crystall ites that f o rm o n the cathode, increasing substantial ly 
the surface area of the electrode a n d thereby l o w e r i n g the ce l l potent ia l . 
T h e current levels off as the crystals become larger a n d the rate of surface 
area change decreases substantial ly . N o r m a l l y i n a constant current mode 
the surface area increase due to deposi t ion w i l l result i n a drop i n ce l l 
potent ia l , w h i c h can thereby f a l l be low E d . U n d e r those condit ions the 
deposit w i l l start to dissolve or dissociate, as ev idenced b y etch p i t t i n g . 
I n fact, the range of ce l l potentials possible for deposit ion is very n a r r o w 
a n d is a major factor to be contro l led d u r i n g deposit ion, a l ong w i t h the 
current density ( w h i c h , as stated before, is equivalent to the g r o w t h 
ra te ) . T h e best results, therefore, were obta ined w i t h constant or 
p r o g r a m m e d ce l l potent ia l . 

t 
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Figure 4. Current vs. time for LaB6 growth (7) 
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Figure 5. LaB6 electrodeposit after 100 hr of unseeded growth (7) 

T h e stable g r o w t h rate range for L a B 6 crystals was f o u n d to be 
between 20 a n d 40 m A • ( c m 2 ) " 1 . A f t e r 300 hr , clusters of crystall ites u p 
to 4 m m i n d iameter were p r o d u c e d , as shown i n F i g u r e 5. Observat ions 
of the g r o w t h morphology , reported b y E l w e l l et a l . ( 9 ) , showed that at 
less t h a n 25 m A • ( c m 2 ) " 1 crystals grow as layers f o rmed at p y r a m i d a l 
act ive sites at the center of crystal faces, w i t h propagat ion o u t w a r d i n a l l 
direct ions. A s the current density is increased to 30-50 m A • ( c m 2 ) " 1 , 
the active sites become located at the corners a n d edges of the crystal l ites, 
w h i c h are closest to the source of nutr ient , a n d the layers propagate 
i n w a r d across the crysta l face. T h i s cond i t i on is the precursor of hopper 
g r o w t h often seen i n solut ion growth . A t current densities greater than 
100 m A • ( c m 2 ) " 1 , dendrites grow f r o m the corners a long the [111]. 

T h e electrodeposit s h o w n i n F i g u r e 5 c lear ly i l lustrates that nuc l ea ­
t i o n of L a B 6 is dif f icult to contro l even at l o w current densities. N o t only 
is p r i m a r y nuc leat ion a p r o b l e m but so, too, is secondary nuc leat i on w h i c h 
results f r o m perturbat ions i n the g r o w t h rate. 

T o a v o i d or m i n i m i z e p r i m a r y nuc leat ion problems, one should 
use a seed crysta l . I n the study b y Zubeck et a l . (7 ) L a B 6 seed crystals 
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13. F E I G E L S O N Crystal Growth 257 

( 2 X 3 X 3 m m ) were obta ined f rom a zone-refined boule a n d used i n 
p lace of the go ld w i r e cathode. T h e seed h a d to be ent ire ly submerged ; 
otherwise, the exposed por t i on deteriorated r a p i d l y . A f t e r 200 h r the 
crystal size h a d increased to 6 X 6 X 5 m m , as shown i n F i g u r e 6. B y 
est imating the surface area of the seed crystal , the ce l l vo l tage c o u l d be 
adjusted to give a current density of 20 m A • ( c m 2 ) " 1 . S m a l l per i od i c 
adjustments i n c e l l potent ia l were made to contro l the shape of the 
current-versus-t ime curve. 

Secondary nuc leat ion prob lems were e l iminated t h r o u g h the mainte ­
nance of stable operat ing condit ions ( c e l l voltage, current , a n d tempera-

Figure 6. Seeded growth of LaB6 suspended on gold wire cathode: 
(top) after 87 hr of growth; (bottom) after 200 hr of growth (7). 
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258 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

Figure 7. Crystals of NaxWO. grown by standard MSE techniques for 
use as seeds in electrochemical Czochralski technique (10) 

t u r e ) . A f t e r longer g rowth periods even larger crystals should be 
possible. F o r the g r o w t h of very large crystals, the size of the c ruc ib le 
a n d the quant i ty of the so lut ion w o u l d have to be increased to m i n i m i z e 
the effects of solute deplet ion as the crystals grow. A l s o , E d changes as 
a result of the change i n so lut ion composi t ion as the crysta l grows (unless 
a d isso lv ing anode is u s e d ) , a n d i n the g r o w t h of v e r y large crystals, 
the c e l l potent ia l m i g h t have to be adjusted accordingly . 

i 

Seeded Growth (Dynamic): The Electrochemical 
Czochralski Technique 

O n e of the most important crysta l g r o w t h techniques is the C z o c h ­
r a l s k i method ( crysta l p u l l i n g ) . It is w i d e l y used commerc ia l l y to grow 
large , near-perfect crystals such as s i l i con a n d g a d o l i n i u m g a l l i u m garnet. 
D e M a t t e i et a l . (10) s tudied the poss ib i l i ty of adapt ing the concept of 
crysta l p u l l i n g to electrodeposit ion. S o d i u m - t u n g s t e n bronze was used 
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13. F E I G E L S O N Crystal Growth 259 

as a m o d e l g r o w t h system because of the ease w i t h w h i c h large single 
crystals can be g r o w n b y convent ional static g r o w t h techniques, us ing a 
N a 2 W 0 4 - W 0 3 mo l t en salt solut ion ( F i g u r e 7 ) . T h e N a ^ W O a system is 
an example of a system w i t h a h i g h solute content a n d a l o w z. T h e 
apparatus used is shown i n F i g u r e 8. It contains a g r o w t h chamber 
s imi lar to the L a B 6 e lectrolytic ce l l except that n o w the cathode r o d is 
attached to a C z o c h r a l s k i p u l l i n g system. T h e cathode c o u l d be rotated 

MOTOR 
AND 

SPEED 
^ REDUCER 

ROTATING r*-l 
MERCURY -» L 
CONTACT 

CATHODE v 
CONNECTION^" 

ANODE 

He OUTLET = £ 3 : 
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PULLER 

REFERENCE 
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I WATER COOLED FLANGE 
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C" 

T T 

THREE FUNCTION 
TEMPERATURE 
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I 
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— A A 
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Journal of Crystal Growth 

Figure 8. Schematic of electrochemical Czochralski crystal-pulling and 
rotation mechanism, growth furnace, and temperature controller (10) 
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Figure 9. Electrochemical Czochralski crystals grown in [111] direction 
at two different current-^pull rate combinations: (top) constant pull rate, 
constant current; (bottom) constant pull rate, current increase of four 

times after initial growth period (10). 

as i n s tandard C z o c h r a l s k i g rowth . Since the crysta l has to be p u l l e d 
above the surface of the mel t d u r i n g g r o w t h , i t was f o u n d necessary to 
keep the oxygen generated at the anode f r om t r a v e l i n g either t h r o u g h 
the gas phase or across the mel t surface to the crysta l , w h i c h results i n 
the chemica l react ion 

N a * W 0 3 + 0 2 -> N a 2 W 0 4 (20) 

N a 2 W 0 4 melts at the operat ing .ce l l temperature ( 7 5 0 ° C ) . T o ac compl i sh 
this the anode was p l a c e d i n a separate compartment such that H e gas 
flushed the 0 2 generated a w a y f r om the cathode a n d out of the system. 

T h e mel t compos i t ion used was 25 m o l % W 0 3 a n d 75 m o l % 
N a 2 W 0 4 , a n d at this compos i t i on cub i c N a a . W 0 3 is p roduced . T h e first 
experiments were per fo rmed us ing [111]-oriented seeds obta ined f r o m 
stat ical ly g r o w n crystals. Crysta ls of u p to 11 c m i n l ength a n d 2.5 c m 
i n d iameter were g r o w n b y the e lectrochemical C z o c h r a l s k i technique , 
a t y p i c a l example of w h i c h is shown i n F i g u r e 9. Since there are no 
t h e r m a l constraints to fix the shape of the interface or d iameter of the 
crysta l , b o t h the interface a n d sides of the crystals were h i g h l y faceted. 
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13. F E I G E L S O N Crystal Growth 261 

T h e crysta l a n d interface morpho logy are a func t i on of the g r o w t h 
d irec t ion . 

I n F i g u r e 10 the var ia t i on of m a x i m u m stable p u l l i n g rate w i t h seed 
rotat ion rate is shown. F o r any g iven rotat ion rate a p u l l rate greater 
than the m a x i m u m gave rise to dendrites g r o w i n g at the g r o w t h interface. 
B a s e d i n Lev i ch ' s equat ion for the l i m i t i n g current density for a rotat ing 
electrode (11), the m a x i m u m a l lowable p u l l rate dy/dt was ca lcu lated 
to be 

4̂  —2.25 + fc't*1-17 

dt 
where k! is a constant a n d w is the rotat ion rate. 

(21) 

6|-

cj(rpm) 
Journal of Crystal Growth 

Figure 10. Maximum stable pull rate vs. crystal rotation rate for 
electrochemical Czochralski growth of NaxWOs: (Q), experimental points; 

( calculated; a = ± 0.06 (10). 
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T h e so l id curve i n F i g u r e 10 was der ived f rom values ca l cu lated b y 
us ing E q u a t i o n 18 and the exper imental data points , u p to a seed rotat ion 
rate of 30 revolutions per minute ( r p m ) , were i n excellent agreement 
w i t h the ca l cu lated values. A b o v e 30 r p m the g r o w n crystals exhib i ted 
a depleted zone at the g r o w t h facets. T h i s was be l ieved to be caused b y 
f low separation at the apex of the interface. 

I n n o r m a l C z o c h r a l s k i g r o w t h automated techniques for d iameter 
contro l have been recently developed. These techniques are based on 
either measur ing the we ight change of the crystal or melt d u r i n g g r o w t h 
or mon i to r ing the meniscus at the g r o w i n g interface, either w i t h respect 
to temperature or posi t ion. 

I n the e lectrochemical C z o c h r a l s k i technique, however , d iameter 
contro l is an intr ins i c feature. T h e v o l u m e ( V ) of mater ia l deposited 
e lectrochemical ly is 

where M is the molecu lar we ight , Q is the total charge i n coulombs, and 
P is the density of the mater ia l a n d n is the n u m b e r of electrons trans­
ferred per u n i t of mater ia l deposited. D i f f e rent ia t ing w i t h respect to t ime 
t gives 

where K = (M/pnF) is the growth rate constant. Since the vo lume of 
mater ia l g r o w n is equa l to A(dy/dt), i t was shown that 

It is , therefore, possible to contro l crystal diameter d i n the [111] d i rec t ion 
b y contro l l ing on ly the p u l l rate dy/dt a n d the current I . T h i s can be 
accompl ished i n p r i n c i p l e w i t h great accuracy. 

T h e tungsten bronzes exhib i t anisotropic g r o w t h behavior , w i t h the 
[111] d i rec t ion the fastest g r o w t h d irect ion . T h e l ength and diameter of 
[111]-oriented crystals, therefore, were f ound to be easy to control . 
G r o w t h on other axes, however , p r o v e d more diff icult. D u r i n g the 
g r o w t h of either [100]- or [110]-oriented crystals, the crystals p u l l e d out 
of the melt after several centimeters h a d been grown . I n the [111] 
d i rec t ion there is no tendency for lateral growth , b u t i n the [100] or 
[110] g r o w t h the fast -growth d irect ion is i n c l i n e d to the p u l l d irect ion , 

(22) 

(23) 

(24) 
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13. F E I G E L S O N Crystal Growth 263 

a n d i n the absence of thermal constraints the crysta l d iameter widens 
out, as shown i n F i g u r e 11. Since mater ia l is deposited at a constant rate, 
the increased area of the g r o w t h interface causes the ax ia l g r o w t h rate 
to drop b e l o w the p u l l rate a n d the crystal w i l l not stay i n the melt . 

I n the n o r m a l C z o c h r a l s k i method the crystal d iameter is contro l led 
b y the freez ing isotherm at the mel t surface, w h i c h is created b y the 
r a d i a l temperature gradient. I n the e lectrochemical C z o c h r a l s k i tech­
n ique , since no such thermal constraint exists, a m e c h a n i c a l constraint 
such as a c y l i n d r i c a l die or r i n g on the melt surface w o u l d he lp restrain 
u n l i m i t e d g r o w t h of the crystal diameter i n the fast -growth directions. 

D e M a t t e i a n d Fe ige l son (12) l ooked at the e lectrochemical C z o c h ­
r a l s k i technique for g r o w t h of materials that exhibi t isotropic g r o w t h 
behavior . F o r the t w o crystals chosen for g rowth , meta l l i c N b a n d F e , the 
m a x i m u m a l l owab le p u l l rate was exceedingly s low. Since p u l l rate is 
propor t i ona l to Kd, i t was important , therefore, to study the significance 
of the g r o w t h rate constant K on e lectrochemical C z o c h r a l s k i g rowth . 
F o r Na^-WC^, K equals 2.136 c m 3 • ( A • h r ) ' 1 a n d g r o w t h is re lat ive ly 
fast. F o r the case of most metals , however , K lies be tween 0.08 a n d 0.38 
c m 3 • ( A • h r ) " 1 . I n general , D e M a t t e i a n d Fe ige l son c o n c l u d e d that the 
g r o w t h rate constant K h a d a c r i t i c a l va lue near K = 1. I f K is greater 
than 1.0, then g r o w t h rates greater t h a n 0.5 m m • ( h r ) " 1 are possible . I f 
the va lue is less t h a n 1.0, then either a s l ow g r o w t h must be to lerated or 
the g r o w t h rate must be o p t i m i z e d b y v a r y i n g process parameters such as 
composi t ion , s t i rr ing , a n d ce l l potent ia l ( app l i ca t i on of e lectropo l i shing 
techniques ) . 

Material Preparation 

O n c e the techniques discussed above for g r o w i n g large single crystals 
of some m o d e l materials were developed, the l og i ca l next step was to 
a p p l y this technology to the g r o w t h of materials that are i n the m a i n ­
stream of device interest a n d whose properties are not yet w e l l contro l led 
by convent ional techniques. T h e area of I I I - V ep i tax ia l layers a n d b u l k 
single crystals was chosen for this purpose. T h e m a i n advantages of M S E 
i n this case are the precise electronic contro l of the g r o w t h process 
compared to thermal ly d r i v e n systems, the l o w g r o w t h temperatures used , 
the insensit iv i ty to temperature fluctuations, a n d the poss ib i l i ty for 
e lectrochemical ly contro l led pur i f i cat ion a n d dop ing . 

O n e important p r o b l e m area involves finding a suitable substrate 
mater ia l ( cathode) that is compat ib le w i t h the mol ten salt b a t h a n d has 
the appropr iate crystal lographic , chemica l , a n d electronic properties for 
the electrodeposit . 
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13. F E I G E L S O N Crystal Growth 265 

Silicon 

Si l i c on was first deposited e lectrochemical ly i n 1854 f r o m a N a A l C U -
S i mo l t en salt b a t h b y D e v i l l e (13) a n d later b y U l l i k (14) f r o m K 2 S i F 6 

i n K F . Since then on ly a f ew a d d i t i o n a l studies w e r e undertaken . T h e 
basic e lectrodeposit ion process for S i depos i t ion involves convert ing S i 4 + 

ions i n a mol ten salt b a t h to e lemental S i o n a suitable cathode. T h e 
overa l l react ion can be w r i t t e n as 

S i 0 2 -> S i + Oat ( 2 5 ) 

G r o j t h e i m a n d cG-workers (15,16) pre ferred the Use of cryol i te solutions 
at about 1000°C w i t h 5 w t % S i 0 2 as the solute. C o o k (17) deposited 
S i at 800°C onto several refractory metals f rom a solut ion of K 2 S i F 6 i n an 
a l k a l i f luoride mixture (par t i cu lar ly the L i F / N a F / K F eutectic k n o w n as 
F l i n a k ) . F l i n a k can also be used as a solvent for S i 0 2 , a n d electrodeposi ­
t i on be l ow 1000°C is possible. M o s t of the S i p r o d u c e d i n these early 
experiments was p o w d e r y or dendr i t i c i n character. C o h e n a n d H u g g i n s 
(18) p r o d u c e d coherent ep i tax ia l a n d po lycrysta l l ine layers b y us ing a 
salt mixture conta in ing 5 m o l % K 2 S i F 6 , 10 m o l % K H F 2 , a n d 85 m o l % 
L i F - K F (47.5-37.5 m o l % ) , u s i n g an apparatus s imi lar to that s h o w n i n 
F i g u r e 3. T h e K H F 2 dissociates to K F a n d H F , a n d the H F reacts w i t h 
any oxygen i n the system to produce H 2 0 vapor , w h i c h presumab ly is 
flushed out of the system w h e n evacuated. T h e i r baths were pur i f i ed b y 
preelectrolysis , us ing a sacri f ic ial m o l y b d e n u m strip cathode. T h e anode 
used was h i g h - p u r i t y S i , w h i c h dissolves a n d is then transported to the 
cathode. T h e cathodes were either [111] S i substrates for ep i tax ia l 
g rowth or W , A g , M o , N b , a n d a A g / N i a l loy for po lycrysta l l ine layers. 
U n i n t e n t i o n a l l y d o p e d films wer'e p - type , w i t h resistivities i n the range 
0.05-0.1 n • c m . I n po lycrysta l l ine films gra in size was 40-50 / i m i n 
diameter . G r o w t h rates, a n d therefore layer morpho logy , were i m p r o v e d 
b y us ing an a l ternat ing square w a v e pulse technique . Coherent S i 
deposits were obta ined at current pulses u p to 40 m A • ( c m 2 ) " 1 . W i t h o u t 
this technique the a l lowable range was 1-10 m A • ( c m 2 ) " 1 . 

Ill—V Semiconductors 

T h e g a l l i u m phosphide ( G a P ) invest igat ion b y C u o m o a n d G a m b i n o 
(19) was the p ioneer ing effort o n the ep i tax ia l g r o w t h of I I I - V c o m ­
pounds b y mol ten salt electrolysis. T h e layers of G a P a n d I n P p r o d u c e d 
(detai ls o n I n P electrodeposit ion were very sketchy) were on S i , G e , 
a n d C substrates f r o m melts conta in ing N a P 0 3 , G a 2 0 3 , or l n 2 0 3 , a n d 
either m i x e d ch lor ide or fluoride fluxes. T h e e lectr ica l characteristics of 
a G a P p - n junct ion diode were measured. T h e i r w o r k strongly ind i ca ted 
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Figure 12. A GaP electrodeposit on a silicon substrate: (top) surface; 
(bottom) cross-sectional view (21). 

that the G a P epi tax ia l layers were re lat ive ly easy to prepare but f e l l short 
of p r o v i d i n g a sufficiently refined process to a l l ow adequate compar ison 
of the properties of e lectrochemical ly p r o d u c e d mater ia l to that p r o d u c e d 
i n convent ional processes. Several years later Y a m a m o t o a n d Y a m a g u c h i 
(20) deve loped a technique for e lectrodeposit ing ZnSe f r o m a mol ten 
salt b a t h conta in ing N a S e 0 3 a n d Z n O . 

D e M a t t e i et a l . (21) recently ident i f ied the variables that c r i t i ca l ly 
determine the morphology and un i f o rmi ty of e lectrodeposited G a P layers. 
U s i n g a mo l t en salt composi t ion conta in ing 75.1 w t % s o d i u m meta -
phosphate ( N a P 0 3 ) , 7 .7% sod ium fluoride ( N a F ) , a n d 1 7 . 2 % g a l l i u m 
oxide ( G a 2 0 3 ) , G a P was electrodeposited i n the 750°—900°C range b y 
the f o l l o w i n g reactions: 

C a t h o d e : 16e~ + G a 2 0 3 + 8 P ( V -> 2 G a P + 3 0 2 " + 6 P 0 4
3 " 

16e" + GaaOs + 2 P 0 3 ' -> 2 G a P + 9 0 2 " (26) 
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13. F E I G E L S O N Crystal Growth 267 

A n o d e : 2 0 2 " - > 0 2 + 4e" 

2 P 0 4
3 ~ 2 P 0 3 " + 0 2 + 4e" (27) 

T h e apparatus used was s imi lar to that shown i n F i g u r e 3. T h e c ruc ib le 
used was graphite , w h i c h also served as the anode to he lp scavenge the 
0 2 i n the system b y the react ion 

C + 0 2 -> C 0 2 t (28) 

G r o w t h s were at tempted on three different substrate mater ia ls : ( 1 ) 
graphite , (2 ) phosphorus -doped n-type (100) s i l i con (0.3 O • c m ) , a n d 
(3 ) su l fur -doped n- type (111) G a P single-crystal wafers. 

F i g u r e 12 shows a G a P layer electrodeposited o n an S i substrate at 
900°C a n d 20 m A • ( c m 2 ) " 1 . T h e m i n i m u m decompos i t ion potent ia l was 
0.5 V . T h e layer is s imi lar i n appearance to G a P layers p r o d u c e d o n 
s i l i con b y organometal l i c c h e m i c a l vapor deposi t ion (22). S i l i c o n was 
chosen because o f its ava i lab i l i t y a n d close latt ice m a t c h w i t h G a P . S i , 
however , appeared to react s l ight ly w i t h the mel t to f o r m S i 0 2 , a n d since 
there is also a large thermal expansion m i s m a t c h between S i a n d G a P , 
the use of S i as a useful substrate mater ia l is l i m i t e d . 

G a P substrates were also f o und to react w i t h the melt at temperatures 
of 900°C or greater. A t 800°C, however , the react ion is r e d u c e d to a 

Figure 13. GaP electrodeposits on GaP substrates for a deposition time 
of 20 min at current densities of 48 mA • (cm2)'1 (a and c); 24 mA • (cm2)1 

(b and f); 12 mA • (cm2)'1 (c and g); and 6 mA - (cm2)'1 (d and h) (21). 
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77 (VOLTS) 
(SUPERSATURATION) 

Journal of Crystal Growth 

Figure 14. Plot of current (I) versus overpotential (rj) for the deposition of 
GaP on GaP (21) 

po in t where etching is not serious. T h e m i n i m u m decomposit ion potent ia l 
was 1.16 V . T o increase the conduct iv i ty of the electrodeposit a n d avo id 
dendr i t i c g rowth , the researchers a d d e d 0 . 1 % Z n O to the melt , g i v i n g 
a Z n - d o p e d layer . F i g u r e 13 shows a series of experiments r u n w i t h a 
systematic var ia t i on i n cathodic current density [6-48 m A • ( c m 2 ) " 1 ] . 
T h e cross sections of the deposits p repared at the l ower current density 
show the format ion of coherent layers of u n i f o r m thickness. There was 
no evidence of dendrites or polycrystals . A t 12 m A • ( c m 2 ) " 1 a n d greater, 
craters appeared at the surface, a n d they increase i n size a n d depth as 
the current density increases. These craters are re lated to the format ion 
of excess phosphorus (gas bubb les ) at the cathode. T h e format ion of 
smal l G a P dendrites adjacent to the bubbles is quite v is ib le . It was clear 
f r om this study that current densities be low 10-20 m A • ( c m 2 ) " 1 are 
necessary for stable g r o w t h condit ions a n d the preparat ion of u n i f o r m 
layers of contro l led thickness. 
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13. F E I G E L S O N Crystal Growth 269 

I n order to understand the influence of g r o w t h rate ( current density) 
on the g r o w t h process, the researchers p lo t ted I against -q (us ing a G a P 
reference e lectrode) , as shown i n F i g u r e 14. T h e curve consisted of (1 ) 
an i n i t i a l l inear region, w h i c h is postulated to represent a reg ion where 
g r o w t h is contro l led b y vo lume dif fusion of solute ions; (2 ) a t rans i t ion 
region; a n d (3 ) a second l inear region at h i g h current densities, w h i c h is 
also vo lume-di f fus ion-contro l led a n d where the g r o w t h is h i g h l y dendr i t i c . 

F i g u r e 15 shows t w o G a P layers g r o w n at 800°C a n d at 10 m A • 
( c m 2 ) " 1 . T h e layer on the left was deposited i n 20 m i n , o n the r i g h t i n 
3 hr . N o t e that the surface features are re lat ive ly smooth. 

N o property measurements were made i n this study, nor was there 
any attempt to improve the p u r i t y of the deposit b y start ing w i t h u l t r a ­
h i g h p u r i t y chemicals or by preelectrolysis of the mol ten salt bath . 

InP 

I n P has become, i n recent years, a potent ia l ly important mater ia l for 
electronic device appl icat ions . It has been t rad i t i ona l ly diff icult to grow 
h igh -qua l i t y single crystals of this mater ia l because the h i g h vapor pres­
sure of P makes stoichiometry, a n d therefore the electronic properties , 
dif f icult to control . I n P is subject to t h e r m a l decompos i t ion b y loss 
of P . C o n v e n t i o n a l methods u t i l i z e temperatures near the me l t ing po int 
( 1 0 6 2 ° C ) , where the e q u i l i b r i u m pressure is 27.5 atm. T h e apparatus 

Figure 15. GaP layers electrodeposited at 800°C and 10 mA • (cm2)'1 

for 20 min (left) and 3 hr (right) (21) 
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Table III. Solvent Systems Studied for InP Electrodeposition 

Solvent 
Major 

Advantages 
Major 

Disadvantages 

L i C l - K C l 

N a P O a - N a F 

L i F - N a F - K F 

L i 2 0 - B 2 0 3 - L i F 

N a P 0 3 - N a F - K P 0 3 - K F 

L i P 0 3 - L i F - K P 0 3 - K F 

L i P 0 3 - L i F - N a P 0 3 - N a F 

L o w me l t ing po int eu - H i g h v o l a t i l i t y . R e a c -
tectic ( 3 2 8 ° C ) . H i g h t i v i t y w i t h n i c k e l , 
s o lub i l i t y for l n 2 0 3 N o I n P deposits, 
a n d I n F 3 

U s e d for electrodepo­
s i t ion of G a P 

Oxygen-free. L o w m p 
eutectic ( 4 5 4 ° C ) . 
L o w viscos i ty . H a s 
g iven I n P deposits. 

U s e d wide ly i n elec-
t r o c r y s t a l l i z a t i o n 
e.g. for L a B 6 . Qui te 
low v iscos i ty and 
v o l a t i l i t y . 

L o w e r m p eutectic 
(~ 4 3 9 ° C ) . G i v e s 
good I n P deposits. 
L o w v o l a t i l i t y 

L o w e r v iscos i ty t h a n 
N a P 0 3 - N a F -
K P 0 3 - K F 

H i g h v iscos i ty . R a t h e r 
h i g h m p ( 4 9 0 ° C ) . 
L o w s o l u b i l i t y of 
l n 2 0 3 at ~ 600°C. 

L o w so lub i l i t y for 
l n 2 0 3 and I n F 3 . 
K P F 6 as source of 
phosphorus is v e r y 
hygroscopic . 

V e r y low so lub i l i t y for 
l n 2 0 3 

R a t h e r h igh v iscos i ty 

V e r y low m e l t i n g 
po int (300°C) 

L o w e r so lub i l i t y for 
l n 2 0 3 t h a n N a P 0 3 -
N a F - K P 0 3 - K F -
(£ l m / o ) . L i F is 
insoluble i n water . 

H a s not g iven I n P de­
posits. L i F is i n s o l u ­
ble i n water . 

used is expensive a n d under a h i g h ambient pressure, w h i c h is poten­
t ia l l y dangerous. 

E l w e l l a n d Fe ige l son (23) have recently started a p r o g r a m to invest i ­
gate the condit ions necessary to prepare h igh -qua l i t y I n P epi taxia l layers 
a n d crystals b y M S E a n d to study their electronic properties. E l e c t r o ­
chemica l synthesis can prov ide contro l over stoichiometry and impur i t i es , 
as stated before. U s e of a l o w m e l t i n g solvent a n d operat ion u n d e r a 
s l ight ly posit ive pressure should he lp to contro l P evaporat ion. Genera l l y , 
the defect concentrat ion w o u l d be expected to be l ower i n materials 
p r e p a r e d under these condit ions , a n d the e lectrochemical equ ipment is 
inexpensive a n d easy to assemble. 
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13. F E I G E L S O N Crystal Growth 271 

W h i l e i t was expected that I n P w o u l d electroplate as r ead i l y as G a P 
f rom a s imi lar b a t h compos i t ion b y s i m p l y subst i tut ing l n 2 0 3 for G a 2 0 3 , 
as suggested b y C u o m o a n d G a m b i n o ( 1 9 ) , this was f o u n d not to be 
the case because of significant c h e m i c a l diss imilarit ies between I n a n d 
G a salts. I n compounds were less soluble i n the melts s tud ied a n d h a d 
h igher vapor pressures than s imi lar G a compounds. 

T a b l e I I I gives an idea of the various mo l t en salts s tud ied for the 
electrodeposit ion of the I n P . T h e attractiveness of a complete ly nonoxide 
system such as the F l i n a k ( L i F , N a F , K F eutect ic ) + I n F 3 - f K P F 6 is 
obvious, b u t so far a suitable , stable mel t compos i t ion has not been 
f ound f rom w h i c h I n P c o u l d be deposited. 

T h e most suitable b a t h f ound to date for I n P electrodeposit ion is a 
quaternary solvent composi t ion conta in ing N a P 0 3 / K P 0 3 / N a F / K F (Pof -
n a k ) a n d l n 2 0 3 as the source of I n . T h e l n 2 0 3 s o lub i l i ty was greater i n 
this mel t than i n a comparab le melt of L i P 0 3 / K P 0 3 / L i F / K F , w h i c h h a d 
a l ower viscosity a n d m e l t i n g temperature . T h e I n P deposits f r o m Pofnak 
were of better qua l i ty . T h e Pofnak melt , therefore, has rece ived the most 
attention to date. T a b l e I V shows the su i tab i l i ty of various electrode 
materials for I n P depos i t ion i n this melt . O f the m e t a l cathodes s tudied , 
only n i c k e l was reasonably compat ib le w i t h the mel t a n d the I n P deposit . 
T w o other cathode materials were f o u n d to be very good substrate mate ­
r ials , I n P a n d C d S single crystals. T h e C d S 3 I n P hetero junct ion is a poten­
t i a l l y impor tant structure for solar c e l l app l i ca t i on , a n d the electrodepo­
s i t ion m e t h o d provides a low-cost process for p r o d u c i n g such a mater ia l . 

Table IV. Cathode Materials Studied for InP Electrodeposition 

Material Adhesion of InP Deposit 

G r a p h i t e (rod) P o o r ; adheres i n s m a l l , i so lated regions. 
G e r m a n i u m P o o r ; adheres i n isolated patches only . 

(single crysta l ) 
P o o r ; adheres i n isolated patches only . 

P y r o l y t i c graphite F a i r l y poor ; on ly l i t t l e better t h a n n o r m a l 
graphite . 

Tungsten (sheet) V e r y poor ; no trace of I n P shown b y microscope. 
I n d i u m phosphide V e r y good 

(single crysta l ) 
M o l y b d e n u m (sheet) V e r y poor 
G o l d (foil) A t t a c k e d b y phosphate melts 
N i o b i u m (sheet) P o o r 
P l a t i n u m (foil) A t t a c k e d b y phosphate melts 
C a d m i u m sulf ide V e r y good 

(single crystal ) 
N i c k e l (sheet) G o o d 
T a n t a l u m (sheet) V e r y poor 
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Figure 16. InP layer electrodeposited on a CdS substrate 

M a n y I n P deposits have been p u t d o w n on C d S substrates, one of 
w h i c h is shown i n F i g u r e 16. Thicknesses range f r o m 1-10 /*m depend ing 
u p o n depos i t ion t ime. A t present, an analysis of surface morpho logy , 
c h e m i c a l composi t ion , i m p u r i t y content, a n d e lectr ical properties is under ­
w a y . T h e effectiveness of e lectrochemical pur i f i cat ion techniques is also 
b e i n g studied i n these experiments. 

T h e general condit ions used to electrodeposit I n P on C d S f r o m the 
P o f n a k melt are as fo l l ows : (1 ) melt composi t ion 6 0 . 9 % N a P 0 3 , 1 4 . 0 % 
K P 0 3 , 2 0 . 5 % N a F , 4 . 7 % K F , 3 % l n 2 0 3 ( m o l % ) ; (2 ) c e l l temperature 
6 0 0 ° C ; (3 ) c e l l po tent ia l 0.90 V ( E d « 0.80 V ) ; (4 current density about 
5 m A • ( c m 2 ) " 1 ; (5 ) depos i t ion t ime 1 hr . 

GaAs 

A few arsenides (see T a b l e I I ) h a d been prev ious ly electrodeposited. 
D e M a t t e i et a l . (24) invest igated the poss ib i l i ty of e lectrodeposit ing the 
most important of I I I - V semiconductors, G a A s . A s a starting po int , they 
at tempted s i m p l y to substitute N a A s 0 3 ( s o d i u m meta arsenate) for 
N a P 0 3 i n the prev ious ly descr ibed G a P g r o w t h solut ion. Since the meta 
arsenate is easily reduced , w i t h conversion of A s 5 + to A s 3 + or e lemental A s 
i n the presence of carbon, metals, or G a A s , they f o u n d N a A s 0 2 ( s od ium 
arsenite) to be a more suitable source of A s for G a A s electrodeposit ion. 
T h e mel t compos i t i on that gave the best results consisted of 67 .4% B 2 0 3 , 
2 0 . 3 % N a F , 4 . 2 % G a 2 0 3 , a n d 8 . 1 % N a A s 0 2 , b y we ight . T h e mo lar 
concentrations of N a A s 0 2 a n d G a 2 Q 3 w e r e 4 . 1 % a n d 1.4%, respect ively . 
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13. F E I G E L S O N Crystal Growth 273 

T h e B 2 0 3 was used to reduce the melt temperature a n d thereby the 
vo la t i l i ty of N a A s 0 2 at the electrodeposit ion temperatures, w h i c h were 
i n the range 720° -760°C. T h e decomposi t ion potent ia l for depos i t ion on 
a G a A s substrate was 1.7 V , a n d i t was 2.4 V on n i cke l . A n ep i tax ia l 
10-/xm-thick layer of G a A s was deposited on a G a A s substrate. 

Conclusions 

M o l t e n salt e lectrochemistry is an o l d technology that has just 
recent ly begun to be considered seriously for use i n crysta l growth . W h i l e 
convent iona l techniques ut i l i ze a t h e r m a l d r i v i n g force, e lectrodeposit ion 
is a n e lectronical ly d r i v e n process, and , as such , the g r o w t h process i n 
p r i n c i p l e can be very prec ise ly contro l led . Recent w o r k has concentrated 
on unders tanding the electrodeposit ion processes w i t h respect to b o t h 
nuc leat ion a n d g r o w t h phenomena , to permi t the contro l led g r o w t h of 
large h igh -qua l i t y single crystals. T h e app l i ca t i on of this knowledge to 
the preparat ion of impor tant semiconductor materials such as S i , I n P , 
G a A s , a n d S i C has just started, a n d the competitiveness of mo l t en salt 
e lec trochemica l crystal g r o w t h w i t h convent ional processes w i l l be eva lu ­
ated over the next f ew years. 

Glossary of Symbols 

A = area of electrode 
c L concentrat ion of solute i n l i q u i d 
C s 

= concentrat ion of solute i n so l id 
D = solute dif fusion coefficient 

D / A dr i f t ve loc i ty 
d crystal d iameter 

dy/dt m a x i m u m a l l owable p u l l rate 
E° = standard ce l l potent ia l 
E d = decomposit ion potent ia l 

F == Faraday ' s constant 
i = current density (I/A) 
I = ce l l current 

K = g r o w t h rate constant 
k = dis t r ibut ion coefficient 

K constant 
I = step spac ing 

M — molecular we ight 
M S E = molten salt e lectrochemistry 

Q = total charge 
R = gas constant or impedance 

Ret = impedance due to charge transfe 
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R i k = impedance due to interface attachment kinet ics 
R v d = impedance due to vo lume dif fusion 

T = temperature ( K ) 
V = vo lume 
v = l inear g r o w t h rate 

w = rotat ion rate 
z = n u m b e r of electrons transferred 

[ ] = concentrat ion or act iv i ty of react ing species 
A = anode species ( e lec trochemica l ly ox id i zed ) 
C = cathode species (e lec trochemica l ly r educed ) 
C = constant 
E = e q u i l i b r i u m potent ia l 

^d(imp) = decompos i t ion potent ia l of i m p u r i t y 
Ed(cmpd) = decompos i t ion potent ia l of c o m p o u n d 

n = n u m b e r of electrons transferred uer un i t of mater ia l deposi ted 
y = i on iza t i on state for anode species 
z = i on i za t i on state for cathods species 

A = relat ive supersaturation 
c = deposit ion efficiency 
y = overpotent ia l 

rje = e q u i l i b r i u m concentrat ion of solute 
A = adsorpt ion parameter 

A s = surface dif fusion parameter 
X = m e a n distance traveled by an adsorbed molecule 
p = density 

Q = molar v o l u m e 
8 = b o u n d a r y layer w i d t h 
o- = re lat ive supersaturat ion 

en = constant 
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14 
Rare Earth Gallium Garnet Crystal Growth 
and Related Chemistry 

M . A . D I G I U S E P P E 

Corporate Research Center, A l l i ed Chemical Corporation, 
Morristown, NJ 07960 

The chemistry of rare earth gallium garnets (RE3Ga5O12, 
where RE = rare earth ion) is discussed. These materials, 
in the form of large, high-quality, single crystals, serve as 
substrates for magnetic-bubble memory devices. The Czoch­
ralski technique, which is used to grow rare earth gallium 
garnet single crystals weighing several kilograms, is re­
viewed. The relationship between melt composition, phase 
stability, and the growth of high-quality crystals is described. 
The phase separation of samarium—gallium garnet and 
gadolinium—gallium garnet to orthorhombic distorted perov-
skite and beta-gallium oxide is discussed. 

n p h e term garnet refers to a class of compounds c rys ta l l i z ing i n the Ia3d 
-•-space group. T h e garnet crysta l structure was first reported for 

{ C a 3 } [ A l 2 ] ( S i 3 ) 0 1 2 b y M e n z e r (1,2). T h e structure was refined later 
b y several investigators ( 3 , 4 , 5 , 6 ) us ing synthetic {Y 3 } [Fe2 ] (Fe 3 )Oi2 
crystals ( 7 ) . T h e u n i t c e l l consists of 8 f o r m u l a units w i t h 24 ions 
o c c u p y i n g dodecahedra l {c} sites, 16 ions o c c u p y i n g oc tahedra l [a] sites, 
a n d 24 ions o n tetrahedral (d) sites ({ }, [ ] , a n d ( ) denote 
dodecahedral , octahedral , a n d tetrahedral sites, respec t ive ly ) . Since the 
structure is capable of accept ing a large n u m b e r of different ions, there 
are numerous ways of v a r y i n g the p h y s i c a l properties of the resu l t ing 
compounds (8). 

T h e simplest chemica l f o r m u l a for a synthetic rare earth garnet c a n 
be represented as { R E 3 } [ B 2 ] ( B 3 ) O i 2 ( abbrev iated R E 3 B 5 O i 2 ) where R E 
is a rare earth i o n a n d B is most c ommonly A l 3 + , G a 3 + , or F e 3 + . T h e 
magnet ic rare earth garnets conta in rare earth ions o n the {c} site a n d 

0 -8412 -0472 -1 / 8 0 / 3 3 - 1 8 6 - 2 7 7 $ 0 5 . 0 0 / l 
© 1980 A m e r i c a n C h e m i c a l Society 
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F e 3 + ions on the [a] a n d (d) sites. These garnets are ferromagnetic (3 , 4, 
9 ) , w i t h the net rare earth magnet ic moments a n d the i ron moments on 
the [a] site a l igned i n one d irect ion , opposite to the d irect ion of the i r on 
moments on the (d) site. Since the discovery of g rowth - induced u n i a x i a l 
magnet ic anisotropy i n these garnets (10), they have become the p r i n c i p a l 
mater ia l used i n magnet i c -bubble memory devices. M a g n e t i c bubbles 
are smal l c y l i n d r i c a l domains i n w h i c h the d i rec t ion of magnet izat ion is 
opposite to that of the surrounding mater ia l . U n d e r certain condit ions 
these domains can be m o v e d through the mater ia l a n d used to store 
in format ion . 

A s a result of the incongruent me l t ing nature of the R E 3 F e 5 O i 2 

garnets, early investigations of garnet b u b b l e materials were carr i ed out 
on b u l k single crystals g r o w n i n mol ten fluxes of P b O a n d B 2 0 3 . U n f o r ­
tunately , i t is usua l ly diff icult to obta in large defect-free crystals w i t h this 
technique. T h i s p r o b l e m can be overcome b y the use of l i q u i d phase 
ep i tax ia l ( L P E ) growth . T h i s process can produce defect-free magnet ic 
garnet films suitable for device appl icat ions on paramagnet i c (111) o r i ­
ented garnet substrates (11,12,13). T h e success of the L P E process, 
however , is dependent on the ava i l ab i l i t y of h igh -qua l i ty , s ingle-crystal 
substrate mater ia l . 

Synthetic Rare Earth Garnets 

It is important that the latt ice parameter ( a 0 ) of the substrate equa l 
that of the film, since a latt ice parameter m i s m a t c h can influence the 
magnet ic properties of the film (14,15,16,17). A s seen i n T a b l e I , the 
R E 3 G a 5 O i 2 garnets ( the 3:5 mole rat io of R E 2 0 3 to G a 2 0 3 is used for 
s impl i c i ty ; ac tua l composit ions can vary f rom this sto ichiometry) have 

Table I. Lattice Parameter (OQ) Range of Polycrystalline Yttr ium 
and Rare Earth Aluminum, Iron, and Gallium Garnets 

R E 3 A l 5 0 i 2 

R E = Y 3 + ; a 0 = 12.01 A 
R E = L u 3 + -> G d 3 + ; a 0 range is 11.91 A - 1 2 . 1 1 A 

R E 3 F e 5 0 1 2 

R E = Y 3 + ; a0 = 12.38 A 
R E = L u 3 + -> S m 3 + ; a0 range is 12.28 A - 1 2 . 5 3 A 

R E 3 G a 5 0 1 2 

R E = Y 3 + ; a0 = 12.28 A 
R E = L u 3 + -> P r 3 + ; a0 range is 12.18 A - 1 2 . 5 6 A 
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14. D I G I U S E P P E Rare Earth Gallium Garnet Crystal Growth 279 

the same a0 range as do the R E 3 F e 5 O i 2 garnets a n d therefore can be used 
as substrates for these garnet films. 

T h e substrate mater ia l w i t h the largest avai lable latt ice parameter i n 
the R E 3 G a 5 O i 2 system is N d 3 G a 5 O i 2 (a0 = 12.509 A ) since P r 3 G a 5 O i 2 

melts incongruent ly a n d bo th C e 3 + a n d L a 3 + do not f o r m a garnet phase 
due to the size restr ict ion p l a c e d on the {c} site i on b y the presence of 
the G a 3 + i o n on the [a] site. O t h e r substrate materials are avai lab le at 
discrete latt ice parameter values between 12.509 A a n d 12.28 A ( for 
example, S m 3 G a 5 0 1 2 at 12.439 A a n d G d 3 G a 5 O i 2 at 12.383 A ) . T h i s 
l i m i t e d ava i lab i l i ty of substrate mater ia l adds to the dif f iculty of ta i l o r ing 
the magnet ic properties of the film to the desired specifications since 
adjustments must be made i n such a w a y as to keep the latt ice parameter 
of the film equal to that of the avai lable substrate. 

Interest i n ob ta in ing a more extensive choice of substrate latt ice 
parameters p r o m p t e d the synthesis of subst ituted a n d m i x e d rare earth 
g a l l i u m garnets. Substitutions into the g a l l i u m garnet structure of various 
ions l ike S c 3 + , C a 2 + , M g 2 + , a n d Z r 4 + offers ways of v a r y i n g the latt ice 
parameter of the substrate. C o m p l e x garnets such as { N d a . y R E j J f R E a , -
G a 2 . J ( G a 3 ) 0 1 2 , { L a 3 . y R E 1 / } [ R E 2 ] ( G a 3 ) 0 1 2 , a n d { R E 3 . 1 / S c J / } [ S c 2 ] ( G a 3 ) -
O i 2 have been obta ined as single-phase po lycrysta l l ine materials a n d 
extensively character ized (18,19,20,21). M a n y of these compounds 
exhibit latt ice parameters greater t h a n 12.509 A ; for example, i n the 
{ L a 3 . 2 / R E 3 / } [ R E 2 ] ( G a 3 ) O i 2 system a0 exceeds 13.0 A . 

Czochralski Crystal Growth 

T h e C z o c h r a l s k i technique (22) is the most w i d e l y accepted m e t h o d 
for g r o w i n g large, defect-free garnet crystals. T h e g r o w t h chamber is 
i l lustrated i n F i g u r e 1. A t y p i c a l furnace is constructed of s tab i l i zed 
Z r 0 2 t u b i n g a n d granular Z r 0 2 , w h i c h insulate a n r f -heated cruc ib le . A 
glass b e l l jar is p l a c e d around the furnace assembly to contro l atmosphere. 
T h i s is necessary because the c ruc ib le mater ia l (usua l ly i r i d i u m ) is 
susceptible to ox idat ion at h i g h temperatures. T h e presence of a sma l l 
amount of oxygen is necessary, however , to suppress the loss of G a 2 0 3 . 
A rotat ing seed crysta l or iented i n the (111) crysta l lographic d i rec t i on is 
d i p p e d into the melt a n d s l owly w i t h d r a w n . C r y s t a l d iameter is auto­
mat i ca l l y contro l led b y either o p t i c a l - or weight -sens ing methods (23, 
24,25). 

M o s t of the R E 3 G a 5 O i 2 garnets can be easily g r o w n as single crystals 
b y this technique. Crysta ls of G d 3 G a 5 O i 2 , w h i c h are used as substrate 
mater ia l for c ommerc ia l garnet b u b b l e films, are rout ine ly g r o w n at 3 
m m • h r " 1 w i t h diameters to 7.6 c m a n d weights of 10 k g . These crystals 
usual ly conta in less than one defect per square centimeter (26). 
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•Figure 1. Czochralski furnace used for garnet crystal growth 

T h e s ingle-crystal g r o w t h of substituted garnets, on the other h a n d , 
has been achieved w i t h only l i m i t e d success. T h e so l id solutions of 
{ N d s - s S m a J G a g O ^ , ( S m s ^ G d ^ G a s O i a , a n d ( G d s . J D y - J G a s O i s have 
been g r o w n as single crystals for x = 0.25, 0 . 5 , a n d 0.75 (27,28). T h e 
subst i tut ion of S c 3 + for G a 3 + o n the [a] site i n b o t h Y 3 G a 5 O i 2 a n d 
G d 3 G a 5 O i 2 produces single crystals w i t h latt ice parameters a round 12.40 
A a n d 12.55 A , respect ively ( 2 9 ) . Recent interest i n garnet films w i t h 
h i g h F a r a d a y rotat ion (30,31) p r o d u c e d a need for substrates w i t h a0 **** 
12.48 A . T h i s l e d to the crysta l g r o w t h of {GdS-xCsLx}G2L5.y.zZTyGde012 

a n d G d 3 G a 5 . a . . y M g a ; Z r 1 , O i 2 (31,32). Crysta ls i n these systems exhibi t 
some latt ice parameter var ia t i on a long the l ength of the crysta l due to 
compos i t ional nonuni formity . Var ia t i ons i n compos i t ion appear to be a 
chronic p r o b l e m i n m a n y subst ituted systems, a l though they can be 
m i n i m i z e d w i t h the u t i l i z a t i o n of very s low g r o w t h rates. 
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14. D I G I U S E P P E Rare Earth Gallium Garnet Crystal Growth 281 

Czochralski Growth of High-Quality Crystals 

A n o t h e r important requirement for the substrate is crystal l ine perfec­
t ion . A n y defects that intersect the surface of the substrate can be 
propagated into the film. T h e presence of a large n u m b e r of crystal l ine 
imperfect ions i n the film w i l l i m p a i r b u b b l e m o b i l i t y due to the p i n n i n g 
of the bubbles at the defect site. Defects can be in t roduced either d u r i n g 
crysta l g r o w t h or d u r i n g fabr i cat ion ( cut t ing , g r i n d i n g , or po l i sh ing ) of 
the boule into substrate wafers. D u r i n g the substrate g r o w t h process, 
dislocations can in i t iate f r om the seed-crysta l junct ion , inc lusions , strain, 
or instabi l i ty at the crysta l g r o w t h interface. 

T h e propagat ion of dislocations f r o m the seed—crystal junct ion can be 
e l iminated , or at least reduced , b y r e d u c i n g the seed d iameter after i t is 
inserted into the melt . Inclusions i n garnet crystals ( p r i m a r i l y i r i d i u m , 
G a 2 0 3 or R E 2 0 3 ) occur f r o m changes i n the mel t compos i t ion d u r i n g 
growth . T h i s can result f r o m improper g r o w t h or atmospheric condit ions 
as w e l l as f r o m the use of an incongruent -mel t ing n o m i n a l composi t ion . 
C z o c h r a l s k i - g r o w n rare earth g a l l i u m garnet crystals exhib i t lattice p a ­
rameters larger than those of the corresponding R E 3 G a 5 O i 2 po ly c rys ta l ­
l ine composit ions (see F i g u r e 2 ) . T h i s results f r o m the p a r t i a l o ccupat ion 
of [a] sites b y the rare earth i o n i n the single crystal (34, 35). T h e general 
f o r m u l a for the congruent -melt ing g a l l i u m garnet composit ions can be 
represented as [ R E 3 } [ R E a ; G a 2 _ a ; ] ( G a 3 ) O i 2 , w i t h the degree of rare earth 
[a] site subst i tut ion dependent u p o n the ionic radius of the rare earth 
i on . T h e congruent -mel t ing compos i t i on for g a d o l i n i u m g a l l i u m garnet is 
{ G d 3 } [ G d o . o 5 G a i . 9 5 ] ( G a 3 ) O i 2 (36, 37). Crysta ls g r o w n f r o m this c o m p o s t 
t i on have lattice parameters of 12.3835 A a n d show no signif icant latt ice 
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Journal of Crystal Growth 

Figure 2. Lattice parameters of rare earth gallium garnet single crystals 
grown from RE3Ga5012 melts and polycrystalline RE3Ga5012 data versus 

rare earth dodecahedral ionic radius (34) 
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parameter var ia t ion ( ± 0 . 0 0 0 5 A ) a long the l ength of the boule . L a t t i c e 
parameters are de termined w i t h great accuracy [to a f e w parts per m i l l i o n 
( p p m ) o n near ly perfect single crystals] b y u s i n g the B o n d method 
(38 ) . O t h e r techniques us ing X - r a y di f fraction f r om two latt ice planes 
also can be used but w i t h less accuracy (39 ) . 

T h e shape of the s o l i d - l i q u i d interface d u r i n g crysta l g r o w t h 
also can influence crysta l qua l i ty . T h e interface shape is determined b y 
the convect ion pat tern of the melt , w h i c h depends o n temperature 
gradient , mel t height , surface tension, melt viscosity, c ruc ib le diameter , 
crysta l diameter , a n d crysta l rotat ion rate. A deta i led discussion of the 
mel t g r o w t h process w i t h respect to fluid dynamics can be f o u n d i n the l i t ­
erature (40). Qua l i ta t i ve ly , mel t f low can be descr ibed i n terms of n a t u r a l 
a n d counterf low convect ion, the former b e i n g p r i m a r i l y dependent o n 
temperature gradient a n d the latter o n the d iameter a n d rotat ion rate of 
the crystal (40,41). T h e interface shape is convex t o w a r d the mel t i f 
na tura l convect ion predominates , F i g u r e 3 ( a ) , a n d concave i f the counter-
f low predominates , F i g u r e 3 ( c ) . I t becomes flat w h e n there is a balance 
between the t w o flow patterns, F i g u r e 3 ( b ) . F o r a fixed crysta l d iameter 
the interface shape w i l l change f rom convex to flat a n d finally become 
concave as the rotat ion rate is increased (42). 

T h e best -qual i ty crystals are obta ined w i t h a flat s o l i d - l i q u i d g r o w t h 
interface. G a r n e t crystals or iented i n the (111) crysta l lographic d i rec t ion , 
g r o w n w i t h a convex s o l i d - l i q u i d interface conta in (211) a n d (110) 
facets on the g r o w t h interface. These facets produce a macroscopic 
strain pattern (or core) i n the crysta l , as shown i n F i g u r e 4. L a t t i c e 
parameter measurements on faceted a n d nonfaceted regions of G d 3 G a 5 O i 2 

have been made b y us ing the B o n d technique (43). These results, seen 
i n T a b l e I I , show a var ia t i on i n latt ice parameter , poss ibly suggesting a 
var ia t i on i n composi t ion between these regions. T h u s the presence of 
this type of strain i n the substrate c o u l d adversely affect film properties. 
These facets a n d the strain associated w i t h t h e m are no longer present 
w h e n a flat g r o w t h interface is achieved . T h i s is accompl ished w i t h the 
proper choice of crystal d iameter a n d rotat ion rate. T h u s the crystal 

Figure 3. Crystal growth interface 
and a simplified representation of the 
convection flow pattern in the melt: 
(a) convex growth interface, natural 
convection predominates at slow ro­
tation rates; (b) flat growth interface, 
natural and counterflow convections 
are balanced; (c) concave growth 
interface, counterflow convection 
predominates at excessive rotation 

rates. 

t t t 

X X 

(a) 

o n 
(b) 

OC 
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14. D I G I U S E P P E Rare Earth Gallium Garnet Crystal Growth 283 

Figure 4. Strain field, viewed with polarized light, in a longitudinal 
cross section of the top of a <111> samarium gallium garnet crystal 

grows i n i t i a l l y w i t h a convex interface u n t i l the final d iameter is achieved , 
where an abrupt trans i t ion to a p l a n a r interface occurs. T h i s transi t ion 
a n d the (211) a n d (110) facet symmetry about the (111) g r o w t h axis 
are i l lustrated i n F i g u r e 5. T h e convex g r o w t h interface is useful , 
however , i n the e l iminat i on of dislocations. Facets t end to be free of 

Table II. Lattice Parameters 
Facets in G d 3 G a 5 

Facets 

L a t t i c e parameter 12.3841 4 

a0 (A) 
A a 0 0.0017 

for (211) a n d ( l l O ) 
0 1 2 (43) 

(110) Nonfaceted 
Facets Region 

12.3838s 12.3824 0 

0.0014 
Journal of Materials Science 
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Figure 5. (a) Representation of 
strain pattern observed with polar­
ized light in a longitudinal section 
of a garnet crystal, (b) Representa­
tion of facet strain pattern in a trans­
verse section of a garnet crystal 

grown with a convex interface. 

dislocations (44), so the faceted reg ion between the seed a n d the final 
d iameter of the crystal can be used to b lock the f o rmat ion of dislocations 
a n d propagate exist ing defects towards the crysta l edge. 

Melt Chemistry 

A s ment ioned prev ious ly , the g r o w t h atmosphere is an important 
factor i n compos i t ion contro l a n d i n the ehminat i on of inc lusions (45). 
A n inert atmosphere is necessary, since i r i d i u m reacts w i t h oxygen 
accord ing to the f o l l o w i n g reactions (46): 

< 1100°C 
I r ( s ) + 0 2 -> I r 0 2 ( s ) (1) 

< 1100°C 

2 I r 0 2 ( s ) + 0 2 *± 2 I r 0 3 ( g ) (2) 

> 1100°C 
2 I r ( s ) + 3 0 2 *=t 2 I r 0 3 ( g ) (3) 

T h e presence of an inert atmosphere over the g a l l i u m garnet melt , on 
the other h a n d , results i n the loss of G a 2 0 3 f r om the melt . T h i s occurs 
t h r o u g h the f ormat ion of the vo lat i le oxide G a 2 0 ( g ) as represented b y 
the f o l l o w i n g e q u i l i b r i u m : 

G a 2 0 3 <=>Ga 20(g) + 0 2 (4) 

T h i s e q u i l i b r i u m at ambient pressure depends on the p a r t i a l pressure of 
oxygen a n d to some extent the type of c ruc ib le mater ia l used to conta in 
the mel t (35). W i t h ava i lab le pressure a n d temperature data (47) for 
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14. DIGIUSEPPE Rare Earth Gallium Garnet Crystal Growth 285 

E q u a t i o n 4, i t is possible to achieve a n acceptable balance between these 
two compet ing processes through the use of N 2 or A r w i t h a smal l p a r t i a l 
pressure of oxygen. 

T h e chemica l reactions that take p lace w h e n g a l l i u m oxide is lost 
f rom rare earth g a l l i u m garnet melts b y vapor i zat i on at elevated t e m ­
peratures, as i l lustrated b y Reac t i on 4, can be represented b y the f o l ­
l o w i n g equations: 

R E 3 G a 5 0 i 2 -> 3 R E G a 0 3 + G a 2 0 3 (5) 

4 R E G a 0 3 H> R E 4 G a 2 0 9 + G a 2 0 3 (6) 

R E 4 G a 2 0 9 -> 2 R E 2 0 3 + G a 2 0 3 (7) 

W e have f ound that when- g a l l i u m oxide loss is prevented a n d the 
m a x i m u m temperature of the me l t exceeds a c r i t i ca l va lue , phase separa­
t i on of garnet to distorted perovskite a n d beta -ga l l ium oxide occurs (48): 

R E 3 G a 5 0 i 2 ?=± 3 R E G a 0 3 + G a 2 0 3 (8) 

I t was observed i n some instances after the C z o c h r a l s k i crystal g r o w t h of 
S m 3 G a 5 O i 2 or G d 3 G a 5 O i 2 that the res idual melt c rys ta l l i zed as a perov­
skite a n d beta -ga l l ium oxide mixture . W h e n this mixture , w h i c h was 
stable at r oom temperature , was reheated to the respective garnet m e l t i n g 

Figure 6. (a) (1) SmsGa5012; (2) after phase separation Sm3Ga5012 -» 
3SmGaOs + Ga2Os; (3) after reverse reaction 3SmGaOs + Ga2Os -> 
Sm.Ga5d12 when perovskite-gallium oxide mixture is heated to the garnet 
melting point, (b) (1) GdsGa5012; (2) after phase separation GdsGa501B 

-> 3GdGaOs + Ga2Os; (3) after reverse reaction 3GdGaOs + Ga2Os -> 
GdsGa5012 when perovskite-gallium oxide mixture is heated to the garnet 

melting point (48j. 
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Thermogram for Sm3Ga5012 

Heated to 1685°C 

AT 
•2 

Thermogram for Gd3Ga5012 

Heated to 1755°C 
•B 

Heating ^ Cooling 1561-C 

1659*0 
— 

Heatinĝ ^̂  Cooling 1664°C 

17381: 

Figure 7. Thermograms for SmsGa5012 and Gd3Ga5012 heated to within 
25°C above their respective melting points 

po int ( T m of S m 3 G a 5 0 1 2 « 1664°C; Tm of G d 3 G a 5 0 i 2 « 1 7 3 5 ° C ) , mono­
phase garnet re formed on cool ing . These garnet a n d p e r o v s k i t e - g a l l i u m 
oxide mixtures are shown i n F i g u r e 6. 

Di f f e rent ia l thermal analysis ( D T A ) studies have shown Reac t i on 
8 to be temperature-dependent a n d reversible . D u r i n g coo l ing f r o m 25 ° C 
above the garnet me l t ing po int , a single exotherm appeared , as shown 

Thermogram for Sm3Ga5012 

Heated to 1730°C 
i9 

Thermogram for Gd3Ga5012 

Heated to 1800°C 

Heating Cooling 

[V. 1329°C 

1449°C I 
1658°C 

Heating Cooling 1342°C 

1439°C 

1740°C L— 

Figure 8. Thermograms for SmsGa5012 and GdsGa5012 heated to 
70°C above their respective melting points 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

14



14. D I G I U S E P P E Rare Earth Gallium Garnet Crystal Growth 287 

i n F i g u r e 7. T h e crysta l l i zed phase was ident i f ied as garnet. W h e n 
m a x i m u m heat ing temperatures exceeded the m e l t i n g po int b y more t h a n 
70° C , t w o exothermic transitions occurred o n coo l ing corresponding to 
the crysta l l i zat ion of bo th R E G a 0 3 a n d G a 2 0 3 (see F i g u r e 8 ) . U p o n 
repeated heat ing of the perovskite a n d g a l l i u m oxide mixture to 25°C 
above the garnet me l t ing po int , reversion to the garnet phase occurred . 
I n most instances four or more heat ing cycles were necessary to achieve 
this reverse transformation (see F i g u r e 9 ) . 

T h e garnet phase appears to be thermodynamica l l y more stable t h a n 
the perovskite phase i n the so l id state. G a r n e t c a n be prepared b y d irect 
so l id state react ion of rare earth a n d g a l l i u m sesquioxides; however , 
attempts to prepare perovskite i n an analogous manner d u r i n g this w o r k 

A 1st. Cycle, 
Sm3Ga5012 

Heated to 
1685°C 

B 2nd. Cycle, 
Sm3Ga5012 

Heated to 
1730°C 

C 3rd. Cycle, 
817136350! 2 

Heated to 
1685°C 

D 4th. Cycle, 
Sm3Ga50i2 
Heated to 
1685°C 

T i f •2 

AT 

I 
s 

t i 

I 

AT 

i 

i 

AT 

I 
f 

Heating 

AT 

^ 1 

T 
I 16451 

Cooling . 1 6 0 3 B , 

X 

Heating 

T 
I 1646°C 

Cooling I 1390% 

" l I L 

Heating 

1521^nCi-c 

Cooling 1 1615°C 

1 

Heating 

- r 

T 
1 1643*0 

J L 

Figure 9. Thermograms showing the reversible nature of Reaction 8 for 
Sm*Ga5012: (a) first cycle, Sm3GasOJ2 heated to 1685°C; (b) second 
cycle, Sm3Ga5012 heated to 1730° C; (c) third cycle, Sm3Ga5012 heated 

to 1685°C; (d) fourth cycle, SmsGasOJ2 heated to 1685°C. 
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a n d also b y other investigators (49) were unsuccessful , w i t h the resu l t ing 
products consist ing of garnet p lus another phase. T h i s behavior c o u l d be 
re lated to the s tab i l i z ing influence that the tetrahedral site provides for 
g a l l i u m i n the garnet structure. T h e perovskite , however , can be prepared 
on ly b y coo l ing mo l ten samples of equ imolar mixtures of sesquioxides. 
Consequent ly , the crys ta l l i za t i on process has an impor tant inf luence on 
the f o rmat ion of the perovskite phase. 

A qual i tat ive est imation of the crysta l l i zat ion act ivat ion energies 
obta ined f r om the shape of the garnet and perovskite crysta l l i zat ion 
exotherms (50) indicates that perovskite has a l ower crysta l l i zat ion act iva ­
t i o n energy than garnet a n d is k inet i ca l ly favored over garnet i n the 
crysta l l i zat ion process. It is possible that the observed phase separation 
results f r om structural changes i n the l i q u i d as the temperature of the 
l i q u i d is increased. S imi lar s tructural changes have been f ound to occur 
i n A 1 2 0 3 ( 5 1 ) . 

Summary 

T h e C z o c h r a l s k i technique can be used to grow large, h ig h - q ua l i t y , 
rare earth g a l l i u m garnet single crystals for use as substrates i n magnet ic -
b u b b l e memory devices. Some l i m i t e d success has been achieved also 
w i t h the crystal g r o w t h of b o t h subst ituted a n d m i x e d rare earth g a l l i u m 
garnets. T h e crystal qua l i ty of these materials can be contro l led b y the 
g r o w t h condit ions. Defects caused b y i r i d i u m ox idat ion a n d the loss of 
G a 2 0 3 can be e l iminated w i t h the appropr iate temperature gradient a n d 
g r o w t h atmosphere. T h e phase separation of garnet to distorted perov­
skite a n d g a l l i u m oxide, w h i c h c o u l d have a detr imenta l effect on the 
crystal g r o w t h process, can be prevented b y proper t h e r m a l treatment. 
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15 
Rare Earth Intermetallics for Magnetostrictive 
Devices 

J O S E P H B. MILSTEIN1 

Naval Research Laboratory, Washington, D.C. 20375 

A discussion of methods of preparation of single crystals of 
cubic Laves phase compounds, REFe2, and their solid solu­
tions is given. Motivation for the preparative methods 
studied and an explanation of how the materials prepared 
might be utilized in magnetostrictive devices are provided by 
a review of the unusual physical properties of the materials. 
Fundamental experimental results obtained in measuring 
these physical properties lead to the explanation of the inter­
atomic magnetic interactions of rare-earth and iron atoms in 
R E F e 2 crystals, confirmation of the single-ion model as 
appropriate to these systems, elucidation of the nature of 
the magnetocrystalline anisotropy, and a demonstration of 
the potential for and preferred mode of application of the 
materials in both bulk and surface wave magnetoacoustic 
devices. 

A T a g n e t o s t r i c t i v e materials have the proper ty that the ir p h y s i c a l 
dimensions are changed d u r i n g the process of magnet izat ion . T h e 

magnetostr ict ive effect is used, for example , i n certa in sonar devices such 
as the free-flooded n i c k e l scro l l magnetoacoustic transducer . T h e m a g ­
netostrict ive strain avai lable i n cube-textured oxide-annealed n i c k e l is 
on ly 35 parts per m i l l i o n ( p p m ) , however . L a r g e r strains, avai lable at 
room temperature a n d smal l magnet ic fields, w o u l d be h i g h l y desirable 
for device appl icat ions . 

T h e lanthanide rare earth metals exh ib i t large magnetostr ict ion, u p 
to 10,000 p p m , b u t at cryogenic temperatures. T h e metals i r o n , cobalt , 

1 C u r r e n t address: Photovoltaic A d v a n c e d Si l icon B r a n c h , Solar E n e r g y Research 
Institute, 1617 C o l e B o u l e v a r d , G o l d e n , C O 80401. 

T h i s chapter not subject to U . S . copyright . 
P u b l i s h e d 1980 A m e r i c a n C h e m i c a l Society 
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H(kOt) 

American Institute of Physics 

Figure 1. Room-temperature magnetostrictive strain and strain polarity 
as a function of magnetic field (5) 
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a n d n i c k e l are good ferromagnets at r oom temperature. O n e therefore 
might expect that combinat ions of these metals , as alloys or intermeta l l i c 
compounds , c o u l d exhib i t large magnetostr ict ive strains at r o o m tempera ­
ture. T h e discovery of large, room-temperature magnetostr ict ive strains 
i n the class of c u b i c Laves-phase ( I ) intermetal l i c compounds , R E F e 2 , 
where R E represents a lanthanide rare earth meta l , was made at the 
N a v a l Research L a b o r a t o r y ( N R L ) (2 ) a n d the N a v a l Surface W e a p o n s 
C e n t e r ( N S W C ) ( 3 ) . E x a m p l e s of the strain as a func t i on of field r e l a ­
t ionship are s h o w n i n F i g u r e 1 for a n u m b e r of composit ions. 

P u r e b inary R E F e 2 c ompounds suffer f r o m a n u m b e r of problems, 
however . L a r g e magnet ic fields, of the order of several tesla, are 
r e q u i r e d to produce the large magnetostrictions. T h i s is i m p r a c t i c a l 
f r om a device standpoint . I n cer ta in cases magnet ic saturation is not 
ob ta ined even at 12T. T h e magnetostr ict ive strains vary as a funct ion of 
rare-earth elements, temperature, a n d crystal lographic or ientat ion. T h e 
materials are br i t t l e i n po lycrys ta l l ine f o rm. T h e rare earth metals are 
extremely reactive at elevated temperatures, w h i c h poses serious fabr i ca ­
t i o n problems. L a s t l y , the rare earth metals are expensive at this t ime . 
These problems w i l l be addressed i n the f o l l o w i n g sections. 

The Physics of Magnetostriction in REFe2 Compounds 

T h e structure of the cub ic Laves-phase R E F e 2 compounds is s h o w n 
i n F i g u r e 2. T h e latt ice parameter for the T b , D y , H o , a n d E r b i n a r y 
compounds are approximate ly 7.34, 7.32, 7.30, a n d 7.28 A , respect ively 
( 4 ) . F r o m an examinat ion of the structure, a n d f rom the latt ice p a r a m ­
eter, one sees that the shortest rare ear th - rare earth distance is a p p r o x i ­
mate ly 3.2 A , r ough ly the same or s l ight ly shorter than that i n pure 
rare-earth metals. T h i s distance w i l l be discussed i n a later section. 

H o w , then, does one obta in a mater ia l that has large magneto­
strict ive strain at l o w fields? T h e pure b i n a r y composit ions have , 
depen d i n g on the rare-earth meta l , either posit ive or negative magneto­
str ict ion (A) a n d either posit ive or negative anisotropy constants ( K i , K 2 ) . 
These are presented i n T a b l e I a n d are based on observed values a n d 
theoret ical estimates b y C l a r k ( 5 ) . T h e anisotropy of the R E F e 2 phases 
is dominated b y the rare-earth meta l . 

T o have the best magnetostrict ive response a mater ia l should have 
as large a magnetostr ict ion (A) a n d as smal l a total anisotropy ( K ) as 
possible , as the figure of mer i t used, w h i c h is propor t i ona l to A 2 / K , w i l l 
be m a x i m i z e d . E x a m i n i n g the table entries, one sees that some c o m b i n a ­
t i on of T b , D y , H o , a n d F e w i l l y i e l d posit ive magnetostr ict ion and , i n 
p r i n c i p l e , zero K x a n d K 2 , assuming that the parameters A, K i , a n d K 2 

m a y be c o m b i n e d i n a l inear manner . 
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o A A T O M ( ) B A T O M O 
Figure 2. Crystallographic structure of the cubic (C-15) Laves phase. A 

atoms are large (RE) atoms; B atoms are small (Fe) atoms. 

T h e study of the magnetostr ict ion a n d anisotropy constants as a 
func t i on of composi t ion is carr ied out best o n homogeneous s ingle-crystal 
specimens i n order to obta in the compos i t ion a n d crystal lographic or ienta­
t i on dependences as accurately as possible. M a g n e t i c anisotropy measure­
ments on R E F e 2 materials have been carr ied out b y u s i n g the magnet i c 
torque (6) a n d magnet izat ion (7 ) techniques. I n the former technique 
one measures d i rec t ly the energy r e q u i r e d to rotate the magnet izat ion 
f r o m one crysta l lographic d i rec t ion to another. I n the latter method 
one must ca lculate the anisotropy based on the magnet izat ion behavior 
i n selected crysta l lographic direct ions. 

Table I. Polarity of A , K i , and K2 

TbFe2 DyFe2 HoFe2 

A + + + 
#1 - + + 
K2 + - + 
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If suitable single crystals are avai lable , one m a y w i s h to s tudy 
other p h y s i c a l properties as w e l l . 

Crystal Growth 

Three methods have been used for g r o w i n g R E F e 2 crystals. These 
are the T r i a r c C z o c h r a l s k i method ( 8 , 9 ) , the radio frequency ( r f ) l e v i t a -
t i o n C z o c h r a l s k i (10) method , a n d the r f l ev i ta t i on hor i zonta l - zon ing 
m e t h o d (11). I n a l l cases one must observe certa in precautions because 
of the extreme react iv i ty of rare-earth metals. T i tan ium-ge t te red argon 
can be used as a protect ive atmosphere to prevent the contaminat ion of 
the mel t b y oxygen, i n part i cu lar . 

O n e should exclude fore ign materials to the greatest extent possible , 
par t i cu lar ly f r om objects that contact the melt , such as seed wires a n d 
crucibles . O n e should use the most r a p i d g r o w t h m e t h o d avai lable i n 
order to reduce the t ime d u r i n g w h i c h contaminat ion m a y occur. A d d i ­
t ional ly , one may w i s h to have the poss ib i l i ty of us ing a seed i n order 
to prepare crystals of selected or ientat ion. O n e shou ld use start ing 
materials o f the best p u r i t y avai lable , especial ly w h e r e h i g h - q u a l i t y 
crystals are desired. F o r c ommerc ia l p r o d u c t i o n of R E F e 2 materials , 
however , the cost of s tart ing materials m a y l i m i t the p u r i t y of the rare 
earth that can be used prof i tably . 

T h e start ing composi t ion that should be used to prepare a g iven 
c o m p o u n d frequent ly can be determined by consul t ing a suitable phase 
d iagram. Unfor tunate ly , for most rare earth intermetal l i cs , such phase 
diagrams do not exist or are of quest ionable accuracy. Some systems, 
such as E r - F e , have been invest igated b y a n u m b e r of workers , w i t h 
v a r y i n g results (12,13,14). O n e then must w o r k empir i ca l ly , u s i n g 
various start ing composit ions ; b y corre lat ing the results ob ta ined under 
the appropr iate thermodynamic regime, one can deduce certa in features 
of the phase d i a g r a m of interest. I n this w a y H o F e 2 a n d E r F e 2 have been 
s h o w n to behave as congruent ly m e l t i n g materials ( 9 ) . F o r these mate­
r ials , as w e l l as ternaries a n d quaternaries based on H o F e 2 , i t is use fu l to 
start w i t h a 1% rare earth -r i ch composi t ion , that is, R E F e i . 9 8 , i n order to 
prevent the f ormat ion of second-phase mater ia l . T h e start ing compos i t i on 
chosen impl ies that for a congruent ly m e l t i n g m a t e r i a l the rare ear th 
s h o u l d conta in no more t h a n 1% atomic oxygen, or r ough ly 10 3 p p m oxy­
gen b y weight . I f the oxygen concentrat ion is larger t h a n this , one runs 
the r isk of g r o w i n g a crysta l contaminated w i t h ever increas ing quantit ies 
of R E F e 3 phase mater ia l . F o r per i tect i c materials , such as D y F e 2 or 
T b F e 2 , the rare-earth concentrat ion must exceed 3 3 % atomic b y an 
a m o u n sufficient to compensate for b o t h oxygen concentrat ion a n d the 
rare-earth excess r e q u i r e d b y thermodynamic considerations. I t m a y 
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prove necessary to t ry several start ing composit ions i n order to g r o w a 
des i red mater ia l , because the oxygen concentrat ion b y we ight i n pure 
c o m m e r c i a l rare earths is somewhat var iab le a n d m a y reach 10 4 p p m , 
a l t h o u g h 10 3 p p m m a y be f o u n d more c o m m o n l y i n the more expensive 
d i s t i l l e d grades of the heavy rare-earth metals. 

A convenient a n d s tra ight forward method for p r e p a r i n g start ing 
melts is the r f l ev i tat ion m e l t i n g of ingots of the metals i n the desired 
proport ions . Reac t i on takes p lace q u i c k l y , p r o d u c i n g a homogeneous 
mel t i n minutes . 

T h e app l i ca t i on of the C z o c h r a l s k i method requires a seed, w h i c h 
is d i p p e d into the mol ten start ing charge a n d w i t h d r a w n at a selected 
rate under contro l led t h e r m a l condit ions , l ead ing to the g r o w t h of a 
boule . I n the absence of a single crysta l f rom w h i c h an or iented seed 
m a y be obta ined , one m a y cut a section of a po lycrysta l l ine ingot such 
that a smal l n u m b e r of grains, idea l ly on ly one, w i l l contact the melt 
u p o n seeding. A f t e r g r o w i n g a boule , one may repeat the process u n t i l 
a seed of the desired or ientat ion is obta ined . 

T h e q u a l i t y of the g r o w n crystal w i l l be determined i n par t b y the 
presence or absence of contact b y fore ign solids w i t h the crystal or the 
c rys ta l -me l t interface as g r o w t h proceeds. A so l id that contacts the 
crysta l m a y introduce defects b y a mechani ca l or a t h e r m a l stress mecha ­
n i s m as the crysta l cools f r o m the m e l t i n g po int to r oom temperature. 
T h e presence of a so l id at the c rys ta l -me l t interface can result i n the 
spurious nuc leat ion of second grains or other defects. S u c h a so l id can 
be either a container for the melt , as i n the B r i d g m a n method , or part ic les 
of dross or d i r t that he o n the surface of the melt . D a r k , apparent ly 
ox id ic drosses are p r o d u c e d f requent ly u p o n a l l oy ing rare earths w i t h 
transit ion metals. 

Arc-Powered Czochralski Crystal Growth. N o s ingle -crystal 
g r o w t h apparatus or technique is the best for the g r o w t h of a l l crystals. 
T h e app l i ca t i on of a g iven technique us ing certa in apparatus to a selected 
crysta l g r o w t h p r o b l e m must be made o n the basis of the propert ies of 
the desired mater ia l a n d the capabi l i t ies o f the technique a n d apparatus. 

T h e use b y the author of a n electric arc -powered C z o c h r a l s k i m e t h o d 
(8 ) for the g r o w t h of crystals of rare earth intermeta l l i c compounds was 
based on several cr i ter ia . T h e compounds are arc compat ib le a n d are 
p r e p a r e d f requent ly b y arc m e l t i n g o n a water -coo led copper hearth . 
P r e l i m i n a r y data on arc -melted materials suggested that the des ired cub i c 
compounds crysta l l i zed read i ly , m a k i n g the C z o c h r a l s k i technique a 
n a t u r a l choice for r a p i d c rys ta l g rowth . T h e h i g h react iv i ty of rare earth 
metals suggested further that crucibles be avo ided i f at a l l possible. 

A p p r o x i m a t e l y 25 g of po lycrys ta l l ine mater ia l is transferred to the 
crysta l g r o w t h furnace . T h e mater ia l is me l ted o n a rotatable, coo led 
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Figure 3. A crystal of Ho088Tb0 12-
Fe2 grown by the triarc Czochralski 
method, which was studied by in­
elastic neutron diffraction methods 

(20) 

copper hear th b y the act ion of three electric arcs d i rec ted at i t f r o m 
thor iated tungsten electrodes. Get te red argon at a n overpressure of 
several pounds per square i n c h is used as protect ive atmosphere. O n c e 
a p o o l of l i q u i d has been established, a seed c rys ta l is d i p p e d into the 
mel t a n d C z o c h r a l s k i g r o w t h commences. 

I n order to m i n i m i z e r a d i a l thermal gradients i n the system, the 
mel t a n d g r o w i n g crysta l are rotated. Ro ta t i on of the me l t effectively 
causes the l o ca l i zed arcs to sweep the surface of the melt , p r o v i d i n g 
more u n i f o r m heat ing , e lectromagnetic s t i rr ing , a n d the efficient r e m o v a l 
of dross f r om the g r o w t h region. 

A crysta l of Ho 0 .88Tb 0 . i2Fe 2 g r o w n b y this m e t h o d a n d examined 
b y neutron di f fraction b y N i c k l o w et a l . (15) is s h o w n i n F i g u r e 3. 

Radiofrequency Levitation Czochralski Crystal Growth. Crys ta l s 
also have been g r o w n f rom a water -coo led H u k i n c ruc ib le (16), u s ing 
rf i n d u c t i o n me l t ing w i t h electromagnetic l ev i tat ion of the melt . 

A p p r o x i m a t e l y 150 g of charge mater ia l is prepared . Dross that 
appears u p o n c o m p o u n d i n g m a y be removed b y e tch ing i n aqueous 
H N 0 3 , f o l l o w e d b y repeated w a s h i n g w i t h anhydrous methanol . T h e 
charge is me l ted i n the c ruc ib l e , w h i c h is housed i n a n A . D . L i t t l e 
m o d e l M P crys ta l -growing furnace under an overpressure of gettered 
argon. A seed crysta l is d i p p e d into the mel t a n d C z o c h r a l s k i g r o w t h 
commences. 

I n this system the top por t i on of the melt is apparent ly the coolest 
region. W h a t e v e r dross is s t i l l present f requent ly appears as a t h i n s k i n 
or p a t c h o n the u p p e r surface of the melt . T h e r e appears to be no 
mechanism for its removal . T h e crystal therefore grows f r o m a system 
that has part i cu late matter at the c r y s t a l - m e l t interface. I f extremely 
p u r e s tart ing materials were used, the dross m i g h t be absent. I n the 
author's experience, us ing commerc ia l rare-earth metals, a complete ly 
dross-free melt surface has not been achieved. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

15



298 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

15



15. M I L S T E I N Intermetallics for Magnetostrictive Devices 299 

A crysta l of Ho 0 .77Tbo . 2 3Fe 2 g r o w n b y this method , f r o m w h i c h a 
[ l l l ] - o r i e n t e d cy l inder was prepared for magnetoacoust ic study b y 
T i m m e a n d M e e k s ( 1 7 ) , is shown i n F i g u r e 4. 

Radiofrequency Horizontal Levitation Zone Crystal Growth. I n a 
recent paper M c M a s t e r s et a l . (11) reported the g r o w t h of a n u m b e r of 
R E F e 2 composit ions b y us ing a n rf induct i on -heated h o r i z o n t a l l ev i ta t i on 
zone m e l t i n g method . A s is w e l l k n o w n , zone m e l t i n g is a technique 
very w e l l suited to materials that do not mel t congruent ly (18), such 
as T b F e 2 a n d D y F e 2 . 

F r o m the descr ipt ion g iven i t w o u l d appear that this m e t h o d presents 
two severe prob lems f r om the c rys ta l grower s po int of v i e w . F i r s t , an 
extremely large temperature gradient must exist ver t i ca l ly a long the 
c rys ta l - me l t interface, since the top of the charge, w h i c h is coo led 
p r i n c i p a l l y b y rad ia t i on , is very near the m e l t i n g po int (o f the order of 
1 0 0 0 ° C ) , w h i l e the l ower surface of the sol idi f ied boule , r o u g h l y 1 c m 
away , rests on a surface m a i n t a i n e d at approx imate ly r o o m temperature 
b y w a t e r coo l ing . Second, a so l id surface, that of the c ruc ib le , is present 
at the g r o w t h interface. These c ircumstances may contr ibute to the 
generat ion of defects b y t h e r m a l stress or b y the nuc leat ion of second 
grains, or to thermal ly i n d u c e d compos i t iona l variat ions across the c rys ta l 
d iameter i n the case of ternary or h igher -order systems. Z o n i n g 
i n the ver t i ca l d i rec t ion , as has been a p p l i e d to R E 2 C o i 7 systems b y 
M i l l e r a n d D ' S i l v a (19), w o u l d e l iminate bo th of these difficulties b u t 
w o u l d be more diff icult to per form. 

A compar ison of the results obta ined b y the three methods appears 
i n T a b l e I I . 

A l t h o u g h the C z o c h r a l s k i methods descr ibed have p r o d u c e d the largest-
a n d the highest - ( c rys ta l l ographic ) q u a l i t y R E F e 2 crystals to d a t e , ' i t 
should be noted i n fairness that the materials s tud ied are congruent ly 
me l t ing . 

Table II. Properties of Crystals Grown by Various Methods 

Size ( typica l ) 

Homogene i ty 

Per fec t i on 

Arc 
Czochralski 

~ 1-cm diameter 
X 1 -2 -cm length 
(~ 1.5 cm 3 ) 

Homogeneous b y 
microprobe a n d 
magnet ic torque 
measurements 

M o s a i c spread of 
about 0.1° (bulk , 
neutron - rock ing 
curve) 

RF Levitation 
Czochralski 

~ 1-cm diameter 
X ~ 9 - cm length 
( - 7 cm 3 ) 

M o s a i c spread 
about 1° to 3 ° 
(bulk , n e u t r o n -
r o c k i n g curve) 

RF Levitation 
Horizontal 

— 1-cm diameter 
X 1 -2 - cm length 
(~ 1 cm 3 ) 
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Physical Measurements 

Single crystals of composit ions i n the H o - T b - D y - F e 2 system p r o ­
d u c e d b y the C z o c h r a l s k i methods descr ibed above have been examined 
b y a var ie ty of p h y s i c a l techniques, i n c l u d i n g measurements of elastic 
a n d inelast ic magnetostr ic t ion , magnet i c anisotropy, neutron di f fract ion, 
surface acoustic w a v e ( S A W ) veloc i ty , a n d magnetoacoustic transduct ion . 
A br ie f descr ipt ion of these measurements is g iven be low; for a more 
complete discussion, the o r i g i n a l references should be consulted. 

I n the H o - T b - D y - F e 2 system the easy d i rec t i on of magnet izat ion is 
observed to vary as a funct ion of temperature a n d composit ion. A t room 
temperature the H o - T b system exhibits [111] -> [110] -> [100] as easy 
direct ions as the H o content increases, w h i l e the D y - T b system exhibits 
[111] - » [100] reor ientat ion only. T h e sp in reor ientat ion d iagrams (20) 
for these systems are shown i n F i g u r e 5. T h e so l id l ines, w h i c h delineate 
the easy d i rec t i on regions, are obta ined b y theoret ica l calculat ions . T h e 
hatched areas correspond to easy directions of magnet izat ion i n the (100) 
p lane between [110] a n d [100]. T h e circles a n d squares are data points. 
T h i s behavior is consistent w i t h the assumption of K2 > 0 for the H o - T b 
system a n d K2 < 0 for the D y - T b system, w i t h K « 0 i n the ne ighbor ­
h o o d of the reorientations. T h u s a combinat ion of T b , D y , a n d H o i n 
the proper amounts shou ld l ead to Kx = K2 = 0 at r oom temperature. 
I n such a case the magnet ic field necessary to saturate the magneto­
str ict ion w i l l be smal l . H o w e v e r , since the magnetostr ict ion is qui te 
anisotropic , w i t h A m > > Aioo, as s h o w n i n T a b l e I I I ( 2 1 ) , i t w i l l be 
necessary to have a textured po lycrysta l l ine mater ia l or, i f possible , a 
s ingle-crystal mater ia l to obta in the best efficiency. 

30C-

Journal of Applied Physics 

Figure 5a. Spin reorientation dia­
gram for the Ho-Tb-Fe2 system as 
a function of rare-earth content and 

temperature (18) 
70 8 0 

a t % H o 
9 0 100 
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50 60 70 80 
ot.%Dy 

Journal of Applied Physics 

Figure 5b. Spin reorientation dia­
gram for the Dy-Tb-Fe2 system as 
a function of rare-earth content and 

temperature (18J 

N e u t r o n di f fraction methods have p r o v i d e d several interest ing data. 
T h e crystal lographic qua l i ty of C z o c h r a l s k i - g r o w n crystals has been 
determined (10). T r i a r c - g r o w n crystals produce r o c k i n g curve peak 
w id ths one-tenth that of l ev i tat ion-grown crystals. These data are pre ­
sented i n F igures 6 ( a ) a n d 6 ( b ) . O n e sees conc lus ive ly the apprec iable 
difference i n qua l i ty , the t r iarc -grown crystals be ing systematical ly more 
perfect. T h e difference i n q u a l i t y is ascr ibed to the absence of dross at 
the g r o w t h interface i n the arc -powered method a n d to the presence of 
dross i n the lev i tat ion method. T r i a r c - g r o w n crystals thus are suited 
better for more deta i l ed a n d precise measurements t h a n are l ev i ta t i on -
g r o w n specimens. 

N e u t r o n inelastic scattering measurements have been per f o rmed o n 
Ho 0 .88Tbo .i2Fe 2 , E r F e 2 , and H o F e 2 ( 1 5 , 2 2 , 2 3 ) . A l t h o u g h " there are 
variations i n the deta i led results obta ined f r o m these specimens, several 
features are qui te systematic. T h e exchange interactions occur as 

F e - F e ^ tens of mi l l ie lec tronvol ts 

R E - F e » 1 m e V 

R E - R E = 0.00 ± 0.01 m e V 

T h u s the F e - F e interact ion is r ough ly equivalent to that i n pure i r o n 
metal . 
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Table III. Room-Temperature Magnetostrictive Constants 

TbFe2 DyFe2 HoFe2 

A 111 ( X 10" 6) 2460 1060 ± 150 185 ± 20 
A 1 0 0 ( X 1 0 " 6 ) 300 ± 100 0 ± 4 - 5 9 ± 6 

7 7 . 9 ° 7 8 . 9 ° 7 9 . 9 ° 

Plenum Publishing Corporation 

Figure 6a. Neutron diffraction rocking curves for triarc-Czochralski-
grown REFe2 crystals. The angular values are arbitrary and merely 

serve to indicate the rocking-curve width (10). 

t 

J 
61.0° 63.0° 65.0° 47.6° 49.6° 51.6° 

Plenum Publishing Company 

Figure 6b. Neutron diffraction rocking curves for rf levitation Czoch-
ralski-grown REFe2 crystals. The angular values are arbitrary and merely 

serve to indicate the rocking-curve width (10). 
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T h e rare earths order b y c o u p l i n g v i a the i ron sublatt ice . T h e rare 
earth's nearest neighbors , a l though at about the same distance as i n p u r e 
rare-earth metals, do not interact i n any measurable w a y . These facts 
are rather firm conf irmation o f the s ingle- ion mode l , w h i c h has been 
i n v o l v e d i n calculations of various properties of these systems. T h e 
inelastic neutron dif fraction results for E r F e 2 at r oom temperature are 
shown i n F i g u r e 7 a n d are t y p i c a l of the results f o u n d for a l l of the 
R E F e 2 systems s tudied to date. 

S A W studies (24) have been carr ied out b y u s i n g several single 
crystals i n the H o - T b - D y - F e 2 system. T h e w a v e ve loc i ty c o u l d be 
altered f r o m about 1.75 to 2.15 X 10 5 c m • sec" 1, for propagat i on of 
waves h a v i n g f ^ 85 M H z , a long the [001] d i rec t ion of a [110]-cut 

0.8 0.4 0 0.2 0.4 
R E D U C E D W A V E V E C T O R (X comp.) 

Figure 7. Room-temperature inelastic neutron diffraction data for ErFe2 

with fit curves and fitting parameters (21): ErFe2, 295 K; <]>Er — 3.6; 
<Sz>Fe = 0.66; dFe-Fe = 30 meV; dFe.Er = -0.32 meV; dEr.Er = 0. 

Experimental, (O); model, ( ). 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

15



304 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

0.8 r 0.8 r 

T b 2 3 H ( ? 7 7 F e 2 [ m ] 

, T b 3 D y . 7 F e 2 

0 20 4 0 60 80 100 0 200 400 600 800 1000 
Magnetic Bias Field (kA/m) Bias Flux Density (mT) 

Figure 8. Room-temperature coupling coefficient Kss for several REFe2 

materials in polycrystalline and oriented form as a function of magnetic 
field (27) 

crysta l , w i t h a magnet ic field of 8.6 K O e whose d i rec t i on was v a r i e d f r o m 
[001] to [110]. T h i s ve loc i ty change of approx imate ly 2 0 % is apparent ly 
the largest cont inuous ly var iab le surface ve loc i ty change reported to date. 

E x a m i n a t i o n of R E F e 2 po lycrysta l l ine a n d single-crystal materials 
for use i n magnetoacoustic transducers has been carr i ed out b y groups 
at N R L a n d N S W C (17,25,26). D a t a obta ined o n the same materials 
b y different techniques are i n good agreement. 

T h e parameter that is most c o m m o n l y taken as a measure of the 
q u a l i t y of a magnetoacoustic transducer element is K 3 3 , the magneto-
m e c h a n i c a l c o u p l i n g coefficient. T h i s quant i ty is a measure of the 
efficiency w i t h w h i c h magnet ic energy supp l i ed to the transducer element 
is conver ted to m e c h a n i c a l ( or acoustic ) energy. A n o t h e r impor tant 
parameter is the strain deve loped i n the transducer element. T h e larger 
the ava i lab le strain, the h igher is the attainable sound pressure for a 
g iven geometr ica l conf igurat ion of the transducer. S o u n d pressure a n d 
efficiency are parameters of some consequence to designers of sonar 
equipment . 
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F i g u r e 8 depicts the re lat ionship between K 3 3 a n d magnet i c bias 
field for po lycrysta l l ine a n d or iented R E F e 2 specimens, w i t h n i c k e l 
i n c l u d e d as a reference va lue (27). T h e c o u p l i n g coefficient for [ 1 1 1 ] -
or iented Tb 0 .23Ho 0 .77Fe 2 is approximate ly 0.75, w h i c h is apprec iab ly 
greater t h a n the values for the po lycrysta l l ine specimens. T h i s va lue is 
among the largest c o u p l i n g coefficients ever reported. T y p i c a l values for 
p iezoelectr ic ceramic transducer elements, the most w i d e l y used type , 
are about 0.6. 

T h e strain as a funct ion of bias field (27) for the same materials is 
shown i n F i g u r e 9. T w o features are not i ced read i ly . T h e first is that 
[ l l l ] - o r i e n t e d T b 0 . 2 3 H o 0 . 7 7 F e 2 saturates, w h i l e po lycrysta l l ine T b 0 . 2 5 -
H o 0 . 7 5 F e 2 does not saturate i n the l o w fields app l i ed . T h e second is that 
saturation occurs r a p i d l y i n the or iented specimen. T h u s the or iented 
spec imen yie lds far h igher strain w i t h a h i g h rate of change i n the 
low- f ie ld region. T h e impl i cat ions of these properties is that the use of 

0 20 40 6 0 8 0 100 120 140 160 180 
Magnetic Bias Field (kA/m) 

Figure 9. Room-temperature magnetostrictive strain as a function of 
magnetic field for several REFe2 materials in polycrystalline and oriented 

form (25) 
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or iented mater ia l results i n a superior magnetoacoustic device . T h e 
designer w o u l d l ike to use or iented mater ia l , w h i c h places a constraint 
o n the fabricator of the magnetostr ict ive elements. T h e device w o u l d 
be operated b y magnet i ca l ly b ias ing the elements to a po in t r ough ly 
ha l fway u p the steep rise i n strain a n d b y a p p l y i n g an osc i l lat ing m a g ­
net ic field to dr ive the elements over the f u l l d y n a m i c strain range. T h i s 
mode of operat ion w o u l d a l l ow the greatest economy i n r e q u i r e d p o w e r 
suppl ies , coils, vo lume , a n d mass, a l l of w h i c h are factors i n the po tent ia l 
app l i ca t i on of such systems. 

Conclusions 

T h e efforts of several workers have l e d to the a b i l i t y to prepare 
materials that exhib i t i m p r o v e d magnetostr ict ive behav ior at r oom t e m ­
perature. M a j o r advances have been made i n our unders tand ing of the 
basic magnet ic interactions i n the R E F e 2 intermetal l i c compounds . 

Areas that require a d d i t i o n a l effort i n c l u d e the examinat ion of 
add i t i ona l intermetal l i c systems—for example , those based o n S m rather 
t h a n T b — a n d the des ign of transducer devices that u t i l i z e the u n u s u a l 
characterist ics of these materials . 
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16 
Phase and High-Temperature Thermodynamic 
Studies in the Lutetium-Sulfur System 

HUGO F . FRANZEN and ALLEPPEY V . HARIHARAN 

Ames Laboratory, DOE and Department of Chemistry, Iowa State University, 
Ames, I A 50011 

The lutetium-sulfur system was investigated to determine 
the extended nonstoichiometry of the monosulfide, inter­
mediate phase(s), and thermodynamic properties. The 
homogeneity range of the cubic monosulfide extends from 
LuS0.75—LuS1.30. A new intermediate line phase, Lu3S4, with 
a superstructure derived from the parent face-centered cubic 
(fccub) sublattice, was identified between the sulfur-rich 
end of the monosulfide homogeneity range and Lu2S3. The 
high-temperature thermodynamic properties of the con­
gruently vaporizing Lu3S4 and LuS are reported. 

n p h e l anthanide monosulfides, except SmS, E u S , a n d Y b S , exhibit n o n ­
stoichiometry towards meta l - r i ch composit ions. T h e homogeneity 

range extends d o w n to a compos i t i on corresponding to LuSo .75 for y t t r i u m 
a n d the heavy lanthanides ; this range is m u c h smaller for the l i ght 
lanthanides (1,2,3,4). L u t e t i u m monosulf ide is u n i q u e i n that the 
nonsto ichiometr ic compos i t i on extends s ignif icantly to the m e t a l - r i c h a n d 
su l fur - r i ch regions w h i l e m a i n t a i n i n g the f c c u b rock salt structure. I n 
the hypersto ichiometry of the monosulf ide, a n d i n the general crysta l 
chemistry of chalcogenides, l u t e t i u m compounds tend to be s imi lar to 
those of s candium. T h e phase a n d high-temperature behavior of the 
L u - S system was of interest especial ly i n v i e w of the observation that i n 
the S c - S system the congruent ly v a p o r i z i n g compos i t ion is ScSi . 2 4 ( 5 ) . 

T h e purpose of the present study was to establ ish the extent of 
nonsto ichiometry of L u S , ident i fy intermediate a n d t e r m i n a l phase (s ) 
a n d the congruent ly v a p o r i z i n g compos i t ion , a n d obta in pert inent thermo­
d y n a m i c data i n the system. 

0 - 8 4 1 2 - 0 4 7 2 - 1 / 8 0 / 3 3 - 1 8 6 - 3 0 9 $ 0 5 . 0 0 / l 
© 1980 A m e r i c a n C h e m i c a l Society 
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Phase Studies 

L u t e t i u m sulfides i n the composi t ion range of S / L u 0.6-1.5 were 
synthesized b y the direct combinat i on of the elements contained i n out-
gassed, evacuated, a n d sealed quartz tubes at 870°C. T h e as-reacted 
materials were subsequently homogenized at 1500°C i n tungsten crucibles 
i n h i g h v a c u u m . Since the we ight losses of the samples d u r i n g homogeni -
zat ion were negl ig ib le , the final p roduc t composit ions were taken as 
essentially the same as the i n i t i a l composit ions. X - r a y di f fract ion patterns 
of the p o w d e r e d samples were obta ined i n a H a g g - t y p e G u i n i e r camera 
( radius 50 m m ; C u K«i rad ia t i on ; s i l i con interna l s tandard ) . 

T h e homogeneity range of lu te t ium monosulf ide is established as 
LuSo . 7 5 -LuSi . 3 o . T h e cub i c latt ice parameter increases sharply f rom 
5.316(1) A at L U S O . T I ( i n e q u i l i b r i u m w i t h L u meta l ) to 5.356(1) A at 
LuSi . 0 3 a n d thereafter less r a p i d l y to 5.364(1) A at LuSi . 2 9 ( F i g u r e 1 ) . 
T h e t rend i n the latt ice parameter indicates that the extended homoge­
nei ty results f r o m the presence of r a n d o m vacancies i n the sul fur a n d 
l u t e t i u m sublattices, respectively, on either side of the true monosulf ide 
composit ion. T h e latt ice parameter of stoichiometric L u S i . o is interpolated 
to 5.355(1) A . T h e composi t ion S / L u = 1.5 forms pure L u 2 S 3 [ rhombo-
hedra l -hexagona l : a = 6.722(2) A ; c = 18.141(7) A ] . 

0.8 1.0 
S/Lu 

Figure 1. Cubic cell lattice parameters (±0.001 A) of LuSx versus com­
position 
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16. F R A N Z E N A N D H A R I H A R A N Lutetium-Sulfur System 311 

A significant result of this study is the ident i f i cat ion of a n e w inter ­
mediate l ine phase, L u 3 S 4 , be tween the su l fur - r i ch e n d of the monosulf ide 
homogeneity range a n d L u 2 S 3 . T h e structure of L u 3 S 4 , tentat ively estab­
l i shed f r om the G u i n i e r p o w d e r di f fract ion, is c losely re lated to the defect 
S c 2 S 3 type (6 ) a n d is a superstructure der ived f r om the parent f c cub 
sublattice. T h e sul fur latt ice is complete ly filled, a n d vacancies occur i n 
the cat ion sublattice sites (ordered i n the case of the S c 2 S 3 structure type 
b u t par t ly o c cup ied i n L u 3 S 4 ) . A substructure of the c o m p o u n d is ortho-
r h o m b i c , space group F d d d , w i t h a — 10.764(3) A ; b = 7.708(3) A ; 
c = 22.861(8) A . S ingle -crystal refinement of the structure is i n progress. 

X - r a y photoelectron spectra of l u t e t i u m sulfide composit ions L u S 0 . 8 -
L u S i . 2 , L u 3 S 4 , a n d L u 2 S 3 have also been s tudied ( 7 ) . T h e most significant 
in format ion about the ca t i on -an ion interact ion i n these compounds is 
obta ined f r om the S 2p b i n d i n g energies. T h i s va lue , 162.7 ± 0.2 e V i n 
L u S 0 . 8 - L u S i . 2 a n d L u 3 S 4 , is very close to the b i n d i n g energy i n neutra l 
sul fur , whereas i n L u 2 S 3 i t is apprec iab ly shifted, to 161.8 e V , t y p i c a l of 
re lat ive ly ionic sulfides. T h e data ind icate very l o w charge transfer f r om 
the meta l to sulfur, or, a l ternatively , apprec iab le back b o n d i n g f r om the 
an ion to the meta l i n the nonstoichiometr ic monosulfides a n d the struc­
tura l ly re lated L u 3 S 4 , w h i l e i n L u 2 S 3 convent ional i on ic b o n d i n g becomes 
predominant . T h e L u 4 d core -b ind ing energies also show a para l l e l t rend 
i n these compounds . 

Thermodynamic Studies 

T h e intermediate phase, L u 3 S 4 , is established as the congruent ly 
v a p o r i z i n g composi t ion i n the L u - S system at h i g h temperature. T h e 
vapor i za t i on of this phase was s tudied b y mass spectrometric a n d target 
co l lect ion K n u d s e n effusion techniques i n the temperature range of 1 9 2 7 -
2216 K . L u 3 S 4 vaporizes accord ing to 

LuSi .» 8 (s ) == Lu (g ) + 1.338(g) (1) 

L u S i . 8 8 (s) = L u S (g) + 0.33S (g) (2) 

F r o m the slopes of the l og I T versus ( 1 / T ) data for L u a n d L u S vapor 
species, a n d a corresponding slope for sul fur gas consistent w i t h the 
congruency of the vapor i zat i on reactions (1 ) a n d ( 2 ) , the dissociat ion 
energy of L u S ( g ) is c omputed as D 0 ° [ L u S ( g ) = L u ( g ) + S ( g ) ] = 
120.6 ± 3.2 k c a l • m o l ' 1 . T h e effusion data have been r e d u c e d to obta in 
the f o l l o w i n g second- law thermodynamic values ( e u represents entropy 
u n i t ) : 
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R e a c t i o n ( 1 ) : A f f ° 

AS° 

R e a c t i o n ( 2 ) : &H° 

AS° ; 298 

298 

298 

298 

196.9 db 3.1 k c a l 

317.6 ± 2.3 k c a l 

55.9 ± 1.5 eu 

79.6 ± 1.1 eu 

These t h e r m a l data , appropr ia te ly c o m b i n e d , y i e l d , for the condensed 
phase, L u S i . 3 3 , A H ° f f 2 9 8 [ L u S i . 3 3 ( s ) ] = - 1 2 6 . 5 ± 2.3 k c a l • m o l " 1 a n d 
S ° 2 9 8 [ L u S i . 8 8 ( * ) ] = 18.0 ± 1.1 eu. 

T h e monophasic composit ions LuS0 . 7 5-LuS1 . 3 0 decompose o n heat ing 
i n v a c u u m w i t h loss of L u a n d eventual ly f o r m L u 3 S 4 . I n order to 
calculate the t h e r m o d y n a m i c properties of sto ichiometric l u t e t i u m mono­
sulfide, LuSi . o , the ac t iv i ty of L u i n the cub i c phase reg ion was measured 
at 2026 K b y the K n u d s e n effusion method . G i b b s - D u h e m integrat ion of 
the data y i e l d e d the ac t iv i ty of sul fur across the single-phase reg ion w i t h 
respect to the congruent ly v a p o r i z i n g composi t ion of L u 3 S 4 . F r o m the 
c o m b i n e d data the f o l l o w i n g thermodynamic values for LuSi . o are 
ca l cu la ted : 

A n a t o m i z a t i o n , 298 [ L u S (s) — L u (g) + S (g) ] — 268.5 ± 3.0 k c a l • m o l ' 1 

A#Subl imation , 298 [ L u S ( s ) = L u S ( g ) ] = 147.7 ± 3.0 k c a l • m o l ' 1 

A f l r o
f > 2 9 8 [ L u S ( s ) ] 99.6 ± 3.1 k c a l • m o l - 1 

Glossary of Symbols 

f c cub = face-centered c u b i c 
T = temperature i n k e l v i n 
I + = mass spectrometric i o n intensity (arb i t rary un i ts ) 

e u = entropy un i t , calories per degree per mole 
(s ) = so l id 
(g ) — gas 
D ° 8 = dissociat ion energy 

A H ° 2 9 8 = standard entha lpy change at 298 K 
A S ° 2 9 8 — s tandard entropy change at 298 K 

A H ° f ) 2 9 8 = standard enthalpy of f ormat ion at 298 K 
S ° 2 9 8 = standard entropy at 298 K 
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17 
Some Structural and Magnetic Properties of 
AxVIIxVIII1 - xF3 Compounds 

Y . F . LEE, R. F . WILLIAMSON, and W . O. J . BOO1 

Department of Chemistry, The University of Mississippi, 
University, M S 38677 

Tungsten bronze-like AxVIIxVIII1 xF3 compounds were 
studied in order to determine the effects of small composition 
changes on structure and magnetic properties. Pseudo-
hexagonal KxVF3 (x = 0.19-0.27) does not change lattice 
dimensions with composition but a superstructure was 
observed to be optimum for small x. Hexagonal CsxVF3 

(x = 0.19-0.31) and tetragonal KxVF3 (x = 0.450-4.558) 
have lattice dimensions that change smoothly with compo­
sition. All of the compounds reported displayed antiferro 
or ferrimagnetic ordering above 4.2 K. In each of the three 
systems, spontaneous magnetic moments were composition 
dependent. A single crystal of K0.20VF3 revealed a small 
spontaneous moment only when its c axis was aligned 
parallel with the field. 

T ) h a s e diagrams of mixed-valence systems often are reported to have 
single phased regions that extend over broad compos i t ion ranges. 

W i t h i n these regions, the ratios of mixed-valence ions, as w e l l as c o m ­
positions of other components, m a y change. T h e hexagonal KWWFS (x = 
0.19-0.27) a n d C s ^ V F g (x = 0.19-0.31) systems (1,2) a n d the tetragonal 
Ka?VF 3 (x = 0.450-0.558) system (3,4) are reportedly re lated structural ly 
to the tungsten bronzes. A l t h o u g h the structures are s imi lar , differences 
exist i n the A a ? V F 3 compounds such as superlattices, latt ice distortions, 
a n d even space groups. 

1 Author to whom correspondence should be addressed. 

0-8412-0472-l/80/33-186-315$05.00/l 
© 1980 American Chemical Society 
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T h e purpose of this chapter is to report subtle, bu t interest ing, 
s t ruc tura l a n d magnet i c propert ies of the A a . V I I

a . V I I I i - a . F 3 phase systems. 
It emphasizes the fact that p h y s i c a l changes w h i c h often accompany 
compos i t ion changes w i t h i n an apparent single phase p r o v i d e a n interest­
i n g area of invest igat ion for the so l id state chemist. 

Experimental 

Sto ichiometr ic mixtures of K F or C s F , V F 2 , a n d V F 3 were m i x e d 
thoroughly ins ide an inert atmosphere glove box. Samples of these 
mixtures were v a c u u m encapsulated i n m o l y b d e n u m b y electron-beam 
w e l d i n g techniques. T h e capsules were fired at 800°C for 30 days i n a n 
evacuated stainless steel tube ins ide a H e v i D u t y furnace. V F 2 a n d V F 3 

were p r e p a r e d i n this laboratory but opt ical -grade K F a n d C s F w e r e 
obta ined commerc ia l ly . C h e m i c a l analyses of products were i n agreement 
w i t h ca l cu la ted values w i t h i n exper imenta l error. S m a l l quantit ies of 
i m p u r i t y phases were separated f r o m b u l k samples b y Pasteur's m e t h o d 
under a n A m e r i c a n O p t i c s stereoscopic microscope. F i n a l products were 
inspected under a L e i t z D i a l u x p o l a r i z i n g microscope. Single crystals of 
compos i t ion K 0 . 2 o V F 3 , suitable for magnet ic suscept ib i l i ty measurements, 
were obta ined f rom a n independent experiment b y the f o l l o w i n g p r o ­
cedure : a mixture of K F , V F 2 , a n d V F 3 was heated to 1000°C inside a 
graphite - f ined n i c k e l furnace tube under a contro l led gas f low of H F , H 2 , 
a n d A r . Several large single crystals, w h i c h h a d g r o w n f r o m the vapor 
phase, were deposited downstream i n the cooler por t i on of the furnace. 
F r o m these, one single crysta l e longated a l ong its c axis a n d w e i g h i n g 
5.0 m g was chosen for magnet ic anisotropy measurements. 

T h e samples were character ized b y X - r a y di f fraction methods. B o t h 
D e b y e - S c h e r r e r a n d G u i n i e r - H a g g techniques were used o n p o w d e r 
samples. S ingle crystals, where avai lable , were s tudied b y Weissenberg 
methods for superstructures, d o m a i n structures, a n d other s tructural 
anomalies . 

A P A R v i b r a t i n g sample magnetometer e q u i p p e d w i t h a l i q u i d h e l i u m 
dewar a n d g a l l i u m arsenide thermometer was used for magnet ic suscepti ­
bi l i t ies f r om 2.8-300 K at a constant field of 10,000 G o n r a n d o m l y 
or iented p o w d e r samples, as w e l l as o n a single crystal of hexagonal 
K 0 . 2 o V F 3 or iented w i t h its c axis p a r a l l e l a n d perpend i cu lar to the field. 
Spontaneous moments were determined at constant temperatures i n 
fields r a n g i n g f rom 10,000-1,000 G a n d extrapolated to zero field. I n 
every experiment, samples were coo led i n a field of 10,000 G . 

Slopes on plots of X ^ " 1 versus T were ob ta ined b y l inear regression. 
A Dec -10 computer was used to reduce the X - r a y data. 

Results and Discussion 

Pseudohexagonal K a . V F 3 . A hexagonal latt ice can be descr ibed 
easily b y a set of or thorhombic base vectors. I f these vectors are chosen 
such that ao — 1 /2 ah + bh, b 0 = 1 /2 a*, a n d c G = ch; then \ah\ = 2 / \ / 3 
|a0| — 2|b0| a n d |a0|/V3|b0| = 1.00Q. T h e r e are t w o s imple possibi l i t ies 
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for d istort ion f r o m hexagonal symmetry b y w h i c h the latt ice remains 
orthorhombic . F o r the first k i n d , | a G | / \ / 3 |b0| is greater t h a n un i ty , a n d 
for the second k i n d it is less than uni ty . F o r distortions of either k i n d , 
the hexagonal M i l l e r indic ies are transformed to or thorhombic indic ies 
b y the matric ies 

V4 1 0 V2 V4 0 T Vi 0 
VS 0 0 V i VT. 0 , and 0 V4 0 
0' 0 1 0 0 1 0 0 1 

T h e hexagonal (hOhl) reflections are t ransformed into three ortho­
r h o m b i c reflections (h/2, h/2, I), (71/2, h/2, I), and (TiOZ). T h e (hh2hl) 
reflections are t ransformed into (3 /27i , h/2, I) (Ohl), a n d (3/2h, h/2, I). 
I n b o t h cases, t w o of the three or thorhombic reflections are degenerate 
a n d , i n p o w d e r di f fract ion experiments, one observes a doublet of w h i c h 
one reflection is t w i c e the intensity of the other. F o r a d is tort ion of the 
first k i n d , the (hOhl) reflections spl i t into doublets of w h i c h the first reflec­
t i o n (larger d) is ha l f as intense as the second, a n d the (hh2hl) reflections 
spl i t into doublets of w h i c h the first reflection is twice as intense as the 
second. F o r a distort ion of the second k i n d , the order of intensities 
obviously w o u l d be reversed. 

G u i n i e r - H a g g photographs show that the lattices of K 0 . 2 o V F 3 a n d 
K0.25VF3 are distorted to an or thorhombic structure of the first k i n d . 
T a b l e I shows X - r a y p o w d e r data of K0.25VF3. T h e hexagonal M i l l e r 
indic ies i n the first c o l u m n were those assigned to low-angle D e b y e -
Scherrer data. O n e superlattice reflection indexed as (2133) makes the 
hexagonal a value appear to double . T h e second c o l u m n i n T a b l e I gives 
M i l l e r indic ies of the m u l t i p l e or thorhombic reflections w h i c h are gen­
erated f r om the hexagonal reflections. T h e observed d values f r o m 
G u i n i e r - H a g g films are shown i n the t h i r d c o l u m n a n d are i n good 
agreement w i t h the ca l cu lated values. A l l of the hexagonal (hOhl) 
reflections that were resolvable are observed to spl it into doublets of 
intensity 1:2, whereas, a l l (hh2hl) reflections are split into doublets of 
intensity 2 :1 . A detai led analysis of this system is p u b l i s h e d elsewhere (2). 

F i g u r e 1 displays the inverse suscept ibi l i ty versus temperature of a 
single crystal of K 0 . 2 0 V F 3 or iented para l l e l a n d perpend i cu lar to a m a g ­
netic field of 10,000 G over the 4.2-100 K temperature range. T h e insert 
of F i g u r e 1 is a p lot of spontaneous moments extrapolated to zero field at 
fixed temperatures. These measurements reveal a spontaneous moment 
only w h e n the crysta l is or iented w i t h its C axis para l l e l to the field. 

T h e inverse suscept ibi l i ty a n d spontaneous magnet ic moment versus 
temperature of a r a n d o m l y or iented p o w d e r sample of K 0 . 2oVF 3 is shown 
i n F i g u r e 2, a n d that of K 0 25VF3 i n F i g u r e 3. S m a l l corrections for 
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Table I. Guinier -Hagg Data for K0.25VF3: a = 12.88 ± 0.01; 
b = 7.39 ± 0.01; c = 7.52 ± 0.01 

Hexagonal 
(Wi\) 

(2020) 

(0002) 

(2240) 

(2022) 

(4040) 

(2242) 

(4260) 

(3361) 

(2023) 

(4261) 

(2133) 

(6060) 

(2243) 

(0004) 

(6062) 

(4480) 

(2024) 

(6280) 

Orthorhombic 

( (200 

((no 
(002 

{ (310 
{ (020; 

( (202 
1(112 
( (400 
1(220 
( (312 
{ (022 

f(510; 
\ (420 
1(130 

(031 

( (203 
1(113 

f (511 
\ (421 
1(131 

(213 

( (600 
1 (330 

{(313 
{(023 

(004 

^•observed l-observed ^calculated 

6.448 
6.419 

w 
w + 

6.438 
6.409 

3.763 M 3.760 
3.715 
3.698 

w 1 

W " 2 

3.711 
3.694 

3.246 w (3.247 
{3.243 

3.224 
3.205 

w + 

M 
3.219 
3.204 

2.643 
2.638 

W " 1 2.641 
2.635 

2.438 W " 2 

T2.432 
•j 2.427 
[2.419 

2.339 W " 3 2.341 

2.335 w - s (2.336 
{2.334 

2.314 W " 3 

T2.314 
•(2.310 
(2.303 

2.229 W " 4 2.227 
2.146 
2.136 

W - 3 

W " 2 

2.146 
2.136 

2.075 W - 3 (2.077 
{2.074 

1.880 w 1.880 

1.865 
1.856 
1.847 

W " 4 

M 

W " 2 

1.864 
(1.857 
{1.855 
1.847 

1.805 W " 3 
(1.805 
{1.804 

1.787 W " 4 

fl.785 
-U.780 
[1.776 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

17



17. L E E E T A L . A^V"^/1"t. XF, 319 

T a b l e I . C o n t i n u e d 

Hexagonal Orthorhombic 
f h k i U (hkl) 

(2224) 

(448*2) 

(8080) 

(8082) 

(4484) 

{(314) 
1(024) 
{(622) 
1(042) 

((800) 
1(440) 
{(802) 
1(442) 

_ f (822) 
(64152) \(732) 

1(152) 
{(624) 
1(044) 

^•observed ^•observed dca'cwlcrted 

1.677 W - 4 (1.677 
{1.676 

1.664 
1.658 

W - l 
W -2 

1.664 
1.658 

1.622 w (1.623 
{1.622 

1.610 
1.602 

w 2 

w 2 
1.610 
1.602 

1.479 
1.474 

W - 3 
w 1 

1.480 
1.474 

1.374 W " 4 

fl.374 
\ 1.372 
U-368 

1.321 
1.319 W - 3 

1.321 
1.318 

temperature- independent o r b i t a l paramagnet ism of V + 3 were made on a l l 
hexagonal samples. T h e va lue 6 X 10" 4 e m u / ( m o l V + 3 ) used b y Gossard 
et a l . (5 ) on V F 3 w h e n a p p l i e d to our data gave l inear i ty to the p a r a ­
magnet ic reg ion of X M ' 1 V S . T plots of a l l of the hexagonal A a . V F 3 

compounds . 
F o r mixed-valence compounds of the type A f l . V I I

a ; V I I I i . a . F 3 , the mo lar 
C u r i e constant can be expressed as the sum of components f r o m V + 2 

a n d V + 3 b y the equat ion 

CM = xCi+2) + (1 - x ) C ( + 3 ) 

F o r V + 2 , w h i c h is a sp in only system, 

n A ^ ( + 2 ) W (3/2) ( 3 /2 + 1) 
C ( + 2 ) = 3fc 

a n d for V + 3 i n w h i c h the orb i ta l moment is quenched , 

r W ( i ) (i + i) 
^ f+3) = — — — 

3/c 

where N is Avogadros number , g ( + 2 ) a n d g ( + 3 ) are average values of the 
L a n d e sp l i t ing factors for V + 2 a n d V + 3 , respect ively , / A b is the B o h r 
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Figure 1. Inverse molar susceptibilities and spontaneous moments versus 
temperature of a single crystal of K0t20VFg oriented parallel and perpen­

dicular to the field 

magneton , a n d k is the B o l t z m a n n constant. I t has been establ ished that 
g ( + 2) is isotropic a n d has a va lue of 1.97 i n an octahedral fluoride env i ron ­
ment (6,7). F o r V F 3 , the average va lue of g ( + 3 ) is 1.80 (5). F r o m the 
s ingle-crystal data of K 0 . 2 o V F 3 , a n average value of g ( + 3 ) was ca lcu lated 
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to be 1.75. C u r i e constants for p o w d e r e d samples of K0.20VF3, K0.25VF3, 

CS0.25VF3, a n d C s 0 . 3 i V F 3 , ca l cu lated w i t h g ( + 2> == 1.97 a n d g ( + 3 ) = 1.75, 
are i n excellent agreement w i t h measured values as seen i n T a b l e I I . 
T h i s ev idence strongly supports the conc lus ion that the o rb i ta l moment 
of V + 3 is quenched large ly i n the hexagonal A X V F 3 compounds as is 
t y p i c a l of transit ion meta l ions i n solids. H o w e v e r , some orb i ta l c o n t r i b u ­
t i o n reduces the effective g va lue be low 2.0 o w i n g to s p i n - o r b i t c oup l ing . 

H e x a g o n a l C s * V F 3 . D e b y e - S c h e r r e r a n d G u i n i e r - H a g g X - r a y p o w ­
der data reveal that C s 0 . 2 5 V F 3 a n d C s 0 . 3 i V F 3 re ta in hexagonal symmetry 
but have latt ice constants that increase s l ight ly w i t h x. These are : a = 

T , ° K 

Figure 2. Inverse molar susceptibility and spontaneous moments versus 
temperature of a powder sample of K0 20VFS 
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322 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

7.50 ± 0.01 A , c — 7.67 ± 0.01 A a n d a = 7.51 ± 0.01 A , c — 7.69 
dz 0.01 A , respectively. T h e inverse magnet ic suscept ib i l i ty versus t e m ­
perature of CS0.25VF3, shown i n F i g u r e 4, indicates a n anti ferromagnetic 
transit ion at 22 K . N o spontaneous moment was observed for this 
mater ia l . L i k e K0.20VF3 a n d K0.25VF3, the inverse suscept ib i l i ty of 
C s 0 . 3 i V F 3 , shown i n F i g u r e 5, indicates no magnet ic o rder ing transit ion. 
( M a t e r i a l s that order ferr imagnet i ca l ly usual ly do not d isp lay m a x i m a 
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T a b l e I I . M a g n e t i c Constants o f A a . V F 3 Compounds 

Compound 

K0.20VF3 

K0.25VF3 
CS0.25VF3 

C s 0 . 3 i V F 3 

K0.450VF3 

K0.498VF3 

K0.558VF3 

CM CM © TV a 
^served) ( calculated) K K MB 

(cm3 deg mol'1) 

0.99 0.98 - 1 0 8 0.05 
1.02 1.03 - 3 10 0.13 
1.02 1.03 - 2 0 22 0.00 
1.09 1.10 - 1 1 12 0.06 
1.39 - 6 5 48 0.28 
1.49 - 7 5 47 0.010 
1.51 — - 7 8 45 0.004 

T, K 
3 0 0 

Figure 4. Inverse susceptibility versus temperature of a powder sample 
of Cs0.25VF3 
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i n ) H o w e v e r , a remnant magnet ic moment w h i c h appears b e l o w T N , 

a n d disappears above T N , gives evidence of magnet ic o rder ing a n d defines 
the order ing temperature very w e l l . A summary of the magnet ic constants 
is g iven i n T a b l e I I . 

T e t r a g o n a l K a . V F 3 . T h e latt ice constants of the tetragonal K a . V F 3 

phase reportedly change smoothly w i t h x (4) a n d a superstructure w i t h 
d imensions \asuvteT\ = 2 \ / 2 J a B U b | ; c s ' u p e r = 2 c s u b was observed for the c o m ­
pos i t i on x = 0.558. T h e inverse magnet i c suscept ib i l i ty of tetragonal 
K a . V F 3 i nd i ca ted long-range magnet i c o rder ing near 45 K ( 4 ) . T h e 
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17. L E E E T A L . A x V " x V I 7 / i - J ? 3 325 

dependence of spontaneous moment on composi t ion , d i sp layed i n F i g u r e 
6, is an important effect that has not been reported previous ly . T h e 
dimensions |a B l l Per| = 2 2|a s u b|; c s u p e r = 2 c s u b was observed for the c o m -
remnant moments on r a n d o m l y or iented p o w d e r samples of compos i t ion 
x — 0.558 a n d 0.498 are smal l , b u t for x — 0.450 the magn i tude of the 
moment per v a n a d i u m a tom is 0.28 PB- A summary of the magnet i c 
constants of tetragonal K z V F 3 is i n c l u d e d i n T a b l e I I . 

Conclusions 

T h e bronze- l ike A ^ V F a structures are perovskite - l ike , as V - F - V b o n d 
angles are a l l close to 180°. T h e y are u n l i k e perovskites, however , i n 

0.30 _ 

0.20 _ 

<r,JJB 

o.io _ 

0.00 
60 

Figure 6. Spontaneous magnetic moments versus temperature of tetrag­
onal KXVFS for x = 0.450, 0.498, and 0.558 
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that the nearest ne ighbor ing v a n a d i u m ions i n the a-b planes also have 
c o m m o n nearest neighbors. T h e rules of G o o d e n o u g h (8 ) a n d K a n a m o r i 
(9 ) pred i c t that these V - F - V interactions should be ant i ferromagnet ic ; 
however , the t r iangular g roup ing of v a n a d i u m atoms causes a constraint 
to this anti ferromagnetic order ing . I n K V F 3 (7 ) (TN = 130 K , © = 
l a r g e ) , tetragonal K 0 . 4 9 8 V F 3 (TN = 47 K , ® = — 75 K ) , a n d pseudo-
hexagonal K 0 . 2 5 V F 3 ( T V =-= 10 K , 0 = 3 K ) have 0, 0.4, a n d 0.67 con­
straints per v a n a d i u m atom, respectively. A l t h o u g h the decrease i n V + 2 / 
V + 3 w o u l d l ower TN a n d the magni tude of ©, the p r i m a r y cause is the 
increase i n the n u m b e r of constraints. 

M o r e subtle differences i n magnet ic properties w i t h i n a so-cal led 
single-phase reg ion are also significant. T h e important feature is that 
spontaneous magnet ic moments change w i t h composit ion. T h e tetrag­
o n a l K p V F s phase changes f r o m ferr imagnet ic (x = 0.450) to anti ferro­
magnet ic (x = 0.498 a n d 0.558); hexagonal C s a . V F 3 changes f r om 
anti ferromagnet ic (x = 0.25) to weak ferr imagnet ic (x = 0 .31) ; a n d 
pseudohexagonal K a . V F 3 increases its ferr imagnet ic moment as x increases 
f r o m 0.20 to 0.25. T h e m a i n reason for changes i n the spontaneous m o ­
ments of these compounds is p r o b a b l y the result of differences i n atomic 
o rder ing w i t h i n an apparent single phase. T h i s o rder ing occurs at h i g h 
temperatures a n d is apparent b y superlattice reflections a n d differences 
i n intensity of other B r a g g reflections. I n the case of the tetragonal 
K a - V F 3 compounds , weak superlatt ice reflections suggest V + 2 — V + 3 order­
i n g . F o r pseudohexagonal K a . V F 3 , the (031 a n d (213) reflections indexed 
as or thorhombic increase as x decreases. T h e latt ice constants do not 
change w i t h x a n d neither does the d is tort ion rat io |a|/"\/3|b| w h i c h is 
1.006. T h i s suggests K + o rder ing w h i c h is o p t i m i z e d w i t h composit ion. 
T h e change i n spontaneous magnet i c moment impl ies that some V + 2 — 
V + 3 o rder ing occurs s imultaneously . I n the hexagonal C s a V F 3 phase, the 
X - r a y data suggests l i t t le o rder ing of the large C s + i o n , a n d the reduced 
magni tude of spontaneous moments is exp la ined best as a more r a n d o m 
d i s t r ibut i on of the d i lute V + 2 i on . 

I t is signif icant that a l l of the hexagonal a n d tetragonal A a . V F 3 

compounds order ant i ferromagnet ica l ly or ferr imagnet i ca l ly above 4.2 K . 
M o s t of these materials d i sp lay spontaneous magnet ic moments, w h i c h 
give a more accurate determinat ion of TN. A l l of the materials w h i c h 
have spontaneous moments d i sp lay hysteresis effects. T h e magni tude 
of the moment depends p r i m a r i l y u p o n composi t ion a n d the magni tude 
of the field i n w h i c h the sample is cooled. Measurements m a d e o n a 
single crystal of K 0 . 2 o V F 3 not on ly substantiated anisotropy i n the 
suscept ib i l i ty but also revealed a spontaneous moment only w h e n the 
c axis was p a r a l l e l w i t h the field. T h i s suggests that the ordered spins 
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l ie para l l e l to the c axis. F u r t h e r studies of the effects of concentrat ion 
on s tructural a n d magnet ic properties of these phases are i n progress. 
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18 
Extended Metal-Metal Interactions in Binary 
Halides of the Early Transition Metals: 
A New Structural Chemistry 

JOHN D . C O R B E T T 

Ames Laboratory, DOE and the Department of Chemistry, 
Iowa State University, Ames, I A 50011 

Two distinct types of reduced halides occur for these ele­
ments: (1) metallic diiodides (for example, LaI2) in structure 
types common for sulfides and silicides (single metal layers), 
and (2) structurally novel chlorides and bromides (1 ≤ X:M 
< 2, X = halogen and M = metal) with halide-capped 
metal octahedra condensed into infinite chains, double 
chains, and double metal layers (for example, Gd2Cl3, 
Sc7Cl10, ZrCl). Iodine appears important in band formation 
and delocalization in (1). Structures in (2) are evidently 
governed principally by the X:M ratio and the need to bind 
halogen and less by electron concentration, which may 
remain relatively constant on condensation. Nearly all the 
halide structures in (2) are significantly more anisotropic 
than are related chalcides, which is attributed to a lower 
halogen participation in band formation and the resulting 
dominance of metal-metal bonding. 

T T n t i l recently , structures k n o w n for b i n a r y transit ion meta l hal ides i n 
^ l o w oxidat ion states exhib i ted very l i t t le i n the w a y of extended 

m e t a l - m e t a l interact ions; witness the p le thora of c o m m o n structure types 
associated w i t h these reduced phases ( N a C l , C d X 2 , B i l 3 , U C 1 3 , a n d so o n ) 
a n d the contrast w i t h the diverse structures a n d propert ies f o u n d w i t h 
r e d u c e d oxides ( T i O , N b O , N a a . W 0 3 ) a n d m e t a l - r i c h sulfides ( H f 2 S , 
Z r 2 i S 8 , T a 6 S ) (1,2). W e l l - c h a r a c t e r i z e d examples of hal ides i n v o l v i n g 
extensive m e t a l - m e t a l b o n d i n g have been l i m i t e d to phases conta in ing 

0 - 8 4 1 2 - 0 4 7 2 - l / 8 0 / 3 3 - 1 8 6 - 3 2 9 $ 0 5 . 0 0 / l 
© 1980 A m e r i c a n C h e m i c a l Society 
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the l oca l i zed M 6 X n clusters of T a , N b , M o , and W ( X = C I , B r , I ) save 
for the nove l , inf inite c h a i n structure of G d 2 C l 3 (3 ) a n d the recent 
discoveries discussed i n this paper . I n fact, k inet i c l imitat ions have been 
the p r i n c i p a l reason for this lack, a l though no par t i cu lar ly obvious 
reasons w h y this should have been suspected come to m i n d . I n s imple 
terms one associates fa i r ly decent volat i l i t ies a n d atom mobi l i t ies w i t h 
hal ides a n d thereby infers that meta l ha l ide reactions at h i g h tempera­
tures should reach thermodynamic e q u i l i b r i a w i t h some fac i l i ty relat ive 
to chalcides. T h u s i n m e t a l - m o l t e n h a l i d e systems, w h i c h do appear to 
come to r a p i d e q u i l i b r i u m at 600° -900°C, the absence of reduct ion 
b e y o n d the d iha l ide stage has been taken as c o m p e l l i n g evidence for the 
absence of l ower phases (4,5,6). T h i s conc lus ion is already k n o w n to 
be w r o n g for the S c - S c C l 3 , Y - Y C 1 3 , a n d T b - T b C l 3 systems a n d w i l l 
doubtlessly prove so for others. M e t a l - m e t a l ha l ide reactions can be 
a m a z i n g l y s low w h e n extended m e t a l - m e t a l b o n d i n g must be f o rmed i n 
the produc t a n d good transport condit ions do not perta in . A l s o , the 
reg ion of the per iod i c table where extended m e t a l - m e t a l b o n d i n g pre ­
dominates appears to He s igni f icantly to the left of elements f o r m i n g 
either the w e l l - k n o w n h a l i d e clusters or the complex chalcides. It is the 
purpose of this paper to describe the u n i q u e aspects of r educed ha l ide 
chemistry , par t i cu lar ly s tructural , a n d to po int out some of the contrasts -
and , i n a f ew cases, s i m i l a r i t i e s — w i t h chalcides a n d to offer some rat ionale 
for these. M u c h of the classification a n d explanat ion is based on struc­
t u r a l comparisons, since a l i m i t e d n u m b e r of other p h y s i c a l character iza ­
tions are avai lab le for m a n y of these n e w compounds . 

Background 

E x c e p t for the enigmatic A g 2 F ( a n t i - C d C l 2 t y p e ) , the t rad i t i ona l 
examples of m e t a l - m e t a l b o n d i n g i n transit ion meta l hal ides have a l l 
i n v o l v e d on ly the l oca l i zed b o n d i n g i n w h a t are k n o w n as clusters, that 
is, isolated groups of u p to six meta l atoms together w i t h strongly b o u n d 
halogen. A l t h o u g h some have a significant solution chemistry , w e w i l l 
consider on ly the ir so l id state s tructural properties . We l l - e s tab l i shed 
h a l i d e clusters that conta in three or more meta l atoms have a l l i n v o l v e d 
metals f r o m trans i t ion groups V , V I , a n d V I I . A l l classes of these have 
been k n o w n for a decade or more a n d w i l l be i t e m i z e d solely for c o m ­
par i son w i t h the newer examples of extended clusters. 

N i o b i u m i n phases M 3 X 8 , as w e l l as R e 3 C l 9 , contains w e l l - b o u n d 
t r iangular meta l groups bas ica l ly o c c u p y i n g ne ighbor ing interstices be­
t w e e n c lose-packed ha l ide layers. Pa irs of tr iangles shar ing a c o m m o n 
edge are f o u n d i n C s N b 4 C l n a n d closely re lated phases. B u t the best-
k n o w n a n d most relevant examples invo lve the stoichiometrics M X 2 . 3 3 
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18. C O R B E T T Extended Metal-Metal Interactions 331 

a n d M X 2 . 5 o for M — N b , T a a n d M ' X 2 for M ' — M o , W (p lus N b I i . M ) . 
W i t h o u t b e i n g tota l ly specific or comprehensive , these invo lve t w o classes 
of hexametal clusters, respect ive ly : 

M 6 X i 2
2 ' 3 + : octahedra of m e t a l atoms edge-capped b y halogen 

M 6 ' X 8
4 + : octahedra of meta l atoms /ace -capped b y halogen (1) 

These clusters ev ident ly a l l possess low-energy orbitals that are exo or 
o u t w a r d p o i n t i n g f r o m each meta l atom, j u d g i n g f r om the fact that these 
positions are always o c cup ied either i n the ternary systems b y l igands or 
anions (as M e X ^ Y e ) or i n the b i n a r y hal ides i n the so l id state b y 
halogens that are, for example, edge b r i d g i n g i n one c luster a n d exo i n 
another. A c c o r d i n g to the s tandard descr ipt ion scheme ( 7 ) , where i 
refers to inner a n d a to outer or exo posit ions, T a 6 C l i 5 a n d N b 6 I n are 
T a 6 C l i i 2 C l a

6 / 2 a n d N b e F g l V a , w i t h three h a l i d e anions b r i d g i n g be tween 
clusters a n d o c c u p y i n g a l l six ax ia l positions. S i m i l a r l y , N b e C l i 4 ( or 
N b 6 C l i 2 C l 2 ) is better descr ibed as N b e C P i o C l * ' 0 ^ , the m i d d l e type of 
ch lor ide be ing bo th edge b r i d g i n g i n one cluster a n d exo to another. 
S i m i l a r characteristics or o r b i t a l requirements can be d iscerned i n the 
extended structures descr ibed here as w e l l . M o l e c u l a r o rb i ta l a p p r o x i m a ­
tions for b o n d i n g i n these s ix -metal clusters are ava i lab le ( 8 , 9 ) , t h o u g h 
results to be considered later suggest that the electron count i n the 
condensed clusters is not as c r i t i ca l for stabi l i ty as once thought . 

T h e chalcides, par t i cu lar ly the sulfides, constitute the best -studied 
area of so l id state chemistry w i t h w h i c h to compare h a l i d e propert ies , i n 
par t i cu lar , for ch lor ide relat ive to the isoelectronic sulfide a n d , to a lesser 
degree, te l lur ide versus iod ide . O n the other h a n d , oxide versus fluoride 
is re lat ive ly sterile because of the pauc i ty of f luoride examples; ev ident ly , 
the smal l size, h i g h latt ice energy, h a r d an ion , sma l l covalency, a n d 
h igher an ion : cat ion rat io for the same ox idat ion state a l l favor h igher 
ox idat ion states a n d insu lat ing products w i t h fluoride. T h e remarkable 
T i O , Z r O , N b O , a n d so for th seem to have no analogy i n fluoride c h e m ­
istry, A g 2 F be ing a noteworthy exception. 

T h e organizat ion of the f o l l o w i n g derives f r o m the character of the 
conclusions, namely , that the closest analogies be tween hal ides a n d 
chalcides come w h e n the iodides are considered, a fact that can be 
a t t r ibuted to the greater covalency of the iodides . I n contrast, the 
bromides a n d chlorides prov ide numerous examples of a n e w a n d n o v e l 
s tructura l chemistry ( a n d presumably new phenomena as w e l l ) that are 
not k n o w n or recognized elsewhere. F u t u r e discoveries m a y of course 
diffuse w h a t n o w appear to be sharp boundaries . 
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The Metallic Diiodides 

R e d u c e d iodides of the active metals as a class appear to f o r m a 
u n i q u e class of meta l l i c d i i od ides ; that is , iodides that are salt l ike i n the 
u s u a l sense b u t that also exh ib i t a meta l - l ike e lectronic conduct i on . A 
t y p i c a l example c a n thus be f o rmula ted L a 3 + ( r ) 2 e " . A l t h o u g h some of 
these have been k n o w n for some t ime ( 1 0 ) , recent s tructura l w o r k o n 
the rare earth examples, especial ly b y Barn ighausen a n d co-workers (11, 
12), has made the classif ication emphat ic . T a b l e I lists the k n o w n 
examples together w i t h s tructural types a n d some properties. A l l these 
occur i n layered structures, either i n the unusua l e ight-coordinate a n d 
almost a l l oy l ike M o S i 2 type or i n w e l l - k n o w n d i cha l c ide ( M o S 2 , N b S 2 ) 
types of structures. These i n a l l cases invo lve single, inf inite m e t a l sheets 
be tween doub le i od ine sheets i n w h i c h the distances between m e t a l a n d 
iod ine closely approx imate the s u m of those for i od ide a n d n o r m a l -
va lent cations ( L a 3 + , T h 4 + , a n d so o n ) , consistent w i t h d e r e a l i z a t i o n of 
( a n d poor screening b y ) the di f ferentiat ing e l e c t ron ( s ) . 

Compounds 

L a l 2 , C e l 2 

P r l 2 

N d l 2 

G d l 2 

T h l 2 

S c l 2 . l 6 

Table I. The Metallic Diiodides 

Structure Type* Properties 

M o S i 2
& (12) 

M o S i 2 , 2 M o S B r - , 
2 R - M o S 2 

C d C l 2 [10,11,12) 
M o S i 2 ( h i g h P ) (13) 
2 H 1 - M 0 S 2 (14) 
4H-NbS2 (16) 
about C d l 2

c 

0-300 « 15,600 QTl • c m " 1 ; p a u l i p a r a ­
magnetic ( L a l 2 ) (10) 

high a (IS) 
P a u l i paramagnet i c , h igh o- (17) 
0-300 800 O" 1 • c m ' 1 , weak p a r a -

magnet (18) 
a H = hexagonal , R = r h o m b o h e d r a l structures. 
6 A l s o referred to as C u T i 2 - t y p e structure. 
c N o evidence of superstructure b y D e b y e - S c h e r r e r Techniques . 

T h e f o l l o w i n g summar ize signif icant factors for this type of 
c o m p o u n d : 

1. M e t a l l i c b inary hal ides , w h i c h invo lve single meta l sheets, 
have to date been f o u n d only w i t h iodides . S u c h phases 
have not been f o u n d i n the b r o m i d e or ch lor ide systems of 
the same metals even t h o u g h most of these have been 
studied . 

2. These are w i t h very f ew exceptions the on ly m e t a l - m e t a l -
b o n d e d hal ides w h i c h occur i n structure types also f o u n d 
w i t h the chalcides. [Another example is « -ZrI 2 , a semi ­
conductor that occurs i n the / 3 - M o T e 2 structure w i t h infinite 
meta l chains (19).] 
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18. C O R B E T T Extended Metal-Metal Interactions 333 

3. A significant covalence a n d par t i c ipa t i on of i od ide i n the 
conduct ion b a n d is p r o b a b l y i n v o l v e d , para l l e l ing the 
recognized covalence w i t h the chalc ides . 

T h e contrast w i t h other iodides are rather sharp; T i l 2 ( C d l 2 t ype ) 
is a semiconductor w i t h l o ca l i zed spins a n d T N ^ 200 K , w h i l e V I 2 is 
descr ibed as an insulator. T h e meta l l i c examples w o u l d appear to require 
parent cations that have ground or l o w - l y i n g d states, mean ing that 
d i iodides of the d iva lent rare earth meta l ions w i t h in states are either 
salt l ike ( for example, N d l 2 at ambient pressure, S m l 2 , D y l 2 , T m l 2 ) or 
nonexistent. A substantial par t i c ipat i on of the i od ide i n format ion of the 
conduct ion b a n d ( i n energy a n d i n over lap) seems l i k e l y i n v i e w of the 
fact that such compounds are not k n o w n for the smaller ch lor ide a n d 
bromide w h e r e overlap w i t h i n a cat ion sublatt ice w o u l d be more favor­
able. E v i d e n t l y only w i t h the large a n d po lar izab le i od ide does this 
overlap a n d covalency become significant re lat ive to that general ly 
recognized w i t h the h igher -charged sulfide. I n the terms of G o o d e n o u g h 
(20 ) , a 7 T * c onduct ion b a n d w o u l d appear to be a useful representation 
for these iodides . T h e absence of a dominant m i x i n g w i t h the more 
t ight ly b o u n d valence electrons i n chlor ide a n d b r o m i d e is p robab ly the 
most significant factor for the appearance of a contrast ing nove l chemistry 
w i t h the l ighter ha l ide anions. O n the other h a n d , there is a good 
poss ib i l i ty that more h i g h l y reduced iodides ( I : M < 2) can be prepared 
for some of these elements a n d that these compounds m a y exhibi t some­
th ing of the nove l l o w d imensional i ty a n d interconnect iv i ty of the l ighter 
halides descr ibed i n the f o l l o w i n g section. 

Extended Metal Structures 

Present examples of extensive m e t a l - m e t a l b o n d i n g i n hal ides w h e r e 
this feature appears to be of major importance i f not structure determin­
i n g are presently l i m i t e d to the chlorides a n d bromides of transi t ion 
groups I I I a n d I V together w i t h re lated rare earth elements. T h e metals 
invo lved thus occur i n the per iod i c table at least one group further to the 
left of those where extended m e t a l - m e t a l b o n d i n g occurs w i t h chalcides. 
A s w i l l be deta i led later, the structures f ound w i t h these halves are 
nearly a lways more anisotropic than the corresponding chalcides. 

T h e ha l ide examples encompass the doub ly metal - layered Z r C l (21) 
[and the isostructural G d C l a n d T b C l (22) ] , the closely re lated Z r B r (23) 
[plus H f C l a n d S c C l (24)], a n d three structure types i n v o l v i n g chains of 
meta l octahedra, G d 2 C l 3 ( 3 ) , S c 5 C l 8 (25), a n d S c 7 C l i 0 (26). I n a l l cases 
the distances observed between m e t a l a n d h a l i d e on the outside of the 
sheet or c h a i n are aga in quite close to the s u m of those for ha l ide a n d 
n o r m a l l y valent S c 3 + , Z r 4 + , a n d so on, emphas i z ing the d i s t r ibut i on of 
r educt i on electrons within the meta l -bonded array . 
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Figure 1. The four-layer slabs CI—Zr—Zr—CI in the structure of ZrCl. 
The larger and heavier spheres depict zirconium. [Arbitrary-size spheres 

and field view; the cell is R3m, a = 3423, c = 26.69 A (21)] 

T h e structure of Z r C l , F i g u r e 1, consists of three slabs di f fer ing on ly 
i n or ientat ion, w i t h each slab conta in ing four closely p a c k e d layers , 
sequenced C l - Z r - Z r - C l . E a c h meta l atom has six l i ke neighbors i n the 
sheet at 3.42 A , p lus three i n the other sheet at 3.09 A , w h i c h compare 
w i t h 3.19 A i n thet c lose-packed meta l . T h e structure provides a n 
interest ing alternative to that of the isoelectronic N b O , a three -d imen­
s ional condensed cluster N b i

6 / 2 0 i i 2 / 4 , w h e r e a l l inner atoms are shared 
between clusters ( d N b . N b = 2.98 A ) ( 8 ) . T h i s cond i t i on is not feasible 
geometr ica l ly w i t h the large ch lor ide , as the m e t a l - m e t a l bonds w o u l d 
have to be l engthened to a n unreasonable 3.7 A . X - r a y photoe lectron 
spectroscopy ( X P S ) data (23 ) for Z r C l show a we l l -de f ined Z r 4 d valence 
peak at 1.2 e V b e l o w E F ( the F e r m i energy ) , w i t h a n apprec iab le density 
of o c c u p i e d states at E F . B a n d calculat ions (27) agree w i t h this c o n c l u ­
sion a n d conf irm that the highest valence b a n d is p r i m a r i l y z i r c o n i u m i n 
character , ch lor ine 3p b e i n g s igni f icantly more t i g h t l y b o u n d at 6.4 e V 
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18. C O R B E T T Extended Metal-Metal Interactions 335 

( b y X P S ) . Conduc t iv i t i e s have been reported (28) (wi thout m u c h detail ) 
as 55 a n d 1.5 X 10" 3 O" 1 • c m " 1 for o-jj ( p a r a l l e l ) a n d aj_ p e r p e n d i c u l a r ) , 
respect ively . W e a k b o n d i n g be tween the slabs is responsible for n u m e r ­
ous defects i n the crystals a n d graphi te - l ike damage o n g r i n d i n g . A t ­
tempts at interca lat ion reactions so w e l l k n o w n for l ayered sulfides have 
a l l been unsuccessful ( 2 3 ) . 

T h e structure of Z r B r is ach ieved b y in terchang ing the top two four-
layer slabs shown for Z r C l , thereby ach iev ing some greater b i n d i n g a n d 
hardness through the ga in of add i t i ona l second-nearest neighbors of the 
other k i n d across the v a n der W a a l s gap ( comparab le to C d C l 2 versus 
C d l 2 ) . T h e X P S a n d theory results are qu i te s imi lar to those for Z r C l , 
as expected. T h e format ion of S c C l , as w e l l as G d C l a n d T b C l , i n these 
structures is rather surpr is ing , as they presumably invo lve only two rather 
t h a n three electrons i n b i n d i n g the meta l sheets together, t h o u g h this 
presents no dif f iculty w i t h the b a n d ca l cu lat ion results. 

B o t h z i r c o n i u m monohal ides react read i ly w i t h hydrogen to f o r m the 
compounds Z r X H 0 . 5 a n d Z r X H i . o ( 2 9 ) . These show significant hydrogen 
m o b i l i t y just above room temperature accord ing to nuc lear magnet i c 
resonance ( N M R ) studies ( 3 0 ) , w i t h the hydrogen most p r o b a b l y 
located i n the tetrahedral holes between the meta l layers, where i t 
experiences an exceedingly large sh ie ld ing anisotropy appropr iate to its 
l ocat ion i n a two-d imens iona l m e t a l sheet. Va lues of ( T i e T ) ' 1 / 2 , where T 
is temperature a n d T i e is sp in latt ice re laxation t ime , for these phases i n 
the r i g i d reg ion ind icate densities of o c cup ied states at E F that are 
comparable to those f o u n d i n (a) T a H * a n d NbHx ( 3 1 ) . 

T h e remarkable c h a i n structure of G d 2 C l 3 — t h e so-cal led e ighth 
w o n d e r of the rare earth w o r l d — i s dep i c ted i n F i g u r e 2. I n this structure, 
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elongated m e t a l octahedra share short (3.35 A ) trans-edges to f o rm 
infinite chains. T h e repeat distance a long the c h a i n ( the fc-axis) is 3.90 A ; 
apex atoms are 3.71-3.78 A f r om the wais t atoms. These distances 
compare w i t h 3.60 A i n the 12-coordinate metal . E a c h outward - fac ing 
tr iangle of meta l atoms i n the cha in is c a p p e d b y a ch lor ine atom, so 
that the c h a i n can be v i e w e d as the p r o d u c t of the condensation of face-
c a p p e d M 6 C 1 8 types of clusters c i ted earl ier. T w o a d d i t i o n a l chlor ides 
( s h o w n d u p l i c a t e d at the top a n d bot tom of the figure) br idge to p a r a l l e l 
ne ighbor ing chains so as to generate sheets, and these i n t u r n pack so 
that face - capp ing chlorides i n one sheet o c cupy exo positions of gado­
l i n i u m atoms i n the shared edges i n other sheets, a n d v i ce versa. T h e 
phases G d 2 B r 3 a n d T b 2 C l 3 also occur i n this structure ( 3 2 ) . 

T h e s cand ium chlor ide system contains i n a d d i t i o n to S c C l several 
more reduced phases i n the range 1.0 < C l : S c < 2.0, a n d two of these 
have been shown to conta in infinite chains of shared octahedra, S c 5 C l g , 
F i g u r e 3, a n d S c 7 C l i 0 , F i g u r e 4. B o t h i l lustrate a n e w feature of m e t a l 
ha l ide chemistry ( w h i c h is also f o und i n the cluster c o m p o u n d S c 7 C l i 2 ) , 
the incorporat ion of iso lated s cand ium ( I I I ) cations that i n t u r n m a k e 
the meta l chains anionic, SL l og i ca l c ircumstance for the re lat ive ly e lectron-
poor s cand ium. T h u s S c 5 C l 8 is f o rmulated s imply as ( S c C l 2

+ ) ^ ( S ^ C V ) * . 
T h e latter part represents the c h a i n of e longated m e t a l octahedra that 
aga in share very short trans-edges (3.02 versus 3.26 A i n the m e t a l ) , 
a n d this c h a i n is i n turn edge-capped b y six chlor ine atoms per repeat ing 
uni t . T h e cat ionic part consists of octahedra of ch lor ine that also share 
trans-edges a n d conta in the isolated s c a n d i u m atoms. T h e apices of these 
ch lor ine octahedra are edge -br idg ing chlorines i n other meta l chains (not 
s h o w n ) . T h e ch lor ine atoms thus sheath the anionic c h a i n as w e l l as 
stabi l ize the , i so lated cations i n a very regular a n d sensible fashion. T h e 
c o m p o u n d does not give a n electron sp in resonance ( E S R ) s ignal ( c o m ­
pare S c 7 C l i o b e l o w ) a n d is a presumed but not proven meta l l i c conductor . 
C o n c e p t u a l l y , the cha in aga in comes f r o m condensat ion of clusters, this 
t ime edge -br idged , as f o u n d i n the c o m p o u n d S c 3 + ( S c 6 C l i 2

3 " ) (33) as 

S c 3 + ( S c 6 C l 1 2
3 - ) (s) ( S c C l 2

+ ) (Sc 4 Cl 6 ~) (s) + 2 S c C l 2 ( g ) 

F i n a l l y , the most complex of the k n o w n series, S c 7 C l i 0 , can be cata ­
l oged as the product of condensation of two p a r a l l e l chains of the sort 
just descr ibed to g ive ( S c C I 2

+ ) Q 0 ( S c 6 C l 8 " ) x (see F i g u r e 4 ) , n a m e l y 

2 ( S c C l 2
+ ) ( S c 4 C l 6 - ) (s) -> ( S c C l +

2 ) ( S c 6 C l 8 - ) (s) + 3 S c C l 2 ( g ) 

the hypothet i ca l process b e i n g accompanied b y conversion f r o m edge-
to face - capping of the o u t w a r d - f a c i n g triangles of the meta l c h a i n b y 
ch lor ide . ( T h i s , of course, does not represent a mechan ism, a l though 
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18. C O R B E T T Extended Metal-Metal Interactions 337 

Figure 3. Sc5Cl8 or (ScCl2
+)(Scfil6~): A section of the infinite parallel 

chains of chlorine octahedra containing scandium(III) (top) and of metal 
octahedra (solid atoms) capped by chlorine (bottom). Dangling bonds at 
the bottom go to chlorine atoms shown at the top in other chains, while 
the apices of chlorine octahedra at the top are also exo to metal chains 
in other sheets. (Thermal ellipsoids are drawn at the 90% probability 

level.) (25) 

Figure 4. Sc7Cl10 or (ScCl2
+XSc6Cl8~). Side view of the double octa­

hedra of scandium metal (bottom) and parallel chain of chlorine octa­
hedra containing scandium(III) (top) (90% thermal ellipsoids) (26). 
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ScClo is thought to be the active species i n the gas phase transport 
react ion. ) A g a i n , s imi lar ch lor ine octahedra surround the iso lated scan­
d i u m ( I I I ) ions i n a p a r a l l e l cha in , a l l of these chlor ides also b e i n g exo 
to more distant meta l atoms i n the an ion cha in . A l l three of the shared 
edges of the meta l structure are moderate ly short, 3.15 A ; a l l other 
s c a n d i u m - s c a n d i u m distances i n the compounds that have not a lready 
been c i ted are i n the range of 3.20 to 3.55 A , the longer distances ar i s ing 
f r o m distort ion of the shared meta l octahedra. 

T h i s c o m p o u n d is most remarkable i n g i v i n g a very sharp E S R s igna l 
( g = 1.97, 50g f w h m , for g = gyromagnet ic rat io a n d f w h m = f u l l 
w i d t h at h a l f - m a x i m u m ) a n d a substantial magnet ic suscept ib i l i ty . I f the 
latter data are assumed to f o l l ow the C u r i e - W e i s s l a w , the resu l t ing 
moment corresponds very closely to that expected for two isolated d 1 ions 
per repeat ing uni t i n the cha in . Since the s ignal suggests these are 
w e a k l y in terac t ing at room temperature, they have been speculated to be 
l o ca l i zed at the re lat ive ly iso lated apices of the double m e t a l c h a i n , w h i c h 
w o u l d leave 9 of the 11 electrons per repeat ing u n i t de loca l i zed . T h e 
onset of some magnet ic o rder ing is evident near 80 K (26). 

C o n t i n u e d condensation of the s cand ium chains of octahedra v i a 
edge-sharing and chlor ine e l iminat ion , proceed ing approx imate ly v e r t i ­
ca l ly i n F i g u r e 4, w i l l u l t imate ly y i e l d the face-capped double m e t a l 
sheets of S c C l (see F i g u r e 1 ) , a n d condensat ion of these i n the t h i r d 
d i rec t i on w i l l l ead d i rec t ly to the c lose-packed meta l . 

T h e h i g h react iv i ty a n d smal l y ie lds of some of these compounds 
have made further character izat ion l i m i t e d a n d diff icult. H o w e v e r , good-
q u a l i t y X P S a n d u l t rav io le t photoelectron spectroscopy ( U P S ) results for 
S c 7 C l i o have been obta ined b y t a k i n g the precaut ion of opening the reac­
t i o n container only i n the d r y box at tached to the spectrometer. T h e 
results offer some p leas ing conf i rmat ion of the structure above v i a b o t h 
the apparent reso lut ion of the Sc 2 p 3 / 2 a n d 2 p i / 2 peaks for atoms i n the 
c h a i n f r o m those f r o m the iso lated s c a n d i u m ( I I I ) a t o m at several-volts-
h igher b i n d i n g energy a n d the appearance of a b r o a d valence b a n d w i t h 
a sharp edge at EF ind i ca t ive of meta l l i c c onduct i on (34). 

Synthetic Problems and Techniques 

Signif icant k ine t i c l imitat ions i n the f o rmat ion of m a n y of these 
r educed s cand ium a n d z i r c o n i u m h a l i d e systems are evident w h e n one 
considers the s izable n u m b e r of phases n o w k n o w n a n d the extent to 
w h i c h they have escaped detect ion i n earl ier studies. A p p a r e n t l y reactions 
of excess meta l w i t h a l i q u i d ha l ide i n a h igher ox idat ion state often 
become ineffective after on ly a t h i n layer of product forms on the meta l 
surface, y i e l d i n g l i t t le or no th ing i n the w a y of m e a n i n g f u l results f r o m 
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18. C O R B E T T Extended Metal-Metal Interactions 339 

a convent ional phase study. T h u s S c 2 C l 3 ( 5 ) , the first p r o d u c t to f o r m o n 
the m e t a l w h e n either l i q u i d or gaseous S c C l 3 is the oxidant , gives a 
coat ing thereon w h i c h persists i n metastable e q u i l i b r i u m u p to the 
decomposi t ion po int of S c 2 C l 3 ( 8 7 7 ° C ) (26) i n spite of the thermody ­
n a m i c stabi l i ty of at least three l ower phases. [ T h e more ox id i zed 
Sc ( S c 6 C l i 2 ) a n d S c 5 C l 8 have not been detected i n the direct react ion 
either.] O n heat ing to about 960°C, a l l intermediate phases decompose 
a n d the produc t is S c G l . Intermediate temperatures a l l o w the p r o d u c t i o n 
of intermediate phases v i a d isproport ionat ion b u t often i n mixtures a n d 
therefore not i n e q u i l i b r i u m . 

Synthesis w i t h chemica l transport , w h e n possible , has t u r n e d out to 
be the most useful , t h o u g h the y ie lds are character ist ical ly l ow . F o r this 
s i tuat ion a sealed tanta lum tube is heated under a temperature gradient , 
w i t h meta l strips i n the hot end or throughout the l ength of the tube 
a n d w i t h S c Q U ( s ) as a reservoir i n the coo l end . F o r example , at about 
850°C a p a r t i a l pressure of S c C l 3 is generated b y a d isproport ionat ion 
such as S c C l ^ s ) —» S c ( s ) + S c C l 3 ( g ) , after w h i c h the t r i ch lor ide diffuses 
to the hottest end of the tube (about 1 0 0 0 ° C ) , w h e r e react ion w i t h the 
meta l produces a sma l l p a r t i a l pressure of a r educed species, p r o b a b l y 
S c C l 2 , v i a the endothermic react ion 

1000° 
2 S c C l 3 ( g ) + Sc(s) -> 3 S c C l 2 ( g ) 

D i f fus i on of this product t o w a r d the cool e n d reverses the foregoing 
react ion a n d deposits not the meta l but an e q u i l i b r i u m phase v i a 

900° 
7 S c C l 2 ( g ) > S c 5 C l 8 ( s ) + 2 S c C l 3 ( g ) 

a n d the process w i t h S c C l 3 repeats. T h e products are often deposited 
i n bands , w i t h the ox idat ion state increas ing [ increasing P ( S c C l 3 ) at 
constant T ] w i t h decreasing temperature. 

A l l the above require that tanta lum or other s imi lar i ty inert a n d 
refractory containers be used for containment ; glass is natura l ly very 
unsui tab le because of the h i g h stabi l i ty of the oxides a n d s i l ic ides of the 
elements of interest. 

New Clusters 

A l t h o u g h this art ic le is large ly concerned w i t h extended a n d not 
l o ca l i zed examples of m e t a l - m e t a l b o n d i n g , considerations of s tabi l i ty a n d 
e lectron count require that w e note some n e w l o c a l i z e d examples that 
have also been synthesized v i a transport reactions a n d that effectively 
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extend the k n o w n existence of clusters t w o groups to the left i n the p e r i ­
odic table ( 3 3 ) . M a t e r i a l s character ized s tructura l ly i n c l u d e gem crystals 
of Z r 6 C l* " * i2Cl f l - 0

e / 2 , w h i c h is i sostructural w i t h T a T 6 C l i 5 , the n e w ZreCli2 
a n d Z r 6 I 1 2 ( Z r 6 X i

6 X i a i 2 / 2 w i t h ha l f of the b r i d g i n g hal ides exo to m e t a l 
i n other c lusters ) , a n d S c 3 + ( S c 6 C l 1 2

3 ~ ) , where the cluster itself is iso-
electronic i n valence electrons w i t h that i n ( Z r 6 C l i 2

3 + ) ( C l ~ ) 3 . T h e dis ­
t r i b u t i o n of b r i d g i n g chlor ine is neglected i n the last two formulat ions . 

Electron Count and Stability 

Chemists tend to associate stabi l i ty w i t h certain electron conf igura­
tions, par t i cu lar ly i n molecules. C o m p a r a b l e relat ionships sometimes 
per ta in i n the extended so l id state, but one surpr is ing contrast has a lready 
been noted : a change f rom Z r B r or Z r C l , w i t h three electrons per meta l 
i n the b a n d , to S c C l or G d C l , w i t h two electrons per meta l , occurs w i t h i n 
the same respective structure type. E v e n the l o c a l i z e d examples of 
iso lated clusters are surpr is ing ly var iab le i n the ir electronic structure. I n 
fact, a compar ison suggests that , at least for the re lat ive ly e lectron-
deficient examples, the an ion : ca t i on ratio m a y be more important t h a n 
electron count i n de te rmin ing structure a n d thence the degree of m e t a l -
meta l bond ing . O n the other h a n d , an electronic (rather than geometr ic ) 
reason for, or a difference ar is ing f r om, edge versus face c a p p i n g is not 
apparent . 

T a b l e I I summarizes the electron count per six meta l atoms for a l l 
hal ides w i t h octahedral meta l groupings i n discrete or extended clusters. 

Table II. Electron Counts for Discrete and Extended-Cluster 
Halides (Electrons per six metal atoms) 

Halide-
Capping 

Mode e/6M 

T r a d i t i o n a l C l u s t e r s : ' M o 6 X 8
4 + face 24 

N b 6 I 8
3 + face 19 

N b 6 X 1 2
2 . 3 . 4 + edge 14-16 

N e w C l u s t e r s : Z r 6 X i 2 edge 12 
Z r 6 C l 1 2

3 + , S c 6 C l 1 2
3 - edge 9 

C h a i n s : G d 2 C l 3 face 9 
( S c C l 2

+ ) ( S c 4 C l 6 - ) b edge 10.5 
( S c C l 2

+ ) (SceClg" ) b face 9 - 1 1 0 

D o u b l e Sheets: S c C l , G d C l face 12 
Z r C l , Z r B r face 18 

B T a n t a l u m is comparable to n i o b i u m a n d , to a lesser extent, tungsten to molyb­
d e n u m . 

b E l e c t r o n count per six metal atoms i n metal—metal-bonded chains. 
c C o u n t depends o n interpretation of magnetic properties (see text) (26). 
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18. C O R B E T T Extended Metal-Metal Interactions 341 

T h e n e w examples of isolated clusters for group I I I a n d I V natura l ly 
extend b y a fa ir amount the l ower l i m i t of w h a t has been supposed 
necessary for c luster stabi l i ty . T h i s is natura l ly ac companied b y a 
l engthen ing of the m e t a l - m e t a l bonds, those i n Z r 6 C l i 2

3 + b e ing about 
0.3 A longer than i n analogous n i o b i u m clusters, an effect that is p re ­
sumably also emphas ized b y larger orbitals i n the earl ier element. 

T h e significant role of ha l ide is par t i cu lar ly apparent o n progressing 
f r om clusters to chains (see T a b l e I I ) . H e r e condensat ion of the nor ­
m a l l y tr ivalent elements is f o u n d to take p lace w i t h almost no change i n 
e lectron concentrat ion a n d solely b y reduct i on i n the ha l ide .-metal rat io . 
T h u s there is a bas ical ly isoelectronic series f r om X : M ^ 2 to 1.25-1.5 i n 
the chains themselves, or 1.4-1.6 i n overa l l composi t ion , the latter i n c l u d ­
i n g h a l i d e necessary to o c cupy to exo posit ions as w e l l as to sheath 
the isolated cations. F u r t h e r reduct i on a n d condensation to doub le sheets 
is accompl i shed w i t h no more electrons than i n the c h a i n compounds i n 
the case of t r iva lent elements or w i t h a 5 0 % ga in i n electron count for 
z i r c o n i u m . T h e electron concentrat ion i n the z i r c o n i u m cases is n o w i n 
the range f o u n d w i t h t r a d i t i o n a l i so lated clusters. G i v e n adequate m e t a l -
meta l b o n d i n g , the structure w i t h a more electroposit ive element a p ­
pears to be de termined p r i n c i p a l l y b y the X : M rat io , extended m e t a l -
meta l b o n d i n g t a k i n g p lace to the extent a l l o w e d b y the n u m b e r of h a l i d e 
ions, w i t h the requirements that exposed meta l edges or faces be c a p p e d 
b y ha l ide a n d that exposed exo positions be o c cup ied t h r o u g h secondary 
interact ion w i t h otherwise b o u n d hal ides. These factors are of necessity 
d e d u c e d f rom these present examples a n d m a y be subject to apprec iable 
modi f i cat ion i n the future. T h e n e w features a lready discerned, p a r ­
t i c u l a r l y the presence of an ionic chains, raise even more questions; for 
example , whether the neutra l S c 4 C l 6 c h a i n , F i g u r e 3, w o u l d be stable 
a n d obta in adequate p a c k i n g b y itself. [ A c o m p o u n d w i t h this compos i ­
t i o n is k n o w n (5 ) b u t its structure is not.] T h e idea of go ing to ternary 
systems so that different cations m a y either replace the func t i on of the 
homometal l i c s cand ium ( I I I ) i n the examples i n F igures 3 a n d 4 or 
p r o v i d e other s tructural arrangements indeed seems pregnant w i t h possi ­
b i l i t ies . A l s o , i t is not at a l l obvious w h y the features of these n e w 
structures, especial ly the idea of anionic chains, shou ld not also be f o u n d 
i n r educed hal ides of elements further to the r ight i n the per iod i c table 
than discussed here. 

Some subtleties of e lectron count versus distance are a lready d is ­
cernib le w i t h i n the s cand ium compounds , the P a u l i n g b o n d orders 
s u m m e d over a l l m e t a l - m e t a l bonds i n each structure v a r y i n g smoothly 
w i t h the n u m b e r of electrons per meta l . T h u s the i on i c chains S c 4 C l 6 " 
reasonably exhibit re lat ive shortening of the m e t a l - m e t a l bonds w h e n 
compared w i t h those i n G d 4 C l 6 ( 2 5 ) . 
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Table III. Contrasts in Structural Types Between Metal—Metal-
Bonded Halides and Related Chalcides with 

Isoelectronic Anions* 

Same Formula Type, Same Metal 

S c C l 
Z r C l 
G d C l 
Z r B r 

( Z r B r ) 
( Z r C l ) 
( Z r C l ) 
( Z r B r ) 

vs . 
ScS 
Z r i . J 3 
G d S 
Z r L . S e 

( N a C l ) 
(defect N a S l ) 
( N a C l ) 
(defect N a S l ) 

Same Formula Type, Isoelectronic 

S c C l 
Z r C l 
Z r B r 

( Z r B r ) 
( Z r C l ) 
( Z r B r ) 

vs. 
T i S 
N b S 
N b S ' 

( N i A s ) 
( M n P « N i A s ) 
( M n P ) 

Same Metal and Oxidation State 

Z r C l 
H f C l " 
Z r B r 
L a l 2 

T h l 2 

( Z r C l ) 
( Z r B r ) 
( Z r B r vs . 
( M o S i 2 ) 
( 4 H - N b S 2 ) 

H f 2 S " 
Zr ,Se 
L a T e 
H f a S ' 

( H f 2 S ) 
( T a 2 P ) 
( N a C l ) 
( C s C l ) 

" S o u r c e s for halide structures are cited elsewhere i n this art ic le ; for chalcide 
structures, see 1, %. 

b T h e isoelectronic N b S e is u n k n o w n . 
c B o t h contain the structural feature of double meta l layers, b u t the n u m b e r of 

nonmeta l layers differs. 

Structural Comparisons with Sulfides 

A n earl ier section noted that only w i t h the heaviest i od ide does one 
ob ta in meta l l i c hal ides that exhib i t sulf ide- l ike types of structures ( a m o n g 
others ) , a feature that c o u l d be at t r ibuted to rough ly comparab le p a r ­
t i c ipat i on of the po lar izab le i od ide an ion i n b o n d i n g a n d b a n d format ion . 
O n the other h a n d , the s i tuation w i t h l ighter isoelectronic an ions—that is , 
ch lor ide versus sulfide, b romide versus se lenide—is one of s t ructura l 
contrast, as s u m m a r i z e d i n T a b l e I I I . F o r such purposes one m i g h t 
compare ( A ) , compounds of the same nonmeta l :meta l ratio a n d for 
same metals, such as S c C l versus ScS, on the basis of the evidence c i t e d 
i n the previous section; ( B ) , complete ly isoelectronic compounds of the 
same f o r m u l a t y p e but of necessity w i t h different elements ( S c C l versus 
T i S ) ; or ( C ) , compounds of the same m e t a l i n the same ox idat ion state 
b u t necessarily of a different f o r m u l a type ( Z r C l versus Z r 2 S ) . I n fact, 
the basis for the compar ison does not make m u c h difference i n the 
p r i n c i p a l conc lus ion; the h i g h l y reduced chlorides a n d bromides inev i tab ly 
exhibi t structures of l ower d imens ional i ty a n d greater anisotropy t h a n 
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18. C O R B E T T Extended Metal-Metal Interactions 343 

those for the chalcides w i t h isoelectronic anions. T h e only s imi lar i ty 
perce ived i n the who le l ist (as l ong as w e restrict ourselves to meta l l i c 
compounds ) is the presence of double meta l layers both i n H f 2 S a n d i n 
the isoelectronic H f C l , the nonmeta l layers between t h e m be ing single 
a n d double , respectively, a l though some extended but h i g h l y shared 
meta l structures c a n be d iscerned i n the T a 2 P examples. Other t h a n 
this, the structural relationships are ones of contrast rather t h a n s imi l i tude . 

T h e foregoing comparisons a n d the results of the previous section o n 
extended structures l e a d to the f o l l o w i n g generalit ies : 

1. Re la t ive to sulfides or selenides, the corresponding chlor ide 
or bromide ions possess lower charges, l ower p o l a r i z a b i l i -
ties, a n d h igher i on izat ion energies a n d therefore b r i n g 
about less m e t a l - n o n m e t a l covalency or m i x i n g . T h i s means 
that there is less ha l ide par t i c ipa t i on i n b o n d i n g a n d i n 
b a n d format ion , w h i c h i n t u r n leads to more contracted d 
orbitals on the meta l (nephelauxet ic effect) a n d to less 
direct m e t a l - m e t a l overlap at the same distance. 

2. A s a consequence of the factors i n i t em 1, strong m e t a l -
meta l b o n d i n g i n the presence of ha l ide , re lat ive to chalc ide , 
a. w i l l be f o und fur ther to the left i n the per i od i c table ; 
b. occurs i n anisotropic structures more dominated b y 

m e t a l - m e t a l interactions; 
c. is f ou nd to occur i n structure types where the nonmeta l : 

meta l ratio is the p r i n c i p a l de termin ing factor, m u c h 
more so than the actual electron count for m e t a l - m e t a l 
b o n d i n g ; a n d 

d. w i l l at the same nonmeta l :meta l ratio conta in stronger 
(or more ) m e t a l - m e t a l b o n d i n g i n the ha l ide because of 
the increased n u m b e r of electrons (p resuming the 
change i n structure type is in terpre tab le ) . 

A l t h o u g h the foregoing generalities fit the facts p leas ingly w e l l , there 
are oppos ing changes i n some comparisons that are difficult to sort out. 
T h u s the increase i n b o t h nuc lear charge a n d probab le covalency on 
go ing f r o m the ha l ide to the isoelectronic cha lc ide ( for example , Z r C l to 
N b S ) affects o rb i ta l size i n opposite direct ions, thus m a k i n g distance c o m ­
parisons diff icult to f a thom even after the change i n structure type is 
a l l o w e d for. T h e p r o b l e m also comes u p w i t h Z r C l 2 versus M o S 2 , be l ow . 

Some Halide Puzzles 

F i n a l l y , i n c l u d e d for completeness are a f ew structures that at first 
glance appear to be favorable for m e t a l - m e t a l b o n d i n g but that do not 
exhibi t the expected conduct ion . 

F o u r compounds that occur i n the / ? - Z r C l 3 (or / ? - T i C l 3 ) structure 
have rece ived significant amounts of at tent ion : Z r C l 3 , Z r B r 3 , Z r l 3 , a n d 
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H f l 3 . T h i s conceptual ly s imple structure consists of hexagonal , close-
p a c k e d ha l ide layers i n w h i c h meta l atoms occupy one- th ird of the 
octahedral interstices so as to f o rm infinite meta l chains p a r a l l e l to the 
c-axis, the r e m a i n i n g octahedra presumably be ing vacant ( 35 ) . T h e 
i d e a l m e t a l - m e t a l distances a long these chains are qu i te short re lat ive to 
those w i t h l ower ox idat ion states: 3.067 A i n Z r C l 3 a n d 3.156 A i n Z r B r 3 , 
versus 3.09 A a n d 3.13 A between the meta l sheets i n Z r C l a n d Z r B r , 
3.38 A i n 3 R - Z r C l 2 ( b e l o w ) , a n d 3.18 A for the shortest distance i n 
a -z i r con ium. T h e four tr ihal ides l i s ted above are also s ignif icantly n o n -
stoichiometric , increasingly so w i t h heavier ha l ide . T h e iodides develop 
a recognizable superstructure t o w a r d the upper compos i t ion l i m i t , w h i l e 
the ch lor ide at the l ower l i m i t ( Z r C l 2 . 9 4 ) exhibits a diffuse 001 reflection 
suggestive of distortions of the chains ( 3 6 ) . B u t even w i t h the stoichio­
metr ic compounds , on ly semiconduet ion can be detected (a « 10" 5 f T 1 • 
c m - 1 , Eg ^ 0.25 eV , where Eg = energy gap) a n d an apprec iab le p a r a ­
magnet ism is present ( 37 ) . 

B o t h this magnet ism a n d the absence of abnormal t h e r m a l el l ipsoids 
accord ing to a s ingle-crystal structure study of Z r B r 3 (38) mit igate 
against distortions l e a d i n g to p a i r i n g of the m e t a l atoms. A l t h o u g h the 
i n i t i a l m o d e l i n g for this structure conc luded that conduct i on w o u l d result 
f r o m a hal f - f i l l ed d z 2 b a n d ( 3 9 ) , the observed t r igona l e longation of the 
M X 6 octahedra strongly suggests the crysta l field therefrom places the 
eg l eve l lower , thereby p u t t i n g the o d d electron i n a n orb i t n o r m a l to the 
%-axis. Defects f r o m disp lacement of some meta l atoms into the other t w o 
strongs of octahedra that are n o r m a l l y vacant a n d reduced over lap f r o m 
contract ion a n d t ighter b i n d i n g of the 4 d orbitals on ox idat ion to z i r co ­
n i u m ( I I I ) (40) m a y also be important . 

Z i r c o n i u m ( I I ) ch lor ide is nove l i n that i t represents the only ha l ide 
k n o w n that exhibits solely t r igona l pr i smat i c coord inat ion of m e t a l b y 
ha l ide , b e i n g isostructural ( a n d isoelectronic) w i t h the slab structure 
3 R - M o S 2 . T h e phase is a semiconductor accord ing to b o t h X P S a n d 
conduct iv i ty data (40). T h e large meta l separation (6 neighbors at 3.38 
A versus 12 at 3.18-3.19 A i n the meta l ) is consistent w i t h the narrow 
valence b a n d observed at 1.1 e V , presumably compr i sed of Z r 4d . M o S 2 

is w e l l k n o w n to have a filled d 2 valence b a n d w e l l r emoved f r om E F 

w i t h substantial overlap and m i x i n g of meta l a n d nonmeta l states. T h e 
properties of other d ihal ides that occur i n layered ( C d X 2 ) structures, 
such as T i C l 2 , V C 1 2 , F e C l 2 , a n d N i C l 2 ( b u t exc lud ing the meta l l i c 
S c l 2 . i 6 ; T a b l e I ) , a l l indicate only re lat ive ly w e a k interactions between 
meta l centers. 

Chalcide Clusters 

T h i s art ic le has already made note of b o t h the w e l l - k n o w n layered 
a n d the h i g h l y r e d u c e d (meta l - r i ch ) chalc ides , b o t h the s imple a n d 
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18. C O R B E T T Extended Metal-Metal Interactions 345 

re lat ive ly complex structures i n the latter b e i n g isotropic c o m p a r e d w i t h 
some hal ides. These extremes should be ba lanced b y a br ie f note that 
some intermediate phases do exhibi t wel l -de f ined clusters. I n M o 6 S e 8 

(41) t r igonal ly distorted meta l octahedra are face -capped b y se lenium, 
analogous to the d i ch lor ide , a n d these are connected b y se lenium b r i d g ­
i n g to exo positions i n ne ighbor ing meta l octahedra. I n m a n y respects 
the structure appears to be the face -capped equivalent of the edge-
b r i d g e d Z r 6 I 1 2 ( 33 ) . M i x e d c h a l c i d e - h a l i d e derivatives , as w e l l as the 
M n M o 6 S 8 C h e v r e l phases, are w e l l k n o w n (42). M e t a l tetrahedra that 
are face-capped b y sulfur are f o u n d i n M o 4 S 4 B r 4 (43) a n d i n the iso-
s tructural P r 4 I 8 (12). A n extended cluster i n T i 3 T e 4 , V 5 S e 4 , a n d re lated 
phases consists of chains of m e t a l octahedra shar ing opposite vertices 
a n d face -capped b y b r i d g i n g nonmeta l (44). F u t u r e w o r k m a y be 
expected to b r i n g about a b r i d g i n g between these types a n d the ha l ide 
structures a lready discussed i n bo th an exper imenta l a n d a conceptual 
sense. ( A d d e d i n proof : M a n y more examples of extended a n d l o ca l i zed 
m e t a l - m e t a l - b o n d e d structures n o w are b e i n g f o u n d for the rare earth 
meta l hal ides (45).) 

Glossary of Symbols 

a = outer or exo b i n d i n g ha l ide 
d = distance 

. E F = F e r m i l eve l 
E g = energy gap 
e" = electron 
cr = e lectr ica l conduct iv i ty 

e lectr ica l conduct iv i ty , p a r a l l e l 
e lectr ical conduct iv i ty , perpend i cu lar 

g = gyromagnet ic ratio 
( g ) - gas state 

f w h m = f u l l w i d t h at h a l f - m a x i m u m 
i = inner b r i d g i n g ha l ide 

M = meta l 
r l e = s p i n latt ice re laxat ion t ime 

T = temperature 
T N = N e e l temperature 
x = CI, B r , I 

0 0 = so l id state 
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19 
Hydrothermal Stability of Simulated 
Radioactive Waste Glass 

GREGORY J. McCARTHY1, B A R R Y E . S C H E E T Z , S R I D H A R 
KOMARNENI, DEANE K . S M I T H , and WILLIAM B. WHITE 

Materials Research Laboratory, Pennsylvania State University, 
University Park, PA 16802 

A study of stability of a typical simulated high-level waste 
glass in contact with pressurized water at 300°C in a closed 
system has shown that extensive reaction occurred within a 
few weeks. The water acted as a catalyst-solvent in devitri­
fication of the glass and in dissolution, transport, and 
recrystallization of some of its constituents, and as a reactant 
in forming hydrated and hydroxylated phases. Solid glass 
was converted into fragmented and partially dispersed 
masses of crystalline and noncrystalline material plus dis­
solved species. The crystalline reaction products were found 
to be analogues of minerals. Much of the Na, Mo, and B 
in the original glass were identified in the product solutions. 
Of the elements or analogues of long-lived, hazardous, radio­
nuclides, only Cs was observed in the solutions in substantial 
amounts. 

^ o l i d state chemistry p lays a n important role i n m o d e r n energy research 
^ (1). M a n y energy research problems are character ized b y exceedingly 
complex chemica l systems i n w h i c h so l id substances must be i n contact 
w i t h l i qu ids , gases, or plasmas under extreme condit ions of temperature 
a n d pressure. Some examples inc lude M H D electrode degradat ion , first-
w a l l s tabi l i ty i n fus ion reactors, c h e m i c a l reactions i n o i l shales d u r i n g 
retort ing , reactions of geothermal waters w i t h rocks, p u m p s , a n d p l u m b ­
i n g , per formance of refractories i n coa l gasification reactors, a n d m a n y 
problems associated w i t h nuc lear reactors a n d nuc lear waste disposal . 

1 A u t h o r to w h o m correspondence should be sent. Current address: Department 
of Chemistry , N o r t h D a k o t a State University , F a r g o , N D 58105. 

0 - 8 4 1 2 - 0 4 7 2 - l / 8 0 / 3 3 - 1 8 6 - 3 4 9 $ 1 0 ^ 5 / l 
© 1980 A m e r i c a n C h e m i c a l Society 
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S u c h complex prob lems are more often s tudied b y m a n i p u l a t i o n a n d 
deta i l ed examinat ion of s o l i d - l i q u i d - g a s - f l u i d - p l a s m a reactions f o l l o w e d 
b y c o m b i n e d i n d u c t i v e - d e d u c t i v e analyses based o n experience w i t h 
s impler systems rather than b y exact thermodynamic a n d k inet i c 
calculat ions. 

T h e record for chemica l complex i ty m a y w e l l be h e l d b y problems 
i n v o l v i n g the stabi l i ty of radioact ive wastes. W h e n these wastes are 
in t roduced into u n d e r g r o u n d disposal sites ( repos i tor ies ) , the potent ia l 
w a s t e - r o c k - w a t e r interactions (2 ) invo lve more t h a n ha l f the elements 
i n the per iod i c table. W h a t fo l lows is a report of o r i g i n a l research into 
the reactions of a complex , s imulated (nonradioact ive ) nuc lear waste 
product w i t h water under one moderate ly severe set of pressure - tem­
perature ( F - T ) condit ions postulated for a nuc lear waste repository 
( 2 , 3 ) . T h e tools a n d methodology to be descr ibed c o u l d just as w e l l 
be a p p l i e d to any of the problems i n v o l v i n g chemica l ly complex systems 
that were c i ted earlier. 

D i s p o s a l of h igh - l eve l radioact ive waste ( radwaste ) p r o d u c e d b y 
nuc lear power plants requires three steps: (1 ) the preparat ion of a 
suitable waste f o rm; (2 ) the packag ing of the waste f o rm for h a n d l i n g , 
transport , a n d storage; a n d (3 ) the final disposal of the waste f o rm. T h e 
research discussed i n this paper concerns borosi l icate glasses as a 
reprocessing waste f o rm a n d geological repositories as the disposal sites. 
C l e a r l y these are only two of m a n y options, depend ing on p o l i c y decisions 
concerning whether spent reactor fue l w i l l be reprocessed to recover 
u r a n i u m a n d p l u t o n i u m or disposed of d i rect ly , whether the spent fue l 
or reprocessing wastes w i l l be stored for l o n g t imes (10 to 100 years) 
to a l l ow for decay of short - l ived isotopes, whether there shou ld be a f ew 
nat iona l respositories ( w h i c h require long-distance transport ) or m a n y 
smal l repositories nearer to the sources of the wastes, whether to per form 
separations among the complex wastes a n d b u r n the l ong - l i ved act in ide 
fract ion i n reactors or dispose of i t i n space, a n d so on. 

T h e borosi l icate glass waste f o rm is one of the most intensively 
developed concepts. I t is presupposed that the reactor fue l rods have 
been reprocessed a n d that a h igh - l eve l waste stream conta in ing most of 
the fission products p lus some corros ion products a n d reprocessing 
chemicals is the source mater ia l for the waste f o rm. These materials are 
transported i n solutions that are evaporated, d r i e d , a n d fired to p roduce 
a ca lc ine that is m i x e d w i t h a fr i t i n an in - can melter to produce a l o w -
viscosity borosil icate glass. T h e glass is made , i n the f o rm of a massive 
ingot , d i rec t ly i n the stainless steel canister, w h i c h then serves as the 
h a n d l i n g un i t a n d also as an add i t i ona l barr ier i n final storage (4). T h e 
rat io of h igh - l eve l waste ca lc ine to fr i t can be contro l led . T h e waste 
canisters p r o d u c e d i n this manner are i n i t i a l l y thermal ly hot w i t h surface 
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temperatures r a n g i n g u p to 400°C d e p e n d i n g on the age of the wastes, 
the waste l oad ing (waste-to-frit r a t i o ) , a n d the t h e r m a l properties of the 
repository ( 3 ) . T h e surface temperature drops to near ly ambient over a 
per i od of several h u n d r e d years ( the thermal per i od ) as short - l ived , 
heat -emitt ing , rad ionuc l ide decay ( 2 , 3 ) . 

Geo log i ca l repositories are conce ived as mined-out chambers at 
depths i n the range of 500-1000 m. B e d d e d salt, basalt , granite , a n d 
shale have a l l been considered as candidate rock types. T h e repository 
is usual ly conce ived as r e m a i n i n g open for a n u m b e r of years to permi t 
insert ion of add i t i ona l canisters a n d to permi t r e t r i ev ing of canisters 
should that be desirable. U l t i m a t e l y , however , the repository w o u l d be 
back- f i l l ed a n d the wastes w o u l d be i n permanent storage. T h e waste 
f o rm itself, the canister, a n d the geological f ormat ion act as barriers to 
prevent m i g r a t i o n of dangerous radioact ive elements to the biosphere. 

A major factor i n the transport of radionucl ides f r o m the repository 
to the biosphere is water . Some water occurs i n the host rock, a n d i t 
c o u l d be m o b i l i z e d b y the thermal heat of the canisters. A l t h o u g h 
repository rocks are selected w i t h l o w permeab i l i t y as a n impor tant 
cr i ter ion , there is always some perco lat ion of groundwater . T h e r e is also 
the poss ib i l i ty , remote but rea l , of acc identa l flooding of the repository. 
P r o v i d i n g that the canister remains intact , c i r cu la t i on of water is of l i t t le 
importance , but should the canister be breached, the react ion of water 
w i t h the waste f o r m becomes a key element i n the analysis of repository 
behavior . T h u s the present research is addressed to the p r o b l e m of the 
stabi l i ty of the borosi l icate glass waste f o r m if i t comes i n contact w i t h 
water d u r i n g the thermal per i od . 

Glass has been advocated as a waste f o r m because i t is chemica l ly 
inert , has a l o w leach rate w i t h respect to radionuc l ides , a n d c a n be 
fabr i cated i n remotely operated faci l i t ies (4). Exper iments on the s tabi l i ty 
a n d inso lub i l i ty of glasses, however , have m a i n l y been restr icted to a 
temperature regime of 25° to 100°C. L e a c h i n g evaluat ion, for example, 
is m a i n l y done w i t h the Pa ige test ( 5 ) , w h i c h involves soaking the glass 
i n f requent ly rep laced water at 25°C, or w i t h the Soxhlet test ( 5 ) , w h i c h 
bathes the glass i n cont inuously d i s t i l l ed water at 100°C. W a t e r c o m i n g 
into contact w i t h the glass d u r i n g the t h e r m a l p e r i o d w i l l be m u c h 
hotter than water used i n previous test condit ions, a n d i t was not c lear 
that the same opt imist i c conclusions concerning stabi l i ty a n d inso lub i l i t y 
w o u l d obta in . T h e present research was in i t ia ted to evaluate the s tabi l i ty 
of a t y p i c a l radwaste glass under condit ions more representative of the 
repository environment. 

T h e experiments descr ibed here were carr i ed out at 300°C a n d 300 
bar total pressure. T h e pressure corresponds rough ly to the l o a d pressure 
i n a back- f i l led repository at a d e p t h of 1000 m. T h e temperature is i n 
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the range expected f r om y o u n g waste (10 years out of the reactor) at a 
l eve l of waste l o a d i n g corresponding to 3.2 k W per 6-in.-diameter by 
8- ft -high canister ( 3 ) . U n d e r these condit ions water exists as a l i q u i d , 
a l though condit ions are rather close to the c r i t i c a l po int , 215 bar 
a n d 373°C. 

B o r r o w i n g a concept f r om exper imental geochemistry, w e define 
reactions i n v o l v i n g hot aqueous solutions confined under pressure as 
" h y d r o t h e r m a r reactions, a l though the pressure- temperature condit ions 
are not supercr i t i ca l . I n a strict sense geochemists concerned w i t h the 
transport of ores b y aqueous fluids have d i v i d e d the temperature scale 
into " ep i thermal , " ' 'mesothermal , " a n d " h y d r o t h e r m a l , " to mean rough ly 
hot water , superheated water , a n d supercr i t i ca l water , respectively. T h i s 
termino logy has not yet penetrated the nuclear waste management 
l i terature . 

T h e experiments were closed systems. Glass p lus water was sealed 
into go ld capsules, a n d these capsules were p l a c e d i n pressure vessels 
for react ion. T h i s method al lows an easy examinat ion of the so l id phases, 
because the tota l mass of the system is conserved. W a t e r was present 
i n excess so that a l l phase assemblages i n c l u d e d a l i q u i d phase. Ana lys i s 
of the final solutions p e r m i t t e d an eva luat ion of elements extracted b y 
aqueous solutions but , because the v o l u m e of f l u i d was l i m i t e d , cannot 
be used to determine transport rates. 

Experimental 

Simulated High-Level Waste Glass. T h e s imula ted h igh - l eve l waste 
glass used i n these experiments was Paci f ic Nor thwest L a b o r a t o r y ( P N L ) 
f o rmulat ion 76-68 ( 5 ) . I t was supp l i ed b y P N L . T h e glass was f o r m u ­
la ted a c c p r d i n g to the pro jected reprocessing flow sheet of the N u c l e a r 
F u e l Services p l a n t i n W e s t V a l l e y , N . Y . , a n d is sometimes re ferred to 
as " N F S glass / T h e compos i t ion of P N L - 7 6 - 6 8 glass (6) is g iven i n 
T a b l e I . O n e notable compos i t ional feature is that the glass contains 
62 w t % ( N a a O + F e 2 0 3 + S i 0 2 ) . T h e glass was co lored green b lack 
i n massive pieces, but i n t h i n fragments i t h a d an amber b r o w n colorat ion. 
I t conta ined numerous vesicles ( b u b b l e s ) , some u p to several h u n d r e d 
micrometers i n diameter . A l s o incorporated i n the glass were clusters 
of d u l l to meta l l i c b lack crystal l i tes . Studies at P N L (7) have shown 
that these crystal l ites consist b o t h of crysta l l ine phases that never 
d isso lved i n the mo l ten glass p lus phases that crystal l ize o n cool ing . I n 
w o r k specific to P N L - 7 6 - 6 8 , i t was s h o w n that the crystal l ine phases were 
R u 0 2 a n d a ferrite sp ine l i n the as-prepared glass, w i t h fluorite structure 
phase, chiefly C e 0 2 , f o r m e d on heat treatment ( 7 ) . A smal l amount of 
this fluorite phase, a long w i t h R u 0 2 , ferrite sp ine l , a n d perhaps P d meta l , 
was ident i f ied i n diffractograms of the s low-cooled glass rece ived f r om 
P N L . T h e tota l amount of crystal l ine products i n the glass was reported 
to be less than 10 w t % ( 7 ) . 

T h e glass was rece ived f rom P N L as several large fragments. T h e 
t y p i c a l spec imen used i n the present study was a s ingle shard broken 
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19. M C C A R T H Y E T A L . Simulated Radioactive Waste Glass 353 

f r om one of these fragments a n d w e i g h i n g about 30 m g . F i g u r e 1 is a 
photograph of one of these shards. T h e opaque regions are the crysta l ­
l ine inclusions. It should be noted that the rat io of these crystal l ine 
phases to glass was not constant f r o m spec imen to spec imen. Because 
of the v a r i a b i l i t y of the amounts of these inc lusions , i t is est imated that 
the ac tua l compos i t i on of an element i n a par t i cu lar spec imen c o u l d v a r y 
b y as m u c h as 1 0 - 2 0 % of the n o m i n a l composi t ion g iven i n T a b l e I . 
Several of the specimens used i n the early stages of this study were made 
into sphero idal shapes by an abrasion technique . 

Hydrothermal Treatment. T h e inert container chosen for these 
experiments was fashioned f rom 5-mm-diameter g o l d t u b i n g . A l ength 
of t u b i n g was cu t a n d sealed at one end b y electric arc w e l d i n g or c o l d 
w e l d i n g w i t h a c r i m p i n g tool . A w e i g h e d glass spec imen was p l a c e d i n 
the capsule a long . w i t h either de ion ized water or art i f i c ia l H a n f o r d 
groundwater ( n o m i n a l concentrat ion i n micrograms per m i l l i l i t e r : 168 N a , 
0.5 C a , 0.1 M g , 90 C I , 14 ( S 0 4 ) , 56 ( H C 0 3 ) , 87 ( C 0 3 ) , 4 K ; p H = 10; 
water was i n contact w i t h amorphous S i 0 2 ) i n a water - to -so l id rat io of 
10:1 or 30 :1 , a n d the capsule was w e l d e d shut. T h e sealed capsules were 
then w e i g h e d , heated for several hours i n a v a c u u m oven, a n d rewe ighed . 
A n y leaks i n the welds w o u l d show u p as we ight losses due to evapora­
t i o n of the water through the leak. 

T h e experiments were per fo rmed i n convent ional 0.5-in. (12 .7-mm) 
sealed go ld capsules. T h e vessel was inserted into a resistance-heated 
co ld-seal pressure vessels ( 8 ) , us ing water as the pressur iz ing m e d i u m . 
I n a t y p i c a l experiment each vessel conta ined three to six i n d i v i d u a l 
sealed g o l d capsules. T h e vessel was inserted into a resistance-heated 
tube furnace h a v i n g a so l id state contro l l e r -power supply . Temperature 
was measured w i t h a chromel -a lumel thermocouple inserted into a w e l l 
i n the vessel near the l eve l of the go ld capsules a n d was d i sp layed 
cont inuously on a d i g i t a l readout. T h e temperature was nomina l l y 300°C; 
but over the course of the t y p i c a l experiment i t v a r i e d between 294°C 
a n d 306°C. Pressure, measured cont inuously w i t h a B o u r d o n gauge, was 

Figure 1. Typical specimen of PNL-76-68 before hydrothermal treatment 
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Table I. Composition of PNL-76-68 Glass 0 

Oxide" 
(waste oxides) Wt% Oxide Wt% 

P r 6 0 u 0.53 
R b 2 0 0.13 N d 2 0 3 1.67 
S r O 0.38 S m 2 0 3 0.33 
Y 2 0 3 0.21 E u 2 0 3 0.07 
Z r 0 2 1.77 G d 2 0 3 0.05 
M o 0 3 2.28 U 3 0 8 4.58 
R u 0 2 1.07 F e 2 0 3 9.77 
R h 2 0 3 0.17 C r 2 0 3 0.41 
P d O 0.53 N i O 0.20 
A g 2 0 0.03 P 2 0 5 0.48 
C d O 0.03 N a 2 0 5.02° 
T e 0 2 0.26 (g lass- forming addit ives) 
C s 2 0 1.03 N a 2 0 7.49 ' 
B a O 0.56 S i 0 2 39.80 
L a 2 0 3 0.53 B 2 0 3 9.47 
C e 0 2 1.19 C a O 2.00 

Z n O 4.97 
T i 0 2 2.97 

0 After Ref. 6; waste loading 33 wt %; fission product loading 12.8 wt 
6 Composition normalized to these oxides by P N L ; the oxide compositions do not 

necessarily reflect the actual cation valences in the glass. 
c Total N a 2 0 = 12.51 wt %. 

300 ± 10 bar. R u n durat ions were 7, 14, 21, a n d 28 days. A t least t w o 
runs were made at each d u r a t i o n to evaluate r e p r o d u c i b i l i t y of the so l id 
a n d solut ion products . 

C o m b i n e d temperature-pressure c o o l i n g i n a ir was used at the end 
of each r u n . T h e coo l ing rate was approx imate ly 10 ° C • m i n " 1 f r o m 
300°C to 200°C, 8 ° C • m i n " 1 f r o m 200°C to 150°C, a n d 2 ° C • m i n " 1 to 
90°C . T h e capsules were removed a n d rewe ighed . A n y breach of closure 
w o u l d show u p as a we ight change. T h e capsules were also examined 
microscop ica l ly for signs of p inholes or stains f r om l eaked contents. A n y 
r u n that h a d l eaked was repeated. 

T h e go ld capsule was cut open at one end , a n d the l i q u i d was 
p o u r e d into a p last ic beaker. T h e outside of the capsule , as w e l l as the 
scissors, were gently washed w i t h d e i o n i z e d water , u s i n g a w a s h bottle. 
T h e capsule was next opened l o n g i t u d i n a l l y a n d p l a c e d i n the beaker for 
about 10 m i n to equ i l ibrate i n about 20 m t . of water . T h e so lut ion f r o m 
the beaker was then quant i ta t ive ly transferred to a 2 5 - m L vo lumetr i c 
flask. T h e beaker, the sample , a n d the g o l d capsule were r insed , a n d this 
so lut ion was also a d d e d to the vo lumetr i c flasks. N e x t , 186 m g of K C 1 
was a d d e d to m a k e the so lut ion 0 . 1 N i n K C 1 w h e n made u p to vo lume . 
T h e use of 0.1N K C 1 serves t w o purposes : first, i t helps i n the flocculation 
of the sample , i f any, d u r i n g centr i fugat ion a n d second, i t removes the 
i on iza t i on interference d u r i n g atomic absorpt ion spectrophotometric 
analysis for c es ium, r u b i d i u m , a n d sod ium. T h e so lut ion was next c ent r i -
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19. M C C A R T H Y E T A L . Simulated Radioactive Waste Glass 355 

fuged i n po lycarbonate tubes at 2500 revolut ions per m i n u t e ( r p m ) to 
sediment any fine part ic les i n the so lut ion a n d then p ipe t t ed f r o m the 
po lycarbonate tubes into po lyethy lene bottles w i t h o u t d i s t u r b i n g any 
sediment at the bot tom. A drop of toluene was a d d e d to the so lut ion to 
prevent bacter ia f r o m growing . 

Characterization of Solid Products. T h e so l id products , s t i l l c on ­
ta ined i n the open g o l d capsule , were i n i t i a l l y examined u n d e r a b inocu lar 
microscope at u p to 40 times magni f icat ion. T h e extent of h y d r o t h e r m a l 
a l terat ion was first est imated at this stage. Because i n a l l cases mater ia l 
h a d been transported f r om the o r ig ina l glass spec imen onto the ins ide 
wa l l s of the go ld capsule, so l id products character izat ion was necessary 
throughout the capsule. 

X - r a y di f fract ion was used for crystal l ine phase identi f icat ion. I n d i ­
v i d u a l clusters of crystals or apparent ly homogeneous alterat ion zones 
were examined b y the G a n d o l f i camera technique (9 ) a n d the b u l k 
produc t was then g r o u n d a n d s tud ied b y convent iona l X - r a y di f f ractom-
etry. F o r the G a n d o l f i studies i n d i v i d u a l fragments or crystals were 
extracted b y us ing a sharpened needle a n d transferred to the t ip of a 
h o l l o w t h i n glass fiber that h a d already been m o u n t e d i n the n o r m a l 
camera spec imen holder . T h e y were cemented to the fiber b y various 
med ia . W h e r e a cluster of crystals or several fragments of the same 
mater ia l were avai lable , the crystals were crushed be tween microscope 
slides a n d the p o w d e r care fu l ly co l lected into a b a l l at the t ip of the 
glass fiber. It was important to keep the sample size sma l l a n d spher i ca l 
i n order to obta in sharp di f fract ion l ines a n d good l ine resolut ion. H a v i n g 
several i n d i v i d u a l crystals on the fiber was also impor tant so that a l l 
observed D e b y e - S c h e r r e r reflections of l ow-symmetry crystals w o u l d be 
i n c l u d e d on the film. 

Qua l i ta t i ve e lemental analysis for elements above neon was obta ined 
b y energy-dispersive X - r a y spectrometry ( E D X ) on a s canning electron 
microscope ( S E M ) . T h e microstructures of the alterat ion zone or m i c r o -
crystal l ine products were observed s imultaneously b y S E M . Quant i ta t ive 
e lemental analysis a n d e lemental d istr ibut ions were s tud ied o n a c o m ­
puter -contro l led e lectron microprobe . 

X - r a y powder data read f r o m the Gando l f i films, p lus chemistry f r o m 
the S E M / E D X , a l l o w e d crystal l ine phase ident i f i cat ion to be made b y 
reference to the J C P D S P o w d e r Di f f rac t i on F i l e ( P D F ) ( J O ) . T h e 
M i n e r a l Subfi le of the PDF was especial ly use fu l i n this work . 

Chemical Analyses of Solutions. Solutions were a n a l y z e d for e ight­
een of the elements i n P N L - 7 6 - 6 8 . A l l the elements except C s , R b , N a , 
Z n , a n d U were ana lyzed w i t h a computer - inter faced atomic emission 
spectrometer ( A E S ) . T h e elements C s , R b , N a a n d Z n were ana lyzed b y 
a tomic absorpt ion spectrophotometry ( A A S ) . U r a n i u m was determined 
b y a fluorometric method . Results of dupl i cate c h e m i c a l analyses of the 
same so lut ion h a d a m e a n dev iat ion of ± 2 % . 

T h e objective of the analyses is to determine w h a t propor t i on of the 
elements f r o m the glass are present i n the p r o d u c t solutions. Because the 
product solutions are always d i l u t e d to a 2 5 - m L ana ly t i ca l solut ion, the 
sensit ivity of the analyses to glass d isso lut ion is a func t i on only of 
spec imen w e i g h t a n d the ins t rumenta l detect ion l imi t s . T h e l eve l of 
sensit ivity is i l lustrated b y the data i n T a b l e I I . D e t e c t i o n l imi ts are 
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Table II. Comparison of Solution Analysis Detection Limits with 
the Maximum Solution Concentration 0 for One Specimen 

Maximum 
Solution Detection Limits (p.Q • mL-1) 

Concentration Atomic Atomic 
Ulement for a 19.5-mq Absorption Emission 

in Specimen Spectro­ Spec­
Glass (tig • mlr1) photometry trometry Fluorimetry 

N a 73.3 0.002 — 
B 23.2 — 0.05 — 
S i 146.8 0.08 0.2 — 
M o 12.0 0.03 — — 
C s 7.67 0.05 — — 
R b 0.94 0.005 — — 
S r 2.54 0.01 0.01 — 
B a 3.92 — 0.2 — 
C a 11.3 — 0.002 — 
Z n 31.5 0.002 — — 
N i 1.24 — 0.003 — 
C r 2.22 — 0.003 — 
F e 48.5 — 0.005 — 
L a 3.56 — 0.07 — 
N d 11.3 — not ava i lab le — 
T i 14.1 — 0.08 — 
Z r 10.3 — 0.3 — 
U 29.2 — — 0.001 

" The concentration that would be present in the 25-mL analytical solution if the 
specimen had completely dissolved during hydrothermal treatment. 

c o m p a r e d to the concentrat ion of selected elements that w o u l d be present 
i n the 2 5 - m L ana ly t i ca l so lut ion of a par t i cu lar glass spec imen i f i t h a d 
tota l ly d isso lved d u r i n g the h y d r o t h e r m a l r u n a n d there were no inso luble 
so l id phases f o r m e d o n coo l ing . F o r example , the data i n T a b l e I I ind icate 
that , for this w e i g h t of spec imen, i t w o u l d be possible to detect d isso lu­
t i o n of 0 .003% of the N a , 0 .25% of the M o , 0 .4% of the Sr, 0 .6% of the 
C s , or 0 .003% of the U present i n the o r i g ina l glass. T h e t y p i c a l spec imen 
was t w i c e as heavy, so the t y p i c a l analysis was tw i ce as sensitive to the 
presence of an element f r om the glass i n the solutions. 

Results 

T w e n t y i n d i v i d u a l experiments w e r e per formed at 300°C a n d 300 
bar . T h e exper imental variables a n d r u n numbers are l i s ted i n T a b l e I I I . 
T h e results of the h y d r o t h e r m a l treatments of the glass w i l l be descr ibed 
first for the so l id products a n d then for the solutions extracted f r o m the 
react ion capsules. 
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Table III. Experimental Parameters and R u n Numbers of 
the 300°C, 300-Bar Hydrothermal Treatments 

Run Duration Water-to-Solids 
(days) Run Number Water Type" Ratio 

7 G D 59 * D W 10:1 
G D 113 D W 10:1 
G H 1 1 2 H G W 10:1 
G D 121 D W 30:1 
G D 1 2 6 D W 30:1 

14 G D 68» D W 10:1 
G D 88 D W 10:1 
G D 124 D W 10:1 
G D 1 2 7 D W 10:1 
G H 150 H G W 10:1 
G D 123 D W 30:1 
G D 143 D W 30:1 

21 G D 80 D W 10:1 
G D 81 D W 10:1 

28 G D 78 D W 10:1 
G D 79 D W 10:1 
G D 89 D W 10:1 
G D 90 D W 10:1 
G H 1 1 1 H G W 10:1 
G D 122 D W 30:1 

° DW t= Deionized water; HGW = artificial Hanford groundwater. 
6 These specimens were spheroids; all others were shards. 

The Solid Reaction Products. Reconnaissance experiments de ­
scr ibed elsewhere (11) h a d shown that p o w d e r e d P N L - 7 6 - 6 8 glass w o u l d 
be altered b y h y d r o t h e r m a l solutions at 200° -400°C a n d w o u l d f o r m 
crysta l l ine phases. M o r e massive specimens were used i n this study to 
enable us to f o l l o w the alterat ion of the glass as a func t i on of t ime . 
Sphero ida l specimens were chosen for the first f ew experiments i n the 
expectation that the h y d r o t h e r m a l alteration front m i g h t extend only into 
a smal l por t i on of the glass a n d thus that measurements of w e i g h t a n d 
vo lume changes as a funct ion of t ime c o u l d be obtained. H o w e v e r , u p o n 
open ing of the first capsule, i t became obvious that, even for t imes as 
short as 7 days, the alteration of the glass was too extensive, a n d i t w o u l d 
not be possible to employ these techniques. A f t e r 7 days ( r y n G D 59) 
the alterat ion h a d proceeded into approx imate ly one - th i rd of the spec imen 
a n d mater ia l h a d been transported f r om the glass a n d onto the ins ide 
wal ls of the go ld react ion capsule . F i g u r e 2 shows a por t i on of the 
cross section of this product mounted i n p last ic a n d photographed i n 
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Figure 2. Cross section of a spheroidal specimen of PNL-76-68 glass 
after hydrothermal treatment with deionized water at 300°C and 300 bars 

for 7 days (approximate dimensions: 2 mm X 4 mm) 

reflected l ight . T h e w h i t e a n d l i ght gray zones are a l tered glass; the 
b lack inter ior zone is apparent ly una l tered glass. T h e oval -shaped gray 
a n d w h i t e features near the inter ior of the glass c o u l d be traced to cracks 
that permi t ted access b y the solutions. These cracks might have been 
i n t r o d u c e d d u r i n g the m e c h a n i c a l treatment to f o rm the spheroids. T h e 
p r o d u c t f r om the 14-day experiment ( G D 68) h a d f ragmented a n d was 
thus not recoverable i n its o r ig ina l sphero idal shape. Because of the 
poss ib i l i ty of mechan i ca l damage f rom fabr i cat ion of the spheroids, i t was 
dec ided to use the less damaged glass shards i n a l l further experiments. 

T h e t y p i c a l appearance of the products f rom the other 18 experiments 
is i l lustrated i n F i g u r e 3. T h i s photograph was taken after the l i q u i d h a d 
been removed f r om the g o l d capsule a n d the capsule h a d been cut open. 
I n a l l cases the first observations w i t h the b inocu lar microscope showed 
abundant , y e l l o w needle l ike crystals measur ing 0.2-2 m m along the needle 
axis that h a d g r o w n throughout the capsule a n d i n fissures i n the a l tered 
shard, p lus a l ight -co lored coat ing cover ing the ins ide w a l l of the capsule. 
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19. M C C A R T H Y E T A L . Simulated Radioactive Waste Glass 359 

Figure 3. Typical solid products after treatment of PNL-76-68 at 300°C 
and 300 bar (the background is a cut-open gold capsule) 

T h e produc t was a lways f ragmented. I n some cases a re lat ive ly large 
remnant of the o r i g i n a l shard was present, b u t i t was nested i n other 
fragments that h a d spal led off d u r i n g the treatment, coo l ing , or open ing 
steps. 

T h e y e l l o w crystals were studied b y S E M / E D X and f o u n d to conta in 
U , S i , N a , C s , a n d m i n o r R b . F i g u r e 4 is a pho tomic rograph of clusters 
of these crystals g r o w i n g o n the wal l s of the capsule. T h e y were 
rectangular i n cross section a n d h a d either a p i n a c o i d or a dome for a 
terminat ion . X - r a y examinat ion b y the G a n d o l f i method y i e l d e d p o w d e r 
data that gave a very good m a t c h to the data of the m i n e r a l weeksite , 
K 2 ( U 0 2 ) 2 ( S i 2 0 5 ) 3 • 4 H 2 0 , pat tern 12-462 i n the P D F ( 1 0 ) . T a b l e I V 
is a l ist of the X - r a y p o w d e r data for these crystals a n d for the m i n e r a l 
weeksite . T h e combinat i on of e lemental chemistry a n d X - r a y data served 
to ident i fy these crystals as a weeksite structure phase w i t h N a , C s , a n d 
R b subst i tut ing for the K i n the prototype m i n e r a l . S o d i u m weeksite , 
N a 2 ( U 0 2 ) 2 ( S i 2 0 5 ) 3 • 4 H 2 0 , is k n o w n ( 1 2 ) , but this is the first report 
of a weeksite structure phase w i t h the large a l k a l i ions C s a n d R b 
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360 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

Figure 4. Clusters of yellow needlelike crystals (length along needle axis 
is typically 1-2 mm) 

subst i tut ing for K . T h e weeksites (henceforth, the N a - C s - R b - w e e k s i t e 
structure phase w i l l be s imp ly referred to as "weeksite" ) observed i n 
every experiment, whether for 7 or 28 days, w i t h de ion ized water or 
s imulated H a n f o r d groundwater , a n d w i t h water-to-sol ids ratios of 10:1 
or 30 :1 . I n the longer -durat ion runs the weeksite crystals appeared to be 
coated or etched a n d w e r e often near ly colorless near their t ips. T h e 
X - r a y pat tern a n d E D X chemistry were v i r t u a l l y i dent i ca l for y e l l o w as 
w e l l as these l ighter regions of the crystals. H o w e v e r , these observations 
suggest that the o r ig ina l a l terat ion produc t weeksites m a y be metastable 
a n d w o u l d themselves alter i n m u c h longer durat ion experiments. 

T h e c ream- or tan-co lored phase cover ing the ins ide of the g o l d capsule 
p r o v e d to be m a d e u p of Z-lO-pm b lade l ike crystals. F i g u r e 5 is a n S E M 
p h o t o m i c r o g r a p h of these crystals on the go ld capsule. T h e i r r a d i a t i n g 
hab i t suggests nuc leat ion a n d g r o w t h f r o m solut ion on to flaws o n the 
surface of the go ld . T h e E D X chemistry of these crystals consisted of 
p r i m a r y S i , F e , a n d N a , w i t h very m i n o r T i , Z n , a n d perhaps several other 
elements. X - r a y p o w d e r data obta ined w i t h the Gando l f i camera showed 
a qui te g o o d interp lanar spac ing (d) m a t c h a n d a fa i r intensi ty (I) m a t c h 
to the data for the m i n e r a l acmite , N a F e S i 2 0 6 , PDF 18-1222. T h i s 
ident i f i cat ion is f u l l y consistent w i t h the E D X chemistry . T a b l e V gives 
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19. M C C A R T H Y E T A L . Simulated Radioactive Waste Glass 361 

Table IV. X - r a y Powder Data for the Yellow Needlelike 
Crystals and for the Mineral Weeksite 

Yellow Crystals Weeksite ( T D F J 12-462) 

d" 7* d" I' 

8.94 ms 8.98 90 
7.14 ms 7.11 100 
5.58 s 5.57 90 
4.85 v w 4.83 30 
4.57 m 4.58 40 

4.48 30 
3.84 m 3.84 40 
3.57 m w 3.55 70 
3.32 m 3.34 4 0 B 

3.30 70 
3.20 m w 3.20 50 
3.00 v w 2.99 40 
2.93 s 2.91 60 
2.81 W W 2.80 30 
2.52 W W 2.51 30 
2.41 W 2.41 40 
2.38 w 2.37 50 
2.30 w 2.28 50 
2.24 w 2.29 40 
2.18 W W 2.20 30 
2.15 W W 2.13 40 
2.11 v w 2.11 40 
2.00 v w 1.994 40 
1.982 v w 1.973 30 
1.936 v w 1.922 30 
1.905 v w 1.905 40 

° Symbols: s = strong; m = medium; w == weak; v = very; B = broad reflec­
tion; d = interplanar spacing; I = relative intensity. 

the Gando l f i X - r a y data a n d the PDF data for acmite . It is possible that 
the very smal l size of the crystals a n d the potent ia l for some or ientat ion 
w i t h the m o u n t i n g fiber c o u l d account for the on ly fa ir agreement of 
the I data . 

T h e very l i ght color of the acmite crysta l coat ing was somewhat 
surpr is ing . I n nature, acmite is usual ly green or b r o w n due to m i n o r so l id 
solut ion substitutions a n d the p a r t i a l r educ t i on of F e 3 + to F e 2 + . T h e l i ght 
color requires that the compos i t ion be close to sto ichiometric N a F e S i 2 0 6 

a n d that the F e be tr ivalent . T h e presence of an F e 3 + phase suggests 
o x i d i z i n g condit ions ins ide the sealed capsule. T h e un iversa l occurrence 
of the u r a n y l phase, weeksite , also supports o x i d i z i n g condit ions . A p p a r ­
ently P N L - 7 6 - 6 8 was an ox id i zed glass. T h e co lor of the acmite crysta l 
coat ing turns b r o w n after several weeks of exposure to air . 
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362 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

Figure 5. SEM photomicrograph of the crystals coating the inside of the 
gold capsule 

M I C R O S T R U C T U R E A N D M I C R O C H E M I S T R Y . T h e microstructure a n d 

microchemis t ry of the b u l k products f r o m a 7-day, 14-day, a n d 28-day 
h y d r o t h e r m a l treatment were s tudied b y S E M a n d electron microprobe 
analysis . T h e 7- a n d 14-day specimens were f r o m the t w o runs where 
glass spheroids h a d been used. A l t h o u g h they were c racked , these p r o d ­
ucts were not as f ragmented as the products f r om glass shards. T h u s 
they c o u l d be h a n d l e d , m o u n t e d i n the plast ic , sectioned, a n d po l i shed 
w i t h less damage to the spec imen. 

F i g u r e 6 is a secondary electron image ( S E I ) of the cross-sectioned 
sphero id shown i n F i g u r e 2. T h e brightness of the S E I can be correlated 
to the m e a n atomic n u m b e r of a mater ia l a n d to density. T h u s the appar ­
ent ly unal tered glass core is br ight , w i t h s t i l l fur ther brightness for the 
crystal l ine inclusions i n this glass. T h e altered port ions of the produc t 
g ive a d u l l gray S E I . C r a c k s i n the produc t are b lack . N o t e the 
corre lat ion of the gray w h i t e oval -shaped a l terat ion features i n F i g u r e 2 
w i t h the gray zones i n the b r i g h t core i n F i g u r e 6. S i m i l a r l y , the res idua l 
crysta l l ine inc lus ions i n the a l tered glass zone that were dark gray i n 
F i g u r e 2 are br ighter t h a n the ir matr ix i n F i g u r e 6. 

A t h i n s k i n or r i n d not evident i n F i g u r e 2 is observed i n F i g u r e 6. 
T h i s was a characterist ic feature i n all products . U n d e r the b inocu lar 
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19. M C C A R T H Y E T A L . Simulated Radioactive Waste Glass 363 

Table V . X - r a y Powder Data for the Crystalline Coating 
and for the Mineral Acmite 

Coating Acmite ( T D F 18-1222) 

d I d I 

6.37 50 6.369 90 
4.42 50 4.416 80 
3.62 10 3.614 10 
3.20 2 3.188 50 
2.998 100 2.983 70 
2.912 20 2.900 100 
2.536 30 2.5408 50 
2.475 20 2.4701 60 
2.201 10 2.1995 10 
2.122 10 2.1200 30 
2.032 10 2.0162 20 
1.937 10 1.9350 10 
1.834 2 1.8263 5 
1.731 5 1.7293 60 
1.687 2 
1.664 2 1.6590 5 
1.637 5 1.6341 5 
1.613 5 1.6210 50 
1.598 5 1.5920 50 
1.533 2 1.5377 10 
1.506 5 1.5290 10 
1.475 5 1.4671 20 
1.400 5 1.3975 60 
1.379 2 
1.328 2 1.3283 20 
1.302 5 1.3021 40 
1.271 2 1.2687 30 
1.230 5 1.2289 20 

microscope this s k i n was seen to consist of at least t w o bands , a n outer 
b a n d of w h i t e a n d almost spher i ca l mater ia l cover ing a n orange b r o w n 
inner b a n d . F i g u r e 7 is an e lectron backscatter ( E B S ) image w i t h 
a c c o m p a n y i n g N a , S i , a n d F e X - r a y maps for a near-surface por t i on of 
a 2-week r u n , G D - 6 8 . T w o features are notable . F i r s t , the sk in is 
enr i ched i n F e a n d second, there is a b r ight area to the r i g h t that has N a , 
F e , a n d S i concentrations. T h i s area is p r o b a b l y unal tered or only 
p a r t i a l l y a l tered glass. A cross section of the s k i n is s h o w n under h igher 
magni f i cat ion i n F i g u r e 8, a long w i t h Sr, F e , a n d C a X - r a y maps. It is 
c lear f r o m this figure that the outer b a n d of the s k i n is r i c h i n C a a n d Sr, 
w h i l e the ad jo in ing b a n d is F e - r i c h . T h e X - r a y emission traces across 
this b a n d e d sk in , shown i n F i g u r e 9, conf irm the enr i chment of C a a n d 
Sr i n the outer b a n d a n d ind icate that S i is associated w i t h F e i n the 
ad jo in ing b a n d . 
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364 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 
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19. M C C A R T H Y E T A L . Simulated Radioactive Waste Glass 365 

Figure 7. X-ray maps of the near-surface zone of the product from run 
GD 68 (160 times magnification): Top left, Na; top right, EBS; bottom 

left, Fe; bottom right, S i . 

Samples of each b a n d were examined b y Gando l f i X - r a y di f fract ion, 
a n d crysta l structure types for these phases were obta ined . T h e outermost 
b a n d of wh i t e mater ia l h a d the apatite structure type. [This phase 
identi f icat ion was based on crystals obta ined f r o m the surface of the 
products f rom longer -durat ion (3 to 4 weeks) treatments. It is not certa in 
that the apatite structure b a n d i n the 1- a n d 2-week products were 
crystall ine.] X - r a y data for this phase a n d for hydroxyapat i te , C a 5 ( P 0 4 ) 3 -
O H , are g iven i n T a b l e V I . A U X - r a y m a p of the E B S image k i F i g u r e 
8 showed that U was c rys ta l l i z ing i n this apatite phase. E x a m i n a t i o n of 
the mater ia l i n the S E M showed these spheroids to be actual ly made u p 
of aggregates of r a n d o m l y or iented fibrous crystals. T h e i r E D X chemistry 
was quite complex , w i t h C a , Sr, B a , rare earths ( L n ) , S i , U , a n d P as 
the p r i m a r y elements. T h u s the mater ia l shou ld be assigned to the 
general ized sol id so lut ion f o rmula 

(Ca ,Sr ,Ba ,Ln ,U) „[ (S i ,P) 0 4 ] 3 O H 
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366 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

Figure 8. X-ray maps of a portion of Figure 7 (800 times magnification): 
top left, Sr; top right, EBS; bottom right, Ca; bottom left, Fe. 

T h e orange b r o w n b a n d gave X - r a y data t y p i c a l of a pyroxene (s ingle-
c h a i n s i l icate) near the acmi te -aug i te , ( N a , C a ) ( F e , M n , Z n , M g , T i ) ( A l , -
S i ) 2 O e , compos i t ion (see PDF 18-1221 a n d 19-1) . I n F igures 8 a n d 9 i t 
was demonstrated that this b a n d h a d h i g h - F e concentrat ion, a n d i n X - r a y 
emission traces the presence of N a , Z n , a n d T i was observed. A general ­
i z e d so l id solut ion f o rmula for this phase is 

( N a , C a ) ( F e ; T i , Z n ) S i 2 0 6 

I n the E B S image f rom F i g u r e 8 i t is seen that there is a t h i r d , innermost 
b a n d to the sk in . B o t h X - r a y maps a n d X - r a y traces across the sk in 
( F i g u r e 9) ind i ca ted that this b a n d was especial ly enr i ched i n U relat ive 
to the ad jo in ing altered glass zone. T h i s U concentrat ion was h igher 
t h a n that i n the apatite phase const i tut ing the outermost b a n d . T i t a n i u m 
also appeared to be concentrated i n this h i g h - U b a n d . N o phase ident i f i ­
cat ion has as yet been made for this innermost b a n d . 
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J 9. M C C A R T H Y E T A L Simulated Radioactive Waste Glass 367 

Location of Main Structural Feature 
in / i m from Surface 

Distance from Surface 

Figure 9. X-ray emission profiles of the near-surface zone of the product 
from run GD 68. Arrows indicate the positions of cracks. Dashed lines at 
the left mark the approximate boundaries of the three bands of the skin, 
and the line near the center marks the boundary between less altered and 

more altered glass. 
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368 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

Table VI . X - r a y Powder Data for the White Outer 
Band and for Hydroxyapatite 

Hydroxyapatite 
White Band ( " P D F 9-432) 

3.45 60 
3.18 10 

2.814 100 

2.714 20 
2.637 10 
2.522 5 
2.276 10 
2.071 10 
2.006 5 
1.949 10 
1.903 5 
1.848 10 
1.725 10 

3.44 40 
3.17 12 
2.814 100 
2.778 60 
2.720 60 
2.631 25 
2.528 6 
2.262 20 
2.065 8 
2.000 6 
1.943 30 
1.890 16 
1.841 40 
1.722 20 

E l e m e n t distr ibut ions among the various altered a n d unal tered glass 
regions were further character ized b y electron microprobe analysis. 
Results w e r e obta ined i n the f o rm of characterist ic X - r a y emission traces 
through these regions a n d quant i tat ive e lemental analyses at selected 
spots o n the product . I n F i g u r e 6 the traverse of a microprobe scan is 
m a r k e d b y the b lack l ine start ing at the b a n d e d s k i n a n d pass ing t h r o u g h 
a region of general ly a l tered glass, then into the unal tered core, a n d 
terminat ing i n the oval -shaped alteration feature. X - r a y emission traces 
for 19 elements mon i to red d u r i n g this scan are shown i n F igures 10, 
11, a n d 12. 

T h e enrichments i n N a , C a , Sr, F e , T i , a n d U i n the b a n d e d skin 
have a lready been discussed. E x c e p t for M o a n d N a , the X - r a y traces 
d i d not d i sp lay further major fluctuations ( the sharp dips that occur i n 
a l l traces i n the same p lace are due to c racks ) . T h e broad m a x i m u m i n 
M o a n d the sharp fluctuations i n N a occurr ing between 500 a n d 700 /xm 
correlate w i t h the traverse of the b e a m out of a n altered zone, into 
unal tered glass, a n d then back into the oval -shaped alterat ion feature. 
T h i s corre lat ion suggested the use of M o and N a as marker elements 
for the presence of a l terat ion. 

T h e numbers i n F i g u r e 6 m a r k i n d i v i d u a l po int analyses w i t h the 
computer - inter faced microprobe . C a l i b r a t i o n standards were those a v a i l ­
able i n the university 's M i n e r a l Cons t i tu t i on L a b o r a t o r y for si l icate rock 
a n d m i n e r a l analyses. T h e results presented i n T a b l e V I I are for 13 of 
the elements i n the glass (p lus K , w h i c h was not reported to be a 
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19. M C C A R T H Y E T A L . Simulated Radioactive Waste Glass 369 

3x10 CPS 

100 200 300 400 500 600 700 
/xm FROM SURFACE 

Figure 10. X-ray emission traces for Na, Cs, Ca, Sr, and Zn along the 
traverse shown in Figure 6 

constituent of the glass) . No te that the avai lable computer code ca l cu lated 
concentrations as oxides. T h e U analyses were suspect because a U 
standard w i t h a sui tably h i g h U concentrat ion i n an appropr ia t i on matr ix 
was not avai lable . There also appeared to be a p r o b l e m w i t h the N a 
analyses, perhaps due to the fami l i a r dif f iculty w i t h N a vapor i zat i on i n 
the electron beam. Analyses for the 13 elements for a spec imen of the 
as-received P N L - 7 6 - 6 8 glass were w i t h i n 5 % of the composit ions reported 
b y P N L for C a , T i , N d , F e , Z n , S i , a n d M o . Analyses di f fered b y greater 
amounts for C s , C e , Sr, a n d Z r , as w e l l as for the prev ious ly discussed 
U a n d N a . T h e importance of these compos i t ional variat ions is not k n o w n 
because the glass is a n inherent ly inhomogeneous produc t a n d the P N L 
composi t ion is n o m i n a l (that is, based on the start ing bat ch ) rather than 
the result of an ac tua l c h e m i c a l analysis. 
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370 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

J I I I I I I I 
0 100 200 300 400 500 600 700 

Mm FROM SURFACE 

Figure 11. X-ray emission traces for Fe, Y , Zr , Ti, U, Si, and Mo along 
the traverse shown in Figure 6 

T h e microprobe data for the various zones i n the produc t are 
averages of m u l t i p l e analyses. T h e core of apparent ly unal tered glass 
gave a n analysis averaged f r om eight points that compares moderate ly 
w e l l to that of the o r ig ina l glass specimen. N o t e the ir correspondence 
i n M o concentrations. I n al terat ion zones I a n d I I the M o a n d N a 
concentrations were apprec iab ly lower . T h e data for zone I were aver­
aged f r o m three analyses i n the oval -shaped feature i n F i g u r e s 2 a n d 6. 
T h r e e analyses f r o m the more heav i ly altered outer reg ion o c curr ing 
between the sk in a n d the core constitute zone I I . H e r e somewhat l o w e r 
F e , S i , a n d U concentrations were noted i n a d d i t i o n to the heavy dep le ­
t i o n i n M o a n d N a . O n e of the most consistent a n d use fu l observa­
tions f r om the study of this spec imen was that M o a n d N a appear to be 
early a n d sensitive indicators of h y d r o t h e r m a l alterat ion i n the glass. 
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19. M C C A R T H Y E T A L . Simulated Radioactive Waste Glass 371 

i 1 1 1 1 1 1 r 

L J i i i i i i L_J 
0 100 200 300 400 500 600 700 

/xm FROM SURFACE 
Figure 12. X-ray emission traces for the lanthanides along the traverse 

shown in Figure 6 

T h e par t ia l l y a l tered product just descr ibed for the 1-week treatment 
di f fered m a r k e d l y f r om the products f r om longer treatments. F o r spec i ­
mens treated for 2 to 4 weeks, there appeared to be at least p a r t i a l 
a l terat ion throughout the so l id . O n e of the 4-week products was suffi­
c ient ly intact after the treatment that a p a r t i a l cross section c o u l d be 
prepared for examinat ion b y S E M a n d the microprobe . I n F i g u r e 13 i t 
can be seen that major fragments of the produc t h a d separated a n d parts 
of the surface h a d spal led off p r i o r to spec imen preparat ion . Y e t enough 
of the p roduc t was reta ined that a l l the t y p i c a l a l terat ion features were 
d i sp layed i n one cross section. T h e alterat ion has been d i v i d e d into four 
zones a n d microprobe analyses (see T a b l e V I I I ) have been obta ined 
f r o m each of them. 

T h e least a l tered of the zones was the core. I n reflected l i ght i t 
re ta ined its o r ig ina l green b lack co lorat ion a n d i t appeared to have 
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Table 

Oxide 

C a O 
CsoO 
T i 0 2 

C e 0 2 

N d 2 0 3 

F e O 
Z n O 
S i 0 2 

S r O 
Z r 0 2 

M o 0 3 

U 0 2 

K 2 0 
N a 2 0 

VII. Electron Microprobe Analyses of the Product 
Shown in Figure 6 (Run G D 50) 

Weight Percent 

PNL-76-68 
Nominal 
Compo­

sition" 

2.0 
1.0 
3.0 
1.2 
1.7 
8.9 
5.0 

40.3 
0.4 
1.8 
2.3 
4.5 
0 .0 ' 

12.7 
84.8 

PNL-76-68 
Microprobe 

Analysis 

2.0 
1.3 
3.2 
1.6 
1.8 
9.3 
4.8 

39.0 
0.2 
2.3 
2.4 
7.2 ' 
0.1 
8.6 

83.8 

laltered Alteration Zones 

Glass" r IV 
1.9 2.0 2.0 
1.0 1.0 0.9 
2.9 2.9 3.0 
2.3 2.3 2.9 
1.7 1.5 2 .0 
8.9 8.8 5.8 
5.5 5.3 5.2 

38.2 42.1 34.2 
0.1 0.1 0.1 
2.0 1.9 2.7 
2.4 0.2 0 .8 
5 . 4 ' 5 . 8 ' 4.3 
0.1 0 .3 0.1 

10.5 3.1 2.1 
82.9 77 .3 66.1 

° M o d i f i e d f r o m T a b l e I to show F e as F e O a n d U as U0 2 . 
b A v e r a g e d f r o m points 1-8 i n F i g u r e 6. 
c A v e r a g e d from points 9-11, the oval -shaped alteration zone, i n F i g u r e 6. 
d A v e r a g e d f r o m points 12-14 i n F i g u r e 6. 
e N o K was reported i n the composit ion of P N L - 7 6 - 6 8 . 
1 T h e U standards were designed for lower U concentrations, so these values m a y 

be i n error. 

become more transparent as a result of the treatment. T h e core zone 
h a d the br ight secondary electron image t y p i c a l of unal tered glass i n 
F i g u r e 6, but the microprobe analyses ( T a b l e V I I I ) ind i ca ted that this 
zone was heav i ly depleted i n M o a n d N a . A n exterior core zone dif fered 
on ly s l ight ly f r o m the core i n opt i ca l a n d S E M image characteristics, b u t 
microprobe analysis ind i ca ted almost total deplet ion i n M o a n d a dist inct 
enr ichment i n C s compared to the ad jo in ing alteration zones. T h e outer 
core zone was at least par t ia l l y crysta l l ine because an X - r a y di f fract ion 
pat tern consist ing of b road reflections was obta ined f r om i t . T h e data , 
l i s ted i n T a b l e I X , have not been matched to any phase or mixture of 
phases i n the P D F . 

I n reflected l ight the reg ion labe led " inter ior zone" i n F i g u r e 13 was 
c ream w h i t e , porous, a n d r i c h i n opaque microcrysta l l ine inclusions. 
These inclusions w e r e d u l l b lack a n d were often surrounded b y a p u r p l e 
hue. T h e y were less abundant i n the core a n d outer zones. A l s o the ir 
or ientat ion i n the inter ior zone seemed to be re lated to the external 
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19. M C C A R T H Y E T A L . Simulated Radioactive Waste Glass 373 

Figure 13. SEM photomicrograph of a section through the product of a 
4-week hydrothermal treatment 

morpho logy of the o r ig ina l glass shard. These two observations suggest 
transport a n d recrystal l izat ion of the opaque phases. X - r a y di f fraction 
analyses ind i ca ted that the opaques consisted of several phases, a F e - r i c h 
spinel , ( R u 0 2 ) 8 s , a n d usual ly ( P d ) S 8 ( the subscript ss refers to so l id 
so lut ion) . T h e sp ine l h a d a un i t ce l l parameter of 8.40 A , a n d its p o w d e r 
data correspond closely to those of the F e - s p i n e l magnetite F e 3 0 4 , PDF 
19-629. T h e R u - r i c h phase has been designated as ( R u 0 2 ) s s , a so l id 
solut ion phase, because its p o w d e r data i n d i c a t e d a s l ight ly larger un i t 
ce l l than is f ound for pure R u 0 2 , PDF 21-1172. Simi lar ly ,** in those 
products where P d - r i c h crystal l ine inclusions were ident i f ied , the u n i t 
ce l l parameter , 3.92 A , was larger than the 3.89-A parameter of pure P d , 
PDF 5-681. N o fluorite structure C e 0 2 - r i c h phase was detected i n any 
products . 

T h e microprobe data for the inter ior zone ind i ca ted a dep le t ion of 
C s , Zr , a n d lanthanides, a n d enr ichment i n N a , C a , F e , T i , Z n , a n d S i , i n 
compar ison to ad jo in ing zones. T h e enrichment was most pronounced 
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Table VIII. Electron Microprobe Analyses of the Product 
Shown in Figure 13 (Run G D 78) 

Weight Percent 

PNL-76-68 
Alteration Zones 

Microprobe Core Exterior Interior Outer 
Oxide Analysis Zone' Core Zone" Zone' Zone* 

C a O 2.0 2.1 2.1 2.5 1.6 
C s 2 0 1.3 1.4 3.1 0.4 1.5 
T i O a 3.2 3.1 2.9 4.3 2.6 
C e 0 2 1.6 1.4 1.4 0.9 2.0 
N d 2 0 3 1.8 2.1 1.9 1.2 3.2 
F e O 9.3 9.6 8.7 13.2 3.7 
Z n O 4.8 4.3 4.5 5.3 3.8 
S i 0 3 39.0 39.1 38.9 46.3 28.0 
S r O 0.2 0.4 0.3 0.4 0.4 
Z r 0 2 2.3 2.2 2.1 1.5 3.1 
M o 0 3 2.4 1.1 0.1 0.0 0.1 
U 0 2 7.2 6.1 5.3 5.5 2.0 
N a , 0 8.6 2.0 2.4 5.2 0.7 

83.6 74.9 73.7 86.8 52.7 

° A v e r a g e d f rom points 1-11 i n F i g u r e 13. 
6 A v e r a g e d f rom points 12-14 i n F i g u r e 13. 
e A v e r a g e d f r o m points 18-20 i n F i g u r e 13. 
d A v e r a g e d f rom points 15, 21, 22, and 26 i n F i g u r e 13. 

i n those features i n the inter ior zone that are br ighter i n F i g u r e 13. 
X - r a y analysis of these features gave a pyroxene l ike pattern , w i t h 
moderate ly b road reflections corresponding to those of the acmite augites 
descr ibed earlier. T h e microprobe a n d X - r a y p o w d e r data are consistent 
w i t h a pyroxene structure phase h a v i n g a general ized so l id so lut ion 
f o r m u l a , ( N a , C a ) ( F e , T i , Z n ) S i 2 0 6 . X - r a y patterns of representative 
samples f r om the inter ior zone showed that there was a considerable 
amount of an X - r a y amorphous phase m i x e d w i t h the pyroxene a n d 
opaque crystal l ine phases. 

T h e reg ion labe led "outer zone" i n F i g u r e 13 consisted of l i ght -
co lored translucent mater ia l l y i n g just be l ow the sk in . I n reflected l ight 
this mater ia l has dist inct opalescence. W i t h the t y p i c a l product m u c h 
of this zone a n d the skin were f ound to have spal led off. X - r a y examina­
t i on of r a n d o m samples f r o m this zone ind i ca ted that i t was general ly 
noncrystal l ine . A few broad pyroxenel ike reflections were noted. M i c r o ­
probe data ( T a b l e V I I I ) ind i ca ted major deplet ion of N a , F e , S i , a n d U . 
These are the key elements of the sk in a n d the two phases crysta l l i zed 
after transport, acmite a n d weeksite . N o t e that the analyses of the oxides 
l i s ted i n the table sum only to about 5 6 % . T h i s fact, w h e n c o m b i n e d w i t h 
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19. M C C A R T H Y E T A L . Simulated Radioactive Waste Glass 375 

the characterist ic opalescence of this zone, suggests that h y d r a t e d or 
hydroxy la ted , perhaps gel l ike , mater ia l has been f o rmed i n this zone b y 
the hydro thermal treatment of the glass. 

T h e sk in , seen as a t h i n , b r ight layer on some of the more intact 
segments i n F i g u r e 13, was again made u p of a w h i t e crust of smal l 
spheres over ly ing an orange b a n d . X - r a y di f fract ion conf irmed that here 
also the orange b a n d was a pyroxene phase a n d , w i t h one exception, the 
w h i t e crust was an apatite phase. I n that one exception, aggregates 
l o o k i n g very m u c h l ike the apatite phase ( the spheres were even made 
u p of t iny needle crysta ls ) , h a d qui te d iss imi lar X - r a y p o w d e r data 
(see T a b l e I X ) . 

Table IX. X - r a y Powder Data for Additional 
Alteration Zones or Phases 

Outer Core 
Zone 

Orange Vesicle 
Crust' 

White Spherical 
Aggregates" 

d J d / d J 

4.11 m° 4.13 50 7.03 80 
3.99 m 3.68 5 6.56 30 
3.75 ms 3.47 20 5.13 50 
3.49 w 3.18 20 4.82 10 
3.24 w 2.978 20 •4.53 5 
2.998 ms 2.940 20 4.15 100 
2.894 m 2.84 10 3.90 5 
2.629 vs 2.515 60 3.75 10 
2.543 m 2.259 100 3.58 5 
2.455 m 1.961 50 3.45 10 
2.380 m 1.684 5 3.24 50 

1.637 10 3.18 20 
1.480 20 3.11 50 
1.388 10 2.940 30 
1.182 10 2.814 30 
1.130 5 2.652 20 
1.088 5 2.536 20 
0.9022 5 2.380 10 

2.067 10 
1.892 5 
1.852 5 
1.734 5 
1.578 5 

° N o t e d only i n products of 2-week treatments. 
b N o t e d only i n one product of a 4-week treatment ; morphological ly s imilar to 

the apatite phase. 
c S y m b o l s : s = s trong ; m = m e d i u m ; w = w e a k ; v = v e r y . 
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T w o other a l terat ion features were noted. O f t en , fissures or veins i n 
the altered glass were filled w i t h a translucent pale y e l l o w mater ia l . T h i s 
phase h a d b o t h the e lemental chemistry a n d characterist ic ( a l though 
broad ) X - r a y reflections of the pyroxene phase. A n o t h e r feature was a n 
orange crust l i n i n g one of the vesicles f r o m the o r i g i n a l glass. It l ooked 
qui te l ike the orange pyroxene b a n d observed on the sk in , b u t its X - r a y 
data , g iven i n T a b l e I X , were d is t inct ly different. 

T h e w h i t e spher ica l aggregates a n d orange vesicle crust features 
w e r e two examples of the need for u t i l i z i n g m u l t i p l e methods of charac­
ter izat ion i n this work . I f v i sua l or S E M appearance h a d been used 
alone, then the phases w o u l d have been mis ident i f ied as apatite a n d 
pyroxene, respectively. 

B U L K X - R A Y D I F F R A C T I O N . A t least one product treated at each 
different set of condit ions ( t ime , w a t e r type, water - to -so l id rat io ) was 
s tudied i n b u l k specimens b y rout ine X - r a y dif fractometry. A l l the solids 
were co l lected f r om ins ide the go ld capsules a n d were g r o u n d together 
to make u p the diffractometer specimen. T h e resul t ing di f fraction patterns 
were r emarkab ly s imi lar to each other a n d to patterns of products f r om 
other h y d r o t h e r m a l experiments i n v o l v i n g P N L - 7 6 - 6 8 glass. T h e diffracto-
g ram of the o r i g i n a l glass spec imen is c ompared to that of the products 
of a t y p i c a l alterat ion product ( r u n G H 111) i n F i g u r e 14. T h e glass is 
X - r a y amorphous except for a f ew weak reflections of ( R u 0 2 ) s s , ( C e 0 2 ) s s , 
a n d the F e s p i n e l ( s ) , w h i l e the alterat ion product has strong reflections 
f rom crystal l ine phases. T h e broad hatched reflections are due to the 
various acmite a n d acmi te -aug i te pyroxene phases a n d a l l but a f e w of 
the r e m a i n i n g reflections are those of the weeksi te l ike phase. O n e of 
these extra reflections is consistent w i t h the strongest apatite phase reflec­
t ion , but,' i n general , the other phases that were so c lear ly d iscernible as 
t iny crystals b y the G a n d o l f i t echnique are apparent ly be low the leve l of 
detect ion b y b u l k X - r a y di f fraction. 

T h e same basic di f fractogram was obta ined for six other r u n products 
where a 10:1 water-to-sol ids ratio h a d been used. T h e major difference 
between 1 a n d 4 weeks of treatment was i n the sharper a n d more intense 
pyroxene reflections observed for the longer treatments. I n the diffracto-
grams of the 4-week, 30:1 water-to-sol id-ratio product , the weeksite 
reflections were just as evident, but those of the pyroxenes w e r e m u c h 
less intense. There was also a larger diffuse scattering halo , w h i c h 
suggested a h igher propor t i on of X - r a y amorphous phases i n this product . 

T h e weeksite p lus pyroxenes phase assemblage was also observed i n 
another set of h y d r o t h e r m a l treatments descr ibed elsewhere (11). I n 
these a 200-mesh p o w d e r of P N L - 7 6 - 6 8 glass h a d been treated at 300°C 
a n d 300 bar for an extended p e r i o d of t ime. T h e water - to -so l id ratio 
was 0.5:1 rather than 10:1 or 30:1 . Di f fractograms of 4-, 8-, a n d 24-week 
products were very s imi lar to that of the altered glass i n F i g u r e 14. 
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19. M C C A R T H Y E T A L . Simulated Radioactive Waste Glass 377 

8 12 16 20 24 28 32 36 40 
DEGREES 26 (CuKa) 

Figure 14. Portions of the X-ray diffractograms for PNL-76-68 before 
hydrothermal treatment and after treatment with artificial Hartford 

groundwater at 300°C and 300 bar for 28 days (run GH 111) 

I n another series of experiments w i t h the p o w d e r e d glass a n d the 
0.5:1 rat io , the weeksite-plus-pyroxenes assemblage was w e l l c rysta l l i zed 
after on ly 2.5 days at 400°C a n d 300 bar , a n d i t was seen to be start ing 
to crystal l ize after the same 2.5-day treatment at 200°C a n d 300 bar (13). 

Chemical Analyses of Solutions. T h e p r o d u c t solutions f r o m each 
go ld capsule were ana lyzed for 18 of the elements present i n P N L 76-68 
b y the techniques descr ibed above. These analyses covered a l l the 
elements whose oxides were present at greater than 1 w t % except R u 
(see Tables I a n d I I ) . M o r e than 96 w t % of the oxide compos i t ion of 
the glass was i n c l u d e d . 

There are two potent ia l contr ibut ions to these solutions. F i r s t , there 
are the elements that h a d been extracted f rom the glass d u r i n g the h y d r o -
t h e r m a l treatment a n d h a d remained i n solut ion d u r i n g the coo l ing of 
the r u n . A second contr ibut ion c o u l d come f rom any so l id products that 
were sufficiently soluble to have dissolved d u r i n g either the 10-min 
equ i l i b ra t i on of the capsule i n 20 m L of water or the subsequent w a s h i n g 
of the so l id products . T h i s second cont r ibut i on m i g h t i n c l u d e such salts 
as sod ium molybdates or borates that either h a d f ormed as solids at 
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378 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

temperature because the solut ion was already saturated or h a d p r e c i p i ­
tated f rom solut ion d u r i n g the coo l ing of the r u n . I n the discussion that 
fo l lows b o t h contr ibut ions w i l l be considered under the "solut ions" por ­
t i on of the products . 

S O L U T I O N S F R O M R U N S U S I N G D E I O N I Z E D W A T E R . T h e analyses of 

the solutions f r om 12 of the runs us ing de ion ized water are g iven i n 
T a b l e X . Because every spec imen h a d a different we ight , the concentra­
tions have been n o r m a l i z e d to a spec imen w e i g h t of 0.1 g to fac i l i tate 
comparisons a m o n g runs. T h e elements present i n the solutions i n the 
greatest concentrations were N a , B , and M o . R e p r o d u c i b i l i t y among 
repl icate runs that used glass shard specimens (that is , a l l but G D 59 
a n d G D 68) was w i t h i n 1 0 % of the amount present for these three 
elements. T h i s was about that expected f rom the var ia t i on i n spec imen 
composi t ion due to var iab le content of crystal l ine inclusions. N o t e , for 
example , the C r analyses i n the 2-week runs. I n G D 124 there was none 
detected, w h i l e i n G D 127 there were 42 fig • m L of C r i n solut ion. 
C h r o m i u m is thought to be present i n P N L - 7 6 - 6 8 i n the sp ine l ( s ) (5 , 7 ) , 
so G D 124 m a y have conta ined less of this crystal l ine inc lus i on t h a n 
G D 127. O t h e r impor tant constituents of the solutions were S i a n d C s . 
R e p r o d u c i b i l i t y , a m o n g repl icate analyses for these elements, was on ly 
w i t h i n a factor of two to three t imes the amount present. 

Table X . Solution Concentrations" 

1 Week 2 Weeks 

GD59" GD 113 GD68" GD88 G D 124 GD 127 

N a 1800 4300 3900 3900 3900 4700 
B 1300 2500 3000 2500 2500 2800 
S i 750 510 710 1070 430 620 
M o 1300 1100 1100 1100 1100 1100 
C s 19 42 110 58 33 74 
R b N D * N D 6 3 2 N D 
Sr 0.8 2.0 N D 0.3 2.4 2.8 
B a 0.7 7.4 0.5 11.6 13.1 
C a 2.4 7.4 N D 2.8 9.8 10.9 
Z n N D 0.8 7.8 0.7 1.5 0.9 
N i — 1.5 29.0 2.5 2.6 3.1 
C r N D 66 — — N D 42 
F e N D 3 N D — 3 4 
L a N D 4 N D N D 4 N D 
N d N D N D N D N D N D 
T i N D N D N D N D N D N D 
Z r N D N D N D N D N D N D 
U 2.6 5.6 4.8 1.1 0.6 6.2 

* I n micrograms per mi l l i l i ter . 
6 T h e s e specimens were i n the f o r m of spheroids. 
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19. M C C A R T H Y E T A L . Simulated Radioactive Waste Glass 379 

T h e most notable aspect of the data i n T a b l e X is that ( w i t h the 
except ion of G D 59, discussed later ) the concentrations are rough ly the 
same for the four r u n durations. T h i s aspect becomes even more evident 
w h e n analyses f rom the rep l i cated runs are averaged. I n T a b l e X I these 
averaged concentrations are g iven a long w i t h the percentage of the 
par t i cu lar e lement f r om the or ig ina l glass represented b y these concentra­
tions. I t s h o u l d be noted that this percentage is on ly the amount of a n 
element detected i n the ana ly t i ca l so lut ion a n d not the tota l percentage 
of an element extracted or leached f r om the glass. T h e latter w o u l d 
inc lude at least the components of the weeksite a n d acmite phases that 
were dissolved, transported, a n d crysta l l i zed on the inside wal l s of the 
g o l d capsule. T h e concentrations of N a , M o , a n d C s i n so lut ion were 
near ly constant for a l l four durations at about 4 5 % , 7 0 % , a n d 5 % of the 
amount avai lable i n the glass. T h e B a n d R b concentrations increased 
gradua l ly w i t h t ime of treatment. Some S i , about 4 % , was observed. 
V e r y l i t t le of the avai lable a lkal ine earths, C a , Sr, a n d B a , was f o u n d i n 
the solutions. There was v i r t u a l l y no detectable T i , Z n , Zr , L a , or N d i n 
the solutions. O n l y a very smal l percentage of the ava i lab le U was present 
i n so lut ion a n d that percentage decreased w i t h longer treatment t imes. 

It is instruct ive to consider the to ta l concentrat ion of the elements i n 
solut ion as a percentage of the avai lable concentrations of the 18 elements 

( 1 0 : 1 D e i o n i z e d W a t e r to Glass ) 

3 Weeks 4 Weeks 

GD80 GD 81 GD78 GD79 GD89 GD90 

4000 4300 4300 4400 4200 3900 
2500 2800 2600 2900 2800 2700 
1280 1140 1180 1290 450 550 
1100 1000 1100 1200 — — 

50 40 50 48 — — 

5 3 10 11 — — 

0.6 0.8 N D N D 1.2 0.7 
0.4 0.1 0.8 N D 0.6 0.4 

15.4 2.4 9.0 10.0 30.5 20.3 
1.0 1.0 N D N D 0.8 0.1 

N D 2.3 12.4 9.8 1.3 f .9 
47 53 — 73 80 

N D N D — 1 1 
N D N D N D N D 3 3 

— N D N D 
N D N D N D N D N D N D 
N D N D N D N D N D N D 

0.9 1.5 0.6 0.9 1.8 0.9 
c N D = none detected. 
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380 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

Table XI . Average Solution Concentration and Percentage 

1 Week" 2 Weeks0 

pig • mL'1 % fig • mL'1 % 
N a 4300 46 4200 45 
B 2500 84 2600 87 
S i 510 2.7 700 3.7 
M o 1100 72 1100 72 
C s 42 4.3 55 5.6 
R b N D ' — 2 1.4 
S r 2.0 0.62 1.8 0.55 
B a 7.4 1.47 8.4 1.67 
C a 7.4 0.51 7.9 0.55 
Z n 0.8 0.02 1.0 0.02 
N i 1.5 0.94 2.8 1.76 
C r 66 23 21 8 
F e 3 0.05 4 0.06 
L a 4 0.88 1 0.24 
N d N D — N D — 
T i N D — N D — 
Z r N D — N D — 
U 5.6 0.15 2.6 0.07 

° Glass spheroid runs G D 59 and G D 68 were not included i n the average. 

f r om the glass that were i n c l u d e d i n the chemica l analyses. A f t e r first 
conver t ing e lemental into oxide concentrations, w e f o u n d that 17-19 w t 
% of the glass was observed i n so lut ion after any one of the four h y d r o -
t h e r m a l treatments. [Note that the elements i n c l u d e d i n the chemica l 
analyses accounted for only for only 96.2 w t % of the glass. T h i s 
percentage m i g h t change b y 0.5^1 w t % if , at some later t ime, the 
r e m a i n i n g elements i n P N L - 7 6 - 6 8 ( R u , Y , R h , P d , A g , C d , T e , P r , S m , 
E u , G d , P ) were i n c l u d e d i n the c h e m i c a l analyses.] There was a smal l 
increase i n percentage w i t h t ime of treatment: 

1 week 16 .8% 
2 weeks 17 .2% 
3 weeks 18 .5% 
4 weeks 18 .5% 

T h e results of the analyses f rom G D 59, the 1-week r u n that used a 
sphero ida l spec imen, appeared to be anomalous w h e n compared, to the 
t rend of the other analyses. T h e concentrations of N a , B , a n d C s were 
only ha l f those f o u n d for the runs W i t h the glass shard specimens. A l s o , 
the C s analysis i n G D 68, the other glass sphero id r u n , was h i g h . 
A l t h o u g h the poss ib i l i ty o f a systematic ana ly t i ca l error cannot be r u l e d 
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19 M C C A R T H Y E T A L . Simulated Radioactive Waste Glass 381 

of Element in Solution (10:1 Deionized Water to Glass) 

3 Weeks 4 Weeks 

p.g • mL'1 % ix.g • mL'1 % 
4100 44 4200 45 
2700 89 2800 93 
1210 6.4 870 4.6 
1100 72 1100 72 

45 4.6 49 5.0 
4 3.4 11 8.7 
0.7 0.22 0.5 0.15 
0.2 0.04 0.5 0.1 
8.9 0.62 17.4 1.20 
1.0 0.02 0.2 0.005 
1.1 0.69 6.3 3.96 

50 18 77 27 
N D — 1 0.02 
N D — 2 0.48 
— — N D — 
N D — N D — 
N D — N D — 

1.2 0.03 1.0 0.03 

6 N D = none detected. 

out, i t seems l ike ly that the r a d i c a l difference i n the surface cond i t i on 
between the two types of specimens was responsible for different amounts 
of a lterat ion a n d thus the apparent ly anomalous solution analyses. 

O n e explanat ion for the approximate constancy of so lut ion concen­
trations after only one week of treatment m i g h t be that the solutions 
s imply have become saturated i n various elements. I n order to test this 
explanat ion, five runs were made where the de ion ized water-to-glass ratio 
was incrased to 30 :1 . I f the solutions became saturated i n 10:1 water - to -
so l id rat io experiments, the percents of elements extracted i n 30 :1 water -
to -so l id rat io experiments w h e n e q u i l i b r i u m was at ta ined shou ld be three 
times as m u c h as i n 10:1 water - to -so l id rat io experiments. A n a l y t i c a l 
results f r o m these runs are l i s ted i n T a b l e X I I . T h e S i content i n so lut ion 
increased substantial ly w h i l e N a increased s l ight ly , B r e m a i n e d about the 
same, a n d M o showed a substant ial decrease. These results indicate that 
i n the 10:1 water - to -so l id rat io experiments the so lut ion m i g h t have 
become saturated only w i t h respect to S i . 

S O L U T I O N S F R O M R U N S U S I N G A R T I F I C I A L H A N F O R D G R O U N D W A T E R . 

A l l the experiments discussed so far have u t i l i z e d de ion ized water ( D W ) . 
A t first i t w o u l d appear that to make the experiment more relevant, 
H a n f o r d groundwater ( H G W ) should have been used. H o w e v e r , it can 
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Table XII. Percent of Element in Solution 
(30:1 Deionized Water to Glass) 

1 Week* 2 Weeks* 4 Weeks 

N a 55 55 67 
B 81 91 91 
S i 11.5 8.3 7.8 
M o 52 59 46 
C s 2.6 5.1 3.6 
R b b 
Sr 0.6 
B a 1.8 0.4 
C a 0.4 — 
Z n 0.03 0.06 0.13 
N i 0.8 0 1.6 
C r 20 28 13 
F e 0.01 — — 
L a — — — 
N d — — — 
T i — — — 
Lv 
U 0.20 0.11 0.22 

a Average of duplicates. 
6 Indiactes that element was below the level of detection. 

be shown that groundwaters t y p i c a l of those beneath the H a n f o r d site 
are so l o w i n total d isso lved solids ( T D S ) that , i n these closed-system 
h y d r o t h e r m a l experiments, soon after the experiment begins the solutions 
w o u l d contain far greater concentrations of T D S released f r o m the glass 
than were present i n the or ig ina l H G W . F o r example, w h e n a 0.1-g 
spec imen of glass releases 1 7 % of its constituents into 1.0 m L of so lut ion, 
that so lut ion w o u l d conta in 17,000 fig • m L - 1 of to ta l d issolved solids. 
T h i s compares to the 420 fig • m L " 1 of T D S i n the art i f i c ia l H G W 
descr ibed i n the exper imental procedures section. T h e H G W w o u l d make 
a c ont r ibut i on of less than 3 % to the T D S i n such a r u n . T h r e e exper i ­
ments were per formed to test the v a l i d i t y of this argument. 

T h e results of chemica l analyses for solutions f r om 1-, 2-, a n d 4-week 
treatments of the glass w i t h a n art i f ic ial H G W are g iven i n T a b l e X I I I . 
Footnote b to this table gives the results of a concurrent cat ion analysis 
of the H G W . A f t e r subtract ing the contr ibut ion of N a f rom the H G W , 
it is evident that the range of N a concentrations dupl icates the results 
of the comparable D W experiments. S i m i l a r l y , w i t h the other major 
constituents of the solutions, B , M o , a n d C s , the concentrat ion ranges 
were i n good agreement w i t h the corresponding D W experiments. A m o n g 
the minor elements, C s a n d C r concentrations were somewhat h igher 
a n d S i was lower . I n general , these results support the pos i t ion that 
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19. M C C A R T H Y E T A L . Simulated Radioactive Waste Glass 383 

Table XIII. Solution Concentrations 0 

( 1 0 : 1 Artificial Hanford Groundwater b to Glass) 

1 Week 2 Weeks 4 Weeks 
GH112 GH150 GH111 

N a 4600 4100 4400 
B 2600 2800 2700 
S i 430 350 190 
M o 1200 1200 1200 
C a 86 85 44 
R b 2 N D " N D 
Sr 2.0 N D N D 
B a 8.4 2.2 6.1 
C a 7.5 N D 32.2 
Z n N D N D 0.4 
N i 0.9 N D N D 
C r 149 126 132 
F e N D N D N D 
L a 5 N D N D 
N d N D N D N D 
T i N D N D N D 
Z r N D N D N D 
U 4.6 3.5 N D 

" I n micrograms per mil l i l i ter . 
6 A n a l y z e d concentrations (fig • m L ' 1 ) : 170 N a , 60 S i , 6.8 K , 0.4 M g ; no C a de­

tected. 
e N D = none detected. 

de ion ized water is a qui te satisfactory generic s tand- in for l o w - T D S 
groundwaters in closed-system experiments. 

Discussion and Conclusions 

T h e results presented show that, i n the laboratory , the radwaste 
glass reacts w i t h water under the temperature-pressure reg ime of 300°C 
a n d 300 bar. Reac t i on for times o n the order of weeks resulted i n the 
conversion of a so l id shard of glass into a f ragmented a n d par t ia l l y 
d ispersed mass of crystal l ine a n d noncrysta l l ine mater ia l p lus dissolved 
species. T h e more massive so l id products were composi t ional ly b a n d e d 
a n d zoned , w h i c h is a c o m m o n ind i ca t i on of the nonatta inment of e q u i ­
l i b r i u m . Ye t the so l id crystal l ine products a n d the species re ta ined i n the 
solutions d i d not vary greatly over the four react ion times used. It appears 
that there is a r a p i d i n i t i a l react ion of the water w i t h the glass to f o r m 
a var iety of recrysta l l i zat ion products , f o l l owed b y a m u c h longer t i m e of 
near ly steady state condit ions. A l t h o u g h final thermodynamic e q u i l i b r i u m 
was not reached for the system as a who le , m a n y of the crystal l ine phases 
are l i k e l y to be stable under the P - T condit ions of the experiments. 
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384 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

W a t e r plays three d ist inct and important roles i n the degradat ion of 
the glass: as a solvent a n d catalyst for glass recrysta l l i zat ion [ long k n o w n 
to geochemists w h o use glasses as reactive start ing materials for h y d r o -
thermal phase e q u i l i b r i u m experiments ( 8 ) ] ; as a transport m e d i u m 
carry ing elements extracted f rom the solids to different parts of the 
capsule a n d redepos i t ing t h e m at temperature or d u r i n g coo l ing as the 
observed crystal l ine capsu le - l in ing phases; a n d as a component for the 
f ormat ion of h y d r a t e d or h y d r o x y l a t e d phases such as weeksite a n d 
apatite . 

Occurrence of Key Elements in Solid and Solution Products. T h e 
key elements are those that have potent ia l ly hazardous a n d re lat ive ly 
l ong - l i ved radionucl ides . I n h igh - l eve l nuclear wastes f rom l ight -water 
reactors, these elements ( rad ionuc l ides ) w o u l d inc lude C s ( 1 3 7 C s ) , Sr ( 9 0 Sr ) , 
N p ( 2 7 3 N p ) , P u ( 2 3 9 P u ) , A m ( 2 4 1 ' 2 4 3 A m ) , C m ( 2 4 3 - 2 4 4 C m ) , I ( 1 2 9 I ) , a n d 
T c ( 9 9 T c ) . O n l y two of these elements, C s a n d Sr, are present i n the 
s imulated h igh - l eve l waste glass used i n this invest igat ion. H o w e v e r , 
there is considerable ( though certa in ly not complete) analogy between 
the crystal chemistry a n d solut ion speciation of N p a n d P u w i t h U , a n d 
A m a n d C m w i t h the lanthanides ( L n ) . T h u s U a n d the L n ' s w i l l be 
i n c l u d e d among the key elements discussed be low. 

C o n c e r n i n g the solutions, i t should be noted aga in that only those 
elements r e m a i n i n g i n solut ion or f o r m i n g i n read i ly soluble so l id phases 
d u r i n g the coo l d o w n f rom 300°C w o u l d be observable i n the product 
solutions. There were cer ta in ly other species i n so lut ion at temperature 
that either grew into crystals d u r i n g the course of the r u n or prec ip i ta ted 
on coo l ing to f o rm phases that were not d isso lved d u r i n g the subsequent 
procedures used to separate solids f rom solutions. T h e weeksite and 
acmite phases and , probab ly , the mult iphase b a n d e d sk in are examples of 
such so l id phases. 

T a b l e X I V is a c o m p i l a t i o n of the occurrences of each P N L - 7 6 - 6 8 
element i n so l id alterat ion products a n d i n solutions of the 10:1 water -
( D W or H G W ) to-sol id-ratio experiments. T h e occurrences i n solids are 
based o n S E M / E D X observations a n d microprobe X - r a y maps a n d X - r a y 
emission traces. T h e assignment of structure types a n d general ized so l id 
solut ion formulas resulted f r om X - r a y di f fract ion studies. T h e key 
elements are i n i ta l i c . 

C e s i u m was observed i n weeksite a n d i n certain of the noncrystal l ine 
so l id ( N C S ) alteration zones. Some 4 - 9 % of the C s avai lable i n the glass 
was f o u n d i n the product solutions. O n l y traces of Sr were f o u n d i n 
solution, a n d its occurrences i n the so l id products were i n the apatite 
b a n d of the sk in a n d i n various N C S alteration zones. U r a n i u m was 
f o u n d i n m a n y of the solids but only i n trace quantit ies i n solutions. 
X - r a y emission traces of the lanthanides showed that they were re lat ive ly 
w e l l d i s t r ibuted among the N C S alterat ion zones. T h e only crystal l ine 
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19. M C C A R T H Y E T A L . Simulated Radioactive Waste Glass 385 

Table X I V . Occurrence of Elements in Solids and Solutions 

Solutions11 

Element Solids (%) 

N a a c m i t e / acmite aug i t es / w e e k s i t e / N C S 8 4 4 - 4 7 
S i acmite , acmite augites, weeksite, a p a t i t e r 1-6 
B 8 4 - 9 3 
C a acmite augites, apatites, N C S 0.5-2 
Z n acmite augites, N C S 0.2-0.05 
T i acmite augites, N C S N D ' 
R b weeksite N D - 9 
Sr apat i te , N C S 0.2-0.6 
Z r N C S N D 
M o N C S 68-78 
R u ( R u 0 2 ) 8 8 — 
P d ( P d ) 8 S -
Cs weeksite, N C S 4 - 9 
B a apat i te , N C S 0.04-2 
Lnh apat i te , N C S 0.2-0.9 

( L a , N d ) 
U weeksite, apatite , N C S 0.03-O.15 
F e acmite , acmite augite, s p i n e l / N C S N D - 0 . 0 6 
C r spinel 18-54 
P apat i te — 
N i spinel 0 .7-4 
T e , R h , A g , C d ' — — 

° Percentage of the a m o u n t of the element present i n P N L - 7 6 - 6 8 that was de ­
tected i n solutions from the 10:1 water-to-sol id-ratio runs. 

6 A c m i t e = N a F e S i 2 O e . 
c A c m i t e augite = ( N a , C a ) ( F e , Z n , T i ) S i 2 0 6 . 
d Weeksite = (Na,Cs,Rb)2(U0 2 )2(Si20 5 )3 • 4 H 2 0 . 
6 N C S = noncrystal l ine sol ids ; general designation of the X - r a y amorphous alter­

at ion zones. 
' A p a t i t e = ( C a , S r 3 a , L n , U ) 5 [ ( S i , P ) 0 4 ] 3 ( O H ) . 

9 N D = none detected. 
h L n = Y , L a , C e , P r , N d , S m , E u , G d . 
* Spinel = ( Z n , N i , F e ) ( F e , C r ) 2 0 4 . 
1 N o t included i n any of the analyses. 

host for the L n elements was the apatite structure phase that made u p 
the outermost b a n d of the sk in . Less than 1 % of ( L a + N d ) was 
observed i n any of the various so lut ion analyses. T h u s of the key elements, 
only C s occurs i n the product solutions i n substantial amounts . 

It is interest ing to look at the behavior of some of the other elements. 
A p p r o x i m a t e l y 62 w t % of P N L - 7 6 - 6 8 glass consisted of ( N a 2 0 + F e 2 0 3 

+ S i 0 2 ) , so it was not surpr is ing to find that the major crystal l ine phases 
i n the 10:1 water-to-sol id-ratio experiments were N a - F e - r i c h pyroxenes. 
N o t e that near ly hal f the avai lab le N a was observed i n the produc t 
solutions. W h e n the amount of water was t r i p l e d , the N a i n so lut ion 
increased to as m u c h as 6 7 % i n the 4-week r u n , w h i l e the amount of 
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386 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

pyroxenes i n the so l id products decreased. A p p a r e n t l y N a is a k e y 
constituent of these h i g h - F e 3 + pyroxenes, a n d w i t h more N a go ing into 
so lut ion, less was avai lable to f o rm the pyroxenes. T h i s t rend suggests 
that w h e n water-to -so l id ratios are less t h a n 10:1 , less N a w o u l d go into 
the solutions a n d the format ion of crystal l ine pyroxenes i n the a l tered 
products w o u l d be greater. 

B o r o n is apparent ly extracted f rom the glass as one or more species 
of borate ions a n d m o l y b d e n u m as the molybdate i on . W h e n the solutions 
extracted f r o m P N L - 7 6 - 6 8 glass are a l l o w e d to evaporate to dryness at 
room temperature, S E M / E D X a n d X - r a y di f fract ion character izat ion o f 
the res idua l solids revealed the presence of a h y d r a t e d sod ium molybdate 
a n d the borate m i n e r a l t incalconite , N a 2 B 4 0 7 • 5 H 2 0 ( 1 3 ) . 

T h e occurrence of the other major constituent of the glass, F e , was 
almost complete ly confined to the so l id products . I t was f o u n d i n the 
pyroxene, N C S , a n d spinel phases. A substantial p o r t i o n of the o r i g i n a l 
sp ine l crystal l ine inclusions interacted w i t h the h y d r o t h e r m a l solutions. 
M u c h of the F e content of the glass o r ig ina l ly present i n these inclusions 
was recrysta l l i zed i n the pyroxene phases. T h i s mechanism m a y also 
account for the large amounts of C r i n solution. C h r o m i u m occurs w i t h 
F e i n the spinels. W h e n the sp ine l is a l tered a n d F e is recrysta l l i zed i n 
the pyroxenes, the C r might r e m a i n b e h i n d i n solution. 

T h e p r e c e d i n g discussion i l lustrates that w i t h the mul t ip l e - t oo l 
character izat ion used i n this study, i t is possible to describe a l terat ion of 
this complex glass i n near-mass-balance de ta i l for m a n y of its elements. 

Glass Crystallization and Repository Design. So lut ion and recrys-
ta l l i za t ion of the prototype radwaste glass takes p lace so read i ly that 
some cognizance of the po tent ia l for this effect must be taken d u r i n g the 
repository design. Because m a n y of the observed reactions require on ly 
water as a catalyst, some of the recrysta l l i zat ion a n d transport c o u l d be 
expected i n the presence of on ly smal l amounts of water . O n e c a n either 
v i e w the h y d r o t h e r m a l reactions as a p r o b l e m i n need of a solution, or one 
can s imply incorporate the potent ia l for h y d r o t h e r m a l reactions as part 
of the overa l l waste storage concept. T h e r e are some fa i r ly obvious 
engineer ing solutions to the p r o b l e m a n d also some potent ia l ly interest ing 
ways of incorporat ing the reactions as a posit ive benefit, a l though data 
are too sparse at present to make definit ive statements about the latter. 

F i r s t , an obvious requirement for h y d r o t h e r m a l condit ions is a certa in 
amount of heat. T h e heat output of the canisters c a n be adjusted b y 
adjust ing the waste l oad ing . L o a d i n g s c o u l d be adjusted d o w n w a r d u n t i l 
the s k i n temperature of the canister was b e l o w the temperature at w h i c h 
the reactions w o u l d be a p rob l em. T h e cost of this approach to the 
p r o b l e m is that m u c h larger volumes of mater ia l w o u l d be created for the 
d isposal of a g iven vo lume of waste. 
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19. M C C A R T H Y E T A L . Simulated Radioactive Waste Glass 387 

Second, i t m a y be remembered that heat comes f r o m the decay of 
most ly short - l ived isotopes. T h e thermal p e r i o d of the repository is short, 
a f ew h u n d r e d years at most. O n e expedient is to reta in the canisters i n 
contro l l ed a n d cooled surface storage for a f e w tens of years before 
remova l of the mater ia l to the repository. Temperatures f a l l r a p i d l y w i t h 
t ime out of the reactor, a n d even a few years of storage improves the 
t h e r m a l heat output greatly. A l t e rnat ive ly , the canister design c o u l d be 
i m p r o v e d i n such a w a y that breach ing of the canister d u r i n g the t h e r m a l 
p e r i o d became un l ike ly . 

A complete ly different approach is to examine the impl i cat ions of 
waste, rock, a n d water as a c h e m i c a l system ( 2 ) . T h e results reported i n 
this paper dealt w i t h a glass waste f o r m i n a c losed system i n the presence 
of water only . T h i s s i tuat ion w o u l d surely ob ta in i f i n v a d i n g waters came 
into contact w i t h the surface of the glass ingot or penetrated into cracks 
a n d flaws i n the mater ia l . T h e i n i t i a l chemica l reactions w o u l d be c o m ­
plete ly dominated b y the composi t ion of the glass. A s the solutions 
c a r r y i n g dissolved species or the so l id react ion products themselves came 
into contact w i t h the surround ing rock of the w a l l , the chemistry w o u l d 
come to be dominated b y the rock. I f the rock were of basalt , granite , or 
shale, n e w reactions w o u l d take p lace that w o u l d greatly mod i fy the final 
phase assemblage. I t is the final assemblage, w h e n the waste has come 
into steady state condit ions w i t h the rock, that must be regarded as the 
source term for further transport a n d dispersal of the waste elements b y 
slow processes over the func t i ona l l i fe of the repository ( 2 ) . T h e p a r a ­
graphs b e l o w out l ine some of the possibi l i t ies based o n n e w but not final 
exper imental results f rom current waste rock interact ion studies at P e n n ­
sy lvania State U n i v e r s i t y (11,13). 

S T R O N T I U M A N D L A N T H A N E D E S . M u c h of the Sr a n d L n i n the o r i g i n a l 

glass was f ound w i t h the N C S alteration products . E q u i l i b r a t i o n w i t h 
h y d r o t h e r m a l solutions c o u l d w e l l result i n crysta l l i zat ion of apatite phases 
s imi lar to that identi f ied as one of the sk in phases. Apat i tes are a c o m m o n 
accessory m i n e r a l i n basalts a n d other igneous rocks a n d , once f o rmed , 
they m a y r e m a i n i n , or close to, thermodynamic s tabi l i ty w i t h the rock 
throughout the t h e r m a l per iod . M i x e d phosphate -s i l i cate apatites of C a , 
Sr, L n , a n d U ( b r i t h o l i t e ) , such as those f o rmed o n the product sk in , 
are k n o w n . 

U R A N I U M . S m a l l amounts of the U i n P N L - 7 6 - 6 8 c rys ta l l i zed i n the 
apatite phase as has already been noted. T h e other we l l - charac ter i zed 
crystal l ine host for U was weeksite . U r a n i u m i n weeksite is i n the 
hexavalent state. H o s t rocks conta in ing F e + + , sulfides, a n d organic mate­
rials w o u l d buffer the oxygen act iv i ty w e l l into the r e d u c i n g range where 
the U 6 + w o u l d not be stable. I n one of a series of experiments des igned 
to explore this s tabi l i ty quest ion, the authors have treated weeksite 
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crystals gathered f rom glass alterat ion produc t w i t h H G W i n contact w i t h 
a s ixtyfo ld excess b y we ight of c rushed C o l u m b i a R i v e r basalt. T h e 
water-to-sol ids rat io was 30 :1 , a n d the exper imental condit ions were 
300°C, 300 bar , a n d 4 weeks. T h e resultant crystals h a d t u r n e d b lack 
a n d gave a n X - r a y p o w d e r pattern of uranin i te , U 0 2 + a ? , w i t h a c u b i c c e l l 
parameter t y p i c a l of a composi t ion near U 0 2 . 2 5 . A s l o n g as the condit ions 
r e m a i n r educ ing , uranin i te shou ld r e m a i n a stable a n d inso luble phase 
(14). It is possible that the U i n the N C S alterat ion zones w o u l d be 
converted to uranin i te t h r o u g h long- term equ i l ib ra t i on w i t h basalt -satu­
rated h y d r o t h e r m a l solutions. 

C E S I U M . T h i s element was observed i n alterat ion produc t solutions, 
i n weeksite , a n d i n various N C S alterat ion zones. ( N o t e that the C s 
w o u l d be released f rom weeksite b y the decomposi t ion mechanism just 
described. ) T h e authors have completed numerous experiments i n w h i c h 
solutions c onta in ing C s were reacted w i t h C o l u m b i a R i v e r basalts, w i t h 
i n d i v i d u a l basalt phases, a n d w i t h shales a n d constituent c lay minerals 
(14). U n d e r condit ions of 200° -300°C a n d 300 bar , v i r t u a l l y a l l the C s 
was removed f rom the solutions. Intense reflections analogous to those 
of the m i n e r a l po l luc i te , ( C s , N a ) A l S i 2 O e • n H 2 0 , were present i n X - r a y 
diffractograms of m a n y react ion products . Po l luc i t e occurs i n h y d r o -
thermal ly f o rmed pegmatites a n d m a y be stable i n contact w i t h basalt 
a n d shale under h y d r o t h e r m a l condit ions. Results to date ind icate that 
C s w o u l d react w i t h a lumino-s i l i cate minerals a n d become i m m o b i l i z e d 
as po l luc i te . 

Glossary of Symbols 

A A S = atomic absorpt ion spectrophotometry 
A E S = atomic emission spectrometer 

d = in terp lanar spac ing ( i n X - r a y data) 
D W de ion ized water 
E B S = e lectron backscatter 

E D X = energy-dispersive X - r a y spectrometry 
H G W = H a n f o r d groundwater 

I = intensity ( i n X - r a y data) 
L n = lanthanides 

N C S = noncrysta l l ine solids 
P D F = P o w d e r Di f f rac t i on F i l e 
P N L = Paci f ic Nor thwes t Laborator ies of Bat te l l e M e m o r i a l Institute 
P-T = pressure- temperature 
S E I = secondary electron image 

S E M — scanning electron microscopy 
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ss = sol id so lut ion 
T D S = total d issolved solids 

r a d waste = radioact ive waste 
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Phase Equilibria Research in Portions of 
the System K 2 O - M g O - F e 2 O 3 - A l 2 O 3 - S i O 2 

R O B E R T S. ROTH 

National Bureau of Standards, Washington, DC 20234 

Preliminary phase equilibria diagrams are given for some 
binary and ternary joins and cuts through the five-com­
ponent system K2O-MgO-Fe2O3-Al2O3-SiO2. The diagrams 
are those that are most pertinent to the chemical reactions 
taking place between potassium seed and the four-com­
ponent synthetic slag of importance in corrosion studies of 
a magnetohydrodynamics system. Although the systems 
KAlO2-SiO2, KFeO2-SiO2, and K 2 M g S i O 4 - S i O 2 are appar­
ently true binary joins, other pseudobinary cuts involving 
only kalsilite types of end members are generally not binary. 
The phase K 2 M g S i 3 O 8 dissociates at low temperatures into 
a second kalsilite-like phase plus leucite. Thus leucite is a 
major component even just below liquidus temperatures of 
magnesia containing ternary and quaternary compositions 
that might be expected to exhibit only kalsilite-like phases. 

' T p h e development of new materials w i t h use fu l properties for a p p l i c a -
-•- tions i n the area of electronic ceramics, catalysts, electrolytes, elec­

trodes, a n d so on is strongly dependent o n a knowledge of the chemistry 
of m a n y unusua l ox ide systems. A better unders tand ing of the m e c h a ­
nisms of corrosion, wear , fracture, a n d the general behavior of materials 
under use condit ions of severe environments is also dependent on a 
knowledge of c h e m i c a l compat ib i l i ty . T h e pred i c t i on of p h y s i c a l a n d 
c h e m i c a l properties of materials is l i m i t e d b y our k n o w l e d g e or a b i l i t y 
to p red i c t chemica l reactions a n d general crysta l c h e m i c a l relations. A 
deta i l ed exper imental study of a f e w selected systems often enables us 
to pred i c t the crystal chemica l pr inc ip les govern ing the c h e m i c a l reactions 
i n more complex i n d u s t r i a l systems. 

T h i s chapter not subject to U . S . copyright. 
Publ i shed 1980 A m e r i c a n C h e m i c a l Society 
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I n a study of the phase e q u i l i b r i a relations of a m o d e l system, i t is 
a lways desirable to prepare single crystals of a l l the prev ious ly u n k n o w n 
phases to be certa in of h a v i n g identi f ied a l l the reactions. E v e n a k n o w l ­
edge of the crystal structure of m a n y of the phases is needed to under ­
stand the mechanisms i n v o l v e d i n the c h e m i c a l reactions. A study of 
phase e q u i l i b r i a , c rysta l g rowth , a n d crystal chemistry is current ly b e i n g 
conducted i n portions of the system K 2 0 - M g O - F e 2 0 3 - A l 2 0 3 - S i 0 2 to 
understand the chemica l corrosion of refractory components b y seed / s lag 
i n a coal - fueled magnetohydrodynamics system. 

Previous studies i n this complex system have been confined m a i n l y to 
the ternary systems. T h e most important of these ( 1 - 5 ) have been 
concerned m a i n l y w i t h the h igh -s i l i ca portions of the system because of 
the obvious geological interest. H o w e v e r , the m a i n object of the present 
study is to unders tand the react ion between mol ten coa l s lag a n d potas­
s i u m oxide, used to enhance the c onduc t i v i ty of the p l a s m a i n a M H D 
channel . TKerefore , our major interest is i n those phases i n e q u i l i b r i u m 
w i t h the h igher K 2 0 composit ions a n d the minerals kals i l i te a n d leucite , 
w h i c h have the composit ions K A l S i 0 4 a n d K A l S i 2 0 6 , respectively . I ron 
a n d / o r magnes ium conta in ing analogues also can be formulated . T h e 
first results of these studies, i n v o l v i n g the j o in K A 1 0 2 - S i 0 2 , were 
p u b l i s h e d recent ly ( 6 ) , as w e l l as several abstracts ( 7 , 8 , 9 ) on other 
port ions of the system. Some of the other data ment ioned i n this paper 
have been prev ious ly reported only i n project reports to sponsors, i f at a l l . 

M u c h of the w o r k reported i n the present paper is p r e l i m i n a r y i n 
nature , a n d important port ions of the phase diagrams m a y be changed 
i n future publ i cat ions . A l l the exper imental points are shown i n the 
d iagrams, so that the reader can judge where further w o r k m a y be needed 
to unambiguous ly unders tand the nature of the e q u i l i b r i u m reactions. 
A s a l l corrosion a n d stabi l i ty prob lems i n a w o r k i n g M H D system 
necessarily invo lve relations w i t h the K 2 0 - c o n t a i n i n g c o m p o u n d a d d e d 
as seed ( such as K 2 C 0 3 a n d K 2 S 0 4 ) , on ly those port ions of the system 
conta in ing K 2 0 are discussed. 

Experimental 

A l l specimens for this s tudy were p r e p a r e d f r o m reagent-grade 
materials , of n o m i n a l 9 9 % p u r i t y or better. Start ing materials used were 
K 2 C 0 3 , a - F e 2 0 3 (hemat i te , - 0 . 5 fim), M g C 0 3 , y - A 1 2 0 3 ( 0.05 / i i n ) , 
a n d S i 0 2 ( quar tz , less than 5 jum). Batches were w e i g h e d to the nearest 
0.01 m g , m i x e d , a n d ca l c ined several t imes before final heat treatments. 
M a n y experiments were d u p l i c a t e d b y approach ing e q u i l i b r i u m i n the 
so l id state on ly a n d b y anneal ing a premel ted glass. Specimens w e r e 
annealed for periods v a r y i n g f r o m several hours to several months u n t i l 
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20. ROTH Phase Equilibria Research 393 

e q u i l i b r i u m was achieved. M o s t specimens heated above about 900°C 
were enclosed i n sealed P t tubes i n order to m i n i m i z e K 2 0 vo la t i l i za t i on 
a n d general ly quenched after the heat treatment. 

A l l specimens w e r e examined after each heat treatment b y X - r a y 
p o w d e r di f fract ion analyses us ing a h igh-angle diffractometer e q u i p p e d 
w i t h a graphite s ingle-crystal monochromator us ing C u K a rad iat ion . I n 
general , e q u i l i b r i u m was be l i eved to have been ach ieved w h e n further 
heat treatment at the same ( a n d / o r h igher ) temperatures caused no 
change i n the X - r a y di f fract ion pattern . D u e to the very s luggish rate of 
react ion i n sil icate systems, specimens were h e l d at temperature for m u c h 
longer times than is c o m m o n for most so l id state chemistry phase 
e q u i l i b r i a experiments. 

F o r proper interpretat ion of the X - r a y di f fract ion p o w d e r patterns, 
i t is extremely important that every peak i n the pat tern be mathemat i ca l l y 
accounted for by index ing a l l the single-phase patterns. I t is not sufficient 
to s i m p l y assign peaks to a ka l s i l i t e - l ike phase w i t h o u t k n o w i n g the true 
un i t c e l l , as sma l l peaks i n the pat tern often m a y represent a sma l l amount 
of a prev ious ly u n k n o w n second phase. Consequent ly , attempts were 
m a d e to grow smal l , s ingle crystals , sufficient for the X - r a y di f fract ion 
precession technique , for every u n k n o w n phase i n the system. B y 
adher ing to this p r i n c i p l e , w e f ound a n e w c o m p o u n d w i t h tetragonal 
symmetry i n the K A 1 0 2 - S i 0 2 system, referred to as K i + a . A l i + a . S i i . x 0 4 b y 
C o o k e t a l . ( 6 ) . 

M o s t of the single crystals prepared to study these si l icate systems 
were made b y H . S. Parker ( J O ) , us ing the flux technique. T h e flux used 
was general ly either K F as i n C o o k et a l . (6 ) or K 2 M o 6 4 w i t h or w i t h o u t 
addit ions of either V 2 0 5 or K V 0 3 i n various proport ions . T h e f u l l details 
of the crystal g r o w t h of each of the phases w i l l be f o u n d i n later p u b l i ­
cations. M a n y of the crystals were examined i n a scanning electron 
microscope e q u i p p e d w i t h X - r a y dispersive analysis a n d a windowless 
detector, enab l ing semiquanti tat ive determinat ion of elements d o w n to 
atomic n u m b e r 6. N e i t h e r m o l y b d e n u m [atomic n u m b e r 42] nor fluorine 
[atomic n u m b e r 9] was f ound i n the crystals, a l though a strong oxygen 
peak was a lways seen w i t h the w i n d o w open. T h e detect ion l i m i t for 
fluorine was about 1,4 w t % F , a n d the K A l S i 0 4 a n d re lated compounds 
conta ined less than 0.2 units of F w h e n descr ibed as K i + f l . A l S i 0 4 . a . F a . . 
H o w e v e r , i t shou ld be remembered that i t is very diff icult to determine F 
b y this technique i n the presence of F e because of the overlap of the 
major peaks of the characterist ic spectra. I n order to be certa in that the 
type of u n i t c e l l i n the single crystals g r o w n was not b iased b y impur i t i es 
f r om the flux, b o t h K F - a n d K 2 M o 0 4 - b a s e d fluxes were often used to 
g r o w crystals of the same phase. I n general , the size (less than 0.2 m m 
i n d iameter ) a n d total amount of the crystals were insufficient for any 
wet c h e m i c a l analysis. 

S ingle -crysta l X - r a y structure determinat ion is presently u n d e r w a y 
o n most of the phases i n these systems. N e u t r o n di f fract ion total profi le 
analysis w i l l be a t tempted to determine the nature of the nonsto i ch i -
ometry b u t must awai t some previous X - r a y structure determinat ion . 
H i g h - r e s o l u t i o n , e lectron microscope la t t i ce - imaging techniques w o u l d 
be very va luab le to study the nature of the order ing of a l k a l i a n d vacancies 
i n the ka l s i l i t e - l ike po lymorphs . 
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The Quaternary System K20-Al2Os—Fe20&—Si02 

T h e T e r n a r y System K 2 0 - A l 2 0 3 - S i 0 2 . T h e latest vers ion of this 
ternary system was p u b l i s h e d b y Schairer a n d B o w e n i n 1955 ( 2 ) , a n d 
a composite d i a g r a m was p u b l i s h e d as one of a series of large-scale phase 
d iagrams b y the A m e r i c a n C e r a m i c Society a n d as F i g u r e 407 i n the 
book "Phase D i a g r a m s for Ceramis ts " (11). T h i s d i a g r a m is n o w i n need 
of rev is ion , especial ly i n the reg ion conta in ing / ? - A l 2 0 3 as a n e q u i l i b r i u m 
phase a n d i n the h i g h - K 2 0 por t i on of the system. 

T h e b i n a r y jo in K 2 0 - S i 0 2 was s tud ied b y K r a c e k ( 1 2 ) , a n d the 
latest vers ion of the system A l 2 0 3 - S i 0 2 is that of A k s a y a n d Pask (13). 
Unfor tunate ly , no exper imenta l s tudy of the system K 2 0 - A 1 2 0 3 has 
appeared i n the l i terature. T h e present invest igat ion has establ ished the 
l imi ts of so l id solut ion of the £ - A l 2 0 3 phase as v a r y i n g f rom about 1 5 % 
K 2 0 to about 1 0 % K 2 0 f r o m 1000° to 1600°C, decreasing s l ight ly at the 
h igher temperatures. T h e m e l t i n g po int of K A 1 0 2 has not ye t been 
establ ished, b u t p r e l i m i n a r y data obta ined b y u s i n g a n unsealed I r 
c ruc ib le ind icate a va lue greater t h a n 2100°C, a n d a value of 2150 ± 
100°C is our best est imated at this t ime . ( E x p e r i m e n t s have been per ­
f o r m e d n o w to determine the m e l t i n g po in t of K A 1 0 2 i n sealed M o tubes 
( O D , 3.0 m m ; I D , 1.5 m m ) a n d the temperature at w h i c h the i n t e r n a l 
pressure f r o m the K A 1 0 2 exceeded the rupture strength of the tubes 
was f o u n d to be ~ 2260°C. ) T h e eutectic be tween K A 1 0 2 a n d / ? - A l a 0 3 

was f o u n d to occur at about 1910 ° C , b u t the compos i t i on has not yet 
been establ ished. 

K A 1 0 2 - S i 0 2 . A n invest igat ion of the crysta l chemistry of the system 
K A 1 0 2 - K A l S i 0 4 was reported b y C o o k et a l . (6) as the first par t of the 
present study. T h e m a i n contr ibut ions of this w o r k were the discovery 
of the h igh- temperature f o r m of K A l S i 0 4 , o r thorhombic , w i t h u n i t - c e l l 
parameters a = 18.110 A , b = 15.600 A , a n d c = 8.560 A , the tetragonal 
phase K i ^ A l i ^ S i i . ^ (x « 0.1) a = 8.943 A a n d c — 5.5221 A , a n d the 
invest igat ion of the so l id so lut ion of S i 0 2 i n K A 1 0 2 , s t a b i l i z i n g the pseudo-
c u b i c modi f i cat ion of this structure. 

S ince the submiss ion of the manuscr ip t of C o o k et a l . (6), a con­
s iderable amount of exper imenta l data has been accumula ted o n this 
b i n a r y jo in . T h e in f o rmat i on interpreted f r om these experiments is 
s u m m a r i z e d i n F i g u r e 1 as the system K A l 0 2 - K L A l S i 2 0 6 . A more complete 
descr ipt ion of this system w i l l be p u b l i s h e d , w h e n completed , b y J . L . 
W a r i n g et a l . (14). I n this d i a g r a m the n e w tetragonal phase is f o u n d 
to occur at a rat io very close to the compos i t ion 4 K A 1 0 2 : 3 S i 0 2 . H o w e v e r , 
i t seems d o u b t f u l that this rat io has any significance w i t h respect to A l / S i 
o rder ing w h e n compared w i t h the smal l size of the u n i t ce l l . I m m e d i a t e l y 
after p u b l i c a t i o n of the p a p e r b y C o o k et a l . (6), J . V . S m i t h brought to 
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20. ROTH Phase Equilibria Research 395 

Figure 1. Preliminary phase equilibria diagram of the system KA102-
KAlSi2Oe: (9), no melting; (Q), partially melted; (Q), completely melted. 
TET = tetragonal phase; ORTH b X 3 = low-temperature orthorhombic 
form of KAlSi04; ORTH a X 2, b X 3 = high-temperature orthorhombic 

form of KAlSiO^ 

our attention a classif ication of f ramework silicates descr ib ing possible 
l inkages f r om a s imple hexagonal net, p u b l i s h e d a short t ime earlier ( 1 5 ) . 
H e p o i n t e d out that this tetragonal phase c o u l d correspond to his possible 
structure designated S C C S C C . Indeed , i t seems l i k e l y that the structure 
of this phase m a y correspond to this f o rm, w h i c h is composed of doub le 
tetrahedral units , as shown i n F i g u r e s 2 ( a ) a n d 2 ( b ) . A s tructura l 
refinement of this phase is current ly u n d e r w a y a long w i t h a c rys ta l ' 
structure analysis of the two or thorhombic po lymorphs of K A l S i 0 4 , 
prev ious ly reported b y C o o k et a l . ( 6 ) , i n a n attempt to l earn more about 
the possible A l / S i o rder ing as w e l l as the K vacancy order ing i n the 
ka l s i l i t e - l ike phases. 

T h e T e r n a r y System K 2 0 - F e 2 0 3 - S i 0 2 . T h i s ternary system has not 
been prev ious ly s tud ied i n any great deta i l . F a u s t (16) reported the 
presence of compounds equivalent to kals i l i te , leucite , a n d fe ldspar , b u t 
a l l were located only i n the presence of glass o n the j o in K 2 0 : 6 S i 0 2 -
F e 2 0 3 . P o t a s s i u m - i r o n fe ldspar, K F e S i 3 0 8 , was synthesized hydrother -
m a l l y a n d structural ly ana lyzed b y W o n e s a n d A p p l e m a n (17). 

T h e system F e 2 0 3 - S i 0 2 contains no b i n a r y compounds unless ac com­
p a n i e d b y reduct i on of F e 3 + -> F e 2 * . H o w e v e r , the system K 2 0 - F e 2 0 3 

s tudied b y T a k a h a s h i et a l . (18) contains K F e 0 2 a n d a £ - A l 2 0 3 type of 
phase. A n u n k n o w n phase reported on the h i g h - F e 2 0 3 e n d of the system 
has been f o u n d i n the present w o r k to actual ly be a j8"'-type of c o m p o u n d , 
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396 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

Figure 2a. Tetrahedral model of the structure of the phase designated 
SCCSCC (15). View looking down one of the a-axes showing pseudo­

hexagonal symmetry. 

that is, six sp ine l - l ike layers be tween the a l k a l i layers , w i t h hexagonal 
symmetry a = 5.927 A a n d c = 33.45 A . T h i s phase u n d o u b t e d l y has 
some F e 2 + ions as a n integra l par t of the structure. Indeed , the regular 
/ ? - A l 2 0 3 t ype of c o m p o u n d p r o b a b l y also contains some F e 2 + , the F e 3 + / 
F e 2 + rat io depend ing on the heat treatment. T h e current s tudy indicates 
that the compos i t ion of the p phase occurs at the 1/5.75 K / F e rat io at 
800°C, w i d e n i n g s l ight ly w i t h increas ing temperature . T h e complete 
exper imental data a n d phase e q u i h b r i u m d i a g r a m w i l l be p u b l i s h e d 
eventual ly b y P a r k e r et a l . (19). 

K F E 0 2 - S I 0 2 . T h e system K F e O - j - S i C ^ has been examined i n the 
present s tudy (8), a n d the interpretat ion of the exper imental data is 
s h o w n i n F i g u r e 3. T h e hexagonal ka l s i l i t e - l ike phase, K F e S i 0 4 , a = 
5.278 A a n d c — 8.824 A , was f o u n d to exist be l ow 945°C a n d to 
transform revers ib ly to an or thorhombic f o rm w i t h a c-axis seven times 
the size of the pseudoorthorhombic ce l l , a = 9.115 A , b = 5.433 A , a n d 
c = 59.61 ( 7 X 8.516) A . T h e large superstructure cannot be seen i n 
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2 0 . ROTH Phase Equilibria Research 397 

Figure 2b. Tetrahedral model of the structure of the phase designated 
SCCSCC (15). View looking down the c-axis snowing the real body-

centered tetragonal nature of the unit cell. 

X - r a y di f fract ion p o w d e r patterns, a n d i t is necessary to examine s ingle 
crystals (10) to see the large ce l l . T h e ka ls i l i t e - l ike po lymorphs accept 
2 to 5 m o l % S i 0 2 i n so l id so lut ion d e p e n d i n g on the temperature . A 
body-centered tetragonal phase, a = 9.09 A a n d c = 5.33 A , apparent ly 
isostructural w i t h that i n the a l u m i n a system, occurs at approx imate ly 
the same s i l i ca content near 4 K F e 0 2 : 3 S i 0 2 . I t shou ld be noted that a 
fe ldspar type of phase can be f o rme d b y annea l ing a glass of compos i t ion 
K F e S i 3 0 8 b e l o w the solidus at atmospheric pressure. S iag le crystals of 
the tetragonal phase, of bo th po lymorphs of ka ls i l i te , w i t h a n d w i t h o u t 
excess s i l i ca , a n d of K F e S i 2 O e , the i r o n leuc i te - l ike phase, were p r o d u c e d 
i n sealed P t tubes us ing b o t h K F a n d K 2 M o 0 4 : K V 0 3 as fluxes ( J O ) . T h e 
h igh- temperature or thorhombic ka ls i l i te p o l y m o r p h conta in ing 2 -4 m o l % 
excess s i l i ca , w h e n first treated w i t h K F i n a n attempt to increase the 
gra in size, f o rmed a n e w phase o n attempts to reverse the e q u i l i b r i a at 
850°C. P u r e K F e S i 0 4 , whether or not treated w i t h K F , a n d the so l id 
solutions not treated w i t h K F showed no such anomaly . N o single crystals 
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398 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

1 1 1 I l I i I l I l l 
K F e 0 2 20 40 60 80 S i 0 2 

Mole % S i 0 2 

Figure 3. Preliminary phase equilibria diagram of the system KFe02-
Si02: (%), no melting; (O), partial melting; (M), completely melted. 
C8. = cubic KFe02 solid solution; T = tetragonal phase; H = hexagonal 
kalsilite-like phase; ORTH c X 7 = high-temperature orthorhombic form 

of KFeSiOh. 

have yet been synthesized w i t h this n e w u n k n o w n structure. ( T h i s phase 
n o w has been ident i f ied as isostructural w i t h the ka ls i l i t e - l ike p o l y m o r p h s 
of K F e G e 0 4 a n d R b A l G e 0 4 , hevagonal w i t h a « t imes the va lue i n 
the low-temperature form. ) T h e complete exper imenta l data a n d final 
vers ion of this phase d i a g r a m w i l l be p u b l i s h e d i n another p a p e r (20). 

T h e T e r n a r y System K 2 O ^ A l 2 O j r - F e 2 0 3 . N o composit ions were 
s tud ied i n the present w o r k that d i d not conta in s i l i ca as one of the 
ingredients . H o w e v e r , several composit ions i n the quaternary system 
establ ished that so l id solutions are f o rmed between the K A 1 0 2 - K F e 0 2 

phases a n d between the £ - A l 2 0 3 types of phases i n the a l u m i n u m a n d 
i r o n oxide systems. N o three phase regions w e r e ident i f ied . 

K A l S i 0 4 - K F e S i 0 4 . T h r e e composit ions at 3 :1 , 1:1, a n d 1:3 ratios 
of K A l S i 0 4 - K F e S i 0 4 were i n i t i a l l y p r e p a r e d to check the so l id solution 
expected i n these ka ls i l i t e - l ike phases. T h e exper imental results are 
interpreted i n F i g u r e 4. A few more composit ions are b e i n g prepared 
a n d examined i n order to check the phase boundaries . A n e w stable 
phase was f o u n d to occur at 7 5 K F e S i 0 4 : 2 5 K A l S i 0 4 ( K F e 0 . 7 5 A l 0 . 2 5 S i O 4 ) . 
S ingle crystals of this phase (10) p r o v e d to be isostructural , w i t h a 
metastable var ie ty of K A l S i 0 4 p r o d u c e d b y i on exchange f r o m R b A l S i 0 4 

( 2 1 ) , a n d are monoc l in i c w i t h a pseudoorthorhombic C-centered ce l l , 
w i t h a = 18.45 A , b = 10.73 A , a n d c = 8.55 A . At tempts to reverse the 
phase transi t ion of the h i g h temperature po lymorphs at 800°C were 
successful, b u t reversal experiments at 850°C p r o d u c e d the n e w phase 
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20. ROTH Phase Equilibria Research 399 

Figure 4. Preliminary phase equilibria diagram of the system KFeSi04-
KAlSiOj^: (%), no melting; (&), partial melting; (O), completely melted. 
HEX = hexagonal kalsilitelike phase; ORTH c X 7 = orthorhombic 
KFeSiO^ type of phase; MON = monoclinic distortion of the kalsilite-like 
phase; ORTH b X 3 = low-temperature orthorhombic kalsiliterlike phase; 
ORTH a X 2, b X 3 = high-temperature orthorhombic kalsilite-like 

phase; ? = kalsilite-like phase of unknown symmetry. 

KAI02 KFe02 

Figure S. Preliminary phase equilibria diagram of the system KA102-
KFeOg-SiOg representing an isotherm at about 1050°C: (•), composi­
tions studied. O' = low-temperature orthorhombic b X 3 kalsilite-like 
phase; M = monoclinic distortion of the kalsilite-like phase; O" = ortho­
rhombic c X 7 KFeSi04 type o fphase; T = tetragonal kalsilite-like phase. 
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f o u n d for K F e S i 0 4 w i t h excess s i l i ca i n so l id so lut ion prereacted w i t h K F 
(see section t i t l ed " K F e O ^ S i C V ' ) . A s this phase apparent ly forms on ly 
d u r i n g reversal f r om the h igh- temperature forms, i t m a y be metastable 
on ly w i t h respect to the or thorhombic f o rm. T h e exact nature of this 
phase must awai t examinat ion of single crystals that have gone t h r o u g h 
the same reversal attempts. 

K A l 0 2 - K F e 0 2 - S i 0 2 . A l t h o u g h m a n y exper imenta l composit ions 
have been s tudied on each b i n a r y conta in ing SiOo as one end member , 
no composit ions i n the ternary field have been s tudied except those o n the 
jo in K A l S i 0 4 - K F e S i 0 4 . Nevertheless , a subsolidus ternary phase d iagram 
can be hypothes ized b y compar ison w i t h k n o w n reactions i n the b i n a r y 
systems, as shown i n F i g u r e 5. T h i s d i a g r a m needs exper imental ver i f i ca­
t i on a n d probab ly w i l l be modi f ied considerably i n the near future . 

The Quaternary System K20-MgO^Te2Os-Si02 

T h e T e r n a r y System K 2 0 - M g O - S i 0 2 . T h e K 2 0 - M g O - S i 0 2 system 
was s tudied b y Roedder (3, 4 ) . H e reported the existence of several 
ternary compounds a n d noted that no phases appeared o n the jo in 
K 2 0 - M g O . H o w e v e r , he f o u n d that several ternary compounds existed 
that were essentially isostructural w i t h the phases on the j o in K A 1 0 2 - S i 0 2 . 
A p p a r e n t l y a s tructural subst i tut ion of 2A1 <—> M g S i can take p lace , so 
that a c o m p o u n d is f o rmed essentially isostructural w i t h K A 1 0 2 at the 
compos i t ion K [ M g 0 . 5 S i o . 5 ] 0 2 or K 2 M g S i 0 4 . I n a d d i t i o n to the phases o n 
the j o in K 2 M g S i 0 4 - S i 0 2 , a ternary c o m p o u n d was reported w i t h the 
composi t ion K 2 M g 5 S i i 2 O 3 0 . 

T H E S Y S T E M K 2 M G S I 0 4 - S I 0 2 . M a n y experiments were conducted on 
the j o in K 2 M g S i 0 4 - S i 0 2 . T h e results of these experiments are interpreted 
a n d shown i n F i g u r e 6, p lo t ted as the system K [ M g 0 . 5 S i o . 5 ] 0 2 - S i 0 2 to 
show the analogy to the system K A 1 0 2 - S i 0 2 ( F i g u r e 1) a n d K F e 0 2 - S i 0 2 

( F i g u r e 3 ) . T h e solidus a n d l i q u i d u s values determined b y Roedder (3 ) 
are ind i ca ted on the d iagram. 

T h e present data differ f r om that of Roedder (3 , 4 ) i n several i m ­
portant details . F i r s t of a l l , the ka l s i l i t e - l ike compos i t i on represented b y 
the f o r m u l a K [ M g 0 . 5 S i o . 5 ] S i 0 4 or K 2 M g S i 3 0 8 does not mel t congruent ly 
as suggested i n Roedder ( 3 ) . Instead, i t melts incongruent ly to another 
ka ls i l i t e - l ike phase deficient i n s i l i ca . T h e r e is apparent ly a congruent type 
of composi t ion represented b y a monotect ic ( T h e t e rm "monotect i c " is 
used w h e n there is insufficient exper imental evidence to determine i f the 
c o m p o u n d melts just s l ight ly incongruent ly or congruent ly or rea l ly rep ­
resents the l i m i t i n g case be tween the t w o ) at about the rat io 4 K [ M g 0 . 5 -
S i o . 5 ] 0 2 : 3 S i 0 2 or 2 K 2 0 • 2 M g O • 5 S i 0 2 . S ing le crystals have been g r o w n 
(10) of the low-temperature f o r m of the ka ls i l i t e - l ike compos i t ion , w h i c h 
is hexagonal , just as for the compounds K A l S i 0 4 a n d K F e S i 0 4 . T h e h i g h -
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20. ROTH Phase Equilibria Research 401 

Figure 6. Preliminary phase equilibria diagram of the system K[Mg0g-
Si05]O2-SiOg: (%), no melting; (Q), partial melting; (G), completely 
melted; (M), liquidus values of Roedder (3). T = tetragonal kalsilite-like 
phase; O = orthorhombic kalsilite-like phase; M = monoclinic kalsilite-like 

phase; H = hexagonal kalsilite-like phase; L = leucite-like phase. 

temperature f o r m exist ing between about 900°C a n d 1070°C has a n 
X - r a y di f fract ion p o w d e r pattern essentially i dent i ca l to that of 7 5 K F e -
S i 0 4 : 2 5 K A l S i 0 4 [see section t i t l ed " K A l S i 0 4 - K F e S i 0 4 " a n d M i n o r et a l . 
(21)]. I t therefore is re ferred to as a monoc l in i c phase, a l though no 
single crystals have yet been g r o w n (10). T h e p o w d e r pat tern of the 
phase o c curr ing at the 4 :3 rat io strongly resembles that of K F e S i 0 4 a n d 
is l abe led or thorhombic , a l though aga in no single crystals are avai lab le 
a n d i t is very d o u b t f u l that this phase has the same c X 7 superstructure 
f o u n d i n K F e S i 0 4 (8,20). A l l these ka l s i l i t e - l ike phases exist as so l id so lu ­
tions h a v i n g smal l but exper imental ly determinable ranges of s to i ch iom-
etry. I t is interest ing to note i n the phase d i a g r a m i n F i g u r e 6 that the 
compos i t ion corresponding to K [ M g 0 . 5 S i 0 . 5 ] S i O 4 or K 2 O M g 0 3 S i 0 2 is 
not qui te single phase at temperatures b e l o w about 950°C. A single-
phase spec imen p r e p a r e d at h igher temperatures ac tua l ly exsolves a 
smal l amount of leucite w h e n heated at l ower temperature . T h i s insta­
b i l i t y of the ka ls i l i t e - l ike compos i t i on i n the M g O system becomes very 
important i n the e q u i l i b r i u m relations of more complex systems (see sec­
t i o n t i t l e d " T h e Quaternary System K ^ - M g O - A l a O a - S i C V ) . 
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T h e tetragonal phase first f o u n d b y C o o k et a l . (6 , 7 ) i n the system 
K A 1 0 2 - S i 0 2 [see F i g u r e s 1, 2 ( a ) , a n d 2 ( b ) ] a n d i n the system K F e 0 2 -
S i 0 2 ( F i g u r e 3) also occurs i n this system, except that i t occurs at the rat io 
5 K [ M g o . 5 S i 0 . 5 ] 0 2 : 3 S i 0 2 ( 5 K 2 0 : 5 M g O : l l S i 0 2 ) instead of at 4:3 as i n the 
a l u m i n a a n d i r o n oxide systems. T h e complete exper imental details of 
this system w i l l be p u b l i s h e d elsewhere i n the near future (22). 

K 2 M g S i 3 0 8 - K F e S i 0 4 . I t c a n be seen f r o m F i g u r e 7 that the 
K [ M g o . 5 S i 0 . 5 ] S i 0 4 - K F e S i 0 4 system is almost a b i n a r y jo in . T h e s m a l l 
amount of leucite that occurs at temperatures be l ow about 950°C for 
K 2 M g S i 3 0 8 apparent ly disappears w h e n a smal l amount of K F e S i 0 4 is 
a d d e d i n so l id solution. H o w e v e r , the instab i l i ty of the magnesia phase is 
reflected i n the nonb inary nature of the m e l t i n g relations i n the region 
u p to about 20-25 m o l % K F e S i 0 4 . T h e low-temperature hexagonal 
phase is s tab i l i zed b y the a d d i t i o n of K F e S i 0 4 a n d the or thorhombic a n d 
monoc l in i c po lymorphs f o u n d i n the K [ M g 0 . 5 S i 0 . 5 ] O 2 - S i O 2 system are 
e l iminated . T h u s the hexagonal phase is stable u p to the solidus f r o m 
about 5 m o l % to about 30 m o l % K F e S i 0 4 . O n the other side, the 
a d i d t i o n of K [Mg 0 . 5Sio .5 ]S i0 4 to K F e S i 0 4 causes b o t h the hexagonal a n d 
high-temperature or thorhombic (c X 7 ) forms to be e l iminated f r om the 
d i a g r a m . Instead, a n e w phase appears w i t h a n X - r a y di f fract ion p o w d e r 
pat tern very s imi lar to the low-temperature or thorhombic f o r m of 
K A l S i 0 4 . H o w e v e r , there are a f ew extra lines i n the pattern , a n d i t can -

1300 

Figure 7. Preliminary phase equilibria diagram of the system K[Mg0tS-
SiogjSiO^-KFeSiO^. Note nonbinary nature of this system up to about 
30% KFeSi04. (%), no melting; (Q), partially melted; (Q), completely 
melted. HEX = hexagonal kalsilitelike phase; MON = monoclinic kal­
silite-like phase; ORTH b X 3 = orthorhombic phase similar to the low-
temperature b X 3 phase of KAlSiO^; ORTH c X 7 = orthorhombic 

KFeSiO} type of phase. 
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not be complete ly indexed on the basis of the or thorhombic c e l l w i t h 
& X 3. Single crystals of this phase have not yet been prepared ( 1 0 ) , as 
the M g O apparent ly does not enter easily into the structure, w i t h a l l 
experiments resu l t ing i n either K F e S i 2 0 6 or K F e S i 0 4 . C o m p l e t e details 
w i l l be p u b l i s h e d later (22 ) . 

K 2 M g S i 0 4 - K F e 0 2 - S i 0 2 . E x a m i n a t i o n of specimens i n the system 
K [ M g 0 . 5 S i o . 5 ] 0 2 - K F e 0 2 - S i 0 2 thus far have been l i m i t e d to the j o in i l l u s ­
trated i n F i g u r e 7. Nevertheless , i t is possible f r o m the data already 
de te rmined to make a good guess as to the general nature of an i sothermal 
section just be l ow the solidus (about 1 0 5 0 ° C ) , as shown i n F i g u r e 8. I t 
s h o u l d be remembered that this d i a g r a m is very p r e l i m i n a r y i n nature a n d 
boundaries m a y change considerably as more exper imental data is ob­
ta ined . F u r t h e r details w i l l be reported i n the near future (22 ) . 

Figure 8. Preliminary phase equilibria diagram of the system K[Mg0 5-
Si0JO2-KFeO2-SiO2. Isothermal section at about 1000°C. (%), compo­
sitions studied. T = tetragonal kalsilite-like phase; O" = orthorhombic 
KFeSiOh type of phase; O' = orthorhombic phase similar to the low-
temperature b X 3 phase of KAlSiO^ H = hexagonal kalsilite-like phase; 
M = monoclinic kalsilite-like phase; O = orthorhombic kalsilite-like phase. 

The Quaternary System K20-MgO*-Al2Os--SiOB 

T h e h igh -s i l i ca p o r t i o n of this quaternary system was discussed i n 
de ta i l b y Schairer ( 5 ) . H o w e v e r , the h i g h e r - K 2 0 - c o n t a i n i n g phases have 
not been examined i n any deta i l i n previous papers. 

T h e T e r n a r y System K 2 0 - M g 0 - A l 2 0 3 . T h i s ternary system has 
not been reported i n any deta i l even i n reports to sponsors. A few pre ­
l i m i n a r y experiments, however , have s h o w n that this system is analogous 
to the N a 2 0 - M g O - A l 2 0 3 system i n its c o m p o u n d format ion . A l l the 
ternary / ? A l 2 0 3 - r e l a t e d phases labe led 0 " , a n d 0 l v c a n be f o u n d i n the 

KFeO, 
2 K ^ S ! s ) 0 2 
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system, but the ir exact compos i t ional l imi ts have not been accurate ly 
determined . It has also been establ ished b y T . Negas (23) that M g A l 2 0 4 

+ K 2 0 - » M g O + 2 K A 1 0 2 . T h i s has been f o u n d to be the mechanism for 
degradat ion of M g A l 2 0 4 insu lat ion i n a n M H D system. 

K 2 M g S i 3 0 8 - K A l S i 0 4 . T h e system K [ M g o . 5 S i 0 . 5 ] S i 0 4 - K A l S i 0 4 s h o w n 
i n F i g u r e 9 is not a b i n a r y jo in . T h e tendency for instab i l i ty i n the 
ka l s i l i t e - l ike hexagonal f o r m of K [ M g 0 . 5 S i 0 . 5 ] S i O 4 is enhanced b y the a d d i ­
t i on of K A l S i 0 4 . A l l composit ions that have been examined so far show 
some leucite b o t h above a n d be l ow the sol idus. A l t h o u g h this was a c o m ­
plete ly unexpected result , i t shou ld not be surpr is ing i n v i e w of the state­
ment m a d e b y R o e d d e r i n footnote n u m b e r 42, page 236: 

. . the system K 2 0 • M g O • 3 S i 0 2 - K 2 0 • A 1 2 0 3 • 2 S i 0 2 is on ly 
par t ia l l y b inary at l i q u i d u s temperatures, f o r m i n g leucite over 
c considerable range of temperatures" (4). 

A s a matter of fact, the amount of leucite present i n these specimens 
ac tua l ly increases w i t h increas ing K A l S i 0 4 content, v a r y i n g f r o m about 
5 % leuci te w i t h no K A l S i 0 4 to about 5 0 % leucite at the compos i t ion 
2 5 K [ M g o . 5 S i o . 5 ] S i 0 4 : 7 5 K A l S i 0 4 . O f course, i t must decrease aga in w i t h 
further add i t i on of K A l S i 0 4 as that end m e m b e r shows no leucite . T h e r e 
is no evidence i n the present data to ind icate any n e w ka ls i l i t e - l ike phases 
i n this system. 

Mole%KAISI() 
4 

KAISiO, 
4 

Figure 9. Preliminary phase equilibria diagram of the system K[Mg05-
Si0 5]SiO^-KAlSiO^. Note that this is not a binary join, as a leucite-like 
phase exists at all compositions studied. (%), no melting; (Q), partially 
melted; (Q), completely melted. L = leucite type of phase; M = mono-
clinic kalsilite-like phase; H — hexagonal kalsilite-like phase; O b X 3 = 
low-temperature orthorhombic KAlSiO^ type of phase; G a X 2 , b X 3 = 
high-temperature orthorhombic KAlSiO^ type of phase; Liq = liquid. 
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20. ROTH Phase Equilibria Research 405 

K a M g S i O i - K A l O a - S i O a . T h e system K [ M g o . 5 S i o . 5 ] 0 2 - K A 1 0 2 - S i 0 2 , 
shown i n F i g u r e 10, is m u c h more complex than the corresponding system 
conta in ing i r o n oxide instead of a l u m i n a . T h i s complex i ty is caused b y 
the large dev iat ion of the jo in , shown i n F i g u r e 9, f r o m b i n a r y e q u i l i b r i a . 
M a n y composit ions i n the ternary must be examined before this d i a g r a m 
can be considered determined even approximately . F r o m the data ac­
c u m u l a t e d so far, no conclusions can be d r a w n as to the reason for the 
large amount of leucite o ccurr ing i n composit ions on the j o in K 2 M g S i 3 0 8 -
K A l S i 0 4 . 

K ^ O r M g O - K A l O ^ S i O ^ O n e l og i ca l reason for the ka l s i l i t e - l ike 
compositions discussed earl ier to show leucite is to assume that the 
K A l S i 0 4 structure w i l l not tolerate m u c h excess s i l i ca . T h e true so l id 
so lut ion m a y exist i n the d i rec t i on K i + a A l 1 _ a . M g a . S i 0 4 instead of K A l i _ 2 a ? -
M g a . S i i + a . 0 4 , or at least i n some compromise be tween these t w o alternates. 
I f the previous d i a g r a m , F i g u r e 10, is r e d r a w n so that all the s i l i ca is 
p lo t ted at one apex, as shown i n F i g u r e 11, then the r i ght -hand corner 
becomes K M g 0 . 5 O or l / 2 [ K 2 0 : M g O ] . I f the true so l id so lut ion is rea l ly 
K i + a A l i . , M g * S i 0 4 , the diagrams i n F igures 10 a n d 11 w o u l d s t i l l not 
i l lustrate these composit ions. Nevertheless , F i g u r e 11 does show that the 
observed composit ions m a y w e l l be single phase w h e n the to ta l s i l i ca c o n ­
tent is no more t h a n 5 0 % of the tota l n u m b e r of sma l l cat ion oxides. 
M u c h more w o r k remains to be done on so l id solutions i n the ka l s i l i t e - l ike 
phases i n v o l v i n g M g O . 

Figure 10. Preliminary phase equilibria diagram of the system K[Mg0B-
Si0B]O2-KAlO2-SiOg. Isotherm section at about 1000°C. (%), composi­
tions studied. T = tetragonal kalsilite?like phase; O' = low-temperature 
orthorhombic b X 3 kalsilite-like phase; M = monoclinic kalsilite-like 

phase; O = orthorhombic kalsilite-like phase. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.c
h0

20



406 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

Figure 11. The same system as illustrated in Figure 10 except redrawn 
to show total Si02 content at upper apex of the diagram: HEX = hex-
agonal kalsilite-like phase; MON = monoclinic kalsilite-like phase; ORTH 
= orthorhombic kalsilite-like phase; TET = tetragonal kalsilite-like phase. 

The Five-Component System K20-MgO-Al2Os-Fe2Os-Si02 

T h i s five-component system has not been s tudied i n de ta i l as yet. I n 
the present study no attempt has been made to s tudy systematical ly the 
effect of the possible reduc t i on of i r o n f r om F e 3 + to F e 2 + . Prev ious pre ­
l i m i n a r y studies were made b y R o e d d e r i n the system K 2 0 : F e O : S i 0 2 

Figure 12. Preliminary phase equilibria diagram of the system K[Mg0 5-
SioJSiO^-KAlSiO^-KFeSiO^. Isotherm at about 1000°C. Note that a 
leucite-like phase extends into the ternary system. MON = monoclinic 
kalsilite-like phase; H and HEX = hexagonal kalsilite-like phase; L = leu­
cite-like phase; O and OTH b X 3 = low-temperature orthorhombic KAI­
SiO ^ type of phase; M = monoclinic kalsilite-like phase; ORTH c X 7 = 

orthorhombic KFeSiOu type of phase. 
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20. ROTH Phase Equilibria Research 407 

(24) a n d K 2 0 : F e O : A l 2 0 3 : S i 0 2 ( 2 5 ) . H e i n d i c a t e d that e q u i l i b r i u m 
i n v o l v i n g F e O , at least i n c o m p o u n d format ion , was s imi lar to that of the 
systems i n v o l v i n g M g O . 

K A l S i 0 4 - K F e S i 0 4 < - K 2 M g S i 3 0 8 . Three composit ions were p r e p a r e d 
i n this system, a n d the interpretat ion of the data is s h o w n i n F i g u r e 12. I t 
shou ld be noted that the leuci te field extends into this pseudoternary, but 
the major area of ka l s i l i t e - l ike composit ions is that of the K A l S i 0 4 type of 
( f o X 3 ) or thorhombic phase. T h e presence of the hexagonal kals i l i te 
phase, s tab i l i zed between 5 % a n d 3 0 % addit ions of K A l S i 0 4 - K F e S i 0 4 , 
cuts off the field of monoc l in i c K [ M g 0 . 5 S i 0 . 5 ] S i O 4 f r o m its apparent ly iso­
structural analogue i n the l o w - M g O - c o n t a i n i n g composit ions. 

O t h e r Studies . I t is present ly p l a n n e d to s tudy port ions of the sys­
t em K A 1 0 2 - K F e 0 2 - K [ M g o . 5 S i o . 5 ] 0 2 - S i 0 2 b y l o o k i n g at d iagrams conta in ­
i n g e q u a l s i l i ca content ( w h e n p lo t ted as w r i t t e n ) . T h e past w o r k has 
been confined to the d i a g r a m conta in ing 5 0 % S i 0 2 . A series of compos i ­
tions conta in ing 2 5 % S i 0 2 are current ly be ing examined to check the 
boundaries of the cub i c so l id so lut ion f o u n d to be about 2 5 - 3 0 % i n each 
of the b i n a r y systems. I n v i e w of the unexpected occurrence of leucite 
i n m u c h of the system at 5 0 % s i l i ca , i t is possible that some surprises m a y 
occur i n other portions of these systems. 

A d d i t i o n a l studies are presently u n d e r w a y to study the system K 2 0 -
C a O - A l 2 0 3 - S i 0 2 . It is also p l a n n e d to study the effect of l o w e r P 0 2 ( par ­
t i a l pressure of oxygen) on the phase assemblages i n the system 
K 2 0 : F e O : F e 2 0 3 : S i 0 2 a n d i n the more complex systems i n v o l v i n g M g O , 
C a O , a n d A 1 2 0 3 . 

These experiments have a lready proven use fu l i n unders tanding the 
complex chemica l reactions o c curr ing i n the M H D channel . F o r example , 
i n test runs on M H D p o w e r generat ion u t i l i z i n g coa l as the heat source 
a n d r u n n i n g i n a s lagg ing mode , the major crysta l l ine p r o d u c t is a ka l s i l i t e -
re lated phase. T h e phase t rans i t ion i n ka ls i l i te at about 1450°C is use fu l 
therefore as a too l to determine the temperature of the w a l l at the po in t 
where the mo l ten s lag c rys ta l l i zed . T h i s t rans i t ion thus acts as a n i n t e r n a l 
thermocouple . H o w e v e r , i t is important to unders tand the effect of m o d ­
erate addit ions of M g O a n d F e 2 0 3 / F e O o n the trans i t ion temperature . 
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21 
Mixed Valence States of Iron in the Ba-Fe-S 
System 

HUGO STEINFINK 

Department of Chemical Engineering, University of Texas at Austin, 
Austin, TX 78712 

Compounds in the Ba-Fe-S system exhibit complex stoichi-
ometries, containing mixed valence states of Fe2+ and Fe 3 + 

that strongly influence the physical properties. Results 
from crystal structure analysis and Mössbauer spectroscopy 
are used to predict electrical conductivity and magnetic 
susceptibility behavior and to distinguish between effects 
due to the delocalization of d electrons or due to the pro-
motion of electrons from the valence to the conduction band. 
The crystal chemical architecture is primarily a function of 
BaS6 trigonal prism linkages, but the physical properties 
depend on FeS4 tetrahedral arrays. The Fe-Fe distances 
are critical parameters in determining the delocalization of 
d electrons. Delocalization can occur within tetrahedral 
polynuclear clusters or over the complete structure. 

T n t e r e s t i n the chemistry a n d physics of mixed-valence compounds can 
·*- be dated back almost 275 years, to the synthesis of Pruss ian b lue , 
K F e 2 ( C N ) 6 . T h e deve lopment of so l id state technology over the past 
three decades has brought about a renaissance of inorganic chemistry 
a n d a r enewed interest i n m i x e d valence compounds . T h e y have rece ived 
intensive scrut iny because of the int imate connect ion between their 
'chemistry a n d p h y s i c a l properties . M i x e d valence compounds are sub­
stances i n w h i c h an i o n of the same element, usua l l y a trans i t ion meta l , 
exists i n two different f o rmal ox idat ion states, as exempli f ied i n Pruss ian 
b lue or magnetite , or i n w h i c h a n exchange of electrons c a n take p lace , 
c reat ing osc i l la t ing valence states be tween two different ions, as i n the 
m i x e d oxide C e 2 U 0 6 or i n rare earth compounds . O n e of the earliest 

0-8412-0472-1 /80/33-186-409$05.00/1 
© 1980 American Chemical Society 
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inferences made was that a corre lat ion exists between the color of a 
c o m p o u n d a n d the presence of the m i x e d ox idat ion state, but other 
effects—for example, magnet ic a n d e lectr ical t rans i t i ons—can be l i n k e d 
to the presence of m i x e d ox idat ion states. T h u s the study of the inter ­
relationships among electronic structure, molecu lar structure, crysta l 
structure, e lectronic spectra, e lectronic conduct ion , magnet ism, a n d 
m i x e d valence states i n crystals contributes to the fundamenta l under ­
s tanding of the so l id state a n d to the advancement of technology. 

A n extensive rev i ew , " M i x e d V a l e n c e C h e m i s t r y — A Survey a n d 
Class i f i cat ion , " has been p u b l i s h e d b y R o b i n a n d D a y ( 2 ) ; i t deals 
p r i m a r i l y w i t h oxides of the t rans i t ion metals. T h e u n i q u e p h y s i c a l 
propert ies of m a n y rare earth compounds have been shown to be due 
to the presence of m i x e d , or osc i l lat ing , valence states ( 2 ) . R o b i n a n d 
D a y l i m i t e d themselves to oxides because the presence of m i x e d valence 
states can be u n i q u e l y s tud ied i n these materials . I n sulfides, arsenides, 
a n d other compounds i n w h i c h the l i g a n d is strongly covalent ly b o n d e d 
to the meta l , e lectron d e r e a l i z a t i o n f requent ly occurs because of the 
s m a l l va lue of the b a n d gap. I t becomes diff icult , therefore, to ascribe 
the o r i g in of a g iven p h y s i c a l effect—for example , e lectr ica l c onduc t iv i ty 
— t o the promot i on of electrons f r om the valence b a n d to the conduct i on 
b a n d or to e lectron d e r e a l i z a t i o n caused b y m i x e d valence states. W e 
concentrated our invest igat ion of the interre lat ionship between structure 
a n d propert ies on compounds f o r m e d i n the ternary B a - F e - S system 
because Mossbauer spectroscopy is a u n i q u e a n d easily used too l for 
s tudy ing the ox idat ion state of i r o n . I t permits , i n con junct ion w i t h 
s tructural results, the di f ferentiation between effects due to valence 
b a n d - c o n d u c t i o n b a n d transit ions a n d d e lectron d e r e a l i z a t i o n due to 
m i x e d valence states. 

T h e determinat ion of the precise sto ichiometry of a c o m p o u n d is a 
prerequis i te for the study of m i x e d valence states. T h e c lassical ana ly t i ca l 
techniques for the determinat ion of e lemental constituents are not suffi­
c ient ly precise. E r r o r l imits i n these determinations c o u l d i m p l y the 
presence of m i x e d valence states w h e n none are r equ i red , or g ive incor ­
rect ratios for m i x e d valence states. F u r t h e r m o r e , the poss ib i l i ty of 
p o l y a n i o n format ion , such as S 2

2 " a n d S 3
2 ~, c o u l d raise doubts about the 

assignment of f o r m a l valence states o n the basis of c h e m i c a l analysis 
alone. A g a i n , preparat ions of n e w phases f requent ly conta in admixtures 
of sma l l amounts of impur i t i es not detectable b y X - r a y p o w d e r di f fract ion 
or other means, a n d a b u l k determinat ion of compos i t ion w o u l d be 
mis lead ing . T h e complete crystal structure determinat ion is a necessity 
for the correct determinat ion of sto ichiometry a n d an ion type , a l though 
the presence of d isorder a n d p a r t i a l site occupancies can , a n d does, 
create difficulties. 
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21. STEINFINK Mixed Valence States of Iron 411 

I n the compounds w e studied , evidence for the presence of homoge­
nous or inhomogeneous m i x e d valence states can be d e d u c e d f r o m 
structura l a n d Mossbauer observations. If h i g h - s p i n d iva lent a n d tr iva lent 
i r o n i n tetrahedral coord inat ion occupies dist inct , separate crystal lo -
graphic sites, designated as the class I I case b y R o b i n a n d D a y ( I ) or 
as inhomogeneously m i x e d valence b y V a r m a ( 2 ) , then the respective 
b o n d distances to sul fur w i l l have characterist ic values of 2.37 A a n d 
2.23 A , respectively, a n d the Mossbauer spectrum w i l l consist of d ist inct 
absorpt ion l ines f rom the two types of i r on . I f the meta l ions are r a n ­
d o m l y d i s t r ibuted over the crysta l lographic sites, a n intermediate va lue 
for the F e - S b o n d w i l l be obta ined f r om a crystal structure determinat ion . 
T h e quest ion of the existence of l o ca l i zed versus i t inerant electrons i n the 
c o m p o u n d cannot be resolved f r om such a result , but d ist inct Mossbauer 
absorpt ion spectra for the two F e ox idat ion states w i l l be observed a n d 
u n a m b i g u o u s l y indicate the presence of l o ca l i zed d electrons. D e l o c a l i z a ­
t i o n of the d electrons, a class I I I c o m p o u n d ( I ) , or a homogeneous 
m i x e d valence state (2 ) w o u l d give rise to F e - S bonds of intermediate 
va lue a n d only a single, quadrupo le spl i t Mossbauer absorpt ion spectrum. 
W e have observed i n these compounds that de loca l i zat ion occurs w h e n 
F e - F e distances are less t h a n 3 A , p e r m i t t i n g the over lap of dz* orbitals 
a n d the f o rmat ion of n a r r o w d bands i n the so l id . T h e determinativeness 
of m e t a l - m e t a l distances on the p h y s i c a l properties of m a n y crystal l ine 
solids has been extensively discussed b y G o o d e n o u g h a n d others ( 3 ) . 

Structure—Property Relations 

T h e structural chemistry of the B a - F e - S compounds is based p r i n ­
c i p a l l y on the ar t i cu lat ion of B a S 6 t r igona l pr isms, a l though tetragonal 
pr isms, b isdisphenoids , a n d square antiprisms are other coord inat ion 
p o l y h e d r a observed around the b a r i u m ion . T h e importance of t r igonal 
p r i s m b u i l d i n g blocks i n crystal chemistry a n d physics is w e l l k n o w n 
( 4 ) . M a n y ternary B a - M - X ( M = transit ion meta l , X = chalcogen) 
chalcogenides exhibit c ommon features of co lumns of base-sharing t r i ­
gonal pr isms f o rmed b y the chalcogen element whose centers are o c cup ied 
b y b a r i u m ions. These co lumns can be free s tanding or art iculate 
lateral ly b y edge a n d face shar ing into two- or three -d imensional net­
works . T e t r a h e d r a l voids are created b y the chalcogen p a c k i n g , a n d 
these can be filled to various extents b y the t rans i t ion meta l . These 
structures can be considered as stuffed derivatives of s impler types. 
F i g u r e 1 i l lustrates the development of the B a F e 2 S 3 structure f r o m a s l ight 
d istort ion of the S n N i 3 type of structure w i t h subsequent filling of t e t ra ­
h e d r a l sites b y F e . A n extensive discussion of these re lat ionships has been 
g i v e n b y Shoemaker (5 ) a n d Iglesias a n d Steinfink ( 6 ) . 
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412 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

Figure 1. Development of the crystal structure of BaFe2S3 from a dis­
tortion of the SnNi3 type of structure. The arrows point along the motion 
of the atoms. The shaded and open circles represent atoms that are in 
planes separated by 1/2 of the projection axis. The small circles are Fe. 

T h e p h y s i c a l behav ior of these compounds is best understood i n 
terms of the F e S 4 t e trahedral art iculat ions , a n d F i g u r e 2 i l lustrates the 
various arrangements that have been encountered i n this system. M a n y 
compounds conta in tetrahedral l inkages that f o r m one-d imens ional inf inite 
chains or co lumns that are separated lateral ly b y more t h a n 6 A f r o m 
each other. T h u s the p h y s i c a l properties that arise f r o m the presence 
of the transi t ion meta l are h i g h l y anisotropic . T a b l e I lists the crystal lo ­
graphic data for the phases that have been character ized to date. 

B a 2 F e S 3 . T h e art iculat ions of the t r i g o n a l p r i smat i c units create 
tetrahedral interstices that are filled b y i r o n i n such a w a y as to g ive 
rise to inf inite , one -d imensional chains of corner-sharing tetrahedra ; see 
F i g u r e 2. T h e sto ichiometry impl ies the presence of ferrous i r on only . 
W i t h i n the c h a i n the F e - F e distances are greater than 4 A , a n d the 
average F e - S b o n d length is 2.38 A ( 7 ) . T h e measured effective magnet ic 
moment , 5.3 B M ( 8 ) , a n d the Mossbauer isomer shift , 0.62 m m • sec" 1 

( re lat ive to a -Fe ) ( 9 ) , are consistent w i t h the presence of F e 2 + . N o 
F e - F e b o n d i n g is expected, a n d the d electrons shou ld be l o c a l i z e d i n 
this c o m p o u n d . T h e re lat ive ly h i g h room temperature e lectr i ca l resis­
t i v i t y of about 10 4 £1 - c m (9 ) is i n agreement w i t h expectations. T h e 
f o r m a l valence state of + 2 , expected on the basis of sto ichiometry, is 
conf irmed. 

B a F e 2 S 3 . B a s e d on sto ichiometry, this c o m p o u n d s i m i l a r l y s h o u l d 
conta in o n l y ferrous i r on . T h e crysta l structure c a n be considered as a 
stuffed der ivat ive of s l ight ly distorted S n N i 3 , F i g u r e 1, a n d the filling 
of the te trahedral interstices gives rise to iso lated, inf inite , l inear double 
chains i n w h i c h each tetrahedron shares three edges. F e - F e distances 
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21. STEINFINK Mixed Valence States of Iron 413 

are approx imate ly 2.7 A , a n d direct m e t a l - m e t a l b o n d i n g t h r o u g h the 
b ig e lectron orbitals can be expected. T h e F e - S b o n d is 2.28 A . T h e 
Mossbauer isomer shift of 0.41 m m • sec" 1 (9 ) indicates an intermediate 
ox idat ion state for i ron , a n d the very l o w room temperature e lectr ical 
resist iv ity , 0.5 n • c m , confirms that electron de loca l izat ion has occurred . 
A homogeneously m i x e d valence state of about 2.5 for i r o n exists i n this 
c ompound . 

B a 7 F e 6 S i 4 . O n the basis of s to ichiometry this c o m p o u n d contains 
two F e 2 + a n d one F e 3 + i on . T h e crystal structure consists of a complex 
three-d imensional network of B a S 6 t r igonal pr isms, a n d the filling of 
te trahedral interstices b y i r on creates infinite chains i n w h i c h a l inear 
t r inuc lear un i t , f o r m e d b y edge shar ing of three tetrahedra, propagates 
w i t h the next un i t b y corner sharing, F i g u r e 2 ( 1 0 ) . T h e t r inuc lear u n i t 
thus c o u l d accommodate two F e 2 * a n d one F e 3 + w i t h the ions i n fixed 
sites, a m o d e l corresponding to an inhomogeneously m i x e d valence state. 
T h e F e - F e distances w i t h i n the tr inuc lear , edge-sharing un i t are 2.8 A 

Figure 2. Tetrahedral articulations in phases in the Ba-Fe-S system. 
The stoichiometric ratios shown above the configurations are Ba:Fe:S. 
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414 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

T a b l e I . C r y s t a l l o g r a p h i c D a t a f o r 

Gravity a (A)a 

Specific 
Compound 

B a F e 2 S 3 C m c m 8.7835 
P n m a 11.878 
P n m a 12.087 
I 4 / m 11.408 
C 2 / c 25.490 
P 6 3 m c 10.843 
P 4 / m n c 7.7758 
P m n 2 1 16.060 
P n m a 12.405 
P n m a 25.212 
P n m a 41.91 
I 4 a / a 9.634 
A l 9.003 
P6c2 9.218 

B a F e 2 S e 3 

B a ^ F e S 3 

Ba^FegSis 
B a 7 F e 6 S i 4 

B a 3 F e 3 S e 7 

Ba 9 Fei6S 3 2 * 
B a 5 F e 4 S n 
B a 3 F e S 5

c , , i 

0 - B a 9 F e 4 S 1 5 ° 
B a i 5 F e 7 S 2 5

0 

a - B a 9 F e 4 S i s 
B a 1 2 F e 6 S 2 0 ( S 2 ) 
B a 9 F e 3 S n ( S 2 ) 2 

° a, b, a n d c are lattice constants ; a, j3, and y are angles of u n i t cell . 
6 M e m b e r of infinitely adaptive series B a i + * F e 2 S 4 . 
0 M e m b e r of infinitely adaptive series B a 3 F e i + * S 5 . 

a n d are 3.7 A across corner-shared tetrahedra. If the deductions concern­
i n g the interrelat ionships of the s tructural a n d p h y s i c a l parameters f r om 
the two previous examples are a p p l i e d to this case, i t w o u l d be expected 
that electron d e r e a l i z a t i o n should occur w i t h i n the tr inuclear u n i t but 
that the e lectr ica l resist ivity should be h i g h because the larger F e - F e 
distance caused b y the corner-sharing tetrahedral l inkages prevents the 
f ormat ion of a continuous d b a n d i n the so l id . T h e an ion environment 
around the three crysta l lographica l ly dist inct i r on atoms i n the tr inuc lear 
un i t is not ident i ca l , since the central tetrahedron shares two edges w h i l e 
the outside tetrahedra share one edge a n d one corner, a n d the complex 
Mossbauer spectrum is interpreted as be ing caused b y three different 
i r o n ions w i t h isomer shifts of 0.49, 0.36, a n d 0.36 m m • sec" 1 ( 9 ) , 
ind i ca t ive of intermediate ox idat ion states for F e w i t h i n the tr inuc lear 
un i t . T a b l e I I gives the ca lcu lated valence values a n d isomer shifts for 
the three i r on ions. F e ( 3 ) , located i n the m i d d l e tetrahedron, has a 
valence of 2.32 a n d a ca lcu lated isomer shift of 0.47 m m • sec" 1 (see the 
section t i t l ed " B o n d D i s t a n c e — M o s s b a u e r Isomer Shi f t " for the ca l cu la ­
tions ) , i n d i c a t i n g that the outside i r on ions have a more tr iva lent charac­
ter than does the m i d d l e one a n d are separated b y the m a x i m u m distance. 
T h e magnet ic suscept ib i l i ty , 5.3 B M , a n d the h i g h room temperature 
e lectr ica l resist ivity of 10 3 O • c m are i n accord w i t h expectations. T h i s 
c o m p o u n d c o u l d be classified as be long ing to class I I I A . 

B a 9 F e i 6 S 3 2 . T h e behav ior of B a 9 F e 1 6 S 3 2 ( F e 3 + / F e 2 + = 7 ) , i n w h i c h 
the F e S 4 te trahedral art iculat ions f o rm infinite chains of edge-sharing 
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21. STEINFINK Mixed Valence States of Iron 415 

Phases i n the B a - F e - S (Se) System 

h(A)* car a (degrees) ° ft (degrees) ° y (degrees) 

11.219 
5.447 
4.246 

5.2860 
9.160 

12.359 
10.256 
14.949 
7.384 

44.409 
8.863 
8.5212 

12.575 
12.654 
34.311 
24.658 
18.042 

8.244 118.85 

7.260 
9.516 
9.549 
9.572 

6.7086 91.49 105.10 90.74 

d High-pressure phase. 
6 Octahedral ly coordinated F e . 

tetrahedra ( F i g u r e 2 ) , can be pred i c t ed w i t h confidence. T h i s c o m p o u n d 
is a member of the inf initely adapt ive series B a i + a J F e 2 S 4 , w i t h x = 0.125 
(11,12). T h e F e - F e distances are approx imate ly 2.8 A a n d the average 
F e - S distance is 2.25 A . D e l o c a l i z a t i o n of electrons is expected, a n d , 
indeed , the Mossbauer spectrum shows on ly a single quadrupo le a n d an 
isomer shift of 0.20 m m • sec" 1, a va lue characterist ic of F e 3 + ( 9 ) , a n d 
the room temperature resist ivity is about 1 £2 • c m . 

B a 6 F e 8 S i 5 . P r e d i c t i n g the p h y s i c a l behav ior of B a 6 F e 8 S i 5 requires 
a more subtle analysis of the re lat ionship between structure a n d proper ­
ties. Sto ichiometry requires the presence of three F e 2 * a n d one F e 3 + . 
T h e structure consists of infinite co lumns f o rmed b y a tetranuclear u n i t 
of F e S 4 tetrahedra ( F i g u r e 2 ) , w i t h the clusters propagat ing b y m i r r o r 
reflection operations across two opposite edges of the tetranuclear uni t . 
T h e F e - F e distance w i t h i n a cluster is about 3.6 A , but it is 2.8 A across 
the shared edges between clusters (7). T h e arrangement appears s imi lar 
to that i n B a 7 F e 6 S i 4 . H o w e v e r , on ly one crystal lographic i r o n is present 
i n B a 6 F e 8 S i 5 . T h i s equivalence is achieved b y ir b o n d i n g between F e 
a n d S t h r o u g h over lap of the e a n d t e lectron orbitals w i t h empty d 
orbitals of sulfur. T h e TT b o n d i n g gives rise to de loca l izat ion of electrons 
w i t h i n the cluster, a n d short F e - F e bonds between clusters should cause 
this mater ia l to exhibi t a re lat ive ly l o w r o o m temperature resist ivity . 
T h e Mossbauer spectrum shows on ly one quadrupo le spl i t doublet w i t h 
an isomer shift of 0.47 m m • sec" 1; the effective magnet ic moment is 
5.57 B M ; a n d the r o o m temperature res ist iv i ty is about 1 Q • c m ; a l l 
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T a b l e I I . C a l c u l a t e d a n d O b s e r v e d 

Scaled 
Compound VcaiCd Voh8d (mm • sec1) 

B a 2 F e S 3 1.90 2.00 0.64 
B a F e 2 S 3 2.64 2.00 0.34 
B a 7 F e 6 S i 4 1° 2.59 0.36 

2 2.56 < 2 . 4 9 > 2.33 0.38 
3 2.32 0.47 

B a 6 F e 8 S 1 5 2.43 2.25 0.43 

B 9 F e i 6 S 3 2 1 2.8 0.28 

1 11 <™> » 83 
4 3 2 0 1 2 

B a i 5 F e 7 S 2 5 1 2 7 6 0.29 
2 2.72 0.31 
3 2.98 ^ 2 8 1 ^ 9 « f i 0 - 2 1 

4 2.84 < 2 - 8 1 > 2 - 8 6 0 2 ? 

5 2.90 0.24 
6 2.64 0.34 
7 2.80 0.28 

° Isomer shifts relative to a - F e . 
b S y m b o l s : p = effective magnetic m o m e n t ; p = resistivity i n B M ( B o h r m a g ­

netons) . 

these values are i n expectation w i t h the results obta ined f r om structura l 
considerations. 

B a i 5 F e 7 S 2 5 . T h e d iscuss ion of one other c o m p o u n d w i l l i l lustrate 
the case i n w h i c h isolated tetrahedral units are present. T h e c o m p o u n d 
B a i 5 F e 7 S 2 5 is one member of the inf inite ly adapt ive series w i t h the general 
f o rmula B a 3 F e i + a ? S 5 {13,14) . T h e B a S G f ramework forms distorted 
hexagonal r ings , a n d some of the tetrahedral interstices i n these r ings are 
o c cup ied b y F e . A n iso lated tr inuc lear un i t is observed i n w h i c h the 
centra l tetrahedron shares one edge a n d one corner ( F i g u r e 2 ) ; also, 
isolated single tetrahedra are present. Six F e 3 + a n d one F e 2 + are r e q u i r e d 
b y sto ichiometry, a n d two tr inuc lear units a n d one tetrahedron exist per 
f o r m u l a uni t . A n obvious a n d t e m p t i n g d i s t r ibut i on for the seven 
crysta l lographica l ly independent meta l ions w o u l d be the p lacement of 
F e 3 + i n the t r inuc lear units a n d F e 2 + i n the single tetrahedron, to y i e l d a n 
inhomogeneously m i x e d valence state c o m p o u n d . H o w e v e r , the F e - S 
distances i n the single tetrahedron are 2.23 A , a n d the average F e - S 
distance i n the tr inuc lear u n i t is 2.26 A , so that either a d isordered F e 2 + -
F e 3 + state is possible or a l l F e have essentially the same valence state. 
O n l y one b r o a d quadrupo le spl i t Mossbauer absorpt ion spectrum is 
observed, w i t h an isomer shift of 0.20 m m • sec ' 1 ind i cat ive of F e 3 + . 
T h e broaden ing is due to the o v e r l a p p i n g of seven quadrupo le spl i t 
doublets corresponding to the seven crysta l lographica l ly independent i r on 
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21. STEINFINK Mixed Valence States of Iron 417 

Parameters for Phases in the Ba-Fe—S System 

fLobsd P Fe-Fe 
(mm • see'1) MB (a • cm) (A) 

0.62 4.8 5.3 10 4 4.3 
0.41 5.5 0.5 2.7 
0.36 
0.36 5.4 5.3 1 0 s 2.8 
0.49 3.7 
0.47 5.3 5.6 1 2.8 

3.5 
0.20 1 2.7-2.9 

< 0.25 > 0.20 

0.22 2.7 
4.0 

< 0.28 > 0.22 

0 Crysta l lographical ly separate F e sites i n the crystal structure. 

atoms. T h e F e 2 + i o n is located i n one of the edge-sharing tetrahedral 
sites, a n d electron d e r e a l i z a t i o n occurs because of the short F e - F e 
distance (2.7 A ) to produce a n overa l l effective charge d i s t r ibut ion of 
5 F e 3 + a n d 2 F e 2 5 + . T h i s occurs r a n d o m l y over the two edge-sharing units . 
A theoret ical Mossbauer spectrum based on these m i x e d states was con­
sistent w i t h the observed spectrum. T h i s arrangement must represent an 
energet ical ly more favorable case than valence state order ing (I)- . 

Bond Distance—Mossbauer Isomer Shift 

I f the assumption is m a d e that a l inear var ia t i on exists between the 
electron density at the nucleus of an atom a n d its valence, then the 
Mossbauer isomer shift 8 can be related to the valence of h igh - sp in i ron 
i n a tetrahedral sul fur environment b y 

8 = 1 . 4 - 0 .4V 

where V is the valence of F e . F u r t h e r , the valence can be re lated to the 
c a t i o n - a n i o n b o n d lengths b y the equat ion 

V — 178.2 E ^ i " 6 8 1 

i 

where Rt represents the observed F e - S distances ( 15 ) . 
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T h u s the valence of F e can be ca l cu lated f r o m the observed F e - S 
distances a n d can be used to pred ic t the Mossbauer isomer shift, w h i c h , 
i n t u r n , has impl i cat ions w i t h regard to l o ca l i zed or i t inerant electrons i n 
the so l id . These two equations were a p p l i e d to the compounds synthe­
s ized i n this system. T a b l e I I shows the ca lcu lated a n d observed values 
for several parameters , a n d the agreement among t h e m is qu i te satis­
factory. T h e same a p p r o a c h was used for the corre lat ion of propert ies 
a n d valence states for m a n y other i r o n chalcogenides taken f r o m the 
l i terature , a n d a summary of those results can b e f o u n d i n H o g g i n s 
a n d Steinfink (15 ) . 

Infinitely Adaptive Series of Compounds 

A n d e r s o n (16) has def ined a category of compounds as " in f in i te ly 
adapt ive " i f " w i t h i n certa in compos i t i on l imi ts , every possible compos i ­
t i o n can atta in a u n i q u e , f u l l y ordered structure. . . ." T w o such series 
have been f o u n d i n the B a - F e - S system w i t h general formulas B a i + a r 

F e 2 S 4 (11,12) a n d B a 3 F e i + J S 5 (14). I n the former series the F e S 4 

tetrahedra share edges to f o r m infinite , one-d imensional chains ( F i g u r e 
2 ) , a n d the previous discussion of B a i . i 2 5 F e 2 S 4 ( B a 9 F e i 6 S 3 2 ) has po in ted 
out that d e r e a l i z a t i o n of electrons occurs w i t h a resultant l o w e lectr ica l 
resist ivity. T h e preparat ion of compounds w i t h different values of x is 
strongly dependent on the sul fur act iv i ty (17); i n par t i cu lar , the prepara ­
t i on of the e n d member B a F e 2 S 4 has p r o v e n to be diff icult. B o i l e r (18) 
has prepared a fibrous mater ia l w i t h this compos i t ion f r om K F e S 2 b y i o n 
exchange techniques a n d has ana lyzed the crysta l structure f r o m the 
X - r a y fiber d iagrams. H e confirms the p r e d i c t e d space group, I 4 / m (12), 
b u t proposes a somewhat different structure, w h i c h requires B a to have 
a 5 0 % statist ical site occupancy . W e have p r e p a r e d excellent single 
crystals about 15 X 230 /xm a n d have a n a l y z e d the crysta l structure f r o m 
three -d imensional X - r a y di f fract ion intensities (17). T h e structure is 
i n d e e d as proposed i n H o g g i n s a n d Steinfink (12), w i t h the exception 
that S parameters are x = 0.301, y = 0.120, z = Vi, i.e. the c h a i n of edge-
shar ing tetrahedra is rotated b y 90° f r o m the previous m o d e l . T h e ce l l 
parameters are a = 7.678(2) A , c = 5.292(4) A , a n d the structure was 
ref ined to R = 0.031 for 108 observed reflections. W e expect that the 
e lec tr i ca l c onduct iv i ty s h o u l d be comparab le to that of K F e S 2 , 10 3 fl • 
c m , because a l l the i r o n s h o u l d be tr iva lent . 

T h e second series contains only isolated po lynuc lear tetrahedral units 
or single tetrahedra. T h e previous discussion of the behavior of B a 3 -
F e i . 4 S 5 ( B a i 5 F e 7 S 2 5 ) shou ld be t y p i c a l for the other compounds of the 
series. It shou ld be p o i n t e d out that the e n d member , B a 3 F e S 5 , c a n be 
prepared only at very h i g h pressure (13) a n d that the f o r m a l F e 4 + state 
is r educed to a n effective tr ivalent state b y back -donat ion of a n electron 
f r o m sul fur (15,19). 
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21. STEINFINK Mixed Valence States of Iron 419 

High-Pressure Phases 

H i g h pressure stabil izes h i g h valence states a n d h i g h coord inat ion 
numbers because of the increased densities that can be rea l i zed . I n a l l 
the compounds that have been synthesized, i r o n was i n te trahedral 
coordinat ion . T h e h i g h valence state i n d e e d is observed i n the h i g h -
pressure phase B a 3 F e S 5 . W e have synthesized a p o l y m o r p h of B a 3 F e S 5 , 
B a 9 F e 3 S i i ( S 2 ) 2 , i n w h i c h i r o n is i n octahedral coordinat ion , a n d the 
structure consists of l i m i t e d regions of closely p a c k e d layers f o r m e d b y 
B a 2 + a n d S 2 ' ions. T h e F e S 6 oc tahedra share faces to f o r m isolated, 
infinite chains i n w h i c h the F e - F e distances are 3 A ( 2 0 ) . T h e M o s s ­
bauer spectrum shows two quadrupo le spl i t l ines w i t h isomer shifts of 
0.30 a n d 0.83 m m • sec" 1, respect ively , a n d the ir area ratios are 2 :1 . 
Sto ichiometry requires a f o r m a l valence of two F e 3 + a n d one F e 2 + , a n d 
the Mossbauer results are interpreted as i n d i c a t i n g the presence of h i g h -
sp in tr iva lent a n d d iva lent i r o n (21 ) . T h i s impl ies that a 3 -A F e - F e 
distance is longer than the c r i t i c a l distance, Rc ( 3 ) , for d irect F e - F e 
overlap to occur, a n d a h i g h e lectr ica l resist ivity w o u l d be p r e d i c t e d for 
this mater ia l . T h e p h y s i c a l properties of this c o m p o u n d are u n d e r 
invest igat ion. 

Summary 

T h e int imate re lat ionship between the existence of m i x e d valence 
states i n a so l id w i t h its p h y s i c a l properties has been explored for a 
series of compounds i n the B a - F e - S system. T h e stoichiometries of the 
phases were determined by so lv ing the crystal structures. F r o m the 
k n o w l e d g e of F e - S a n d F e - F e distances, inferences can be d r a w n w i t h 
regard to the ox idat ion state of i r o n , that is, whether homogeneous or 
heterogeneous m i x e d valence states are l i k e l y . T h e Mossbauer isomer 
shift provides add i t i ona l , essential in format ion to conf irm the t y p e of 
m i x e d valence present. These results can be c o m b i n e d to a l l ow the 
pred i c t i on of the e lectr ica l conduct iv i ty a n d magnet ic suscept ib i l i ty of 
the phases. 
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Glossary of Symbols 

8 = Mossbauer c h e m i c a l isomer shift 
V = valence 

a, b, c = latt ice constants 
<*> P, y = angles of uni t ce l l 

= effective magnet ic moment 
p = resist iv ity 

M = trans i t ion meta l 
X = chalcogen 
Ri = observed F e - S distances 
Re == c r i t i c a l distance 
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crystal growth 243 -275 
Electrolysis system, molten salt . . . 254/ 
Electrolyte 

energies relative to the b a n d 
edges of n-type TiOa, 
surface state energy 
densities a n d 133/ 

E l e c t r o n (s) 
count (s) 

for discrete and extended-
cluster halides 340* 

vs. distance for scandium 
compounds 341 

a n d stability 340 
through a crystal, movement 

of 124 
delocalization 410 
diffraction capabil ity of 

H R T E M , selected area 31 
- h o l e 

pair 130 ,151 ,171 
recombination 133 
scattering 187 

local ized or itinerant 418 
irradiation, development of C S 

planes d u r i n g 36 
irradiation on structure defects, 

effect of 4 3 / 
itinerant and localized 114 
- p h o t o n mass enhancement 

factor with composition i n 
Hfo.5Zro.5V2H ( D ) , variation 
of 235 / 

resonance i n A B X 3 l inear chain 
systems 63 -74 

resonance line widths to monitor 
spin correlations in the para ­
magnetic state of one-
dimensional magnetic 
systems, use of 63 

spin resonance ( E S R ) measure­
ments for TiOa, b a n d gap 
states revealed b y surface 
photoconductivity a n d 
photosensitive 120/ 

E l e c t r o n (s) (continued) 
spin resonance ( E S R ) signal 

intensity 
for four impurity cations i n 

T i 0 2 , change i n . 122/ 
for i m p u r i t y - c a t i o n states i n 

T i O z , change i n 123/ 
w i t h time for T i O a , variations 

of 121/ 
states in oxides, bulk and surface 114 

E n e r g y (ies) 
b a n d d iagram for T i O s , 

schematic 117/ 
densities a n d electrolyte energies 

relative to the b a n d edges 
of n-type T i O a , surface state 133/ 

hydrogen product ion f r o m water 
w i t h solar 128 

for transition metal d n configura­
tions, free ion 115 

E p i t a x i a l 
growth of I I I - V compounds b y 

M S E 265 
growth, l i q u i d phase ( L P E ) . . . 278 
layers a n d crystals b y M S E , 

preparation of h igh-qual i ty 
InP 270 

E S R (see E l e c t r o n spin resonance) 

F 
F e 3 + ions in oxides, superexchange 

interactions between 125 
F e r m i 

energy 196 ,202 ,334 
level as a function of charge 

transfer, shift of . . . 187 
level , semiconductor 152 

Ferroelectricity i n amorphous 
materials 107 

Ferroelectrics 100 
Ferromagnetic nickel , i ron , a n d 

copper, studies b y fiSR 20 
Ferromagnetic phase, nickel in . . . 2 0 / 
Ferromagnets 293 

a n d antiferromagnets, m u o n as 
a probe in 19 

F l u x technique for preparing single 
crystals 393 

G 
G a A s , electrodeposition of 223 ,272 
G a P (ga l l ium phosphide) 265 

electrodeposit on a silicon 
substrate 266/ 

electrodeposits on G a P substrates 267 / 
layers, factors that determine 

the morphology a n d u n i ­
formity of electrodeposited . 266 

reactions for electrodeposition of 266 
G d C o s - H , pressure-composit ion 

isotherms for G d F e 8 - H a n d . . 217 / 
G d F e a - H a n d G d C o a - H , pressure -

composition isotherms for . . . 217 / 
Gd 2 Cl3, chain structure of 335 
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428 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

G d 2 C o 7 and Dy 2Co7, kinetic p a r a ­
meters for the desorption of 
hydrogen f r o m 230* 

G d 2 C o 7 - H systems 229 
GdaGasOi , 285/ 

lattice parameters for 283* 
thermograms for SmaGasO^ a n d 286/ 

G e , behavior of m u o n i u m in Si and 12 
G a l l i u m 

garnet 
crystal (s) 

Czochralski -grown rare 
earth 281 

growth, rare earth 277-290 
strain field i n samarium . . . 283/ 

single crystals, lattice p a r a ­
meters of rare earth . . . . 281 / 

synthesis of substituted a n d 
mixed rare earth 279 

oxide, chemical reactions for 
vaporization of 285 

oxide, reverse transformation of 
perovskite a n d 287 

phosphide ( G a P ) 265 
Gandolf i camera technique 355 
Gandolf i x-ray diffraction 365 ,376 
Garnet 

crystal growth, Czochralski 
furnace used for 280 / 

crystal, strain pattern in 284/ 
films, substrates for 279 
rare earth 278* 

synthetic 278 
chemical formula for 277 

single-crystal growth of sub -
stituted 280 

Glass (es) 
niobate a n d tantalate 108 
for radwaste form, borosilicate . . 350 
stability of radwaste 357 
waste 

artifical H a n f o r d g r o u n d ­
water experiments w i t h . 381 

characterization of solid p r o d ­
ucts after treatment of . . 355 

composition of 354* 
crystallization a n d repository 

design 386 
element distributions a m o n g 

altered and unaltered . . . 368 
as a function of time, altera­

tion of 357 
hydrothermal stability of 

simulated radioactive .349 -389 
after hydrothermal treatment, 

analysis of solutions in . . 377 
after hydrothermal treatment, 

spheroidal specimen of . . 358 / 
hydrothermal treatments of . . 357* 

simulated 353 
key elements i n solid a n d 

solution products after 
treatment of 384 

products 
bulk x-ray diffraction of . . . 376 

Glass (es) (continued) 
waste (continued) 

products (continued) 
electron microprobe 

analyses of 372 
after treatment of 359 / 

roles of water i n the 
degradation of 384 

simulated high- level 352 
strontium a n d lanthanides i n . 387 
after treatment, s o d i u m - i r o n -

r ich pyroxenes in 385 
after treatment, analyses of 

solutions i n 355 
Groundwater experiments w i t h 

waste glass, artificial H a n f o r d 381 

H 
H - N b 2 a , b lock structure of 39 
H - N b 2 O s , two-dimensional lattice 

image of 40 / 
H o C o 3 , hydrogen uptake b y b u l k 

specimens of E r C o a a n d 290/ 
H a l i d e ( s ) 

a n d chalcides, analogies between 331 
chemistry, reduced 330 
c l u s t e r s ) 330 

electron counts for discrete 
and extended- 340* 

extensive meta l -meta l b o n d i n g i n 333 
metallic 

anomalies 343 
binary 332 
metal -nonmetal covalency i n . 343 

a n d related chalcides wi th iso­
electronic anions, contrasts 
in structural types between 
meta l -meta l b o n d e d 342* 

strong m e t a l - m e t a l b o n d i n g i n 
the presence of 343 

systems, synthesis of reduced 
scandium a n d z irconium . . 338 

Hami l tonian for m u o n i u m , inter­
action 8 

H a n f o r d groundwater experiments 
with waste glass, artificial . . . 381 

p-n Heterojunction cells 155 
Hexametal clusters, b o n d i n g i n . . . 331 
High-resolut ion 

transmission electron microscopy 
( H R T E M ) 

contamination i n 31 
on fluorite-related structures . 43 
formation of the image 31 
high-voltage 32 
selected area electron diffrac­

tion capability of 31 
to solid state chemistry, 

applications of 34 
studies on rare** earth oxides . . 43 
i n the study of phase reactions 55 

electron microscopy ( H R E M ) . 28 
imaging 29 
i n solid state chemistry, 

uses of 27 -62 
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INDEX 429 

High-resolut ion transmission electron 
microscopy ( H R T E M ) (continued) 

electron microscopy ( H R E M ) 
(continued) 

studies on crystalline oxides . . 34 
studies on ReOs-based 

crystals 34 
of W 0 3 - 5 crystal 3 5 / 

imaging of crystals 32 
H o p p i n g , diffusive 203 
H o p p i n g , phonon-assisted 203 
H R E M (see High-resolut ion 

electron microscopy) 
H R T E M (see High-resolut ion 

transmission electron 
microscopy) 

H y d r i d e formation, energetics . . . . 223 
H y d r i d e s a n d deuterides in 

intermetallic compounds , 
superconductivity of 231 

H y d r o g e n 
absorption b y intermetallic 

compounds 207-240 
capacity of metallic hosts .219*-220* 
capacity relative to l i q u i d 208* 
diffusion on phase, 

dependence of 226 
as fuel 208 
production from water with 

solar energy 128 
storage 208 
uptake b y bulk specimen 

of E r F e 2 210 / 
uptake b y bulk specimens 

of L a N i s and P r C 0 5 210 / 
Hydrogenat ion , energetics of . . . . 215 
Hydrogenat ion on supercon­

ductivity , effect of 2 3 1 , 2 3 3 
Hydroxyapatite 365 

x-ray powder data for 368* 
Hyperfine coupl ing constant, 

m u o n i u m 11 

InP 
electrodeposition of 269 

cathode materials studies for . 271* 
solvent systems studied for . . 270* 

epitaxial layers and crystals 
b y M S E , preparation of 
high-qual i ty 270 

layer electrodeposited on 
C d S substrate 272/ 

Imaging of crystals, h i g h -
resolution 32 

Imaging, H R E M 2 9 , 3 1 
Ingots, radiofrequency l e v i ­

tation melt ing of 296 
Intercalant, calculation of the 

v a n der Waals diameter of . . 181 
Intercalants i n ( S N ) X a n d ( C H ) X , 

structure of 182 

Intercalated ( C H ) X , x-ray data 
for pristine and 181* 

Intercalation 97 
compounds as storage battery 

electrodes 96 
electrode storage battery, cell 

configuration for 98 / 
Intermetall ic(s) 

compounds 
absorption kinetics of 

hydrogenated 209 
hydrogen absorption b y . .207 -240 
number of phases in h y d r i d e d 221* 
superconductivity of the 

hydrides and 
deuterides of 231 

thermodynamics of h y d r o ­
genated 215 

variation of plateu pres­
sures for rare earth . . . . 223 / 

rare earth 
hydrides , structural differ­

ences among 222 
for magnetostrictive 

devices 291-307 
phase diagrams for 295 
systematic trends i n 

hydrogenated 223 
stability of hydrogenated 209 

Iodine into ( C H ) X , intercalation of 181 
I P N S , phase I 78*-79* 
I P N S II, phase II 78*-79* 
Ir id ium with oxygen, reaction of . 284 
Iron 

in the B a - F e - S system, mixed 
valence states of 409-419 

homogeneously mixed valence 
state for 413 

Mossbauer spectroscopy for 
studying use of the 
oxidation state of 410 

Isoelectronic chalcide 343 
Isotopes, decay of short- l ived . . . . 387 
Itinerant electrons 114 

J 
J a h n - T e l l e r distortion 127 

K 
K 2 0 - M g O - F e 2 0 3 - A l 2 0 3 - S i 0 2 , 

phase equil ibria research i n 
portions of the system . . . .391-420 

K 0 . 2oVF 3 a n d K o . 2 5 V F 3 , inverse 
molar susceptibilities a n d 
spontaneous moments vs. 
temperature of . . . .320 / , 321/ , 322/ 

K O K V F S , G u i n i e r - H a g g data 
for 318*-319* 

K x V F 3 , spontaneous magnetic 
moments vs. temperature 
of tetragonal 325 / 

KAl02-KAlSi 2 Oo, equi l ibria 
d iagram of 395 / 
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4 3 0 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

K A 1 0 2 - K F e 0 2 - S i 0 2 , phase equi­
libria diagram of 399/ 

KFe02-Si0 2 , phase equilibria 
diagram of 398/ 

KFeSi04-KAlSi04, phase equi­
libria diagram of 399/ 

K[Mgo.5-Sio.5] 0 2 - K A 1 0 2 - S i 0 2 , 
phase equilibria diagram of . . 405 / 

K[Mgo.n-Sio.3] Oa-KFeOz-SiO,*, 
phase equilibria diagram of . . 403 / 

K[Mg0.5-Sio.5] Or-SiOs, phase 
equilibria diagram of 401 / 

K[Mgo.5-Sio.5] Si04-KAlSi0 4 , 
phase equilibria diagram of . . 404/ 

K[Mgo.5-Sio.5] S i 0 4 - K A l S i 0 4 -
KFeSiO*, phase equilibria 
diagram of 406 / 

K[Mgo.5-Si0.5] S i 0 4 - K F e S i 0 4 , 
phase equilibria diagram of . . 402/ 

Kalsilite-like composition 400 
Kalsilite-like phases involving 

MgO 405 
Knudsen effusion techniques 311 

L 
LaBo 

cell reactions for electro­
deposition of 254 

crystal growth 
dependence of 251 
morphology of 256 
as a model of controlled 

nucleation and 253 
current vs. overpotential for 

tungsten bronzes and 252/ 
electrodeposit after unseeded 

growth 256 
growth, current vs. time for . . . . 255 / 
nucleation of 256 
seeded growth of 257 / 

L a N i 5 

absorption and desorption 
rates of hydrogen from . . . 225 

at different temperatures, 
adsorption of hydrogen by . 226 

diffusion-controlled absorption 
into 226 

pressure-composition 
isotherms for 218 / 

system 225 
as a hydrogen host 213 
hydrogen positions in P r C o 3 

and 215* 
and PrCos, hydrogen uptake 

by bulk specimens of . . . . 210/ 
LaNisDc, structural arrangement 

in 214* 
L i N b 0 3 , dielectric constant of 

crystalline and amorphous . . 107/ 
a -L iNb0 3 and L i T a O a , 

amorphous 106 
a-LiNbOa and LiTaO«, 

ionic conductivity of 107 
a-LiTaOs, amorphous a-LiNbO a 

and 106 
a-LiTaOn, ionic conductivity of 

a-LiNba and 107 

L a n t h a n i d e ( s ) 
monosulfides 309 
rare earth metals 291 ,384 
x-ray emission traces for 371/ 

L a r m o r precession frequency . . . . 3,4 
Latt ice 

image f rom a crystal of 
4 N b 2 0 r , - 9 W 0 3 38 / 

image of H - N b 2 0 5 , two-
dimensional 40 / 

parameter(s) 
B o n d method for 

determining 282 
for GdaGa.Oi . 283* 

i n hydrogenation of 
E r ( F e , M n ) 2 alloys, 
increase i n 211* 

Li thium-intercalated chalcogen-
ides as battery materials 97 

L i t h i u m intercalation i n transition 
metal dichalcogenides 98 / 
of LuSx vs. composition, 

cubic cell 310 
L a u e 

diffraction photographs of a 
monocl inic crystal of 
decamethylferrocene— 
T C N Q 80 / 

patterns of a two-dimensional 
proportional counter 86 / 

technique, x-ray 78 
Laves , cubic 

-phase intermetallic compounds 
( R E F e 2 ) 293 

phase, structure of 294/ 
structure 232 

alloys ' 236 
Leuci te 3 9 2 , 3 9 5 , 4 0 4 
Levitat ion horizontal -zoning 

method, radiofrequency . . . . 295 
L i q u i d - j u n c t i o n solar cells using 

pressure-sintered polycrystal ­
line C d S e and C d T e semi­
conductors . . . " 151—160 

L i q u i d phase epitaxial ( L P E ) 
growth 278 

Low-temperature route to 
complex oxides 139-150 

L u t e t i u m 
monosulfide 309 

homogeneity range of 310 
sulfides, cat ion -anion inter­

action i n 311 
sulfides, phase studies a n d 

synthesis of 310 
- s u l f u r system, phase a n d h i g h -

temDerature thermodynamic 
studies i n 309-313 

M 
M a d e l u n g energy 114 
M a g n e t i c 

field, as a function of 
residual polarization for 

m u o n i u m i n quartz . . . . 11 / 
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INDEX 431 

Magnet ic (continued) 
field as a function of (continued) 

strength a n d direction, 
depolarization rate of 
m u o n i n copper 18/ 

strength and direction, 
measured asymmetry 
N(t) i n copper 17/ 

systems, two-dimensional 64 
systems, use of electron reso­

nance line widths to 
monitor spin correlations 
i n the paramagnetic state 
of one-dimensional 63 

Magnetohydrodynamics system, 
chemical corrosion of refrac­
tory components b y seed / 
slag in 392 

Magnetomechanica l coupl ing 
coefficient 304 

Magnetorestrictive strain a n d 
strain polarity as a function 
of magnetic field 292 / 

Magnetostriction i n rare earth 
iron compounds , physics of . . 292 

Magnetostrictive 
constants, room-temperature . . . 302* 
devices, rare earth intermetallics 

for 291-307 
strain as a function of magnetic 

field for rare earth iron 
materials 305/ 

M e l t chemistry in crystal growth . 284 
M e t a l ( s ) 

diffusion of muons in 14 
heats of desorption of hydroge 

from 222* 
lanthanide rare earth 291 
- m e t a l 

b o n d e d halides and related 
chalcides wi th isoelec-
tronic anions, contrasts 
i n structural types 
between 342* 

b o n d i n g i n halides, extensive . 333 
b o n d i n g in the presence of 

halide, strong 343 
halide reactions 330 
interactions in b inary halides 

of the early transition 
metals, extended 329-347 

synthetic 177 
Metal l ic 

binary halides 332 
diiodides 332 
halide anomalies 343 
halides, meta l -nonmeta l 

covalency i n 343 
hosts, hydrogen capacity 

of 219*-220* 
M o l t e n salt(s) 

crystal growth b y the electro­
lysis of 243-275 

electrocrystallization ( M S E ) . . 246 
for crystal growth, advantages 

of 245 

M o l t e n salt(s) (continued) 
electrocrystallization ( M S E ) 

(continued) 
for crystal growth, d isad­

vantages of 246 
epitaxial growth of I I I - V 

compounds b y 265 
history of 244* 
preparation of high-qual i ty 

I N P epitaxial layers a n d 
crystals b y 270 

preparation of unusual 
materials b y 263 

techniques for use as seeds i n 
electrochemical 
Czochralski technique, 
crystals of N a x W 0 3 

grown b y standard 258/ 
systems, materials p r o d u c e d b y 

electrocrystallization 
i n 244*-245* 

Mossbauer 
absorption spectra for the two 

F e oxidation states 411 
isomer shift to valence 

relationships of 417 
spectroscopy for studying use 

of the oxidation state of iron 410 
M o t t - H u b b a r d gap 202 
M o t t - S c h o t t k y capacitances . . . . 132 
M S E (see M o l t e n salt electro­

crystallization ) 
M u o n ( s ) 

in copper and a l u m i n u m as a 
function of temperature, 
depolarization rate of the 
diffusing 16/ 

in dysprosium as a function 
of temperature, local m a g ­
netic field at the site of 
the stopped 23 / 

depolarization rate of 
in copper as a function of 

magnetic field strength 
and direction 18/ 

as a function of temperature . 18 
in n i o b i u m and v a n a d i u m . . . 19/ 

polarization as a function of 
magnetic field 10 

as a probe in ferromagnets 
a n d antiferromagnets 19 

properties of 5/ 
site as a function of the appl ied 

magnetic field, local 
magnetic field at the 
stopped 2 1 / 

spin rotation (/uSR) method . . . 4 
spin rotation probe of the 

atomic environment 3 -25 
M u o n i u m 6 

atom, B r e i t - R a b i d iagram for . . . . 8/ 
behavior i n a v a c u u m 10 
i n an external magnetic field, 

behavior of 9 
hyperfine coupl ing constant . . . . 11 
in insulating solids: precession 

measurements 11/ 
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432 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

M u o n i u m (continued) 
i n K C 1 as a function of magnetic 

field, residual polarization 
for 

i n quartz as a function of 
magnetic field, residual 
polarization for 

in silicon, power spectrum from . 

12/ 

11/ 
13/ 

N 
N a A s O a as a source for G a A s 

electrodeposition 272 
N a x W 0 3 grown b y standard M S E 

techniques for use as seeds in 
electrochemical Czochralski 
techniques, crystals of 258/ 

N a x W 0 3 , m a x i m u m stable p u l l 
rate vs. crystal rotation rate 
for electrochemical 
Czochralski growth of 261 / 

N b O , isoelectronic 334 
N b ^ O a , 42 / 

point defect i n 4 1 / 
proposed m o d e l for 42 / 

( N M P ) x ( P H E N ) ,_x ( T C N Q ) 
conductivity parameters for . . . 200* 
differential scanning calori -

metry traces of 199/ 
normalized four-probe a-axis 

conductivity vs. 
temperature for 200/ 

solution absorption data for . . . 198/ 
unit cell parameters for 197* 

Nephelauxetic effect 343 
Nernst equation 247/ 
Neutron 

diffraction 
data for E r F e 2 303 
experiments, condensed-

matter 76 
methods 301 

inelastic scattering 301 
techniques, T O F 77 

Niobate and tantalate glasses . . . . 108 
N i o b i u m and v a n a d i u m , depolari ­

zation rate of muons 19/ 
Nucleat ion 296 

a n d growth of a phase of 
PrOx 59 / 

a n d growth rate i n electro­
deposition 249 

of LaBo 256 

O 
One-dimensional 

magnetic systems, use of electron 
resonance line widths to 
monitor spin correlations i n 
the paramagnetic state of . . 63 

metal-like system, quasi - . . . . 195-205 
systems, microscopic aspects of . 201 

O p a q u e phases, transport a n d 
recrystallization of 373 

O x i d e ( s ) 
anion and cation vacancies i n . . 114 
bulk a n d surface electron states 

in 114 
of C e , P r , a n d T b , higher 48 
containing more than one type 

of cation, metal 139 
electrodes, n-type 161 
H R E M studies on crystalline . . . 34 
H R T E M studies on rare earth . . 43 
low-temperature route to 

complex 139-150 
projections of unit cells of 

fluorite-related rare earth . 44 / 
preparation of high-surface-area, 

mixed-metal 141 
route to higher-surface-area 

complex 141 
v a n a d i u m 116 

Oxygen precipitates in silicon, 
genesis a n d growth 105 

O x y g e n precipitation i n disloca­
tion-free silicon 102 

P 

PrCos , hydrogen uptake b y bulk 
specimens of LaNi-> 210/ 

PrCos a n d L a N i s , hydrogen posi ­
tions in 215* 

PrCorZ)4, structural arrangement 
i n 213/ 

PrOx, nucleation and growth of a 
phase of 59 / 

P r O x series, image of intergrowths 
of members of m. 56 / 

PrOx-Oo, phase diagram of ". 54/ 
P r 7 O i 2 , crystal structure images 

of 45 / 
Pr-Oi 2 and Zr . ,Sc ,Oi 2 , image of 46 / 
Pr0Oio, image of 48 / 
Prs.Oic, zeta-phase 47 / 
P r 2 4 0 4 J , image of a thin crystal of . 51 / 
Peirls type of distortion 202 
Perovskite 285 

and gal l ium oxide,reverse 
transformation of 287 

materials 100 
Phases 

i n the b a r i u m , iron, sulfur 
(selenium) system, crystal­
lographic data for . . . .414*-415* 

i n the b a r i u m , iron, sulfur 
system, parameters for 416*-417* 

C h e v r e l 345 
high-pressure 419 

P h e n a z i n e - N - m e t h y l p h e n a z i n i u m -
7,7,8 ,8-tetracyano-p-quino-
dimethanide, mixed 195-205 

Phonon-assisted h o p p i n g 203 
Photo 

-anode(s ) 151 
n - C d S 153 

etched vs. unetched 154/ 
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INDEX 433 

Photo (continued) 
-anode(s ) (continued) 

l i q u i d - j u n c t i o n solar cell 
using a pressure-sintered 
polycrystalline n - C d S e . . 158/ 

for l i q u i d - j u n c t i o n solar cells, 
important factors in the 
preparation of 153 

l i q u i d - j u n c t i o n solar cells 
using single-crystal 
C d T e a n d pressure-
sintered polycrystalline 
C d T e 159/ 

photocurrent decay for C d S e . 153 
solar cell efficiencies using 

single-crystal 154* 
stabilizing the C d S e 155* 

-conductivi ty 
and photosensitive E S R 

measurements, c o m b i n a ­
tion of 118 

a n d photosensitive E S R meas­
urements for Ti0 2 , b a n d 
gap states revealed b y 
surface 120/ 

of single-crystal T i O s 118 
-current 

u p o n anode potential for 
TiOo-xFx electrodes 
fluorinated at various 
temperatures, dependence 
of 169/ 

anodic 134 
C l a r k and Sutin model for . 134 

cathodic 134 
decay for C d S e photo 

anodes 153 
w i t h the fluorination tem­

perature of TiOo-xFx 
electrodes, variation of 
saturation 170/ 

with time for Ti0 2-* electrodes 
and Ti0 2 - ,F x electrodes . 174/ 

vs. wavelength for T i O z , 
surface 119/ 

-decomposit ion of water b y 
solar energy, oxyfluoride 
photoelectrodes for 161 

-electrodes for the photodecom-
position of water b y solar 
energy, oxyfluoride 161 

-electrolysis 
cell 129/ 

operation of 130 
of water b y sunlight, direct . . 129 
of water with ultraviolet 

l ight, one-photon 129 
-electrolytic behavior of 

W03-,Fx 161 
response(s) 

of fluorinated Ti0 2_*F x 

electrodes, spectral . . . . 170 
of pure and d o p e d rutile 

(TiO.) 113-137 
of reduced Ti0 2-*, spectral . . 171 

Photo (continued) 
response (s) (continued) 

of Ti0 2 -*F* electrodes and 
reduced Ti0 2-* electrodes, 
comparison between the 
spectral reduced 173/ 

of Ti0 2 -*F* for fluorinated 
electrodes 172/ 

-sensitized semiconductor 
electrode, schematic of . . . . 132/ 

-voltage i n l i q u i d - j u n c t i o n 
solar cell 152 

Piezoelectric usefulness of quartz . 110 
Polyacetylene 

conductivity of 178 
IR a n d R a m a n spectra of cis-

a n d trans- 184* 
pure, thin-f i lm 178 

cis-Poly acetylene 179 
Polycrystalline electrodes, effi­

ciency of l i q u i d - j u n c t i o n 
solar cells using 160 

Polymers 
conduct ing 177-195 
metallic and semiconducting 

properties i n 177 
Polysulfide couple, electrode 

reactions for sul f ide - 152 
Precursor particle size 144 
Pressure-sintered polycrystalline 

C d S e a n d C d T e semicon­
ductors, l i q u i d - j u n c t i o n solar 
cells using 151-160 

Pressure-sintering equipment . . . . 157/ 
Pristine and intercalated ( C H ) * , 

x-ray data for 181* 
Proportional counter 

and signal processing circuits 
of the B o r k o w s k i - K o p p 
type detector, mult iwire . . 85/ 

simulated L a u e patterns of a 
two-dimensional 86/ 

of Z I N G P ' , anode-cathode 
assembly for 84/ 

Pulsed-neutron single-crystal 
diffractometer, T O F . . . .79, 81, 89* 

Pulsed-neutron source 
design of a T O F single-crystal 

diffractometer for the 
A r g o n n e prototype 75-91 

program, A r g o n n e Nat ional 
L a b o r a t o r y 78*-79* 

projects worldwide 76*-77* 
Pyroxyene(s ) 366 

phase, acmite—augite 376 
structure phase 374 
i n waste glass after treatment, 

s o d i u m - i r o n - r i c h 385 

Q 
Quartz 

dislocation-free 110 
as a function of magnetic field, 

residual polarization for 
m u o n i u m i n 11/ 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
98

0 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
0-

01
86

.ix
00

1



4 3 4 SOLID S T A T E C H E M I S T R Y : A C O N T E M P O R A R Y O V E R V I E W 

Quartz (continued) 
growth rate, partition of i m p u r i ­

ties as a function of 109/ 
imperfections i n 108 
piezoelectric usefulness of 110 
power spector for m u o n i u m 

in 13/ 
synthetic 110/ 

R 

R b M n B r 3 a n d C s M n B r 3 , tempera­
ture dependence of line w i d t h 
for 69 / 

Radiat ion , polarized monochro­
matic 127 

Radioactive waste (radwaste) 
canisters 340 
disposal of high- level 350 
form borosilicate glass for 350 
geological repositories for 351 
glass, stability of 351 

hydrothermal simulated . . 349 -389 
Radiofrequency levitation 

Czochralski 
crystal growth 297 
- g r o w n rare earth iron 

crystals 302/ 
method 295 

horizontal zone crystal growth . . 299 
horizontal -zoning method 295 
melt ing of ingots 296 
method, H o o . 7 7 T b 0 . 2 3 F e 2 grown 

b y 298 / 
Radionuclides 384 

for the repository to the bio ­
sphere, transport of 351 

Radwaste (see Radioactive waste) 
Rare earth 

content a n d temperature, spin 
reorientation diagram for 
D y - T b - F e 2 system as a 
function of 301 / 

content a n d temperature, spin 
reorientation diagram for 
the H o - T b — F e 2 system as a 
function of 300 / 

gal l ium garnet(s) 
crystals, Czochralski -grown . . 281 
crystal growth 277 -290 
single crystals, lattice 

parameters of 281 / 
synthesis of substituted a n d 

mixed 279 
garnet(s) 278* 

synthetic 278 
chemical formula for 277 

intermetal l ic(s) 
compounds , variation of 

plateau pressures for . . . 223 / 
hydrides , structural differences 

among 222 
for magnetostrictive 

devices 291 -307 

Rare earth (continued) 
intermetallic (s) (continued) 

phase diagrams for rare 295 
systematic trends in 

hydrogenated 223 
metals, lanthanide 291 
oxides, H R T E M studies on 43 
oxides, projections of unit cells 

of the fluorite-related 44 / 
Residual polarization i n dysprosium 

as a function of temperature, 
depolarization rate a n d 22 / 

Residual polarization for m u o n i u m 
i n K C 1 as a function of m a g ­
netic field 12/ 

R i b b o n geometries of rapidly 
q u e n c h e d materials 106 

Rutile ( T i O z ) 
absolute energies in 118 
anode, n-tpye 129 
b a n d gap states revealed b y 

surface photoconductivity 
a n d photosensitive E S R 
measurements for 120/ 

bulk a n d surface states i n 116 
change i n E S R signal intensity 

for four impuri ty cations 
i n 122/ 

change i n E S R signal intensity 
for i m p u r i t y - c a t i o n states 
in 123/ 

charge transfer processes to 
a n d f r o m surface states in 
reduced 
fluorinated and reduced . . . 171 

photo conductivity of single-
crystal 118 

photo responses of pure a n d 
d o p e d 113-137 

schematic energy b a n d diagram 
for 117/ 

as single crystals, polycrystal ­
line films of 129 

surface photocurrent vs. 
wavelength for 119/ 

surface state energy densities 
a n d electrolyte energies 
relative to the b a n d edges 
of n-type 133/ 

tetragonal structure of 117/ 
unfluorinated 173 
variations of E S R signal i n ­

tensity with time for 121/ 

S 
S c C l systems 

condensation in 338 
phases i n the synthesis of 339 
synthesis reactions for 339 

S a C l s structure 337 / 
SCTCIIO structure 337 / 
SmaGasOis 285 / 

and GdsGasOjj?, thermograms 
for 286 / 
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( S N ) x a n d ( C H ) , 
a n d derivatives, properties of . 177-195 
electrical properties of 187 
intercalation of 179 
models of brominated 182 

( S N ) x a n d cis- ( C H ) X , structure 
of 180/ 

S a l t ( s ) , molten 
crystal growth b y the 

electrolysis of 243-275 
electrocrystallization for crystal 

growth, advantages of . . . . 245 
electrolysis system 254/ 
solution, N a 2 W o 4 - W O 259 
systems, materials p r o d u c e d b y 

electrocrystallization 
i n 244*-245* 

Samarium gal l ium garnet crystal, 
strain field i n 283 / 

S c a n d i u m compounds , electron 
count vs. distance for 341 

Scanning electron microscope 
( S E M ) 355 

Scattering, electron-hole 187 
Secondary electron image ( S E I ) . 362 
Seeded growth 

d y n a m i c 258 
of LaBo 257 / 
static 251 

Semiconductor, ( C H ) X as 186 
Schockley partial dislocation . . . . 103 
Si l icon 

electrodeposition of 265 
a n d G e , behavior of m u o n i u m 

i n 12 
generation of stacking fault in . . 104/ 
growth of precipitate diameter 

i n 105/ 
oxygen precipitation in 

dislocation-free 102 
power spectrum from m u o n i u m 

i n 13/ 
Single-crystal diffractometer for 

the A r g o n n e prototype 
pulsed-neutron source, design 
of a T O F 75 -91 

Slag in a magnetohydrodynamics 
system, chemical corrosion of 
refractory components b y s e e d / 392 

S o d i u m - t u n g s t e n bronze 
(NAxW0 3 ) 244*, 251 

as a m o d e l crystal growth 
system 258 

Solar cell efficiencies using single-
crystal photo anodes 154* 

Solar cells, l i q u i d - j u n c t i o n 
important factors i n the prepara ­

tion of photo anodes for . . 153 
photovoltage in 152 
using pressure-sintered po ly ­

crystalline C d S e a n d C d T e 
semiconductors 151-160 

using pressure-sintered poly ­
crystalline n - C d S e photo 
anode 158/ 

Solar cells, l i q u i d - j u n c t i o n (continued) 
schematic of 152/ 
using single-crystal C d T e and 

pressure-sintered poly ­
crystalline C d T e photo 
anodes 159/ 

Solar energy, hydrogen production 
f rom water w i t h 128 

Solar energy, oxyfluoride photo-
electrodes for the photode-
composition of water b y 161 

Sol id solution precursor 
techniques 141/ 

purity of reaction products in . . 149 
reaction kinetics of 148 

Sol id state precursors 139-150 
Sol id state reaction techniques, 

limitations of conventional . . . 140/ 
S p i n 

- q u e n c h i n g apparatus for prepar­
i n g amorphous materials . . 106/ 

reorientation d iagram for 
d y s p r o s i u m - t e r b i u m - i r o n 
system as a function of 
rare earth content a n d 
temperature 301 / 

reorientation d iagram for the 
h o l m i u m - t e r b i u m - i r o n 
system as a function of rare 
earth content a n d tempera­
ture 300 / 

rotation probe of the atomic 
environment, m u o n 3 -25 

Stacking faults, formation of 102 
Strain field i n samarium gal l ium 

garnet crystal 283 / 
Strain pattern in garnet crystal . . . 284 / 
Strontium a n d lanthanides i n 

waste glass 387 
Sulfides, metal -r ich 329 
Superconduct ing transition tempera­

ture of H f V 2 H x a n d H f V 2 D x . 231 / 
Superconduct ing transition tempera­

ture of Hfo.f5Zro.5V2>, influence 
of the addit ion of hydrogen 
and deuterium on 233 / 

Superconductivity , effect of h y ­
drogenation u p o n 233 

Superconductivity of p a l l a d i u m -
h y d r o g e n ( I ) alloys 231 

Surface acoustic wave studies of 
crystals i n the h o l m i u m -
t e r b i u m - d y s p r o s i u m - i r o n 
system 303 

T 

T b O * , image of mult ip le -
phased 57/ , 58 / 

TbnO* 49/ , 50 / 
T b * 0 * , image of 52/ , 53 / 
T i 0 2 (see Rut i le ) 
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T i 0 2 - * 
electrodes, comparison between 

the spectral photo response 
of fluorinated T i 0 2 - * F x 
electrodes a n d reduced . . . 173/ 

electrodes a n d T i 0 2 - x F * 
electrodes, phorocurrent wi th 
time for 174/ 

spectral photo reponse of 
reduced 171 

T i O , . _ , F , 
electrodes 

fluorinated at various tempera­
tures, dependence of 
photocurrent u p o n poten­
tial for 169/ 

with fluorination temperature 
of 

variation of flat-band 
potential 171/ 

variation of resistivity 
wi th 168/ 

variation of saturation 
photocurrent 170/ 

a n d reduced T i 0 2 - * electrodes, 
comparison between the 
spectral photo response 
of 173/ 

for fluorinated electrodes, 
spectral photo response of . 172/ 

fluorination apparatus for . . . . . 166/ 
preparation of 164 
q u a n t u m efficiency as a function 

of excitation wavelength 
for 172/ 

Tetracyanoquinodimethane 
( T C N Q ) conductivity as a 
function of temperature for . . 203 

Tetragonal K * V F 3 , spontaneous 
magnetic moments vs. 
temperature of 325 / 

T e t r a m e t h y l a m m o n i u m manganese 
trichloride ( T M M C ) 64 

frequency dependence of l ine 
w i d t h anisotropy for 7 1 / 

line widths, temperature de­
pendence of 73 / 

one-dimensional magnetic 
system 70 

T M M B , line w i d t h anisotropy for 
T M M C and 7 0 / 

T M M B , temperature dependence 
of line w i d t h anisotropy for . . 72 / 

T O F pulsed-neutron single-crystal 
diffractometer 79, 81, 87, 89* 

T O F single-crystal diffractometer 
for the A r g o n n e prototype 
pulsed-neutron source, design 
of 75 -91 

T O F techniques for single-crystal 
diffraction 78 

Transit ion metal (s) 
chalcogenides, layered 96 
extended m e t a l - m e t a l interac­

tions in b inary halides of 
the early 329 -347 

Transit ion metal (s) (continued) 
halides in low oxidation states, 

binary 329 
oxides of 410 

T r i a r c 
-Czochralski -grown R E F e 2 

crystals 302/ 
Czochralski method, crystal of 

H o 0 . 8 8 T b o . : 2 F e 2 grown b y . . 297 / 
- g r o w n crystals 301 

T u n g s t e n - b r o n z e 
crystals, anisotropic growth of . . 262 
a n d LaBo, current vs. over 

potential for 252/ 
as a model crystal growth 

system, s o d i u m - 258 
tetragonal 37 

T w o - d i m e n s i o n a l lattice image of 
H - N b 2 Q 5 40 / 

T w o - d i m e n s i o n a l magnetic 
system 64 

U 

U n i t cel l (s ) 
determination software flow 

diagram, crystal alignment 
a n d 88 / 

of the fluorite-related rare earth 
oxides, projections of 44 / 

parameters for ( N M P )*-
P H E N ) , - * T C N Q 197* 

as v i e w e d b y H R T E M , one a n d 
a half 33 

U r a n i u m 348 ,387 
U P S (ultraviolet photoelectron 

spectroscopy) for S c 7 C L 0 . . . . 338 

V 2 compounds, low-temperature 
specific heat measurements 
on 234* 

Vacancies introduced b y sample 
oxidation, cation 128 

V a c a n c y acceptor states, cation . . 128 
Valance 

to cat ion -anion b o n d lengths, 
relationship of 417 

relationship of Mossbauer isomer 
shift to 417 

states of iron in the b a r i u m -
i r o n - s u l f u r system, 
mixed 409-419 

states, multiple formal 116 
v a n der P a u w technique 167 
V a n ' t Hoff equation 215 
V a n a d i u m , depolarization rate of 

muons in n i o b i u m a n d 19/ 
V a n a d i u m oxides 116 
Vaporizat ion equations, LuaS* . . 3 1 1 , 3 1 2 
Vegard's law 144 
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W 
W 0 3 containing pentavalent 

cations, structures a n d defects 
i n 36 

W O a , reduced 34 
WOs-g-crystal , high-resolution 

electron micrograph of 35 / 

photocurrent vs. appl ied bias 
for 163/ 

system 161 
and WOa-jrF* in flowing oxygen, 

stability against reoxidation 
for 166/ 

W O a - F . 
in N a C 2 H 3 0 2 , spectral response 

of 165/ 
photocurrent vs. appl ied bias 

for 164/ 
photoelectrolytic behavior of . . . 161 
structural properties of . . . . 162*-163* 

W a d s l e y defect 35 
Waste glass 

artificial H a n f o r d groundwater 
experiments wi th 381 

composition of 354* 
crystallization a n d repository 

design 386 
element distributions a m o n g 

altered a n d unaltered 368 
as a function of time, alteration 

of 357 
hydrothermal stability of 

simulated radioactive . . . 349 -389 
hydrothermal treatments of . . . . 357* 

chemical analyses of solutions 
in 377 

of simulated 353 
spheroidal specimen of 358/ 

product , electron microprobe 
analyses of 372* 

products, bulk x-ray diffraction 
of 376 

roles of water in the degradation 
of 384 

simulated high- level 352 
strontium and lanthanides in . . . 387 
after treatment (of) 

analyses of solutions in 355 
s o d i u m - i r o n - r i c h pyroxenes 

in 385 

Waste glass (continued) 
arter treatment (of) (continued) 

products 359 / 
characaterization of solid . . 355 
key elements in solid and 

solution 384 
Weeksite 3 5 9 , 3 8 4 , 3 8 7 

X 

X - r a y 
diffraction 

of the absorption of hydrogen 
b y a metal 211 

for crystalline phase identifi­
cation 355 

Gandolf i 365 
precession technique 393 
of waste glass products, b u l k . 376 

diffractometry 355 
emission traces for various 

elements 3 6 9 / - 3 7 1 / 
L a u e technique 78 
photoelectron spectroscopy 

( X P S ) data for Z r C l 334 
powder data 

for acmite 363* 
for hydroxyapatite 368* 
for weeksite 361* 

powder diffraction 393 
scattering studies of ( N M P ) -

( T C N Q ) 202 
topographs of A g K a i 103/ 

Z 

ZnSe, electrodeposition of 266 
Z r C l , x-ray photoelectron spec­

troscopy ( X P S ) data for 334 
Z I N G F 78*-79* 

anode-cathode assembly for 
proportional counter of . . . 84 / 

data storage and microprocessor 
requirements for 84 

detector systems for 83 
instruments 78* 
neutron source, operation of . . . 79 
thermal neutron source spectrum 

of 82 / 
Zone melt ing 299 
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