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Static magnetic susceptibilities of  s in~e crystals of  the mixed-valence platinum 
compound K2Pt(CN)4Bro.3 - nH20  (KCP) are reported exempfifying the difficulties 
encountered at the measurements. The measurements have been carried Out by 
means of  a vacuum microbalance following the Faraday method at temperatures 
between 4 and 148 K and at field strengths between 6 and 20 kOe. The difficulties 
relate to: (1) the possible contamination by ferromagnetic impurities; (2) the non- 
cylindr/cal symmetry of  thefield around the axis o f  rotation of  the magnet and the 
off-axis location of  the sample holder; (3) the occurrence o f  free radicals after degrada= 
t/on o f  the material; (4) the parasitic effect of  microgram quantities of  oxygen adsorbed 
on the samples below 50 K; (5) the determination o f  the weak Pauli paramagnetism 
of  the "quasi one-~llmensional metallic" conductor above 65 K; and (6) the  need for 
more acxmratc susceptibility references for the determination of  n, the water content, 
by susceptibility measurements. 

The gram-susceptibility o f  KCP at 65 K, for which n is estimated to be 1.5, is 
analysed to be - -  3.60 × 1 0 - T e m u g - i a n d - - 3 . 8 3  × 1 0 - V e m u g - !  for the m~o~etic 
field vector being respectively parallel and perpendicular to the c-axis of  the crystals. 
The 6 percent anisotropy is mainly attributed to the triple bond in t h e  CN group. 

ENTRODUCTION 

The mixed-valence platinum compound KzPt(CN)~tBro.3- nH20  (KCP), in 
which material the platina atoms form linear chains, is a "quasi one-dimensional 
metallic" conductor at  room temperature. It  undergoes a transition into an "in- 
sulating" state at  low temperatures I. The compound has been actively investigated z. 
The importance o f  the i n v e s t i ~ o n  lies in thecorrelat i0n of  therelat ive ease with 
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which  one-d imens iona l  ( l -D)  systems can  be hand led  theoret ical ly and  the  relative 
ease with which  the  calculated results should  be detec ted  exper imenta l ly  when  the  
results differ cons iderably  f rom those  o f  3-D systems_ T h e  r e d u c e d  d imens iona l i ty  
indeed,  is expected to  lead to effects which are  called "dimension-specific". Peierls' 
showed  tha t  in the  one-par t ic le  app rox ima t ion  the  I -D metal l ic  s tate  becomes  
unstable ,  so tha t  the  l inear  e lect ron sys tem shou ld  t r ans fo rm spon taneous ly  in to  an  
insulator .  T h e  expecta t ion  tha t  a I -D sys tem m a y  behave  in a pecul ia r  way  as  c o m -  
pared  to  the  3-D systems,  has given rise to  specula t ion  at  the  a s s ignmen t  o f  experi-  
menta l  facts to  - in t r ins ic"  effects. F o r  K C P ,  there  was r o o m  for  specula t ion  because  
difficulties arise when  the  stat ic  susceptibili t ies o f  K2Pt (CN) ,Bro .3  - n H 2 0  single 
cry.stals are measured  by means  o f  a v a c u u m  microba lance  fol lowing the  F a r a d a y  
m e t h o d .  Confl ic t ing results have  been ob ta ined  by different  g roups .  T h e  a im o f  the  
present  pape r  is to  discuss o u r  exper imenta l  da t a  wi th  re la t ion to  the  exper imenta l  
difficulties a n d  to  s h o w  tha t  precise measu remen t s  a l low for  different ia t ion o f  effects. 

E~LPERLM]~"I'S AND RESULTS 

T h e  present  s tudy  o n  the  stat ic  magne t i c  susceptibil i ty o f  K2Pt(CN)~Bro.3 - 
nHzO s i n ~ e  crystals has  been carr ied o u t  by means  o f  a n  a p p a r a t u s  which has  been 
descr ibed previously 3. The  s t r iking par t  o f  the  se t -up is a v a c u u m  microba lance  f r o m  
which  the  sample  ho lde r  h a n ~  d o w n  in a Dewar*  between the  pole  pieces o f a n  electro- 
magne t .  A da t a  acquis i t ion a n d  processing sys tem s has  been a d d e d  to  the  in s t rumenL 
T h e  g r a m  suscepfibilitieg o f  the  ¢~mpleg have  been m ~ u r e d  a t  d/fferent  t empera tures ,  
be tween 4- a n d  148 K, for  six different field s t rengths  H. T h e  nomina l  value5 o f  H arc  
20.6, 18.7, 14.7, 11.9, 9.0 a n d  6.1 kOe.  They  will be referred to,  in w h a t  follows, by 
the  subscr ip t  i n u m b e r e d  f rom ! to 6. 

T h e  first exper iment ,  exp. 1, concerns  the  crystal  water  o f  K C P .  In  the  cons idered  
susceptibility, appara tus ,  the  sample  ho lde r  hangs  freely in the  sample  tube  j u s t  above  
the  the rmomete r .  T h e  hea t  exchange  between the  sample  a n d  the  t h e r m o m e t e r  is 
pe r fo rmed  by means  o f  he l ium on~ a t  a pressure  o f  approx ima te ly  I 0 - l  T o r r  4. T h e  
he l ium shou ld  be free f r o m  impur i ty  gases in o rde r  to  p reven t  c o n d e n s a t i o n  o n  the  
sample  a t  low tempera tures .  Consequent ly ,  the  wa te r -vapour  pressure  is ext remely  
low in the  Dewar .  A ha_re single crystal,  which  has  been b r o u g h t  in such  a d ry  
a tmosphe re  a t  r o o m  tempera ture ,  lost  its metal l ic  c o p p e r  glare a n d  became  black.  
T h e  exper iment  resulted in a search for  a " b o x "  in which the  sample  shou ld  m a t c h  
t ight ly  in o r de r  to  prevent  macroscop ic  quant i t ies  o f  water  to  leave the  crystal.  
Si~aal- to-noise cous /dera t ions  fu r ther  suggest  tha t  the  box shou ld  be  as l ight  as 
possible.  In  a n  a t t e m p t  to  mee t  the  requi rements ,  the  next  s ample  has  been  covered  
wi th  a th in  layer  o f  paraffme.  Parafl ine has  been chosen  because it  h a d  been used 
before  wi th  sucg_~-ss in a s imi lar  s i tua t ion  in which,  however ,  the  lower  t empe ra tu r e  
was l imited to  57 K.  T h e  reasons for  us ing the  mater ia l  a re  (/) its plast ici ty a t  r o o m  
tempera tu re ;  ( i3 its low mel t ing  po in t  which  al lows fo r  seal ing the  box ;  a n d  (/it') its 
d i amagne t i sm  which is p . ~ c a l l y  i ndependen t  o n  t empera tu re  a n d  o n  field s t rength .  
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Fig. 1. Tim apparent suscept~ility of  KCP2 versus re~procal field strength at 4_2 K for different 
orientation of  the crystal ~-axis versus field direction/7 in exp. 2.1. The slope of  the lines indicates the pix:sen¢~ of ferromagnetic; impuri~ 

T h e  cot~stant susceptibility. ~m'eafly facilitates " b a c k g r o u n d "  correc t ions  a t  the  
susceptibil i ty calcula t ions  o f  the  bare  sample .  T h e  use o f  parafl ine in the  ease o f  
K C P  was  based o n  the  a s s u m p t i o n  tha t  its p leasan t  behav iou r  ex t rapo la ted  to lower  
tempera tures .  

In  expe r imen t  2 the  sample  was t aken  sm.qil because on ly  a very small  quan t i ty  
o f  K C P  single crystals was available a t  the  early s tage o f  the  investigation_ Sample  2 
weighed Z 8 9  m g  and  was covered  wi th  0.79 m g  pamffme_ T h e  te t ragonal  s y m m e t r y  
o f  K C P  crystals 6 raises the  ques t ion  whe the r  Z~, the  susceptibil i ty m e a s u r e d  wi th  the  
field vec tor  H parallel  to  the  I -D  l inear  p la t ina  c h a i n s i n  the  C axis o f  the  crystal,  
differs f rom 7.x, the  susceptibi l i ty measu red  p e r p e n d i c u l a r  to  the  ~ axis. T o  measure  
Za the  needle-shaped crystal  has  been p u t  o n  the  balance  p a n  wi th  its. needle  axis, 
the  C axis, near ly  parallel  to  the  magne t i c  field vector ,  the  o r i en ta t ion  ind ica to r  o f t h h  
m a g n e t  po in t ing  to zero.  T o  measure  7._, the  m a g n e t  has  been t u r n e d  by  90 ° . 

T h e  a p p a r e n t  sustmptibilities Xi, as  c o m p u t e d  f r o m  the  d a t a  tnken  a t  4.2 K,  
a re  p lo t t ed  in Fig.  1 versus reciprocal  field s t rength.  A t  cons t an t  t empera tu re  T a n d  
o r ien ta t ion  0, the  a p p a r e n t  susceptibil i t ies app rox ima te ly  fit the  l inear  equa t ion :  

[Zi -- Z + K -  ( l /Hi ) ] r .o  (1) 

with  X a n d  K i n d e p e n d e n t  o n  field strength_ T h e  t e rm  con ta in ing  K i s p r o p o r t i o n a l  
t o  the  reciprocal  field s t rength .  Th i s  b e h a v i o u r  indicates  the  presence o f  sa tu ra t ed  
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T A B L E  ! 

OF KC~P' ~ 2 ~ " S  ~ f A T  Dt,t-t,e.,w...J~%'"r ~ ~  

tCdays.J T(K) Z|  " 1 o7 (emug '~) AZ- 10 ~ ~" I07 

2 4-5 --3_24 - -0 .18  0.08 
3 4 2  - -3 .08  - -0 .23 0_05 
3 7.1 - -3 .06  - -  m 
7 4.3 q-3.62 - -0 .5  = 

Single ( - -  no)  ~ ~ t .  

fe r romagnet ic  impuri t ies  7. I t  suggests  tha t  the  susceptibil i ty o f  s ample  2 is 0.5 × I 0 -  7 
e m u  g -  1 m o r e  d iama~ae t ic  than  the  appa ren t  value measu red  a t  a b o u t  20 kOc.  

F o r  the  two  cons idered  or ienta t ions ,  the  a p p a r e n t  susceptibi l i ty difference is 
37. = Z ~  - -  7.,_ ~ - -  0.2 x 10-  ~ e m u  g -  1. O n  the  s ame  sample ,  m o r e  susceptibi l i ty 
measu remen t s  have  been carr ied out .  T h e  results behave  similarly to  those  repor ted  
in F/g.  1. I t  is observed tha t  K is practically i ndependen t  o n  t empera tu re  a n d  or ien ta-  
tion_ I ts  value is 1.05 x 10-  3 e m u  O e  g -  1_ 

T h e  values o f  Z~, as calculated by eqn  (1) f r o m  low- tempera tu re  data, are given 
in Tab le  I versus the  t ime the  sample  spen t  o n  the  balance  pan  in the  appara tus .  

T h e  3 Z  values a n d  the i r  s t anda rd  devia t ion  are  given in the  s ame  table  in 
c o l u m n s  4 a n d  5 respectively_ 

F o r  t _< 3 day-s, the  ear ly s tage o f  exper imen t  2 wh ich  is n a m e d  exp.  2 .1 . i ,  
s ample  2 was  clearly d iama~ae t ic  at  t empera tu res  as low as 4.2 K.  N o  t empera tu re -  
dependence  has  been  revealed. A sl ight  a rdso t ropy  seems to  be  present .  Briefly, exp. 
Z I . I ,  suggests  tha t  K C P  is a slightly anisot ropie ,  t empera tu re - independen t ,  d ia-  
magne t i c  material .  Rema ins  to  explain the  p a r a m a g n e t i s m  which  is observed  in 
exp_ 2_12 af ter  the  sample  spen t  seven days  in  the  apparatus_ T h e  pa ram~gne t i c  
b ehav iou r  appea red  af ter  the  crystal  w a r m e d  u p  to  r o o m  t empe ra tu r e  d u r i n g  the  
week-end.  I t  therefore  is re lated wi th  the  de  o, radat ion o f  the  mate r ia l  in  a d ry  a tmos -  
phere  a t  r educed  pressure.  T h e  pa r am agne t i sm  is s t rongly  corre la ted  wi th  reciprocal  
t empera ture .  I t  is cons idered  to  consis t  o f  two  c o m p o n e n t s :  a first one  which  is given 
by  the  Cur ie  Law, Z = Ct] T,  which  values fit t he  susceptibili t ies m e a s u r e d  a t  the  
ex t reme tempera tu res ,  and  a second  c o m p o n e n t  which  is ob ta ined  by  sub t rac t ing  the  
values o f  the  first one  f r o m  the  measu red  values. T h e  second  c o m p o n e n t  appears  in 
the  t empera tu re  region be tween 50 a n d  5 K.  I t  is pa r amagne t i c  a n d  exhibi ts  a 
m a x i m u m  at  a b o u t  40 K.  This  second  c o m p o n e n t  o f  the  p a r a m a g n e t i c  susceptibi l i ty 
has  been s tud/ed  in the  fol lowing exper iments .  I n  exp.  2 2 ,  s ample  2 has  been  coo led  
s lowly f r o m  67 to  26 K a t  t = 27 days.  T h e  Z t~ values t hen  have  been  m e a s u r e d  
be tween  40 a n d  43 K in two  runs .  In  the  first one ,  the  sample  has  been hea ted  a t  a 
r a t e  a b o u t  0 . 1 4  K p e r  m ; n u t e ,  e x p .  ~-_2.~ 1 ; a n d  i n  t h e  s e c o n d  r u n ,  e, x p .  ~ ~ 9~ i t  h a s  b e e n  

coo led  a t  0_12 K pe r  minnte_ Jugt  a b o v e  the  t e m p e r a t u r e  a t  wh ich  t he  m a x i m u m  o f  
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Zl~ occurs,  the susceptibility s t rongly decreases with increasing temperature .  The  
steep par t  o f t h e  slope (Z,~(Tz) - -  Z t ~ ( T z ) ) / ( T z  - -  7"2) is  0.8 × 10 - 7  e m u  g - z  K - z ,  
in bo th  series, a t  the reference susceptibility 0.3 × 10- ~ e m u  g -  i which is observed 
a t  42.0 and  41.8 K for  the heating- and  the cooling-experiment,  respectively. These 
da ta  point  to a ra ther  reversible effect with practically no hysteresis. The  m a x i m a  are  
abou t  equal ,  i.e. --- 1.2 × 10 - ~  e m u  g -  ~ a t 4 0  K. The  orientat ional  depend-ence o f  Z~ 
has been checked  by measur ing  the Z l -  values in the tempera ture  region between 40 
and  41 K immediate ly  af ter  cool ing in exp. 2.2.2. The  m a x i m u m  o f  Zl_,, 1.5 × 10 - 7  
e m u  g -  a a t  40.9 K, indicates the  presence o f  a slight anisotropy,  L/Z ~ - -  0.3 × 10 - v  

emu  g - ~ .  In  exp. 2.3 a t  t -- 29 7_~,_ has been measured  in two series for  bo th  o f  
which the  tempera ture  increased with time. Before s tar t ing the experiment ,  the 
aniso t ropy is found  to be ~dZ ---- - -  0.1 × 10 -~  e m u  g - t  a t  35 K.  The  first series, 
exp. ~3.1,  then has been measured  in the tempera ture  region between 35 and  44 K 
a t  a ra ther  slow rate, abou t  0.034 K per  minute  in the ne ighbourhood  o f  the peak 
temperature .  The  second series, exp. 2.3.2, covers tempera tures  between 9.8 and  50 K 
at  a heat ing rate  o f  0.22 K m i n - I .  Al though  the  heat ing rates are  quite different, 
the peak susceptibilities again are  abou t  equal  in both  series, i.e. --- 0.8 × 10 - 7  
e m u  g -  ~_ The  peak temperatures  differed slightly, 39_6 and  41_3 K for  exp. ~3.1 and  
exp_ 9__3.2. respectively. Exper imental  Z~_, values o f  the  "fas ter"  series are  plot ted 

versus reciprocal tempera ture  in Fig. 2 to  show ,~hat is mean t  by a peak. Exp. 2.3 
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Fig_ 3. T h e  ~pp~xent  ~,__~p_ tibil izy o f  ~ vea" ,~  r e ~ r ~ a l  t e a ' n l ~ U a r e ,  ~ e ~ / i n g  a l so  t he  
F r e s e n ~  o f o ~ .  T h e  c losed  cixctes • re fer  t o  exp .  3.1, the  0 t o  t h e  fas t  c o o l i n g  ¢xpex ing~ t  3.2. 

on  its o,wn sfightly indicates t ha t  one  can  al ter  the  quan t i t y  o f  the  cons idered  pa ra -  
ma~metism. A s t ronger  evidence  fo r  the  "exper imenta l  d e p e n d e n c y "  o f  the  para -  
m a ~ e t i s m  is f ound  in c o m p a r i n g  exp. 2.2 wi th  exp.  2.3. In  the  la t ter  exper iment ,  
the  peak  value o f  the  susceptibil i t ies is 0.4 x 10 - 7  e m u  g - z  I o ~  par~m:;~.~netic t h ~ n  

in the  f o r m e r  exper imenL T h e  r~_du=tion o f  Z=~_ is a b o u t  IS t imes  the  s t anda rd  
de~qat/on o n  n o r m a l  measuremen t s ,  so  tha t  it becomes  ha rd  to  explain the suscepti- 
bility difference in te rms  o f  sca t ter ing in the  balance  ou tpu t .  T h e  "experimental 
d e p e n d e n c y "  su~,,jests t he  idea  tha t  ad so rp t i on  migh t  cause the  effect. W h e n  adso rp -  
t /on o f o x y g e n  causes the  pa ramagne t i sm,  t hen  one  m i g h t  expect  the  effect to  r e p r o d u c e  
o n  bare paraWme_ This  is indeed the  case, as s h o ~ a  by exper imen t  n u m b e r  3. Suscepti-  
bility m e a s u r e m e n t s  have  been carr ied o u t  o n  sample  3, a sheet  o f  2 4 0  m g  paraffine,  
while it  w a r m e d  u p  f rom 4.4  K in exp. 3.1. T h e  results  a re  s h o w n  in Fig.  3. T h e  
susc~ptibRities a re  in ag reemen t  wi th  the  hypothes is .  A t  4.4 K,  the  susceptibi l i ty is 
lesg diamagnetic t han  expec~d f r o m  the  t h e o r y  o f  the  t empera tu re - independen t  
d /ama~ae t i sm.  T h e  difference is a t t r ibu ted  to  a pa r amagne t i c  c o m p o n e n t .  W h e n  the  
t empera tu re  is increased,  then  the  p a r a m a g n e t i c  par t ,  a t  first, decreases o b e y i n g  
app rox /ma te ly  the  Cur ie  law. A b o v e  5 K the  m e a s u r e d  values devia te  f rom the  Cur ie  
law a n d  become relatively m o r e  paramagnetie, although the total susceptibi l i ty still 
becomes  m o r e  negat ive w/th increasing t e m p e r a h a e  u p  to  a b o u t  15 K.  T h e  para -  
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magnet ic  c o m p o n e n t  o f  the susceptibility then starts to rise with temperaturv up  to  its 
peak  value a t  abou t  40 K after  which  max imum,  it quickly diminishes so tha t  a t  56 K 
the  total  susceptibility valu© equals  the room tempera ture  d iamagnet i sm o f  paraffine. 
In  exper iment  3.2 the balance- and  sample-space have  been p u m p e d  for  two days and  
nights with a c ryopump  consist ing o f  zeolite adsorp t ion  material  a t  80 K .  The  sample  
has been cooled quickly to  4.4 K and  meamn-vd at  tha t  tcmpt~rature. T h e  pax~- 
magnet ic  ~ o f  the susceptibili W amoun t s  only  to  15 percent  o f  the  quant i ty  found  
in exp. 3.1. O n  heat ing the sample af terwards in exp. 3.3 the  peak  in the susceptibility 
appears  again a t  40 K.  

Exper iment  3 shows tha t  paxaffine is no t  a good  protect ion mater ial  for  K C P ,  
as  a t  temperatures  below 50 K ,  it results in a temperature-  and  h is tory-dependent  
par t  o f  the susceptibility for  which it is difficult to  correct.  

Exper iment  2 shows tha t  (i) the  de mmdation o f  K C P  does no t  occur  a t  tempera-  

K C P  

f 'T ' - ,  
- %. 

\ 
11 X\ 

-a~ / \ 
_ _  

_ , \ 

I ! I I 

hz e x p .  4 .1 .  T h e ~  z~'~r  t o  4_3 K ,  t t ~ s q u ~ r e s  zo 1 3 0 K ~ l  lhe ~ to 65K, I t o t  = 2 3 ,  
O m t =  3 0 , I  m t = 31~ I-I  t o #  = 2"/azzd A t o t  = 24.  : - -. 
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Fig. 5_ T h e  susceptibil i t ies o f  K C P 4  plot ted  versus reciprocal temperature .  The  open  circles O 
refer to  the t r ~ ~ t s  o f  exp. 4 ~.2_1 carr ied ou t  a t  .~ ---- ~ 4 5  °. i.e., for  the C'-axis o f  the  crystal  
a b o u t  paral lel  with t7; the closed c/tw.l~ O refer to  ~$ ---- - - 6 0  ° in  exp.  4.2.2- 

tures  be low 150 K;  and  (i 0 the  undeg raded  crystal  is d i amagne t i c  a n d  practically 
i nd epende n t  o n  tempera ture .  T h e  results o f  exp. 2 a n d  3 enable  o n e  to  enhance  the  
prec4~on o n  the  measu remen t s  o n  K C P  in exper imen t  4 by choos ing  (i) the  p r o p e r  
weight  o f  the  s ample  fo r  m a x i m u m  si_~al-to-noise ra t io;  (ii) single crystals wi th  
m a x i m u m  vo lume  to  surface ra t io  for  reduc ing  the  effect o f  adso rp t ion ;  a n d  (iii) a n  
app ropr i a t e  coo l ing  scheme for  bare  crystals.  In  the  final exper iment ,  exp.  4, f o u r  
single crystal~ o f  K C P  were  p u t  on  the  balance pan  wi th  their  c-axis paral lel  to  each  
other .  T h e  mater ia ls  were  h o m o g e n e o u s l y  d is t r ibuted  ove r  the  surface o f  the  pan .  
T h e  c-axis, however ,  in this  case were n o t  paxallel to  the  field vec tor  when  the  m~maet  
o r i en ta t ion  ind ica to r  po in ted  to  zero.  F o r  or /en t ing  ~ parallel  to  H,  t h e  m a g n e t  was  
tu rned  ~ i t h  an  angle  q5 ---- -i- 45 °. T h e  total  mass  o f  s ample  4 was  32.39 rag. T h e  
D e w a r  tail, a t  r o o m  tempera tu re ,  ~ s  filled wi th  a i r  a t  a pressure  o f  o n e  a tmosphere .  
T h e  D e w a r  t hen  was fi t ted to  the  a p p a r a t u s  af ter  which  m a n i p u l a t i o n  the  sample  
space,  t oge the r  wi th  the  sample ,  were  coo led  quickly  wi th  l iquid n i t rogen  to  a b o u t  
140 K.  T h e n ,  t he  sample  space  w a s p u m p c d  e n d  filled wi th  the  he l ium hea t -exchange  

at a pressure o f  about  0.1 Torr. Each night the sample space, at ~ ::140 K.  was 
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connected  to the  c r y o p u m p  to  reduce the impur i ty  gas concentra t ion.  Dur ing  day-  
t ime, in exp. 4, the susceptibilities have  been measured  a t  tempera tures  between 4.3 
a n d  148 IC A field s t rength  dependency  o f  7. has no t  been observed. The  first series 
o f z •  data,  as obta ined in exp. 4.I ,  is given in Fig. 4. The  susceptibilities are  plot ted 
versus ~b and  the ZI,  ~ corre la t ion reveals an  ani~otropy A Z -~ -k 0.2 x 10-  7 e m u  g -  •. 

The  results o f  exp. 4.2 are  given in Fig. 5 in which two sets o f  susceptibility 
values are  plot ted versus reciprocal temperature .  The  first set concerns  da ta  taken  in 
exp. 4.2.1 a t  qb ---- -/- 45°; and  the second set concerns  da ta  taken in exp. 4.2.2 a t  
~b = - -  60 °- In  each  set, the  tempera ture  dependency  o f  the susceptibility is small,  
so tha t  the  relative difference between the  mos t  ex t reme susceptibility values does no t  
ex_~ceed~ 4.7 percent.  The  s t rong correla t ion between Z~ and  reciprocal  t empera tu re  

suggests tha t  the reproducibi l i ty o f  the measurements  is bet ter  than 0.6 percenL F o r  
both  or ientat ions a susceptibility m i n i m u m  is observed at  65 K.  

DISCUSSIO!~ 

The  static magnet ic  susceptibility da ta  on  K2Pt(CN)4Bro. 3 - n H 2 0  singie 
crystals, as measured  by the F a r a da y  method ,  are  analysed now with relat ion to 
experimental  difficulties. A first difficulty deals with the pur i ty  o f  the  material .  Indeed,  
the m e t h o d  is very sensitive to fer romagnet ic  contaminat ion .  Fer romagnet ic  sa turated 
materials  yield a finear dependency  o f  the susceptibility versus reciprocal  field stren~Lh. 
Such a behaviour  is observed in F i g  1 for  sample 2. I t  s t imulated the el iminat ion o f  
ferromagnet ic  tools a t  the prepara t ion  o f  new crystals. The  susceptibility o f  sample 4 
does no t  show this behaviour  anymore .  It  is therefore  concluded  tha t  in exp. 4 the  
measurements  have  been carr ied  out  on  clean material .  The  sensitivity o f  the me thod  
for  ferromagnet ic  impurities is demons t ra ted  by the calculat ion o f  the mass concentra-  
tion o f  iron which could  cause the field dependency  o f  sample 2. The  slope o f  the 
straight lines in Fig. 1, the value o f  K in eqn  (1), is the ratio, o f  the impur i ty  - -  to  
the sample -ma~,  times the magnet ic  m o m e n t  o f  1 g o f  the fer romagnet ic  impuri ty.  
T h e  m o m e n t  o f  bulk iron i~ 221 e m u  Oe  g -  • so tha t  the experimental  value K- ---- 

1.05 × 10 -3  e m u  Oe g - '  results for  sample  2 in 4.75 parts per  million iron to  be 
sufficient for  explaining the  observed effect. Consequent ly ,  it is assumed tha t  in exp. 2 
the  fer romagnet ic  equivalence o f  1.4 × 10 - $  g o f  i ron was present  on  the sample 
holder .  Whether  this a m o u n t  was inside o r  outside the sample is n o t  known.  A n o t h e r  
problem is re la ted to  the orientat ional  dependency  o f  the susceptibility. The  result  o f  
exp. ~ zlXz ~ ~ 0.2 × I 0 -  ~ e m u  g -  t, is a t  var iance with tha t  o f  exp. 4, AZ4 --~ + 
0.2 x 1077 e m u  g -  ~. The  difference in sign m u s t  be due  to  assumptions  which do  no t  
hold. O u r  da ta  were processed s wi thout  tak ing  care  o f  the angular  dependency  o f  the 
"backg round"  on  ~.  T h e  c o m p u t e r  h a d  been p r o g r a m m e d  with the  assumpt ion  that ,  
fo r  symmet ry  reasons, the  force act ing on  the  balance can  be expressed by:  

F =  - ~  m X "  cP,,, (2) 

w i t h :  
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dHx ) 
q , , , =  H , -  ,, (3) 

being  i n d e p e n d e n t  on  ~ because  the  s ample  is a s sumed  to  remain  always a t  t he  
pos i t ion  w o n  the  centre-axis  in the  z d i rec t ion  o f  the  m a g n e L  Exper imen t  4.1, ho.'w- 
ever.  con ta ins  an  e lement  which  shows  tha t  th is  a s sumpt /on  holds  on ly  a p p r o ~ m a t e l y .  
T h e  a p p a r e n t  susceptibi l i ty o f  sample  4, as measured  a t  t = 31, can be formulf i ted 
as  fol lows: 

7.~ ---- -- 3.625 x 10 -7  + 0.103 x 10 - 7 -  cos ( 2 [ 0  -- 32]) -- Z 0  x I 0  T M  , ~b (4) 

T h e  first t e rm in the  r igh t -hand  s ide o f  eqn  (4) is a t t r ibu ted  to  the  m e a n  d i amagne t i c  
susceptibi l i ty o f  s ample  4 at  T = 130 K.  The  second  te rm indicates tha t  the  s u s ~ p t i -  
bility can be represented by  an  ell ipsoid,  with  one  semi-ax~ slightly different  f rom the  
others ,  as  expected s f r o m  the  te t ragonal  s y m m e t r y  o f  the K C P  crystal  s t ructure .  
F r o m  a s t ructura l  po in t  o f  view, therefore,  one  does  no t  expect  Z to  change  w h e n  
changes  by 180 deg~-ees. I n  exp. 4.1, however ,  Z does  change.  T h e  fact  is expressed 
by Z,3,  the  third t e rm  in the  r i # t - h a n d  side o f  cqn  (4). The  effect is a t t r ibu ted  to  a 
sl ight  excentrici ty o f  the  sample -ho lde r  pos i t ion  a n d  the  non-cyl indrical  s y m m e t r y  o f  
the  values o f  ~ a b o u t  the  centre-axis o f  the  ma~n¢t .  T h e  uncer ta in ty  on  the  force is 
o f  the  o r d e r  o f  [AF~[ ~ rn~ - Z63 " ~ , ,  ~ 5 x 10-  J dn_ Such  an  uncer ta in ty ,  when  
cons idered  to  exist fo r  s ample  2, yields an  uncer ta in ty  o n  the  susceptibil i ty a b o u t  
0.4 × 10 -7  e m u  g - ~ .  T h e  value  is larger  than  the  observed  effect and  consequen t ly  
allow~ fo r  expla in ing  the  w r o n g  sign in ~dZz. O n  the  o t h e r  hand ,  as the  mass  o f  s ample  
4 is 11.2 t imes  tha t  o f s a m p l e  2 the  uncer ta in ty  on  the  measured  an i so t ropy  is less t han  
18 percent .  T h e  an i so t ropy  ~IZ.,, as observed  in exp. 4.1, therefore,  has  a very h igh  
probabi l i ty  to be a real effect_ T o  accoun t  quant i ta t ive ly  for  Z#3 the  sample-holder ,  
centered  a t  r o o m  tempera ture ,  shou ld  deviate  o u t  o f  cent re  by 0.24 c m  at  130 K.  
T h e  dev ia t ion  is a t t r ibu ted  to stresses which  are  induced  o n  coo l ing  in the  two,  
70 c m  long,  thin  c o p p e r  wires suspend ing  the  sample  holder .  Once  the  stresses a n d  
devia t ions  are  a ~ p t e d ,  k becomes  plausible  to  a s sume  tha t  the  two  wires n o t  neces- 
sarily deviate  in  the  s a m e  direct ion.  A ro ta t ion  o f  the  sample  ho lde r  is therefore  
expected_ In  ag reemen t  with this a s sumpt ion ,  the  m a x i m u m  o f  ZI in Fig.  4 is observed  
to change  the  a n ~ e  ~ f rom 30 to  45 ° for  a d e c r ~  o f  the  sample  t empera tu re  f r o m  
130 to  4.3 K .  T h e  change  in o r ien ta t ion  is r a the r  well r eproduc ib le  w h e n  the  ba lance  
is kep t  c o n t i n u o u s l y  in equi l ibr ium a n d  the  susceptibil i ty a p p a r a t u s  is n o t  d is turbed.  
Consequent ly ,  the  an i so t ropy  o f  K C P  is believed no t  to  chang= d i rec t /on  wi th  
tempera ture .  Sys tcmat /c  er rors  in the  pos i t ion  o f  the  suspens ion  wi.n~s axe a s sumed  
to  chan~e  the  o r i en ta t ion  o f  the  sample .  

A th i rd  difficulty to  s u r m o u n t ,  when  measu r ing  5u.sceptibilities a t  low tempera- 
tures  by  the  F a r a d a y  m e t h o d ,  deals  wi th  the  adso rp t ion  o f  oxygen_ I n  a cer ta in  way,  
t he  difficulty r eminds  -,hat former ly  discussed fo r  f e r romagne t i c  impuri t ies .  Indeed ,  
in the  oxygen  case t o o  the  magne t i c  m o m e n t  o f  the  c o n t a m i n a n t  is relatively large a n d  
its pecul ia r  behav iou r  allows fo r  the  analysis  o f  the  magne t i c  da ta .  Therefore ,  i t  is 
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a s s u m e d  t h a t  t he  suscep t ib i l i ty  o f  a d s o r b e d  o x y g e n  is c o m p a r a b l e  to  t ha t  o f  t he  b u l k  

mater ia l .  T h e  b u l k  p u r e  sol id  o x y g e n  is k n o w n  to  crys ta l l ize  in th ree  phasesg :  (1) t he  

m o n o c l i n i c  g-  f o r  T < 24 K ;  (2) the  r h o m b o h e d r a l  fl- f o r  24 < T _< 44  K ;  a n d  (3) the  
c u b i c  y -phase  f o r  44  < T < 54 K,  T h e  suscepla'bility o f  cz-,//- a n d  7 -oxygen  is a b o u t  
0.4-,  1- a n d  3- x 1 0 - *  e m u  g - t  respect ively .  T h a t  o f / ~ - o x y g e n ,  7.o = I x I0  - ~  
e m u  g -  1, is c o m p a r e d  t o  the  paras i t i c  p a r a m a g n e t i e  c o m p o n e n t  o f  t he  suscept ib i l i ty ,  
Zp, wh ich  is e s t i m a t e d  f o r  expe r imen t s  2, 3 a n d  4 a t  a t e m p e r a t u r e  o f  a b o u t  35 IC 

T h e  fo rce  o n  the  b a l a n c e  is: 

Fz  = ms"  7 , "  W,, + mo " Xo " qT= = m , -  Z~" ~, ,  (5) 

in w h i c h  the  subsc r ip t s  s re fe r  t o  the  sample ,  o t o  o x y g e n  a n d  a to  a n  a p p a r e n t  va lue .  
T h e  a p p a r e n t  suscep t ib i l i ty  is a s s u m e d  t o  be :  

_ _ _ ~ + ~  (6) 

I n t r o d u c i n g  e q n  (6) in to  (5) y ie lds  f o r  the  a d s o r b e d  o x y g e n  mass :  

mo -~ ms "zdZo (7) 

In T a b l e  2 a re  Ldven: (1) the  s a m p l e  n u m b e r ;  (2) the  mass  o f  the  s ample ;  (3) the  
e s t i m a t e d  va lue  fo r  Zp in the  re la ted  expe r i men t ;  (4) the  c o r r e s p o n d i n g  m a s s  o f  

a d s o r b e d  o x y g e n  as  ca lcu la ted  us ing  eqn  (7); a n d  (30 the  p re s su re  the  o x y g e n  w o u l d  
exer t  i f  the  m a s s  m o were  re leased  in the  s ample -p lu s  ba l ance - space  a t  T = 273.15 K.  
T h e  p r e s su re  is ca l cu la t ed  us ing  the  ideal  gas  law,  P ( O D  ----- (mo]32 )  " R T / V ,  with  the  
b-pac~ v o l u m e  P" = 10.6 !. T h e  resul t ing  pressures ,  f o r  the  th ree  exper imen t s ,  a r e  o f  
the  s a m e  o r d e r  o f  m a g n i t u d e  ind ica t ing  tha t  expe r imen ta l  c o n d i t i o n s  r e m a i n  r a t h e r  

u n c h a n g e d .  T h e  d e d u c t i o n  seems  p laus ib le  w h e n  it is r e m e m b e r e d  t h a t  t he  ba l ance  
c a n n o t  b e  b a k e d  fo r  o u t  oa~ in f_  C o n s e q u e n t l y ,  o n e  s h o u l d  w a t c h  fo r  sys t ema t i c  
er rors .  

S o m e  fu r the r  c o m m e n t s  o n  the  paras i t i c  p a r a m a ~ n e t i c  c o m p o n e n t  o f  the  
suscep t ib i l i ty  a r e  ~ v e n  next .  

( ! )  T h e  quan t i t a t i ve  m a g n e t i c  ana lys is  is b a s e d  o n  the  a s s u m p t i o n  t ha t  t he  
suscept ibi l i t ies  o f  t he  a d s o r b e d -  a n d  the  f l -oxy~en a rc  a b o u t  equa l  a t  T ~ 35 K.  

The assumption is p l a u s i b l e  when the number o f  o x y g e n  m o l e c u l e  layers  o n  the  
s a m p l e  su r f ace  b e c o m e s  larL, e. A n u m b e r  o f  200 is the  l o w e r  l imit  f o r  s a m p l e  3 w h e n  

TABLE 2 

THE CALEUI~it~ ~ me OF OXYGEN ~13~n~'n OH THE ~ AT .*~OUr 35 K 

~ m p / e  no. - ms Xp mo p(Os) - 
( I0-~  r )  ( I0-~ e ~  g--l) (10 -'~ g)  (10 --4 Tort)  

2 ~--89 1.2 3.5 1.8 
3 2.40 0.5 1.2 0.6 
4 32_39 0.02 0.65. 0.3 



262 

it  is a s sumed  tha t  the  surface o f  the  paraffme sheet  was s m o o t h ,  its a rea  be ing  --- 0.1 

c m  z. 
(2) T h e  s u d d e n  susceptibi l i ty decrease,  wh ich  is observed  a t  24 K o n  coo l ing  

pure  oxygen a n d  which  s tep  is a t t r ibu ted  to t h e / / -  to  ---phase t rans i t ion ,  does  n o t  
a p p e a r  in the  parasi t ic  susceptibi l i ty c o m p o n e n t .  T h e  s tep  seems to  be smea red  o u t  
over  a few de  m-ees. T h e  s ame  effect is r epor ted  by  M o r i  1° et  aL for  oxygen d i lu ted  
wi th  a few percen t  o f  a rgon .  

(3) T h e  Cur ie - type  low- tempera tu re  c o m p o n e n t  o f  the  parasi t io p a r a m a g n e t i s m  
o f  the  parafl ine sample  3 can  be expla ined once  m o r e  by the  d i lu t ion  o f  oxygen,  e.g.,  
wi th  ni t rogen.  T h e  weaken ing  o f  the  an t i - fe r romagnet ic  exchange  in terac t ion  also 
has  been discussed by  M o r i  e t  al. 1 o fo r  the  o x y g e n - a r g o n  mixtures .  

(4) T h e  re la t ively  l o w  anaoun t  o f  Cur /e - ty lm p a r a m a g n e t l s m  in  exp .  3 .2  c an  b e  
u n d e r s t o o d  a s suming  tha t  cool ing  to  44 K has  been so  fast t ha t  the  m a j o r  pa r t  o f  the  
oxygen condensed  on  the  Dewar- ta i l  wall before  it reached  the  sample .  Rais ing the  
t empera tu re  shou ld  enable  the  oxygen to  m o v e  to  the  sample .  This  deduc t ion  is in 
a~reement  wi th  exp. 3.3. 

( ~  In  the  h igher  t empera tu re  r e ,  on,  the  s u d d e n  susceptibil i ty increase,  which  
is obser~'ed a t  44 K on  w a r m i n g  u p  pure  oxygen and  which is a t t r ibu ted  to  t h e / ? -  
to  -/-phase t ransi t ion,  ne i ther  appears  in the  parasi t ic  susceptibil i ty c o m p o n e n t .  T h e  
peak  o f  this c o m p o n e n t ,  neverthel~s~ is a t t r ibu ted  to this t rans i t ion  because  Mor i  
et  al. 1 o showed  tha t  the  add i t ion  o f  a few percen t  o f  a rgon  to  the  oxygen  s tar ted  the  
t rans i t ion  a t  40 K.  A t  t h e / L -  7 t ransi t ion,  the  diffusion o f  the  molecules  is great ly  
enhanced .  Consequen t ly ,  it is plausible  to  accept  the  onse t  o f  deso rp t ion  to occu r  a t  
this  t empera tu re .  

T a k i n g  care  fo r  possible systemat ic  errors,  the  p resen t  s ta t ic  magne t i c  suscepti-  
bilities o f  K C P  samples  will be c o m p a r e d  with da ta  exist ing in the  l i terature.  T h e  
la t ter  a re  briefly s u m m a r i z e d  a t  first_ 

( I )  Shchegolev z r epor ted  in 1972 tha t  K2Pt (CN)4Br0 .  3 -2 .3  HzO is dia-  
mamaetic a t  r o o m  temperature_ T h e  ddama~aet /sm is slightly less t h a n  the  d i amagne t i c  
con t r ibu t ion  o f  the  core  ca lcula ted  by us ing Pascal 's  rules. T h e  susceptibil i ty o f  t he  
complex  seems to r ema in  cons tan t  d o w n  to  a b o u t  50 K below which  t e m p e r a t u r e  
s o m e  increase is observed.  T h e  or igin o f  the  pa ramagne t i c  con t r ibu t ion  to  the  
s u s c e p f i b ~ t y  was n o t  c lear  to  h im.  

(2) M e n t h  a n d  Rise 11 ( M R )  repor ted ,  a lso in 1972, tha t  thei r  m e a s u r e m e n t s  o n  
KzPt(C-~)~Bro.3 - 3 H 2 0  single crystals reveal an  an i so t rop ic  t empera tu re  dependence .  
T h e  susceptibi l i ty pe rpend icu la r  to  the  l inear  p l a t ina  chains  is i ndependen t  o n  
t empera tu re  a n d  equal  to  ~,.~ = - -  160 × 10 - 6  e m u  m o l  - l .  T h e  suscept ib i l i ty  
parallel  to  the  chains ,  however ,  depends  on  t empera tu re  a n d  exhibits  a fairly well- 
def ined d iscont inu i ty  in the  r e ,  on  o f  T ~- 40 K.  T h e  m o l a r  susceptibil i ty Z .~  is 
160 × 10 - s  q- ~ 5 0  x 1 0 - 3 / I  " e m u / m o l f o r T > _  4 0 K a n d  I00  x 10 - 6  4- l .g4  x 
10-3/'1" e m u / m o l  fo r  T < 40 IC 

(3) K u i n d e r s m a  a n d  Sawat7_~ -~2 (KS)  repor ted  in 1973 thn t  in  t he  t empe ra tu r e  
r e ,  on  they  considered,  Le.. be tween  77 a n d  300 K .  the  t empera tu re -dependence  o f  
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K2Pt(CIN')4Bro. 3 - 2 . 3 H 2 0  was  f o u n d  to  be s imi lar  to  t h a t  r epo r t ed  by  M R  above  
u n d e r  (2), wi.'h slightly different  values:  Zr~ = - -  171(4-5) × 10 - e  e m u  tool  - t  a n d  
7acn ---- - -  176 x 10 - 6  + 9.2 × 1 0 - 3 / I  ` e m u / m o l .  T h e y  in te rpre ted  the i r  results  by  
showing  tha t  t he  u p p e r  l imit  for  a possible  Paul i  p a r a m a g n e t i s m  is < 10 x 10 - e  
e m u  t o o l - I  T h e  on ly  pa r amagne t i c  con t r i bu t i on  to  7a~! is o f  t he  Cur ie  type.  T h e y  
felt t ha t  the  Cur ie  con t r ibu t ion  m o r e  likely shou ld  be a t t r ibu ted  to  s o m e  local;7.zed P t  
impur i ty .  ~'-G[ • single-crystal samples ,  a small  t empe ra tu r e - i ndependen t  pa ramagnef i c  
susceptibil i ty was  f o u n d  w h e n  the  m e a s u r e m e n t s  were  m a d e  wi th  the  mater ia l  in 
vacuum.  Disco lora t ion  a n d  loss o f  the  coppe ry  lustre  o f  the  crystals  was  observed.  

(4) Ginsbe rg  e t  al. z3 r epor t ed  in 1974 tha t  DiSa lvo ' s  m e a s u r e m e n t s  o n  
KzPt(CIND4Bro. 3 - 3 H 2 0  cryst:~l% g row n  by G u g g e n h e i m ,  reveal  n o  Cur ie  t e rm  a t  
low temperatures_ 

T h e  present  s t udy  in exp. 4.2 yields susceptibili t ies fo r  K C P  which  are  in g o o d  
ag reement  wi th  the  qual i ta t ive results r epor ted  by Shchegolev.  T h e  c o m p o u n d  is 
diamamaetic  a n d  near ly  i n d e p e n d e n t  o n  t empera tu re .  Below 50 K ,  a pa r amagne t i c  
con t r ibu t ion  occurs  which  is s h o w n  to  exhibi t  a m a x i m u m  a t  40 K.  T h e  general  
b ehav iou r  o f  the  p a r a m a g n e t i s m  suggests  t ha t  it is d u e  to  oxygen  a d s o r b e d  o n  t he  
sample .  A t  var iance  wi th  the  results o f  M e n t h  a n d  Rice a n d  o f  K u i n d e r s m a  a n d  
Sawatzky,  the  present  s tudy ,  to  wi th in  the  l imits  o f  its precis ion,  does  n o t  reveal  a n  
an;cot ropi¢  t empera tu re -dependence  o f  the  susceptibi l i ty o f  K C P .  I n  a~reement  wi th  
all au tho r s  m e n t i o n e d  above,  the  ZL values  m e a s u r e d  o n  a r a the r  quickly  coo led  
crystal,  a re  observed  to  be  near ly  t empera tu re - independen t .  I n  ag reemen t  wi th  the  
results  o f  M R  a n d  KS,  the  ZH values  in exp. 2.1.2 axe f o u n d  to  s h o w  a Cur ie - type  
paramaLmetism. T h e  present  s tudy ,  by  the  use  o f  a tu rnab le  magne t ,  revealed tha t  the  
,4ifference in behav iour  is n o t  d u e  to  a difference in  crystal  o r i en ta t ion  b u t  m u s t  be  
a t t r ibu ted  to  a c h a n g e  in the  susceptibi l i ty o f  t he  sample .  T h e  Cur ie - type  para -  
magne t i sm,  therefore,  is a t t r ibu ted  to deg rada t ion  o f  K C P  w h e n  s lowly w a r m e d  u p  
to  r o o m  t empera tu re  u n d e r  r educed  pressure.  T h e  susceptibility~ c h a n g e  cou ld  give 
rise to  a sys temat ic  e r ro r  i f  one  w o u l d  n o t  be  aware  o f  the  deg rada t ion  a n d  i f  one  w o u l d  
reor ient  the  crystal  af ter  the  w a r m i n g - u p  period_ In  such  a case, one  migh t  a t t r ibu te  
the  appea r ing  p a r a m a g n e t i s m  to  reor ien ta t ion  ins tead o f  degrada t ion .  I t  w o u l d  be  
even  worse  i f  one  cou ld  reach low t empera tu re s  in a less sensitive a p p a r a t u s  because  
then  the  peak  in the  parasi t ic  p a r a m a g n e t i s m  o f  the  adso rbed  oxygen  w o u l d  be  
observed  as  a well-defined d i scon t inu i ty  in the  t empera tu re -dependence  o f t h e  suscepti-  
bil i ty a t  4O K.  

W h e n  it is accepted  t h a t  the  Cur ie - type  p a r a m a g n e t i s m  is due  to  deg rada t i on  
o f  K C P ,  t h e n  the  p r o d u c e d  free  radie~!~ s h o u l d  n o  longer  be  fel t  to  be a t t r ibu ted  m o r e  
likely to  s o m e  p l a t i n u m  impur i ty  as  K S  suggested,  because  the  lack  o f  an i so t ropy  
o f  the  Cur ie  magne t i sm,  t ha t  results f r o m  the  p resen t  work ,  reduces  the  a r g u m e n t s  
in  f avou r  o f  PL T h e  deg rada t i on  reac t ion  is d e d u c e d  n o t  t o  p roceed  be low ~ K as  
M e n t h  a n d  Rice  m e a s u r e d  a c o n s t a n t  va lue  fo r  Xu~_ u p  to  tha t  tempel~tua'e.  T h e  
d edu c t i on  al lows o n e  to  expla in  OiSa lvo ' s  exper iments  toge the r  wi th  the  p resen t  
expe r imen t  2_1.1 in  wh ich  n o  Cur i e  t e rm  a t  low tempera tnro¢ h~¢ been  revealed_ I n  



264 

the o the r  experiments  o f  the present  work,  a Curie  te rm does occur.  The  Curie constants  
are  found  to  be Cgz ~ 6 × l0 - 6  emu  K g -  l and  C , ,  ~ 4.5 × 10 -8  emu K g -  1 fo r  
exp. 2.3.2 and  4~.2, respectively. 

To  compare  these values with those o f  the literature, the latter are  conver ted  
to the same units by the use o f  eqn (8): 

x, = 7 j M  (8) 

tha t  relates the ~ a m o  to the molar-susoeptibility by dividing the latter by the molecular  
weight o f  the sample material.  The  conversion leads to the Curie  constants  C u t  ---- 
5.5 × 10 - 6  emu K g -  ~ and  Cr._¢ = 20.8 x 10 - 6  emu K g -  ~ for  the experiments  o f  
M R  and  KS, respectively. The  difference in the Curie  constants,  C~a ~ Cr, s, al lowed 
Kuindersma  and  Sawatzky to realize that  the Curie paramagnet ism should not  be 
at t r ibuted to an intrinsic effect. In the present model,  it means that  the degradat ion 
o f  K C P  may  differ f rom crystal to crystal. 

The  next topic in the discussion , , f  the magnetic  da ta  analysis deals with the 
determinat ion o f  the intrinsic diamagnet ic  susceptibility o f  the undegraded  KCP 
crystals_ The  general pat tern o f  the low-temperature  par t  o f  the correlat ion o f  the 
measured susceptibility versus reciprocal temperature ,  as revealed in Fig. ~., indicates 
the presence o f  adsorbed oxygen on sample 4 and  a slight degradat ion o f  the material .  
The  d e ~ a d a t i o n  might  occur  at  the sample surface only. The  effect o f  oxygen is 
negl i~ble  a t  temperatures  above  50 K and  below 5 K a t  fast coo l i ng  The  susceptibility 
values, measured at  these temperatures ,  are  used to determine the Curie- type para-  
mamaetism so tha t  the susceptibilities, measured at  higher temperatures,  can be 
corrected for  the effect o f  degradation_ A t  temperatures  above 65 K, the susceptibility 
becomes less diamagnet ic  with increasing temperature.  The  effect is unexpcctecl f rom 
the point  o f  view o f  a constant  diamagnet ic  susceptibility behaviour.  The  paramagnet ic  
difference is at t r ibuted to the Pauli paramamaetism o f  the electronic conduc t ing  
material.  At  T > 130 K it is about  0.1 x 10 -~  emu  g -  ~ and lower than 0.23 x 10 - v  
emu  o - s ,  the conver ted upper  limit given by Ku inde , sma  and  Sawa~lg ,  " . As the 
electronic conduct ivi ty  decreases steeply with decreasing tempera ture  in the r e ,  on o f  
about  100 K z, the Pauli paramagnet ism is assumed to be negJigibly small a t  65 K. 

The underlying diamagnetism of sample 4, therefore, is calculated by correcting the 
experimental  susceptibility values for  the Curie-type paramagnet ism.  The  correct ion,  

(C ,~ /6~  ~ 7 x I 0 -  ~o emu  g -  x leads to the diamagnet ic  susceptibilities o f  the K C P  
sample 4 a t  65 K= Z: ~ ~ 3.83 × 10 -7  emu  g -  s and  Z~ = - -  3.60 × l0  - 7  e m u  g -  ~. 
To  compare  numerical ly the present  susceptibility results to those in the  literature, 
in which the 6 percent  anisot ro0y o f  the underlying diamugnet ism o f  K C P  is n o t  
ment ioned,  the orientat ional  average o f  the susceptibility is considered.  J 'his is. for  
sample 4= 

1 
Z,  = ~0".~ + Zb + Z~) = - -  3 . 7 5  x 1 0 - V e m u g  - I  (9 )  

w i t h  t h e  pr inc ipa l  suscept ib i l i t i e s  7_, = Zb = 25. a n d  Zc = ZI-  T h e  s a m e  t r e a t m e n t  f o r  
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the  d a t a  o f  s a m p l e  2 y ie lds  7_, = - -  3 .2  x 1 0 -  v e m u  g -  ~. T h e s e  va lues  a r c  to  b e  
c o m p a r e d  wi th  ZgMi t - - - ~  - -  3.51 x 1 0 - T e m u g  - t  a n d  Z, gs ----- - -  3 .90 × 1 0 - 7 e m u g  - t .  
the  c o n v e r t e d  va lues  o f  M e n t h  a n d  R ice  a n d  o f  K u i n d e r s m a  a n d  S a w a t z k y ,  respect ively .  

T h e  gram-suscept ib i l i t i es  o f  K C P  seem t o  c o v e r  a la rge  range ,  f r o m  - -  3 .2  - -  t o  - -  
3_90 x 10 -  v e m u  g -  ~. F o r  s ingle-crysta l  samples ,  K u i n d e r s m a  a n d  S a w a t z k y  r e p o r t e d  
t ha t  a sma l l  t e m p e r a t u r e - i n d e p e n d e n t  p a r a m a g n e t i c  suscep t ib i l i ty  w a s  f o u n d  w h e n  
the  m e a s u r e m e n t s  were  m a d e  wi th  the  mate r i a l  in v a c u u m .  T h e i r  o b s e r v a t i o n  o f  t he  
d i s co lo ra t i on  a n d  the  loss  o f  the  c o p p e r y  lus t re  o f  th is  ma te r i a l  has  b e e n  r e p e a t e d  

in :he  p resen t  exp .  1. T h e  effect  is a t t r i b u t e d  to  the  loss o f  wa te r .  D r o s d z i o k  a n d  
E n g b r o d t  ~4 s h o w e d  tha t  3 o f  the  w a t e r  mo lecu le s  o f  c rys ta l l i za t ion  c a n  b e  ex t r ac t ed  
a n d  a d d e d  aga in  in K C P  b y  v a r y i n g  the  ex te rna l  w a t e r  v a p o u r  pressure .  In  the  p r e sen t  
expe r imen t ,  t he  w a t e r  c o n t e n t  o f  the  K C P  samp l e s  is n o t  well  k n o w n ,  a s  the  h u m i d i t y  
o f  t h e  l a b o r a t o r y  a t m o s p h e r e  in wh ich  the  s ingle  c rys ta ls  w e r e  s t o r e d  f o r  s o m e  t ime  
w a s  n o t  measured. I t  s eems  tha t  o t h e r  a u t h o r s  t o o  h a d  s o m e  difficulties w i th  t he  

d e t e r m i n a t i o n  o f  "n'" in the  KzP t (CN)4Bro .3  - n H 2 0  o f  thei r  s ingle  crys ta ls .  I ndeed ,  

t w o  g roups ,  wh ich  b o t h  r e p o r t e d  quan t i t a t i ve  va lues  f o r  the  d i a m a g n e t i s m  o f  K C P ,  
a m, ee  t ha t  t he  suscept ib i l i ty  is u n d e r s t o o d  o n  the  a d d i t i o n  o f  Pasca l ' s  cons t an t s .  Th i s  

m e a n s  t h a t :  

Z= = 7-. + n ' z , ,  ( 1 0 )  

T h e  7.'s a r e  m o l a r  suscept ib i l i t ies  a n d  the  s u b s c r i p t  m refers  to  the  m a t e r i a l  a t o  the  
wa te r - f ree  pa r t  o f  i t  a n d  w to  wate r .  F o r  t w o  di f ferent  samples ,  wh ich  a re  cha rac te r i zed  

b y  (m, n)  a n d  (m' ,  n ' )  respect ively ,  the  e q u a t i o n  ( I0 )  leads  t o :  

z . ~ - z ~ - = ( n - n g ' z .  (u)  

express ing  t h a t  f o r  n > d t he  mate r i a l  m s h o u l d  b e  m o r e  d i a m a g n e t i c  t h a n  m ' .  
T h e  s t a t e m e n t  is a t  va r i ance  wi th  the  d a t a  in l i tera ture:  ( b  160 x 10 - 6  e m u  m o l -  1, 3) 

f o r  M R  a n d  ( - -  171 x 10 - 6  e m u  m o l -  t, 2.3) f o r  KS .  T h e  w a t e r  c o n t e n t  p r o b l e m ,  
there fore ,  is c o n s i d e r e d  the  o t h e r  w a y  r o u n d .  T h e  v a l u e  o f  n is ca l cu l a t ed  f r o m  the  
expe r imen ta l  g r a m - s u s ~ p t i b i l i t y  Zz- E q u a t i o n  (10) is subs t i t u t ed  in (8) wh ich  3ields 
Zz a s  a f u n c t i o n  o f  n:  

Z~ + n ' z w  
Z, - -  M .  + n M w  ( 1 2 )  

in w h i c h  the  m o l e c u l a r  we igh t  o f  the  mate r i a l  is expressed  as  the  s u m  o f  its c o m p o n e n t s .  
E q u a t i o n  (12) leads  t o :  

z . -  z . - M .  
n = (13)  

Zz"  M,~  - -  Z .  

W R h  t h e  m o s t  d i a m a g n e t i c  ma te r i a l  d a t a  f o u n d  in  t h e  l i te ra ture ,  a s  reference ,  7~a, ---- 
: - .  171 × 1 0  - 6  e m u  m o l  - s  a n d  n" = 2 . 3 ,  t~Ic iqg  Z , , =  - -  13 × 10 - 6  e m u  m o l -  ~, 
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M~ --- 401.5 and  M y  = 18, one  obtains that  fo r  sample 4, for  which Zz = - -  3.75 x 
I 0 -  7 e m u  g -  ~, 

- -  1 4 1 . 1  ÷ 1 5 0 . 5  9 . 4  
n = - -  - -  "L'_ 1 . 5  ( 1 4 )  

-- 6.75 -t- 13. 6. 5 

The  precision on n is ra ther  poor  because the numera to r  in eqn  (14) is the small 
difference o f  two relatively large values. In this case, the difference is 6.7 percent  o f  
the reference value. The  reference value is deduced,  with the  use o f  Pascars  rule, 
f rom the experimental  value~z~, which is claimed by the authors  KS to be precise to 
within 3 percent.  The  uncer ta in ty  on n in eqn (14) is a t  least 45 percent.  When the 
same  procedure  is carr ied out  for  sample  2~ it leads to the unrealistic negative value 
- -  1_7 for  n_ It  means  that  Z, is apparent ly  less d iamagnet /c  than  can be accounted  
for  by the  reference data.  F r o m  these data,  a calculated min imum for  the  diamamaetie 
gram-susceptibil i ty o f  K C P  is: 

Z~,,iffi = 7-JMa = -- 3.51 x 10 -~ emu  g - t  (15) 

T h e  less diamagnet ic  apparen t  susceptibility o f  sample  2 can be explained on  the 
_~ssumption that,  at  the m o m e n t  o f  the weiEhiug o f  the sample, n was still 3 but  that  
af terwards,  a t  the sealing o f  the paraffine box, most  o f  the water  evaporated  f rom the 
sample.  The  mass o f  the sample, a t  the susceptibility measurements  could  be lower  
by a factor  MJ(M.  + nM.,) than  the weighed mass. Correct ion fo r  it results in Z.~ = 

3.6 x l0 -7  emu  g -  ~ y ie ld ingn  ---- 4- 0.5. The  explanat ion for  the low diamagnet ic  
susceptibility value o f  sample  ~ together  with the result o f  exp. 2 . I . I ,  which shows 
that  the  susceptibility o f  s-ampie "~ was independent  on tempera ture  before it heated-  
up slowly, indicates that  a t  abou t  room tempera ture  the water  molecules o f  crystallira_- 
t ion can be extracted f rom K C P  without  d a m a ~ n g  the basic compound .  The  relatively 
small quant i ty  o f  water  left in sample 2 seems to be sufficient for  generat ing de mmda- 
t ion products  a t  the slowly heat ing up o f  the appara tus  in exp. 9__1.2_ 

C O N C L L r D I S G  ~ K S  

Static mamaetic susceptibility da ta  on K21"t(C1N-).tBroj, nHzO. ax mea_~ured 
by means  o f  a vacuum mierob.ql~nee following the Fa raday  me thod  at  temperatures  
between 4 and  148 K and  a t  field strengths between 6 and  9-0 kOe, have been presented. 
T h e  experimental  da ta  have been discussed in a way showing the difficulties, encoun-  
tered at  the measu,~ments ,  the effects o f  which m a y  explain some  o f t h e  ra ther  divergent 
results ob'.ained by  various groups on this material.  

The  field dependence  o f  the apparen t  susceptibility, observed in exp. 9 indicates 
that  fer romagnet ic  impurities are  somet imes p r e ~ n L  The  eqttivalen~ o f  one  par t  
per  m ~ i o n  o f  iron yields a paramagnet ie  contr ibut ion which is 9.8 perce~t  o f  the  
diamagnet ic  s t ts~ptibi l i ty o f  pure  K C P  when measured  a t  20 kOe. 

Pa~mamae t i c  centres which obey the  Curie  law appeared  in sample 2 af ter  
heat ing it up  slowly to  r o o m  tempera ture  unde r  reduced  pressure. T h e  effect is 
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a t t r ibu ted  t o  free radicals  c rea ted  a t  t he  deg rada t i on  o f  the  sample .  De  m'ada t ion  
seems to  occu r  on ly  above  225 K.  In  ex t reme  cases, t he  p a r a m a g n e t i s m  exceeds the  
d i amagne t i sm  o f  the  sample .  

A parasi t ic  pa ramagne t i c  c o m p o n e n t  o f  the  suscepfibifity is observed  below 
50 K where  it  exhibi ts  a m a x i m u m  at  40 K.  I t  is a t t r ibu ted  to  the  effect o f  m i c r o g r a m  
quant i t ies  o f  oxygen  adso rbed  o n  the  sample .  

A small  bu t  sys temat ic  reduc t ion  o f  the  d i a m a g n e t i s m  is measured  for  increa ; ing  
t empera tu res  above  65 IC It  is a b o u t  4 x 10  - 6  e m u  tool - I  a t  T >_ 130 K a n d  is 
a t t r ibu ted  to  the  Paul i  p a r a m a g n e t i s m  o f  the  c o n d u c t o r .  

T h e  analysis o f  the  da t a  o f  s ample  4 yields - -  3.60 a n d  - -  3.83 x l0  - 7  e m u  g -  ~ 
for  the  intr insic stat ic  magne t i c  susceptibil i ty o f  K2Pt(CN)4Bro.  3 - n H z O  a t  65 K 
when  the  magne t ic  field vec to r  is respectively parallel  a n d  pe rpend icu la r  to  the  c-axis 
o f  the  crystals.  

T h e  c o m p a r i s o n  o f  the  or icn ta t iona l  average  o f  these  susceptibil i t ies to  d a t a  
in l i terature,  in principle,  al lows for  the  es t imat ion  o f  n = 1.5 for  s ample  4. T h e  
prec/s ion o n  n is very p o o r  a n d  its discussion suggests  tha t  the  susceptibi l i ty references 
shou ld  be measu red  m o r e  accurately .  

T h e  6 percent  an i so t ropy  o f  the  susceptibil i ty is a t t r ibu ted  main ly  to  t h e  
~r-'-bond in the  C N  groups .  The  b o n d  conf igura t ion  results  in a relatively s t rong  
value for  the  d i amagne t i sm in the  d i rec t ion  o f  the  C N  b o n d  a n d  m a y  p r o d u c e  a 
pa ramagne t i c  con t r ibu t ion  pe rpend icu l a r  to  this  d i rec t ion  ~ s F o r  s t ruc tura l  reasons ,  
on  the  average,  the  an i so t ropy  o f  on ly  one  ha l f  o f  the  C N  groups  is measu red  when  a 
s i n ~ e  crystal  o f  K C P  is t u r n e d  f r o m  C ~ in to  C[/I~. There fore ,  o n e  can  calcula te  
tha t ,  i f  all C N  g roups  as  they  exist in K C P  were  o r i en ted  parallel  to  each other ,  t he  
m a x i m u m  an i so t ropy  w o u l d  a m o u n t  to  20 x 10-  6 e m u  t o o l -  ~ 
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