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5. Concluding r e m a r k s  

This paper concludes the s tudy of the seminvar iants  
for the non-cent rosymmetr ic  space groups which was 
ini t ia ted in a previous paper  (Haup tman  & Ear le ,  
1956). The theory  of the seminvar iants  provides a 
basis for specifying an origin and the enant iomorph or 
reference frame when required. Fur thermore  it demon- 
strates the existence of relat ionships between the 
measured intensit ies and the values of phases. I t  will 
be the purpose of future publicat ions to elucidate the 
exact na ture  of these relat ionships and by these means 
to continue the unified program for phase determina- 

t ion in the non-centrosymmetr ic  space groups which 
has already been completed for the centrosymmetri(.  
once (Earle  & Haup tman ,  1961 ff.). 
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Neutron Diffraction Invest igat ion of Solid Solutions AITh2D. 
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Solid solutions of composition A1Th.,Dn, with n = 0, 2, 3, 4, have been studied by means of n(;utron 
diffracti<m. For n =4 the (leuterium atoms completely fill a set of equivalent Th-tetrahedra, quite 
similar to the arrangement in thorium hydride. F<)r the <>ther (,ompositions these sites are ]>artly 
oc(;upied. No evidence for ordering has been found, (wen at a temperature (>f S2 "K. 

The intermetal l ic  compound AlThe easily absorl)s 
hydrogen. Apart  from a two-phase region at. room 
tempera.ture between the emnpositions AITh2H0 and 
AITh..,.H,,~I.s, the hydrogen is dissolved homogene- 
ously unt i l  the u l t imate  composition A1TheH4 is 
reached (van Vueht, 1960). X-ray  invest igat ion shows 
tha t  the te t ragonal  symmet ry  of AITh,,. is e<mserved 
in the solid solutions. When the lattice parameters  
are plot ted against  n, the number  of hydrogen a.lonls 
per AIThe, a is found to increase up to n=2.  There 
it. shows a sharp break, followed by a decrease until  
saturat ion.  On the other hand e increases mono- 
tonically.  

As par t  of a larger program, a neutron-diffract ion 
investigation was under taken  with the object of 
establishing the hydrogen positions. Only micro- 
crystall ine samples were availalfle so tha t  to avoid a 
large background of incoherent  scat tering the deu- 
t erides ra ther  than  hydrides were used. The relevant  
neutron scattering lengths (ShEll & Wollan, 1956) are, 
in 1 0 l e  em., ba1=0"35, bTn=l-01 and bi)=0"65. 

. . . .  

* Present address: Reactor Centrum Nederland, Pel.ten, 
the Netherlands. 

Exper imenta l  procedure  

Tile deuterides were prepared in exact ly the same way 
as the hvdrides (van Vucht, 1960). For the ro(>m- 
temperal  Ere neut ron-diffraction measurements 10 ram. 
dia. cylindrical thin-walled aluminium sample holders 
were used. By means of a glass tul)e and a section of 
fernico tul)e these were c<mnected to the appara lus  in 
which the deuteride was prepared. Using a t i l t ing 
arrangement  the finished pr(>duct could be transferred 
to the sample holder under  w~cuum after which the 
glass e<)nnecting tube was sealed off. The samt)le 
holder was then placed on 1he diffraetometer  described 
I) 3, Ooedkoo t) (1957) and the diffraction pat tern  re- 
corded with 1.(~26 ~ neutrons. Resolution was mainly  
determined by Soller slits 0.25 ram. wide and 200 mm. 
hmg placed in front  of the counter. 

For measurements  at  low tempera ture  a single- 
jacketed vacuum cryostat  as shown in Fig. I was 
placed on the goniometer. Liquid air or liquid nitrogen 
was placed in the inner cylinder, to the bottom of 
which the sample holder was fixed. The glass-sealed 
sample holders were unsuited for this a r rangement  
and so a shorter one closed bv means of a screw-plug 
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Table 1. Observed and calculated neutron intensities 

hkl 20 lc lo 
A I T h  2 

l l 0  10.9 '2 - -  
200 15.4 7 4 
211 20.1 [30 i 14(a 149 
002 20.2 ] 9 I 
220 21.9 7 8 
l l 2  22.9 15 21 
310 24.6 33 35 
202 25.6 24 26 
321 29.9 l / 
'222 30.0 0 [. 16 19 
400 31.3 4 [ 
312 32.0 11 J 
330 33"2 14 16 
41 l 33"8 39 36 
420 35.2 8 i ;')2 46 213 35.3 44 
402 37.6 20 22 
332 3!).3 43 37 

.*,ITII2D 2 
110 10.8 31 25 
200 15-2 9 7 
002 18.8 21 26 
"21 I 19.4 46 53 
22O 21.6 6 25 21 
112 "21.8 19 ] 
310 24"2 82 ~ I l l  112 
'2~2 24.4 29 J" 
222 28.8 0 --- 
321 29"2 5 - -  
400 30-8 27 i. 3(3 54 
312 30.8 12 I 
330 32.6 32 / 
411 33.2 35 / 174 168 
213 33.4 99 
420 34.4 9 
402 36-4 21 25 
332 38.0 45 I. 

49 51 
004 38.2 4 
510 39.6 2 ] 
42"2 39-6 0 
i 14 40-0 l ] 3 .... 
43 i 40.0 0 
323 40.0 8 
204 41.4 2 
521 43.0 11 / 
413 43.2 27 ] 55 58 
440 44"0 17 

A1Th2I) a 
110 ]0"~ 211 195 
20{7 ] 5"3 38 28 
002 18.4 69 69 

hkl 20 lc Io 
2 l l  19"4 67 l l 5  
]12 21"4 62 ~ 87 86 
220 21.6 25 / 
202 24.0 108 ~ 510 481 
3]0 24.2 402 J' 
222 28.6 0 ~ 45 69 
321 29.2 45 J" 
312 30.6 37 ~ 205 185 
400 30.8 168 ]" 
330 32-8 157 / 
213 32-8 531 } 842 915 
411 33"2 119 
420 34.6 35 
402 36"2 66 58 
004 37-4 1 

156 !59 
332 37-8 155 j 
114 39.0 13 ] 422 39.5 2 
510 39"6 15 103 83 
323 39-6 68 
431 40.0 0 
204 40"6 5 

AITh21) 4 
110 10.9 334 320 
200 15.5 55 55 
002 18.1 52 51 
211 19.6 18 82 
112 ,2t.2 50 I 77 80 
220 22.0 27 
202 23.9 113 I 668 639 
310 24"6 555 I 
222 28"6 0 36 
321 29" 6 75 88 
312 30"7 23 ~ 280 270 
400 31-2 257 ( 
213 32"5 836 I 
330 33"2 220 i1162 1226 
411 33-6 106 
42{7 35.0 45 51 
402 36-4 47 ~ 47 49 
{)04 36"7 0 ( 
332 38.1 14] ~ 
114 38"4 26 . 167 103 
323 39.6 130 

/ 422 39.7 3 
204 40-0 3 159 145 / 

510 40-1 23 ] 
J 431 40"4 0 

413 42.8 140 

I 224 43.2 14 

521 43.5 3 345 353 
512 44-4 37 [ 

I 314 44-7 0 
440 44.8 15[ 

h a d  t o  be  u s e d .  T h e  s a m p l e  w a s  t r a n s f e r r e d  t o  i t  in a 

g l o v e  b o x  f i l l e d  w i t h  d r y  n i t r o g e n .  T h e  n e u t r o n s  

r e a c h e d  t h e  s a m p l e  t h r o u g h  t h e  o u t e r  a l u m i n i u m  

c y l i n d e r ,  w h i c h  in t h i s  r e g i o n  h a d  b e e n  t u r n e d  o f f  t o  

a w a l l - t h i c k n e s s  of  1 r a m . ,  a n d  t h r o u g h  a t h i n  t h e r m a l  

sh i e ld .  D u r i n g  m e a s u r e m e n t s  t h e  t e m p e r a t u r e s  a t  t o p  

~md b o t t o m  of  t h e  s a m p l e  w e r e  r e c o r d e d  c o n t i n u o u s l y .  

R o o m  t e m p e r a t u r e  m e a s u r e m e n t s  w e r e  m a d e  fo r  
, = 0 ,  2, 3 a n d  4. T h e  d i a g r a m s ,  w i t h  i n s t r u m e n t a l  

l ) a c k g r o u n d  s u b t r a c t e d ,  a r e  s h o w n  in  F i g .  2. T h e  

i n t e n s i t i e s  o f  t h e  p e a k s  a t ) p e a r  in  t h e  l a s t  c o l u m n  of  
T a b l e  I. F o r  n = 2  d a t a  w e r e  a l s o  t a k e n  a t  l i q u i d -  

n i t r o g e n  t e m p e r a t u r e '  t h e y  a r e  s h o w n  in  F i g .  3 a n d  

T a b l e  2. 

D e t e r m i n a t i o n  o f  t h e  c r y s t a l  s t r u c t u r e s  

T h e  c r y s t a l  s t r u c t u r e  of  AITh2  h a s  b e e n  d e t e r m i n e d  

p r e v i o u s l y ,  b y  m e a n s  of  X - r a y s ,  b y  B r a u n  a n d  v a n  
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Fig. i. Vertical se(.tion through ( 'ryostat .  A. Support .  B. 
Aluminimn outer  e ryos ta t  cylinder.  ('7. Su('tion line. D. 
Vacuum jacket .  E.  Aluminium flange. F .  Pai r  of rubber  
washers.  G. Stainless steel flange. H.  Stud.  J .  Stainless steel 
inner e ryos t a t  cylinder.  K.  Brass  b o t t o m  of inner cylinder.  
L. Aluminimn spe(,'imen holder. M.  Spec.imen holder elanal)- 
ing nut .  N. Aluminium specimen holder t)lug. ¢) .  Speeinmn. 
P .  Thermal  shiehi. R. Thernloeouples.  

Vucht  (1955) and  I,y Murray  (1955). As repor ted t)y 
the  former  au thors ,  it may  t)e descr ibed as f()llows" 

Space group I4/mcm, 4 uni t s  A]Th,2 per cell" 

a = 7 . 6 2 ,  c = 5 - 8 6  A .  

Th  in 8(h)" + (XTh, ~+X'rh, 0)" + (½+XTh, Y'rh, 0)" 
4- (12 +XTh, XTh, ~) + (.r-rh, ~ --XTh, 1) with  XTh 

=0.162.  
AI in 4(a)" +(0 ,0 , :~)"  +(1 ,  ~ , ] ) .  

Using these da t a  the  neutr()n in tens i t ies  of AITh,2 
were calcula ted.  They  are l is ted in the  t h i rd  co lunm 
of Tab le  I, where t hey  are seen to be in qui te  good 
ag reemen t  with the  observed values.  

X- ray  powder  inves t iga t ion  of the  hydr ides  resulted 
in d iag rams  which were ident ica l  with t h a t  of AITh,2 
except  for the  shi f t ing of ref lect ions due to the  chang- 
ing la t t ice  cons tan ts .  I t  was therefore  concluded tha t ,  
(m the  i n t roduc t i on  of hydrogen ,  the  space group,  as 

far as the  AI and  Th a toms  are concerned,  remains  the  
same. A careful  s t udy  of the  X-ray  in tens i t ies  showed 
t h a t  for all  the  best  f i t  was ob t a ined  wi th  the  same 
t ho r ium pa ramete r ,  XT,=0-162,  as in the  a l loy con- 
t a in ing  no hydrogen .  

Tai)le 2. Neutron diffraction intensities of AITh,,D-, 
pou'der at T =  82 °K. compared to those at T = 2 9 3  °K. 

Io Io 
hkl 0 7' = 2 9 3  ° K .  7' = 82  ° K .  

110 5.4 103 85 
200 7-6 25 30 
002 9.4 I 286 294 
21 l 9 .7  

220 10.8 ~ 88 110 
112 10.9 ]~ 
310 12. l ~. 360 378 
2O2 12.2 I 
222 14.4 i 69 85 
321 14.6 ( 
4 0 0  15.4 i 255 t59 
312 1~.4 1 
330 16.3 / 
4:11 16"6 554 575 
"213 16"7 ] 
420 17.2 
402 18.2 93 90 
332 19.0  t 158 187 
004 19' 1 ~ 

It thus remaine(t  to place the  dem.erium atoms.  
In AITh~Ih,  which a p p a r e n t l y  represents  a m a x i m u m  
filling of posit ions,  there  are 16 deu te r ium a toms  in 
the cell. Assuming t h a t  the  space group is in fact  the  
same as t h a t  of A1Th2, there  are four different. 16-fold 
posit ions.  These were tr ied,  the  only  one giving satis- 
fac tory  ag reemen t  with the  neu t ron  da t a  being 

I) in 16(1)" + (xv ,  ~+xl) ,  _+zD)" + ( ~ + x D ,  2,), + z o )  
+ (~ + . r ~ ,  :~., ~ + z.,).  + (~,,, ,~-x,~,  ~ + z.,). 

The pa rame te r  wllues were foun(t I)y t r ial  and  err( , '  
to be xD=().368 and  zD=0.137.  Table  ! shows the  
in tensi t ies  ca lcula ted  for this  conf igura t ion.  They  are 
seen to agree closely with the  observed wdues  with 
the  no tab le  except ion  of 211. As will be shown latel', 
th is  a r r a n g e m e n t  places the  deu te r ium a toms  in the 
centers of the  t e t r ahed ra l  holes formed by the  s t ruc tu re  
between sets of four Th a toms.  

In the  i n t e rmed ia t e  deuter ides ,  n < 4, it  is now to be 
expec ted  tha t  the  deu te r ium a toms  occupy the  same 
sites, but only par t ia l ly .  If this  is so, the  quest ion 
arises to what  ex ten t  the  dis t r i t )u t ion of the  hydrogen  
Morns over  the  16 sites is ordered.  

The  pecul iar  va r i a t ion  of the  la t t ice  cons tan ts  with 
n wouht suggest  t h a t  the  hydrogen  posi t ions  arc in 
fact  ordered to some ex ten t .  In  par t i cu la r ,  the  fact  
t h a t  a is a m a x i m u m  for n = 2 ,  i.e. for half  the  to ta l  
numl)er  of sites occupied,  could be unders tood  by 
assuming t h a t  up to t h a t  po in t  at  most  one of a pai r  
of two sites t h a t  differ  in z-coordinate  only  is occupied.  
Such a pai r  <>f sites are the centers  of two deformed 
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Fig.  2. N e u t r o n  d i f f r ac t ion  d i a g r a m s  of AITh2Dn for n---0,  n = 2, n =  3 and  n = 4 qt  r o o m  t e m p e r a t u r e .  

Th-te t rahedra  with eoinmon base (see Fig. 4).* Thus 
in AITh2I)2 each deuter ium atom would have a choice 
between two positions. 

There are, then, three possibilities: 
. . . . . . . . . . . . . . . . . . .  

* The  oppos i t e  a r r a n g e m e n t ,  wi th  a l w a y s  e i the r  n o n e  or  
I)oth of the  two  pa i r ed  si tes occup ied ,  m a y  be  ru led  ou t  on 
the  basis  of the  p r o t o n  m a g n e t i c  r e sonance  m e a s u r e r n e n t s  
m e n t i o n e d  late, '  in this  paper .  

(a) There is no correlation between the ways in 
which different pairs of sites are singly occupied. 

(b) There is short-range order between the ways of 
occupation of the neighbouring pairs. 

(c) There is long-range order. 

Alternat ives (a) and (b) would give rise to the same 
neutron intensit ies as for no order at all. The inten- 
sities for AITh2D2 should then, apar t  from possible 
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Fig. 3. Neut ron diffra.(.tion diagram of .-MTh~D 2 at. 82 "K.  
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wtriations in the parameters ,  be the same as those 
(.aleulated for AITh._,D4 with the deuter ium eontribu- 
t.ion to the s t ructure  factor  counted half. The result 
is found to agree closely with the observed d iagram 
and the a r rangement  m a y  be improved still somewhat  
I)v adjust ing the deuter ium parameters  to 

xo=0"370  and ZD=0.125.  

The results are again sh()wn in Table 1. 
Al ternat ive (c) leaves a large number  of possible 

,)r(tering schemes. Some of these require a change in 
space group, which should in principle cause ex t ra  lines 
in the X- ray  and neutron diagrams.  Such lines have 
not been observed. For  those schemes of ordering 
which are compati/)le with the space group, the neu- 
tron intensities have t)een calculated. They all agree 
less well with the observed intensities than  those 
calculated without  long-range order. The differences 
are not sufficient to exclude the possibility of long- 
range order entirely, but  they  do make  it unlikely. 

A distinction between total  disorder and the alter- 
natives (a) and (b) could in theory  be made from the 
shape of the neutron diffuse scattering. However,  the 
Bragg peaks are so crowded together  in the diagram 
tha t  they  do not allow an examinat ion of the diffuse 
scattering which is sufficiently accurate  to see the 
effect. 

Fu r the r  support  for the absence of long-range order 
is providcd by t)roton magnetic  resonance measure- 
merits on A1Th2H~. I)y Kroon, Van der Stolpe and 
Van Vucht  (1959). These indicate in fact  a to ta l  
absence of ordering a t  room tempera ture .  Below 
225 °K., however, they  do find indications for ordering 
of the hydrogen atoms. To see whether  any  long-range 
order would appear  in AITh,~D2 measurements  were 
made at  82 °K. (Fig. 3). No significant difference from 
the diagram taken  at  room tempera ture  was obtained:  
see Fig. 3 and Table 2. 

The neutron da ta  for the phase A1Thai)a led to 
similar conclusions as for AITh,,l),,. The intensities in 
the third column of Table 1 have again been calculated 
for a disordered structure,  with 

• rD=0"370 and ZD=0"131). 

Agreement  is seen t() I)e g()od, again with excepti<)n 
of 211. 

This last discrepancy, which was even more pro- 
nounced in the case of AIThel)4, is almost  certainh- 
due to the presence of small amounts  of unreacted 
AITh2 in the sample. As inspe(;tion of Table l shows 
211 is I)y far the strongest  peak in AITh2, where it 
occurs at  2t).l ~, which is quite close to its t)osition 
in the other two samt)les. One easily verifies tha t  an 
admixture  of only 4.5°~) of AlTh., is sufficienl t,) 
account for the discrepancy observed in A1Th,,D4. 

A feature less easily accounted for is the scattering 
which all the deuterides show between 27 ° and 29 ~' 
scattering angle. ] t  does not correspond to any  peaks 
and its presence makes the observed intensities of the 
222 reflections somewhat  uncertain.  

D i s c u s s i o n  of  t h e  s t r u c t u r e s  

The final pa ramete r  values are once more summarized 
ill Table 3. A c-axis projection of the unit  cell is shown 
in Fig. 4. 

I 

. . . . . .  

o O+zo 
o O ~ ± z  o 

:Fig. 4. A c-axis pI'ojeetion of the  uni t  cell of AITh2D n. 
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In  AIThe the  t ho r ium and  a l u m i n i u m  a toms  are in 
a l t e r n a t e  layers ,  pe rpend icu la r  to the  c-axis. The  
tho r ium a toms  form d i s to r t ed  t e t r ahed ra ,  wi th  th ree  
a toms  in one layer  and  one in the  nex t  a t  a d i s tance  c/2. 

Table  3. X-rag-determined cell constants of a J~w 
deuterides of AIThe 

xl~ and z l ) a re  tim exper imenta l ly  ob ta ined  deu te r ium 
pa ramete r  values 

Spe(,- 
imen a (A) c (h)  X, Th :~1) Zl~ 

A ITh 2 7.62 5.86 0.162 . . . . . .  
A1Th~D 2 7-702 6.230 0-162 0.370 0.125 
AITh2D 3 7.676 6-383 0.162 0.370 0.130 
AITh2D 4 7.629 6-517 0.162 0.368 o-137 

A1Th2-D 4" 

Fig. 5. Pa(:king of thorium atoms around deuterium in A1Th2D,~, 
AITh2D a and AITh2D 4 (,ompared to that in ThD 2. 

I t  is seen now t h a t  in the  hyd r ides  the  hydrogen  
sites are rough ly  a t  the  centers  of these  deformed 
t e t r ahed ra ,  so t h a t  each h y d r o g e n  is su r rounded  by  
four t ho r ium atoms.  Converse ly ,  each Th  a tom is 
su r rounded  by 8 h y d r o g e n  si tes:  r ough ly  a long the  
c-axis there  is one to each side, whi ls t  the  six o thers  
are a t  the  corners of a nea r ly  t r igonal  pr ism.  This  
conf igura t ion  is qui te  s imi lar  to the  one found in ThD2 
(Rund le  et al., 1952). 

I n t e r a t o m i c  d i s tances  be tween  H and  Th  m a y  be 
seen from Fig. 5, which  shows the  conf igura t ion  
a round  each h y d r o g e n  site for the  var ious  hydr ides  
as well as for ThD2. The p a r a m e t e r  changes  are seen 
to be such t ha t ,  despi te  the  changes  in la t t ice  con- 
s tan ts ,  the  i n t e r a tomic  d i s tances  are r e l a t ive ly  con- 
s tan t .  

In  the  i n t e rmed ia t e  hydr ides  on ly  a f rac t ion  of the  
t ho r ium t e t r a h e d r a  are occupied.  I t  is seen t h a t  the  
pairs of sites which have  been referred to above  are 
in fac t  the  centers  of two t e t r a h e d r a  wi th  a common 
base. The changes  in la t t i ce  cons t an t  m igh t  then  be 
t a k e n  to suggest  t h a t  up to n = 2  on ly  one of the  two 
t e t r a h e d r a  is filled. We  have  seen t h a t  if th is  is so. 
the  neu t ron  d a t a  suggest  t h a t  the  two posi t ions  are 
filled a t  r andom,  w i t h o u t  corre la t ion  be tween  different  
pai rs  of t e t r ahed ra .  

The au thor s  wish to express  the i r  t h a n k s  to Dr' 
B. O. Loops t ra ,  who or ig ina l ly  took p a r t  in the  work. 
and  especia l ly  to Mr H. J .  J .  de H a a n  who designed 
and  opera ted  the  c ryos ta t .  
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