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the  same number  of reflections is 0.0209 hour. Runn ing  
t ime  for the P E X R A D  per ipheral  programs is small.  
In  both I N P U T  and OUTPUT,  pr in t ing  t ime (on a 
1401 machine) is addi t ional  to the t imes given. 

I t  is a pleasure to t hank  Dr M. B. Wi lk  for va luable  
discussions of the s tandard  deviat ion in  the integrated 
intensi ty ,  Mrs G. Hansen  for assistance with the 
F A P  section of P E X R A D  INPUT,  Mr L. J .  Cirincione 
for wri t ing the IBM 1011 paper  tape  to magnet ic  
tape  program, and  Mr J.  L. Bernste in  for running  
m a n y  calculations wi th  these programs on the IBM 
7090. 

Note added in proof.-- The K-values of N¢ are no 

longer necessarily used in calculating I(hkl) and 
a~(I(hkl)). Now, the program integrates from the first 
ten 'good' background points on one side of the 
principal  m a x i m u m  to the first ten 'good' background 
points on the other side of the same max imum.  If 
this criterion is not met, the program then uses all 
K points. 
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The Crystal Structure of a-Ga2S3 
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(Received 22 November 1962) 

The structure of a-Ga2S 3 has been determined from single-crystal and powder diffraction data. 
The unit  cell is monoclinic, space group Cc, a = 11.140, b = 6.411, c = 7.03 s/~, fl = 121.22 °, and Z = 4. 
The structure, which is based on wurtzite with 4 cation vacancies per cell, differs from that  proposed 
by Hahn  & Frank mainly in the disposition of the vacant sites. Shrinkage of sulphur tetrahedra 
around these sites leads to some distortion from ideal close packing. 

1. The unit cell  and space group 

The crystal  s tructure of c~-Gag.S3 was de termined by  
Hahn  & F rank  (1955) as hexagonal ,  the  su lphur  
atoms being in  hexagonal ly  close-packed layers per- 
pendicular  to the c axis and  the gal l ium atoms fi l l ing 
some of the  te t rahedra l  positions occupied by  Zn in  the 
wurtzi te  structure.  Later,  Goodyear, Duff in  & Steig- 
mann  (1961) showed tha t  the space lat t ice rea l ly  has 
monoclinie symmet ry ,  the  uni t  cell being centred on 
the C face. They also pointed out t ha t  the la t t ice  
spacings observed by  H a h n  & F r a n k  were in  fact  
reconcilable wi th  a rhombohedra l  cell closely related 
to their  monoclinic cell. 

Goodyear et al. found tha t  the i r  cell contained 
4 molecules and, because of its shape and size, they 
concluded tha t  the  sulphur  atoms mus t  be near ly  
hexag_onally close-packed in  layers perpendicular  to 
the [101] axis. However, they  did not  consider the 
conventional  and  most  convenient cell, which is 
formed by  tak ing  a new a axis along the [102] direc- 
tion, giving new cell parameters  a = l l . 1 4 0 ,  b=6.411, 
c =  7"03s/~, fl = 121"22 °. The relat ion between the two 
cells is shown in :Fig. 1; the conventional  cell is sti l l  
centred on the  C face and  the close-packed sulphur  
layers would now lie paral le l  to the  (001) face. 

A quant i ta t ive  inspection of the intensi t ies  of the 
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Fig. 1. The unit  cell a-Ga2S s ( - - - -  outline of conventional 
cell, - - - -  outline of cell chosen by Goodyear, Duffin & 
Steigmarm). 

spots on the b axis photographs indexed by  Goodyear, 
Duff in  & Ste igmann has shown tha t  the diffract ion 
pat terns  were not  s t r ic t ly  symmetr ica l  about  the  
zero layer  line, indicat ing tha t  the  crystal  was not  
oscillating about  the true b axis. Consequently,  these 
authors incorrectly indexed reflexions and assigned 
the s tructure to the wrong space group. Because of 
the  near  rhombohedra l  na ture  of the lattice, the  
[110] and [110] directions in the conventional  cell are 
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pseudo-b-axes, and the photographs in question were 
taken erroneously about one of these. 

Reflexions recorded on oscillation photographs 
about the true b axis have been indexed, and the 
systematically absent reflexions are hkl with h + k odd, 
and hO1 with 1 odd. The space groups compatible 
with these observations are Cc (C~) and C2/c (C~h), 
and a hexagonal close-packed array of sulphur atoms 
is possible with each. However, a qualitative survey 
of the intensities of hO1 reflexions showed quite clearly 
tha t  the cations were located in tetrahedral  positions 
as in wurtzite, which immediately rules out the space 
group C2/c (C~h). 

2. Intensi ty  m e a s u r e m e n t s  

Single crystals of a-Ga2S3 prepared by  the method 
described by Goodyear, Duffin & Steigmann were 
available for the investigation. In  general, all the 
crystals were elongated along their [132] axes and 
were very thin in cross section; two such crystals 
were selected for study. 

99 independent_ reflexions, from lattice planes 
parallel to the [110] and [132] crystal axes, were 
recorded on zero-layer lines of oscillation photographs 
taken with filtered Cu K s  radiation. The intensities 
of the spots were estimated visually from multiple-film 
exposures by  comparison with a calibrated scale 

A t o m  x/a 
Ga(1) 0.042 
Ga(2) 0.208 
s(1) 0 
S(2) 0-167 
s(3) o.333 

Table 1. Atomic parameters and temperature factors 
(Origin in glide-plane C) 

(i) P re l imina ry  (ii) F inal  

y/b z/c B (A s) x/a y/b z/c 
0.396 0.125 0.20 0 .043± 0.001 0"400± 0.002 0 .130± 0.002 
0.938 0.125 0.20 0.204± 0.001 0"935 ± 0.002 0 .120±0.002 
0.083 0 1.00 - -0 .002± 0.002 0"081 ± 0.005 - -0 .017±  0"004 
0-583 0 1.00 0.177 ± 0.001 0.580± 0.003 0.012± 0"003 
0.083 0 1.00 0.339 ± 0.002 0.090± 0.006 0-004± 0-005 

B (As)" 
1.17 
0.52 
1.33 
0.62 
1-35 

Table 2. Comparison of observed and calculated structure factors 

hkt IFo[ JF~I a~ 
002 191 239 56 ° 
004 56 57 178 
006 110 109 300 

110 80 85 129 
111 60 48 106 
112 83 75 226 
113 34 26 204 
114 56 61 294 
115 25 23 311 
116 26 29 342 
117 18 18 10 

111 60 51 17 
113 101 95 43 
113 69 53 274 
114 70 63 309 
115 54 49 194 
l i e  53 59 200 
117 25 24 117 

220 62 62 120 
221 98 92 29 
222 61 57 210 
223 65 57 119 
224 52 47 289 
225 44 50 239 
226 25 24 16 

22T 77 86 302 
222 66 61 41 
223 75 72 208 
22~ 40 30 329 
225 51 50 137 
226 25 20 209 
227 18 15 77 

9 
149 

5 
177 

330 
331 

180 
147 

hkl ]2'0] IFc[ ac 
332 18 7 251 ° 
333 38 39 253 
334 0 7 341 
335 86 81 32 

331 186 259 91 
332 9 4 145 
333 152 160 34 
334 0 5 92 
335 31 39 259 
336 0 5 5 
337 96 91 148 

440 42 48 241 
441 40 47 294 
442 38 39 337 
443 40 52 5 
444 34 32 69 

44T 46 50 192 
442 42 45 147 
443 57 58 106 
444 47 42 39 
445 46 46 13 
446 42 41 314 
447 58 48 278 

550 52 52 102 
551 40 47 318 
552 38 33 190 
553 29 37 41 

55T 53 55 230 
55~ 52 49 15 
553 53 59 152 
553 49 44 284 
55~ 39 41 77 
556 40 28 210 

hkl JFo] ]Fc] 
660 107 93 
661 18 10 
661 18 8 
66~ 134 122 
663 0 7 
66~ 96 73 

310 86 105 
620 90 91 
930 11 7 

511 55 47 
821 53 43 
421 64 68 
73T 54 52 

10,4,1 27 27 

402 46 39 
712 47 46 
532 39 38 
842 42 33 

033 165 199 
313 38 25 
643 81 81 
953 72 65 

513 47 53 
13~ 43 36 
75~ 44 37 

0¢ c 

233 ° 
354 
277 
183 
213 
131 

265 
57 

252 

266 
119 
237 

71 
287 

72 
289 
317 
212 

243 
8O 

179 
90 

158 
234 
256 

036 52 40 134 
336 0 6 78 
356 85 85 154 

135 35 30 112 
495 9 15 269 
245 51 57 173 
865 32 34 299 
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Tab le  3. Observed and calculated powder data 
I% = Recorded intensity measured with microdensitometer. 
Ic = Ii~c]~pfl(O)× 10 -a, where p is the multiplicity and f 1(0 ) is the angular factor defined by Goodyear & Duffin (1957). The 

absorption factor was almost constant for all reflexions, so no correction was made for this. 

hkl dc do Io Ic Ic I'o 

110 5"32 5"32 ms 252 252 235 

200 4.76 4.77 m 156 ~ 224 213 
111 4.72 4.72 w 68 ! 

111 3.514 3.514 w 32 ~ 100 80 
302 3.486 3.486 wra 68 

020 3.203 ] 166 J 

Y12002 3.0113"020) 3.014 s 28892} 380 332 

310 2-845 2.843 wm 100 ] 
021 2.828~ 2.824 ms 118 / 371 359 
312 2.821 ] 153 

221 2.741 2-741 wm 61 61 59 

220 2-658 2.657 w 29 ~ 62 42 
402 2-650 2.651 w 33 J 
400 2.382 2.379 vw 22 22 12 
322 2.359 2.359 vw 23 23 13 
112 2.345 2.342 vw 34 34 18 

221 2-208~ 2-206 m 45 ] 
311 2.207 ~ 62 / 215 212 
022 2.194 2-193 w+ 58 
313 2-185 2-182 w + 50 

202 2.101 2.099 w 28 28 23 

421 2-089 } 21 } 
i13 2.087 2 " 0 8 6  wm(b) 13 74 70 
~12 2.086 29 
130 2.084 11 

Eli  2.053 2.050 vvw 9 ] 
131 2-042~ 2.041 w 30 / 52 41 
422 2.042 ] 13 

hkl dc do Io Ic Ic I'o 

420 1.911} 12 } 
131 1.904 1.901 w(vb) 21 39 32 
~13 1.898 6 

323 1 - 8 8 4  1-884 vw 20 20 17 

602 1-855 / 1-852 vs 130 ~ 369 472 
331 1.851 _ 239 

510 1.826 1.824 w 26 26 33 

132423 1.812} 1.809 1.810 vw 19 9 }  28 23 

330 1.772 - -  - -  0.1 0.1 - -  

332 1.766 - -  ~ 0-03~ 11 9 
222 1.757 1-756 vvw 11 J 
404 1.743 1.742 vvw 14 14 10 
113 1.721 - -  - -  2 2 - -  

304 1.712~ 1.708 m 4 / 
312 1.710 J 119 / 372 398 
023 1 - 7 0 1  1.700 m 120 
514 1.694 1.693 m 129 

421 1.636 1.635 vvw 10 10 7 
132 1.629 - -  - -  4 4 
514 1.621 1.621 vvw 14 14 14 

622 1-605 ~ 1 -603  wm(b) 40 ~ 57 80 
040 1.602J 17 J 

600 1.588 1.586 wm- 50 
331 1 - 5 8 1  1"580 wm 83 
333 1"572 i 66 241 328 
114 1"572 / 1-572 wm 10 
604 1-571 32 

a n d  were corrected for Lorentz ,  po la r i za t ion  a n d  
abso rp t ion  factors.  

Abso rp t ion  correct ions were made  b y  assuming  t he  
specimens to  be cy l indr ica l  in  shape  a n d  app ly ing  
the  cor rec t ion  fac tors  g iven  b y  B o n d  (1959). The  
c rys t a l  used for [ i32] axis  p h o t o g r a p h s  h a d  an  ap- 
p r o x i m a t e  cross sec t ion  of 0 . 0 8 × 0 . 0 5  m m  ~, m e a n  
# r = 0 . 9  w i t h  # = 2 7 2  cm -1. A t h i n n e r  crys ta l ,  of 
a p p r o x i m a t e  cross sect ion 0.03 x 0"03 m m  2, was used  
for [110] axis  pho tog raphs  and,  a l t h o u g h  the  c rys ta l  
was t i pped  a t  a b o u t  29 ° to  t he  osci l la t ion axis,  t he  
abso rp t ion  was a s sumed  to  be the  same as t h a t  for  

cy l inder  of me~n  #r=0"5  whoa  the  inc iden t  b e a m  
is n o r m a l  to  the  spec imen axis.  

The  in tens i t i es  of X - r a y  powder  reflexions,  recorded  
w i t h  Cu Kc~ r a d i a t i o n  a n d  a de Wolf f  focusing camera  
of 22.9 cm effect ive d iamete r ,  were e s t ima t ed  v i sua l ly  
a n d  measu red  q u a n t i t a t i v e l y  w i th  a microdens i to-  
meter .  

3. T h e  d e t e r m i n a t i o n  of t h e  s t r u c t u r e  

Fo r  in i t i a l  i n t e n s i t y  calcula t ions ,  t he  space group was 
t a k e n  to  be Cc (C~) a n d  a wur t z i t e - t ype  s t ruc tu re  
w i th  four  ca t ion  vacanc ies  per  cell was assumed.  

Atomic  sca t t e r ing  fac tors  used for these  ca lcu la t ions  
were those  of F r e e m a n  (1959) for  Ga ,~+ a n d  Wi l son  
(1960) for S 2-. W i t h  a toms  loca ted  in  idea l ized  
posi t ions ,  ag reemen t  w i th  t he  observed  d a t a  was 
r ea sonab ly  good;  b u t  in  order  to  accoun t  for  several  
h31 (1 even) ref lexions of m e d i u m  s t reng th ,  smal l  
a r b i t r a r y  d i sp lacements  of t he  ga l l ium a toms  were 
m a d e  para l le l  to  t he  b axis, g iving the  a tomic  coor- 
d ina tes  l i s ted  in  p a r t  (i) of Tab le  1. Agreemen t  be tween  
observed  and  ca lcu la ted  d a t a  was fu r the r  i m p r o v e d  
b y  assuming  t e m p e r a t u r e  fac tors  of 0.2 ~2 for Ga 
and  1.0 /~2 for S. A t  th i s  s tage t he  R index,  
X I F o - F c l / X I F o l ,  was 16"4% for 73 observed  hht 
ref lexions and  18.6% for 26 ref lexions recorded  on  
[132] axis pho tographs .  

W i t h  these  p r e l i m i n a r y  da ta ,  a t h ree -d imens iona l  
leas t -squares  r e f inemen t  w i th  i nd iv idua l  i so t ropie  
t e m p e r a t u r e  fac tors  was u n d e r t a k e n  b y  Dr  H . H .  
Su the r l and ,  us ing  the  p rog ram of Schoone (1960) on 
the  Zebra  compute r  ins ta l l ed  a t  Queen 's  College, 
Dundee .  Af te r  several  cycles of re f inement ,  t he  R 
indices  were reduced  to  13.6% and  12-9% for t he  
two zones respect ive ly ,  t he  f ina l  a tomic  p a r a m e t e r s  
being those  g iven  in  p a r t  (ii) of Tab le  1. The  s t a n d a r d  
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Fig. 2. Projection of the structure on the (010) cell face. The b 
are the y/b parameters of the atoms. 

axis is directed into the plane of the figure and the numbers 
V denotes vacant tetrahedral site. 

deviat ions of the  atomic coordinates, calculated by  
the formulae of Cruickshank (1949), are greater t h a n  
the corresponding shifts in  the f ina l  cycle of the  
ref inement.  The differences in  the tempera ture  factors 
of Ga(1) and Ga(2), and  S(2) and  S(1)(S(3)), are not  
readi ly  explained in  terms of atomic envi ronments ;  
they  are possibly due to anisotropy in  the the rmal  
vibrat ions.  

The observed and  calculated s tructure factors are 
l is ted in Table 2, and  observed and  calculated in tens i ty  
da ta  for the powder reflexions are compared in 
Table  3. 

4. Descr ipt ion  of the s tructure  

A project ion of the  s tructure on the (010) cell face 
is shown in Fig. 2, vacan t  te t rahedra l  cation sites 
which would be occupied in a wurtz i te- type structure 
being indicated.  Ignoring distort ion from perfect 
close-packing, these vacancies are arranged in  hex- 
agonal arrays paral lel  to the (001) face. The structure 
differs pr inc ipal ly  f rom tha t  proposed b y  H a h n  & 
F rank  in  the relat ive orientat ion of successive arrays.  
According to Newman ' s  (1961) proposed scheme of 
s tacking sequences in  AmBVIe a compounds wi th  tetra- 
hedra l  binding, the present  s t ructure corresponds to 
the sequence - I I - V I - I I - V I - ,  whils t  t ha t  of t I a h n  & 
F r a n k  is of the  type  - I I - I I - I I - I I - .  

Distort ion from an idealized wurtzi te- type struc- 
ture is due m a i n l y  to shrinkage of t e t rahedra  sur- 
rounding vacant  cation sites. The average S-S dis- 
tances in  t e t rahedra  enclosing Ga(1), Ga(2) and a 
vacancy  are 3-75, 3.73 and  3.63 ~,  respectively,  the 

mean  deviat ion being 0.05 A in each case. Vacancies 
occur most  f requent ly  paral le l  to the  c axis, which 
is one of H a h n  & Frank ' s  rhombohedra l  axes, and  
this  causes a contraction in  this  direction, explaining 
w h y  the lat t ice is monoclinic ra ther  t h a n  rhombo- 
hedral .  F ina l ly ,  S(1) a toms are each l inked to two 
gal l ium atoms, whereas 8(2) and  S(3) atoms are each 
l inked to three. Consequently,  Ga(1)-S(1) and  Ga(2)- 
S(1) bond lengths (2.22 A and  2.18 A, respectively) 
are somewhat  shorter t h a n  the  average bond length, 
2.32 ~ ,  between Ga(1)(Ga2) and  8(2)(S(3)) atoms. 

We wish to t h a n k  Dr  W. J .  Duff in  and  Mr P. C. 
Newman  for most  helpful  discussions and  suggestions, 
and  Dr H. I-I. Suther land  for carrying out calculations 
on the  Zebra computer  at  Dundee. One of us (G. A. S.) 
is indebted  to the Depar tmen t  of Scientific and 
Indus t r ia l  Research for the  award  of a research 
s tudentship.  
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