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The Crystal Structures of the Germanium-Arsen ic  Compounds.  
I. Germanium Diarsenide, GeAs2 

:BY JOHN H. :BRYDEN* 

Semiconductor Materials Department, Hughes Research Laboratories, Newport Beach, California, U.S.A.  

(Received 24 January 1961) 

The crystal structure of GeAs 2 has been determined from Patterson projections and by direct 
methods. The orthorhombic unit cell has the dimensions 

a0=14.76, b0=10.16, c0--3.728A. 

The space group is Pbam, and there are eight formula units of GeAse per unit cell. Each Ge atom 
is bonded tetrahedrally to four As atoms, and each As atom forms three short bonds to Ge or As 
atoms and three long bonds to As atoms in a distorted octahedral arrangement. Viewed along the 
c-axis, groups of two Ge and three As atoms form columns of irregular puckered pentagons which 
are bonded together through a fourth As atom into layers parallel to (100). The long As-As bonds 
are, with one exception, between these layers. 

I n t r o d u c t i o n  

The phase diagram of the germanium-arsenic system 
(StShr & Klemm, 1940) shows two compounds, GeAs 
(m.p. 737 °C.) and GeAs2 (m.p. 732 °C.). Schubert, 
DSrre & Gtinzel (1954) have reported GeAs to be 
monoclinic and GeAs2 to be orthorhombic. Interest 
in the nature of the chemical bonding in these com- 
pounds and their properties as possible semiconducting 
materials has prompted the preparation of samples 
and the investigation of their crystal structures. The 
crystal structure of GeAs2 is described here. 

E x p e r i m e n t a l  

Crystals of GeAs~. were grown by heating germanium 
with a slight stoichiometric excess of arsenic in an 
evacuated sealed quartz tube to 800 °C., maintaining 
this temperature for about one hour, and then cooling 
slowly. A crystalline mass was obtained from which 
small individual crystals could be separated. The 
crystals are acicular with a grey metallic appearance 
and have well-developed, highly reflective faces. They 
are soft and bend easily. A perfect cleavage occurs 
parallel to the length of the crystals. 

From rotation and equi-inclination Weissenberg 
photographs taken about the long dimension of the 
crystal, the following unit cell dimensions were ob- 
tained (2 of Cu Kc¢---1.5418 A)" 

ao= 14-76 ± 0.03, bo= 10.16 ± 0.03, c0= 3-728 ± 0.008 A. 

These values agree well with those reported by 
Schubert et al. (1954). The observed density reported 
by StShr & Klemm (1940) is 5.39 g.cm. -3, giving eight 
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formula units of GeAs2 per unit cell. The calculated 
density is 5.284 g.cm. -3. 

Measurements of crystals on an optical goniometer 
showed that  the important prism forms are {100} and 
{210), with {110) occurring occasionally. The usual 
shape of the crystals is that  of laths elongated in the 
[001] direction and having (100) as the prominent 
face. The perfect cleavage is parallel to this face. 

The space group extinctions observed were: hkl 
present in all orders; hO1 present only with h=2n ;  
and Okl present only with k=2n.  These extinctions 
are permitted by the space groups CS2~-Pba2 and 
D~h-Pbam. A careful comparison of the hkO and hk2 
Weissenberg photographs showed no significant dif- 
ference between the intensities of corresponding reflec- 
tions on the two photographs. The space group Pbam 
was therefore assumed. 

The intensity data for the structure determination 
were measured visually from multiple-film equi- 
inclination Weissenberg photographs of the hkO and 
hkl reflections. There were 188 hkO and 182 hkl 
reflections observed. The hkl reflections were corrected 
for spot extension by the equation given by Phillips 
(1954). As the linear absorption coefficient of GeAs2 
for Cu Ka radiation is 392 cm.-1, it was necessary to 
correct the observed intensities for absorption. The 
crystal used to obtain the intensity data approximated 
a hexagon in cross section. The smallest dimension 
was 0.096 mm. between parallel (100) faces, and the 
largest dimension was 0.157 mm. between the inter- 
sections of pairs of parallel (110) and (110) faces. 
A somewhat idealized cross section of the crystal was 
divided into 40 equal areas, and the transmission 
factors were then calculated for the hkO and hkl 
reflections by the method described by Henshaw 
(1958). 
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hkO 
da ta  

hbl 
da ta  

A t o m  [~o[  ]~/~z~[ 
Ge I 82-1 1270 
G% 79.2 1223 
A~ 82.9 1295 
As s 85-5 1547 
As a 90-5 1533 
As~ 89.5 1573 

{ Ge~ 81-7 1346 
Ge s 80.2 1381 
As~ 83.5 1533 
As s 85.8 1624 
As s 87.2 1478 
As 4 85.3 1436 

Table 1. Final parame~rs 
IOsq/Oy~l x y z a(x) a(y) 

1088 0"1381 0-4188 0"0000 0"0033 ~ 0"0043 
1224 0-2664 0"2015 0"5000 0.0034 0-0038 
1292 0-2958 0"3537 0-0000 0"0033 0.0036 
1520 0.0385 0.2262 0-0000 0.0027 0"0031 
1391 0.1117 0"10II 0"5000 0-0028 0"0034 
1290 0.4028 0"0631 0"5000 0.0027 0"0036 

1556 0.1374 0.4195 0.0000 0.0028 0.0026 
1507 0.2670 0.2033 0.5000 0.0028 0-0026 
1566 0.2948 0"3528 0"0000 0.0025 0.0026 
1317 0.0382 0.2257 0.0000 0.0023 0.0030 
1332 0.1118 0.1018 0.5000 0.0026 0-0030 
1438 0.4015 0.0625 0-5000 0.0026 0-0028 

Determinat ion  of the structure 

Since the expected interatomic distances in GeAs~ are 
all about 2.4 ~_ or greater, the short c axis should 
insure that  all atoms will project on (001) without any 
overlapping. In  addition, if all atoms are in the mirror 
planes of Pbam, the hk0 data and the hkl data  will 
provide two independent structure determinations. 

The mirror positions of this space group are four- 
fold, requiring the location of two germanium atoms 
and four arsenic atoms. There are two independent 
sets of equivalent mirror positions: 

x, y, 0; ~, ~, 0; ½+x, ½ - y ,  0; ½-x ,  ½+y, 0; 
x,y, ½; ~,,~,½; ½+x, ½-Y, ½; ½-x, ½+Y, ½. 

1/2, . . . . . . .  . ~ . . . . . .  ... . . . . . . . . . . .  . 

O • . . ,  . . .  . .  : 

0 - -  ) ~  ao 1/2 

!i i i ...... i;i  i:!ii 
: ' ' ' 7 .. : :.: ' . ..... 

0 ii '::: ' 
0 ao ~ 1/2 

(b) 

Fig. 1. Electron densi ty  projections for germanium diarsenide: 
(a) the  hbO Fourier  projection,  and (b) the  hkl  generalized 
Fourier  projection.  The zero contour  is dot ted ,  and ~ho 
negat ive contours  are broken. The contour  interval  is 
arbi trary.  

As an hO1 precession photograph showed only even 
orders of 001, it was assumed tha t  one germanium and 
two arsenic atoms occupied positions in each set. 
This was subsequently verified. 

After correction of the intensities for absorption and 
t h e  L o r e n t z  a n d  p o l a r i z a t i o n  f a c t o r s ,  t h r e e  P a t t e r s o n  
p r o j e c t i o n s  w e r e  c a l c u l a t e d :  t h e  f i r s t  w a s  c a l c u l a t e d  
w i t h  t h e  hk0  d a t a  o n l y ;  t h e  o t h e r  t w o ,  c o m b i n i n g  b o t h  
hk0  a n d  h k l  d a t a ,  w e r e  c o m p o s i t e  P a t t e r s o n  p r o j e c -  
t i o n s .  T h e  s e c o n d  w a s  c a l c u l a t e d  w i t h  t e r m s  of  t h e  t y p e  
]F(hkO)I2+]F(hkl)]  2, a n d  s h o w s  t h e  i n t e r a t o m i c  vec -  
t o r s  b e t w e e n  a t o m s  i n  t h e  s a m e  m i r r o r  p l a n e .  T h e  
t h i r d  w a s  c a l c u l a t e d  w i t h  t e r m s  of  t h e  t y p e  
IF(hkO)] ~'-  ]F(hkl)12,  a n d  s h o w s  t h e  i n t e r a t o m i c  vec -  
t o r s  b e t w e e n  a t o m s  i n  a d j a c e n t  m i r r o r  p l a n e s .  L i t t l e  
u s e f u l  i n f o r m a t i o n  w a s  i m m e d i a t e l y  o b t a i n a b l e  f r o m  
t h e  f i r s t  P a t t e r s o n  p r o j e c t i o n ;  h o w e v e r ,  i t  w a s  p o s s i b l e  

T a b l e  2. In tera tomic  distances and  angles 
i n  g e r m a n i u m  diarsenide 

Atoms Multiplicity 

Gel-AS 1 1 
Asg. 1 
As 4" 2 

Ges-As I 2 
As s 1 
As 4 1 

Ass-As s 2 
Asl-As 2 ' 1 

As s" 2 
Ass-Ass" 1 
As4-As s' 2 

As4'" 1 

Atoms  Angle 

Asl-Gel-AS s 110.7 ° 
Asl-Gel-AS 4' 113.5 
Ass-Gel-AS 4' 109.5 
As4'-Gel-As 4' 99"6 
Asl-Ges-As 3 114.4 
Ass-Ge2-As 4 102.8 
Asa-Ges-As 4 120-5 
Asl-Ge~-As 1 99-1 
Gel-Asl-AS s" 100.4 
Gel-Asl-Ge s 90.4 
Ge2-Asl-AS s' 91.8 
Ass ' -AsrAsa '  76.7 
Ge~-Asl-Ge~ 99" 1 
Asa'-Asl-As a" 66"0 
Gel-As2-As a 98.4 
G e r A s s - A s  4 81.5 

Distance a 

2-420 A 0.004 A 
2.451 0.004 
2.440 0.003 
2-45O 0.003 
2.506 0-004 
2.452 0.004 
2-500 0-003 
3.677 0.004 
3.422 0.004 
3.891 0.004 
3-481 0.003 
3.156 0-004 

Atoms  Angle 
Ass-As2-ASl'" 108.2 ° 
ASl'-As2-As4" 64.6 
Ass-Ass-As s 96-4 
As4"-As2-As4"" 64.7 
Ge~-Asa-As 2 100- 8 
Ges-Ass-As 1" 86.3 
Asl ' -Ass-As3" 87.1 
Ass-Ass-ASs" 84.3 
Ass-Ass-As s 96.4 
Asx'-Asa-As 1' 66-0 
Ges-As4-G( h" 98.5 
Ges-As4-Asg" 96-6 
Ass'-As4-As4"" 73-8 
Gel"-As4-As4"'" 88-8 
Gel '-As4-Ge 1" 99"6 
Ass'-As4-Ass' 64-7 
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T a b l e  3. Observed and calculated structure amplitudes for germanium diarsenide 
Indices preceded by an asterisk were omitted from the calculation of the percent discrepancy 

14 o ,  1oo ~,6 10 ~ ~ 16, ~02 
-3 0 - - -  784  ~ 6 0 129 -171  16 0 I 1#* 8 11 125  --105 
o 0 88 -71  6 o 12o - 1 3 7  18 o i 117 -15~  12 6 i 21. 16 
0 0 112 -87 2 6 o 116 -126 13 6 83 66 

o o o , . - ~ , ,  , . . . .  5~ ,~ I ~ ~" -'o 1, 6 ~' . -51 
6 0 0 147 118 4 6 0 164 180 8 3  - 5  15 I" 41 42 .  

10 . . . . . . .  5 6 0 156 - i ~0  43 11 11 68  47  16 66 Z 20  - 18  
• IZ o o 125 i~4 6 6 0 39 28 127 -105 

14 0 o 79 - 7o  T 6 o 33 - 25  ~ x z 11o  8s 1 7 ~ ~5 - 46  
16 o. o l o i  -6o ~ ~ oo 12o-1_,~ ~ ~ ~2 -. 2 • 5~ -,o 
I~ 0 0 16 -18 8- 7 I I 176 -176 3 7 1 99  -124 

lO 6 o 35 3o s z ~ ~ 1 6  - 8 8  4 7 1 25  - 1 6  

1 0 74 -65 12 66 0 46  36 lO 11 i 104 -79 6 7 78 72 
3 1 o 55 36 13 0 16 -13 11 1 97  79  7 7 i 72  68  
4 1 3 139 -193  14 6 0 86  77 12 1 I 91 92 8 7 % 106  119  

6 0 31 -32 i . . . . .  03 15 13 11 ~ 16 15 9 7 1 9-  - i  

? 85 -60 15 i I 86 -68 11 I 16 - 9  
d 1 '" 182-2173 49 16 1 11 . . . . . . .  

I0 ~ C 36 --30 3 7 0 156 - 166  18 1 1 IZ -15 14 45 -40 
I I  o 22 17 4 7 o 46 34  " 15 7 "% 146 200  
12' 1 o 52 -46 5 ~ o 12 4 ~ ~ i 8o-~ 
13 I 3 99  -104 6 0 47  -30 * I 141 320  0 8. I 93 105 
i ~, 1 o 83 79 7 7 0 75 - 61  2 2 1 125  - 181  1 8 11 56  - 51  
15 1 0 36 28 8 7 o 65  - 49  3 2 i 83 58 2 : 32  - 26  
I~ 1 o 2 9  2e 9 7 0 131 138 4 2 1 65 39 3 1 4~* -36 
17 I o 2 /  34  IO 7 c ico lO2 65 22 I 88 -65  4 8 1 73 76  
16 1 ~'  26  29 11 7 o 8 -  - 5  1 27  15 5 8 I 90 95 

12 7 0 41 30 7 2 11 190  -169  6 8 1 85  - 89  
~ ~ 58 -6~  13 , o 93 82 8 2 115 8~ 7 8 z 139 17, 

16 -11  14 7 0 5 -  - 2  9 2 1 42  - 27  8 8 1 29  - 31  
2 2 0 ~9 4~ 15 7 0 38 42 10 2 1 108 -87 g ~ ~ 74 - 67  
3 2 0 138  - 1 5 5  16 7 0 43  - 64  11  2 1 1"30 122  1 56  5 ,~, 
4 2 0 211  - 264  12 2 i 80  63 11 8 1 52  /*1 
5 2 0 129  - 1C6  0 8 .0 81 - 76  13 2 ~ 36 - 32  12 8 1 32 23  

2 C 9 - 1  1 8 0 105  121  14 2 130  112  13 8 1 20  - 22  
22 O0 17 16062 2 8 0 34 30 15 2 i 16 7105 i z+ 8 ). 64 - 48  

6 8 9  3 88 o 19 -12 16 2 1 87 
9 2 0 13 -8 4 0 62  49 17 2 111 14 - 12  1 9 ~ 36 --28 

10 I I  2. 2 001222 5 -22 i02 5 8 0 1 1 8 1 2 8  18 Z 4 -T  3 2 99 1 104 92 93  86  

12 2 0 66 55 8 0 12 3 1 3 30 - 23  4 9 1 97 -96 
15 2 0 155 -175 8 8 0 86 -78 3 23 -15 5 9 l 105 108 
14 2 0 36  33 9 8 0 30  - 20  3 3 1 48  35  9 11 43  36  
15 2 o ~8 93 IO 8 0 18 13 4 3 1 28 17 7 99 25 19 
16 2 0 35  23 11 8 o 130 116  65 3 1 173  - 182  8 1 60  - 58  
17 2 0 120  122  12 6 o 76 --72 3. 1 175  174  9 9 i 102  - lO8  
18 2 o 5 2 15 8 0 16 21 7 2, 1 i17 IOO IO 9 1 76  60 

0 ~3 - -131  14  8 0 6 -8 8 ~ I~ 1 5 - 1 0  11 g .~ 113 - -119  
12 : 0 62 - 56  . . . .  19 12  . . . .  5 

9 0 125  147  10  3 I 108  92 13  9 1 27  31 
3 3 o 61 46 9 0 82 83 Ii 3 I ill 1oo  
4 3 0 124 121  9 0 32 25 12 3 1 34 32 
5 3 0 7-- 1 4. 9 0 71 -64 13 ~ ~ 13 -12 10 66 -56 

~ ° 0 ,8 18. ~ ~ 0 134-127 14 35 -31 ~ 10 ~ .4 100 
59 36  0 59 -56 15 3 1 20 --16 3 i o  ~ 130 -117 

8 3 o 17 8 ~ 99 ° o 45 30 16 ~ i 116-12~ ; ~o ~ ~ - 7 1  
9 3 o 32 --20 8 34 23  17 11 25  27 io - -1 

11 3 0 50 - 43  10 9 0 36  26  0 ], 8 2 10  I 1  - 13  
12 3 0 112  112  11 9 0 25  16 1 ~ 1 43  30  8 10  1 20  - 18  
1,  3 o 115 12 ,  12 9 o .16 16 ~ 4 ~ 121 . 7  9 lO ~ ~ o - ,  
14 3 g 32 23 13  9 0 90  - IOL  * 4 172  299  ]0 10 1 37  - -36 
15 3 43 -42  ~ 4 1 68 -50 Ii io 23  -23  
16 3 0 13 -1 5 ~ 1 121 -1o2 
17 3 0 94 96 o IO o 41 3~ 

Z lO  o 42  -31 6 ,. z 38  -26 21 : tx  ~ 15o  -137 
za 3 o 111  - 14o  2 lO  o 16 - 17  ~ ~ ~ 67  - 4s  11 ~O l  84 

34  25 3 Ii I 60 .8 1o oo 37 -3o 
0 ~ 00 88  - -93 10 26  - 1 8  9 4 I 52 4 0  4 11  ~ 87  81 
21 ~ 28 25  5 1o o ~ -6  lO , ~ 36 - 22  5 11 22  16 

4 0 91 99  67 io o 4 2  -36 II 4 82 67 6 11 .!. 146 -151 
3 4 0 103 -106 l O  0 85 -66 12 4 i 19 -18 7 I i  i 6- - I  
4 4 0 143  147  8 1 0  g 125  121  13 4 1 46  34  8 1 1  i 6 9 
5 4 0 71 48 9 i0 125 -131 16 4 I 160 -142 ii 41 -38 
6 4 o ii -8 Io IO 0 90 -80 15 4 1 32 -23 
7 4 0 97  75 11 lO  o 5 6 16 4 1 23 - 19  I 12 1 81 72  
8 4 0 56 - 3 7  12 io 0 7 11 17  4 Z 38 -39 12 i 28  -20  
9 4 o 189 213  2 12 i 76 -66 

l O  . . . . . . . . .  1 11 g 52 -45  1 5 1 1 1 0 1 4 0  3 1 2 1  34 34 
11 4 o 1 . . . . . .  11 , 5 - 6 2  ~ 13 , -1  . . . . .  ~ ~_ o 
12 4 0 56 53 3 I 1 0 8- 7 ~ 5 1 76 -64 5 12 3 42 
13 .~ o 99  -83  4 i I  0 61 --4 4 5 1 9 - 7  6 12  1 7 -8  
14 4 0 70 -60 5 11 o '114 -106 5 % 24 -16 
15 4 0 8 9 6 II 0 21 18 6 5 I 7 0  -66 
1 . . . . . . . .  7 Ii g ~ i 47  36 
17 z+ 0 62 60 i i  77 71 8 1 64 51 
18 ~+ 0 7 - I Z  . ,9  I i  o 50 5o 9 5 I 76  74 

5 0 63  5~  10 11 0 27 33 10 5 1 82 - -73  

5 o 49 --43 12 5 i -47 
3 5 0 62 52 
4 5 o 1o6 86 
5 5 o I i  -7 
6 5 0 1 3 3  -131 
7 5 o 99 80 
8 5 0 117 -89 
9 5 0 128  - 1 3 1  

lO  5 0 92  - 79  
ii 5 0 27  -19 
12 5 o 6o 49 
13 5 o 39 -28 
16 5 0 113 107 
15 5 0 58 57 6 0 1 243 251 
16 5 o 8o-78 8 o i 187-14~ 
17 5 0 i00 -131 lO o 1 141 -125 

iZ 0 l 156 -178 

12 0 9" 7 
"12 0 74 - 69  13 5 1 31 - 23  

2 12 0 23 2~ 1~ 5 1 27  23 
3 12 0 93  88 15 5 1 55  - 5 3  
4 12  0 1 0 0  - 1 0 2  16 5 1 23  - 2 a  

17  5 1 37  5 d  12 0 49  50  
12 0 47  49  

7 12 o 37 46  o 6 1 42  33 
1 6 1 20 12 

1 13  0 9 -2  2 6 1 39 -33  
3 6 1 70 - ~9  

~ I 65 , 4 66 1 . . . .  5 
153 91 5 I l b  12 

6 6 1 94 -86 
7 6 1 113 - 1 2 3  
8 6 1 38  -27  
9 6 1 9 -  4 

J 
to  d e f i n i t e l y  l o c a t e  t lu ' ee  a t o m s  i n  o n e  m i r r o r  p l a n e  w h e n  i t  w a s  f o u n d ,  e v e n  w h e n  p a r t s  of  i t  w e r e  k n o w n .  
( t h e  a t o m s  a t  z = 0 i n  T a b l e  1) f r o m  t h e  s e c o n d .  I t  w a s  A t t e m p t s  t o  d e r i v e  t h e  s t r u c t u r e  b y  m o d e l  b u i l d i n g ,  
n o t  p o s s i b l e  to  d i s t i n g u i s h  b e t w e e n  g e r m a n i u m  a n d  a s s u m i n g  t e t r a h e d r a l  t e t r a c o v a l e n t  g e r m a n i u m  a n d  
a r s e n i c  a t o m s  or t o  l o c a t e  a n y  a t o m s  i n  t h e  m i r r o r  p y r a m i d a l  t r i c o v a l e n t  a r s e n i c ,  h a d  s h o w n  t h a t  m a n y  
p l a n e s  a t  z =  ½. N o  a d d i t i o n a l  i n f o r m a t i o n  w a s  o b t a i n -  p o s s i b i l i t i e s  ex i s t .  I n  a n  a t t e m p t  t o  m i n i m i z e  t h e  
a b l e  f r o m  t h e  t h i r d  P a t t e r s o n  p r o j e c t i o n ,  d i f f i c u l t y  of  r e c o g n i t i o n ,  d i r e c t  m e t h o d s  w e r e  t r i ed .  

T h e  m a j o r  p r o b l e m  i n  t h e  i n t e r p r e t a t i o n  of  t h e s e  t t a r k e r - K a s p e r  i n e q u a l i t i e s  w e r e  a p p l i e d  as  d e s c r i b e d  
v e c t o r  m a p s  w a s  r e c o g n i z i n g  t h e  correc t  s t r u c t u r e  b y  G r i s o n  (19511 a n d  L a v i n e  (19521.  A f t e r  p l a c i n g  t h e  



170 CRYSTAL S T R U C T U R E  OF GERMANIUM D I A R S E i ~ I D E ,  GeAs~ 

hkO data on an absolute scale by the method of Wilson 
(1942) and calculating the unitary structure factors, 
it was found possible to derive 50 relations among 
t h e  phases of the reflections. From these relations the 
phases of 30 reflections were obtained, 16 of which 
depended on the unknown phase of one reflection, 
(810). Two electron density projections were calculated 
with these data corresponding to the two possible 
phases of (810). Neither of these projections could be 
immediately interpreted in terms of a reasonable 
structure because of several extra peaks that  were 
present. As an aid in deciding between the two Fourier 
projections, the minimum function of Buerger (1951, 
1959) was applied to the hkO Patterson projection. 
The three atoms previously located were used as the 
starting point with the vectors between pairs of 
atoms related by the nearest two-fold axis defining 
the minimum functions. The resulting minimum func- 
tion map showed a pronounced resemblance to the 
30-term Fourier projection for which the sign of F(810) 
was negative. Knowing the positions of three atoms on 
this projection permitted the parameters of the re- 
maining three atoms to be determined. The phases of 
two weak reflections used in this Fourier projection 
were found to be wrong in the final calculations. 

These parameters were refined by Fourier methods, 
using the hkO and hkl data independently. The final 
hkO and hkl projections are shown in Fig. 1. The 
final parameters obtained from the hkO and hkl data 
after correction for series-termination errors by t h e  
back-shift method of Booth (1946) are listed in Table 1. 
The standard deviations of the atomic coordinates 
were calculated by the method of Cruickshank (1949). 
The unweighted average of the two sets of parameters 
were used to calculate the interatomic distances and 
angles that  are listed in Table 2. The observed and 
calculated structure amplitudes are given in Table 3. 
The scattering factors for these calculations were 
obtained by the analytical expression proposed by 
Vand, Eiland & Pepinsky (1957), using the constants 
given by them. The percentage discrepancy was 14.5 
for the hkO data and 16.5 for the hkl data. An isotropic 
temperature correction, exp [ - B  (sin 0/~t)~], with B = 
0.21 A ~, was used in the final calculations. The 
quantitative agreement between the larger observed 
and calculated structure amplitudes is not as good as 
is usually obtained, although the agreement for the 
smaller values is generally good. In particular, t h e  
agreement for (121), the most intense reflection from 
this crystal as observed on a Debye-Seherrer powder 

'6' ® 

/ ,, L-- ", 

Fig. 2. Schematic drawing of the crystal structure of germanium diarsenide. The light circles are atoms at z= 0, and the heavy 
circles are atoms at z-----½. The shaded circles are the arsenic atoms. The solid lines represent normal covalent bonds, and the 
broken lines represent the weak inter-arsenic bonds. One unit cell is outlined. 
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photograph, is very poor. This is largely due to the 
difficulty of making accurate visual estimates of 
photographic intensities from a highly absorbing 
crystal. Extinction has undoubtedly also affected 
some of the more intense reflections. 

Discuss ion  

Fig. 2 is a schematic drawing of the crystal structure 
showing the numbering of the atoms. The identifica- 
tion of the germanium and arsenic atoms was made 
by consideration of the number of covalent bonds 
formed by each atom. From Table 2, the list of 
interatomic distances and angles, it is seen that  the 
germanium atoms form four approximately tetrahedral 
covalent bonds to arsenic atoms, and the arsenic 
atoms form three pyramidal covalent bonds to ger- 
manium or arsenic atoms. The germanium-arsenic 
bond lengths range from 2.42 to 2-51 /k, with an 
average of 2.453 A. This is not significantly different 
from the value of 2.43 /l  calculated from Pauling's 
covalent bond radii (Pauling, 1960). The single arsenic- 
arsenic bond length is 2.50 /k, about the same as is 
found in metallic arsenic. 

When viewed along the c axis, two germanium and 
three arsenic atoms make an irregular puckered 
pentagon. The bonds between Ge2 and As1 and 
between As2 and Ass form these pentagons into 
columns parallel to the c axis. The fourth arsenic atom 
then binds these columns together into layers parallel 
to (100). 

In addition to three close neighbors, each arsenic 
atom has three more-distant arsenic neighbors ar- 
ranged so that  the coordination is roughly octahedral. 
These longer interatomic distances range from 3.16 

to 3-89 /~. The shortest distance is about the same as 
found in metallic arsenic. The forces between these 
layers in GeAs2 must therefore be considerably weaker 
than the forces between the layers in metallic arsenic. 
This is borne out by the great ease with which crystals 
of GeAs2 may be cleaved parallel to (100). Four of 
these longer distances are between layers; the fifth, 
between As1 and As~, is within the layers. 

I wish to thank Mrs Mary Frances Harvey for her 
assistance in making many of the calculations, 
particularly the absorption corrections, Mr H. I. 
Fleischer of the Computing Services Section for his 
help in seeing the numerous crystallographic calcula- 
tions through the IBM 709 computer, and Dr Richard 
E. Marsh of the California Institute of Technology for 
preparing a precession photograph of a GeAs2 crystal. 
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