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Table  1. Spacings of (hkl) lines of evaporated carbon f i lm  
heated at 1200 °C. 

Values of dc are calculated from graphite lattice having 
a= 2.456 /~. For comparison, positions of halos on diffraction 
pattern of carbon film without being heat-treated are also listed 

(s = 2~/d = 4~ sin 0]~) 
Carbon film 

Carbon film heated at 1200 °C. without being 
heat-treated 

hkl "dc (h) do (A) So (A -1) No. so (A -1) 

(002) 3.408 1.84 1 1.2 
100 2.127 2.120 2.96 2 2.9 

(004) 1.71 3.67 
110 1.228 1.228 5.12 3 5.5 200 1.063 1.063 5.9I 
210 0.804 0.8045 7.81 
300 0.709 0.7089 8.86 4 8.6 
220 0.614 0-6135 10.2 5 10.4 310 0"590 0.5905 10.6 
400 0.532 0.532 11.8 
320 0.488 0-487 12.9 
410 0.464 0.4641 13.5 6 13-5 
500 0.425 
330 0.409 0.409 15.4 
420 0.402 0"403 15.6 
510 0"382 0"381 16.5 
600 0.354 ~ 0-353 17.8 
430 0"350 ) 
520 0.341 0"341 18.4 7 18.1 
610 0.324 
440 0.307 } 

530, 700 0.304 0.305 20.6 
620 0.295 
710 0.282 0.281 22.4 8 22.4 
540 0-272 
630 0.268 ~ 0.267 23.5 
800 0.266 J 

9 24.8 
10 28.5 
l l  32 

lines can be observed. W h e n  the incident  beam is normal  
to the surface of the film, the basal reflections (002) and 
(004) do not  appear,  bu t  when  the  beam is inclined to the 
surface, they  do appear  as arcs which run  across the  
vert ical  line as shown in Fig. 3. The in ter layer  spacing is 
es t imated  to be 3.41 A. F r o m  these observations,  it is 
obvious tha t  films hea ted  at  higher  tempera tures  have  
the r andom layer  s t ructure,  each layer  having orienta- 
t ion parallel to the film surface. 

I t  is remarkable  to note  t ha t  the  three-dimensional  
r andom ne twork  s t ruc ture  (composed of graphite-l ike 
and  diamond-l ike configurations) of evapora ted  carbon 
film transforms into the  r andom layer  s t ruc ture  wi th  
prefered or ientat ion at  e levated tempera ture .  The r andom 
layer s t ruc ture  is f requent ly  found in the  so-called 
'amorphous '  carbons, which are general ly prepared  by  
any  hea t  t r e a tmen t  of about  1000 °C. and  are known to 
t ransform into crystall ine graphi te  a t  the higher  tem- 
pera ture  (1000 ~ 3000 °C.) wi th  some except ional  cases 
(Franklin,  1951). The t empera tu res  in the  present  t reat-  
m e n t  are comparable  wi th  those in prepara t ion  of other  
'amorphous '  carbons, and it is a future  problem whe ther  
the obtained r andom layer  s t ruc ture  will change to 
graphi te  crystal  s t ruc ture  by fur ther  hea t  t r e a t m e n t  or 
not.  E x t e n d e d  s tudy  is now proceeding, and detai led 
analysis will be repor ted  later.  
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The  recent  success at  this laboratory in the prepara t ion  
of high pur i ty  single crystals of ge rmanium sulfide, GeS, 
and  the subsequent  optical and electrical measurements  
with these crystals p rompted  the cont inuat ion  of similar 
measurements  wi th  other  IVb-VIb compounds  from these 
groups in the periodic table, especially those of ger- 
m a n i u m  (Betz, 1958). I t  was found tha t  ge rman ium 
selenide, GeSe, could be prepared in a manne r  similar 
to tha t  for GeS. A detai led description of the methods  
and  techniques involved in producing high pur i ty  single 
crystals of GeS and GeSe is now in prepara t ion and will 
be submi t ted  soon for publ icat ion elsewhere. 

* Supported in part by the Department of the Navy, 
Bureau of Ships, Washington, D.C. 

t Now at the Department of Metallurgy, University of 
Cambridge, Cambridge, England. 

At  the beginning of this invest igat ion only one previous 
publ icat ion by I v a n o v - E m i n  (1940) had  repor ted any  
work wi th  solid GeSe. P repara t ion  of the material ,  a few 
chemical  properties,  and  a t en ta t ive  crystal  sys tem 
assignment  were given. Pre l iminary  X- ray  da ta  obta ined 
here were in d isagreement  wi th  this Russian work,  and 
therefore a complete  s t ruc ture  analysis of OeSe was 
s ta r ted  in early 1958. When  the present  work was near ly  
completed a detai led s t ruc ture  analysis was repor ted by 
Okazaki  (1958). Our results are in good agreement  wi th  
those of Okazaki.  

In  Table 1, the complete  d isagreement  wi th  the Rus-  
sian work  is quite evident .  I n  t ha t  determination, the  
crystal  sys tem and  lat t ice parameters  were deduced from 
only 18 powder  pho tograph  lines. The d values and  
intensities of these lines, wi th  the  possible exception of 
three or four, do no t  show any  recognizable correspond- 
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Table 1. Comparison of the three GeSe structure 
determinations 

Ivanov-Emin Okazaki Kannewurf 
Author (1940) (1958) et at. (1960) 

Crystal system Tetragonal 
a (A) 8.83 + 0.02 
b (A) 
c (A) 9.76_+0.01 

Density 
(g.cm. -3) 
,o (tale.) 5-266 
@ (meas.) 5.30 + 0.02 

Z (GeSe) 16 

Space group 

XGe 
XSe 
ZGe 
ZSe 

(YGe and YSe) 

No. of reflec- 
tions 

(all IFol # O) 

Reliability 
index 

(all IFol 4 = O) 

Orthorhombic Orthorhombic 
4.38 4.40 + 0.008 
3.82 3.85 + 0.008 

1 0 . 7 9  10.82+0.01 

5.57 5-49 
- -  5.52 + 0.03 

4 4 

Pcmn Pcmn 
0.106 0.111 + 0.004 
0-503 0.500 + 0"004 

--0.121 --0.121 + 0"001 
0-148 0"146 + 0.001 

¼ ¼ 

46 105 

0.18 0.15 

ence with  the da ta  from the GeSe powder  films obtained 
a t  this laboratory.  Several of the d values and intensities 
do compare  favorably wi th  powder  film da ta  for the 
s tructures of the uncombined  elements,  especially tha t  
of germanium.  However ,  there  are still some lines listed 
wi th  strong relative intensities, tha t  definitely do not  
belong to the Ge, Se, or GeSe structures,  for which there  
does not  appear  to be any  obvious explanat ion.  Thus, 
it is doubtful  if the mater ia l  invest igated by Ivanov-  
E m i n  was pure  GeSe. Also the agreement  in exper imental  
and  calculated X-ray  densi ty  is probably  fortuitous since 
quant i ta t ive  chemical analysis of small amounts  of GeSe 
is somewhat  difficult to perform accurately.  

The latt ice pa ramete r  values were de termined at  a 
t empera tu re  of 25 °C. from the highest  angle lines 
obtained with  a cal ibrated X- ray  diffractometer.  These 
values are a trifle larger in magni tude  than  those re- 
por ted  by  Okazaki. The va lues  given here are believed 
to be somewhat  more precise as they  are in be t te r  agree- 
men t  wi th  the identif ication of oscillation film reflections 
tha t  occur very close to the l imiting sphere in reciprocal 

space, in par t icular  for the (0,0,14) and (4,0,10) reflec- 
tions. 

In  the present  work intensi ty  da ta  were obtained f rom 
oscillation films about  both  the a and b crystal lographic 
axes. Because of the large number  of (00l) and (0kl) 
reflections for which the intensities depend only on the  
z coordinates, t en ta t ive  values for these coordinates were 
easily deduced.  Therefore, the problem of obtaining the  
final values for all four coordinates could be much  more  
easily prepared for solution on a digital computer  by 
means  of a grid point  me thod  than  by the Four ie r  
project ion method.  The values in Okazaki 's  work were  
de termined from a (010) Fourier  synthesis. I n  spite of the  
difference in the methods  and the difference in the selec- 
tion and number  of reflections employed,  the coordinate  
values from the two investigations appear  to be in very  
good agreement .  

The description of Wyckoff  (1948) for the B29 s t ruc ture  
type  is well i l lustrated by GeSe. The GeSe s t ructure  is 
very similar to tha t  of GeS as de termined by Zachaxiasen 
(1932). In  discussh~g the B29 structures  Okazaki presents  
in his Table 5, a comparison of the atomic coordinates 
and objects to the x coordinates of GeS. However ,  he  
does not  appear  to have  changed the origin of the GeS 
coordinate system to agree with the origin of coordinates  
presented for the other  compounds.  Hence  the disagree- 
men t  appears considerably greater  than  it actual ly  is. 
Pre l iminary  work on GeS here wi th  oscillation films has  
confirmed Zachariasen's  y coordinates to be correct wi th in  
the limit of error originally given for them. A small 
change in the x coordinates is at  present  still possible; 
final values are yet  to be determined,  and fm'ther work  
is planned.  

The authors would like to thank Dr L. M. Isaacson 
for his many helpful suggestions in the preparation of the 
computer mathematics. 
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