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The solubi l i ty  of oxygen in l iquid g e r m a n i u m  in the t e m p e r a t u r e  range  1233 to 1397 K, 
and in l iquid g e r m a n i u m - c o p p e r  a l loys  at  1373 K, in e qu i l i b r i um with GeO2 has been  
m e a s u r e d  by the phase equ i l ib ra t ion  technique.  The solubi l i ty  of oxygen in pure  ge r -  
man ium is given by the r e l a t i on  

6470 
log(at ,  pct  0) = -  ~ + 4.24 (+0.07). 

The s tandard  f ree  energy of solut ion of oxygen in l iquid g e r m a n i u m  is ca lcu la ted  f rom 
the s a tu r a t i on  solubi l i ty ,  and r ecen t l y  m e a s u r e d  va lues  for the f r ee  energy  of f o r ma t i on  
of GeO~, a s s u m i n g  that  oxygen obeys S i e v e r t ' s  law up to the s a t u r a t i o n  l imi t .  F o r  the 
reac t ion ,  

1 /20z (g )  ~ OGe 

AG ~ = - 3 9 , 0 0 0  + 3.21 T (• ca1 

= -163 ,200  + 13.43 T (• J .  

where  the s tandard  s ta te  for d i s so lved  oxygen is that which makes  the va lue  of ac t iv i ty  
equal  to the concen t ra t ion  (in at. pct), in the l imi t ,  as concen t r a t i on  approaches  zero .  The 
effect of copper on the act ivi ty  of oxygen d i sso lved  in l iquid g e r m a n i u m  is found to be in 
good a g r e e m e n t  with that p red ic ted  by a q u a s i c h e m i c a l  model  in  which each oxygen was 
a s s u m e d  to be bonded to four meta l  a toms and the n e a r e s t  ne ighbor  me ta l  a toms to an 
oxygen a tom a r e  a s sumed  to lose approx imate ly  half of the i r  me ta l l i c  bonds .  

PREVIOUS s tudies  I on dilute so lu t ions  of oxygen 
were  main ly  confined to typical  meta l l i c  s y s t e m s  in 
which there  a r e  fewer e lec t rons  than needed to fo rm 
e l e c t r o n - p a i r  bonds to al l  n e a r e s t  ne ighbors .  Inves t i -  
gat ion of the behavior  of d i sso lved  oxygen in group 
IVA e lemen t s  like ge rman ium,  which is a covalent ly  
bonded and t e t r ahed ra l l y  coordinated s emiconduc to r  in 
the sol id  s ta te ,  and of i ts  al loy with group I B e l e -  
ments  such as copper,  in which the e l ec t ron  concen-  
t r a t i on  changes rap id ly  with composi t ion ,  is  a n a t u r a l  
ex tens ion  of e a r l i e r  s tudies .  Recent ly  Jacob  and A1- 
cock 2 have completed  a s i m i l a r  study us ing  an iso-  
p ies t i c  technique on oxygen so lubi l i ty  in l iquid ga l l i um-  
copper a l loys  in which there is a well  unders tood  
change in e l e c t r o n - a t o m  ra t io ,  and whils t  the r e s u l t s  
indicate  the p red ic ted  effects they do not cover  the 
whole compos i t ion  range .  F u r t h e r m o r e  in fo rma t ion  
on l iquid Ge-O and Cu-Ge-O s y s t e m s  is useful  f rom 
a p r ac t i c a l  as well  as a theore t i ca l  point  of view. A 
knowledge of the oxygen solubi l i ty  in l iquid g e r m a n i u m  
is impor t an t  in  the p repa ra t i on  of g e r m a n i u m  based  
s e m i c o n d u c t o r s  grown f rom mel t s .  

Recent  models  ~'3 for the desc r ip t i on  of the rmody-  
namic  p r o p e r t i e s  of oxygen in  di lute  so lu t ion  in  b i n a r y  
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al loys  di f fer  with r e s p e c t  to the s ign i f i cance  of m e t a l -  
me ta l  i n t e r ac t i on  in the t e r n a r y  solut ion.  The equa-  
t ions developed by Jacob  and Alcock 1 for p r ed i c t i ng  
the ac t iv i ty  coeff ic ient  of oxygen at  inf ini te  d i lu t ion  in  
b ina ry  a l loys  i nco rpo ra t e  the ac t iv i ty  coeff ic ients  of 
meta l l i c  components ,  whereas  W a g n e r ' s  equat ion s does 
not conta in  t e r m s  r e p r e s e n t i n g  the t h e r m o d y n a m i c  be-  
havior  of the m e t a l l i c  a l loy.  Because  the heat  of fo r -  
mat ion  of l iquid g e r m a n i u m - c o p p e r  a l loys  shows a 
m i n i m u m  at  XGe = 0.3, in t roduc t ion  of the b i n a r y  data  
in  the model  would r e s u l t  in a r ap id  change of the 
va lues  for  the ac t iv i ty  coeff ic ient  of oxygen at this  
composi t ion .  M e a s u r e m e n t  of the v a r i a t i o n  of the 
act ivi ty  coeff ic ient  of oxygen with compos i t ion  of Ge- 
Cu al loys  is t he re fo re  usefu l  for d i f f e ren t i a t ing  be-  
tween the models .  

The oxygen poten t ia l  c o r r e spond i ng  to the mix tu re  
of solid Ge and t e t r agona l  GeO2 has been  m e a s u r e d  by 
Jacob,  Alcock and Chan 4 us ing  a sol id  oxide galvanic  
ce l l  in the t e m p e r a t u r e  r ange  850 to 1150 K. Navro t -  
sky S has m e a s u r e d  the heat  of t r a n s f o r m a t i o n  of t e t r a -  
gonal g e r m a n i u m  dioxide into the high t e m p e r a t u r e  
hexagonal  fo rm.  The f r ee  energy  of f o r ma t i on  of 
hexagonal  GeO2 ca lcu la ted  f r o m  these  r e s u l t s  4,s is  in  
good a g r e e m e n t  with that obtained f rom t h e r m a l  
data.6"~ The  hea ts  of fus ion  of hexagonal  GeO2 (Ref. 5) 
and g e r m a n i u m  me ta l  9 a re  3.84 k c a l / m o l e  (16.1 k J /  
mole) and 8.83 kcal / /mole (37 k J / m o l e )  r e s p e c t i v e l y .  

The e q u i l i b r i u m  d a i g r a m  of the s y s t e m  Ge-GeOz 
inves t iga ted  by T r u m b o r e ,  T h u r m o n d  and Kowalchik w 
ind ica tes  that  in the e x p e r i m e n t a l  t e m p e r a t u r e  range  
used in the p r e s e n t  study, 1233 to 1397 K, l iquid ge r -  
man ium is in e q u i l i b r i u m  with the meta l  s a t u r a t ed  
l iquid  GeO2. (S to ich iomet r ic  GeO2 me l t s  at  1390 K.) 
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The gas phase over  the Ge + GeO2 mix tu re  conta ins  the 
O2, Ge and GeO spec ies  of which the l a t t e r  p r e d o m i -  
nates.XX A convent iona l  two-phase  e q u i l i b r i u m  tech-  
nique was used in the work r epo r t ed  he re  to obta in  the 
s a tu ra t ion  solubi l i ty  of oxygen in l iquid g e r m a n i u m  
and g e r m a n i u m - c o p p e r  a l loys .  The fact  that  ge r -  
m a n i u m  c r y s t a l l i z e s  in  the d iamond s t r u c t u r e  mean t  
that me ta l  s amp le s  f r ee  f rom oxide su r face  con tamina -  
t ion could read i ly  be obtained by c leavage of the s u r -  
face l aye r s  of the meta l .  

EXPERIMENTAL METHOD 

Mate r i a l s  

The g e r m a n i u m  meta l  and the g e r m a n i u m  dioxide 
powder used in this study were  99.999 pct pure  and 
were obtained f rom CERAC Inc. Copper meta l  was ob- 
ta ined f rom Cominco and was 99.99 pct pure .  

Appara tus  

The e x p e r i m e n t a l  method is s i m i l a r  to that de-  
sc r ibed  p rev ious ly .  2 However,  it was n e c e s s a r y  to 
p reven t  contact  of the s i l i ca  capsule  with GeO2, be-  
cause the high t e m p e r a t u r e  hexagonal  f o r m  of GeO2 is  
i s o s t r u c t u r a l  with f l -quar tz  and the two oxides may be 
expected to be comple te ly  misc ib le .  F i g u r e  1 shows 
the scheme of the e x p e r i m e n t a l  a r r a n g e m e n t .  G e r -  
man ium meta l  (or al loy) was contained in a GeO2- 
l ined a lumina  c ruc ib le  closed with an a lumina  lid. The 
a lumina  c ruc ib le  was then placed ins ide  a c lo sed -end  
s i l i ca  tube and sea led  under  vacuum.  Almos t  pe r fec t  
s e l f - s e a l i n g  of the a lumina  c ruc ib le  with the l id was 
observed  in the p r e s e n c e  of GeO2. This  was probably  
faci l i ta ted  by a s m a l l  t e m p e r a t u r e  gradient  (0.5 K 
cm- ' )  a long the a l u m i n a  c ruc ib le  r e s u l t i n g  in some  
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Fig. i--Apparatus for solubility measurements: (a) resistance 
furnace with a uniform temperature zone, (b) brick, (c) silica 
capsule, (d) alumina crucible, (e) germanium dioxide, (f) ger- 
manium or germanium-copper alloy, (g) thermoeouple, (h) 
liquid nitrogen quench. 

Table I. Oxygen Solubility in Pure Liquid Germanium 

Temperature, K Oxygen, At. Pct 

1397 0.392 
1370 0.344 
1351 0.277 
1343 0.250 
1317 0.209 
1287 0.178 
1276 0.129 
1248 0.107 
1242 0.109 
1228 0.061 
1222 0.115 

condensa t ion  of GeO n e a r  the l id.  Some GeO molecu les  
escaped  f rom the a l u m i n a  c ruc ib l e  be fore  a good sea l  
be tween  the c ruc ib l e  and the lid was achieved,  and these  
molecu les  r e a c t e d  with the s i l i c a  capsule  to produce  a 
sol id  so lu t ion  of GeO2 in SiOz and a f ine deposi t  of me-  
ta l l ic  g e r m a n i u m .  The extent  of the r e a c t i o n  as judged 
f r o m  the d i s co lo ra t i on  of the s i l i ca  tube was s m a l l .  
Examina t ion  of the a l u m i n a  c r u c i b l e s  at the end of the 
e x p e r i m e n t s  ind ica ted  that at the i n t e r f ace  be tween  
the GeO2 l aye r  and the a l u m i n a  c ruc ib l e  t he re  was a 
thin l ayer  of the compound 3A1203' 2GeO2,12 " g e r -  
m a n i u m  m u l l i t e " .  The  g e r m a n i u m  meta l  s ample  was 
only in contact  with the l a rge  exces s  of GeO2 which 
was p r e s e n t  and hence the f o r ma t i on  of the t e r n a r y  
oxide which o c c u r r e d  should not have affected the 
e q u i l i b r i u m  d i s t r i b u t i o n  of oxygen be tween  the meta l  
and GeOz. T h e r e  were  ind ica t ions  f r o m  v i sua l  and 
m i c r o s c o p i c  examina t ion  that the GeOz o x i d e - l a y e r  in 
immedia t e  contact  with the me ta l  was in fact  a l iquid 
phase du r ing  the e xpe r i me n t .  The th ickness  of the 
l iquid oxide f i lm around the me ta l  bead was approx i -  
mate ly  0.2 ram. Th i s  l iquid  appea red  to have exis ted  
only at the in t e r f ace  be tween the meta l  and sol id  GeO2; 
it did not contact  e i the r  g e r m a n i u m  mul l i t e  or a lumina .  
After  keeping the s y s t e m  at  cons tan t  t e m p e r a t u r e  for 
24 h, the capsu le  was quenched e i the r  in wa te r  o r  in  
l iquid n i t rogen .  It was found that,  because  of the l a rge  
t h e r m a l  m a s s  of the a l u m i n a  c ruc ib le  and s i l i c a  cap-  
sule ,  quenching  in water  was not a lways suf f ic ien t ly  
rap id  to p r e ve n t  the loss  of oxygen as GeO gas f r o m  
the sample .  

A n a l y s i s  

After  quenching,  the capsule  was b roken  and the 
oxide l aye r  was r e m o v e d  f rom the me ta l  su r f ace  by 
c leavage.  Oxygen a n a l y s i s  of the me t a l  (or alloy) was 
done us ing  the " LEC O  RO-16 Oxygen A n a l y z e r " ,  as 
d i s c u s s e d  in an e a r l i e r  paper .  2 

RESULTS 

The s a t u r a t i o n  so lubi l i ty  of oxygen in  l iquid g e r -  
m a n i u m  obtained by a n a l y s i s  of the me ta l  a f te r  i so-  
t h e r m a l  equ i l i b r a t i on  with i ts  oxide is plot ted as a 
funct ion of the r e c i p r o c a l  of the absolu te  t e m p e r a t u r e  
in Fig.  2. The r e s u l t s  of a n a l y s i s  at  c o r r e s p o n d i n g  
t e m p e r a t u r e s  a re  shown in Tab le  I. The l e a s t - m e a n  
squa re  l ine through the e x p e r i m e n t a l  points  may be 
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r e p r e s e n t e d  by the equat ion 

_ _ 647____00 + 4.24 (• [1] log (at. pct 0) - T 

The solut ion of GeO2 in l iquid g e r m a n i u m  may be ex- 
p r e s s e d  by the r eac t i on  

1/2 GeO2(1) ~ 1/2 Ge(1) + OGe [2] 

where  the s t andard  s ta te  for oxygen is chosen such that 
i ts  ac t iv i ty  is equal  to a tom pe rcen t  in an inf in i te ly  
di lute  solut ion.  The f ree  energy  change for  the Reac-  
t ion [2] has been  ca lcula ted  f rom the r e l a t i on  

A o= G2 - R T  In K = - 4 . 5 7 5 T  log at.  pct  0 cal  

GeO2 

= 29,600 - 1 9 . 5 4  T (• cal  

= 124,000 - 81.7 T (• J .  [3] 

Since the so lubi l i ty  of oxygen in l iquid g e r m a n i u m  is 
between 0.1 and 0.4 at. pct  in the range  of t e m p e r a -  
t u r e s  covered in this  study, the act ivi ty  of g e r m a n i u m  
may be taken as equal to uni ty .  However,  the act ivi ty  
of GeO2 (Ref. 1) cannot be taken to be uni ty .  Ca l cu l a -  
t ions  based on the phase  d i a g r a m  for the s y s t e m  Ge 
+ GeOz (Ref. 10) and c a l o r i m e t r i c  va lues  for the heat 
of fusion of t e t ragona l  and hexagonal  GeO2 (Ref. 5) sug-  
gest  that the activity of GeO2 exhibi ts  negat ive  dev ia -  
t ions  f rom Raou l t ' s  law, which is  r a t h e r  unusua l  in 
a sy s t em with a misc ib i l i t y  gap. We have t he re fo re  
p r e f e r r e d  to a s sume  that the act ivi ty  of GeO2 in the 
l iquid oxide phase conta in ing d isso lved  g e r m a n i u m  is 
Raoul t ian.  The mean  value of aGe O chosen in  the 
range  of t e m p e r a t u r e s  1223 to 137~ K is equal  to 0.86. 
The m a x i m u m  e r r o r  in t roduced by this  a s s u m p t i o n  on 
the free energy  of solut ion of molecu la r  oxygen in 
l iquid g e r m a n i u m  is 400 cal  (+1700 J).  When the 
act ivi ty  of GeO2 in the l iquid oxide obeys Raou l t ' s  law, 
the act ivi ty  of g e r m a n i u m  in the mel t  mus t  obey 
H e n r y ' s  law. The mole f r ac t ion  of GeO2 in the liquid 
oxide has a value which depends on the ac t iv i ty  of ge r -  

m a n i u m  in the al loy in equ i l i b r ium with the l iquid 
oxide (XGeO 2 = 1 -- 0.14 age) .  

- - 1 . 5  [ -  | I I , ~ - ' - 1  ~ "  " ~ 1  ~" 1 - -  I I . . . .  , 

m,p,Ge 

o z / 
/ / 

- 0.5 i 

0.7 0.75 0,8 0 . 8 5  
I 3 u lO 

Fig. 2--Temperature dependence of oxygen solubility in liquid 
germanium; o-quenched in liquid nitrogen; o-quenched in 
water. 
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Fig. 3--Oxygen solubility in liquid copper-germanium alloy 
at 1373 K. 

When Eq. [3] is  combined  with the s t a n d a r d  f ree  
ene rgy  of fo rma t ion  for  the r eac t i on  

1/2 Ge(1) + 1/2 O2(g) - -  1/2 GeO2(1) [4] 

ca lcu la ted  f r o m  Refs.  4, 5 and 9 

AG O = - 6 8 , 6 0 0  + 22.75 T (• cal  

= - 2 8 7 , 1 0 0  + 95.2 T (• J [5] 

one obta ins  the s t anda rd  f r ee  ene rgy  of so lu t ion  of 
mo l e c u l a r  oxygen in  l iquid g e r m a n i u m ,  a s s u m i n g  
S i e v e r t ' s  law is obeyed by oxygen: 

1/2 O2(g) ~ OGe 

AG o = - 3 9 , 0 0 0  + 3.21 T (• ca l  

= - 163,200 + 13.43 T (+2100) J .  [6] 

The v a r i a t i o n  of the s a t u r a t i o n  so lubi l i ty  of oxygen 
in l iquid c o p p e r - g e r m a n i u m  a l loys  at 1373 K as a 
funct ion  of the al loy compos i t ion  is shown in  F ig .  3; 
the r e s u l t s  of a n a l y s i s  a re  a l so  s u m m a r i z e d  in Tab l e  
II. The a l loy compos i t ion  was ca lcu la ted  f rom the 
weights of the component  me ta l s  a f ter  the app l i ca t ion  
of a s m a l l  c o r r e c t i o n  for  loss  of Ge as  GeO to the gas 
phase .  The  c o r r e c t i o n  was ba se d  on the s m a l l  ob-  
s e r v e d  change in weight of the a l loy du r ing  the expe r i -  
men t s .  Chemica l  a n a l y s i s  of the c o p p e r - g e r m a n i u m  
al loy s a m p l e s  showed that the d i f f e rence  be tween  the 
compos i t ions  which were  ca lcu la ted  in this  way and the 
ana lyzed  al loy compos i t ions  was not more  than 0.01 
mole f rac t ion  of Ge. The  so lubi l i ty  of oxygen d e c r e a s e s  
with the addi t ion of copper  up to 80 at.  pct.  At higher  
copper  concen t ra t ion ,  the so lubi l i ty  of oxygen i n c r e a s e s  
and it can be ca lcu la ted  that  at 1 at .  pct  g e r m a n i u m  the 
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Table II. Oxygen Solubility in Liquid Copper-Germanium Alloy at 1373 K 

Xcu Oxygen, At. Pet 

0.08 0.287 
0.29 O. 129 
0.48 0.077 
0.55 0.030 
0.64 0.015 
0.70 0.0086 
0.76 0.0046 
0.82 0.0049 
0.91 0.0137 

solubi l i ty  of oxygen is equal  to a p p r o x i m a t e l y  1 at. 
pet .  T h e r e  is only one s table  compound CuGeO3 in the 
s y s t e m  Cu20-CuO-GeO2 (Ref. 13) and the d i s s o c i a t i o n  
p r e s s u r e  of CuGeO3 at 1273 K a c c o r d i n g  to the r e a c -  
t ion 

CuGeOa(s) ~ 1/2 Cu20(s) + GeO2(s) + 1/4 O2(g) [7] 
is 2.22 x 10 -~ a tm.  ~4 The oxygen p r e s s u r e  o v e r  a Cu-Ge 
al loy conta ining 1 at.  pet  Ge in e q u i l i b r i u m  with GeO2 
is 1.7 x 10 -~ a tm,  so that the oxide phase  for  a l loy 
compos i t ions  c o v e r e d  in this study is GeO2. A c c o r d i n g  
to Speranskaya  ~3 the phase  d i a g r a m  for  the s y s t e m  
Cu20-GeO2 is of the eutec t ic  type and a l iquid phase  
is s table  at  1373 K for  0.95 > XGeO2 > 0.25. F o r  cop- 
p e r - r i c h  a l loys  s o m e  d i s p l a c e m e n t  r e a c t i o n  of the 
type 

GeO2(1) + 4Cu(1) ~ 2Cu20(1) + Ge(1) [8] 

can be an t ic ipa ted .  Ca lcu la t ions  based  on the t h e r m o -  
dynamic  data  on l iquid Cu-Ge a l loys  and l iquid Cu20 
and GeO2, and ac t i v i t i e s  in Cu20-GeO2 s y s t e m  e s t i -  
mated  f r o m  the phase  d i a g r a m  ~3 sugges t  that  fo r  an a l -  
loy containing 9 at. pet  g e r m a n i u m  the l iquid phase  
contains  l e s s  than 4 mole  pet  Cu20. 

F r o m  the r e s u l t s  of this study, the S i e v e r t ' s  law 
constant  ( S ) f o r  oxygen in g e r m a n i u m - c o p p e r  a l loy has 
been  ca lcu la ted  us ing  the r e l a t i on  

1/2 
1 PO2 KaGeo2 1/2 1 [9] 

SO(Ge + Cu) = at. pct  0 = aGe (at. pct  0) 

where  K is an equ i l i b r i um constant  of the r e a c t i o n  

GeO2(1) ~ Ge(1) + O2(g). [10] 

As X - r a y  examina t ion  of the oxide phase  in e q u i l i b r i u m  
with the al loy showed the absence  of copper  oxide,  and 
t h e r m o d y n a m i c  ca lcu la t ions  indica te  the p r e s e n c e  of 
l e s s  than 4 mole  pet  Cu20 for  the a l loy conta in ing the 
lowest  concen t ra t ion  of ge rman ium,  the ac t iv i ty  of 
GeO2 was taken as the mole  f r ac t ion  of GeO2 in the 
mel t  in e q u i l i b r i u m  with the a l loy phase ,  in which the 
g e r m a n i u m  ac t iv i ty  is known. A c t i v i t i e s  in the a l loys  
at  1373 K w e r e  obtained f r o m  the c a l o r i m e t r i c  m e a s -  
u r e m e n t s  of the heat  of mix ing  r e p o r t e d  by P r e d e l  and 
Stein, ~5 I tagaki  and Yazawa ~6 and Takeuch i  e t  a l ,  17 and 
a c t i v i t i e s  of Cu and Ge d e t e r m i n e d  at 1573 K f r o m  
m a s s - s p e c t r o m e t r i c  study by Alcock  e t  a l .  ~8 A c t i v i t i e s  
in b inary  Cu-Ge  s y s t e m  at 1373 K, r e l a t i v e  to pure  
me ta l s  as  s t andard  s ta tes ,  a r e  s u m m a r i z e d  in Table  
III. The s tandard  f r e e  energy  of solut ion of m o l e c u l a r  

oxygen  in l iquid copper  (1/2  02 ~ 0 Cu) is g iven  by 
Ref .  19 

aG o = - 2 0 , 5 4 0  + 1.72 T (+150) ca l  

= - 8 5 , 9 5 0  + 7.21 T (+600) J [11] 

w h e r e  the s t anda rd  s ta te  for  d i s s o l v e d  oxygen is  
chosen  such  that  in an inf inf tely di lute  so lu t ion  i ts  
ac t iv i ty  is  equal  to i ts  a tom pct.  The  r a t i o  of the 
ac t iv i ty  coe f f i c i en t  of oxygen in l iquid g e r m a n i u m  to 
that in l iquid copper  which is given by YO(Ge) /YO(Cu) 
= So(Cu ) / S o ( G e  ) is t h e r e f o r e  1/412 ( i . e . ,  log YO(Ge) 
-- log TO(Cu) = - 2 . 6 1 ) .  The  v a r i a t i o n  of the oxygen 
ac t iv i ty  coe f f i c i en t  with a l loy compos i t i on  at  1373 K 
r e l a t i v e  to oxygen in l iquid copper  is shown in F ig .  4. 

DISCUSSION 

The  e x p e r i m e n t a l  va lues  fo r  the ac t iv i ty  coe f f i c i en t  
of oxygen in l iquid  Cu-Ge  a l loy at  1373 K a r e  c o m p a r e d  
in F ig .  4 with those  ca l cu l a t ed  f r o m  a q u a s i c h e m i c a l  
mode l  sugges t ed  by J a c o b  and Alcock .  1 A c c o r d i n g  to 
that  model ,  e a c h  oxygen a tom m a k e s  n bonds with 
me ta l  a t o m s  and the e l e c t r o n i c  conf igura t ion  a round 
the m e t a l  a toms  bonded to oxygen is a l t e r e d  so that  
the s t r e n g t h  of m e t a l - m e t a l  bonds made by these  
a toms  is r e d u c e d  by a f ac to r  of (1 - c~). Under  these  
a s s u m p t i o n s ,  the ac t iv i ty  coef f ic ien t  of oxygen can be 
p r e d i c t e d :  

t~ t~ 

1 YGe(Cu + Ge) +Xcu YCu(Cu + Ge) 
@/n = XGe ~ ~/n 1In 

O(Cu + Ge) rO(Ge) "gO(Cu) 

[121 
where  XGe and Xcu a r e  mole  f r a c t i o n s  of g e r m a n i u m  
and copper  in the so lu t ion ,  TO(Ge), TO(Cu) and 
YO (Ca + Ge) a r e  ac t iv i ty  coe f f i c i en t s  of oxygen in pu re  
g e r m a n i u m ,  copper  and the al loy r e s p e c t i v e l y ,  
YGe(Cu + Ge) and TCu(Cu + Ge) a r e  ac t iv i ty  coef f i -  
c ien t s  of the al loy componen t s .  It has been  shown I that  
fo r  a l a rge  number  of s y s t e m s  the e x p e r i m e n t a l  data  
can be r e c o n c i l e d  with the mode l  fo r  va lues  n = 4 and 
ot = 1 /2 .  A va lue  of n = 4 is compa t ib le  with t e t r a -  
h e d r a l  i n t e r s t i t i a l  occupancy  by oxygen a t o m s ,  and 
with the high va lues  fo r  d i f fus iv i ty  of oxygen in so l id  
m e t a l s  .20-23 A n a l y s i s  of the g e o m e t r y  of l iquids  in 
t e r m s  of the r a n d o m  c lose  packed hard  s p h e r e  mode l  
by B e r n a l  and c o w o r k e r s  z4 indica te  that  73 pct  of the 
ho les  in the l iquid a r e  t e t r a h e d r a l  and 20 pct  a r e  half  

Table III. Evaluated Activities and Activity Coefficients in 
Copper-Germanium System at 1373 K 

XGe ~/Ge aGe ~/'Cu acu 

0.1 0.0478 0.005 0.909 0.82 
0.2 O. 153 0.03 0.703 0.56 
0.3 0.429 0.13 0.456 0.32 
0.4 0.806 0.32 0.249 O. 15 
0.5 0.993 0.50 0.218 O. 11 
0.6 1.018 0.61 0.211 0.08 
0.7 1.007 0.70 0.215 0.07 
0.8 1.002 0.80 0.218 0.04 
0.9 0.999 0.90 0.220 0.02 

672-VOLUME 8B, DECEMBER 1977 METALLURGICAL TRANSACTIONS B 



\ 
X\ 

- I - 0  

~ 2-0 

1 ]00~162 

- 3 - 0  

l f J 
Cu  0"2 

o ~.  - r - . , , x  
'N 

\ 
. \ 

I t I t I i 
0"4 O'S O'S G o  

')(Go 
F i g .  4 - - C o m p o s i t i o n  d e p e n d e n c e  of  t h e  a c t i v i t y  c o e f f i c i e n t  of  
o x y g e n  in  l i q u i d  c o p p e r - g e r m a n i u m  a l l o y s  a t  1373  K,  r e l a t i v e  
to o x y g e n  in  p u r e  c o p p e r ;  X - e x p e r i m e n t a l  r e s u l t s ;  - - - Q u a s i -  
chemical model of Jacob and Alcock, n - 4 and a = 1/2. 

oc tahedra l .  Moreover ,  because  of the s t r o n g  i n t e r a c -  
t ion between the meta l  and d i s so lved  oxygen a toms ,  
and the c u r r e n t  lack of in fo rmat ion  on the n a t u r e  of 
this  bond, useful  e s t i m a t e s  of the coordina t ion  n u m b e r  
of oxygen cannot be made f rom cons ide ra t ion  of r ad ius  
r a t i o s .  An explanat ion  for the app l icab i l i ty  of the 
quas i chemica l  Eq. [1] may r e s i d e  in the covalent  to 
meta l l i c  t r a n s i t i o n  in germz n ium on mel t ing ,  which 
has been d e m o n s t r a t e d  by conduct ivi ty  measurements .2S 
Van Vechten 2s has shown that the la rge  ent ropy of 
fus ion of g e r m a n i u m  can be accounted for  by a bonding 
cont r ibu t ion  (4Rln2) in addit ion to the n o r m a l  ent ropy 
of fusion of meta l s  which a r i s e s  f rom v ib r a t i ona l  
changes.  Springfel low and Greene  27 have applied a 
quas i chemica l  model  for p red i c t i ng  phase d i a g r a m s  of 
sy s t ems  composed of e l emen t s  III and V of the pe r io -  
dic table,  us ing  a value of s ix for  the coord ina t ion  
number  in the l iquid s ta te .  An X - r a y  d i f f rac t ion  
study of l iquid g e r m a n i u m  28 sugges t s  that each a tom 
has 7.1 n e a r e s t  ne ighbors  and i ts  s t r u c t u r e  is  s i m i l a r  
to that of the high p r e s s u r e  modif ica t ion in the sol id  
s ta te .  The i n t e r f e r e n c e  funct ion of l iquid g e r m a n i u m  
cannot be fi t ted to one der ived  f rom a r andom co l lec -  
t ion of hard  sphe res ,  but is compat ib le  with a ' ba l l  
and spoke '  model  based  on a white t i n - l i ke  shor t  range  
o rder .  

The e x p e r i m e n t a l  r e s u l t s  indica te  a sha rp  change 
in the ac t iv i ty  coeff ic ient  of oxygen at XGe = 0.33. 
X - r a y  d i f f rac t ion  inves t iga t ions  by Isherwood and 
Orton z9'3~ on l iquid g e r m a n i u m - c o p p e r  a l loys  us ing  
the pa r t i a l  i n t e r f e r e n c e  function method sugges t  that 
an al loy conta in ing  ~36 at.  pct g e r m a n i u m  has the 
highest  ave rage  coord ina t ion  n u m b e r  (or l a r g e s t  a r e a  

under  the f i r s t  peak in the r a d i a l  d i s t r i b u t i o n  funct ion) .  
L a z a r e v  et  a131 have shown that the m a x i m u m  devia t ion  
of m e a s u r e d  su r f ace  t ens ion  of l iquid g e r m a n i u m - c o p -  
pe r  a l loys  f rom the ideal  one occu r s  at  XGe ~ 0.35. 
E l e c t r i c a l  r e s i s t i v i t y  m e a s u r e m e n t s  of Guntherodt  and 
T ieche  32 a lso  sugges t  changes in the s t r u c t u r e  of the 
l iquid al loy about that compos i t ion .  Since W a g n e r ' s  
model  3 neg lec t s  i n t e r a c t i o n s  be tween copper  and g e r -  
m a n i u m  a toms ,  it  cannot  account  for the s ign i f i can t  
change in  the s lope of the loga r i thm of the ac t iv i ty  co-  
ef f ic ient  of oxygen vs  mole f r ac t i on  at  XGe = 0.35 
(Fig.  4). The Wagner  model  is based  on the pa rabo l i c  
dependence  of the so lva t ion  ene rgy  on the n u m b e r  of 
copper  and g e r m a n i u m  a toms in tile so lva t ion  she l l  of 
oxygen a toms ,  which a r e  a s s u m e d  to be located at  
q u a s i i n t e r s t i t i a l  s i t e s  in the l iquid.  

The heat and en t ropy  va lues  for  oxygen d i s so lu t ion  
in l iquid g e r m a n i u m  a re  compared  in F ig .  5 with those 
obtained for s i l ve r ,  ~'34 copper,  35 lead, 35'36 t in,  37'38 gal-  
l ium,  2 sodium,  39'4~ and l i th ium.  41'42 F o r  me ta l s  with 
ful l  d - she l l ,  the re  appea r s  to be a rough c o r r e l a t i o n  
be tween  the heat and en t ropy  of so lu t ion  of oxygen. 
The d e c r e a s e  in the p a r t i a l  en t ropy  of oxygen with in -  
c r e a s i n g  s t r eng th  of the m e t a l - o x y g e n  bond sugges t s  
that the c o r r e l a t i o n  is the r e s u l t  of v i b r a t i o n a l  effects .  
Th i s  r e c a l l s  Kubaschewsk i ' s  e a r l i e r  obse r va t i on  42 that 
the m a x i m u m  va lues  for the i n t eg ra l  heat and excess  
en t ropy  for a l a rge  n u m b e r  of b i n a r y  a l loys  obey an 
approx ima te ly  l i nea r  r e l a t ion .  Since the heats  of mix-  
ing of mos t  b i n a r y  a l loys  a re  s ign i f i can t ly  s m a l l e r  
than the heats  of so lu t ion  of oxygen, any d e p a r t u r e  
f rom a l i nea r  c o r r e l a t i o n  would be diff icul t  to d i s -  
t ingnish ,  given the range  of e x p e r i m e n t a l  u n c e r t a i n -  
t i es  for the heat and en t ropy  t e r m s  in b ina ry  a l loys .  
Another  i n t e r e s t i n g  fea ture  of Fig .  5 is  the o b s e r v a -  
t ion that the p a r t i a l  en t ropy  of oxygen in l iquid t r a n s i -  
t ion me ta l s ,  Fe ,  Ni, Co (Refs. 43 to 45) and u r a n i u m  4x'46 
with unf i l led  d - s h e l l s ,  appea r s  to be s ign i f i can t ly  dif-  
f e ren t .  Because  of the e x p e r i m e n t a l  e r r o r s  and the 
n a r r o w  t e m p e r a t u r e  range  covered  in the f r ee  ene rgy  
m e a s u r e m e n t s ,  the re  a re  la rge  u n c e r t a i n t i e s  in the 
p a r t i a l  en t rop ies  of oxygen in these  me t a l s ,  but  the 
t r end  to a h igher  ent ropy value would sugges t  a bond- 
ing con t r ibu t ion .  
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