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i nd i spensab le  w h e n  it  is necessary  to d e t e r m i n e  
accura te ly  the  dep th  of a v e r y  sha l low layer .  
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ABSTRACT 

Vapor pressures of gall ium in the l i terature are too high because Ga20(v) 
formed in the reaction of gal l ium with the quartz effusion cells used for 
the measurements.  Gal l ium was found to be less reactive with a lumina  
than with quartz. Measurements in an a lumina  effusion cell gave vapor 
pressures for gall ium that obey the expression 

log P (atm) ~ --  14,900/T --  0.515 log T + 7.34 
Values for AH of --17.4 ___ 0.7 and --19.7 • 0.7 kcal /mole  were 

f 298[Ga20 (v) ] 
found for the reaction of gal l ium with quartz and magnes ium oxide, respec- 
tively. The lat ter  value was employed to calculate the equi l ibr ia  in forming 
Ga20(v) from the following pairs of reactants:  gall ium-gall ia ,  graphite-  
gallia, t in-gall ia,  ga l l ium-alumina ,  and ga l l ium-water  vapor. The vapor pres-  
sures of silver and t in were determined and compared with l i terature values 
to check the constants of the system. 

P rev ious  m e a s u r e m e n t s  (1, 2) of the  vapor  p res -  
sure  of gaI l ium employed  the K n u d s e n  me thod  wi th  
qua r t z  effusion cells. However ,  a mass  spectroscopic 
s tudy  of A n t k i w  and  Dibe le r  (3) showed tha t  con-  
s iderable  concen t ra t ions  of Ga~O(~) fo rmed  f rom re -  
act ion of ga l l i um wi th  a quar tz  c ruc ib le  at 865 ~ 
1025~ This indica tes  tha t  the repor ted  vapor  p res -  
sure  data  for ga l l ium are too high. 

In  the p resen t  w o r k  an  a l u m i n a  effusion cell was  
used to measu re  the  vapor  p ressure  of gal l ium.  A d d i -  
t ions of qua r t z  or m a g n e s i u m  oxide were  made  to 
the  ga l l i um in  the  cell to fo rm ga l l i um suboxide.  The 
differences in  the effusion ra tes  wi th  and  wi thou t  
quar tz  or m a g n e s i u m  oxide are used to der ive  the  
heat  of fo rma t ion  of ga l l i um suboxide  vapor.  

Experimental 
A single  s in te red  a l u m i n a  ( 9 9 + %  pure )  effusion 

cell, 15 m m  ID, 30 m m  deep, w i th  an  orifice 0.90 m m  
in d i ame te r  and  0.37 m m  thick, was  employed  in  ob-  
t a in ing  all  of the  data.  React ions  b e t w e e n  the  charge 
mate r i a l s  and  the a l u m i n a  cell were  negl ig ible .  The 
weight  loss of the cell in  an  effusion e x p e r i m e n t  was 
a lways  cons ide rab ly  less t h a n  1% of the  tota l  we igh t  
loss. A cell  cons tan t  of 0.00098 and  a Claus ing  factor  
of 0.71 were  ca lcula ted  for the  orifice. 

In  two expe r imen t s  whe re  s i lver  was  employed  in  
the cell, the orifice was covered wi th  a t ight  f i t t ing 

cover  of s in te red  a lumina .  By compar ing  the loss in 
this case wi th  tha t  w h e n  the  orifice was  uncovered ,  
46 _+ 5% of the  tota l  loss w i t h  the  orifice uncove red  
was  found  to occur t h rough  the  lapped  seal b e t w e e n  
the  r e mova b l e  cover and  the body  of the  cell. Wi th  
this  " leakage"  t a ke n  into account ,  the fo l lowing  re -  
l a t ionsh ip  b e t w e e n  pressure  and  effusion losses f rom 
the  cell was ob ta ined  

0.00075 (effusion ra te  in  g / h r ) T  ~/~ 
P r e s s u r e ( a t , n )  = 

(molecu la r  we igh t  vapor )  1/~ 

The ra tes  of we igh t  loss were  d e t e r m i n e d  wi th  an  
automat ic ,  recording,  v a c u u m  ana ly t i ca l  ba lance ,  
modeled  af ter  the mic roba lance  descr ibed e l sewhere  
(4) .  On ly  da ta  f rom the l i nea r  por t ions  of the weigh t  
loss - t ime  plots were  used. This pract ice  e l im ina t ed  
errors  in effusion ra te  d e t e r m i n a t i o n  caused by  out -  
gassing of the  cell and  its conten ts  as s t eady- s t a t e  
condi t ions  were  approached.  Usual ly ,  s t eady- s t a t e  
condi t ions  were  reached w i t h i n  1~ hr  af ter  r each ing  
t empe ra tu r e .  

T e m p e r a t u r e s  were  r egu la t ed  to w i t h i n  • 1 7 6  by  a 
Foxboro  Recorde r -Con t ro l l e r ,  Model  8253-201R, 
wi th  the control  t he rmocoup le  located b e t w e e n  w i n d -  
ings of the fu rnace  e l e me n t  at a posi t ion cor respond-  
ing to the midpo in t  of the  cell. The re la t ionsh ip  be -  
t w e e n  the t e m p e r a t u r e  of the control  couple and  the  
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Table I. Gallium vapor pressure data 
Ga(,~ ~ Ga(~ 

145 

~ 

Ef fus ion  
ra te ,  

m g / h r  

No q u a r t z  p r e s e n t  
F~  H~ AF~ AH~ 

G a l l i u m  v a p o r  -- A - - -  
p ressure ,  a t m  T T T 

6 8 , 9 6 0  

AH~ T Pca l r  a rm 

Quar t z  a d d e d  
A p p a r e n t  

E f fu s ion  g a l l i u m  
rate ,  v a p o r  p res -  
m g / h r  sure ,  a tm* 

1179 0.050 
1231 0.15 
1280 0.38 
1332 1.07 
1357 1.56 
1383 2.64 

2300 
2400 
2500 
2676 

1.53 X 10 -~ 27.03 31.17 58.20 
4.69 X 10 -~ 26.96 28.94 55.90 
1.21 X 10 -6 26.90 27.06 53.96 
3.47 X 10 -6 26.84 24.97 51.81 
5.11 • 10 -~ 26.81 24.20 51.01 
8.75 X 10 -6 26.78 23.14 49.92 

26.00 
25.94 
25.88 
25.77 

68,620 58.49 1.3 X 10 -~ 
68,810 56.02 4.4 X 10 -~ 
69,070 53.88 1.3 • 10 -~ 
69,010 51.77 3.5 X 10 -~ 
69,220 50.82 5.6 X 10 -" 
69,040 49.86 9.0 X 10 -" 

Avg. 68,960_ 190 
29.99 0.134 
28.74 0.244 
27.59 0.421 
25.77 1.00 

0.126 3.9 X 10 ~7 
0.39 1.2 X 10 -~ 
1.21 3.9 X 10 -~ 
3.7 1.2 X 10 -5 
6.7 2.2 X 10 -~ 

11.6 3.8 X 10 -5 

* Ef fus ion  of  Ga20(v) a n d  Ga(v) f r o m  cel l  t r e a t e d  as b e i n g  e n t i r e l y  Ga(v). 

cell was d e t e r m i n e d  wi th  a second the rmocoup le  in  a 
separa te  expe r imen t .  

Mater ia ls  
Alcoa GA-6  grade,  99.99994 % p u r e  ga l l ium,  T a d -  

anac Brand  (Consol ida ted  Min ing  and  S m e l t i n g  
C o m p a n y  of Canada ,  Ltd., Trai l ,  B. C.) 99.9999% 
silver,  and  F i sher  Scientific C o m p a n y ' s  99.97% t in  
were  employed  in  this  work.  I n  the  Ga-SiO~ and  
Ga-MgO exper iments ,  the ga l l i um was covered wi th  
a bed of 4 to 8 -mesh  chips of o r d i n a r y  fused quar tz ,  
and  pel le ts  (Ys in. in  d i ame te r  and  1/s-1/4 in. long)  
of F isher  Scientific C o m p a n y ' s  99.93% m a g n e s i u m  
oxide, respect ively .  

Vapor  Pressure of Gal l ium 
Vapor  pressures  ca lcula ted  f rom the  effusion da ta  

for ga l l ium are g iven  in  Table  I and  compared  wi th  
l i t e r a tu r e  va lues  in  Fig. 1. The va lues  f rom the  pres -  
en t  w o r k  range  f rom fourfold  lower  at l l 0 0 ~  to 
fivefold lower  at 900~ t h a n  the  va lues  selected by  
S tu l l  and  S inke  (5) f rom p rev ious ly  pub l i shed  data.  

IO-4 
"•o o a THIS WORK 
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Fig. 1. Gallium vapor pressure data. 1, Third law extrapolation 
of previous data by Stull and Sinke (5), AHO~s = 65.00 kcal/ 
mole; 2, third law extrapolation of data from this work, AH =, ~8 
68.96 kcal/mole; 3, measured in presence of quartz; 4, measured 
in an alumina effusion cell. 

With  the vapor  cons idered  as be ing  monatomic ,  as 
ind ica ted  in mass spectroscopic s tudies  (3,6), log 
P = - - 1 4 , 9 0 0 / T - -  0.515 log T + 7.34, AH~ =68.96 
• 0.19 kcal,  a nd  the  boi l ing  po in t  is 2676~ Stu l l  
and  S inke  (5) chose AH%~8 = 65.00 kcal  and  a 
bo i l ing  po in t  of 2510~ 

D r ow a r t  and  Honig  (6) found  the  hea t  of vapor i -  
zat ion of ga l l ium f rom be ry l l i a  and  g raph i te  c ruc i -  
bles to be 59 • 4 k c a l / m o l e  by  second law t r e a t m e n t  
of ion in tens i t i es  in  a mass  spectroscopic s tudy.  I t  is 
recognized tha t  the i r  p rocedure  migh t  give on ly  ap-  
p rox ima te  resul ts .  

A p p a r e n t  mona tomic  ga l l i um pressures  were  cal-  
cu la ted  f rom the g a l l i u m - q u a r t z  effusion data  and  
also p lo t ted  in  Fig. 1. These data  were  found  to fal l  
w i th in  the  band  of pressures  r epor ted  by  the  p r e -  
vious worke r s  who vapor ized  ga l l i um f rom quartz .  
These va lues  show the  same sys temat ic  dev ia t ion  
f rom the  th i rd  law ex t r apo la t ion  l ine  of S tu l l  and  
S inke  (5) as do the  data  of the  p rev ious  workers .  
This  dev ia t ion  is ano the r  proof, as no ted  by  D rowar t  
and  Honig  (6),  tha t  these  da ta  canno t  be r ep resen ted  
s imply  by  vapor iza t ion  of mona t omi c  ga l l ium.  

Stabil i ty of G a 2 0  Vapor  

Before i n f o r m a t i o n  on the  s tab i l i ty  of Ga~O~v~ could 
be ob ta ined  f rom the  effusion data  wi th  quar tz  or 
m a g n e s i u m  oxide added to the ga l l ium,  the  most  
f avorab le  of the  possible reac t ions  had  to be de te r -  
mined .  This  was  accomplished in  each case by  f inding 
the reac t ion  tha t  r esu l t ed  in  the  least  nega t ive  va lue  
of a H ~  and  tha t  showed no sys temat ic  

f 298 [GaeO(v) ] 
dev ia t ion  of this  q u a n t i t y  w i th  t empe ra tu r e .  Using 
these  cr i ter ia ,  the  s t eady- s t a t e  reac t ion  b e t w e e n  
quar tz  and  ga l l i um is 

2Ga(. + SiO~(c~ ~ SiO(v~ + Ga20(~ [I] 

However, calculations showed that the initial re- 
action of quartz with gallium produces silicon (reac- 
tion [2] ) 

4Ga(,~ + SiO~(~.~ +~- St(,. Q.~ + 2Ga._,O{~ [2] 

This dissolves in the gallium until its activity is 
large enough that any further silicon produced will 
react with the quartz to produce SiO(v, (reaction [3]) 
and give the same over-all reaction as [I]. 
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TaMe II. Calculation of A H * ~  for the reactions and AH~ ~s for Ga~O(~) 
2Ga(~) -I- SiO~(~) ~ SiO(~) -+- Ga~O(~> 

February 1962 

~ 

To ta l  
e f fus ion  

ra te ,  
m g / h r  

C o r r e c t i o n  
for  G a  
evapo- 
ration, Ga20 loss, SiO loss, 
m g / h r  m g / h r  m g / h r  

AF~ 
PGa20 , a rm Ps io ,  a tm  K 

T 

- -  _A[ F~176 AH~ 

T ~ T AH~ 

1179 0.126 0.043 0.065 0.018 
1231 0.39 0.14 0.195 0.055 
1280 1.21 0.40 0.63 0.18 
1332 3.7 1.1 2.0 0.57 
1357 6.7 1.7 3.9 1.1 
1383 11.6 2.7 6.9 2.0 

~ 

1.3 >< 10 -~ 6.9 X 10 -~ 9.0 X 10 -1~ 64.25 79.63 143.88 169,630 
4.1 X 10 -~ 2.2 X 10 -~ 9.0 >< 10 -~' 59.67 79.31 138.98 171,080 
1.3 >< 10 -~ 7.2 >< 10 -~ 9.4 X 10 -~ 55.01 79.02 134.03 171,560 
4.4 X 10 -~ 2.3 X 10 -~ 1.0 X 10 -~' 50.31 78.71 129.02 171,860 
8.6 >< 10 -~ 4.5 X 10 -~ 3.9 X 10 -u 47.61 78.56 126.17 171,210 
1.5 >( 10 -5 8.2 X 10 -~ 1.2 X 10 -~~ 45.37 78.41 123.78 171,190 

Avg .  ~ H ~  = 171,070 ___ 690 

A t  298~ AH~ = AHareaetion + AH~ -- AH~ = 171,070 -- 209,900 + 21,411 = --17,420 • 690 c a l / m o l e  

C o r r e c t i o n  
To ta l  ~or G a  

ef fus ion  evapo-  
ra te ,  r a t ion ,  Ga~-O loss, M g  loss, 

m g / h r  m g / h r  m g / h r  m g / h r  

2Ga(l)  + MgO(c) ~ Mg(v) + Ga_oO(v) 

P~a2O , a rm PMg, arm K 
AF~ [ F~ T -- H~ ] A H~ 

T AL~~ T AH~ 

1179 0.100 0.043 0.049 0.0077 1.0 X 10 -~ 4.0 X 10 .8 
1231 0.85 0.14 0.18 0.028 3.8 X 10 -~ 1.5 X 10 -~ 
1280 0.89 0.40 0.42 0.066 9.0 >< 10 -~ 3.6 • 10 -~ 
1332 2.9 1.1 1.6 0.25 3.5 X 10 -~ 1.4 X 10 -~ 
1383 7.2 2.7 3.9 0.62 8.7 • 10 -~ 3.5 X 10 -~ 

A t  298~ AH~ = AH~ ~b A H ~  - -  AH~ = 159,310 -- 

4.0 X 10 -~5 65.86 68.60 134.46 158,530 
5.7 x 10 -~ 60.58 68.31 128.89 158,660 
3.2 x 10 -~ 57.15 68.05 125.20 160,260 
4.9 X 10 -~ 51.78 67.78 119.51 159,190 
3.0 x 10 -~ 48.13 67.51 115.64 159,930 

Avg.  a H ~  = 159,310 _+ 680 

143,700 -- 35,330 : -- 19,720 -~ 680 ca l /mo le  

Si(, ,  ~,  + SiO~(o) ~ 2SiO(,) [3]  

S i m i l a r  c a l c u l a t i o n s  s h o w  t h a t  t h e  s t e a d y - s t a t e  
r e a c t i o n  of  g a l l i u m  w i t h  m a g n e s i u m  o x i d e  is 

2 G a ( ,  ~ MgO(o  ~ Mg(,) -t- Ga,O(,) [4]  

G a l l i u m  s a t u r a t e s  r a p i d l y  w i t h  m a g n e s i u m  f r o m  t h e  
r e a c t i o n  to a c h i e v e  a s t e a d y - s t a t e  cond i t i on .  

T h e  e f fu s ion  d a t a  f r o m  e x p e r i m e n t s  w h e r e  q u a r t z  
a n d  m a g n e s i u m  o x i d e  w e r e  a d d e d  a r e  l i s t e d  in  T a b l e  

-12 

-~4 5 ~ 

1400 1300 1200 HOO I000 900 800 
TEMPERATURE,  DEGREES C. 

I * 
.00106 .00107 .oolo8 .0009 .OOJO 

I /T 

Fig. 2. Equilibrium constants for reaction of go[lium with quartz 
and with magnesium. 
1. 2Ga(,) ~- SiO~(o ~ SiO(~) ~ Ga~O(~), AH~ = 171.1 kcal 
2. 2Ga(,) ~ MgO(o .~  Mg(~) ~ Ga20~), AHO~8 = 159.3 kcal 
3. 4Ga()) -I- SiO2(o ~.~ Si(~) -I- 2Ga20(~), ~H%8 = 175.1 kcal 

II. A f t e r  c o r r e c t i n g  t h e  e f fus ion  losses  fo r  m e t a l  v a -  
p o r i z a t i o n ,  t h e  r e m a i n i n g  w e i g h t  losses  w e r e  d i v i d e d  
s t o i c h i o m e t r i c a l l y  b e t w e e n  t h e  g a s e o u s  p r o d u c t s  a c -  
c o r d i n g  to  t h e  r e a c t i o n  e q u a t i o n s .  P a r t i a l  p r e s s u r e s  
a n d  e q u i l i b r i u m  c o n s t a n t s  w e r e  c a l c u l a t e d  a n d  c o n -  
v e r t e d  to f r e e  e n e r g y  c h a n g e s .  T h e s e  in  t u r n  w e r e  
c o n v e r t e d  to v a l u e s  of  AH%8 w i t h  t h e  a i d  of  f r e e  e n -  
e r g y  f u n c t i o n  d a t a  d i s c u s s e d  in a l a t e r  sec t ion .  V a l u e s  
of  AH~ w e r e  u s e d  t o g e t h e r  w i t h  v a l u e s  of  AH~ ~8 
fo r  t h e  o t h e r  r e a c t a n t s  a n d  p r o d u c t s  to c a l c u l a t e  
v a l u e s  of  - -17 .4  --+ 0.7 a n d - - 1 9 . 7  • 0.7 k c a l / m o l e  fo r  
AH ~ f r o m  t h e  q u a r t z  a n d  m a g n e s i u m  

298 [ Ga20  (v) ] 
o x i d e  r e a c t i o n s ,  r e s p e c t i v e l y .  

O t h e r  w o r k e r s  h a v e  f o u n d  e v i d e n c e  r e c e n t l y  t h a t  
t h e  p r e s e n t l y  a c c e p t e d  h e a t  of  f o r m a t i o n  fo r  s i l i ca  
u s e d  in  th i s  w o r k  m a y  be  too  p o s i t i v e .  T a y l o r  (7)  a n d  
c o - w o r k e r s  b e l i e v e  t h a t  t h e  e r r o r  in  t h i s  v a l u e  m a y  
be  a b o u t  4.5 k c a l / m o l e .  A t e n t a t i v e  c a l c u l a t i o n  b y  
G o o d  (8)  p l a c e s  t h e  e r r o r  a t  b e t w e e n  6-8  k c a l / m o l e .  
I f  a l l  of  t h e  d i f f e r e n c e  in  t h e  v a l u e s  of  AH ~ 

f 298[Ga~O(v>] 

o b t a i n e d  f r o m  t h e  q u a r t z  a n d  m a g n e s i u m  o x i d e  e x -  

p e r i m e n t s  in  t h i s  w o r k  is a s s i g n e d  to  a n  e r r o r  in  

AH~ , t h e  e r r o r  b e c o m e s  2 x 2.3 = 4.6 k c a l /  

mo le .  ( T h e  d i f f e r e n c e  of 2.3 k c a l  is m u l t i p l i e d  b y  
t w o  b e c a u s e  t h e  h e a t  of  f o r m a t i o n  of  S iO  t h a t  is e m -  
p l o y e d  w i l l  b e c o m e  2.3 k c a l  m o r e  n e g a t i v e  a t  t h e  
s a m e  t i m e . )  T h e  v a l u e  of  AH ~ ~298[Ga~Ocvd c a l c u l a t e d  

f r o m  t h e  g a l l i u m - m a g n e s i u m  o x i d e  e x p e r i m e n t s  w i l l  
be  e m p l o y e d  in  a l l  f u r t h e r  c a l c u l a t i o n s  b e c a u s e  of  t h e  
good  a g r e e m e n t  b e t w e e n  t h e  4.6 k c a l / m o l e  e r r o r  in  
t h e  v a l u e  of  •  ~ t h a t  w e  c a l c u l a t e d  u s i n g  

298[S i02(0]  
i t  a n d  t h e  4.5 k c a l / m o l e  t h a t  T a y l o r  a n d  c o - w o r k e r s  

c a l c u l a t e d .  
T h e  fit of  a l l  of  t h e  e f fus ion  d a t a  to t h e  t h i r d  l a w  

e x t r a p o l a t i o n  of  t h e s e  d a t a  is s h o w n  in  F ig .  2. T h e  
e q u i l i b r i u m  c o n s t a n t s  fo r  r e a c t i o n  [2 ] ,  a r e  a lso  
s h o w n  in  Fig .  2. T h e s e  e q u i l i b r i u m  c o n s t a n t s  a r e  t h e  
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Fig. 3. Equilibrium constants of some reoctlons forming gallium 
suboxide based on ~H ~ ~- --19.7 kcal 

: 298[GaEO(v) ] 
I. H~O(+) -F 2Ga(]) ~ GaEO(+) + HEO(~), AH%+ ~ 38.1 kcal 
2. 2C~) + Ga~O~(~) ~ Ga~O(,> + 2C0~), A H ~  = 185.5 kcal 
3. 4Ga(]) -t- Ga~O.(~> ~ 3Ga~O(~), ~H%+ ~ 198.9 kcal 
4. 2Sn(l) -I- GaEO~(r ~- 2SnO(~) -I- Ga~O(~), L~HO~s = 236.3 kcal 
5. 4Ga(]) -I- AIEO~(o) ,~-- AIEO(~> + 2GaEO(~), ~H%+ = 321.6 kcal 
Points represent apparent equilibrium constants calculated from 
Knudsen effusion experiments in which equilibrium was not attained. 

s a m e  w h e t h e r  t h e y  a r e  c a l cu l a t ed  f r o m  the  u n c o r -  
r e c t e d  h e a t  of f o r m a t i o n  of q u a r t z  and  the  h e a t  of 
f o r m a t i o n  of g a l l i u m  s u b o x i d e  f r o m  the  g a l l i u m -  
q u a r t z  e x p e r i m e n t s  or  f r o m  the  co r r ec t ed  v a l u e  for  
q u a r t z  and  the  v a l u e  for  g a l l i u m  s u b o x i d e  f r o m  the  
g a l l i u m  - m a g n e s i u m  ox ide  e x p e r i m e n t s .  

Equil ibr ia of  Some O t h e r  Reactions Producing GaEO(v) 

C a l c u l a t e d  e q u i l i b r i u m  cons tan t s  a r e  s h o w n  in Fig .  
3 for  a n u m b e r  of o t h e r  r eac t i ons  t h a t  p r o d u c e  
Ga,..O(~). The  sma l l  e q u i l i b r i u m  cons tan t s  c a l c u l a t e d  
for  the  r e a c t i o n  of g a l l i u m  w i t h  a l u m i n a  a r e  sub -  
s t a n t i a t e d  b y  the  l ow r e a c t i v i t y  b e t w e e n  g a l l i u m  a n d  
a l u m i n a  f o u n d  in th is  work .  The  e q u i l i b r i a  of t he  
r e a c t i o n  of g a l l i u m  w i t h  w a t e r  v a p o r  wi l l  be  e m -  
p l o y e d  a long  w i t h  the  e q u i l i b r i a  of t he  q u a r t z - g a l -  
l i um r eac t i ons  in  t he  fo l lowing  p a p e r  dea l i n g  w i t h  
i m p l i c a t i o n s  of t he se  r eac t i ons  in  t he  syn thes i s  of 
g a l l i u m  a r s e n i d e  in q u a r t z  sys tems .  

The  r eac t ions  of t in ,  g r aph i t e ,  a n d  g a l l i u m  wi th  
ga l l ia ,  shown  in Fig .  3, w e r e  e m p l o y e d  in o t h e r  a t -  
t e m p t s  to m e a s u r e  t he  s t a b i l i t y  of GaEO(,>. H o w e v e r ,  
e q u i l i b r i u m  was  no t  a c h i e v e d  in  t hese  cases. The  a p -  
p a r e n t  e q u i l i b r i u m  cons t an t s  t h a t  w e r e  o b t a i n e d  
f r o m  the  effusion r a t e s  w e r e  a l w a y s  less  t h a n  the  
c o r r e s p o n d i n g  e q u i l i b r i u m  cons t an t s  c a l c u l a t e d  w i t h  
t h e  ~H ~ ~298[G~EO~+>] f r o m  the  m a g n e s i u m  o x i d e - g a l -  

l i u m  e x p e r i m e n t s .  
The  chief  cause  of poor  a p p r o a c h  to e q u i l i b r i u m  in 

these  cases  is e v i d e n t  f rom the  effusion da ta .  The  
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Fig. 4. Vapor pressures of silver and tin. 1, Third law extrapola- 
tions of previous data by Stull and Sinke (5); 2, Harteck ( ] ) ;  3, 
L. Brewer and R. F. Porter, J. Chem. Phys., 21, 2012 (1953); 4, 
A. W. Searcy and R. D. Freeman, J. Am. Chem. Sec., 76, 5229 (1954); 
5, C. L. McCabe and C. E. Birchenall, AIME Trans., 197, 707 (1953). 

a v e r a g e  inc reases  in  t he  effusion r a t e s  on a d d i n g  
ga l l i a  to tin,  ga l l i um,  and  g r a p h i t e  were ,  r e spec t i ve ly ,  
150-fold,  2000-fold,  and  an  u n d e t e r m i n e d  l a rge  f ac -  
tor.  These  c o m p a r e  to a v e r a g e  inc reases  of two  to 
fou r fo ld  on a d d i n g  q u a r t z  and  m a g n e s i u m  ox ide  to 
ga l l i um.  If  the  r e a c t i o n  b e t w e e n  t h e  ox ide  and  the  
m e t a l  i nvo lves  m a i n l y  m e t a l  v a p o r  r a t h e r  t h a n  
l iqu id  me ta l ,  the  ease  of  a c h i e v i n g  e q u i l i b r i u m  in 
t he  effusion cel l  w i l l  b e  r e l a t e d  to t he  r a t i o  of t he  
e q u i l i b r i u m  p r e s s u r e  f r o m  the  r e a c t i o n  to t he  e q u i -  
l i b r i u m  m e t a l  v a p o r  p re s su re .  I f  th is  r a t i o  is la rge ,  
e q u i l i b r i u m  wi l l  be  diff icult  to achieve ,  e spe c i a l l y  as  
th is  r a t i o  a p p r o a c h e s  t h e  r a t i o  of t he  m e t a l  su r f ace  
a r e a  to the  a r e a  of t he  effusion hole.  

R e a c t i o n  b e t w e e n  m e t a l  v a p o r  and  t h e  ox ide  w o u l d  
be e x p e c t e d  to be t he  p r e d o m i n a n t  r e a c t i o n  in t he  
effusion cel ls  b e c a u s e  gaseous  p r o d u c t s  f o r m e d  at  
s u b m e r g e d  s i tes  w h e r e  the  l i qu id  m e t a l  a n d  ox ide  a r e  
in con tac t  w o u l d  h a v e  di f f icul ty  in e scap ing  f r o m  
u n d e r  the  head  of m o l t e n  m e t a l  a t  these  low p r e s -  
sures.  W i t h  t he  q u a r t z  a n d  m a g n e s i u m  ox ide  a d d e d  
to t he  ga l l ium,  t h e  i nc rea se  in  p r e s s u r e  was  s m a l l  
enough  t ha t  t he  gases  in  t h e  effusion cel l  w e r e  p r o b -  
a b l y  at  e q u i l i b r i u m .  

G e r s h e n z o n  and  M i k u l y a k  (9)  r e p o r t e d  t h a t  
F r o s c h  and  T h u r m o n d  of Be l l  T e l e p h o n e  L a b o r a -  
tor ies ,  Inc. of M u r r a y  Hi l l ,  N e w  Je r s e y ,  h a v e  m e a s -  
u r e d  g a l l i u m  s u b o x i d e  p r e s s u r e s  of  0.2 m m  at  800~ 

Table IIh Silver and tin vapor pressure data 

A g  S n  
E f f u s i o n  P r e s s u r e ,  E f f u s i o n  Pressure, 

"K rate, mg/hr arm rate, mg/hr atm 

1280 2.38 6.1 X 10 -+ 0.044 1.1 X 10 -7 
1332 6.31 1.7 X 10 -6 0.076 1.9 X 10 -~ 
1383 14.5 3.9 X 10 -~ 0.308 7.8 • 10 -+ 
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[ F~ ] 
Table IV. Values of -- and AH~ ~s employed in calculations from Janaf 

T 

tnte6m Thermochemical Tables (11) unless otherwise noted 

~ Sice> H2(v) C(e) A120~(c) A120 r SiO2(c) H~O r 

F~ -- H%~'~ 
-~ 9- / 

A H ~  f,2,o~ 

700 5.912 33.153 2.166 18.549 64.730 13.579 47.406 
800 6.361 33.715 2.449 20.656 65.672 14.728 48.089 
900 6.795 34.250 2.736 22.533 66.584 15.879 48.749 

1000 7.212 34.758 3.020 24.434 67.459 16.999 49.382 
1100 7.610 35.240 3.300 26.261 68.295 18.064 49.991 
1200 7.989 35.696 3.573 28.012 69.093 19.077 50.575 
1300 8.352 36.130 3.839 29.689 69.855 20.041 51.136 
1400 8.698 36.543 4.098 31.295 70.582 20.961 51.675 
1500 9.028 36.937 4.348 32.835 71.276 21.840 52.196 
1600 9.345 37.314 4.591 34.311 71.940 22.681 52.698 

0 0 0 --400.4 --39.4 --209.9 --57.798 

~ SiO(v~ MgO(e) Mg(v) Co(v) Ga203(c) 1 SnOcv) 1 Ga20(v) 2 

T -/ 

AH~ 

700 52.634 9.263 36.892 49.182 25.63 57.56 73.03 
800 53.257 10.130 37.291 49.759 27.38 58.26 74.07 
900 53.858 10.969 37.670 50.314 29.07 58.95 75.08 

1000 54.432 11.775 38.029 50.845 30.71 59.54 76.04 
1100 54.980 12.546 38.368 51.351 32.30 60.13 76.96 
1200 55.502 13.283 38.688 51.834 33.82 60.63 77.83 
1300 55.999 13.986 38.991 52.295 35.24 61.17 78.66 
1400 56.473 14.658 39.278 52.736 36.65 61.56 79.46 
1500 56.926 15.301 39.550 53.158 37.98 62.14 80.22 
1600 57.358 15.916 39.809 53.562 39.23 62.61 80.96 

--21.411 --143.7 --35.330 --26.417 --258.0 (12) --1.0 - -  

1 C a l c u l a t e d  f r o m  AH~ (12) a nd  A F ' f  T and  f ree  e n e r g y  f u n c t i o n  for  the  c o m p o n e n t  e l e m e n t s  (5). 
2 E s t i m a t e d  by  m e t h o d  desc r ibed  in  tex t .  

and  10 m m  at  1000~ for a 4-1M m i x t u r e  of ga l l ium 
and  ga l l i um suboxide.  F r o m  Curve  3 in  Fig. 3, the 
cor responding  pressures  ca lcula ted  for this  reac t ion  
are 0.091 m m  and  8.6 mm.  This good a g r e e m e n t  sup -  
ports  the choice of --19.7 k c a l / m o l e  for the va lue  of 
AH ~ 

i 298 [Ga20(v) ] " 

Vapor Pressures of Silver and Tin 

In  order  to ob ta in  an  i n d e p e n d e n t  check on the 
effusion cell cons tan t s  employed  in  this  work,  the  
vapor  pressures  of s i lver  and  t in  were  de te rmined .  
These are  g iven  in Tab le  III  and  are  compared  wi th  
l i t e r a tu re  va lues  in Fig. 4. There  is good a g r e e m e n t  
wi th  the  resul t s  of Har t eck  (1) who employed  
quar tz  cells. These va lues  average  22% to 46% lower  
t h a n  the  va lues  chosen by  S tu l l  and  S inke  (5) f rom 
da ta  ob ta ined  mos t ly  in  g raph i t e  cells. It  appears  tha t  
diffusion th rough  g raph i t e  cell wal ls  was  not  con-  
s idered in  most  of the  ear l ie r  w o r k ?  

Sources of Thermodynamic Data 

Except  for the  free ene rgy  func t ions  for l iquid  
and  gaseous Ag, Sn, and  Ga  which  were  ob ta ined  
f rom Stu l l  and  S inke  (5),  a l l  of the  f ree  ene rgy  f u n c -  
t ions and  heats  of fo rma t ion  employed  are  l is ted w i th  
the i r  sources in  Tab le  IV. 

Es t ima ted  va lues  of the  free ene rgy  func t ions  for 
Ga.~O~ are  also l is ted in  Tab le  IV. This  q u a n t i t y  is a 
func t ion  of heat  capaci t ies  a lone  and,  therefore ,  can 
be es t ima ted  for gases qu i te  accura te ly  f rom hea t  
capaci ty  data  for molecules  of s imi la r  s t ruc tu re  and  
molecu la r  weight .  A va lue  of 69.54 was es t imated  for 
S ~ f rom a cor re la t ion  of molecu la r  weights  

298[Ga20(v) ] 

Fujishiro and G o k e e n  (10) f o u n d  t h a t  the  a m o u n t  of  t i t a n i u m  
vapor permeat ing  the  wal l s  of  a cel l  m a d e  f r o m  a v e r y  dense ,  im-  
p e r v i o u s  graphite  r a n g e d  f r o m  45 to 77% of the total  effusa te  in  t he  
2383~176 range .  

wi th  va lues  of S~ for other  t r i a tomic  gaseous mole -  
cules. Heat  capaci t ies  for Ga~O~ above 298~ were  
t a ke n  to be the same as for C T e S ~  f rom the B u r e a u  
of Mines  Bu l l e t i n  584 (13) .  

The descr ibed free ene rgy  func t ions  were  used to 
ca lcula te  the free ene rgy  func t ion  changes  for the  re -  
ac t ion  at 100~ in te rva ls .  F ree  ene rgy  f u n c t i o n  
changes  for the desired t e m p e r a t u r e s  were  ob ta ined  
by  graphica l  in te rpola t ion .  

Manuscript  received June  28, 1961. 

Any  discussion of this paper  will  appear in  a Dis- 
cussion Section to be published in  the December 1962 
J O U R N A L .  
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