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ABSTRACT 

The purpose of this work was to determine the thermoelectric properties 
of the pseudobinary system MgfSi-MgfGe. The compositions investigated were 
Mg2Si, Mg2Ge0.fSi0.s, MgaGe0.4Si0.6, Mg2Ge0.6Si0.4, Mg2Ge0.8Si0.2, and Mg2Ge. 
X-ray  diffraction lattice parameter  measurements and differential thermal 
analysis measurements established the existence of complete solid solubility 
between Mg~Si and Mg2Ge. Both the lattice parameter  and liquidus tempera-  
ture show almost linear variation with composition in this system. The melting 
temperature of MgfSi was found to be 1070" ___ 5"C, while that  of MgfGe was 
found to be 1102" _ 5~ 

Electrical resistivity and Hall effect measurements indicated that at 300*K 
the electron Hall mobility in the mixed crystals is essentially the same as that  
of the pure compounds. Maximum values obtained were slightly above 300 
cm2/volt sec. The forbidden energy gap appeared to vary monotonically from 
about 0.78 electronvolt (ev) for MgfSi to about 0.70 ev for MgfGe. Thermal 
conductivity measurements on the pseudobinary system showed that the lattice 
thermal conductivity of the solid solutions is substantially lower than that  of 
either of the pure compounds at 300~ At this temperature the lattice thermal 
conductivity of Mg2Ge0.6Sio.4 was found to be 0.0268 wat t /cm *K. The maximum 
thermoelectric figure of merit  which could be obtained with these materials is 
not as good as that of other materials now in use. 

Lat t ice  pa r ame te r  de terminat ions ,  differential  
the rmal  analysis  measurements ,  and microscopic 
examinat ions  at  six different  compositions in the 
system MgfGe-MgfSi  showed tha t  there  was com- 
ple te  solid solubi l i ty  be tween  Mg2Si and MgfGe; 
the rmal  conductivi ty,  Seebeck coefficient, e lectr ical  
conductivi ty,  and Hal l  effect were  measured  on 
these samples, and all  da ta  were  analyzed to cor-  
re la te  the resul ts  wi th  theory.  

No pr ior  work  has been repor ted  in the  l i t e ra tu re  
on the Mg2Ge-MgfSi mixed  crystals ,  a l though p re -  
vious invest igators  have made  many  measurements  
on MgfGe and MgfSi. The electr ical  proper t ies  of 
single crysta ls  of MgfGe have been measured  by  
Whitse t t  (1) and by  Redin (2),  whi le  the  e lectr ical  
proper t ies  of po lycrys ta l l ine  samples of MgfGe have  
been measured  by  Busch and Wink le r  (3). The 
electr ical  proper t ies  of single crystals  of MgfSi have  
been inves t iga ted  by  Whi t se t t  (1),  by  Morris  (4),  
and by  Ell ickson and Nelson (5).  The electr ical  
proper t ies  of po lycrys ta l l ine  samples of Mg2Si have 
been measured  by  Busch and Wink le r  (3).  

Lat t ice  pa r ame te r  measurements  have been pe r -  
formed on Mg2Ge by Busch and Wink le r  (3),  
K lemm and West l in ing (6),  Brauer  and Tiesler  (7),  
Zint l  and Kaiser  (8),  and Fa r r e l  (9). S imi lar  meas-  
u rements  were  per formed  on MgfSi by  Owen and 
Pres ton  (1O), K l e m m  and West l in ing (6),  Busch 
and Winkle r  (3),  and F a r r e l  (9).  

1 Present  address: Advanced  D e v e l o p m e n t  Section,  Liquid Rocket  
Plant ,  Aero je t -Gene ra l  Corporation, Sacramento,  California. 

~Presen t  address :  Thomas  J .  Watson Research  Center,  In te r -  
nat ional  Business  Machines ,  Inc.,  York town  Heights ,  Hew York.  

Melt ing t empe ra tu r e  de te rmina t ions  were  made 
on MgfGe by  K l e m m  and West l in ing (6).  The mel t -  
ing t empe ra tu r e  of MgfSi has been measured  by  
Vogel (11), by  K l e m m  and West l ing (6),  and by  
Wohler  and Schl iephake  (12). The the rma l  conduc-  
t ivi t ies  of MgfGe and MgfSi have  been measured  in 
conjunct ion wi th  this work  and are  r epor ted  in the  
previous  paper  (13). 

The only mixed  crys ta l  sys tem containing ei ther  
MgfGe or MgfSi tha t  has been repor ted  is the  sys tem 
MgfGe-MgfSn.  The electr ical  p roper t ies  and la t t ice  
pa r ame te r  of mixed  crysta ls  of this  sys tem were  
measured  by  Busch and Wink le r  (14). 

Experimental Results 
The technique used to p repa re  the samples has 

been descr ibed in the  previous  paper  (13). I t  was 
necessary to p repa re  115 ingots before 13 sat isfac-  
to ry  specimens of composit ions MgfSi, MgfSi0.sGe0.2, 
Mg2Sio.~Geo.4, Mg2Si0.4Geo.6, Mg~Sio.~Geo.~, and Mg~Ge 
were  obta ined for  measurements .  The la t te r  three  
compositions all  tended to decompose in wa te r  or 
humid  air, and these samples were  s tored in acetone 
to pro tec t  them. 

The resul ts  of the  x - r a y  lat t ice pa r ame te r  meas-  
u rements  and the  differential  t he rmal  analyses  es- 
tab l i shed  the isomorphous na tu re  of the pseudo-  
b ina ry  sys tem MgfGezSil-x.  

X-ray lattice parameter measurements.--The l a t -  
tice p a r a m e t e r  of each of the six different  compo- 
sitions tested was de te rmined  by  use of x - r a y  pow-  
der diffraction techniques (15). The resul ts  of these 
measurements ,  shown in Fig. 1, indicate  complete  
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Fig. 1. Lattice parameter vs.  composition for the system 
Mg2GexSio-x). Open circle, this work; solid circle, Farrel (9); 
open square, Klemm and Westlining (6); open triangle, Busch 
and Winkler (3); inverted open triangle, Owen and Preston (10); 
solid triangle, Zintl and Kaiser (8); inverted solid triangle, Brauer 
and Tiesler (7). 

sol id  so lub i l i t y  b e t w e e n  the  c o m p o u n d s  Mg2Si and  
Mg2Ge, t he  s l igh t  v a r i a t i o n  in r e su l t s  be ing  due  to 
e x p e r i m e n t a l  e r ro r .  

The  m e a s u r e d  l a t t i c e  p a r a m e t e r  of t he  m i x e d  
c r y s t a l s  va r i e s  l i n e a r l y  w i t h  t he  compos i t ion ,  s h o w -  
ing  u n u s u a l l y  good a g r e e m e n t  w i t h  V e g a r d ' s  law.  
This  t y p e  of  b e h a v i o r  can  be  e x p e c t e d  in s u b s t i t u -  
t i o n a l  so l id  so lu t ions  w i t h  a t o m s  of s i m i l a r  size a n d  
e l ec t ron ic  s t r u c t u r e  (15) .  S i m i l a r  r e su l t s  w e r e  o b -  
t a i n e d  b y  Busch  a n d  W i n k l e r  (14) in  t h e i r  w o r k  
on the  p s e u d o b i n a r y  s y s t e m  Mg2Ge-Mg2Sn.  

Dif]erential thermal analysis measurements . -  
Dif fe r en t i a l  t h e r m a l  ana lys i s  m e a s u r e m e n t s  w e r e  
m a d e  on each  of t he  six compos i t ions  in o r d e r  to  
cons t ruc t  t he  p s e u d o b i n a r y  phase  d i a g r a m .  The  
s a m p l e s  w e r e  he ld  in  a bo ron  n i t r i d e  c r u c i b l e  us ing  
an  e m p t y  b o r o n  n i t r i d e  c r u c i b l e  as a r e f e rence .  T h e  
s a m p l e  c ruc ib l e  and  the  r e f e r e n c e  c ruc ib l e  w e r e  
h e a t e d  ins ide  a low c a r b o n  s tee l  b l o c k  w h i c h  in  
t u r n  was  con t a ined  in a z i r con ia  t u b e  t ha t  was  c losed  
a t  one end.  The  o t h e r  end  of t h e  z i r con ia  t u b e  was  
f i t ted  w i t h  an  "O" r i n g  seal  so t h a t  t he  t u b e  could  be  
e v a c u a t e d  and  backf i l l ed  w i t h  a r g o n  in o r d e r  to  
supp re s s  t he  v a p o r i z a t i o n  of m a g n e s i u m  as m u c h  
as poss ib le .  M e a s u r e m e n t s  w e r e  m a d e  u n d e r  a b o u t  
11/z a tm.  of a rgon.  S a m p l e s  w e r e  h e a t e d  in  a 
K a n t h a l  r e s i s t ance  f u r n a c e  w h i c h  h a d  an  a u t o m a t i c  
con t ro l  to p r o v i d e  a s u b s t a n t i a l l y  l i n e a r  h e a t i n g  
r a t e  of a b o u t  3 ~  The  r e su l t s  of these  m e a s -  
u r e m e n t s  a n d  those  of  p r e v i o u s  i n v e s t i g a t o r s  a r e  
p l o t t e d  in  Fig.  2. 

S ince  t h e r e  was  a f a i r  a m o u n t  of supe rc oo l i ng  
and  a loss of m a g n e s i u m  v a p o r  f r o m  the  m o l t e n  
m a t e r i a l ,  on ly  h e a t i n g  cu rves  w e r e  used  for  t h e  
phase  d i a g r a m  d e t e r m i n a t i o n ,  and  i t  was  no t  pos -  
s ib le  to d e t e r m i n e  the  so l idus  t e m p e r a t u r e  a c c u -  
r a t e l y .  

No t r a n s i t i o n s  o t h e r  t h a n  the  m e l t i n g  p h e n o m e -  
non w e r e  o b s e r v e d  in  t h e  h e a t i n g  curves ,  b u t  t h e  
cool ing  cu rves  s h o w e d  a v e r y  s l igh t  t r a n s i t i o n  a t  
t he  m a g n e s i u m - d e f i c i e n t  eu tec t i c  t e m p e r a t u r e  
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Fig. 2. Liquidus temperature vs. composition for the system 
Mg2GexSio-x).  X. This work; open circle, Klemm and Wesflining 
(6); open triangle, Vogel (11); open square, Wohler and Schie- 
phake (12). 
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w h e n e v e r  m a g n e s i u m  h a d  been  los t  a t  e l e v a t e d  
t e m p e r a t u r e s .  

These  r e su l t s  also i n d i c a t e  t h a t  Mg2Ge a n d  Mg2Si 
f o r m  an  i s o m o r p h o u s  sys tem.  A c o m p l e t e  M g - G e - S i  
t e r n a r y  phase  d i a g r a m  is g iven  in Fig.  3. 

Electrical measurements.--Electrical r e s i s t i v i t y  
and  H a l l  effect  m e a s u r e m e n t s  a r e  c a r r i e d  ou t  us ing  
c o n v e n t i o n a l  d i r e c t  c u r r e n t  t e c h n i q u e s  (16) .  The  
d i r ec t  c u r r e n t  s u p p l i e d  b y  a L a m b d a  Mode l  65M 
p o w e r  s u p p l y  w a s  f i l t e red  to r e d u c e  r i p p l e  b y  use  
of an  8.5 h choke  a n d  a 40 ~f capac i to r .  Res i s to r s  in 
ser ies  w i t h  t h e  s a m p l e  w e r e  used  to o b t a i n  t he  d e -  
s i r ed  c u r r e n t  ]evel .  S w i t c h e s  w e r e  a v a i l a b l e  for  r e -  
v e r s i n g  the  p o l a r i t y  of t h e  cu r ren t ,  t he  H a l l  p robes ,  
and  the  e l e c t r i c a l  r e s i s t i v i t y  p robes .  The  p o t e n t i a l  
r e a d i n g s  w e r e  t a k e n  w i t h  a L&N K - 2  p o t e n t i o m e t e r .  

T h e  m a g n e t i c  f ie ld u sed  in  t h e  H a l l  effect  m e a s -  
u r e m e n t s  was  o b t a i n e d  b y  use  of a 2100 gauss  p e r -  
m a n e n t  m a g n e t .  Th is  m a g n e t  h a d  a po le  face  d i a m -  
e t e r  of 2~/2 in. a n d  a 2% in. gap.  To f a c i l i t a t e  
r e v e r s i n g  t h e  m a g n e t i c  f ie ld t h e  m a g n e t  was  
m o u n t e d  on a l a r g e  r o l l e r  b e a r i n g ,  and  t h e  m a g n e t  
cou ld  be  r o t a t e d  e x a c t l y  180 ~ w i t h o u t  m o v i n g  the  
sample .  

E l e c t r i c a l  con tac t s  w e r e  m a d e  to t h e  t e s t  spec i -  
mens  b y  l ea f  s p r i n g s  m a d e  f r o m  r h o d i u m - p l a t e d  
b e r y l l i u m  copper .  These  l ea f  sp r ings  w e r e  f a s t e n e d  
to s m a l l  coppe r  b locks  w h i c h  in  t u r n  a r e  m o u n t e d  
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on a l a v i t e  p l a t f o r m .  The  r e c t a n g u l a r  spec imen  was  
he ld  in  p l a c e  b y  p r e s s u r e  con tac t s  w h i c h  also s e r v e d  
as c u r r e n t  leads .  The  s a m p l e  h o l d e r  was  p a t t e r n e d  
a f t e r  the  des ign  p u b l i s h e d  b y  Brooke r ,  Clay ,  and  
Y o u n g  (17) .  T h e  s a m p l e  h o l d e r  is m o u n t e d  w i t h  
s ta in less  s t ee l  screws.  D i r e c t l y  over  t he  s a m p l e  
h o l d e r  a r e  two  m o l y b d e n u m  t u b e s  con ta in ing  30 
gauge  c h r o m e l - a l u m e l  t h e r m o c o u p l e s ,  w h i c h  w e r e  
used  to check  t h e  t e m p e r a t u r e  g r a d i e n t  a long  t h e  
sample .  

A 21/~ in. long  coppe r  sh ie ld  is  p l a c e d  ove r  t he  
s a m p l e  h o l d e r  w h i l e  a sol id  c o p p e r  rod  w i t h  a 
h e a t e r  m o u n t e d  on i t  is connec t ed  to t h e  l o w e r  end  
of th is  shie ld .  T h e  h e a t e r  is m a d e  on a t h r e a d e d  
p i ece  of l a v i t e  w h i c h  is w r a p p e d  w i t h  28 g a u g e  
c h r o m e l  h e a t i n g  wi re .  T h e  l a r g e  mass  of sol id  cop-  
p e r  rod  is u sed  to d a m p  out  t e m p e r a t u r e  f luc tua t ions .  

Connec t ed  to  t he  top  end  of t he  coppe r  sh ie ld  is 
a 1/2 in.  c o p p e r  t u b e  w i t h  a c o p p e r  space r  a n d  a 
l av i t e  h e a t e r  s i m i l a r  to t he  l o w e r  hea t e r .  A l a v i t e  
space r  p r e v e n t s  t h e r m a l  conduc t ion  up  t h e  coppe r  
tube .  A V y c o r  t u b e  encloses  t he  s a m p l e  and  s u p -  
p o r t i n g  a p p a r a t u s  a n d  is w r a p p e d  w i t h  P y r e x  woo l  
to r e d u c e  h e a t  losses.  The  open  end  of t he  V y c o r  
t u b e  is s ea l ed  b y  m e a n s  of "O" r i n g  seals  to a 
m o u n t i n g  coupl ing .  The  1/2 in. c o p p e r  t u b e  passes  
t h r o u g h  th is  coup l ing  b y  m e a n s  of seals  w h i c h  a l l o w  
the  v e r t i c a l  pos i t i on ing  of t he  s a m p l e  d i r e c t l y  b e -  
t w e e n  the  po les  of t he  m a g n e t .  A n  ou t l e t  f r o m  t h e  
coup l ing  l eads  to  a p r e s s u r e  gauge ,  a v a c u u m  sys -  
tem,  and  t h e  h y d r o g e n  supp ly .  The  s a m p l e s  w e r e  
m e a s u r e d  u n d e r  a h y d r o g e n  a t m o s p h e r e .  O x y g e n  
and  w a t e r  v a p o r  a r e  r e m o v e d  f r o m  t h e  h y d r o g e n  
b y  pa s s ing  i t  t h r o u g h  a "Deoxo"  c a t a l y s t  a n d  t h e n  
t h r o u g h  m o l e c u l a r  s ieves .  
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The  t h e r m a l  conduc t i v i t i e s  and  S e e b e c k  coeffi- 
c ien ts  w e r e  m e a s u r e d  w i t h  t he  a p p a r a t u s  d e s c r i b e d  
in t he  p r e c e d i n g  p a p e r  (13) .  

The  r e su l t s  of  e l ec t r i ca l  r e s i s t i v i t y  m e a s u r e m e n t s  
on the  s ix  d i f f e ren t  compos i t ions  a r e  p l o t t e d  in Fig.  
4. The  onse t  of i n t r i n s i c  b e h a v i o r  fo l lows  no con-  
s i s ten t  p a t t e r n  s ince  t he  i m p u r i t y  c onc e n t r a t i on  was  
an  u n c o n t r o l l e d  v a r i a b l e  in  t he  inves t iga t ion .  

The  m e a s u r e m e n t s  of t he  S e e b e c k  coefficient  a re  
p r e s e n t e d  in Fig .  5. T h e  Ha l l  coefficient  d a t a  w e r e  
suff ic ient ly  e x t e n s i v e  in t he  in t r in s i c  r e g i o n  of on ly  
Mg2Ge0.4Si0.B and  Mg2Ge to p e r m i t  an  e v a l u a t i o n  of 
t h e  e n e r g y  gap.  P lo t s  of log IRHTS/21 a ga in s t  r e c i p r o -  
cal  a b s o l u t e  t e m p e r a t u r e  a r e  shown  in Fig .  6, and  
the  d e r i v e d  e n e r g y  gaps  a r e  also t a b u l a t e d  in  T a b l e  
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Table I. Summary of results obtained from measurements on the system Mg2GexSi l -x  

February 1963 

Ego ,  ev 
p vs. 1 /T  

I n t r i n s i c  S a t ' n  
E x t r i n s i c  m o b i l i t y  i m p u r i t y  
m o b i l i t y  RH/pI = ksoooK, c o n c ' n  

Ego, ev /zH = p~T~ IRH,/ploTZ w/cm [ND - -  NA], Zmax, 
IRHTS/s] crn~/v sec emS/v  sec  ~  c a r r i e r s / c m  s ~ 

Resis- Seebeck 
t i v i t y ,  Coef. 
p300~ ~ 300~ 

o h m - c m  ~ v / ~  

Mg~Si 
No.  95 [ ~ 0 . 7 2 ]  
No.  24  [ ~ 0 . 6 5 "  ] 
No.  91 

MgsGeo.~Sio.s 
No.  93 0.79 
No.  115 

Mg2Geo.4Sio.e 
No. 70 0.75 
No.  101 [0 .72]  

Mg~Geo.eSio.4 
No.  61 [0.70] 
No.  114 0.75 

MgsGeo.sSio.s 
No, 109 0.71" 
No. 108 

Mg2Ge 
No.  43 0.70 
No.  67 [0 .71]  

A v e r a g e  

[160] (T /300 )  -1.7 [420] (T/300)-3.~ 9 • 1017 
350* 2.6 • 1017 3.3 • 10 -r 

0.0792 

310(2"/300) -1.5 2 • 10 as 
0 .0355 

0.74 [187]  (T /300)  c-~.o] [350]  (T/300)-~ .4  1.4 • 1017 
[0 .58]  2 7 3 ( T / 3 0 0 )  - 1 " 4  6 4 0 ( T / 3 0 0 )  -2.~ 0.0288 1.3 X 10 TM 

[70] [160]  ( T / 3 0 0 ) [  -~.13 1 • 10 TM 
2 8 0 ( T / 3 0 0 )  -1.e 530(T/300)  -2,5 0.0289 5.8 X 10 iv 

0.72* 310" (3OO/T) -1.4. 620* (T/300)-~.7"  0.0405* 3.5 x 1017 
342* 2.9 • 1~7  

S a m p l e  g o i n g  f r o m  !o to  n o v e r  r a n g e  of H a l l  m e a s u r e m e n t s .  
1.3 • 10 z7 

0 .70 [175]  (T /300 )  [-i .s] [360]  ( r / 3 0 0 )  -2.4 0 .0628 9.5 • 1015 

300 (T /300 )  -1.5 6 0 0 ( T / 3 0 0 )  -2.B 

6 .7  X 1O -~ 

[ 2 . 6  X 10  -8] 

9 . 4  • I 0  ~ 

1.0mo 0.06 (n) -- 505 
0.09 (n) * 

- -275  

O.51mo O.0114(n) - - 3 7 0  

[0 .15mo]  0.035 (n] - - 6 5 0  
0.58mo 0 .026(n )  - -570  

0 . I  1 (n) -- 375 
0.85mo 0 .051(n )  - - 5 0 0  

0.07 (n) + 800(p) * 

2.0 (13) 
4.0 (n) + 710 ] p) 

* S i n g l e  c r y s t a l  d a t a .  
V a l u e s  in  b r a c k e t s  a r e  d o u b t f u l .  

I. The sa tura t ion  impur i ty  car r ie r  concentra t ion in 
the extr ins ic  region as de te rmined  f rom the Hall  
effect measurements  (16) is also t abu la ted  in Table 
I for each sample tha t  was measured.  The impur i ty  
concentrat ion var ied  e r ra t i ca l ly  f rom 10 TM to i0 TM 

c a r r i e r s / c m  3. 
The Hall  mobi l i ty  factor, RH/p, is p lo t ted  against  

absolute t empe ra tu r e  on logar i thmic  coordinates  in 
Fig 7. The extr ins ic  Hal l  mobi l i ty  at  300~ is given 
as a funct ion of composit ion in Table I. The amount  
of var ia t ion  f rom one composit ion to the next  is no 
grea te r  than  the var ia t ion  observed f rom one sample  
to another  of the same composition. The m a x i m u m  
inabil i t ies  observed for the mixed  crysta ls  of 
Mg2Geo.2Sio.s, Mg2Geo.4Sio.6, and Mg2Geo.6Sio.4 are 
lower  than  those observed in Mg2Si and Mg2Geo.8Sio.2. 
I t  appears  as though this reduct ion in the m a x i m u m  
observed mobi l i ty  is not due to the format ion  of 
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Fig. 7. Logarithm of ]RH/p]  ys. logarithm of absolute temperature 

mixed  crysta ls  because r e l a t ive ly  high inabi l i t ies  
were  observed for the mixed  crys ta l  samples of 
Mg2Ge0.8Si0.2. A more sa t is factory  explana t ion  is 
tha t  the mobi l i ty  difference is associated wi th  the  
form of the ma te r i a l  being measured.  The higher  
mobil i t ies  for Mg2Si and Mg2Ge0.sSio.2 were  meas-  
ured  in single crystals ,  whereas  the s l ight ly  lower  
m a x i m u m  mobil i t ies  measured  in the other  mixed 
crys ta ls  were  measured  in po lycrys ta l l ine  speci-  
mens. If all  mobi l i ty  measurements  had been made  
on single crystals  it  is qui te  l ike ly  tha t  no decrease 
in the  m a x i m u m  mobi l i ty  would have  been ob-  
served, and tha t  the  average  mobi l i ty  would be 
s l ight ly  grea te r  than  300 cm2/volt  sec at  300~ 
The average  t empera tu re  dependence of the mo-  
b i l i ty  ( - -3 /2  power)  indicates  tha t  la t t ice sca t te r -  
ing is the p redominan t  scat ter ing mechanism. 

The high mobil i t ies  repor ted  by  Wink le r  (3) for 
po lycrys ta l l ine  Mg2Si (370 cm2/volt  sec) and Mg2Ge 
(530 cm2/volt  sec) were  obta ined by ex t rapo la t ing  
h i g h - t e m p e r a t u r e  da ta  to obtain a room t empera tu r e  
value,  and are  ac tua l ly  intr insic  mobi l i ty  values 
ex t rapo la ted  to room t empera tu r e  r a the r  than  
measured  extr insic  inabil i t ies.  

When a s imilar  ex t rapola t ion  is appl ied  to the data  
obtained in this invest igat ion,  room t empera tu re  
inabil i t ies  which are two to three  t imes higher  than 
those ac tual ly  measured  are obtained,  and the  re -  
sults of this ex t rapo la t ion  are also t abu la ted  in 
Table I. The average  t empe ra tu r e  dependence  of the  
intr insic  Hall  mobi l i ty  ( - -5 /2  power)  indicates  tha t  
ho le-e lec t ron  scat ter ing is appa ren t ly  the p redom-  
inant  scat ter ing mechanism. 

Once the t empera tu re  dependence of the mobi l i ty  
is known (--T), a plot  of log (pT 3/2-~) against  r e -  
ciprocal  absolute  t empe ra tu r e  can be made. The 
s t ra ight  l ine in the intr insic  conduct ivi ty  region then 
has a slope of Ego/4.6k, and the energy gaps for 
these mater ia l s  were  de te rmined  in this way.  The 
value  of energy gap f rom this invest igat ion for 
Mg2Si is not ve ry  precise, and Morris '  va lue  of 
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0.78 ev 4 is u n d o u b t e d l y  m o r e  correct .  F r o m  T a b l e  I 
t h e n  i t  can  be  no t i ced  t h a t  t he  e n e r g y  gap  dec reases  .o3~ 
f r o m  a v a l u e  of a b o u t  0.78 ev  for  Mg2Si to  a b o u t  
0.70 ev  for  Mg2Ge. On the  bas i s  of th is  d a t a  i t  is 
diff icult  to s t a t e  w h e t h e r  the  e n e r g y  gap  v a r i e s  "e~~176 
l i n e a r l y  w i t h  compos i t i on  or  not.  Busch  and  W i n k l e r  
(14) in t h e i r  w o r k  on the  Mg2Ge-Mg2Sn sol id  so-  -~o25 
lu t ion  f o u n d  a n o n l i n e a r  v a r i a t i o n  of e n e r g y  ~" 
gap  w i t h  compos i t ion .  H o w e v e r ,  i t  shou ld  be  p o i n t e d  

F- .020 out  t h a t  t he  e n e r g y  gap  in  t he  Mg2Ge-Mg2Sn sys -  =~ 
c~ 

tern changes  f r o m  0.70 ev  for  Mg2Ge to 0.36 ev  for  w 
Mg2Sn, w h i c h  is c o n s i d e r a b l y  g r e a t e r  t h a n  t h a t  e x -  ~ o,5 
p e r i e n c e d  in  going  f r o m  Mg2Si to Mg2Ge. 

The  S e e b e c k  coefficient  d a t a  show the  t e m p e r a -  
~- .010 t u r e  at  w h i c h  in t r i n s i c  b e h a v i o r  c o m m e n c e s  in  each  

s a m p l e  (18) .  Also  in c o n j u n c t i o n  w i t h  t he  s a t u r a -  
t ion  i m p u r i t y  concen t r a t i on ,  t h e  S e e b e c k  coefficient  .co5 
can  be  used  to d e t e r m i n e  the  ef fec t ive  mass  of t h e  
e lec t rons .  The  r e su l t s  a r e  also t a b u l a t e d  in T a b l e  I. 

Thermal Conductivity 
The  t h e r m a l  c o n d u c t i v i t y  of a s e m i c o n d u c t o r  a t  

m o d e r a t e  t e m p e r a t u r e s  is g e n e r a l l y  cons ide r e d  to 
be  t h e  s u m  of t he  l a t t i ce  and  cha rge  c a r r i e r  c o m -  
ponents .  F o r  n o n d e g e n e r a t e  m a t e r i a l s  t he se  c o m -  
ponen t s  a r e  e s s e n t i a l l y  i n d e p e n d e n t  of each  o ther .  

The  c h a r g e  c a r r i e r  c o m p o n e n t  is m a d e  up  of con-  
t r i b u t i o n s  f rom v a r i o u s  m e c h a n i s m s  such as t he  
n o r m a l  t h e r m a l  d i f fus ion of c h a r g e  c a r r i e r s  as d e -  
s c r ibed  b y  the  W i e d e m a n - F r a n z  r e l a t i onsh ip ,  a m b i -  
p o l a r  diffusion,  and  d i f fus ion  of exc i tons .  The  m e t h -  
ods of c a l cu l a t i ng  these  c o n t r i b u t i o n s  f r o m  m e a s -  
u r e d  e l ec t r i c a l  and  t h e r m a l  c o n d u c t i v i t y  d a t a  a r e  
g iven  in t he  l i t e r a t u r e  (19) .  

The  l a t t i c e  t h e r m a l  c o n d u c t i v i t y  is the  r e s u l t  of 
e n e r g y  t r a n s p o r t  b y  phonons .  The  m a g n i t u d e  of 
t he  l a t t i ce  t h e r m a l  c o n d u c t i v i t y  is a func t ion  of t he  
a m o u n t  of  p h o n o n  s c a t t e r i n g  w h i c h  t a k e s  p l ace  
w i t h i n  t he  la t t ice .  T h e  n a t u r e  of t he  s c a t t e r i n g  
w h i c h  ex is t s  in t he  l a t t i c e  can  be  d e t e r m i n e d  to  a 
l a rge  e x t e n t  b y  an  e x a m i n a t i o n  of t h e  t e m p e r a t u r e  
d e p e n d e n c e  of t he  l a t t i ce  t h e r m a l  conduc t i v i t y ,  as 
va r i ous  s c a t t e r i n g  m e c h a n i s m s  h a v e  d i f fe ren t  t e m -  
p e r a t u r e  d e p e n d e n c i e s  (20) .  

T h e  s u b s t i t u t i o n a l  sol id  so lu t ions  e x a m i n e d  in  
th i s  i n v e s t i g a t i o n  w o u l d  be  e x p e c t e d  to h a v e  a 
s t rong  p o i n t  de f ec t  s c a t t e r i n g  due  to  t he  l a r g e  mass  
d i f fe rence  b e t w e e n  t h e  s i l icon and  g e r m a n i u m .  As  
p o i n t e d  out  b y  K l e m e n s  (21) 

k cc T - l ~ 2  e - l / 2  

for  t e m p e r a t u r e s  a b o v e  the  D e b y e  t e m p e r a t u r e .  The  
t e r m  �9 accoun t s  for  t he  c o n c e n t r a t i o n  of p o i n t  d e -  
fects  and  is g iven  b y  

�9 = ~ C j ( M j  - -  M)2/M e [1]  
J 

M = ~ Cj Mj 
j [2]  

w h e r e  Cj a n d  Mj a r e  t h e  c o n c e n t r a t i o n  and  mass  of 
a toms  of t y p e  j.  This  is in c o n t r a s t  to t h e  

X ~ T -1 [3]  

w h i c h  w o u l d  be  e x p e c t e d  for  t he  p u r e  compounds .  

Thermal conductivity of Mg2Geo.eSio.s.--The t h e r -  
m a l  c o n d u c t i v i t y  of Mg2Ge0.=Si0.8 was  m e a s u r e d  on 
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Fig. 8. Thermal conductivity for Mg2Geo.2Sio.8, sample No. 115, 
vs. absolute temperature. 

s a m p l e  No. 115. H o w e v e r ,  due  to a l a c k  of r e p r o -  
d u c i b i l i t y  in t h e  e l ec t r i ca l  m e a s u r e m e n t s  m a d e  on  
th is  s a m p l e  t h e r e  is some ques t i on  as to  t he  q u a l i t y  
of t he  ingot .  F o r  th i s  r ea son  the  r e su l t s  a r e  p r e -  
s en t ed  in Fig .  8 w i t h o u t  c o m m e n t  s i m p l y  for  t he  
sake  of comple teness .  

Thermal conductivity of Mg2Geo.4Sio.6---The t h e r -  
m a l  c o n d u c t i v i t y  of Mg2Ge0.4Si0.s was  m e a s u r e d  on 
s a m p l e  No. 101. This  s a m p l e  was  l a r g e  g r a i n e d  and  
c o n t a i n e d  no v i s ib l e  eu tec t ic .  I t  was  1.67 cm long 
and  h a d  a c r o s s - s e c t i o n a l  a r e a  of 2.30 cm 2. 

I n  Fig .  9 t he  e x p e r i m e n t a l l y  d e t e r m i n e d  va lue s  of 
t h e r m a l  c o n d u c t i v i t y  and  the  c a l c u l a t e d  v a l u e s  of 
t he  e l e c t r o n  c o m p o n e n t  a r e  g iven  as  func t ions  of 
t e m p e r a t u r e .  T h e  q u a n t i t y  ( X t h -  Xez) is no t  p l o t t e d  
as  th i s  v a l u e  is v e r y  c lose  to Xth. 

B y  m a t c h i n g  cu rves  a t  300~ t h e  r e l a t i o n s h i p  
~tlattic e : 0.512T -1/2 w a t t s / c m  ~ was  d e t e r m i n e d .  
T h e  e x p e r i m e n t a l  v a l u e s  fo l low th i s  r e l a t i o n s h i p  
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Fig. 9. Thermal conductivity for Mg2Geo.4Sio.6, sample No. 10l, 
vs. absolute temperature. 
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Fig. 10. Thermal conductivity for Mg2Geo.6Sio.4, sample No. 114, 
vs. absolute temperature. 

r a t h e r  wel l ,  i n d i c a t i n g  t h a t  p o i n t  de f ec t  s c a t t e r i n g  
p r e d o m i n a t e s .  

Thermal conductivity o~ MgfGe0.6Si0.4.--The t h e r -  
m a l  c o n d u c t i v i t y  of MgeGe0.6Si0.4 was  m e a s u r e d  on 
s a m p l e  No. 114. This  s a m p l e  was  l a r g e  g r a i n e d  and  
f r ee  of eu tec t ic ,  h a d  a c ro s s - s ec t i ona l  a r e a  of 1.65 
cm 2, and  was  1.37 cm long.  

A p lo t  of t he  e x p e r i m e n t a l  v a l u e s  of t h e r m a l  
c o n d u c t i v i t y  as a func t ion  of t e m p e r a t u r e  for  th is  
s a m p l e  is g iven  in  Fig.  10. The  e l ec t ron  c o m p o n e n t  
of t h e r m a l  c o n d u c t i v i t y  for  th is  s a m p l e  is n e g -  
l ig ible .  Thus  l a t t i ce  t h e r m a l  c o n d u c t i v i t y  is es -  
s e n t i a l l y  e q u a l  to t h e  m e a s u r e d  va lues .  

Due  to a r a t h e r  u n u s u a l  set  of e x p e r i m e n t a l  c i r -  
cums t ances  i t  was  poss ib l e  to m a k e  t h e r m a l  con-  
d u c t i v i t y  m e a s u r e m e n t s  f r o m  200~ The  r e su l t s  
a r e  r a t h e r  i n t e re s t ing .  

F r o m  200~ to 300~ t h e  l a t t i c e  t h e r m a l  c o n d u c -  
t i v i t y  is p r o p o r t i o n a l  to T -1, w h i l e  a b o v e  300~ 
the  l a t t i ce  t h e r m a l  c o n d u c t i v i t y  is p r o p o r t i o n a l  to 
T -1/2. Thus  a b o v e  a b o u t  300~ X = 0.468T -1/e 
w a t t s / c m  ~ w h i l e  f r o m  200~ to 300~ X = 
8.10T w a t t s / c m  ~ A l t h o u g h  t h e  b e h a v i o r  
a b o v e  300~ is e x p l a i n a b l e  in t e r m s  of t he  mass  
d i f fe rence  p o i n t  de f ec t  s ca t t e r ing ,  t h e  r e a s o n  for  
t he  s h a r p  t r a n s i t i o n  at  300~ is no t  a p p a r e n t .  

Thermal conductivity of Mg~Ge0.sSi0.2.--The t h e r -  
m a l  c o n d u c t i v i t y  of MgfGe0.sSi0.2 was  m e a s u r e d  on 
s a m p l e  No. 109. This  s a m p l e  a p p e a r e d  to be  a 
s ing le  c rys t a l .  As  a l l  t h e  b e t t e r  ingo t s  of th is  c o m -  
pos i t i on  w e r e  composed  of  a n u m b e r  of r e l a t i v e l y  
l a r g e  s ingle  c r y s t a l s  w h i c h  w e r e  v e r y  w e a k l y  
b o u n d  toge the r ,  i t  was  dec ided  to use  the  l a r g e s t  
c r y s t a l  a v a i l a b l e  for  m a k i n g  t h e  t h e r m a l  c o n d u c -  
t i v i t y  spec imen .  F o r  th i s  r ea son  , th i s  s p e c i m e n  was  
the  s m a l l e s t  one w h i c h  was  t e s t ed  in t h e  w h o l e  se-  
quence.  I t  h a d  a c r o s s - s e c t i o n a l  a r e a  of 0.87 cm ~. 
The  sma l l  cross  sec t ion  r e s u l t e d  in v e r y  low h e a t i n g  
r a t e s  b e i n g  u sed  in t he  t h e r m a l  c o n d u c t i v i t y  m e a s -  

300 350 4 0 0  450  500 550 600  
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Fig. 11. Thermal conductivity for Mg2Geo.sSio.2, sample No. 109, 
vs. absolute temperature. 

u r e m e n t s .  T h e s e  low h e a t i n g  r a t e s  m a d e  h e a t i n g  
r a t e  d e t e r m i n a t i o n s  difficult ,  p r o d u c i n g  a l a r g e  
a m o u n t  of s c a t t e r  in  t he  f inal  resu l t s .  

The  e x p e r i m e n t a l l y  d e t e r m i n e d  t h e r m a l  c o n d u c -  
t i v i t y  is g iven  as  a f u n c t i o n  of t e m p e r a t u r e  in Fig .  
11. Due  to  t he  fac t  th i s  w a s  a s ing le  c r y s t a l  i t s  t h e r -  
m a l  c o n d u c t i v i t y  w o u l d  no t  n e c e s s a r i l y  c o r r e l a t e  
v e r y  we l l  w i t h  t h a t  of t h e  o t h e r  s amples ,  as i ts  
p r o p e r t i e s  w e r e  non i so t rop ic .  

The  exac t  t e m p e r a t u r e  d e p e n d e n c e  of the  t h e r m a l  
c o n d u c t i v i t y  is diff icult  to  d e t e r m i n e  due  to  t he  
s c a t t e r  of t he  e x p e r i m e n t a l  da ta .  H o w e v e r ,  i t  does  
l ie  b e t w e e n  t h e  T -1/~ and  T -z  t e m p e r a t u r e  d e p e n d -  
ence  l ines.  This  sugges t s  t h a t  pos s ib ly  t he  t h e r m a l  
r e s i s t ance  cou ld  be  a c o m b i n a t i o n  of p o i n t  de fec t  
and  n o r m a l  U m k l a p p  sca t t e r ing .  

Variation of lattice thermal conductivity with 
coraposition.--The v a r i a t i o n  of l a t t i c e  t h e r m a l  con-  
d u c t i v i t y  w i t h  composition and  t e m p e r a t u r e  is 
shown  in Fig.  12. As  j u s t  p o i n t e d  out  t he  v a l u e s  for  
MgfGe0.8Si0.2 do no t  c o r r e l a t e  v e r y  w e l l  w i t h  t he  
o t h e r  s a m p l e s  due  to i ts  non i so t rop i c  na tu r e .  

T h e  t e m p e r a t u r e - c o m p o s i t i o n  v a r i a t i o n  is no t  in  
good a g r e e m e n t  w i t h  t h e  e x p r e s s i o n  g i v e n  b y  
K l e m e n s .  A c c o r d i n g  to th i s  e x p r e s s i o n  t h e  r a t i o  of 
t he  c o n d u c t i v i t y  f r o m  one compos i t i on  to t h e  n e x t  
shou ld  be  the  s a m e  at  a n y  g iven  t e m p e r a t u r e .  H o w -  
ever ,  th i s  is no t  t he  case w i t h  t he  e x p e r i m e n t a l  da ta .  
As can be  seen f r o m  Fig.  12 t h e  d i f fe rences  in  t h e r -  
m a l  c o n d u c t i v i t y  f r o m  one  compos i t i on  to  t h e  n e x t  
become  s ign i f i can t ly  s m a l l e r  as the  t e m p e r a t u r e  is 
ra i sed .  This  w o u l d  s eem to i nd i ca t e  some sor t  of 
s a t u r a t i o n  effect  in t he  p h o n o n  s c a t t e r i ng  a t  e l e -  
v a t e d  t e m p e r a t u r e s  as has  been  s u g g e s t e d  b y  
Ioffe (22) .  

Thermoelectric Figure of Merit 
The  f inal  p r o p e r t y  w h i c h  w i l l  be  c ons ide r ed  is 

t h e  m a x i m u m  t h e r m o e l e c t r i c  f igure  of  mer i t ,  Z~ax, 
b y  the  c o r r e l a t i o n s  p r e s e n t e d  b y  S i m o n  (23) .  This  
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Fig. 12. Lattice thermal conductivity as a function of composition 
and temperature in the system Mg2GezSi(]-=). 

quant i ty  is also given in Table I for the four ma te -  
r ials  for which sufficient cor re la table  da ta  are  ava i l -  
able. The var ia t ion  in the m a x i m u m  thermoelect r ic  
figure of mer i t  should be propor t iona l  to the  va r i a -  
t ion in the rat io  f~n/},~h. In going f rom Mg2Si to 
Mg2Ge0ASi0.6 and Mg2Ge0.6Si0.4 the ra t io  ~/Xph in-  
creases by  a factor  of about  2.4. Due to the nea r ly  
ident ica l  la t t ice  t he rma l  conduct ivi ty  and electron 
mobi l i ty  for Mg2Ge0.4Si0.6, sample  No. 101, and for 
Mg2Ge0.6Si0.4, sample  No. 114, it  would be expected 
tha t  these two samples would have almost ident ical  
values  of Zmax. However ,  the optimized the rmo-  
electric figure of mer i t  increases by  a factor  of about  
8.0 in going f rom Mg~Si to Mg2Ge0.4Si0.6 whi le  it  in -  
creases by  a factor  of 2.8 in going f rom Mg2Si to 
Mg2Ge0.sSi0.4. This indicates  the va lue  of Zmax for 
Mg2Geo.6Sio.4 is p r o b a b l y  correct  while  tha t  for 
Mg2Ge0.4Si0.6 is p robab ly  too large by  a factor  of 
about 3. 

As the value  of Zmax is calculated on the basis of 
the extr ins ic  proper t ies  of the mater ia l ,  a difference 
in impur i ty  car r ie r  concentra t ion be tween  the speci-  
mens used to measure  e lect r ica l  res i s t iv i ty  and 
the rmal  conduct iv i ty  could give rise to this d is-  
crepancy.  In this  case the electr ical  specimen should 
have a h igher  impur i ty  level  than  the t he rma l  con- 
duc t iv i ty  specimen. It  should be noted tha t  such a 
difference in impur i ty  levels would  not have any 
effect on the  intr insic  proper t ies  of the mater ia l .  

Since the value  of Zmax for the mixed  crysta ls  is 
considerably  higher  than  tha t  for Mg2Si, the mixed  
crystals  would  be much be t te r  as thermoelect r ic  
mater ia l s  than  the pure  compound if all  the ma te -  
r ia ls  had  the op t imum impur i t y  levels. Even under  
these opt imized conditions, however,  the mixed  
crystals  would  have a thermoelec t r ic  figure of 
mer i t  somewhat  lower  than  tha t  of mater ia l s  now 
in use. 

Effects oS nonstoichiometric specimens.--Since six 
of the  samples on which measurements  were  made 
were  e i ther  s l ight ly  nonstoichiometr ic  or were  t aken  
f rom ingots which were  nonstoichiometr ic  as de-  
t e rmined  by  microscopic examinat ion,  the effects of 
nons to ichiometry  should be examined.  Three of 
these samples were  s l ight ly  s i l icon-r ich,  whi le  the 
other  three  m a y  have contained a t race  of excess 
magnesium. 

Morris  (4) and Redin (2) in thei r  work  at  Iowa 
Sta te  Univers i ty  found tha t  an excess of silicon or an 
excess of ge rman ium in an ingot does not affect the 
e lectr ical  proper t ies  of the  Mg2Si or the Mg2Ge taken  
f rom the ingot. Morris  in his work  on single c rys-  
tals  of Mg2Si took his single crysta ls  f rom ingots 
containing large  amounts  of excess silicon. Redin 
obtained his single crystals  of Mg2Ge f rom ingots 
containing up to 66% of the ge rman ium- r i ch  eu-  
tectic. The low impur i t y  car r ie r  concentrat ions 
found in these invest igat ions  seem to indicate  tha t  
ne i ther  the excess silicon nor the excess ge rmanium 
enter  the lat t ice as donors or acceptors.  The data  
of Morris  and Redin say nothing about  the solubi l -  
i ty  of magnes ium in ei ther  Mg2Si or Mg2Ge. 

The electr ical  proper t ies  of po lycrys ta l l ine  sam-  
ples of both stoichiometric  and nonstoichiometr ic  
Mg2Si and MgeGe have been measured  by  Winkle r  
(3).  His measurements  were  made  on Mg2Si, Mg2Ge, 
Mg2Si -t- 2% Si, Mg2Si -t- 2% Mg, Mg2Ge -~ l % G e ,  
and Mg2Ge W 0.5% Mg. Due to the  ex t r eme ly  low 
l imits  of solubi l i ty  found by  M o r r i s  and Redin it 
must  be concluded tha t  the excess silicon and ger -  
man ium in Wink le r ' s  samples showed up as eutec-  
tic inclusions in the  gra in  boundaries .  

Winkle r ' s  s i l icon-r ich sample of Mg2Si has an 
impur i ty  car r ie r  concentra t ion only 15% higher  
than  tha t  of the pure  Mg2Si in the  extr ins ic  region, 
while  the Hal l  mobil i t ies  of the pure  and the si l icon- 
r ich Mg2Si are essent ia l ly  identical .  Al though the 
s i l icon-r ich specimen has a lower  extr insic  res is t iv-  
i ty  due to its h igher  car r ie r  concentrat ion,  it  has 
ident ica l  proper t ies  wi th  the pure  ma te r i a l  in the 
intr insic  region. 

The magnes ium-r i ch  sample  of Mg2Si has an im-  
pu r i ty  car r ie r  concentra t ion app rox ima te ly  40% 
higher  than tha t  of the pure  sample. This indicates 
the  solubi l i ty  of magnes ium in Mg2Si is ve ry  slight, 
and tha t  the excess magnes ium p robab ly  shows up 
as eutectic inclusions in the  gra in  boundaries .  In 
the extr insic  region the mobi l i ty  of magnes ium-  
rich ma te r i a l  is about  30% higher  than tha t  of the 
pure  mater ia ls .  Again  in the  intr insic  region the 
pure  and impure  ma te r i a l  approach the same be-  
havior.  

The magnes ium-r i ch  sample of Mg2Ge does not  
follow comple te ly  the t rend  set by  the  correspond-  
ing Mg2Si sample. Al though the impur i ty  car r ie r  
concentra t ion in the extr insic  region is about  25% 
higher  than  tha t  of the pure  Mg2Ge, the electron 
Hal l  mobi l i ty  is 10% lower  than  tha t  of the  pure  
mater ia l .  The two samples again behave  s imi lar ly  
in the intr insic  region. 

Wink le r  found tha t  the  ge rman ium- r i ch  Mg2Ge 
had an impur i ty  car r ie r  concentra t ion which was 
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tw ice  as  h igh  as  t h a t  of t he  p u r e  Mg2Ge w h i l e  t h e  
cha rge  c a r r i e r  m o b i l i t y  was  10% h i g h e r  t h a n  t h a t  
of t he  p u r e  Mg2Ge. None  of t h e  s a m p l e s  t e s t ed  in 
th is  i n v e s t i g a t i o n  h a d  an  excess  of g e r m a n i u m .  

W i n k l e r  m a d e  S e e b e c k  coefficient  m e a s u r e m e n t s  
on on ly  two  s a m p l e s  of  Mg2Si t he  p u r e  m a t e r i a l  and  
the  s i l i c o n - r i c h  sample .  The  i m p u r e  s a m p l e  h a d  a 
v a l u e  5 -10% l o w e r  t h a n  the  p u r e  m a t e r i a l .  This  is 
b e t t e r  a g r e e m e n t  t h a n  W i n k l e r  f o u n d  b e t w e e n  his  
p u r e  s a m p l e s  of Mg~Ge. 

A few conclus ions  can  be  d r a w n  f r o m  W i n k l e r ' s  
d a t a  for  s amp le s  con t a in ing  eu tec t ic  inc lus ions .  The  
p r e s e n c e  of s m a l l  eu tec t i c  inc lus ions  of e i t he r  s i l i -  
con or  m a g n e s i u m  does  no t  affect  t h e  e l ec t r i ca l  
p r o p e r t i e s  in  t h e  i n t r i n s i c  reg ion .  In  t he  ex t r i n s i c  
r eg ion  the  excess  m a g n e s i u m  and  t h e  excess  s i l icon 
seem to cause  a s l igh t  i nc rea se  in t he  i m p u r i t y  ca r -  
r i e r  concen t ra t ion .  H o w e v e r ,  as t he  i m p u r i t y  c a r -  
r i e r  concen t r a t i ons  n o r m a l l y  v a r y  b y  an  o r d e r  of 
m a g n i t u d e  f r o m  one  s t o i c h i o m e t r i c  m e l t  to  a n o t h e r  
th is  c h a n g e  does  no t  s eem p a r t i c u l a r l y  s ignif icant .  
The  excess  s i l icon d id  no t  s eem to h a v e  a n y  effect 
on the  cha rge  c a r r i e r  mob i l i t y ,  w h i l e  t he  excess  
m a g n e s i u m  i n c r e a s e d  the  m o b i l i t y  a s l igh t  a m o u n t  
in one case  and  d e c r e a s e d  i t  a s l igh t  a m o u n t  in  a n -  
o ther .  In  v i e w  of th is  i t  is poss ib le  t h a t  v e r y  s m a l l  
m a g n e s i u m - r i c h  eu tec t i c  inc lus ions  do no t  m a t e -  
r i a l l y  affect  t he  m o b i l i t y  and  t h a t  t he  changes  in 
m o b i l i t y  w h i c h  w e r e  o b s e r v e d  r e p r e s e n t  n o r m a l  
v a r i a t i o n s  f r o m  one s a m p l e  to t he  nex t .  

The  r e su l t s  of  th is  i n v e s t i g a t i o n  a r e  in  f a i r l y  good 
a g r e e m e n t  w i t h  those  of W i n k l e r  for  t he  effects of 
n o n s t o i c h i o m e t r y .  A n  excess  of s i l icon d id  not  s eem 
to h a v e  a n y  effect  on the  s a t u r a t i o n  i m p u r i t y  c a r -  
r i e r  concen t r a t ion ,  a l t h o u g h  it  d id  a p p e a r  to p r o d u c e  
a r e d u c t i o n  in  cha rge  c a r r i e r  mob i l i t y .  The  excess  
m a g n e s i u m  a p p e a r e d  to r a i se  t he  s a t u r a t i o n  i m p u r -  
i t y  c a r r i e r  c o n c e n t r a t i o n  to abou t  10 TM e l e c t r o n s / c m  a, 
i n d i c a t i n g  a s o l u b i l i t y  of m a g n e s i u m  in t h e  l a t t i c e  
of abou t  1 p a r t  p e r  100,000. The  excess  m a g n e s i u m  
had  no no t i c eab l e  effect on the  c h a r g e  c a r r i e r  m o -  
b i l i ty .  The  in t r i n s i c  p r o p e r t i e s  of t h e  m a t e r i a l  w e r e  
no t  a f fec ted  b y  t h e  p re sence  of  e i t he r  t he  excess  
s i l icon o r  t h e  excess  m a g n e s i u m .  

The  t h e r m a l  c o n d u c t i v i t y  spec imens  m e a s u r e d  in 
th is  i n v e s t i g a t i o n  w e r e  e i t he r  of s t o i ch iome t r i c  com-  
pos i t i on  or  c o n t a i n e d  on ly  a t r ace  (0 .01%)  of excess  
m a g n e s i u m .  A n  a n a l y s i s  of t he  t h e r m a l  c o n d u c -  
t i v i t y  d a t a  d id  no t  i n d i c a t e  a n y  c o n t r i b u t i o n  to  t h e  
t h e r m a l  c o n d u c t i v i t y  w h i c h  could  be  a t t r i b u t e d  to 
t h e  t r a c e  of m a g n e s i u m .  
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