
w -

ELECTRICAL PROPERTIES OP BISMUTH TELLURILE.

A Thesis subm itted  f o r  th e  Degree of Ph.D. in

th e  U n iv e rs i ty  of London by M. Wendy W illiam s.



ProQuest Number: 10098053

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10098053

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



( i ) .

A b strac t .

Measurements have been made of th e  e l e c t r i c a l  

co n d u c tiv i ty , th e rm o e le c tr ic  power and q u a s i -a d ia b a t ic  H all 

and Nernst c o e f f i c ie n t s  over th e  tem pera tu re  range lOO^K to  

6 0 0 on n - and p-type specimens of Bi^Te^ w ith a wide v a r ia t io n  

of im purity  co n ten t.  Zone-refined  m a te r ia l  and s in g le  c r y s ta ls  

were used w ith th e  cu rren t  flow p a r a l l e l  and magnetic f i e l d  

e i th e r  perp end icu la r  or p a r a l l e l  to  th e  cleavage p lanes . For 

one n- and one p-type specimen th e  iso therm al c o e f f i c ie n t s  

were measured from lOO^K to  450^K. An o r ig in a l  method has 

been developed f o r  measuring th e  iso therm al galvanomagnetic 

e f f e c t s  a c c u ra te ly  which i s  s im pler than  A.G. methods. Values 

of the  iso therm al Nernst c o e f f i c ie n t  were used to  c a lc u la te  the  

E ttingshausen  c o e f f i c i e n t .  The Righi-Leduc e f f e c t ,  however, 

does not appear to  obey simple semiconductor th eo ry . The 

measured c o e f f ic ie n ts  ex h ib i t  th e  an iso tro p y  expected from th e  

c r y s t a l  s t r u c tu r e  and t h e i r  tem peratu re  v a r ia t io n  th e  g en e ra l 

behaviour expected f o r  a semiconductor, although th e  H all 

c o e f f ic ie n t  i s  anomalous in  th e  e x t r in s ic  reg ion . P o ss ib le  

s c a t t e r in g  mechanisms have been examined, tak in g  in to  account 

the  p a r t i a l  degeneracy of th e  specimens. Over th e  tem pera ture  

range s tu d ied  a c o u s t ic a l  mode l a t t i c e  s c a t t e r in g  i s  th e  pre

dominant mechanism, while a t  lower tem peratures io n ized  im purity  

s c a t t e r in g  becomes im portan t. C onductiv ity  measurements y ie ld
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th e  tem perature  v a r ia t io n s  of m o b ili ty ,  T f o r  e le c tro n s

and T ^ f o r  h o le s ,  and an. energy gap of (0*21 -  0*02) ev

a t  O^K. O p tica l  and therm al values f o r  th e  gap d i f f e r  and 

p o ss ib le  reasons a re  d iscussed . The N ernst c o e f f i c ie n t  agrees 

q u a l i t a t i v e ly  w ith  th eo ry . The experim ental r e s u l t s  a re  in  

g en e ra l  agreement w ith  p rev io u s ly  pub lished  da ta  on Bi^Te^o 

In  many cases th e  i n t e r p r e ta t i o n  d i f f e r s  from th a t  in  previous 

work and th e  d if fe re n c e s  a re  d iscu ssed . I t  i s  thought t h a t  

th e  a c t iv a t io n  energy f o r  im p u r i t ie s  i s  zero , and t h a t  even in  

th e  e x t r in s i c  range a two (o r  more) band model must be used. 

Lack of knowledge about th e  b as ic  param eters in  Bi^Te^ makes 

th e  in t e r p r e ta t i o n  of th e  r e s u l t s ,  even in  th e  e x t r in s i c  reg ion , 

u n c e r ta in .
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I .  I n t r o d u c t io n .

^ 1 * 1  I n t r o d u c to r y  rem arks; i n t e r e s t  in  r e f e r e n c e s

to  e x p e r im e n ta l  work; i n t e r p r e t a t i o n  o f r e s u l t s ;  an o m alies ;  

chem ica l bonding ; o u t l i n e  o f a c c e p te d  p r o p e r t i e s ;  aim of 

p re s e n t  i n v e s t i g a t i o n .

I n t e r e s t  in  th e  p r o p e r t i e s  o f sem icon duc to rs  ov er th e  

p a s t  t h i r t y  y e a rs  has been g r e a t l y  s t im u la te d  by com m ercial 

a p p l i c a t i o n  in  v a r io u s  sem iconduc to r  d e v ic e s .  The s t a r t i n g  

p o in t  was th e  d is c o v e ry  t h a t  such  s u b s ta n c e s  as copper ox ide 

and se len ium  have r e c t i f y i n g  p r o p e r t i e s .  L a te r  i n t e r e s t  

s h i f t e d  to  germanium and s i l i c o n  and t h e i r  a p p l i c a t i o n  to  such 

d ev ice s  as r a d a r  wave d e t e c to r s  anid t r a n s i s t o r s .  More r e c e n t l y  

t h e r e  has been an in c r e a s in g  i n t e r e s t  in  c e r t a i n  compound 

sem iconducto rs  and t h e i r  u se  in  th e r m o e le c t r i c  e lem en ts .  At 

th e  same tim e , s in c e  th e  adven t o f quantum m echanics some t h i r t y  

y e a rs  ago, u n d e rs ta n d in g  o f th e  e l e c t r i c a l  and m agnetic  

p r o p e r t i e s  of s o l i d s  has p ro g re s se d  enorm ously (B ardeen , 1959; 

Busch, 1 9 5 8 ; Pan, 1955, 1958; J o f f e ,  1959; P in c h e r l e  and 

R a d c l i f f e ,  1956; Welker and W eiss, 1956; W righ t, 1958).

Bism uth t e l l u r i d e  (B ig le ^ )  i s  a  sem icond uc to r  w ith  a 

l a r g e  th e r m o e le c t r i c  power. The p o s s i b i l i t y  o f u s in g  semi

co n d u c to rs  hav ing  a  l a r g e  t h e r m o e le c t r i c  power and low th e rm a l 

c o n d u c t iv i ty  in  th e r m o e le c t r i c  e lem en ts  d a te s  from 1954 

(Groldsmid and Douglas, 1954). S ince  th e n  a  c o n s id e r a b le  amount
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of r e s e a r c h  has been d i r e c te d  tow ards t h i s  problem  (G-oldsmid, 

Sheard  and W righ t, 1958; S h i l l i d a y ,  1957; J o f f e ,  1957). The 

e l e c t r i c a l  and o p t i c a l  p r o p e r t i e s  of B i2le ^  and o f  a l lo y s  of 

B i2TCj w ith  o th e r  s u b s ta n c e s  have th u s  been e x te n s iv e ly  s tu d ie d ,  

b o th  f o r  t h e i r  t h e o r e t i c a l  and p r a c t i c a l  i n t e r e s t  ( e .g .  P u s c h i l lo  

e t  a l ,  1959; R osi e t  a l ,  1959; B ene l,  1958; G ordiakova,

Kokosh and S in a n i ,  1958; G ordiakova and S in a n i ,  1958; W right, 

1 9 5 8 , 1959; A u s t in  and Sheard , 1957).

Comprehensive s tu d i e s  o f  t h e  e l e c t r i c a l  and m agnetic  

p r o p e r t i e s  of s i n g l e  c r y s t a l s  of B i2l e ^  o r  zone r e f i n e d  m a te r i a l  

3*2) a r e  n o t  so numerous. B i2Te^ be long s  to  t h e  R3m c l a s s  

o f c r y s t a l s  ( ^ 3 *1 ) w ith  a  l a y e r - l i k e  s t r u c t u r e  and e l e c t r i c a l  

and m agnetic  p r o p e r t i e s  which a r e  m arkedly  a n i s o t r o p i c .  Thus 

th e  r e s u l t s  o b ta in e d  in  many o f  th e  i n v e s t i g a t i o n s  c i t e d  above, 

and a ls o  in  th e  f i r s t  s y s te m a t ic  i n v e s t i g a t i o n  o f B i2Te^

(V lasova  and S t i l ' b a n s ,  1955) on p o l y c r y s t a l l i n e  m a t e r i a l ,  a r e  

v e ry  d i f f i c u l t  to  i n t e r p r e t .

The f i r s t  m easurem ents o f th e  e l e c t r i c a l  c o n d u c t iv i ty ,  

t h e r m o e le c t r i c  power and H a l l  c o e f f i c i e n t  on s i n g l e  c r y s t a l s  

were made by Konorov ( 1 9 5 6 ) over th e  te m p e ra tu re  ran g e  300^ — ^  

600^K and Shigetom i and Mori (1956) o v er  th e  ran g e  100^ — ^750^K. 

The f i r s t  m easurements o f th e rm a l  c o n d u c t iv i ty  were made by 

Goldsmid (1956 (a )  and (b ) )  o v er th e  ran g e  150^ — ^300^K.

More r e c e n t  s tu d i e s  of th e s e  p r o p e r t i e s  a r e  r e p o r t e d  

by L agrenaud ie  (1 9 5 7 ) , B lack  e t  a l  (1957) (b o th  in c lu d in g  some
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o p t i c a l  m easurem ents) , Harman e t  a l  (195 7 ), S a t t e r t i iw a i t e  and 

lire  ( 1 9 5 7 ) ,  Goldsmid (1958 (a )  and ( b ) ) ,  P a r r o t t  and Penn (1958), 

N i i  ( 1 9 5 8 ) ,  Kanai and N i i  (1959), Macdonald e t  a l  (1959), Walker 

( 1 9 5 9 ) ( th e rm a l  c o n d u c t iv i ty  and th e r m o e le c t r i c  power from 6 to  

200^E) and Y ates (1959) ( e l e c t r i c a l  c o n d u c t iv i ty  and H a l l  

c o e f f i c i e n t  from 1*3 to  660^K). M a g n e to - re s is ta n c e  measurements 

( D rabble e t  a l ,  1958; D rabb le , 1958) and m a g n e to - th e rm o e le c tr ic  

e f f e c t s  (Bowley e t  a l ,  1958) have a l s o  been p u b l is h e d .  The 

on ly  e x te n s iv e  s tu d y  of th e  o p t i c a l  p r o p e r t i e s  has been made by 

A u s t in  ( 1958)0

The o n ly  o b s e rv a t io n s  on th e  N erns t e f f e c t ,  excep t 

th o se  p re se n te d  in  t h i s  t h e s i s ,  a r e  g iv en  by B ash iro v  (1958), 

b u t he u sed  c a s t  and p re sse d  spec im ens. Measurements of H a ll  

and N ernst c o e f f i c i e n t s ,  e l e c t r i c a l  c o n d u c t iv i ty  and therm o

e l e c t r i c  power on b o th  n -  and p - ty p e  specim ens ( s i n g l e  c r y s t a l  

and zone r e f in e d )  of w id e ly  d i f f e r i n g  p u r i t y  over th e  te m p e ra tu re  

range 100^ —  ̂ 600^K a re  p re s e n te d  by M an sfie ld  and W illiam s

( 1 9 5 8 ) .  These measurements ( ^ 5 * 2 )  form  th e  b a s i s  o f p a r t  o f 

th e  p re s e n t  t h e s i s .  However th e y  were made under ap p ro x im a te ly  

a d i a b a t i c  c o n d i t io n s ,  whereas fo rm ulae  u sed  in  th e  i n t e r p r e t a t i o n  

o f r e s u l t s  a r e  u s u a l l y  in  te rm s of th e  is o th e rm a l  c o e f f i c i e n t s .  

T h e re fo re  m easurements o f th e  i s o th e rm a l  H a l l  and N e m s t  

c o e f f i c i e n t s  were made over th e  te m p e ra tu re  range 100^ — ^  450^K, 

and used  to  c a l c u l a t e  th e  E t t in g s h a u s e n  c o e f f i c i e n t  (W illiam s, 

1 9 5 9 ) .  These r e s u l t s  a r e  a l s o  p re se n te d  in  t h i s  t h e s i s  ( ^  5*3).
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M agnetic s u s c e p t i b i l i t i e s  have been m easured on p o ly -  

c r y s t a l l i n e  Bi^Te^ (Matya s ,  1958) and on zone r e f i n e d  m a t e r i a l  

(M an sf ie ld , 1959). Measurements of th e  s t r u c t u r e  c e l l  p a ra 

m ete rs  and expansion  c o e f f i c i e n t s  have a ls o  been p u b lish e d  

( Francombe, 1958).

I n t e r p r e t a t i o n  of th e  e l e c t r i c a l  p r o p e r t i e s  of semi

cond uc to rs  i s  m ain ly  in  term s of band th e o ry  ( s e e ,  f o r  example, 

Ehrenberg , 1958; Shockley , 1950; W ilson, 1953). A lthough 

th e r e  a re  known to  be c e r t a i n  l i m i t a t i o n s  to  i t s  a p p l i c a t i o n  

( S l a t e r ,  1959), th e  b a s ic  id e a s  a r e  th o s e  o r i g i n a l l y  put fo rw ard  

about t h i r t y  y e a rs  ago.
g

On th e  s im p le  band th e o ry  a p lo t  of lo g  R o r  lo g  

a g a in s t  where R i s  th e  K a l i  c o e f f i c i e n t ,  ^ t h e  e l e c t r i c a l  

c o n d u c t iv i ty ,  T th e  te m p e ra tu re  and s a  c o n s ta n t  depending on 

th e  ty p e  of s c a t t e r i n g ,  in  th e  r e g io n  where co ndu c tion  i s  by 

i n t r i n s i c  c a r r i e r s  ( i n t r i n s i c  r e g io n )  y i e ld s  th e  energy  gap E^ 

a t  O^K, p rov id ed  t h a t  t h e  v a r i a t i o n  of energy  gap w ith  

tem p e ra tu re  i s  l i n e a r .  In  th e  e x t r i n s i c  re g io n  th e  te m p e ra tu re  

v a r i a t i o n  of th e  H a l l  m o b i l i ty  = R6" in d i c a t e s  th e  predom inant 

s c a t t e r i n g  mechanism, w h ile  th e  H a l l  c o e f f i c i e n t  y i e ld s  th e  

number of im p u r i ty  c a r r i e r s  and t h e i r  s ig n .  An e x te n s io n  of 

th e  a n a ly s i s  to  in c lu d e  th e  th e r m o e le c t r i c  power y i e l d s  o th e r  

b a s ic  p a ram e te rs ,  such  as th e  e f f e c t i v e  mass m* o f c a r r i e r s  

(P ea rso n  and B ardeen, 1949). I t  shou ld  be emphasized t h a t  in  

o rd e r  to  be a b le  to  c o r r e l a t e  th e  v a r io u s  e l e c t r i c a l  p r o p e r t i e s  

th e y  shou ld  a l l  be observed  on th e  same specimen ( ^  3*5; ^ 5*2)
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( s e e ,  f o r  example, M iddleton  and S can lon , 1953) and t h a t  where 

p o s s ib le  s in g l e  c r y s t a l s  shou ld  be u sed  ( ^ 3*2) (S hock ley , 1950, 

page 338). I t  i s  now p o s s ib le  to  make v e ry  good l a r g e  s in g le  

c r y s t a l s  of germanium and s i l i c o n .  R e s u l ts  on th e s e  su b s ta n c e s  

a r e  r e l a t i v e l y  easy  t o  i n t e r p r e t  as  i t  i s  found t h a t  c lo s e  

agreem ent i s  o b ta in e d  between th e o ry  and e x p e r im e n ta l  r e s u l t s .

In  o th e r  sem ico n d u c to rs ,  however, t h e  agreem ent between e x p e r i 

m en ta l  and s im ple  th e o ry  i s  n o t  so good. Smith (1954) g iv e s  an 

assessm ent o f th e  v a l i d i t y  o f b a s ic  methods of i n t e r p r e t a t i o n  

when a p p l ie d  to  c e r t a i n  compound sem iconducto rs  ( % 6*2).

A lthough B ig le j  e x h ib i t s  th e  g e n e ra l  b eh av io u r  

a s s o c ia te d  w ith  sem ico n d u c to rs ,  t h e r e  a r e  many d e t a i l s  which can 

o n ly  be e x p la in e d  by making assum ptions  a d d i t i o n a l  t o  th o s e  of 

th e  b a s ic  th e o ry .  Except f o r  some of th e  e a r ly  work, th e  

ex p e r im e n ta l  r e s u l t s  o b ta in e d  in' th e  papers  quoted above a r e  in  

f a i r l y  good agreem ent. However, th e  i n t e r p r e t a t i o n  of th e s e  

r e s u l t s  i s  n o t  always s a t i s f a c t o r y .  BigTe^ shows c e r t a i n  

anom alies , as  f a r  as b a s ic  sem iconducto r th e o ry  i s  concerned , 

which makes i t  im p o ss ib le  to  i n t e r p r e t  t h e  r e s u l t s  as s im ply  as 

i s  done f o r  germanium and s i l i c o n  (M an sf ie ld  and W illiam s, 1958). 

Ear too  sim ple  an i n t e r p r e t a t i o n  has been used  by many w orkers 

(B lack  e t  a l ,  1957; Harman e t  a l ,  1957; L ag ren au d ie , 1957; 

S a t t e r th w a i t e  and Ure, 1957; Shigetom i and M ori, 1956).

V arious workers n o te  anom alies  and th e s e  w i l l  be d is c u s s e d  in  

t h i s  t h e s i s .  In  p a r t i c u l a r ,  a t te m p ts  have been made to  e x p la in  

anom alies  in  th e  H a l l  c o e f f i c i e n t  ( Harman e t  a l ,  1958; W illiam s,



1959; Yates, 1959) and th e rm o e le c t r ic  power (Black e t  a l ,  1958; 

Goldsmid, 1958 ( a ) ) .

Almost a l l  th e  e l e c t r i c a l  and magnetic p ro p e r t ie s  of 

BigTe^ a re  a n is o t ro p ic  (^  6 -6 ) .  Drabble and Wolfe (1956) 

proposed a 'many-valley* model in  o rd e r  to  account f o r  th e  

observed an iso tro p y  in  the  e x t r in s i c  reg io n  in  term s of a one- 

band model. This model has s in c e  been ap p lied  to  BigTe^ (D rabble 

1958, 1959; Drabble e t  a l ,  1958).

M a te r ia l  ob ta in ed  from a m elt of s to ic h io m e tr ic  compo

s i t i o n ,  however pure th e  c o n s t i tu e n t  m a te r ia ls  (% 3"2), i s  always
l8  3p -type  w ith  a h igh  c o n c e n tra t io n  of c a r r i e r s  ( ^ 1 0  cm ) and a 

re d u c tio n  in  th e  number of c a r r i e r s  can only  be ob ta ined  by 

compensation. Harman e t  a l  (1958) ex p la in  t h i s  in  term s of a 

"wrong-atom d e fec t"  th e o ry  (^  6*8). Mooser and Pearson (1958) 

ex p la in  bo th  t h i s  and a supposed double r e v e r s a l  in  th e  H all 

c o e f f i c i e n t  of n - ty p e  BigTe^ ( a t t r i b u t e d  in c o r r e c t l y  to  S a t t e r 

th w a ite  and Ure, 1957) by a th ree -b an d  model. However, t h i s  

model i s  in c o n s is te n t  w ith  o th e r  o b se rv a tio n s  (^  6*8).

The n a tu re  of th e  chem ical bonding in  BigTe^ and i t s  

r e l a t i o n  to  th e  sem iconducting p ro p e r t ie s  of th e  compound were 

f i r s t  d iscussed  by Lagrenaudie (1957) and Mooser and Pearson

(1956). These papers a re  l a t e r  c r i t i c i s e d  by Drabble and 

Goodman (1958) who have proposed a bonding scheme which exp la ins  

th e  band gap anomaly in  th e  BigTe^^^Se^ system (A ustin  and Sheard, 

1957) (% 3 -1 ).
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I t  i s  g e n e ra l ly  agreed t h a t  BigTe^ i s  a sem iconductor 

w ith  a n is o t ro p ic  p ro p e r t ie s  c o n s is te n t  w ith  i t s  c r y s t a l  s t r u c tu r e .  

Bor th e  reasons exp la ined  above i t  i s  n e c e s s a r i ly  a h e a v ily  doped 

sem iconductor, w ith  a sm all energy gap, which a t  s u f f i c i e n t l y  

h igh  tem pera tu res  shows i n t r i n s i c  behav iour 6*3). The 

im purity  l e v e l s  a re  thought to  form im p u rity  bands overlapp ing  

th e  conduction and va lence  bands (§  6*3; § 6«8). The type  of 

s c a t t e r in g  i s  u n c e r ta in  but i t  i s  g e n e ra l ly  assumed th a t  

a c o u s t ic a l  mode l a t t i c e  s c a t t e r in g  predominates except a t  very  

lovf tem pera tu res  ( % 6* 2; ^ 6 * 4 ) .  P rev ious workers have been 

unable to  app ly  th e  th e o ry  of im p u rity  s c a t t e r in g  to  o b se rv a tio n s  

on BigTe^ and have concluded t h a t  im p u rity  s c a t t e r in g  i s  in s ig 

n i f i c a n t  in  most specimens above about 100^E. I t  i s  shown 

(Ç 6*4), however, t h a t  i f  allowance i s  made f o r  th e  degeneracy 

of th e  charge c a r r i e r s  when c a lc u la t in g  th e  m o b i l i ty  due to  

im purity  s c a t t e r in g ,  th e  r e s u l t s  ob ta ined  can be i n t e r p r e te d  in  

terms of im purity  s c a t t e r in g .

Without f u r t h e r  knowledge of th e  param eters of th e  band 

s t r u c tu r e  th e  H a ll  c o e f f i c i e n t  of BigTe^ cannot be a c c u ra te ly  

r e l a t e d  to  th e  c a r r i e r  c o n c e n tra t io n .  Thus q u a n t i t i e s  such as 

th e  m o b i l i t i e s ,  c o n c e n tra t io n s  and e f f e c t iv e  masses of e le c tro n s  

and ho les  a re  u n c e r ta in .  In  a d d i t io n ,  because of th e  h igh  

im purity  c o n c e n tra t io n  and sm all tem pera tu re  range over v/hich 

BigTe^ samples a re  i n t r i n s i c ,  th e  energy gap, which i s  sm all and 

v a r ie s  w ith  tem pera tu re , i s  no t w e ll  known. The va lue  of 

o b ta ined  from e l e c t r i c a l  measurements does no t agree  w ith  th e  

o p t i c a l  va lue  ( ^ 6*3).
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The work p re sen ted  in  t h i s  t h e s i s  i s  an a ttem pt to  

c l a r i f y  th e  p o s i t io n  on th e  fundam ental sem iconductor param eters 

a s s o c ia te d  w ith  BigTe^. I t  i s  f o r  t h i s  reason  t h a t  comprehensive 

measurements of e l e c t r i c a l  c o n d u c tiv i ty ,  th e rm o e le c tr ic  power and 

q u a s i -a d ia h a t ic  H a ll  and N em st c o e f f i c i e n t s ,  in c lu d in g  some 

a n is o t ro p ic  e f f e c t s ,  were made over as wide a tem pera tu re  range 

and im purity  con ten t as could he o b ta in ed . Iso th e rm a l H a ll  and 

N ernst c o e f f i c i e n t s  were a lso  measured, but over more r e s t r i c t e d  

tem pera tu re  and im p u rity  con ten t ran g es . I n t e r p r e t a t i o n  of 

th e se  r e s u l t s  enables a b e t t e r  u n ders tand ing  of th e  mechanisms 

of conduction in  BigTe^ to  be o b ta in ed .

I t  would be i n t e r e s t i n g ,  i f  s u i t a b l e  f a c i l i t i e s  were 

a v a i la b le ,  to  extend measurements on th e  same specimens down to  

l iq u id  helium tem pera tu res  ( o f .  Y ates, 1959)* lu  p a r t i c u l a r  

measurements of th e  N ernst c o e f f i c i e n t  and th e rm o e le c t r ic  power 

might r e v e a l  th e  ex is te n c e  of th e  phenomenon of phonon drag 

( %6*9) in  BigTe^ a t  tem pera tu res  lower than  th o se  o b ta in a b le  in  

th e  p re sen t in v e s t ig a t io n ,  a ltho ugh  Walker (1959) f in d s  no 

a p p rec iab le  c o n t r ib u t io n  to  th e  th e rm o e le c t r ic  power due to  th e  

phonon-drag e f f e c t .
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I I .  D e f in i t io n s  and U n its .

^2*1 D e f in i t io n s ;  s ig n  convention ; c a lc u la t io n  of c o e f f ic ie n ts  

in  terms of measured q u a n t i t i e s ;  u n i t s .

The q u a n t i t i e s  which have been measured in  th e  p re sen t  

in v e s t ig a t io n  a re  th e  e l e c t r i c a l  c o n d u c tiv i ty ,  th e rm o e le c t r ic  

power and H all and N em st c o e f f i c i e n t s .  The E tting sh au sen  

c o e f f i c i e n t  has been c a lc u la te d  and an a ttem pt was made to  

o b ta in  th e  Righi-Leduc c o e f f i c i e n t .  The d e f in i t i o n  of therm al 

c o n d u c tiv i ty  i s  a ls o  re q u ire d  as v a lu es  of th e  therm al 

c o n d u c tiv i ty  a re  used  in  th e  c a lc u la t io n s  of th e  E tting sh ausen  

c o e f f i c i e n t .

The d e f in i t i o n s  used f o r  th e s e  q u a n t i t i e s  a re  g iven

in  Table 2*1 w ith  re sp e c t  to  a  r ig h t-h an d e d  system of C a r te s ia n

co o rd in a te s .  With th e  prim ary e l e c t r i c  c u r re n t  d e n s i ty . J ,  or

prim ary therm al c u r re n t  d e n s i ty  w th rough  th e  specimen in  th e

x -d i r e c t io n  and a magnetic f i e l d  H a p p lie d  in  th e  z - d i r e c t io n ,

th e  t r a n s v e rs e  galvanom agnetic and thermomagnetic e f f e c t s  a re

measured in  th e  y - d i r e c t io n  (F ig u re  l ) .  For th e  H a ll  and N em st

c o e f f i c i e n t s  i t  i s  n ec essa ry  to  s t a t e  th e  co n d it io n s  in  th e  y-
3 Td i r e c t io n .  For iso th e rm a l co n d it io n s  = 0, where T i s

tem pera tu re , and f o r  a d ia b a t ic  co n d it io n s  w = 0 . The<y
co n d it io n s  under which th e  E tt in g sh au sen  and Righi-Leduc 

c o e f f i c i e n t s  a re  d efin ed  a re  n e c e s s a r i l y  a d ia b a t i c .  E l e c t r i c a l
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c o n d u c t iv i ty ,  th e rm o e le c t r ic  power and th e rm a l  c o n d u c t iv i ty  a re

no rm ally  d e f in e d  f o r  i so th e rm a l  c o n d i t io n s ,  and in  ze ro  m agnetic

f i e l d .  A ll  d e f i n i t i o n s  r e f e r  to  s te a d y  s t a t e  c o n d i t io n s .  E

i s  e l e c t r i c  f i e l d  i n t e n s i t y ,  except in  th e  symbol used  f o r
dEth e rm o e le c t r ic  power (-g^).

Table 2-1.

Name of c o e f f i c i e n t Symbol D e f in i t io n C o nd ition s

E l e c t r i c a l
c o n d u c t iv i ty

X
E.X

3T ")T

T h erm o e lec tr ic  power dT 3T/3X = 0

=  0

=  0

Thermal c o n d u c t iv i ty ^x
3I/3X

Iso th e rm a l  H a l l
c o e f f i c i e n t

Y
% Hz-Jx

YA d iab a tic  H a ll
c o e f f i c i e n t R X

a Hz-Jx
Iso th e rm a l N ernst

c o e f f i c i e n t
A

Jx  = j y  = 0

A d iab a tic  N e m st
c o e f f i c i e n t Qa = Jy  = 0 = 0

E tt  ingshaus en
c o e f f i c i e n t

. ' h / M
V x

Righi-Leduc
c o e f f i c i e n t S = j y = 0

O bviously  many o th e r  c o e f f i c i e n t s  cou ld  be d e f in e d .  

For a comprehensive account of th e  d e f i n i t i o n s  of a l l  th e  

p o s s ib le  e f f e c t s  and th e  r e l a t i o n s  between them r e f e r e n c e  i s  

made to  Ja n  (195 7 ).
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The d e f i n i t i o n s  s t a t e d  in  Table 2*1 make th e  s ig n  

conven tion  used  th e  same as t h a t  s t a t e d  by G erlach  (1928). An

eq u iv a le n t  d e f i n i t i o n  f o r  th e  s ig n  of th e  th e rm o e le c t r ic  power 

i s  t h a t  i t  i s  p o s i t i v e  when c o n v e n tio n a l  c u r r e n t  flow s from m eta l 

to  sem iconductor a t  th e  ho t ju n c t io n .  The s ig n  of th e  thermo

e l e c t r i c  power i s  th e n  th e  same in  th e  e x t r i n s i c  re g io n  as t h a t  

of th e  charge c a r r i e r s .

In  p r a c t i c e  th e  c o e f f i c i e n t s  a r e  measured in  term s of 

th e  c u r re n t  I^  th ro u g h  th e  specimen and th e  p o t e n t i a l  d i f f e r e n c e s  

developed between v a r io u s  p o in ts  on th e  specimen, r a t h e r  th an  

c u r re n t  d e n s i ty  and e l e c t r i c  f i e l d  i n t e n s i t y .

R e fe r r in g  to  F ig u re  2, th e  galvanom agnetic  and thermo

m agnetic e f f e c t s  a r e  measured in  term s of th e  p o t e n t i a l

d i f f e r e n c e  V (= aE ) developed between th e  probes A and B. In
j  «y

th e  absence of a  m agnetic  f i e l d  bu t w ith  a c u r r e n t  I  f low ing ,
Z -X

A and B b o th  make c o n ta c t  w ith  th e  specimen on th e  same e q u i-

p o t e n t i a l  s u r f a c e .  The c u r r e n t  I^  = ab J^ . The tem p e ra tu re s

a t  p o in ts  0 and D a r e  measured by therm ocouples in  e l e c t r i c a l

c o n ta c t  w ith  th e  specim en. Thus th e  te m p e ra tu re  g r a d ie n t  down

th e  specimen =  r -$and th e  p o t e n t i a l  g r a d ie n t  down th eox  t
specimen E i s  m easured in  term s of th e  p o t e n t i a l  d i f f e r e n c e  

V^(= ^ E^) e x i s t i n g  between th e  two T^ le a d s  of th e  therm ocouples 

a t  G and D.

In  Table 2-2 th e  d e f i n i t i o n s  of th e  f o u r  c o e f f i c i e n t s ,  

which were determ ined  by d i r e c t  measurement in  t h i s  in v e s t ig a t io n ,
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a re  g iven  in  term s of th e  measured q u a n t i t i e s .  These have been 

d e r iv ed  d i r e c t l y  from th e  d e f i n i t i o n s  g iv en  in  Table 2*1, in  

which a l l  q u a n t i t i e s  a r e  in  a b s o lu te  e .g .s .m .u n i ts .  The m od ified  

form ulae which must be used  to  o b ta in  th e  c o e f f i c i e n t s  in  

p r a c t i c a l  u n i t s  when I  i s  in  amperes, v in  m ic ro v o l ts ,  H in  

o e r s te d s ,  o r  in  cm” ^ and a l l  d i s ta n c e s  in  cms,

a re  th u s  a ls o  g iv en .

Thermal c o n d u c t iv i ty  and th e  E tt in g sh a u se n  and R ig h i-  

Leduc c o e f f i c i e n t s  a r e  n o t  in c lu d ed  in  t h i s  t a b l e  as  th e y  were 

n o t measured d i r e c t l y  bu t a r e  deduced from measurements of th e  

o th e r  c o e f f i c i e n t s .

The p r a c t i c a l  u n i t s  f o r  th e s e  c o e f f i c i e n t s  a r e : -
— 1 —IK: w att cm" deg"

 ̂ —1P: cm deg J o u le
p —1 —1S: cm sec"  ; v o l t

Table 2*2.

C o e f f ic ie n t e .g .S . P r a c t i c a l U n its Comments

C
y . i o ^ —1 —1ohm cm 1ab.V^ ab.Vx

dE
dT

^x deg"^

. V
V b .lO ^

cm^coul"^
b i s  always 
th e  dimension 
in  th e  d i r e c 
t i o n  of Hg,.

2 - 1 .  -1  cm sec  deg
a i s  always 
th e  dimension 
in  th e  d i r e c 
t i o n  of V .

, „ , ,1
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I I I .  Bismuth. T e l lu r id e .

^3*1 C ry s ta l  s t r u c t u r e ;  ^3*2 Methods of making Bi^Te^;

§3*3 Type of specimens used ; § 3*4 P re p a ra t io n  of specim ens; 

§3*5 D if fu s io n  of copper in to  Bi^Te^.

3*1. C ry s ta l  S t r u c tu r e .

Bismuth t e l l u r i d e ,  BigTe^, i s  a  sem iconductor formed 

between elem ents from Groups VB (B i)  and VIB (Te) of th e  p e r io d ic  

t a b l e .  I t  c r y s t a l l i z e s  in  a  rhom bohedral l a t t i c e  and belongs 

to  th e  c r y s t a l  c l a s s  R3m o r C33 (Lange, 1939; Wyckoff; 1951; 

Mooser and P earson , 1956, 1958),' b e in g  isomorphous w ith  th e  

n a t u r a l l y  o c c u rr in g  m in e ra l  t e t r a d y m i te  (Bi^TegS). I t  th u s  

has a " la y e r"  s t r u c t u r e  c o n s i s t in g  of m u l t ip le  l a y e r s  which a re  

p e rp e n d ic u la r  to  t h e  a x is  of t h r e e - f o l d  symmetry o r  *c* a x is  

( s e e  F ig u re  3 ( a ) ) .  Each l a y e r  i s  formed of f i v e  monatomic 

la y e r s  in  th e  sequence T e-B i-T e-B i-T e . The sequence in  t h r e e  

m u l t ip le  l a y e r s  i s  th u s  :

where th e  s u p e r s c r ip t s  a re  used  to  d i s t i n g u i s h  between t e l l u r iu m  

atoms bonded in  two d i f f e r e n t  ways. T^^ atoms have s ix  Bi 

n e a r e s t  n e ig h b o u rs .  Bi atoms a r e  bonded to  t h r e e  T^^ atoms on 

one s id e  and th r e e  T^^ atoms on th e  o th e r  -  th e  bond le n g th s  to  

T^^ and atoms b e ing  s l i g h t l y  d i f f e r e n t .  Each T^^ atom has 

t h r e e  Bi ne ighb ou rs  in  th e  same m u l t ip le  l a y e r ,  w h ile  th e  nex t
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n e a r e s t  atoms a re  th r e e  atoms in  th e  a d ja c e n t  m u l t ip le  l a y e r .  

Drabble and Goodman (1958) work out th e  bond le n g th s  from th e  

c r y s t a l  s t r u c t u r e  d a ta  g iven  by Lange (1939 ). A more r e c e n t  

d e te rm in a t io n  of s t r u c t u r e  c e l l  pa ram ete rs  th a n  th o s e  quoted 

above i s  g iv en  by Prancombe (1958).

Mooser and P earson  (1956) e x p la in  th e  s t r u c t u r e  in  

Pi^Te^ in  term s of " r e s o n a t in g  bonds" which in v o lv e s  th e  

prom otion of e le c t r o n s  in to  h ig h e r  o r b i t a l s .  This th e o ry  

su g g es ts  t h a t  Bi^Te^ shou ld  show m e t a l l i c  b eh a v io u r .  Mooser 

and Pearson  c la im  t h a t  BigTe^ shows a m e t a l l i c  te m p e ra tu re  

dependence of e l e c t r i c a l  c o n d u c t iv i ty ,  bu t a l l  o th e r  measurements 

( §1*1) show c o n c lu s iv e ly  t h a t  Bi^Te^ i s  a  sem iconducto r. 

Lagrenaudie  (1957) a l s o  su g g e s ts  a  bonding scheme, bu t t h i s  does 

n o t  account f o r  a l l  th e  a v a i l a b l e  v a len c e  e l e c t r o n s .

D rabble and Goodman (1958) put fo rw ard  a bonding scheme 

which removes th e s e  d i f f i c u l t i e s .  The bonding e x i s t i n g  between 

T^^ atoms in  a d ja c e n t  m u l t ip le  l a y e r s  i s  assumed to  be of th e  van 

der Waals ty p e .  This e x p la in s  th e  easy  c leavag e  of th e  s in g le  

c r y s t a l  and zone r e f in e d  Bi^Te^ between t h e  weakly bonded 

p lanes  (0001 p la n e s ) .  W ith in  m u l t ip le  l a y e r s  th e  bonding i s  

p redom inan tly  homo p o la r  -  w ith  an io n ic  component a long  th e  B i - l i ^  

bonds. S im i la r  c o n c lu s io n s  were s t a t e d  by Konorov (1956) and by 

B lack e t  a l  (1957) who i n v e s t ig a t e d  a number of M g ^ ^ ^ s e m i 

conducto rs  and p o in te d  out t h a t  th e  r e l a t i v e l y  l a r g e  v a r i a t i o n  of 

energy gap between d i f f e r e n t  members of th e  s e r i e s  i s  c h a r a c te r 

i s t i c  of co v a len t  bonding. Goldsmid e t  a l  (1958) su g g es t  t h a t
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th e  b e s t  m a te r i a l s  f o r  th e rm o e le c t r ic  e lem ents may have bonding 

in te rm e d ia te  between c o v a le n t  and io n i c .  D rabble and Goodman 

draw support f o r  t h e i r  th e o ry  from th e  o b s e rv a t io n s  of A ustin  and 

Sheard (1957) on B igTe. Se_ a l l o y s .  Measurements on th e  o p t i c a l
d. X  X

energy gap su pp o rt  th e  th e o ry  t h a t  th e  and atoms a re  

d i f f e r e n t l y  bonded, and t h a t  th e  B i - î i ^  bond i s  p a r t i a l l y  io n ic .  

A d d it io n a l  su p po rt  i s  g iven  by th e  r e s u l t s  of P u s c h i l lo  e t  a l

( 1 9 5 9 ) .  O ther i n t e r e s t i n g  comments on th e  bonding in  Bi^Te^ 

occur in  th e  p ape r by J o f f e  (1959) and th e  d is c u s s io n  which 

fo l lo w s  by Shockley .

3*2. Methods of Making Bi^Te^.

The p re p a ra t io n  of Bi^Te^ c r y s t a l s  i s  d is c u s s e d  by 

Ainsworth (1956), Harman e t  a l  (1957) and S a t t e r t h w a i t e  and Ure

( 19 5 7 ) .  The p r e p a ra t io n  of s in g le  c r y s t a l s  as d e s c r ib e d  by 

Ainsworth i s  c r i t i c i s e d  by S a t t e r th w a i t e  and Ure.

Pour of th e  f i v e  specimens used  in  th e  p re s e n t  i n v e s t i 

g a t io n  ( §3*3) were o b ta in e d  from G .E .C ., Wembley. The s in g l e  

c r y s t a l  specimens were p rep a red  as r e p o r te d  by D rabble  e t  al.

( 1 9 5 8 ) .  The r e s t  were of z o n e - re f in e d  m a te r i a l  ( e . g .  Goldsmid 

e t  a l ,  1 9 5 8 ) .  Goldsmid (1958 ( a ) )  has r e p o r te d  t h a t  zone- 

r e f in e d  in g o ts  of B i2Te^ a re  g e n e r a l ly  p o l y c r y s t a l l i n e ,  b u t t h a t  

th e  c axes ( § 3*1) of th e  i n d iv id u a l  c r y s t a l s  a r e  always perpen

d i c u l a r  to  th e  d i r e c t i o n  of th e  zone r e f i n i n g .  S ince  a l l  

d i r e c t io n s  in  th e  c leavag e  p lane  a re  e q u iv a le n t  as  f a r  as 

e l e c t r i c a l  p r o p e r t i e s  a r e  concerned ( D rabble and Wolfe, 1956),
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such in g o ts  a re  s u i t a b l e  f o r  measurements where e l e c t r i c a l  

c u r r e n t  o r  h ea t  flow  a re  p a r a l l e l  t o  th e  c leav age  p la n e s .

Goldsmid a ls o  r e p o r t s  t h a t  no d i f f e r e n c e  between th e  p r o p e r t i e s  

o f s in g le  c r y s t a l s  and of th e  z o n e - re f in e d  m a te r i a l  has been 

found.

When BigTe^ i s  p rep ared  from a m elt  c o n s i s t in g  of th e  

pure elem ents in  th e  c o r r e c t  p ro p o r t io n s  f o r  a  s to ic h io m e tr ic  

com position , i t  i s  always p - ty p e  w ith  about 10^^ ----^ 10^^ h o le s

per  u n i t  volume a t  room te m p e ra tu re .  The number of atoms p e r
22u n i t  volume in  Bi^Te^ i s  about 3 x 10 so t h a t  th e  number of 

c a r r i e r s ,  c a lc u la te d  from th e  H a l l  c o e f f i c i e n t ,  i s  f a r  g r e a t e r  

th an  would be expected  from th e  im p u r i ty  co n ten t  ( l e s s  th a n  1 in  

10 ) of th e  s t a r t i n g  m a t e r i a l s .  R epeated zo n e -m e ltin g  does n o t 

r e s u l t  in  p u re r  specimens as i t  does in  m a te r i a l s  such as InSb, 

where c a r r i e r  c o n c e n t ra t io n s  as low as 10^^ cm ^ can be o b ta in ed  

(O ffe rg e ld  and van Cakenherghe, 1959). The p ro d u c tio n  of p - ty p e  

m a te r i a l  w ith  few er c a r r i e r s  o r of n - ty p e  m a te r i a l  can on ly  be 

o b ta in ed  by com pensation . This can be done by adding e x c e ss  

t e l lu r iu m ,  any of th e  h a lo g en s , copper ox ide o r  c e r t a i n  m e ta ls  

such as l i th iu m  o r  aluminium. Excess b ism uth , l e a d  o r  cadmium 

produces a d d i t i o n a l  p - ty p e  c a r r i e r s  (Goldsmid, 1958 ( a ) ;  Rosi 

e t  a l ,  1959). In  th e  ex p e rim en ta l  methods r e f e r r e d  to  i t  i s  

p o s s ib le  to  c o n t r o l  q u i te  a c c u r a te ly  th e  added im p u r i ty  c o n ten t  

of specim ens.

Some a t te m p ts  have been made to  e x p la in  th e  h ig h  

c o n c e n t ra t io n  of p - ty p e  c a r r i e r s  in  s to ic h io m e t r ic  BigTe^.

These t h e o r i e s  w i l l  be d isc u s se d  in  s e c t io n  6 .8 .
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3*3. Type of sp ec imens u sed .

The specimens used  a re  l i s t e d  in  Table 3*1, to g e th e r  

w ith  th e  s ig n  of th e  e x t r i n s i c  c a r r i e r s  and th e  v a lu e  of th e  room 

tem p era tu re  H a ll  c o e f f i c i e n t  measured w ith  c u r re n t  flow  a long , and 

m agnetic  f i e l d  p e rp e n d ic u la r  t o ,  th e  c leav age  p lan es  ( ^ 5*1)•

Also l i s t e d  a re  th e  sou rces  from which th e  specimens were obtaine(^ 

th e  element used f o r  doping, w hether zone r e f i n e d  o r  s in g le  

c r y s t a l ,  th e  specimen d e s ig n a t io n  used  by G.E.C. and A .E .I .  f o r  

th e  specimens and r e f e r e n c e s  to  any p u b lish e d  r e s u l t s  on specimens 

from th e  same in g o t .

Table 3*1.

Specimen Sign R ( c m 3^
coul~T)

.

Source Doping
m a te r i a l

Type of 
specimen

Specimen
d e s ig n a t io n

R efer
ences*

R3*l n

---------------

G.E.C. io d in e ? zone
r e f in e d SET 1 /2  ?

R3*21 ~ t - 5 $

R5 P 0«32 G.E.G. none zone
r e f in e d (3)

R7 n 0*057 A .E .I . ? zone
r e f in e d /BT 1/17/B

R8 P 0*87 G-.E.C. io d in e s in g le
c r y s t a l SBTC/19 J

R9 n 0*84 G.E.C. io d in e s in g le
c r y s t a l SBTC/16 u i  Bi

•̂ References ; ( l )  A u s tin  (1958); (2) D rabble (1 958);

(3)' M an sfie ld  (1959); (4) Walker (195 9 );

(5 ) Y ates (195 9 ).
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3*4. P re p a ra t io n  of specim ens.

Specimens were o b ta in e d  in  th e  d e s i r e d  shape by- 

c u t t i n g  and c le a v in g .  The r a t i o  of th e  l e n g th  to  e i t h e r  of 

th e  t r a n s v e r s e  d im ensions *a* o r  *b* (F ig u re  2) was always made 

g r e a t e r  th an  4 : 1 ( I s e n b e rg  e t  a l ,  1948). An ex cep tio n  was 

specimen R3*l (T ab le  3*2) which was on ly  used  f o r  measurement 

of e l e c t r i c a l  c o n d u c t iv i ty .  Owing to  th e  ease w ith  which 

BigTe^ c le a v e s ,  c a re  had to  be ta k e n  to  see  t h a t  th e  specimens 

used were f r e e  from c ra c k s .

Specimens were e tched  and th e n  washed in  d i s t i l l e d  

w ate r fo llow ed  by a lc o h o l .  A f te r  t r y i n g  v a r io u s  e tc h e s  a 

s o lu t io n  of HOI, HNÔ  and d i s t i l l e d  w a te r  in  th e  p ro p o r t io n s  

of 3 : 1 : 4  r e s p e c t i v e l y  was u sed . The v a r i a t i o n  of 'a* and 

*b* down th e  le n g th  of a specimen was measured u s in g  e i t h e r  a  

t r a v e l l i n g  m icroscope o r  v e r n ie r  screw gauge. For a l l  th e  

specimens l i s t e d  in  Table  3*1, *a* and *b* were each c o n s ta n t  

to  b e t t e r  th an  1 in  100 over th e  r e g io n  used  f o r  measurement.

S ince th e  method of m ounting ( § 4*2), which must be 

used  in  o rd e r  to  o b ta in  u n i fo rm i ty  of th e  c u r re n t  flow  p a t t e r n  

th roughou t th e  p a r t  of th e  specimen used  f o r  m easurem ents, 

depends on th e  dim ensions of th e  specim en, th e s e  a r e  g iv en  in  

Table 3*2.
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Specimen Length, cms
- - '

1
* a* cms ! * b * cms 1

1 R3*l 0*52
1

0*352 ± 0*004 0*309 -  0*003

R3‘ 21 1 .3 0*308 ± 0*003
__________________________  j

0*206 ± 0*002

R5 7*0
1

0*603 -  0*006 0*243 -  0*002
—1

R7 1-7 0*429 -  0*004 0*248 ± 0*002

R8 2*5 0*487 -  0*005 0*298  ± 0*003

R9 5*7 0*285 -  0*003 0*182 ± 0*002

3*5. D if fu s io n  of Copper in to  B i^Te^.

During p re l im in a ry  o b s e rv a t io n s  on Bi^Te^ i t  was found 

t h a t  s o ld e r in g  a specimen in to  a copper h o ld e r  cou ld  change th e  

specimen from p- to  n - ty p e .  Subsequent h e a t in g  to  th e  m e l t in g  

p o in t  of le a d  s o ld e r  produced f u r t h e r  i r r e v e r s i b l e  e f f e c t s ,  th e  

c o n c e n tra t io n  of donors in c r e a s in g  each t im e . H ea ting  to  350^0 

r e s u l t e d  in  a  r e t u r n  to  th e  o r i g i n a l  p - ty p e  b eh a v io u r .  A ttem pts 

were made to  in t ro d u c e  a known c o n c e n t r a t io n  of copper in to  a 

specimen by means of h e a t  t r e a tm e n t  fo l lo w in g  th e  d e p o s i t  o f a  

known q u a n t i ty  of copper on th e  s u r f a c e  by e l e c t r o l y s i s  o r  

e v a p o ra t io n .  I f  th e  ty p e  and c o n c e n t ra t io n  of c a r r i e r s  cou ld  

be c o n t r o l l e d  in  t h i s  way, th e n  o b s e rv a t io n s  of th e  e l e c t r i c a l
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p r o p e r t i e s  of v a r io u s  im p u r i ty  c o n c e n t ra t io n s  could

be made on th e  same specim en. Thus th e  v a r i a t i o n s  w ith  c a r r i e r  

c o n c e n tra t io n  of th e  v a r io u s  p r o p e r t i e s  could  be more a c c u r a te ly  

determ ined th an  by u s in g  s e v e r a l  specim ens, s in c e  any e r r o r s  

in c u r re d  in  th e  measurement of th e  dim ensions of th e  specimen 

( ^ 3*4), o r due to  d e fe c ts  in  th e  specimen, would a f f e c t  each 

s e t  of r e s u l t s  in  th e  same way. No re p ro d u c ib le  r e s u l t s  were 

o b ta in ed , so th e  r e s u l t s  o b ta in ed  on th e s e  specimens were 

d isc a rd e d .  A l l  t h e  r e s u l t s  p re se n te d  in  t h i s  t h e s i s  were 

o b ta in ed  on specimens which have a t  no tim e been in  c o n ta c t  v^ith 

copper. Com pletely r e p ro d u c ib le  r e s u l t s  were th e n  o b ta in e d .

S im ila r  e f f e c t s  due to  copper a re  r e p o r te d  by G-oldsmid
»

(1958 ( a ) )  who su g g e s ts  t h a t  copper i s  a  donor im p u r i ty  w ith  an 

e x c e p t io n a l ly  h igh  r a t e  of d i f f u s io n  in  ^Î2^^3" th e  o th e r

hand, G-ordiakova and S in an i  (1958) f i n d  t h a t  adding m e t a l l i c  

copper to  th e  m elt has v e ry  l i t t l e  e f f e c t  on th e  e l e c t r i c a l  

c o n d u c t iv i ty  of Bi^Te^. They e x p la in  t h i s  as p ro b ab ly  due to  

i t s  very  low s o l u b i l i t y .

There i s  a  c e r t a i n  s i m i l a r i t y  between some r e s u l t s  

observed by M atukura (1957) on S i  and th e  r e s u l t s  o b ta in e d  w ith  

BigTe^ when in  c o n ta c t  w ith  copper. A specimen of s i l i c o n  

could  be made n - ty p e  and p - ty p e  a l t e r n a t e l y  by s u i t a b l e  h e a t  

t r e a tm e n t .  These r e s u l t s  a r e  i n t e r p r e t e d  a t  low te m p e ra tu re s  

in  term s of s u r fa c e  im p u r i t ie s  and a t  h ig h e r  te m p e ra tu re s  as  due 

to  l a t t i c e  d e f e c t s .  However, th e  i n v e s t i g a t io n  of th e s e  

phenomena in  Bi^Te^ was n o t  s u f f i c i e n t l y  e x te n s iv e  to  enab le  any 

co n c lu s io n s  to  be reach ed .



21 o

IV. Experim enta l P rocedu re .

^4*1 A pparatus; ^4*2 Mounting of specim ens; ^4*3 Measurement 

of tem p e ra tu re ;  §4*4 E xperim en ta l te c h n iq u e  and c a l c u l a t i o n s ;  

^4*5 P re l im in a ry  measurements on Bi^Te^.

4*1. A ppara tus .

The ty p e  of specimen h o ld e r  employed i s  in d ic a te d  in  

F ig u re  4. Specimens were mounted in  a  v e r t i c a l  p o s i t io n  on an 

i n s u l a t in g  hoard  of syndanyo which j u s t  f i t t e d  in to  th e  non

m agnetic s t a i n l e s s  s t e e l  tu b e .  Tem peratures above room 

tem p era tu re  could  be o b ta in ed  by means of th e  in s u l a t e d  h e a t in g  

c o i l ,  wound n o n - in d u c t iv e ly  on th e  o u ts id e  of th e  s t a i n l e s s  s t e e l  

tu b e .  Tem peratures below room tem p e ra tu re  cou ld  be o b ta in e d  by 

immersing th e  tu b e  in  l i q u i d  a i r  c o n ta in e d  in  a  de war f l a s k  as 

shown. The whole was p laced  between th e  p o le  p ie c e s  of an 

e lec tro m a g n e t,- w ith  th e  c e n tr e  of th e  specimen a t  th e  c e n t r e  of 

th e  gap. The o r i e n t a t i o n  of th e  specimen w ith  r e s p e c t  to  th e  

m agnetic f i e l d  cou ld  be a d ju s te d  by tu r n in g  th e  syndanyo b o a rd . 

A ll  re ad in g s  were ta k e n  a t  a tm ospheric  p re s s u re ,  u s in g  

co n v e n tio n a l  B.C. methods.

An a i r - c o o le d  e lec tro m ag n e t (C larendon  L ab o ra to ry , ty p e  

A, Newport In s tru m en ts  L td . )  was used  w ith  shaped po le  p ie c e s  as 

shown in  F ig u re  4. The m agnetic  f i e l d  a t  th e  c e n t r e  of th e  gap 

between th e  po le  p ie c e s  was de term ined  u s in g  th e  room 

tem p era tu re  H a ll  c o e f f i c i e n t  of a  mounted specimen of Indium
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Antimonide which had p re v io u s ly  been c a l i b r a t e d  over a range of 

m agnetic f i e l d s  u s in g  a p ro to n  resonance  method. ‘ The maximum 

v a r i a t i o n  of m agnetic  f i e l d  w ith  p o s i t io n  over th e  whole of th e  

c e n t r a l  re g io n  of th e  gap was 1 in  300. S ubsequen tly , when th e  

s i z e  of th e  gap was a l t e r e d  and i t  was n e c e s s a ry  to  r e c a l i b r a t e  

th e  f i e l d ,  t h i s  was done u s in g  th e  known room tem p era tu re  H a l l  

c o e f f i c i e n t  of one of th e  Bi^Te^ specim ens, assuming t h i s  to  be 

independent of m agnetic  f i e l d  ( ^ 4 * 5 ) .

The m agnetic  p r o p e r t i e s  of th e  specimen h o ld e r  were 

t e s t e d  u s in g  th e  room tem p era tu re  H a l l  c o e f f i c i e n t  of th e  InSb 

specimen. O bserva tions  made when t h i s  specimen was su p p o rted  

between th e  po le  p ie c e s ,  w ith o u t th e  specimen h o ld e r  p re se n t  and 

when in s e r t e d  in  th e  h o ld e r ,  ag reed  to  b e t t e r  th a n  1^.

With a gap of about 6-5 cm, r e q u ir e d  t o  accommodate 

th e  dewar f l a s k  f o r  low tem p e ra tu re  r e a d in g s ,  and a m ag n e tis in g  

c u r re n t  of 4 amps th e  va lu e  of th e  m agnetic  f i e l d  was about 4500 

o e r s te d .  For re a d in g s  above room te m p e ra tu re  th e  gap cou ld  be 

reduced to  about 3*5 cm, g iv in g ,  f o r  4 amps, about 6500 o e r s te d .

A ll  p o t e n t i a l  d i f f e r e n c e s  were measured u s in g  a ,

v e r n ie r  p o te n t io m e te r  (Cambridge In s tru m en t Co. L td . )  w ith  a  

sh o r t  p e r io d , low r e s i s t a n c e  ga lvan om ete r . The r e s i s t a n c e  of

th e  p o t e n t i a l  le a d s  was of th e  o rd e r  of 50 ----^ 150 ohms f o r  th e

therm ocouples and 10 ohms o r l e s s  f o r  th e  H a ll  p ro b e s .  A ll  

c o n ta c t  r e s i s t a n c e s  were e f f e c t i v e l y  zero  ( § 4 * 2 ) .  Thus 

p o t e n t i a l  d i f f e r e n c e s  cou ld  be o b ta in e d  to  th e  n e a r e s t  lOjiV and 

l\i.Y on th e  0 — ^ 1*9 v o l t  and 0 — ^ 0*19 v o l t  ran g es  re s p e c t iv e ly .
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4*2. Mounting of specim ens.

Owing to  th e  h igh  c o e f f i c i e n t  of d i f f u s io n  of copper 

in to  BiglGj ( % 3 /5 ) i t  i s  e s s e n t i a l ,  in  o rd e r  to  o b ta in  

re p ro d u c ib le  r e s u l t s ,  t h a t  specimens a re  mounted w ith o u t any 

c o n ta c t  w ith  copper or m a te r ia l s  c o n ta in in g  copper. Some 

workers n i c k e l - p l a t e ,  o r ,  f o r  use  in  a m agnetic f i e l d ,  rhodium- 

p l a t e ,  th e  ends of th e  specimen and th e n  s o ld e r  c u r re n t  le a d s  

( e .g .  Goldsmid, 1957, 1958 ( a ) ) .  In  th e  p re se n t  ca se , s in c e  

o b se rv a t io n s  were made up to  350^0, t h i s  method was u n s u i ta b le .

I t  i s  a l s o  e s s e n t i a l  t h a t  over th e  p a r t  of th e  specimen 

used f o r  e l e c t r i c a l  c o n d u c t iv i ty  re a d in g s  th e  c u r re n t  d e n s i ty  

th rough  th e  specimen should  be un ifo rm . In  p re l im in a ry  

o b se rv a t io n s  i t  was found t h a t  th e  use  of u n s u i ta b le  c u r re n t  

c o n ta c ts  could  le a d  to  v a lu e s  of <5* in  e r r o r  by a f a c t o r  of two 

o r  more. For s h o r t  specimens (1*3 — ^ 2*5 cm), where a l a r g e  

percen tage  of th e  specimen must be used , p re s s u re  con tac ts  had to  

be employed. The su r fa c e s  a c tu a l l y  in  c o n ta c t  w ith  th e  ends of 

th e  specimen were of s i l v e r  o r p la tin u m . The ends of th e  

specimens were f i l e d  f l a t  and th en  p re s s u re  a p p l ie d  along  th e  

a x is  of th e  specimen by means of a s p r in g ,  as shown in  F igu re

5 (a ) .  For lo n g e r  specimens (6 ----^ 7 cm), where i t  was p o s s ib le

to  keep th e  m easuring probes w e ll  away from th e  ends of th e  

specimen, i t  was found s a t i s f a c t o r y  to  make c u r re n t  c o n ta c ts  by 

means of p la tinum  w ires  over th e  ends of th e  specimen (F ig u re  

5 (b ) ) .  These methods were found s a t i s f a c t o r y  over th e  whole 

tem p era tu re  range (100^ — ^ 625^K) in v e s t i g a t e d .
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When c u r r e n t  c o n ta c ts  had been made, th e  u n ifo rm ity  of 

c u r re n t  d e n s i ty  and e l e c t r i c a l  c o n d u c t iv i ty  a long  th e  specimen 

was t e s t e d  by a p o t e n t i a l  probe method. A s te a d y  d i r e c t  c u r re n t  

was passed  th rou gh  th e  specim en. Then, by means of two chromel 

p robes, one f ix e d  n e a r  one end and th e  o th e r  moveable, th e  

v a r i a t i o n  of p o t e n t i a l  a long  th e  specimen was determ ined  u s in g  

a p o te n t io m e te r .  D is tan ce s  were measured w ith  a t r a v e l l i n g  

m icroscope. A p lo t  of p o t e n t i a l  d i f f e r e n c e  between th e  two 

probes a g a in s t  th e  p o s i t io n  of th e  moveable probe shou ld  be a 

s t r a i g h t  l i n e .  Any specimens n o t  showing a l i n e a r  v a r i a t i o n ,  

except very  n e a r  th e  ends of th e  specimen, were assumed to  be 

inhomogeneous and were r e j e c t e d .  F ig u re  6 shows a r e p r e s e n ta 

t i v e  p o t e n t i a l  d i f f e r e n c e  v e rsu s  d i s ta n c e  p lo t  f o r  one of th e  

specimens used in  th e  p re se n t  i n v e s t i g a t io n .

In  o rd e r  to  e s t a b l i s h  a  tem p e ra tu re  g ra d ie n t  a long  th e  

specimen ( i n  th e  x - d i r e c t i o n :  F ig u re  l ) ,  an in s u l a t e d  h e a te r

was p laced  j u s t  above th e  specimen. The d i r e c t  c u r r e n t  th rou gh  

t h i s  could  be c o n t r o l l e d  by a v a r i a b le  r e s i s t a n c e .

The therm ocouples used  were of T^ and T2 a l l o y s ,  

s im i l a r  in  t h e i r  p r o p e r t i e s  to  *Chromel* and *Alumel* 

r e s p e c t iv e ly  (P u t le y ,  1955). The p a i r  of therm ocouples used  

f o r  a ^ lyen  specimen were "matched" in  o rd e r  to  avo id  e r r o r s  due 

to  n o n -u n ifo rm ity  between th e  two c o u p le s .  I n i t i a l l y  t h i s  was 

done by th e  method d e sc r ib e d  by M iddleton  and Scanlon (1953).

The two ju n c t io n s  to  be p laced  in  c o n ta c t  w ith  th e  specimen were
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formed from as n e a r ly  i d e n t i c a l  m a te r i a l  as p o s s ib le  by ta k in g  

a long , homogeneous p ie c e  of each k ind  of therm ocouple w ire  to  

be used , c u t t in g  them, and s i l v e r  s o ld e r in g  th e s e  f r e s h l y  cu t 

ends to  form th e  ju n c t io n s  making c o n ta c t  w ith  th e  specimen.

The f r e e  ends of th e  T^ a l l o y  w ire s  were th en  s i l v e r  s o ld e re d  to  

a d d i t io n a l  p iece s  of T^ a l l o y  w ire  to  form th e  ic e  ju n c t io n s .

This i s  i l l u s t r a t e d  in  F ig u re  7 ( a ) .  The ju n c t io n s  formed by 

c u t t in g  th e  T^ a l l o y  w ire  a t  a -b  and th e  Tg a l l o y  w ire  a t  a*-b*, 

and then  jo in in g  a to  a* and b to  b* , a re  m atched. J u n c t io n s  

c-c* and d-d* a re  unmatched. Thus, a lth o u g h  th e  specimen 

ju n c t io n s  a re  matched by t h i s  method, th e  e q u a lly  im p ortan t ic e  

ju n c t io n s  a re  n o t .  For therm ocouples employed in  l a t e r  measure

ments a method was d ev ised  of m atching  b o th  specimen and ic e  

ju n c t io n s .  This i s  i l l u s t r a t e d  in  F ig u re  7(b) and i t  i s  seen 

t h a t  a l l  unmatched co n n ec tio n s  occur a t  room te m p e ra tu re .

Wires of 40 S.W.G-. were used  and th e  ju n c t io n s  cu t so t h a t  th ey  

were as sm all as p o s s ib le .  These therm ocouples were each 

compared w ith  a c a l i b r a t e d  T^ -  T^ therm ocouple ( ^  4*3). The 

maximum d i f f e r e n c e  in  e .m .f .  between any of th e  therm ocouples 

employed in  th e  p re se n t  i n v e s t i g a t io n  and th e  c a l i b r a t e d  thermo

couple was 1 in  200 a t  th e  te m p e ra tu re  of l i q u i d  a i r .  The 

d i f f e re n c e  in  e .m .f .  of a  p a i r  of "matched" therm ocouples 

re c o rd in g  l i q u i d  a i r  tem p e ra tu re  was of th e  o rd e r  of 1 in  5000.

Thermocouple w ires  were i n s u l a t e d  w ith  enamel p a in t ,  

except n e a r  th e  ju n c t io n s .  The w ire s  n e a r  th e  specimen ju n c t io n
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were i n s u la te d  w ith  f i n e  g la s s  tu b in g  f o r  h igh  tem p era tu re  

o b se rv a t io n s .  Thermocouples were spo t-w elded  to  one s id e  of 

th e  specimen, as shown in  F ig u re s  5 (a )  and ( b ) ,  c a re  be ing  

tak en  not to  p la c e  them too  n e a r  th e  ends. The ju n c t io n s  were 

p re ssed  a g a in s t  th e  specimen and th en  an 80^F condenser, charged 

to  about 12 v o l t s ,  d isch a rg ed  th ro u g h  th e  p re s s u re  c o n ta c t  

(M itc h e l l ,  1954). S a t i s f a c t o r y  c o n ta c ts ,  w ith  e f f e c t i v e l y  

zero c o n ta c t  r e s i s t a n c e ,  were o b ta in e d  by t h i s  method over th e  

whole tem p era tu re  range in v e s t ig a t e d .  Spot-w elded c o n ta c ts  a re  

m echan ica lly  weak and a l l  w ires  were secu red  by screws to  th e  

syndanyo board  b e fo re  sp o t-w e ld in g . The d i s ta n c e  between th e  

therm ocouple ju n c t io n s  was measured w ith  a  t r a v e l l i n g  m icroscope . 

Thus, w ith  th e  therm ocouples connected  v i a  a  s e l e c t i n g  key in to  

th e  p o te n t io m e te r ,  as shown in  F ig u re  7 ( c ) ,  te m p e ra tu re  and 

p o t e n t i a l  g r a d ie n ts  down th e  specimen and th e  mean tem p era tu re  

of th e  specimen cou ld  be determ ined . The H a l l  p rob es , of T^ 

a l lo y  o r  Bi^Te^ ( ^  5*3), were a l s o  spo t-w elded  to  th e  specim en. 

The c u r re n t  f low ing  th ro u g h  th e  specimen was determ ined  from th e  

p o t e n t i a l  d i f f e r e n c e  a c ro s s  a  s ta n d a rd  0*1 ohm r e s i s t a n c e  (H.W. ^

S u l l iv a n  L td .)  in  s e r i e s  w ith  th e  specim en, as shown in  F ig u re  

7 ( c ) .

Thus o b se rv a t io n s  of th e  e l e c t r i c a l  c o n d u c t iv i ty ,  

th e rm o e le c t r ic  power and H a ll  and N ernst c o e f f i c i e n t s  a t  a  g iven  

tem p era tu re  could  be taken  v ery  r a p id ly .  This i s  e s s e n t i a l ,  

e s p e c ia l ly  f o r  o b se rv a t io n s  below room tem p era tu re  where only  

l im i t e d  tem p e ra tu re  c o n t r o l  was p o s s ib le .  O b se rv a tio n s  were
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f i r s t  o b ta in ed  a t  th e  low est tem p e ra tu re  a t t a i n a b l e  w ith  th e  

dewar kep t f u l l  of l i q u i d  a i r  (F ig u re  4 ) .  O bse rva tion s  between 

t h i s  tem p era tu re  and room tem p e ra tu re  were made as th e  ap p a ra tu s  

warmed up. The r a t e  of in c re a s e  of mean te m p era tu re  of th e  

specimen was s u f f i c i e n t l y  slow, and th e  method of ta k in g  

read in g s  s u f f i c i e n t l y  r a p id ,  f o r  s a t i s f a c t o r y  r e s u l t s  to  be 

o b ta in ed . Tem perature c o n t ro l  above room tem p era tu re  was f a r  

e a s i e r .  This was done by c o n t r o l l i n g  th e  a l t e r n a t i n g  c u r re n t  

th rough  th e  main h e a t in g  c o i l  by means o f a V ariac  t r a n s fo rm e r .  

Below room te m p e ra tu re  i t  was im p o ss ib le  to  p reven t a tem p e ra tu re  

g ra d ie n t  e x i s t i n g  a long  th e  specimen. This was shown (§  4*4;

§ 4*5) to  have no e f f e c t  on th e  v a lu e s  o b ta in ed  f o r  th e  H a ll  

c o e f f i c i e n t  and th e  e l e c t r i c a l  c o n d u c t iv i ty .

R a p id i ty  in  ta k in g  re a d in g s  above room tem p e ra tu re  was 

no t so e s s e n t i a l ,  bu t d id  keep to  a  minimum th e  s l i g h t  o x id a t io n  

of th e  su r fa c e s  which occu rred  w ith  some specimens when t r y i n g  

to  o b ta in  re a d in g s  above 350^C. The m e lt in g  p o in t  of b ism uth  

t e l l u r i d e  i s  580^0 (Shigetom i and Mori, 1956), bu t th e  range 

over which re a d in g s  could  be ta k e n  a t  a tm ospheric  p re s s u re  was 

l im i te d  by t h i s  o x id a t io n  4*5).

4*3. Measurement of Tem perature.

A s a tu r a te d  vapour p re s s u re  therm om eter was used  below 

O^C to  c a l i b r a t e  a  therm ocouple of T^ -  Tg a l l o y s ,  c o n s t ru c te d  

as d e sc r ib ed  p re v io u s ly  ( ^  4*2). Above 0^0 th e  s ta n d a rd
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c a l i b r a t i o n  f o r  ch ro m e l-a lim e l coup les  (American I n s t i t u t e  of 

Physics  Handbook, 1957) was checked and found s a t i s f a c t o r y .

The gases  used in  th e  S .V .P. therm om eter were su lp h u r  

d iox ide  (SOg), carbon d io x id e  (COg) and e th y le n e  (CgH^) over 

th e  tem p era tu re  ranges  (-10  — > -5 0 )^ 0 ,  ( -75  — > -100)^0  and 

(-105 — ^ -150)^0  r e s p e c t iv e ly .  The ty p e  of S .V .P . therm om eter 

employed i s  d e sc r ib e d  by Parkas and M e lv i l le  (1939), who a ls o  

g ive  t a b le s  of S .V .P. v e rsu s  tem p e ra tu re  f o r  th e  th r e e  gases  

used . Care was ta k e n  in  each case  to  ensu re  t h a t  on ly  th e  pure 

gas re q u ir e d  f o r  th e  therm om eter was p re se n t  in  th e  a p p a ra tu s .

One ju n c t io n  of th e  therm ocouple was i n s e r t e d  in  a 

m ix ture  of ic e  and w a te r ,  w hile  th e  o th e r ,  th e  w ire s  in s u la t e d  

except a t  th e  ju n c t io n ,  was a t ta c h e d  to  th e  bu lb  of th e  S.V .P. 

therm om eter. This was i n s e r t e d  in  a  tu b e  c o n ta in in g  m ercury 

which was th en  p laced  in  a lc o h o l  in  a  dewar f l a s k .  When th e  

a lco h o l  was cooled  w ith  l i q u id  a i r  any d e s i r e d  te m p e ra tu re  cou ld  

be o b ta in ed . The e .m .f .  of th e  couple  f o r  v a r io u s  te m p e ra tu re s ,  

as reco rded  by th e  S.V .P. therm om eter, i s  g iven  in  F ig u re  8.

The th e rm o e le c t r ic  power of T^ r e l a t i v e  to  T^ a l l o y  a g a in s t  

tem pera tu re  over th e  whole te m p e ra tu re  range s tu d ie d  i s  g iv en  in  

F ig u re  9.

In  o rd e r  to  o b ta in  th e  c o r r e c t  mean te m p e ra tu re  o f , 

and tem p era tu re  g ra d ie n t  down, th e  specimen th e  p o s i t io n  of th e  

therm ocouples i s  of g re a t  im portance . In  p a r t i c u l a r ,  when sm all 

tem p era tu re  g r a d ie n ts  a re  employed, a  sm all e r r o r  in  one o r  b o th
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of th e  measured te m p e ra tu re s  can r e s u l t  i n  a  l a r g e  e r r o r  in  

v a lu e s  of th e  th e r m o e le c t r i c  power, N erns t and R ighi-Leduc 

c o e f f i c i e n t s .  This problem has been e x te n s iv e ly  s tu d ie d  in  

co nnec tion  w ith  th e  measurement of th e  th e r m o e le c t r i c  power of 

sem iconductors ( e . g .  J o f f e ,  1957; Skanavi and K ashtanova, 1956).

In  th e  measurement of th e  th e r m o e le c t r i c  power of a 

specimen r e l a t i v e  to  th e  m easuring  p ro bes , th e  te m p e ra tu re  

d i f f e r e n c e  g iv in g  r i s e  to  th e  m easured th e rm a l e .m .f .  must 

be a c c u ra te ly  found. In  th e  two e x p e r im e n ta l  arrangem ents  

commonly employed th e  specimen i s  clamped ( J o f f e ,  1957, page 132) 

or so ld e re d  between m e ta l  b lo c k s .  In  one arrangem ent th e  

tem p era tu re  d i f f e r e n c e  between th e  ends of th e  specimen i s  

measured by means of therm ocouples i n s e r t e d  in  th e  m e ta l  b lo cks  

as n e a r  to  th e  ends of th e  specimen as p o s s ib le  ( e . g .  Groldsmid, 

1956 ( a ) ) .  This method i s  s im ple  bu t would be u n s a t i s f a c t o r y  

in  th e  p re se n t  i n v e s t i g a t i o n .  P re s s u re  c o n ta c ts  have to  be 

used ( ^ 4*2), and hence th e r e  would be te m p e ra tu re  drops a c ro s s  

th e  spec im en-1o-m eta l c o n ta c ts  a t  each end of th e  specim en.

The measured te m p e ra tu re  d i f f e r e n c e  a c ro s s  th e  specimen vfould 

th u s  be h ig h e r  th a n  th e  one g iv in g  r i s e  to  th e  measured th e rm a l 

e .m .f .  and th e  c a lc u la te d  th e r m o e le c t r i c  power would be low er 

th an  th e  t r u e  v a lu e .  In  th e  second arrangem ent, u sed  h e re  

( § 4 "2 ) , th e  therm ocouples a r e  p lace d  a t  one s id e  of th e  main 

h e a t  f l u x .  This method has been d is c u s s e d  by M iddleton  and 

Scanlon (1953) and Skanavi and K ashtanova (1956).

E x p er im en ta lly  t h i s  i s  n o t as s im ple  as th e  f i r s t  arrangem ent 

as i t  i s  o f te n  d i f f i c u l t  to  make s a t i s f a c t o r y  c o n ta c t  between
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th e  specimen and therm ocouple ju n c t io n s .  In  some c a s e s  c o n ta c t  

may he made by s o ld e r in g ,  bu t th e  a r e a  of c o n ta c t  must be kep t 

to  a minimum (Dunlap, 1950), w h ile  i n s e r t i n g  th e  therm ocouple 

ju n c t io n s  in  sm all h o le s  in  th e  s id e  of th e  specimen d i s tu r b s  

th e  h ea t flow .

I t  i s  co n s id e red  t h a t  th e  p re se n t  arrangem ent s a t i s f i e d  

th e  requ irem en ts  f o r  a c c u ra te  tem p e ra tu re  measurement ( § 4 * 5 ;

^ 5*4). The therm ocouple w ire s  a r e  t h i n  (40 S.W.G-. ) ,  th e  

ju n c t io n s  a re  sm all  and p a i r s  of coup les  have been m atched, 

w hile  th e  te ch n iq u e  of sp o t-w e ld in g  produces a c o n ta c t  of sm all  

a re a  and n e g l i g i b l e  r e s i s t a n c e .  C o n s id e ra t io n  of th e  accu racy  

i s  p a r t i c u l a r l y  im portan t s in c e  th e  ex p e rim en ta l  v a lu e s  o b ta in ed  

f o r  th e  th e rm o e le c t r ic  power a re  h ig h e r  th a n  th o s e  o b ta in ed  by 

o th e r  workers u s in g  specimens of a s im i l a r  c a r r i e r  c o n c e n t ra t io n

( § 6 * 9 ) .

J o f f e  (1957, page 132) d e s c r ib e s  a t h i r d ,  and b e t t e r ,  

method f o r  th e  measurement of th e rm o e le c t r ic  power which, 

hov/ever, would n o t a llow  th e  s im u ltaneou s  measurement of 

e l e c t r i c a l  c o n d u c t iv i ty  when d e a l in g  w ith  s h o r t  specim ens.

4*4. E xperim ental te ch n iq u e  and c a l c u l a t i o n s .

H a ll  c o e f f i c i e n t  and e l e c t r i c a l  c o n d u c t iv i ty  measure

ments were made u s in g  d i r e c t  c u r r e n t .  When making o b s e rv a t io n s  

th e  c o n d it io n s  assumed in  ^  2-1 a re  n o t  r e a l i s e d  and th e  u s u a l  

p re c a u t io n s  of r e v e r s in g  c u r re n t  and m agnetic  f i e l d  were 

observed . In  t h i s  way a l l  th e  v o l ta g e s  which a r e  superim posed
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on th e  H a ll  v o l ta g e  can he e l im in a te d  w ith  th e  ex c ep tio n  of th e  

v o l ta g e  r e s u l t i n g  from th e  E t t in g sh a u se n  tem p e ra tu re  d i f f e r e n c e  

( §  5*3). The th e rm o e le c t r ic  power of Bi^Te^ w ith  r e s p e c t  to  

th e  m a te r ia l  of th e  m easuring  probes (T^ a l lo y )  i s  l a r g e  and 

v a r ie s  q u i te  r a p id ly  w ith  te m p e ra tu re .  S ince re a d in g s  a re  

tak en  under v a ry in g  tem p era tu re  c o n d i t io n s  ( ^ 4 * 2 )  th e y  had to  

be tak en  as r a p id ly  as p o s s ib le .  In  making o b se rv a t io n s  of 

th e  H a ll  v o l ta g e ,  th e  m agnetic f i e l d  H  ̂ had to  be re v e rs e d  

s e v e ra l  tim es f o r  each d i r e c t io n  of th e  c u r re n t  th ro u g h  th e  

specimen and th e  average  v a lu e  of th e  H a ll  v o l ta g e  c a lc u la te d  

co rrespond ing  to  th e  mean tem p era tu re  of th e  specimen over th e  

tim e tak en  to  make th e  o b s e rv a t io n s .  C a lc u la t io n s  based  on th e  

measured v a lu es  of th e  N ernst c o e f f i c i e n t  showed t h a t  th e  v a lu e  

ob ta in ed  f o r  th e  H a ll  c o e f f i c i e n t ,  u s in g  t h i s  ex p e rim en ta l  

te ch n iq u e , i s  independent of th e  v a lu e  of th e  te m p e ra tu re  

g ra d ie n t  down th e  specimen.

The e f f e c t  of P e l t i e r  h e a t in g  and c o o lin g  a t  th e  

ju n c t io n s  i s  l a r g e  in  Bi^Te^ and cou ld  cause  e r r o r s  in  th e  

measured v a lu es  of e l e c t r i c a l  c o n d u c t iv i ty .  The in f lu e n c e  of 

th e  P e l t i e r  e f f e c t  on th e  c o n d u c t iv i ty  can be reduced  by making 

measurements on th e  c e n tr e  p o r t io n  of a long  specim en, which was 

p o s s ib le  f o r  R5, R8 and R9, and by a s u i t a b l e  te c h n iq u e  of 

making o b s e rv a t io n s .  With s te a d y  c o n d i t io n s  th e  p o t e n t i a l  

d i f f e re n c e  down th e  specimen was re co rd ed , and th e n  th e  c u r re n t  

was rev e rsed  and th e  new p o t e n t i a l  d i f f e r e n c e  im m edia te ly  found
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( S a t t e r th w a i t e  and Ure, 1957). I t  was found t h a t  t h i s  method 

gave r e l i a b l e  v a lu e s  of th e  e l e c t r i c a l  c o n d u c t iv i ty  f o r  sm all 

c u r r e n ts  4*5). S e v e ra l  workers u se  A.C. methods ( e . g .  

aoldsm id , 1958 ( a ) ) ,  w h ile  D rabble e t  a l  (1958) u se  a  compen

s a t in g  arrangem ent to  e l im in a te  th e  e f f e c t s  due to  th e  

tem p era tu re  g r a d ie n t  a s s o c ia te d  w ith  th e  passage  of c u r r e n t  

th ro u g h  th e  specim en.

In  th e  measurement of th e  th e r m o e le c t r i c  power and

N ernst c o e f f i c i e n t  measurement of th e  te m p e ra tu re  d i f f e r e n c e

|Tq -  ^ 2*1; ^ 4 * 3 )  r e q u i r e s  c a re .  The q u a n t i t i e s

a c tu a l l y  measured were th e  e .m . f . s  Eq and E^ of th e  T^ -  Tg

therm ocouples co rresp o n d in g  to  th e  te m p e ra tu re s  Tq and T^

(T ab les  5*2 and 5*4). The mean te m p e ra tu re  of th e  specimen 
G ^ ^D g  may be o b ta in ed  from F ig u re  8, b u t th e  in d iv id u a l

va lu es  of T^ and T^ cannot be o b ta in e d  w ith  s u f f i c i e n t  accu racy  

( ^ 5*4) to  g iv e  IT^ -  T ^j. The te m p e ra tu re  d i f f e r e n c e  was 

th u s  o b ta in ed  by use  of F ig u re  9 and th e  r e l a t i o n  (M idd le ton  

and Scanlon, 1953)
( dEx ^

E l e c t r i c a l  c o n d u c t iv i ty ,  t h e r m o e le c t r i c  power and H a l l  

and N ernst c o e f f i c i e n t s  were c a lc u la te d  in  p r a c t i c a l  u n i t s  

u s in g  th e  eq ua tion s  in  Table 2*2. S ince  th e  m easuring  probes 

were of T^ a l l o y  (= Chromel) th e  th e r m o e le c t r i c  power of Ei^Te^ 

was measured r e l a t i v e  to  T^ a l l o y .  A c o r r e c t io n  was th en
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a p p l ie d  to  g iv e  th e  th e rm o e le c t r i c  power of Bi^Te^ r e l a t i v e  to  

le a d .  The e .m .f .  of a T^-Ph therm ocouple  was p l o t t e d  a g a in s t  

th e  tem p era tu re  as re c o rd ed  by a  c a l i b r a t e d  T^ -  T^ therm ocouple  

(F ig u re  10 ). T his  was used  to  p lo t  th e  th e r m o e le c t r i c  power 

of T^ r e l a t i v e  to  le a d  a g a in s t  te m p e ra tu re  (F ig u re  11) (Lemon 

and Ference , 1946, p . 338). Thus th e  c o r r e c t io n  to  be a p p l ie d  

to  th e  measured e .m .f .  a t  any te m p e ra tu re  cou ld  be o b ta in e d  

from F ig u re  11.

4*5. P re l im in a ry  measurements on Bi^Te^ .

( i )  E l e c t r i c a l  c o n d u c t iv i ty .

The e f f e c t  on th e  e l e c t r i c a l  c o n d u c t iv i ty  of a l t e r i n g  

th e  c u r re n t  th ro u g h  th e  specimen was t e s t e d  a t  about 100 and 300^ 

K. I t  was found t h a t  th e  e f f e c t s  of P e l t i e r  h e a t in g  r e s u l t e d  

in  d e v ia t io n s  from Ohm's law i f  th e  c u r r e n t  was made to o  l a r g e .  

The l i m i t  to  th e  c u r r e n t  which cou ld  be used  depended on th e  

s i z e  of th e  specimen bu t was of th e  o rd e r  of 0*3 amp'eres f o r  

R3*21.

Specimen R5 i s  a  long  specim en, so t h a t  i t  was p o s s ib le  

to  a t t a c h  e x t r a  c o n d u c t iv i ty  p robes of B i2Te^ cu t  from  m a te r i a l

o r i g i n a l l y  a d ja c e n t  t o  th e  specimen ( ^  5*3). C o n d u c t iv i ty  

re ad in g s  made u s in g  B i2Te^ probes a re  n o t  expec ted  to  be 

in f lu e n c e d  by P e l t i e r  h e a t in g  e f f e c t s  and th u s  s e rv e  as  an 

a d d i t i o n a l  check on th e  v a l i d i t y  of th e  ex p e r im e n ta l  method u sed  

f o r  th e  c o n d u c t iv i ty  (o  4*4). Measurements were ta k e n
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s im u ltan eo u s ly  of th e  c o n d u c t iv i ty  u s in g  b o th  a l l o y  and 

Bi^Te^ p robes. S ince R5 i s  a  long  specimen, f o r  v e ry  sm all 

c u r re n ts  b o th  q u a n t i t i e s  shou ld  be th e  same. Readings were 

tak en  f o r  d i f f e r e n t  v a lu e s  of th e  c u r re n t  th ro u g h  th e  specimen 

a t  room tem p era tu re  and a t  110^K. Over th e  rang e  of c u r r e n t s  

norm ally  used no ev idence cou ld  be found of an e r r o r  in  th e  

c o n d u c t iv i ty  due to  th e  P e l t i e r  e f f e c t .  However, such an e r r o r  

would depend on th e  s i z e  of th e  specimen and i s  much more l i k e l y  

to  be a p p re c ia b le  f o r  sm all specim ens.

I t  was shown f o r  each specimen t h a t  th e  e l e c t r i c a l  

c o n d u c t iv i ty  was independent of th e  p o s i t io n  of th e  thermo

couples over th e  c e n t r a l  re g io n s  of th e  specimen ( §  4*2).

Magnet o re s  i s t a n c e  measurements were made on specimen 

R5 a t  room tem p era tu re  over th e  range  of m agnetic  in d u c t io n  

1,600 to  14,000 gauss w ith  c u r re n t  flow  p a r a l l e l  to  and m agnetic  

f i e l d  p e rp e n d ic u la r  to  th e  c leavage  p lan es  5*1). At 14,000
6" 0 ^ t r

gauss th e  f r a c t i o n a l  change in  c o n d u c t iv i ty ,  ---- --------- , was about
^ 0

1 in  285 . I t  was found t h a t  c o n d i t io n s  were n o t s u f f i c i e n t l y  

s t a b le  to  measure such a sm all e f f e c t  a c c u r a te ly  (D rabble  e t  a l ,  

1958 ) ,  a  l a r g e  s c a t t e r  be ing  o b ta in ed  on th e  r e s u l t s .

I t  was found t h a t  as  long as th e r e  was no c o n ta c t  

w ith  copper (^  3*5) th e  c o n d u c t iv i ty  and th e  H a ll  and N erns t 

c o e f f i c i e n t s  were r e p ro d u c ib le  over th e  whole te m p e ra tu re  range

100° to  620° K.
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( i i )  H a ll  E f f e c t .

The H a l l  c o e f f i c i e n t  was measured w ith  th e  c u r re n t  

p a r a l l e l  to  and th e  m agnetic f i e l d  e i t h e r  p a r a l l e l  o r  perpen

d ic u la r  to  th e  c leavag e  p la n t s  ( ^ 5*1). For e i t h e r  of th e s e  

experim en ta l arrangem ents  i t  was found t h a t  th e  v a lu e  o b ta in ed  

f o r  th e  H a ll  c o e f f i c i e n t  was n o t  v e ry  s e n s i t i v e  t o  th e  exact 

o r i e n t a t i o n  of th e  specimen w ith  r e s p e c t  to  th e  m agnetic f i e l d .  

D ev ia tions  of as much as 5^ from th e  c o r r e c t  o r i e n t a t i o n  

produced l e s s  th an  ifo change in  th e  measured v a lu e  of th e  H a ll  

c o e f f i c i e n t .

The dependence of th e  H a l l  c o e f f i c i e n t  on th e  m agnetic  

f i e l d  was t e s t e d  f o r  m agnetic in d u c t io n s  up to  14,000 g a u ss .  

F igu re  12 shows v a lu e s  of th e  H a ll  c o e f f i c i e n t  measured w ith  th e  

m agnetic f i e l d  p e rp e n d ic u la r  to  th e  c leavag e  p lan es  f o r  specimen 

R5 a t  room te m p e ra tu re .  I t  i s  seen  t h a t  up to  9 ,000 g au ss , 

w ith in  th e  ex perim en ta l s c a t t e r ,  th e  H a l l  c o e f f i c i e n t  i s  

independent of th e  m agnetic f i e l d ,  w h ile  a t  14,000 gauss th e  

change i s  only  2* 5?̂ . S im ila r  r e s u l t s  a r e  r e p o r te d  by o th e r  

workers ( e .g .  D rabble , 1958). In  a l l  th e  measurements d e s c r ib e d  

in  ^ 5*2 and ^ 5 * 3  th e  maximum m agnetic  f i e l d  was of th e  o rd e r  

of 6,500 o e r s te d s  ( ^ 4 * 1 ) .

( i i i )  T h erm o e lec tr ic  power.

Both th e  th e rm o e le c t r ic  power and N erns t c o e f f i c i e n t  

appeared independent of th e  tem p e ra tu re  g r a d ie n t  down th e  

specimen over th e  rang e  5^ to  4oS jper c e n t im e tre .
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A check was a ls o  made to  show t h a t  th e  v a lu e  o b ta in ed  

f o r  th e  th e rm o e le c t r ic  power was independen t of th e  in te rm e d ia te  

m eta l used in  i t s  measurement. Some o b se rv a t io n s  were made 

above 3 0 0 of  th e  th e rm o e le c t r ic  power of B i2le ^  r e l a t i v e  to  

in s te a d  of a l l o y .  A c o r r e c t io n  (Lemon and F erence , 1946) 

was a p p lie d  in  th e  same way as in  §4* 4  to  g iv e  th e  thermo

e l e c t r i c  pov/er r e l a t i v e  to  le a d ,  and i t  was found t h a t  th e  v a lu e s  

ob ta ined  were independent of th e  in te rm e d ia te  m e ta l  used  in  t h e i r  

measurement.

Any v a r i a t i o n  of th e  th e rm o e le c t r ic  power w ith  m agnetic 

in d u c tio n  was sm all  ( l e s s  th a n  0 -1^  f o r  4 ,570 gauss) and masked 

by the rm al f l u c t u a t i o n s .

The v a lu e  o b ta in ed  f o r  th e  th e rm o e le c t r ic  power was 

found to  be dependent on s u r fa c e  c o n d i t io n s .  The te m p e ra tu re  

g ra d ie n t  was always p a r a l l e l  to  th e  c leavag e  p la n e s ,  b u t th e  

p o s i t io n s  of th e  therm ocouples and th e  s t a t e  of th e  s u r fa c e  

could  be a l t e r e d .  The v a lu es  of th e  th e rm o e le c t r ic  power shown 

in  F igu res  15 and 24 were o b ta in ed  in  each case  f o r  a  c le a n  

s u r fa c e  and w ith  th e  therm ocouples making c o n ta c t  w ith  a s u r f a c e  » 

of th e  specimen which was p e rp e n d ic u la r  to  th e  c leavage  p la n e s .  

For specimen R8 th e  room te m p era tu re  v a lu e  of t h e  th e rm o e le c t r ic  

power was found to  be reduced  by 10^ a f t e r  h e a t in g  th e  specimen 

to  620^K. A f te r  c le a n in g  th e  s u r fa c e  th e  o r i g i n a l  v a lu e  and 

v a r i a t i o n  of th e rm o e le c t r ic  power w ith  tem p e ra tu re  cou ld  be 

o b ta in ed . However, v a lu es  of th e  th e r m o e le c t r i c  power a t  room
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tem p e ra tu re  d i f f e r i n g  by 20^ were o b ta in e d  when th e  therm o

coup les  were in  c o n ta c t  w ith  d i f f e r e n t  p a r t s  of th e  specim en. 

When th e  therm ocouples were sp o t-w e ld ed  to  th e  s u r f a c e  of a 

c leavage  p lane  -  even when th e  specim en was f r e s h l y  c lea v ed  -  

low er read in g s  were always o b ta in e d .

For g iv en  p o s i t io n s  of th e  therm ocoup les  th e  

d i f f e r e n c e  in  th e  th e r m o e le c t r i c  power re a d in g s  b e fo re  and a f t e r  

h e a t in g  th e  specimen to  620^K may be due to  o x id a t io n  of th e  

s u r fa c e .  Home (1959) shows t h a t  b i s m u th - te l lu r iu m  a l lo y s  

show th e  g r e a t e s t  s e n s i t i v i t y  to  ox ide im p u r i t i e s  when t h e i r  

com position  i s  in  th e  ran ge  co rre sp o n d in g  to  B i2l e ^ .  The 

a d d i t io n  of ox ide im p u r i t i e s  to  th e  .melt of specim ens h av in g  a 

s to ic h io m e try  co rre sp o n d in g  to  B l2Te^ causes  a  s i g n i f i c a n t  

d ec rease  in  th e  th e r m o e le c t r i c  power.

I t  was th o u g h t t h a t  sp o t  w eld ing  c o n ta c ts  t o  th e  

specimen m ight in f lu e n c e  th e  r e a d in g s .  This was checked and, 

w ith  th e  v a lu e s  of th e  c a p a c i ty  and v o l ta g e  g iv en  in  §4*2, 

th e r e  appeared  to  be no e f f e c t s  due to  s p o t-w e ld in g .
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V. E xperim enta l R e s u l t s .

^ 5 * 1  E xperim en ta l arrangem ents  a p p r o p r ia te  to  E i^Te^;

§5*2 E l e c t r i c a l  p r o p e r t i e s  of B i^Te^; §5*3 A d ia b a t ic  and 

iso th e rm a l  e f f e c t s ;  § 5*4 E r r o r s .

5*1. E xperim en ta l arrangem ents  a p p r o p r ia te  t o  B i2l e ^ .

As f a r  as th e  measurements of e l e c t r i c a l  c o n d u c t iv i ty  

and H a ll  c o e f f i c i e n t  of B i2Ïe ^  a r e  concerned , a l l  d i r e c t i o n s  in  

th e  c leavage p lan es  a r e  e q u iv a le n t  (B rab b le  and W olfe, 1956).

Thus from symmetry c o n s id e r a t io n s  t h e r e  must be two independen t 

va lu es  of th e  H a l l  c o e f f i c i e n t  and e l e c t r i c a l  c o n d u c t iv i ty  

(D rabb le , 1958) and a l s o  of th e  N e rn s t ,  E t t in g sh a u s e n  and R ig h i-  

Leduc c o e f f i c i e n t s  and of th e  th e rm a l  c o n d u c t iv i ty .  In  

p r i n c i p l e  a l l .  t h e s e  q u a n t i t i e s  can be m easured u s in g  th e  t h r e e  

expe rim en ta l  a rrangem ents  shov/n in  F ig u re  13. In  (a )  and (b )

I^  i s  p a r a l l e l  to  th e  c leav ag e  p la n e s .  In  (a )  H^ i s  

p e rp e n d ic u la r  and in  (b )  H^ i s  p a r a l l e l  to  th e  c lea v ag e  p la n e s .

In  (c )  I^  i s  p e rp e n d ic u la r  and H^ i s  p a r a l l e l  t o  th e  c lea v ag e  

p la n e s .

5*2. E l e c t r i c a l  p r o p e r t i e s  of B i2Te^.

In  a l l  specim ens ( ^  3*4), excep t R3*l, th e  c u r r e n t  I^  

was p a r a l l e l  to  th e  c leav ag e  p la n e s .  Measurements of e l e c t r i c a l  

c o n d u c t iv i ty ,  t h e r m o e le c t r i c  power and H a l l  and N ern s t
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c o e f f i c i e n t s  were made on specim ens R3*21, R5, R7 and R8 over 

th e  tem pera tu re  range  100^ — ^  6 0 0 The H a l l  and N ernst 

c o e f f i c i e n t s  of R8 were measured f o r  b o th  th e  e x p e r im e n ta l  

arrangem ents (a )  and (b ) in  F ig u re  13, i . e .  w ith  th e  m agnetic  

f i e l d  bo th  p e rp e n d ic u la r  and p a r a l l e l  to  th e  c leav ag e  p la n e s .

For th e  o th e r  specimens th e s e  e f f e c t s  were on ly  m easured w ith  

th e  magnetic f i e l d  p e rp e n d ic u la r  to  th e  c leav ag e  p la n e s .  The 

r e s u l t s  o b ta ined  a re  i l l u s t r a t e d  in  F ig u re s  14 to  17.

The e x p e r im e n ta l  te c h n iq u e s  used  f o r  m easuring  th e

v a r io u s  c o e f f i c i e n t s  a r e  d e s c r ib e d  in  §4*4 . R3*21, R7 and R8

were " sh o r t"  specim ens ( §  4*2) f o r  which c u r r e n t  c o n ta c ts  were

made as shown in  F ig u re  5 ( a ) .  R3*21 and R7 had on ly  one p a i r

of H a ll  p robes, H^ -  H2 , a t t a c h e d ;  t h i s  made i t  p o s s ib le  to

measure on ly  th e  H a l l  c o e f f i c i e n t  w ith  H^ p e rp e n d ic u la r  to  th e

cleavage p lanes  s in c e  th e s e  were in  th e  p lan e  of th e  diagram .

R8 had bo th  H^ -  Hg and H^ -  Hg a t t a c h e d .  Both H a l l  c o e f f i -
^  Tc ie n t s  ( o r  N ernst c o e f f i c i e n t s  when = 0 , 0) were ta k e n

in  th e  same tem p era tu re  run  -  th e  specimen h o ld e r  b e in g  tu rn e d  

th rough  90^ between re a d in g s  ( § 4 * 5 ) .  R5 was a " long" specimen 

and c u r re n t  c o n ta c ts  were made as shown in  F ig u re  5 (b) and on ly  

one s e t  of H a l l  p robes H^ -  H2 were a t t a c h e d .  In  each case  th e  

H a ll  probes were of T^ a l l o y ,  so t h a t  q u a s i - a d ia b a t i c  H a l l  and 

N ernst c o e f f i c i e n t s  were o b ta in ed  ( §  5*3).

Room te m p e ra tu re  re a d in g s  a re  g iv en  i n  T ab les  5*1 — ^  

5 *4 . These i l l u s t r a t e  th e  method of t a k in g  re a d in g s  and a l s o  

th e  o rd e r  of m agnitude of th e  m easured q u a n t i t i e s .
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Table 5 .2 .  T herm oelectric power measurements, a t  approxim ately room
tem perature.

Speci
men

Type dSOtV) T°K dT°K (dS) (® )
(dT)Pt

R3.21 n 1131 308 14.35 -322 -300

R5 P 685 295 9 ..282 +179 +200

E7 n ; g j |= i 5 i 9 1103 305 10.10 -  97 -  75

R8 P 846 298 8.417 +331 +353

dE i s  the thermal e.m.f* measured across the two T^-alloy wires

of the thermocouple junctions a t  points C and D on the specimen (figure

2) ,  Eq and E^ are the e .m .f . ' s of the thermocouples at C and D

respectively, T i s  the mean of the temperatures a t  C and D, and dT i s

the temperature difference between C and D:, and (Œ) and (dS) are
(dT)Pb

the thermoelectric power of Bi2 Te^ re la tiv e  to T^-alloy and lead 

respectively.
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The im portance  of m easuring  as many c o e f f i c i e n t s  as 

p o s s ib le  on th e  same specimen cannot be over emphasized ( ^ 1 -1 ; 

^ 3 *5 ) .  This f a c t  was re co g n ise d  in  1916 by Wold who measured 

th e  e l e c t r i c a l  p r o p e r t i e s  of t e l l u r iu m .  S tu d ie s  of a l l  th e  

c o e f f i c i e n t s  g iv en  in  Table 2 .1  a re  however r a r e .  N o tab le  i s
I

th e  work by P u t le y  (1955) on PbSe and PbTe.

Specimens R3-1 and R3*21 were cu t from th e  same in g o t

(Table 3*1). In  R3-1 c u r re n t  flow  was p e r p e n d ic u la r  and in

R3*21 p a r a l l e l  to  th e  c leav age  p la n e s .  Measurements a t  room

tem pera tu re  of th e  e l e c t r i c a l  c o n d u c t iv i ty  in  th e s e  two specim ens
l 8gave th e  r e s u l t ,  f o r  n - ty p e  m a t e r i a l  w ith  2*2 x 10 excess 

donors pe r  u n i t  volume (T ab le  6*2), of

= 3*9 : 1

5*3. A d iab a tic  and I so th e rm a l  E f f e c t s .

The measurements p re se n te d  in  ^ 5 * 2  were made under 

approx im ate ly  a d i a b a t i c  r a t h e r  th a n  is o th e rm a l  c o n d i t io n s  ( ^ 2 *1) .  

However, form ulae used  in  th e  i n t e r p r e t a t i o n  of th e  r e s u l t s  a re  

u s u a l ly  in  term s of th e  i s o th e rm a l  c o e f f i c i e n t s .  In  Bi^Te^, 

because of th e  l a r g e  v a lu e  of th e  th e r m o e le c t r i c  power, t h i s  

could le a d  to  m i s i n t e r p r e t a t i o n  -  i f  th e  H a l l  c o e f f i c i e n t  i s  in  

e r r o r  due to  an E tt in g sh a u se n  e f f e c t  and th e  N ern s t c o e f f i c i e n t  

due to  a R ighi-Leduc e f f e c t .

The r e s u l t s  p re se n te d  in  F ig u re  16 show t h a t  t h e  H a l l  

c o e f f i c i e n t  of B i2Te^ i s  anomalous in  th e  e x t r i n s i c  r e g io n .

The v a lu e  of th e  c o e f f i c i e n t  f o r  p - ty p e  m a te r i a l  d e c re a se s  by
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as much as 50^  on d e c re a s in g  th e  te m p e ra tu re  from 3 0 0 t o 9 0 ^K, 

whereas e l e c t r i c a l  c o n d u c t iv i ty  measurements i n d i c a t e  t h a t  th e  

m a te r ia l  i s  e x t r i n s i c ,  w ith  a c o n s ta n t  c o n c e n t r a t io n  of c a r r i e r s ,  

over t h i s  tem p e ra tu re  range  ( % 6*2). This v a r i a t i o n  of H a l l  

c o e f f i c i e n t  i s  in e x p l ic a b le  in  term s of th e  u s u a l  th e o ry  of 

im p u rity  sem iconduc to rs . Measurements of th e  is o th e rm a l  

c o e f f i c i e n t  might h e lp  to  e x p la in  th e s e  r e s u l t s  w h ile ,  i n  g e n e ra l ,  

u se  of th e  is o th e rm a l  c o e f f i c i e n t s  shou ld  make th e  r e s u l t s  on 

Bi^Te^ e a s i e r  to  i n t e r p r e t .

Under a d i a b a t i c  c o n d i t io n s  any t r a n s v e r s e  E t t in g sh a u s e n  

tem p era tu re  g ra d ie n t  would, in  c o n ju n c t io n  w ith  th e  therm o

e l e c t r i c  power, produce a v o l ta g e  which would be combined w ith  |

th e  H a ll  v o l ta g e .  This E t t in g sh a u s e n  v o l ta g e  cannot be 

s e p a ra te d  from th e  H a l l  v o l ta g e  by th e  B.C. method of making ;

H a ll  c o e f f i c i e n t  measurements ( ^ 4 * 4 ) .  I t  i s  th u s  n e c e s s a ry  

to  use  o th e r  te c h n iq u e s  in  o rd e r  to  m easure th e  i s o th e rm a l  H a l l  | 

and N ernst c o e f f i c i e n t s . i
The method most commonly used  to  measure th e  i s o th e rm a l  |

!

H a ll  c o e f f i c i e n t  i s  to  u se  an a l t e r n a t i n g  c u r r e n t  th ro u g h  th e  I
I

specimen of s u f f i c i e n t l y  h ig h  fre q u en cy  f o r  th e  E t t in g sh a u se n  j 

t r a n s v e r s e  tem p e ra tu re  g ra d ie n t  n o t  to  have tim e to  develop  ( e . g .  | 

Eukuroi e t  a l ,  1950). However, th e  u se  of a  s i m i l a r  method f o r  | 

m easuring th e  N ernst c o e f f i c i e n t  would be d i f f i c u l t  s in c e  a la r g e !  

a l t e r n a t i n g  m agnetic  f i e l d  would be r e q u i r e d .  A f a r  s im p le r  i  

arrangem en t, which can be used  f o r  b o th  th e  H a l l  and N ern s t  I
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c o e f f i c i e n t s ,  i s  t o  u se  probes of th e  same m a t e r i a l  as  th e  

specimen (Ja n ,  1957) so t h a t  any t r a n s v e r s e  te m p e ra tu re  g r a d ie n t  

does no t g iv e  r i s e  to  a p o t e n t i a l  d i f f e r e n c e .  T his  method i s  

p a r t i c u l a r l y  s u i t a b l e  s in c e  B i2l e ^  r e a d i l y  c le a v e s  i n to  t h i n  

s l i c e s  from which i t  i s  easy  to  c u t  p ro b es .

I f  in  a d d i t io n  to  th e  i s o th e rm a l  c o e f f i c i e n t s  th e  

a d ia b a t ic  H a ll  and N ern s t c o e f f i c i e n t s  can be m easured, th e n ,  

assuming s im ple  th e o ry  a p p l i e s ,  th e  E t t in g s h a u s e n  and R ig h i-  

Leduc c o e f f i c i e n t s  can be c a lc u la te d  ( § 6*7). For a d i a b a t i c  

c o n d it io n s  th e  t r a n s v e r s e  h e a t  flow  i s  zero  ( ^  2*1). As much 

as p o s s ib le  of th e  c e n t r a l  p a r t  of th e  syndanyo board  on which 

th e  specimen was mounted was cu t  away and m ica was i n s e r t e d  

between th e  specimen and rem ain ing  board  in  o rd e r  t o  red u ce  th e  

t r a n s v e r s e  h e a t  flow  (F ig u re  1 8 ) . P robes of B i2Te^, cu t  from  

m a te r i a l  o r i g i n a l l y  a d ja c e n t  to  th e  specim en, and T^ p robes  were 

spo t-w elded  to  th e  specimen f o r  th e  measurement of th e  i s o th e rm a l

( R . , Q. ) and a d i a b a t i c  (R , Q ) c o e f f i c i e n t s  r e s p e c t i v e l y .X X  a a
Specimens R5 and R9 ( ^ 3 * 4 )  were used  s in c e  th e y  a r e  s u f f i c i e n t l y  

long f o r  a l l  th e  probes to  be a t t a c h e d  away from  th e  ends of th e  

specimen, and s p a re  m a te r i a l  which had o r i g i n a l l y  been a d ja c e n t  

to  th e  specimen in  th e  p a re n t  in g o t  was a v a i l a b l e  in  each c a s e .

O b serv a tio n s  were made o f th e  H a l l  and N ern s t  c o e f f i 

c i e n t s  o b ta in ed  w ith  th e  T^ probes over th e

tem p era tu re  range 1 0 0 t o about 450^K. The c u r r e n t  f low  was 

p a r a l l e l  to  th e  c leav ag e  p lan es  and measurements were made w ith
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th e  m agnetic  f i e l d  b o th  p a r a l l e l  and p e rp e n d ic u la r  t o  th e

cleavage  p la n e s .  S ince  p e r f e c t  a d i a b a t i c  c o n d i t io n s  were n o t

o b ta in ed , so t h a t  t h e  t r a n s v e r s e  h e a t  flow  was n o t  z e ro ,  th e

q u a n t i t i e s  m easured w ith  th e  p robes were q u a s i - a d i a b a t i c  H a l l

(R *) and N ernst ( Q *) c o e f f i c i e n t s  ( § 6 * 7 ) .  The r e s u l t s  o b ta in e d  a a  V
are  shown in  F ig u re s  19 t o  22. The e l e c t r i c a l  c o n d u c t iv i ty  

(F ig u re  23) and th e r m o e le c t r i c  pov/er (F ig u re  24) were a l s o  

measured f o r  R9 over th e  te m p e ra tu re  ran ge  100^ to  600

The t r a n s v e r s e  h e a t  f low  must be ze ro  i n  o rd e r  to  

o b ta in  th e  t r u e  a d i a b a t i c  c o e f f i c i e n t s .  T his  would n e c e s s i t a t e  

mounting th e  specimen in  vacuum and w ith o u t  th e  su p p o r t  of th e  

'syndanyo board ( e . g .  P u t le y ,  1955) which forms a  t r a n s v e r s e  h e a t  

p a th .  A c o r r e c t io n  would have t o  be a p p l ie d  f o r  th e  sm a ll  h e a t  

lo s s e s  a long  th e  H a l l  p ro b e s .  A lthough th e  a d i a b a t i c  

c o e f f i c i e n t s  a re  n o t a c t u a l l y  o b ta in e d ,  measurement of th e  

is o th e rm a l  N erns t c o e f f i c i e n t  does p ro v id e  a  s im p le  method of 

o b ta in in g  th e  E t t in g sh a u s e n  c o e f f i c i e n t  ( ^ 6*7). The E t t i n g s 

hausen c o e f f i c i e n t  i s  d i f f i c u l t  to  m easure by d i r e c t  methods 

( e .g .  Wold, 1 9 1 6 ; P u t le y ,  1955; M ette  e t  a l ,  1959) b ecause  

of th e  sm all t r a n s v e r s e  te m p e ra tu re  d i f f e r e n c e s  in v o lv e d .

5*4. E r r o r s .

I t  i s  d i f f i c u l t  to  a s s e s s  th e  ac cu rac y  of th e  m easure

m ents. As i s  u s u a l  when m easuring  th e  b u lk  e l e c t r i c a l  

p r o p e r t ie s  of s o l i d s ,  th e  accu racy  w ith  which one can m easure 

th e  change of th e  e l e c t r i c a l  p r o p e r t i e s  w ith  te m p e ra tu re  a p p e a rs
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much g r e a t e r  th a n  t h a t  f o r  th e  measurement of th e  a b s o lu te  

q u a n t i t i e s ,  which depend on th e  d e te rm in a t io n  of th e  d im ensions 

of th e  specimen, th e  probe s e p a r a t io n s  and th e  m agnetic  f i e l d .  

The a b s o lu te  q u a n t i t i e s  a r e  a l s o  s u b je c t  to  e r r o r ,  which i s  

d i f f i c u l t  t o  e s t im a te ,  due to  th e  c r y s t a l l i n e  s t a t e  of th e  

specimen ( ^ 3 * 5 )  and, in  th e  case  of Bi^Te^ , t h e  u se  of a  B.C. 

method in t ro d u c e s  th e  p o s s i b i l i t y  of y e t  a d d i t i o n a l  e r r o r s

( I  4 -4 ; % 5 -3 ) .

Using th e  n o t a t i o n  of C hap te r  I I ,  th e  e s t im a te d  e r r o r s

( ^3 * 4 ; ^ 4*1; §4 * 2 ; ^4*3 ; ^ 5 * 2 )  in  th e  m easured c o e f f i c i e n t s

and in  th e  te m p e ra tu re  v a r i a t i o n  of th e  c o e f f i c i e n t s  a r e  g iv e n  

in  Tables 5*5 and 5*6 r e s p e c t i v e l y .

Table 5*5 -  E s tim a te d  e r r o r s  in  c o e f f i c i e n t s .

C o e f f ic ie n t E s tim a te d  e r r o r s T o ta l  e r r o r

(S I/o i n i ;  2/o in  ( a . b ) ;  0 - 1 /  i n  V^; 
0 * 5 / in  I ;  0 - 1 /  i n  .

3 - 7 /

dT
0 - 2 /  in  V^; 0 - 2 /  i n  (Tp -  ; 
0 - 5 ! 4 l r . I *  ■

0 - 9 /

R 1 /  i n  b ; 1 /  in  H^; 1 /  in  Y y ,  
0 - 1 /  in  I  ; 0 - 5 /  i n  T.

3 - 6 /

Q
1 /  in  i  ; 1 /  i n  a ;  1 /  in  
1 /  i n  Vy; 0 - 2 /  in  (T^ -  T ^ ) ; 
0 - 5 /  in  T.

4 - 7 /
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Table 5*6 -  E s tim a te d  e r r o r s  in  te m p e ra tu re  v a r i a t i o n  of
c o e f f i c i e n t s

C o e f f ic ie n t E s tim a te d  e r r o r s T o ta l  e r r o r

6" 0 - 1 /  in  0 - 1 /  i n  Y :  0 * 5 /  in  T. 0 - 7 /

0 - 2 /  in  V^; 0 - 2 /  i n  (T^ - 0 - 9 /
dT 0 - 5 /  in  T.

R ' 1 /  i n  Y :  0 - 1 /  i n  0 - 5 /  in  T.y ^ 1- 5 /

Q 1 /  in  Vy: 0 . 2 /  i n  (Tq -  T%); 
0 - 5 /  in  T.

1 - 7 /

The e s t im a te d  e r r o r s  i n  th e  v a lu e s  of and

(Tq -  T^) v a ry  w i th  th e  mean te m p e ra tu re  of t h e  specim en and th e  

v a lu e s  g iv en  a r e  av e rag e  v a lu e s  over th e  whole te m p e ra tu r e  ra n g e .  

Taking in to  account th e  p o s s i b i l i t y  of o th e r  e r r o r s ,  i t  i s  

concluded t h a t  th e  maximum e r r o r  in  th e  a b s o lu te  v a lu e s  of th e

c o e f f i c i e n t s  i s  p ro b a b ly  of th e  o rd e r  of 6^. S i m i l a r ly ,  th e
dEmaximum e r r o r  in  th e  te m p e ra tu re  v a r i a t i o n  o f 6" and i s  about 

1*0^ and in  R and Q about 2*0^.

The e r r o r  i n  t h e  r a t i o  of t h e  H a l l  o r  N e rn s t  c o e f f i 

c i e n t s  f o r  th e  two o r i e n t a t i o n s  of th e  m agnetic  f i e l d  w i th  

r e s p e c t  to  th e  specimen ( ^ 6*6) was e s t im a te d  from  th e  mean of 

th e  average  e r r o r  and th e  p ro b a b le  e r r o r  i n  t h e  r a t i o s  over th e  

whole tem p e ra tu re  ra n g e .  I f  *v* i s  t h e  d e v ia t io n  o f a  g iv en
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r a t i o  from th e  a r i t h m e t i c  mean and *n* i s  t h e  number of o b s e r 

v a t io n s ,  th e n  th e
$  Ivlav e rag e  e r r o r  = — g—^

^  2
and p ro b a b le  e r r o r  = 0 ■ 67 J  •
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VI. Discussion of Results.
^6«1 I n t r o d u c t io n ;  ^6 -2  S c a t t e r i n g  mechanisms in  B ig le ^ ;

^6 *3  C a lc u la t io n  of energy  gap; §6*4 Im p u r i ty  s c a t t e r i n g ;

^ 6 .5  I n t e r a c t i o n  o f cha rge  c a r r i e r s  a t  h ig h  t e m p e ra tu r e s ;

^ 6*6 A n iso tro p ic  e f f e c t s ;  ^6*7 I s o th e rm a l  and a d i a b a t i c  

e f f e c t s ;  % 6-8 Anomalous e f f e c t s  in  B igTe^; ^6*9 T h e rm o e le c tr ic  

power; ^5*10 N ern s t  e f f e c t .

6*1. I n t r o d u c t io n .

For any medium i t  i s  p o s s ib l e  t o  s e t  up t h e  Boltzmann 

eq u a tio n  f o r  th e  e l e c t r o n  d i s t r i b u t i o n  f u n c t io n  f .  Assuming a 

tim e of r e l a x a t i o n  7T e x i s t s ,  t h e  e q u a tio n  th e n  t a k e s  th e  form  

(W ilson, 1 9 5 3 , e q u a t io n  8 .1 1 .2 )

-  - ^ ( Ê  + ^ ^ ) . gradg.f + v .g r a d ÿ . f   ---------------■■ (1*1)

where E and H a r e  e l e c t r i c  and m agne tic  f i e l d  i n t e n s i t i e s  

r e s p e c t i v e ly ,  and v i s  t h e  v e l o c i t y  of e l e c t r o n s .  These a r e  

d e sc r ib e d  by one e l e c t r o n  wave f u n c t io n s  w ith  a wave v e c to r  k .

The charge on an e l e c t r o n  i s  ( - e ) ,  t h e  c o n s ta n t s  *h* and *c*

have t h e i r  u s u a l  meanings and r* i s  t h e  r a d iu s  v e c to r .  The 

energy s u r fa c e s  £ (k )  must have th e  same symmetry as  t h e  c r y s t a l .

Bismuth t e l l u r i d e  i s  a n i s o t r o p i c  ( ^ 3 * 1 )  and 

co n seq u en tly  an ex ac t s o l u t io n  would be ex trem e ly  c o m p lic a te d .

The p rocedure  adop ted  i s  to  u se  th e  s o l u t io n s  o f e q u a t io n  (1*1) 

f o r  i s o t r o p i c  m edia, m o d if ied  where n e c e s s a ry  t o  acco un t f o r
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a n i s o t r o p ic  e f f e c t s .  Assuming a two band model w i th  s p h e r i c a l  

energy s u r fa c e s  £ ^  k^, E = (E^, E^, 0 ) ,  H = (0 ,  0, H^) and

th e n  f o r  i s o t r o p i c  media th e  s o l u t io n  of 

eq u a tio n  ( l - l )  g iv e s  (W ilson, 1953, e q u a tio n s  8 .5 3 .1  — ^  8 . 53o 5)

=

J_ =

1r = - ÿ E ] * + C ^ ' f

(1 - 2 )

(1*3)

(1-4)

3 "Sy

w ith  W = (eE^ + T ^ .  )

X =

%

Y = (eEy + )

z =

Ms

(1-5)
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In  e q u a tio n s  (6*2) — ^  (6 * 5 ) , and a re  th e

Fermi en e rg ie s  f o r  e le c t r o n s  and h o le s  r e s p e c t i v e l y  and:

I = -  (Urtip 1  — - . . ( n  ̂ ^ (1*6)

3^^ = -  (%")*) v h
t\C

r** n - %
£ (n = 4,S^L.) r . ,(1*7)

® ' t c '  '■'K'Cs
s = 1 (2) f o r  hand 1 (2) w ith  condu c tion  hy e le c t r o n s  ( h o l e s ) ,

w hile  m̂  i s  th e  e f f e c t i v e  mass of c a r r i e r s  in  th e  a p p r o p r ia te

band. J  and J  a r e  th e  c o n t r ib u t io n s  t o  th e  e l e c t r i c  c u r r e n t  X y
d e n s i ty  components from band ( 2 ) .

For sm all  v a lu e s  of H, eq u a tio n s  (1*6) and (1*7)

reduce to

l-n " -  ^  c L t  ( n .  3 . ]

=

( n -  ' . S 3 . ;  (1 .6 a )

I t  i s  assumed t h a t  ”C = a (1*8)

where ^  -  S /kT , r  i s  a  c o n s ta n t  depending on th e  ty p e  of 

s c a t t e r i n g  of th e  charge c a r r i e r s  and a i s  a c o n s ta n t  independent 

of £ , bu t g e n e r a l ly  dependent on T. Then i f  i s  th e  Fermi*
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Dirac fu n c t io n ,  i n  th e  s im p l i f i e d  ca se  of a  one hand model f o r  

sm all (o r  ze ro )  H e q u a tio n s  (1*2) — ^ (1 * 5 ) ,  when combined w ith  

th e  d e f in i t i o n s  g iv e n  in  Table 2*1, y i e l d  th e  fo l lo w in g  

ex p re ss io n s  :

e-=  I 6 e ^ ( % A.
3h3

1̂ 2
K = Kr + S- ( ^ ) . T . G .

%  = -  s f e  ^

Q- = --------------------  T
^ 8(2m )^e^7tcT(kT)^

X E.

P = +

where A = ( r  + ^ ) P ^ ,%r + t

B = + 2 ) ^r+?/. *
( r  + 3) ^ r + i

c =

D =

E =

3( 2 r  + / )  P i .P
2 • 17-

2r+*

(1*9)

(r  + | ) ( 2 r  + 4 ) P _ , . P „  , 1 -  (2r + 4 ) ( r  + 4)F2 '" r+ W "2 r+ *
( r  + 4 ) 3 . ( p ^^^)3

2'''"' 2 r+ )/ i^ r+ i

J
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vfhere i s  w r i t t e n  f o r
oo

m

V f) = .,-1. -—■̂ t
The reduced  chem ical p o t e n t i a l  <^* = £_*/kT, i s

d e f in ed  in  term s of th e  number of f r e e  c a r r i e r s  *n* p e r  u n i t  :

volume, where n = 4.7c ( 1 *1 1 )
h  2  t

For n—ty p e  specimens i s  o b ta in e d  r e l a t i v e  to  £ = 0 a t  th e  b o tj

tom of th e  conduc tion  band, w h ile  f o r  p - ty p e  specim ens th e  energy

zero i s  a t  th e  to p  of th e  v a len c e  band. I

These e q u a tio n s  should  ap p ly  f o r  a r b i t r a r y  degeneracy
rand s c a t t e r i n g  as long  as ZT can be r e p re s e n te d  by IT = a .

G aussian e . g . s .  u n i t s  have been u sed  th ro u g h o u t .  In  th e

ex p re ss io n s  f o r  and R, th e  low er s ig n  r e f e r s  t o  th e  case  in

which th e r e  a r e  n f r e e  e le c t r o n s  in  band (1) and th e  u p p er  to

th e  case  where t h e r e  a re  n v acan t l e v e l s  in  band ( 2 ) ,

The v a lu e  of r  depends on th e  ty p e  of s c a t t e r i n g .  I t

can be shown t h a t  f o r  a c o u s t i c a l  mode l a t t i c e  s c a t t e r i n g  r  = 

f o r  "high tem p era tu re "  o p t i c a l  mode s c a t t e r i n g  r  = +"& and f o r  

s c a t t e r in g  by io n iz e d  im p u r i ty  atoms r  = + -|- ( ^ 6*2) (E h ren berg , 

19 5 8 ; J o f f e ,  1957; W ilson, 1953; W right, 1951). W right (1953)

f o r  b o thp lo t s  A,B,D, Î E X ( r  + |-) x P^^_^ and x ( ^ )  x

a c o u s t i c a l  and o p t i c a l  mode l a t t i c e  s c a t t e r i n g  and f o r  a3_l 

va lu es  of *. (Y/right assumes t  and in  th e  d e r iv a t io n

of P t h a t  th e  t o t a l  th e rm a l c o n d u c t iv i ty  K eq u a ls  th e  e l e c t r o n ic  

the rm al c o n d u c t iv i ty  K^.)
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I f  more th an  one ty p e  of s c a t t e r i n g  i s  p r e s e n t ,  th e  

r e c ip r o c a l s  of th e  r e l a x a t io n  t im es  a s s o c ia te d  w ith  each ty p e  

of s c a t t e r in g  a re  a d d i t iv e

( 1- 12)

In  t h i s  case  th e  dependence of TT on ^  cannot he r e p re s e n te d

by an eq u a tio n  of th e  form of (1*8) and th e  a n a ly s i s  of th e

s c a t t e r in g  mechanisms p re se n t  i s  v e ry  com p lica ted  u n le s s  one

type  of s c a t t e r i n g  g r e a t l y  p redom inates  over t h e  o th e r s .
*

For n o n -d e g en e ra te  s t a t i s t i c s  f^  = e a n d  e q u a tio n  

(1*11) reduces  t o :  y

h"̂

Thus f o r  n o n -d e g en e ra te  s t a t i s t i c s  and sm all  v a lu e s  of th e  

m agnetic f i e l d  e q u a tio n s  (1*6) and (1*7) reduce  t o :

(2tc) ^  m *  J
( n =  1 , 2 , 3 , )  (1 -14 )

( 2 i t )  n i g  n i g C

( n =  4 , 5 , 6 , )  (1*15)

Equations (1*9) which, app ly  f o r  a r b i t r a r y  degeneracy  and 

s c a t t e r in g  in  th e  e x t r i n s i c  r e g io n ,  red uce  in  th e  case  of non

d egenera te  s t a t i s t i c s ,  sm all f i e l d s  and a c o u s t i c a l  mode l a t t i c e  

s c a t t e r in g  to  ( c f .  P u t le y ,  1955):
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^ ( 1 -16)

Q. = -

P =

3
I F '

Qĵ T

ec

Ttk
ne 0

.<S = T F - Ï -  I"

6*2. S c a t t e r in g  Mechanisms in  Bi^Te^.

Assuming t h a t  "C can be d e f in e d  by X  = a ( e q u a t io n

1*8) i t  i s  norm al to  o b ta in  th e  v a lu e  of r  from th e  te m p e ra tu re

v a r i a t i o n  o f m o b i l i ty  in  th e  e x t r i n s i c  r e g io n .  V arious

d e f i n i t i o n s  have been used  f o r  th e  m o b i l i ty  of charge  c a r r i e r s

in  s o l i d s  ( e . g .  B l a t t ,  1957; K ontorova, 1956; Shockley, 1950)

and in  th e  p re se n t  work i t  i s  th e  c o n d u c t iv i ty  m o b i l i ty  which

w i l l  be employed. The m o b i l i t i e s  of e le c t r o n s  ( p^) and h o le s

(  ̂ ) a r e  th e n  d e f in e d  from th e  c o n d u c t iv i ty  in  th e  e x t r i n s i c  
P

range  by:

(S ' = ne(in (2 -1 )
and (D = pe^i P
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Many workers d e f in e  a H a ll  m o b i l i ty  by:

= R<5* (2*2)

Even f o r  su b s tan ces  which a re  d e sc r ib ed  by sim ple sem iconductor 

th e o ry  i s  only  equal to  th e  c o n d u c t iv i ty  m o b i l i ty  under th e  

l i m i t i n g  c o n d i t io n  (e q u a t io n s  1*9) of degenera te  s t a t i s t i c s .

The a n a ly s i s  of th e  exp e rim en ta l  r e s u l t s  on Bi^Te^ i s  

com plica ted  by th r e e  f a c t o r s : -

( i )  Bi^Te^ i s  a n i s o t ro p ic  ( ^ 3*1).

( i i )  The c o n c e n tra t io n  of c a r r i e r s  i s  h igh  3*2) so 

t h a t  t h e r e  i s  a  t r a n s i t i o n  from non -d eg en era te  to  

deg en era te  s t a t i s t i c s  over th e  e x t r i n s i c  range (^ 6 * 2 ) .  

( i i i )  The H a ll  c o e f f i c i e n t  i s  anomalous ( ^ 6 * 8 ) .

This means t h a t  ex p e rim en ta l  r e s u l t s  on Bi^Te^ cannot be i n t e r 

p re te d  in  term s of sim ple th e o ry .

I t  i s  found t h a t  in  o rd e r  to  r e l a t e  th e  measured va lu e  

of th e  e x t r i n s i c  H a l l  c o e f f i c i e n t  (R), f o r  a g iven  o r i e n t a t i o n  

of th e  m agnetic f i e l d  w ith  r e s p e c t  to  th e  a x is  of t h r e e - f o l d  

symmetry (^  3*1), and th e  c o n c e n tra t io n  of c a r r i e r s  (n) a  f a c t o r  

(B*), depending on th e  a n is o t ro p y  of th e  c r y s t a l ,  must be 

in c lu d ed  in  equ a tio n  (1*9).

R = (2 -3 )

(D rabble e t  a l ,  1958; D rabble, 1958), In  a d d i t io n  th e  

v a r i a t i o n  of th e  H a ll  c o e f f i c i e n t  w ith  tem p era tu re  in  th e  

e x t r i n s i c  re g io n  i s  in e x p l ic a b le  in  term s of th e  u s u a l  th e o ry  

of im p u rity  sem iconductors ( ^  6*8). I t  cannot be exp la ined  in
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ternis of a change of degeneracy of th e  charge c a r r i e r s  as th e  

tem pera ture  changes (see  l a t e r  t h i s  s e c t io n ) .  However, in  

terms of th e  many v a l le y  model of th e  band s t r u c tu r e  in  BigTe^ 

(Drabble and Wolfe, 1956), the  anomalous v a r ia t io n  of th e  H all 

c o e f f ic ie n t  in  th e  e x t r in s ic  reg ion  could appear as a tem perature 

dependence of B* (Goldsmid, 1958 ( a ) ) .  U nfo rtuna te ly  values of ' 

B* have only been found experim en ta lly  a t  77^K (Drabble e t  a l ,  

1958; Drabble, 1958).

Since th e  tem perature dependence of th e  H all coefficienfc 

i s  anomalous th e re  i s  no po in t in  using  th e  H all m o b il i ty  in  

o rde r to  f in d  th e  dependence of m o b il i ty  on tem pera tu re . I t  

i s  b e t t e r  to  consider  th e  co n d u c tiv i ty  m o b ili ty , making the  

assumption th a t  th e  co n cen tra tio n  of c a r r i e r s  must be constan t 

in  th e  e x t r in s ic  reg ion  (Drabble,^ 1958). Most of th e  e a r ly  

r e s u l t s  (§ I ' l )  on Bi^Te^ have been in te rp r e te d  in  terms of th e  

H a ll  m o b ili ty ,  and th e  r e la t io n s h ip  between H all c o e f f ic ie n t  and 

c a r r i e r  co n cen tra t io n  given by simple th eo ry . I t  i s  considered 

th a t  use of th e  H all c o e f f ic ie n t  in  t h i s  way, w ithout a know

ledge of th e  band s t ru c tu r e  param eters and t h e i r  v a r ia t io n  w ith  

tem pera tu re , g ives com pletely u n re l ia b le  r e s u l t s .

In F igures 14 and 23 th e  v a r ia t io n  of c  w ith  T has

been p lo t te d  on a double logarithm ic  s c a le .  The shape of th e

curves in d ic a te s  th a t  below 3 0 0 t he specimens a re  e x t r in s ic ,

and i f  i t  i s  assumed th a t  th e  co n cen tra tio n  of charge c a r r i e r s
0)i s  constan t in  t h i s  reg ion , th e  s lopes  g ive  c in

.___________________   n oC T°.______________ (2*4)
I) 'dte OMiu-'ntptioo. dcfcD onot 4cxî bwUfiu 'i/'"

be iWxi HW
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T ab le  6 .1
1 , . 2 ' - - 3 4 5 - T ’ ■"

Specimen Type % 5s
c in  

/LuX-TC
c^ in Temperature 

dependence 
of m o b i l i ty ^0

R3.21 n 2.2x10^® - 1 .6 -1 .6 3 /k. QC 

'P
0.21  ev

R5 P 1.7x10^^ —1.9 -2 .1 2 0.23 ev

R7 n 4.1x10^^ -1 .0 -1 .6 3 - -

R8 P 3o3x10^® -1 .9 -1 .9 4 <sC 1“ ^ • 0 .21  ev

R9 n 1.2x10^® —1.9 -1 .9 1
- -

0.19  ev

The fo l lo w in g  d a ta  a re  g iven  f o r  the  v a r io u s  specimens 

Column 1. Type of c o n d u c t iv i ty  in  the  e x t r i n s i c  r e g io n .

2 .

3.

C o n cen tra tio n  of e x t r i n s i c  c a r r i e r s  pe r  u n i t  volume 
(§6 .4 )  -  assumed c o n s ta n t .

The value  of c i n T ^  o b ta in ed  from a p lo t  of 
l o g e  a g a in s t  logT over the  e x t r i n s i c  re g io n .

o4. The value  of c^ in  T o b ta in ed  from a p lo t  of 
log  a g a in s t  logT over the  e x t r i n s i c  re g io n  where 
S'q i s  the  c a lc u la te d  value  of the e l e c t r i c a l  

c o n d u c t iv i ty  in  the absence of degeneracy.

5. Values of the  tem pera tu re  dependence o f m o b i l i ty  
assumed f o r  e le c t r o n s  ( /^^) and f o r  h o le s  ( Ji^^) in  
the  mixed conduction  re g io n .

6. Energy gap a t  a b so lu te  zero o b ta in ed  from a p lo t  of

log CP) a g a in s t  ^  in  the  mixed conduction  re g io n .
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The va lues  of c f o r  th e  va r io u s  specimens a re  given in  Table 6*1. 

The in fo rm ation  ob ta ined  from a log  -  log  p lo t  can be u n re l i a b le .  

The v a r ia t io n  of log6 ' a g a in s t  log T must be l i n e a r  over a la rg e  

tem pera tu re  range to  y ie ld  an ac cu ra te  value of c and th e  values 

quoted a re  only approxim ate. However, th e  v a r i a t i o n  of c w ith  

im purity  con ten t does suggest t h a t  th e re  i s  a t r a n s i t i o n  from 

degenera te  to  non-degenera te  s t a t i s t i c s  over th e  e x t r in s i c  

reg io n .

In  o rd e r  to  d iscu ss  th e  e f f e c t  of degeneracy i t  i s  

n ecessa ry  to  know . This can be c a lc u la te d  d i r e c t l y  from 

th e  th e rm o e le c tr ic  power (e q u a tio n  1*9) provided t h a t  i t  i s  

p o s s ib le  to  express X  by X  = a' l̂̂  and r  i s  known. This means 

t h a t  th e  predominant s c a t t e r in g  mechanism must be known.

The chemical bonding w ith in  th e  m u ltip le  la y e r s  of 

BigTSj c r y s t a l s  i s  predom inantly  c o -v a len t  w ith  some io n ic  

bonding (^  3*1). There a re  two ty p es  of l a t t i c e  v ib r a t io n s ,  

a c o u s t ic a l  and o p t i c a l  ( se e ,  f o r  example, Mott and Gurney, 1948). 

In C O -v a le n t  type c r y s t a l s  th e  form er type i s  re sp o n s ib le  f o r  

s c a t t e r in g  th e  charge c a r r i e r s ,  w hile in  c r y s t a l s  w ith  io n ic  

bonds th e  l a t t e r  type i s  u s u a l ly  th e  most im portan t. For 

a c o u s t ic a l  mode s c a t t e r in g  r  i s  and th e  t h e o r e t i c a l  

tem pera tu re  dependence f o r  degenerate  samples T ^ (Wilson,

1953) and non-degenera te  samples T ^  (S e i t z ,  1948). For

o p t i c a l  modes a d i s t i n c t i o n  must be made between low tem pera tu res  

(kT ^  KVq) and h igh  tem pera tu res  (kT )^hV^) (Rodot, 1958).
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Howarth and Sondheimer (1953) show th a t  a t  low tem pera tu res  a

unique time of r e la x a t io n  cannot be d efin ed . The v a r ia t io n  of

w ith  T i s  thus  com plicated and cannot be w r i t te n  in  th e  form

T . However, th e  "high tem perature" v a r ia t io n  of m o b il i ty

l^op ob ta ined  f o r  o p t i c a l  mode l a t t i c e  s c a t t e r in g  a p p l ie s  down to  :

tem pera tu res  of th e  o rde r  of ©  where ©  i s  th e  Debye j

tem pera tu re  (Howarth and Sondheimer, 1953). From s p e c i f ic  h ea t
hv

measurements ©  = '6l45^E in  Bi^Te^ (W right, 1959) and thus

th e  low tem pera tu re  approxim ation need not be considered  f o r  

tem pera tu res  above about 75^E. At h igh  tem pera tures  r  i s  + i  

and t h e o r e t i c a l l y  f o r  degenerate  samples  ̂ T"*̂  and f o r  non- ’

degenera te  samples T"^. For s c a t t e r in g  by ion ized

im p u r i t ie s  r  i s  + -è. This would g ive  t h e o r e t i c a l ly ,  f o r  non- 

degenera te  samples, pj- ^  T (o r  a tem peratu re  dependence of 

m o b i l i ty  of l e s s  than  T -  B l a t t ,  1957; Debye and Conwell,

1954), w hile f o r  degenerate  samples would be independent of 

tem pera tu re  (M ansfie ld , 1956 ( a ) ) .  For p a r t i a l l y  degenerate  

samples th e  tem pera tu re  dependence would be expected to  l i e  in

between th e  extremes in d ic a te d  f o r  th e  com pletely degenerate  and j
I

non-degenera te  ca se s .  These a re  th e  mechanisms norm ally  I

considered  as l im i t in g  th e  m o b il i ty  of charge c a r r i e r s  in  semi- j
i

conductors . L a t t i c e  s c a t t e r in g  in c re a se s  in  importance as th e  |

tem pera tu re  in c re a s e s ,  while im purity  s c a t t e r in g  i s  most ;

im portant a t  low tem pera tu res . ■
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BigTe^ i s  a compoimd sem iconductor and th u s  i t  might

be expected th a t  o p t i c a l  modes should be im portan t. However,

th e  bonding in  Bi^Te^ i s  predom inantly  co v a len t,  sugg es ting

a c o u s t i c a l  mode s c a t t e r in g  should  be th e  most im p o r ta n t . In

f a c t ,  in  homopolar c r y s t a l s  th e  e f f e c t  of o p t i c a l  modes i s  !

d i f f i c u l t  to  e s t im a te  and i t s  im portance i s  u n c e r ta in  (Fan, 1958).

S ince only th e  "h igh  tem pera tu re"  approxim ation, a p p l ic a b le

above i  © ,  need be considered , o p t i c a l  mode s c a t t e r in g  would

le a d  to  a tem p era tu re  dependence of m o b i l i ty  of between and

i . e .  th e  v a r i a t i o n  would be much l e s s  ra p id  than  i s

observed ex p e rim en ta lly  f o r  most specimens. Thus th e  p re se n t

r e s u l t s  f o r  Bi^Te^ appear to  be most c o n s is te n t  w ith  a c o u s t i c a l

mode s c a t t e r in g .  The n - ty p e  specimens R3*21, R7 and R9 have

w idely  d i f f e r in g  im purity  c o n ten t .  R7 w ith  th e  h ig h e s t

c o n c e n tra t io n  of c a r r i e r s  behaves l i k e  a m etal w ith  oC T~ ,

w hile  R3"21 behaves very  l i k e  a non-degenera te  sem iconductor
-3 /

where, assuming a c o u s t i c a l  mode s c a t t e r in g ,  ji oC T ^2. The !

n - ty p e  specimen w ith  th e  sm a lle s t  c o n c e n tra t io n  of c a r r i e r s  (R9) j 

and th e  two p -type  specimens have more ra p id  v a r ia t io n s  of 

m o b i l i ty  w ith  tem p era tu re .

S c a t te r in g  by charged im p u r i t ie s  would reduce th e  

v a r i a t i o n  of m o b il i ty  w ith  tem pera tu re , and a t  very  low 

tem pera tu res  in  a non-degenera te  sem iconductor le a d  to  a 

p o s i t iv e  va lue  of c . Although BigTe^ always has a l a rg e  

c o n c e n tra t io n  of charge c a r r i e r s  in  th e  e x t r in s i c  reg io n , th e  

experim en ta l va lu es  ob ta ined  f o r  c in  th e  e x t r in s i c  reg io n
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would suggest t h a t  im purity  s c a t t e r in g  i s  no t g e n e ra l ly  very  

im portant 6 - 4)0

Other types  of s c a t t e r in g  mechanisms ( B l a t t ,  1957;

Pan, 1955 , 1958 ; Sodha, 1958) inc lu de  s c a t t e r in g  of charge 

c a r r i e r s  by n e u t r a l  im p u r i t ie s  o r by d is lo c a t io n s  and th e  

s c a t t e r in g  of e le c tro n s  by e le c tro n s  or e le c tro n s  by h o le s .  

Im p u r i t ie s  in  Bi^Te^ a re  always found to  be ion ized  (^  6 *8 ) so 

t h a t  th e re  i s  no n e u t r a l  im purity  s c a t t e r in g  (§  6*4). In  th e  

e x t r in s i c  range, w ith  r e l a t i v e l y  few c a r r i e r s  p re se n t ,  e l e c t r o n -  

e le c tro n  s c a t t e r in g  i s  expected to  be sm all ( ^  6 -5 ). Since th e  

energy gap i s  sm all in  Bi^Te^ ( ^ 6 *3 ) th e  number of i n t r i n s i c  

c a r r i e r s  in c re a se s  r a p id ly  w ith  in c re a s in g  tem pera tu re  and 

e le c tro n  -  ho le  s c a t t e r in g  (^  6 - 5 ) could be im portant in  th e  

i n t r i n s i c  reg io n .

At any g iven  tem pera tu re  th e  tim e of r e la x a t io n  “C f o r  

c a r r i e r s  i s  g iven by equation  (1*12). The r ig o ro u s  use of t h i s  

equation  i s  extrem ely com plicated. I t  i s  even d i f f i c u l t  to  

combine th e  e f f e c t s  of only two s c a t t e r in g  mechanisms i f  th e  

have d i f f e r e n t  energy dependences ( e .g .  M ansfield , 1956 (a) and 

( b ) ; Debye and Conwell, 1954).

I t  i s  u su a l  p ra c t ic e  to  add th e  re c ip ro c a ls  of th e  

m o b i l i t i e s  ob ta ined  assuming the  v a r io u s  re la x a t io n  times

to  g ive th e  n e t  m o b il i ty  :

(2*5)

This expression  i s  only s t r i c t l y  t r u e  when th e  X: f o r  d i f f e r e n t  

ty p es  of s c a t t e r in g  have th e  same dependence on energy. I f  th e

i =
“ <
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X ‘i have d i f f e r e n t  energy dependences, equation (2*5) can lead  

to  se r io u s  errorsr. (UourK - H o r o v ^  ,

Owing to  th e  com plexity of th e  problem in  Bi^Te^, in  

o rd e r  to  i n t e r p r e t  th e  r e s u l t s  i t  i s  necessa ry  to  assume th a t  

th e  predominant s c a t t e r in g  mechanism i s  t h a t  due to  a c o u s t ic a l  

mode l a t t i c e  v ib r a t io n s .  An in d ic a t io n  of th e  importance of 

o th e r  types of s c a t t e r in g  i s  given l a t e r  (§  6*4; ^ 6*5) 

ju s t i f y in g  t h i s  assum ption.

Assuming a c o u s t ic a l  mode s c a t t e r in g ,  then  in  equation 

(1 .8 )  ' a '  = c o a s t ,  (^jy^ight, 1951) and r  = S u b s t i tu t io n  of

th e se  q u a n t i t ie s  in  equation  (1*9) g iv e s :

and t h a t  ^  should be a constan t independent of tem pera tu re .
0 '

The ab so lu te  th e rm o e le c tr ic  power i s  determined p r in c ip a l ly  

by th e  value of , which i s  independent of l a t t i c e  s t r u c tu r e .  

Thus th e  th e rm o e le c tr ic  power i s  th e  q u a n t i ty  which w i l l  be 

a f f e c te d  l e a s t  by th e  an iso tro p y  of th e  c r y s t a l  and should give 

th e  b e s t  value f o r  .

Using va lues  of given by Rhodes (1950), th e  

r e l a t i o n  between and g iven  by equation  ( 2*6) was obta ined

(P igu re  25). Using t h i s  graph and th e  experim ental values of 

" 0  (P igures  15 and 24), th e  dependence of nq* on tem perature  

between 100^ and 300^K was then  ob ta ined  (P igure  26). These 

graphs confirm th e  t r a n s i t i o n  from degenerate  to  non-degenerate
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s t a t i s t i c s  over th e  e x t r in s ic  re g io n . The constancy of g— over
0

t h i s  tem pera ture  range was then  t e s t e d  and found to  he s a t i s 

f a c to ry .  As a check on th e  predominant s c a t t e r in g  mechanism, 

f o r  o p t ic a l  mode s c a t t e r in g  in  th e  high tem perature  approximation, 

r  = a ( W r i g h t ,  1951), and from equations (1*9)

“ . i £ ( 3 . ÿ .  (2 -7 )dT -  e " 2 '

and should be c o n s ta n t .  The v a r ia t io n  of w ith  
1 ^  1 

tem pera tu re , derived  using  values  of given by equation  ( 2 *7 )

(P igu res  25 and 26), was found to  be f a r  g r e a te r  than  th e

v a r ia t i o n  of on th e  assumption of a c o u s t ic a l  mode l a t t i c e  
0

s c a t t e r in g .

Prom equations (1*9) and (1*11):

g ^ i  con s tan t ^  _ ( 2 -8 )
f h

2 .

Over th e  ranges of between 100^ and 300°K (P igure  26) th e

v a r ia t io n  of D i s  very  sm all (W right, 1951). Thus —  should
P i

have th e  same v a r ia t io n  w ith  tem pera tu re  as th e  H all c o e f f i c ie n t
1 *R. Values of -^7=— were c a lc u la te d  using  m ob ta ined  from bothÿ ip i  t

\equations (2*6) and (2*7). The H a ll  c o e f f i c ie n t  i s  anomalous | 

and th e  r e s u l t s  were in co n c lu s iv e . I t  should be noted  th a t  th e  

p o ss ib le  v a r ia t io n  of D in  equation  ( 2 *8 ), even over the  

complete range of degeneracy, could no t account f o r  th e  observed 

anomalous v a r ia t io n  of H all c o e f f i c ie n t  in  th e  e x t r in s i c  reg ion .

Assuming th e re fo re  a c o u s t ic a l  mode l a t t i c e  s c a t t e r in g  

w ith  r  = - i  and th e  values  of deduced from equation  ( 2 *6 ),
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th e  c o n d u c tiv i ty  <Ŝ  which would be ob ta ined  i f  th e r e  were no 

degeneracy was c a lc u la te d  from th e  measured 6* , u s ing  th e  

ex p ress io n  (Appendix I ) :
2Pi

(2*9)

The derived  cu rves , showing th e  v a r ia t io n  of w ith  

tem p era tu re , a re  a lso  p lo t te d  in  P igures  14 and 23. The values  

of c^ in  th e  exp ress ion

T ° (2-10)

(where i s  th e  m o b i l i ty  in  th e  absence of degeneracy) were 

ob ta in ed  from th e s e  cu rves , assuming a con s tan t co n c e n tra t io n  

of charge c a r r i e r s .  These v a lues  a re  g iven  in  Table 6-1 . I t  

i s  seen t h a t ,  f o r  a l l  specimens, th e  v a r ia t io n  of m o b il i ty  w ith  

tem pera tu re  i s  more ra p id  th an  th e  t h e o r e t i c a l  T %  law. The 

v a r i a t i o n  f o r  p -type  i s  more ra p id  f o r  n - ty p e  specimens.

S im ila r  r e s u l t s  have been ob ta ined  w ith  o th e r  semi

conductors and many sugges tio ns  have been put forward f o r  t h e i r  

j u s t i f i c a t i o n .  Some of th e se  a re  p re sen ted  below.

The th e o ry  g iven  in  §6*1 and used in  t h i s  s e c t io n  to  

i n t e r p r e t  th e  experim enta l r e s u l t s  i s  g r e a t ly  over s im p l i f ie d .

I t  i s  assumed t h a t  th e  medium i s  i s o t r o p ic  and th e  energy 

su r fa c e s  s p h e r ic a l .  The e l e c t r i c a l  and magnetic p ro p e r t ie s  of 

BigTe^ cannot be exp la ined  on such a simple model. I t  has been 

shown ( Drabble and Wolfe, 1956) t h a t  a * m any-vailey  * model 

should be used (Sodha, 1958). In  a d d i t io n  th e  valence  and 

conduction  bands may be degenera te .
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B la t t  ( 19 5 7 ) reviews th e  work on th e  s c a t t e r in g  

mechanisms in  germanium and s i l i c o n ,  which a lso  have * m any-valley ' 

energy band s t r u c t u r e s .

In  germanium 

and in  s i l i c o n
II P  •

S c a t te r in g  by o p t i c a l  modes can be im portant f o r  bo th  e le c tro n s  

and h o le s ,  and over a l im i te d  p a r t  of th e  tem pera tu re  range 

below th e  Debye tem pera tu re  can le ad  to  a more ra p id  tem pera tu re  

v a r i a t i o n  of m o b i l i ty  than  i s  g iven  by th e  law. For n -

type germanium and s i l i c o n  i n t e r v a l l e y  s c a t t e r in g  by both  

a c o u s t i c a l  and o p t i c a l  modes may be im p ortan t. O bservations of 

th e  r a t i o  of H a ll  to  d r i f t  m o b i l i t i e s  w ith  tem pera tu re  v a r ia t i o n  

in d ic a te s  t h a t  t h i s  type of s c a t t e r in g  i s  im portant in  s i l i c o n  

but n o t  in  germanium. I n t e r v a l l e y  s c a t t e r in g  cannot occur in  

p -ty pe  germanium and s i l i c o n .  Here th e  d ep a rtu re  from th e  T 

law may be a s s o c ia te d  w ith  th e  degeneracy a t  th e  to p  of th e  

va lence  band, w ith  th e  r e s u l t a n t  p resence of ho les of two 

d i f f e r e n t  e f f e c t iv e  masses and th e  p o s s i b i l i t y  of in te rb an d  

s c a t t e r i n g .  Eaz (1954) suggests  m ulti-phonon p rocesses  may be 

re s p o n s ib le ,  s in ce  th e  u su a l  th e o ry  only ta k e s  one-phonon 

p rocesses  in to  account and two- o r  three-phonon processes 

in c re a se  th e  tem p era tu re  dependence of m o b il i ty .  S t i lb a n s  

( 1959 ) r e p o r ts  t h a t  a t  h igh  tem p era tu res  in  s t ro n g ly  degenerate

samples of BigTe^, th e  mean f r e e  pa th  4  oC which can only

he ex p la ined  hy th e  in c lu s io n  of two-phonon p rocesses  a t  a  h igh  

c o n c e n tra t io n  of phononso



69.

R a d c l i f fe  (1955) showed th a t  th e  experim en ta lly  

observed r e s u l t s  f o r  germanium and s i l i c o n  could be explained  

on th e  assumption of a c o u s t ic a l  mode l a t t i c e  s c a t t e r in g  and non- 

degeneracy i f  th e  band edges were assumed to  d ev ia te  from th e  

sim ple p a rab o lic  shape. E hrenre ich  (1957) a lso  used a non

p a ra b o lic  band s t r u c tu r e  in  th e  a n a ly s is  of r e s u l t s  on InSb, 

where 1 68 (i^oC ( e .g .  Rodot, 1958). I t  seems

l i k e l y  t h a t  s in ce  th e  im p u r i t ie s  in  E i^ le^  occupy bands over

lapp ing  th e  bottom of th e  conduction band and th e  top  of th e  

valence  band ( ^ 6*3; \  6*8) t h a t  th e  band edges must d ev ia te  

from th e  simple p a ra b o lic  shape.

In  PbS, PbSe and PbTe, f o r  bo th  n -  and p-type 

specimens, cC in  th e  e x t r in s i c  reg io n  (Smith, 1954). Smith

t e n t a t i v e l y  suggests  t h a t  a combination of ’low temperature* 

o p t i c a l  mode and a c o u s t ic a l  mode s c a t t e r in g  might exp la in  th e se  

r e s u l t s .  However, S t i lb a n s  e t a l  (1956) exp la in  th e  observed 

tem pera tu re  dependence of m o b il i ty  in  th e se  substances  in  terms 

of m ulti-phonon c o l l i s i o n s .  The p r o b a b i l i ty  of th e se  in c re a se s  

as th e  tem pera tu re  in c re a s e s .  With c e r t a in  assumptions th e  

tem pera tu re  dependence of m o b il i ty  can be changed as th e  

tem pera tu re  in c re a s e s ,  becoming s te e p e r  as th e  p ro b a b i l i ty  of 

double or t r i p l e  c o l l i s io n s  in c re a se s  w ith  in c re a s in g  

tem p era tu re .

In  conclusion , a c o u s t ic a l  mode s c a t t e r in g  i s  probably 

th e  predominant mechanism in  B i2Te^. This i s  in  agreement w ith  

th e  conclusions of o th e r  workers. (For re fe re n c e s  see ^ 1-1 .
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G-oldsmid (1958 ( a ) )  g ives  a sunimary of p rev io u s ly  pub lished  

r e s u l t s . )

Yates ( 1959 ) s t a t e s  t h a t  th e  co n d u c tiv i ty  cannot be 

explained  in  terms of o p t ic a l  mode s c a t t e r in g  and t h a t  measure

ments of and (§  5*2) in d ic a te  t h a t  s c a t t e r in g  of

c a r r i e r s  i s  i s o t r o p ic .  Thus th e  de term ina tion  of r  in  TT = a 

and th e  assumptions concerning th e  predominant s c a t t e r in g  

mechanism should be un in fluenced  by th e  an iso tro p y  of th e  c ry s ta l .

Goldsmid (1958 (a) and (b ))  uses values of r  = -0*72 

f o r  n - ty p e  and r  = -0*94 f o r  p -type  m a te r ia l  and eva lu a te s  th e  

i n t e g r a l s  by e x tra p o la t io n .  I t  i s ,  however, d i f f i c u l t  to  

j u s t i f y  t h i s  method o r to  see th e  p h y s ica l  i n t e r p r e ta t i o n  to  be 

put on th e  r e s u l t s .  The same procedure i s  adopted by Bowley e t 

a l  ( 1 9 5 8 ) who o b ta in  r  from m agneto therm oelectric  and magneto- 

therm al r e s i s t a n c e  e f f e c t s .  The values  of r  ob ta ined  f o r  p- 

type  m a te r ia l  by th e se  methods show reasonab le  agreement w ith  

a c o u s t ic a l  mode s c a t t e r in g .  The r e s u l t s  f o r  n -typ e  m a te r ia l  

show a wide v a r ia t io n .  I t  i s  suggested th a t  a s c a t t e r in g  law 

as simple as "C = a may not be j u s t i f i e d .  Brabble (1958) 

suggests  t h a t  th e  assumption t h a t  %T i s  a fu n c tio n  of energy 

only i s  open to  question  s in ce  i t  le ad s  to  th e  th e rm o e le c tr ic  

power being i s o t r o p ic ,  whereas experim en ta lly  G-oldsmid (1957) 

f in d s  th e  th e rm o e le c tr ic  power of n - ty p e  B i2Te^ to  be s l i g h t l y  

a n is o t ro p ic .  However, i t  i s  hard  to  see t h e o r e t i c a l l y  how th e  

th e rm o e le c tr ic  power can be a n is o t ro p ic  and i t  i s  p o ss ib le  th a t
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th e  observed an iso tro p y  a r i s e s  due to  th e  experim ental techn iques 

employed.

6"3. C a lcu la tio n  of Energy Gap.

The therm al energy gap between valence and conduction 

bands can in  p r in c ip le  be c a lc u la te d  from th e  h igh  tem pera tu re  

c o n d u c tiv i ty  measurements, provided th a t-  conduction i s  essen

t i a l l y  i n t r i n s i c  and th e  co n d u c tiv i ty  due to  e x t r in s ic  c a r r i e r s  

can be n eg lec ted  in  t h i s  range. For a non-degenera te  semi

conductor E^
3/

C  = co n s ta n t .  T ^ 4- e (3*1)

I f  th e  m o b i l i t i e s  of e le c tro n s  and h o le s ,  and  ̂ , vary  as 
_3/p “  ^

T , and th e re  i s  a l i n e a r  v a r ia t io n  of energy gap E w itho
tem pera tu re  so t h a t  E^ = E^ + pT, a p lo t  of l o g ^  a g a in s t  l /T  

y ie ld s  E^, th e  energy gap a t  O^K, from th e  s lo pe . In  g en e ra l ,  

no t a l l  th e se  co n d itio n s  a re  s a t i s f i e d  and t h i s  method only 

g ives  r e l i a b l e  r e s u l t s  when th e  energy gap i s  la rg e  ( E ^  0*5 ev)o
(P in c h e r le  and R a d c l i f fe ,  1956; Smith, 1954).

Black e t  a l  (1957) ob ta ined  a value of E^ = 0*16 ev 

from th e  s lope  of logCT ag a in s t  l /T .  Goldsmid (1958 ( a ) ) ,  

tak in g  in to  account th e  departu re  of m o b il i ty  from th e  expected 

T” ^  dependence, a lso  ob ta ined  a value of 0*16 ev. Black e t a l  

ob ta ined  an o p t ic a l  energy gap a t  300°E of 0*15 ev and a 

tem pera tu re  c o e f f i c ie n t  of th e  gap of -9  x 10  ̂ ev deg This

g ives  E  ̂ = 0*18 ev. A ustin  (1958) ob tained  an o p t ic a l  gap of
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0*13 ev a t  300^K, a tem pera tu re  c o e f f i c ie n t  of -9*5 x 10”  ̂ ev 

deg ^ and hence = 0*16 ev. However, S a t te r th w a i te  and Ure 

(1957) and Shigetomi and Mori (1956) ob ta ined  a value of E^ =

0*2 ev by c a lc u la t in g  np/l"^ from c o n d u c tiv i ty  and H all coefficienb 

measurements.

For s p h e r ic a l  energy su rfa ce s  and non-degenera te  

s t a t i s t i c s  (Shockley, 1950)
E

np = e“ (3*2)
U  V

where and N„ a re  th e  e f f e c t iv e  d en s i ty  of s t a t e s  in  th e  

conduction and valence  bands. (N^N^) i s  p ro p o r t io n a l  to

so t h a t  g
^  = cons tan t . e“ ( 3 *3 )
t3

When co ns idering  Bi^Te^ t h i s  method must be c r i t i c i z e d  i f  th e  

c a lc u la t io n  of np invo lves use of th e  H all c o e f f i c i e n t .  As 

in  equation  ( 2 *3 ) ,  which a p p lie s  in  th e  e x t r in s ic  reg ion , th e  

g en e ra l  expression  f o r  th e  H all c o e f f i c i e n t  must inc lude  an 

an iso tro p y  f a c to r  and i t  i s  im possib le  to  tak e  in to  account the  

p o ss ib le  v a r ia t io n s  w ith  tem perature  and degeneracy of t h i s  

f a c to r .

However, i t  i s  p o ss ib le  to  o b ta in  th e  tem pera ture  

dependence of np/T^ from th e  co n d u c tiv i ty  measurements w ithout 

us in g  th e  H all c o e f f i c i e n t  (Appendix I I ) .  For m a te r ia l  which 

i s  p -type in  th e  e x t r in s ic  range:
_E

_  ̂ = c o n s ta n t  . e 8SE _ ----------- i --------------   ( S' -  S ’ )(©  + b ^ )  = con s tan t . e“ ( 3 . 4 )
e2(n^ + ^p)2i3 s
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while f o r  m a te r ia l  which i s  n - ty p e  in  th e  e x t r in s i c  range:
E

S£ =  ------ 1-----—  . (G -  S' )(e- + ^ )  = co ns tan t . e" (3*5)
t3 e2 (n ^+ ti^ )2 i3  s b

where th e  e x tra p o la te d  e x t r in s ic  co n d u c tiv i ty  in  equation

(3*4) equals p^ep^, and in  equation (3*5) equals n^e^i^. *h* i ss p s n
th e  r a t i o  of m o b i l i t i e s ,

The p -type  specimens R5 and R8 were analysed using  

equation  (3*4) and th e  n -typ e  specimens R3-21 and R9 using  

equation  (3*5). The tem pera ture  dependences assumed f o r  and 

lip in  each case a re  those  obtained  from th e  e x t r in s ic  reg ions  in  

th e  non-degenera te  l im i t  and a re  shov/n in  Table 6*1 (page 60).

I t  was assumed f o r  th e  v a r ia t io n  of ii^ t h a t  th e  r e s u l t s  ob ta ined  

on R8, a s in g le  c r y s t a l ,  were probably  more r e l i a b l e  than  those  

ob ta ined  on R5, of zone re f in e d  m a te r ia l .  However, in  choosing 

th e  v a r ia t io n  of ii^, th e  same importance was not a t tach e d  to  th e  

r e s u l t s  on th e  s in g le  c r y s t a l  R9, s in ce  o th e r  observa tions  made 

on t h i s  specimen appear anomalous ( ^ 6*6; ^ 6*7; ^6*10). The

value  of *b* was considered  to  be c lo se  to  u n i ty  and was 

determined by assuming b = 1 a t  380^K. The reason fo r  t h i s  

assumption i s  t h a t  a s ig n  r e v e r s a l  of th e  H all e f fe c t  i s  

observed f o r  the  p -type  specimens shown in  F igure 16, and has 

a lso  been observed by Shigetomi and Mori (1956), in d ic a t in g  th a t  

b ^  1 above 430^K, whereas S a t te r th w a i te  and Ure (1957), u sing  

n - ty p e  specimens w ith  low im purity  co n ten t, f in d  a r e v e r s a l  in  

th e  H all c o e f f i c i e n t ,  in d ic a t in g  t h a t  b below 320^K ( ^  6*4; 

^ 6 * 5 ) .  I t  i s  seen from equations (3*4) and (3*5) t h a t  th e
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values  of determined by t h i s  method a re  no t very  dependent on 

th e  value  chosen f o r  *b’ . The v a r ia t io n  of np/T"^ i s  e s s e n t i a l l y  

g iven  by ( <= -  which v a r ie s  very  r a p id ly  w ith  tem pera tu re ,

whereas ( <S* + b and bo th  vary  slow ly w ith

tem pera tu re  over th e  range of tem pera tu res f o r  which measurements 

have been made. Thus th e  choice of th e  exact va lue  of *b* i s  

unim portant and could be cons iderab ly  in  e r ro r  w ithout a f f e c t in g  

Eq ap p rec iab ly . The value chosen f o r  *b* i s  in  reasonab le  

agreement w ith  th e  va lues  used by prev ious workers (G-oldsmid,

1958 ( a ) ) .  I t  should be no ted , however, t h a t  c a lc u la t io n  of 

th e  in d iv id u a l  m o b i l i t i e s  and \i^ a t  lOO^K from e l e c t r i c a l  

c o n d u c tiv i ty  and H all c o e f f i c ie n t  measurements does not confirm 

t h i s  choice s in ce  th e  value b ^  2 i s  ob ta ined . The d iscrepancy  

could p o ss ib ly  be due to  an e r ro r  in  S a t te r th w a i te  and U re 's  

r e s u l t s ,  s in ce  in  no o th e r  pub lished  d a ta  on BigTe^ i s  th e  H a ll  , 

c o e f f i c i e n t  of n - ty p e  m a te r ia l  observed to  change s ig n . Another | 

p o s s ib le  source of e r ro r  i s  in  th e  va lues  used f o r  th e  an iso tro p y  I 

f a c to r s  in  th e  expressions f o r  th e  H all c o e f f i c ie n t  ( ^ 6 * 4 ) .

The values  of ( ^  . c o n s ta n t) ,  c a lc u la te d  from equations
t3

(3*4) and (3*5), a re  p lo t te d  a g a in s t  l /T  in  F igure 27. The 

c a lc u la te d  values  of E^ a re  shown in  Table 6 - I .

I t  i s  seen t h a t  th e re  i s  a 20fo d i f fe re n c e  between th e  

extreme values  ob ta ined  f o r  E^ which i s  f a r  g r e a te r  than  the  

experim enta l e r ro r  a s so c ia te d  w ith  th e  v a r ia t io n  of S' w ith  T 

f o r  each specimen ( ^ 5 * 4 ) .  In  Table 6*2 th e  specimens a re
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arranged  in  o rd e r  of in c re a s in g  amount of doping m a te r ia l  

( io d in e )  added to  th e  s to ic h io m e tr ic  m e lt .  The e x t r in s i c  

c a r r i e r  c o n c e n tra t io n s  a re  c a lc u la te d  as d esc r ib ed  in  §6"4.

Table 6*2.

1 2 3 4

Specimen -3Hg o r  Pg cm Type Added
io d in e Eq ev

R5 1*65 X 10^9 P ? 0-23

R8 3-31 X P 0-055# 0-21

R9 1-24 X lO^G n 0-07# 0-19

R3*21 2-24 X 10^® 9
• 0-21

Table shov/ing specimens in  o rd e r  of in c re a s in g  amount 

of io d in e  added to  th e  s to ic h io m e tr ic  m e lt .

Column 1. E x t r in s ic  c o n c e n tra t io n  of c a r r i e r s  ( ^ 6*4).

2. Type of c o n d u c tiv i ty  in  e x t r in s i c  re g io n .

3. P ercen tage  of io d ine  added, where known

(Walker, 1959).

4. Energy gap a t  Ô K (Table 6*1).

I t  appears t h a t  in  making n - ty p e  m a te r ia l  th e  p -type  

im p u r i t ie s  p re se n t  in  BigTe^ p repared  from a s to ic h io m e tr ic  m elt 

( ^ 3 * 2 )  a re  compensated by th e  added io d in e  im p u r i t ie s .  S te m
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and Dixon (1959) suggest t h a t  th e  energy gap, E , can beo
decreased  by th e  a d d i t io n  of l a rg e  and equal numbers of bo th  

donor and ac c e p to r  im p u rity  atoms. T heir  e f f e c t  i s  to  lower 

th e  bottom of th e  conduction band and r a i s e  th e  to p  of th e  

va lence  band, th us  narrov/ing th e  energy gap w hile m a in ta in in g  

a low c a r r i e r  c o n c e n tra t io n .  The c o n c en tra t io n  of im p u r i t ie s  

must be s u f f i c i e n t l y  la rg e  t h a t  im p u rity  l e v e l s  a re  no lon ger 

w e ll  sep a ra te d  from th e  band edge. This means t h a t  ( S te m  and 

Dixon)

Im purity  c o n c e n tra t io n  ^  3 x lO^'^ ( ^ ) ^  cm (3*6)^  mt
Using m^ = 0*46m, & = 85 ( ^ 6 * 4 ) ,  equation  (3*6) g ives  a

l6  —3minimum im pu rity  c o n c e n tra t io n  of th e  o rd e r  of 5 x 10 cm 

re q u ire d  to  make some of th e  im p u rity  l e v e l s  overlap  th e  bottom 

of th e  conduction band in  n - ty p e  m a te r ia l .  The im pu rity  

c o n c e n tra t io n s  observed in  BigTe^ (Table 6*2 and re fe re n c e s  in  

^ 1*1) a re  always g r e a t e r  than  5 x 10^^ cm~^ and, in  f a c t ,  th e  

tem pera tu re  v a r i a t i o n  of th e  H a ll  c o e f f i c i e n t  a t  low tem pera tu res  

(Y ates , 1959) shows t h a t  th e  im p urity  l e v e l s  form an im purity  

band overlapp ing  th e  bottom of th e  conduction band ( ^  6*8).

Under th e se  co n d it io n s  th e  d i f fe re n c e  in  th e  egergy gap, A e , 

between an ’’impure” and a ’’p u re” specimen has been c a lc u la te d  

by S te m  and T a lle y  (1955) assuming a p e r io d ic  arrangement of 

im p u r i t ie s .  They o b ta in  th e  r e l a t i o n

#

A E = (1 Y  ) kT ( 3 ' 7 )
mp

where 'Cr 4 and i s  th e  reduced Fermi l e v e l  a t  O^K.
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Although from equation  (3*7) i t  i s  seen t h a t  th e  

r e s u l t a n t  v a r i a t i o n  of E w ith  tem pera tu re  i s  l i n e a r  a t  low
o

tem pera tu res  and th u s  should not a f f e c t  th e  va lue  of E^

c a lc u la te d  from a graph of log  ( ^ )  a g a in s t  i ,  th e r e  i s  th e
{p3 -L

p o s s i b i l i t y  of th e  exp ress ion  f o r  changing a t  h igh  

tem p era tu re s .

Probably  th e  l a r g e s t  f a c t o r  c o n t r ib u t in g  to  a non

l i n e a r  v a r ia t i o n  of E^ w ith  tem pera tu re  i s  th e  v a r i a t i o n  w ith  

tem pera tu re  of th e  c o e f f i c i e n t  of expansion of th e  medium, s in ce  

i t  i s  known t h a t  t h i s  must become zero a t  O^K. For germanium, 

f o r  example, i t  has been found from o p t i c a l  measurements 

(M acfarlane and R oberts , 1955) t h a t  th e  v a r ia t io n  of E a t  low 

tem p era tu res  i s  q u a d ra t ic  -  th e  tem pera tu re  c o e f f i c i e n t  

van a ish ing  a t  a b so lu te  ze ro . Francombe (1958) g ives  some

measurements of th e  expansion c o e f f i c i e n t s  of Bi^Te^ over th e  

tem pera tu re  range (-200 — ^+ 40 0)^0 .

Another e f f e c t  which can decrease  th e  va lue  of E i so
th e  e l e c t r o s t a t i c  i n t e r a c t i o n  of charge c a r r i e r s  a t  h igh  

tem pera tu res  ( ^  6*5) .  The change in 'E ^  due to  e l e c t r o s t a t i c  

i n t e r a c t i o n ,  AE’ , i s  g iven  by

AE' = -  ( § ) ^  (3-9)

r e s u l t i n g  in  a n o n - l in e a r  v a r ia t io n  of E w ith  tem pera tu re .o
However, even a t  630°K, th e  g r e a t e s t  e f f e c t  on E^, due to  

e l e c t r o s t a t i c  i n t e r a c t i o n  of th e  c a r r i e r s ,  i s  of th e  o rde r  of 

0*005 ev, which i s  too  sm all to  le a d  to  th e  observed d i f fe re n c e s  

in  Eg.
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Thus th e  20^ v a r i a t i o n  ob ta ined  in  th e  c a lc u la te d  

va lues  of f o r  th e  d i f f e r e n t  specimens remains unexp la ined .

The v a lue  of E^ i s  assumed to  be 0*21 ev, a lthough  th e  t r u e  

va lue  i s  p robably  lower s in ce  E cannot be l i n e a r  down to  Ô Ko
owing to  th e  vana ish ing  of th e  expansion c o e f f i c i e n t .

One d i f f i c u l t y  which i s  in h e re n t  in  th e  c a lc u la t io n

of th e  tem pera tu re  dependence of (np) in  th e  i n t r i n s i c  reg io n

i s  th e  need to  e x t r a p o la te  th e  tem pera tu re  dependence of m o b i l i ty

observed in  th e  e x t r in s i c  reg io n  to  h ig h e r  tem p era tu res . The

p r o b a b i l i ty  of double or t r i p l e  phonon c o l l i s io n s  in c re a s e s  as

th e  tem pera tu re  in c re a s e s  and th u s  th e  tem pera tu re  dependence

of m o b i l i ty  can change as th e  tem pera tu re  changes ( ^ 6*2).

However, w ith  th e  p re se n t  s t a t e  of knowledge of th e  s c a t t e r in g

mechanisms which a re  e f f e c t iv e  in  B i2Te^, i t  would be pure

s p e c u la t io n  to  p o s tu la te  any such v a r i a t i o n  in  th e  e x tra p o la te d

e x t r i n s i c  m o b i l i ty .  Another d i f f i c u l t y  in  th e  method used i s

th e  e x t r a p o la t io n  of th e  e x t r in s i c  c o n d u c tiv i ty  6”̂ . This had

to  be done w ith  g re a t  ca re  as th e  c a lc u la te d  va lu es  of (np) a re

c h ie f ly  dependent upon ( ^  -  G_) .

I t  i s  p robab le  t h a t  th e  lower va lue  of E^ ob ta ined  by

au th o rs  u s ing  th e  ( lo g  G  , l /T )  p lo t  was found because th e

c o n d it io n  G (S' was no t s a t i s f i e d .  For specimen R8,^  ̂ s
F igu re  28 shows th e  measured c o n d u c tiv i ty  G  a t  h igh  tem peratures. 

Also shown a re  th e  e x tra p o la te d  e x t r i n s i c  c o n d u c t iv i ty  

ob ta ined  from F igu re  14 and th e  c a lc u la te d  i n t r i n s i c  c o n d u c tiv i ty
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©■. o b ta ined  from th e  equa tion  S ' • = ( -  S '  ) .1 I S
I t  i s  seen t h a t  th e  graph of th e  measured c o n d u c tiv i ty  appears 

l i n e a r  a t  th e  h ig h e s t  tem pera tu res  and t h i s  l i n e a r  p o r t io n  g iv es  

Eq = 0*16 ev. When log  <3 i s  p lo t te d  a g a in s t  l /T ,  E^ =

0*19 ev. These r e s u l t s  f o r  E^ a re  in  agreement w ith  o th e r  

au th o rs  who used t h i s  method. However, in  th e  case of specimen 

R8, th e  c o n d it io n  G  ^  CS which i s  re q u ire d  to  e s t im a te  th e  

energy from c o n d u c t iv i ty  measurements d i r e c t l y ,  was no t s a t i s f i e d .  

I t  i s  a lso  obvious t h a t  S ' G  ̂ w i l l  no t be s a t i s f i e d  in  any 

o th e r  specimens of comparable o r  g r e a t e r  e x t r in s i c  c a r r i e r  

c o n c e n tra t io n .

I t  i s  seen  t h a t  in  BigTe^ th e  value  ob ta ined  f o r  E^ by 

o p t i c a l  means i s  sm a lle r  than  th e  va lue  ob ta ined  from th e  

i n t r i n s i c  c o n d u c tiv i ty  measurements. I t  has a lre a d y  been shown 

t h a t  a n o n - l in e a r  expansion c o e f f i c i e n t  could r e s u l t  in  th e  

v a lu e  determined by therm al means being  too  l a rg e ,  but o th e r  

p o s s ib le  reaso ns  f o r  th e  d isc repancy  between th e  va lues  ob ta ined  

by th e  two methods must now be considered .

Because of th e  sm all band gap in  B igle^ (o f  th e  same 

o rd e r  as in  InSb -  E h ren re ich , 1957) and th e re fo re  th e  la rg e  

c o n c e n tra t io n s  of i n t r i n s i c  c a r r i e r s ,  i t  might be expected t h a t  

e le c t ro n  -  ho le  s c a t t e r in g  would be im portant a t  h igh  

tem p era tu re s .  I f  e le c tro n  — ho le  s c a t t e r in g  becomes im portan t 

and jip w i l l  decrease  more r a p id ly  w ith  in c re a s in g  tem pera tu re  

than  i s  ob ta ined  by e x t ra p o la t io n  of th e  e x t r in s i c  m o b il i ty .
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Thus in  th e  h igh  tem p era tu re  re g io n  th e  measured c o n d u c t iv i ty  

w i l l  be lower th an  would be observed in  th e  absence of e le c t ro n  -  

h o le  s c a t t e r in g ,  and th e  va lue  of E^, c a lc u la te d  from equa tion  

(3*4)  or  (3*5) ,  low er th an  th e  t r u e  v a lu e . Thus, i f  e l e c t r o n -  

h o le  s c a t t e r i n g  i s  im p o rtan t ,  th e  r e s u l t a n t  c o r r e c t io n  to  th e  

v a lu e  of th e  th e rm a l energy gap^would in c re a s e  th e  d isc repan cy  

between th e  the rm al and o p t i c a l  energy gaps a t  O^K. E h ren re ich  

(1957) d isc u s se s  th e  d i f f e re n c e  between th e  the rm al and o p t i c a l  

energy gaps in  InSb. In  InSb, however, th e  o p t i c a l  gap i s  

l a r g e r  th an  th e  th e rm al gap, which can be exp la ined  i f  th e  

maximim of th e  v a len ce  band i s  d is p la c e d  from k = 0 . I n i t i a l l y  

in  InSb th e  th e rm al gap, determ ined from c o n d u c t iv i ty  measure

m ents, was though t to  be c o n s id e ra b ly  h ig h e r  th an  th e  o p t i c a l  

gap. Allowances f o r  th e  f a c t  t h a t  conduction  was no t i n t r i n s i c  

and f o r  degeneracy a t  h igh  tem p era tu re s  produced agreement 

between th e  va lues  of E^ by th e  two methods (A ustin  and McClymont,

1954). However, in  th e  p re se n t  d e te rm in a tio n  of E^ f o r  Ei^Te^, 

a llow ance has been made f o r  th e  f a c t  t h a t  5  i s  no t

s a t i s f i e d  and any degeneracy e f f e c t s  a t  h igh  tem pera tu res  would 

have v ery  l i t t l e  e f f e c t  on th e  c a lc u la te d  va lue  of E^. Scanlon 

(1953) p o in ts  out t h a t  in  some compound sem iconductors, where 

th e  c o n c e n tra t io n  of e x t r in s i c  c a r r i e r s  i s  governed by d e v ia t io n s  

from s to ic h io m e tr ic  p ro p o r t io n s  of th e  c o n s t i tu e n t  elem ents, 

ex cess iv e  h e a t in g  le a d s  to  i r r e v e r s i b l e  e f f e c t s .  He shows t h a t  

f o r  PbS i r r e v e r s i b l e  changes due to  h ea t  t re a tm e n t  can r e s u l t  in  

th e  v a lue  o b ta ined  f o r  th e  energy gap, from th e  measured va lues
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of th e  H a ll  c o e f f i c i e n t  o r e l e c t r i c a l  c o n d u c tiv i ty  in  th e  

i n t r i n s i c  re g io n , being too  la r g e .  However, a l l  th e  measure

ments on BigTOj p re se n te d  in  t h i s  t h e s i s  were shown to  be 

re p ro d u c ib le .  Smith (1954) examines th e  v a l i d i t y  of th e  i n t e r 

p r e t a t i o n  of bo th  e l e c t r i c a l  and o p t i c a l  measurements in  PbS, 

PbSe and PbTe. I t  i s  concluded t h a t  th e  b e s t  d e te rm in a tio n s  of

E a re  from o p t i c a l  measurements (Sm ith, 1954; P in c h e r le  and &
R a d c l i f f e ,  1956).

6*4. Im purity  S c a t t e r in g .

The c a lc u la t io n  of th e  e f f e c t  of im p u rity  s c a t t e r in g  

in  Bi^Te^ i s  com plica ted  by a la c k  of knowledge of th e  va lu es  to  

be a s s o c ia te d  w ith  th e  b a s ic  param eters  ( ^ 1 * 1 ;  ^ 6*2) invo lved  

in  th e  exp ress ion  f o r  th e  m o b i l i ty  due to  im p urity  s c a t t e r in g .  

P rev ious  workers have been unable  to  i n t e r p r e t  experim en ta l 

r e s u l t s  in  Bi^Te^ in  term s of im p u rity  s c a t t e r i n g .  The 

c a lc u la t io n s  in  t h i s  s e c t io n  show t h a t ,  by making c e r t a in  

assum ptions, th e  experim en ta l r e s u l t s  in  th e  e x t r in s i c  reg io n  

can be i n t e r p r e te d  in  term s of a com bination of im p u rity  and 

l a t t i c e  s c a t t e r in g .  However, owing to  th e  number of 

u n c e r t a i n t i e s  in  th e  param eters invo lved , th e  c a lc u la t io n s  on 

im p u rity  s c a t t e r in g  a re  regarded  as only  being  approxim ate -  

a l though  th ey  g iv e  some in d ic a t io n  of th e  im portance of t h i s  

q u a n t i ty .

The tem p era tu re  v a r i a t i o n  of th e  e l e c t r i c a l  

c o n d u c t iv i ty  in  th e  e x t r i n s i c  re g io n  in d ic a te s  t h a t ,  over th e



82.

tem p era tu re  range in v e s t ig a te d ,  im p u rity  s c a t t e r in g  i s  no t very  

im portan t ( ^ 6 * 2 ) .  The d e v ia t io n  a t  low tem p era tu res  of th e  

c a lc u la te d  c o n d u c t iv i ty  in  th e  non-degenera te  l i m i t  ( from

th e  r e l a t i o n s h i p  6^^ oC T found to  ho ld  a t  h ig h e r  te m p e ra tu re s ,  

i s  sm all (F ig u re s  14 and 23). For R7, th e  most impure specimen, 

th e r e  i s  no in d ic a t io n  of im p u rity  s c a t t e r in g  above 1 7 5 from 

th e  shape of th e  lo g  a g a in s t  log  T p lo t .  B lack e t a l  (1957), 

'from c o n s id e ra t io n  of th e  v a r i a t i o n  of c o n d u c t iv i ty  w ith  

tem p era tu re ,  conclude t h a t  im p u rity  s c a t t e r in g  i s  un im portan t 

in  Bij^Te^ and Goldsmid (1958 ( a ) )  s t a t e s  t h a t  t h e r e  appears  to  

be no e f f e c t  of im p u r i ty  s c a t t e r i n g  down to  150^K.

The galvanom agnetic c o e f f i c i e n t s  a re  s e n s i t i v e  to  even

a sm all amount of im p u rity  s c a t t e r i n g  (B rabble , 1958) and th u s ,

s in c e  th e  e f f e c t s  of im p u rity  s c a t t e r in g  a re  h ig h ly  a n is o t ro p ic

(Fan, 19 5 8 ) ,  any v a r i a t i o n  of th e  r a t i o s  ^  o r  —

( g 6 *6 )  could  in d i c a t e  im p u rity  s c a t t e r i n g .  Except f o r  th e  low

tem p era tu re  v a lu es  of f o r  R9, th e  va lues  of and —
^ E S S  e H I/

a re  independent of tem p era tu re  ( 0 6 -6) .  Yates (1959) a lso

r e p o r t s  t h a t  ^  f o r  p -ty p e  specimens i s  independent of

tem p era tu re  from 77°K to  300°K. Thus from th e s e  o b se rv a t io n s

i t  i s  n o t expected  t h a t  im p u rity  s c a t t e r in g  should  be im portan t

over th e  tem p era tu re  range in v e s t ig a te d .  In  f a c t ,  th e

o b se rv a t io n s  of Bowley e t  a l  (1958) on th e  m agne to the rm oe lec tr ic

e f f e c t  of n—type  specimens w ith  v a ry in g  degrees of doping a t  77^K

show a v a r i a t i o n  in  *r* (e q u a tio n  1*8) c o n tra ry  to  t h a t  which
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would be expected  i f  im p u rity  s c a t t e r in g  o ccu rred . A ustin  

( 1 9 5 8 ) n o te s  th e  connection  to  be expected between a la rg e  

d i e l e c t r i c  co n s ta n t  ( ^ 8 5 ) and th e  re p o r te d  absence of io n iz e d  

im p u rity  s c a t t e r i n g  in  samples c o n ta in in g  r e l a t i v e l y  h igh  

im p u rity  c o n c e n t ra t io n s .

On th e  o th e r  hand, B ashirov  (1958) c a lc u la te s  th e

m o b i l i ty  from = R G and from th e  N ernst c o e f f i c i e n t  and th e n

a t t r i b u t e s  th e  d e v ia t io n  of th e  m o b i l i ty  from an experim en ta l
— 2*3r e l a t i o n  n oC T to  im p u rity  s c a t t e r in g .  Walker (1959) f in d s  

t h a t  a t  v e ry  low tem pera tu res  (T <5C100^K) im p u r i t ie s  cause 

a p p re c ia b le  s c a t t e r i n g  of th e  charge c a r r i e r s .  Thus an a ttem p t 

has been made to  i n t e r p r e t  th e  r e s u l t s  ob ta ined  a t  low 

tem p era tu res  in  term s of a  com bination of im p u rity  and l a t t i c e  

s c a t t e r i n g ,

A more s e n s i t i v e  t e s t  f o r  im p u rity  s c a t t e r in g  th an  th e  

tem p era tu re  v a r i a t i o n  of c o n d u c t iv i ty  or m o b i l i ty  i s  a p lo t  of 

m o b i l i ty  a g a in s t  th e  c o n c e n tra t io n  of io n ized  im p u r i t ie s  a t  a 

g iven  te m p era tu re .  Yates (1959) r e p o r t s  t h a t  th e  H a ll  m o b i l i ty  

R(S of n - ty p e  Bi^Te^ does no t vary  in  a sim ple manner w ith  doping, 

P a r r o t t  and Penn (1958) p lo t  th e  H a ll  m o b i l i ty  a g a in s t  c a r r i e r  

c o n c e n tra t io n  a t  room tem p era tu re . No account was tak en  of th e  

a n is o t ro p y  co n s ta n t  B* (e q u a tio n  2*3) and e f f o r t s  to  an a ly se  

th e s e  r e s u l t s  in  term s of th e  th e o ry  of im p u rity  s c a t t e r i n g  

(M ansfie ld , 1956 ( a ) )  proved u n s u c c e s s fu l .
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The c o n c e n tra t io n  of io n ized  i n p u r i t i e s  i s  unknown. 

S ince th e  im p u r i t ie s  form im purity  bands overlapp ing  th e  bottom 

of th e  conduction band and th e  to p  of th e  valence band th ey  a re  

always io n ized , and th us  th e  c o n c en tra t io n  of io n ized  im p u r i t ie s  

equals th e  sum of th e  donor and accep to r  c o n c e n t ra t io n s . S ince 

Bi^TSj i s  always p -type  when prepared  from a m elt of s to ic h io 

m e tr ic  com position ( |  3*2), n - ty p e  m a te r ia l  must always co n ta in  

a h ig h e r  c o n c e n tra t io n  than  p -type  m a te r ia l  of io n ized  im p u rit ie s .  

However, a lthough  th e  co n c e n tra t io n s  of im p u r i t ie s  a re  la rg e  

10^^ — ^  10^^ cm"^), owing to  th e  la rg e  d i e l e c t r i c  c o n s ta n t ,  

i t  w i l l  be shown t h a t  th e  e f f e c t s  of io n ized  im p u rity  s c a t t e r i n g  

a re  sm all .  Owing to  th e  la rg e  number of u n c e r t a in t i e s  in  th e  

c a lc u la t io n s  only an in d ic a t io n  of th e  importance of im p u rity  

s c a t t e r in g  i s  ob ta in ed , th e  e r r o r  involved in  equating  th e  

c o n c e n tra t io n  of e x t r in s i c  c a r r i e r s  to  th e  c o n c e n tra t io n  of 

io n iz e d  im p u r i t ie s  being n eg le c te d .

The r e l a t i o n s h ip  between th e  measured H a ll  c o e f f i c i e n t s  

and th e  c o n c e n tra t io n  of c a r r i e r s  in  BigTg^ i s  u n c e r ta in  6*2). 

An e s t im a tio n  of th e  co n c e n tra t io n  of im purity  c a r r i e r s  in  each 

specimen was made u s in g  equation  (2*3). The an iso tro p y  f a c t o r s

B* have only  been found f o r  77^K (B rabble e t a l ,  1958; B rabble , 

19 5 8 ) ,  whereas th e  low est experim enta l r e s u l t s  in  th e  p re se n t  

i n v e s t ig a t io n  were ob ta ined  a t  about 100*^K. B i f f i c u l t y  was 

experienced  in  a ttem p tin g  to  e x tra p o la te  th e  H a ll  c o e f f i c i e n t  

curves to  77°E s in c e  th e  v a r ia t io n  of th e  H all c o e f f i c i e n t  w ith
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tem pera ture  i s  anomalous and-the  form of the  curves could change 

between 77^K and lOO^K (Y ates, 1959). Thus th e  experim ental 

r e s u l t s  a t  lOO^K were used to g e th e r  w ith  th e  values  of B* 

determined f o r  n -  and p-type m a te r ia l  a t  77^K, th e  assumption 

being made th a t  B’ does no t vary very  ra p id ly  w ith  tem pera ture .

The v a r ia t io n  of D w ith  degeneracy i s  sm all (W right, 1951) and

th e  degenerate  l im i t  D = 1 was used (F igure  26). For specimens 

R5 and R9 th e  iso therm al H all c o e f f i c ie n t  was used. I f  the  H all 

c o e f f i c ie n t  i s  measured w ith  th e  magnetic f i e l d  pe rp end icu la r  to  

th e  cleavage p lanes , f o r  n -ty pe  m a te r ia l  B* =0*326 (Drabble e t

a l ,  X958). 2 ^  (4-1)
® %jL_r

and = (4-2)

while f o r  p -type m a te r ia l  B* = 0*476 (Drabble, 1958), so th a t

P , ,  = (4 -3)

and (4-4)

In quoting B* = 0*476 f o r  p -type  m a te r ia l  i t  i s  assumed

t h a t  ”r  = 1*08” has been om itted from equation 6 (a) of Drabble*s

paper (1958). The values obtained  f o r  th e  concen tra tions  of

e le c tro n s  { n )  and ho les (p_) a t  100 a re  given in  Table 6*2.

These values a re  then  assumed to  apply throughout th e  e x t r in s ic

reg io n  ( S 6*2). Using th e  c a lc u la te d  values  of n (p ) and (S'
'  rn^e(i8 ' 0

, th e  c a lc u la te d  m o b ili ty
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in  th e  non-degenerate  l im i t ,  has been p lo t te d  as a  fu n c tio n  of

n^(p^) f o r  100, 150, 200 and 250°K (F igures  29a and 29b). Thes s
values of a re  ob ta ined  from th e  measured c o n d u c tiv i ty  on th e  

assumption th a t  a c o u s t ic a l  mode l a t t i c e  s c a t t e r in g  predominates 

and, s in ce  th e  e f f e c t  of degeneracy has been taken  in to  account, 

th e  decrease  in  as n^(p^) in c re a se s  in d ic a te s  th e  presence of ' 

im purity  s c a t t e r in g .  I t  i s  concluded th a t  above 200^K th e  

e f f e c t s  of im purity  s c a t t e r in g  a re  unim portant in  a l l  specimens, 

while im purity  s c a t t e r in g  i s  im portant in  R5 and R7 below 200'^K<, ' 

S ince in  most specimens th e  charge c a r r i e r s  cannot be considered  

as being e i th e r  com pletely  degenerate  or com pletely non

degenerate  (F igure  26), th e  th eo ry  f o r  im purity  s c a t t e r in g  in  

th e  g en e ra l  case of a r b i t r a r y  degeneracy must be used (M ansfield , 

1956 ( a ) ) .

The g en e ra l  equation fo r  th e  co n d u c tiv i ty  due to  

im purity  s c a t t e r in g  ( C ^ ) , derived  assuming s c a t t e r in g  by 

im purity  ce n tre s  having a screened'Coulomb f i e l d  and a d en s i ty  

of ion ized  im p u r i t ie s  equal to  the  d e n s i ty  of conduction 

e le c tro n s  or h o le s ,  i s :

(4 -5)
n e V  f (x )

8

where f (x )  = lo g ^ ( l  + x) - X __
X

1
'ij (kT)^€-hX — L ' - jJ" .
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n„ = d e n s i ty  of io n ized  im p u r i t ie s

£  = p e r m i t t iv i ty  of medium 
*

m = e f f e c t iv e  mass of e i t h e r  e le c tro n s  or h o les ,
^  f  ^

and ) and ( ^  ) a re  ta b u la te d  Fermi in t e g r a l s  (Beer e t  al.

1955; Johnson and Sh ip ley , 1953)«

The t o t a l  c o n d u c tiv i ty  6" due to  th e  combined e f f e c t s

of im purity  and l a t t i c e  s c a t t e r in g  must be c a lc u la te d  using

equation  (1*12)

i . e .  -  = -  4-  -  

TTx -Cv.

and th e  value of in  th e  r e s u l t i n g  expression  fo r  S  which 

makes t h i s  a maximum used f o r  in  th e  expression  f o r  x.

In th e  degenerate  l im i t ,

3h^ e^n
' = — Ô-Ô— I  p (4-6)

1671 ̂ e (m ) f (x )

where x = ( | ) ^  ^ «  i ~ ^ )

w hile in  th e  non-degenera te  l i m i t ,  * ^ 0

6- (4-7)
^ 7(\m *)^e^f(x)

6£m*(kT)^
X = ------------- ^ ^

TÎ n„ fi eo
The co n d u c tiv i ty  m o b il i ty  due to  im pu rity  s c a t t e r in g  ((ij) i s  

g iven by = n^e^^ and equation (4*7) i s  then  seen to  be th e  

expression  f o r  im purity  s c a t t e r in g  derived  by Herring (Debye and 

Conwell, 1954).
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Table 6*3 -  Test f o r  ion ized  im purity  s c a t te r in g  a t  100

1 2 3 4 5

Specimen Type ^obs *̂ ex •̂ 1 (a) r  = - i
I
(b) r  = +|- (a) (b)

R3-21 n 7,003 8,984 7,394 10,120 133,400 3,370 6,813

R5 P 2,045 4,607 3,170 806 12,030 591 2,384

R7 n 1,950 8,984 3,360 2,110 2,110 1,260 1,280

R8 P 3,550 4,607 4,040 2,589 34,620 1,223 3,329

R9 n 7,100 8,984 7,726 22,760 280,600 4,613 7,370

Column 1. Observed m o b ili ty , given by ^^en^ or ^/ep^ where

S' is. th e  observed e l e c t r i c a l  co n d u c tiv i ty  and n_ or p 

a re  th e  e x t r in s ic  con cen tra tions  of c a r r i e r s  (Table 6*l).

2. M obility , assuming only l a t t i c e  s c a t t e r in g  in  the  

non-degenerate  l im i t  obtained from l i n e a r  v a r ia t io n  of

th e  co n d u c tiv ity  in  th e  absence of degeneracy, 

e x tra p o la te d  to  lOO^E.

3. M ob ility , assuming only l a t t i c e  s c a t t e r in g  fo r

a c tu a l  degeneracy in  specimen and ob tained  from
^ d-E(Appendix I ) .  obtained from -g j assuming l a t t i c e

s c a t t e r in g .

4. M obility , assuming only io n ized  im purity  s c a t t e r in g ;
^ dE(a) using  T) obtained from ^  assuming l a t t i c e
 ̂ s c a t te r in g ;

(b) using  m ^ obtained from ^  assuming im purity
 ̂ s c a t t e r in g .



89

Column 5. F in a l  c a lc u la te d  m o b il i ty  due to  combination of l a t t i c e  

and im purity  s c a t t e r in g :

(a) due to  and as ob ta ined  in  4 (a ) ;

(b) due to  and as ob ta ined  in  4(b) where th e
*

value  of used in  c a lc u la t in g  th e  f i n a l  m o b il i ty
■¥r

was taken  as th e  average f o r  l a t t i c e  and 

im p u rity  s c a t t e r in g .

Note. A ll  m o b i l i t i e s  a re  in  cm V"* sec” .

The e f f e c t s  of im pu rity  s c a t t e r in g  a t  lOO^E were

c a lc u la te d  f o r  R3*21, R5, R7, R8 and R9 making var ious

assumptions and th e  r e s u l t s  a re  summarised in  Table 6*3. In

each case i t  i s  assumed th a t  th e  m o b il i ty  i s  r e la t e d  to  th e
J

corresponding  c o n d u c tiv i ty  S', by th e  expression  G. = n e |i .
J J ^ u

f o r  n - ty p e  and S' = p ê i . f o r  p -type  m a te r ia l .
J ^ V

The va lues  of |i _ a t  lOO^K, th e  m o b il i ty  assuming onlyex
l a t t i c e  s c a t t e r in g  in  th e  non-degenera te  l i m i t ,  were ob ta ined  

from th e  c a lc u la te d  va lues  of a t  h ig h e r  tem pera tu res  ( ^ 6*2) 

e x tra p o la te d  to  lOO^K. The value  of assumed f o r  p-type 

m a te r ia l  was ob ta ined  from r e s u l t s  on R8 and f o r  n - ty p e  m a te r ia l  

from R3*21 (F igu re  14).

The v a lues  of th e  m o b i l i t i e s  due to  l a t t i c e  

s c a t t e r in g  only f o r  th e  a c tu a l  va lu es  of th e  degeneracy, were 

then  c a lc u la te d  from th e  values of u s ing  th e  expression  

derived  in  Appendix I .  The va lues  assumed f o r  ^  were those  

ob ta ined  from th e  th e rm o e le c tr ic  power assuming a c o u s t ic a l  mode 

s c a t t e r in g  ( r  = --&) (F igu re  26) ( ^ 6 * 2 ) .
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The m o b il i ty  due to  im purity  s c a t t e r in g ,  was then

c a lc u la te d  f o r  R3*21, R5, R8 and R9 using  equation  (4*5). I t

was assumed th a t  th e  d i e l e c t r i c  constan t €. = 85 (A ustin , 1958),

m ^=  O' 51 m̂  and m^ = 0*46 m̂  (Drabble, 1959; Goldsmid, 1958 (^ ).
* -x-

The va lues  used f o r  m  ̂ and m  ̂ a re  d en s i ty  of s t a t e s  e f f e c t iv e  

masses and may d i f f e r  ap p rec iab ly  from th e  values  which should 

be used to  c a lc u la te

Values of were c a lc u la te d  using  two d i f f e r e n t  values 

of (F igure  26).

(a )  ob ta ined  from assuming a c o u s t ic a l  mode s c a t t e r in g

( r  = - i ) .
* dF(b) ob ta ined  from assuming im purity  s c a t t e r in g

( r  = +-^).

The procedure adopted was to  guess a t  th e  importance of im purity  

s c a t t e r in g  and hence th e  o rder of magnitude of th e  q u a n ti ty  -gr" 

f o r  each specimen. Values of ^  were then  obtained  from 

M ansfield  (1956 ( a ) ) ,  F igure 2, and used to  c a lc u la te  a value of
G t

^ -r*  The ratio-TT" was then  redeterm ined  and a new value of (S'y
I

c a lc u la te d .  Hence in  G aussian- 'un ltsy  w a à 'ob ta ined  land 

converted  to  p r a c t i c a l  u n i t s  by d iv id ing  by 300.

A m o b il i ty ,  due to  a combination of im purity

and l a t t i c e  s c a t t e r in g  was then c a lc u la te d  from th e  approximate 

equation  (2*5)
1 1 + 1

"^calc ‘'‘l
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A c o r re c t io n  f a c t o r  1 ^ 1

F = 1
P-

was then  app lied  to  in  o rder to  ob ta in  th e  t o t a l  m o b ili ty

|i. This f a c to r  F was ob tained  from M ansfield (1956 ( a ) ) ,

F igure 1, assuming in  case :

(a) Of] ob ta ined  f o r  r  = - i ,

(b) an average value of from th e  values f o r  

r  = and r  = +

The value of ji ob ta ined  was then compared w ith the  observed 

m o b ili ty ,  P -̂^q I ob ta ined  from th e  measured co n d u c tiv i ty  a t  lOO^K. ' 

I t  i s  seen th a t  i f  i t  i s  assumed t h a t  im purity  s c a t t e r - '  

ing  i s  sm all and t h a t  l a t t i c e  s c a t t e r in g  predominates, and then  

th e  values of of| ob ta ined  on t h i s  assumption from th e  measured 

th e rm o e le c tr ic  power a re  used in  c a lc u la t in g  fij, th e  values I

ob ta ined  a re  always sm alle r  than  th e  observed m o b il i ty  \

I f ,  on th e  o th e r  hand, th e  values of obtained from th e  thermo* 

e l e c t r i c  power on th e  assumption th a t  only im purity  s c a t te r in g  

occurs a re  used in  th e  c a lc u la t io n  of i t  i s  seen t h a t  th e

values  of \i agree w ell w ith  th e  values of Pq-̂ q ^

Obviously nf| must have a unique value in  a given 

specimen and a t  a g iven tem pera ture , and thus  th e re  are  

in c o n s is te n c ie s  in  th e  second s e t  of c a lc u la t io n s  where i s

c a lc u la te d  assuming th a t  r  = - ^  and |ij t h a t  r  = + *̂ . Thus i t  i s  

d i f f i c u l t  to  a t ta c h  any p h y s ica l s ig n if ic a n c e  to  th e  agreement 

ob ta ined .
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*
The values  of a re  u s u a l ly  c a lc u la te d  from equation  

(1*11) s in ce  t h i s  i s  independent of th e  s c a t t e r in g  mechanism.

The u n c e r ta in t ie s  in  c a lc u la t in g  the  values of n^ in  Bi^Te^ (^ 6*4) 

make t h i s  method u n re l i a b le .  The values of * c a lc u la te d  from 

equation  ( i ' l l )  a re  given in  Table (6*4) and i t  i s  seen th a t  they  

a re  more c o n s is te n t  w ith  th e  va lues  of 'tj from th e  th e rm o e lec tr ic  

power assuming r  = --J- than  w ith  those  assuming r  = + For a 

d iscu ss io n  of th e  assumptions made in  c a lc u la t in g  see ^ 6*9.

Table 6*4.

Specimen .....................................................  ' n * . . _________________________________Type
r  = - i r  = + equation (1*11)

R3*21 n + 1*12 + 4*95 + 0 '9

R5 P + 2-88 + 9*00 + 5*2

R7 n rv 13 »  10 + 10*7

R8 P + 0*41 + 3*65 4- 1 '25

R9 n + 0*67 •-+■4'10 + 0*12

Reduced Fermi l e v e l ,  nf| , r e l a t i v e  to  th e  bottom of the  

conduction band (n -ty pe) or th e  top  of th e  valence band (p -type) 

a t  100°K. The values  were c a lc u la te d  from th e  th e rm o e lec tr ic  

power assuming l a t t i c e  s c a t t e r in g  ( r  = --i') and ion ized  im purity  

s c a t t e r in g  ( r  = + ^) and from th e  co n cen tra tio n  of c a r r i e r s  

(eq u a tio n  ( I ' l l ) .
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R7 i s  th e  specimen w ith  th e  h ig h es t  co n cen tra tio n  of 

im p u r i t ie s  and in  t h i s  case was c a lc u la te d  using  equation 

(4*6). The r e s u l t s  a t  lOO^K are  given in  Table (6*3).

I f  f o r  th e  specimens s tu d ied  here , i s  c a lc u la te d  

u s in g  equation  (4*7), i . e .  th e  expression  f o r  in  th e  non

degenerate  l im i t ,  th e  values ob tained  are  always much l e s s  than  

th e  observed m o b i l i t i e s .  Since equation  (4*7) i s  th e  expression  

most commonly employed to  c a lc u la te  th e  m o b ili ty  due to  im purity  

s c a t t e r in g  in  sem iconductors, t h i s  does not exp la in  why some 

workers conclude th a t  im purity  s c a t t e r in g  i s  unim portant in  

BigTe^.

Extension of th e  a n a ly s is  of ion ized  im purity  

s c a t t e r in g  in  Bi^Te^ to  lower tem pera tures would be i n t e r e s t i n g .  

Yates (1959) g ives  H all c o e f f ic ie n t  and e l e c t r i c a l  co n d u c tiv ity  

measurements taken  on a nimnber of n -  and p-type specimens down 

to  1*3°K, and from th e se  r e s u l t s  i t  i s  deduced th a t  ion ized  

im purity  s c a t t e r in g  i s  th e  only im portant s c a t t e r in g  mechanism 

below about 20^K. Walker (1959) g ives th e  th e rm o e lec tr ic  power 

down to  6^K taken  on a number of specimens, some of which came 

from th e  same in g o ts  as those  used by Yates. However, 

e l e c t r i c a l  and chemical measurements re v e a l  th e  ex is tence  of 

la rg e  inhom ogeneities w ith in  the  ing o ts  and s l i c e s  taken  from 

th e  ingo ts  (W right, p r iv a te  communication). Thus i t  does not 

seem to  be very  meaningful to  use r e s u l t s  ob ta ined  on two 

d i f f e r e n t  specimens, even when th e se  a re  from th e  same in g o t,  

in  order to  c a lc u la te
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A very rough c a lc u la t io n  was made of th e  im purity  

s c a t t e r in g  in  specimens from ingo t SBTC 16 (Specimen R9 was from 

t h i s  in g o t) .  At 1 0 Walker g ives th e  th e rm o e le c tr ic  power as 

about 30 [iV deg” ^, which means t h a t  nr|̂ * ^  6 (F igure  25) and the  

specimen can be t r e a te d  as degenerate (M ansfield, 1956 ( a ) ) .  A 

value f o r  n^ was c a lc u la te d  from th e  low tem perature  H all 

c o e f f i c ie n t  (Y ates, 1959, F igure 2) using  equation  (4*1) and 

hence from equation  (4*6) and th e  r e l a t i o n  6^  ̂ = n^e^^*

This value of jij was found to  be lower, by a f a c to r  of about ten , 

than  th e  experim ental value of th e  m o b il i ty  determined by use of 

equation  (4*2). The low value ob ta ined  f o r  \Xj could be due to  

a lack  of knowledge of th e  degeneracy in  th e  specimen, bu t, in  

view of th e  la rg e  number of o th e r  u n c e r ta in t i e s  in  the  

c a lc u la t io n ,  i t  was no t thought worthwhile to  extend c a lc u la t io n s  

to  inc lude  p o ss ib le  values of l e s s  than  i n f i n i t y .

I t  should be s t r e s s e d  th a t  in  th e  c a lc u la t io n  of

formulae applying to  i s o t ro p ic  media have been assumed to  apply

to  B i2Te^, whereas the  e f f e c t s  of im purity  s c a t t e r in g  a re

a n is o t ro p ic .  D ensity  of s t a t e  va lues  have been used f o r  th e

e f f e c t iv e  masses m  ̂ and m  ̂ , c a r r i e r  co ncen tra tio ns  in  p lace  of

io n ized  im purity  co n cen tra t io n s  and th e  value used fo r  th e

p e r m i t t iv i ty  of th e  medium ( €. ) , ob tained  from in f r a - r e d  measure-
*  *ment8, i s  u n c e r ta in .  A v a r ia t io n  of m  ̂ or m  ̂ over reasonab le  

l im i t s  (O 'l  m̂  to  m^) does not g e n e ra l ly  have much  ̂ e f fe c t  on 

th e  c a lc u la te d  value of but an e r ro r  in  é. could have f a r  

more e f f e c t .



95,

Since th e  im p u rity  l e v e l s  in  B i2Te^ occupy an im pu rity  

band overlapp ing  e i t h e r  th e  bottom of th e  conduction  band in  n -  

type  m a te r ia l  o r th e  to p  of th e  v a lence  band in  p - ty p e  m a te r ia l  

( ^ 6 '3 ) , th e  im p u rity  atoms a re  always io n ized  and th e r e fo r e  

cannot c o n t r ib u te  to  n e u t r a l  im p u rity  s c a t t e r in g  (E rg insoy , 1950).

6*5. I n t e r a c t io n  of Charge C a r r ie r s  a t  High Tem peratures.

The p o s i t io n  of th e  Fermi l e v e l ,  and hence th e  va lue

of , i s  no t known even approx im ate ly  in  specimens of B i2Te^

showing mixed conduc tion . Thus th e  m o b i l i ty  due to  e le c t ro n  -

h o le  s c a t t e r in g ,  can only  be c a lc u la te d  in  th e  l i m i t s  of

degeneracy. The th e o ry  f o r  io n ized  im p u rity  s c a t t e r in g  can

e a s i l y  be m odified  to  app ly  to  e le c t ro n  -  ho le  s c a t t e r in g .  In
— m^. m *

th e  i n t r i n s i c  re g io n ,  where n cr p, (np)^ r e p la c e s  n and (— —^ )

re p la c e s  m* in  th e  exp ress ion s  f o r  io n ized  im p u rity  s c a t t e r in g .

In  th e  non-degenera te  l im i t  th e  ex p ress io n  f o r   ̂ , ob ta ined  from

equa tion  (4*7), and th e  r e l a t i o n  = n ê i  ̂ i s  g iven  by:

Xf (x )  = logC l + x) -

niy*. m* p

fi^it(np)2e^

This exp ress ion  i s  th e  same as t h a t  used by Morin and Mai t a  (1954) 

except f o r  th e  f a c t o r  n o ccu rr in g  in  x.
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Values of were c a lc u la te d  over th e  tem pera tu re  

range 315^ to  630^Kfor specimen R9 u s in g  equation  (5*1).

The same v a lues  were used f o r  C i and m^ as in  th e  

c a lc u la t io n s  of th e  io n ized  im p u rity  m o b i l i ty  ( ^ 6*4). The 

product (np) was c a lc u la te d  from equa tion  (3*5) u s in g  th e  va lues  

of ( 6  ̂ -  G'g) X ( 6T + c a lc u la te d  in  th e  d e te rm in a tio n  of

6*3). For specimen R9, b = 1 and (Table 6-l)<

The c o n s ta n t ,  A, was determ ined from th e  non-degenera te  l a t t i c e  

m o b i l i ty ,  f o r  R9 a t  lOO^K ( ^ 6*4) .  i

The c a lc u la te d  va lu es  of th e  m o b i l i ty  due to  e l e c t r o n -  

h o le  s c a t t e r in g ,  a re  p lo t te d  in  F ig u re  30 to g e th e r  w ith  th e

v a r i a t i o n  of th e  l a t t i c e  m o b i l i ty  f o r  bo th  e le c tro n s  and h o les  

g iv en  by = AT~^*^^. From t h i s  e le c t ro n  -  h o le  s c a t t e r i n g  i s

seen to  be un im portan t in  specimen R9 compared w ith  l a t t i c e

s c a t t e r i n g ,  assuming t h a t  th e  specimen i s  non-degenera te  and 

t h a t  th e  v a lu es  used  f o r  €  , m^ and m^ a re  c o r r e c t .  As 

w ith  io n iz e d  im p u r i ty  s c a t t e r in g  a t  low tem pera tu res  ( ^  6*4) 

a  reaso n ab le  v a r i a t i o n  of m^ o r  m^ does no t have much e f f e c t  

on bu t i f  th e  v a lu e  of th e  d i e l e c t r i c  c o n s ta n t ,  £  , i s

decreased  s u f f i c i e n t l y  th e  va lue  of becomes of th e  same 

o rd e r  of magnitude as A f u r t h e r  u n c e r ta in ty  a r i s e s  from

th e  c a lc u la t io n  of (n p ) .  The v a lu es  of n f o r  n -  and p -type

m a te r i a l  (Table 6*3) in d ic a te  t h a t  b = —  2 a t  1 0 0 and

th e r e  i s  a  d isc repan cy  between th e  v a lu e s  of c a lc u la te d  by

t h i s  method and th o s e  assumed when c a lc u la t in g  ( ^ 6*3).

However, th e  v a lue  of (np) i s  determ ined p r i n c i p a l l y  by th e
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va lue  of (S ' -  e  g) in  equa tion  (3*5) and, as in  th e  d e te r 

m in a tio n  of E^, th e  va lue  of b can be co n s id e rab ly  in  e r r o r  

w ithou t a f f e c t i n g  (np) a p p re c ia b ly .

Values of th e  m o b il i ty ,  were n o t c a lc u la te d  f o r

any o th e r  specimens owing to  th e  i n s i g n i f  icance  of e l e c t r o n -  

h o le  s c a t t e r in g  in  specimen R9 and th e  f a c t  t h a t  th e  va lues  of 

(np) a t  a  g iven  tem p era tu re  in  th e  i n t r i n s i c  re g io n  were found 

to  be th e  same f o r  a l l  fo u r  specimens, S3®21, R5, R8 and R9, 

w ith in  th e  l i m i t s  of th e  p o s s ib le  e r ro r s  in  th e  c a lc u la t io n s .  

Although e le c t ro n  -  ho le  s c a t t e r in g  i s  presumed to  be un im portan t, 

t h e r e  i s  a d e f in i t e  p o s s i b i l i t y  of i n t e r v a l l e y  s c a t t e r in g  and 

m ulti-phonon p ro cesses  o ccu rr in g  a t  h igh  tem pera tu res  ( ^  6*3). 

S u f f i c i e n t  d a ta  a re  no t a v a i la b le  to  t e s t  th e s e  p o s s i b i l i t i e s .

S ince e le c t ro n  -  ho le  s c a t t e r in g  i s  sm all ±n th e  mixed 

conduction  range i t  i s  assumed t h a t  a t  lower tem p era tu res , w ith  

few er c a r r i e r s  p re s e n t ,  e le c tro n  -  e le c t ro n  s c a t t e r in g  i s  

u n im p o rtan t .

A f u r t h e r  p o s s ib le  e f f e c t  in  th e  i n t r i n s i c  reg io n , 

where th e  c o n c e n tra t io n  of charge c a r r i e r s  i s  l a rg e ,  i s  a 

dec rease  in  th e  fo rb id d e n  energy gap, E , due to  e l e c t r o s t a t i co
i n t e r a c t i o n  of th e  c a r r i e r s  (Morin and M aita, 1954).

The dec rease , j^E", of th e  energy gap i s  g iven  by th e  

sum of two q u a n t i t i e s :

A^* = Z ^ ( f o r  e le c t ro n s )  + A"P(for h o le s )  (5*2)

where A = -  -|g
*
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X
Assuming t h a t  n p, th en  (n + p) = 2n = 2(np)2 and equa tion  

( 5 ‘ 2) becomes ;

AE' = - ( | A  e  ̂ (& )"  (np)k| (5 -3 )6 '  - \kT

Values of AE* have been c a lc u la te d  f o r  specimen R9 over th e  

tem p era tu re  range 315° to  630° K and f o r  specimens R3*21, R5 

and R8 a t  th e  h ig h e s t  tem p era tu re  f o r  which experim en ta l r e s u l t s  

a re  a v a i l a b le .  The c a lc u la te d  v a lu es  of -  Ae *, in  e le c t ro n  

v o l t s ,  a re  g iven  in  Table 6*5-

Table 6*5. Values of th e  d ecrease  in  th e  energy gap due to  

e l e c t r o s t a t i c  i n t e r a c t i o n  of c a r r i e r s  g iven  in  e le c t r o n - v o l t s

T ^ k 'S p e ^ E3°21 R5 R8 E9

316: 0*0019

355 0*0023

398 0*0028

447 0*0034

501 0*0040

562 0*0034 0*0047

631 0*0045 0*0038 0*0053

I t  i s  seen t h a t  over th e  whole of th e  i n t r i n s i c  reg io n

th e  v a r i a t i o n  in  E due to  e l e c t r o s t a t i c  i n t e r a c t i o n  of c a r r i e r sS
i s  sm all 0*003 ev) and t h a t  t h i s  e f f e c t  cannot cause th e  

observed d i f fe re n c e s  in  E^ c a lc u la te d  f o r  d i f f e r e n t  specimens

( ^ 6*3).
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6*6o A n iso tro p ic  E f f e c t s .

Values of th e  H all and N ernst c o e f f i c i e n t s  w ith  th e  

m agnetic f i e l d  b o th  ( i )  p e rp e n d ic u la r  and ( i i )  p a r a l l e l  to  th e  

c leavage p lanes  5*2; ^ 5*3) have been o b ta in ed  f o r  specimens 

R5, R8 and R9 over a range of te m p e ra tu re s .

Drabble e t  a l  (1958) an a ly se  H all c o e f f i c i e n t  and low 

f i e l d  m ag n e to re s is tan ce  measurements on n - ty p e  specimens a t  77°K 

in  terms of a * many-valley* model ( Drabble and Wolfe, 1956) f o r  

B i2le^o With th e  m agnetic f i e l d  H p e rp e n d ic u la r ,  and c u r re n t  

flow  p a r a l l e l ,  to  th e  c leavage p la n e s ,  th ey  c a lc u la te  t h a t  th e  

a n iso tro p y  f a c t o r  B* in  equation  (2*3) has th e  va lue  0*326 a t

77°K. Thus

% i r  = -  n f e  ^ 0*^26 ( 6 . 1 ( a ) )

When th e  m agnetic f i e l d  i s  p a r a l l e l  to  th e  c leavage p lan es ,

B' = 0*670 and

( 6 - l ( h ) )

Thus th e  t h e o r e t i c a l  r a t i o  of th e  measured H a ll  c o e f f i c i e n t s  a t  

77°K i s

= 2-06 ( 6 * l ( c )  )

For p -typ e  m a te r ia l  a t  77°K Drabble (1958) g ives  (s e e  

a lso  ^ 6*4)
% i.r  '  S f e  *

%|ll -  OF *

= 2*05

>  (6*2)
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Specimens R5 and R8 a re  b o th  p - ty p e . Specimen R8 came from th e  

same ing o t as th e  specimens l a b e l l e d  (SBTC/1 9 ) in  work re p o r te d  

by Drabble (1958), Walker (1959) and Yates (1959). The va lues  

o b ta in ed  f o r  th e  r a t i o  a re  (2*2 -  0*1) f o r  R5 from

F ig u re  19 and (2*0 -  O ' l )  f o r  R8 from F igu re  16. For R5 th e  

iso th e rm a l H a ll  c o e f f i c i e n t s  ( ^  5*3) were used . The r a t i o s  f o r  

bo th  specimens a re  independent of tem pera tu re  over th e  whole of 

th e  tem p era tu re  range s tu d ie d .  Drabble a lso  r e p o r t s  t h a t  th e r e  

i s  no s i g n i f i c a n t  v a r i a t i o n  in  th e  r a t i o  of th e  H a ll  c o e f f i c i e n t s  

w ith  tem pera tu re  f o r  th e  p - ty p e  specimens s tu d ie d .  I t  i s  th us  

seen t h a t  w ith in  th e  experim en ta l e r r o r  th e  va lues  of 

f o r  R5 and R8 a re  in  agreement w ith  bo th  th e  th e o ry  (e q u a tio n s  

6 *2 ) and th e  experim en ta l r e s u l t s  o b ta in ed  by o th e r  w orkers.

Specimen R9 i s  n - ty p e  and i s  from th e  same ingo t as  ̂

specimen SBTC/I6 s tu d ie d  by Walker (1959) and Yates (1959)*

From F igu re  20 th e  r a t i o  of th e  iso th e rm a l H a ll  c o e f f i c i e n t s  i s  

(2*3 -  O ' 2) and i s  independent of tem p e ra tu re .  Thus agreement 

i s  o b ta ined  w ith  equa tion  ( 6 * 1 (c)  ) w ith in  th e  experim enta l 

e r r o r .

For R5 th e  r a t i o  of th e  N ernst c o e f f i c i e n t s  

i s  ( 2 ' 3  -  O ' l )  and f o r  R8 (2*4 -  0*1) (F ig u res  21 and 17)«

Both th e se  q u a n t i t i e s  a re  independent of tem pera tu re  and, w ith in  

th e  experim en ta l e r r o r ,  ag ree  w ith  each o th e r .  For R9 th e  

r a t i o  of th e  iso th e rm a l N em st c o e f f i c i e n t s  (F ig u re  22) i s  

approx im ate ly  u n i ty  a t  100°K. The r a t i o  in c re a s e s  w ith
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in c re a s in g  tem p era tu re  f o r  n e g a t iv e  va lu es  of th e  N ernst 

c o e f f i c i e n t ,  becoming independent of tem pera tu re  f o r  p o s i t iv e  

v a lu es  of th e  c o e f f i c i e n t  w ith  a va lue  of (1*7 -  0*1). The 

va lu es  o b ta in ed  f o r  th e  r a t i o  ^9 a re  unexpected .

I t  i s  a lso  found t h a t  o th e r  q u a n t i t i e s  c a lc u la te d  f o r  R9 in  th e  

e x t r i n s i c  range do n o t seem to  conform w ith  th o se  of th e  o th e r  

specimens ( ^ 6 * 1 0 ) .

The r a t i o  of th e  e l e c t r i c a l  c o n d u c t iv i t i e s  w ith  

c u r re n t  flow p a r a l l e l  and p e rp e n d ic u la r  to  th e  c leavage  p lanes 

was determ ined a t  room tem pera tu re  f o r  specimens R 3 'l  and R3-21 

5*2).  The r e s u l t ,  f o r  n - ty p e  m a te r ia l ,  i s

.  3-9

Drabble e t  a l  (1958) p re d ic t  a  va lue  of 4*1 a t  77°K f o r  t h i s  

q u a n t i ty  and quote an experim en ta l v a lu e ,  due to  G-oldsmid, of 

3*8 a t  77°K, w h ile  G-oldsmid (1957) a lso  g iv e s  va lu es  of 4*0 a t  

150°K and 4*75 a t  300°K. S ince i t  i s  n o t expected t h a t  th e  

va lue  of th e  r a t i o  should  vary  w ith  tem p era tu re , th e  experim en ta l 

r e s u l t  of 3*9 i s  in  good agreement w ith  th eo ry .

6 . 7 . Iso th e rm a l and A d iab a tic  E f f e c t s .

S ince th e  H a ll  c o e f f i c i e n t  of BigTe^ i s  found to  be 

anomalous in  th e  e x t r i n s i c  re g io n , measurements were made of th e  

iso th e rm a l  H all c o e f f i c i e n t  f o r  one p -typ e  specimen (R5) and one 

n - ty p e  specimen (R9) over th e  tem p era tu re  range 100°K to  450°K
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( ^ 5 “3)o Although i t  i s  seen (F ig u re  19) t h a t  th e  anomaly 

in  th e  H a ll  c o e f f i c i e n t  of R5 i s  decreased  by m easuring th e  

iso th e rm a l c o e f f i c i e n t ,  i t  i s  no t removed. However, in  any 

th e o r i e s  to  t r y  to  ex p la in  th e  anomalous behav iour of th e  H all 

c o e f f i c i e n t  in  Bi^Te^ th e  v a r i a t i o n  of th e  iso th e rm a l c o e f f i c i e n t  

w ith  tem pera tu re  should  be cons idered  (^  6*8).  In  a d d i t io n  i t  

i s  shown in  t h i s  s e c t io n  t h a t  measurement of th e  iso th e rm a l 

N ernst c o e f f i c i e n t  p rov ides  a sim ple method of o b ta in in g  th e  

E tt in g sh a u sen  c o e f f i c i e n t .

The d e f in i t i o n s  of th e  v a r io u s  c o e f f i c i e n t s ,  th e  

c o n d it io n s  under which th ey  a re  measured and th e  s ig n  convention

employed a re  s t a t e d  in  Chapter I I .  The r e l a t i o n s  between

iso th e rm a l and a d ia b a t ic  c o e f f i c i e n t s  (H e u rlin g e r  r e l a t i o n s )  

fo llo w  d i r e c t l y  from th e  d e f in i t i o n s  of th e  v a r io u s  c o e f f i c i e n t s .  

The r e l a t i o n  between th e  iso th e rm a l and a d ia b a t ic  H a ll  

c o e f f i c i e n t s  i s  ( c f .  Chambers, 1952):

Ra = %  “ dT  ̂ ^  (7*1)
dFwhere i s  th e  a b so lu te  th e rm o e le c t r ic  power of r e le v a n t

to  h ea t  flow in  th e  y - d i r e c t io n  and P i s  th e  E tt in g sh au sen  

c o e f f i c i e n t .

Taking in to  account th e  l a t t i c e  therm al c o n d u c t iv i ty  

when d e r iv in g  th e  Bridgman r e l a t i o n  (Appendix I I I ) ,  th e n :

P = ^  (7-2)
y

where i s  th e  iso th e rm a l N ernst c o e f f i c i e n t  and Ky i s  th e
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i so th e rm a l  the rm al c o n d u c t iv i ty  r e le v a n t  to  h ea t flow  in  th e  y- 

d i r e c t i o n  and in  a t r a n s v e r s e  m agnetic f i e l d .

This r e l a t i o n  should ho ld  f o r  an i s o t r o p ic  medium over 

th e  whole tem p era tu re  range in v e s t ig a te d .  Bi^Te^ i s  an iso trop ic^  

bu t when th e  m agnetic f i e l d  i s  p e rp e n d ic u la r  to  th e  c leavage 

p la n e s ,  th e  c leavage  p lanes  a re  in  th e  x -y  p lane and th u s  th e  x - 

and y - d i r e c t io n s  in  th e  c r y s t a l  a re  eq u iv a len t  (D rabble and 

Wolfe, 1956 ) .  With prim ary c u r re n ts  in  th e  x - d i r e c t io n  and th e  

t r a n s v e r s e  e f f e c t s  measured in  th e  y - d i r e c t io n ,  th e  Bridgman 

r e l a t i o n  should ap p ly .

The s ig n  of P i s  th u s  always th e  same as t h a t  f o r  Q^, 

and should  equal R̂  ̂ a t  th e  tem p era tu re  where = 0 . Then 

from equa tion  (7*1) jR^j >  |Rj^| below, and j R^ | <  | R ^ |  above 

t h i s  tem p era tu re  f o r  b o th  n -  and p -ty p e  specim ens. I t  i s  seen 

t h a t  th e  g e n e ra l  behav iou r i s  as p re d ic te d ,  n o t  on ly  f o r  th e  

case  co n s id e red , w ith  th e  magnetic f i e l d  p e rp e n d ic u la r  to  th e  

c leavage  p la n e s ,  b u t  a lso  when th e  m agnetic f i e l d  i s  a p p lie d  

p a r a l l e l  to  th e  c leavage p lanes  (F ig u re s  19 and 20).

Under a d ia b a t i c  c o n d i t io n s ,  w ith  w = 0, th e  a d ia b a t ic<y
H a ll  c o e f f i c i e n t  R  ̂ i s  no t d i r e c t l y  m e a su ra b le .(Ja n , 1957).a
The measured H a ll  c o e f f i c i e n t  i s  g iv en  by th e  r e l a t i o n

®m = %  "  ^ ® T ^ ^

where i s  th e  th e rm o e le c t r ic  power of BigTe^ r e l a t i v e  to

T^ a l lo y ,  th e  m a te r i a l  of th e  m easuring p robes. However, th e
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th e rm o e le c t r ic  power of B i2Te^ i s  l a rg e  compared w ith  t h a t  of 

th e  m eta l  of th e  measuring p robes, so t h a t  th e  v a lue  of i s  

ap p rox im ate ly  equal to  R .

The measurements of th e rm o e le c t r ic  power were made 

w ith  th e  h ea t  flow  p a r a l l e l  to  th e  c leavage p lanes  (F ig u re  24).  

The v a r i a t i o n  of K w ith  tem p era tu re  (F ig u re  31) was c a lc u la te d  

f o r  each specimen from th e  measured e l e c t r i c a l  c o n d u c t iv i ty  

(F ig u re s  14 and 23) and d a ta  g iven  by Goldsmid (1958 ( b ) ) from 

measurements made on B i2Te^ w ith  th e  h ea t  flow  p a r a l l e l  to  th e  

c leavage  p la n e s .  Thus, f o r  th e  case  when th e  m agnetic f i e l d  

i s  p e rp e n d ic u la r  to  th e  c leavage  p lan es ,  v a lu es  of P have been 

c a lc u la te d  from th e  measured v a lu es  of u s in g  eq ua tion  (7*2) ,  

These have been used  to  c a l c u la te  | r ^  -  R^| from equa tion  (7*3). 

Then, u s in g  th e  measured v a lu es  of R̂ ,̂ th e  v a r i a t i o n  of R^ w ith  

tem p e ra tu re  has been c a lc u la te d .  This i s  p lo t t e d  f o r  b o th

specimens on F ig u res  19 and 20. I t  i s  seen t h a t  t h i s  th e o ry

always p r e d ic t s  a  l a r g e r  v a lu e  f o r  th a n  i s ,  in  f a c t ,

found e x p e r im e n ta l ly .

In  eq u a tio n s  (7*2) and (7*3) and (■|f’)Qi a re  

r e s p e c t iv e ly  th e  th e rm al c o n d u c t iv i ty  and th e rm o e le c t r ic  power 

in  a t r a n s v e r s e  m agnetic f i e l d .  In  th e  c a lc u la t io n s  v a lu es  of 

th e s e  q u a n t i t i e s  were used which had been ob ta in ed  f o r  zero 

m agnetic  f i e l d .  However, i t  i s  known th a t  th e s e  q u a n t i t i e s  a re  

alm ost independent of m agnetic f i e l d  (Goldsmid, 1958 ( b ) ;

Bowley e t a l ,  1958), and t h i s  f a c t o r  would no t le a d  to  th e  

observed  d i f f e re n c e s  between th e  measured and c a lc u la te d  v a lu e s
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of R^. There a re  a lso  o th e r  second o rd e r  e f f e c t s  which can 

c o n t r ib u te  to  th e  measured v o l ta g e  in  th e  a d ia b a t i c  case 

( P ie s c h i ,  1955; Jan , 195?). P robab ly  th e  main f a c t o r  c o n t r i 

b u t in g  to  t h i s  d i f f e r e n c e  i s  th e  f a c t  t h a t  w i s  n o t  zero  and
y

t r u e  a d ia b a t i c  c o n d i t io n s  a re  no t o b ta in ed . I t  i s ,  in  f a c t ,  

d i f f i c u l t  to  know th e  exact expe rim en ta l  c o n d it io n s  in  th e  y - 

d i r e c t i o n .  In  p re l im in a ry  experim ents no e f f o r t  was made to  

reduce  th e  t r a n s v e r s e  h ea t  flow , and an even sm a lle r  v a lu e  of 

I R^ -  Rj ĵ was observed ( s ee  r e s u l t s  f o r  R5, F ig u re  16 ). While 

t a k in g  th e  read in g s  shown in  F ig u re s  19 and 20 an e f f o r t  was 

made to  reduce t h i s  h ea t  flow to  a minimum (^ 5*3).  However, 

i f  w /  0, th e  q u a n t i ty  measured would be a q u a s i - a d ia b a t ic  H a ll  

c o e f f i c i e n t  R ^ , where | R ^ -  R̂ ĵ | R^ -  R^j .

Thus, assuming eq ua tio n  (7*2) t o  be obeyed in  Bi^Te^ 

f o r  t h i s  d i r e c t io n  of th e  m agnetic f i e l d  w ith  r e s p e c t  to  th e  

c leavage  p lan es ,  th e  v a r i a t i o n  of th e  E tt in g sh au sen  c o e f f i c i e n t  

w ith  tem p e ra tu re ,  o b ta in ed  u s in g  t h i s  r e l a t i o n ,  i s  p lo t t e d  in  

F ig u re  32.

S u f f i c i e n t  d a ta  a re  n o t  a v a i l a b le  f o r  i n t e r p r e t i n g  th e  

co rrespond ing  r e s u l t s  o b ta in ed  w ith  th e  magnetic f i e l d  p a r a l l e l  

to  th e  c leavage  p la n e s .  In  th e  d e r iv a t io n  of th e  Bridgman 

r e l a t i o n  (Appendix I I I )  i t  i s  seen t h a t  when th e  m agnetic f i e l d
QiT

i s  p a r a l l e l  to  th e  c leavage p la n e s ,  th e  sim ple r e l a t i o n  P = -g—
y

does no t n e c e s s a r i l y  h o ld . In  a d d i t io n ,  in  o rd e r  to  c a l c u la te  

th e  E tt in g sh a u sen  c o e f f i c i e n t  f o r  th e  m agnetic f i e l d  p a r a l l e l  to
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th e  c leavage p la n e s ,  th e  therm al c o n d u c t iv i ty  K f o r  h e a t  flow 

p e rp e n d ic u la r  to  th e  c leavage p lan es  would be r e q u ire d .  These 

v a lu es  of th e  th e rm a l c o n d u c t iv i ty  a re  no t known. The only 

p u b lish ed  d a ta  a re  by G-oldsmid (1956 (a )  and (b) ) who s t a t e s  

t h a t  th e  l a t t i c e  component of th e  therm al c o n d u c t iv i ty  w ith  h ea t  

flow  p e rp e n d ic u la r  to  th e  c leavage  p lanes  appears  to  be about 

h a l f  th e  v a lu e  o b ta in ed  from measurements p a r a l l e l  to  th e  

c leavage  p la n e s .  Thus th e  c a lc u la t io n  of th e  E tt in g sh a u sen  

c o e f f i c i e n t  w ith  th e  magnetic f i e l d  p a r a l l e l  to  th e  c leavage 

p lan es  was n o t a t tem p ted .

Examination of eq ua tion s  (1*9) shows t h a t  th e  v a r i a t i o n  

of th e  E tt in g sh a u sen  c o e f f i c i e n t  w ith  tem p era tu re  o b ta in ed  f o r  

specimens R5 and R9 cannot be compared w ith  th e  expected  

v a r i a t i o n  on th e  assum ption of l a t t i c e  s c a t t e r i n g  and th e  v a lu es  

of deduced from equ a tio n  (2*6) .  The t o t a l  the rm al 

c o n d u c t iv i ty  K occurs in  th e  ex p re ss io n  f o r  th e  E tt in g sh au sen  

c o e f f i c i e n t  P, whereas on ly  th e  e l e c t r o n ic  p a r t  can be 

c a lc u la te d  in  term s of /t|* .  However, i t  i s  obvious, s in c e  th e  

two q u a n t i t i e s  a re  r e l a t e d  by th e  Bridgman r e l a t i o n  (e q u a tio n  

7*2),  t h a t  even i f  th e  th e rm al c o n d u c t iv i ty  obeys th e  sim ple 

th e o ry  p re se n te d  in  ^6*1,  agreement between th e o ry  and 

experim ent cannot be b e t t e r  f o r  th e  E t t in g sh a u sen  c o e f f i c i e n t  

th a n  i s  o b ta ined  f o r  th e  N ernst c o e f f i c i e n t  ( ^  6*10).

For n on -degenera te  sem iconductors in  th e  e x t r in s i c  

re g io n ,  assuming a c o u s t i c a l  mode s c a t t e r i n g ,

p .  - Ü - f - É
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where  ̂ f o r  n - ty p e  and f o r  p - ty p e  sem iconductors

(e q u a t io n s  1*16). This r e l a t i o n  has been used as a check on 

th e  o rd e r  of magnitude of th e  v a lu es  of P c a lc u la te d  from 

equa tio n  (7*2) .  Values of and were c a lc u la te d  as 

d e sc r ib e d  in  ^ 6*4 and va lues  of K were o b ta ined  from F ig u re  31.

For R9, a t  200°K, = -1*3 (F ig u re  26) and P = -720
3 —I %

cm deg Jo u le  from equa tion  (7*2) ,  and -925 cm deg Jo u le "

from equa tion  (7*4) ,  u s in g  R^, and -993 cm^ deg Jo u le "^  u s in g  R̂_

a t  100°K in  th e  d e te rm in a t io n  of

For R5, a t  300°K, = +0*05 (F ig u re  26) and P = -270
3 —.1  ̂ —I

cm deg Jo u le "  from eq u a tio n  (7*2) and -271 cm deg Jo u le "  

from equa tion  (7*4) .

C onsidering  th e  t h e o r e t i c a l  l i m i t a t i o n s  of th e  

eq u a tio n s  used, th e  agreement between th e s e  r e s u l t s  i s  co n s id e red  

to  be s a t i s f a c t o r y .

An i n t e r p r e t a t i o n  of th e  a d ia b a t ic  and iso th e rm a l 

N ernst c o e f f i c i e n t s  i s  more com plica ted . The r e l a t i o n  between 

th e  two q u a n t i t i e s  i s  ( c f .  Chambers, 1952):

«a = ‘ ■'•5)

where S i s  th e  R ighi-Leduc c o e f f i c i e n t .

Now th e r e  i s  no sim ple r e l a t i o n  g iv in g  th e  s ig n  of S 

from some ex p e r im en ta lly -d e te rm in ed  q u a n t i ty  over th e  whole 

tem p era tu re  range . However, acco rd ing  to  sim ple sem iconductor 

th e o ry ,  S i s  p o s i t iv e  f o r  p -type  specimens and n e g a tiv e  f o r  n -
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ty p e  specimens in  th e  e x t r i n s i c  ra n g e ,o n ly  changing s ig n  in  

p - ty p e  specimens (b > 1 )  a f t e r  H a ll  and th e rm o e le c t r ic  power 

re ad in g s  have in d ic a te d  t h a t  th e  specimens have become i n t r i n s i c  

(P u t le y ,  1 9 5 5 ) .  At low tem p era tu res  b may be l e s s  th an  u n i ty  

(§  6»3) bu t t h i s  f a c t  would no t change th e  s igns  of S in  th e  

e x t r i n s i c  re g io n .  Thus, over th e  complete tem p era tu re  range 

s tu d ie d ,  S should  be n e g a t iv e  f o r  R9 and p o s i t iv e  f o r  R5, and, 

from equ a tion  (7*5) ,  below th e  tem p era tu re  where = 0, i t  i s  

p re d ic te d  t h a t  ( | | q ^ | ,  w hile  above t h i s  tem pera tu re

|Q^| <C I Qj_| . As w ith  th e  a d ia b a t i c  H a ll  c o e f f i c i e n t ,  th e  

q u a n t i ty  i s  n o t d i r e c t l y  m easurable (Jan , 1957).

The measured N ernst c o e f f i c i e n t  i s  g iven  by

where cr Follow ing th e  same reaso n in g  as f o r  th e  H a ll

c o e f f i c i e n t ,  a q u a s i - a d ia b a t ic  N em st c o e f f i c i e n t  Q* should  be

o b ta in ed  such t h a t  1 Q * “ Q-; 1 i s  sm a lle r  th an  p re d ic te d .  No
I a 1  *

d e f i n i t e  r e s u l t s  could  be ob ta in ed  f o r  R5 (F ig u re  2 1) .  For R9 

(F ig u re  22) i t  i s  found t h a t  j | t h e  whole of 

th e  tem p era tu re  range in v e s t ig a te d .  Thus th e  r e s u l t s  a re  n o t 

as p re d ic te d ,  and S does no t appear to  behave accord ing  to  th e  

s im ple th e o ry .

In  th e  e x t r i n s i c  re g io n  f o r  a  n on -degenera te  n - ty p e  

sem iconductor w ith  a c o u s t i c a l  mode l a t t i c e  s c a t t e r i n g

where K i s  th e  t o t a l  the rm al conduc tiv ity^  and (e q u a t io n  1* 16)
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= ■ l ï ï  - 1 ”

These form ulae assume an i s o t r o p i c  medium (P u t le y ,  1955).

Prom eq u a tio n s  (7-7)  and (7*8) and making th e  

s u b s t i tu t io n ,  6"= ne^^ (e q u a t io n  2*1), th e  fo llo w in g  ex p ress io n  

i s  o b ta in ed  f o r  th e  Righi-Leduc c o e f f i c i e n t :

S = + 3 '5 (^ )  * (7-9)

For p - ty p e  m a te r ia l ,  making th e  same assum ptions,

„ _ 21x k^T,  „ 2
32 ° eK ^ ° ‘■̂p

= " l l '  e ’ ‘'p  <5-= peiip,

It T&Q.
g iv in g  S = -  3-5(f) . —Y -i (7 -10)

C onsidering  only th e  tem p era tu re  ranges f o r  which th e  

measured is o th e rm a l  N ernst c o e f f i c i e n t s  a re  n e g a t iv e ,  va lu es  of 

th e  Righi-Leduc c o e f f i c i e n t  were e s t im a ted  f o r  specimen R5 u s in g  

equa tion  (7*10) and f o r  specimen R9 u s in g  equa tion  (7*9)* The 

measured v a lu es  of e l e c t r i c a l  c o n d u c t iv i ty  and iso th e rm a l N ernst 

c o e f f i c i e n t  (H^ p e rp e n d ic u la r  to  th e  c leavage  p lan es)  were used 

(F ig u re s  14, 21, 22 and 23) and th e  v a lu es  of th e  therm al 

c o n d u c t iv i ty  (F ig u re  31) were o b ta in ed  in  th e  same way as in  

th e  c a lc u la t i o n  of th e  E tt in g sh au sen  c o e f f i c i e n t .  The v a lu es  

o b ta in ed  f o r  S shou ld  be th o se  w ith  th e  m agnetic f i e l d  perpen

d i c u l a r  to  th e  c leavage  p la n e s .  Values of Û were th en
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c a lc u la te d  u s in g  th e  measured v a lu es  of to  th e  c leavage
dFp lan es )  and (F ig u re  24) in  equ a tion  (7*6). The

c a lc u la te d  v a lu es  of a re  p lo t t e d  in  F ig u res  33 and 34. I t

i s  seen  t h a t  in  th e  e x t r i n s i c  re g io n  a m easurable Q* ~ 1I a I I
i s  p re d ic te d ,  bu t no t found, f o r  R5, w hile  th e  s ig n  of ( Q * -  Q• )

9 ,  jL

p re d ic te d  f o r  R9 i s  th e  o p p o s i te  to  t h a t  observed.

E quations (7*9) and (7*10) a re  only  expected  to  app ly  

to  i s o t r o p ic  n on -d eg en era te  sem iconductors when th e  conduction  

i s  e x t r i n s i c  and l im i te d  by a c o u s t i c a l  mode s c a t t e r i n g .

Although i t  i s  known (^  6 .2 ;  ^ 6*4; ^ 6*10) t h a t  a l l  th e s e  

c o n d i t io n s  do no t app ly  to  Bi^Te^, i t  i s  expected t h a t  equa tion  

(7*9) should  g iv e  th e  c o r r e c t  o rd e r  and s ig n  of th e  e f f e c t  a t  

low tem p era tu re s  in  th e  p u re r  specimen R9. For tem p era tu re s

in  th e  re g io n  where th e  s ig n  of Q. changes from n e g a t iv e  to
: "L

p o s i t i v e ,  mixed conduction  s e t s  in  and equa tion  (7*9) i s  n o t 

v a l i d  (^  6*10). Thus th e  Righi-Leduc c o e f f i c i e n t  in  Bi^Te^ 

does no t appear to  fo l lo w  th e  sim ple th e o ry  of sem iconductors 

and th e  reason  f o r  t h i s  i s  no t known.

6*8. Anomalous e f f e c t s  in  B i2Te^.

Attem pts have been made by v a r io u s  workers to  t r y  and 

e x p la in  why:

(1) Samples of B i2Te^ grown from a m elt of s to ic h io m e tr ic

com position a re  always p - ty p e  w ith  approx im ate ly  th e  same 

c o n c e n tra t io n  of f r e e  charge c a r r i e r s .
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( 2 ) The number of f r e e  c a r r i e r s  i s  always f a r  g r e a t e r  th an  

would be expected  from th e  im p u rity  con ten t of th e  s t a r t i n g  

m a te r ia l s  (B i, Te) and re p e a te d  zone m e lt in g  does no t 

produce any a p p re c ia b le  e f f e c t  on t h i s  c o n c e n tra t io n  of 

f r e e  c a r r i e r s .

(3) The tem p era tu re  v a r i a t i o n  of th e  H a ll  c o e f f i c i e n t  i s  

anomalous (Harman e t  a l ,  1957; Mooser and P earson , 1958; 

W illiam s, 1959; Y ates, 1959).

These experim en ta l f a c t s  f o r  Bi^Te^ can only  be 

ex p la in ed  w ith in  th e  framework of sim ple sem iconductor th e o ry  

i f  a d d i t i o n a l  and somewhat a r b i t r a r y  assum ptions a re  made. In  

a d d i t io n ,  th e  th e rm o e le c t r ic  power and N em st c o e f f i c i e n t s  show 

sm all anomalous e f f e c t s  which a re  d iscu ssed  in  ^6*9 and ^6*10 

r e s p e c t iv e ly .

I t  has been shown th a t  th e  va lue  of th e  H a ll  c o e f f i 

c i e n t  i s  independent of th e  m agnetic f i e l d  s t r e n g th  ( ^ 4*5) and 

of th e  v a lu e  of th e  tem p era tu re  g ra d ie n t  down th e  specimen 

(Ç 4*4). A ll  th e  normal p re c a u t io n s  co n cem in g  specimen 

dim ensions ( ^ 3*4) and experim en ta l te ch n iq u e  (^  4*4) were 

observed, w hile  measurements of th e  iso th e rm a l ,  as opposed to  

th e  a d ia b a t i c .  H a ll  c o e f f i c i e n t  on ly  s l i g h t l y  reduces th e  

anomaly ( ^  5*3). I t  has been shown t h e o r e t i c a l l y  (^  6*2) t h a t  

th e  anomaly i s  n o t due to  th e  e f f e c t s  of degeneracy.

I t  i s  known t h a t  CdS, when p repared  from a m elt of 

s to ic h io m e tr ic  com position , i s  always n - ty p e  and t h a t  th e
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p r o p e r t ie s  of a l l  specimens depend m arkedly on th e  atmosphere in  

which th ey  a re  p repared , on sm all d e v ia t io n s  from s to ic h io m e tr ic  

com position  and on th e  type  of im p u r i t ie s  in tro d u c e d . I t  has 

been shown t h a t  th e  r e s u l t s  ob ta in ed  f o r  CdS can be exp la ined  by 

c o n s id e ra t io n  of th e  c o n d i t io n s  n e c e s sa ry  f o r  e l e c t r o - n e u t r a l i t y  

(Kroger and Vink, 1954; Kroger e t  a l ,  1954). Scanlon and 

B reb r ic k  (1954) have a ls o  shown t h a t  th e  e l e c t r i c a l  p ro p e r t ie s  

of PbS, in  th e  absence of a p p re c ia b le  c o n c e n tra t io n s  of im p u rity  

atoms, depend m arkedly  on d e v ia t io n s  from s to ic h io m e try .

Excess le a d  makes PbS n - ty p e  w hile  excess su lp h u r  le a d s  to  p- 

ty p e  c o n d u c t iv i ty .

Harman e t  a l  (1957) show t h a t ,  even by u s in g  v e ry  h igh  

p u r i t y  elem ents and s p e c ia l  p re p a ra t io n  te c h n iq u e s ,  a low 

c o n c e n tra t io n  of charge c a r r i e r s  and hence a "high p u r i ty "  Bi^Te^ 

cannot be o b ta in ed . They suggest t h a t  th e  low est o b ta in a b le  

p u r i t y  c o n c e n tra t io n  i s  th e  "wrong atom d e fe c t  l e v e l " .  Even 

i f  th e  s e p a ra te  e lem ents a re  p re se n t  in  e x a c t ly  s to ic h io m e tr ic  

p ro p o r t io n s ,  a b ism uth  atom may occupy a  t e l lu r iu m  l a t t i c e  s i t e  

and v ic e  v e r sa ,  and th e s e  atoms would a c t  as im p u r i t i e s .  They 

s t a t e  t h a t  f o r  each sem iconducting  compound th e r e  i s  an i n t r i n s i c  

number of atoms of each c o n s t i tu e n t  which a c t  as im p u r i t ie s  and 

th e n  d e f in e  t h i s  c o n c e n tra t io n  l e v e l  as th e  wrong atom d e fe c t  

l e v e l .  I f  a b ism uth  atom occupies a  t e l lu r iu m  l a t t i c e  s i t e  i t  

i s  expected  t h a t  th e  atom would c o n t r ib u te  a h o le  to  th e  

conduc tion , w hile  I f  a t e l lu r iu m  atom occupies a b ism uth l a t t i c e
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s i t e  i t  i s  expected  t h a t  i t  would c o n t r ib u te  an e le c t r o n .  Thus 

th e y  conclude t h a t  th e  h ig h  c o n c e n tra t io n  of c a r r i e r s  in  Bi^Te^ 

could  be due to  bism uth an d /o r  t e l lu r iu m  atoms in  th e  wrong 

l a t t i c e  s i t e s ,  and f o r  t h i s  reason  Bi^Te^ i s  n e c e s s a r i l y  a 

h e a v i ly  doped sem iconductor.

This th e o ry  i s  c o n s i s te n t  w ith  th e  id e a ,  v/hich has

a l re a d y  been put forw ard  6*3), of im p u rity  band conduction

in  which th e  im p u r i ty  l e v e l s  form a band o ver lapp in g , f o r  p -type

im p u r i t i e s ,  th e  to p  of th e  v a len ce  band and, f o r  n - ty p e

im p u r i t i e s ,  th e  bottom  of th e  conduction  band. This means t h a t

th e  measured c o e f f i c i e n t s  must be in t e r p r e te d ,  even in  th e

e x t r i n s i c  re g io n ,  in  term s of a model w ith  a t  l e a s t  two bands.
«

Some of th e  m u lti-b an d  models which have been suggested  f o r  

Bi^TOj a re  th u s  d isc u sse d  l a t e r  in  t h i s  s e c t io n .

Mooser and Pearson  (1958) t r y  to  e x p la in  bo th  th e  

l a r g e  c o n c e n tra t io n  of p -ty p e  im p u r i t i e s  in  Bi^Te^ ob ta in ed  from 

a m elt of s to ic h io m e tr ic  com position  and an anomalous behav iour 

of th e  Ha,ll c o e f f i c i e n t  of n - ty p e  m a te r i a l .  T he ir  model le ad s  

to  a double r e v e r s a l  of th e  H a ll  c o e f f i c i e n t  f o r  n - ty p e  specimens 

-  a phenomenon which has n o t ,  in  f a c t ,  been observed in  Bi^Te^, 

bu t which th e y  e rro n eo u s ly  quote as having been observed by 

S a t t e r th w a i te  and Ure (1957).

The tem p era tu re  v a r i a t i o n s  of th e  iso th e rm a l H a ll  

c o e f f i c i e n t s  f o r  p- and n - ty p e  m a te r i a l  o b ta in ed  in  th e  p re se n t  

i n v e s t i g a t io n  a re  'shown in  F ig u res  19 and 20. Although i t  i s
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im m ediately  obvious ( ^ 5*3; ^6*7) t h a t  th e  r e s u l t s  f o r  p -type

m a te r i a l  a re  anomalous, i t  i s  no t so obvious f o r  n - ty p e  m a te r ia l .  

Now th e  e l e c t r i c a l  c o n d u c t iv i ty  e x h ib i t s  no anomalous e f f e c t s  

over th e  e x t r i n s i c  re g io n .  F igu re  35 shows th e  v a r i a t i o n  of (S 

deduced from eq u a tio n  (1*9), assuming a c o u s t i c a l  mode s c a t t e r i n g  

( r  = -•§■) and where th e  m agnitudes of th e  c a lc u la te d  and 

ex pe rim en ta l  q u a n t i t i e s  have been made to  ag ree  a t  200°K. The 

t h e o r e t i c a l  v a lu e  of th e  H a ll  c o e f f i c i e n t  of specimen R9 (b = l )  

has th u s  been c a lc u la te d  from th e  e l e c t r i c a l  c o n d u c t iv i ty  u s in g  

th e  r e l a t i o n  (Appendix IV)

where R i s  th e  v a lu e  of th e  iso th e rm a l  H a ll  c o e f f i c i e n t  in  th e  s
e x t r i n s i c  re g io n  and 6"^ i s  th e  e x t ra p o la te d  s a tu r a t i o ns
c o n d u c t iv i ty .  - Assuming t h a t  R^ = R  ̂ a t  100°K, th e  c a lc u la te d  

v a lu es  of R^^ a re  p lo t t e d  to g e th e r  w ith  th e  experim en ta l v a lu es  

of R^ in  F igu re  36.

Harman e t  a l  (1957) f i n d  a s im i l a r  experim en ta l 

v a r i a t i o n  of th e  H a ll  c o e f f i c i e n t  of n - ty p e  m a te r i a l  w ith  

tem p era tu re  and suggest t h a t  im p u rity  band conduction  i s  th e  

re a so n . Yates (1959), who makes measurements down to  lower 

tem p e ra tu re s  ( l*3°K ), f in d s  anom alies in  th e  H a ll  c o e f f i c i e n t s  

of b o th  n -  and p - ty p e  m a te r ia l  which he a t tem p ts  to  i n t e r p r e t  

in  term s of an im p u r i ty  band model.

F ig u re  37 shows th e  th r e e  band model used  by Mooser 

and P earson  (1958) to  c a lc u la t e  th e  charge c a r r i e r  c o n c e n tra t io n s
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in  Bi^Te^. They assume th e  d e n s i ty  of s t a t e s  in  b o th  th e

v a len c e  and conduc tion  bands to  be t h a t  of f r e e  e le c t r o n s ,  w h ile

in  th e  t h i r d  o v e r lap p in g  band i t  i s  tak en  to  be f o r t y  tim es

s m a l le r .  Taking th e  e n e rg ie s  of th e  band edges (F ig u re  37) as

E = -0*125 ev, E = -0*1 ev and E = +0*1 ev, Mooser and 
1 F ^2

P earson  f i n d  th e  charge c a r r i e r  c o n c e n tra t io n s  n^, ng and p

g iv en  in  F ig u res  38 and 39 f o r  what th e y  c a l l  " i n t r i n s i c "  B i2Te^
-1 q T

and f o r  B i2le ^  c o n ta in in g  2 x 10 cm"-  ̂donors (ex cess  t e l lu r iu m

atoms) •

These r e s u l t s  were used  by Mooser and Pearson  to  

c a l c u l a t e  th e  v a r i a t i o n  of th e  H a l l  c o e f f i c i e n t  w ith  tem p era tu re  

f o r  th e  two ty p es  of specim ens. The H a ll  c o e f f i c i e n t ‘i s  g iven

6y: 2 2 2

R = -------- ±------------=----------------- (8 -2 )

where (i , n and n a re  th e  m o b i l i t i e s  of th e  c a r r i e r s  in  th e  n2 p
conduc tion , v a len ce  and t h i r d  o v e r lap p in g  bands re sp e c t iv e ly »

I t  was assumed t h a t  T oC T ^ and, a t  300°K,ng p

: 1̂^ = 0*6 : 1*1 : 1 n i  ng P

le a d in g ,  f o r  th e  specimen c o n ta in in g  excess donors, to  a double 

r e v e r s a l  of th e  H a ll  c o e f f i c i e n t .

Using th e  r e s u l t s  of Mooser and Pearson  f o r  n^ ,̂ n 2 

and p (F ig u re s  38 and 39), th e  p re s e n t  a u th o r  has c a lc u la te d  

th e  v a r i a t i o n  of H a ll  c o e f f i c i e n t  from 150° — ^  600°K f o r  th e  

two ty p es  of specimen, making v a r io u s  assum ptions. The r e s u l t s
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of th e s e  c a lc u la t i o n s  a re  p re se n te d  in  F ig u res  40 and 41.

The v a r i a t i o n s  of H a ll  c o e f f i c i e n t  in  F ig u re  40 were 

c a lc u la te d  assuming th e  c o n c e n tra t io n s  of c a r r i e r s  g iv en  by 

F ig u re  38 and

(1) °c H cC T u oC T"̂
2 F

and a t  300°K p : [a : i s  (a )  0*6 : 1*1 : 1
1 2 F

(b) 0*45 : 1*1 : 1

( 2 )  T - 1 - 9 +  ( T a b l e  6 * 1 ) ;  T” ^

and a t  300°K |a : â : â i s  (a )  0*6 : 1*1 : 1
1 2 F

(b) 0*45 : 1*1 ; 1

(c )  0 -1  : 1 -1  : 1

The r e s u l t s  in  F ig u re  41 were o b ta in ed  from F ig u re  39, making 

th e  same assum ptions as in  1 (a )  and (b) and in  2 ( a ) .

The r e s u l t s  p re se n te d  in  F ig u re s  40 and 41 can be 

compared w ith  th e  expe rim en ta l  v a r i a t i o n  of th e  H a ll  c o e f f i c i e n t  

o b ta in ed  f o r  p - ty p e  m a te r i a l  in  th e  e x t r i n s i c  re g io n  (F ig u re s  16 

and 1 9 ) . I f  th e  c o n c e n tra t io n s  of c a r r i e r s  f o r  " i n t r i n s i c "  

Bi^TSj (F ig u re  38) a r e  used , th e  c a lc u la te d  H a ll  c o e f f i c i e n t  

always in c re a s e s  w ith  d ec reas in g  te m p e ra tu re .  I f  th e  concen

t r a t i o n s  f o r  B i2Te^ c o n ta in in g  excess donors (F ig u re  39) a re  

u sed , th e  c a lc u la te d  H a ll  c o e f f i c i e n t  can be made to  be p o s i t iv e  

and to  have a p o s i t iv e  tem p era tu re  c o e f f i c i e n t  over th e  

tem p e ra tu re  range 300° — ^  100°K by a s u i t a b l e  cho ice  of

m o b i l i ty  r a t i o s  and v a r i a t i o n s .  However, i f  th e  ex p e r im e n ta lly -
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observed  d ec rease  in  th e  H a ll  c o e f f i c i e n t  as th e  tem p era tu re  i s  

low ered i s  to  be ex p la in ed  in  term s of t h i s  model, th e  H a ll  

c o e f f i c i e n t  becomes n e g a tiv e  a t  s u f f i c i e n t l y  low tem p era tu res  

because of th e  p resen ce  of excess donors. Measurements made by 

Y ates ( 1 9 5 9 ) down to  1*3°K on specimens which a re  p - ty p e  a t  300°K 

do n o t show a r e v e r s a l  of s ig n  to  e le c t r o n  conduction  a t  any 

tem p era tu re  below 300°K. Thus th e  model proposed by Mooser and 

P earson  does n o t  e x p la in  th e  observed H a ll  c o e f f i c i e n t  read in g s  

over th e  whole tem p e ra tu re  ran g e . In  a d d i t io n ,  w hatever th e  

assum ptions made in  th e  c a lc u la t i o n  of th e  H a ll  c o e f f i c i e n t ,  th e  

r e s u l t i n g  tem p e ra tu re  v a r i a t i o n  of th e  e l e c t r i c a l  c o n d u c t iv i ty  

i s  com ple te ly  in c o n s i s t e n t  w ith  experim ent. In s te a d  of th e  

c o n d u c t iv i ty  changing by a f a c t o r  of about 10 over th e  

tem p e ra tu re  range 100° — ^  300°K (F ig u re  14) th e  c a lc u la te d  

c o n d u c t iv i ty  i s  ap p rox im ate ly  c o n s ta n t ,  only v a ry in g  by a f a c t o r  

of about 1*1.

There a re  a  l a r g e  number of u n s a t i s f a c to r y  assum ptions 

a s s o c ia te d  w ith  t h i s  model f o r  B i2Te^ in c lu d in g  th e  v a lu e s  tak en  

f o r  th e  d e n s i t i e s  of s t a t e s  of c a r r i e r s  in  th e  v a r io u s  bands, 

th e  constancy  of th e  energy gap ( ta k e n  a t  0*2 ev) w ith  

tem p e ra tu re  and th e  v a lu es  tak en  f o r  th e  r a t i o s  of m o b i l i t i e s .  

However, i t  i s  seen  t h a t  th e  tem p e ra tu re  v a r i a t i o n  of b o th  th e  

H a l l  c o e f f i c i e n t  and c o n d u c t iv i ty  over th e  whole tem p era tu re  

range  cannot be ex p la in ed  by t h i s  model on a  s in g le  s e t  of 

assum ptions, and th u s  i t  i s  n o t w orth  c o n s id e r in g  t h i s  model 

in  any more d e t a i l .
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Yates ( 1 9 5 9 ) a t tem p ts  to  e x p la in  th e  observed H a ll  

c o e f f i c i e n t  anom alies in  term s of im p u rity  band conduction  (Hung 

and Gliessman, 1954). When th e  c o n c e n tra t io n  of im p u r i t ie s  i s  

s u f f i c i e n t l y  l a r g e ,  i n t e r a c t i o n  of th e  im p u r i ty  s t a t e s  causes 

b roaden ing  in to  im p u r i ty  bands le a d in g  to  im p u r i ty  band 

co nduc tion . F ig u re  42 shows th e  sim ple energy band model 

used  by Hung and Gliessm an and F ig u re  43 th e  v a r i a t i o n  w ith  

tem p e ra tu re  of th e  H a l l  c o e f f i c i e n t  which i s  to  be expected  f o r  

an n - ty p e  specimen. On t h i s  th e o ry ,  a lth ough  th e r e  w i l l  always 

be some a c c e p to rs  in  an n - ty p e  specimen, th e  a c c e p to r  band i s  

f i l l e d  by e le c t r o n s  from th e  donor band and th e r e f o r e  does n o t  

c o n t r ib u te  to  conduc tion  in  th e  e x t r i n s i c  re g io n .  At very  lov; 

tem p e ra tu re s  conduc tion  i s  in  th e  donor band only  and th e  H a ll  

c o e f f i c i e n t  i s  c o n s ta n t .  At h ig h e r  te m p e ra tu re s ,  w ith  th e  

conduc tion  s t i l l  in  th e  e x t r i n s i c  re g io n ,  th e  conduction  i s  

com ple te ly  in  th e  conduc tion  band and th e  H a ll  c o e f f i c i e n t  i s  

ag a in  c o n s ta n t  w ith  th e  same v a lu e  as a t  v e ry  low te m p e ra tu re s .  

This i s  th e  normal ex h au s tio n  re g io n  f o r  an im p u rity  semi

con duc to r . The ex p e rim en ta l  i n d i c a t io n  of im p u rity  band 

conduc tion  i s  a  maximum in  th e  H a ll  c o e f f i c i e n t  curve between 

th e s e  two r e g io n s .  At s t i l l  h ig h e r  tem p era tu res  th e  exhaus tio n  

re g io n  p asses  over in to  i n t r i n s i c  cond uc tion . Normally th e  

e x c i t a t i o n  energy i s  very  sm all compared w ith  th e  main

energy gap E and th e  maximum in  th e  H a ll  c o e f f i c i e n t  curve 
ë

appears  a t  a low tem p era tu re  ( l e s s  th an  40°K).
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The m o b i l i ty  of c a r r i e r s  in  an im p u r i ty  band i s  

u s u a l ly  v e ry  sm all compared w ith  th e  m o b i l i ty  of e le c t ro n s  in  

th e  conduction  band o r h o le s  in  th e  v a len ce  band, b u t  as th e  

im p u r i ty  c o n c e n t ra t io n  in c re a s e s  th e  m o b i l i ty  of c a r r i e r s  in  th e  

im p u r i ty  band in c re a s e s  and th e  H a ll  c o e f f i c i e n t  maximum s h i f t s  

to  s l i g h t l y  h ig h e r  te m p e ra tu re s .  When th e  c o n c e n tra t io n  of 

im p u r i ty  c e n tr e s  i s  very  la rg e  th e  m o b i l i ty  of e le c t ro n s  becomes 

th e  same in  th e  donor band as in  th e  conduction  band, o r th e  

bands a c tu a l l y  o v e r la p  and become one band, so t h a t  th e  H a ll  

c o e f f i c i e n t  maximum should  d isa p p e a r  and th e  energy band diagram 

of F ig u re  42 would no lo n g e r  ap p ly . In  Bi^Te^ th e  maxima 

observed  in  th e  H a l l  c o e f f i c i e n t  curves a re  no t fo llow ed  by an 

ex h au s tio n  range as th e  tem p e ra tu re  i s  in c re a se d  bu t pass 

s t r a i g h t  in to  th e  mixed conduc tion  and th en  i n t r i n s i c  reg ionso  

This i s  im p o ss ib le  on th e  sim ple im p u r i ty  band model of Hung and 

G-liessman i f  th e  io n i z a t io n  energy f o r  donors i s  much l e s s  th an  

th e  energy gap -cr 0*2 e v ) . The s i t u a t i o n  of th e  im p u rity  

bands n e a r  th e  c e n t r e  of th e  energy gap, r e s u l t i n g  in  a  s h o r t e r  

ex h au s tio n  re g io n  b e fo re  th e  beg inn ing  of mixed conduction , 

c o n f l i c t s  w ith  e x i s t in g  o p t i c a l  d a ta  (A u s tin ,  1958) which g iv e  

no in d i c a t io n  of im p u r i ty  l e v e l s  in  such a  p o s i t io n .  In  f a c t ,  

a maximum in  th e  H a ll  c o e f f i c i e n t  curve which i s  no t fo llow ed  

a t  h ig h e r  tem p e ra tu re s  by an ex haus tio n  range cannot be due to  

im p u r i ty  band conduc tion , as proposed by Hung and G-liessman.

In  a d d i t io n ,  t h e r e  a r e  no minima in  th e  conduc tion  curves 

co rresp ond ing  to  th e  H a ll  c o e f f i c i e n t  maxima.
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The i n t e r p r e t a t i o n  which th e  a u th o r  p u ts  on th e  

r e s u l t s  o b ta in ed  by Yates i s  t h a t  th e  io n iz a t io n  energy of 

im p u r i t ie s  i s  z e ro . This seems to  be th e  only  ex p la n a tio n  of 

th e  constancy  of th e  measured H a l l  c o e f f i c i e n t  from about lOO^K 

r i g h t  down to  1*3^K in  each c a se .  The maxima o cc u rr in g  in  th e  

H a l l  c o e f f i c i e n t  curves between about 100^ and 300^K cannot th en  

be i n t e r p r e t e d  in  term s of th e  eq u a tio n s  f o r  im p u rity  band 

conduc tion , as proposed by Hung and Gliessm an, and t h i s  would 

e x p la in  th e  in c o n c lu s iv e  n a tu re  of Y a te s ’ s a n a ly s i s  of h i s  

r e s u l t s .  B lack e t  a l  (1957) and Goldsmid (1958 ( a ) )  have 

p re v io u s ly  su g g es ted  th e  p o s s i b i l i t y  of th e  im p u rity  l e v e l s  

m erging w ith  th e  band edges in  BigTe^, and Wright (1959) does, 

i n  f a c t ,  suggest t h a t  Y a te s ’ s r e s u l t s  could  be i n t e r p r e t e d  as 

due to  im p u r i ty  bands o v e r lap p in g  th e  conduction  and v a lence  

bands.

O ther su b s tan ce s  show s i m i l a r  v a r i a t i o n s  of H a ll  

c o e f f i c i e n t  in  th e  e x t r i n s i c  re g io n  when th e  c o n c e n tra t io n s  of 

im p u r i t i e s  a re  g r e a t e r  th an  about 10 cm ( s e e ,  f o r  example, 

work on s i l i c o n  by Bongo e t  a l  (1959) and C arlson  (1955), and 

on germanium by F r i t z s c h e  and L ark -H orov itz  (1954) and F r i t z s c h e

(1955) )o In  d is c u s s io n  th e s e  a u th o rs  suggest im p u rity  band 

conduc tion , a lth o u g h  f o r  l a r g e  c o n c e n tra t io n s  of im p u r i t ie s  th e  

th e o ry  i s  u n c e r ta in  (Conwell, 1958). For im p u rity  

c o n c e n t r â t ions  above about 10^^ cm ^ th e  observed e f f e c t s  a re  

v e ry  com plica ted  and th e  th e o ry  of im p u rity  band conduction



1 2 1 .

(Hung and Gliessm an, 1954) has to  be c o n s id e ra b ly  r e f in e d .

S ince  th e  th e o ry  of im p u rity  band conduction  in  t h i s  re g io n  

i s  so u n c e r ta in ,  v e ry  l i t t l e  a t t e n t i o n  has been p a id  to  th e  

o b se rv a t io n s  on h ig h  im p u rity  co n ten t  samples of s i l i c o n  and 

germanium in  th e  papers  quoted.

The t h e o r i e s  p re se n te d  so f a r  which have a ttem p ted  to  

e x p la in  th e  anomalous b ehav io u r of th e  low tem p era tu re  H a ll  

c o e f f i c i e n t  in  Bi^Te^ assume s p h e r i c a l  energy s u r fa c e s  f o r  

conduc tion  and v a len c e  bands c e n tre d  on th e  o r ig in  of k space .

This means t h a t  th e  d e n s i t i e s  of s t a t e s  n e a r  th e  band edges a re  

assumed to  be p ro p o r t io n a l  to  th e  square  ro o t  of th e  energy. 

However, s in c e  th e  c o n c e n t ra t io n  of im p u r i t i e s  i s  known to  be 

h ig h  and im p u r i ty  bands a re  though t to  o v e r lap  th e  conduction  

and va len ce  bands, th e  e f f e c t s  of im p u r i t ie s  may cause th e  

d e n s i ty  of s t a t e s  to  d ep a r t  from t h i s  s im ple law. In  a d d i t io n ,  

th e  maximum of th e  v a len ce  band a n d /o r  th e  minimum of th e  

conduction  band may n o t be a t  k = 0 and one o r b o th  of th e  bands 

may be d eg e n e ra te .

In fo rm a tio n  on energy band s t r u c t u r e  can be o b ta in ed  

from o p t i c a l  measurements. For su b s tan ce s  such as InSb and InAs, 

where th e  minimum of th e  conduction  band i s  a t  k = 0 (from  

c y c lo t ro n  resonance  m easurem ents), th e  e f f e c t  of a  l i n e a r  term  

in  th e  v a len ce  band can be c a lc u la te d  (Kane, 1957) and compared 

w ith  experim ent. I t  i s  found t h a t  a t  low tem p era tu re s  th e  

p resen ce  of a  l i n e a r  te rm  in  th e  v a len ce  band a f f e c t s  th e

. J
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e l e c t r i c a l  p r o p e r t ie s  of a p - ty p e  sem iconductor (S te rn ,  1959). 

S te rn  quotes a  p - ty p e  sample of InAs as having a H a ll  c o e f f i c i e n t  

of +26 cou l"^  cm^ a t  room te m p e ra tu re ,  +2*6 cou l” ^ cm^ a t  4*2^K 

and an in te rm e d ia te  maximum va lu e  of +50 co u l” ^ cm^. He 

su g g es ts  t h a t  th e  l a rg e  re d u c t io n  in  th e  H a ll  c o e f f i c i e n t  a t  low 

tem p era tu re s  f o r  t h i s  sample may be a s s o c ia te d  w ith  th e  l i n e a r  

term  in  th e  v a len c e  band.

The main ca.use of a l i n e a r  te rm  in  th e  ex p re ss io n  f o r  

th e  band edge i s  sp in  -  o r b i t  i n t e r a c t i o n s  ( E l l i o t t ,  1954;

Herman, 1955) and, s in c e  th e  atomic numbers of b ism uth and 

t e l l u r iu m  a re  l a r g e ,  i t  i s  expected  t h a t  s p i n - o r b i t  coup ling  

w i l l  be la r g e  in  B i2Te^.

Drabble and Wolfe (1956) propose a m any-va lley  ty p e  

energy band model f o r  BigTe^. The c r y s t a l  symmetry of B i2Te^ 

in d i c a t e s  (W right, 1959) t h a t  th e  number of v a l l e y s  i s  l i k e l y  

to  be 1, 3, 6 o r  12. Measurements by D rabble e t  a l  (1958) and 

D rabble (1958) i n d i c a t e  t h a t  th e  number of v a l l e y s  f o r  b o th  n -  

and p -ty p e  m a t e r i a l  i s  s i x ,  ta k in g  th e  most g e n e ra l  i n t e r p r e t a t i o n  

This  im p lie s  v a l l e y s  w ith  t h e i r  minima c e n tre d  on th e  r e f l e c t i o n  

p la n e s .  I f ,  however, th e  v a l l e y s  a r e  i n  th e  most extreme 

p o s i t io n s  a t  th e  edge of th e  B r i l l o u i n  zone (F ig u re  3b), t h e i r  

number would be t h r e e  f o r  th e  same scheme of i n t e r p r e t a t i o n .  

P re l im in a ry  measurements on th e  Faraday r o t a t i o n  e f f e c t  in  B i2Îe ^  

(A u s t in ,  1959) i n d i c a t e s  t h a t  th e  number of v a l l e y s  i s  th r e e  in  

p - ty p e  c r y s t a l s  and s ix  f o r  n - ty p e .
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A v a ila b le  o p t i c a l  d a ta  (B lack  e t  a l ,  1957; A ustin ,

1 9 5 8 ) would be in ad eq u a te  to  a llow  a d e t a i l e d  a n a ly s i s  of band 

s t r u c t u r e  in  Bi^Te^, even i f  th e  param eters  r e q u ir e d  in  th e  

c a lc u la t i o n s  were known s u f f i c i e n t l y  a c c u r a te ly .  The e f f e c t s  

o f a sm all l i n e a r  te rm  in  th e  v a len ce  band energy a re  p robab ly  

to o  sm all to  be d e te c te d  from th e  shape of th e  main a b s o rp t io n  

edge connected  w ith  t r a n s i t i o n s  between th e  v a len ce  and 

conduc tion  bands. The shape of th e  i n t r i n s i c  a b s o rp t io n  edge 

o b ta in ed  by A ustin  (1958) i s  v e ry  s im i l a r  to  r e s u l t s  o b ta in ed  

f o r  InSb. However, an a n a ly s i s  of th e  InSb r e s u l t s  has n o t  le d  

t o  any d e f i n i t e  co n c lu s io n s  (B lount e t  a l ,  1956; P o t t e r ,  1956). 

B loun t e t  a l  e x p la in  th e  observed  r e s u l t s  in  term s of two phonons 

to  conserve energy, im plying two maxima in  th e  v a len ce  band and 

th e  e x is te n c e  of two ty p es  of h o le s ,  whereas P o t t e r  su g g es ts  an 

e q u a l ly  good f i t '  to  th e  r e s u l t s  can be made by u s in g  fo u r  phonons. 

In  BigTe^ i t  i s  to  be expected  t h a t  i n d i r e c t  t r a n s i t i o n s  from 

each v a l l e y  in  th e  v a len c e  band w i l l  ta k e  p lace  to  th e  th r e e  o r  

s i x  conduc tion  band minima. The a b s o rp t io n  edge shows a 

s t r u c t u r e  which A u s tin  i n t e r p r e t s  in  term s of i n d i r e c t  

t r a n s i t i o n s ,  a s s i s t e d  by phonon i n t e r a c t i o n .  He concludes t h a t  

i t  i s  im p o ss ib le  to  g iv e  a s im ple i n t e r p r e t a t i o n  and t h a t  th e  

r e s o lu t i o n  o b ta in ed  i s  in ad eq u a te  t o  o f f e r  a  s e n s i t i v e  t e s t  f o r  

th e  t r a n s i t i o n s  o c c u r r in g .

Wright ( 1 9 5 9 ) su g g es ts  an a l t e r n a t i v e  ex p la n a tio n  of 

th e  shape of th e  a b s o rp t io n  edge -  namely t h a t  b o th  th e  v a len c e  

band and conduc tion  band a re  double w ith  two maxima and two
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minima r e s p e c t iv e ly ,  s e p a ra te d  s l i g h t l y  in  energy. The type  

of chem ical bonding ( ^ 3*1) in  B i2Te^ le a d s  to  a  band s t r u c t u r e  

of t h i s  ty p e .  The v a lu e  of th e  energy gap in  a  sem iconductor 

i s  u s u a l ly  determ ined  by th e  weakest bond (B i -  Te^^^), bu t 

s in c e  th e r e  i s  on ly  a  y/o d i f f e r e n c e  in  th e  Bi-Te^^^ and Bi-Te^^^ 

bond le n g th s  i t  i s  to  be expected  t h a t  t h e r e  w i l l  be a second 

p a i r  of bands having  a s l i g h t l y  g r e a t e r  energy gap.

A more s e n s i t i v e  t e s t  f o r  th e  e x is te n c e  of a l i n e a r  

term  in  th e  v a len c e  band energy a r i s e s  from th e  s tu d y  of th e  

a b s o rp t io n  connected  w ith  t r a n s i t i o n s  between l i g h t  and heavy 

h o le  bands (M atoss i and S te rn ,  1958). The a b s o rp t io n  peak 

a s s o c ia te d  w ith  t r a n s i t i o n s  between l i g h t -  and heavy-ho le  bands 

occurs  away from th e  i n t r i n s i c  a b s o rp t io n  edge a t  much low er 

e n e rg ie s ,  in  a  r e g io n  f o r  which th e r e  a re  no ex p e rim en ta l  r e s u l t s  

f o r  B i2Te^. M atossi and S te rn  compare th e  observed o p t i c a l  

a b s o rp t io n  f o r  InAs w ith  curves c a lc u la te d  u s in g  Kane’ s th e o ry .  

T his th e o ry  (Kane, 1957) in v o lv es  a l a r g e  number of param eters  

which a r e  no t known f o r  ^i-2^^3’ t h a t  i t  i s  n o t  even p o s s ib le  

to  e s t im a te  th e  p o s s ib le  e f f e c t  due to  a  l i n e a r  term  in  th e  

v a len c e  band on th e  H a l l  c o e f f i c i e n t  a t  low te m p e ra tu re s .

I t  i s  known (W right, 1959) t h a t  compensated samples 

of B i2Te^ f r e q u e n t ly  show inhom ogene ities  which could le a d  to  

anomalous v a lu e s  of th e  H a ll  c o e f f i c i e n t .  However, th e  

v a r i a t i o n  w ith  tem p e ra tu re  of th e  H a l l  c o e f f i c i e n t  seems to  show 

sy s te m a tic  t r e n d s  w ith  im p u rity  c o n te n t ,  b o th  f o r  n -  and p - ty p e  

m a te r i a l  (Y a tes , 1959), and t h i s  would appear to  be too  easy  a  

d i s m is s a l  of th e  problem.



125

In  c o n c lu s io n , i t  would appear t h a t  a two (o r  more) 

band model must be used  in  th e  e x t r i n s i c  re g io n  f o r  Bi^Te^ -  

where, from th e  c r y s t a l  symmetry, i t  i s  to  be expected  t h a t  th e  

energy s u r fa c e s  a re  warped. I t  i s  obvious t h a t  a model of t h i s  

s o r t  could  v e ry  w e l l  le a d  to  an e x p la n a tio n  of th e  observed 

tem p era tu re  v a r i a t i o n  of th e  H a ll  c o e f f i c i e n t  i f  th e  c o r r e c t  

param eters  could  be determ ined .

6*9. T h e rm o e lec tr ic  Power.

In  p rev io u s  s e c t io n s  i t  has been assumed t h a t  th e  

th e rm o e le c t r ic  power of Bi^Te^ in  th e  e x t r i n s i c  re g io n  could  be 

i n t e r p r e t e d  in  term s of a s in g le  band model in  which th e  d e n s i ty  

of s t a t e s  f o r  c a r r i e r s  i s  p ro p o r t io n a l  to  th e  square  ro o t  of 

th e  energy. By use  of eq u a tio n  (1*9) th e  v a lu es  of 7^* were 

c a lc u la te d  o v e r ' t h e  e x t r i n s i c  re g io n  f o r  v a r io u s  s c a t t e r i n g  

mechanisms (F ig u re  26) and th en  used  to  e s t im a te  th e  r e l a t i v e  

im portance of th e  v a r io u s  ty p es  of s c a t t e r i n g  a t  d i f f e r e n t  

tem p e ra tu re s  in  t h i s  range ( ^  6*2; ^ 6*4). However, i t  was

found, when c a lc u la t i n g  th e  e f f e c t  of io n iz e d  im p u rity  s c a t t e r i n g  

a t  100^K, t h a t  th e  b e s t  f i t  to  th e  ex p e rim en ta l  r e s u l t s  was 

o b ta in e d  i f  d i f f e r e n t  v a lu es  of were used  in  th e  c a lc u la t i o n  

of th e  io n iz e d  im p u r i ty  and l a t t i c e  m o b i l i t i e s .  In  a d d i t io n ,  

th e  v a lu e  of c a lc u la te d  from th e  c o n c e n tra t io n  of c a r r i e r s

(e q u a t io n  1 *1 1 ) does no t conform w ith  th e  v a lu es  o b ta in ed  f o r  0̂ * 

from th e  th e rm o e le c t r ic  power (T ab le  6*4). With in c re a s in g  

im p u r i ty  co n ten t  ( ^ 6*3, Table 6*2) th e  v a lu e  of o b ta in ed
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from eq u a tio n  ( i ' l l )  ag rees  more c lo s e ly  w ith  th e  v a lu e  of 

o b ta in e d  from th e  th e rm o e le c t r ic  power, assuming a c o u s t i c a l  mode 

l a t t i c e  s c a t t e r i n g  ( r  = - ^ ) , th an  when assuming io n iz e d  im p u rity  

s c a t t e r i n g  ( r  = + % ) .  By i t s  d e f i n i t i o n  must have a  un ique 

v a lu e  in  a g iven  specimen and a t  a g iven  te m p e ra tu re .  For a 

sem iconductor w ith  s p h e r i c a l  energy s u r f a c e s ,  when conduction  

ta k e s  p lace  in  one band only , i s  d e f in ed  by eq u a tio n  ( I ' l l )

which i s  independen t of th e  ty p e  of s c a t t e r i n g  of th e  c a r r i e r s .

I t  i s  known t h a t  th e  energy s u r fa c e s  in  BigTe^ sire n o t  s p h e r ic a l ,  

which in tro d u c e s  an u n c e r t a in ty  in to  th e  d e te rm in a t io n  of th e  

d e n s i ty  of c a r r i e r s  (^  6 * 4 )» In  a d d i t io n ,  i f  conduction  ta k e s  

p la c e  in  more th an  one band, th e  s im ple r e l a t i o n s h i p  (e q u a t io n  

l « l l )  between th e  c a r r i e r  c o n c e n tra t io n  and can no lo n g e r  

ap p ly .

The a b s o lu te  th e rm o e le c t r ic  power of a  sem ieonductor 

i s  determ ined  p r im a r i ly  by th e  v a lu e  of and th e  type  of 

s c a t t e r i n g  of th e  c a r r i e r s .  For s p h e r i c a l  energy s u r fa c e s  o r  

f o r  a  ’m an y -v a lley ’ model such as  t h a t  proposed by Brabble and 

Wolfe ( 1 9 5 6 ) ,  th e o ry  shows t h a t  th e  th e rm o e le c t r ic  power i s  

i s o t r o p i c .  G-oldsmid (1957) f in d s  th e  th e rm o e le c t r ic  power 

o f BigTSj to  be s l i g h t l y  a n i s o t r o p ic ,  so t h a t  some of th e  

assum ptions in  th e  sim ple th e o ry  ( ^ 6*1) must be i n v a l id  o r  

p o s s ib ly  Goldsmid’ s r e s u l t s  a re  in c o r r e c t  ( ^ 6 * 2 ) .  Konorov

( 1 9 5 6 ) f in d s  a c o n s id e ra b ly  g r e a t e r  degree of a n is o t ro p y .

However, owing to  th e  l a r g e  d i f f e r e n c e s  between th e  v a lu e s  of
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v a r io u s  e l e c t r i c a l  p r o p e r t ie s  o b ta in ed  by Konorov and th o se  

o b ta in ed  by o th e r  w orkers , i t  i s  n o t  thought t h a t  th e s e  r e s u l t s  

f o r  th e  a n is o t ro p y  of th e  th e rm o e le c t r ic  power a re  v e ry  r e l i a b l e .

Even when a l l  th e  c o n d i t io n s  assumed in  ^ 6*1 a re  

v a l i d ,  th e  v a lu e  of o b ta in ed  from th e  th e rm o e le c t r ic  power 

assuming io n iz e d  im p u rity  s c a t t e r i n g  i s  s u sp e c t .  The 

ex p re ss io n  f o r  th e  r e l a x a t io n  tim e c o n ta in s  a term  of th e  form

f ( x )  = l o g g d  + x) -  j -   ̂ -■

where x i s  a f u n c t io n  of ( s e e  eq u a tio n  4* 5 ). As an 

approx im ation  f ( x )  i s  t r e a t e d  as a c o n s ta n t  (M an sfie ld , 1 9 5 6 (a )  

and (b) ) when d e r iv in g  equ a tio n  (1*9)*

The f a c t o r  which would p robab ly  have most in f lu e n c e  

on th e  measured th e rm o e le c t r ic  power in  th e  e x t r i n s i c  re g io n  

i s  conduction  o cc u rr in g  in  more th an  one band. I f  more th an  

one band i s  n e c e s s a ry  to  ex p la in  th e  tem p era tu re  v a r i a t i o n  of 

th e  H a ll  c o e f f i c i e n t  in  th e  e x t r i n s i c  re g io n  (  ̂ 6*8) ,  th e  sim ple 

r e l a t i o n  f o r  th e  th e rm o e le c t r ic  power, g iven  by equa tion  (1*9) ,  

would no lo n g e r  ap p ly . (See, f o r  example, Johnson (1956) who 

rev iew s th e  th e o ry  of th e  th e rm o e le c t r ic  power in  semiconductors,) 

Thus i t  i s  concluded t h a t  th e  d e te rm in a t io n  of th e  reduced Fermi 

energy, in  Bi^Te^ i s  u n c e r ta in .

P rev io u s  workers (B lack e t  a l ,  1957; Harman e t  a l ,  

1957) in  a n a ly s in g  th e  e x t r i n s i c  th e rm o e le c t r ic  power have 

c a lc u la te d  from th e  H a ll  c o e f f i c i e n t  and th en  th e  expected
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v a r i a t i o n  of u s in g  eq u a tio n  ( l ' 9 ) .  They always found t h a t
dEth e  t h e o r e t i c a l  v a r i a t i o n  of w ith  tem p era tu re  was l e s s  r a p id

th an  t h a t  observed ex p e r im e n ta l ly .  This method i s  u n r e l i a b l e

and n o th in g  can be deduced from t h e i r  r e s u l t s .

Goldsmid (1958 ( a ) ) ,  assuming a n o n -d eg en era te  sem i-
dEconduc to r w ith  a c o n s ta n t  c a r r i e r  c o n c e n tra t io n ,  p lo t s  a g a in s t  

lo g ’̂ To For th e s e  c o n d i t io n s ,

H  = I  I  loggT + c o n s ta n t ,

—1 dFand th e  s lo p e  should  equal 129 deg” . In  F ig u re  44 i s

p lo t t e d  a g a in s t  lo g  T f o r  specimens R3*21 and R5. For R3*21e
(n - ty p e )  th e  s lo p e  i s  165 deg"^ and f o r  R5 (p - ty p e )  124 pV

deg” ^. Goldsmid o b ta in s  16? nV deg""^ f o r  n - ty p e  and 150 

deg” ^ f o r  p - ty p e  m a te r i a l .  He d is c u s s e s  th e  d e p a r tu re  of th e s e  

v a lu e s  from t h e , t h e o r e t i c a l  s lo p e  b u t ,  however, comes to  no 

d e f i n i t e  co n c lu s io n  as to  th e  reaso n  f o r  th e  d is c re p a n c ie s .

Welker (1954) g iv e s  th e  approxim ate r e l a t i o n

l® L „  ■ ^
con n ec tin g  th e  maximum v a lu e  of th e  th e rm o e le c t r ic  power and 

th e  v a lu e  of th e  energy gap a t  th e  tem p era tu re  when th e  thermo

e l e c t r i c  power i s  a maximum. The v a lu e s  of E c a lc u la te d  fromo
eq u a tio n  (9*1) a r e  g iven  in  Table 6*6 and f o r  a l l  specimens i t

i s  seen  t h a t  E i s  s m a l le r  than  o b ta in ed  by o th e r  methods.
g
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Table 6*6.  Energy gap from maximum, of th e rm o e le c t r ic  power.

Specimen
IdEI
|dTImax 

(tiV deg“ l )
Eg (e-V)

R3-21 306 306 0*09

R5 350 212 0*07

R8 276 407 0*11

R9 238 310 0*07

The v a lu e s  of dE
dT o b ta in ed  by th e  a u th o r  and shown

in  F ig u re s  15 and 24 a re  l a r g e r  th an  a re  o b ta in ed  by o th e r  

workers u s in g  specimens of s im i l a r  im p u r i ty  c o n te n t .  For
fIF —1example, Walker (1959) o b ta in s  = +252 deg" f o r  specimen 

SBTC.19 a t  2 0 0 whereas  f o r  R8 th e  v a lu e  ob ta in ed  i s  +335

deg-1 F or SBTG.16, a t  200°K, = -238 ;V deg“ ^ and f o r  R9
—1--295 pV deg The d i f f e r e n c e s  in  th e  th e rm o e le c t r ic  power of

specimens o b ta in ed  from th e  same in g o t  (T ab le  3 ' l )  i s  th u s  about
dE25 to  30^. The maximum es t im a ted  e r r o r  in  th e  re ad in g s  of 

i s  of th e  o rd e r  of 6^ (  ̂ 4*3;  ^ 4*5; ^ 5*4),  which does no t cover

th e  observed d i f f e r e n c e s .  The v a lu e s  of th e  H a ll  c o e f f i c i e n t  

a l s o  d i f f e r  s l i g h t l y  and th u s  th e  specimens a re  p robab ly  no t 

i d e n t i c a l ,  a l th o u g h  from th e  same in g o t .  The d isc rep an cy  

between th e  a u th o r ’ s r e s u l t s  and th o se  ob ta in ed  by Walker i s  

s t i l l  l a r g e r  th an  would be expected  and i t  i s  thought t h a t  th e  

ex p e rim en ta l  te c h n iq u e s  employed by Walker might be a t  f a u l t .  

Walker so ld e re d  h i s  specimens to  copper d is c s  and f o r  h i s
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tem p e ra tu re  measurements used  therm ocouples composed of copper 

and copper a l l o y s ,  bo th  of which could  a l t e r  th e  p ro p e r t ie s  of 

th e  specimens 3*5) .  Care was tak en  in  th e  p re se n t  work no t 

to  have any copper in  c o n ta c t  w ith  th e  specimens ( ^ 5 * 2 ) .  In  

a d d i t io n .  W alker’ s therm ocouples were no t in  d i r e c t  c o n ta c t  w ith  

th e  specimen, bu t were a t ta c h e d  to  th e  s id e  of th e  specimen v ia  

two s h o r t  le n g th s  of 20 S.W.G. copper w ire , which were th en  

so ld e re d  to  th e  specimen, and t h i s  i s  no t co n s id e red  as s a t i s 

f a c t o r y  as spo t w eld ing . I f  th e  v a lu es  of th e  th e rm o e le c t r ic  

power a re  a c tu a l l y  s m a lle r  th an  observed , t h i s  would make th e  

v a lu e s  of E c a lc u la te d  from eq u a tio n  (9*1) even low er.o
In  th e  e x t r i n s i c  re g io n ,  w ith  only  one ty pe  of c a r r i e r  

p r e s e n t ,  th e  s im ple  th e o ry  p re se n te d  in  ^6*1  p r e d ic t s  t h a t  in  

th e  l im i t i n g  case  of com plete degeneracy th e  th e rm o e le c t r ic  

power shou ld  be p r o p o r t io n a l  to  th e  a b s o lu te  te m p e ra tu re .  I t  

i s  assumed t h a t  th e  l a t t i c e  i s  n o t s i g n i f i c a n t l y  p e r tu rb e d  by 

th e  e x is te n c e  of a  th e rm al g r a d ie n t .  However, a t  low 

tem p era tu re s  phonons can d i f f u s e  f a r  more f r e e l y  than  a t  h ig h e r  

te m p e ra tu re s ,  g iv in g  r i s e  to  an a d d i t i o n a l  mechanism a f f e c t i n g  

th e  th e rm o e le c t r ic  power. The phonon-drag c o n t r ib u t io n  to  th e  

th e rm o e le c t r ic  power i s  caused by a b u i ld -u p  of charge c a r r i e r s  

in  th e  co ld  end of th e  sample due to  p r e f e r e n t i a l  s c a t t e r in g  

of th e  charge c a r r i e r s  from hot to  co ld  by th e  asymmetric 

d i s t r i b u t i o n  of phonons e x i s t in g  in  th e  th e rm a l g ra d ie n t  

(H e rr in g , 1954; G eballe  e t  a l ,  1959). The d i r e c t i o n  of th e
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th e rm o e le c t r ic  f i e l d  caused by th e  drag  th e  phonons e x e r t  on 

th e  c a r r i e r s  always in c re a s e s  th e  m agnitude of th e  th e rm o e le c t r ic  

power a t  low te m p e ra tu re s .

I t  i s  seen  (F ig u re s  15 and 24) t h a t  t h e r e  i s  no 

i n d i c a t i o n  of a c o n t r ib u t io n  to  th e  th e rm o e le c t r ic  power due 

to  th e  phonon-drag e f f e c t  in  Bi^Te^ down to  100^K. G-oldsmid

(1958  ( a ) )  comes to  th e  same co n c lu s io n  f o r  th e  tem p era tu re  

range  150^ to  300^K. Walker (1959), who m easures th e  thermo

e l e c t r i c  power down to  6^K, f in d s  t h a t  th e  phonon-drag e f f e c t  

makes no a p p re c ia b le  c o n t r ib u t io n  over th e  whole tem p e ra tu re  

ra n g e . He a t t r i b u t e s  th e  s l i g h t  in c re a s e  in  th e  th e rm o e le c t r ic  

power a t  v e ry  low te m p era tu re s  to  th e  e f f e c t s  of io n iz e d  im p u rity  

s c a t t e r i n g ,  and th e  absence of a  phonon-drag e f f e c t  in  EigTe^ to  

i t s  low th e rm a l c o n d u c t iv i ty  and h ig h  im p u r i ty  c o n te n t .  These 

r e s u l t s  f o r  BigTe^ a re  v e ry  d i f f e r e n t  from th e  r e s u l t s  o b ta in ed  

f o r  h ig h  p u r i t y  germanium in  th e  e x t r i n s i c  re g io n  where phonon- 

d rag  i s  th e  dominant mechanism c o n t r o l l i n g  th e  v a lu e  of th e  

th e rm o e le c t r ic  power.

When b o th  e le c t r o n s  and h o le s  a re  p re se n t  in  a 

te m p e ra tu re  g r a d ie n t ,  am bipo lar d i f f u s io n  of e le c t ro n s  and h o le s  

( P r i c e ,  1 9 5 5 , 1956) a r i s e s  from th e  d i f f e r e n c e  in  t h e i r  d i f f u s io n  

c o e f f i c i e n t s .  The e q u i l ib r iu m  c o n c e n t ra t io n  of e le c t ro n s  and 

h o le s  in c re a s e s  w ith  in c re a s in g  tem p era tu re  and th u s  t h e r e  i s  a  

c o n c e n t ra t io n  g r a d ie n t  of bo th  e le c t r o n s  and h o le s  in  th e  

d i r e c t i o n  of th e  tem p e ra tu re  g r a d ie n t .  In  th e  absence of an 

a p p l ie d  e l e c t r i c  f i e l d  d i f f u s io n  causes  f lu x e s  of e le c t r o n s  and h o le s
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down th e  tem p e ra tu re  g ra d ie n t  w ith  a r e s u l t a n t  t r a n s f e r  of 

io n iz a t io n  energy. T ranspo rt  of io n i z a t io n  energy by am bipolar 

d i f f u s io n  of e le c t r o n s  and h o les  can have a l a rg e  e f f e c t  on th e  

th e rm o e le c t r ic  power, N e m st  c o e f f i c i e n t  and th e rm al c o n d u c t iv i ty  

(P ro h l ic h  and K i t t e l ,  1954; P r ic e ,  1955, 1956 (a )  and (b) ) .

Each e le c t r o n  -  h o le  p a i r  t r a n s p o r t s  a n n ih i l a t i o n  energy, E , aso
w e ll  as band energy of th e  o rd e r  of (kT) .  O bserva tion s  of th e

th e rm a l c o n d u c t iv i ty  of B i2Te^ in  th e  i n t r i n s i c  re g io n  have been

ex p la in ed  in  term s of t h i s  t r a n s p o r t  of i o n iz a t io n  energy

( S a t t e r th w a i t e  and Ure, 1957; Goldsmid, 1956 (a )  and ( b ) ,  1958

( b ) ;  N i i ,  1958; Kanai and N ii ,  1959).

Ambipolar d i f f u s io n  of e le c t ro n s  and h o le s  cannot

occur in  th e  e x t r i n s i c  re g io n  in  B i2Te^ mince th e  im p u r i ty  bands

o v e r la p  th e  conduction  and v a len ce  bands and th e  c o n c e n tra t io n s  |

of c a r r i e r s  a re  th u s  independent of te m p e ra tu re .

A f u r t h e r  p o s s i b i l i t y  i s  th e  t r a n s p o r t  of energy by

e x c ito n s  o r e le c t r o n  -  h o le  p a i r s  ( J o f f e ,  1956, 1959). The

c o n c e n t ra t io n  of e x c i to n s ,  n^__ , i s  g iven  by ( o f .  P ik u s , 1956)exc

where m = e f f e c t i v e  mass of e x c ito n  exc
and E^^^ = energy of e x c i t a t i o n ,  exc
A tem p era tu re  g ra d ie n t  r e s u l t s  in  an ex c ito n  c o n c e n tra t io n  

g r a d ie n t ,  d i f f u s io n  of ex c ito n s  from ho t to  co ld  and th u s  t r a n s 

p o r t  of ex c ito n  a c t i v a t i o n  energy. I t  i s  d i f f i c u l t  to  e s t im a te
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th e  im portance of e x c ito n  d i f f u s io n  in  th e  p resence  of am bipolar 

d i f f u s io n ,  as th e r e  appears  to  be no d i r e c t  exp e rim en ta l  method 

of s e p a ra t in g  th e  two e f f e c t s .  Measurements of th e  i n t r i n s i c  

th e rm a l c o n d u c t iv i ty  can be ex p la in ed  in  term s of am bipolar 

d i f f u s io n ,  from which i t  i s  concluded t h a t  any e x c ito n  

c o n t r ib u t io n  in  t h i s  tem p era tu re  range i s  sm a ll .  S ince  th e  

c o n t r ib u t io n  due to  e x c ito n s  in c re a s e s  w ith  in c re a s in g  

te m p era tu re  (e q u a t io n  9*2) ,  i t  i s  concluded t h a t  any c o n t r ib u t io n  

due to  e x c ito n s  in  Bi^Te^ i s  n e g l i g i b le  in  th e  e x t r i n s i c  re g io n .  

In  any case , owing to  th e  la r g e  c a r r i e r  c o n c e n tra t io n s  in  B i2Ïe ^ ,  

th e  l i f e  tim e f o r  e x c ito n s  would be exceed ing ly  sm all .

6 '1 0 .  N ernst E f f e c t .

An a n a ly s i s  of th e  N ernst e f f e c t  should  y i e l d  a d d i t io n a l  

in fo rm a tio n  about th e  s c a t t e r i n g  mechanisms o cc u rr in g  in  th e  

e x t r i n s i c  re g io n  and about th e  tem p era tu re  dependenc^/Of th e  ho le  

and e le c t r o n  m o b i l i t i e s  in  th e  i n t r i n s i c  re g io n .

O braztsov (1955) d e r iv e s  ex p ress io n s  f o r  th e  e l e c t r i c a l  

c o n d u c t iv i ty  and th e  i s o th e rm a l  H a i l  and N ernst c o e f f i c i e n t s  j

v;hen bo th  e le c t r o n s  and h o le s  a r e  p re se n t  and s c a t t e r i n g  i s  by 

a c o u s t i c a l  mode l a t t i c e  v i b r a t i o n s  and io n iz e d  im p u r i t i e s .

When conduction  i s  by one type  of c a r r i e r  only , th e  s im ultaneous 

o b s e rv a t io n  of th e  iso th e rm a l  H a ll  and N ernst e f f e c t s  and of th e  

e l e c t r i c a l  c o n d u c t iv i ty  can be used  to  c a l c u la te  th e  r e l a t i v e  

c o n t r ib u t io n s  of io n iz e d  im p u r i ty  and of l a t t i c e  s c a t t e r i n g  a t  

â g iven  te m p e ra tu re .  O braztsov c o n s id e rs  th e  case  of i s o t r o p i c
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media in  th e  n o n -d eg en e ra te  l i m i t  and, f o r  one ty p e  of s c a t t e r i n g  

on ly , h i s  form ulae reduce to  th e  norm al ex p ress io n s  under such 

c o n d i t io n s  ( e . g .  P u t le y ,  1955; M an sfie ld , 1957). He a lso  

e x p la in s  th e  s ig n s  o b ta in ed  e x p e r im e n ta l ly  f o r  th e  N ernst 

c o e f f i c i e n t  a t  v a r io u s  te m p e ra tu re s .  I f  r  0 in  th e  ex p ress io n  

f o r  th e  r e l a x a t io n  tim e XT = (e q u a t io n  1*8) and conduction

i s  by one ty p e  of c a r r i e r  on ly , th en  th e  iso th e rm a l  N ernst 

c o e f f i c i e n t  ^  0, w h ile  i f  r  0 th en  ^  0 . In  th e  

i n t r i n s i c  re g io n  i s  always p o s i t iv e  as long as b 8. Thus 

over th e  com plete tem p era tu re  range changes s ig n  once, tw ice  

o r no t a t  a l l ,  w ith  th e  in c re a s in g  im portance of io n iz e d  

im p u r i ty  s c a t t e r i n g .

Exam ination of f ig u r e s  17, 21 and 22 in d ic a te s  t h a t  

th e  e f f e c t  of io n iz e d  im p u r i ty  s c a t t e r i n g  i s  un im portan t in  

specimens R3*21, R8 and R9 over th e  whole of th e  tem p era tu re  

range s tu d ie d ,  w h ile  im p u rity  s c a t t e r i n g  may be im portan t in  

specimen R5 below about 2 0 0 and in  R7 below about 400^K. A 

s i m i l a r  co n c lu s io n  was reached  from th e  v a r i a t i o n  of m o b i l i ty  

w ith  c a r r i e r  c o n c e n tra t io n  in  th e  e x t r i n s i c  re g io n  ( ^ 6*4) «

In  o rd e r  to  make any q u a n t i t a t i v e  e s t im a t io n  of th e  r e l a t i v e  

im portance of th e  d i f f e r e n t  ty p es  of s c a t t e r i n g  from th e  N em st 

e f f e c t ,  i t  would be n e c e s sa ry  to  ta k e  degeneracy and a n is o tro p y  

e f f e c t s  in to  acco u n t.  Because of th e  u n c e r t a in ty  in  b a s ic  

param eters  such as e f f e c t i v e  masses and d i e l e c t r i c  c o n s ta n t  and 

in  th e  v a lu e s  of th e  reduced Fermi energy, nr|*, iri any g iven  

specimen a t  a g iv en  tem p era tu re  ( ^  6*4; ^6*9)  such c a lc u la t io n s

were n o t a t tem p ted .
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In  th e  mixed conduction  re g io n s  measurement of th e  

H a ll  c o e f f i c i e n t  and e l e c t r i c a l  c o n d u c t iv i ty  a t  a g iven 

tem p e ra tu re  i s  i n s u f f i c i e n t  to  enab le  th e  c a lc u la t i o n  of n , p, 

and ( ^ 6 ® 2 ) .  In  c e r t a i n  cases  th e  measurement of th e  

tem p e ra tu re  dependence of th e  iso th e rm a l  N ernst c o e f f i c i e n t  

in  th e  i n t r i n s i c  tem p era tu re  range can g iv e  th e  tem p era tu re  

dependence of th e  m o b i l i ty  f o r  one ty p e  of c a r r i e r  (B ash irov  

and T s i d i l ’k o v s k i i ,  1956). A s im ultaneous d e te rm in a t io n  of 

th e  iso th e rm a l  N erns t and H a ll  c o e f f i c i e n t s  and th e  e l e c t r i c a l  

c o n d u c t iv i ty  a t  a g iven  tem p era tu re  y ie ld s  a l l  fo u r  q u a n t i t i e s  

n , p, and a t  t h a t  te m p e ra tu re ,  p rov ided  t h a t  th e  v a lu e  of 

th e  energy gap E i s  known and th e  c o n d i t io n s  under which th eo
eq u a tio n s  a re  d e r iv e d  a re  a p p l ic a b le .

For an i s o t r o p i c ,  n o n -d eg en e ra te  sem iconductor in

th e  i n t r i n s i c  re g io n ,  p u t t in g  n = p and b = n
■p

and assuming

a c o u s t i c a l  mode l a t t i c e  s c a t t e r i n g  ( c f .  P u t le y ,  1955):

Sen (b + 1) '
( 10-1 )

S* = ne;ip(b + 1)

3it k
= ■ Î 6  • I

o 2E„ ■
1 + b -  b (8  +

1 + b

( 1 0 . 2 )

(10*3)

The c o n d i t io n s  in  Bi^Te^ a re  n o t  so s im p le . B ig le^  i s  a n iso 

t r o p i c ,  so t h a t  a n is o t ro p y  f a c t o r s  ( ^ 6*2) must be in c lu d ed  in  

eq u a tio n s  (10*1) and (10*3). These f a c t o r s ,  which a re  unknown
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f o r  b o th  th e  H a ll  and N ernst c o e f f i c i e n t s  in  th e  i n t r i n s i c  

re g io n ,  could v a ry  w ith  tem p e ra tu re .  The v a lu e  of E i s  sm allo
and i s  known to  v a ry  w ith  te m p e ra tu re .  E x t ra p o la t io n  of th e  

v a lu e s  of th e  energy gap, determ ined below about 3 0 0 i nt o 

th e  i n t r i n s i c  re g io n  has been found to  be im p o ss ib le .  Thus th e

v a lu e  of E^ in  th e  i n t r i n s i c  re g io n  i s  unknown. A la rg et>
d i f f e r e n c e  was observed between th e  iso th e rm a l  and q u a s i-  

a d ia b a t i c  N e m st  c o e f f i c i e n t s  f o r  p o s i t iv e  v a lu es  of th e  

c o e f f i c i e n t s  (F ig u re s  21 and 22) .  As i t  was found im p o ss ib le  

to  o b ta in  measurements of th e  is o th e rm a l  c o e f f i c i e n t  in  th e  

i n t r i n s i c  re g io n ,  th e  h o le  ( o r  e le c t ro n )  m o b i l i ty  could  n o t be 

o b ta in ed  by t h i s  method.

The N ernst e f f e c t  i s  r a r e l y  s tu d ie d  in  sy s tem a tic  

i n v e s t i g a t io n s  of sem iconducting  m a te r i a l s ,  a lthoug h  i t  i s  seen 

t h a t  i t  shou ld  y i e l d  i n t e r e s t i n g ,  and sometimes new, in fo rm a tio n .  

In  Bi^Te^ i t  cannot be used to  deduce new in fo rm a tio n  w ithou t 

a  f a r  more a c c u ra te  knowledge of th e  b a s ic  param eters  th an  i s  

p o ssessed  a t  th e  moment.

The only  p rev io u s  o b se rv a t io n s  of th e  N ernst 

c o e f f i c i e n t  in  Bi^Te^ were made by B ash irov  (1958). Cast and 

p re sse d  specimens were used so t h a t  th e  observed c o e f f i c i e n t s  

do n o t  correspond  to  any p a r t i c u l a r  o r i e n t a t i o n  of th e  

tem p e ra tu re  g r a d ie n t ,  and m agnetic  f i e l d  Ĥ , w ith  r e s p e c t  to

th e  c leavage  p lan es  ( ^  5*1)* In  a d d i t io n ,  q u a s i - a d ia b a t ic  

c o e f f i c i e n t s ,  r a t h e r  th an  iso th e rm a l  c o e f f i c i e n t s , were p robab ly
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observed . B ash irov  c o n s id e rs  th e  non-d im ensional N ernst f i e l d  

g iv en  by th e  r e l a t i o n  ( c f .  Table 2*1)

f
S  = .  r g  = -  - Y

e * 3x e

The v a r i a t i o n s  w ith  tem p era tu re  of th e  N ernst c o e f f i c i e n t  f o r  

th e  v a r io u s  specimens (F ig u re s  17, 21 and 22) a re  v e ry  s im i la r  

to  th e  r e s u l t s  o b ta in ed  by B ash irov  f o r  ( -  £ ) a g a in s t  

tem p e ra tu re .

B ash irov , assuming non-degeneracy  of th e  c a r r i e r s ,

f in d s  t h a t  over th e  tem p era tu re  range 100^ — ^  6 0 0 a c o u s t i c a l

mode l a t t i c e  s c a t t e r i n g  i s  th e  predom inate s c a t t e r i n g  mechanism.

For some specim ens, a t  low te m p e ra tu re s ,  th e r e  i s  in d ic a t io n  of

io n iz e d  im p u rity  s c a t t e r i n g .  These r e s u l t s  a re  in  agreement

w ith  th e  co n c lu s io n s  a l r e a d y  reached  in  t h i s  s e c t io n .  From th e

tem p era tu re  dependence of £  in  th e  n - ty p e  specimens B ash irov
<y

found T”~ and h i s  r e s u l t s  i n d i c a t e  t h a t  v a r ie s  l e s s

r a p id ly  w ith  te m p e ra tu re .

I f  th e  degeneracy  i s  taken  in to  accou n t, f o r  a s in g le  

ty p e  of c a r r i e r  and a c o u s t i c a l  mode l a t t i c e  s c a t t e r i n g  (Appendix

V) : 2
Q. . P.

lo g = c^ l o g T + c o n s t .  (10*5)

where th e  m o b i l i ty  in  th e  absence of degeneracy  i s  propor

t i o n a l  to  T^°. Using v a lu es  of deduced from th e  therm o-
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e l e c t r i c  power assuming r  = ^  6 ' 2.) and th e  experim en ta l

v a lu e s  of Q o b ta in ed  w ith  th e  m agnetic  f i e l d  p e rp e n d ic u la r  to  

th e  c leavage  p lan es  ( t h e  iso th e rm a l  c o e f f i c i e n t  was used f o r  R9 ) ,

v a lu e s  of ------------77--------  were c a lc u la te d  over th e  tem p era tu re
F .P i -

range  f o r  which Q i s  n e g a t iv e  f o r  specimens R3'21, R5, R8 and R9*

These a re  shown on lo g  -  lo g  p lo t s  in  F igu re  45, th e  s lo p es  g iv in g  

v a lu e s  of c^ . For th e  n - ty p e  specimens R3*21 and R9, in  R3*21 

c^ = -2* 29 and in  R9 c^ = -2*08, g iv in g  w hile  f o r

th e  p - ty p e  specimens R5 and R8, i n  R5 c^ = -1*15 and in  R8 

c^ = - 1 '  23, g iv in g  (i^oC These r e s u l t s  a r e  in  f a i r

agreement w ith  th o se  o b ta in ed  by B ash irov  in  s p i t e  of th e  

d i f f e r e n t  ty p e  of specimens and th e  d i f f e r e n t  assum ptions made 

in  th e  a n a ly s i s .

The c a lc u la t i o n s  were re p e a te d  f o r  specimens R5, R8

and R9 u s in g  v a lu e s  of th e  N ernst c o e f f i c i e n t  o b ta in ed  w ith  th e

m agnetic  f i e l d  p a r a l l e l  to  th e  c leavage  p la n e s .  The v a r i a t i o n s
2

of log
¥ - ,¥  1 - ^ 2  FiP„  ^ 1 - 2 "  "2 0

w ith  log  T a re  shown in  F ig u re  46, and 

- 1 - 62  2
f o r  a l l  t h r e e  specimens poC T

The te m p era tu re  v a r i a t i o n  of m o b i l i ty  ob ta in ed  from 

w ith  th e  m agnetic f i e l d  p e rp e n d ic u la r  to  th e  c leavage  p lanes  

shou ld  co rrespond  to  th e  tem p era tu re  v a r i a t i o n  of m o b i l i ty  

o b ta in ed  from c o n d u c t iv i ty  measurements w ith  c u r re n t  flow 

p a r a l l e l  to  th e  c leavage  p lan es  (Appendix I I I ) .  R eference to  

Table 6*1 shows t h a t  from c o n d u c t iv i ty  measurements a more r a p id
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v a r i a t i o n  w ith  tem p era tu re  was o b ta in ed  f o r  th e  h o le  m o b i l i ty  

th an  f o r  th e  e l e c t r o n  m o b i l i t y .  A knowledge of th e  a n i s o t ro p y  

f a c t o r s  a s s o c i a t e d  w ith  th e  N erns t  e f f e c t  might ex p la in  th e  

d i f f e r e n c e s  found in  th e  tem p era tu re  v a r i a t i o n s  of th e  e l e c t r o n  

and ho le  m o b i l i t i e s  from e l e c t r i c a l  c o n d u c t iv i ty  and from Nernst  

e f f e c t  measurements.

As w ith  t h e  t h e r m o e le c t r i c  power ( ^ 6 * 9 ) ,  phonon-drag 

may a f f e c t  t h e  v a lu e  of th e  low tem p era tu re  Nernst  c o e f f i c i e n t .  

However, s in c e  t h e r e  i s  no i n d i c a t i o n  of phonon-drag e f f e c t s  in  

th e  t h e r m o e le c t r i c  power, i t  i s  u n l i k e l y  t h a t  phonon-drag has 

any a p p r e c ia b le  e f f e c t  on th e  N erns t  c o e f f i c i e n t  of Bi^Te^ over 

th e  tem pera tu re  range s tu d ie d .

The v a lue  of t h e  m in o r i ty  c a r r i e r  c o n c e n t r a t io n  as a 

pe rcen tag e  of th e  t o t a l  number of c a r r i e r s  p e r  u n i t  volume wasI
c a l c u l a t e d  f o r  each specimen a t  th e  tem p era tu re  f o r  which th e  

N erns t  c o e f f i c i e n t  i s  z e ro .  At t h i s  tem p e ra tu re  ( c f .  P u t le y ,  

1955):
2E

P u t t i n g  X = — and b = —  = 1 in  equa t ion  (10*6)
^ ^p

2E
x^ — 2(7 + + 1  = 0 (10*7)

Values of th e  energy gap, E , g iven  by A ust in  (1958) ( §6*3) 

were assumed and equa t ion  (1 0 «7) so lv ed  f o r  x. Then f o r  n—type  

specimens a  v a lu e  of ■■- ) and f o r  p - ty p e  specimens a va lue  of

( _ n _ )  c a l c u l a t e d .  These v a lu e s  a r e  shovm in  Table 6*7.
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Also shown a r e  t h e  same q u a n t i t i e s  c a l c u l a t e d  from e l e c t r i c a l  

c o n d u c t iv i t y  measurements a t  t h e  tem p era tu re  when Q = 0. 

W ri t ing  th e  e l e c t r i c a l  c o n d u c t iv i ty  as 6* = 6 ' .  + where <5̂ .
X S  X

and a re  th e  c o n t r i b u t io n s  due to  i n t r i n s i c  and e x t r i n s i c  

c a r r i e r s  r e s p e c t i v e l y ,  t h e  r a t i o  of th e  number of m in o r i ty  

c a r r i e r s  t o  th e  t o t a l  number of c a r r i e r s  i s  g iven  by th e  

ex p ress io n  o— , assuming t h a t  b = —  = 1 .
^(3 l p̂

Table 6*7. C o n cen t ra t io n  of m in o r i ty  c a r r i e r s  a t  tem p era tu re

t h a t  Q = 0.

' Specimen (Q = 0)
%

( e .v )

1 R3*21 306 0*1294 2*9 1*5

1 344 0*1258 3*4 0*7

R8 ‘ 274 0*1324 2*9 0*6

R9 266 0*1332 2*6 13*3

By use  of equa t ion  (10*7) i t  appears  t h a t  t h e  Nernst  

c o e f f i c i e n t  changes from n e g a t iv e  to  p o s i t i v e  when th e  

c o n c e n t r a t io n  of m in o r i ty  c a r r i e r s  i s  about 3^ of th e  t o t a l  

c o n c e n t r a t io n  of c a r r i e r s .  From h i s  r e s u l t s  B ash irov  o b ta in s  

a f i g u r e  of 5^ f o r  n - ty p e  specimens. From th e  e l e c t r i c a l  

c o n d u c t iv i ty  measurements th e  p e rcen tag e  of m in o r i ty  c a r r i e r s  

co r respond ing  to  t h e  zero of th e  N erns t  c o e f f i c i e n t  appears  to  

be l e s s  than  1*5?^, except f o r  specimen R9*
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Measurements on specimen R9 show o th e r  f e a t u r e s  which

do no t  appear  to  agree  w i th  measurements on th e  o th e r  specimens.
c

The v a lu e  of c^ i n  T ^ does not  ag ree  w ith  t h e  v a lue  f o r

th e  o th e r  two n - ty p e  specimens and th e  va lue  of f o r  t h i s  

specimen i s  lower than  f o r  t h e  o th e r  specimens (Table 6*1).

The v a r i a t i o n  of w ith  tem p era tu re  i s  no t  th e  same

f o r  R9 as f o r  th e  o th e r  specimens. The reason  f o r  th e  

d i f f e r e n c e s  betv/een measurements on specimen R9 and on th e  

o th e r  specimens i s  no t  known.

Comparison of th e  te m p era tu re  v a r i a t i o n s  of t h e  thermo

e l e c t r i c  power and N ernst  c o e f f i c i e n t  f o r  a g iven  specimen i s  

of i n t e r e s t .  I t  i s  found t h a t  t h e  tem p era tu re  a t  which th e  

t h e r m o e l e c t r i c  power i s  a maximum (Table  6*6) i s  approx im ate ly  

t h e  same as t h a t  f o r  which th e  N e m s t  c o e f f i c i e n t  i s  zero 

(Tab le  6*7). In  a d d i t i o n ,  t h e  tem p e ra tu re  f o r  which th e  N erns t  

c o e f f i c i e n t  i s  a maximum co in c id e s  approx im ate ly  w i th  th e  p o in t

of  i n f l e x i o n  of th e  t h e r m o e le c t r i c  power. This would sugges t
d^Ea s im ple  r e l a t i o n  between Q and — ^ . Moreau proposed a
dT^

r e l a t i o n  between th e  N erns t  c o e f f i c i e n t  Q, th e  Thomson c o e f f i 

c i e n t  th e  H a l l  c o e f f i c i e n t  R and th e  e l e c t r i c a l  c o n d u c t iv i ty

S '  as fo l lo w s :
2

Q = -  6-„Re = -  R e-  (10-8)i
2

s in c e  (S' = ( o f .  Bridgman, 1924).
dT'^
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In  Table 6*8 a re  compared th e  v a lu es  of th e  N e m s t

c o e f f i c i e n t  Q^, c a l c u l a t e d  from eq ua t io n  (10*8),  w i th  th e

ex pe r im en ta l ,  q u a s i - a d i a b a t i c  v a lu e s  f o r  th e  magnetic f i e l d

p e rp e n d ic u la r  to  t h e  c leavage p la n e s .  I t  i s  seen t h a t  over  a
Qg

wide v a r i a t i o n  of th e  r a t i o  i s  c o n s t a n t . The a c t u a l
Qo

v a lue  of th e  cons t  and depends on th e  measurements of th e  a b s o lu te  

v a lu es  of th e  v a r io u s  p r o p e r t i e s  and th e  cumulâtiv e  e r r o r  w i l l  

be l a r g e .  However, t h e r e  i s  an i n d i c a t i o n  t h a t  t h e  co n s tan t  

i n c r e a s e s  w i th  i n c r e a s in g  io d in e  co n ten t  ( o f .  Table 6*2). The 

r e l a t i o n  i s  no t  obeyed in  t h e  i n t r i n s i c  re g io n  and i t  i s  seen 

(Tab le  6*9) t h a t ,  f o r  specimen R9, no improvement i s  o b ta ined  

by use  of th e  i s o th e rm a l  c o e f f i c i e n t s .  The reason  f o r  t h i s  

may be th e  c o n t r i b u t i o n  which th e  t r a n s p o r t  of i o n i z a t i o n  energy, 

due t o  ambipolar. d i f f u s i o n  of e l e c t r o n s  and h o le s ,  makes to  t h e  

i n t r i n s i c  N erns t  c o e f f i c i e n t  ( ^ 6*9)*
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Table 6 .9 .  Test f o r  v a l id i t y  o f  
Moreau r e la t io n  -  using iso th erm a l 
N ernst c o e f f ic ie n t •

144.

T So Qi/Oo

120 -0 .3 2 4 — 0 .1 7 4 0 .5 4
160 -0 .1 5 4 - 0 .119 0 .77
200 -0 ,0 7 8 - 0 .077 0 ..98

240 0 - 0 .035 -

280 +0.054 + 0 .0 2 0 0 .3 7
320 ' +0,090 -f- 0.070 0 .7 8
360 +0.043 + 0.089 2 .0 6
400 +0.019 + 0 .0 9 0 4 .6 i

440 +0,009 + 0.077 8*06
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Conclusion*

Observations of th e  e l e c t r i c a l  co n d u c t iv i ty ,  thermo

e l e c t r i c  power, H a l l  and Nernst  c o e f f i c i e n t s  of Bi^Te^ are  in  

g e n e ra l  agreement w ith  e x i s t i n g  semiconductor th eo ry .  Hov;ever, 

la ck  of knov/ledge about th e  b a s ic  parameters  in  Bi^Te^ makes th e  

i n t e r p r e t a t i o n  of th e  r e s u l t s ,  even in  th e  e x t r i n s i c  reg ion ,  

u n c e r t a in .  Anisotropy, a t r a n s i t i o n  from degenerate  to  non

degenera te  s t a t i s t i c s  and an anomalous tem pera ture  v a r i a t i o n  of 

th e  H a l l  c o e f f i c i e n t  must be taken  in to  account in  th e  e x t r i n s i c  

reg io n .

I t  i s  shown t h a t  over th e  tem pera ture  range 100^ — ^  

600°K th e  r e s u l t s  a re  most c o n s i s t e n t  with the  predominant 

s c a t t e r i n g  of c a r r i e r s  being due to  a c o u s t i c a l  mode l a t t i c e  

v i b r a t i o n s .  O p t ic a l  mode s c a t t e r i n g  i s  considered  but i s  

thought to  be un im portan t .  At low tem pera tu res  ion ized  im pur i ty  

s c a t t e r i n g  becomes important  in  some specimens. I t  i s  thought 

t h a t  th e  im puri ty  l e v e l s  form im p ur i ty  bands over lapping  th e  

top  of th e  valence  band and th e  bottom of th e  conduction band, 

which would mean t h a t  im puri ty  atoms a re  always ion ized  and 

th e r e  i s  no n e u t r a l  im puri ty  s c a t t e r i n g .  I t  i s  shown t h a t  

e l e c t r o n  -  ho le  s c a t t e r i n g  in  th e  mixed conduction reg ion  can be 

n eg le c te d ,  i f  th e  many assumptions made a re  v a l i d .  The 

numerous u n c e r t a i n t i e s  in  th e  c a lc u la t i o n s  of e le c t ro n  -  hole  

and io n ized  im pur i ty  m o b i l i t i e s  a re  emphasized.
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From a n a ly s i s  of th e  th e rm o e le c t r ic  power and 

e l e c t r i c a l  c o n d u c t iv i ty  in  th e  e x t r i n s i c  reg io n ,  assuming a" 

cons tan t  co n c en t ra t io n  of c a r r i e r s  and ta k in g  p a r t i a l  degeneracy 

in to  account,  th e  tem pera ture  dependence of m o b i l i ty  i s  found 

to  be f o r  e le c t ro n s  and f o r  h o le s .  P o ss ib le

reasons  f o r  th e  d ev ia t io n s  from th e  t h e o r e t i c a l  

a non-degenera te  semiconductor and a c o u s t i c a l  mode l a t t i c e  

s c a t t e r i n g  a re  d iscu ssed .  Lack of da ta  preven ts  any conclusions 

being reached, a l though over lapp ing  of th e  im puri ty  bands w ith  

th e  conduction and valence  bands could produce warping of th e  

band edges c o n s i s t e n t  w ith  th e  observed tem pera ture  v a r i a t i o n s  

of m o b i l i ty  f o r  e l e c t r o n s  and h o le s .

In  th e  h igh  tem pera tu re  range th e  co n d u c t iv i ty  

measurements y i e l d  a va lue of th e  energy gap a t  Ô K of (0*21 -  

0*02) ev. An a t tem pt i s  made to  r e l a t e  the  20fo s c a t t e r  

ob ta ined  between va lues  of th e  energy gap a t  Ô K f o r  d i f f e r e n t  

specimens with  th e  im puri ty  c o n ten t .  The most probable reason 

f o r  th e  d i sc re p a n c ie s  between th e  r e s u l t s  ob ta ined  from 

e l e c t r i c a l  c o n d u c t iv i ty  measurements and the  values  obtained 

by o th e r  au thors  from o p t i c a l  measurements i s  a tem pera ture  

v a r i a t i o n  of th e  expansion c o e f f i c i e n t  of 1"̂  I s  shown

t h a t  th e  observed d i f f e re n c e s  do not  a r i s e  from e l e c t r o s t a t i c  

i n t e r a c t i o n  of charge c a r r i e r s  in  th e  mixed conduction reg io n .

The measured H al l  and Nernst  c o e f f i c i e n t s  and th e  

e l e c t r i c a l  c o n d u c t iv i ty  ex h ib i t  th e  a n iso t ro p y  expected from 

t h e  c r y s t a l  s t r u c t u r e .  Measured va lues  of th e  r a t i o s  of
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c o e f f i c i e n t s  f o r  d i f f e r e n t  o r i e n t a t i o n s  of the  cu r ren t  and 

magnetic f i e l d  r e l a t i v e  to  th e  ax is  of t h r e e - f o l d  symmetry in  a 

specimen were compared with  those  p re d ic te d  by Drabble and 

Wolfe’s ’m any-va lley’ model f o r  Bi^Te^, and the  agreement 

ob tained  was s a t i s f a c t o r y .

Most of the  Hall  and Nernst  c o e f f i c i e n t s  were obtained 

under q u a s i - a d ia b a t ic  cond i t ions  — th e  e x t r i n s i c  H al l  c o e f f i c i e n t  

showing an anomalous tem perature  v a r i a t i o n .  A simple method 

has been used to  ob ta in  th e  iso the rm al  H a l l  and Nernst 

c o e f f i c i e n t s  f o r  B i2l e j  specimens, us ing  probes of th e  same 

m a te r i a l  as th e  specimen. I t  i s  found t h a t  the  i so therm al  

c o e f f i c i e n t  can vary  app rec iab ly  from th e  q u a s i - a d ia b a t ic  

c o e f f i c i e n t ,  but a l though th e  H all  c o e f f i c i e n t  anomaly i s  

decreased by measuring the  iso the rm al  c o e f f i c i e n t s ,  i t  i s  not 

removed. Measurement of th e  i so th e rm a l  Nernst c o e f f i c i e n t  

provides  a simple method of o b ta in ing  th e  E t t ingshausen  

c o e f f i c i e n t ,  but an attempt to  es t im ate  th e  Righi-Leduc 

c o e f f i c i e n t  shows t h a t  t h i s  e f f e c t  does not appear to  obey 

simple semiconductor theo ry .

Attempts by o th e r  workers to  exp la in  th e  anomalous 

H a l l  c o e f f i c i e n t ,  th e  high c o n c en t ra t io n  of e x t r i n s i c  c a r r i e r s  

and th e  f a c t  t h a t  Bi^Te^ obta ined  from a melt of s to ic h io m e tr ic  

p ropor t ions  i s  always p-type have been examined. I t  i s  shown 

t h a t  th e  models of Mooser and Pearson and of Yates are  

in c o n s i s t e n t  with  th e  experimental  r e s u l t s .  The observed
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te m p e r a tu r e  v a r i a t i o n  o f  th e  H a l l  c o e f f i c i e n t  c o u ld  a r i s e  fro m  

a l i n e a r  te rm , due t o  s p in  -  o r b i t  c o u p l in g ,  in  th e  e x p re s s io n  

f o r  e i t h e r  th e  c o n d u c tio n  o r  v a le n c e  band edge , b u t  la c k  o f  

o p t i c a l  d a ta  p r e v e n ts  th e  d e r iv a t io n  o f th e  n e c e s s a ry  band  

s t r u c t u r e  p a ra m e te rs  t o  ch ec k  t h i s  p o s s i b i l i t y .

The t h e r m o e le c t r ic  pow er and N e r n s t  c o e f f i c i e n t s  a r e  

shown t o  be in  g e n e r a l  a g re e m e n t w i t h  s e m ic o n d u c to r  t h e o r y .

The v a lu e s  o b ta in e d  f o r  th e  t h e r m o e le c t r ic  pow er b y  th e  a u th o r  

a r e  h ig h e r  th a n  th o s e  o b ta in e d  b y  o th e r -w o r k e r s  on spec im ens  

o f  c o m p a ra b le  im p u r i t y  c o n te n t .  The e x p e r im e n ta l  a c c u ra c y  i s  

d is c u s s e d  and c o n c lu d e d  t o  be s a t i s f a c t o r y .  I t  i s  fo u n d  t h a t  

t h e r e  i s  no e v id e n c e  o f  p h o n o n -d ra g  o r  e x c i to n  e f f e c t s  — and  

a m b ip o la r  d i f f u s i o n ,  w h ic h  i s  im p o r ta n t  in  th e  m ix e d  c o n d u c tio n  

r a n g e s , does n o t  o c c u r  in  th e  e x t r i n s i c  r e g io n .  A n a ly s is  o f  

th e  N e r n s t  c o e f f i c i e n t  in  th e  e x t r i n s i c  r e g io n  c o n firm s  th e  

c o n c lu s io n s  a l r e a d y  re a c h e d  on th e  n a tu r e  o f  th e  s c a t t e r in g  

m echanism s w h ic h  a r e  im p o r ta n t  i n  B ig T e ^ . The N e r n s t  

c o e f f i c i e n t  i s  in  g e n e r a l  a g re e m e n t w i t h  th e  o th e r  e l e c t r i c a l  

p r o p e r t ie s  and i t  i s  shown t h a t ,  e x c e p t i n  th e  i n t r i n s i c  r e g io n ,  

i t  obeys a  r e l a t i o n  w h ic h  can  be d e r iv e d  fro m  M o re a u ’ s r e l a t i o n ,

d^EQoC T H s * - ^

H o v /ever, w i th o u t  a  b e t t e r  k n o w le d g e  o f  th e  b a s ic  p a ra m e te rs  

i n  B ig T e ^ , a n a ly s is  o f  th e  N e r n s t  c o e f f i c i e n t  i s  e x t r e m e ly  

u n c e r t a in .
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E xpress ion  f o r  c o n d u c t iv i ty  i n  the  absence of degeneracy

The c o n d u c t iv i ty  ^  i n  the  e x t r i n s i c  r e g io n  i s  given 

f o r  a r b i t r a r y  degeneracy by eq u a t io n  ( 1 .9 ) .  For a c o u s t i c a l

mode l a t t i c e  s c a t t e r i n g  r  = - ^  and a oc l / T  , so t h a t :

6* = A’F^ (1)

where A’ i s  a c o n s ta n t  independent  of tem pera tu re  and energy 

In  the  non-degenera te  l i m i t  ^  ^

<5^ =  ne)UL = A’e ^  (2)

and from eq u a t io n  (1 .11)

_ 4Tv(2m*kT)^^n — ? (5)

S u b s t i t u t i n g  e * from ( 3 ) ihit-o eq u a t io n  (2)

^  " 1.3 / oh5
and from eq u a t io n  ( l )

2(5- =  • e^^F^ = ney^ (4)

But s u b s t i t u t i n g  f o r  n from eq u a t io n  ( l . l l )

2 (2 ." ,rkT)%  , .  4 T (2 m ^ T ) % ^
A) 0 1,3 ^  A

2 %

or f o r  c o n s ta n t  c a r r i e r  c o n c e n t r a t io n  i n  the  e x t r i n s i c  r e g io n

• •  ■ - a
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C a lc u la t i o n  of  np/T^ i n  terms of c o n d u c t iv i ty

The e l e c t r i c a l  c o n d u c t iv i ty  i s  g iven  by the  e x p re s s io n

CT = ne/A^ + (1)

where n , p, ^  and yLc are  the c o n c e n t r a t io n s  and m o b i l i t i e s  ofxi jr
e l e c t r o n s  and h o le s  r e s p e c t i v e l y .

For m a t e r i a l  which i s  p - ty p e  i n  the  e x t r i n s i c  range

n = p -  Pg (2)

so t h a t  6- = p e ( ^  + jju )̂ -  p ^ e /^

^ Ap) '  ̂ ^

From (2) and (3)

np = p . ( p  -  p^)s
1

W rit in g  = p^e 2/̂  = the  e x t r a p o la t e d  e x t r i n s i c  c o n d u c t iv i t y
S  B /  P

and h =

np 1 ( S '  + h (5-^) ( <s- -  (Tg)

For m a t e r i a l  which i s  n - ty p e  i n  the  e x t r i n s i c  range 

p = n -  n^

must be s u b s t i t u t e d  i n  eq u a t io n  ( l ) .



Thus ïip = n (n  -  n )s

W ri t ing  6“̂  = b = —
P

-2'..; ,2  -  n e ;^ )

> h

e (/*-„ + /^p)

5̂*
m  = 1 ( < s - + - ^ ) ( < s ' - s ^ )

3
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E xp re ss io n  f o r  E t t in g sh a u s e n  C o e f f i c i e n t

E t t in g s h a u s e n  c o e f f i c i e n t  P = -  igr-—; J  = 0 ,  r  = 0, d = 0
^z^'x y dx y

(Table 2 .1)

Por a s in g le  band model and small  magnetic f i e l d s ,  eq u a t io n s  

( 1 .2 ) ,  (1 .3 )  and (1 .5 )  reduce to

= (1)

0 = i^W + ipY + ■ (2)

0 = i^W + ipY + (3 ) ;
t

where, on s u b s t i t u t i n g  f o r  i ^ ,  i ^  r e f e r s  to  the  ex p re ss io n s  

g iven by (1 ,6 a )  and ( l . 7 a )  w i th  m* r e l e v a n t  to  the  x - d i r e c t i o n  

and i ^  to  those  r e l e v a n t  to  the  y - d i r e c t i o n .  This i s  no t  a

r ig o r o u s  t r e a tm e n t .  For an a n i s o t r o p i c  medium the i n t e g r a l s

i ^  and i ^  i n  eq u a t io n s  ( l )  — ^  (3) should be given by more

com plica ted  ex p re s s io n s  than  e q u a t io n s  (1 .6 a )  and ( l . 7 a ) .  

However, the  exac t  forms of i_  and i  do n o t  a f f e c t  the  f i n a lXl Xl
e x p re s s io n  f o r  the  E t t in g s h a u s e n  C o e f f i c i e n t  (e q u a t io n  11) .

In  e q u a t io n  (3) h e a t  f low i n  the  y - d i r e c t i o n ,  due to  th e  

therm al  c o n d u c t iv i t y  o f  the  l a t t i c e  (E ^ ) , i s  in c lu d ed .

From (2) and (3) o /

0 = -  i f ) - è - 4 f

0 -  ( i i  -  is,w  .  | . | f
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S u b s t i t u t i n g  fo r  W and Y in  (1)

3 1 ^ . J  _ _ ^1 t i l .  1  A i
e ' X ( i ^ i p  -  i]_ ~ ^2 ~ ^2

^4 ,^2  ^3 Î5 9T ( 4̂
^ T ± ~ ï ~ ± ^ - ^ ± l  -  1; — )ï'W -

O
N eglec t ing  H and h ig h e r  powers of H, equa t ion  (4) reduces  to  

"^x = (i^ii^' i f  -  HH S  -  5Tt̂ '̂’'K L T ip i) |.||-
4-

’ '  - , 2

I f
L)

Thermal c o n d u c t iv i ty  = 0, = 0, = 0.

^ ( c f .  Table 2.1)

From eq ua t ion s  (1 .5 )  and (1 .5 )  the  e l e c t r o n i c  component o f  

the  therm al  c o n d u c t iv i ty  f o r  h e a t  flow i n  the  y - d i r e c t i o n  i s  

g iven by i  i  -  i  ^

S u b s t i t u t i o n  i n  equ a t io n  (5) g ives

% = - ^

Both K and Ky r e f e r  to  h ea t  flow i n  the  y - d i r e c t i o n .  e Jj
T o ta l  therm al  c o n d u c t iv i ty  + K^.

"  “  B A  ‘
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^  TNernst  c o e f f i c i e n t  Q = -  — oTm? ^ = J  = 0 ,  -75— = 0,

H V  ̂ ^  y oy
z^5x (Table 2 .1)

S u b s t i t u t i n g  i n  eq u a t io n s  (1 .2 )  and (1 .3 )
!

t I p  t ,  .

—  h '  C)

° (8)
and from e q u a t io n s  (7) and (8 ) ,  f o r  sm all  magnetic  f i e l d s

! t
■'•2 ^4 "" ^1 H  1 '3T

®®y -  . ' • T" 3%
^1^-1

E .  i '  -  i '  iQ = -  - A l  = _ 1 _  (9)

Prom e q u a t io n s  (6) and (9)

P = ^  ( 4 4  4 4 ) (10)
y -  i p g

I f  the X- and y-directions are equivalent, equation (10) 

reduces to
Q.T

P = - ^  (11)
4
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D ete rm in a t io n  of the  H a l l  C o e f f i c i e n t  from c o n d u c t iv i ty  d a ta

The e x p re s s io n  f o r  the  H a l l  c o e f f i c i e n t ,  f o r  mixed conduc tion ,  

assuming a two band model, i s  g iven by:

R .  -  -  4 '  (1,
e ( n ^  + p ^ )

where D i s  g iven  by eq u a t io n  (1 .9 )  and a l l  the  q u a n t i t i e s  a re  

i n  p r a c t i c a l  u n i t s .

For m a t e r i a l  which i s  n - ty p e  i n  the  e x t r i n s i c  r e g io n

p = n - Iig (2)

where n^, the  c o n c e n t r â t  ion of c a r r i e r s  i n  the  e x t r i n s i co
re g io n ,  i s  assumed c o n s t a n t .

E l e c t r i c a l  c o n d u c t iv i t y ,  6  ̂ = e ( n /^  + p ^ )  (3)

S u b s t i t u t i o n  from eq u a t io n s  (2) and (3) in  (1) g ives

h y
and by substituting b = and = n^e/A^

R  --------- "  “  l ) ( b S '  + (S' ) + 6T^
n^e ^ 4 ^  L ^ s s

Since the  H a l l  c o e f f i c i e n t  i n  the  e x t r i n s i c  r e g io n  R i s  

g iven by
DR_ = -8 n e



1 5 8

the  t h e o r e t i c a l  va lue  of the  H a l l  c o e f f i c i e n t  d e r iv ed

from c o n d u c t iv i ty  d a ta ,  i s  g iven  by

R
R 6

6 ' g ( b  -  l ) ( b G T  +  e - g )  +  S - g

and, when b = 1,
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V a r ia t io n  of the  Nernst  c o e f f i c i e n t  assuming conduction  by 
one type of c a r r i e r  only

For a c o u s t i c a l  mode l a t t i c e  s c a t t e r i n g  ( r  = -4-) the  e x p re ss io n  

f o r  the  i so th e rm a l  Nernst  c o e f f i c i e n t  g iven  by equa t ion  (1 .9 )  

reduces  to

a ,
^ 8(2m^)V2 e:%cT(kT)^ F_^

0

where F^ i s  de f ined  in  eq ua t ion  (1 .1 0 ) .

But f o r  one type of c a r r i e r  only

6" = neyuu (2)

where the  number of  f r e e  c a r r i e r s ,  n, per  u n i t  volume i s  

d e f ined  by e q u a t io n  ( l . l l )  and ^  i s  the  m o b i l i ty .

From Appendix I ,  the  m o b i l i ty  i n  the  absence of degeneracy yc^  

i s  g iven  by

p  = A > ?  ÏT' 2

S u b s t i t u t i o n  i n  eq u a t io n  (1) f o r  ^  , g iven  by eq ua t ion  (2 ) ,  and 

then  the  v a lu es  of ’n ’ a n d g i v e n  by e q u a t io n s  ( l . l l )  and 

(3) r e s p e c t i v e l y ,  y i e l d s

0

But LL oC (e q u a t io n  2.10)
Q

which g ives  log
^  F ^ F ^  V o

= 0^ log  I  + c o n s t .
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F ig u re  3 ( a ) .  C ry s ta l  s t r u c t u r e  of B i j l e -i.

.  i  J î f . ^
 Ci)------

e
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9 ^
» , ,

l i i j

( i l l )
The f ig u r e s  show

(1) th e  l a y e r  s t r u c t u r e
( i i )  th e  q u a s i -c u b ic  s t r u c tu r e  

and ( i i i )  th e  hexagonal s t r u c t u r e  around th e  *c* a x i s .  
The dark spheres  r e p re s e n t  t e l lu r iu m  atoms, and th e  l i g h t

bism uth.

These photographs were o b ta in ed  from th e  R esearch  
L a b o ra to r ie s  of The G eneral E l e c t r i c  Company L im ited , Wembley.
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The B r i l l o u i n  Zone f o r  B ip T e  i s  t h e  same as t h e  'u n i t
3

c e l l  o f  a  t r i g o n a l  l a t t i c e .

( i )  S y m m e t r ic a l  . u n i t  c e l l  f o r  t h e  t r i g o n a l  l a t t i c e  ( K o s t e r ,

S o lid  S ta te  P h y s ic s  Volume 5 , page 209).^ This i s  n o t  
drawn to  th e  c o r r e c t  s c a le  f o r  Bi^Te^»

( i i ) - K i v )  B r i l l o u i n  Zone o f  B i^ T e ^  d ra w n  t o  s c a l e  ( D r a b b l e ,  

p r i v a t e  c o m m u n i c a t i o n ) .

There i s  s i x  fo ld  in v e r s io n  symmetry f o r  th e  system , so 

t h a t  on ta k in g  th e  s i t u a t i o n  a t  60^ to  AÂ  th e  s id e  e le v a t io n  ( iv )  

and th e  s e c t io n  ( i i i )  a re  bo th  i n v e r t e d .

The h e ig h t  of th e  zone i s  3 /c  and th e  hexagonal s id e s  a re

, where b = a .s in  a , and c = 3 . a . ( l  + 2cosa)^
2

O Q  *
Rhomb oh e d ra l  p a ra m e te rs ;  a=10 ..4-8 A , a = 24 8

Hexagonal p a ram ete rs  ; b=4 .384 1 , o = 30*47 A

2 1
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Figure  12.
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V a r i a t i o n  o f  th e  H a l l  c o e f f i c i e n t  o f  
s p e c im e n  R5 w i t h  m a g n e t ic  f i e l d  a t  
room  t e m p e r a t u r e .
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pFî ufe3é> Com|>cLri&on of ex|jeynn ento-l- o-nd H-ieorehca.1 
H a U  CQg(-ficient

loo Zoo

Tëmj|>eTaLtufe



Figure 37.

The t h r e e -b a n d  model used by Mooser and 
P ea r so n  to  c a l c u l a t e  th e  c h a r g e - c a r r i e r  
c o n c e n t r a t i o n s  i n  Bi Te •

2 0 2

n (ê.)

F ig o re  38. F i  g'ore 39.

The c h a r g e - c a r r i e r  
c o n c e n t r a t i o n s  in
i n t r i n s i c  Bi^Te

Tlie c h a r g e - c a r r i e r  
c o n c e n t r a t i o n s  Bi^Te 
c o n t a i n i n g  2x10 3

onors  ( e x c e s s  Te)

I

ITW

s



2 0 3 .
C ' l l c u l a t e t l  H a l l  C o e f f i c i e n t ;  u s i n g  M od-e l 
; r o p o r » ]  ' -  M o o s e -  a n d  l e a ï * s o n  an d  
r- nice:, Lr :.tl 1 , o'" '"arr  ’ f-ro
by VI " . r e  38 .

g iv e n

(X oc T

cx
Ct T '‘■®“o 45-I I • I

/•S

0*5



'"i \ u r e 41. C a l c u l a t e d  H a l l  c o e f f i c i e n t  u s i n g  model 
proposed  by Mooser and P e a r s o n  and 
c o n c e n t r a t i o n s  o f  c a r r i e r s  g iv e n  i n  
F igu re  39.

2 0 4

0-5

CJ

5o o 6oo

— O' I

-3

T



2 0 5 .

F ig u re  4 2 . Four band model used  f o r  c a l c u l a t i o n
o f  i m p u r i t y  band c o n d u c t i o n .

_ _  C o n d u c t  |3 »\ bo^rvd

~ y y  /  /  /  / / / / y  d o n o r  bcLnd

T y / / / / 7 / / 7 7 ^ ^  Qjzce.\yiot b a n d

F ig u r e  43 H a l l  c o s f f i c i e n t  f o r  n—ty p e  specim en 
showing i m p u r i t y  band c o n d u c t io n .

00

p.

S

3
d

%

Tera|3e rature.



2 0 6 .

F ig u re  4 4 .. T h e r m o e le c t r i c  power as  a f u n c t i o n  
o f  t e m p e r a t u r e .

R 3  2I

3oo

R s

loo

+  6 4'? 4*’® 6D -S’-4- S*5 S’-b -6*7 S &
( « 3 .T



2 0 7 .
F i g u r e  45- A n a ly s i s  o f  t h e  l i e r n s t  ■ c o e f f i c i e n t  

i n  th e  e x t r i n s i c  r e g io n . .  ("Magnetic 
f i e l d  p e r p e n d i c u l a r  to  th e  cileavage 
p l a n e s ) .

O

2o 242-1

F ig u re  46- A n a ly s i s  of, t h e  N e rn s t  c o e f f i c i e n t  
(M agnetic  f i e l d  p a r a l l e l  to  t h e  
c l e a v a g e  p l a n e s )

O

4 i

J

/ 22 23l o 2 i



R e p r i n t e d  f r o m  t h e

PROCEEDINGS OF TH E PHYSICAL SOCIETY, V o l .  LX X II, p .  733, 1958
A ll Rights Reserved

PRINTED IN  GREAT BRITAIN

The E lectrical Properties o f Bism uth Telluride

B y  R. M A N SFIELD  a n d  W. W ILLIA M S
Physics Department, Bedford College, London  

M S. received 2nd June 1958

Abstract. Measurements of the electrical conductivity, Hall coefficient, thermo
electric power and Nernst coefficient on specimens cut from zone melted BigTe^ 
and on a single crystal are described. The current flow was parallel to the cleavage 
planes and the galvanomagnetic effects of the single crystal were measured with 
the magnetic field perpendicular and parallel to the cleavage planes. For the 
other specimens the Hall and Nernst coefficients were measured with the magnetic 
field perpendicular to the cleavage planes. The temperature range was 100°K  
to 6 0 0 °K and specimens with a wide variation of impurity content were used. 
Analysis of the thermoelectric power and conductivity in the extrinsic range 
indicated that the specimens were partially degenerate, and when allowance 
is made for this, the temperature dependence of mobility is for electrons
and for holes. In  the high temperature range the conductivity measure
ments yield a value of the energy gap at 0 ° k  of 0-21 ev. The temperature 
dependence of the Hall coefficient in the extrinsic range is anomalous and the 
explanation is not known. The Nernst coefficient O exhibits the general 
behaviour expected for a semiconductor, and it is shown that it obeys a relation 
which can be derived from M oreau’s relation, 0  being proportional to TRad^EjdT^  
(thermoelectric power =  dEjdT, Hall coefficient =  Ry conductivity = cr).

§ 1. I n t r o d u c t io n

B i s m u t h  telluride has been the subject of many recent papers. I t  is 
a semiconductor and impurities can be introduced so as to produce both 
n- and p-type material. Because of its small energy gap the transition 

from extrinsic to intrinsic conduction can be studied readily and the phenomena 
associated with ambipolar diffusion of electrons and holes can be examined. 
I t has interesting thermoelectric properties and has been used in thermoelectric 
devices. The present paper describes measurements of the electrical conductivity. 
Hall coefficient, Nernst coefficient and thermoelectric power over the temperature 
Tange 100°k to 600°K on specimens having widely differing impurity content.

§ 2 . E x p e r im e n t a l  P r o c e d u r e

W ith the exception of R8 , the specimens were cut from suitably doped zone 
melted ingots of BigTe^. Goldsmid (1 9 5 8 ) has reported that such ingots are 
usually polycrystalline with, however, the c axis of the individual crystals 
perpendicular to the direction of zone refining ; he also reports that no difference 
between the properties of single crystals and of the zone refined material has 
been found. Specimen R8  was cut from a single p-type crystal of doped BigTe^.
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All measurements were made with the current flow parallel to the cleavage plane. 
Initial experiments were made to investigate the uniformity of the specimens 
by determining the potential gradient down the length of the specimen with a 
constant current flowing. Only those results obtained with specimens having a 
uniform potential gradient or constant conductivity down their length are reported 
here.

Difficulty was experienced in making good current contacts to the specimens. 
Because of the high temperature readings soldered contacts were not possible 
and pressure contacts had to be used. These were spring loaded and the contacts 
were of silver or platinum. The potential probes were in the form of therm o
couples, which were required for the measurement of the thermoelectric power 
and Nernst coefficient. They were made by silver soldering 40 s.w.g. T^Tg 
alloys. The junctions were made as small as possible and were pressed against 
the side of the specimen. W hen the electrical contact so formed was improved 
by a condenser discharge, a satisfactory probe was produced which was suitable 
over the whole temperature range studied. A saturated vapour pressure 
thermometer was used to calibrate the thermocouples below room temperature, 
and above room temperature the standard calibration was checked and found 
to be satisfactory. The Hall probes were of T^ alloy, also spot-welded to the 
specimen. The magnetic field was usually perpendicular to the cleavage plane, 
except in the case of R 8  for which measurements were made of the galvano
magnetic effects with the field both perpendicular and parallel to the cleavage 
plane. The magnetic field was determined using the Hall effect of a specimen 
of InSb which had been calibrated over a range of magnetic fields using a proton 
resonance method.

The conventional d.c. method was used for the measurement of conductivity 
and Hall coefficient. The thermoelectric power and Nernst effect were 
determined by having a small temperature gradient down the specimen produced 
by a heater placed at one end. The temperature difference between the two 
thermocouples was determined and the e.m.f. between the T^ arms of the 
thermocouples was measured. Hence the thermoelectric power of BigTe^ 
relative to T^ alloy was calculated. This result was then corrected to give the 
thermoelectric power of BigTe^ relative to lead, using the previously determined 
thermoelectric power of T^ relative to lead. A check was made by repeating 
some of the readings using the Tg alloy and correcting in the same manner. 
The results obtained were independent of the intermediate metal used, and both 
thermoelectric power and Nernst effect appeared independent of the temperature 
gradient over the range 5° to 40° per centimetre. The galvanomagnetic effects 
were determined under approximately adiabatic conditions.

I t  is difficult to assess the accuracy of the measurements. As is usual when 
measuring the bulk electrical properties of solids, the accuracy with which one 
can measure the change of the electrical properties with temperature appears 
much greater than the measurement of the absolute quantities, which depend on 
the determination of the dimensions of the specimen, the distance between the 
probes and the crystalline state of the specimen. However, in the case of BigTe^, 
because of the large thermoelectric power, the use of a d.c. method introduces 
additional errors, the importance of which are difficult to estimate. The influence 
of the Peltier effect on the conductivity can be reduced by measurements on the 
centre portion of a long specimen. This was possible for R5 and R 8 . In  each
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tase  thè conductivity was determined by measuring the change of potentiall 
between the probes on reversing the current as quickly as possible.

Preliminary experiments showed that irreversible effects were produced on 
heating if copper was in contact with the specimen; such an effect has been 
reported by Goldsmid (1958). With the contacts used subsequently, the readings, 
of the conductivity. Hall coefficient and Nernst coefficient were reproducible. 
However, in the case of the thermoelectric power, the value obtained was. 
dependent on the surface conditions. For specimen R 8  the room tem perature 
value of the thermoelectric power was reduced by 1 0 %, after heating the specimen 
to 620 °K. After cleaning the surface the original value and variation w ith 
temperature could be obtained, although values of the thermoelectric power 
at room temperature differing by 2 0 % were obtained when the thermocouples, 
were in contact with different parts of the specimen.

§ 3. R e su l t s  a n d  D is c u s s io n

The temperature variation of the various electrical properties are illustrated' 
in figures 1 to 4.

In  many respects the results are in agreement with the results obtained with 
other semiconductors and the properties can be explained in general terms by 
the usual theory. However, Drabble, Groves and Wolfe (1958) have pointed 
out that the anisotropic structure of bismuth telluride appreciably affects the 
derivation from the experimental results of the various parameters such as 
mobility and concentration of charge carriers. Furthermore, the values of the 
thermoelectric power indicate that there is a transition from non-degenerate 
to degenerate statistics over the extrinsic range. Consequently, only a qualitative 
discussion of the results can be given at this stage.

The temperature dependence of the Hall coefficient is anomalous and for 
this reason it is more useful to consider the conductivity mobility (Drabble et aL 
1958) rather than the Hall mobility. Consequently, in figure 1 the conductivity 
has been plotted on a double logarithmic scale. The shape of the curve indicates 
that below 300°k  the specimens are extrinsic, and if it is assumed that the 
concentration of charge carriers is constant in this region, then this figure gives 
the temperature dependence of the conductivity mobility. The n-type specimens 
R7 and R3-21 have widely differing impurity content, and it is seen that the 
temperature dependence of mobility is different for these specimens. R7 behaves 
like a metal with mobility proportional to whereas R3*21 has the temperature 
dependence of a semiconductor, T~^'^. This difference is what would be expected 
if there is a transition from degenerate to non-degenerate statistics.

In order to discuss the effect of degeneracy it is necessary to know the Fermi 
level. This can be calculated directly from the thermoelectric power provided 
the energy dependence of the relaxation time is a simple power law ê . The 
value of r which is most consistent with the observations is that given by 
scattering of the charge carriers by acoustical modes { r = —\) .  I t might be 
considered that for a compound semiconductor scattering by optical modes 
should be important, however it is likely that the Debye temperature is low for 
BigTog and consequently the high temperature approximation would be 
applicable. In this case r =  J and the temperature variation of mobility would 
be much less rapid than that observed.
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Assuming therefore a scattering mechanism giving r =  — J, the reduced Fermi 
level 7̂ * was determined from the thermoelectric power, using the equation

dT e\F„{r,*) ' ' J„ l+ e x p ( , , - ^ * )
and the conductivity o-q which would be obtained if there were no degeneracy 
was calculated from the measured conductivity cr, using the expression

The derived curves in figure 1 show the values of ctq. I t is seen that for the 
two n-type specimens the mobility varies as T~^’̂ .̂ The temperature dependence 
of the two p-type specimens differs slightly, being 7 - 2-12 j^ 5  ^^d for
R 8 . The latter value, obtained on a single crystal, is probably more reliable.

The energy gap between valence and conduction bands can be calculated 
from the high temperature conductivity measurements, provided that the 
contribution to the conductivity due to extrinsic carriers is small in this range. 
Black et al. (1957) obtained a value of the energy gap at the absolute zero of 
temperature £'(̂  = 0T6ev from the slope of logo- against 1/7. Goldsmid (1958),. 
taking into account the departure of the mobility from the expected 7"^'^ 
dependence, also obtained a value of 0T6ev. However, Satterthwaite and Ure 
(1957) and Shigetomi and Mori (1956) obtained a value of 0*2 ev by calculating 
npjT^ from conductivity and Hall coefficient measurements. This method 
might be criticized because of its dependence on the relation i? =  377-/8 ne. 
However, it is possible to obtain the temperature dependence of npjT^ from the 
conductivity without using the Hall coefficient as follows. For material which 
is p-type in the extrinsic range

o- = wewn+7 >ewp, n = p —ps
hence

np =  (p -ps)p
and

?  ( ^ - + bas) = N s N y exp ( - EJkT)

where o-g =pseu^ is the extrapolated extrinsic conductivity, Nc and Ny  are the 
density of states in the conduction and valence bands, and b is the ratio of the 
mobilities Un and Up of electrons and holes. A similar expression is obtained 
for n-type extrinsic material with l/b substituted for b. Specimen R8 , the 
specimen with the least concentration of extrinsic carriers, was analysed using 
this equation. It was assumed that Un was proportional to 7 “ '̂®̂  and zfp to 
The ratio of mobilities was considered to be close to unity and was determined 
by assuming 6  =  1 at 380°k. The reason for this assumption is that a sign reversal 
of the Hall effect is observed in the p-type specimens shown in figure 3, and has 
also been observed by Shigetomi and Mori (1956), indicating that b > l  above 
430°k, whereas Satterthwaite and Ure, using n-type specimens with low impurity 
content, find a reversal in the Hall coefficient, indicating that b < l  below 320°k. 
The value of the energy gap obtained by this method was 0*21 ev. It is probable 
that the lower value obtained by authors using the (log cr, 1/7) plot was because 
the condition cr^crg was not satisfied. Thus in the case of R 8 , figure 5 shows the 
measured conductivity cr at high temperatures. Also shown are the extrapolated
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extrinsic conductivity obtained from figure 1 and the calculated intrinsic 
■conductivity ci obtained from the equation oi = (u — af){u-\-haf). I t  is seen that 
the graph of the measured conductivity appears linear and this linear portion 
gives Eg =  0'16ev (when logaT®’̂  ̂ is plotted against 1/T, £ ’(. =  0-19ev), in 
agreement with other authors who used this method. However, in the case of 
specimen R 8 , the condition o-$> erg, which is required to estimate the energy from 
conductivity measurements directly, was not satisfied.

1000

600

COO

£ 200

100

15 20 35 4030

Figure 5. H igh temperature conductivity o f R8 (single crystal).

On the assumption of a constant concentration of carriers in the extrinsic 
range, the isothermal Hall coefficient should be almost independent of temperature 
up to 300°K. Figure 3 shows, however, that for the p-type specimens there is 
a decrease in R  and for R3-21 an increase as temperature decreases. There should 
be a slight change due to the effect of degeneracy which can be calculated using 
the expression (assuming r = —\ )

— . . . ,ne
X - -

{Fo(v*)r , ■

The effect is a small decrease in the Hall coefficient, which in the case of R5 is 8 %  
as the temperature changes from 3 0 0 ° k  to 100°K  and does not explain the observed 
decrease.

Now the Hall coefficient was measured under conditions which approximate 
to adiabatic rather than isothermal conditions, and because of the large therm o
electric power it is possible that there will be an appreciable difference between 
the adiabatic and isothermal coefficients. The difference arises from a transverse 
temperature gradient due to the Ettingshausen effect which, together with the 
thermoelectric effect, gives rise to a voltage which is combined with the Hall 
voltage. On applying the magnetic field the transverse voltage should change 
as the temperature gradient is established. Experiments to observe such a change 
were unsuccessful and any effect must have occurred during the interval when 
the field was established or removed (2 seconds). Because of the simple therm o
dynamic relation between the Ettingshausen and the Nernst coefficients, P = O T j K  
where K  is the thermal conductivity, when Q = 0 the two Hall coefficients i?a 
and Ri  will be identical, and this condition is satisfied at approximately 3 0 0  °K. 
At lower temperatures the Ettingshausen effect should be negative and conse
quently for both n- and p-type material Rg,>Ri. The anomalous decrease in
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the Hall coefficient of p-type material as the temperature is decreased from 
3 0 0 ° k  to 100°K  cannot therefore be explained by this effect. In fact, the anomaly 
becomes even larger if there is a difference between the two coefficients. 
Experiments were carried out to test whether this anomaly could be due to a 
dependence of R  on magnetic field. At room temperature, however, the Hall 
coefficient of R5 was independent of magnetic field up to 1 4 0 0 0  gauss. 
Finally, Drabble, Groves and Wolfe (1958) have shown that an anisotropic 
factor has to be introduced into the equation for the Hall coefficient and there 
is a possibility of a d^egeneracy or temperature dependence of this factor.

The temperature variation of the Nernst coefficient shown in figure 4 is in 
rough agreement with theory. In the extrinsic range the Nernst coefficient is 
negative and increases as the temperature decreases. For a semiconductor in 
the extrinsic range the Nernst coefficient should be negative if r is negative 
( t ~ 6 '’) and should be proportional to the mobility. It is found, however, that 
the Nernst coefficient does not vary so rapidly with the temperature as the 
mobility, and this is to be expected if the specimens become degenerate.

A comparison of figures 2 and 4 is of interest. For the specimens which show 
mixed conduction it is found that the temperature for which 0  =  0  coincides 
with the maximum of the thermoelectric power, and that the temperature for 
which the Nernst coefficient is a maximum coincides with the point of inflexion 
of the thermoelectric power. This would suggest a simple relation between 0  
and d^EldT^. Now Moreau proposed a relation between the Nernst coefficient, 
Thomson coefficient fi, Hall coefficient and electrical conductivity which is as 
follows (Bridgman 1924 : a negative sign has been introduced because of the 
different sign convention of the thermoelectric effects) :

d^E
Qq= -tiR(J= -  T

since /x= Td^EjdTK
In  the table are compared the values of Qq deduced from the above formula 

with the experimental values and shows that over a wide variation of 0 ^  
the ratio Q^IQo is constant. The actual value of the constant depends on the 
measurements of the absolute values of the various electrical properties and the 
cumulative error involved will be large. However, there is an indication that the 
constant increases with impurity content. This relation is not obeyed in the 
intrinsic range.

Measurements of R  and O with the magnetic field parallel to the cleavage 
plane were made on specimen R 8  and are shown in figures 3 and 4. The ratio 
of the Hall coefficient for the two orientations of the field is 2-0 ± 0T  and is 
independent of temperature. A similar result is obtained for the Nernst 
coefficient with the ratio 2*4 ± 0 T . Measurement of the ratio of the electrical 
conductivity with current flow parallel and perpendicular to the cleavage plane 
was made on n-type material. The ratio is 3-9. Similar results have been 
obtained by Drabble et al. (1958) for the Hall coefficient and conductivity.

§ 4 .  C o n c l u s io n s

The results obtained for the conductivity. Hall coefficient and thermoelectric 
power confirm those obtained by other authors. The variation of the Hall 
coefficient with temperature in the extrinsic range is anomalous and the explanation
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is not known. The Nernst coefficient agrees qualitatively with theory and there 
appears to be an interesting relation between the various electrical properties, 
except at high temperatures.

Further measurements on the isothermal rather than adiabatic effects would 
be of interest. The use of an a.c. method for measuring the Nernst coefficient 
would be difficult since a large alternating magnetic field would be required. 
A simple arrangement would be to use probes of the same material as the specimen.
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Abstract. Isothermal and quasi-adiabatic Hall and Nernst coefficients were 
measured on n- and p-type Bi^Te^ over a tem perature range 100°K  to about 4 5 0 °K. 
The current flow was parallel to the cleavage planes, and measurements were made 
with the magnetic field either parallel or perpendicular to the cleavage planes. 
The difference between the two Hall coefficients follows the expected variation 
with temperature. However, the Nernst coefficients do not, and the reason 
is not known. Results obtained with the magnetic field perpendicular to the 
cleavage planes have been used to calculate the Ettingshausen coefficient.

1. I n t r o d u c t io n

M e a s u r e m e n t s  of the Hall and Nernst coefficients in semiconductors are 
often made under approximately adiabatic conditions, whereas formulae 
used in the interpretation of the results are usually in terms of the iso

thermal coefficients. In BigTe^, because of the large value of the thermoelectric 
power, this could lead to m isinterpretation—if the Hall coefficient is in error due to 
an Ettingshausen effect, and the Nernst coefficient due to a Righi-Leduc effect. 
In  addition, the electrical conductivity may be in error due to a Peltier effect.

It is known that the Hall coefficient of BigTeg is anomalous in the extrinsic 
region (Mansfield and Williams 1958 , to be referred to as MW). " The value of the 
coefficient for p-type material decreases by as much as 5 0 %  on decreasing the 
tem perature from 3 0 0 °K to 9 0 °K, whereas electrical conductivity measurements 
indicate that the material is extrinsic over this temperature range. This variation 
of Hall coefficient with temperature is inexplicable in terms of the usual theory of 
impurity semiconductors.

U nder adiabatic conditions any transverse Ettingshausen temperature gradient 
would, in conjunction with the thermoelectric power, produce a voltage which 
would be combined with the Hall voltage. This Ettingshausen voltage cannot be 
separated from the Hall voltage by the normal direct current method of making 
Hall coefficient measurements. Measurements have therefore been made 
simultaneously of both adiabatic (or near adiabatic) and isothermal Hall coefficients 
from 100°K  to approximately 4 5 0 °K for both n- and p-type material.

§ 2. E x p e r im e n t a l  P r o c e d u r e  a n d  R e su l t s

Previous workers have used various methods, including alternating current 
methods, to obtain the isothermal Hall coefficient of metals and semiconductors. 
However, in M W  it was suggested that the method of measuring isothermal 
effects by using probes of the same material as the specimen (Jan 1 9 5 7 ) is particu
larly suited to BigTeg. Hence the isothermal Hall coefficient R\  was measured
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using probes of BigTcg cut from material originally adjacent to the specimen used. 
A quasi-adiabatic coefficient, was measured using probes of alloy.
Measurements were made with the magnetic field both parallel and perpendicular 
to the cleavage planes. The results obtained are shown in figures 1 and 2. The 
p-type specimen is the one labelled R5 in MW. Specimen R9 is n-type.

The corresponding values of the isothermal and quasi-adiabatic Nernst 
coefficients {Qi and respectively) are shown in figures 3 and 4.

Measurements were also made of the electrical conductivity and thermoelectric 
power of both specimens over the temperature range 100°K to 600°k.

§ 3. D is c u s s io n  o f  R esu lts

The sign convention used is that stated by Gerlach (1928) together with a 
convention for the thermoelectric power which gives this quantity the same sign 
in the extrinsic region as the charge carriers. Thermoelectric power is positive 
when conventional current flows from metal to semiconductor at the hot junction.

Using a right-handed system of coordinates in which the primary electric 
current J  or primary thermal current œ is in the a; direction and the magnetic field 77 
is applied in the ^ direction, the transverse galvanomagnetic and thermomagnetic 
effects respectively are measured in the y  direction. The qualification of ‘ iso
thermal ’ and ‘ adiabatic ’ then refers to conditions in the y  direction. For 
isothermal conditions 3T/3y =  0, and for adiabatic conditions cu,̂  =  0. Thus :

Isothermal Hall coefficient R\ = ; F J . =  0, ^  ^  = o l
HzJx L dx dy J

Adiabatic Hall coefficient = ^ = 0 ,  =

The relations between isothermal and adiabatic coefficients (Heurlinger relations) 
follow directly from the definitions of the various coefficients. With the sign 
convention used in the present paper, the relation between Ri  and R^  is (cf. 
Chambers 1952):

S ' "   <■)
where dEjdT  is the absolute thermoelectric power of BigTe^ relevant to heat flow 
in the y  direction and P  is the Ettingshausen coefficient. The conditions under 
which P is  defined are necessarily adiabatic and are the same as for Pa-

Taking into account the lattice thermal conductivity when deriving the 
Bridgman relation,

 (2)Ky
where Qi is the isothermal Nernst coefficient, and Ky  is the isothermal thermal 
conductivity relevant to heat flow in the y  direction and in a transverse magnetic 
fieldf.

This relation should hold for an isotropic medium over the whole temperature 
range investigated. BigTe^ is anisotropic. However, when the magnetic field is

t  For a comprehensive account of the definitions of all the possible effects and the 
relations between them, see Jan (1957).
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perpendicular to the cleavage planes, the cleavage planes are in the xy  plane and 
thus the X  and j/ directions in the crystal are equivalent. W ith primary currents in 
the X  direction and the transverse effects measured in the 3 ; direction, the Bridgman 
relation should apply.

The sign of P  is thus always the same as that for Oj, and Pa should equal P i at 
the temperature where Oi =  0. Then from equation (1) |P a  | > |P i  | below, and 
I Pa I < I P i I above this temperature for both n- and p-type specimens. I t is seen 
that the general behaviour is as predicted, not only for the case considered, with 
the magnetic field perpendicular to the cleavage planes, but also when the magnetic 
field is applied parallel to the cleavage planes.

Under adiabatic conditions, with cOy = 0, the adiabatic Hall coefficient Pa is not 
directly measurable. The measured Hall coefficient Pm is given by the relation

' ' " - “ ‘ - ( S ) /  ...........

where {dEjdT^^  is the thermoelectric power of BigTe^ relative to T^ alloy, the 
material of the measuring probes (Jan 1957). However, the thermoelectric power 
of BigTeg is large compared with that of the metal of the measuring probes, so that 
the value of Pm is approximately equal to Pa.

The measurements of thermoelectric power were made with the heat flow 
parallel to the cleavage planes. The variation of Ky  with temperature was calcu
lated for each specimen from the measured electrical conductivity and data given 
by Goldsmid (1958) from measurements made on BigTeg with the heat flow parallel 
to the cleavage planes. Thus, for the case when the magnetic field is perpendicular 
to the cleavage planes, values of P  have been calculated from the measured 
values of Qi using equation (2). These have been used to calculate | Pm —P i | 
from equation (3). Then, using the measured values of Pj, the variation of Pm 
with temperature has been calculated. This is plotted for both specimens on 
figures 1 and 2. It is seen that this theory always predicts a larger value for 
I Pm — P i I than is, in fact, found experimentally.

In  equations (2) and (3), Ky  and (7P/7T)^^ are respectively the thermal 
conductivity and thermoelectric power in a transverse magnetic field. In the 
calculations values of these quantities were used which had been obtained for 
zero magnetic field. However, it is known that these quantities are almost 
independent of magnetic field (Goldsmid 1958, Bowley et al. 1958), and this factor 
would not lead to the observed differences between the measured and calculated 
values of Pm- There are also other second order effects which can contribute to 
the measured voltage in the adiabatic case (Fieschi 1955, Jan 1957). Probably 
the main factor contributing to this difference is the fact that ojy is not zero and true 
adiabatic conditions are not obtained. It is, in fact, difficult to know the exact 
experimental conditions in the y  direction. In preliminary experiments no effort 
was made to reduce the transverse heat flow, and an even smaller value of | Pm — P i | 
was observed. While taking the readings shown in figures 1 and 2, an effort was 
made to reduce this heat flow to a minimum. However, if o)y 9  ̂0, the quantity 
measured would be a quasi-adiabatic Hall coefficient Pa*, where

|P a * - P i |< |P m - 7 ? i | .
Thus, assuming equation (2) to be obeyed in BigTeg for this direction of the 

magnetic field with respect to the cleavage planes, the variation of the Ettingshausen
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coefficient with temperature, obtained using this relation, is plotted in figure 5. 
Sufficient data are not available for interpreting the corresponding results obtained 
with the magnetic field parallel to the cleavage planes.

200 300 7 4ÔÔ “ 
Temperature (V

-1000

Figure 5. Ettingshausen coefficient of BigTe^.

An interpretation of the adiabatic and isothermal Nernst coefficients is more 
complicated. The relation between the two quantities is (cf. Chambers 1952)

O a - O i -  ^ . S (4)
where S  is the Righi-Leduc coefficient.

Now there is no simple relation giving the sign of S  from some experimentally 
determined quantity over the whole temperature range. However, according to 
simple semiconductor theory, S is positive for p-type specimens and negative for 
n-type specimens in the extrinsic range, only changing sign in p-type specimens 
( 6  > 1) after Hall and thermoelectric power readings have indicated that the 
specimens have become intrinsic (Putley 1955). Thus, over the complete tem 
perature range studied, S  should be negative for R9 and positive for R5, and from 
equation (4 )  below the temperature where O i =  0, it is predicted that | O a | >  1 |,
while above this temperature | Oa | < | Oi |. As with the adiabatic Hall coefficient, 
the quantity Oa is not directly measurable. However, following the same 
reasoning as for the Hall coefficient, a quasi-adiabatic Nernst coefficient Qa* should 
be obtained such that | pa* — Oi | is smaller than predicted. No definite results 
could be obtained for R5 (figure 3). For R9, the results are not as predicted, and 
S  does not appear to behave according to the simple theory.

R9 is a zone-refined specimen of n-type material which was tested for uni
formity along its length. A plot of log CTq against log T, where ctq is the electrical 
conductivity corrected for degeneracy, gives a temperature « dependence of 
mobility of compared with the previous value for electrons of A
plot of log {npjT^), obtained from electrical conductivity data as in MW, against 
I j T  gives a value for the energy gap at 0°k of 0T9 ev compared with the previous 
value of 0-21 ev.

In MW it was shown that, except in the intrinsic region, Be^Tcg obeys the 
Moreau relation
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where cr is the electrical conductivity. Use of the isothermal quantities in this 
relation did not give better agreement in the intrinsic region. The ratio of the 
coefficients for the two orientations of the magnetic field is of interest. The ratio 
of the isothermal Hall coefficients is 2-2 ± 0 T  for R5 and 2-3 ±0*2 for R9, both 
quantities being independent of temperature. The ratio of the Nernst coefficients 
for R5 is also independent of temperature and is 2 3 ± OT. For R9 the ratio of the 
isothermal Nernst coefficients is approximately unity at 100°K . The ratio 
increases with increasing temperature for negative values of the Nernst coefficient, 
becoming independent of temperature for positive values of the coefficient with a 
value of 17  ± OT. It is seen that measurements of the Nernst coefficient of R9 
in the extrinsic range do not seem to conform with those on the other specimens 
studied here and in MW.

Readings of the electrical conductivity of BigTcg are subject to a possible error 
due to Peltier heating. This was checked on R5 by taking readings simultaneously 
of the conductivity using both T^ alloy and BigTcg probes. R5 is a long specimen 
(7 cm) so that for small currents both quantities should be the same. Readings 
were taken for different values of the current Jg. at room temperature and at 1 1 0 ° k .  
Over the range of currents normally used, no evidence could be found of an error in 
cr due to the Peltier effect. However, such an error would depend on the size 
of the specimen and is much more likely to be appreciable for small specimens.

§ 4 . C o n c l u s io n s

A simple method has been used to obtain the isothermal Hall and Nernst 
coefficients in BigTe^ and it is found that the value of these coefficients can differ 
appreciably from the quasi-adiabatic coefficients often measured. M easurement 
of the isothermal Nernst coefficient provides a simple method of obtaining the 
Ettingshausen coefficient. The extrinsic Hall coefficient in p-type material is 
known to be anomalous, but although this anomaly is decreased by measuring the 
isothermal coefficient, it is not removed.
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