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ABSTRACT 

' The thermal c o n d u c t i v i t y ,  Seebeck c o e f f i c i e n t  and e lec t r i ca .1 .  

r e s i s t i v i t y  o f  f o u r  h i g h  p u r i t y  vanadium samples have been measured 

as func t i ons  o f  temperature over the  temperature range 5 K t o  300 K. 

. . 
The h ighest  p u r i t y  sample had a res is tance r a t i o  (p273K/p4.2 ) o f  

,1524. The h ighest  p u r i t y  sample had a thermal c o n d u c t i v i t y  maximum of 

920 W/mK a t  9 K and had a therma'l conduct i v ' i  ty o f  35 W/mK a t  .room. . 

temperature. A t  low temperatures the  thermal r e s i s t i v i t y  was l i m i t e d  

by the s c a t t e r i n g  o f  e lec t rons  by i m p u r i t i e s  and phonons. The thermal 

res i s t  i v i t y  o f  vanad i um departed from Matth iessen's r u l e  a t  low tempera- 

tures.  The e l e c t r i c a l  r e s i s t i v i t y  and Seebeck c o e f f i c i e n t  o f  h i g h  

p u r i t y  vanadium showed no anomalous behavior above 120 K. The i n t r i n s i c  

e l e c t r i c a l  r e s i s t i v i t y  a t  low temperatures was due p r i m a r i l y  t o  i n t e r -  

band s c a t t e r i n g  o f  e lec t rons .  The Seebeck c o e f f i c i e n t ' w a s  p o s i t i v e  

from 10 K. t o  240 K and had a ma;timum which was dependent upon sample 

pur i t y  . 



CHAPTER I : INTRODUCT I O N  

L i t e r a t u r e  Review 

Vanadium ' i s  a t r a n s i t i o n  metal which i s  w ide ly  d i s t r i b u t e d  over the  

e a r t h ' s  c r u s t .  I t  i s  somewhat scarce and i t  i s  d i f f i c u l t  t o  p u r i f y .  

Vanadium was f i r s t  discovered by M. de l  R io  i n  1801; however, h i s  d i s -  

covery was m is in te rp re ted  as impure chromium. Later  i n  1830, vanadium 

was re-discovered by N. G. ~ e f s t r g m .  who named the  metal a f t e r  t h e  

Swedish goddess Vanadis because o f  i t s  mu1 t i co lo red  compounds ( 1 ) .  

Commerc i a l  vanadium i s  p u r i f i e d  today by the ca lc ium reduct ion o f  

V 0 ( 2 , 3 ) ,  however t h e  i n t e r s t i t i a l  impur i t y  content  o f  t h i s  q u a l i t y  
2 5 

metal i s  s t i l l  q u i t e  h igh.  ~ a r l s o n ' a n d  Owen (4) have produced vanadium 

samples o f  g reater  than 99.9% p u r i t y  by reducing V O  w i t h  aluminum and 
2 5 

S u l l i v a n , ( S )  and Le l  and S u l l i v a n  .(6) have p u r i f i e d  vanadium t o  99.99% 

p u r i t y  by t h e  fused-sa l t  e l e c t r o r e f i n i n g  technique a t  t h e  U.S. Bureau of 

Mines. Vanadium has been f u r t h e r  p u r i f i e d  by Reed (7) w i t h  t h e  e lec t ron -  

beam f loa t -zone r e f i n i n g  method and by Carlson e t  a l .  (8) who produced 

vanadium samples o f  l ess  than 5 w t  ppm i n t e r s t i t i a l  impur i t y  content  w i t h  

t h e  e l e c t r o t r a n s p o r t  technique. 

Vanadium i s  a b.c.c. t r a n s i t i o n  metal (1 ) .  I t  i s  a type I I super- 

conductor w i t h  a t r a n s i t i o n  temperature t h a t  v a r i e s  somewhat w i t h  p u r i t y  

(9-12) . Radebaugh and Keesom (12) have reported from spec i f  i c  heat 

measut-e~r~ents t h a t  the superconduct i ng  t r a n s i t  ion temperature o f  h i g h  

p u r i t y  vanadium is, 5.379 + 0.004 K. Radebaugh a l s o  reported t h a t  

vanadium has a Debye temperature o f  382 - + 10K a t  OK. The Debye 



temperature ca l cu la ted  by dadebaugh i s somewhat d i f f e r e n t  from the  Debye 

temperature ca l cu la ted  from e l a s t i c  constants measurements ( 1  3'14) and 

e a r l  i e r  s p e c i f i c  heat measurements (9,10). 

Various antma.1 i es have been reported '  i n t h e  temperature dependence 

of a number o f  the  phys ica l  p r o p e r t i e s  o f  vanadium occu r r i ng  between 

180K and 250K; e l e c t r i c a l  r e s i s t i v i t y  (15-20), thermal expansion 

(13,16,18,21), magnetic s u s c e p t i b i l i t y  (15,22) and Seebeckcoe f f i c ien t  , 

(23). west lake '  (24'25) has shown t h a t  hydrogen a f f e c t s  the  e l e c t r i c a l  

r e s i s t i v i t y  o f  vanadium above l5OK.  Westlake reported t h a t  below a 

c r i t i c a l  temperature T hydrogen i s  no longer so lub le  i n  vanadium 
c ' 

and t h a t  up t o  3.5 a t .  percent  hydrogen can p r e c i p i t a t e  i n  the l a t t i c e  

below Tc. The c r i t i c a l  temperature Tc v a r i e s  between 1 8 0 ~  and 250K and 

increases w i t h  temperature as the hydrogen concent ra t ion  increases. 

Chi ba and Takano (26) stud ied  the  hydrogen prec i p i  t a t  i o n  i n  vanadi um 

w i t h  e l e c t r o n  microscopy. Chiba repor ted  t h a t  hydrogen p r e c i p i t a t e s  

i n t o  two, supers t ruc tures :  a cub ic  supers t ruc ture  and a te t ragona l  super- 

s t ruc tu re .  The cub ic  supers t ruc ture  was ' repor ted  t o  occur on f a s t .  

coo l i ng  and the  te t ragona l  s t r u c t u r e  occurs on slow coo l i ng  I n  samples 

which have low a d d i t i o n a l  i n t e r s t i t i a l  impur i t i es .  Vanadium samples 

which had h i g h  a d d i t i o n a l  i m p u r i t i e s  were found t o  have a pseudo memory 

a f f e c t .  The hydrogen p r e c i p i t a t e d  i n  the  same supers t ruc ture  and the  

same l o c a t i o n  i n  the  sample a f t e r  successive k c a t i n g  and coo l i ng .  

The Seebeck c o e f f i c i e n t  o f  vanadium has been measured by Mackintosh 

and S i  1 1  (23) and an anomaly was observed a t  218K. I n  a d d i t i o n  the  



Seebeck c o e f f i c i e n t  was reported t o  have a temperature dependent 

hys ter'es i s between 125K and 300K ( the  h ighest  temperature measured) . 
~ a c k i n t o s h  suggested t h a t  a s t r u c t u r a l  phase change was occu r r i ng  a t  

2 1 8 ~  and t h a t  f u r t h e r  measurements should be taken on samples o f  h igher  

p u r i t y .  

The e l e c t r i c a l  r e s i s t i v i t y  of vanadium has been measured. by 

severa 1 i n v e s t i g a t o r s  (1 5-20) on samples o f  vary i ng impur i t y  concen-. 

t r a t i o n  and most authors have reported anomalous behavior between 1 8 0 ~  

t o  250K. 

Rosenberg (27) and White and Woods (19) have measured the  thermal 

c o n d u c t i v i t y  o f  vanadium below 100K. No anomalous behavior was reported 

i n  the  thermal conduc t i v i t y .  However, the  samples were o f  low p u r i t y  

and' no low temperature thermal c o n d u c t i v i t y  maximum was observed. 

Purpose o f  t h i s  Research 

The purpose o f  t h i s  research was t o  measure the  e l e c t r i c a l  r e s i s -  

t i v i  t y ,  thermal c o n d u c t i v i t y  and S'eebeck c o e f f i c i e n t  o f  h i g h  p u r i t y  

vanadium.' High p u r i t y  samples were needed i n  order  t o  i n v e s t i g a t e  the 

i n t r i n s i c  e l e c t r o n  s c a t t e r i n g  mechanisms o f  vanadium. The r e s u l t s  
. , .  

were compared t o  t h e o r e t i c a l  models o f  the  t ranspor t  p r o p e r t i e s  o f  

metals. 
. . 

E a r l i e r  measurements o f  the  t ranspor t  p r o p e r t i e s  o f  vanadium were 

made on samples o f  low p u r i t y  and the  e l e c t r i c a l  r e s i s t i v i t y  and.  

Seebeck coef f  i ci .ent  behaved anomalous1 y ,between 140K t o  250K. I n  t h i s  

research, h i g h  p u r i t y  samples were measured t o  t e s t  whether the  



anomalous behav io r  o f  "anad ium was an i n t r  i.ns i c  p r o p e r t y  o f  vanadium 

o r  whether t he  anomalous behav io r  was due t o  i m p u r i t i e s .  
. . 



CHAPTER'II. THEORETICAL REVIEW 

E l e c t r i c a l  and ~herma' l  Conduc t i v i t y  . , 

The thermal c o n d u c t i v i t y  o f  a  metal i s  t he  conduct ion o f  energy 

by e lec t rons  and phonons. The t o t a l  thermal c o n d u c t i v i t y  o f  a  metal can' 

be w r i t t e n  as, 

where X(T) i s  the  t o t a l  thermal conduc t i v i t y ,  X (T) i s  the  e l e c t r o n i c  
e  

thermal c o n d u c t i v i t y  and X g ( ~ )  i s  the phonon thermal c o n d u c t i v i t y .  I n  

pure elemental metals the  e l e c t r o n i c  thermal c o n d u c t i v i t y  i s  g rea te r  

than the phonon thermal c o " d u c t i v i t y  and the  separa t ion  o f  t he  t o t a l  

thermal conduct i v i  t y  i n t o  phonon and e l e c t r o n i c  components i s  d  i f f i cu l  t 

(28). I n  t h i s  t h e o r e t i c a l '  d iscussion,  the  t o t a l  thermal c o n d u c t i v i t y  

w i l l '  be t rea ted  as i f  i t  we,re due e n t i r e l y  t o  condu=tion by the  e lec t rons .  

The e l e c t r i c a l '  c o n d u c t i v i t y  o f  a  metal (a) i s  the conduct ion o f  

charge by e lec t rons .  The e l e c t r i c a l  r e s i s t i v i t y  o f  a  metal ( l / a )  can 

bc scpara ted i R t o  compsnen t s ,  

P(T) = P O +  Pi(T) (2) 

where p(T) i s  the  t o t a l  e l e c t r i c a l  r e s i s t i v i t y ,  po i s  the  res idua l  

e l e c t r i c a l  r e s i s t i v i t y  and p . ( ~ )  i s  the  i n t r i n s i c .  e l e c t r i c a l  r e s i s t i v i t y .  
I 

Equation 2  I s  Mat th iessen's r u l e .  The res idua l  e l e c t r i c a l  r e s i s t i v i t y  

i s  temperature independent and, f o r  a  g iven metal ,  depends o n l y  upon 

sample p u r i t y .  The i n t r i n s i c  e l e c t r i c a l  r e s i s t i v i ' t y  i s  an i n t r i n s i c  



proper ty  o f  a  metal and va r ies  w i t h  temperature. 

The Lorenz r a t i o  o f  a  metal i s  

A t  low temperatures and a t  h i g h  temperatures the  Lorenz r a t i o  i s  a  con- 

s t a n t  and h a s . t h e  t h e o r e t i c a l l y  ca l cu la ted  value 

where KB i s  the ~ol ' tzmann constant  and e  i s  the  e l e c t r o n i c  charge. 

The r e l a t i o n s h i p  

i s  the Wiedemann-Frinz-Lorenz (WFL) r u l e .  l t :  ho lds  f o r  most metals a t  

low and h igh  temperatures. However a t  in termedia te  temperatures the  WFL 

r u l e  breaks down. 
. . 

The t ranspor t  o f  energy and e l e c t r i c a l  charge by e lec t rons  i s  

l i m i t e d  by the s c a t t e r i n g  o f  e lec t rons  by-phonons and ion ized impur i t i es .  

The t ranspor t  p r o p e r t i e s  o f  metals has been reviewed by Klemens (28-30), 

Mendel son and Rosenberg ( j l ) ,  Z iman (32), W i  1 son (331, Pe i e r l  s  (34) and 

o thers .  

When a  metal i s  a t  e q u i l i b r i u m  the e lec t rons  a re  d i s t r i b u t e d  i n  

momentum space i n  an e q u i l i b r i u m  d i s t r i b u t i o n  f " (k)  - where fO(k )  - i s  the  



Fermi-Dirac d i s t r i b u t i o n .  
. . 

where E(k) - i s  the  e l e c t r o n  energy and EF i s  the  Fermi energy. A 

temperature g rad ien t  VT o r  an e l e c t r i c , f i e l d  - F per turbs  the  e l e c t r o n  

d i s t r i b u t i o n  from equ i l i b r i um.  The e lec t rons  encounter c o l l i s i o n s  which 

tend t o  res to re  the. per turbed e l e c t r o n  d i s t r i b u t i o n  t o  e q u i l i b r i u m  w i t h  

a  c h a r a c t e ' r i s t i c  ' r e laxa t ion  t ime ~ ( 5 ) .  Consequently, a  steady s t a t e  

s i t u a t i o n  develops which i s  described by the Boltzmann equat ion 

The f i r s t  term on the  l e f t  o f  equat ion 7 i s  the  p e r t u r b a t i o n  caused by 

the  e l e c t r i c  f i e l d  and the second term i s  the p e r t u r b a t i o n  caused by 

the  temperature grad ient .  The c o l l i s i o n  term on the  r i g h t  of equat ion 7 

i s  expressed i n  the  r e l a x a t i o n  approximation as, 

where g (k )  i s  the  d e v i a t i o n  o f  the  e l e c t r o n  d i s t r i b u t i o n  from equ i l i b r i um,  

and ~ ( k )  - i s  the  r e l a x a t i o n  t ime. 

The e l e c t r i c a l  cu r ren t  dens i t y  - J i s ,  



a l l  - k space 

The heat cu r ren t  dens i ty  - Q i s ,  

a  1 1 k space - 

~ h e . e l e c t r i c a . 1  c o n d u c t i v i t y  i s  de f ined by Ohm's law, 

and i s  ca l cu la ted  from equat ion 9 and 8 when VT i s  zero (30). For an 

i s o t r o p i c  (cubic)  metal 

Fermi' 
sur face 

where dG i s  an i n t e g r a t i o n  over the  area o f  t he  Fermi sur face and v  i s  

the  e l e c t r o n  v e l o c i t y  a t  the  Fermi energy. 

The thermal c o n d u c t i v i t y  i s  de f ined by, 

and i s  ca l cu la ted  f'rom equat ion 10 and 8 when the  cu r ren t  dens i t y ,  - J, 

i s  zero. For an i s o t r o p i c  metal a t  low temperatures (K T << EF) the 
B 

thermal c o n d u c t i v i t y  i s  (30) 



.Fe r m  i 
sur face 

The WFL r u l e ,  equat ion 5 ,  holds i f  the  r e l a x a t i o n  t imes f o r  

e l e c t r i c a l  (T ) and thermal ( r A )  conduct ion a r e  equal.  The e l e c t r o n i c  
e 

and thermal r e l a x a t i o n  t imes a r e  equal a t  low temperatures where impur i t y  

s c a t t e r i n g  dominates and a t  h igh  temperatures where n e a r l y  e l a s t i c  

electron-phonon s c a t t e r i n g  dominates. A t  in te rmed ia te  temperatures 

the  WFL r u l e  breaks down owing t o  i n e l a s t i c  electron-phonon sc.at ter ing.  

Klemens (28-30, 35) discusses 'the d i f f e r e n c e  i n  r e l a x a t i o n  t imes f o r  

e l e c t r i c a l  and thermal conduct ion. An e l e c t r i c  f i e l d  F pe r tu rbs  the  - 
e l e c t r o n  d i s t r i b u t i o n '  such t h a t ,  

where 

The d e v i a t i o n  g (k )  - o f  the  e l e c t r o n  d i s t r i b u t i o n  f o r  e l e c t r i c a l  conduc- 

t i o n  i s  equ iva len t  t o  a displacement o f  the  Fermi su r face  i n  k space. 

One s ide  o f  the  Fermi sur face has an excess number o f  e ' lect rons w h i l e  the 



o the r  s ide  has a  de f i c iency  o f  e lec t rons .  Consequently a  s c a t t e r i n g  

process can r e s t o r e  e q u i l i b r i u m  by moving an e l e c t r o n  f rom the  excess 

s ide  o f  the Fermi sur face t o  the  d e f i c i e n t  s ide .  Hence l a r g e  angle scat-  

t e r i n g  i s  more e f f e c t i v e  i n  r e s t o r i n g  e q u i l i b r i u m  than small  angle 

s c a t t e r i n g .  The e f f e c t i v e  r e l a x a t i o n  t ime f o r  e l e c t r i c a l  conduct ion i s  

where T i s  the mean f r e e  t ime o f  an e l e c t r o n  between c o l l i s i o n s  and 
0 

i s  the  average cosine o f  the  s c a t t e r i n g  angle. 

A temperature' g rad ient  VT pe r tu rbs  the e l e c t r o n  d i s t r i b u t i o n  such 

t h a t  

The d e v i a t i o n  g (k )  - f o r  thermal conduct ion i s  equ iva len t  t o  increas ing 

the  e i e c t r o n  energy on one s ide  o f  the Fermi sur face and decreasing i t  

on the  oppos i te  s ide.  There a r e  two ways i n  which s c a t t e r i n g  can 

r e s t o r e  equ i l i b r i um;  s c a t t e r i n g  processes which change the  d i r e c t i o n  

o f  the  e l e c t r o n  bu t  conserve the  e l e c t r o n  energy ( e l a s t i c  s c a t t e r i n g )  

and s c a t t e r i n g  which changes the  e l e c t r o n  energy but  no t  necessar i l y  



the e l e c t r o n ' s  d. i rec' t ion ( i n e l a s t i c  s c a t t e r i n g ) .  Klemens c a l l e d  the 

e l a s t i c  s c a t t e i i n g  process "ho r i zon ta l "  and the  i n e l a s t i c  s c a t t e r i n g  

process " v e r t i c a l 1 ' .  Most electron-phonon s c a t t e r i n g  processes a re  

i n e l a s t i c  a t  low temperatures. For h o r i z o n t a l  s c a t t e r i n g  the  e f f e c t i v e  

thermal r e l a x a t i o n  t ime i s  the  r e l a x a t i o n  t ime discussed i n  equat ion 17, 

and the  WFL r u l e  holds. For v e r t i c a l  processes the  e f f e c t i v e  r e l a x a t i o n  

t ime i s  I/-ro, and the WFL r u l e  breaks down (28). 

A t  temperatures much l e s s ' t h a n  the Debye temper-ature o f  a metal,  

the  phonons are  o f  long wavelength and an electron-phonon i n t e r a c t i o n  

causes l i t t l e  change t o  the e l e c t r o n  momentum o r  energy. Thus a t  low 

temperatures the  electron-phonon i n t e r a c t i o n  i s  i n e f f e c t i v e  i n  r e s t o r i n g  

the  per turbed .e lec t ron  d i s t r i b u t i o n  t o  e q u i l i b r i u m  and consequently the 

thermal, and e l e c t r i c a l  c o n d u c t i v i t y  o f  a pure metal increase w i thou t  

bound as the temperature approaches zero. The e l e c t r o n  d i s t r i b u t i o n  i s  

res tored t o  e q u i l i b r i u m  by ion ized i m p u r i t i e s  and defec ts  i n  the  c r y s t a l  

l a t t i c e .  A t  low temperatures the  e l e c t r o n  mean f r e e  path, R, where, 

i s  dependent upon the. concent ra t ion  of i m p u r i t i e s ' a n d  defects i n  the  

l a t t i c e  and i s  independent o f  temperature. Thus the  e l e c t r i c a l  



conductivity of metal at, low temperature i s  (32) 

and it is independent of ,temperature for impurity scattering. 

The thermal conductivity of a metal ' i ' s  also limited by impurity 
. . 

scattering and is ' . 

At low temperatures, when impurity electron scattering dominates, the 

thermal conductivity of a metal varies linearly with temperature, and 

the WFL rule is valid.. . . 

The scattering of electrons by phonons becomes important as the 

' temperature is inckeased and the phonons populate to high frequencies. 

The general form of an electron phonon interaction is, 



where - k i s  the i n i t i a l  e l e c t r o n  wavevector, q i s  a phonon ( e i t h e r  

emi t ted  o r  absorbed), - k' i s  the  f i n a l  e l e c t r o n  wavevector and - B i s  

a rec ip roca l  l a t t i c e  vec tor .  Normal s c a t t e r i n g  o f  e lec t rons  occurs 

when - B = 0 (electron-phonon moment.um i s  conserved) and Umklapp s c a t t e r -  

. i ng  or  U-processes occur when - B # 0 (electron-phonon momentum i s . n o t  

conserved). The normal s c a t t e r i n g  o f  phonons occurs a t  a1 1 temperatures, 

however as shown by P e i e r l s  (34),  U-processes occur when the  phonon wave- 

vec tor  i s  gr.eater than o r  equal t o  q '  .wherc 

and kF i s  the e l e c t r o n  Fermi wavevector. Consequently U-processes occur 

a t  temperatures s u f f i c i e n t l y  h i g h  where phonons a r e  populated t o  wave- 

vectors equal t o  o r  g rea te r  than q '  . Klemens and Jackson (36) have shown 

t h a t  U-processes occur a t  low temperatures i n  meta ls  which have Ferm.'i 

surfaces, wh ich  touch the B r  i 1 l o u  i n  zone boundary. U-processes are  an 

important  s c a t t e r i n g  mechanism s ince they move an e l e c t r o n  through a 

l a r g e  angle across the  Fermi sur face i n  a s i n g l e  s tep  (28).  

The i n t r i n s i c ' e l e c t r i c a l  r e s i s t i v i t y . o f  a metal was f i r s t  so lved by 

B 1 och (37) and. the ca 1 cu 1 a t  i o n  has been reviewed by W i  1 son (33) , Jones 

(381, Ziman (32) and o the rs .  The t r a n s p o r t  equat ion  f o r  e l e c t r i c a l  

r e s i s t i v i t y  has a l s o  been solved by a v a r i a t i o n a l  technique discussed by 

Kohler (39, 40) and, Sondheimer .(41) .- 



The assumptions of the Bloch model are, normal e:lectron-phonon 

sca t te r i ng ,  a Debye phonon spectrum, a spher ica l  Fermi sur face and 

e l e c t r i c  conduct ion i n  one pa rabo l i c  band. Bloch showed t h a t  

where p i s  a constant,  8 i s  the Debye c h a r a c t e r i s t i c  t em~era ' tu re  and 
8 

8 J ~ ( ~ )  i s  the ~ b b ~ e  i n t e g r a l  f o r  N = 5. 

A t  low temperatures (T < 8/20) J (8/T) i s  a constant  and 5 

4 A t  h igh  temperatures (T > 8) J (8/T) v a r i e s  as 1/4(8/T) . Thus a t  h igh  
5 

temperatures 

The i n t r i n s i c  thermal r e s i s t i v i t y  W. (T) o f  a metal was der ived by 
I 

W i  lson : (42) w i t h  the  same assumptions made by Bloch. \ / i  lson showed tha t ,  

where ,Na i s  the number of conduct ion e lec t rons  per  atom. The f i r s t  term 



i n  equat ion 28 i s  the thermal res i s tance  due t o  h o r i z o n t a l  e l e c t r o n  

sca t te r ing , . , the  second term i s  the  thermal res i s tance  due t o  v e r t i c a l  

e lec t ron '  s c a t t e r i n g  and ' t h e  t h i r d  term i s  a c o r r e l a t i o n  term s ince 

v e r t i c a l  and h o r i z o n t a l  s c a t t e r i n g  -do n o t  a c t  independently.  A t  low 

temperatures (T < 8/20) the second term i n  equat ion 28 .dominates and 

Wi (T)  OL T2 . (29)  

A t  h igh  temperature (T > 8 )  t he  f'i r s t  term, dominates' and 

Wi (T)  = constant  . (30)  

A t  in te rmed ia te  temperatures the  Wilson theory p r e d i c t s  a minimum 

i n  the thermal r e s i s t i v i t y  a t  8 /5 .  Ziman ' (43)  has shown t h a t  t he  

minimum i s  caused by the neg lec t  o f  U-processes. U-processes.tend t o  

p lace  more emphasis on hor izonta l ,  s c a t t e r i n g  and r a i s e  the  i n t r i n s i c  

thermal r e s i s t  i .v i  t y  a t  h i g h  and . in te rmed ia te  temperatures. 

The a d d i t i o n  o f  U-processes t o  the e l e c t r i c a l  r e s i s t i v i t y  and thermal 

r e s i s t i v i t y  i s  complicated because U-processes depend upon the d e t a i l e d  

shape of  the Fermi surface. f iman (43)  has shown t h a t  U-processes 

increase the  e l e c t r i c a l  r e s i s t i v i t y  a t  h igh  and in te rmed ia te  temperatures 

above the  va lue  p red i c ted  by the Bloch model. 

where p (T)  i s  the Bloch e l e c t r i c a l  r e s i s t i v i t y  and pU(T)  i s  an 
B 

a d d i t i o n a l  r e s i s t i v i t y  caused by U-processes. As discussed e a r l i e r ,  



U-processes.can occur when the phonon momentum i s  g rea te r  than q '  where 

q '  i s  def ined i n  equat ion 23. Thus ~ i m a n  (32) has suggested . .  t h a t  . 

P (TI a exp (B/BT) 
U . (.32) 

where 

D i s  the Debye radius.  However, Ziman (32) has po in ted o u t  ' t ha t  an 

exponent ia l  behavior o f  p (T) would be d i f f i c u l t  t o  observe. 
U 

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

The Seebeck c o e f f i c i e n t  o f  a metal can be w r i t t e n  as the  sum of 

two terms (44). 

where s ~ ( T )  i s  the  d i f f u s i o n  Seebeck c o e f f i c i e n t  due t o  the  d i f f u s i o n  

o f  e lec t rons  i n .  a temperature g rad ien t  and S (T) i s  the  phonon-drag 
9 

Seebeck c o e f f i c i e n t .  t h e  phonon drag term i s  a second order  e f f e c t  due 

t o  the  p e r t u r b a t i o n  o f  the phonon d i s t r i b u t i o n  i n  a temperature grad ient .  

The d i f f u s i o n  Seebeck' c o e f f i c i e n t  can be ca l cu la ted  from the  

t ranspor t  equations 9 and 10. The Seebeck c o e f f i c i e n t  i s  r e l a t e d  t o  the 

Pel t i e r  c o e f f i c i e n t  (71.) by the  K e l v i n  r e l a t i o n ,  

The P e l t i e r  c o e f f i c i e n t  i s  de f ined by, 



r , =  Q/J when VT = 0. (36) 

Thus the  d i f f u s i o n  Seebeck c o e f f i c i e n t  i s  (32) f o r  KBT << EF,  

where U(E) i s  the  e l e c t r i c a l  c o n d u c t i v i t y  ca l cu la ted  f o r  e lec t rons  of 

energy E. The e l e c t r i c a l  c o n d u c t i v i t y  can be expressed i n  terms o f  the 

e l e c t r o n  mean f r e e  path  R equat ion 20, thus (32) 

2 
TT 2 K ~ T  [ ~ R ~ R + ~ R ~ G  sd (T) = - - 
3 e 3 E 

,, I 

where.G i s  the a r e a - o f  the Ferrni sur face.  The s i g n  o f  t he  d i f f u s i o n  

Seebeck c o e f f i c i e n t  depends upon the  s i g n  o f  the  secon'd term i n  . ,  

tquat  i on 38 (32) . 
The d e r i v a t i v e  o f  the  Ferrni sur face w i t h  respect  t o  energy can be 

o f  e i t h e r  s i g n  depending upon whether o r  no t  t h e  Fermi sur face i s  

extending beyond the R r i l l o u i n  zone boundary. 

For most metals, a t  I b w  temperatures, both terms i n  equat ion  38 a re  

independent o f  temperature (44) and 



CHAPTER I I I., EXPERIMENTAL PROCE.DURE 

Sample P.reparation and c h a r a c t e r i z a t i o n  

The f o u r  vanadium. samples measured i n  t h i s  research were prepared 

a t  the  me's Laboratory by F. A. ~ c h m i d t  by the e l e c t r o t r a n s p o r t  tech- 

nique. el he deta i I s  o f  ' the apparatus have been discussed by Peterson 

and Schmidt (45) and peterson -- e t  a1 (46). Samples a re  p u r i f i e d  

by e l e c t r o t r a n s p o r t  by passing la rge  e l e c t r i c a l  cu r ren ts  through 

c y l i n d r i c a l  samples, causing r e s i s t i v e  heat ing  and impur i t y  m ig ra t i on .  

P r i o r  t o  e l e c t r o t r a n s p o r t  the  samples a re  heated t o  1400°C i n  a  vacuum 

o f  b e t t e r  than 5  X l o - "  To r r  i n  order  t o  d r i v e  o f f  'gaseous i m p u r i t i e s .  

The sample chamber- i s  then sealed and. p ressur ized wi t h  p u r i f i e d  he1 ium 

gas t o  a  pressure o f  13 cm. o f  H@. A cu r ren t  d e n s i t y o f  2 1 5 0 ~ / c r n *  i s  

passed t h r o u g h  the  sample for 210 t o  220 h. The h i g h  c u r r e n t  dens i t y  

heats the.sample t o  1650°C and causes imp,uri ty m ig ra t i on .  The he l ium 

pressure reduces the  sub1 imat i on  r a t e  o f  vanad i um.' The e l  ec t ro t ranspor t  

p u r i f i c a t i o n  process i s  use fu l  i n  reducing the  nonmeta l l i c  elements C, 0 

and' N. The h i g h  temperature degassing p r i o r  t o  e l e c t r o t r a n s p o r t  reduces 

the hydrogen concent ra t ion  t o  less than 1 wt.  ppm.' Several impur i t i es ,  

no tab ly  s i  1 icon, do n o t  migra te  we1 1 du r ing  e l e c t r o t r a n s p o r t  ( 8 ) .  

Consequently i t  i s  necessary t o  e l e c t r o t r a n s p o r t  a  base m a t e r i a l  which 

i s  as pure as poss ib le .  The s t a r t i n g  m a t e r i a l  f o r . t h i s  i n v e s t i g a t i o n  

was doub le -e lec t ro rk f i ned  vanadium from the  U.S. Bureau o f  Mines a t  

'schmidt,  F. A., ~ i e s  Laboratory, Ames, Iowa, P r i v a t e  Communication. 



Boulder Ci.ty. 

Four samples.of vanadium were measured i n  t h i s  research. The 

samples were c y l  indr  i c a l  w i t h  an average d'iameter - o f  0.25 cm and lengths 

vary ing  from 2.5 cm t o  4  cm. The samp le .cha rac te r i s t i cs  a r e  l i s t e d  i n  

Table I.. . A 1  1 f o u r  samples were p o l y c r y s t a l  ine . .  
. . 

Table 1. ~amp' le c h a r a c t e r i s t i c s  

Resistance . impur i ty  Concentrat iona 
Samp 1 e  

Length Diameter p273K Ra t io  O + C + N .  
(cm) (cm) (P fi cm) 

p273K/p4.2K (a t .  ppm) 

a  
Estimates. based on res is tance r a t i o  from ~ a r l s o n  (1) .  The . res i s tance  

r a t i o s  repor ted  above were cor rec ted t o  P ~ ~ ~ / P ~ , ~  f o r  comparison w i t h  ( I ) .  

lmpuri t y  concentrat  ion  i s  an e x t r a p o l a t  i o n  o f  t h e  resu l  t s  o f  
Carlson ( 1 ) .  

' . ~ t  low temperatures the  e l e c t r i c a l  r e s i s t i v i t y ' o f  a  metal i s  

constant  and r e s u l t s  from the s c a t t e r i n g  o f  e lec t rons  by i m p u r i t i e s .  

A t  room temperature- the  e l e c t r i c a l  r e s i s t i v i t y  o f  a  pure metal i s  due 

t o  the  s c a t t e r i n g  of e lec t rons  by phonons. Thus the r a t i o  o f  the  



e l e c t r i c a l  r e s i s t i v i t y  of a metal a t  273K t o ' t h e  e l e c t r i c a l  r e s i s t i v i t y  

a t  4.2K ( P ~ ~ ~ ~ / P ~ . ~ ~ )  i s  a convenient measure o f  t h e  p u r i  t i  of a metal .  

The samples measured i n  t h i s  research had res idua l  res i s tance  r a t i o s  

(RRR) t h a t  va r ied  f rom 38 t o  1524. 

The major i m p u r i t i e s  present  i n  vanadium a f f e c t i n g  the  low temper- 

a t u r e  e l e c t r i c a l  r e s i s t i v i t y  a r e  0, N, C and S i .  The S i  concent ra t ion  

o f  the  samples was low due t o  the  h i g h  p u r l t y  o f  t he  base m a t e r i a l  t h a t  

was e lec t ro t ranspor ted .  0, N atid C i m p u r i t i e s  were reduced by the 

e l e c t r o t r a n s p o r t .  Reed (7) and Carlson -- e t  a1 . (8) have analyzed t h e  

impur i t y  content  o f  0, N and, C as a f u n c t i o n  o f  RRR. The impur i t y  

concent ra t ion  r e s l i l t s  o f  Reed were s . l i g h t l y  h igher  than those o f  Carlson. 

Carlson found t h a t  t he  t o t a l  impur i t y  concent ra t ion  .o f  C + 0 + N was 
. . 

p.roport iona1 t o  the  inverse o f  the  res i s tance  r a t i o .  By comparing the  

res i s tance  r a t i o  of the  f o u r  samples measured i n  t h i s  research w i t h  the 

r e s u l t s  o f  Carlson, the  t o t a l  impur i t y  concent ra t ion  o f  0 + N + C was 

est imated. The r e s u l t s  o f  t h i s  c a l c u l a t i o n  a re  l i s t e d  i n  Table 1. 

The lowest p u r i t y  sample, sample 1, wasans ly red  by spark source 

mass spectrometry (SSMS) f o r  i m p u r i t i e s  by 'R. C0nzemi.u~ a t  Ames 

Laboratory. P r i o r  t o  SSMS the  sample was e lec t ropo l ished.  SSMS i s  
. . . . . 

s e n s i t i v e  t o  sur face contaminat ion and consequently i s  a poor method f o r  

measuring 0 and C .  The SSMS ana lys i s  was conducted p r i m a r i l y  t o  measure 

the impur i t y  concent ra t ion  o f  o the r  metals. The r e s u l t s  of. t he  ana lys i s  

a r e . l i s t e d  i n  Table 2. The predominant i m p u r i t i e s ' i n  Sample 1 i n  a t .  

ppm are: C1-30, W-23, Cu-22, Cr-10 and Fe-5. The S i  concent ra t ion  was 



Table 2. S M S  Ana l ys i s  o f  Sample 1 a,b 

La La Ce Pr Nd Pm Srn Eu Gd Tb Dy Ho Er Tm yb Lu 
s e r i e s  .9 .08 . 3  . .08 2 . 1  . 3  . 1  .4 .I .2  . 2  

A c Th U 
se r ' ies . 4  . 2  

a~na l :ds  i s  done by R. '  Cmzemius a t  the  Ames Labbra to ry ,  ~ rnes ,  Iowa. 

b y a l m s  a r e  i n  atomic pom. 



3 ppm. . The t o t a l  impur i t y  concent ra t ion  o f  elements (neglec.t ing. 0, N 

and C) was 100 ppm. 

Sample 3 was a l s o  SSMS analyzed.for.impurities. The measurement 

was made wi th .  the  go ld  probe SSMS technique (47) . The sample was 

analyzed a t  four teen loca t ions  spaced 1 mm apar t  . t o  check f o r  impur i ty  

. . g rad ients  along the 1.ength o f  the sample. The major i m p u r i t i e s  i n  

sample 3' i n  a t .  ppm are: C r  + VH - 100, W - 12, Fe - 13, C 1  - 14 

and Mg - 8. There was no evidence o f  an impur i t y  g rad ien t  i n  sample 3.. . . 

The la rge  concent ra t ion  o f  chromium , p l u s  vanadium .hydride i s  most 

l i k e l y  VH due t o  sur face hydrocarbon contaminat ion and i s  n o t . r e p r e -  

sen ta t i ve  o f  the  b u l k  ma te r ia l .  
1 

Measurement Techniques 

The sample ho lder  i s  a guarded l o n g i t u d i n a l  heat  f low apparatus. 

I t  i s  'immersed ' i n  e i t h e r  1 i q u i d  he1 ium o r  1 i q u i d  'n i t rogen i n  a c r y s t a t  

o f  conventional design. The temperature range o f  the  apparatus i s  

The e l e c t r i c a l  r e s i s t i v i t y  and thermal c o n d u c t i v i t y  measurements' 

were made w i t h  the  f o u r  probe technique. The Seebeck c o e f f i c i e n t  was 

determined 'by measuring the Seebeck coef ' f i c ien t  o f  t he  s'ample r e l a t i v e  
' 

t o  the Seebeck c o e f f i c i e n t  o f  copper vo l tage leads. The Seebeck coef- 

f i c i e n t  o f  the copper vo l tage leads was c a l i b r a t e d  against  pure lead. 

F igure  1 i s  a schematic o f  the experimental technique. The samples 

a re  c y l i n d r i c a l  w i t h  c ross-sec t iona l  area A. The d is tance between the 

1 
Lonfemlus, 8 .  J., Air~es Labora to ry ,  Amcs, Iowa, P r i va te  Communic.atinn. 





vo l tage and thermometer probes i s  R .  The temperature o f  the  "cold" probe 

i s  T and the  temperature o f  t h e " h o t l '  probe i s  T + AT when heat Q i s  

f lowing ' through the sample. T i s  a reference temperature ( e i t h e r  R 

1 i q u i d  he1 i u m  o r  1 i q u i d  ? i  t rogen temperature) where 'the copper sample . 

" vo l tage .leads make junc t i ons  w i t h  the  leads o f  a potent iometer .  V i s  

t h e , v o l t a g e  measured when e l e c t r i c a l  cu r ren t  I o r  heat cu r ren t  Q passes 
. . 

through the  sample. 

E l e ~ t r i c a l  r e s i s t i v i t y  measurements a r e  made by passing e l e c t r i c a l  
. . 

cu r ren t  I through the  sample when the  sample i s  isothermal ;  t h a t  i s ,  

AT = 0: The r e s i s t . i v i t y  P (T ) .  i s  

A A V  . 
P ( T I =  T . (40) 

Thermal c o n d u c t i v i t y  measurements a r e  made when heat Q passes. 

through the  sample and I = 0. The temperature d i f f e r e n c e  AT w i l l  vary . . 

depending upon the  magnitude o f ,  the  thermal c o n d u c t i ~ i  t y  A(T) o f  the  

sample (48).  he he heat cur rent  is ,  

T + AT 

Th is  equati.on. can be solved by expandi.ng the. thermal c o n d u c t i v i t y  t o  

f i r s t  o rder  

This approxi.mati.on i s  good f o r  m e t i l s  a t  low o r  h:i:gh temperatures. 

I t  i s  o n l y  va1i.d a t  i 'ntermediate' temperatures when AT i s  smal l .  



Thus 

and the thermal c o n d u c t i v i t y  i s  

f o r  small AT. X ( T  + 1/2 AT) = -- A AT 

Seebeck c o e f f i c i e n t  measurements a r e  a l s o  made by passing heat 

c u r r e n t  through the  sample when I = 0. The Seebeck vo l tage  AV i s  
.. . 

where s ( T " )  i s  t h e  seebeck c o e f f i c i e n t  o f  the  sample  and^^(^') 1.s the  

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

The 1 inear  approximation i s  again made f o r  S (T I ) .  Hence, 



I n  t h i s  res.earch the thermal c o n d u c t i v i t y  and Seebeck c o e f f i c i e n t  

were measured simultaneously dur ing  the same run. The e l e c t r i c a l  
. . 

r e s i s t i v i t y  measurements were made i n  a separate run, bu t  w i t h  the same 

thermometer and vo l tage probe spacings t h a t  were used d u r i n g , t h e  thermal 

c o n d u c t i v i t y  runs. 

. . 

Guarded Long i tud  i na 1 Heat Flow Apparatus 

The measurement o f  e l e c t r i c a l  r e s i s t i v i t y  i s  most d i f f i c u l t  a t  

low temperatures where' the  e l e c t r i c a l  res is tance o f  a metal i s  

minimal.  A t  low temperatures the  res idua l  res is tances o f  t he  vanadium 

- 6 
samples measured i n  t h i s  research were as low as 10 a .  Consequently 

i t  was necessary . to  pass cu r ren ts  as l a rge  as 1 A through the  samples' 
: .  

i n  o rder  t o  produce sample vo l tages o f  1 pV. The e l e c t r i c a l  r e s i s . t i v i t y  

i s  measured when the  sample i s  isothermal .  Thus i t  i s  important to  

have la rge  e l e c t r i c a l  cu r ren t  leads' anchored t o  the  sample i n  order  t o  

prevent Jou1.e heat ing  ' i n  the  cu r ren t  leads which would heat the  sample.., 

The measurement o f  e l e c t r i c a l  r e s i s t i v i t y  i s  , incompat ib le w i t h  the  

measurement or theimai c o n d u c t i v i t y  , sinc.e i n  thermal conduct iv i  t y  

measurements, i t  i s  necessary t o  thermal ly  i n s u l a t e  the  sample grad ient  

heater  from I t s  environment. Thermal c o n d u c t i v i t y  measurements a r e  

d i f f i c u l t  f o r  two reasons. F i r s t ,  i t  i s  necessary t o  accu ra te l y  measure 

the  ambient temperature o f  the sample and the  samplc temperature 

grad ient .  Second, a l l  heat leaks from the sample must be minimized; 

The thermometers weretwo chrome1 vs Au-0..03% Fe thermocouples. One 

thermocouple measured the  temperature o f  the  "cold" thermometer clamp. 



The second, measured the  temperature grad' ient between the  "cold" and 

"hot" thermometer c.lamps. The thermocoupleswereanchored t o  ' the sample 

as '  shown i n  F igure.  2, .and were referenced t o  the r e f r i g e r a n t  bath. 

The heat losses from t h e  sample heater ,  vo l t age  and thermocouple 

leads were 

A 
(47) Q, = Z - AAT. .R 

a l l  . 

1 eads 

Where A/R = lead c ross-sec t iona l  area/ lead l eng th  

h = lead thermal c o n d u c t i v i t y  

AT = temperature g rad ien t  over  the  length  o f  the  lead. 

The lead heat losses were reduced by choosing leads of  low thermal 

c o n d u c t i v i t y . a n d  smal l  c ross-sec t iona l  area. The g r a d i e n t  hea te r . l eads  

were #36 and #32 manganin, t he  sample vo l tage  leads were #40 copper and 

the  thermocouple leads were #36 Au-0.03% Fe and #36 chromel. 

: . .  
The heat, l oss  f rom r a d i a t i o n  was . . 

Where E = sample e m i s s i v i t y  

a = sample sur face area 

2 4 
o = 5.6686 X W/m K 

ment. 

AT = temperature d i f f e r e n c e  between the  sample and i t s  ehv i  ron- 

I 



Figure 2 .  sampie holder  w i r i n g  diagram.. 



The heat losses were reduced f u r t h e r  by surrounding the  sample w i t h  

a  s t a i n l e s s - s t e e l  r a d i a t i o n  s h i e l d  as shown i n  F igu re  3. The shi ,e ld 

had a  g rad ien t  heater  mounted on t h e  f r e e  end wh,ich mainta ined a  temper- 

a t u r e  g rad ien t  a long the s h i e l d  equal t o  t he  temperature g r a d i e n t  a long 

the  sample. The sample g rad ien t  heater  l eadswere the rma l l y  anchored a t  

j u n c t i o n s  loca ted 'on the  s h i e l d  heater .  The thermocouple and sample 
. . 

vo l t age  l eadswere the rma l l y  anchored on the  s h i e l d  on two smal l  copper 

r i n g s  soldered t o  the sh ie ld .  

When the sample and s h i e l d  have thermal c o n d u c t i v i t i e s  w i t h  the  same 

temperature dependence the  temperature g rad ien ts  a long the  ' s h i e l d  and 

sample' a r e  p e r f e c t l y  matched. Th is  occurs a t  h i g h  temperatures where 

the  thermal c o n d u c t i v i t y  o f  a  metal i s  constant .  Since the  sample heater ,  

vo l t age  and thermocoup1.e leadswereanchored on the  s h i e l d  i n  p o s i t i o n s  

corresponding t o  t h e i r  l o c a t i o n  on the  sample, the  temperature g rad ien t  

a long the  leads waszero, consequently the  power l o s t  through the  sample 

leads was zero. I n  a d d i t i o n  the  rad ia ted  heat  l oss  from the  sample was 

reduced by the  r a d i a t i o n  s h i e l d .  To f u r t h e r  reduce r a d i a t e d  heat loss,  

the  e n t i r e  c a v i t y  between the  sample and r a d i a t i o n  s h i e l d  and between the  

r a d i a t i o n ' s h i e l d  and f i r s t  copper isothermal  s h i e l d  w a s ' f i l l e d  w i t h  

1 "Fi  b e r f  rax" i n s u l a t i o n .  

The s h i e l d  temperature gradi'ent was mainta ined w i t h  a  temperature 

c o n t r o l l e r .  An Au-0.03% Fe vs chrome1 d i f f e r e n t i a l  thermocouple was 

l ~ a r b o r u n d l u m  Co., Niagara Fa1 I s ,  N.Y.  "F iber f rax"  i n s u l a t i o n .  



. . 

Junctions 8'. Reference 

Radiation Shield P 
Sample 'current ( I )  

(Gold Plated) 'I Le,ad Junctions 
I-1/2" Copper Vacuum can--- -' 

.......,., .-.- 7 1/2" 

Figure 3 .  Thermal conduct iv i ty  sample ho lder .  



mounted w i t h  j unc t i ons  a t  t he  sample g rad ien t  heater  and a t  t he  s h i e l d  

g rad ien t  heater.  The thermocouple Seebeck vol tagewasmoni tered by a 

K e i t h l e y  149 micro-vol tmeter  as shown i n  F igure  2. The - + 10V output  

o f  the  K e i t h l e y  149wasmonitered by a temperature c o n t r o l l e r  discussed 

i n  Appendix A,  which he ld  the  s h i e l d  heater  a t  t he  same temperature as 

the sample g rad ien t  heater  by r e g u l a t i n g  the s h i e l d  heater  cu r ren t .  

The sample temperature and vo l  tage probes w&e sma 1 1 copper clamps 

t i n e d  w i t h  indium solder ,  which pass through a 0.1 i n .  s l o t  machined 

along the  length  o f  t he  r a d i a t i o n  sh ie ld .  The thermocouple leads were 

thermal l y  anchored t o  the  copper clamps w i t h  s t y c a s t 1  2850 FT epoxy w i t h  

#24LV c a t a l y s t .  The copper vo l tage  leads weresoldered w i t h  cadmium 

so lder  t o  the  copper clamps. 

The sample thermocouple and vo l tage  leads were thermal ly  anchored 

t o  the  r a d i a t i o n  s h i e l d  w i t h  Stycast  epoxy as discussed above. They 

werethermal ly  anchored a second t ime on the  copper heat s i n k  as shown 

i n  F igure  3. The. copper heat s i n k  had twelve copper posts which werethe 

junc t i ons  f o r  the  sample heater  leads w i t h  the leads t h a t  passed o u t  o f  the 

holder .  The thermo=ouple and sample vo l tage  lead junct ibnsweremade a t  

e i g h t  copper posts whichwere i n  thermal contac t  w i t h  t h e  r e f r i g e r a n t  bath. 

The sample was i n  thermal contac t  w i t h  the  r e f r i g e r a n t  ba th  through 

a t r a n s f e r  gas chamber. The sample heat s i n k  was temperature c o n t r o l l e d  

. w i t h  an a.c. res is tance b r idge  temperature c o n t r o l l e r  discussed i n  

Appendix B. The temperature c o n t r o l l e r  sensor wasa 1000 Q ,  2W carbon 

1 
Emerson and Cuming Inc.,  Northbrook, I l l . ,  "STYCAST" Epoxy. 



r e s i s t o r  which was thermal ly  anchored t o  the. heat s ink .  The temperature 

c o n t r o l l e r  h e l d  the  temperature o f  the  heat s i n k  constant  t o  b e t t e r  

than 1 mK a t  low temperatures. 

The sample ho lder  had th ree  r a d t a t i o n . s h i e l d s .  0 n e w a s t h e . s t a i n l e s s -  

s t e e l  s h i e l d  discussed above. The o the r  twowerecoppe'r sh ie lds  which ' 

. . 

werethreaded t o  f i t  on the  sample heat s i n k  as shown i n  F i g u r e ' 3 .  The 

e n t i r e  sample holder  assemblywascontained i n  a 1.5 i n .  diameter copper 

vacuum can which wassoldered w i t h  "Woods" metal t o  a f lange i n  thermal 

contac t  w i t h  the  r e f r i g e r e n t  bath. The vacuum system waspumped w i t h  a 

standard o i  1 d i f f u s i o n  pump t o  pressures lower than 5 X To r r .  

F igure  2 i s  a b lock  diagram o f  the  sample ho lder  w i r i n g  and e lec -  

t r o n i c s .  The sample cu r ren t  f o r  e l e c t r i c a l  r e s i s t i v i t y  measurements and 

the  grad ient  heater  c u r r e n t  f o r  thermal c o n d u c t i v i t y  and Seebeck coef- 

f i c i e n t  measurements weresuppl ied by a constant  c u r r e n t  power supply (49) .  

we he ,power. supply had two independent ou tputs  which suppl ied  cur rents  of  
. . 

0.1A t o  2A and 0.1 mA t o  63 mA. The cu r ren t  r e g u l a t i o n  wasto 0,.02%. 

A Leeds, and ~ o r t h r u ~  K-3 potent iometer  measured the  sample . . 

abso lu te  thermocouple EMF, the  sample g rad ien t  heater  EMF, t he  vo l tage  

across a p r e c i s i o n  r e s i s t o r  i n  se r ies  w i t h  the  sarnp1.e g rad ien t  heater  

du r ing  thermal c o n d u c t i v i t y  runs and the vo l tage  across a p r e c i s i o n  

r e s i s t o r  i n  se r ies  w i t h  the sample dur ing  e l e c t r i c a l  r e s i s t i v i t y  runs. 

The two standard r e s i s t o r s  wereneeded t o  measure t h e  g rad ien t  heater  
. . 

c u r r e n t  du r ing  thermal c o n d u c t i v i t y  runs and the  sample c u r r e n t  du r ing  

e l e c t r i c a l  r e s i s t i v i t y  runs. 



3 3 

Thermometry 

. . 
I n  order  t o  reduce heat losses from the sample the temperature o f  ' 

the "cold" thermometer clamp and th.e sample temperature gradient .  were 

measured w l t h  thermocouples. ra the r  than w i t h  res is tance thermometers. The 

res is tance thermometers commerically a v a i l a b l e ,  e i t h e r  germanium o r  p la t inum 
. . 

a re  p h y s i c a l l y  l a rge  w i t h  respect t o  the  sample. Consequently a t  h igh  .. 

temperatures the thermometers r a d i a t e  considerable energy which i s  

d i f f i c u l . t . t o .  s h i e l d  f o r  l a rge  thermometers. I n  a d d i t i o n ' t h e  thermocouples 

span a wide range o f  temperature. I n  order  t o  take data, from 4 K t o  300 K 

two sets o f . r e s i s t a n c e  thermometers would be needed wh i le .one  se t  of 

thermocouples i s  s u f f i c i e n t .  

The lkr-0.03% Fe vs chrome1 absolute thermocoup1ewas referenced t o  

the  r e f r i g e r e n t  bath. The bath temperaturewas measured by measuring 

the  bath vapor pr-essur*e w i t h  a mercury column manometer. The r e s o l u t i o n  

o f  the manometer was 0.5  mm and t h i s  permi t t e d  the bath temperature t o  be 

measured t o  2 mK. The hel ium bath temperature wascalcula.ted from the 

1958 hel ium temperature scale, the  n i t r o g e n  bath temperaturewascal-  " 

c u l  a ted f'rom the data o f  Corruncc i n i ' ( 5 0 ) .  
. . . . 

The thermoc~up les  were c a l i b r a t e d  a f t e r  they were mounted, in the 

sample holder .  From 4.2 K t o  80 K the  c a l i b r a t i o n  was made w i t h  two 

1 
germanium res is tance thermometers purchased from Cryo-Cal I n c . . .  These 

thermometers were c a l  i brated by Marvin Anderson a t  the  Ames Laboratory. 

1 
Cryo-Cal Inc., R i v i e r a  Beach, F l o r i d a .  



The abso lu te  thermocouple and the d i f f e r e n t i a l  thermocouple were 

ca l  i bra ted  independently from 4.2 K t o  80 K. Two smal l  copper thermom- 

e t e r  ho l  ders were therma 1 1 y anchored t o  the two thermocouple thermometer 

clamps. The "cold" germanium thermometer was i n  thermal con tac t  w i t h  

the  sample-holder heat -s ink  and the  heat s i n k  temperature was h e l d  con- 

s t a n t  w i t h  the  ambient temperature c o n t r o l l e r .  The "hot t1 germanium 

thermometer was i n  thermal contac t  w i t h  the  s h i e l d  g r a d i e n t  heater  and 

i t s  temperature cou ld  be ra i sed  above the  t tcoldl l  thermometer w i t h  the  

s h i e l d  heater .  The Seebeck E M F ( V ~ )  o f  the  abso lu te  thermocouple as a 

f u n c t i o n  o f  temperature (T) and bath  temperature (TB) was measured. 

These data were f i t  t o  polynomials w i t h  the  l e a s t  squares technique. 

The Seebeck EMF (vAT) o f  t he  d i f f e r e n t i a l  thermocouple was measured 

as a f ~ r n c t  i o n  o f  "cold" tempel-alure (T) and temperature g r a d i e n t  (AT) . 
The r e l a t i v e  Seebeck c o e f f i c i e n t  ( V * ~ / B T )  was then f i t t e d  t o  p o l  ynomals. 

Above 80 K o n l y  the  abso lu te  thermocouple was c a l i b r a t e d .  The 

c a l i b r a t i o n  was made w i t h  a p la t i num res i s tance  thermometer f rom Leeds 

and Northrup Corp. The thermometer was c a l i b r a t e d  by NBS i n  1967. The 

c a l  i b r a t  i o n  o f  t he  abso lu te  thermocouple above 80 K was made i n  the  same 

manner as the ca l  i b r a t i o n  made below 80 K. The d i f f e r e n t i a l  thermocouple 

c a l i b r a t i o n  above 80 K was made by c a l c u l a t i n g  the  r e l a t i v e  Seebeck 

c o e f f i c i e n t . o f  Au-0.03% Fe us chrome1 from the  f i t  o f  t he  abso lu te  

thermocouple. 



The f i t t i n g  o f  the  thermocouples and an a n a l y s i s  o f  the  temperature 

e r r o r s  i s  discussed i n  Appendix C; 

C a l i b r a t i o n  o f  Seebeck C o e f f i c i e n t  

A c y l  i n d r i c a l  sample ' o f  pure lead was prepared i n  a g raph i te  c ru-  

c i b l e .  i n  an R-F fu rn i ce .  This sample was the standard f o r  the Seebeck 

c o e f f i c i e n t  c a l i b r a t i o n  o f  the copper vo l tage  leads. 

The lead sample was mounted i n  t he  sample ho lder  and the  r e l a t i v e  

Seebeck c o e f f i c i e n t  o f  copper ,vs lead was measured. 

where S (T) i s  the  Seebeck c o e f f i c i e n t  o f  lead and S c ( ~ )  i s  the Seebeck Pb 

c o e f f i c i e n t  o f  coppel.. The abso lu te  Seebeck c o e f f i c i e n t  o f  t he  copper 

leads was c a l c u l a t e d  from equat ion  (50) us ing  the  abso lu te  Seebeck 

c o e f f i c i e n t  data o f  lead as measured by C h r i s t i a n  -- e t  a l .  (51). The 

copper Seebeck c o e f f i c i e n t  data were f i t t e d  t o  po l ynhn~ ia l s  by the  l e a s t -  

squares method 

Measurement o f  Form Factor  

The e l e c r r l c a l  r e s i s t i v i t y  o f  each sample was measured i n  a spec ia l  

sample ho lder  by the  f o u r  probe technique a t  room temperature and a t  

273 K. The vo l tage  probe separa t ion  and sample c ross-sec t iona l  area were 

measured w i t h  a t r a v e l i n g  microscope. 



The form f a c t o r  (vo l  tage probe separat i on/cross-sect iona 1 area) 

of the  sample mounted i n  the  thermal c o n d u c t i v i t y  ho lder  was ca l cu la ted  

by compartng the  electrical res i s tance  o f  t he  sample a f t e r  i t  had been 

mount'ed i n  the thermal c o n d u c t i v i t y  ho lder  wSth the  p rev ious l y  measured 

e l e c t r i c a l  r e s i s t i v i t y .  

The res i s tance  o f  t he  sample i n  the  thermal c o n d u c t i v i t y  ho lder  a t  273 K 

was measured by immersing the  sample ho lder  i n  an i c e  bath. 

Techniques f o r  Data Taking 

The sample was mounted i n  the  sample ho lder .  A #20 Cu w i r e  was 

soldered w i t h  indium.' so lder  t o  the  sample g rad ien t  heater  and t o  a 

iu r lc t ion  the s h i e l d  gradier l t  heater .  A complete e l e c t r i c a l  c i r c u i t  

was thus provided f o r  the sample c u r r e n t  du r ing  e l e c t r i c i a l  r e s i s t i v i t y  

runs. The sample form f a c t o r  was measured i n  the  manner j u s t  described. 

E l e c t r i c a l  r e s i s t i v i t y  data were taken as f o l l ows .  The ambient 

temperature o f  t he  sample was regu la ted w i t h  the. a..c: temperature 

c o n t r o l l e r .  When the  sample reached thermal e q u i l i b r i u m ' t h e  sample ' 

cu r ren t  was turned on. I t  requ i red  from several  seconds a t  5 K t o  sev- 

e r a l  hours a t  an ambient temperature o f  250 K f o r  t he  sample t o  reach 

thermal e q u i l i b r i u m .  The abso lu te  thermocouple vo l tage  VT and bath  

pressure PB were recorded. The sample vo l tage  Vs and the  vo l tage  across 

the  standard r e s i s t o r  V were recorded f o r  bo th  forward and reverse 
STD 



3,7 

sample cu r ren t  d i r e c t i o n s .  The r e s i s t i v i t y  of the sample was 

where RSTD = res is tance o f  the  standard r e s i s t o r  i n  se r ies  w i t h  the  

samp 1  e  . 
Thermal~ .conduct iv i ty  and Seebeck c o e f f i c i e n t  measurements were 

made a f t e r  t he  e l e c t r i c a 1 , r e s i s t i v i t y  run was completed. The #20 Cu 

w i r e  was'removed from the sample i n  o rde r  t o  thermal ly  i 'nsulate the  

sample g rad ien t  heater  from the  r a d i a t i o n  sh ie ld .  Thermal c o n d u c t i v i t y  

and Seebeck c o e f f i c i e n t  measurements were. made as fo l l ows .  The ambient 

temperature o f  the sample 'was regu la ted w i t h  the  a.c. temperature con- 

t r o l  l e r  and . t h e  sample was a1 lowed t o  ,come t o  thermal equi 1 i,br ium. The 
. . 

d i f f e r e n t i a l  thermocouple o f f s e t  vo l tage  V I A T ,  the  sample Seebeck o f f s e t  

vo l tage  V; a n d  the  bath  pressure PB were recorded. The o f f s e t  vo l tage  

o f  the  d i f f e r e n t i a l  thermocouple f o r  the  sh ie ld -grad ient  heater  was 

bucked by ad jus t ing .  t he  zero suppress on the ' l (e i t h ley  149 micro-vol tmeter .  

The sh ie ld -g rad ien t  heater  temperature c o n t r o l l e r  and the  sample g rad ien t  

heater  were turned on. When the  sample reached the steady s t a t e  heat 

d  T  
f 1 ow (- = 0) cond i t ion  the  therma 1 conduct i v i  t y  and Seebeck coef f i c i e n t  

d  t 

were measured. The absolute thermocouple vo l tage V T , t h e  d i f f e r e n t i a l  

thermt lcn~~p le  vo l tage V t he  sample Seebeckvo l tage VS.  t he  q rad ien t  nT ' 
heater  vo l tage  V,, and the g rad ien t  heater  cu r ren t  vo l tage  V ,  across . 

standard res  i s  t o r  R were recorded f o r  forward and reverse d  i rec  t ions 
STD 



o f  .the gradient-heater  cur rent .  The temperature o f  the  "cold" thermo- 

couple (T) was ca l cu la ted  from VT and P i  from the thermocouple f i t .  The 

sample temperature d i f f e r e n c e  (AT) was ca lcu la ted  f r o m  T and V - V 

from the  d i f f e r e n t i a l  thermocouple f i t .  The thermal c o n d u c t i v i t y  o f  the ' ' 

. . sample was 

The sample Seebeck c o e f f i c i e n t  was 

A t  in termediate . . temperatures the  thermal c o n d u c t i v i t y  i s  a . r a p i d l y  

vary . ing ' func t ion  o f  temperature and the 1 inear s o l u t i o n  t O  equat ion 41 
. . 

i s  no t  v a l i d .  I n  t h i s  temperature reg ion ' seve ra l  . . measurements of sample . . 

temperature d i f f e r e n c e  AT, sample "cold" thermometer temperature T and 

grad ient  heater  power Q were made f o r  one ambient temperature s e t t i n g .  
. . 

The temperature grad ients  were va r ied  from 0.1 K t o  1 K: 

Equation 41 was solved by expanding ' the thermal c o n d u c t i v i t y  as 

where n = number o f  measurements o f  AT and T vs Q a t  constant  ambient 
. . 

temperature. The so lu t i -on  t o  the  heat f l o w  equat ion 41 i n  te rms.o f  t he '  

e 
expansion 55 i s  



, The n c o e f f i c i e n t s  Ki were ca l cu la ted  from the n data p o i n t s  T and AT 

vs Q w i t h  l e a s t  squares. Thus a t  the temperature 

n 

the thermal c o n d u c t i v i t y  i s  

The above general expansion equals the l i n e a r  expansions when n = 1.  

Experimental E r ro rs  

Our major experimental u n c e r t a i n i t y  i n  the  determinat ion  o f  

e l e c t r i c a l  r e s i s t i v i t y  and thermal c o n d u c t i v i t y  wasthe measurement o f  the 
. . 

sample form fac to r .  The sample diameter and vo l tage  probe separa t ion  

were measured w i t h  a t r a v e l i n g  microscope w i t h  a ' p r e c i s i o n  o f  0.01 mm. 

The sample vo l tage probe separat ion was t y p i c a l l y  1 cm and the  sample 

diameter was t y p i c a l l y  0.25 cm. Thus the  imprecis ion i n  measuring the 

sample form fac to rwas  0.8%. 

The vanadium samples had the  bamboo s t r u c t u r e  t y p i c a l  o f  e l e c t r o -  

t ransported metals. Consequently the  samples had cross-sect ional  

areas which werenon-uniform over the  length  o f  the  sample. The worst  



sample was sample 2 which had a c ross -sec t i ona l  area which v a r i e d  as 

much as 3% between the  thermometer probes. 

The l e a s t  squares f i t t i n g  and e r r o r  ana lys  i s  o f  t he  thermocouple 

c a l  i b r a t  i o n  i s  d iscussed i n  is  end i x  C. The temperature measurement 

u n c e r t a i n t y  .was l a r g e  f o r  temperatures between 70 K t o  80 K and f o r  

temperatures g r e a t e r  ' than 2 8 0 ~ .  Over t he  r e s t  o f  t he  temperature range 

the  tempera tu re  u n c e r t a i n t y  was l e s s  than 60 mK. 

The sample temperature d i f f e r e n c e  measurement had an imp rec i s i on  - 
which v a r i e d  w i t h  temperature as d iscussed  i n  Appendix C. The e r r o r  

i n  temperature d i f f e r e n c e  measurement was l a r g e s t  a t  low temperatures 

where smal 1 temperature.  d i f f e r e n c e s  were needed. The sampl'e .temper- 

a t u r e  d i f f e r e n c e s  i n  t h i s  research  v a r i e d  f rom 0 .1  K t o  .0.5 K f o r  

temperatures between 5 K t o  30 K, 0.25 K t o  1 K f o r  temperatures 

between 30 K . t o  100 K and 0.5 K t o  3 K f o r  temperatures. between 100 'K 

t o  300 K. Conseq.uently a t  .low temperatures t h e -  e r r o r  in' the  temper- 

a t u r e  d i f f e r e n c e  measurement was as l a r g e  as 0.5%. 

As d iscussed  i n  Appendix C ,  the  c a l  I b r a e i o n , o f '  t he  d i f f e r e n t i a l  

thermocouple f rom 80, K t o  90 K was i n  e r r o r  due t o  . the d . i f f  i c u l  t y  i n  

f i t r i n g  the  d i f f e r e n t i a l  thermocouple f rom 80 K t o  90 K. Over t he  

temperaturk  range' 80 K t o  90 K the  e r r o r  i n  the  temperature d i f f e r -  

ence measurement' was l a r g e  and no da ta  were taken i n  t h i s  temperature 

range. 



The imprec is ion  i n  thermal c o n d u c t i v i t y  measurement v a r i e d  w i t h  

temperature due t o  the imprec is ion  i n  temperature measurement, tempera- 

t u r e  d i f f e r e n c e  measurement and heat  c u r r e n t  measurement. The e r r o r  i n  

the form f a c t o r  measurement was constant  over  the  e n t i  r e  temperature 

range. 6o le f  -- e t  a1 . (13) have shown t h a t  t he  thermal expansion o f  

vanad i um was 1 ess t'han 0.15% from 273 K t o  5 K, 

The u n c e r t a i n t y  i n  the  heat cu r ren twasdue  t o  heat losses f rom the 

sample through the.sample e l e c t r i c a l  leads and from. r a d i a t i o n .  The 

heat losses f rom the  sample were reduced by the  r a d i a t i o n  s h i e l d  surround- 

ing  the sample. When the s h i e l d  and sample temperature g rad ien ts  were 

p e r f e c t l y  matched the  sample heat losses due t o  the,  leads werezero and 

the  sample heat c u r r e n t  wasthe Jou le  heat ing  i n  the  sample g r a d i e n t  

heater .  The g rad ien t  heater  power measurement imprec is ion  wasless than 

0.05%. 

The imprec is ion  i n  the  thermal c o n d u c t i v i t y  measurements due t o  the 

form f a c t o r  e r r o r  and temperature g rad ien t  e r r o r w a s l %  a t  low tempera- 

t u res  and 0.8% a t  h igh  temperatures. The e r r o r  i n  the  sample tempera- 

t u r e  measurement ( 1 %  a t  5 K, 0.3% a t  10 K) in t roduced an a d d i t i o n a l  

imprec is ion  i n  t he  thermal c o n d u c t i v i t y  measurement a t  low temperatures. 

The magni tude o f  the  u n c e r t a i n t y  depended upon the  s lope o f  t he  sample's 

thermal c o n d u c t i v i t y .  

The systemat ic  e r r o r s  i n  t h i s  research weredue t o  the  non-uniform 

sample cross.-sect ional areas and the  sample heat losses. The systemat ic  

e r r o r s  were analyzed by measuring the  thermal c o n d u c t i v i t y  of a sample 



-of e l e c t r o l y t i c  I r o n ,  SRM 734. The s.ystemati'c e r r o r s  were.less.. tha'n 

The i'mpreci'sion i.n e l e c t r i c a l  res i ' s t i v i ' t y  measurement wasdue t o  

the  uncertai 'nty. i'n- the  sample form fact0.r (0.8%) and the  uncer ta in ty  

i n  meaguring the.  sample res is tance.  A t  low temperatures where the  . 

r e s i s t i v i t y  wasmtnimal, the  e l e c t r i c a l  r e s i s t i v i t y  e r r o r s w e r e t h e  

greates t .  The sample vo l tage wasmeasured wi.th a p r e c i s i o n . o f  0.005. p\I 

and the sample cu r ren t  wasmeasured w i t h  a p r e c i s i o n  o f  0.5 mA. A t  h igh  

temperatures where the  sample res i s tance  was g rea te r  than 5 X lo-' t he  

e l e c t r i c a l  r e s i s t i v i t y  data have an imprec is ion  determined p r i m a r i l y  by 

the  imprecis ion i n  measuring the  sample form f a c t o r  (0.8%). A t  low 
. . 

- 7 temperatures the  sample res is tances 'wereas low as 5 X 10 Q .  Con- 

sequently the  . . imprecis ion i n  e l e c t r i c a l  r e s l s t l v i t y  measurements a t  low 

temperatures was1.3% f o r  the  h ighest  p u r i t y  vanadium sample, sample 4. 
' 

. . 
The Seebeck c o e f f i c i e n t  imprec is ion  was due ' to  the  uncer ta i  n t p  i n  

measuring the  sample temperature g rad ien t  and the  u n c e r t a i n t y . i n  

measuring the  sample Seebeck EMF. Below 10 K vanadium had a Seebeck 

c o e f f i c i e n t  o f  less  than 0.1 pV/K. The Seebeck vol tage,  VSwasmeasured 

w i t h  a p r e c i s i o n  o f  0.005 uV. Since t h e  Seebeck c o e f f i c i e n t  was measured 

simul taneously w i t h  t h e  thermal c o n d u c t i v i t y  measurements, t he  tempera- 

t u r e  grad ients  wereless than 0.5 K f o r  T < 10 K.  Consequently the  e r r o r  

i n  the .  Seebeck c o e f f i c i e n t  below 10 Kwasgreater  than 1U%. Above 10 K 

the Seebeck c o e f f i c i e n t  rose t o  approximately 3 pV/K a t  50 K. Hence 

the  uncer ta in ty  i n  the  Seebeck c o e f f i c i e n t  f o r  temperatures above 20 K 



wasless than 3%. A t  h igh  temperatures the  Seebeck c o e f f i c i e n t  wasagain 

small  ( less  than 1 p V / ~ ) .  However a t  h i g h  temperatures the  sample 

temperature grad ients -  were l a rge  (greater  than 2 K). Thus the  impreci-  

s i o n  i n  the ~ee'beck c o e f f i c i e n t  a t  h i g h  temperatures wasalso about 3%. 

E l e c t r o l y t i c  I r o n  

A sample o f  e l e c t r o l y t i c  i r on ,  SRM 734 was obta ined from .the 

Nat iona l  Bureau o f  Standards (NBS). Th is  m a t e r i a l  i s  a thermal con- 

d u c t i v i  t y ,  e l e c t r i c a l  r e s i s t i v i t y  and seebeck c o e f f i c i e n t  standard. The 

t ranspor t  p r o p e r t i e s  o f  SRM 734 were measured t o  t e s t  the expeimental 

unce r ta in t y  of the  apparatus. 

The sample received from NBS was c y l i n d r i c a l  w i t h  a l eng th  o f  12 i n .  

and a diameter o f  0.21 i n .  A smal l e r  sample was prepared from the bu lk  . . 

by c u t t i n g  a 3.5 cm p i e c e ' f r o m  the  rod and g r i n d i n g  the  sample t o  a 
. . .  

diameter o f  0.25 cm. The sample was e l e c t r o p o l  ished and annealed. 'The 

anneal ing was conducted i n  a programable f u r n i c e  which had a pressure 

of less  than 5 X l o m 5  t o t r .  The vacuum system was a standard o i  l- 
d i f f u s i o n  pump. The sample was heated t o  1000°C a t  a heat ing  r a t e  o f  

100°C/h. The sample was he ld  a t  1000°C f o r  two hours and then cooled t o  

7 7 5 " ~  i n  one hour.. The sample was he ld  a t  77S°C f o r  f o u r  hours and then 

cooled t o  room temperature a t  a coo l i ng  r a t e  o f  200°C/h. A f t e r  t he  

anneal the  sampl'e was again e lec t ropo l i shed .  The c h a r a c t e r i s t i c s  o f  the  

annealed sample a re  1 i s t e d  i n  Table 3. 



Table 3. ~ h a r a c t e r i s t i c s  of ,sample SRM 734 

Residua 1 Resistance R a t i o  
~ e n g t h  Diameter ~ e s i s t i ' v i  ty Resi'sti 'vi t y  

( ~ ~ 2 7 3 ~ )  " - ~ 2 7 3 ~ ~ 4 . 2  

. . 

Hust and spar'ks (52, 53)  repor ted  t h a t  samples annealed a t  NBS 

f o r  two hours a t  l 0 d 0 " ~  had res i s tance  r a t i o s  o f  23.33 + 0.24. The 

res is tance r a t i o  o f  our sample was 4% h igher  than the res i s tance  r a t i o  

repor ted  by NBS. NBS reported, however, t h a t  samples annealed f o r  2 1/2 

days a t  1000°C were 2.6% h igher  than the  res i s tance  r a t i o  o f  t h e  sample 

measured' in  t h i s  research. No.exp lanat ion  o f  the  v a r i a t i o n  o f  res i s tance  

r a t i o  w i t h  d i f f e r e n t  anneal temperatures. has been made. However, ~ u s t l  

has .found t h a t  sampies of SRM 734 annealed a t  1000°C f o r  two hours, and 

subsequently annealed a t  80o0C f o r  f o u r  hours have . res i s tance  r a t i o s  

which a r e  the same. 

'The thermal conduct iv i ' ty  of sample SRM 734 i s  shown i n  F igu re  4 

along w i t h  the r e s u l t s  o f  NBS. F igures 5 and 6 a r e  p l o t s  of t h e  
, . . , . .-.! 

e l e c t r i c a l  r e s i s t i v i t y  and Seebeck c o e f f i c i e n t  compared t o  NBS. F igu re  7 

i s  a p l o t  of the per  cent  d e v i a t i o n  o f  our  measurements from the  r e s u l t s  

o f  NBS o f  a1 l th ree  t ranspor t  p rope r t i es .  

' ~ u s t ,  J. G., NBS, Boulder,  Colorado, P r i v a t e  Communication. 
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Figure 5. The' electrical resistivity of electrolytic iron as a.function .of temperature. 



Figure 6.  The Seebeck c o e f f i c i e n t  o f  e l e c t r o , l y t i c  i r o n  as a f u n c t i o n . o f  temperature. 
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Above 160 K the e l e c t r i c a l .  r e s i s t i v i t y  o f  SRM 734 was i n  good agree- 

ment w i t h  the r e s u l t  o f  NBS. A t  low. temperatures however our  measurements 

were 4% less. than t'he NBS r e s u l t s .  I n  a d d i t i o n  the  s t r u c t u r e  present  i n  

the low temperature e l e c t r i c a l  r e s i s t i ' v i t y  repor ted  by NBS was n o t  

pres'ent i n  our 'sample. The imprec is ion  i n  t he  e l e c t r i c a l  r e s i s t i v i t y  

data was 0.8% over  t he  e n t i r e  temperature range. The d i f f e r e n c e  i n  our 

d a t a . w i t h  respect  to-NBS was due t o  v a r i a t i o n s  i n  SRM 734 samples. We 

know o f  no temperature dependent systemat ic  e r r o r  which cou ld  cause our  

e l e c t r i c a l  r e s i s t i v i t y  da ta  t o  dev ia te  4% a t  low temperatures. 

The thermal c o n d u c t i v i t y  measurement o f  SRM 734 w a s . i n  good agree- 

ment w i t h  NBS f o r  temperatures l ess  than 40 K. The agreement between the  

thermal c o n d u c t i v i t y  da ta  a t  low temperatures was puzz l i ng  s ince  the  

e l e c t r i c a l  r e s i s t i v i t y  da ta  i nd i ca tes  the  sample was d i f f e r e n t  from the  

samples measured a t  NBS. Above 40 K., however our  thermal c o n d u c t i v i t y .  

data was 3% less  than the  NBS r e s u l t s .  Th is  disagreement was l a r g e r  than 

the imprec is ion  of  our  apparatus i n  t h i s  temperature range. consequently 

a systemat ic  e r r o r  of approximate ly  3% was present  i n  the  thermal con- 

duc t  i v i  t y  measurements For temperatures above 40 K. 

The seebeck c o e f f i c i e n t ,  shown i n  ~ i ~ u r e  6, was 4% less  than the  

r e s u l t s  of  NBS f o r  temperatures g rea te r  than 40 K. Below 30 K the  

e r r o r s  i n  Seebeck c o e f f i c i e n t  exceeded 10%. Since the  Seebeck c o e f f i c i e n t  

measurement and therma 1 c o n d u c t i v i t y  measurement bo th  depend upon the  

measurement o f  temperature g rad ien t ,  the  temperature dependent systemat ic  

e r r o r  i n  t h i s  research above 40 K was most 1.ikely. an uncer ta ' in ty  i n  

measuring the  sample tempera t ,~~re  d i f f e rence .  The systemat ic  a n c e r t a i n t y  



i n  the temperature d i f f e r e n c e  measurement was due t o  a systematic 

uncertai ,nty i n  measuring the Seebeck c o e f f i c t e n t  o f  c h r o m e 1 . v ~  . 
. 

Au-0.03% Fe 



CHAPTER I V :  RESULTS 

E l e c t r i c a l  R e s i s t i v i t y  

F igure 8 i s  a , p l o t  o f  the e lec t r i ' ca l  r e s i s t i v i t y  o f  vanadium'as 

a f u n c t i o n  o f  temperature from 5.4 K t o  290 K. Thk th ree.h ighest  p u r i t y  

samples had e l e c t r i c a l  r e s i s t i v l t i ' e s  which'were equal above 130 K. We 

observed no r e s i s t i v i ' t y  anomaly a t  in termediate temperatures i n  agreement 

' w i t h  Westlake (25) who reported t h a t  hydrogen increased the  e l e c t r i c a l  

r e s i s t i v i t y  o f  vanadium above 190 K. The hydrogen conten. t . in  our samples 

was less than 1 w t .  ppm. The h ighest  p u r i t y  vanadium sample, sample, 4 
- 8 had a res idua l  r e s i s t i v i t y o f  1.3 X 10 Q cm. Weobserved w i t h o u r  , ' 

. e l e c t r i c a l  r e s i s t i v i t y  measurements.-that the  superconducting t r a n s i t i o n  

temperature of vanadium was 5.4 K i n  agreement w i t h  the  r e s u l t s  o f  

Radebaugh and Keesom (12). The lowest p u r i t y  sample, sample 1 ,  had an 

e l e c t r i c a l  r e s i s t i v i t y  which was la rge r  than the o ther  fou r  samples 

over .the e n t  i r e  temperature range. 

Mat th iessen's r u l e  was app l ied  t o  the e l e c t r i c a l  r e s i s t i v i t y  i n  order 

Lu separate the  res idua l  and idea l  ( i n t r i n s i c )  e l e c t r i c a l  r e s i s t i v i t i e s .  

where p i s  the  res idua l  e l e c t r i c a l  r e s i s t i v i t y ,  p(T) i s  the t o t a l  
0 

r e s i s t i v i t y  and pi (T) i s  the idea l  r e s i s t i v i t y .  The res idua l  r e s i s t i v i t y  

f o r  each sample was the  r e s i s t i v i t y  measured a t  the  lowest temperature. 

The temperature dependence o f  the  idea l  e l e c t r i c a l  r e s i s t i v i t y  was 

ca l cu la ted  by p l o t t i n g  log  h i )  vs  109 (t) as shown i n  F igure  9. As seen 
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The e lec t . r i ca1  r e s i s t i v i t y  o f  vanadium as a  f u n c t i o n  o f  temperature f o r  f o u r  samples o f  
h3gh p u . r i t y  vanadium..   he 1.owest 'pur i ty  sample, sample 1, had an e l e c t r i c a l  r e s i s t i v i t y  
which wasaf fected by i m p u r i t i e s  over the e n t i r e  temperature range. 
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Figure 9. The log o f  the i;deal e l e c t r i c a l  r e s t s t i v i - t y  p l o t t e d  as. a  
funct ion o f  the log 0 f . t h . e  temperature. Vanadiu had an 
Fdeal e l e c t r i c a l . r e s i s t i v i t y w h i c h  var ied  a s T 3 * ' f r o r n  , 

10 K t o  50 K. ' 

. . 



3 . 4  i n  F igure  9, the  idea l  e l e c t r i c a l  r e s i s t i v i t y  o f  vanadium had a T tem- 

pera ture  dependence between 10 K and 70 K. Our r e s u l t s w e r e i n  c lose  

agreement wi'th White and woods (19) who found t h a t  the  idea l  e l e c t r i c a l  

r e s i s t i v i t y  o f  vanadium var ied as 'T 3 '35  a t  low temperatures. The lowest 

p u r i t y  sample, sample 1,  had an idea l  e l e c t r i c a l  r e s i s t i v i t y  which was 

i n  agreement w i t h  the o the r  f o u r  samples over  the  e n t i r e  temperature 

range. Thus the excess e l e c t r i c a l  r e s i s t i v i ' t y  o f  t h i s  sample, as seen i n  

~ i g u r e  8, wasdue ' to  p o i n t  impur i t y  s c a t t e r i n g ,  which a f f e c t e d  the  t o t a l  

e l e c t r i c a l  r ' e s i s t i v i t y  o f  sample 1 over  the  e n t i r e  tempera'ture range. 

' Thermal Conduct iv i ty  

The thermal c o n d u c t i v i t y  o f  vanadium i s  p l o t t e d  as a f u n c t i o n  o f  

temperature i n  F igure  10. Also p l o t t e d  i n  F igure  10 a re  the  r e s u l t s  o f  

White and Woods (19). As seen i n  F igure  10, the  thermal c o n d u c t i v i t y  o f  

vanadium approached a constant a t  room temperature and had a l a rge  maximum 

a t  low temperatures. The h ighest  p u r i t y  sample, sample 4, had a thermal 

c o n d u c t i v i t y  maximum o f  920 W/m K a t  9 K. The th ree  h,ighest p u r i t y  samples 

a1 1 :have equai thermal conduct i v i  t i e s  above 60 'K  and a1 1 t h ree  samples 

had thermal conduc t i v i  t tes o f  35 W/m K a t  room temperature. The thermal 

c o n d u c t i v t t y  maximum o f  our h ighest  p u r i t y  sample was over, 500 times 

g rea te r  than the thermal c o n d u c t i v i t y  of a much less  pure sample reported 

by White and Woods. As seen i'n F igure  10, the  thermal c o n d u c t i v i t y  of 

our  lowest p u r i t y  sample, sample 1 ,  and the  thermal conduc t i v i ' t y  r e s u l t s  

of White and Woods were less than the  thermal c o n d u c t i v i t i e s  o f  t h e  o the r  

th ree  h igher  pur i ' ty  samples over the  e n t i r e  temperature range. The 
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Figure  10. The thermal conduct iv i ty  o f  vanadium as a f u n c t i o n  o f  temperature.. The lowest pu,ri t y  
.' . sample, sample ..l, had a thermal. conduct i v i  ty .which was 1 imited . . by. impurity s c a t t e r i n g  . . 

. '  -over  the e n t i r e  temperature range. 
. - 



The d i f f e r e n c e  i n  thermal c o n d u c t i v i t y  o f  t he  lowest p u r i t y  sample was 

due t o  p o i n t  impuri ty.  s c a t t e r i n g .  

The thermal analogue o f  Mat th iessents  r u l e  was app l i ed  t o  the  

thermal r e s i s t i v i t y .  

- 
where Wi(T) i s  the i n t r i n s i c  thermal r e s i s t i v i t y  and A/T i s  the thermal 

r e s i s t i v i t y  due t o  p o i n t  impur i t y  s c a t t e r i n g .  The constant  A was , 

c a l c u l a t e d  from the .s lope  o f  the  low temperature thermal c o n d u c t i v i t y  and 

the  I n t r i n s i c  thermal r e s i s t i v i t y  was c a l c u l a t e d  from equat ion 60. The 

temperature dependence'of t he  i n t r i n s i c  thermal r e s i s t i v i t y  was evaluated 

b y . p l o t t i n g  l og  W. vs l og  T as shown i n  F igure  1 1 .  As seen i n  F igu re  11 ,  
I 

the i n t r i n s i c  thermal r e s i s t i v i t y  o f  vanadium v a r i e d  as T2 f o r  temper- 

a tu res  less  than 25.K. Our measurements o f  the temperature dependence 

of the thermal r e s i s t i v i t y  a re  less  than the value repor ted  by Wh I t e  

and Woods who found t h a t  the i n t r i n s i c  thermal r e s i s t i v i t y  o f  vanadium 

va r ied  as T~~~ a t  low temperatures. 

Seebeck C o e f f i c i e n t  

The Seebeck c o e f f i c i e n t  o f  vanadium i s  p l o t t e d  as a func t i on  o f  

temperature i n  F igure  12. The Seebeck c o e f f i c i e n t  was pos i  t i v e  f rom 10 K 

t o  240 K and had a maximum a t  70 K. The Seebeck c o e f f i c i e n t  a t  temper- 

a tu res  l ess  than 170 K v a r i e d  w i t h  sample p u r i t y  and decreased t o  zero as 

the temperature approached zero. Our Seebeck c o e f f i c i e n t  measurements 

below 10 K were no t  s u f f i c i e n t l y  p rec i se  t o  observe a d iscont inuous 
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Figure 1 1 .  The log o f  the  i n t r i n s i c  thermal r e s i s t i v i t y  as a  f u n c t i o n  
of  the log o f  the temperature, The i n t r i n s i c  thermal 
r e s i s t i v r t y  var ied  as T2 Prom 10 K t o  25 K. 
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F igure  12. The Seebeck. cdeff  i c i e n t :  of vanadium as a f u n c t i o n  o f  temperature, The seedeck c o e f f i c i e n t  
va r ied  wi.th 'sample pur ' i t y  a t  low temperatures and was p o s i t i v e  f o r  temperatures less than 
240 K. Above, 240 K the  ~ e ~ b e c k  coef f i c i  en t  was. negat i ve ,  . . .  



change a t  the superconduct ing t rans i ' t  Ion  temperature. The h ighest  p u r i t y  

sample, sample 4, had a Seebeck coef f i c i ent  maximum o f  3.4 V V / K  a t  70 K. 

Above 240 K the  Seebeck c o e f f i c i e n t  o f  vanadium was negat ive.  

Our Seebeck coe f f  i c i e n t  resu l  t s  were i n  agreement w i t h  the resu i  t s  of 

Mack.intosh arid S i  1 1  (23) below 140 K. ~ o k v e r  above 140 K, our r e s u l t s  

were I n  consi'derable disagreement w i t h  the  r e s u l t s  o f  MacKintosh and S i l l .  

MacKintosh and S i l l  repor ted a temperature dependent hys te res i s  i n  the  

Seebeck c o e f f i c i e n t  f o r  temperatures above 140 K, depending upon whether 

the  sample was being heated o r  cooled. I n  a d d i t i o n  i t  wa's reported t h a t  

the  Seebeck . . c o e f f i c i e n t  decreased anomalously a t  21 7 K'when the  sampje 

was being heated and. th,at no d i s c o n t i n u i t y  occurred when the  sample.was 

being cooled.. Mackintosh and S i l l  a l s o  reported t h a t  t he  Seebeck 

c o e f f i c i e n t  had a r e l a t i v e  minimum between 240 K and 260 K f o r  both 

heat ing  and coo l i ng  and t h a t  the Seebeck c o e f f i c i e n t  rose w i t h  temperature 

f o r  temperatures above 260 K. . . 

We measured the Seebeck c o e f f i c i e n t  o f  vanadium from 80 K t o  290 K 

by both  increasing and decreasing the  ambient temperature. No temperature 

dependent hys te res i s  was observed, The heat ing  ra tes  were about 200°C/h 

w h i l e  the  c o o l i n g  r a t e  was about 50°C/h. Our measurements were made 

a t  constant  ambient temperature and f o r  temperatures above 140 K, we 

wai ted a t  l e a s t  two hours per  data p o i n t  f o r  the  sample t o  come t o  thermal 

equ i l i b r i um.  

The anomaly reported by MacKintosh and S i l l ,  and poss ib l y  the  

hys te res i s  a1 so, was most 1 i k e l y  due t o  ' the presence of hydrogen i n  



t h e i  r sample. No measurement o f  the  hydrogen concent ra t  i on  was repor ted.  

However i t  was repor ted  t h a t  gas.eous i m p u r i t i e s  might  be present  i n  

t he i ' r  sample. 

- . Lorenz R a t i o  : 

Th.e ~ o r b n z  r a t i o  o f  vanadium i s  p l d t t e d  i n  . F igu re  . 13. The Lorenz 

r a t i o  d i d  n o t  depend upon the  sample form f a c t o r  measurement because 

the  same thermometer and vo l tage  probe spacing was used i n  bo th  e l e c t r i c a l  

r e s i s t i v i t y  and thermal c o n d u c t i v i t y  measurements. 

The Lorenz r a t i o  was l ess  than the  Sommerfeld value ( L ~  = 2.45 X 10 - 8 
2 2 

V /K ) over  the e n t i r e  temperature range. A t  low temperatures t h e  e l e c t r i c a l  

c o n d u c t i v i t y  and thermal c o n d u c t i v i t y  a r e  l i m i t e d  by impur i t y  s c a t t e r i n g  and 

as. seen i n  F igu re  13 the  Lorenz r a t i o  approached Lo a t  low temperatures. 

Sample 1 .  was anomalous a t  bo th  hi.gh and. low temperatures. As seen 

i n  F igure  13,  the Lorenz r a t i o  o f  sample 1 was less  than the Lorenr  r a t i o  

o f  the o the r  th'ree samples a t  h igh  temperatures. In  a d d i t i o n  a t  low 

temperatures, sample 1 had a Lorenz r a t i o  which was l ess  than the Som- 
s .  

merfe ld va lue . .  As s e e n  i n , F l g u r e  13 the Lorenz r a t i o  o f ,vanad ium had 

a minimum a t  in te rmed ia te  temperatures owing t o  i n e l a s t i c  e l e c t r o n -  

phonon i n t e r a t i o n s .  The minimum of  the h ighes t  p u r i t y  sample occurred 

a t  30 K and the minima o f  the o the r  samples occurred a t  h igher  temper- 

atures.  



Figure 13. The. Lorenz rat i 'o  of vanadium p l o t t e d  .as a funct ion  o f  temperature, The i o r e n z  r a t i o  
o f  vanad i um was' less. than Lo over'the e n t i r e  temperature range, 

--I 



CHAPTER V : '  D I S C U S S I O N  

Thermal Conduc t i v i t y  

A t  low t 'emperatures' the thermal' c o n d u c t i v i t y  o f  a  metal i s  l i m i t e d  

by e l e c t r o n  Impur i t y  and electron-phonon in te rac t i ons . ,  The, two s c a t t e r i n g  
. . 

mechanisms can be .separated by app ly ing  the  thermal analog o f  Mat th iessen's 

r u l e  t o  the  thermal r e ' s i s t i v i t y .  

where,A/T i s  the  thermal r e s i s t i v i t y  due t o  e l e c t r o n  s c a t t e r i n g  by p o i n t  

2 
de fec ts  and BT i s  t h e  i n t r i n s i c  thermal r e s i s t i v i t y  due t o  e l e c t r o n  

sca t te r i ng .  by phonons.. A t  low temperatures the, ' thermal c o n d u c t i v i t y  o f  

a  reasonably pure metal has :a maximum a t  the  .temperature 

Figure 1 4 i s  . . a  p l o t  o f  T  W(T) vs T~ f o r  t h e  f o u r  vanadium samplei. 

The T3 = 0 in . tercept  i n  F igure  14 i s  the  c o e f f i c i e n t  A  and the  s lop& i s  

the  c o e f f i ' c i e n t  B. The c o e f f i c i e n t s  A and B a r e  l i s t e d  i n  Table 4. 

As seen i n  F igure  14 and Table 4, the  thermal r e s i s t i v i t y  o f  

2 vanad.ium v a r i e d  as A/T + BT . Thus a t  low temperatures the  thermal 

conduct i v i  t y  of vanadium was 1 i m i  fed by the  s c a t t e r  ing  . o f  e lec t rons  b y  

c r y s t a l  d c f c c t s  and by normal electpon-phonon i n t e r a c t i o n s .  However, 

Mat th iessen's ru1.e was not  obeyed. The I n t r i n s i ' c  thermal ' r e s i ' s t i v i t y ,  

2 
BT , var ied  w i t h  sample p u r i t y ,  B decreased as the sample p u r r t y  increased, 



3 F i g u r e  14. The thermal r e s i s t i v i t y  o f  vanadium times temperature vs.  T . The l i n e a r  dependence shows 
t h a t  t he  i n t r i n s i c  thermal r e s i s t i v i t y  o f  vanadium had a T~ temperature dependence a t  low 
temperatures . 



Table . . 4. The c o e f f i c i e n t s  A and B o f  the thermal r e s i s t i v i t y  o f  vanadium 

A s i m i l a r  v a r i a t i o n  of B w i t h  sample p u r i t y  has been observed i n  o the r  

metals and most r e c e n t l y  i n  potassium by Newrock and Max f ie ld  (54).  

Departuresfrom Matth iessen's r u l e  have been discussed by Bass (55).  

The thermal r e s i s t i v i t y  o f  a  metal depar t s ' f rom Matth iessen's r u l e  

because the  'steady s t a t e  e l e c t r o n  d i s t r i b u t i q n  f o r  e lec t rons  sca t te red  

0 
by i m p u r i t i e s  (fimp) i s  not  equal t o  the  steady s t a t e  e l e c t r o n  d i s t r i -  

0 but  i on  f o r  e lec t rons  scat te red by phonons ( fph)  . The ac tua l  steady s t a t e  

0 0 
e l e c t r o n  d i s t r i b u t l o n  i s  a  compromise between F . and fph.. Consequently 

i mp 

the r e l a x a t i o n  t ime f o r  e lec t rons  scat te red by phonons i s  a f f e c t e d  by 

the  sample p u r i t y .  Since the  i n t r i n s i c  thermal r e s i s t i v i t y  depends upon 

the e l e c t r o n  phonon r e l a x a t i o n  time, the  i n t r i n s i c  thermal r e s i s t i v i t y  

can a l s o  vary w i t h  sample p u r i t y  and b lat th iesson's r u l e  i s  not obeyed. 

The magnitude o f  t he  low temperature i n t r i n s i c  thermal r e s i s t i v i t y  

f o r  normal electron-phonon s c a t t e r i n g  has been ca lcu la ted  by Klemens 

(56, 57). ~ le 'mens showed tha t ,  



f o r  temperatures l e s s  than 8/20. 0 i s  the  Debye temperature and Wi (?) 

i s  the  constant  thermal res i .s t ' i . v i ty  a t  h i g h  temperatures. C i.s a constant  

whi'ch depends upon . the e f f e c t i v e  number o f  conduct ion e lec t rons  per  atom . 

i n  t h e  conduct i-on band (N,) 

The h ighest  p u r i t y  vanadium sample had an i n t r i n s i c  thermal 

2 
r e s i s t i v i t y  which va r ied  as BT . Thus f o r  the  htghest  p u r i t y  vanadium 

The Debye temperature o f  vanadium was 382 K as determined by Radebaugh 

and Kaesom (12) and Wi (a) was 2.829 X mK/W. Thus f o r  sample 4,  

C = 19.2. The . . va lue o f  B i n  equat ion 65 f o r  an i d e a l l y  pure vanadium 

c r y s t a l  would have bee; less than the  value o f   f for sample 4 s ince  B 

was impuri ' ty dependent. Hence 19.2 i s  an upper l i m i t  f o r  C .  

3 2 Vanadium has a .  conduct ion e l e c t r o n  c o n f i g u r a t i o n  of j d  4s . 
Thus vanadium has two S band conduct ion e lec t rons  per a'tom 'and hence 

should have.a val'ue o f  C near 100. 

Klemens (571 has shown t h a t  low values o f  C a r e  due t o  several  

f a c t o r s .  One reason Ts t h a t  U-processes r a i s e  the  i n t r i n s i c  thermal 



r e s i s t i v i t y a t  h igh  temperatures above the value p red ic ted  by the  Wilson 

theory. Another reason f o r  low values o f  C i s  t h a t  the  phonon d i s t r i -  

b u t i o n  may.depart from the ~ e b ~ e  model owing t o  dispersTon. I n  

vanadium, the  low value o f  C i s  most l i k e l y  due t o  both  d i spe rs ion  and 

U-processes. I t  i s  d i f f i c u l t  t o  determine which p roper t y  i s  a f f e c t i n g  

the  thermal r e s i s t i v i t y  s o l e l y  from an ana lys i s  o f  the  thermal r e s i s t i v i t y .  

E l e c t r i c a l  R e s i s t i v i t y  

A t  low temperatures t h e  i n t r i n s i c  e l e c t r i c a l  r e s i s t - i v i t y  of a metal 

should vary as T5 f o r  norma 1 electron-phonon i n t e r a c t  ions. A; discussed 

3.4 e a r l ' i e r ,  the  . i n t r i n s i c  e l e c t r i c a l  r e s i s t i v i t y  o f  vanadium v a r i e d  as T . 
A t  low temperatures the  i n t r i n s i c  e l e c t r i c a l  r e s i s t i v i t y  o f  vanadium was 

considerably l a r g e r  than the  i n t r i n s i c  e l e c t r i c a l  r e s i s t i v i t y  p red ic ted  

by the  Bloch.mode1. I n  F igure  15, t he  . i n t r i n s i c  e l e c t r i c a l  r e s i s t i v i t y  

o f  vanadium was compared t o . t h e  Bloch model by p l o t t i n g  

as a f u n c t i o n  o f  temperalure. The r a t i o  i n  equat ion 66 was normalized 

t o  1 a t  h i g h  temperatures by s e t t i n g  

The constant  pg was 1.163 X 1 0 ' ~  9, cm a t  297.2 K. The i n t e g r a l  J (8/T) 
5 

was evaluated by numer ica l ly  i n t e g r a t i n g  equat ion 25 w i t h  the  t rapezo ida l  

techn i que. The, Debye temperature was 382 K, 
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Figure 15. p i  ( ~ ) l p ~ ( . T )  vs T f o r  vanadium, where p B ( ~ )  i s  the Block formula.  Above 70 K p i  ( T ) / P ~ ( T )  
was constant,  thus the i n t r i n s i c  thermal r e s i s t i v i t y  o f  vanadium had the temperature 
dependence predicted by the Block formula. 



As. seen i n  F igure  15, the  temperature dependence of  pi(^) was i n  

good agreement wi th.  the Bloch. model above 70 K, however a t  temperatures 

less  than 70 K the I n t r i n s i c  e l e c t r i c a l  r e s i ' s t i v i t y  was much, g rea te r  than 

the  va lue p red ic ted  by the  Bloch model. 

Mot t  (58) and Mott  and W i  1 I s  (59) have shown t h a t  conduct.ion 

can occur i n  a  t r a n s i t i o n  metal i n  bo th  the  s  and d  bands. 

-8- -8. 

where m" and m" a re  the  e l e c t r o n  e f f e c t i v e  masses o f  the  s  and d  bands 
s  d  

and T~ and T a re  the  s  and d  band r e l a x a t i o n  times. Mot t  argued t h a t  
d  

i n  t r a n s i t i o n ' m e t a l s  the c o n d u c t i v i t y  o f  s band e lec t rons  i s  much l a r g e r  

than the c o n d u c t i v i t y  o f  t he  d  band e lec t rons  owing t o  the  smal le r  

e f f e c t i v e  mass o f  the  s  band e lec t rons .  

Wilson (60) has shown t h a t  phonons can s c a t t e r  e lec t rons  from the  

s  t o  the  d' band, consequently r a i s i n g  the  i n t r i n s i c  e l e c t r i c a l  r e s i s t i v i t y  

of a  t r a n s i t i o n  metal above the  Bloch theory.  The d-band ac ts  as a  t r a p  

i n t o  which s  e lec t rons  a r e  scat te red.  Wilson has shown t h a t  s  t o  d  band 

t r a n s i t i o n s  occur i f  the  phonon wavevector CJ. i s  ,a rger  than the  d i f f e rence  

i n  Fermi wavevectors o f  the  s  and d  band conduct ion e lec t rons .  

Wilson showed t h a t  the  i n t r i n s i c  e l e c t r i c a l  r e s i s t i v i t y  o f  a  t r a n s i t i o n  

metal was, 



. . 

where p (T) i s  the  e lec t r i . ca1 r e s i s t i v i t y  of s band e lec t rons   l loch s S 

formula) and pSd(T) i s  the  a d d i t i o n a l  e l e c t r i c a l  r e s i s t i v i t y  caused by 

s t o  d band s c a t t e r i n g .  

. I 

where p i s  a constant  and B M  i s  the  temperature g iven by the  equat ion s d 

where oM i s  the  frequency o f  the phonon q,,,. Thus the  i n t r i n s i c  e l e c t r i c a l  

r e s i s t i v i t y  o f  a t r a n s i t i o n  metal i s  

8 8~ A t  very low temperatures, J (-)I. J ( ) and equation, 74 reduces t o  the  
3 T  3 7  

Bloch equation. ' A t  in te rmedia te  temperatures equat ion 74 i s  lc l ryer  than 

the Bloch equat ion.  

Recent band c a l c u l a t i o n s  o f  vanadium by Yasui -- e t  a l .  (61) and 

papacons tantopoulos -- e t  a1 . (62) have shown t h a t  there  a re  regions o f  

over lap  o f  the  hands 'o f  vanadium a t  the  Fermi energy. Thus interband 

t r a n s i t i o n s  can occur f o r  very small q vectors .  

I f  i t  i s  assumed t h a t  above 5 K, in terband t r a n s i t i o n s  a r e  occur r ing ,  

then a t  low temperatures the  i n t r i n s i c  thermal r e s i s t i v i t y  should have a 



3 T  temperature dependence i n  a d d i t i o n  t o  the  T5 temperature dependence. 

Thus, 

where p B ~ 5  i s  the e l e c t r i c a l  r e s i s t i v i t y  caused bq s c a t t e r i n g  i n  the  s  

band and p  T~ i s  the  e l e c t r i c a l  r e s i s t i v i t y  caused by interband 
s  d  

3  2 sca t te r i ng .  F igure  16 i s  a  p l o t  o f  p i ( ~ ) / T  vs T f o r  th ree vanadium. 

samples. The i n t e r c e p t  i n  F igure  16 i s  the  c o e f f i c i e n t  o f  t he  T  3 

term of  pi(^) and the  s lope i s  the  c o e f f i c i e n t  o f  t he  T~ term. As 

seen i n  F igure  16 the  i n t e r c e p t  was non-zero. Thus vanadium had an 

i n t r i n s i c  e l e c t r i c a l  r e s i s t i v i t y  which va r ied  w i t h  temperature as 

3 p B ~ 5 ' +  psdT . A t  low temperatures p o i s  vqry near l y  equal t o  p ( ~ ) ,  

thus the  s c a t t e r  a t  low temperatures i n  F igure  16 i s  due t o  s u b t r a c t i n g  

two. near 1 y  equal terms t o  evaluate pi (T) . 
As s e e n ' i n '  f i g u r e  16 the  s lope i s  nea r l y  zero f o r  a l l  t h ree  samples. 

Thus a t  .low temperatures interband s c a t t e r i n g  i s  the  dominant e l e c t r o n  

s c a t t e r i n g  'mechanism a f f e c t i n g  the e l e c t r i c a l  r e s i s t i v i t y  o f  vanadium. 

3 ~ n r  sample 4, the  coefficient p wds 0.274 X 10- ' I  $2 cm/K and the  coef- 
s d  

5 f i c i e n t  pB was 0.170 X Q cm/K . At  10 K  the  interband s c a t t e r i n g  

e l e c t r i c a l  . r e s i s t i v i t y  was 1600 times as l a rge  as the  s-s band r e s i s t i v i t y .  

A t  20 K the  s  t o  d  band e l e c t r i c a l  r e s i s t i v i t y  i s  400 times as l a rge  as 

the s-s band r e s i s t i v i t y .  

The i n t r i n s i c  thermal r e s i s t i v i t y  o f  a  metal w t t h  both e l e c t r o n -  

phonon i n t e r a c t i o n s  and s  t o  d  band s c a t t e r i n g  i s ,  (63) ,-. . 
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where W (T) i s  the thermal r e s i s t i v i t y c a u s e d  by s c a t t e r i n g  I n  the  s  
s  S 

band (.wi 1 son model) and WSd (T) i s  the  a d d i t i o n a l  thermal res 1s t  i v i  t y  

due . to  in te rband e l e c t r o n  s c a t t e r i n g .  The r e l a x a t i o n  t imes f o r  s  t o  d  

band e l e c t r o n  s c a t t e r i n g  a r e  the  same f o r  e l e c t r i c a l  and thermal con- 

duc t i on  (33, 63);  thus W (T) and p T '  a r e  r e l a t e d  by the  WFL r u l e .  
s  d sd 

The thermal r e s i s t i v i t y c a u s e d  by in te rband e l e c t r o n  sca . t te r ing  has 

the  same temperature.dependence as the  thermal r e s i s t i v i t y  

caused by normal electron-phonon i n t e r a c t  ions (63). Thus a t  low 

temperatures , 

where B i s  the  thermal r e s i s t i ~ i t ~ c a u ~ e d  by normal s  band e l e c t r o n -  

phonon i n t e r a c t i o n s  and D i s  the  thermal r e s i s t i v i t y c a u s e d  by in te rband 

e l e c t r o n  s c a t t e r i n g .  

For sample 4, D = 1.12 X 1 0 ' ~  ~IwK. Thus a t  low temperatures, 

in te rband e l e c t r o n  s c a t t e r i n g  c o n t r i b u t e d  30% o f  t he  t o t a l  thermal 

r e s i s t i v i t y .  

We have a l s o  analyzed the low temperature e l e c t r i c a l  r e s i s t i v i t y  . 

for- p o s s i b l e  e l e c t r o n - e l e c t r o n  s c a t t e r i n g .  Baber and W i l  I s  (64) showed 

t h a t  e l e c t r o n - e l e c t r o n  s c a t t e r i n g  causes the e l e c t r i c a l  r e s i s t i v i t y  t o  



vary as T2 i n  a d d i t i o n  t o  the T5 teinperature dCpendence f o r  e l e c t r o n -  

phonon in te rac t i ons .  Thus, 

2 
where p T  i s  the  e lec t r i . ca1  r e s i s t i v i t y  due t o  e l e c t r o n - e l e c t r o n  scat-  

e  e. 

ter ' i  ng. 

The i n t r i n s i c  thermal r e s i s t i v i t y  f o r  e l e c t r o n - e l e c t r o n  i n t e r a c t i o n s .  

varies.1 i n e a r l y  w i t h  ' temperature (33). Thus the  i n t r i n s i c  thermal r e s i s -  

t i v i t y  pf a  metal w i t h  both e l e c t r o n - e l e c t r o n  s c a t t e r i n g  and normal 

. . 
e lectron-phonon i n t e r a c t i o n s  a t  low temperatures i s  

where W T i s  the  thermal r e s i s t i v i t y  due t o  e l e c t r o n - e l e c t r o n  s c a t t e r i n g .  
ee 

Her r i ng  (65) has shown' t ha t '  the  Lorenz r a t i o  f o r  e l e c t r o n - e l e c t r o n  

s c a t t e r i n g  i s  

2 
Figure  17 i s  a  p l o t  o f  pi(T)/T vs T3 and F igure  18 i s  a  p l o t  o f  

wi (T) /T  vs T .  If e l e c t r o n - e l e c t r o n  s c a t t e r i n g  were causing the a d d i t i o n -  

a l  e l e c t r i c a l  r e s i s t i v i t y  a t  low temperatures then the i n te rcep ts  o f  

F'igures 17 and 18 should be r e l a t e d  by the e lec t ron- 'e lec t ron  WFL r u l e ,  

As seen i n  F igure  18, t he  i n t e r c e p t  i s  zero, thus the thermal r e s i s t i v i t y  



Figur  
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showed no evidence o f  e l e c t r o n - e l e c t r o n  in te rac t ' ions  a t  low temperatures. 

Hence, the excess e l e c t r i c a l  r e s i s t i v i t y  o f  vanadium a t  low temperatures 

was n o t  due t o  e l e c t r o n - e l e c t r o n  i n t e r a c t i o n s .  

Seebeck C o e f f i c i e n t  

The Seebeck c o e f f i c i e n t  o f  a  'metal has two terms (44),  

+ Sg (T) . 

Sd( i )  i s  the d i f f u s i o n  Seebeck c o e f f i c i e n t  and S (T) i s  the  phonon drag 
9  

Seebeck c o e f f i c i e n t .  As discussed e a r l i e r  t he  d i f f u s i o n  Seebeck coef-  

f i c i e n t  v a r i e s  l i n e a r l y  w i t h  temperature and has a  s ign  which depends 

upomthe cu rva tu re  o f  the Fermi sur face i n  - k space. 

~ a n a  and Sondheimer (66) have shown t h a t  t h e  phonon drag Skebeck 

coe f f ' i c i en t  r e s u l t i n g  from normal phonon-electron i n t e r a c t i o n s  has a T 3 

- 1 
tempe.rature dependence a t  1 ow temperatures and a  T  temperature dependence 

a t  h igh  temperatures. Bai l y n  (67) has shown t h a t  U-processes g i v e  r i s e  

t o  a  s i m i l a r  temperature dependence a t  !ow and a t  h igh  temperatures, 

however, normal phonon-electron processes cause the  Seebeck c o e f f i c i e n t  

t o  be negat ive  and U-proces'ses cause th.e Seebeck c o e f f i c i e n t  t o  be p o s i t i v e .  

A t  low temperatures, 8/10, the Seebeck c o e f f i c i e n t  o f  a  metal should 

vary as 

3 S (T) = aT + BT , 

A t  h igh  temperatures the  S'eebeck c o e f f i c i e n t  should vary  as. 



We have attempted t o  separate the  Seebeck c o e f f i c i e n t  o f  vanadium 

i -n to  d i f f u s i o n  and phonon components a t  low temperatures. The at tempt 

was unsuccessful  owing t o  the  l a r g e  degree o f  s c a t t e r  i n  t he  Seebeck 

c o e f f i c i e n t  da ta  a t  low. temperatures. 

F igure  19 i s  a p l o t  o f  TS(T) vs T~ a t  h igh  temperatures. I n  F igure  

19 the T' = 0 i n t e r c e p t  was the  phonon-drag Seebeck c o e f f i c i e n t  and the 

s lope was the  d i f f u s i o n  seebeck c o e f f i c i e n t .  As seen i n  F i g u r e  19 the  

p l o t .  was non- l inear  a t  h igh  temperatures. MacDonald (44) has po in ted  

out  t h a t  i t  i s  d i f f i c u l t  t o  c o r r e c t l y  i d e n t i f y  t he  d i f f u s i o n  and phonon- 

(drag Seebeck c o e f f i c i e n t  i n  many metals  because o f  competing e l e c t r o n  

s c a t t e r i n g  mechanisms. We have found t h a t  between 130 K and 230 K the  

Seebeck c o e f f i c i e n t  o f  vanadium v a r i e d  as 

S ( T )  = a t  + B ' /T .  (85)' 

F igure  20 i s  a p l o t  o f  TS(T)  vs T. As seen i r ~ . F i g u r e  20 T S ( T )  v a r i e d  

l i n e a r l y  w i t h  temperature, w' i s  the  s lope i n  F igu re  20 and B '  i s  t he  

T = 0 i n t e r c e p t .  The B;/T term i n  S(T) wasposi t i 've a t  h i g h  temperatures 

owing t o  electron-phonon U-processes. As discussed e a r l i e r  t he  h i g h  

thermal r e s i s t i v i t y  a t  h igh  temperatures a l s o  i n d i c a t e s  t h a t  e l e c t r o n -  

phonon U-processes. a re  important  a t  h igh  temperatures. We a r e  u n c e r t a i n  

o f  our  i n t e r p r e t a t i o n  o f  B1/T however, si'nce we a r e  unable t o  e x p l a i n  

the  o r i g i n  o f  the  constant  term, a', i n  s ( T ) .  



2 
Figure 19. The Seebeck coefficient of vanadium plotted as TS(T) vs T , 





Anomalous behavior  has been ' repor ted  i n  many o f  the phys ica l  

p r o p e r t i e s  o f  vanadium between 1 8 0 ~  and 250K. Wes t l  ake (24) has.  shown 

t h a t  the anomalous behavior o f  the e l e c t r i c a l  r e s i s t i v i t y  o f  vanadium 

was due t o  hydrogen i n  vanadium. We have shown t h a t  the e l e c t r i c a l  

r e s i s t i v i t y ,  thermal c o n d u c t i v i t y  and Seebeck c o e f f i c i e n t  o f  h i g h  p u r i t y ,  

hydrogen f r e e  vanadium had no anomalous behavior'. 

A t  low temperatures the e l e c t r i c a l  c o n d u c t i v i t y  and thermal con- 

d u c t i v i t y  o f  vanadium were l i m i t e d  by impur i t y  e l e c t r o n  s c a t t e r i n g  and 

electron-phonon i n t e r a c t i o n s .  In a d d i t i o n  t o  the normal s-band e lec -  

tron-phonon i n t e r a c t i o n s ,  the e l e c t r i c a l  and thermal c o n d u c t i v i t i e s  

were 1 i m i  ted  by i n t e r b a n d ' s c a t t e r i n g .  A t  low temperatures the e l e c t r i c a l  

r e s i s t i v i t y  o f  vanadium was p r i m a r i l y  due t o  in terband s c a t t e r i n g  and 

in terband s ~ a t t e r l n g ~ c o t i t r i b u t e d  as much as 30% o f  the'  low temperature 

Fhermal res i s  t i v  i t y .  We have observed a t  low temperatures t h a t  Mat th ies-  
. . 

sen's r u l e  was n o t  obeyed. 

A t  h igh  temperatures (above 1 ~ 0 ~ )  the thepmal res i s  t i v i  Ly was 

l a r g e r  than the value p red i c ted  by the W i  l son  theory. In  a d d i t i o n  we 

observed a l a rge  pos i t ive  Seebeck c o e f f  i c i e n t  a t  h igh temperatures wh ich  

was due t o  phonon-drag. The h igh  thermal r e s i s t i v i t y  a t  h igh  temper- 

a tu res  and the p o s i t i v e  Seebeck c o e f f i c i e n t  i nd i ca ted  t h a t  above lOOK 

electron-phonon. U-processes were dominant. 
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APPENDIX A:  S,HI.E.LD DlFFERENT1A.L TEMPEReTURE CONTROLLER 

The s,hi'eld-sample differential temperature c o n t r o l l e r  holds the 

temperature of  the  shi 'eld gradi'ent heater  a t  t he  same temperature as 

the sample g rad ien t  heater .  A d i f f e r e n t i a l  thermocouple i s  mounted 

between the  sample g rad ien t  heater  and the  s h i e l d  g rad ien t  heater .  

Th is  thermocouple i s  the temperature sensor f o r  the temperature con- 

t r o l  l e r .  

The thermocouple EMF i s  a m p l i f i e d  by a K e i t h l e y  149 pV meter.  The 

ou tpu t  of  the K e i t h l e y  (-10 V t o  + 10 V)  i s  f ed  i n t o , t h e  temperature 

c o n t r o l l e r ,  F igu re  21. The c o n t r o l l e r  ou tpu ts  c u r r e n t  i n  e i t h e r  manual 

o r  automatic mode. When the c o n t r o l l e r  i s  i n  the  "Manual" mode the 

ou tput  c u r r e n t  i s  increased o r  decreased by the  two respec t i ve  push 

bu t ton  switches. These switches increase o r  decrease the ou tpu t  of  ~ p .  

amp. 1 by supp ly ing  e i t h e r  + 15 V o r  - 15 V t o  t he  (-) i n p u t  o f  op. amp. 1 .  

When the mode sw i t ch  i s  i n  the  "automatic" p o s i t i o n  ap. amp. 1 samples 

the ou tput  vo l t age  o f  t he  K e i t h l e y  149 pV meter and swings p o s i t i v e  o r  

negat ive  w i t h  a t ime constant  determined by the  " rate"  po ten t iometer .  Op. 

amp. 2 a m p l i f i e s  the  ou tput  o f  op. amp. 1 w i t h  a ga in  determined by the 

"gain" po ten t iometer .  The ou tpu t  c u r r e n t  o f  op. amp. 2 i s  a m p l i f i e d  by 

the  t r a n s i t o r s  which prov ide  c u r r e n t  f o r  the s h i e l d  heater .  

I n  o rder  t o  c o n t r o l  temperature o s c i l l a t i o n s  when the c o n t r o l l e r  i s  

turned on an "approach" c o n t r o l  has been incorporated i n t o  the c o n t r o l l e r .  

The ou tpu t  o f  op. amp. 1 w i l l  on l y  decrease when the K e i t h l e y  149 d r i v e s  

the (+) i npu t  o f  op. amp. 2 negat ive.  As the s h i e l d  temperature approaches 



thqt  of the, gra.di.ent heater '  the autput  o f  th.e K e l t h l e y  decreases, The 

vo l tage  i n t o  the. (+I i:nput of op. amp, 2 decreas,es, consequently i t s  

output vo l tage  decreases, decreasing the current  supplied t o  the  s h i e l d  

heater ,  
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Fi'gure 21i. D.C. p ropo r t i ona l  terr1pera.ture c o n t r o l l e r .  



APPENDIX B; A,C, RESI,STANCE TEMPERATURE. CONTROLLER 

The a.c. temperature c o n t r o l l e r  was b u i l t  f o l l o w i n g  a  design 

by Ries -- e t  a1 . ( - 6 8 ) .  The c o n t r o l  l e r  passes an a,c. cu r ren t  through a  

res is tance thermometer which i s  the  temperature sensor. The res is tance 

thermometer i s  i n  se r ies  w i t h  a  reference r e s i s t o r .  The two r e s i s t o r s  

a re  the  two  arms o f  four-arm a.c. b r idge.  The o the r  two arms a re  the  

two pr imary wtndings o f  a  t o r o i d a l  t ransformer,  The two'pr imary windings 

o f  the  transformer a r e  wound i n  a  b i f i l a r  manner such t h a t  when the  two 

pr imary cur rents  a re  equal, the  secondary c u r r e n t  o f  t he  t ransformer i s  

zero. I n  the  temperature c o n t r o l l e r  b r idge the  res is tance thermometer 

i s  i n  se r ies  w i t h  one primary o f  the  transformer. The o the r  pr imary i s  

i n  se r ies  w i t h  the  r e f e r e n c e . r e s i s t o r .  The 530 Hz o s c i l l a t o r  supp l ies  

cu r ren t  through the  res i s tance  thermometer (sensor) and one transformer 

pr imary and through the  reference r e s i s t o r  and second t ransformer pr imary 
. .. 

as shown i n  F igure  ,.,. .., .. 22. The impedence o f  the  two . transformer p r imar ies  a re  
'I . . . 

nea r l y  equal, hence the  secondary output  o f  t he  t ransformer i s  an a.c. 

voltage: which i s  ampl i tude and phase sensitive t o  the  d i f f e r e n c e  i n  

impedence between the res i s  tance thermometer and reference res s t o r .  
. . 

The t ransformer was wound on a  f e r r t t e  core purchased, from Ferroxcube 

corp. '  The pr imary was wound w i t h  ten  b i f i l a r  tu rns  o f  #30 copper w i r e  

and the  secondary was wound w i t h  1000 tu rns  o f  #38 copper wf r e .  The 

transformer was mounted i n  a  temperature c o n t r o l l e d  copper oven t h a t  was 

 errox ox cube, K3-005-01, Ferroxcube Corp,. o f  America, ~ a u ~ e r t i a s ,  N .  Y .  . 
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Fi'gure 22. A.C. resi'stance temperature c o n t r o l l e r  br idge ci 'rcui't. 



e.l.ectyos.tat'i.ca1 l y  and magnet i.ca.11 y shielded, The oven temperature was 
!- ' '. I 

c o n t r o l  l ed  b y  a d,c. temperature c o n t r o l l e r  5haw.n i n  F igure 22 .  
, . 

The 530 H.z bri-dge o s c i l  l a t o r  shown i n  F,igure 22 was des igned by 

Wayne ~ h ~ n e h a r t  a t  Ames Laboratory.. 

The output  o f  the  bri'dge Ts amp l i f i ed  by the  l ock - in  a m p l i f i e r  shown 

i n  the b lock  diagram i n  F igu re23 .  The lock- in  a m p l i f i e r ,  which was b u i l t  

by the  instrument group a t  Ames Laboratory, produces a - + 0.5 V d.c. s igna l  

which i s  p o l a r i t y  and magnitude s e n s i t i v e  t o  the  phase and ampl i tude o f  

the  output  o f  the  br idge.  

The.output  o f  the  lock-i 'n a m p l i f i e r  i s  fed  t o  a Leeds and Northrup 
. . 

se r ies  80 temperature c o n t r o l l e r .  The zero t o  5 mA output  of t he  L E N 

temperature c o n t r o l l e r  i s  a m p l i f i e d  by the  d.c. a m p l i f i e r  shown i n  
, .. . 

! 

F igure  24 and supp l ies  the sample ho lder  heater cu r ren t .  

The temperature c o n t r o l l e r  b r i dge - lock - in  a m p l i f i e r  network can 

- 5 detec t  res i s tance  changes o f  the  res i s tance  thermometer (AR/R)  of 10 . 
The res is tance thermometer w s a  2W, 1000 Q carbon r e s i s t o r .  The outer  

b a k e l i t e  casing of the  r e s i s t o r  wassanded o f f  i n  o rder  t o  improve the  

thermal responce t ime o f  t he  r e s i s t o r .  The r e s i s t o r  had a res i s tance  

o f  1000 Q a t  280 K, 1800 Q a t  77 K and 40 K Q a t  5 K. Thus the  temperature 

c o n t r o l l e r  wassens i t i ve  t o  temperature changes o f  0.05 mK'at 5 K, 1.8 mK 

a t  77 K and 12 mK a t  280 K. 
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Figure 23.  Block diagram of the a,c, temperature cont ro l le r .  



Figure  24. The d.c. a m p l i f i e r  c i r c u i t .  
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, APPEND !X C :  THERMOCOUPLE. CALIB.R4TION C\ND ERROR ANALYS I:S 

The a b s o l u t e  thermocouple was c a l i b r a t e d  6y measuring t h e  b a t h  

re fe rence  temperature TB, t h e  thermocouple temperature T and t h e  thermo- 

coup le  v o l t a g e  V.  44 da ta  p o i n t s  were taken f o r  5,3 K < T < 72 K and 

34 da ta  p o i n t s  were taken f o r  77 K < T < 314 K. These da ta  were l e a s t  

squares f i t t e d  t o  t h r e e  po lynomia ls  o f  n i n t h  degree over  t h e  temperature 

ranges: 5.3 K < T < 18.96 K, 13.1 K < T < 72 K and 77 K < T < 314 K. 

The da ta  were f i t t e d  t o  

The s tandard  d e v i a t i o n  o f  t he  t h r e e  f i t s  were: 

5.22 X mV f o r  5.3 K < T < 18.9 K 

5.57 x mV f o r  13 K <.'T < 72 K 

1.29 x mV f o r  77 K < T < 314 K 

The u n c e r t a i n t y  i n  the  c a l c u l a t i o n  o f  t h e  c o e f f i c i e n t s  A i  i s  (69) 

2 .  
a - 

A.A - sV G~ (.88) 
I j 

where 'ij 
i s  t he  l e a s t  squares e r r o r  m a t r i x  and the  v a r i a n c e  s2 i s  . v  

N i s  t he  number o f  da ta  p o i n t s  and f ( ~  ) i s  t h e  po lynomia l  d e f i n e d  i n  
R 



equat ion 86 .  Th.e l e a s t  squares, f i t t i n 9  has an. u n c e r t a i n t y  uF, where 

2 9 9 . . 
= S,, C . E ; :  [ ~ f  - T'I[TJB - T ~ I .  

. . 

. uF is  the  unce r ta in t y  i n  ca l cu ' l a t i ng  V a t  temperature T w i t h  equat ion  8 6 .  
. . 

u F  i s  non-zero because t h e r e  i s  an u n c e r t a i n t y  i n  measuring the  data' 
. 

[V, T; T i ] .  Consequently there i s  an u n c e r t a i n t y  i n  c a l c u l a t i n g  the 

c o e f f i c i e n t s  A i  . 
Temperature wasmeas,ured w i t h  the thermocouple by measuring the 

bath temperature T and. the Seebeck vo l tage  V.  The bath  temperatur'e was 
B 

measured w i t h  an u n c e r t a i n t y  o f  = 2 mK and the  Seebeck vo l tage  was 
'r13 

measured w i t h  an uncer ta i .n ty  o f  n =' 0.5 pV. The temperature T was v .  
c a l c u l a t e d  by i t e r a t i o n  o f  equat ion 86. ,The e r r o r  i n  the temperature 

measurement i s  (69), 

The p a r t i a l  d e r i v a t i v e s  a r e  evaluated f rom equat ion 86, 



where 

9 
L A ?  i T ~ - '  (95) S (T) = 

i = l  

Thus the temperature e r r o r  i s  

Table 5 l i s t s  rh& thermocouple Seebeck vo l tage  V ,  f i t  u n c e r t a i n t y  

O F '  
Seebeck coef f i t icint d v l d ~  and temperature u n c e r t a i n t y  'oT as a f u n c t i o n  

of  temperature over  t he  temperature range 6 K < T < 280 K. The bath  

temperatureswere4.2 K f o r  T I <  80 K and 77.1 K for  T > 8 0 . ~ .  The 

temperature uncer ta in ty 'was l a r g e  f o r  70 K < T < 80 K because the  ca l  i b r a t  ion 

i n  t h i s  temperature rangewas an e x t r a p o l a t i o n  beyond the  l a s t  da ta  p o i n t  

tak.en.at  72 K. As seen i n  Table 5 ,  the  u n c e r t a i n t y  i n  measuri'ng tempera- 

t u r e  was less  than 60 ' m ~  over most o f  the  temperature range. 

The d i f f e r e n t i a l  thermocouple was c a l i b r a t e d  f rom '5 .4  K t o  79 K by 

measuring the "cold" thermometer temperature T, the  temperature g rad ien t ,  

AT and . the  d i f f e r e n t i a l  Seebeck EMF, V A T  34 data  p o i n t s  were taken. 



Table 5'. Uncertainty i n  absol Ute temperature measurement 

Temperature Seebeck Uncerta inty dV/dT Uncerta inty 

(K)  Vo 1 tage (in\') F i  t (PV) (PV/K) Temperature ( m ~ )  



Thr  r e l a t  i.ve ~eebeck .  coeff  i :c ient of Au-0.03% Fe vs chromei ( v ~ ~ / A T )  was 

f i. tt'ed ' t o  an e,igh.th. d,egree polynomial w e r  two temperature ranges : 

5.4 K t o  14.5 K and 14.5 K t o  95 K. 

The standard d e v i a t i o n  o f  the  f i ' t s  were 

1.76 X pV/K. f o r  ,5.4 K < T  < 14.5 K 

7.5 l o - 3  U ~ / K  f o r  14.5 K < T  < 79 K 

The unce r ta in t y  o f  the Seebeck c o e f f i c i e n t  f i t  f o r  5.4 K < T  < 7 9 ~  i s  

5; i s  the var iencc o f  the d i f f a r r n t l a l  thermocouple f i t  and c f j  i s  the 

e r r o r  m a t r i x .  

Above 80 K the  Seebeck c o e f f i c i e n t  was c a l c u l a t e d  by . d i f f e r e n t i a t i n g  

equat ion 86 w i t h  respect  t o  T  

9 dV 
S(T )  = - =  

i-l 
. . dT C l A i T ' ,  .. 

Th.e u n c e r t a i n t y  i'n calculat i 'n 'g s(:T) f o r  T  > 80 K i s  



The temperature grad l e n t  was measured by nleasur i.ng the t t c o l  du 

thermometer prohe temperature -f and the d i  f f e ren t i . a l  Seebeck yo1 tage 

" A T *  
Th.e tempe.rat"re g rad ien t  was 

Th.e u n c e r t a i n t y  i.n the  measurement o f  AT was (peg 1 e c t  i ng the  u n c e r t a i n t y  

where the u n c e r t a i n t y  i n  measuring VATwas,a = 0.005 u V ,  

The Seebeck c o e f f i c i e n t ,  Seebeck c o e f f i ' c i e n t  unce r ta tn t y  and temper- 

a t u r e  g rad ien t  u n c e r t a i n t y  a r e  l i q t e d  i n  Table 6 f o r  several  values o f  

temperature g rad ien t .  The u n c e r t a i n t y  i n  the temperature g rad ien t  was 

l a rge  fo r tempera tu resnear  80 K and 280 K, The l a r g e  u n c e r t a i n t y  was 

due t o  the d i f f i c u l t y  i n  f i ' t t i n g  the  data near t he  end p o i n t s  o f  t l ~ e  f i t ,  

Above 80 K, t he  Seebeck, c o e f f i c i e n t  wasca lcu la ted  f rom the f i t  o f  the 

abso lu te  thermocouple. Consequently a  systemat ic  e r r o r  may d x i s t  I n  the  

temperature g rad ien t  measurement above 80 K r f  the  d i f f e r e n t i a l  thermo- 

couple had a d i f f c r e n t  Seebeck c o e f f i c r e n t  than the  abso lu te  thermocouple. 

Comparison o f  Tables 5 and 6 show t h a t  the  d i f f e r e n c e  between the 

measured Seebeck c o e f f i c i e n t  o f  the d i f f e r e n t i a l  thermocouple and the 

d e r i v a t i v e  o f  the  abso lu te  thermocouple f i t  a t  70 K was 1.8%. A t  6 K 



Table 6 .  Unce r ta i n t y  i n  the thermocouple Seebeck c o e f f . i c i e n t  and temperature g r a d i e n t  measurement 

, . 

Temperature Gradient  Unce r ta i n t y  
Temperature seebecka seebecka 

(K) 
C o e f f i c i e n t  Unce r ta i n t y  AT = 0.1 K AT = 0.5 K A T = l K  

vV/K PV/K (m K) (m K) ( m ~ )  

a ~ b o v e  76 K s (T) was c a l c u l a t e d  from dV/dT o f  the  abso lu te  thermocouple. 



th.e di,fferencewasa$. l a rge  as' 5,8%, Th.us, th.e Seeheck c o e f f i c i e n t  o f  the 

two t h e r ~ o c o u p l e s  were d i f f e r e n t ,  H.owever th.e di,fferences. decreased as 

the  temperature was.. increased, . A t  80. K i t was. d i f f  i c u l  t t o  accu ra te l y  

f i t  th.e abso lu te  thermocouple such. t h a t  the  de.ri'vati've o f  the  f i t  matched 

the meas,ured Seebeck coef f i c i 'en t  da ta  tak.en a t  lower temperatures, 

Consequently, as s.een i n  Table 8, a t  84 K: the  calculated.Seebeck 

coe f f i c i ' en t  was less, than the  measured Seebeck c o e f f i c i e n t  a t  76 K ,  Th.us. 

the  ac tua l  e r r o r  i n  the  thermocouple 'mea's.urement was.much l a r g e r  than 

the  f i t t i n g  error.  shown i n  Table 8. f o r .  80 K < T < 100 K, 




