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In s t i tu te  fo r  A tom ic  R e s e a r c h  and D e p a r tm e n t  of P h y s i c s

Iowa S ta te  U n iv e r s i ty ,  A m e s ,  Iowa «—

A b s t r a c t - T h e  e l e c t r i c a l  r e s i s t i v i t y  of Nax W O j, and

K xW O 3 h a s  been  m e a s u r e d  a t  H>0*K, T he  ra n g e  of x - v a lu e s  

w as 0. 25 < x < 0 .9 .  All r e s i s t i v i t i e s  w e re  c h a r a c t e r i s t i c  of a  

m e ta l  and l ie  on a s in g le  c u rv e .  An e x t r a p o la t io n  of the c o n 

d u c tiv i ty  c u r v e  to  s e r o  c o n d u c t iv i ty  in d ic a te d  th a t  the  tu n g s te n  

b r o n s e s  sh o u ld  be s e m ic o n d u c to r s  fo r  x <  0 .2 5 .  T he r e s i s 

t iv i t i e s  th a t  have  b e e n  m e a s u r e d  fo r  tu n g s te n  b r o n s e s  w ith 

x < 0. 25 show* d s e m ic o n d u c t in g  b e h a v io r .  T he r e s i s t i v i t y  of 

L ixWO^ e x h ib i te d  an a n o m a lo u s  peak  in the p vs T  c u rv e .  The 

H all c o e f f ic ie n t  of Li© 3 7 W O 3 in d ic a te d  one f r e e  e le c t r o n  p e r  

a lk a l i  a to m  a» w as  p r e v io u s ly  /o'uiH fo r  N a ^ O j .  The S e e b ec k

c o e f f ic ie n t  of N a^W O j d ep en d ed  l in e a r ly  on x ”^"* a s  e x p e c te d
*

f r o m  f r e e  e l e c t r o n  th e o ry .  The im p l ic a t io n s  of th e s e  and so m e  

o th e r  d a ta  a r e  d i s c u s s e d .

—  L l O a t  MOI I CI

D. 
c.
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IN TRO D U CTIO N

T u n g s te n  b ro n z e *  a r e  n o n - s t io c h io m e tr ic  com pound*  M ^W O j w h e re  

M i* u su a lly  one of the  a lk a li  m e ta l* . S ing le  c r y s ta l*  o f Jthese com p o u n d * . 

U rg e  enough  fo r  e le c t r i c a l  m e a s u r e m e n ts ,  c a n  be p r e p a r e d  w ith  v a lu e*  of 

x ra n g in g  f ro m  e s s e n t ia l ly  s e r o  to  n e a r ly  u n ity , t h e  tu n g s te n  b ro n ze *  

u n d e rg o  s e v e ra l  ch an g e*  of c r y s ta l  s t r u c tu r e  a s  x c h a n g e s , bu t d if f ic u lt ie s  

in  d e te rm in in g  q u a n ti ta t iv e  am o u n ts  of M h av e  f r u s t r a t e d  a t te m p ts  to  d e 

l in e a te  the ran g e *  in  x o v e r  w hich  e ach  of th e s e  s t r u c tu r e s  e x is t s .  T h is  

s i tu a tio n  h a s  b een  a  d e te r r e n t  to s tu d ie s  of the  e l e c t r i c a l  p r o p e r t i e e  o f • 

th e s e  m a te r i a l s ,  e s p e c ia l ly  in  the  low  x -v a lu e  ra n g e .

E le c t r i c a l  p r o p e r t i e s  of c e r ta in  of the h ig h  x -v a lu e  b ro n z e s  have  b e en  

p re v io u s ly  r e p o r te d .  B row n  and  B anks * and G a rd n e r  and  D a n ie lso n 2 both  

m e a s u re d  the  e l e c t r i c a l  r e s i s t iv i t y  of cu b ic  so d iu m  tu n g s te n  b ro n z e , w ith  

x -v a lu e s  ra n g in g  f ro m  ab o u t 0. 5 to  0. 9 , and  r e p o r te d  a  m in im u m  in  r e -  

n is t iv i ty  n e a r  x * 0. 75. G a rd n e r  and D a n ie lso n 2 a ls o  r e p o r te d  the  r e s u l t s  

o f H a ll c o e ff ic ie n t m e a s u re m e n ts  w hich  in d ic a te d  th a t ,  in  th is  ra n g e  o f x -  

'a lu e * , e a c h  so d iu m  a to m  c o n tr ib u te d  one e le c t r o n  to  c o n d u c tio n  p r o c e s s e s .  

S u b seq u e n tly , E l le rb e c k ,  e t  a l .*  r e p o r te d  th a t ,  w hen c a r e f u l  a tte n tio n  w as 

g iv en  to  sa m p le  h o m o g e n e ity , no m in im u m  in e l e c t r i c a l  r e s i s t iv i ty  a t 

x * 0 . 75 wa* o b s e rv e d .

A lk a li m e ta l b ro n z e s  of lo w e r x -v a lu e  have  not b e e n  so  e x te n s iv e ly  

s tu d ie d . W ith the  e x c e p tio n  of som e m e a s u re m e n ts  by S ien k e  and  T ru o n g *



of the e l e c t r i c a l  c o n d u c t iv i ty  of cub ic  l i t h iu m  b r o n s e s ,  l i t t l e  of s i g n i f 

i c a n c e  hae  b e e n  r e p o r t e d .  It ie the  p u r p o s e  of th is  p u b l i c a t i o n  to  r e p o r t  

the r e s u l t s  of e l e c t r i c a l  r e s i s t i v i t y  m e a s u r e m e n t s  on  s e v e r a l  m e t a l - l i k e  

t u n g s te n  b r o n s e e ,  wi th  x - v a l u e s  down to 0. 28, t o g e t h e r  w i t  ft s o m e  p r e 

l i m i n a r y  r e s u l t s  fo r  Hall  and S e e b ec k  c o e f f i c i e n t s ,  and to d i s c u s s  the  i m 

p l i c a t i o n s  of t h e s e  r e s u l t s .  Below abou t  x * 0. 25, a l l  of the  a lk a l i  t u n g 

s t e n  b r o n s e s  a p p e a r  to ex h ib i t  p r o p e r t i e s  w h ich  a r e  c h a r a c t e r i s t i c  of 

s e m i c o n d u c t o r s .  Som e  p r e l i m i n a r y  r e s u l t s  a r e  show n which  i l l u s t r a t e  

th i s  type of b e h a v io r .

C R Y S T A L  P R E P A R A T IO N

C r y s t a l s  of the v a r i o u s  a lk a l i  t u n g s te n  b r o n s e s  w e r e  p r e p a r e d  by 

e l e c t r o l y s i s  f r o m  a  m e l t  of the a p p r o p r i a t e  a lk a l i  t u n g s t a t e  an d  W O j.

The  e l e c t r o l y t i c  c e l l  c o n s i s t e d  of a  g l a s e d  c e r a m i c  c r u c i b l e ,  a  c h r o m e l  

w i r e  c a th o d e ,  and  a  g r a p h i t e  anode .  C r y s t a l s  w e r e  o b ta in e d  u n d e r  the  

fo l lowing c o n d i t io n s :  t e m p e r a t u r e  of the  m e l t ,  750 -900*C ;  c u r r e n t  t h ro u g h  

the  c e l l ,  15 -50  m i ;  t im e  of e l e c t r o l y s i s ,  12-24  h r .

F o r  the  low x - v a lu e  so d iu m  tu n g s te n  b r o n s e s  (x < 0. 5), it  was  found 

th a t  the c r y s t a l  s t r u c t u r e  and x - v a l u e s  of the  c r y s t a l s  o b ta in e d  d e p en d e d  

s t r u n g l y  on  the t e m p e r a t u r e  of the  m e l t .  The  s i a e  and  h o m o g e n e i ty  of 

the c r y s t a l s  w e r e  d e p en d e n t  on both t e m p e r a t u r e  and e l e c t r o d e  c u r r e n t .  

The  b e s t  c r y s t a l s  w e r e  o b ta in ed  a t  the lo w e s t  t e m p e r a t u r e  a t  w h ich  they  

could  be g ro w n .  The  o p t im u m  c u r r e n t  fo r  b e s t  q u a l i ty  c r y s t a l s  d ep en d e d  

upon  x - v a l u e  and  c r y s t a l  s t r u c t u r e .



M EA SU R EM EN TS

M e a s u re m e n ts  of e l e c t r i c a l  r e s i s t iv i t y  w e re  c a r r i e d  ou t by a  dc 

m eth o d  u sin g  4 -p ro b e  te c h n iq u e s  to  avo id  p ro b le m s  a r i s in g  f ro m  c o n ta c t

r e s i s ta n c e .  P r e s s u r e  c o n ta c ts  w e re  u se d  fo r  bo th  c u r r e n t  and  p o te n tia l
»

p ro b e s .  At low  t e m p e r a tu r e s ,  the  c u r r e n t  c o n ta c ts  cou ld  be im p ro v e d  

by u l tr a s o n ic a l ly  tin n in g  the  e n d s  of the s a m p le s .

D e ta ils  of the  m e th o d  e m p lo y e d  fo r  m e a s u r in g  S e e b e c k  c o e f f ic ie n ts  

have b een  p re v io u s ly  d e s c r ib e d  by H eller  and  D a n ie lso n  * T he H all c o 

e f f ic ie n t  of L iQ 3 7 WO 3  w as m e a s u re d  by a dc m e th o d  and  is  th e r e f o r e  

s u b je c t  to  e r r o r  f ro m  th e  E tt in g s h o u s e n  e ffe c t . T h is  e r r o r  is  not e x 

p e c te d  to  e x c e e d  1 . 10%.

E L E C T R IC A L  RESISTIV ITY

In F .g . 1, the r e s i s t i v i t i e s  of s e v e r a l  tu n g s te n  b ro n s e s  a t  3 0 0 #K a r e  

show n a s  a  fu n c tio n  of the  a lk a li  m e ta l  c o n c e n tr a t io n s .  E x p e r im e n ta l  

p o in ts  a r e  show n fo r  cu b ic  N ax W O j, te t r a g o n a l  N axW O j, cu b ic  L ix W O j 

(in c lu d in g  d a ta  bo th  f ro m  Iow a S ta te  U n iv e rs i ty  and  C o rn e ll  U n iv e rs i ty * ) , 

and  te t r a g o n a l  K xW 0 3. A ll of th e s e  b ro n s e s  show  m e ta l l ic  c o n d u c tiv ity .

It is  r e m a rk a b le  th a t  the  r e s i s t i v i t i e s  fo r  a l l  th e s e  d if fe re n t  b ro n s e s  s e e m  

to  f a l l  on the s a m e  c u rv e .  T he m e ta l  ions th e m s e lv e s  c a n n o t, t h e r e f o r e ,  

be im p o r ta n t  c o n tr ib u to r s  to  the  s c a t te r in g  of the  f r e e  e le c t r o n s .  R a th e r ,  

the m o b ility  m u s t be l im ite d  p r im a r i ly  by e le c t r o n  s c a t te r in g  f ro m  the 

a c o u s t ic a l  and  o p tic a l  m o d es  of the  V O 3  s t r u c tu r e  a t  h igh  t e m p e r a tu r e s ,
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and  f ro m  the  v a c a n c ie s  a t a lk a li  m e ta l  s i t e s  a t  low  t e m p e r a tu r e s .  T he 

im p o r ta n c e  of v a c a n c y  s c a t te r in g  a t low  te m p e r a tu r e s  h a s  b e e n  show n by 

E lle rb e c k  e t  a l ."  T he c o n d u c tiv ity  a t 0*K (se e  th e i r  f i g .  4) in c r e a s e d  

ra p id ly  w ith  in c re a s in g  so d iu m  c o n c e n tra t io n  ow ing to  a  r e d u c t io n  in  the  

n u m b e r of v a c a n c ie s  w hich  s c a t t e r  e le c t r o n s  a s  a in c r e a s e d .

In F ig . 2, the  c o n d u c tiv it ie s  of th e s e  s a m e  b ro n s e s  a t  300*K a r e
N

p lo tte d  v s x. T h e se  c o n d u c tiv it ie s  a r e  s im p ly  the  r e c ip r o c a ls  of th e  re*  

s i s t iv i t i e e  show n in F ig . 1. By e x tra p o la t io n  to  a e ro  c o n d u c tiv ity , the 

c u rv e  in  F ig . 2 s tro n g ly  s u g g e s ts  th a t  a l l  the  d if fe re n t  b ro n s e s  w ill b e co m e  

in s u la to r s  (o r  s e m ic o n d u c to r s )  fo r  v a lu e s  of x l e s s  th an  so m e  v a lu e  w hich  

is  in  the n e ig h b o rh o o d  of 0. 25. T h is  p o s s ib i l i ty  h a s  been  s u g g e s te d  by 

S ienko  an d  T ru o n g *  who u se d  the th e o ry  of Mott** fo r  m e ta l  - s e m ic o n d u c tr  r  

t r a n s i t i o n s .  T he e x p e r im e n ta l  d a ta  d id  n o t, h o w e v e r, show  e v id e n c e  fr r  

the  d is c o n tin u ity  th a t w ould be e x p e c te d  f ro m  M o tt 's  th e o ry . If s m a l l ,  the  

d isc o n tin u ity  m ay  be v e ry  d iff ic u lt to  o b s e rv e  e x p e r im e n ta l ly  ow ing to  in 

s u f f ic ie n t  h o m o g e n e ity  of m o s t a v a ila b le  c r y s t a l s .  We h av e  g ro w n  a  n u m 

b e r  of tu n g s te n  b ro n s e  c r y s ta l s  w ith  x < 0. 25, and  have  found th a t  su c h  

c r y s t a l s  w e re  s e m ic o n d u c to r s .  No c r y s t a l s  w ith  x < 0. 25 have  b een  found  

to  be m e ta l l ic  in  c o n d u c tiv ity .

T he e l e c t r i c a l  r e s i s t iv i ty  of one of th e s e  s e m ic o n d u c tin g  b ro n s e s  is  

show n in  F ig . 3. T he c r y s ta l  is  L ix W O j w ith  x * 0. 097. T he g ra p h  in 

F ig . 3 o f log  p vs 1 0 0 /T  show s the ty p ic a l  b e h a v io r  of an  im p u r i ty  s e m i-

1 ||[i>r

I



c o n d u c to r .  T he a c t iv a t io n  e n e rg y  c o r re s p o n d in g  to  the s t r a ig h t  line  at 

low t e m p e r a tu r e s  ( e x t r in s ic  re g io n )  w as 0 .0 3  ev , the  a c tiv a tio n  e n e rg y  

c o r re s p o n d in g  to  the s t r a ig h t  lin e  a t h igh  te m p e r a tu r e s  w as 0. 12 ev .

11 the s t r a ig h t  lin e  a t  h igh  t e m p e r a tu r e s  c o r r e s p o n d e d  to  the  in tr in s ic  

re g io n , the e n e rg y  gap  fo r  th is  se m ic o n d u c tin g  c r y s ta l  w as abou t 0. 24 ev . 

T he te m p e r a tu r e  d ep en d e n ce  of the  r e s i s t iv i t y  ot L i^W O j is  show n

in  T ig . 4 . F o r  x ** 0. 28, the  a n o m a lo u s  p e ak  w as v e ry  la rg e  and  o c c u r r e d
*

a t abou t 600*K; fo r  x * 0. 34 the  peak  w as m u ch  s m a l l e r  and o c c u r r e d  a t 

abou t 300*K. W ith in c r e a s in g  lith iu m  c o n c e n tra t io n , th e  p e ak , th e r e f o r e ,
i #

d im in ish e d  in sime and sh if te d  to lo w e r t e m p e r a tu r e s .  T he peak  w as c o m 

p le te ly  r e p ro d u c ib le  and  x r a y  d if f ra c t io n  p a t te r n s  show ed  th a t the  cu b ic  

c r y s ta l  s t r u c tu r e  e x is te d  bo th  below  and above the  te m p e r a tu r e  a t  w h ich  

the  peak  o c c u r r e d .  H o w ev e r, p r e l im in a r y  th e rm a l  a n a ly s is  m e a s u re m e n ts  

in d ic a te d  so m e  s o r t  of p h a se  c h an g e . M a ck in to sh ^  h as  su g g e s te d  the p o s 

s ib i l i ty  of o rd e r in g  of the  l ith iu m  a to m s , and  n e u tro n  d if f ra c t io n  s tu d ie s  

of th e s e  cu b ic  L i W O , c r y s t a l s  shou ld  be m ad e  below  and above the  t r a n -  

s i t io n  t e m p e r a tu r e .

H A L L  E F F E C T

T he H all c o e f f ic ie n t  (R) o f a  c r y s ta l  of cu b ic  L iq  j ? W Oj  has been  

m e a s u re d  a t  3 0 0 *K. F ro m  th is  m e a s u re m e n t ,  the  n u m b e r of f r e e  e le c t r o n s  

p e r  u n it vo lum e (n) w as c a lc u la te d  f ro m  n * 1 /R e , w h e re  e is  the c h a rg e  

on one e le c t r o n .  H ence the  n u m b e r of f r e e  e le c t r o n s  p e r  m ole  w as o b ta in ed .
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T h is  r e s u l t  fo r  L iQ 37WO3 is  ih o w n  in F ig .  5, a long with s i m i l a r  r e -  

s u i t s  fo r  N a^W O j o b ta in ed  by G a r d n e r  and  D a n i e l s o n .2 The  s t r a i g h t  

l ine c o r r e s p o n d s  to one f r e e  e l e c t r o n  p e r  a lk a l i  m e ta l  a to m ,  and  the  fac t  

th a t  the poin t  fo r  U Q J 7 W 0 3 i s  v e r y  n e a r  th is  l ine  s t r o n g l y  s u g g e s t s  

th a t  the n u m b e r  of f r e e  e l e c t r o n s  in L i xW G j,  a s  in N axW O j ,  is  e q u a l  to 

the n u m b e r  of a lk a l i  m e ta l  a t o m s .

S E E B E C K  E F F E C T

The S e e b ec k  c o e f f ic ie n t s  ( t h e r m o e l e c t r i c  p o w e r s )  of N a x W O j  have  

been  m e a s u r e d  o v e r  a wide ra n g e  of x - v a l u e s  a t  r o o m  t e m p e r a t u r e  (300*K). 

At th is  t e m p e r a t u r e ,  the r e s i d u a l  r e s i s t a n c e  (pQ) and  t h e r m a l  r e s i s t a n c e  

(p^) a r e  c o m p a r a b l e ,  the va lue  of p Q being b e tw ee n  and  N e v e r t h e 

l e s s ,  one would e x p e c t  to a  f i r s t  ap p ro x im a t io n ®  th a t  S * ( l /3 ) ( w ^ k 2T / e £ ) ,  

w h e r e  S i s  the S e e b ec k  co e f f ic ien t ,  k is  B o l t z m a n n ' s  c o n s t a n t ,  e i s  the 

e l e c t r o n i c  c h a r g e ,  and £ is  the  F e r m i  e n e r g y .  F o r  f r e e  e l e c t r o n s ,  the 

F e r m i  e n e r g y  £ * (h2 / 2 m * ) (3 n /8 i r )2  ̂3 w h e r e  h is  P l a n c k ' s  c o n s t a n t ,  m* 

is the e f fe c t iv e  m a s s ,  and n is the  d e n s i ty  of f r e e  e l e c t r o n s .  S ince  n is 

p r o p o r t i o n a l  to x, (  v a r i e s  a s  x 2 ^3 and S v a r i e s  a s  x

In F ig .  6 , the  S ee b ec k  c o e f f i c i e n t  (S) is  p lo t te d  vs x " 2 ^*. The  e x 

p e r i m e n t a l  p o in ts  l ie  on a s t r a i g h t  l ine  which  p r o v i d e s  e v id e n c e  fo r  the 

v a l id i ty  of f r e e  e l e c t r o n  th e o r y  when  d i s c u s s i n g  t r a n s p o r t  p r o p e r t i e s  of 

the t u n g s t e n  b r o n s e s .  F r o m  the s lope  of the s t r a i g h t  l in e ,  the  r a t i o  of 

the e f f e c t iv e  m a s s  to the t r u e  m a s s  of the e l e c t r o n  ( m * / m )  w a s  c a l c u l a t e d
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and found to have  the s u r p r i s i n g l y  e m a i l  va lue  of abou t 0, 035.

In T ig . 7, the S e e b ec k  c o e f f ic ie n t  (S) ie p lo t te d  ve the ab so lu te  t e m 

p e r a t u r e  (T ). At low  t e m o e r a t u r e s ,  w h e re  the r e s id u a l  r e s i s t a n c e  d o m i 

n a te d  the t h e r m a l  r e s i s t a n c e ,  the e x p r e s s io n  S * (1 / 3)(w2k 2T / e £) sh o u ld  

be va lid  if f r e e  e l e c t r o n  th e o r y  is  a p p l ic a b le .  We do indeed  find in F ig .  6 

a l in e a r  d e p en d e n ce  of S upon T a t  low  t e m p e r a t u r e s  a s  e x p e c te d .  F r o m  

the s lo p e  of the  s t r a i g h t  line  a t  low t e m p e r a t u r e s  we c a lc u la te d  m  / m , 

and  a g a in  found a s m a l l  va lue  of abou t 0. 037.

DISCUSSION

T he t r a n s p o r t  p r o p e r t i e s  of the tu n g s te n  h r  sm ses a p p e a r  to a g re e  with 

the p r o p e r t i e s  w hich  w ould  be e x p e c te d  f r o m  a f r e e  e l e c t r o n  m o d e l.  In 

p a r t i c u l a r ,  the t h e r m a l  p a r t  of the e l e c t r o n  m o b il i ty  is  n e a r ly  ind ep en d en t 

of the x -v a lu e ;  the H all c o e f f ic ie n t  g iv e s  the c o r r e c t  n u m b e r  of c h a rg e
t

c a r r i e r s ;  and  the S e e b ec k  c o e f f ic ie n t  v a r i e s  l in e a r ly  w ith  x ”2 ' 3 . T h e s e  

e l e c t r i c a l  p r o p e r t i e s  s u g g e s t  th a t  the d e n s i ty  of s t a t e s  in the co n d u c tio n  

band g(c) i s  g iven  in t e r m s  of the e n e r g y  (*) a c c o rd in g  to the f r e e  e l e c t r o n  

m ode l g (c)dc  * c l ^2d t .  T he  S e e b ec k  d a ta  a ls o  in d ic a te  a s m a l l  e ffec tiv /i  

m a s s .  S ince  the m o b il i ty  p * f e / i r .* )T ,  the low va lue  fo r  m * im p l ie s  a 

v e ry  s h o r t  r e l a x a t io n  t im e  (T). F o r  e x a m p le ,  a t  x * 0. 7, p m 2G c m 2 / v - s e c  

and  m * * 0 .0 1 5  g iv es  a  r e l a x a t io n  t im e  T *  4 x 10 13 s e c .

On the o th e r  hand , the th e rm o d y n a m ic  p r o p e r t i e s  of the b r o n a e s ,  s u g 

g e s t  th a t  the d e n s i ty  of s t a t e s  v a r i e s  m u ch  m o re  ra p id ly  w ith  e n e rg y  than
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t  M ag n e tic  s u s c e p tib ility  data  by G r e in e r ,  Shanks, and W a lla c e ^

as w e ll as s p e c ific  heat data  by V e s t , G r i f f e l ,  and S m ith 10 d e fin ite ly  

show that g(cVdc *  t l / 2 dc is  net v a lid ; but both sets of data ( i f  we ig n o re  

the s p e c ific  h eat data  fo r  la rg e  va lu es  o f x) in d ica te  an en erg y  dependence  

of the d en s ity  of s ta tes  w h ich  is the sam e and c o n s id e ra b ly  g re a te r  than  

F u r th e r m o r e , the best f i t  using r 111 g ives  m V m  *  1 6 , w h ich  is  

fa r  g re a te r  than the va lue 0 . 0 3 5  g iven  by Seebeck m e a s u re m e n ts . T h is  

d is c re p a n c y  suggests that f re e  e le c tro n  th e o ry  m u st be c o n s id e ra b ly  m o d 

if ie d  ta  account fo r  the th e rm o d y n a m ic  p ro p e r t ie s  of the b r o ia e s , h o w ever  

w e ll th is  th e o ry  ex p la in s  som e of the tra n s p o r t  p ro p e r t ie s .

%
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