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THERMOELECTRIC POWER OF METALLIC GLASSES 

J.P. Carini, S. Basak and S.R. Nagel 

James Franck I n s t i t u t e  and Dept. of Physics, University o f  Chicago, Chicago, IL. 60637, 1J.S.A. 

Abstract.- The thermoelectric power of a number of magnetic and nonmagnetic metallic glasses has 
been measured as a function of temperature between 15 K and 580 K. The temperature dependence of the 
thermopower for the magnetic alloys is qualitatively different from that for the nonmagnetic alloys. 
The data for the nonmagnetic alloys are consistent with the extended Ziman Theory for transport in 
liquid and amorphous metals and show positive values for thermopower, Q, when the temperature 
coefficient of resistivity, a, is negative and negative values for Q when a is positive. The data 
for the magnetic alloys are consistent with a model based on the Kondo scattering of conduction 
electrons by spins situated in low effective fields. 

I n  t h i s  paoer we r e p o r t  the r e s u l t s  o f  a  

ser ies o f  s tud ies on the thermoelect r ic  oower of 

m e t a l l i c  glasses. These a l l o y s  can be d iv ided  

i n t o  two categor ies:  those t h a t  conta in no mag- 

n e t i c  elements and those t h a t  are ferromagnetic. 

b!e have found t h a t  these two classes o f  mate r ia l s  

have d i s t i n c t l y  d i f f e r e n t  thermoelect r ic  behavior.  

These d i f fe rences  seem t o  be r e l a t e d  t o  t h e  d i f -  

ferences which have been observed i n  the r e s i s -  

t i v i t y  o f  these glasses. I n  both cases the  r e s i s -  

t i v i t y  i s  anomalous i n  t h a t  the temperature 

c o e f f i c i e n t  o f  r e s i s t i v i t y  i s  negative 

a = 1 * < 0) over some range o f  temperature. ( - 0  dT 

However i n  the nonmaqnetic qlasses the  magnitude 

o f  a decreases as the  temperature i s  lowered t o  

zero and a i s  negat ive over a  wide range o f  tem- 

perature. I n  the ferromagnets, on the  o t h e r  hand, 

the low temperature r e s i s t i v i t y  increases aoprox i -  

mately l o g a r i t h m i c a l l y  as the temperature i s  

decreased below a  temperature Tmin where t h e  

r e s i s t i v i t y  has a  minimum value. Th is  behavior  i s  

remin iscent  o f  the  Kondo effect i n  c r y s t a l l i n e  

a l l o y s  where the magnetic component i s  very d i l u t e .  

There a r e  several theor ies  which have been 

proposed t o  exp la in  these r e s i s t i v i t y  anomalies. 

Although they have a l l  been ab le  t o  produce a  

negat ive value f o r  a f o r  c e r t a i n  sets  o f  Daram- 

e t e r s  i n  the theory, and there fo re  f i t  the r e s i s -  

t i v i t y  data, they make d i f f e r e n t  p red ic t ions  fo r  

the  thermoelect r ic  oower. Ue have undertaken the 

present s tud ies i n  order  t o  d i s t i n g u i s h  which of 

the o resen t l y  a v a i l a b l e  theor ies  a re  most a p p l i -  

cable f o r  desc r ib ing  the  t ransoor t  o rooer t ies  of 

m e t a l l i c  glasses. 

One theory t h a t  has been ex tens ive ly  used t o  

i n t e r p r e t  the  r e s i s t i v i t y  data o f  the non-magnetic 

glasses i s  the  genera l ized Ziman theory! ' 2. which 

deals w i t h  the  normal o o t e n t i a l  s c a t t e r i n g  o f  t h e  

e lec t rons  by the  disordered s o l i d  and can lead  t o  

a  o o s i t i v e  o r  negative value o f  a deoending on the  

r e l a t i v e  p o s i t i o n s  o f  2kF and k  where k F  i s  the  
P  

Fermi wavevector and kt, i s  the  o o s i t i o n  o f  f i r s t  

peak i n  the  s t r u c t u r e  f a c t o r  ( o r  one o f  the  oar- 

t i a l  s t r u c t u r e  f a c t o r s )  o f  t h e  glass. An a l t e r n a -  

t i v e  theory3 '  proposes the  existence o f  quantum- 

mechanical two-level tunne l ing  s ta tes  f o r  some o f  

t h e  atoms i n  a  disordered s o l i d .  The s c a t t e r i n g  

of the  conduction e lect rons from these s ta tes  i s  

s i m i l a r  t o  t h a t  found i n  the  Kondo e f f e c t  and may 

increase the r e s i s t i v i t y  d ramat i ca l l y  a t  low tem- 

5 perature. A  recent  oaDer has resurrected the  
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idea o f  a  r e a l  Kondo e f f e c t  i n  exp la in ing  the 

r e s i s t i v i t y  minima i n  the  magnetic glasses. By ca l -  

c u l a t i n g  the  e f f e c t i v e  f i e l d  d i s t r i b u t i o n s ,  P(H) ,  

t h a t  nay e x i s t  i n  a  concentrated ferromagnetic 

qlass, i t  was found t h a t  a  small number o f  spins 

nay s t i l l  e x i s t  i n  e s s e n t i a l l y  zero e f f e c t i v e  f i e l d .  

T4ese spins may then g i v e  r i s e  t o  Kondo s p i n - f l i p  

s c a t t e r i n g  and thus reconc i le  the coexistence o f  a  

IKondo e f f e c t  w i t h  ferromagnetism. 

The thermoe lec t r i c  power predic ted by these 

three theor ies w i l l  be d i f f e r e n t . 6  The Ziman 

The0r.y p r e d i c t s  a thermopower, Q, which i s  small ,  

l i n e a r  i n  temperature and negative unless k  a 2kF 
P 

i n  which case i t  i s  p o s i t i v e .  This cond i t i on  i s  

i u s t  t h a t  requ i red  by t h e  theory i n  order t o  oro- 

c'uce a negative value of a. Thus a negat ive a i s  

acconoanied by a ~ o s i t i v e  Q. The o ther  two the- 

or ies,  the s c a t t e r i n g  by tunnel i ng - leve l  s  and by  

m a ~ n c t i c  spins both g i v e  r i s e  t o  very la rge  

anomalies--orders o f  magnitude l a r g e r  than the 

'inan theory would p r e d i c t  fo r  a  simple metal.  

I n  Fig. 1  we show the thermoelect r ic  power 

for  several nonmagnetic a l l o y s  which have negat ive 

values o f  a. The data on Be0.4Ti0.5Zr0.1 (Metglas 

?29? o f  A l l i e d  Chemical Corp.) was repor ted by one 

6 of us e a r l i e r  and subsequent measurements have 

I 
confirmed these r e s u l t s .  The Cuo.5Zro.5 data has 

a lso been r e c e n t l y  reported.8 The measurements 

t h a t  we show here on the Nb0.5Ni0,5 sample are con- 

s i s t e n t  w i t h  the  o ther  data shown i n  t h a t  f i g u r e .  

"11 th ree  curves a re  l i n e a r  i n T o v e r  a very wide 

range o f  temoeratures and they a l l  have a o o s i t i v e  

slone and a p o s i t i v e  value o f  4. This  i s  comp- 

q l e t e l y  consis tent  w i t h  the  simple Ziman theory and 

incons is ten t  w i t h  the  p red ic t ions  o f  the  Kondo o r  

tunne l ing  l e v e l  models. I n  Fig. 2  we show t h e .  

5ehavior o f  Q f o r  another nonmagnetic glass: 

~ d ~ ~ 7 7 5 C u 0 ~ 0 6 S i 0 ~ 1 6 5 .  
I n  t h i s  case 0 has a 

a s l i g h t l y  d i f f e r e n t  behavior from t h a t  shown f o r  the 

the a l l o y s  i n  Fig. 1. For t h i s  qlass Q i s  predomi- 

n a n t l y  negat ive and has a negat ive slooe. I n  t h i s  

glass, however, the r e s i s t i v i t y  behaves normally 

and has a p o s i t i v e  value of a. Therefore the Ziman 

theory would p r e d i c t  a  negat ive slope fo r  Q vs. T 

as we have found. This then i s  cons is ten t  w i t h  the 

Ziman theory as w e l l  and f u r t h e r  confirms the  pre-  

d i c t i o n  t h a t  i n  general a  p o s i t i v e  a imp l ies  a 

negat ive Q and t h a t  a  negat ive a imol ies a o o s i t i v e  

Q. (This p r e d i c t i o n  however can f a i l  near the  

reg ion where a % 0 o r  4 % 0 s ince the  reg ion o f  

2  p o s i t i v e  0 deoends on S(2kF) lv(2kF) I being much 

l a r g e r  than the average, up t o  the  Fermi surface5 

2 
o f  S ( q )  l v (q )  1 and the reg ion o f  negat ive a depends 

2 on when I:~F q31v(q) ( S(q)dq decreases w i t h  

increasing temoerature) . The s l i g h t  curvature 

seen i n  Q may be due t o  o ther  mechanisms becoming 

imoortant as ide from those ca lcu la ted  i n  the Ziman 

theory. These may be more apparent i n  t h i s  case 

than i n  those i n  F ig.  1  because the r e s i s t i v i t y  o f  

Pd0.775Cu0.06Si0.165 i s  more than a f a c t o r  o f  two 

less  than t h a t  o f  the o ther  a l l o y s  studied. 

F ig.  1.--Thermoelectric power o f  the nonmag- 

n e t i c  amorphous a1 loys  BeOa4Ti 0. 5Zr0 (Metgl as 

2204) and Cuo.5Zro.5 and Nb0e5Ni0.5. 

I n  Figs. 3 and 4 we show the  thermoelect r ic  

power o f  several maoneti c  metal 1  i c cglasses .8 We 

see immediately t h a t  they have d i f f e r e n t  behavior 

from t h a t  seen f o r  the  nonmagnetic samoles i n  t h a t  

they have considerable s t r u c t u r e  i n  t h e i r  tempera- 

t u r e  dependence. This  i s  cons is ten t  w i t h  t h e  

5 theory o f  Grest and Nagel based on magnetic Kondo 



Fig. 2.--Thermoelectr ic Dower o f  the nonmag- 

n e t i c  a l l o y  Pd0~775Cu0~06Si0~165 .  

sca t te r ing .  The reason t h a t  the s t ruc tu res  observed 

i n  Figs. 3  and 4  are small compared t o  what i s  seen 

i n  c r y s t a l l i n e  Kondo systems ( i  .e., peaks i n  the  

thermoelect r ic  power as g rea t  as 40 pV/K) i s  t h a t  

t h e  thermoelect r ic  power o f  the Kondo e f f e c t s  i s  

weighted, us ing the Nordheim-Gorter r u l e ,  by i t s  

c o n t r i b u t i o n  t o  the t o t a l  r e s i s t i v i t y  which i s  smal l .  

The presence o f  C r  i n  the Fe N i  C r  P  B a l l o y  shown 

i n  Fig. 3  seems t o  make the  s t ruc tu re  observed i n  Q 

disappear. This  may be due t o  the  Cr c o n t r i b u t i n g  a  

Kondo e f f e c t  o f  i t s  own w i t h  opposite s ign  t o  t h a t  

o f  Fe, as i s  sometimes seen i n  c r y s t a l s .  Terefore 

the  C r  tends t o  cancel the Kondo e f f e c t  seen i n  the  

sample w i thou t  C r .  A  more d e t a i l e d  analys is  of t h i s  

data i s  described elsewhere.8 For the present 

purposes i t  i s  s u f f i c i e n t  t o  note t h a t  the behavior 

o f  the magnetic samples i s  d i f f e r e n t  from t h a t  o f  

the  nonmagnetic ones and t h a t  the  s t r u c t u r e  seen i n  

the  data i s  s e n s i t i v e  t o  the magnetic elements con- 

ta ined  i n  the  sample. 

I I I I I I I 
0 100 200 300 400 500 600 

T (  K l  

Fig.  3.--Thermoelectric power o f  the amor- 

I n  conclusion we have shown t h a t  the thermo- 

e l e c t r i c  power has d i f fe ren t  behavior i n  magnetic 

than i n  nonmagnetic m e t a l l i c  g lass a l l o y s .  I n  the 

nonmagnetic glasses the behavior i s  very simple: 

i s  small and very l i n e a r  i n  T. I f  a i s  negat ive 

then Q f o r  the  samples s tud ied i s  p o s i t i v e  and f o r  

the one sample we have repor ted where a i s  p o s i t i v e  

(7 i s  negative. This  i s  cons is ten t  w i t h  the Ziman 

theory f o r  e l e c t r o n i c  t r a n s ~ o r t  and n o t  consis tent  

T (  lo 

Fig.  4.--Thermoelectric power o f  the amor- 

phous magnetic a l l o y s  Fe.8B.2 (Yetglas 2605), 

Fe 78Mo.02B.20 (Metglas 2605A) and Fe.82Si B  .06 .12 

(Metgl as 26053). 

w i t h  t h e  Kondo o r  tunnel ing l e v e l  models. More- 

over t h i s  i s  the f i r s t  t ime t h a t  such simple, 

behavior has been found i n  a  class of a l l o y s .  

These are the  on lv  a l l o y s  f o r  which the  textbook 

p red ic t ions  of a  1  inear  thermoelect r ic  oorler 

seems t o  be completely v a l i d .  I n  the magnetic 

glasses we f i n d  t h a t  the re  i s  s t r u c t u r e  i n  the 

temperature de~endence of Q. The t e n t a t i v e  

exolanat ion i s  t h a t  t h i s  i s  due t o  a  r e a l  Kondo 

e f f e c t  caused by t h e  conduction e lect rons 

s c a t t e r i n g  from the  few spins t h a t  e x i s t  i n  

the t a i l  o f  the P(H) d i s t r i b u t i o n  near zero e i fec-  

t i v e  f i e l d .  This explanation would help account 

f o r  t h e  extreme s e n s i t i v i t y  o f  the  r e s i s t i v i t y  

and thermoelect r ic  oower t o  the  type o f  magnetic 

cons t i tuen ts  i n  the  sample. 

~ h o u s  magneti c  a1 l o y s  Fee 40Ni. 40P. 4B. 06 (Metglas 

2826) and Fee 32Ni. 36Cr.14P. 12B.06 (Metglas 2826A) 



C8-466 JOURNAL DE PHYSIQUE 

S.R.N. acknowledges suppor t  f rom an A l f r e d  

P. Sloan Foundat ion Fe l lowship .  Th i s  work was 

s u p ~ o r t e d  i n  p a r t  by NSF Grant OYR77-09931 . 

REFERENCES 

1. R. Evans, D. A .  Greenwood and P. Lloyd,  Phys. 

L e t t .  35J, 57 (1971). 

2. S. R. Uagel, Phys. Rev. B 16, 1694 (1977); 

P. J .  Cote and L .  V. Meise l ,  Phys. Rev. L e t t .  

39, 102 (1977); K. ~ r o b z s e  and J. ~Q 'ck le ,  - 
3. Phys. F Z, 2331 (1977). 

3. R. 1.1. Cochrane, R. H a r r i s ,  J. 0. Strom-Olson, 

and M. J. Zuckeman, Phys. Rev. L e t t .  35, 676 

(1975). 

4. J. L .  B lack,  B. L.  G y o r f f y  and J. ~ g c k l e ,  

Ph i l os .  Mag. 408, 331 (1979). 

5. 6 .  S. Grest  and S. R. Nagel, Phys. Rev. B 19, 
3571 (1979). 

6. S. R. Nagel, Phys. Rev. L e t t .  2, 990 (1978). 

7. M. N. Ba ib i ch ,  W. B. Muir ,  G. s61anger, 

J. Dest ry ,  H. S. E l z inga  and P. A. Schroeder, 

Phys. L e t t .  G, 328 (1979). 

8. S. Basak, S. R. Nagel and B. C. Giessen, 

Phys. Rev. B, i n  press. 


