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A B S T R A C T 

• The thermoelectric power of five amorp hous meta llic 

alloys have been mea s ur ed between 4 an d 300 K. The alloys 

studied are the commerciall y available Metglas alloys (spec -

ifically Metglas 2204, 2826, 2826A, 2605 and 2605A). 

Of these , only the nonferromagnetic a llo y (Metglas 

2204), agrees with the prediction s o f the modified Ziman 

theory in the temperatur e range studied. The reducti on of 

the Kondo-type contributions to the thermo electric power 

I . due to the Nordheim-GHrter rule made impossible the 

detection of these effects. Th e th ermoelectric power of 
• 

amorphous metals will only be sensitive to the predominant 

scattering. The introductio n of Cr or Mo in the composi-

tion of the alloys indu ces a reduction in the magnitude of 

the ~hermoelectric power by a factor of about 2. 
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R E S U M E 

Le pouvoir thermoéle ctrique de cinq alliages amorphes 

a été étudié entre 4 et 300K. 

Les alliages étudiés sont les Metglas commercialement 

disponibles (précisém e nt Metglas 2204, 2826, 2826A et 2605A). 

Parmi ceux-ci seu l ement l'alliage nonferromagnétique dans 

l'écart de températur e é tudi é (Metglas 2204) correspond 

aux prédictions de la théorie mo d ifiée de Ziman. La 

réduction des contrib u ti ons du typ e Kondo au pouvoir thermo-

électrique, du e à la regle de Nordheim-G8rter, n'a pas 

permis la dét ection de ces effets . 

• 
Le pouvoir thermo électrique des métaux amorphes sera 

sensible seulement à la dif fu s ion prédominante. 

L'introduction de Cr ou Mo dans la composition de 

~'alliage apporte une r éduction du po uvo ir thermoélectrique 

par un facteur approximativement égal à 2. 

I • 
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I. INTRODUCTION 

Amorphous mat erial s h a ve b ee n ex t ensively stu d ied in 
~/ 

the past few y ea rs. In particul a r, g r e a t i n te r es t has 

focused on metallic glasses. 

Those materials, in common with t heir n o n me tal l i c 

counterparts, possess no long range st r u c t ura l arder al though 

a certain degree of short r a nge order is p rese r ved . For 

metallic amorphous allo ys this short ran ge ar d e r is limit e d 

to a much smaller d i stance t han that fou n d f or amo r p hous 

covalent semiconductors or insulators~l) 

The composition of metallic glasses can be classi f ied 

in to t'vo gro ups: 

(a) alloys of transition or nobl e me t a l s wi th a 

metalloid of group IV or V ac ting as a gl a ss 

form e r, e.g. FeeoBzo 

(b) alloys not containin g g lass formers, e.g. Cu Zr, 

MgZn, TbFe, etc. 

The usual product ion t e chniq ues fo r me t allic glasse s 

include among others: 

(a) deposition from a liquid s olu t io n 

(b) rapid qu enc h ing from th e me lt 

(c) 

(d) 

evapor at io n 

sputtering 

(e) chemical pr ecipitation . 

1. 
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The magnetic prop er t ie s of amorphous metals hav e been 

wid ely studied du e to t h e potential comm ercial use of these 

7
materials as transform er c or es, magneti c shield ing and per-

man en t magnets. The mechanical properties are also of 

int eres t as some of th e s e materials possess t ensile s tren g t h 

comparable to th e strongest st eels . ( 2 ) 

In arder to gain fur th er fundamental understanding of 

the nature of these ma~eria ls electron transport studies have 

been undertaken by v a rious investigators. (
3

) In pa rticular 

the co nductivit y of metallic glasses has been studied over 

four orders of magnitud e o n th e temperatur e scale c- so mK 

to The total ch a nge seen over this wide ran ge of 

t emperat ures does not exceed,in general, 10 % of the total 

resistivity. 

A typical val ue f or the r e sistivit y of amorphous meta l s 

would be in the 100 to 300~n- cm rang e . Fig. 1 show s so me of 

the cu rves obt a in ed experiment ally for th e resistiv ity of 

metallic glasses. 

In most amorphou s meta ls a region wi t h negative temper-

ature coeffici e nt is present, whether followed by a minimum 

or not. Also, the functional form of the resistivity is n ot 

usually modified b y the presence of a strong magnet ic fie ld 

( -5 0 kG ) although its magn i t ud e may chan ge due to domain 

effec ts and th e nor mal orbital magnetoresistance. 

These last two ch aracteristics prompted a contr oversy 

over whi ch theory would b est describe the transport phenomena 
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F i gure 1. The Electrical Resistivities o f Some Me t a l l i c 

Glasses 

(a) the r es i stivi ti es of som e Metg l as a ll o y s 

a nd Co P , after R . W. Cochr ane an d J .O . StrHm-

Ols e n, J . Phys. FL, no . 9, 1 7 99 ( 197 7) . 

(b) th e r e si stivit i es o f two s a mpl es of Me t gla s 

2 60 5A, after R . W. Cochr a n e ~ l ) 
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in amorphous metals~ The theories advanced to expla in 

electron conduction in metallic glasses comprise 1) an 

~xtension of Ziman ' s liquid metal theory, 2 ) the Kondo 

effect where only some of the magnetic ions in the alloy 

contribute to the anomalou s scattering and 3) a Kondo-type 

theory where structural degrees of freedom replace the 

degrees of freedom provided by the spin orientations in the 

normal Kondo effect. 

The objective of this work is to compare the predic-

tions of the existing theories with our experimental results 

for the thermoelectric pow er of amorphous metals. 

We have measured the thermoelectric powers of a series 

of metallic glasses betw een 4K and 300K and we compare the 

results to the predictions of the extended Ziman theory and 

to the Kondo or Kondo-like theories advanced to explai n the 

behaviour of the resistivity. We also discu~s the effect of 

the presence of certain transition elements such as Cr and 

Mo on the thermoelectric power. 

The study of the thermoe lectric power was chosen as a 

technique because it is, for crystalline materials, generally 

a mor e sensitive prob e of the scattering processes than is 

the electrical resistivity. Also, at the start of this work 

no measurements of the thermoelectric power of amorphous 

metals had been published; however, just before this work 

was completed results on Metglas 2204 were published by 

(4) 
Nagel. 
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11. EXPERIMENTAL · 

II. 1 - The Cryostat 

The cryostat us e d for t h ese experiments is shown 

schematically in Fig. 2. It consists basical1y of two coppe r 

clamps mounted on a pheno1i c tub e to ho1d the sample. The 

top clamp has a heater mounted on the back of the copper block , 

as we11 as a calibrated Si diode to measure the temperature. 

The 110 ~heater, made of 38 BS CuNi wire, is non inductive1y 

wrapped around the b1ock and he1d i n good thermal contact 

with it by means of GE 7031 varnish . 

a DC current source up to 300 mA. 

This heater is driven by 

The sample is located between the two clamps, and is 

connected to a revers ing switch 1ocated below the bottom clamp . 

The connection from the bottom block t o the reversing switch 

is made through copper wire. The top clamp is connected to the 

reyersing switch throu gh a thick wire made of SN pure Pb whi ch 

is clamped to th e block to gether with the sample. 

The leads connecting t he switch, heater and thermometer 

to the t e rminal board at the top of the cryostat are twisted 

pairs of # 40 BS FORMEL covered copper wire, thermally anchor 

ed to the phenolic tube with GE 70 31 varnis h wherever possible. 

The reversing switch was made from a ceramic 8 pole 3 

position switch, manually op era ted from the top of the cryostat. 



.. 
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F igure 2 Schema t i c diagr am of t h e cr y ostat 
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The thermoelectric power apparatus is placed inside a 

double dewar assembl y which allows either liquid nitrogen or 

/ liquid helium to be used as refri gerant . 

II-2 - METHOD 

The experiment s were perf ormed by first immersing both 

clamps in the refrigerant and then lifting the top clamp from 

th e bath in arder to v ary its temperature. The bottom clamp 

and rever s ing switch were kep t in t he bath at all times during 

the ex periment. 

By varying the current flowing through the heater, the 

temp er atu r e of the top clamp was controlled. This temperature 

was mo nitored throu gh a 4 terminal DC measurement of the for-

ward resistance of a Si diode. The DC current source for the 

thermometer was maintained at 10 ~A through the whole range of 

temp era tures and th e voltage was r ead on a digital voltmeter 

whose analog output was connected to the x-axis of an XY 

reco rder . 

The expe riments proceeded by sweepin g the temperature 

whi l e reversing the switch periodically. The voltage gener-

ated by th e temperatur e gradient on the lead-sample thermo

couple was measured by a Keithley Mo d el 148 Nanovoltmeter 

whose analo g output was connected to the y-axis of the XY 

recorder previousl y referred to. Both heating and cooling 

curves we re plott ed so that correction could be made for any 

tem pera t ure grad i e nt in the top co pper b lo c k. 

The use of the r eversing switch with each measurement 

- ------------- -- - ---------------------------------' 
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eliminates st~ay thermal EMF ' s a n d effects o f equipment drifts . 

A typical example of th e e x p e rimental output can be seen . in 

.-- Fig . 3 . 

li - 3 - Samples 

These experimenta were per f orm e d on amorphous metals 

with compositions list e d b e low. They were obtained from 

Allied Chemical Company as thin r ibbon s and were produced by 

rapid quenching from th e melt. 

The samples were cut to size and installed in the cryo

stat witho u t any heat treatment . to avoid crystallization. 

The alloys used in these expe rimenta were: 

BRAND NAME(S_) COMPOSITION 

Metglas 2826 Fe~toNi~toPl ~tBs 

Metglas 2826A Fe32Ni3sCr14P12B6 

Metglas 2605 FesoB 2 o 

Metglas 2605A Fe7 aM o 2B2 o 

Metglas 2204 TisoZr1oBe~to 



I -
I 

I • 

Figure 3 Typical experimental output as obtained from the 

X-Y Plotter. 

The horiz ontal axis corresponds to the reading 

of the Si dio de used as a t hermometer. The vertical 

axis is obtained fr om the output of the nanovolt-

' 
meter u sed to measure the voltage generated b y the 

pair sample - lead. 
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111 - THEORY 

111-1 - Thermoelectric Po wer 

The electron transport p r o per t ies of a metal can be 

investigated using Boltzma n n' s e quation for electronic 

processes within the me tal. Bo ltzmann's equation can be 

formally written as: 

(dfl + 
dt fields 

I~) = o 
\ d t c oll isions 

where f stands for the electron di s tr ib ut ion function i n the 

metal. 

The fields that we ar e r efe rrin g to in the steady sta t e 

equation above are electr i c or magnetic fields and temperat ur e 

gradients. The effect of those f i e ld s on the electron gas 

will be compensated by col lis i ons. 

Assuming that th e col l is i on te r m will be a simple 

exponential function, in ot he r wor d s , that the steady state wi l l 

be restored by an e x ponential d e c ay from higher energy states, 

we can define a relaxation t i me " -r" and solve the Boltzmann 

equation. With this app r o ximation , we can study transport 

phenomena by applying el e ct r ic o r magnetic fields or tempera-

ture gradients, or any comb i natio n o f those to a system of 

electrons and analyzing th e behav io u r o f T. 

• 1f we apply an ele c tri c fi e l d o n l y, we get a quantity 

called electrical conductiv i t y (cr ) , which relates the electr i c 

• 
field applied to the el ec t ric cu rrent density generated. 
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• 

By applying a th e rma l g rad ient on ly , we can stu dy the 

thermal conductivity ( K), tha t r e l a t e s t he heat flow t o t he 

.~hermal gradient to the sample. Since th e carriers of he at 

in this situation are main ly el e ctrons, an e l ectric curr e nt 

will be present and thus a volt age will dev e lo p be t we e n th e 

ends of the sample. Thi s d if fer en c e of poten t ial be t ween 

the two points at diff e rent temperature s will be r e lat ed t o 

both the thermal gradient ap plied a nd th e conductiv i t y o f 

the sample. This effect, called TH ERMOELECTRIC POWER or 

SEEBECK EFFECT, relates th e th e rma l g rad ient applied t o t he 

consequent electric field. 

this: 

Schematically, we can repre s ent t he situation like 

A 

If ~T/ <<1, we c a n d ef ine th e r elative thermoelectri c T 

11 
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power SAB as 

It is clear from the fig ur e above that we nee d two 

different metals to meas ure 6 VAB' implyin g that we only know 

from the experiment the relative th e r moelectric p ower. 

Defining the absolute thermoelectric pow er SA and SB by 

and knowing the absolute thermoelectric power for one metal 

we can obtain the absolute thermoelectric powe r for any other 

metal . 

• The thermoelectric power for a sup erconductor is zero 

due to the condensation o f the electrons in the superconduct-

ing state. In other words, the electrons in a superconductor 

are a ll used for electrical c onduction turning the ma t eria is 

into a perfect heat insul a t or belo w its transition temperature. 

Thus, if one measures the See b e c k voltage of a pair forme d 

by a superconductor and another metal one obtains directly 

the absolute th e rmopower for that metal. This method is 

used for low temperatur e mea sur ements of thermoelectric power . 

For temperatures abov e the range of superconducting transi-

tion temperatures a known st a ndard for thermoelectric power 

should be used as the oth e r arm of the thermocouple. 

The absolute thermoelect ri c power of the standard ca n 

be d e termined by measur ing the Thomson coefficient for the 



• 

material and then using th e Ke1vin re1at i on to find th e 

abso1ute thermoelectric pow e r. 

/ The Thomson coefficient ~T is defin ed by: 

Q = p J 2 - ~ J íJT 
T 

where Q is the rate o f heat production in a curr e nt carry -

ing sample, p is its resistivi ty, J is the current 

dens i ty and íJ T the temperature gradi e nt. 

Experimenta l ly on e establishes a kno wn temperature 

gradient and forces a known current through the samp l e, 

measuring the amount of heat absorbed or released in th e 

process. This effect is re1a ted to the thermo electr ic power 

through the Kelvin rel a ti on: 

s = ~ T dT 

T 

This me thod was used by Borelius( 6 ) in 1928-32 a nd 

more recently by Roberts(?) to estab1ish a widely accepted 

standard for th e the rmoelectric power of lead. Lead has 

the adva ntag e of bein g a superconductor below 7.25K and 

having a relatively s ma11 thermoelectric power above that 

tran s ition temperature. 

A · full discussio n of thermoelectric effects in crys

tall ine meta1s is given in Ma cDona1d( S~ Barnard( 9 Ánd in 

Blatt et al. ( 1 0) 

13 
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III - 2 - Thermoel ~ ctric power for amorphous metals 

The most ch arac t eristic feature o f e l ectron tra n spo rt 

in a mo rphous metals is the existence of a region in tempera-

ture where the resistivit y h as a n ega tiv e temperature coef -

ficient. In some cases this region of negative temperat ure 

coefficient is follow ed by one o f positive temperature 

coe ffi cient result i n g in a minimum in the resistivity. 

Two groups o f models have been proposed to explain the 

observed neg ative temperature coeffici e nt of the resistivi ty. 

One g roup is based on extensio n s of th e Kondo theory of the 

resistivity of dilute magnetic impurities in metals, while 

the other group is ba sed on extensions of Ziman's theory of 

electron transport in liqu id metals . 

The first gro up o f th eorie s is only applicable at 

tempera tu res l es s th an rou gh ly 20 K while th e second group 

of the ories is applicabl e at higher t emperatures. 

Ziman's liquid metal mode l has recently been u s ed by 

Nagel ( 4 ) in the interpr etation of the thermoelectric power 

of a single amorphous allo y . The idea is that the amorpho us 

metal is merely a frozen l i quid a n d therefore all the 

e x pr ess ions derived for the li qu id are valid for the 

metallic glass . 

Upon freezing of the liquid a r e l axation time arises 

from the absence o f translational symmetry in the ionic 

po ten tial which produc es incoherent electron scattering. 

This relaxation time, T 
z 

is th e only source of scattering 

considered in Ziman's theor y of the r esistivity of liquid metals. 
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The r e laxation time can be written in terrns of the 

ion ic pseudo-potenti a l and the liquid structure factor. 

/ The i o nic ps e udo-pot e nti al is derived from the potentials 

associat ed with individual íons . The liquid structure 

factor may be inf e rr ed fr om X- ray and neutron diffraction 

e x p eriments and it describes the scattering of electrons 

b y the ion cores. F o r a to tal ly random distribution of the 

íons, the structur e factor would have a value of 1. Both 

the ionic pseudo-potentia l (l/(K)) and the liquid structure 

f act or (a(K) ), alon g with the prod uct a(K ) 11/(K) 12
, are sho wn 

schematically in Fig. 4. 

The resistivity f or liquids acc or ding to Ziman's 

th eory can be writt en as: 

co ns t < I'Y(K) I 2 a (K) > 

wher e < I'Y(K) I 2 a (K) > ={:I Y'(K) I 2 
a (K) 

kF is the Ferm i wave vector and K is the momen turn transfer 

in the proc ess . The v alue 2kF corresponds to the maximum 

pos s ible momentum transfer. If 2kF~ k , where k is the 
p p 

p osi ti on of t he first pea k in th e structure factor, it can 

b e seen from Fig. 4 that the resistivity will decrease with 

increas ing tempera tur e, since the peak in a(K) will broaden 

and d ecre ase its maximum value as the temperature rises . 

From th e expres sion for the resistivit y it is possib l e 

to obtain an expressio n for t he diffusion thermoelectric power 
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Figure 4 Schematic Diagram showing the Variation of 

(a) the liquid structu re factor (~( K);a(K)=l 

corresponds to a complet ely rando m array) 

(b) the ionic pseudo po t ential <Y(K)) and 

(c) the product a(K) JY (K) j 2 as functions of 

- ( 9) 
K, a fter R.D . Barnard . 
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usin g 1 
( -ª2 ) . (9) Sa-

p ClE EF. This yie lds 

/ 

7T2k2T 
SD = 

3lei EF 
ç; 

2 <k a jY(i<) j 2 

a(K)> r y ( 2 kF) I a ( 2 kF ) F (lkF 
where ç; = 3-2 1 - ~ 2 

< I'Y(K) I a (K) > < IY(K) 1
2 a(K)> 

or s = 3-2q - ~ r 

Although in most cas e s r turns out to b e small, t his 

term is nec ess ary becaus e the pseudo-pot entia1 is energy 

dependent as we1 1 as K dep e ndent. 

In this theor y, th e thermoelectric power shou1d be 

a linear function of temperatu re with the sign dependent on 

the mag nitude of q and r. 

As can be seen from Fig . ( 4 ), if 2kF "" kp the par a meter 

q wi11 dominate and, f or m6st cases, a po si tive thermoe1ec tr ic 

pow er would be expected when electrons are the charge carriers . 

The claim ma de by Nage1 ( 4 ) to exp1ain his res u1t s for 

Hetg1as 2204 was t hat 2kF"" k p. With t his both the observed 

negat ive temp erat ur e coef ficie nt of the resistivity and the 

pos itive thermoel ectric power are obtained. The condition 

2k "" k was a1so indica ted in a previous work by Nage l and F p 
(11) 

Tauc as a condition to obtain a stab le amorphous alloy 

containing transition me tal s. 
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The other group of the or ies s u ggested to exp1ain the 

behaviour of amorphou s meta 1 s is based o n Kondo's theory 

/ of the resistanc e minimum. This effect is found in crys -

ta11ine al1oys of non mag ne ti c hosts with sma11 concent r a -

tions of magnetic impuriti e s. In Kondo's theory the 

extra scattering needed t o form the mi nimum in p at 1ow 

temperatures arises from tran sitions be tween the spin 

states of the magnetic io n . 

T . d H (12 )f. d K d h suel an asegawa lrs t propose a on o mec -

anism to e x p1ain the resu1ts o b tain e d for the resis tivity 

of amorphous meta11i c a11oys. Their c1aim was that some of 

th e magnetic atoms wou1d be in a n eg1igibly sma11 interna1 

field, giving ris e to a Kon do effect even when the samp1e 

was a ferrom ag net . 

Further studi e s of resis tivity and magnetoresistance 

by Cochrane et a1. (
1 3

) sh owe d tha t th e shape of the resist-

ivity versu s temp eratura curves is pr actica1ly unchanged 

upon the application of fairly hi gh magnetic fie1ds ( -5 0kG) 

in contrast to th e results in cr ysta11ine Kondo a11oys 

where the minimum is suppressed~ 14 )This led to the sugges ti on 

that the negative tempera tur a coef ficient of the resistiv i ty 

is not due to magneti c int e raction s and that a common pro p-

erty of a11 am orp hous me ta1s should be used to exp1ain the 

effect. Such common propert y is obv ious1y th e 1ack of 

crystal1ine structure . 

(13) 
Cochrane et a1. showed that the anomaly i n the 
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resistivity could be c au sed by ele c trons sc a t te rin g f r o m 

structural d e gre e s o f fre e d o m inherent i n th e lack of a tomic 

periodicity in the material. In t his mod e l a n i on i s 

considered to be abl e to o c cu p y e i t h er o f t wo eq uivalent 

sit e s. The two tunneling l e v els can p r ov i de the n e cessary 

degrees of freedo m which we r e provided by th e s p i n ori e n t a 

tions in the original Kond o effect. 

This model run s i n t o di ffic u lty b ec au se a t le a s t on e 

am o rphous metal(lS)is k n ow n to h ave i ts re s is t i vit y dev o i d 

of the characteri s tic mi n i mum. If th e minimu m is due s ol e l y 

to s tructur e , on e would ex pe ct all amo rp hou s meta l s to have 

it . 

Recently Grest a n d Nagel( l 6 ) h a ve mo d ified Tsu e i' s 

or ig inal id ea by i n cluding a dist r ib u t ion of inte rna i 

fi e lds that provid e s for the existenc e of Kondo effec t in 

fe r romagnets a s we ll as for the insensivity to mag n e t ic 

(1 3 ) f ie lds of th e ard e r o f ma gni t ud e used by Cochra n e e t al . 

Grest and Nagel per f o rm ed a Monte Carla ca lc ula t i o n 

of t h e effective fields t ha t are pres e n t at eac h i on in a 

st r on g amorphous f erromag n e t u s i ng me a sured radia l d is tribu-

tion functions . Upon inclu s i o n o f super - exchange i nt e rac -

ti o ns betwe e n ne x t nearest neighb o r magnetic atoms se p a r a t e d 

by a metalloid atam, a l o ng t a i l i n t he distributio n o f 

internal f i e lds was o b tain e d . This ta il goes thr o ugh ze r o 

and has a fi nite v alue a t negative f i elds . 

With th e se re sults t hey conclud ed that fer r o magne tis m 
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and Kondo effect could co exis t in ferromagnetic metallic 

glasses and show no magne tic field dependence of the anom-

/ alous part of the resistivity. This is due to the presence 

of a small concentration of magnetic atoms which are 

located in nearly zero e ffec tive field at all applied 

external magnetic fields, thus repeating the conditions 

for the original Kondo effect . 

For all Kondo or Kondo-like theo ries, one can write 

the anomalous resistivity as 

where C and 6 have different physical o rigins a ccording to 

each of the theories. p represents all temperature i nd e 
o 

p enden t scattering . 

In the case of th e distribution o f effective fields, 

C r e presents a constant proportional to the concentration 

of magnetic impurities located in zero field and 6 repre-

sents the energy splitting be twe en the two spin states. 

In the tunn e lin g theory, C repres ents both the 

Coulomb interacti o n bet ween the íon and the electron and th e 

concen tration of tunnel ing states and 6 is the character -

istic energy splitting for the l evels of the double well 

potentia l of the tunn e ling state. 

Since th e Hamil tonians describing both the Kon d o-like 

problems are identical to the or iginal Kondo Hamiltonian, 

we ex pect all these models to have similar results for the 

thermoelectric power. 
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The Kondo th e or y of dilut e ma gne t ic alloy s acco unts 

for the "giant ther moe l ectric power" o bserved in these alloys . 

This thermoelectric po wer can be as big as 16 ~V / K at lOK or 

about an order of mag n itude larger than the normal di ffusi on 

thermoelectric power. 

Although no extensions of a ny of t he modified Kondo 

theories to thermoelec tric power of amorphous me tals are 

known, the thermo ele ct r i c power can be expected t o behav e 

in much the same way as that observ ed i n t he origina l Kondo 

systems, that is, presenting extrema in the thermoelectric 

pow e r around the equivalent of t he Ko n do temperature. 
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IV RESULTS AND DISCUS SION 

IV - 1 - Experimental Results 

We have measured th e thermoelectr ic powers of a ser ie s 

/ of metallic glasses betwe en 4K and 300K using the cryosta t 

and method described in Cha pte r li . 

The experimental re sults obtain ed for the different 

samples were analyzed by fi rs t substrac ting the values for 

the integrated thermoe1 ectric power of Pb as published by 

Roberts. (l) With this, a plo t of the integrated thermoele ctric 

power of the sample can be drawn (Figs. 5,6,7) . The data 

is then differentiat ed graphical1y and the results are 

* shown in Figs. 8,9,10. The error, estimated to be about 

3 %, comes mainly from th e cho sen graphical differentiat ion 

method and is evident when analyzin g th e scatter of the 

e~perimental points obtained . Th e error implied in t he 

measurement of th e sample -lea d pair volt ages is determined 

by the accuracy of t he instruments used, typically within 

1 %. This was verified b y meas uring voltages generated at 

constant temp era ture by means o f inj ecting a known D .C. 

current through a known resistance. All the experimental 

resu1ts are summarized in Fig. 11. 

Table I shows the al loys measured and relevant infor -

mation such as the composition, the temperature for the 

minimum in resistivity, th e slop e of the resistivity, the 

Curie temperature and the resistivity at room temperatu r e . 

* These resu1ts are presented a 1ong with those found by Elz inga 
and Schroeder (MSU)and Bélanger and Destry (U of M.). Th e 
resu1ts were submitted to publication in Phys. Lett. by all 
six authors (Baibich, Muir,Bélanger, Destry , Elzinga,Schroeder 



TABLE I 

METGLAS ALLOY COMPOS I TION P2 73 li.P. 
(~ SGcm) 

p dt 
at 200K 

2204 Ti 50 Be4 0 Zr1o 300 -2x10 
- 4 

2826 Fe4oNi4oP14B6 180 +2.3x10 - 4 

2826A Fe3zNÍ36Crl4pl2B6 180 -2.5x10- 5 

2605 FeaoBzo 14 o +l.O x10 -4 

2605A Fe7aMozB2o 120 +l.Ox10- 4 

• 

T 
min 
(K) 

300 

20 

270 

70 

10 & 70 

'" 

FERROMAGNETIC 
T (K) 

c 

non magnetic 

>300 

249 

375 

>300 

N 
w 
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Our data for Metglas 2204 (Fig. 8) agrees extremely well with that of 

Nagel, and is linear in temperature above 40K. This straight line does not 

intercept the origin and therefore some change in slope should be expected as 

the yemperature decreases. In the inset of Fig . 8 it can be seen that the 

thermoelectric power is linear below 15K, and it seems to approach zero with 

that slope, at least down to 0.3K . (The da ta below 4K was collected in anothe r 

3 (17) 
independent experiment with a He cryostat ). Between 15K and 40K some 

curvature is seen in S(T). 

In Fig. 9 we show the results for Metglas 2605 and 2605A. 

The thermoelectric power of Metglas 2605 is clearl y not linear, showing 

a minimum around 234K, is negative in the entire region studied and it contains 

* no "structure" to speak of. Metglas 2605A is nearly linear, always nega tive 

in this temperature range, basically s tructureless, and shows a relative l y 

small inflexion at around 160K. 

Fig . 10 shows the thermoelectric power for Metglas 2826. The main 

features are a change in sign around 25K and a minimum around 250K. No 

structure was detected, but the fact that S is still rising as the temperature 

decreases indicates that at least one maximt~ at T <SK must occur in order to 

fulfil the thermodynamic condition tha t S(T=ü)= O. 

Fig. 10 also shows the thermoele ctric power f or Metglas 2826A . Here, 

again, a change in sign takes place around 123K and a minimum appears at about 

70K. 

* We believe that the structure seen in our data around 30K is a con sequence 
of a corrugation or expansion in the temperature scale possibly due to 
oscillations in the diode voltage on a scale smalle r than the grid used to 
calibrate the diode. This can be verified by analyzing the corresponding 
region for the total voltage measured in the experiment (Figs. 5,6,7). 



Figure 5 Integrated th e rmoelec t ric po wer for Metglas 2204 
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Figure 6 

.. 
I n t egrated thermoel e ctric power for Metglas 

2826 and 2826A 
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Figure 7 Integrated thermo e l ect ri c power for Metglas 

2605 and 2605A 
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IV - 2 - Liquid Metal Model 

The Ziman theory for transport phenomena in liquid 

/ metals is best applied to amorphous metals whose charact-

eristic temperature for the minimum in resistivit y is rel-

atively high. In our case the samples fulfilling this 

requirement are Metglas 2204, 2826A an d perhaps 26 05 (see 

Table I) . 

As we discussed earlier, Metglas 2826A changes sign 

for the thermoelectric power at around 123K and shows a 

minimum at about 70K; Metglas 2605 is not linear and 

shows a minimum of the thermoelectric po wer at around 234K. 

It then becomes clear that Metglas 22 04 is the only 

sample from this group to have its thermo elec t ric power 

in good agreement with the predictions of a linear thermo-

electric power for amorphou s metals, as required in the 

* modified Ziman theory. 

The fact that below 40K t he thermo electric power of 

Metglas 2204 does not follow th e straight line predic ted 

by the Ziman theory is not surprising sin ce this theory 

becomes of doubtful value below 50K. The reason for this 

is that it does not includ e, in this first approximation, 

28 

the inelastic nature of electron transitions arising out o f 

ionic motion~ 9 ) 

* We should point out that Metglas 220 4 is the only non fe rro-
magnetic material in this group of alloys. However Me tglas 
2826A has its Curie temperatur e at 249K and there is no 
change in thermoelectric power in this temperature range thus 

indicating that the effect of ferromagn etism on the th e rmo
electric power is small . 



• 

On th e other . hand if we r everse the logic and say 

tha t a linear thermoel ectric power would imply in a high 

/ T . , then we would have to predict a high temperature 
m1n 

minimu m for th e re sistivity of Metglas 2605A. According 

L 
( 1 8) 

to Ra yne a nd e vy thi s alloy shows a double minimum in 

resi st ivity, both mínima below 70K. 

IV-3 - Kondo or Pseudo-Kondo Models 

All Kondo or Kondo-l ike models are valid for low 

temp er atures, thus su ggesting that the best results will 

be obtained for alloys with l ow T .. 
m1n 

In our case this 

means that we should i nclude th e alloys Metglas 2826 and 

perhaps 2605, 2605A. 

The Kondo theories predict low temperature structure 

in the thermoel e ctric pow er. As it is seen from the experi-

metnal data, only Metglas 2826 might show a maximum of abo ut 

O.l~V/K. Ho wev e r, this apparent lack of structure in the 

Metglas thermoel e ctr ic po wer does not rule out the possib -

ilit y of Kondo-lik e processes in these materiais because of 

th e c onsequ e nc es of the Nordheim-GUrter rule: The total 

thermoelectric power S can be written appro ximately in terms 

of the characteristic t hermoelectric po wer S. associated 
l 

. h h ith . h . ( 8 ) w1t t e sc atter1ng mec an1sm as 

s = I 
i 

S. 
l 

29 
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Figure 8 Thermoelectric Power for Metglas 2204 

The data obtained in this work is r e presented 

by solid dots. The solid triangles are the 

results obtained by Elzinga and Schroeder. 

The insert shows the results obtained in another 

. d d . · h 3 H (ll) ln epen ent exper~ment Wlt a e cryostat. 
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Figure 9 

The following c onv ent io n was used: 

I dat a obta ined in thi s work 

Â data obt ained by Bélanger and De stry (Université 

de Montr éal ) 

' data obt aine d by Elzinga and SchrHeder (Michigan 

Stat e Unive rsi ty) 
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Figure 10 

The following convention was used: 

• • data obt ained in this work 

À - data obta ined by Bélanger and Destry (Université 

I . 
I 

de Mo n tr éal ) 

' - data obta ined by Elzinga and SchrHeder (Michigan 

State University) 
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where P . is 
l 

th e resist ivity associated with the .th 
l 

33 

scatte r -

i n g mechanism and PT is t he tot al resistivity . In pa rtic ular 
/ 

s 
PK 

SK 
p o 

s = + 
PT PT 

o 

where the Kth mechanism is the Kondo or pseudo-Kondo con -

th 
tribution and the o is an a p proximation to al l other 

effects. From th e r esistivity results 
PK 

- 10- 3 so that 

The main result of this is that ou r resoluti on of 

about O .l~V/K repr esents a Kond o-type con t r ib ut ion of abo ut 

lOO~V/K , which is at least twice as larg e as th e highest 

peak known for thermo e l ectric p ower on crystal line Kondo s y s-

tems. 

IV - 4 - Structur e Cor r elatio ns 

Crystalline met a ls showing structu re in the res í s t-

iv i t y (i . e . ,r es istivity mínima and, or ma xima) u sua lly ha v e 

a more pronounced struc ture i n the thermoelectric power (see 

9 , 10). 

F or the set of samp l es studi ed in thi s work i t can be 

seen t ha t Met glas 2605 A ha s resistivity st ructure ( t wo mínima 

and a maximum) an d nearly linear the r moel ect ric power . Me tglas 

2826 may have some th ermoelectric p o we r structure and a min-

imum in resistiv ity around 20K . Me t g la s 2204 is cons ist e nt 

in not sho wi ng struct ure in both resistiv ity a nd thermo-

e l e ctric power within the experimental temperature ra n ge . 



34 

All samples consider e d it seems imposs ib l e to make any 

correlations bewteen the nature of the resistivity and the 

results obtained for th e t h ermo e lectric power on the basis of 
/ 

any of the existing theories. 

' IV - 5 Effect of the Compos i tion o f th e Alloy 

Studying the magnitude o f the thermoelectric po wer 

experimentally obtained on e sees that Metglas 2826A has a n 

extremely small thermoelect r ic power, small even when com -

pared to Metglas 2826. 

Such difference in magnitude between thes e two samples 

might arise from the addition of Cr o r to the addi tional 2% 

tr ansiti on metal in the Metglas 2826A alloy, deviating from 

the usual 80 % transition me tal - 20 % glass former, as in 

Metglas 2826. 

' This question could not be a ns wered definitely with 

th e s e t of samples svailable to us at the moment, b ut the 

. (19) (20) suggest1on made by Cochran e e t al. and Levy and Ray n e, 

that the elements Cr and Mo produce a r esonance like con-

tribution to the high t emper atur e r esistivity, favors the 

view that indeed it is the presence of Cr that induces the 

change in magnitude of th e t hermoele ctric power between the 

two samples. 

In fact, if one compares Metglas 2605 to Metgla s 260 5A, 

which differ by a 2% Mo content ( keeping the 80 % transition 

metal-20% . glass fo rm er com po sition) it can be seen that the 

substitution of iron by Mo induc es a reduction in the magni tude 

of the thermoelectric power by a factor around 2. 
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Figur e 11 
... 

The soli d lines represent the av erage of the r e-

sults obt ained by three independ e n t groups . 

Th e d o tted line reproduces the da ta p u bl ished by 

Nagel~ 4 ) 
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IV - 6 -General Consid e ra tions 

Analyzing the experimental res u lts obtained and the 

p redi ctions of the severa l theories proposed we are led to 

say that n ot on e individual theor y can explain all of the 

features present ed, 

In order to assess the physical consistency of this 

assumption, furth e r studi es of th erm o electric powers of 

me tallic glasses should b e undert aken . 



• 

• 

37 

V - CONCLUSIONS 

The study of thermoelectric power o f some amorpho u s 

/ 

me t allic alloys proved to be of limited use in the under-

standing of t he processes involved in electronic transport 

phenomena in metallic glasses. 

The Ziman theory se ems to explain the results for only 

one of the samples (M etglas 2204 ) over a limited temperature 

in terva l ( 40 to 250K). Our re sul t s agree remarkably well 

(4) 
with the curve found by Na gel over the temperature range 

quoted above. Metglas 2204 i s th e only non ferromagne ti c 

material in the set of five samples measured. 

The reappearance of a st rai g ht lin e in Metglas 2204 

below lSK cannot be attribut ed to the same process as th e 

high tempe rature result s sinc e the thermoelectri c powe r as 

a function of temperature has a differe n t slope in the two 

regions. 

The existence of a Kondo or Ko ndo- like process contrib -

uting to the thermoelectri c power of amorphous metals is sti ll 

in doubt since these process e s contribute to t he thermoelect ri c 

power through the Nordheim-GHrter rule. This rule says that 

the total th e rmopower of a metal is th e result of the resist -

ance weighted average of each of the process es involvecl . Thus 

the Kondo-type contribution to th e thermoel ectric power will 

be reduced by a factor 10- 3 to 10- 2 ( which represents the rati o 

PKondo -like/ p t l) to a . 
The thermoel ectric power of amorph ous 
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metals wil l be sensitive onl y to th e mec h a n ism that pro d uces the 

predominant scattering becaus e of th e weigh t of the t ot a l re si s t-

iv~ty in metallic glasses . This ma d e it difficult if not im-

possible to detect the Kondo- t ype c ontribut ion to the t hermoe l ec 

tric power with the experim ent al r e soluti o n available t o u s . 

The presence of Cr or Mo in th e c om po sit i on of a meta lli c 

glass appear s to be connect e d with a r e duct ion in the magnit ud e 

of the thermoelectric power a p p a rently du e to the in t r odu c tion 

of localized and possibly resonant scattering centres in arnor

phous alloys . 

This set of measurem e nt s hardly repr esents a co mpl e t e 

stu d y of the thermoelectric power of a rnorp hous metals , but it 

is sufficient t o show the div e rsity of beh a vi o u r, enab ling us 

to make the following suggestions: 

a) To better underst a n d t he b e haviour of metallic 

glasses , the ther mo e l e ctri c pow er for recrystallized 

samples should b e me asur e d and compared to the amor 

phous resu lts . 

b) The thermoelectric powers of a series of arnorpho u s 

alloys with th e s ame c o mp one n ts but with varied 

proportions should a lso be measur ed. 

Th e se proc e dures should r e veal the influence of t h e 

structure or the composit i on on the th er mo e l ectric power of 

metallic glasses . 
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