
o ,o 

\ 

THERMOPOWER ANO RESISTIVITY OF 

BINARY METALLIC GLASSES 

by 

Mario Norberto Baibich 

A thesis submitted to the Faculty of Graduate Studies 

and Res earch of McGill University in parti al 

fulfillment of the requirements for the 

Degree of Doctor of Philosophy 

Rutherford Physics Building 

Department of Phys ic s 

McGill University 

Montreal, Quebec 

January 1982 

-- ----~---- ----- ---------------------------------------------------



i 

ABSTRACT 

The resistivity and thermopower of t wo series of amorphous 

alloys have been measured between 4 and 300K. The alloys studied are 

MgZn and CuZr, bo th in the largest concentrat ion ra nge available as 

amorphous materials. The all oys were measu red in both the •as made• 

and •relaxed • states, as well as some pa rtia l or totally crystalli zed 

samples. The simpl e Ziman theory wa s found at vari ance with the exper

imental r esu lts in both cases (even for MgZn, proven to be fr ee-electron 

like as required by the theory). A simple two component model is 

proposed as an extreme simplification of the Fa ber-Zi man theory of l i quid 

metallic alloys. The excellent agreement obta ined indicates that metallic 

glasses should be considered as the alloys they reall y are. A full 

Faber-Ziman calculation is performed for CuZr and from th is foll ows the 

conclusion that the term containing t he energy dependence of the ps eudo

potential (r), usually assumed to be smal l , is probably of comparabl e 

magnitude to that of the disorder sca t tering (q) . The suggested correlations 

betwe~n the electron-phonon mass-enhancemen t parameter À (determined 

from superconductivity experiments) and the temp·eramure dependence of the 

resistivitj' or the thermopowers are studi ed and both found not to be valid 

for CuZr amorphous alloys. 
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RESUME 

La resistivite et le pouvoir thermoé l ectrique de deux séries 

d' a l~iages amorphes ont êté mesurés ent re 4 et 300K. L'êtude a porté 

sur le MgZn et le CuZr, et dans les deux cas dans la plus vaste gamme de 

concentrati ons disponible pour ces materiaux amorphes. Les mesures ont 

étê effectuées sur des échantillons d'a bord tels que produits, puis 

soumis á relaxation et enfin partiellement ou totalement cristallisés. 

La theorie simple de Zi man es t trouvée en desaccord avec les 

resultats expérimenta ux dans tous les cas traitês (même pour la MgZn, 

dont le comportement électronique semble être du type d'un gaz d'electrons 

libres, ce qu'exi ge le modele). Une modé le simple à deux composantes, 

schématisant a l'ext rême la théorie de Fa ber-Zi man sur les all·iages 

mé talliques liquides, est proposé. L' excellent accord obtenu indique 

que les verres métal liques doivent être considérés comme les alliages 

qu ' ils sont de fa it. Un calcul complet de Faber-Z iman est mené pour 

le CuZr; on en déduit que le terme contenant la dépendence energetique 

du pseudopotentiel (r ) , généralement considere petit, est probablement 

de 1 'or dre de grandeur de celui de l a "di ffusion de désordre" (q). 

Les corréla tions suggérées entre le parametre À d'augmen tation 

de masse par interaction electr on-phonon (determ iné a partir d'expér i ences 

de supra-conductivité) et la dépendence en temperature de la res istivité 

et du pouvoir thermoêlectrique sont êtudiées. Elles semblent ne pas 

être acceptabl es pour l es alliages amorp hes de CuZr . 
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STATEMENT OF ORIGINALITY 

This t hesi s de scr i bes original mea su remen ts, by the au thor , of 

electrica l resisti vity and t hermopower s of t wo series of amorphous 

metallic alloys, namely ~1 g Zn and CuZr, in the wi dest range of compositions 

availabl e in the amorp hous sta t e, The al loys were also measured i n 

different st ages of r elaxati on or crystal l i zation. 

The samples were provided, along wi t h X-ray characteriza tion, 

by Drs. Z. Altouni an and Tu Guo - hua, of th i s l abora t ory , Part of the 

programming was done by P. Cotnoir and M. Ol ivi er . 

To the best of my knowl edge , t hi s work i s the f i rst systemat i c 

study of t hermo power and r esist i vity in si mple binary amorphous al loys. 

This thesi s advances si gni fi cant ly the underst andi ng of transport 

phenomena i n metal li c glas ses . 
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NOTE ON UNITS 

The majority of units i n th is thes i s con form to the Systeme 

International (SI). Those that do not ar e used for consistency with 

other published work on the subject. Their SI equival ents are given 

below. 

LENGTH lcm = 1 o ~2m 

lA = l o-10m 

PRESSURE atm = 1. 013 X 1 o2kPa 

ENERGY 1 e V = 1. 60219 X 
-19 . 10 JOules 

RESISTIVITY 1]1~-cm = 10 -8 ~-m 

THERMOPOWER l]JV/K = 10-6 V/K 
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I. INTRODUCTION 

Amorphous materials have been extensively st ud ied in the past few 

years . In particular , great interest has focused on metallic gla sses . 

Those materials , in common wi t h t he i r non metal l ic counterparts, possess 

·no iong range structural arder al thoug h a cert a in deg ree of short r ange 

arder is preserved. For metallic amor phous alloys thi s short range arder 

is limited to a much smaller di's t ance than t hat f ound f or amorphous coval ent 

semiconductors or insulators(l). 

groups: 

others: 

The compositi'on of metall i'c gl asses can be cl as sified into tv10 

(a) alloys of transition or noble metal s wi t h a metall oid of 

( b) 

The 

(a) 

( b) 

(c) 

( d) 

(e) 

group IV or V act t ng as a gla ss fo rmer , e,g. Fe80s20 
alloys not containi ng gla ss formers , e. g. CuZr, MgZn, TbFe, etc . 

usual produc t i'on techniques f or met all ic glasses include among 

deposition f r om a l i quid solu t ion 

r api d quenching f r om the melt 

evaporation 

sputter i ng 

chemi·ca 1 preci pitat ion . 

The magnetic pr operties of amorp hou s metal s have been widely studied 

due to the potential commercial use of these mater i als as transformer cores, 

magnetic shielding and permanent magnets. Th e mec han ical properties are al so 

of interest as some of t hese materia l s posses s t en s i le strength comparable 

to the .strongest steels (21, 
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(b) - the resistivtties of two samples of Metglas 2605A, after 

R W. c h Cl) . . oc rane . 
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Soon after the first amorp hous me t al l ic al loys were made by 

Duwez( 3), their resi st i vity and t hermopower were measured in that lab

oratory(4) . Since that time the number of mea suremen ts of resistivity 

have grown in number at an ever increa s ing rate . 

The conductivity of meta ll i c glas ses has been studied over four 

orders of magnitude on the t emperature scale (~50 mK to ~700°C). The 

total change seen over t his wide range of tempera t ure does not exceed, 

in general , 10% of the total resistivity . A typical value for the resist-

ivity of amorp hous metals would be in t he 100 to 300]Jril-cm range. Fig. I-1 

shows some of the curves obt ai ned exper imenta lly for the resistivity of 

metallic glasses. 

In most amorphous metals a region with negative temperature co-

efficient i s present, whether followed by a minimum or not. Also, the 

fu nctional form of t he resi st ivity i s not mod i fied by the presence of a 

strong magnet ic field (~5 0 kG ) although its magn itude may change due to 

domain effects and the norma l orbi tal magnetoresistance. This holds even 

for the f érromag neti c amor phous al l oys (5), precl uding the simple applica

tion of the Kondo model( 6) to expla i n the negative temperature coefficient 

of the res i stivity . The Kondo effect is found in crystalline alloys of 

non magnet ic hosts with sma ll concentra t i ons of magnetic· impurities, and 

the model explains the r i se in resis ti vity with loweri ng temperature by 

assigning t he extra scatter ing needed t o transitions between two spin 

states. The application of a strong mag netic field suppresses the extra 

scattering by aligning the spin of the i so lated magnetic ion in the direction 

of the applied field giving a large change in dp/dT in these alloys . 
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The structure (or lack of it) mos t probab ly pl ays an important role in 

the negative dp/dT observed fo r some ran ge of temperatures in the amorphous 

alloys. This lack of structure is a commo n prope rty of all metal l ic g~asses, 

as is the negative dp/dT. From t hese obs ervat i ons, b1o groups of theories have beE 

proposedto explainthe ·observed eff ects : one i s based on extensions of the Kondo· 

theory and is applicable at low t emperatures, and the other group is based 

on extensions of Ziman•s theory of el ectron transport in liquid metals(?). 

The extens i ons of the Kondo theory compris e a model where only some 

of the transition element atoms ar e i n a negli gi hly small internal fie ld , 

leading to a Kondo effect even when t he sample is fe rromagnetic(B , g) , and 

an alternative model where the excess scattering is due to structural 

degrees of freedom inherent in the lack of atomi c periodicity in the 

material(lO). In this modél an ion is considered to be able to occupy 

either of two equivalent sites. The two t unnel ing levels can provide the 

necessary degrees of freedom whic h were provided by the spin orientations 

in the original Kondo effect. 

The extensions of Ziman's theory are assoc iated with the idea that 

the àmorphous metal is merely a fro zen liquid and therefore all the 

expressions derived for the liqu idare valid fo r the metallic glass . Upon 

freezing of the liquid a relaxati on t ime arises from the absence of trans-

lational symmetry in the ionic potent ial which produced incoherent electron 

scattering. This relaxation time, T
2

, i s the onl y source of scattering 

considered in Ziman•s theory of the r es i stivity of liquid metals. 

The relaxation time can be written in terms of the ionic pseudo-

potential and the liquid struc t ur e fa ctor . The ionic pseudo-potential is 

derived from the potentials associ ated with indiv idual ions. The liquid 
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structure factor may be inferred f rom X-ray and neutron diff~action 

experiments a:nd it describes the scattering of electrons by the 

ion cores. For a totally random dis t ribution of the ions, the structure 

factor would have a value of 1. 

The temperature dependence of the structure factor, and the positi on 

of its first peak relative to t he Fermi wave vector of the alloy (2kF ~ KP )(a), 

account for the negative temperature coeffici ents of the resistivity. 

As seen above, more than one model is able to explain the results 

found in amorphous metals, so other electronic transport parameters shou ld 

be used to test the theories in question. This implies chanqing the 

experimental boundary conditions: res istivity experiments are conducted 

at a constant temperature (no temperature gradients on the sample ) wi th 

the appl i cation of an electric fiel d. 

By applying a thermal gradien t only, we can study the thermal 

conductivity (K), that relates the hea t flow .t o the thermal gradient to 

the sample. Since the carriers of heat in this situation are main ly 

electrons, an electr ic current will be present and thus a voltage will 

devefop between the ends of the sample. This di fference of potential 

between the two points at different tempe ratures will be related to both 

the thermal grad ient applied and the conductiv ity of the sample. This 

effect, called THERMOPOWER or SEEBECK EFFECT, r elates the thermal gradient 

applied to the consequent electric fi eld~b) 

Since the beginning of the studies of transport phenomena in amorphous 

metals, the thermopower has been used as a test for the proposed theories. 

(a) this criterion is also used in a theory of the formation of 

amorphous metals(ll) 

(b) for a detailed discussion of thermopower see R. O. Barnard( 3l), chapter 1 
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This was dane by Sinha( 4) to whom we owe the first meas urements of thermo-

power on amorphous metals; his resu lts on NiPt P alloys were found to be 

positive and linear in temperature, in accordance with Ziman's theory for 

liquid metals. 

About seven years later Korn and MÜrer(l 2) published results on the 

measurement of the thermopower of SnCu vapor deposited amor phous and part

ially crystalline alloys. Their r esults, partly because of the material 

preparation method and partly on account of the evident crystallization 

taking place during the measurements, are to be regarded with caution. 

Somewhat later Nagel(l 3) published his results on a single TiBeZr alloy. 

His conclusion was that only the Ziman theory could explain the observed 

linear thermopower and negative temperature dependence of the res isti vity. 

In 1979 Cote and Meisel(l 4) published the high t emperature thermopower and 

resistivity results of amorphous NiP , and interpreted them in terms of 

liquid metal theory. In the same year the article by Baibich et al(lS) 

appeared with the measurements on si x metallic glasses. The results can be 

summarized as follows: the behav i ou r of the onl y non magnetic alloy 

(BeTiZr) among the samples is linear in temperature down to about 40K 

(see Fig. I-2); at lower temperatures it resumes a linear behaviour, 

pointing to zero as expected thermodynamically with a larger slope than 

at high temperatures. The 'magneti c' (a) samples, however, showed no 

consistent correlation between the experiment and any of the proposed 

theories. The other result was that the contribution from Kondo-type 

thermopowers (if there is any) to the total thermopower is greatly reduced 

(a) not necessarily magnetic, but containing magnetic transition elements. 

- I 
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in amorphous metals due to the large residual resi stivities characteristic 

of these alloys, since these processes contribute to the thermopower 

through the Nordheim-Gort er ru le. Thi s rule says that the total thermopower 

of a metal is the result of the resis tivi ty wei ghted average of each of the 

processes involved. 

In arder to improve the understanding of thermoelectric effects in 

amorphous metals it is evident that a systemati c study of the behaviour of 

the non-magnetic amorphous metallic al loys was needed to establis h the 

role of the structural disorder in the transport phenomena of these alloys. 

Accordingly, we undertook the study presented in this thesis consis ti ng of 

the measurements of the resist ivity and t hermopower of two series of 

amorphous metallic alloys. The al loy systems chosen were MgZn and CuZr. 

The first series was chosen for its f ree electron behaviour, as required by 

the Ziman liquid metal theory, but for which onl y one total structure fact or 

is known; and the second because of t he complete structural informat i on 

available allowing us to conduct a thorough investi gation of the structural 

aspects of the liquid metal theories. 

The use of Kondo-type theori es wa s res tricted to studies of changes in 

thermopower and resistivity upon thermal re laxation of the alloys. This is 

because of the small t hermopower contr ibution comi ng from Kondo~type 
11 

proces ses , stnce there is a drasti c reductio n through the Nordheim-Gorter 

rule(l 5). 

Dur i ng the course of thi s work , other publica tions on the subject have 

appeared. Namely a number of articles by Nagel and collaborators(l 6) 

basically confirming t he finding s of Bai bich et al(l 5) ; a note by Cochrane 

et al(l7) on the systems PdSi, CuZr, MgZn (these are preliminary results on 

--------
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some of the alloys studied in this thesis), anda letter by Gallagher(lB) 

on three compositions of CuZr amorphou s alloys. Th is later work suggested 

a correlation between the thermopower s at high and low temperatures with 

the electron-phonon mass-enhancement effects seen in superconductivity. 

In accordance with the suggested mass enhancement correlation, a 

study of the relation between the thermopower and t he known superconducting 

transition temperatures of CuZr alloys was undertaken . 

In Chapter li we present the experimental procedures used in this 

thesis, as well as details of the samp le preparation. 

Chapter III is devoted to the out line of the theo r i es to be used in 

the interpretation of the exper imental results , presented in Cha pter IV . 

Chapter IV contains the analysis of the ex perimental result s along 

the lines of differen t approaches to t he Ziman theory. A simple two 

component model is proposed, which can be regarded as a simplification of 

the Faber-Ziman model for liquid metal lic alloys(lg) _ The proposed 

contribution of the mass enhancement effects to the thermopower or t emp-

erature dependence of the resistivi ty are also discus sed . 

-------------------------------------------------
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II - EXPERIMENTAL 

The re sistance and thermo power dat a reported i n this thesis were 

measured us i ng the probe shown schemati ca 11y in Fi gure II-1. 

After the samp les are in place , t he t op clamp of the probe i s 

wrapped in cotton to reduce convecti on effects. In operation, the probe 

is first completely submerged i n liquid He and t he value of the res i stance 

at 4.2K is determined. At thi s po i nt , the l ock- i n amplifier for the 

thermopower measurements is phase . al i gned by a method to be descr i bed la t er . 

The probe is .then raised so that t he liqu id helium l evel is about half 

way between the t wo cl amps; power i s then appli ed to the heater thro ugh a 

temperatur e controller. The thermal e. m. f . and resi stance are continuous1y 

recorded as a function of t emperature . 

The temperature is measured wi t h a ca l ibrated carbon glass res i stance 

thermometer(a) using a digital conductance bridg e(b) modified so tha t an 

analog signal propor tional to the t hermometer conductivity can be obtained . 

This signa1 in conj unction with a r amp generator is used in a feedback 

configuration to provi de a smooth and gradual t emperature inc rea se with time. 

The samp1e resistance was measured using a four probe AC technique 

with a bridge descr ibed in detai l by Cochra ne et a1 (20 ). The DC output of 

the 1ock-in amp1ified in t his circui t , which is proportiona1 to changes i n 

samp1e resistance, is measured usin9 a digita l vol tmeter. 

The circuit used for the mea sur ement of the t hermopower is simi lar 

to that described by Edwa rds( 2l), and i s schematicall y shown in Figure I I-2. 

(a) Lake Shore Cryotronics - CGR-200A- Cl 254 

(b) SHE Corporation - Model PCB 

------------------------------------------------------------
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It consists basically of an electromechanical chopper( a) with its two 

stationary contacts connected together, placed in the circuit so as to 

modulate the current flowi ng through the pr imary of the transformer T-l(b). 

The AC voltage across the tran sformer secondary is proportional to 

the difference between the e.m . f. of the sample-Pb thermocouple and the 

voltage developed by a O.C. current f lowing through either resistor R1 

or R2. This D.C. current is supplied f rom the outpu t of the lock-in 

amplifier which is used to measure the AC voltage at the secondary of 

transformer T-1, thus completing the feedback loop. t~ith the feedback 

connected , the system i s an auto-null servo loop where the feedback 

current is proportional to the sample-Pb thermal e.m .f. 

The lock-in amplifier is phase aligned by breaking the feedback loop 

at the current terminal of the low standard resi stor (A in Fig. II-2) and 

driving the resistor with a battery thus provi ding a large signal at the 

input of the lock-i n amplifier, The phase of the lock in amplifier can 

then be adjusted in the usual way. 

With the chopper connected as shown, the signal frequency at the 

secondary T1 is twice the chopper drive freque ncy. This greatly reduces 

the chance of mixing between the chopper drive and the signal circuit. In 

this respect it is worthwhile making the chopper drive as pure a sine wave 

as possible since any second harmonic will coupl e directly into the signal 

circuit. 

As a further precaution against noise ampl ification both the chopper 

and the transformer are individually encased in Pb foil. The complete 

(a) AIRPAX - Contact Modulator Model 30A 

(b) U. T.C . Tran sformer Model 0-1 
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circuit is also wrapped in Pb foil, as shown in Fig. II-1 . 

The sample-Pb thermal e. m.f . is obtained by measuring the feedback 

current through the standard resistor. This current is obtained by 

measuring the voltage developed across a 1 k~ standard resistor(a) in the 

feedback loop using a digital voltmeter. The di gital outputs of the volt

meters and the thermometer br idge form part of a computer based automatic 

data gathering system. This system reads the ins truments simultaneously 

every 2 seconds providing, in our case, a density of experimental points 

of about 6 points/K. 

All of the amorphous sampl es measured in these experiments were made 

in this laboratory( 22 •23 ) using a melt-s pin technique in a reduced pressure 

argon atmosphere. The alloys measured had nominal compositions given by 

Mg(l-x)Znx (x = 0. 20, 0.25, 0.30 , 0.33, 0.35) and Cu(l-y)Zry (y = 0.30, 

0.35, 0.40, 0.45, 0.50, 0.55, 0. 60, 0.67, 0.70). 

A sample of all of the re su l ting ribbons was examined by x-rays to 

ensure absence of crystalline li nes. All of the ribbons were kept immersed 

in liquid nitrogen until measured. 

The samples for thermopower mea surements were simply cut to size from 

the ribbons; the resistance samples had six(b) copper wire contacts spot-

welded using a simple home made capacitar dischan ge device. In the case of 

MgZn samples, contacts could not be permanentl y attached, thus a simpl e 

pressure contact apparatus was used (see Fig, II-3) . 

For each of the thermally treated samples, the room temperature 

(a) General Radio Co., Cambridge , Mass . U.S.A, 

(b) Six contacts were attached instead of the usua l four on account of the 
fragility of the contacts, since the spot we l ding of the wire crystall
izes a small region around it, wh ich becomes very brittle. 

- - - ------ - - - - - - - - - - - - - - - - - - --
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CURRENT -----

FIG. II - 3 - Pressure contact apparatus for resistance measurements. 
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resistances of all combinations of contacts we re measured prior t o heat 

treatment for later reference. 

The thermal treatment was performed in sealed Pyrex t ubes , each 

containing one resistance and one thermopower sample of the same composition. 

In the case of relaxation of CuZr or crystallization of Mg Zn, part ial argon 

pressure (~ 0.85 atm) was used; for the partial crystall ization experiment, 

partial pressure (~ 0.3 atm) of Helium obtained from the boil-off of a 

liquid Helium container was used(a). 

The thermal relaxation of the amorphous CuZr samples was achieved by 

placing the sealed ampoules in a f urnace set at 200°C for a period of 

2 hours(b). 

The crystallization of the MgZn samples followed a simil ar process , 

except for the temperature, now set around 120°C. 

The parti al crystallizat ion of the CuZr2 samples was performed 

following the results of Altouni an et a1 (22 ) . Ei ght sealed ampoules wer e 

placed inside a fu r nace, set at 3l8°C, at the same time. They were l eft 

at that temperature for times as shown in t he table be low (Table I I-1) . 

The composition and treatment of all the samples measured i n t hese 

experiments are shown in Table II-2. 

(a) thts t s to avo i:d any oxygen contaminat ton( 22 ) 
-

(b) the temperature and t tme for relaxat ion were determined by independent 
mechani'cal stress reltef experi'ments(24) , 
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TABLE II- 1 

CRYSTALLIZATION OF CuZr 2 

SAMPLE TIME OF EXPEC TED 
IDENTIFICATION ANNE AL* CRYSTALLIZ ED 

(h our s) FRAC TIO N 

EE o o 

FF ** 

GG 8h 36min 12. 5% 

HH 1 Oh 36m in 25.0% 

I I 12h 24m in 37. 5% 

JJ 14· h 50. 0% 

KK 17 h 35m in 62 .5 % 

LL 19h 75 . 0% 

MM 23h 24mi n 87 .5% 

NN 50 h 10 0 . 0% 

* - at 318 °C 

** - a t 200°C for 2 ho urs (relaxati on) 
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TABLE II- 2 

MEASURED SAMPLES 

AS MADE RELAXED 
SAMPLE COMPOSITION 

Cu 
30 

EE 33 

FF 
GG 
HH 
li 

JJ 

KK 
LL 
~~M 

NN 

40 

45 

50 

55 

60 

65 

70 

Mg 
65 

67 

70 

75 

80 

R - RESISTANCE 

S - THERMOPOWER 

Zr 
70 

67 

60 

55 

50 

45 

40 

35 

30 

Zn 
35 

33 

30 

25 
20 

R s R s 

* * * 

* * 

* * * * 
* * * * 
* * * * 
* * * 
* * * * 
* * * * 
* * * * 

* * 
* * 
* * 
* * 
* * 

CRYSTALLIZED 

R s 

* * 
* * 
* * 
* * 
* * 
* * 
* * 
* * 

* * 

* * 
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III - THEORY 

In this chapter we present some of the details of the two groups 

of theories advanced for the understand ing of the electronic transport 

phenomena in amorphous metals. The two groups of theories are ' l) an 

extension of the theory developed by Faber and Ziman( lg) t o explai n the 

beha·1iour of liquid metals and alloys and 2) a model where the Kondo-

type scattering is due to structural degrees of freedom i nherent in the 

lack of atomic periodicity in the material (magnet ic Kondo or Kondo-

like effects are not considered since our samples con tain no magnet i c 

impurities). 

III - 1 The liquid metal model 

It is claimed that in an amorphous solid the disordered structure 

resembles that of a liquid and that the time of interaction between the 

conduction electrons and the scatter ing centres is so small that the 

scattering in both liquid and solid are practica lly independent of 

ionic motion. 

The basic assumptton of Ziman •s model(a) for li quid metals is that 

the electrons behave like a degenerate nea r ly free electron gas which is 

scattered by the irregular array of ionic cores. In this case, we can 

use the simple expression for the conductivity obtained from a linear 

(a) This ts presented as a condensation of various review articles by 
Ziman(25 l, Faber( 26 l, and Bradley et al( 27 ), as well as some of 

the ortgtnal papers on the specific subjects . 
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response theory: 

where e is the electronic cha rg e, vF is the Fermi veloci ty, T is the 

relaxation time andJV( s F) is the electronic density of states at the 

Fermi energy. 

The relaxation time is given by 

1 J(l - cose )Q( e )d~ --
1.: 

where Q(e) represents the probability of scattering through an angle e 

into the solid angle d~ . 

The probability of scattering is given by the 'golden rul e ': 

·2 2l){(s) 
Q( e) = ~ \<k \U\ k'>\ - F f' rv rv 2 4n 

the states \k> and jk'> are both on the Fermi surface, and the fact or of 
'V 'V 

( l ) 

(2) 

(3) 

l/2 ãrises from the fact that the spin does not change on scattering (this 

makes l/2 of the total available states forbidden after the transition) . 

The potential U(r) is the resul t of the superposition of all ionic 
'V 

potentials at the point r: 
'V 

U(r) = L u(r - R.) 
rv i 'V rv l 

where R. is the position of t he ;th ion. 
1 

In evaluating the integral <k\U\k '>we follow Harri son (2S) and use 
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Fourier transformations rather liberal ly to obtain the well known result: 

where K = k- k', N is the number of ions, a(K), the structure factor , is 

g·iven by 

a(K) = ~ <J~ exp(iK.R;)J 2> 
1 

and u(K) is the pseudo potential t hat describes the ionic interaction in 

K space. 

The integral <kJU Jk' > can also be expressed in terms of scattering 

matrices( 2g) t such that 

For states on the Fermi surface (Jk> and Jk '> are defined as be ing 

at EF) we can use geometrical arguments to obtain 

K = 2kF sin ~ 

(4) 

( 5) 

(6) 

(7) 

The expression for the resis tivi ty is obtained from the substitution 

of (2), (3) and (4) into (1), giving: (a) 

(8 ) 

o r 

37T 1 v 2 p =-;2 2 N<Ju (K) J a(K) > 
,.e vF 

(8a) 

(a) Th~ above expression for p assumes that thermal vibration (phonons) are 
un1mportant. The ~ff~ct of phonons on the resistivity has been calculated 
by Cote and Melsell40J. 
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From this, an expression for the thermopower can be obtained using 

the Mott··.relation, where o(E) i s an expression involving the relaxation 

time ç (E): 

We can define a dimensionles s pa rameter contain ing the 1ogarithmic 

derivative: 

and 

where SF represents the "Fermi thermopower 11
• 

Thus we can write: 

s = 

We now concentrate on the analysis of the various expressions 

obtained for s upon evaluation of (10). Equation (12) is the general 

result used for the prediction of thermopowers of l iquid and amorphous 

metals. Wi thin the limits of validi ty of the NFE model , the bulk of 

the tempera t ure dependence(a) comes exp l icitly from the factor T in (12) . 

We therefore expect for the amorphou s me t al s a linear thermopower with 

magnitude and sign governed by s· 

(a) <J u(K) \2a (K) > has some T dependence wh i ch gives the temperature 
dependence of the resistivi ty. From this, a sma ll T dependence in 
s is expec t ed. 

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

(9 ) 

( 1 o) 

( ll) 

( 12) 
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If the pseudopotentia1 u( K) i s K-dependent on1y, then (10) 

becomes: 

ç = [a ~nk [2 a ~nv + 4 _ 4q]] = 

a~n E a ~nk E EF 
( 13) 

where 

q = 

2 I u ( 2 kF) I a ( 2 kF) 

<lu(K)1 2a(K) > 
( 14) 

This resu1t is great1y simpli f ied if free electrons are considered(a): 

ç = 3 - 2q 

If the scattering is not well described by the s imple Born approx-

ima~ion, the matrices are like1y to be dependent on k as well as K whi ch 

ref1ects some k dependence of the pseudopotentia l ; then we have: 

where 

1 
~ = 3 - 2q - 2 r 

r = 
k F < ( ~~ll) v a ( K) > 

<lu( K) !2 a( K)> 

On the basis of this theory the general behaviour of bot h thermopower 

( 15) 

( 16) 

( 17) 

and resistivity can be understood by evaluating t he integra l <lu( K) !2a( K)>. 

(a) for free electrons o.R.. nk ô.R..nE -
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In Figure III-1 a typical struc t ure fa ctor and ps eudo-potential are 

shown, as 1t1ell as the integra nd !u( K)! 2a( K). The temperature dependence 

of the st ructure fac t or i s shown in Figure III -2. Since the pseudo-

potential is not expected to va ry appreci ab ly and we can safely con sider 

it to be constant , all the changes in t he t hermopower and resistiv i ty 

are attributed to the behaviour of a (k)( a) . 

The l imit for the ;·ntegration over K i s 2kF, hence the temperature 

dependence of p and S will be determined by t he rel ative position of 

2kF and Kp' which is the value for K at t he f irst pea k i n the structure 

factor. 

By inspection of Figures I II -1 and II I -2 , we can see that fo r 

valences between ~ 1.2 and ~ 2 the i ntegral <l u(K ) i2a (K)> wi ll decrease 

with increas ing temperature , th us gi vi ng negat ive values for dp/ dT and 

positive values for the t hermopower. Th is ra nge of valenc i es is 

approximately the same range wh i ch is found in standard amo r phous metals 

(this is used in a theory for the st abili ty of amorp hous met als by Na gel & 

Tauc(ll) where the condition 2kF ~ KP is found to be a .criteri on for 

glass formation). 

It should be pointed out that changing the eff ect ive va lence within 

this range , one should obtain f ai rly s izeable changes in t he t hermo-

ower and dp/dT . 

Up to this point we have been deal i ng wi th t he r esul t s of Ziman's 

theory for pure liquid metals . vfe shoul d now r ecall t hat amor phou s met al s 

are only available as alloys , and t herefore we should use the resul ts 

for ltqu id alloys, as presented by Faber and Zi man(l g) . 

(a ) the structure fa ct or should r i gorou sly be the electron scatteri ng 
structure factor; since t hi s is general ly unavailable, the x-ray 
or neutron determi ned a (k} is used. 

1 
I 

' 
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(C) 

I 2kF 1 2kF K 
I(Z=l) 1(Z=2) 
I I I 

I 
I 
I 

Kp -
K 

FIG. III - l - Schematic diagram showing the va r iati on of 
(a)- the liquid structure factor (A(~); a(~)= l 

corresponds to a completely random array ) 
(b) - the fonte pseudopotential (ú(~)) and 

(c) - the product a(~)lu(~)i 2 as functions of ~ ' after 
R.O; Barnard(3l). 

J 
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· a(K) 

K 

FIG. III - 2 - Temperature dependence of the structure factor (reproduced 

from J.M. Ziman( 7)) . 
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The basic assumption of t he theory of liquid metall i c alloys is 

that the electrons "see" the r esult of the proper comb i nation of 

elen1ents through the various part i al structure facto r s aij(K) . 

The expressions for the resistivity and t hermopower t hen become : 

P = 3n N <F( K)> 
21.( 2 v 

e 11VF 

where ~ is the number of available electron per atam in the all oy and 

<F(K) > is defined by 

For a binary alloy: 

_ F( K) 2 2 2 2 - lu
1

J {c(l-c) +c a 11 } + lu 2 1 {c(l-c) + ( 1-c) a
22

} + 

where the pseudo-potentials of the two components are written as u
1 

and u2, and c is the atomic fract ion of component 1. a
11

, a
12

, a22 
represent the three partial structur e factors for t he different poss i bl e 

atomic pairs. 

( 18) 

( 19) 

(20) 

( 21) 

Using this formalism anda subst i tutional model (a) Enderby et al( 30) 

(a) In the substitutional model the two constituen ts have the same atomic 
volume and the same structure fac tor, so that rep l acemen t of one ion 
for another can occur at random without any distortions of t he environment 
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were able to fit the variati on of the thermopower wi t h concentr ati on for 

binary monovalent AgAu liqu id alloys. The equivalent divalen t t1gCd 

liquid alloys could not be fit using the s imple Faber - Ziman expres s ion. 

An energy (k) dependent pseudopotential was then invoked. 

In the case of amorphous alloys one should expec t simila r behaviour 

if the Ziman theory is applicable to metallic glasses . v·le must stress the 

fact that this test of the theory is somewhat hampered by t he limited 

range of composition that one can obtain in the amorphous phase. Also 

one should note that the extended Ziman theory is valid at hi gh temperatures 

and it can be only used down to around 50 K; below this temperature the 

inelastic scattering of electrons which is produced by ionic motion becomes 

important and it is not included in the theory in this first approximation . 

In arder to account for inelastic scattering, Cote and Meisel( 40) ha ve 

included in their formulation of the Ziman theory t he effec t of phonons 

through the introduction of dynamic structure factors. Wit h t his they were 

able to explain not only the high temperature resist i vi ty , but als o describe 

the low temperature behaviou r which was formerly inaccessib l e t hro ug h t he 

static Ziman formalism. 

It is worthy of note that an equivalent calcu lation in cryst alli ne 

metals( 3l) gives values of ~. the thermoelectric parameter, cha nging f rom 

3 at low temperatures to 1 at high temperatures. 

III - 2 The Kondo-type theo ry 

An alternative group of theories has been developed for t he l ow 

temperature région. They are similar to that advanced by Kon do( 6) to 

explain the behaviour of the transport properties of di l ute magnetic alloys . 

From these theories, the onl y one applicable to t he type of metallic glass 
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studied in this work is that advanced by Cochrane et al(lO). It sugge sts 

that the anomalous negative dP/dT could be due to electrons being scattered 

from structural degrees of freedom inherent in the lac k of ionic per iodicity 

in the material. In this model an ion is considered to be able to occupy 

either of two equivalent sites. The two tu nnelli ng levels can provide the 

necessary degrees of freedom which were pr ovided by the spin orienta tions 

in the original Kondo effect. 

For all Kondo-like theor ies, one can write the resistivity as: 

(22) 

where C and 6 have different physical origins accordi ng to each of the 

theories. p
0 

represents all temperature independent scattering . 

In the tunnelling t heory, C represents both the Coulomb interact ion 

between the ion and the electron and t he concentration of tunnelling states 

and 6 is the characteristic energy splitting for the levels of the dou ble 

well potential of ~he tunnelling state. 

- Since the Ham i l ton ians descri bi ng the Kondo -like problems are 

identical to the original Kondo Hamiltonian , we expect all these model s 

to have si milar results for the thermopower . The ori ginal Kondo effect 

explains the "giant thermopower 11
, seen in the Kondo alloys, which can be 

as large as 16 ~V/K at lOK (this is abo ut one order of magnitude larger 

than the normal diffusion thermopower ). 

In the case of metallic glasses, one should expect a similar 

behaviour, One importan t point to consider when comparing the experimental 

r esults to these theories is that the i nd ividual scattering mechanisms 

------------------------------------------------------------------
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contribute to the total thermopower with weight pr oportional to t he re lati ve 

contributions to the total resi sti vity (Nordheim-G5rter ru l e). Because 

of the large residual resistivity which is a characteristic to metal li c 

glasses, the relative contributions to the tota l thermopower coming from 

scattering described by one of the Kondo-l i ke theori es is greatly reduced 

(by a factor of nearly 1000!) - therefore the thermopower is nota good 

tool to test the validity of thi s theo ry( lS). 

One of the possible conseq uences of the tunnel ling model is that 

thermal treatment of the amorphous metal should change the characteristics 

of the population and energy splitt i ng of t he double wells. Th i s shou ld 

have an effect on the electronic transport properties of these mater i als. 

Such an effect was seen for mechanical properties( 32 ) and even some 

intriguing behaviour for the conduct iv ity( 33 ) whi ch rises sharply after 

100 minutes of annealing time at 200°C . 

Recently Banville and Harris( 34 ) published the results of a theore-

tical calculation, based on the two level systems model, where they s imulate 

the effects of annealing by allowing their computer -generated structure to 

relax. lheir results indicate that the annealing pr oc ess should reduce 

the magnitudes of various low-temperat ure anomalies seen in metallic glasses. 

On account of the Nordheim-Gtlrter ru l e, even if the tunnelling 

model is val id, one should not expect detectable changes in the thermo

power at low temperatures arising from relaxat ion effects. On the other 

hand, the temperature dependence of the resistivity should be affected qu i te 

noticeably, with the value of dp/dT approach ing zero as the time of 

annealing increases. 
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IV EXPERIMENTAL RESULTS 

We shall her e descr ibe the r esults obtained fo r the different 

systems studied, including a br ief disc us sion, where pertinent, of thei r 

meaning. 

The results for all t he thermopower measurements were obtain ed 

using the apparatus described in Cha pter li . The method used was an 

integral one and the pr ocessing of the data t o abtain S(T) from the 

measured J~ . 2S(T)dT(a) was made using the pragrams MBOOOl . FOR and MB002. FOR, 

whose list ings can be found in t he Appendix. These programs read and 

translate the data files (MBOOOl ) and then an average is establi shed for 

each integer temperature affording 300 averaged data poi nts for each 

experiment. The same program (MB0002) performs a numer i cal different iation 

over vari able range of points. 

The results for the resistivi t ies are presented as a reduced 

resistance ratio ((R(T) - R(4.2)/R(4 . 2) ) which (if a sma ll isotropic 

dilation is neglected) is the reduced resistivity rat io (p(T)- p(4.2)/p(4.2 )). 

We also present the results for the r es i stivities based on room temp

erature mea~urements af each sample 1 s resistance, length, density and mass . 

As is widely accepted( 3S) the geometr ical factor is the largest source of 

errar in the determination of the absol ute values of the resistiv i ty . In 

our case this difficul ty was augmented by the smal l and irregular cross 

section of t he ribbons . 

This is why we used mass and density measurements t o determine the 

average cross section of the samples , The density of the samples was 

obtained in this laboratory( 3?) by the Archimedes methad, us i ng toluene 

as the liquid . 

(a) to obtatn this, we hqve)s ubstracted the integrated thermopower of Pb 
publ~shed by Robertsl36 ? this is dane in pragram MBOOOl . FOR . 
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With the values of the roam t emperature resistiv it i es all of the 

p(T) could be determined from the r educ ed resistivity ratios. 

The results for the reduced resistivity of a series of MgZn 

amorphous alloys is presented in Figure IV-1. An expans ion of the 1ow-

temperature region is shown in Figure IV-2. The resistivities show 

negative slopes at around room temperature and a broad maximum arounà 40K, 

with the exception of Mg80zn 20 which ha s a broad maximum around 90K . 

A p1ot of the room temperatu re re sisti vi ties and its temperature 

derivative against composition is shown i n Figure IV-3 . 

The t hermopower of the amorp hous MgZn series is shown in Figure IV-4. 

The high temperature thermopowers can be described correct 1y by straight 

lines down to about 40K~a)Linear regressi ons were performed and the 

parameters found are summarized in Tab1 e IV-1. 

A p1ot of the thermopower of the alloys at room temperature against 

concentration is presented in Figure IV-5. 

Earlier measurements of the thermopower of amorphous Mg 0•70zn0_30 
(1 7) 

give larger negative values than those measured in th is work. We propose 

an exp1anation for such discrepancy based on the results of thermopower of 

a crystallized sample of the same composit i on. Applying the results obt ained 

for the resistance and thermo power of composite materials by Airapetiants( 3S) 

one obtains 19% of crystallization for the early samples, if one considers 

the fresh sample as being entire ly amorphous. 

_ This tndicates that the precaution of measuring absolutely fresh 

samples or keeping them in liqu id ni t rogen until measured is well founded. 

In Figure IV-6 we present the experimen tal results obtained for Mg 70zn 30 
in the crystalli zed and amorphous phases . 

(a) The sma11 deviation from linearity are probably dueto the effect of 
phonons (Harris and Muli mani, pri vate communicat ion) 
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TABLE IV-1 

X INTERCE PT SLOPE 

0.20 - 0.091 - 10. 6 X 10- 4 

0.25 - 0.064 - 8.3 X 1 o- 4 

0 . 30 - 0.065 - 2 . l X 1 o- 5 

0.33 - 0.019 + 7.3 X 1 o- 4• 

0.35 - 0.004 + 9 . 5 X 10 - 4 

Linear regress ion parameters fo r the 

high temperature thermopower of amorph ous 

Mg(l-x)Znx alloys. 
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The actual expressions used for t hi s analysis were a modification 

of the origtnal(jB) soas to give the crys ta llization fraction and the 

theoretical value for the thermo power by using the r educed resistivity 

data, which i n our case is always a more accurate measurement. 

In the Appendix we show both the derivation of this alternate 

formulation, as we11 as the listing of the program used to perform this 

calculation (MBSAR . FOR) . 

The results for the thermopower of the "As Made" CuZr seri es is 

shown in Figure IV-7. It can be seen that , with the exception of cu70zr30, 

all of the samples show remarkably similar thermopowers. Nurnerical values 

for the constants of a linear regress i on over the hi gh and low temperature 

regions are shown in Table IV-2. 

In Figure IV-8 the low tempera ture thermopower of the same seri es can 

be seen. From this and Table IV-2 on e can observe t ha t all samples seem to 

fall in line with even less scattering in the · poin t s , This low temperature 

line is followed up to about 40K wher e the slope of t he curve slowl y changes 

into the slope of the high temperature region. 

The reduced resistivities for t he same series can be seen in Fi gure IV-9. 

It can be seen that the slope of the resistivity, which is always negati ve, 

changes slightly from low to high t emperatures, and from one end of the 

concentration range to the other. Th i s can be better appreciated i n 

Figure IV-10 which shows .the change i n room temperature resistivity and 

dp/dT with composition, 

A similar set of results is given for the series of CuZr alloys 

after thermal relaxation: Figure IV- 11 shows the thermopower from 4K 

to 300K; Figure IV-12 is a low temperature thermopower plot and the 
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TAB LE IV - 2 

X LOW TEMPERATU RE HI GH TEMPERA TURE 
INTERCEPT SLOPE IN TERCEPT SLOPE 

0.30 -0.034 +0 .0 1 53 0.2 23 0.00823 

0.35 -0 . 004 +0. 01 4 0 0.243 0.00711 

0.40 -0 . 024 +0.01 54 o. 2 7 1 0.0066 1 

0.45 -0 . 01 8 +0. 0142 0 . 27 9 0.00628 

0.50 -0.009 +0.0 132 0. 3 0 2 0.00644 

0.55 +0 .0006 +0 .0 134 0. 337 0.00652 

0.60 -0.015 +0 . 0145 0. 337 0.00668 .. 
0.67 - - - -

0.70 -0 . 036 +0 . 01 64 0 .342 0.006 7 5 ... 

Linear regression pa r ame t e r s for the Thermopower of 

amorphous Cu Zr ( as made) a l1 oys. 
(1-x) x 
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reduced resistivtties are displayed in Figure IV ~ l3 . The composit ion 

dependence of the room temperature resistivity and dp/ dT are shown in 

Figure IV -14. 

Virt ually the same observat ions can be ver ifi ed i n the 'rel axed ' 

and •·as made' series. The thermopower measurements on t he relaxed series 

show a somewhat larger slope , but still showing no signif icant increase i n 

the separation between the different compos itions. This can be verified 

in Table IV-3 which shows the results of a linea r regression, s imilar to 

that applied to the 'as made ' series. 

The resistivity results are aga in similar to those found for t he 

'as made' series, with the exception of cu 70zr30 . 

In order to facilitate direct comparisons between t he 'as made ' 

and 'relaxed' samples we present , fo r the same sampl e, the thermopower and 

reduced resistivity of cu60zr40 , whi ch is typical , in Figures IV-1 5 and 

IV-16 respectively. 

In arder to study the crystal liza tion processes that take place i n 

amorphous metals at temperatures bel ow the gl ass transit ion tempe ra tu r e, 

we attempted a partial crystalli zation experiment si milar to one recently 

reported by us on FeB amorphous alloys (Jg). 

The results obtained fo r t he t he rmopower and resi stivity of 

partially crystallized amorphous CuZr 2 is shown i n Fi gure IV-17 and IV -18 

respectively. It can be observed that all of ou r results are concentrated 

in a regi·on very near total crystallization. 

As was described in Chapter li, we used the results of Altouni an 

et a1C22 l to perfonn the parti.al crysta ll izat ion experi.ment. The ar r ows 

in Figure IV-19 indicate the pos itions where we bel ieved the partial 
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TA BLE IV - 3 

LOW TEMPERA TURE HIGH TEMPERATURE 
X INTERCEPT SLOPE INTERCEPT SLOPE 

0.30 -0.072 +0 . 021 9 0. 250 0 . 00828 

0 . 35 - 0 . 0076 +0.0148 0.23 8 0 . 00732 

0.40 -0.0014 +0.01 4 7 o. 31 5 0.00695 

0.45 +0.0081 +0.0 1 29 0.28 8 0.00677 

0.50 -0.013 +0.01 4 3 0. 314 0.00704 

0.55 +0.017 +0.01 2 5 0 . 3 1 5 0.00694 

' 
Linear regression parameters fo r the Thermopower of 

amorphous Cu( 1-x)Zrx ( r e1ax ed) a 11oys . 

.. 
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crysta 1 Hzatian· was occurri ng ( we moni.tored ou r experiment usi ng time 

only). The samples were taken out of the furnace at t hose times but , 

as is evident, the crystallization was almost compl eted when the first 

sample was cooled. Applying the same effecti ve medium anal ysis employed 

for Mg 0. 70zn0. 30 (program MBSAR.FORin the Appendi x) crystal li zat ion 

factors ranging from ~ 99% to 100% are obtained. This leads us t o 

believe that the crystallization characteristics of alloys near the 

CuZr2 exact composition is extremel y composition dependent, with small 

changes in the actual proportion of the constituents causing large 

changes in the activation energy , and therefore the time dependence 

of the isothermal crystallization. 
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V DISCUSSION 

V-1 Introduction 

Any proposed theory of elec t ron transport phenomena should at least 

be capable of correlating measurements of the various interdependent 

transport parameters. In this Chapter we will focus on the inherent 

ability of different models (or approximations) to correlate t he measured 

values of resistivity and thermopower . 

For amorphous metals this correla tion is usually attempted i n terms 

of the sfmple Ziman liquid metal mode l(?), where it i s assumed tha t t he 

free electron approximation is valid and that the effects of atomic disorder 

are taken into account using the averag e x-ray structure factor. Thi s 

simple approximation does not include the influence of phonon s on the 

electron scatter ing. Cote and Meisel( 40) have evaluated the changes 

introduced by phonons in the electrical resist ivity, but to date no 

extension of these results to the thermopower has been published. 

In this Chapter the results f or thermopower and resistivity of 

amorphous MgZn and CuZr alloys will be analyzed in terms of the simpl e 

Ziman model, and the limitations of this model exposed. 

A simple model will be proposed which is essentially an extreme 

simplification of the Faber-Ziman mode l(lg) for liquid metal alloys . This 

model is capable of fitting the data for both systems. A more rigorous 

approach in terms of an extension of the Faber-Zima n model to amorphous 

metal alloys requires the knowledge of the parti al structure factors fo r 

the alloys. These partial structure factors have been measured for CuZr 

but unfortunately not for MgZn. Accordingly, the CuZr alloys are analyzed 
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in terms of the Faber-Ziman model and di sc r epancies are noted. 

Recent suggestions( 18 •41 •42 ) l inking electron phonon mass enhance-

ment effects to the behaviour of the thermopower and resist i ·; ity of amorphous 

metals are analyzed. Following Ga ll ag her( lS) the temperature dependence 

of the thermopower in the CuZr syst em is analyzed in terms of the va lue 

of Ã (the electron-phonon mass enhancement term) obtained from super

conductivity experiments. An attempt i s also made to correlate the change 

in the enhancement as observed in t he thermopower wi th that observed in the 

superconducting transi·tion temperature when the all oy is thermally relaxed. 

A correlation is also attempted between the hig h tempera t ure derivative 

of the resistivity with respect to temperature and the mass en hancement term, 

as suggested by Rapp et al( 42 ). 

V - 2 The Simple Ziman Model 

V 2 - l MgZn Alloys 

Recent experimental r esu l t s on the heat capaci ty of amorphous 

Mg 70~n 30 by Mizutani and Mizoguchi( 43 ) indicate that this alloy behaves very 

nearly as a free electron system. The valu e found for the electronic heat 

capacity of this alloy (y = 0.940 mV/g~tom K2)i s within 1% of the calculated 

for free electrons (y = 0.931 mV/g at om k2). Also , Mizoguchi et al (44 ) ha ve 

measured the Fermi wavevector (kF) us ing positron annihilation and found 

a value of 1.46A-l, compared to the f ree el ectron value of 1.42A-l. Thi s 

suggests that MgZn amorphous alloys are ideal for examining the applicability 

of the Ziman model to metallic gl asses since this theory presupposes fre e 

electron behaviour for the materials under study. 
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Using the expressions deve1 oped in Chapt er I II, we write the thermo-

power as: 

with 

where 

1 ç: = 3 - 2q ~ 2 r 

2 
ju(2 kF)I a(2 kF ) 

q = <j u( K) j 2a(K) > 

using the same notation as in Chapt er I II. The quantity r i s ex pressed 

as: 
k <(aju ( K)j) a( K)> 

F ak v 
r = -----:------

<j u( K) !2 a( K)> 

and is usually assumed to be sma11( l 3, l 6). 

Using the expression for t he res i st ivity 

where m is the electron mass and n
0 

i s the atomic vo l ume, one can write 

the thermopower as a function of the exper imental resist ivity. Then 

q = 

( 1 ) 

(2) 

( 3 ) 

(4 ) 

( 5) 

(6) 
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and 

Y' = 

k <(al u(K) I) a(K) > 
F ak v (7) 

In arder to calculate the thermopower for the different compositions 

of MgZn, we took the measured value of kF ( kF = 1.46 Ã•1) from Mizoguchi 
( 44) et al for Mg 70zn30 ; for other composi tions we assumed that a free 

electron model closely describes the system and scaled kF to ~~1 3 The 

atomic volumes were obtained from dens ity measurements( 3?) by taking 

= (1 - x) MMg + x Mzn A3 
~o (8) 

0. 602 d 

where My is the atomic mass of element of y , and d i s the density of the 

alloys expressed in g/cm3. 

The structure factor used in these calc ulat ion s is that obtained by 

Mizoguchi et a1( 44 ) for Mg0. 70zn0. 30 . It is a total structure factor and 

we were forced to make the assumption that it did not change with compos ition . 

This is certainly not true for t otal structure factors in general and we 

estimate this introduced the largest errors in the analysis. By comparison 

with the variation of the total structure factor s as a functi on of con-

centration in amorphous CuZr alloys one can estimate changes of the arder 

of ± 4% in the value of the total structure factor of the extreme compositions 

in this series of MgZn alloys . 

The values used for the pseudopotentials lu(K) I were obtained by 

linear interpolation between the published values for pure Mg and zn (28 ) 

using the concentration as a weight ing parameter: 

(9) 
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All t he parameters are presen t ed in Tabl e V ~ l , where the results 

of a calculatton using equations (1 ), (2) , (3),(5) , (6),(8) and (9) at roam 

temperature are also shown. 

The experimental results as a func t ion of concentration, atroam 

temperature, are compared to the calculations i n Figure V~l. 

The agreement between the simp le Ziman model and the exper imenta l 

results for the thermopower is very poor even for this free el ectron 

alloy. 

So far, we have considered t hat the term r in Eq. (2) is neg li gi bl e. 

If one assumes that r is responsibl e for the di f fe rence between t he 

experimental and calculated thermopowers, the qua nt ity r should ha ve a 

value ranging from o to -3. These values become large compared to 

the values for q and would indi ca te that i n amorphous metals 

the thermopower is dominated by t he energy depen dence of the 

pseudopotential, the reverse of what i s seen in l iquid metals. 

Unfortunately, a calculation of r from the Ziman model lies beyond 

our reach since the energy dependence of the pseudopotentials are unava i l abl e. 

V - 2 - 2 CuZr Alloys 

The simple Ziman model can al so be applied to CuZr amorphous alloys, 

where the total structure factors ar e known for different compositions . 

A serious drawback to the appl ication of this theory arises because 

there is evidence from both heat capacity( 4S) and thermal conductiv i ty (46 ) 

experiments that amorphous CuZr all oys depart considera bly from the free 

electron model. 

---- - --- - -----------------------------------------------------------------
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TABLE V - 1 

X a(2kF) p(Jl st c m) s F(eV) q S(]JV/K) 

0.20 o. 94 . 35 7 . 95 0 .322 -2. 1 7 

0.25 0.89 43. 1 8, 04 0.245 -2 . 28 

0.30 0.84 52.2 8.11 o. 1 90 -2 . 36 

0.33 0.83 47.8 8 . 1 9 0.201 -2.32 

0.35 0.83 47. 8 . 20 0.206 -2.31 

Param ete rs of a simple Zi man mod e1 ca1cu1ation for the 

therm opo wer amorph ous Mg( 1-x ) Znx a11oys . 
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On the basis of their x-ray determination of the structure fac tors 

Chen and Waseda( 4l) have suggested that there is charge transfer in CuZr. 

Other authors( 48 •42 ) have interpreted this as a reduction of the number 

of available electrons for transport. 

This can be understood with the help of the photoemission results 

of KÜbler et al( 4S). In that study it was concluded that the bands 

reaching the Fermi energy are those of Zr and the effect of the charge 

transfer was to leave only s electrons available for transport. 

Thts last assumption translates into using a valence Zzr = 2 in

stead of the usual Zzr:r~ 4 found for crystall ine Zr . It al so means that t he 

electrons available for conduction are free electrons, which makes the free 

electron approximation more plausible . 

We will thus assume that CuZ r amorphou s alloys are free electron-like 

with the number of electrons assigned as one for Cu and two for Zr. With 

this assumption we can apply the standard Ziman formalism to amorphous Cu Zr 

a 11 oys. 

To do this, the value of the pes udopotential for Zr must be determined. 

The value found in the literature has been established for crystalline Zr, 

which has valence 4. This val ue i s not applicable in the present case 

where we have assumed that Zr has valence 2. We therefore resort to the 

scattering matrix formalism in arder to calculate the needed pseudopotentials. 

Using the t matrices published for CuZr( 4B) one can evaluate the 

pseudopotential for Cu and Zr in CuZr amorphous alloys and use the results 

to estimate Ju(2kF)lalloy using either one of the following approximations . 

a) The definition of an effective pseudopotent ial related to the t 
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scattering matrices is given by(a) 

( 1 o) 

where EF is the Fermi energy of the alloy and Z is the valence of the ion ~a ) 

Upon evaluation of the sum in (10) the pseudopotential is obtained 

from the va1ues of the Fermi energy of the alloy , the valence and the 

pha5e shifts (n t ) associated with each of the e1ements. 

Using the ·results of Waseda and Chen( 4B) for the phase shifts and 
. ( b) 

= 1; Zzr = 2; EF ~ 7.05eV · one obtains : 

b) Alternatively one takes the ratio of the values of lti 2 at 2kF as 

the square of the ratio of the pseudopotentials(c) 

(a) this expression is written f ol l owing the normalizat i on procedure of 
Dreirach(29) et al, using eq. (25 ), which results in t-matr ices and 
pseudopotentials with the dimensions of energy. 

(~) From density measurements( 3l) anda free electron model . 

(c) This arises from the defin itions of ueff and t such that 

ueff 
2 ~ !tl

2 
= ~ (t*t + tt*) 

( 11) 

( 12) 

( 16) 
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Using the value found for crystal line Cu( 2B) at 2kF as the value 

for Cu in amorphous CuZr one obtains(b): 

( 14) 

Using any of the values obtained in a) or b), one can approxima t e 

t.he total pseudopotential at 2kF by a concentration based linear i nter

polation: 

( 15) 

With this information , and the values for ·a(2kF) interpolated 

between the measured total structure fa ctor one can evaluate q in a simple 

Ziman model: 

q ( 16) 

The results obtained with the va1ues (11) and (13) are presented 

in Table V-2, along with the re1evant parameters used for the ca 1culat ion . 

In Figure V-2, we compare the calculated thermopowers to the experimen ta11y 

measured ones as a function of concentrati on, at 300K . 
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TABLE V - 2 

u(2kF) q S(300K) 
X a(2kF) (a ) ( b) (a ) ( b) p ( a ) ( b ) 

0.30 2 . 07 4.93 4.42 l. 26 l. 02 1 7 7 . 5 -0.50 - 1 . 00 

0.35 2. 07 5.32 4.60 1 . 4 3 1 . 07 182. 5 -o . 1 5 -0.89 

0 . 40 1. 97 5.70 4.77 1 . 56 l. 1 o 18 2. 5 +0. 12 -0.83 

0.45 1. 91 6.09 4.94 1. 76 1. 16 179 .5 +0.54 -o . 71 

0.50 1. 86 6.48 5. 1 2 1. 98 1. 24 176 + 1. 00 - 0. 54 

0.55 1. 82 6.85 5.29 2. 22 1 . 3 2 172 + 1. 50 -0.37 

0.60 1. 77 7.24 5.46 2.4 5 1 . 3 9 169 + 1. 98 -0.23 

0.67 l. 71 7.74 5.77 2.7 9 1. 55 164 +2 . 68 +0 . 10 

0.70 1. 68 8.01 5.80 2.96 1 . 55 162. 5 +3.0 0 +0. 10 

Parameters of a simp1e Ziman mo de1 ca1cu1 ation . for the ther -

mopower of amorphous Cu( 1-x) Zrx a11oys 

(a ) - using method (a) to find the pseudopot entia1 (page 

( b) - using method ( b) to f ind the pseudop otentia 1 (page 
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FIG . V - 2 - Thermopower of amorphous CuZr alloys 
(A ) - ex perimental results 
(o) - simple Ziman model calcul ation wit h the 

pseudopotentials obtained in 4-2~2 (a) 
(V ) - simple Ziman model calcul at ion wit h the 

pseudopotentials obtained in 4-2-2 (b) .. 
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As it is clear from Figure V-2, one does not obtain a reasonable 

behaviour for the calculated thermopowers, irrespec tive of the set of 

pseudopotentials used. 

The use of a simple Ziman model t o explain the behaviour of the 

thermopower of amorphous metals, as proposed or iginally by Sinha (4) and 

subsequently advocated by Nagel(l 3) and others(l 6) i s clearly not co rrect . 

This model is able to generate results that are linear in temperature 

(which is inherent in the model) , but the absol ute valu es i t predicts, 

and most important, the composit ion dependence of the thermopowers are 

in disagreement with the experimental results. 

A possible explanation of the observed effects comes fr om considering 

these amorphous metals as the alloys they really are. In this case one 

should use the theory developed by Faber and Ziman for liquid metal al loys. 

This theory was presented in Chapter III (page 27 ) and it can be seen in 

Eq. (III - 20,21) that the partial structure factor s are needed for t he 

calculation. 

There exists in the literature two separate determinations of the 

partial structure factors for amorp hous CuZr alloys( 4l,SO). Unfortunately 

there is considerable disagreement in these resul ts. At the present time 

there is no determination of the partial structure factors for amorphous 

MgZn alloys. This lack of reliable information has lead us to propose a 

simple two component model which can be considered as a simplificati on of 

the Faber-Ziman approach . 
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V - 3 Simple two componen t model 

The basic assumption in the Faber-Ziman theory of liqu id meta llic 

alloys is that there are two di fferent scatterers participating in t he 

transport phenomena of a binary a11oy. In the simpl est case each scattering 

nechanism produces linea r first arder diffus ion thermopower, then: 

( 18) 

where subscripts 1 and 2 refer to the scatteri ng mechani sms. 

Applying the Nordheim-Gorter r ule( 3l) to obtain the tota l diffusion 

thermopower of the alloy one has: 

where pl and p2 are the resisti vi ties associated with the scattering 

mechanisms 

(19) 

Upon assuming that p1 and p2 vary l i nearly with the composition of 

the alloy one can write : 

(20) 
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so the resistivi t y as a functi on of concentration is wr i tten as 

Equation (12) can be written as 

S(x) = (1 - x) 
T p(x) 

p (a - b) + b a 

and if our model is appli ca ble a plot of s(;) against ( 1 - X) 
p(x) should 

yie1d a straight l i ne with i ntercept b and sl ope pa (a - b) . Si nce t he 

( 21 ) 

(2 2) 

value of p can be found from an extrapolation of the resistivity results, a 

all ·the parameters of the mode l can be determined. 

V - 3 - l - :~1gZn Alloys 

This model now can be appl i ed t o ~1gZn alloys . Fi·gure IV- 3 s.hows that 

the res i stivity is ·: within experimenta l errar . l inea r in composit i'On for 

MgZn in ~greement with eq. (~1) . A pl ot of the experimental ly obtained 

va1ues for S(x)/T vs . ( 1 - x) I p ( x) o f ~1gAn a 11 oys 
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is shown in Figure V.3. The rathe r lar9e error ba rs resu l t from the 

difficulty õf ~easuring p. 

Using Equation (14) and a val ue of Pa = 16 ~~-em we obtain 
-3 2 -3 2 a = -10.3 x lO ~V/K , b = 3.5 x lO vV/K and the characteris t ic 

thermopowers at 300K are s1 = -3 .1 vV/K and s2 = + 1. 05 ~V/ K. 

The thermopower of the alloys can now be calc ul at ed by applying 

Eq. (22) . This is done for T = 300 K and the result s are shown in 

Figure V-4 where we also show t he experi menta l results as a f unction of 

concentration. 

This approach affords very good agreemen t with experiment despite 

its relative simplic ity. Furt hermore, the characteri st ic va l ues found for 

the thermopowers s1 and s2 are not inconsistent with the measured thermo

powers of amorphous metal all oys(l S), and the res i st ivity Pa i s r emarkably 

close to what would be expected for supercooled liquid Mg(Sl ) . 

V - 3 - 2 - CuZr Alloys 

The same model can be applied to CuZr amorphous al loys in the region 

where the resistivity is very near ly a linear fu nction of concentration 

(X > 0. 40) . 

The characteri stic parameters obtai ned using Eq . (22 ) and the extr a-

polation from the experimental resisti vi ties are as foll ows : pa the value 

of the resistivity of "pure amorphous" Zr is found t o be eq ual to 

141.8 ~~-em ; a= 5.74 x 10-3 vV / K2 and b = 8. 70 x 10-3 ~V/K2 , giv i ng 

characteristic thermopowers at 300K of s1 = 1.72 vV/K and s
2 

= 2. 61 ~V/K . 

Figure V-5 shows the exper imen tal resis tiviti es wi t h the l i near 

extrapolation used to find pa; Figure V-6 shows the experimental r esult s 

as well as those calculated in this approx imation for t he thermopower s . 
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It can be seen that , once again, r elatiyely good agreement is 

obtained with this very stmpl e model . 

The results described above all ow us to conclude that a simple 

Ziman approach produces results that are unreal isti c (r varying from 

~ Dto -3 as x goes from 0.2 to 0. 35 whi le q only changes from O.R4 to 1.5 ) 

in contrast to a Faber-Ziman approac h (since our calculation can be 

considered a simplification of it) where the contribut i ons from each of 

the elements are counted in the cal cu lation. 

The results obtained in both alloy systems suggest that amorphous 

metals should be considered as the alloys they really are to obtain 

reasonable correlation between the various transport properties. 

This should be tested furthe r with the use of partial structure 

factors, where a more complete analysi s of the problem can be obta ined. 

V - 4 Using Partial Structure Factors 

Partial structure factor s for MgZn amorphous alloys are , most 

regretably, unavailabl e . We therefore limi t our selves to studying CuZr 

amorphous alloys, where two sets of partial struc ture factors are 

available( 4?,SO). 

One of the essential parameters needed for the calculation of the 

electronic transport properties usi ng the theory of Faber and Ziman i s 

the value of the Fermi wavevector, kF , Since no direct measurement of 

kF for any of the CuZr alloys is found in the litera ture, we have used 

the measured densities and a free electron model to calculate it in 

the following manner: 

- ---------------------------------------------------------
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The 1atom ic t volume for the all oy wa s t aken from Eq. (8), now 

written as 

(T - x)Mcu + x M 
~ o Zr A3 
o 

0. 602 d 

Pr om thi s and t he effective valence, taken as be i ng 

zall oy = (l ~ x)Zcu + X Zzr 

for an alloy Cu (l _ x)Zrx with Zcu = 1 and Zzr = 2, we calculated kF i n 

the f r ee-electron approximation(52 ) 

Using the same assumpti on s deve loped for Eqs. (6) and (7) , vve 

write the integral <a (K)Iu(K)I 2> as a fu nct i on of the exper imen t al 

resistivity. In the notation of Fa ber and Ziman th is becomes: 

F( 2kF ) 3 N F(2 kF) 
q = = ( 2 2 ) 

<F(2kF) > e »v F V Pexp 

where 

F ( K) 

anda •. are the exper imental pa r t i al structure factor s . 
1J 

(23) 

( 24) 

(25) 

( 26 ) 

( 27) 
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The pseudopotentials can be substituted by t scattering ma trices, 

for which one wrttes( 40l 

2 2 2 2 
F(Kl = itcul {x(l • x) + (1 - x) acucul + itzrl {x)l - x) + x azrzr l + 

In this fo rmulation, we can use the results obta ined by Waseda an d 

Chen( 4S) for the amorphous cu60zr 40 alloy . These authors ha ve published 

the phase shifts n2 describing the t matrices as: 

We took the values of n2 and t he further assumption that the 

individual scattering matrices did no t change with composition. 

All relevant data, and the val ues of the parameters ca lcul ated 

are listed in Table V-3. 

As mentioned before, two set s of partial str ucture factors were 

fo und in the literature for amorphou s CuZr alloys. In view of the 

considerable disagreement in these res ul ts, and the l ack of evidence for 

one of them being for some reason erroneous, we have dane the calcula t ions 

using both sets of partial structure factors. 

As a matter of conven ience, we present the structure factors used 

in these cal culations in Figures V-7 t o V-9 . 

As a first approximation we take the standard assumption that r 

is small (see Nagel(l 3, l 6)) and obtain values of q and S. The room 

(28) 

(29) 
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TABL E V - 3 

q S(300K) 
X p (a ) ( b) (a ) ( b) 

0 . 30 1 7 7. 5 2.46 l. 20 2.01 +0.5 8 

0 . 35 183 2.57 2. 76 2.20 -2.4 2 

0.40 182.5 3 . 1 o 2. 52 3.32 -2.9 3 

0.45 179.5 3.52 3 .06 4. 1 9 -2.99 

0 . 50 176 4.01 3.73 5.22 -5.2 5 

0 . 55 1 71 3 . 62 4. 58 4 .4 0 - 6. 89 

0 . 60 169 3.07 5.5 1 3. 27 -8.67 

0.65 166 2.50 6.61 2. 08 -12 . 71 

0.67 164 2. 26 7 .0 6 l. 58 -13 . 57 

0.70 16 2.5 1 . 9 5 7 .47 0. 95 -14.37 

Parameters of a Faber- Ziman calcu1ation of the 

thermopower of amorphous Cu( 1-x)Zr( x ) a11oys. 

(a) - using the partia1 structure f ac t ors of Chen a nd 

Waseda( 47) 

(b) - using the part ial structure facto rs of Kud o et a1( SO) 
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FIG. V - 7 - The total structure factors of amorphous CuZr alloys, after 

Chen and Was:eda ( 47 ). 
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temperature thermopowers obtai.ned in t hi s approx imation are shown in 

Fi'gure V-10 as a function of compos1'tl'on. 

It is clear, only Chen and Waseda's( 4?) va lues for t he part ial 

structure factors 9ive the correct sign and order of magnitude for the 

thermopowers. 

We should potnt out that the disagreement between the q values 

calculated from Chen and Waseda •s part ial structure factors and those 

obtained by Kudo et al( 50) is greatly reduced if one performs the 

integration <!ul 2a> instead of assuming it proportional t o the exper

imental resistiv1ty< 53 ). But this is obviously beggi ng the question 

since one does not thereby obtain the correct resistiv ities . 

The difference between the mea sured and calcul ated thermopowers 

in this approximati on is most probably due to the negl ected energy 

dependent term r and this is plotted i n Figure V-1 1. 

A calculation of the quantity r could be attempted at th i s po i nt , 

using the expression< 31 ): 

r = k F p/C 
(30) 

where F is given by Eq. (28) and the i ntegration indicated by the brac kets 

performed between O and 2kF as usual. The large number of approximation 

in this particular calculation, and t he fact that we have two conflicting 

structure factors led us to conclude t hat, although al l the parameters 

needed are known, the resu lts obtained from this long procedure would 

contain errors much larger than would be needed for comparison with the 

experiments or with calculation of q. It should be pointed out never-

1-------------- --

- --------------------------------------
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theless that the larger contr i buti.on s to r shou l d come fr om the energy 

dependence of the phase shifts tn Zr. 

The results obtained using part ial struc ture factors do not agree 

with the experiment if one supposes r, the term conta in i ng the energy 

dependence of the pseudopotential or scattering ma t rix, to be neg li gib le 

as proposed by Nagel and other s(l 3, l 6) . The results are, however, of the 

right arder of magnitude and sign fo r the partia l st ructure factors of 

Chen and Waseda. 

This indicates that, as impl ied by Cote and Me i sel( 40), X-ray 

determined structure factors are closer to the true el ectron scatt er ing 

structure factors (resistivity struc ture factors) than those determi ned 

by neutron scattering. 

But, irrespective of which set of partial structure factors is used, 

we have shown that the energy dependence of the pseudopotentia l is 

central to the understanding of trans port phenomena in amorphous CuZr 

a ll oys. 

V - 5 - The Mass Enhancement Contributi on to El ectron Transport in 

CuZr Amorphous Alloys 

On analyzing the hi gh and low temperature behav ·iour of the t he rmo -

power of amorphous CuZr alloys one observes a dis tinct change in slope 

near 40K for all compositions. One of t he possible explanations for 

this is the suggestion that electron- phonon mass enhancement effects could 

be the cause of the observed change in slope. This theory, advanced by 

Gallagher(lS), suggests that at lower temperatures the therrnopower is 

enhanced by (1 + :\), where À is the phonon mass enhancement parameter (54 ) . 
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At ~i, gh temperatures (T ft, 8
0

) the enhancement disa ppears ~ giving 

. (S/T)1owT 
= (1 + À) 

(S/T)hi ghT 

r.t 1s also suggested that the va1ue of À can be calculated from 

superconductivity experiments. To obtain À, Ga1lagher proposed the use 

of the equation of McMi1lan( 55 ) 

( 31 ) 

< > . ~ 1,04(1 + À) 
Te = ~ exp(_ .* ) (32) 

1.2 À~~ (1 + 0. 62 Â) 

* where <w> is an approprfate averag e phonon frequency and ~ is a Coul omb 

potential describing the interaction between electrons. 

We approximate ~w = k8 e0, as did Ga l 1agher, and use an inter

po1ation (or extrapo1ation) of the published values of e0 for the differen t 

compositions. The superconducti ng transition temperatures are those 

obtained by Altounian et a1( 56 ) on t he same samples measured in th is 

thesis. 

Tab1e V-4 summarizes a11 the parameters used, as we ll as the 

resu1ts obtained from t he application of Eq. (32 ) with the va1ues of 

* O 13 h 1 . d (57 ) * O 225 . b h d b G 11 h ~ = • or t e renorma 1 ze ~ = . , ot use y a ag er . 

The resu1ts obtained from t he app1icati on of Eq. (31) are a1so shown in 

Table V-4 for comparison. 

Figure V-12 shows va1ues of À obtained from superconductivity 

expedments a1ong with those obtai ned from thermopower measurements as a 

function of composition. C1ear1y there is no agreement between the h-m 

sets of data i n contradiction to Ga11agher's c1a ims. 
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TABL E V - 4 

e (a)(K) T(b)( K) 
À ( r~ cl-1 i 1 1 t\ n ) 

* 11*=0 . 225 X ).1 =O. 13 À( TEP) D c 

0.30 233 2.73 0.58 o. 79 0.4 8 

0 . 35 2 31 . 5 0.61 

0.40 230 . 31 0. 34 0 .56 0.85 

0.45 228 . 5 . 67 0.44 0.62 0.83 

0.50 227 .93 0.41 0.65 0. 78 

0 . 55 225 1. 27 0 . 49 0.68 0 . 73 

0 . 60 224 1. 7 3 0 .52 0.72 0.67 

0.65 222 2 . 2 5 0.56 0.77 

0.67 2 21 . 5 2.34 0. 56 o. 7 7 

The mass enhancement par ameter À as obtai ned from different 

experiments. 

( a) - interpo1ation betwee n pub1ished va 1ues( 18 ) 

(b) - measured in the sa me sam ples as this work by A1tounian 

et.a1( 57 ) 
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FIG. V - 12 - The mass enhancement parameter À, as a fun ction of 
compos iti on, for amorpho us CuZr a11 oys. 

(~) - calculated using equation (31) 

(O) - ca lcul ated usi ng equation (32) with l-1* = 0.13 

( •) - calculated usi ng equation (32) with l-1* = 0.225 

( •) - obtained by Ga11agher(lS) using equation (31) 
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The fact that the McMillan equat ion i s so depen dent upon the 

correct choice of parameters (l i ke ~* and e0) mi ght be one of the reason s 

for the lack of agreement between t he t wo sets of measurements . As an 

alternattve, one can write the su percond uct ing t ra nsition temperatures in 

terms of the BCS equat i on( 52 l. 

Te = 0.69 e0 exp[ - 1 J 
N(O)V 

o r 

Te 0.69 1 = 8 exp[ - - - ] 
O ÀBCS 

Again, the absolute values of À obtai ned f rom t his express ion are 

( 33) 

( 34 ) 

dependent upon choice of the perti ne nt parameter s . In arder to avo i d t hat, 

the ratio of the À1 S obtained fo r t he 'as made ' sampl es to that for t he 

'relaxed' samples was taken for t he superconduct ivity data . The same was 

dane with the tkMillan equation f or compar ison. The rat i os of the À' s 

obtained from thermopower using expr ession (31) i s shown, al ong with those 

using the BCS and McMillan equa ti ons, in Figure V-1 3 as a function of 

compositi on. 

Both results for the superconduct i vity show ra ti os that are 

independent of composi t ion, whereas t he thermopower data is compos i tion 

dependent. 

One possible explanation fo r t hi s di sagreemen t is that t he 

lowering of the local ground state i n the r el axed sample has di f f erent 

effects on the thermopower and superconduc ti vity whic h leads us to t he 

conclusion that À seen by supercond uc t ivi ty i s not t he same as tha t seen 

by thermopower. 
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FIG. V - 13 - The rati o of mass enhancement parameters À before and 
af ter relaxat i on 
(a) ~ calculated usi ng equati on (34 ) 
(b) - calcul at ed using equa t ion (32) 
(c) - calculated us ing equation (31) , as a linear 

regression over the experi'mental points (o) . 
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Another cor relation was suggested by Jac kle and col l aborators(
41

•
42

), 

where the high temperature der i vat ive of the re sistivity is linked t o the 

mass enhancement parameter À by 

À k~ 
dT 

where k is claimed to be a constant determined f rom Ziman ' s theory. 

On attempting to verify the proposed correlation one obtains 

the results shown in Figure V-1 4, where À is plot t ed as a function of 

dp/dT. These results were obtai ned by applying the McMillan equation 

as indicated in the preceding pages, and t he r esu l ts for dp/dT presented 

(35) 

in Chapter III. The li nes obtai ned fo r À determined from superconductivity 

experiments do no t go through the ori gin, in clear contradict i on to eq . (35) . 

Curiously enough t he À obtained usi ng eq. (31) corre l ate with the hi gh 

temperature dp/dT with a slope of - 52. 5 K/~~cm . 

Regrettably, the assumpt ion t hat the resist ivity for al l sampl es 

at 275K is t he same and equa l to 200~~cm' and a constant e 0, as used by 

Rapp et a1( 42 ) render s any comparison between their experiments and ours 

meaningless . Also, the fa ct that their mea surements were made on 

apparently two yea r ol d samples i s an indication that the results obtained 

in t hat work should be regarded wi th reser va ti ons . 
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VI. CON CLUSIONS 

We have measured the r esist iv ities and t hermopowers of a 

series of MgZn and Cu Zr alloys in vari ous states rang i ng from t he 'as 

made' to 'relaxed' amorphous , and different stages of partial crysta .ll-

i zation . 

The results for the resis tiv i t i es of the amor phous al l oys show 

negative temperature coefficien t s of t he resi stiv i ty at high t empera t ures . 

The series of amorphous MgZn all oys shows a small maxi mum in t he 

resistivities around 80K while the ser ies of amorp hous CuZr al loys does 

not show minima or maxima in the who le t emperature rang e st udi ed and 

dp/dT remains negative everywhere . The CuZr alloys show posi t ive, l inea r 

thermopowers above approximately 50K whereas the MgZn al loys range bet ween 

small positive and ~nall negat i ve thermopower s . 

The interpretation of the result s for t he t hermopower using t he 

simple Ziman model for liqui d meta l s , as sugges ted by Sinha( 4) and 

ot hers( 13 •16 ) was shown to be i ncorrect for bot h all oys , even for MgZ n, 

provento be a free el ectron materia l ; th i s is one of the su ppos it i ons 

used to develop the l i quid met al model . 

We have shown that only if t hese mat er ials are treated as al l oys 

by considering the different contr ibut i ons t o t he thermopower, as i s 

done in the Faber-Ziman approach (lg) , does one obtain reasonabl e agree

ment between the predictions of the t heory and the ex peri mental r esul t s. 

A t wo component model is proposed fo r t he t hermo power of amorphous 

alloys, which is essentially an ext reme simplification of the 

Faber-Ziman model , and is fou nd t o describe the data very wel l , More 

impor tant , the values foun d for the parame t ers ( 'pure amorphou s met al ' 



I -

97 

transport parameters) are very cl ose to what woul d be expected f rom 

supercooled liquid metals. 

A full Faber-Ziman calcula t i on was pe rformed for CuZr, where 

partial structure factors are known. The result s of thi s calcula tion 

indicate that, although the correc t arder of magni t ude i s obtai ned for 

the thermopower, the term r con t aining the energy dependence of the 

pseudopotentials is essential to the proper desc r ipt i on of t he experi 

mental results and should not be neg l ected as i ndicated by Nagel and 

others(4,13,16). 

The proposed mass enhancement contributions to the l ow t emperatu re 

thermopower and high temperature res i stivity were tested by ana lyzing 

the transport parameters obtained in this thesis and the res ul ts for 

superconductivity of Altounian et a1( 56 ) who meas ured t he very same samples 

studied here. The correlation between the mass en ha ncement parameter À 

and the temperature dependence of the high temperature r esist iv i ty dp/ dT, 

suggested by J~ckle and collaborators( 4l •42 ), was attempted with our 

experimental measurements. We have not found the propos ~d correlat i on to 

hold in a manner similar to that found by Rapp et a1( 42 ) . We co uld not 

pursue this matter further because of t he gr eat number of approxi mat ions 

used in Rapp et al ' s work, render ing any compa r i son between experiments 

essentially meaningless. 

The characteristic behaviour of the thermopower of CuZr as a 

function of temperature, where a fairl y localized 'knee' is produced by 

a change in slope between high and low t empera tures, was tentati vely 

explained by Gallagher(lS) as an ef f ec t of ma ss enhancement at low 

temperatures . We have tested this i dea and found no di rect, l i near 

correlation as was suggested in the pr oposed t heory. 
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Moreover, we have tested both propositions by establi sh ing t he 

ratios of the different parameters fo r fresh and therma l ly relaxed 

samples. The composition dependence of these ratio s was shown to be 

different for each of the proposed correl ations, meaning tha t the 

enhancement seen by transport phenome na does not seem to correspond 

with that seen by superconductiv ity . 

One might speculate at th is po int t hat Ç, the thermoelectric 

parameter, will change from low to hi gh temperatures i n a way ana logous 

to crystalline materials. Thi s could be verified by perfo rrning a 

calculation of the thermopower of amorp hous alloys i nc luding the effects 

of phonons, similar to that presented by Cote and Me isel( 40) for the 

resistivity. 

We have shown the need for consistent , systematic work in arder 

to achieve results that are compati ble with the proposed theories . We 

suggest that not only the manufacture of the alloys be known, but 

essential parameters like the parti al structure factors should be 

perfo)med on the very same samples used for other t ransport phenomena 

experiments. 

We have also shown the need for extended ra nges of compositi on 

to understand the behaviour of those amorphous materials. To that end, 

we suggest that more work in liq uid rnetals is needed and also tha t other 

techniques be used in the production of t he arnorphous solids . 

We believe that we made clear the need for more extensive t heore-

tical work in this field; in part i cul ar towards the unders tanding of 

the role of phonons in these mater ials and the effect of the different 

approximations used. 
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APPENDIX 

In this appendix we present t he FORTRAN programs used to treat 

the experimental data and the details of an effect ive medium calc ulat ion. 

- A - 1 Data processing 

The data is collected by means of an automatic data collection 

system, operated by program PCMAIN , stored in di sk for operation in the 

PDP-11/34 minicomputer in our laboratory. The un t r eated experimental 

results are stored in a file of the t ype MBRSXX.DAT . This file is 

translated by program MBOOOl.FOR into a formated file {type MBP LXX.DAT) 

containing the temperature of the meas urment, the resis ta nce rat io 

[R(T)-R(4.2)/R(4.2)], the value of the interpolati on between the values 

of the integrated thermopower of Pb (from the calibration of Roberts (36)_ 

file ATHPPB.DAT), the measured e.m.f . and the obtained i ntegrated thermo

power of the sample. A listing of program MBOOOl.FOR foll ows. 

The files obtained from MBOOOl are treated by program MB0002. FOR , 

where the resistivity ratios are averaged fo r each i nteger temperature. 

In the same program the différentiation ofthe i ntegrated t hermopower i s 

performed. This differentiatiori is done by fitting a second degree po l i nomia l 

to the integrated thermopower , over varying intervals. This procedure is 

repeated ten times and the average of the calculat ed derivatives is 

assigned to each integer temperature. In the same program the va l ues 

of the resistivity (from an independent determination of the room temp

erature resistivity) , S/T, pS/T , ldp/dT and cr are calculated. The out -
P 

put of this program i s found in a fi l e type MBPLXX .TOT, which can be 

displayed graphically using MBDRA2 to operate the Calcomp Plotter linked 
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C************************************************************ 
C P R O G R A H MB0001 . FOR 
C************************************************************ 

DIMENSION FILE<2> 
DATA FI LE/6RDL 1MB0 , 6R002SAV/ 
DIMENSION TEMPOC 79l,VPBC 79 l 
DIMENSION DIFF<85,5l 
DATA DIFF/ 425*0, / 
EQUIVALENCE (VPB< l> •DIFF <1•1>> 
DIMENSION XINSTR<3 l 
DIMENSION EXPVARC 5 J, TEM PC94l,RES <94l 
CALL SETERR<12, 99l 
CALL SETERR<l0,99) 
RO=O, 
CALL ASS IGN(3,'DK:TC1254 . DAT ' , 13 , 'RDO ' , ' NC',2 l 
OP EN <UNIT=lO,NAME= ' DLl: PCFTlO.SCR' , TY PE='SCRATCH') 

C CALL ASSIGN<l O, ' DKIPCFT1 0. THP ' , 13,'SCR', ' NC' , 2) 
c 
C INTERPRETATION DES RES UL TATS EXPERIMENTAUX . 
c 

JFLAG =O 
CALL OPNDRK 

1001 CONTINUE 

3001 

c 
c 
c 
c 
c 

1 

1000 

2 

CALL READRKCEXPV AR,JFLAG l 
IF<JFLAG.EQ,-2l GO TO 300 1 
CALL DRKTRA<XINSTRl 
XINSTR<2>=XINSTR<2l*1 0.**<-6> 
XINSTR<3>=XINSTR<3> **<-1l*10 .**6 
WRITE<l0 ,2lCXINSTR<Il,I =1, 3 ),(EXPVARCI>,I =l t5 l 
GO TO 1001 
CONTINUE 
REWIND 10 

CALCUL DE LA TEMPERA TURE, DE LA RESISTIVI TE , 
ET DE L' INTEGRALE DU POUVO I R THERMOELE CTRIQ UE 
TEMP1=TEMPERATURE R=RESI STIV ITE INTTEP =IN TEGRALE DU T.E.P . 

READ(3,1><TEMP<I ltRES<I>,I=1 t 94) 
FORMATCF6.3,1 X,F8. 3) 
OPEN <UNI T=l ,NAME='DL1:TINTIN.SCR ' , TYP E='SCRATCH'l 
CONTINUE 
READ <10t2 , END=999l< XINSTR<I>•I=1,3),(EXP VAR<I >•I =l•5> 
FORMAT<3E1J,6 , 1X,3E13.6/2E13 . 6/l 
DO 100 ! =1,93 
J=I 
IF<XINSTR<3>.LE.RES<Il.AND.XINSTR<3>.GT,RES<I+ 1l l 
@GO TO 101 

100 CONTINUE 
J =93 

101 CONT I NUE 
TEMP1=TEMP<J>+<TEMP<J+ll-TEMP(J))/(RES<J+1l - RE S<Jll* 
@<XINSTR<3l-RES<Jll 
R=X INSTR<2>*EXPVAR <3l/EXPVAR<2>+EXPVAR C1l 
TEPINT=XINSTR<1l*EXPVAR<4 l / EXPVAR<5l / 100 0 . 
I F<RO.EQ . O,lRO=R 
R=<R-ROl/RO 
WRITE(1,3lTEMPl•R,TEPINT•X INSTR <3> 

3 FORMAl(' ' •1X,F7 .3•1XrE13.6•1X •E13.6,1 X, E13.6 l 
GO TO 1000 

999 REWIND 1 
CLOSE<UNIT=10l 

c 
C SOUSTRACTION DU PLOM B DE L'INTEGRA LE DU T. E,P . 
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C EXPERIMENTAL 
c 

CALL ASSIGNI12, ' DL1!ATH PPB . DAT ' ,14,' RDO' ,' NC') 
READI12,4liTEMPO I Nl,VP BI Nl,N= l •79l 

4 FORMATIF7.3,1X,F8. 3) 
c 
C CALCUL DU TABLEAU DES DI FFERENCE S NORMA LI SEES 
c 

DO 2001 · N1=2,5 
N=N1-1 
DO 2000 M=N1,79 
IFITEMPOIM),EQ.TEMPOIM-1))G0 TO 2000 
DIFFIM,N1l=IDIFFIM,N>-DIFFIM-1,N)l / ITEMPOIM>-TEMPO I M-1ll 

2000 CONTINUE 
2001 CONTINUE 
c 
C CALCUL DU VPB CORRESPONDANT A LA TEMP. AC TUELLE 
c 

WRITE(7,5) 
5 FORMAT11H$,1X,'ENTRER LE NOM DE MB0001.DAT!') 

CALL ASSIGNI11•'MB0001 . DAT',-10,'NEW ' r'NC'> 
1981 
33 

19FJ2 

1983 

2002 

READI1,33,ERR=1982,END =998lTEMP1,R,TEPINT ,XINS TRI3l 
FORMATI1X,F7.3,1X,E13 . 6,1X,E13.6,1X,E13 .6) 
GO TO 1983 
WRITEI7•*>TEMP1, R,TEP IN T ,XIN STRI3 ) 
GO TO 1981 
CONTINUE 
DO 2002 N=3,78 
J=N 
IFITEMP1.GE.TEMPO I N>.AND .TEMP 1,LT.TEMP01 N t1~> 

@GO TO 2003 
CONTINUE 
VEXP=TEPINT 
VPBO=O. 
GO TO 1989 

2003 VPBO=VPBIJ) 
A=ABSITEMP1-TEMPO<N>> 
VPBO=VPBO+A*DIFF<J+1r2 l 
VPBO=VPBO+A*IA-1>*DIFF CJt2 r3) / 2, 
VPBO=VPBO+A*IA-1l*IA-2>*DIFFIJt3r4l /6 , 
VPBO=VPBO+A*IA-1>*1A- 2 >*<A-3>*DIFFI J +4 , 5l/24 . 
VEXP=VP,O+TEPINT 

1989 WRITE I 11,11 >TEMP1, RrVP BO ,VEXP,TEPINT 
11 FOF\MATI' ' r5E16. 6) 

GO TO 1981 
REWIND 11 

998 CONTINUE 
CLO SE IUN IT=3) 
CLOSE<UNIT=11 > 
CLOSE < UNIT=12 > 
STOP 
END 
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to the computer. 

A lfsttng of MB0002 ,FOR ts presented below : 

Cttttttttttttttttttttttttttttf.ttttttt tttt.tttttttttttttttt+t~ttttttttttt~ 
C P R O G R A H HB0002,FOR 

C*********************************************************************** 
C THIS PROGRAH CALC ULATES AL L THE AVERAGED RESIST IV IT IES 
C AND THERHOPOWERS, AND AL L REQ UIRED COHBI NATIONS 
C FROH THE FILES TRA NSLATED BY HBOOOl,FOR 

C*********************************************************************** DOUBLE PRECISIO N ANAHErANOHErCO 

1 
3 311 
Cl 
C11 33 
c 

. C1123 
c 
C1132 
c 
C4411 
c 
Cl14 4 
c 

181 8 

4 44 4 

2222 

9 
8 

[I 

DIHENSION RRC300lriCNTC300lrC0(30) 
DIHENSION AN AMEC2lrROC300lrSOTC300lrRSOTC300lrANOME C2l 
DIMENSION CONDC 300lrSC300lrDYC300lrD2YC300 l rALFAC300lriCNT1C300 ) 
DIMENSION D3YC300 l rD4YC300l rDYDTC300lrYDDT<300lrTTC300) 
COMMON ANAMErSrTrDERI Ir TT riC NTlrRRriCNTrNCOUNTrCO 
CALL SETERRC10r120l 
CALL SETER RC1 2r120l 
OPEN CUNIT =3rNAME= ' MBI NFO.PRG' rTYPE=' OLD ' l 
READC3r3311rEND=987lANAME Cl lrANAHEC2l rA NOME Cll r ANOME<2lrREX 
FORHATC 2ABr2ABr E15 .5l 
WRITEC7r1 133) 
FORHATC1H r ' INPUT FI LE ?' r / ) 
READC5r1 123lANAMEC1lrANAMEC2) 
FORMAT<2A8) 
WRITEC 7r l 132 l 
FORMAT <lH r 'ROOM TE MPERA TURE RESISTIV I TY l 'r/l 
f(EAD ( 5, 4411) REX 
FORMAT<E15.5l 
WRIT EC7rl144l 
FORMATC1H r ' OUTPUT FILE ?'r/) 
READC5r1123lANOME C1 l r ANOMEC2l 
OPENC UNIT =lrNAME=ANOME rTYPE='NE W'l 
WRITEC7r1818lANOME 
FORMATC1H r ' OU TPUT FI LE : ' r2A8 r/l 
CALL IN PUT 
WRITE(7 ,444 4) 
FORMATClH r'S UBROUTIN E IN PUT FI NIS HED' r /) 
CAL L TEP 
WIUTE <7, 2222 l 
FORMAT C1H • 'SUBROUTINE TEP FINISHED'r/l 
DO 9 ITEMP= l, 300 
I F <I CN TCITEMPll8r8r9 
RR<ITEMP l= RR< ITEMPl / ICNT CITEMPl 
CONTINUE 
DO 1000 I=l r 300 
IFCI.LE . 20lWRI TEC7 r *lFLOAT<I t3l r RR<I l 
IFCICNT Ci ll 10 r 10r1 000 

10 Nl =MINOCI-1r5 l 
N2 =0 
DO 100 J=It1r300 
IFC I CNTCJll100 r 100r11 

11 N2= N2t l 
1.00 CO NTINUE 

N2=HINOCN2 , 5 l 
fiS= O 
L=I- N1 
DO 500 K=I -N1 ri tN2 

59 IFCICNTCL ll 60,60 r61 
60 L=Ltl 

61 

62 
63 

GO TO 59 
L1 =J -Nl 
BB::1 
DO 400 K1= I -N1,JtN2 
IFCICNT<L 1 ll 63 r63, 64 
Ll =Ll+l 
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64 
6 5 

66 

400 

500 

1000 
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GO TO 62 
IF< L-L1 166 , 65•6 6 
BB=BI<* Fm <L) 
L1=L1tl 
GO TO 400 
BB=BB*<I-L11/IL-L1> 
ll=L 1+1 
CONTINUE 
BS=BS+!<B 
L=Lt l 
CONTINUE 
RRI II '-'BS 
ICNT <I> =1 

103 

CONTINUE 
R04=REX/(1,tRR1293)) 
WRITE <7, 997) R04 
FORMAT<1H r'HELIUM TEMP. RESISTIVITY= ' ,F9, 5•/ I 
DO 111 1=1•300 
RO< I> =R04*1RR<IItl ,) 
CONDCII =l,/ROCII 
SOT<I>=SCII/FLOAT <I t3 1 
RSOTCII=ROIII*SOT<I> 

D IF<I.LE. 20 1WRITE<7•*>FLOAT <It31 r RO<II 
111 CONTIN UE 

DO 120 1=1•297 
J=It1 
DYIII=RO<J >-ROII I 

120 CONTINUE 

121 

122 

123 

DO 121 1=1•296 
J=Itl 
D2Y<II =I DYIJI-D YIII I /2 
CONTINUE 
DO 122 1=1,295 
J =It 1 
D3YCI I=< D2YIJI-D2Y<I I I/3 
CONTINUE 
DO 123 I =1r294 
J =I +1 
D4YCII = CD3Y<J> - D3Y <III /4 
CONTINUE 
DO 124 I=5r297 
J=I-1 
K=I -2 
L=I-3 
M=I-4 
DYDTIII=<DY<II-D2Yil l tD3YIII - D4Y<II I 
YDDT<I>=DYCJI+D2YI K I+D3Y <LI +D~Y(M) 

124 CON TINUE 
DO 125 1=1•4 
DYDTIII=DYIII-D2Y<I>+D3Y III-D4YIII 
YDD T<II= DYDTIII 

:l25 CO NTI NUE 
DO 126 1=1,300 
ALFAIII=CONDIII*IDYDT <I> tYDD TII ) I/2 

126 CONTINUE 

2030 
56 

696 

987 

DO 56 1\ =1r297 
WRITE <1,2030 1FLOAT<Kt 3 1r RRIKir S IKirRD< K>rCOND <KI•SOT<KirRSOT<KI, 

1ALFA IKI 
FOFiMA TI' ' r8 1E15,5 1 I 
CON TINUE 
CLOSE I UN IT= 1 I 
WRITE(7,6961ANOME 
FOF\MAT<lH , ' FILE '•2A8 r' CLDSED ' r /1 
GO TO 1 
CLOSE <UN IT= 3 I 
WfiiTE I7 r7651 
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765 FORMATI1H •'FILE MBIN FO. PRG CLOSED' , / l 
STOF' 
END 

C********************************************************************* SUBROUTI NE I NF'UT 
C********************************************************************* 

DOUBLE PRECISION ANAME ,CO 
DIMENSIDN COC30> 
DIMENSION RRC300J , ICNTC 300 J ,S C3 00J ,TT C30 0 >•I CNT 1C300J rANAME C2l 
COMMDN ANAMErSrTrDER I I r TTri CNT1 rRR ,JCNT, NCOU NTr CO 
DATA ICNT/300*0/,RR/300*0 ,/ 
OF'EN C UNI T=2, NAME=ANA ME, TY F'E= 'OL-D' , READ ONL Y) 
DO 55 J=l•300 
ICNT I JJ=O 
RRCJJ=O, 

55 CONTINUE 
CONTINUE 5 
READI2•2 rEND=5006J X,R 

2 FORMATCF7,3r1XrE13.6 ) 
ITEMF'=X-2.5 
ICNTIITEMF'J=ICNTCITEMPJ+l 
RRIITEMPJ=R+R RI ITEMP J 
GO TO 5 

5006 CONTINUE 
RETUF\N 
END 
SUBF\OUT I NE TEP 

C /./.%/.%%%%%/./.Z/./.%/.%/./.%/./././././. /. %/./. %/././.%%/./././. /. /./././. %%/./.%/././.%/./.%%/./.%%/.%%7. % 
C THIS SUBROUTINE PERFORMS LEAST SQ UARE FIT OVER A SET OF DA TA STORED 
C IN AN INPUT F!LErTHE LENGHT OF THE INTERVAL OVER WH ICH THE FIT 
C ISTO BE MADE IS DETERMINEI! BY 'T I NCR'rTHE DE RIVATIVE IS CALCULA 
C TED OVER A SUBSET DF THIS INTERVAL 
c 7.%%%%%%/.%/./././.%%%/.%/./.%7.%%%%%%%/. %% /.%%%/. /. %%%/.%/.% %%%%%%%%%%7.%%7./.%%1.%%%% 

DOUBLE F'RECISION CO,ANAME 
DIMENSION COI30lrTTC300 ),I CNT11300J, S( 300J , ANAME C2> 
DIMENSION RRC300>riCNT I 300) 
COMMON ANAMErSrTrDERII , TTriCNT1 , RR,ICNTrNCO UNTrCO 
DATA ICNT1 / 300*0/ rTT / 300*0 , / 
DO 567 J=1,JOO 
ICNTl(J)=O 
TTCJ>=O, 

567 CONTINUE 
NC0=' 3 

C /.%/./.% %%% %/.%/./. %% %%%%% %%%% %%7.%%%%%/.ZZ/. %%% %%% %%/. /.%%%/././.%/./. %%% %% %%%% 
C SELECT THE INTERVAL OVER WHI CH THE FIT IS TO BE DONE r THE SUBSET 
C OF THIS INTERVAL OV ER WHICH TH E DERIVATIVE I S TO BE CALCULATED, 
C THE INITIAL TEMPERATURE AND THE MAX TEMP ERATURE IL IMIT OF FI T 
C DOMAIN> , 
c %/.% %% %%%%%/.%%%%%%%/.%%%%%%7.%1.7.1.1.1. %7. %%%% %%%1.%%%%7. %%%%%%%1.%%%%%1./.%7. 

REWIND 2 
DO 5 KK=1 r 10 
TINIT =3. 9+ .l*KK 
WIDTH=7.*KK 
TI NCR=B, *KK 
TMAX =300, 
.IFIKK.GT,3>GO TO 111 
TI NCR=4, *KK 
WIDTH= 2 , 5*1\ K 
TMAX=50. 

111 MEND =O 
D WRITE< 7 •*>KK 

1093 CALL DEVCNCO,CO , TINIT,TINCRr MENDJ 
IFICOI1) , [Q,O,O. AND.COI 2) ,[Q,O . OJGO TO 1949 
T=TINIT+CTINCR-WIDTH )/2 . 

1094 IFCT.GT,TMAX>GO TO 1096 
IFCT.GT.TINIT+ITINCR+WI DTH J/2 ,> GO TO 1097 
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CALL DERIVCNCOrCOI 
IFCNCOUNT,LE.2l GO TO 1099 
ITEMF'=T-2 .!5 
TTCITEMPl=TTCITEM Pl +DER I I 
ICNT1C I TEMF'l = ICNT1 CI TEM F' lt 1 

D AMED=TTCITEMPl / ICN T1 CIT EMP) 
D IF<ITEMP.GT.CTMA X-10llWRI TEC 7 r*ITTCITEMF'l,IC NT1CITEMF'l, 
D @CITEMF't2lrAMED 

T=T+1 , 
GO TO 1094 

1097 IFCMEND.EQ.1l GO TO 1 09 9 
1 9 49 TIN IT=TiN ITtTINCR 
10 96 IFCMEND.EQ,1l GO TO 1099 

GO TO 1093 
1099 REWIND 2 

WRITE C7,1122l KK 
1122 FORMATC1H •'ITERATION NUMBER ' • l2 •' COMF'LETED'l 
5 CONTINUE 

CLOSE CUNIT =2) 
CALL AV ER 

WRITEC7,556) 
D WRITEC7r* l CFLOAT Cit3),S( Ilri =1 r 20l 

556 FORMATClH r'AVER AGE F'ERFORMED 'l 
RETURN 
END 

C*************************************** ********************* 
SUBROUTINE DEVCNCO ,CO rTIN! TrTINCRrMENDl 

C************************************************************ 
DOUBLE PRECISION COrA,BrUrANAME 
DIMENSION COC30 lrAC 31,30lrB C30lrANAME C2 l 
DIMENSION SC300l,TTC300lr iCNT1C30 0lrRR C300lrlCNTC 300) 
COMMON ANAME,SrTrDE RIIrTT riCNT1r RR r iCNTrNCOUNTrCO 
DO 993 JI=1,30 
DO 994 JJ=1r31 

994 ACJJ,Jil=O .OD-1 0 
CO CJi l=O ,OD-10 

993 BCJil=O. OD-10 
NCOUNT "'O 
NCOF'1=NCOtl 

D 
77 
992 

WF\ITEC7,7 7l 
FORMATC1H •'IN SUBROUTINE DEV! ' , /) 

READC2,990rEND= 991l X1rY1 
99 0 FORMATCF7.3,25XrF9.3 ) 

NCOUNT= NCOUNTt 1 
C ZZZZZZZZ%%%%% %% %%%/.%%%%%%% %%%%%% %%/.ZZZZZZZZZZZZZZZZZZZZZZZ 
C SELECT INTERVAL FOR FIT 
c /. %%%%%%%%%% %%7.%7. 7.%7.7.7.%%%7.7.%%%%/.%%% %%%%%%/././.%%%%7.1.1.7./.i.% 1.1.1.1. 

IFCNCOUNT.LE.5lWRITE C7r *l X1rYl 
I FCX 1.LT.TINIT-1. 0 . 0R . Xl . GT.TINITtTI NCRl GO TO 995 
DO 1 I= 1rNCO 
DO 2 J = 1rNCO 
AJ=J-,999999 
AI=I-.999999 

2999 AC ir J l=AC irJ l tCCXl **<A ill*CXl**CAJ)) ) 
2 
1 

CONTINUE 
CONTINUE 
DO 6 J =1 •NCO 
AJ=J-,999999 

3999 ACNCOP1rJl=ACNCOPlrJ ) tC Xl**C AJ>>*Y1 
- 6 CONTINUE 

GO TO 992 
991 CONTINUE 

MEND=1 
995 IFCNCOUNT ,LE .2l GO TO 996 

C /.ZZZZZZ/.Z/.ZZZZZXZZ%%Z%/.%Z/.%ZZ%7.ZZZZ/.ZZ%Zi.%%%/.7.ZZZZZZZ7.%Z/.ZZZZZZZZ 
C GAUSS METHOD 
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C ZZZZZZZ%Z%ZZZZ %%% /.%/.%%%%%%%%%ZZ% %%%% Z%Z%%% %% %%% ZZ%%%%Z Z%%%%% %%%%% 
DO 8 J= l •NCO 
IFIDABS<A<J,J)l, GT.l.D-1 6) GO TO 15 
Nl=NCO-J 
GO TO 11 

15 J1=1-J 
N1=NCO-J 
U=ACJ,J) 
DO 9 I=1•NCOF'1 
A(J,Jl=A(J,Jl/U 
DO 10 K=J1 , N1 
IFIK , EQ,O) GO TO 10 
N=JtK 
IFII . GT,1l GO TO 50 
BINl=ACJ,Nl 

50 A(I,Nl=A(I,Nl-BINl*A Ci rJ) 
10 CONTINUE 
9 CONTINUE 
8 CONTINUE 

DO ~6 L=1,NCO 
16 COCLl=AINCOP1,Ll 

GO TO 17 
996 MEND=l 
17 RETUf\N 
11 DO 12 L= 1 •N1 

N2=J+L 
IFCDABSC ACJ,N2ll. GE .1.D-1 6 l GO TO 13 

12 CONTINUE 
WRITE17d8l 

18 FORMAT<1H r'NO SOLUTION ' l 
GO TO 17 

13 DO 14 J=l,NCOPl 
U=A(J,N2l 
ACI,N2l=A(I,Jl 

14 A(J,J)=U 
GO TO 15 
RETURN 
END 

c %%/././.%/./.%% /.% %%%%%% 1./.%/. /.%%%%%% %%%%%%%%% %%%%% %%% %%%%%%%%%%%% 
C CALCULATE THE DERIVA TIVE 
c %%%%%%%%%%%%%%%/./.%%/.%%/.%%%%%% %%%% %%%%%%%%%% %%%%%%%%%%%%%%% 

SUB ROUTINE DERIV CNCO , CO) 

C*********************************************************** DOUBLE PREC ISIO N CO,ANAME 
COMMON ANAME,s ,T ,DERI J ,TT , JCNT1,RR,JCNT,NCOUN T,CO 
DIMENSION COC30l, S C300 ) ,A NA ME<2 l, TTC300 ) ,ICNT1C300l 
DIMENSION RRC300 ) ,J CNTC30 0 ) 
DEf\JJ=O, O 
DO 999 Jo:2,NCO 
AI=I-0,999999 
DERII =DERII+AI*CO< I>* <T** <I -1 .9999999) ) 

999 CONTINUE 
RETURN 
END 

C********************************************************************* SUBROUTI NE AVE f\ 

C********************************************************************* DOUBLE PRECISJON ANAME 
COMMON ANAME,s,T,D ER II ,TT,ICNT1,RR,ICNT, NC OU NT,CO 
DIMENSION ICNT11300l •TTC300l,SC30 0 l,ANAME< 2l,RR C300l , ICNTI 300 l 
DIMENSI ON CO C30) 
DO 8 J=1,JOO 
IF<ICNT1CJll 8 , 8,9 

9 TT<J>=TTCJl/ICNTlCJ ) 
8 CONTINUE 

DO 1000 1=1, 300 
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IF CICNT1CII110,10,1000 
10 Nl =MINOCI-1,51 

N2 =0 
DO 100 J=It1,300 
IF<ICNT1CJII100,100,11 

:1.1 N2 =N2+1 
100 CONTINUE 

N2 =MIN OC N2,51 
AS=O 
BS=O 
L=I-Nl 
DO 500 K=I-N1,I+N2 

59 IF<ICNT1<LII60,60,61 
60 L=Lt1 

GO TO 5 9 
61 Ll =I - Nl 

J A=l 
B=1 
[10 400 Kl=I-Nl,JtN2 

62 IFCICNT1CL11 163,63,64 
) 63 Ll=Ll+l 
r GO TO 62 

64 IF<L-L1166,65,66 
65 B=BHTCL) 

Ll=Ll+l 
GO TO 400 

66 B=B*II-Lli/CL-Lll 
Ll=Lltl 

400 CONTINUE 
BS=BS+B 
L=oL tl 

500 CONTINUE 
TT CII =BS 
ICNT1(I I =1 

1000 CONTINUE 
DO 1001 1=1.300 
S<II=TT <I I 

1001 CONTINUE 
RETUF< N 
END 
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Program MB0002 being relatively large causes some problems 

concerning memory space. These problems are solved by employing the 

command file MB0002.COM to LINK in OVERLAY: 

******************** MB0002. COr! 
Thi s comm an d file 
:i.!:; u ~:;E·~ r:.l f o r th f.·) 
o v e Y' l a \:1 1... I N I\ 
< 1... I Nl\ (~ MB 0002) 

******************** 
M BO O O:,:.~ I F' F< OMP T 
I NF'UT /D~l 
TE:: r:· /O! :1. 

(.~~JE::F~/U ~ ::.~ 

0[\) / CJ !::.> 
OEF< T ~.1./CJ! ::.:~ 

/I 

- A - 2 - Effective medium calcul ation 

The transport parameters of part i ally crystalli ne amorp hous 

metals can be calculated using the expr essions developed for composite 

materials( 39 ). On account of the grea ter accuracy of t he measurements 

of the resistivtty ratio ([R(T)-R(4 .2)] /R( 4.2)) it i s desirable to 

obtain the standard expressions for the conductivi ty and thermopower of 

mixtures in terms of the known 6p/ p and the ratio of the resistances of 
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the sample before and after annealin g (Q). 

We assume that the size of t he sampl e remains un changed upon 

annealing and write: 

- _:_:R..l.!:( 2::..::..9~6 )'---- '\, p ( 2 96 ) Q -
R

0
(296) - p

0
(296) 

where the subscript o indicates the f resh amorphous values . 

The crystallized fraction (xc) can be written i n terms of the 

conductivity as(SB): 

a -a a - a -l 
[ c + o] 
a + 2a a + 2a c o 

where the subscript c represents the values associated with the totally 

crystalline material. Expression (A2) can be wr itten in terms of the 

ratios (Q) after some simple algebra as: 

XC = 

o r 

where 

and 

1 - Q Q - Q - Q 
- - [ c + --J- 1 
Q + 2 Q + 2Q Q + 2 c 

XC = t;, 
t;,- t;, c 

t;, 1 - Q = 
Q + 2 

Q - Q 
E;, c 

c = 
Q + 2Q c 

(Al) 

(A2) 

(A3) 

(A4) 

(A5) 

(A6) 
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The thermopower of a mixture is written as( 38 ): 

where 

L: 
1
. S .a. y . 

1 1 1 s = -'------'---
1 - 2a L: y. 

. 1 
1 

3x. K 
1 y. = ----'------

1 (2a + cr .)(2K + K.) 
1 1 

and K is the heat conductivity. 

Using the \Viédemann-franz rel ati on( 52 ) 

L = _15_ 

aT 

express i on (A8) reduces t o : 

3x. a 
1 y . = __ ..:.,___----,::-

1 (2cr + a .) 2 
1 

We then rewrite (A7) as: 

3x. 
L: S .a . ( 2 

1 
)2 

S = i 1 1 a + cr; _ A 

1-6 a2 L: X i - B 

i ( 2cr + a i) 2 

Since x
0 

= 1 - xc, we wr ite: 

. ( 1-xc )cr
0
S

0 
X S 

A = 3a{ 2 + c c c } 
2 (2a + a

0
) (2a + crc) 

(A7) 

(A8) 

(A9) 

(AlO) 

(A 11) 

(A l2) 
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lll 

and 

(A l3) 

The conductivities can be written as a function of the res ist ivi ty 

ratios (t-p/ p): 

where 

and 

y = l'-p (2 96 ) + l 
p 

a = ~T) + 1 
p 

Substituting (Al4) into (A l2 ) and (Al3) one obtains after some 

more simple algebra: 

and 

where 

11 = l 
Qa 

(A l 4) 

(Al5) 

(Al6) 

(A 17) 

(A l8) 

(Al9) 

The program MBSAR is wr i tten using equations (Al) through (A6), (All), 

(Al7) and (A18) anda listing of it is presented below: 
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C******************************************************* C P R O G R A M MBSAR,FO R 
C******************************************************* 

2000 

2005 

2001 

2002 

2003 

7 

8 

9 

6 

DOUBLE PRECISION ANAME,ANOME,ANOM,ANAM 
DIMENSI ON ANAMEC2J ,ANOME C2J ,ANOMC2J,ANAM C2 ) 
DIMENSION DELTA C300J , DEL TAAC 300J ,DELTACC300l 
DIMENSI ON ALFA C300 ) ,ALFAA C300l,ALFACC 300) 
DIMENSION RC 300,Jl,TC300,Jl,DDTC300,Jl 
DIMENSION RR C300l,TTC300l ,DTTDTC300l , RRAC 300 l r TTAC300l 
DIMEN SION DTTDT AC300l ,RRCC3 00 l, TTCC300l,DTTDTCC300l 
DIMENSION SAC300J, SCC3 00l,SARC300l 
EQUIVALENCE CR C1,1 l ,RRC1 ) ),(R(1,2l , RR AC1 ll ,(R ( l,Jl , RRCC 1 ll 
EQUIVALENCE CT C1,1 l , TTC 1l),(T ( 1,2l,TTAC1 )l ,(T( 1 ,3l,TTCC1 l l 
EQUIVALENCE CDDTC1,1l,DTTD TC1 ll •<DDT<l• 2l,DT TDT ACll), 

@CDDTC1,3l,DTTDTCClll 
EQUIVALENCE CSA , DTTD TA),(SC,DTTDTCl 
WRITE C7,2000 l 
FORMAT ClH •'ENTER IN PUT FI LEN AME'l 
RE AD C5,2005l ANAMEC1l,ANAMEC2l 
FORM ATC 2A8l 
OPENCUNIT=l,NAME=ANAME,TYPE='OLD',READONLY l 
WRITEC7,2001l 
FORMATClH •'ENTER FILENAME AMORPHOUS ' ) 
READ(5,2005l ANOMEC 1 l, AN OMEC2l 
OPENCUNIT=3,NAME=ANOME , TYPE=' OLD',READDNLYl 
WRITE C 7, 2002 l 
FORMATC1H •'ENTER FILENAMt CRYSTALLINE'l 
READC5,2005) ANOMC1l•AN OM C2) 
OPENCUNIT=3,NAME=ANOMrTYPE='OLD',READONLYl 
WRITEC7r2003 l 
FORMATClH •'ENTER OUTPUT FILENAME ' ) 
READC5,2005l ANAMCll•ANAMC2l 
OPENCUNIT=9,NAME=ANAM, TYPE=' NEW 'l 
WRITE <7, 7 l 
FORMAT ClH •'ENTER R<RTl'l 
READ <5•*>R296 
WRITEC7,8l 
FORM ATClH r 'ENTER RACRT l ' l 
READC5,*lRA296 
WRIT EC7 ,9 l 
FORMAT ClH r 'ENTER RCCRTl 'l 
READ C 5, * l RC296 
WRITE C7r6l 
FORMATClH •'ENTER RA CCRTl'l 
READ C5r*l RAC2 96 
DO 71 L=lr3 
READ(L,70lCT1,R Cl r l l r DDT Ci rLl,I =lr300l 

70 FDRMATC3CE15 .5ll 
7 1 CONTINUE 

Q=F\296 / RA296 
QC=RC296/RAC296 
CS I = C1,-Q) / ( Qt2.) 
CSIC= CQC-Q l/ C2 . *QCt Ql 
XFR=CSI/CCSI-CSIC l 
GAMMA=R296+1. 
GAMMAA=RA296+1, 
GAMMAC =F\C296t1 . 
DO 72 L=1,300 
ALFACU=RRCL>+l. 
DELTACLl=GA MM A/CQ*ALFA( L) ) 
ALFAACLl=RRACLltl. 
DELTAACLl=GAMMAA /ALFAACLl 
ALF AC CLl=RRCCLltl, 
DELTACCLl =G AM MAC/C QC*ALFAC CL ll 
BCL l=1 , -( 6,*DELTA<L l**2 >1 CC1. -XFRl/C2,*DELTA<LltDELTA ACLll **2+ 

@XFR/ C2 .*DELTACLltDELTACCLll**2l 
AACLl=C 1.-XFRl*SACL l *DELTAA <Ll / C2 , *DELTA CLl t DELTA A< L>>** ? 
ABCLl= XFR*SCC Ll *DELT ACCL ) /( 2*DELTA CLJ t DELTACCLl>* *2 -
ACL) =3 . *DEL TACL >*CAACLl+ABC L>> 
SARCL l =ACLl/BCLl 
WR I TEC9 , 2004lFLOAT<L+3 J , SARCLl 

2004 FO RMAT< ' 'r2CE15 . 5)) 
72 CONTI NUE 

STOF' 
END 
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