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STRUCTURAL RELAXATION: LOW TEMPERATURE PROPERTIES

Francisco de la Cruz

Centro Atômico Bariloche

8'400 - S.C. de Bariioche (R.N.), Argentina.

ABSTRACT

We discuss the changes in transport and superconduct-

ing properties of amorphous Zr70Cu30, induced by thermal

relaxation.

The experimental results are used to investigate the

relation between the microscopic parameters and the

observed physical properties. It is shown that tha density

of electronic states determines the shift in T as well as

c

the variation of the electrical resistivity.

It is necessary to assume strong hybridization between

e and d bands to understand the electrodynamic response oC

the super;: nductor.
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INTRODUCTION

In this lecture I will refer to the research made in the

Low Temperature Lab in Bariloche, during the last four

years, concerning the normai and superconducting properties

of metallic amorphov..? systems. The title of the calk is

misleading. I am not an expert in relaxation and you will

see tĥ .c the heat treatment is only used to induce changes

in the physical properties of our samples, in order to

study the behaviour of the microscopic parameters of these

metals.

The materials investigated are 10pm thick ribbons of

Zr70Cu30 and La 7 0Cu 3 0 alloys, obtained by meit spinning.

In most of this talk we wii). refer to the results obtained

from the Zr70Cu30 system.

Before we start to show and discuss the experimental

results I will remark some properties that are common to

all the transition metals amorphous alloys:

a) High electrical resistivity: p « 200vif<cm.

b) Non-validity of Matthiessei 's rule when applied to the

temperature dependence of the electrical resistivity.

This result is known as Mooij's criterium.

c) The thermodynamic ar.d transport properties of the

amorphous materials at low temperatures are characteriz-

ed by the presence of the low energy excitations, TLS.

d) Since the electron mean free path 9., is of tho order of

interatomic distances the heat is mainly carried by

phonons. As a conseq .ence, amorphous systems are Weal
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materials to investigate the phonon thermal conduction

in metals.

We will now focus our attention in some questions

related to the properties we have indicated:

i) Is the high electrical resistivity of these amorphous

metals due to the d-eiectron contribution in

transition metals?

li) Which is the origin of the negative temperature

coefficient of p(T)?

iii) Assuming that in this amorphous metals it is possible

to define a Fermi, wave vector, it is found that

kp»£«l. Is the BCS-Gorkov theory adequate to describe

super -onductivity in this extreme dirty limit?

iv) Another question related to the previous one is: are

the Gorkov eqtiations valid when the d and e electrons

contribute to the transport properties and super-

conductivity?

v) Is there any dependence between the superconducting

critical temperature, T , and the density of TLS,

n(0)?

vi) Is the Matthiessen's rule valid when applied to the

phonon thermal conduction in amorphous metals?

THEORETICAL AND EXPERIMENTAL BACKGROUND

Following the BCS scheme, superconductivity arises

from the competition between an .tractive phonon-eiectron



147

i n t e r a c t i o n , characterized by a parameter X and a

repulsive Coulomb in terac t ion , ji . As r» resul t the

critical temperature should be a function of then- two

parameters

Tc - £(xV) (1)

Due to the lack of tunneling data in amorphous metals

the electron-phonon parameter can be approached by \ -

N(0)I2/©2> where the symbols ore those typically used in

the l i terature. The parameter u * 0.1 is usuaily accepted

for transition metals.

A review of the critical temperature behaviour of

amorphous metr-ls can be found in ref.2. There i t is

indicated that relation (1), with X and p as descrii^-d

previously, is enough to understand most of the

experimentai data. Nevertheless, 1 believe there are some

questions that ha\7e no definite answer. One of the

problems is the possibility that the TLS contributes \o

T . If this is the case, T should also be a function of
c c

n(0) and expression (1) shotiid then be generalized. I t is
3

also important to remark that if the TLS can modify the

* '-t
effective X , recent calculations indicate that disordei*

* '\
could increase y . This is an imp ctant result since it
indicates that T , H „ finc^ P couid be correlated through

the degree of electron localization and wouid indicate that

in the extreme dirty limit, the critical temperature «hould

also be a function of the electron mean free path. From

the experimental point of viev; there are no answers to
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Chese questiona.

Measurements in the Zr Cu, , system indicate that the

increase in x induces a rise in T together with a decrease

in p. The behaviour of T has being explained taking into

account the measured bshaviour of N(0). The decrease in

9 10p has also been related ' to the increase in the detáicy

of states due to contribution of the d-Zr band. In those

experiments it is difficult to separate the contribution of

TLS (if any) and/or, of localization. There is not enough

systematic investigation of a possible direct correlation

between T and n(0). In this lecture we wili discuss some

results related to this topic.

Other superconducting çaremeter related to the

electronic properties of the material is the upper critical

field, H 2' Within the- Gorkov theory and for the dirty

limit

Hc2 " VíC f N(0)Pf(T). (2)

To obtain (2) it has being used the Ginzburg-Landau

coherence length in the ú.L cy limit, given by Ç2(O,£) -£0£,

With ç0 = 0.18 hvp/kTc , vF « k
2S/6hv, p-1-(2/3)e2vFN(O)z,

and Y5S(2/3)(iTk)2N(0). Here £0 is the BCS coherence

lengths, S is the > ea of the Ferni sphere, I the electron

mean free path and -y the coefficient of the electron heat

capacity. All these expressions have been obtained

assuming that k_,fc • » 1. As v;as nentioned before this limit

is not adequate for the amorphous snmploa used in our

experiments.
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Within the same approximation the superconducting

response to the presence of a low magnetic field is

determined by the superconducting penetration depch

X(*,t) = X L(0)U 0/O
1 / 2£(t). (3)

For T near T
c

X(A,T) » ̂ 4&- (l-t)-1/2 = 0,6U 10-2(p/Tc)l/2 (3«)

where the London penetration depth \ (0) - 3hnl/2Y1/2/ekS.

It is interesting to recall that A (0) is only related to

the normal properties of the material and that expressions

(3) and (31) in.''.cate a correction to X. (0) through the

square root of the ratio of two distances. Superconducti-

vity only appears through the definition of Ko.

Expressions (2) and (3') can be verified since- all physical

quantities tliat appear in then are experimentally

accesibie. Although the verification of expression (2)

and (3') is interesting from the point of view of the

effects induced by an excreme short z, we believe that

there is other related point that has to be considered when

studying transition metals. It was realized by Be-:groann

that expression (2) should not be valid when applied to

metals that can be characterized by the presence of two

bands (d and s, in our case), Following the same arguments

we will see that it is difficult to justify the validity of

expreseion (31). The coherence length ç0 is strongly

associated to the interaction energy necessary to form thu

Cooper pairs (kT ). The critical temperature in a d and a
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band superconductor, is believed to be determined by the d

band density of states, N .. On the other hand in an

independent two band model the s electrons contribution

7 8
should at least be competitive with the d electrons ' .

9 10Recent work '. gives the experimental results of the

resistivity of Zr Cu,_ as a function of x. The
9

concentration dependence has being explained , on the basis

of a two band model, where the contribution to p from d and

s electrons are found to be comparable. We believe thac if

this is the correct explanation expression (31) should not

be applicable.

Until here we have referred to changes in the physical

properties of the amorphous material induced by changing

concentration. We have other available experimental

technique to change the behaviour of the material at

constant concentration. It has being shown in the last

years that thermal heat treatment modifies the normal

and superconducting properties of these materials. In the

case of Zr Cu, it has being suggested that the supercon-

ducting critical temperature is determined by the

electronic density of states, in agreement with Varma and

Dynes. This result has being obtained from the analysis

of the variation of T and N(0) with concentration . If
c

the analysis is correct the change in T induced by thermal

relaxation should also be determined by a corresponding

change in N(0).
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EXPERIMENTAL RESULTS AND DISCUSSION

We have measured the thermal conductivity of Zr70Cu,0

amorphous ribboiá, in the range of temperature between

O.^°K and 7°K. The results are shown in Fig.l.

Experimental details can be found in ref. 12. It is

cl^trly seen that the thermal conductivity below the

critical temperature of the alloy is monotonically

increased with annealing. Fvrther annealing is not

possible because the sample stares to crystallize as

indicated by X-ray diffraction analysis and electrical

resistivity measurecienc . The critical tempe-ature is

decreased when annealing, as it is also indicated by the

12
Structure of the thermal conductivity plot in Fig.l.

Th • T2 dependence of the thermal conductivity at low

temperature is characteristic of phonon-TLS resonant

scattering. Since annealing does not change the

tempi- return dependence but increases the thermal

conductivity we conclude that: annealing increases the

coefficient of the T2 dependence. That is to say, it

decrease, the produce of the number of scattering centers,

n(0), times the square of the coupling matrix between the

phonon and TLS. Considering only thermal conductivity

K /isurements that is ail we can say. In any event, these

measurements indicate thr«r. these taiid heat treatments can

me3ify considerably the TLS behaviour. In Fig.2 we plot

tie thermal conductivity of the amorphous sample takan at

T"0.5K» normalised by the value of the as quenched one, as
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a function of the critical temperature, also normalized by

the critical temperature of the as quenched sample. From

these results it is tempting to say that there is a

correlation between the TLS behaviour and the critical

temperature. We will see later that this is not necessari-

ly true and that Che change in T can be explained without
c

involving the assistance of the TLS.

In Fig. 3 we show the effect of annealing in the

critical temperature and electrical resistivity. In the

plot of T vs P, normalized by the respective values of the

non annealing sample, we can clearly distinguish two

regions. First, the critical temperature decreases at

almost constant p, later there is a rapid decrease in p

without major changes in T . This indicates two thermally

induced processes. To detect structure changes during

annealing we have investigated the X-ray diffraction

pattern. In. the first region, we were not able to

distinguish any change within our experimental error, in

the second when p(^k)/ p. Ok)3* 0.8 it was detected a weak

Structure typ-cai oi crystaiiization. Ai-i the resulta we

discuss here, including the thermal conductivity

measurements, correspond to thermal heat treatment in the

first region.

As was mentioned in the Introduction, if there is only

one microsc pic parameter that determines T , the change in

the parameter that cox re & poneÒ co a given 6T should be

independent of the method us"d to vary T .
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From specific heat and H « measurements the changa in

density of states as a function of concentration is known.

From these data we obtain that the change we should expec•:

from the AT induced by anneaiing is only a few percent.

Since i t is very* difficult to achieve the necessary

precision by measuring specific heats we decided to use

the H o and p measurements, together with expression (2),

to determine the re la t ion between N(0) and T whenc
r 10

annealing- There is experimental evidence ' indicating

that this expression is valid when applied to splat cooled

sampler. In this work we assume the validity of expression

(2) and ve wiil discus* later gouts related experimental

results, obtained in our laboratory.

Figure \ shows the results of N(0) obtained from H
1 5as a function of T , The dotts correspond to the

variation of N(0) with T , induced by annealing and the

full line is an interpolation from the data obtained by

changing concentration. We see that the data obtained by

thermal heat treatment are quite similar to that obtained

from the change in concentration. As P. consequer.ee, the

correlation suggested by Fig. 2 is not more than spurious,

indicating that there is no direct relation between T and

n(0) . It would be interesting to understand why the thermal

relaxation changes the electronic density of states as well

as that of tb- TLS.
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Let us focus our attention on the behaviour of the

electrical resistance- We have found that th& resistivity

increases when the sample is annealed. Since we vriii not.,

discuss the kinetics of the relaxation process and. it is

found that T is strongly correlated with the behaviour of

the resistivity, we plot the resistivity change as a

function of the variation of T , see Fig.5- The increase

in resistivity found for these alloys seems to be

characteristic o£ amorphous transition metals and, to my

knowledge, there is no explanation for such behaviour.

It is interesting to remark that in the range of

9 10
concentration ' we investigate T decreases with N(0) and

p increases vhen N(0) is diminished. Since we know the

experimentai relation between concentration and K(0) v;e can

determine Ap/AN(0) in the range of concentration of

1 9
interest. It is found that the Ap/i.M(0) obtained from

Figs. '4 and 5 is smaller by a fector between 1.3 an<? 2.2

when compared with that, obtained from the change in

concentrate m '' . The range in the siope values is due to

the difference between the experimental values of refs. 9

and 10. Considering the difficulties in determining the

geometrical factor of amorphous ribbons, we think that the

19similarity found betv/een the Ap/AN(0) obtained from the

change in concentration and annealing ex;>trriirents, is

strongly indicating that K(0) i;> also the fundamental

parameter determining the behaviour of p.

Let us now discuss the results obtained from the
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pene t ra t ion depth ceasureisencs. De ta i l s on the

experimental technique used to measure >.(t) can be found in

reference 20. Vie wiii not discuss here the temperature

dependence of A(t). Ve will refer only to the relations

between A(C), p and T , as given by expression (3). We

19 '0have measured ' " ' Ã ( 0 ) , T and p for different amorphous

alloys, the results are shown in table I . Ve see that

expression (3) is verified vithin a 10% error. Since the

error in the geometrical factor is not less than 10" vo

find the agreement surprising and good. These results are

important since until now ve havr rnrficated that N(0) is

the main microscopic parameter determining the behaviour of

several properties of the Zr-/tJCuao systems.

In a two band moci ei the: density of electronic states

should be- maimy related to the d concribvitloin. As we said

in the i n t roduc t ion , expression (3) seems to be

incompatible with a two band n-.ocl&i since the correction due-

Co a finite mean free path is given by a ratio of two

lengths, one characteristic of the sup?rcom!ueting state,

ÇQ, the other, £, related to the transport properties in

the normal state, la a two band wodei T is determined by

c

the d density of states but the I that appears irs (3)

shou'.d n<"'t be the one that detorninec; the measured

electrical conductivity.

The experimental verification of expression (?-) is

strongly suggesting that in thd;^ transicion eiaorpli. us

metal there i.-J a si.ng.ie type of carriers concriburi ng to
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the therpodynarcic and transport, properties. These results

5 18
are in agreement with those ' supporting the verification

of expression (2). We believe that the suggestion made by
o

tenBosch and Benneiaann concerning to hybridization of d

and a bands is of fundamental importance for a correct

understanding of transport properties in amorphous

transition metals.

We have not been able to complete the discussion

proposed at the introduction but I hope that future work

will serve to verify the ideas exposed previously and will

clarify the rest of the remarks made at the beginning of

this lecpure.
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Fig.l - Thermal conductivity, ];, as a function of tcnrieraturc,
T, for amorphous 2r7 .Cu^,, for different heat treat-
ments. See rcf.12.
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Fip.2 - Tliermnl conciucti^'ity nt O.Sk as a Ainction of the

change in T_, índuejd by annealiiip..
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Fig.3 - Variation of the critical temperature as a function
of the chanpe in resistivity, induced by annealing.

i

Fig.4 - Density of states, N(0), as a function o£ 1'n. Open
circles correspond to the value obtained by annea-
ling, the full curve is an interpolation froiu rcf.S.
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Fip.5 - Variation of the electrical re 'stonco
as a function of the critical tempera-
ture.
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