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STRUCTURAL RELAXATION: LOW TEMPERATURE PROPERTIES

Francisco de la Cruz
Centro Atdmico Bariloche

8300 ~ S.C. de Bariloche (R.N.), Argentina.

ABSTRACT

We discuss the changes in transport and superconduct-
ing properties of amorphous Zc,,Cuzy, induced by thernmal
relaxation.

The experimental results are used to investigate the
relation between the microscopic parameters and the
observed physical properties. It is shown that the densicy

of electronic stetes determines the shifr in Tc as well as

the variation of the electrical resistivicy.
It i3 necessary to assume strong hybridization between
8 and d bands to understand the electrodynamic response o

the super.: nductor.
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INTRODUCTION

In this lecture I will refer to the resesarch made in the
Low Temperature Lab in Bariloche, during the liast four
years, concerning the normal and superconducting propertics
of metallic amorphous; systems. The title of the talk is
misleading. 1 am not an expert in reiaxation and you will
see th~t the heat treatment is only used to induce changes
in the physical propercies of our samples, in order to
study the beha?iour of the nicroscopic parameters of these
metals. |

The materials investigaied are 10pm thick ribbons of

Zx,4Cuy, and La, Cu,, alloys, obtm’.ned1

by melz spinning.
In most of this talk we will refer to the results obtained
from the Zr7°Cu30 systen.

Be fore we start to show and discuss the experiwencal

results I will remacrk some properties that are common to

all the transition metals amorphous alloys:

n

a) High electrical resistivity: o = 200uqcem.

b) Non~validity of Matthiessev's rule when applied to the
temparature dependence of the electrical resincivicy.
This resuit is known as Mooii's criterium.

'¢) The thermodynamic ard transport properties of the
amorphous macerials at low temperatures are characteriz-
ed by the presence of the low emergy excitations, TLS.

d) Since the electron mean free path 4, is of the order of

interatomic distances the heat is mainiy carried by

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

in metals.

We will now focus our attention in some questiong

relaﬁéd to the properties we have indicated:

Ai)

11)

111)

iv)

- vi)

Is the high electrical resistivity of these amorphous
metals due to the d-electron contribution in
transition metale?

Which is'_the origin of the negative temperature
coefficient of p(T)? |

Aésuming that in this amorphous merals it is possible
to define a Fermi wave vector, it is found that

kF'zﬁi. Is the BCS-Gorkov theory‘adequate to describe

superwmnductiviﬁy in this extreme dirtf liﬁit?'
Another question related to the previous ome is: are
the Gorkov equations valid when theAd and s electrons
contriﬂute to the 'cranspbrc properties and super-
conductivity?

Is there any dependence between the superconducting

critical temperature, TC, and thé density of TLS,
n(0)?

Is the Matthiessen's rule valid when applicd to the

phonon thermal conduction in amorphous iztals?

THEORETICAL AND EXPERYMENTAL BACKGROUND

’

Following the BCS scheme, superconductivity arises

from the comperltion between an .tractive phonon-electron
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. *

intecraction, cheracterized by a parameter A and a
. *

repulsive Coulomb inta2rection, uy . As a result the

critical temperature should be a function of thes: two

parameters

T, = £ ey

Due to the lack of tunneling data in amorphous netals
the electron-phonon parameter can be approached by A*=
N(0)1I%2/62, where the symbols cre those typically used in
the literature. The paramater u*= 0.1 is usuaily accepted
for transition metals.

A review of the critical rtemperaturce behavicur of
amorphous mets's can be found in ref.2. There 1t 1is

%

*
indicated that r=lation (1), with » and u as descrii~

C.

previosusly, 1is enough to understand most of th

&}

experimental data. Nevertheless, 1 believe there are sowe

questions that have no definite answer. One of the

3

probiems is the possibiiity that the TLS contriburtes vo

Tc' If cthis is the case, 'I‘c should also be & function of

n(0) and expression (1) shouid then be generalized. 1t is
also important to remark that if the TLS can modify3 the

. * Yo .
effective A , recent caiculations indicate that disocder
* ’ .
(N
couild increase y . This is an imp rtant result sipce it

indicares that Tc’ ch and p could be correlared through

the degree of elcctron localization end would indicacte thar
in the extreme dirty limlc, the critical temperarture should
also be a function of the electron mean free path. TFrom

- the experimental point of view ther: are no answera to
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these questions.

‘Measurements in the Zr Cu, . system indicate that the
increase in x induces a rise in Tc together with a decrease
in C The behaviour of '1‘c has being explained taking into
account the maa:-;v.nced'5 bzhaviour of N(0). The decreass= in
p has also been rclacedg’lo to the increase in the dew:sicy
of states due to contribution of the d-Zr band. 1In those
.expeximents it is difficult to separate the'contribucion of
TLS (Lf any) and/or, of localization. There is not enough

systematic investigation of a possible direct cerrelation

between Tc and n(0). Iu this lecture w= will discuss some

results related to this topic.

Othey supzrconducting raremeter reiated to the
electronic properties of the marerial is the upper cricical
‘field, H_,. Within the Gorkov theory and for the dirty
lMmic

. A.": o3 A g K ',c
‘ch k= 1(0) p£(T). (2)

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

cohercnce length in the cvirty limit, given by £2(0,%) =£b£,

with g = 0.18 th/kTc » Vp = k2S/6hy, p“1=(2/3)e2vFN(0)i,

and v={2/3)(rk)2N(0). Here £, 1s the BCS coherence
lengths, § is the ..-ea of the Fernmi sphexre, 2 the elect%on
mean free path and y the coefficient of cﬁe electron heat
cépéciCy. ALl these expressions have been obtained

assuming that kpt >> 1. As vas nentioned before this limit

is not adequate for the amorphous sauples used in our

experiments.

_______________;::------IllIIllIlIIIIIIIIIIIIIIIIIIIIIIIIII
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Within the same approximation the superconducting
response to the presence of a low magnetic f£field is
determined by the superconducting penetration depth

a(e,e) = AL(O)(Eolz)llzf(c). (3)
For T near Tc

2,y = 20 o=z = 0,644 1072(/T )12 (3Y)

where the London penetration depth AL(O) = 3hnl/2y1/2/0ks,

It is interesting to recall that AL(O) is only related to

the normal properties of the material and that expressions

(3) and (3') in’‘cate a correction to AL(O) thronzh tho

square root of the ratio of two distances. Superconducti-
vity only appears through the definition of .
Expressions (2) and (3') can be verified since all physicel
quantities tliat appear in them are experimentally
accesible. Alcthough the verification of expressions (2)
and (3') is interesting from the point of view of the
effects induced by an exctreme shortc %2, we belleve that
there is other reiated point that has to be considered when
srudying transicion metals. It was re«'ized by Befgmann6
that expression (2) should not be wvalid when applied to
metals that can be characterized by the presence of two
bands (d and s, in our case). Following the same argumenés
we will see that it is difficult to jJustify the validity of
expresaion (3'). The coherence length £, 1s strongly
assoclated to the interaction energy necessary to form the

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

band density of states, Nd' On the other hand in an

independent two band model the s electrons contribution
should at least be competitrive with the d electrons7’8.

9,10

Recent work”? gives the experimental results of the

resistivity of erCu as a function of x. The

1-x
concentration dependence has being explainedg, on the basis
of a two band model, where the contriburion to p from d and
s ‘electrons are found to be comparable. We believe that if
this is the correct explanation expression. (3') should not
be sapplicable. |

Until here we have referred to changes in the physi¢aL
properties of the amorphous material induced by éhanging
concentration. We have .other available experimental
technique to change the behaviour of the material at
constant concéncracion. It has being shown in the last
years that thermal heat treatmentll-lG modifies the normal

and superconducting properties of these materials. 1In the

case of erCul_x it has being suggesteds that the supercon-

ducting critical temperature 1s determined by the

electronic density of states, in agreement with Varma and

17

Dynes. This resuit bhas being obtained from the anaiysis

of the variation of Tc and N(0) with concentrations. If
the analysis is correct the change in Tc induced by thermal
relaxation should also be decerminedls

change in N(0).

by a corresponding

cr aman RmathomadY o ¥ W
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EXPERIMENTAL RESULTS AND DISCUSSICN

We have mensured the thermal conductivity of Zr,,Cu,,
ambrphous ribbo1s, in the range of temperature between
0.4°k and 7°K. The results are shown 1in Fig.l.
Experimenta’ details can be found in ref. 12. It is
clearly seen thac‘ the thermal conductivity below the
critical temperature of the alloy is monotonically
increase: with annealing. Further annealing i3 not
possible because the sample starcs to crystallize as
indicatéd by X-ray diffraction analysis and electrical
resistivity measuraméncll. The critical temperature is
decreased11 when annealing, as it is also indicated by the
structure of the thermal condnctivitylz plot in Fig.1l.

Th: T? dependence of the thermal conductivity ac low
temperature 1is characteristic of phonon—TLS.fesonanc
scattaring. Since annealing does not changs the
témpwratuna dependence but increases the thermal
coﬁductivity we conclude cthat annealing increases the
coefficieﬁc of the 7T? dependence. That 1is rto say, it
decre#sen the product of the nmumber of scatcering céncers,
n(b); times the square of the coﬁpling matrix between the
phonon and TLS. Considering only thermal conductivity
n asurements that is all we can say. In any event, these
meas cements indicste then these mild heat treatments can
m: Jify considerably the TLS behaviour. 1In Fig.2 we ploc
tve thermal conduccivity of the amorphous sample taken at

T=0.5K, normali:ed by the value of the as quenchad one, as
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a function of the critical temperature, also hormalized by
the éritical temperature of the &3 quenched sample. From
these results it vis tempting to say that ‘there ia a
correlatioﬁ betﬁeeh the TLS behaviour and the critlical
teﬁpefature. We will eeeAiater Chaﬁ;Chis is not necessari-
Ly true and that the change in T, can be explained withour
involving the assistance of the TLS. A ‘

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

critical temperature and electrical resistivicy. In the

plot of Tc vs p, normalized by the respective values of the

non annealing sample, we can clearly distinguish two
regions. First, the c¢ritical temperarure decreases at
almost constant p, later thexe is a rapid decrease in o

without major changes in T . This indicates two thermally

induced processes. To detect structure changes during
annesling we have investigared the X-ray diffraction
pattern. In the firsc region, we were not ab.e to
distinguish any change within our experimental errbr, in

the second when p(ﬁk)/pi(ﬁk)a 0.8 it was detected11 a weak

structure ﬁ&p:cal ofL crystallization. ALi the resulta we
discues here, including the thérmal conductiVif&m
measurements, correspond to thermal heat treatment in tﬁéf
first region.

| As wes mentioned in the Introduction, if there is only
one microsc plc parameter that determines Tc, the change 1n.
the parameter that correspones to a given 6T should be

independent of the method us:d to vary Tc'

- ——----------------IIIIII
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. g3 5 .
From specific heat and H_, measurements™ the changa in

density of stares as a function of concentration is known.
From these data we obtain that the change we should expec:

from the ATC induced by annealing is oonly a few percenc.

Since it is very difficulit to achieve the necessary
precision by measuring specific heats we decided’” to use
the ch and p measureme=nts, together wich expression (2),
to decerﬁine‘the relation between N(0) and Tc vhen
annealinz. There is experimental evidence® 18 indicating
thaf this expression is valid whep applied to splat cooled
sample:. In this work we essume the validity of expression
(2) and we wiil discuzs later gome related experimental
results, obtained in our iaboratory.

Figure % shows the results of N(C) obtaired from H ,
as & function of‘Tc, The dotts correspond15 tc the
variation of N(0O) with T., induced by annealing &nd the
full line is an Iinterpolation from rhe data® obtaine’ Ly
changing concentration. We see that the data obtained by
thermal heat trearment are quite similar to that obtalined
from the change iIn concentration., As a consequence, the

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

indicating that there is no direct reiation tetween '1‘c and

n(0). It would be incteretiug to understand why the thermal
relaxation changes the electronic densicy of states as well

as thar of th- TLS.
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Let us fcecus our attention on the behaviour of the
electrical resistance. We have fournd that the resistivity.

- .11 . ) . .
increases when the sample is annealed. Since we will not .
discuss the kiretics of the relaxation process and. it is

found that Tc is strongly correiared with the behaviour of

the resistivity, we plot the resistivity change asz a

function of the variation of Tc, see Fig.5. The increase

in resiscrivity found for cthese alloys secems to be

cheracteristic ¢f amorphous tramsition metals and, to my

v

knowiedge, there is ro explanation for such behaviour.

It is interesting to rewark that 1in the range of

: 2. 9,10 . - : '
concentracion”’ we investigate Tc decreases with N(C) and
p increases when N(0) is diminished. Since we knowS the

experimental relation between concencration end N(0) we can
determine 4g/AN(0) in the raage of concentration of
interest. It is fouud19 that the ap/&N(0) obtained from
Figs. % and 5 is smailer by a fector between 1.3 and 2.2
when compared with that obtaired from the change in

.21 " . . . ,
concentratim’’ . 7The range in the slope values is due to

the d/fference betwean the experimentel values of refs. 9
and 10. Considering the difficulties in determining cthe
geometrical factor of amorphous ribbons, we think thar thé

similarity found19

between the 4p/aN(0) obtained from the
change 1in concentration and anneaiing experirents, is
strongly indicating chat N(0) 1is also the fundamenral

parameter determining the behaviour of »p.

Let us now discuss the results obtained from the
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o

penetration depth wmeasuremenis. Deteails on the
experimeatal technique used to measure 2(c) can be found in
reference 20. We wiii not discuss here the temparatur:
dependence of ir(t). - We will refer only to the relations

between A (L), p and
19,29

Tc, as given by expression (3). Ve

have neasured 2 (0), Tc and ¢ for different amorphous

alioys, the resulrs are shown in table I. Ve see that
expression (3; is verified within 2 10% error. Since the

error in the georetrica) factor is not less than 107 we

find the agreement surprising and pood. These results are

important since untii now we havs “ndicated thar N(O) is

the main microacopic parameter determining the behaviour of

several properties of the Zr, Cu,, systems.

In a two band wmodei the density of ecleectronic states

&N

should be mainiy related to the d conrribucicn. As we sai

~

in cthe introduction, expression (2) seems to be

incompatible with a two band moder since the correcrion due

rario c¢f two

%]

to a8 finite mean free path is piveu by
lengths, one chsaracteristic of the supercconducting state,

£y, the other, £, reiazted to the transport properties in

the normal state. Iu a two band nodeil Tc is decermined hy

the d density of staces but rthe & that appears in (5
shou'd n~t be the one thar determines the measured
elictrical conductiviry.

The experimental verificaricn of expression (%) 1is

strongly suggesting that in these transition amorphius

metal there 1s a singre type of carriers contributing to
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the therpodynaric and transport properties. These results
are in agreemont wich |:hoses’18 supporting the verification
of expression (2). We belleve that the suggestion made by
tenBésch ahd Bennemann8 concerning to hybridization of d
and s bands is of fundame:tal i1mportance for a correct
understanding of traunsport properties in amorphous
transition merals.

We have not been able to complete the discussion
proposed at the inrroduction but I hope thatr future work
will serve to verify the ideas exposed previously and will
clarify the rest of the remarks made at the beginning of

this lecgure.
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