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Low-temperature electrical resistance and magnetoresistance of disordered Cu 72Y2s
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For two differently prepared disordered samples of Cu»Y» we have measured the temperature
dependence of the electrical resistance, p(T), in the region 1 —25 K and the low-field magnetoresis-
tance, p(B), at a few different temperatures up to 13 K in fields below 1.8 T. The inelastic scatter-
ing time, ~;, is determined for both samples from p(T) as well as from p(B). These different esti-
mates agree satisfactorily, within an order of magnitude in the worst case at 1 K. The tempera-
ture dependence of ~, is found to be strong with an average exponent of —3 to —4 in the tempera-
ture range up to 20 K.

I. INTRODUCTION

It is by now well established that weak localization
and interaction effects can be observed in the low-
temperature transport properties of three-dimensional
disordered samples such as glassy metals. ' The more in-
formative investigations have been made on nonsuper-
conducting alloys where the analysis is not further com-
plicated by superconducting fluctuations. Some such
studies include Cu-Ti alloys, Y-Al alloys, ' Cu-Y al-

loys, ' Lu-based samples, '" and a Mg-Cu sample.
The overall picture of these results is that the electri-

cal resistance at low temperatures is described by a con-
tribution —VT from interaction effects while the mag-
netoresistance is dominated by weak localization. How-
ever, there are a number of open questions and contra-
dictions regarding the details. For instance, Olivier
et al. concluded that theory only gave a semiquantita-
tive description of the magnetoresistance of Y6pA14p and

Y8pA12p while Poon et al. found large differences be-
tween theory and experiments for Y75A125. The magne-
toresistance in" Lu7sPdzs up to at least 2 T (at 0.7 K)
could be described by the Fukuyama-Hoshino theory'
provided the magnitude predicted by theory was multi-
plied by the arbitrary factor 1.2. Bieri et al. ' used an
adjustable prefactor in the expression for the magne-
toresistance given by Altshuler et al. ' to fit the magne-
toresistance up to about 6 T for several different metallic
glasses.

A number of authors ' ' ' '" have argued that the in-

elastic scattering rate r, ' should be proportional to T .
In Ref. 11 such a relation is supported by the experi-
ments down to 0.7 K, while in Refs. 9 and 13 there are
deviations below 5 —10 K in the direction of a weaker
temperature dependence approaching T ' at the
lowest temperatures. In contrast, Howson and co-
workers found a stronger temperature dependence of
~,.

' in CuTi glasses below about 10 K and in a Cu-Y al-
loy' we found ~,:'—T as an average value for the
temperature range 1.7—12 K. Also, the results for the
spin-orbit scattering time in one alloy system differ con-
siderably between different investigators. '

Different properties of different alloy systems may ex-
plain some of these different results. However, it is not
clear how the results are system dependent or what is
the influence of different ways of analyzing the data or
using different formulations of the theory. In addition,
for experiments on metastable materials, there is also the
possibility that the observed properties depend on
structural differences between different samples of simi-
lar chemical composition.

Since to some extent the same parameters are used to
describe the electrical resistance and the magnetoresis-
tance, it is clearly useful to analyze such experimental
results together. In a recent note' we determined ~, for
a sample of disordered Cu72Y» from the magnetoresis-
tance and showed that this result and interaction effects
could accurately describe the observed resistivity up to
20 K.

The different values of ~; in metallic glasses mentioned
above raises the question how reproducible such results
are. In this paper we have investigated two samples of
disordered Cu72 Yz8 prepared and stored in different
ways. The analysis of Ref. 10 is generalized and ~, and
its temperature dependence are determined for each
sample both from the temperature dependence of the
resistivity and from the magnetoresistance. In this way
we obtain four independent estimates of ~, for this alloy.
These results are compared and discussed.

II. EXPERIMENTAL DETAILS

A. Sample characterization

Starting materials were Cu and Y of 99.9 wt. % nomi-
nal purity from Johnson and Matthey. Appropriate
quantities were repeatedly arc-melted on a water-cooled
copper hearth under reduced pressure of Ar gas. Sam-
ple no. 1 of Cu72 Y28 was meltspun in a nitrogen-
enriched atmosphere obtained by allowing liquid nitro-
gen to boil off from below the melt-spinning wheel prior
to melting. There was no observable discoloring of the
surface of the sample in this process indicating that ox-
ides did not form. This sample was stored in air at room
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temperature for a few months before the resistance mea-
surements, and then again for a further period of about
one year before the magnetoresistance measurements.
At this time the surface had become somewhat yellowish
by oxide formation.

Sample no. 2 of the same composition was melt-spun
in He gas and stored in air in a refrigerator at about
—4 C. This sample retained its metallic shiny surface
throughout our observation period of about 20 months.
In this case the measurements of the resistance as a
function of temperature and magnetic field were made in
succession within a few weeks. Both samples were found
to be x-ray amorphous.

B. The experiments

The experimental technique was conventional. The
electrical resistance was measured by a dc four-probe
technique. In a separate cryostat the magnetic field was

applied perpendicularly to the current in the plane of the
ribbon. The magnet, of NMR type, had a high field

homogeneity of at least 10 and reached a field strength
of 1.8 T. Temperatures down to 1.7 K were obtained in

pumped He baths and read from calibrated carbon resis-
tors.

The resistivity, p, at room temperature was obtained
by estimating the cross-sectional area with a micrometer.
Therefore it is accurate only to about 15%%uo. The result
was p=110 pQ cm.

and

t =~„/4w; . (3)

D is the diffusion coefficient and ~so the spin-orbit
scattering time. In the limit ~, &&~so, which is satisfied
below 20 K for the present alloys, the temperature-
dependent part of these equations reduces to

=0.62~10-'D -'" &-'~' (4)
p

with D in cm /s and p in 0, cm. We assume that in the
temperature range of interest ~, can be described by a
single average power law

~, =~ Ti 0

Besides this contribution we also expect a term —&T
from interaction effects. Therefore the observed resis-
tance is fitted to an expression of the form

According to Ref. 12 the contribution to the conduc-
tivity from weak localization including spin-orbit
scattering is

ho. = —bpIp = 2(3&1+t &t—),
with

2

(D~so)
2~ A

R R=o(1+BV'T +CTJ'~2), (6)

III. ELECTRICAL RESISTANCE

The electrical resistance as a function of temperature
for our two samples is displayed in Fig. 1. po is a con-
stant value close to the minimum of p, which has been
subtracted from the measured data to display more
clearly the temperature dependence.

gh

and the coefficients and p are used as fitting parameters.
The results of these analyses for the data below

T '"=20 K are summarized in Table I. We investigated
whether these coefficients were sensitive to the choice of
T '" and fitted various subsets of the data with T "
down to 13 K. For sample no. 1 the result in Table I
was found to be well defined. For sample no. 2 however,
although B was stable, p varied within 10%%uo and C by a
factor of 2. This sensitivity can be traced to the larger
scatter of these data and the flexibility of the last term of
Eq. (6) with two adjustable parameters.

To evaluate r, from Eqs. (4) and (5) one also needs the
diffusion coefficient or the density of states N (0) and the
relation

C)

o

IO

'-8 h OQi'bh h0 h. 0.OhO- ( h--b

5 15 20

p '=e DN(0) .

We have not found any specific-heat results for Cu-Y al-
loys. Guided by some calculations for Y-rich glasses, '

however, one can assume N (0)=0.7 states/eV atom
leading to D =1.3 cm /s with an uncertainty of 30%%uo.

With these assumptions one then obtains for sample
no. 1

~, =2.6&& 10 T

TABLE I. Fit of resistivity data to Eq. (6).FIG. 1. The temperature dependence of the resistivity for
disordered Cu72Y2g. O: sample no. 1; D: sample no. 2. The
dashed curve is a fit of the measured data for sample no. 1 to
Eq. (6), the solid curve is a similar fit for sample no. 2. The
value of po is arbitrary for each sample.

Sample 10B
—4.58
—4.22

10'C

11.72
3.10

p/2

1.5
1.9

10 (Rel. rms)
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and sample no. 2

7-. —3 7/10 T
lag 7

0.5

The less accurate fit for sample no. 2 leads to larger un-
certainty in ~, The result for this sample should be
within the limits 2.4&(10 T and 1.3X 10 T

Equations (8) and (9) are shown by the dashed and
solid lines, respectively, in Fig. 2 and the uncertainty for
sample no. 2 is illustrated by an error bar at 2 K. It is
seen from Fig. 2 that any difference in ~, between the
two samples is rather small in the temperature region
above 10 K. At low temperatures this discrepancy is
progressively worse and amounts to an order of magni-
tude difference at 1 K. Such a trend may be expected
from Eq. (6) since the last term is important only at
higher temperatures and the low-temperature behavior is
dominated by the &T term.

The coefficient B in Eq. (6) which is similar in both
samples, is of the order of magnitude observed in a num-
ber of metal glasses' ' and expected from theory. '

%'ith

C)

0

9

-70-

1/2
k~

—(
' 'F ) ——— p& T (10)

4 2g +2 3 2

from Ref. 1 the parenthesis containing the factor F is
about 2 leading to an unphysical negative value of F
However, the correct definition of F is a difficult prob-
lem with a number of different suggestions. '' If we use
instead an expression from Ref. 3 based on the work by
Altshuler and Aronov, ' assuming T, =0 and the
electron-phonon interaction A. =0.2, the factor within
parenthesis in Eq. (10) should be replaced by
2(4 —2F+0.4). Thus from this estimate small and posi-
tive values of F are obtained for both samples. At
present we cannot obtain a quantitative estimate of F.
Besides the question of the correct expression for the
coefficient of the &T term, the uncertainty of A as well
as the large experimental errors in p and D contribute to
this difficulty.

FIG. 2. The temperature dependence of the inelastic scatter-
ing time v.;. Dashed line: from p(T) of sample no. 1; solid line:
from p(T) of sample no. 2; 0: from p(B) of sample no. 1; A:
from p(B) of sample no. 2. The dashed bars are estimates of
the error from the fit to the magnetoresistance of sample no. 1.
The solid bar is an error estimate at 2 K of Eq. (9).

IV. MAGNETORESISTANCE

Results from the magnetoresistance measurements are
shown in Fig. 3. They were analyzed with the
Fukuyama-Hoshino theory' which gives the following
expression for the additiona1 resistance in magnetic field:

bp=p(B, T)—p(0 T)= —Ap &hF +0 5
1+t h

h 1 —y

1/2
+
h

(V & —Q&+)+(&r &t+1) . . —

A and & are defined in Eqs. (2) and (3). With the mag-
netic field B in tesla and D in cm /s F(x)= g 2&N+1+x —2&N+x-

N=0 QN+x + —,
'

and

h =1 52&&10 DB~so
2

0.58
D

t~ =t+0.5(1+&1—y),

(12)

(13)

(14)

(15)

7; and ~so are fitting parameters. In the present case,
however, with small applied magnetic fields and strong
spin-orbit scattering, we cannot determine ~so accurately
and the result ~so ——10 ' s, is accurate only within
about a factor of 5. The curves in Fig. 3 were obtained
with this value of ~so and values of ~; which depend
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FIG. 3. The magnetoresistance at the indicated tempera-
tures (in K). o: sample no. 1; A: sample no. 2. The curves

are Ats to Eq. (11). Dashed curves: sample no. 1, solid curves:

sample no. 2.

strongly on temperature. These results for ~,- are shown
in Fig. 2.

For sample no. 1, experimental errors and the uncer-
tainty in the value of D mentioned above lead to the in-
dicated error bars in Fig. 2. For sample no. 2, in addi-
tion, there are clear deviations between the observed
data and the fitted curve at 1.7 K in Fig. 3 and the error
of ~, at this point may be even larger.

The results for ~, from magnetoresistance are con-
sistent with those from p(T) as seen in Fig. 2. Experi-
mental results from two independent sources thus sup-
port the order of magnitude of ~; and a fairly strong
temperature dependence with an exponent in the range
—3 to —4.

V. DISCUSSION

The results for p(T) as well as p(B) suggest small
differences between the two samples. However, we have
no clue as to the physical origin of such differences.
Possible small concentration differences between the
samples or different short-range structure due to
differences in cooling conditions or differences in relaxa-
tion during storing may be some possibilities.

On the other hand, Fig. 2 gives results for ~,- of disor-
dered Cu7zY28 which illustrate the level of accuracy ob-
tained with standard procedures. We have used two
samples of nominally the same chemical composition,
where the crucial parameters defining any difference are
not known. Furthermore, we have measured the resis-
tance with an accuracy of order 10 ppm and obtained
fairly but not completely successful fits to the magne-
toresistance. This leads to values for ~; for the two sam-
ples within a factor of 2 at 10 K and within an order of
magnitude at 1.7 K. These results are strengthened by
the consistent independent estimates of ~;.

Disordered Cu72Y28 may represent a rather unusual
metallic glass with respect to its low-temperature trans-
port properties. In particular, two circumstances serve
to facilitate the present analysis. (i) The measured mag-
netoresistance can be accounted for by the Fukuyama-
Hoshino" theory. In contrast, the magnetoresistance in
many metal glasses is larger than consistent with this
theory as discussed above. (ii) The spin-orbit scattering
is rather strong in Cu-Y. This implies that the tempera-
ture below which ~, ~~~so is as high as 20 K and the
simplifying approximation of Eq. (4) is useful over a
large range of temperatures. In Cu-Ti, for instance, this
condition is not obeyed and Eq. (1) must be used. In this
case the observed p( T) may be more complicated with a
maximum as well as a minimum at low temperatures
and the analysis is more difficult.

Therefore disordered Cu7zYz8 can be regarded as a
simple model case where some prominent features of the
theory are clearly displayed. In particular, the low-
temperature minimum of the resistivity is seen to arise
from a combination of interaction and weak localization
effects. The inelastic scattering time can be determined
at the level illustrated in Fig. 2, which includes some
possible variation between different samples and results
from the temperature dependence of resistivity as well as
from magnetoresistance. The temperature dependence
of ~, is strong with a variation over more than 4 orders
of magnitude from 1 to 20 K.
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