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High-resolution electrical resistivity data of concentratedg-Cu1002xMnx alloys with x536, 60, 73, 76, and
83 have been presented here in the temperature range 1.2<T<30 K. They show resistivity minima atTmin
lying between 2.5 and 24.5 K. In this temperature range the alloys withx536, 60, and 73 are cluster glasses
while those withx576 and 83 show a mixed cluster-glass and long-range antiferromagnetic phase. Resistivity
below the minima follows aAT type of behavior and has been interpreted in terms of the electron-electron
(e-e) interaction effects in the presence of weak localization. Thee-e interaction effects have dominant
contributions to the resistivity in the temperature range of 2 K<T<Tmin/3. The contributions from magnetic
and phonon scattering are found to be negligible in this range. A good estimation of the density of states at the
Fermi level, made from the coefficient of theAT term, gives further support to the interpretation. In the higher
temperature range ofTmin/3<T<30 K, besides thee-e interaction effects, magnetic contribution of the type
T3/2 and phonon contribution given by the standard Bloch-Gru¨neissen relation have been observed. From our
present findings and the earlier reports on other systems, we conclude that theT3/2 type of magnetic contri-
bution to the resistivity arises due to the low-temperature spin diffusive modes in spin/cluster glasses. The
above analysis is insensitive to the magnetic state of the alloys.

I. INTRODUCTION

The resistivity minimum in metallic alloys has created a
lot of interest in recent times. This was first observed at very
low temperatures in dilute crystalline alloys1 with magnetic
impurity concentrations much less than 1 at. % and is known
as Kondo effect. Later studies on metallic glasses2,3 show
resistivity minima at considerably higher temperatures com-
pared to those for the dilute crystalline alloys. Some of the
metallic glasses also show double minima.4 A recent study
by Das and Majumdar3 has found aAT, T andAT depen-
dence of conductivity below minima at low, intermediate,
and high temperatures in Co-rich amorphous alloys and this
was interpreted in terms of weak localization and electron-
electron (e-e) interaction effects. But for concentrated crys-
talline alloys there are only a few reports5,6 on the resistivity
minima. Interestingly,g-phase~fcc! Cu-Mn alloys have al-
ways attracted very special attention due to their complex
magnetic phases.7,8 Resistivity studies have also shown some
interesting features in different regions of Mn concentrations.
Resistivity minima in diluteg-CuMn alloys1 has already
been reported and was interpreted as Kondo effect whereas
for concentrated alloys, only a rough estimate of the tem-
peratures of the resistivity minima occurring around 20 K
and depth of minima@„r~1.2 K!2r~Tmin!…/r~1.2 K!# of less
than 1% have been reported by Coles.9 We have presented
here very high resolution, dc-resistivity data forg-phase con-
centrated Cu1002xMnx alloys ~x536, 60, 73, 76, and 83! in
the temperature range 1.2<T<30 K with the minima lying
in the range of 2.5 to 24.5 K. The motivation behind the
present study is to find out the physical phenomena respon-
sible for the decrease in resistivity with increasing tempera-
ture below the minima in concentrated regime of this binary
alloy system. In addition, magnetic and phonon scattering
also have dominant contributions to the electrical resistivity
in this temperature range. An attempt has been made here to

estimate their individual contributions. This will help us in
understanding the different competing phenomena resulting
in the resistivity minima. Our measurements are restricted to
30 K only since the earlier work of Banerjee and Majumdar7

had already covered, in the same alloy compositions as ours,
the temperature range 30<T<300 K.

II. EXPERIMENTAL DETAILS

The alloys were prepared by induction melting in pure
argon atmosphere. Later they were heated to~900–950! °C
for homogenization for at least 24 h and subsequently
quenched fast to ice water to preserve their high-temperature
g phase~fcc! and also the random substitutional disorder.
Homogeneity of those alloys are confirmed later by energy
dispersive x-ray analysis~EDXA!. A four-probe dc method
was used to measure the electrical resistivity in a liquid He4

cryostat with an automated data acquisition system through a
personal computer using a GPIB~General Purpose Interface
Bus! card. Data were taken at 25 mK interval or less in the
temperature range below minima and 100 mK or higher in
the temperature range above minima. The resolution of the
present measurements~Dr/r where r is the resistivity! is
better than 5 ppm and the temperature stability is 3 to 50 mK
depending on the range of temperature.

III. RESULTS AND DISCUSSION

Concentratedg-phase Cu1002xMnx alloys withx536, 60,
73, 76, and 83, studied by us, have exotic magnetic struc-
tures in the temperature range 1.2<T<30 K. According to
the magnetic phase diagram7 they are cluster glasses for
x536, 60, and 73 withTf between 135 and 149 K and are in
the mixed cluster-glass and long-range antiferromagnetic
phase forx576 and 83 withTf'145 and 45 K, respectively.
It will be rather interesting if one finds any dependence of
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the resistivity minima on their magnetic states. The present
measurements on these alloys have shown minima in the
range of 2.5 to 24.5 K with the depth of minima of the order
of ~0.04–0.33!% ~details are given in Table I below!. We
have presented our raw data@r(T) vs T# in Fig. 1. Here to
get an expanded view of the minima, the plot for the alloy
with x536 has been shown till 20 K only whereas for the
others they are shown till 30 K. It is interesting to note that
the dispersion in the data is much less than the width of the
symbols. The values ofTmin reported by Coles9 are in good
agreement with those of the present investigation, but there it
is claimed that no resistivity minima could be observed for
x,45 at. %. However, we have a distinct minimum for
x536. The resistivity values at 1.2 K for all the alloys are in
the range of~93–196! mV cm. These values differ by about
5% from those reported7 for the same alloy compositions. A
typical error of this order is generally found in the measure-
ments of the thickness of the samples and the distance be-
tween the voltage probes. The large values of resistivity
show that these are highly disordered materials where the
resistivity increases with increasing Mn concentration until
x576 and then it drops in the Mn-richx583 which, accord-
ing to Nordheim’s rule, is quite expected. So no systematic
dependence ofTmin or the depth of the minima on alloy
compositions has been found. However, correlations between
the value of the resistivity withTmin and the depth of the
minima have been observed. They show that the increasing
value of resistivity shiftsTmin to higher temperatures with
higher depth of minima. On the other hand, more and more
disorder introduced by varying the compositions of any alloy
system will increase the value of resistivity. Hence it may be
concluded that the increasing disorder in alloys can enhance
the values ofTmin as well as the depth of the minima. In Fig.
2, we have plotted them against the residual resistivity and
found approximate linear relations in both the cases.

Now we shall examine the various physical phenomena
which could describe the resistivity behavior below minima
in Cu1002xMnx alloys with x560, 73, 76, and 83. The alloy
with x536 has shown a minimum at 2.5 K. To find the

functional dependence of the resistivity of this alloy in the
temperature range belowTmin , measurements have to be
done much below 1.2 K which is not accessible to us. So we
could not analyze the data of this alloy belowTmin . How-
ever, from the analysis in the temperature range ofT>Tmin ,
we have tried to find a plausible dependence of resistivity
below Tmin . In dilute crystalline alloys, according to the
Kondo effect,1 the decrease in resistivity with increasing
temperature below minima follows the relation

r~T!5r02m ln~T!. ~1!

On the contrary, for highly disordered systems, the observed
AT dependence of resistivity below minima is generally in-
terpreted in terms of the electron-electron interaction effects
in the presence of weak localization.10–12This theory consid-
ers the phase coherence of two electrons both getting local-
ized through elastic impurity scattering. The correction to the
electrical conductivity,10,11 Ds, due to thise-e interaction
effect goes as

s~T!5s01Ds5s01msAT, ~2!

where

ms5
1.3e2

4&p2\
F432

3

2
FsGF kB\DG1/2. ~3!

HereFs is the screening constant for Coulomb interactions
andD is the diffusion constant. Earlier studies2,3,5 on metal-
lic glasses and concentrated crystalline alloys had shown a
near-universal value ofms which is 6 ~V cm K1/2!21. The
present alloys are very concentrated and thus it is very un-
likely that they will behave as Kondo alloys. On the other
hand, they are highly disordered and so the increase in resis-
tivity below Tmin may very well be attributed to thee-e
interaction effects.12 For convenience, in the present analy-
sis, Eq.~2! has been modified from conductivity to resistivity
as

r~T!5r01mrAT, ~4!

where

FIG. 1. Plot of the resistivity normalized with its value atTmin
vs temperature for Cu1002xMnx alloys with x536, 60, 73, 76, and
83 showing distinct minima.

FIG. 2. Plot of the dependences ofTmin and depth of minimum
on the values of the residual resistivity of the alloys~see Table I!.
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mr52msr0
2, ~5!

assumingmsr0AT!1 and so all the higher order terms of
AT are negligible in Eq.~4!. Whether it is the Kondo effect
or the interaction effects, they all occur at temperatures much
belowTmin ,

1,12 and hence the temperature range is chosen as
2 K<T<Tmin/3 in the present analysis. In this range our data
have been fitted to both Eqs.~1! and~4!. It is found that the
value of the normalizedx2 of the fit to Eq.~4! is an order of
magnitude less than that to Eq.~1! for all the four samples.
Here the normalized x2 has been defined as
(1/N)( i51

N @„(r raw
i 2rfit

i )2…/rfit
i 2#. The typical values ofx2 are

131029 and 1310210 for the ln(T) andAT fits, respectively.
The plot ~not shown! of the deviation between the raw and
the fitted data~rraw2rfit! with temperature for the ln(T) fit
@Eq. ~1!# describes the systematic trend whereas for theAT
fit @Eq. ~4!# it is found to be random for all the alloys. This
random nature of deviation can also be considered as a test
for the goodness of the fit. Thus it is clear from the above
discussion that the present data fit better to theAT depen-
dence of resistivity. The details of the fitting parameters with
the values ofx2 are given in Table I. The coefficient of the
AT term, i.e.,mr , in these alloys lies in the range~0.08–
0.24! mV cm/K1/2. The calculated values ofms @using Eq.
~5!# are 4.8, 6.8, 6.2, and 5.6~V cm K1/2!21 for x560, 73,
76, and 83, respectively, and they are in very good agreement
with the near-universal value of 6~V cm K1/2!21.2,3 A recent
study on the electrical conductivity of Fe-rich FeNiCr sys-
tem6 belowTmin/2 also found aAT dependence but the val-
ues ofms are larger than the near-universal one. According
to the generalized Einstein relation,12 the resistivity is related
to the density of states at the Fermi level,N(EF), and the
diffusion constant,D, by

r5
1

e2N~EF!D
. ~6!

On the other hand,ms is related toD by Eq. ~3!. So the
value ofN(EF) can be estimated from Eq.~6!. TakingFs50,
the values ofD, calculated from Eq.~3!, are falling between
~0.15–0.24! cm2/sec. Hence the values ofN(EF), obtained
from Eq. ~6! and using residual resistivity values from the
fitting parameters, are in the range of~1.4–2.6!31035

erg21cm23. An earlier specific heat study13 on CuMn had
shown that the alloys under the present investigation have
their electronic specific heat coefficient~g! of the order of 10

mJ/mol K2. Thus the value ofN(EF), calculated fromg us-
ing the free-electron theory relation,N(EF)53g/p2K B

2 is
2.231035 erg21cm23. This shows that the values of the den-
sity of states, obtained in the present work, agree well with
those calculated from the experimentally obtained electronic
specific heat coefficient.13 So a good estimation of the den-
sity of states at the Fermi level can certainly be made from
mr . Hence aAT dependence of the resistivity in the tem-
perature range below minima, interpreted as coming from
e-e interaction effects, is well justified here in these concen-
trated Cu1002xMnx alloys. On the other hand, the Kondo ef-
fect gives a better description of the resistivity behavior be-
low minima in the dilute regime of this binary alloy system.1

Therefore CuMn is a unique alloy system where the resistiv-
ity minima can be described by both the Kondo and thee-e
interaction effects depending on the concentration regime.

The analysis ofr(T) in the temperature rangeTmin/3
<T<30 K is presented below. Sincex536 is a rather con-
centrated alloy with a strong disorder@r~1.2 K!592.8
mV cm#, one can expect thee-e interaction effects to be
responsible for its resistivity minimum as it has already been
observed in the case of alloys with higher Mn concentrations
in the present investigation. Besides thee-e interaction ef-
fects, one also expects the contributions to the measured re-
sistivity from other competing effects. Phonon contribution,
however small it might be at low temperatures, is always
present. In addition, the effect of cluster-glass type of mag-
netic order of the present alloy system will have sufficient
magnetic contribution to the resistivity. So the measured re-
sistivity, assuming Matthiessen’s rule, is the sum of all those
contributions given by

r~T!5r01r interaction~T!1rphonon~T!1rmagnetic~T!, ~7!

wherer0 is the residual resistivity. For phonon contribution,
we have taken the standard Bloch-Gru¨neissen relation

rphonon~T!5AS TuDD 5E
0

uD /T z5 dz

~ez21!~12e2z!
, ~8!

whereA is a constant anduD is the Debye temperature. At
very low temperatures~much below the spin-freezing tem-
perature,Tf!, magnetic contribution to the resistivity arising
from the scattering of conduction electrons by the spin-
diffusive modes in spin/cluster glasses is proportional toT3/2,

TABLE I. Composition, values of depth of minimum@„r~1.2 K!2r~Tmin!…/r~1.2 K!#, Tmin , parameters andx
2 for fitting the data to Eq.

~4! between 2 K andTmin/3 and to Eq.~9! betweenTmin/3 and 30 K.

~Cu1002xMnx!
x
~at. %!

Depth
of

minimum
~%!

Tmin
~K!

Eq. ~4! Eq. ~9!

r0
~mV cm!

mr

SmV cm

K1/2 D x2

~10210!
r0

~mV cm!

mr8

SmV cm

K1/2 D
B

SnV cm

K3/2 D A
~mV cm!

x2

~10210!

36 0.04 2.5 92.9 20.05 5.5 77.1 4.7
60 0.18 16.5 176.0 20.15 0.4 176.2 20.23 4.9 27.5 1.1
73 0.26 16.5 183.7 20.23 1.7 183.9 20.40 8.0 29.2 1.7
76 0.33 24.5 196.4 20.24 2.0 196.6 20.35 4.2 81.0 0.3
83 0.14 13.5 120.1 20.08 2.5 120.1 20.13 3.2 482 8.2
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as proposed by Rivier and Adkins.14 Later Fischer15 sug-
gested a (BT22CT5/2)(B,C.0) type of dependence of re-
sistivity at low temperatures (T,Tf). In this model, the scat-
tering of conduction electrons by the low-energy spin
excitations along with the static disorder of impurity spins
was considered. So the final expressions for the resistivity
become

r~T!5r01mr8AT1BT3/2

1AS TuDD 5E
0

uD /T z5 dz

~ez21!~12e2z!
~9!

and

r~T!5r01mr8AT1BT22CT5/2

1AS TuDD 5E
0

uD /T z5 dz

~ez21!~12e2z!
. ~10!

The values ofuD for x536, 60, 73, 76, and 83, taken from an
earlier report,7 are 325, 305, 305, 325, and 360 K, respec-
tively. First we have fitted the data to Eq.~9! and found that
they fit very well and the normalized value ofx2 of the order
of 1310210 is consistent with our experimental accuracy. All
the details of the fit are given in Table I. On the other hand,
fitting to Eq. ~10! gives unphysical signs to some of the
parameters for all the alloys. The above findings show con-
clusively that theT3/2 type of magnetic contribution along
with r0, lattice ande-e interaction effects give the best de-
scription of the resistivity in the temperature range between
Tmin/3 and 30 K. But the high-temperature~T.30 K! resis-
tivity study by Banerjee and Majumdar7 found the
(BT22CT5/2)(B,C.0) type of magnetic contribution in the
same alloy compositions. They had interpreted the data in
terms of the diffusive spin excitations as the dominant source
of electron scattering. According to Fischer,15 (BT22CT5/2)
type of magnetic contribution is valid in the temperature
range where the Kondo effect is negligible. This certainly
indicates that it is applicable at sufficiently high temperatures
above the resistivity minima. It was also shown that instead
of (BT22CT5/2), aT3/2 type of magnetic contribution arises
due to the ferromagnetic clusters in spin glasses at tempera-
tures well above minima. However, in CuMn binary alloys
the clusters are predominantly antiferromagnetic. On the
contrary, the magnetic contribution ofT3/2 type, as suggested
by Rivier and Adkins,14 has its effects in the resistivity at low
temperatures (T!Tf),

16 where resistivity minima are gener-
ally found. Therefore bothT3/2 ~Rivier and Adkins,T!Tf!
and (BT22CT5/2) or T3/2 ~both Fischer,T,Tf! type of con-
tributions to the resistivity may be expected at different tem-
perature regions in the same alloy compositions where
minima occur at temperatures much belowTf . Hence the
earlier findings7 of (BT22CT5/2) type of dependence above
30 K in concentrated CuMn alloys whereTmin;20 K are
quite justified. Another study by Ford and Mydosh16 had
found aT3/2 type of magnetic contributions in Cu1002xMnx
alloys withx<11 at. % and also in AuCr, AuMn, and AgMn
systems. There the temperature range of theT3/2 fit was 1.5
K<T<Tf /4. The temperature range of the present measure-
ments, 1.2<T<30 K, is belowTf /4 ~except for the alloy,
x583, with Tf545 K! and this agrees with the range of

study of Mydosh and Ford. One interesting point, to be noted
from the present findings in concentrated CuMn alloys and
also from the earlier report by Ford and Mydosh,16 is that the
magnetic contribution of the typeT3/2 ~Rivier and Adkins! is
observed in spin glasses only at low temperatures, generally
belowTf /4. The coefficientB of theT3/2 term, according to
Rivier and Adkins,14 should have dependence on the mag-
netic impurity concentration. Earlier resistivity study16 on
Cu1002xMnx with x<11 at. % had shown the dependence of
B on x. In our case no systematic dependence ofB on x has
been found~Fig. 3!. But the values ofB obtained here are in
the vicinity of ~3.2–8! (nV)cm K23/2 which agrees with 7.7
(nV)cm K23/2 for the Cu90.3Mn9.7 alloy.

16

In Fig. 4, we have plotted the individual contributions to
the resistivity from magnetic, phonon, ande-e interactions
along with the fitted~sum of all the contributions! and the
raw @Dr5r(T)2r0# data. Here the fit is so good that the raw
and the fitted data are indistinguishable. Moreover, the fits

FIG. 3. Plot ofB ~coefficient of the magnetic contributions! of
Eq. ~9! vs Mn concentration,x, in Cu1002xMnx alloys.

FIG. 4. Plot of magnetic~T3/2!, phonon, and electron-electron
interaction~AT! contributions along with the raw data@r(T)2r0#
and the fit to Eq.~9! vs temperature for the alloy withx576.

6238 53S. CHAKRABORTY AND A. K. MAJUMDAR



seem to be independent of the detailed magnetic state of the
alloys, although the cluster-glass phase is common to all of
them. BelowTmin/3 the magnetic and phonon contributions
are so small that it is enough to consider the contribution
from the interaction effects only, besidesr0. The typical val-
ues at 8 K for phonon, magnetic, and interaction contribu-
tions are 231025, 131021, and 1~all are inmV cm!, respec-
tively, for the alloy withx576. At still lower temperatures
the values of phonon and magnetic contributions are much
smaller compared to that due to the interaction effects. This
can be seen in Fig. 4. Therefore the choice ofTmin/3 as the
upper limit in the low temperature analysis is quite justified.
It is to be noted here that theAT contribution due to the
interaction effect should ideally have the same coefficient for
both ranges of temperature~2 K<T<Tmin/3 and
Tmin/3<T<30 K!. That is why we have chosen to fit the
resistivity rather than the conductivity in the 2 K<T<Tmin/3
range. The values ofmr8 are in excellent agreement with the
values ofmr considering the fact that the former is obtained
along with the residual resistivity, phonon, and magnetic
contributions in the temperature rangeTmin/3<T<30 K,
whereasmr is obtained along with only the residual resistiv-
ity in the range of 2 K<T<Tmin/3. The values differ in the
two cases by about only 60% and this is quite reasonable
with so much of variations in the range of temperatures and
the fitting parameters. Forx536, the calculated value ofms

from the value ofmr8 using Eq.~5! ~replacingmr by mr8! is
6.37 ~V cm K1/2!21 and it is found to be almost equal to the
near-universal value of 6~V cm K1/2!21.

IV. CONCLUSIONS

In conclusion, a distinctAT dependence of resistivity be-
low minima has been found in the concentrated Cu1002xMnx
alloys with x536, 60, 73, 76, and 83 in the range 2
K<T<Tmin/3. Linear correlations are obtained between the
depth of the minima as well as theTmin and the resistivity of
the alloys. A good estimation of the density of states at the
Fermi level has been made from the coefficient of theAT
term. The value is in good agreement with that obtained from
specific heat measurements. AboveTmin/3 and to 30 K, the
magnetic contribution of theT3/2 type has been found along
with those from phonon and interaction effects. It is also
concluded that theT3/2 contribution to the resistivity due to
the spin diffusive modes in spin/cluster glasses is observed at
low temperature (T<Tf /4) whereas (BT22CT5/2) type of
magnetic contribution is found at much higher temperatures
compared toTmin . This shows the simultaneous presence of
the T3/2 type of magnetic contribution along with that from
the e-e interaction effects. It also reveals that bothT3/2 and
(BT22CT5/2)(B,C.0) terms can be observed in the same
alloys in different temperature ranges. The above conclu-
sions are found to be independent of the details of the mag-
netic state of the alloys.

ACKNOWLEDGMENTS

We thank Dr. T. R. Ravindran for his help in the installa-
tion of the cryostat assembly. Financial support from Project
No. SP/S2/M-24/93 of the Department of Science and Tech-
nology, Government of India, is also gratefully acknowl-
edged.

1J. Kondo, Prog. Theor. Phys.32, 37 ~1964!; J. S. Dugdale,The
Structures and Properties of Solids 52The Electrical Properties
of Metals and Alloys~Edward Arnold, London, 1977!.

2R. W. Cochrane and J. O. Storm-Olsen, Phys. Rev. B29, 1088
~1984!.

3A. Das and A. K. Majumdar, Phys. Rev. B43, 6042~1991!.
4M. Oliver, J. O. Storm-Olsen, and Z. Altounian, Phys. Rev. B35,
333 ~1987!.

5A. V. Butenko, D. N. Bol’shutkin, and V. I. Pecherskaya, Sov.
Phys. JETP71, 983 ~1990!.

6S. Banerjee and A. K. Roychowdhury, Solid State Commun.83,
1047 ~1992!.

7A. Banerjee and A. K. Majumdar, Phys. Rev. B46, 8958~1992!.

8N. Cowlam and A. M. Samah, J. Phys. F11, 27 ~1981!.
9B. R. Coles, Physica91B, 167 ~1977!.
10P. A. Lee and T. V. Ramkrishnan, Rev. Mod. Phys.57, 287

~1985!.
11B. L. Altushuler and A. G. Aranov, Solid State Commun.30, 115

~1979!.
12J. S. Dugdale, Contemp. Phys.28, 547 ~1987!.
13J. E. Zimmerman and H. Sato, J. Phys. Chem. Solids21, 71

~1961!.
14N. Rivier and J. Adkins, J. Phys. F5, 1745~1975!.
15K. H. Fischer, Z. Phys. B34, 45 ~1979!.
16P. J. Ford and J. A. Mydosh, Phys. Rev. B14, 2057~1976!.

53 6239RESISTIVITY MINIMA IN CONCENTRATED g-Cu1002xMnx . . .


