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Resistivity minima in concentrated y-Cu;go_«Mn, alloys (36=x=<83)
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High-resolution electrical resistivity data of concentrate@u, oo ,Mn, alloys withx=36, 60, 73, 76, and
83 have been presented here in the temperature rangel £20 K. They show resistivity minima af i,
lying between 2.5 and 24.5 K. In this temperature range the alloysx#tB6, 60, and 73 are cluster glasses
while those withx=76 and 83 show a mixed cluster-glass and long-range antiferromagnetic phase. Resistivity
below the minima follows a/T type of behavior and has been interpreted in terms of the electron-electron
(e-e) interaction effects in the presence of weak localization. €he interaction effects have dominant
contributions to the resistivity in the temperature range ofT& T,,;/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 th term, gives further support to the interpretation. In the higher
temperature range df .,/ 3<T=<30 K, besides the-e interaction effects, magnetic contribution of the type
T%2 and phonon contribution given by the standard Bloch#@issen relation have been observed. From our
present findings and the earlier reports on other systems, we conclude tiat’thge 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 estimate their individual contributions. This will help us in
understanding the different competing phenomena resulting
The resistivity minimum in metallic alloys has created ain the resistivity minima. Our measurements are restricted to
lot of interest in recent times. This was first observed at venB0 K only since the earlier work of Banerjee and Majunidar
low temperatures in dilute crystalline alldywith magnetic had already covered, in the same alloy compositions as ours,
impurity concentrations much less than 1 at. % and is knowrthe temperature range 80 <300 K.
as Kondo effect. Later studies on metallic gladSeshow

resistivity minima at considerably higher temperatures com- Il EXPERIMENTAL DETAILS
pared to those for the dilute crystalline alloys. Some of the '
metallic glasses also show double minifnA.recent study The alloys were prepared by induction melting in pure

by Das and Majumdarhas found aJT, T and \T depen- argon atmosphere. Later they were heated9@0—950 °C
dence of conductivity below minima at low, intermediate, for homogenization for at least 24 h and subsequently
and high temperatures in Co-rich amorphous alloys and thiguenched fast to ice water to preserve their high-temperature
was interpreted in terms of weak localization and electron-y phase(fcc) and also the random substitutional disorder.
electron €-€) interaction effects. But for concentrated crys- Homogeneity of those alloys are confirmed later by energy
talline alloys there are only a few repatfon the resistivity ~ dispersive x-ray analysi€EDXA). A four-probe dc method
minima. Interestingly,y-phase(fcc) Cu-Mn alloys have al- was used to measure the electrical resistivity in a liquid He
ways attracted very special attention due to their complexryostat with an automated data acquisition system through a
magnetic phase’s® Resistivity studies have also shown somepersonal computer using a GP{Beneral Purpose Interface
interesting features in different regions of Mn concentrationsBus) card. Data were taken at 25 mK interval or less in the
Resistivity minima in dilutey-CuMn alloys has already temperature range below minima and 100 mK or higher in
been reported and was interpreted as Kondo effect wherede temperature range above minima. The resolution of the
for concentrated alloys, only a rough estimate of the tempresent measurementap/p where p is the resistivity is
peratures of the resistivity minima occurring around 20 Kbetter than 5 ppm and the temperature stability is 3 to 50 mK
and depth of minimd(p(1.2 K)—p(Tin)/p(1.2 K)] of less  depending on the range of temperature.

than 1% have been reported by Co%ie\Ale have presented

here very high resolution, dc-resistivity data fephase con- Ill. RESULTS AND DISCUSSION
centrated Cyyy_4Mn, alloys (x=36, 60, 73, 76, and 83n '
the temperature range 2 <30 K with the minima lying Concentratedy-phase Cyy_,Mn, alloys withx=36, 60,

in the range of 2.5 to 24.5 K. The motivation behind the73, 76, and 83, studied by us, have exotic magnetic struc-
present study is to find out the physical phenomena resporures in the temperature range £P<30 K. According to
sible for the decrease in resistivity with increasing temperathe magnetic phase diagrarthey are cluster glasses for
ture below the minima in concentrated regime of this binaryx=36, 60, and 73 witiT; between 135 and 149 K and are in
alloy system. In addition, magnetic and phonon scatteringhe mixed cluster-glass and long-range antiferromagnetic
also have dominant contributions to the electrical resistivityphase foix=76 and 83 withT;~145 and 45 K, respectively.

in this temperature range. An attempt has been made here towill be rather interesting if one finds any dependence of
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on the values of the residual resistivity of the allggee Table )L
FIG. 1. Plot of the resistivity normalized with its value B,
vs temperature for Gyo_,Mn, alloys withx=36, 60, 73, 76, and functional dependence of the resistivity of this alloy in the
83 showing distinct minima. temperature range beloW,,,, measurements have to be
done much below 1.2 K which is not accessible to us. So we

the resistivity minima on their magnetic states. The presengould not analyze the data of this alloy beldwy,,. How-
measurements on these alloys have shown minima in thever, from the analysis in the temperature rang& s ;,,
range of 2.5 to 24.5 K with the depth of minima of the orderwe have tried to find a plausible dependence of resistivity
of (0.04—0.33% (details are given in Table | belowwe  below T,. In dilute crystalline alloys, according to the
have presented our raw dda(T) vs T] in Fig. 1. Here to  Kondo effectt the decrease in resistivity with increasing
get an expanded view of the minima, the plot for the alloytemperature below minima follows the relation

with x=36 has been shown till 20 K only whereas for the

others they are shown till 30 K. It is interesting to note that p(T)=po=—m In(T). ()

the dispersion in the data is much less than the width of thgy o contrary, for highly disordered systems, the observed

symbols. The values of ., reported by Colésare in good L SO -~
agreement with those of the present investigation, but there {‘ﬁ dependence of resistivity below minima is generally in

is claimed that no resistivity minima could be observed for_erpreted in terms of the electron-electron interaction effects

- o in the presence of weak localizatiéh.*2This theory consid-
x<45 at. %. However, we have a distinct minimum for :
x=236. The resistivity values at 1.2 K for all the alloys are in ers the phase coher_ence .Of two ele_ctrons both getting local-
the range of93—198 xQ cm. These values differ by about ized through elastic impurity scattering. The correction to the

; +ind0,11 calp ;

506 from those reportédor the same alloy compositions. A electrical conductivity®!! Ao, due to thise-e interaction
g i . . effect goes as

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 o(T)=oot+ Ao U°+m"ﬁ' @
show that these are highly disordered materials where th@here

resistivity increases with increasing Mn concentration until

x=76 and then it drops in the Mn-rick=83 which, accord- 1.2 [4 3 kg |2

ing to Nordheim'’s rule, is quite expected. So no systematic mg=m 373 g} 1) (©)

dependence off,;, or the depth of the minima on alloy
compositions has been found. However, correlations betwegfjere F _ s the screening constant for Coulomb interactions
the value of the resistivity witl ;, and the depth of the 44D s the diffusion constant. Earlier studfé< on metal-
minima have been observed. They show that the increasing: glasses and concentrated crystalline alloys had shown a
value of resistivity shiftsT,, to higher temperatures with a5 universal value of. which is 6 (Q cm K¥?)~1, The
higher depth of minima. On the other hand, more and more esent alloys are very concentrated and thus it is very un-
disorder introduced by varying the compositions of any alloyjikely that they will behave as Kondo alloys. On the other
system will increase the value of resistivity. Hence it may benang, they are highly disordered and so the increase in resis-
concluded that the increasing disorder in alloys can enhanqg,ity below T,,, may very well be attributed to the-e

the values off i, as well as the depth of the minima. In Fig. jnteraction effectd? For convenience, in the present analy-

2, we have plotted them against the residual resistivity andjs £q,(2) has been modified from conductivity to resistivity
found approximate linear relations in both the cases. as

Now we shall examine the various physical phenomena
yvh|ch could describe t_he resistivity behavior below minima p(T)=po+mp\/i (4)
in Cuygo-xMn, alloys withx=60, 73, 76, and 83. The alloy
with x=36 has shown a minimum at 2.5 K. To find the where
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TABLE I. Composition, values of depth of minimupe(1.2 K)— p(Tin))/p(1.2 K)], Trin, parameters angf? for fitting the data to Eq.
(4) betwea 2 K andT,,;;/3 and to Eq(9) betweenT /3 and 30 K.

Eq.(4) Eq. (9
Depth ;

(Cuygo-xMny) of M My B

X minimum ~ To, Po 1 cm ‘) Po w2 cm nQ cm) A 9
(at. % %) ® ~(wQem |Tem) (10 O (uQcm) K12 K372 (uQcm) (10719
36 0.04 2.5 92.9 —0.05 55 77.1 4.7
60 0.18 16.5 176.0 —0.15 0.4 176.2 —0.23 4.9 27.5 11
73 0.26 16.5 183.7 —0.23 1.7 183.9 —0.40 8.0 29.2 1.7
76 0.33 24.5 196.4 -0.24 2.0 196.6 -0.35 4.2 81.0 0.3
83 0.14 13.5 120.1 —0.08 2.5 120.1 -0.13 3.2 482 8.2

m,=— moptz)v (5) mJ/mol K2. Thus the value oN(Eg), calculated fromy us-

ing the free-electron theory relatioN(Eg)=3vy/m?K 3 is
assumingm, po\/T<1 and so all the higher order terms of 2.2x 10 erg lcm 2. This shows that the values of the den-
ﬁ are negligible in Eq(4). Whether it is the Kondo effect sity of states, obtained in the present work, agree well with
or the interaction effects, they all occur at temperatures mucthose calculated from the experimentally obtained electronic
below T in,"*2and hence the temperature range is chosen aspecific heat coefficiet So a good estimation of the den-
2 K<T=T;/3 in the present analysis. In this range our datasity of states at the Fermi level can certainly be made from
have been fitted to both Eqel) and(4). It is found that the  m . Hence a\T dependence of the resistivity in the tem-
value of the normalizegt® of the fit to Eq.(4) is an order of  perature range below minima, interpreted as coming from
magnitude less than that to E@) for all the four samples. e-e interaction effects, is well justified here in these concen-
Here the normalized x° has been defined as trated Cyg, ,Mn, alloys. On the other hand, the Kondo ef-
(AN)Z [ (praw— Pi) ) pti?]. The typical values of” are  fect gives a better description of the resistivity behavior be-
1x10 % and 1x 10 *°for the In(T) and /T fits, respectively. low minima in the dilute regime of this binary alloy systém.
The plot (not shown of the deviation between the raw and Therefore CuMn is a unique alloy system where the resistiv-
the fitted data(p,,—psi;) With temperature for the IA)) fit ity minima can be described by both the Kondo andahe
[Eq. (1)] describes the systematic trend whereas for\j.ﬁe interaction effects depending on the concentration regime.
fit [Eq. (4)] it is found to be random for all the alloys. This ~ The analysis ofp(T) in the temperature rang@p,,/3
random nature of deviation can also be considered as a testT<30 K is presented below. Since=36 is a rather con-
for the goodness of the fit. Thus it is clear from the abovecentrated alloy with a strong disorddp(1.2 K)=92.8
discussion that the present data fit better to {ffedepen- ~ #{1 cm], one can expect the-e interaction effects to be
dence of resistivity. The details of the fitting parameters with"€Sponsible for its resistivity minimum as it has already been
the values ofy? are given in Table I. The coefficient of the Observed in the case of alloys with higher Mn concentrations

JT term, i.e.,m_, in these alloys lies in the rang®.08— in the present investigation. Besides #he interaction ef-
0.24) Q) cm/KY2, The calculated values o, [using Eq fects, one also expects the contributions to the measured re-
. ) - .

(5)] are 4.8, 6.8, 6.2, and 5. cm K31 for x=60, 73 sistivity from other competing effects. Phonon contribution,
76, and 83, respectively, and they are in very good agreemeflfowever small it might be at low temperatures, is always
with the near-universal value of & cm K2 ~123 A recent pre§ent. In addition, the effect of cluster—g!ass type of mag-
study on the electrical conductivity of Fe-rich FeNiCr sys- netic order of the present alloy system will have sufficient

tenf below T,../2 also found a/T dependence but the val- magnetic contribution to the resistivity. So the measured re-
ues ofm, arémlarger than the near-universal one. AccordingSiStiV?ty' ﬁiss“m.‘”g Maithiessen’s nule, s the sum of all those
to the generalized Einstein relatibfithe resistivity is related contributions given by

to the density of states at the Fermi levNl(E;), and the

diffusion constantp, by P(T) =po+ Pinteractiod 1) + Pphonor(T) + Pmagnetiz(T)a (7)
_ 1 wherep, is the residual resistivity. For phonon contribution,
p= ezN(EF)D : 6) we have taken the standard Bloch-@eissen relation

On the other handm, is related toD by Eg. (3). So the

value ofN(Eg) can be estimated from E¢5). TakingF ,=0, Pononod T)=A
the values oD, calculated from Eq(3), are falling between

(0.15-0.24 cn¥/sec. Hence the values &f(Eg), obtained

from Eq. (6) and using residual resistivity values from the whereA is a constant andj, is the Debye temperature. At
fitting parameters, are in the range ¢1.4-2.6x10°®  very low temperaturegmuch below the spin-freezing tem-
erg lcm 3. An earlier specific heat stufffon CuMn had peratureT;), magnetic contribution to the resistivity arising
shown that the alloys under the present investigation havifom the scattering of conduction electrons by the spin-

their electronic specific heat coefficien) of the order of 10  diffusive modes in spin/cluster glasses is proportional¥4,

T

0

SfoD/T z° dz ®

o (e=1)(1-e™)’
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as proposed by Rivier and Adkif$.Later Fischel® sug- 8.6
gested a BT?— CT>?)(B,C>0) type of dependence of re- -
sistivity at low temperaturesT(<Ts). In this model, the scat- C
tering of conduction electrons by the low-energy spin — -
excitations along with the static disorder of impurity spins S 66k
was considered. So the final expressions for the resistivity o C
become e C
5 »
c =
p(T)=po+m,\T+BTH “sb
T\S (/T z° dz @ F
+A| — —_— -
Asl )y evaces  © :
and 2.638|1||ll1|5101||||||1|7IO|1|||||l|90
t. %
p(T)=potm/ T +BT2—CT? «(at®)
A T\ (6o/T z° dz 10 FIG. 3. Plot ofB (coefficient of the magnetic contributionef
+ 9_0 0 (e?—=1)(1—e7 %" (10 Eqg. (9) vs Mn concentrationx, in Cuygg_xMn, alloys.

The values o#, for x=36, 60, 73, 76, and 83, taken from an
earlier reporf, are 325, 305, 305, 325, and 360 K, respec-
tively. First we have fitted the data to E@) and found that
they fit very well and the normalized value gf of the order

of 1x10 1%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

cl_usively thffﬂ theT* type of r_nagnetic cor_1tribution along Cugo_xMn, with x=<11 at. % had shown the dependence of
with po, lattice ande-e interaction effects give the best de- 5 5“1 our case no systematic dependence ain x has
scription of the resistivity n the temperature range be_tweerbeen foundFig. 3). But the values oB obtained here are in
Tmin/3 and 30 K. But the high-temperatuf@>30 K) resis- a0 yicinity of (3.2-8 (nQ)cm K-¥2 which agrees with 7.7
tivity study by Banerjee and Majumdarfound the (nQ)cm K32 for the C Mn, - allo 16
(BT?—CT>?)(B,C>0) type of magnetic contribution in the - bo.ViNo 7 &IOY. -

' g . . In Fig. 4, we have plotted the individual contributions to
same alloy compositions. They had interpreted the data ife registivity from magnetic, phonon, aeee interactions

terms of the diffusive spin excitations as the dominant SOUIC& g wi : -
: ! | g with the fitted(sum of all the contributionsand the
of electron scattering. According to FiscHeBT?—CT%?) raw[Ap=p(T) - po] data. Here the fit is so good that the raw

type of magnetic contribution i.s vaIid. ‘f‘ the temperature ;. the fitted data are indistinguishable. Moreover, the fits
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 (BT?—CT"?), aT®? 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 &2 type, as suggested
by Rivier and Adkins-* has its effects in the resistivity at low
temperaturesT<T;),'® where resistivity minima are gener-
ally found. Therefore botA*? (Rivier and Adkins, T<T;)

and BT2—CT*?) or T%2 (both FischerT <T;) 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 beldw. Hence the
earlier finding$ of (BT?— CT*? type of dependence above
30 K in concentrated CuMn alloys wheig,,,~20 K are
quite justified. Another study by Ford and MyddStad
found aT®? type of magnetic contributions in Gg_,Mn,
alloys withx=<11 at. % and also in AuCr, AuMn, and AgMn
systems. There the temperature range oftffé fit was 1.5
K<T<T;/4. The temperature range of the present measure- FIG. 4. Plot of magneti¢T%?, phonon, and electron-electron
ments, 1.2T<30 K, is belowT/4 (except for the alloy, interaction(yT) contributions along with the raw dafa(T)—po]
x=83, with T;=45 K) and this agrees with the range of and the fit to Eq(9) vs temperature for the alloy witk=76.

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 Mydd$hs that the
magnetic contribution of the typg>? (Rivier and Adkins is
observed in spin glasses only at low temperatures, generally
below T,/4. The coefficienB of the T*? term, according to
Rivier and Adkinst* should have dependence on the mag-
hetic impurity concentration. Earlier resistivity stifiyon
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seem to be independent of the detailed magnetic state of the IV. CONCLUSIONS

alloys, although the cluster-glass phase is common to all of In conclusion, a distinctT dependence of resistivity be-

them. BelowT /3 the magnetic and phonon contributions low minima has been found in the concentratedguMn
are so small that it is enough to consider the contributior\a”Oys with x=36. 60. 73. 76. and 83 in the rangxe 2

from the interaction effects only, besidgs The typical val- K <T<T, /3. Linear correlations are obtained between the
ues at 8 K for phonon, magnetic, and interaction contribugepth of the minima as well as tfe,;,, and the resistivity of
tions are 2107°, 1x10™*, and 1(all are inu) cm), respec-  the alloys. A good estimation of the density of states at the
tively, for the alloy withx=76. At still lower temperatures Fermi level has been made from the coefficient of {Fi_[e

the values of phonon and magnetic contributions are muckerm. The value is in good agreement with that obtained from
smaller compared to that due to the interaction effects. Thispecific heat measurements. Abdlg;/3 and to 30 K, the
can be seen in Fig. 4. Therefore the choiceTgf,/3 as the magnetic contribution of th&*? type has been found along
upper limit in the low temperature analysis is quite justified.With those from phonon and interaction effects. It is also

It is to be noted here that thé? contribution due to the concluded that th@™'“ contribution to the resistivity due to

interaction effect should ideally have the same coefficient fOI:[he spin diffusive modes in spm/clusterzgl_a(s:s_reysz)lst)c/)ggeg\fled at

low temperature T<T;/4) whereas BT
both ranges of temperature2 K<T<Tyy/3 and aqnetic contribution is found at much higher temperatures

Trin/3<T=30 K). That is why we have chosen to fit the compared tar,,,,. This shows the simultaneous presence of
resistivity rather than the conductivity in the 2<T;; /3  he T3 type of magnetic contribution along with that from
range. The values ofi, are in excellent agreement with the the e-e interaction effects. It also reveals that batf? and
values ofm, considering the fact that the former is obtained (BT2—CT°?)(B,C>0) terms can be observed in the same
along with the residual resistivity, phonon, and magneticalloys in different temperature ranges. The above conclu-
contributions in the temperature rangg,/3<T<30 K, sions are found to be independent of the details of the mag-
whereasm,, is obtained along with only the residual resistiv- netic state of the alloys.

ity in the range of 2 KKT<T /3. The values differ in the

two cases by about only 60% and this is quite reasonable ACKNOWLEDGMENTS
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