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The electrical resistivity, the magnetic susceptibility, and the anomalous Hall effect are investigated in alloys
of copper with manganese, iron, and cobalt. The observed extrema of the kinetic characteristics are explained
within the framework of “noise” theory. It is shown that spin-orbit interaction of the conduction electrons
with localized moments of the impurity plays an essential role in the formation of a “spin-glass” state in alloys

of copper with d elements.

PACS numbers: 72.15.Eb, 72.15.Gd, 75.30.Cr, 75.50.Kj

INTRODUCTION

Phase transitions and similar critical phenomena in
macroscopic systems have in recent years attracted
considerable attention from investigators. If “local-
ization” of an isolated magnetic impurity in a nonmag-
netic matrix leads to a Kondo effect, then the sign-
variable interaction between impurities may insure
“local magnetic order” and produce a “spin-glass”
state. The view that has now developed® is that in
systems with short-range sign-variable exchange in-
teraction, the ground state is strongly degenerate
(“frustration”); the critical dimension of such systems
is four, which indicates the absence in them of a phase
transition of the spin-glass type. For systems with
Ruderman -Kittel-Kasuya-Yosida (RKKY) interaction,
the question remains open; doubly degenerate modes,
either ferro- or antiferromagnetic, may exist in the
substance. 2

The classical approachtothe theory of spin glasses®**
assumed as elements in the interaction either localized
spins or gigantic superparamagnetic clusters. Such a
representation precluded the simultaneous considera-
tion of “Kondo” and spin-glass states. Statistical
“noise” theory® made it possible to separate these
states on the basis of the parameter y=4 /Ty, where
A, is the value of the interimpurity interaction and
where Tg' is the effective temperature of the Kondo
system. The approach developed made it possible to
include in the treatment, in the role of spin glasses,
such alloys as lanthanum-cerium, molybdenum-iron,
copper-iron, copper-cobalt, etc.

EXPERIMENTAL TECHNIQUE

In this work we investigated alloys of copper with
manganese, iron, and cobalt, over the concentration
range, for the alloying impurities, from 0.48 to 3.71
at.%. The mixtures were melted in a vacuum induc-
duction furnace, from metals of purity not less than
0.997.

The Hall effect was measured by the standard meth-
od, described in Ref. 6. The specimens were foil of
thickness 20-40 um, annealed at 800 °C for one hour
in a vacuum ~1.33 1073 Pa, with subsequent cooling at
rate ~-100 deg/min. Use of such thick specimens
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made it possible to record a Hall emf signal of the
order of tens of nanovolts in magnetic fields of induc-
tion from 0.04 to 0.1 T. The sensitivity of the ap-
paratus for measurement of the Hall effect was ~107°
V. The Hall contacts were spot-welded by electric
spark. Assymetry of the contacts was checked by a
potentiometric method. Even effects (Nernst, Righi-
Leduc, etc.) were eliminated by commutation of the
current and of the direction of the magnetic field. The
averaged values of the Hall emf were processed on a
computer with confidence coefficient P=0.95. The
relative error of the measurement of Hall emf did not
exceed 5%.

The magnetic susceptibility was investigated on
cylinder specimens of diameter 2. 2-3.0 mm and length
10 mm, by the “compensated transformer” method, in
alternating magnetic fields of frequency from 38 to
1200 Hz and amplitude from 0.1 to 5 G. The relative
error of the measurement did not exceed 3% .

Measurements of the Hall emf and of the magneto-
resistivity in strong magnetic fields (1 T< B< 13 T),
at the boiling temperature of liquid helium, were made
on the “Solenoid” apparatus of the Physical Institute of
the USSR Academy of Sciences. For specimens, we
used both foil of thickness 20-30 um and a wire of
diameter 0.2 mm. The relative errors of the mea-
surement of Hall emf and of magnetoresistivity did not
exceed 3%.

RESULTS AND DISCUSSION

We shall estimate the characteristic parameters of
the copper-manganese, copper-iron, and copper -
cobalt alloys using a modified noise theory.> For the
parameter T,, the temperature of the maximum of the
resistivity in copper-iron alloys, we shall use the val-
ues obtained by us earlier.” On using the expressions
for the noise temperature or the jump-over energy A,

A= 2T /1,
°7 (s(s+1))*/mig+ In Fo(T/Ty)

(1)

1 n

F,,=(1+ioc,.l"“)/(1+§:'ﬁnf"), @)
where T is the Kondo temperature of the isolated im-
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purities, s is the spin of an impurity, and i,, a,, B,,
and F, are the characteristic functions of the noise
theory, and on using also the experimental values of

T, and retaining only the first two terms in the order
I (n=1), for s =2 -5/2 we find that A, in copper-
manganese alloys varies from 0.7 to 18 K with increase
of the manganese concentration from 0. 15 to 3.17at.%;
the effective Kondo temperature Tg'* remains practical-
ly unchanged and equal to Tx =0.012 K (see Table I).
The alloy is a typical spin glass with y=a4,/T%" >1
(Ref. 5). In copper-iron alloys, a somewhat different
picture is observed. With change of the iron concen-
tration from 0.6 to 3.71 at. %, the energy of interim-
purity interaction rises from 6.8 to 21 K, with sub-
stantial decrease of the effective Kondo temperature.
Thus the comparability in size of the parameters A,
and T¥! in the alloy Cu+ 0.6 at.% Fe is removed in
the copper-iron alloys because of increase of the in-
terimpurity interaction with increase of the iron con-
centration. At C=0.6 at.% Fe, the Cu+ Fe alloy
goes over to a spin-glass state (y >1). An interesting
conclusion that follows from Table I is a theoretical
basis for the absence of a maximum of the resistivity
in copper-iron alloys at concentration Cg, <0.6 at.% "8,
this follows directly from the comparability of A, and
T¥'. Equality of the parameter y to unity, in the noise
theory, imposes a prohibition on the spin-glass state
in the system.

A transition from the Kondo state to the spin-glass
state, just as in copper-iron alloys, occurs in copper-
cobalt alloys with increase of the impurity concentra-
tion.® The ratio A,/7%" in the alloy Cu+1.96 at.% Co
is 5.3.

We shall calculate the 8 —d exchange integrals, the
values of the RKKY interactions, and the effective
Kondo temperatures of the systems by using the fol-
lowing relations of noise theory:

A rkky =CI’8(s+1) /es,
kT =D exp(—1/nlll), 3)
T = Tpexp{—[n"/145(3) 1Tw/A},
where E; is the Fermi energy, D~10° K is the half-

width of the conduction band, 7 ~0.294/atom is the
density of states on the Fermi surface for copper, (x)

TABLE I. Interaction parameters in alloys of copper withman-
ganese, iron, and cobalt, estimated by noise theory.

Gopuity |1 x 0k | -4 ev | 8. K | *BEKY T, Klgiyoe
0.45Mn 242%* 0.012* 0213* 0.72 0.98 - 131
0,35 Mn 9.4+ 0.012* 0.391* 2.32 3.16 - 28.4
0.48 Mn 13.2 0.012 0.405 3.36 4.54 48 | 484
0.98 Mn 27.5 0,012 0.546 5.48 7.39 95 | 706
1.22 Mn 344 0.012 0,568 6.74 8.90 11.0 | 854
204 Mn 52.8 0,012 0.597 1240 | 16.49 153 | 948
3.47 Mn 754 0.012 0.611 18.85 2136 | 21.0 | 985
0.6 Fe 5.9 6.1 1.96 6.8 6.6 49 | 783
114 Fe 6.5 49 2,74 8.5 8.7 6.0 {105.7
1,71 Fe 12.2%* 38 2.78 13.9 14.6 120 | 1134
2.05 Fe 14.0** 34 282 16.0 16.5 16.4 | 117.8
285 Fe 22.0 3.2 2.90 19.6 208 198 | 1194
3,71 Fe 24.0 2.9 2.96 21.0 22.4 232 | 1210
1.96 Co 124 3.2 2.85 174 19.4 246 | 1140

*According to data of Ref, 9.
*xAccording to data of Ref, 8.

288 Sov. Phys. JETP 55(2), Feb. 1982

is a special function, and I is the exchange integral.
We shall estimate the values of the internal molecular
fields in the Kondo theory'® according to a standardized
Qs(S/S,) curve:

S(H, T)=S.Qs(z), z=2p,H/kT, )

where S, is the characteristic thermal emf at T=0.
We note that the alloy Cu+1.96 at. % Co is, with re-
spect to the interaction parameters, close to the alloy
Cu+1.71 at.% Fe. The values obtained for the quan-
tities A, and H* are compatible with those calculated
by Schilling and Klein. "2 The relatively small change
of the 8 —d exchange integrals in copper -manganese
alloys over the range of manganese concentrations
from 0.15 to 3.17 at. % is probably due to the insig-
nificant change of the density of states on the Fermi
surface for low alloys.

As was indicated above, the characteristic tempera-
tures T, of the maximum of the electrical resistivity
and T, of spin-glass “freezing” were determined ex-
perimentally. Figure 1 shows the concentration de-
pendences T,(C) and T, (C) for the copper-manganese
and copper-iron alloys. The dependences of the char-
acteristic temperatures on the impurity concentration
can be described by the laws:

T.~C 2t Cya<B at.%, ®)

T.~C* for 6 at.% <Cy.<28 at.%,

T,~C for Cya<3 at.%,

0.5<a<0.7.

6
Iymgos (6)

for 3 at.%<Cy,<16 at.%.

For copper -iron alloys, T, ~C at iron conceatration
Cr,<1.5 at.%. At larger iron content, the linear law
if not obeyed. For the parameter T, in Cu+ Fe alloys,
the directly proportional relation 7,, =kCg,, Where &
is a constant, is satisfied at iron concentration Cg,
=3 at.%. Relations T,(C) and T,,(C) of the type (5)
and (6) correspond to those predicted in the classical
theory of spin glasses.!® The deviation of the curves
from a linear law at large concentrations of the im-
purity apparently indicates the formation of superclus-
ters, containing more than two atoms. It is noteworthy
that in all the alloys investigated, T, >T,; thisis a
distinguishing trait of spin glasses with RKKY interac-
tion. The inset in Fig. 1 shows the temperature de-
pendence of the magnetic susceptibility of the alloy
Cu+1.96 at. % Co, taken at frequency 120 Hz at mag-
netic-field amplitude B=0.1 G. On the x(T) curve at
temperature T, ~24 K, the maximum that is character-
istic of a spin glass is observed. We note that for an
alloy of the same composition, there are observed on
the curve of EPR signal intensity vs temperature, at
T ~30 K, anomalies characteristic of a spin-glass
state.!® With decrease of the frequency of the alter-
nating external magnetic field, the peak of the mag-
netic susceptibility becomes sharper, while its position
on the temperature scale remains practically un-
changed. With increase of the frequency of the external
magnetic field to 10° kH z, the freezing point T, shifts
to the right by 1 —2 degrees. Such behavior of the
magnetic susceptibility with frequency is well de-
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FIG. 1. Characteristic temperatures of copper-manganese
and copper-iron alloys. ‘“Freezing ” points (T,): 1, Cu-Mn;
3, Cu-Fe, Maxima of resistivity (7,): 2, Cu-Mn; 4, Cu-Fe.
C, Ref. 14; A, Ref, 15; X, Ref, 16; o, Ref, 17, Inset: temp-
erature dependence of the magnetic susceptibility of the alloy
Cu + 1.96 at.%Co; f= 120 Hz, B=0,1 G,

scribed by Fulcher’s law!®:2°;

T,)=T,+E./k(Inve—Inwv), (7)

where T is the “true” freezing point of the spin glass,
1/v,=1, is the relaxation time, and E, is the activation
energy of the system. For example, for the alloy Cu
+8at.% Mn, 7,=36.5K, 7,=10"% s, E,/k="T1.

On the temperature dependences x(T) of the magnetic
susceptibility and E#(T) of the Hall emf, for the alloys
investigated, maxima were observed at temperatures
that differed from each other by 1 -3 degrees.”*!®
Since the Hall emf has the form

E¥=R,(144ny) H*+R 4wy I, (8)

the maxima of E¥ are probably dependent on the anoma-
lous part of the magnetic susceptibility x®. This can

be easily shown by use of the expressions for the
anomalous Hall coefficient?':

R =)A[V*+I*B,(T, s)+IB.(T, 5)], (9)

-ﬂ'l' rel. un.

260+

1
7

FIG, 2. Temperature dependence of anomalous Hall-effect
“constant » for alloys: 1, Cu+ 6,08 at.%Mn; 2, 2.85 at.%Fe;
3, 1.96 at.% Co; 4, 22.1 at,% Mn,
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FIG. 3. Isothermal field dependence of the Hall resistivity and
of the transverse magnetoresistivity of alloys (T=4.2 K): 1
and 4, Cu+ 6.08 at.% Mn; 2 and 5, 2.85 at.% Fe; 3 and 6, 1,96
at.% Co.

Re=aly /lmz {82007, (10)

where A is a constant independent of the impurity con-
centration C and of the temperature; A is the spin-orbit
interaction parameter; R,(T,s) and B,(T,s) are the
characteristic functions that determine the Hall effect
in the Kondo systems; and 0y, is the asymmetric part
of the electrical conductivity tensor that is linear in the
spin-orbit interaction. Since B, and B, are independent
of the concentration of the magnetic impurity for low-
alloy systems, R® also is independent of C. This is
due to the fact that o},/0Z ~C but also the magnetiza-
tion (s2)~C. Thus finally, E¥ ~x®~C. Proportional-
ity of E¥ to the concentration of the magnetic impurity
is observed experimentally.”?* The x(7) and E#(T) laws
obtained made it possible to construct graphically the
temperature behavior of the anomalous Hall-effect con-
stant (Fig. 2), on which maxima are clearly observed
at the points of transition to a spin-glass state. The
relative value of the maxima of x(7) reaches 30-35%.
This fact indicates the determinative role of spin-orbit
interaction in the formation of a spin-glass state in

low alloys of copper with iron, manganese, and cobalt.

The isothermal variations of the impurity Hall re-
sistivity and of the transverse magnetoresistivity of the.
alloys Cu+ (Mn, Fe, Co), in magnetic fields of induc-
tion up to B=13 T, are shown in Fig. 3. The trans-
verse magnetoresistivity of all the alloys investigated
is negative. The value of Ap/p(0) at B=13 Tand T
=4 .2 K reaches a maximum value ~14% in the alloy
Cu+2.85 at.% Fe. While the magnetoresistivity of the
alloy Cu+6.08 at.% Mn at B =8 T shows a tendency
toward “saturation,” at larger impurity content, in
strong magnetic fields, dp,/dB is positive?; this is
probably due to the clearly expressed exchange aniso-
tropy of the system copper -manganese.? In copper-
iron and copper-cobalt alloys, a tendency of the mag-
netoresistivity to saturate shows up in magnetic fields
B =5 -8 T; this is apparently caused by gigantic mag-
netic clusters.® The field dependence of the Hall re-
sistivity at B=5 T indicates predominance of the mech-
anism of Béal-Monod and Weiner?® in the scattering of
conduction electrons by localized magnetic moments of
the impurity.
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CONCLUSION

Calculation of the interaction parameters of alloys
of copper with manganese, iron, and cobalt, in noise
theory, has substantiated the possibility of separating
the systems into typical spin glasses, for example
copper -manganese, and atypical spin glasses, where
the parameter y=4,/Ty s 1. The absence of a maxi-
mum of the electrical resistivity in copper-iron alloys
for Cg, <0.6 at. % is explained by the comparability of
the parameters of interimpurity interaction with the
value of the effective temperature of the Kondo system.
The experimental results on the concentration depen-
dence of the characteristic temperatures in alloys of
copper with manganese and iron are explained within the
framework of the classical theory of spin glasses. In
strong magnetic fields, of induction up to B=13 T, a
“spin component” of the anomalous Hall effect is
separated out.

The observed extrema of the anomalous Hall-effect
constant at temperatures close to the freezing point of
the spin glass indicate the determinative role of spin-
orbit interaction in the formation of a spin-glass state
in low alloys of copper with the d metals (Fe, Mn, Co).

We express our sincere gratitude to the staff of the
strong-magnetic-fields laboratory of the Physical In-
stitute, Academy of Sciences, USSR, for help in per-
forming the magnetic measurements.
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