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The decomposed solid solutions of Cu—-Ni—Fe and Cu—Mn—Al
alloy systems have been investigated in order to determine the
magnetoresistance in different magnetic states formed in a system
of magnetic nanosized particles. Three collective magnetic states,
namely, superparamagnetic, superferromagnetic, and superspin
glass ones have been identified by magnetic susceptibility
measurements. The temperature and field dependences of the
magnetoresistance demonstrate peculiarities related to each
magnetic state.

1. Introduction

Magnetoresistance is a subject of extensive studies
due to the high practical importance of applications
related to storing and reading the information, design
of magnetosensitive elements, etc. In particular, GMR
(giant magnetoresistance) observed in multilayer films
[1, 2] and granular structures [3, 4] originates from
spin-dependent electron scattering and represents
a drop of resistance under an applied magnetic
field. In the layered structures such as sandwiched
spin  valves, multilayers with antiferromagnetic
interlayer coupling, and ferromagnetic multilayers
with different coercivities, GMR depends on the
relative orientation of the magnetic moments of
layers [5]. In granular materials which are often ones
with dispersed magnetically ordered nanoparticles
in a nonmagnetic (paramagnetic or diamagnetic)
matrix, GMR depends on the collective behavior
of the magnetic moments of granules (particles),
and its value is governed by the intergranular
distance, magnetic moment, and size of granules.
The granular structures can be formed in the film
and bulk states. In the latter case, the magnetic
nanoparticles can be obtained by a precipitation
as a result of the decomposition of supersaturated
solid solutions. They are observed in many metallic
systems consisting of immiscible components, e.g.
Cu—Ni—Co, Cu—Co, Ni-Mn, Cu—-Ni-Fe, Cu-Mn—-Al,
etc. The GMR of bulk materials is less practically
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applicable than that of films, and, therefore, less
studied.

In the case of Cu-Ni-Fe [6] and Cu-Mn-Al [7]
systems, there is a range of compositions, i.e. a
miscibility gap, wherein a thermal treatment gives
rise to dispersed ferromagnetic inclusions embedded
in a nonmagnetic matrix. In this range, Cu—Mn—
Al alloys decompose into the CusMnAl (L2;) phase,
which precipitates as nanoparticles and into the
CusAl (DOj3) matrix phase. In the Cu-Ni-Fe system,
a similar segregation occurs between Cu-depleted
particles and the Cu-rich matrix. As shown in [8, 9],
different magnetic states can exist in a system of the
magnetic moments formed by inclusions dispersed in
a nonmagnetic matrix. Under the condition Kvy <
kT, where K is the anisotropy constant, vy is the
average volume of a single particle, and kg is the
Boltzmann’s constant, these states strongly correlate
with the volume fraction of particles. For the Cu—
Ni-Fe system, provided that the volume fraction
p = Nuvg, where N is the number of particles per
unit volume, is less than 0.13-0.15, the magnetic
moments of particles interact weakly, and the high-
temperature state is superparamagnetic [9]. Thereafter,
as the temperature decreases, the superparamagnetic
phase is changed to a superspin glass one. If p is
more than 0.15, instead of the superspin glass state
[9-12], at low temperatures, the superparamagnetic
state transforms into a superferromagnetic one
[10, 12, 13] which is characterized by the aligning
of particle magnetic moments in one direction.
Since GMR in granular solids depends, among other
things, on the surface-to-volume ratio of particles
[3], it is of interest to clarify the behavior of the
magnetoresistance for different magnetic states by the
example of bulk Cu-Ni-Fe and Cu-Mn-Al alloys
with almost the same particle size. Based on the
data obtained earlier [8, 9], two alloys with nominal
compositions of Cu—22Ni-15Fe and Cu-9Mn-14Al have
been explored.
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2. Experimental

Ingots of Cu—Ni-Fe and Cu—Mn—Al were produced
by the induction method in the Ar atmosphere.
Chemical analysis corroborated the closeness of the
alloys compositions with nominal ones. Specimens were
produced by the spark cutting from ingots and measured
to be 1.5x1.5x11 mm?3. After the quenching from 1323 K
to obtain a non-equilibrium state, the specimens of Cu—
Ni—Fe were annealed at 873 K for 5 min in the salt bath
of NaCl (72 wt.%) — CaCl (28 wt.%). This treatment was
carried out in order to stimulate the formation of new
phase precipitates. A similar procedure was undertaken
in relation to Cu—Al-Mn specimens. Their quenching
was performed from 1273 K and was followed by the
annealing at 473 K for 50 min in an oil bath. Low field
ac magnetic susceptibility and resistivity were measured
as functions of temperature in the range from 77 to
723 K. Magnetoresistance was determined by the four-
terminal method in the presence of a magnetic field
applied in parallel or normally to the current direction.
The data are displayed as AR/R = (R(H)—(R0))/R(0),
where R(H) is a resistance in a field H, and R(0) is
a resistance in zero field. It should be noted that no
methods to identify the structure of the alloys were used
in this work since the size and the density of particles are
predetermined fairly well by the composition, quenching,
and aging of alloys [8, 14].

3. Results and Discussion

As noted previously, the system should be treated
provided Kvg < kgT'. This means that the temperature
range under consideration is above some blocking
temperature 7Tj, because, otherwise, the magnetic
moment of a particle is blocked by the anisotropy field
and the particle behaves itself as a ferromagnetic one
regardless of the overall volume fraction. In order to
find out if this condition is fulfilled for the samples
under study, the estimation of the blocking temperature
should be performed. It was obtained in [15] that, for
an arbitrary observation time, the blocking temperature
obeys the relation T,=Kwvg/kg| Inf/fo|, where f is the
frequency of a magnetic field, and f is some constant
(approximately, it can be associated with the electron
Larmor frequency in the field of anisotropy). According
to measurements reported in [8, 9| for specimens of
the above-mentioned compositions and treatments, the
average diameter of particles was 60 A for Cu-Mn-Al,
and 50 A for Cu-Ni-Fe. Substituting 1000 Hz in the
expression as the frequency of a magnetic field, 5 x 103
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Fig. 1. Temperature dependence of the low-field ac magnetic

susceptibility for the Cu-Mn-Al alloy. The inset shows the

temperature dependence of the inverse susceptibility for the Cu—
Mn—Al alloy

and 103 erg/cm3as the magnetic anisotropy constants
for Cu—Ni-Fe and Cu—Mn—Al, respectively, one can
find that the estimated blocking temperatures are less
than 1 K. As a result, we can conclude that the
magnetic moments of particles cannot be blocked by the
magnetic anisotropy field in the temperature range of
measurements.

A simple efficient method to determine the magnetic
states is the measurement of ac magnetic susceptibility.
In Fig. 1, one can see the magnetic susceptibility
of Cu-Mn—Al in the temperature range from 77 to
300 K. Its characteristic features are a cusp with
the peak value, xmax, at 120 K and a continuous
decrease with temperature up to 300 K. The decrease
probably indicates the superparamagnetic state. This
assumption is supported by the inverse susceptibility
versus temperature plot shown by the inset to Fig. 1.
According to the Curie-Weiss law, x = Nu?/3kp(T —
To), where p is the magnetic moment of a particle,
and Ty is the transition temperature from the para-
or superparamagnetic state into a low-temperature
one. As follows from the inset, the linear fit matches
satisfactorily the experimental data in the range from
180 to 300 K. The intersection of the fit with the
temperature axis defines the transition temperature of
about 160 K.

It should be remarked that the cusp in Fig. 1 can
correspond to either the Neel point or to the point of
transition into the superspin glass state. Since the former
case corresponds to a very low x magnitude, which
unlikely could be detected by low field magnetic
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Fig. 2. Temperature dependence of the low-field ac magnetic
susceptibility for the Cu-Ni-Fe alloy
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Fig. 3. Magnetoresistance of the Cu-Mn-Al alloy as a function of

the temperature in different magnetic fields

susceptibility measurements, the cusp is indicative of the
spin “freezing” (in our case, the superspin glass ordering).
Figure 2 demonstrates the same plot for the Cu—Ni—
Fe alloy. In this case, indications of the superspin glass
state are absent. Instead, the low-temperature state in
the system of particles is superferromagnetic, which is
supported by a nearly constant run of the magnetic
susceptibility with temperature. This state is changed
to a superparamagnetic one at about 500 K and then,
at 675 K, the magnetic susceptibility drops to zero,
probably because it is the Curie temperature for the
ferromagnetic phase.

The temperature dependences of the resistance
under zero field were featureless; the resistance
linearly increased with temperature within the whole
temperature interval. Magnetoresistance was plotted
only below room temperature (Figs. 3 and 4), since it was
low at higher temperatures. Practically, no difference
between the measured values of the magnetoresistance
under the fields parallel and perpendicular to the current
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Fig. 5. Magnetoresistance of the Cu-Mn—Al and Cu-Ni-Fe alloys
taken at T' = 77 K under a field parallel to the current

was found, wich indicates a low anisotropic
magnetoresistance. If one considers different magnetic
states, the magnetoresistance or, as follows from the
above, the GMR ratio demonstrates a decrease as the
temperature increases in the superparamagnetic state
from 160 to 300 K for a Cu-Mn—Al specimen (Fig. 3)
and in the superferromagnetic state in the whole
temperature interval (Fig. 4) for Cu-Ni-Fe. As regard
to the superspin glass state, the magnetoresistance is
near constant below 160 K (Fig. 3). The maximal GMR
ratios are —1.4% below 140 K for Cu-Mn-Al and —2.6%
nearby 77 K for Cu—Ni-Fe in a magnetic field of 10 kOe.

The temperature dependence of GMR measured
in this experiment can be interpreted by means of
the so-called modified effective exchange interaction
model presented in [16] and then extended to granular
systems in [17]. According to this model, GMR in
granular alloys is a function of both the magnetization
which is field-dependent and the magnetic moment or
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the effective spin of a scatterer (nanoparticle) that
is field-independent. In turn, the effective spin of a
particle obeys the same temperature dependence as the
saturation magnetization on the assumption that the
particle is a single domain. It has been shown by the
field-cooled magnetization measurements in [10, 18]
that the superspin glass state is characterized by
the near constant value of magnetization, whereas
the magnetization in the superparamagnetic and
superferromagnetic states decreases with temperature.
It confirms that our temperature dependences of the
magnetoresistance are closely associated with that of the
magnetization.

It should be noted that, in addition to spin wave
excitations which are shown to reduce the magnetic
moments of particles [16] and apparently play a
dominant role, some spin independent mechanisms
such as structural irregularities or/and phonons can
contribute to the temperature dependence of GMR.

The measurements of the field dependence of the
GMR ratio have been conducted at 77 K. In Fig. 5, both
graphs are shown.

Cu—Mn—Al demonstrates the unsaturated character
of the GMR ratio in the range of applied fields, which
is typical of the superparamagnetic state, although the
measurements were taken below the temperature of the
transition into a superspin glass state. The increase of
the GMR ratio of Cu—Mn—Al with a field is smoother
than that of Cu—Ni—Fe. The GMR ratio of the Cu-Ni—Fe
alloy saturates at a magnetic field of 7 kOe which is most
likely the field wherein specimen reaches the saturation
magnetization at a given temperature. According to [4],
AR/R ~ —A(M/Mg)?, where Mg is the saturation
magnetization and M is the global magnetization which
is determined as the magnetization summed over all
particles. As is seen from Fig. 5, the GMR ratio in both
magnetic states roughly follows this expression.

4. Conclusion

The magnetoresistances of the granular alloys Cu—Ni-Fe
and Cu-Mn-Al are studied in different magnetic states,
namely, in the superparamagnetic, superspin glass, and
superferromagnetic ones. It is shown that both the
field and temperature dependences of GMR correlate
with the type of magnetic ordering in the system of
dispersed nanoparticles. The maximal values of GMR,
2.6% for Cu-Ni-Fe and 1.4% for Cu-Mn-Al, are
obtained at low temperatures. The superparamagnetic
and superferromagnetic states are characterized by a
decrease of the GMR ratio with temperature. Below
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the temperature of the transition to the superspin glass
state, the GMR ratio keeps constant.
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TITAHTCHKUM MATHETOOIIIP B PI3HUX MATHITHUX
CTAHAX CUCTEMU ®EPOMAT'HITHUX
HAHOYACTHMHOK

C.M. Kowonatox, B.B. Kokxopin, FO.C. Jlesuyx, JI.€. Kosnosa
PezmowMme

Busuascst marseroomnip B pi3HHX MArHiTHHX CTaHaX CHCTEMH Ha-
HOYaCTHUHOK, 1[0 YTBOPUJIMCS B TBEPJUX PO3UMHAX IICJIsI PO3MIALY
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crutasiB cuctem Cu-Ni—Fe i Cu—Mn—Al. 3a momomorowo Bumipio-
BaHHS Mar”iTHOI CIpUAHATIUBOCTI OyJI0 imeHTHdIKOBaHO TPU KO-
JIEKTUBHUX MAarHiTHUX CTaHU, a cCaMe CylepliapaMarHiTHHi, cynep-
depomarniTHuit i cran Mmakpocninosoro ckia. Orpumani remnepa-
TYpHI Ta HOJILOBI 3aJI€2KHOCTI MArHeTOOIOPY ITOKa3aJIu OCOOIUBO-

cTi IOoro MoOBeIIHKHU B IIMX CTAHAX.
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