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Abstract—The transport properties of film nanocomposites (CoyFeqBy)(AlO)) 0, and
(CoggNb 4 Tay) (AlO,) g —  based on AlO, oxide (y ~ 1), containing a ferromagnetic metal, are studied in the
region of the metal—insulator transition (57 > x > 47 at %). It is found that at x > 49 at %, the conductivity of
nanocomposites is well described by a logarithmic law of 6(T") = a + b1n T, which can be explained by the
peculiarities of the Coulomb interaction in nanogranular systems with metallic conductivity near the metal—
insulator transition. It is shown that parameter b is determined by the characteristic size of the percolation
cluster cell, which in nanocomposites of both types happen to be the same (~8 nm) and correlates well with
the results of electron microscopy studies. The temperature dependence of the anomalous Hall effect at the
logarithmic dependence of conductivity is studied for the first time. In the immediate vicinity of the transi-

tion, a power-law scaling between the anomalous Hall resistance and longitudinal resistance pfy o p0'4, is
detected, which can be explained by the suppression of its own mechanism of the anomalous Hall effect
under the strong scattering of charge carriers.
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INTRODUCTION

Magnetic metal—insulator composites are an
ensemble of ferromagnetic nanogranules tightly
packed into a dielectric matrix, the electronic and
magnetic properties of which can be controlled at the
nanoscale level [1—3]. Increased interest in such sys-
tems arose after the discovery of a giant magnetoresis-
tance effect in them, which is most pronounced on the
dielectric side of the percolation transition [4] and can
be used to create magnetic sensors. It was also found
that these materials might have an increased coercive
force, which is needed to create superdense magnetic
memory, high values of the magneto-optical charac-
teristics, good absorption capacity of electromagnetic
radiation, and other properties interesting for practical
applications [1—3].

In the case of magnetic nanocomposites based on
nonstoichiometric oxides, the effect of resistive
switching (along with magnetoresistive switching) can
be observed under the effect of an electric field, which

is caused, presumably, by the movement of oxygen
vacancies in the insulator and can be used to create
multipurpose memristor devices [5].

Scientific interest in granular magnetic nanocom-
posites can also be explained by the fact that they are
an unusual example of percolation systems with prop-
erties determined by interrelated disorder effects,
Coulomb and magnetic interactions, electron correla-
tions, and size quantization [1—3]. In such systems, an
unusual logarithmic temperature dependence of the
conductivity o(7) can be observed near the metal—
insulator transition, not associated with the effects of
weak localization, which was explained recently by
some features of the Coulomb interaction in
nanogranular alloys [2, 6]:

o(T)=a+bInT, (1

where a and b are certain constants depending, in par-
ticular, on the structural parameters of the nanocom-
posite.
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In the present paper, the transport properties of
film nanocomposites (CogFe 0By)(AlO,) o, and
(CogyNby,Ta,),(AlO,) g, _ . based on nonstoichiomet-
ric AlO, oxide (y ~ 1), containing a ferromagnetic
metal, are studied in the region of the metal—insulator
transition (56 > x > 30 at %). It is found that at a metal
concentration of x > 49 at %, the conductivity of
nanocomposites is well described by a logarithmic law
(Eq. (1)). The slope of the dependences of b, deter-
mined by the characteristic size of “the lattice con-
stant” of conductive cluster D [2], happened to be the
same in nanocomposites of both types; it is slightly
dependent on x. Using [2], the value of D was esti-
mated to be ~8 nm. It is important that the value of D
is obtained near the metal—insulator transition, where
the conductivity is determined by the fractal structure
of the granular nanocomposite, and therefore, the size
of a percolation cluster cell is difficult to estimate by
electron microscopy.

The results of studying the temperature behavior of
the anomalous Hall effect in order to identify its
mechanism are also presented.

EXPERIMENTAL

Film nanocomposites (CogFesnBy)(AlO)) ;00— «
and (CogsNb,,Ta,),(AlO,) _ , With a thickness of / =
2.7 and 1 um, respectively, were obtained by the ion
beam sputtering of composite targets, namely, sub-
strates of ferromagnetic alloys, on the surface of which
12 alumina plates were placed with gradually varying
distance between them [7]. Such a composite target
yielded composites with a controlled variation in the
concentration of the metal and dielectric components
in the range of x = 25—60 at % in one technological
cycle. The elemental composition of the films was
determined using a JEOL JSM-6380 LV scanning
electron microscope equipped with an Oxford INCA
Energy 250 energy dispersive X-ray device. The com-
posite was deposited on pyroceramic substrates 60 X
48 mm in size; the temperature during deposition did
not exceed 393 K.

To study the conductivity and the Hall effect, we pre-
pared samples in the shape of a double Hall cross using
photolithography, with a conducting channel width of
W= 1.2 mm and a distance between potential probes on
the lateral faces of the sample of L = 1.4 mm.

The transport properties (conductivity and the Hall
effect) were examined using an automated installation
via an evacuated insert with a superconducting sole-
noid, immersed in a helium Dewar vessel, in the tem-
perature range of 10—300 K in a magnetic field of 2 T.

Due to the percolation nature of conductivity,
magnetic nanocomposites are a strongly heteroge-
neous system. For this reason, there is always a notice-
able voltage between the Hall probes in the samples
under study, even in the absence of magnetic field B,
which is associated with asymmetry of the percolation
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net and independent on the sign of B. Therefore, the
Hall resistance Ry was determined by the difference
between the measured values of the transverse resis-
tance R,, = V,/I,, corresponding to the positive and
negative direction of the magnetic field: Ry =
[R,(+B) — R, (—B)]/2, where V, was the voltage
between the Hall probes, and [/, is the current flowing
through the sample.

RESULTS AND DISCUSSION

Temperature dependence of the conductivity. Figure 1a
demonstrates the temperature dependences of the
conductivity o©(7) of the film nanocomposite
(CogFespBy)(AlO)) oo  (curves  [—4) and
(CogyNby,Ta,),(AlO,),g _  (curves 5—7) with different
concentrations of ferromagnetic alloy (x = 47—57 at %)
in coordinates 6—In7. It is seen that in the range of
x =49-57 at %, the temperature dependence of 6(7)
is well described by a logarithmic law. However, at x <
49 at %, a metal—insulator transition takes place. At
x =47 at %, the dependence of 6(7) is of the activation
type: Inc « (7;/T)'/? (Fig. 1b). This dependence is often
observed in granular nanocomposites in the dielectric
region of compositions [2]. Of note is the proximity of the
slopes of the logarithmic dependences conductivity ¢ for
samples of both types. For (CogFesBy).(AlO,) 50— x
and (CogyNb 4 Ta,),(AlO,) o _ ,, With x decreasing from
56—57 to 53 at %, the slope of do/dInT varies from 32
to 26 (Q cm)~! and from 33 to 29 (Q c¢cm)~!, respec-
tively.

Let us assess the slope of the dependences of G
from In 7 by means of the model [2, 6]. Below the per-
colation threshold, when tunneling conduction
between granules G; exceeds the conduction quantum
g = G,/(2e?/h) > 1, the conductivity of the metal—
insulator nanocomposite, according to [2], obeys the

equation
o(T) = 0| 1 - —L—1n| EEc
2ndg | kgT

(D
~ o, (1 _ Lh{&D ~ (1 o ln{gEcD.
nzg | kgT kyT

Here, d is the dimension of the system; z is the coordi-
nation number (z = 6 for a cubic lattice); E. is the
Coulomb energy upon the addition of one electron to
the granule. Assuming that tunneling conduction is
related to the effective (measured) conductivity by the

2
ratio of G, = G, b _ o,D, we obtain the relationship

between G, and the normalized conductance g [2],
that is,

_2e’g

~wD’ @)

Oy
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Fig. 1. (a) Temperature dependence of the conductivity 6(7) of nanocomposites (/—4) (CozgFeq9B,0)(AlO)) g9 — x and (5-7)
(CoggNb 4Tay),(AlO,) g _ , with different concentrations of a ferromagnetic alloy: (1) 56, (2) 53, (3) 49, (4) 47, (5) 57, (6) 55.2,

and (7) 52.8 at %; (b) dependence of In G on (I/T)l/2 of (CoygFe4By0)(AlOy) 9o _ x, x =47 at %.

where D is the characteristic size (“lattice constant”)
of a percolation cluster cell. In the simplest case, D = a,
that is, the size of a granule [2], when the thickness of
the tunneling layers s < a.

By substituting Eq. (3) into Eq. (2), we find the slope
of the logarithmic dependence of the conductivity

2¢?
hnzD 3)
=1.55x107*(zD [cm])™".

O0[(Qecm) '] =

That is, the slope is determined by the characteristic
size of a percolation cluster cell, which, strictly speak-
ing, cannot be measured by electron microscopy near
the percolation threshold.

It has been recently shown [8] that the conditions
of applicability of the model [2, 6] (that is, g > 1) are
met better at high metal concentrations of ~56 at %.
Substituting the magnitudes of the slope of the loga-
rithmic dependences, found above, into Eq. (4), we
obtain for z = 6 typical cell sizes of D = 8.1 and 7.8 nm
for nanocomposites (CogyFeyBy),(AlO)) 4, and
(CogyNby,Ta,),(AlO,), _ , respectively. We note that
the obtained values of D correlate well with the grain
size typical of this type of nanocomposites, which,
according to electron microscopy studies, varies from
2—3 to 5—7 nm with the metal concentration increas-
ing from 30—34 to 50—59 at % [3]. It can be concluded
that the conducting chains, forming a cluster, are
composed of one or two tunnel junctions formed by
nanogranules of ferromagnetic alloys.
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Anomalous Hall effect. Studies concerning the
anomalous Hall effect are prominent in investigations
of ferromagnetic systems, especially disordered ones
[9]. This effect is determined by the spin—orbital inter-
action and the spin polarization of charge carriers,
when the Hall resistance of a magnet is described by
the sum of two terms:

RH:%B+%M:R;}+R;, 4)
where /is the thickness of the layer of magnetic mate-
rial; R, is the constant of the normal Hall effect caused
by the Lorentz force; Bis the magnetic induction; R, is
the constant of the anomalous Hall effect, determined
by the effect of spin-orbital interaction on the trans-
port of spin-polarized charge carriers; M is the magne-

tization; Ry = py / [ and Ry, = py / [ are the resistance
components of the normal and anomalous Hall
effects, respectively.

To identify the mechanism of the anomalous Hall
effect, the dependence of the anomalous component

of the specific Hall resistance p§; on the longitudinal
resistivity p,, = p is usually studied; that is, the so-
called scaling behavior of the anomalous Hall effect

pH =< p”, where m is the exponent determined by the
mechanism of the anomalous Hall effect [2]. In metal
systems at low temperatures, m = 1 in the case of the
asymmetric scattering mechanism and m = 2 for the
lateral shift mechanism and the intrinsic mechanism
of the anomalous Hall effect [2]. However, this classi-
fication of mechanisms of the effect is not applicable
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Fig. 2. Dependences of the specific Hall resistance 6y on
the magnetic field of samples (1)
(CogyNb 4 Tay) (AlO,) g _ , x =57 at %, at 21 K and (2)
(CO40F€40B20)X(A10y)100 —x X = 56 at %, at 10 K. For
convenience of comparison, the values of py values at 21 K
(curve 1) are increased twofold.

to highly disordered magnetic materials with low con-
ductivity 6 < 10* Q~! cm~!, in which scaling of another
type was discovered relatively recently [10—13], that is,

Py =< p” with m = 0.4. Scaling is often expressed
through the Hall conductivity as 6}; = p} / p’ =pio’.

In this representation, 6} < ¢°, and y = 1.6. In the
case of “contaminated” metal systems, such scaling is
explained by the suppression of the intrinsic mech-
anism of the anomalous Hall effect under the strong

In (pjy, © cm) @)
—12.65 |
L]
—12.70 |
—12.75 -
L)
—6.2 —6.1 —6.0 -59
In (p, Q cm)

scattering of charge carriers [14]. Such scaling can
be expected in the case of the nanocomposites
under study, because of their low conductivity ¢ <
5% 102 Q' ecm™! (Fig. 1).

The dependences of the Hall resistance on the
magnetic field py(B) for (CogFeyBy)) (AlO)) 50—y
(x = 57 at %) and (CogyNb,Ta,),(AlO,) 5, (x =
56 at %) were measured at temperatures of 21 and
10 K, respectively (Fig. 2). Itis evident that in fields up
to ~0.5 T (curve /) and ~1 T (curve 2) the magnitude
of py varies linearly with the field. In both cases, the
films have easy-plane anisotropy. Above 1 T, the mag-
netization is saturated. The specific resistance py
stops depending on the field, indicating that the
anomalous Hall effect makes a dominant contribution

to the nanocomposites under study, that is, Rj; > Ry,
and the measured Hall resistance R,; = Ry; (Eq. (4)).

The temperature dependences of the transverse
and longitudinal resistance R,, were measured in the
temperature range of 10—200 K in different directions
of the magnetic field of 1.5 T. The Hall resistance was
found from the difference between the values of R,
Ry = [R (T, +1.5T) — R (T, —1.5 T)]/2. Figure 3
shows the dependences of the anomalous component

of the Hall resistance pj; on the longitudinal resis-
tance p(7) in the double logarithmic scale for two
samples of (CogFe;By),(AlO,) 40 _ : Withx = 56 at %
(Fig. 3a) (immediately after the percolation transition)
and x = 49 at % (Fig. 3b) (near the metal—insulator
transition). In both cases, scaling is observed in the
behavior of the anomalous component of the Hall
resistance with exponents m = 0.58 (Fig. 3a) and 0.38

(Fig. 3b). The dependence pi; o< p” with m = 0.6—0.7

In (pyy, Q cm) (b)
—12.2 +
124}
—12.6 -
—4.5 —4.0 —-3.5 -3.0
In (p, Q cm)

Fig. 3. Dependences of the anomalous component of the Hall resistance pyy on the longitudinal resistance p of the nanocompos-
ite (CogoFe49B20)x(AlO)) 09 — x Withx = (a) 56 at % and (b) 49 at %, measured in a field of 1.5 T in the temperature range of 10—
200 K.
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was previously observed in Ni—SiO, metal nanocom-
posites above the percolation transition [15, 16], but
the mechanism of the anomalous Hall effect is still unex-

plained. Meanwhile, scaling pj; o< p™ with m = 0.4 is
well explained by the concepts of the suppression of
the intrinsic mechanism of the anomalous Hall effect
in contaminated metals under the strong scattering of
charge carriers [14].

CONCLUSIONS
Thus, the transport properties and the anomalous
Hall effect of film nanocomposites

(CoyoFeqB10)(AIO,) 1 - and
(CoggNb 4 Ta,),(AlO,),y _ . based on nonstoichiomet-
ric AlO,, oxide, containing a ferromagnetic metal, are
studied near the metal—insulator transition (57 > x >
47 at %). The nanocomposites were prepared by the
ion-beam sputtering of composite targets. The pecu-
liarity of the method is that it enables the preparation of a
composite system with a gradually varying ratio of metallic
and insulating phases in a wide range (25—60 at %) in one
technological cycle.

It is found that at the metal concentration of 57 > x >
49 at %, the conductivity of nanocomposites is well
described by logarithmic equation o(7) =a+ bInT,
where parameter b is almost independent of x. This
dependence, according to [2], is due to the peculiari-
ties of the Coulomb interaction in the metal—insulator
composite in the transition region form the metallic
conductivity to the dielectric regime. It is demon-
strated by using [2] that parameter b is determined by
the characteristic size of the percolation cluster cell D,
which is difficult to determine by electron microscopy
near the percolation transition. In nanocomposites of
both types, the found values of D were ~8 nm, which is
consistent with the estimate of the granule size (2—7 nm)
in these systems by electron microscopy [3].

The temperature dependence of the anomalous
Hall effect in the case of the logarithmic dependence
of the conductivity is studied for the first time. It was
found that near the metal—insulator transition, the
parametric dependence of the anomalous Hall effect

p} on the longitudinal resistance p(7) is a power law
with the exponent m = 0.4, which is explained by the
suppression of the intrinsic mechanism of the anoma-
lous Hall effect under the strong scattering of charge
carriers [14].

These results are of great importance for creating
nanocomposite devices based on nonlinear effects, in
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particular, memristors, that are most strongly mani-
fested near the percolation threshold.
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