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Abstract. Using the example of nanocomposite (NC) films
(CoFeB),(LiNbO3)100-x, in which at relatively high tempera-
tures of 7> 10 K a ‘weakly insulating’ regime is observed in the
logarithmic temperature dependence of the conductivity
o x In T, characteristic of a strong tunnel coupling between
granules, the scaling in the behavior of the anomalous Hall
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effect (AHE) resistance as a function of the longitudinal resist-
ance p was studied in detail. The studies were carried out in
fields up to 14 T at temperatures 7= 0.4-200 K in the range of
metallic phase content x ~ 35—60 at.%, covering the percola-
tion transition. It was found that the power n in the scaling
dependence p g o< [p(T)]" behaves nonmonotonically. In the
ranges x ~ 35—44 at.% and x ~ 50—60 at.%, an increase in
the power is clearly observed, whereas in the interval x ~
44—50 at.%, the value of n remains practically unchanged.
We believe that the kink regions in the dependence n(x) indi-
cate a change in the NC conductivity mechanism and determine
the percolation threshold (at x, ~ 50 at.%) and the metal-
insulator transition (x. ~ 44 at.%), which do not coincide in
these systems. The results of an analysis of the behavior of o(7')
at subhelium temperatures 7 = 0.4—3 K confirm this conclu-
sion. Studies of the magnetic properties of NCs vs the metallic
phase content x using ferromagnetic resonance and magneto-
optical spectroscopy methods also indicate the presence of
specific features in the vicinity of concentrations x ~ 44 and
50 at.%.

Keywords: anomalous Hall effect, nanocomposites, metal—
insulator transition, percolation threshold

1. Introduction

Granulated metal-dielectric M,Djp, nanocomposites
(NCs) are arrays of granules of ordinary or ferromagnetic
(FM) metal, randomly distributed in dielectric matrices [1, 2].
Small granule sizes (2-10 nm) determine specific transport
properties of NCs, in particular, the nature of the metal-
insulator transition (MIT) that occurs in these systems with a
decrease in the metal content x, the understanding of which in
granular materials is a complex and not fully resolved
theoretical problem [1]. In other words, there is still no
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theoretically substantiated criterion for finding the critical
point x. for the MIT in an NC, upon approaching which from
above the conductivity of the system o tends to a finite
residual value o, at a temperature 7 — 0, and below this
point, ¢ — 0 [I, 3]. On the other hand, in granular NC
systems, there is a geometric (or classical) percolation thresh-
old (PT), described in detail by the percolation theory,
corresponding to the metal content x,,, at which an infinite
cluster of contacting metal granules is formed in the NC,
determining the current through the sample. As a result, if the
volume fraction occupied by the granules is higher than x,,
then such a composite has metallic conductivity and is often
called a ‘dirty’ metal. Below the PT, the metal granules in the
NC are separated by dielectric layers, and therefore the
hopping/tunneling mechanism of conductivity is dominant
at room temperature and above. Under these conditions, in
the immediate vicinity of the PT at x < x;, the so-called
weakly insulating (noninterference type) logarithmic mode in
the conductivity ¢ o< In 7' can manifest itself, which, as x
decreases, is replaced with the ‘1/2’ law, Ino —(TO/T)I/Z,
characteristic of co-tunneling of many electrons through
chains of ‘resonant’ granules [1, 4-9]. In other words,
granular systems are very attractive as model objects for
studying the interrelated effects of disorder and percolation,
electron correlations, Coulomb interaction, and quantum
phenomena controlled by the metal content in the NC.

In addition to academic interest in NC systems, there is
also increased applied interest, especially in magnetic systems,
where many practically important effects are observed: giant
magnetoresistance (MR) [10], the anomalous Hall effect with
a giant coefficient [11-13], the magnetorefractive effect [14],
the enhanced magneto-optical Kerr effect [15], etc. Note also
the prospects for their use in radio-absorbing coatings due to
their simultaneously high resistance and magnetic softness at
certain compositions near the PT [2].

The uniqueness of magnetic NCs is due to the fact that,
depending on the matrix material, size, and shape of the
granules and their exchange interaction, temperature, and
metal concentration, they can be in a single-domain, super-
paramagnetic, or superferromagnetic state [2, 16—18]. In most
earlier studies, it was believed that in these systems there is one
critical concentration — the geometric PT x,, which deter-
mines both the metal-insulator transition with a change in
concentration and the transition from ferromagnetic (FM)
ordering to superparamagnetic (SP) or superferromagnetic
(SFM) behavior. However, the possibility of tunneling and
exchange interaction between the granules, which can be
significantly enhanced, e.g., at a high permittivity of the
matrix due to a decrease in the Coulomb interaction and/or
the presence of metal ions in it [16-19], leads to the fact that
the critical MIT concentration x. and the concentration of the
long-range magnetic order destruction x; can differ signifi-
cantly from x;, [2]. In this case, a problem arises with the
experimental determination of the important parameters
mentioned above and identifying the effect of matrix
permittivity, as well as of dispersed metal ions, on the NC
properties near the MIT and PT. The concentration depend-
ences of the NC resistance (considering or not considering the
values of the critical indices of the percolation theory) under
conditions of strong intergranular exchange do not contain
sharp irregularities at x, (see below). Therefore, searching for
effective approaches to the experimental determination of
critical concentrations (xc, x,) and the concentration xp at
which long-range ferromagnetic order is formed in magnetic

granular systems turns out to be relevant, in particular by
studying the concentration behavior of the anomalous Hall
effect (AHE), ferromagnetic resonance (FMR), and the
magneto-optical Kerr effect (MOK).

In our recent studies of  magnetic  NCs
(CO40FC40B20)X(A1203) 100—x and (CO40FC40B20)X(LiNbO3) 100—x
(for brevity, the CogoFeqBy alloy will be designated as
CoFeB), manifestations of superferromagnetic ordering
effects, the tunnel AHE, and, in the region of relatively
high temperatures, a logarithmic law in the temperature
dependence of conductivity that is not associated with
weak localization corrections were discovered [9, 20-23].
Recently, nonmonotonic behavior of magnetoresistance with
a minimum at 40 K was also discovered [23], which is
explained by the coexistence of clusters of superparamag-
netic granules and SFM regions with enhanced intergranular
exchange, presumably due to the high static permittivity &4 of
the NC matrix [17, 18, 23] (for amorphous LiNbOj in the
frequency range 1—103 kHz g4 ~ 50—90 [24]). In Ref. [23],
based on the data of coercive force studies, it was shown that
the temperature of magnetic ordering in the SFM regions
reaches Tspm =~ 230 K. Note that studies of the magnetic
resonance spectra of film NCs (CoFeB) (LiNbO3) o,
demonstrate a change in the mechanisms of magnetic
relaxation in the vicinity of the MIT and also exhibit features
caused by the presence of exchange interaction between
magnetic ions and FM granules [25, 26]. In addition, our
detailed studies of MO spectra made it possible to reveal
noticeable differences in the magneto-optical spectra in the
superparamagnetic, superferromagnetic, and ferromagnetic
states of NCs [27].

However, studies [9, 20-23, 25-27] were carried out
mainly in the dielectric region of NC compositions below
the percolation transition, which initiated this work, namely,
comprehensive studies of the behavior of the AHE, FMR,
and MOK, starting from the metal side of the PT, with the
aim of identifying the critical concentrations x, and x,, which
determine the metal-insulator transition and the percolation
threshold, respectively.

2. Samples and research methods

Films of (CoFeB) (LiNbO3),,,_, With a thickness of 100 nm
were obtained by ion-beam sputtering on Si substrates using a
composite target of a CogoFeqBy wafer with unevenly
distributed LiNbO3 samples, which made it possible to form
NCs with different metal contents in the range
x =35-60 at.% in a single cycle (see details in Refs [19,
21]). The transport and magnetic properties of NCs were
studied in universal samples fabricated by lift-off photolitho-
graphy in the form of a double Hall cross (width of the
conducting channel w = 1.2 mm and distance between
potential probes on the side faces /= 1.4 mm [21]). The
experiments were carried out using the multifunctional
measuring system PPMS Dynacool-14 in weak electric fields
< 10 V sm™!, in the temperature range 7= 3—200 K, in a
magnetic field of up to 14 T. Studies at temperatures of 0.4—
30 K were carried out using the 3He insert of the PPMS
system.

The microstructure of NC with a nanometer resolution
was studied at an accelerating voltage of 200 keV using the
transmission/scanning electron microscope (TEM/STEM)
Tecnai Osiris (Thermo Fisher Scientific, USA), equipped
with a high-angle ring dark-field (HARDF) detector
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(Fischione, USA). Studies of the atomic composition by the
method of energy-dispersive X-ray (EDX) microanalysis
were carried out using a Super-X spectrometer (Bruker,
USA), also incorporated in the microscope.

Magnetic resonance studies were performed at room
temperature using a laboratory transmission-type spectro-
meter based on a cylindrical resonator [25]. Absorption
spectra were recorded at a constant frequency of
f=20.6 GHz with an external magnetic field swept in the
plane of the film in the range H = 0—10 kOe.

The magneto-optical properties of NCs were studied in
the geometry of the equatorial Kerr effect, also called the
transverse Kerr effect (TKE), at room temperature in the
spectral range of 0.5-4.0 eV in a magnetic field of up to
3.0 kOe. p-polarized light was used at an incidence angle of
69.5°. For each concentration, the spectral dependence in the
maximum magnetic field and the temperature and field
dependences of the TKE signal for selected wavelengths
were measured. The measurements were performed using a
dynamic method, in which the TKE parameter is the relative
change in the intensity of reflected light when the sample is
magnetized by an alternating magnetic field with a frequency
of 40 Hz.

3. Results and discussion

3.1 Structural features of samples

A low-magnification bright-field STEM image of the cross-
section of the (CoFeB) (LiNbO3),4,_./Si structure is shown
in Fig. la. This image shows the nanocomposite layer (dark
contrast), the Si substrate, and the transition amorphous SiO,,
layer with a thickness of ~ 10 nm, formed in the course of the
NC film deposition. The uniform contrast in the low-
magnification image indicates the uniformity of the composi-
tion of the NC film, the thickness of which is 100 & 2 nm. The
high-resolution TEM (HRTEM) image is shown in Fig. 1b.
The mass-thickness contrast clearly indicates the presence of
relatively dense granules with average lateral size a, ~ 2.5—
2.7 nm, slightly elongated in the NC growth direction (by no
more than 1.5 times). Elemental EDX mapping clearly
showed that the granules mainly contain Fe and Co. Note
that, in the previously studied NC (CoFeB) (LiNbO3),0,.
films grown on sitall (glass ceramics), we observed by
HRTEM methods the crystallinity of individual granules in
the bee structure with the unit cell constant a. = 0.284 nm,
characteristic of the intermetallic compound CoFe [21]. In the
NC films of (CoFeB) (LiNbO3),o,, grown on silicon, a

Figure 1. (a) Bright-field STEM image of (CoFeB),(LiNbO3)y..
nanocomposite film with x ~ 40 at.%. (b) High-resolution transmission
electron microscopy (HRTEM) image of NC film in dark-field mode.
Bright contrast corresponds to granules with a size of a ~ 2.5—4 nm.
Inset shows typical two-dimensional Fourier spectrum from CoFeB
granule.

detailed analysis of HRTEM images with the recording of
two-dimensional Fourier spectra did not reveal periodicity
(see the inset in Fig. 1b and compare with similar spectra in
Fig. 2 from Ref. [21]). This circumstance indicates a
significantly higher content of boron atoms in the Co-Fe-B
granules, which promotes their amorphization [28], and
probably a decrease in the density of electron states at the
Fermi level in the granules. The latter, according to Ref. [5],
facilitates the temperature transition to elastic co-tunneling,
leading in our case at 7 < 20 K to a strong increase in the
negative MR with decreasing temperature [23], which in
relatively weak fields can be associated with co-tunneling
spin-dependent processes [29], and in strong fields, most
likely, is due to quantum interference effects [5].

We also note that, under the conditions considered, a
lower boron content is expected in the LiINbO3_, matrix and,
consequently, its higher effective permittivity, since boron in
the matrix is mainly in the form of oxide [30], possessing a
relatively low permittivity (for B,Oj3, the value is eg ~ 4 [31]).
(A quantitative analysis of the part of boron that finds itself in
the oxide matrix during NC growth is not possible using the
existing EDX methods [9, 21].)

3.2 Conductivity

The key role in describing the transport properties of granular
metals below the PT (x < x;) is played by the concept of the
average tunnel conductance between neighboring granules G,
[1, 4]. According to Refs [1, 4], for small intergranular gaps,
when the value of Gy significantly exceeds the conductivity
quantum, i.e., g = Gi/(2¢?/h) > 1, the conductivity of NCs
with ordered arrangement of granules follows the law

o(T):a()(l—nLkgln [%D x BInT, ()

where k is the coordination number of the periodic lattice (the
number of contacts of a granule with its nearest neighbors),
kg is the Boltzmann constant, and Ec = e?/(eqa) is the
Coulomb blockade energy. The logarithmic conductivity law
(1) is explained by the renormalization of the Coulomb
interaction rather than being related to corrections due to
weak localization [1, 4]. Therefore, to observe it, the
temperature should not be too low or too high:
g0 < kgT < Ec, where 0 is the average separation between
the energy levels in an individual granule.

When the content of metal granules is below a certain
value x., the dimensionless conductance g is less than the
critical value g.<1. Under these conditions, according to
Ref. [1], a metal-insulator transition occurs, below which a
‘strongly insulating’ law in conductivity should be
observed — the Efros-Shklovsky ‘1/2’: Ing o< —(Ty/T)"?,
caused by co-tunneling of electrons through chains of
‘resonant’ granules (7 being a parameter that increases
with increasing Ec and decreasing the electron localization
length on the granules). Strictly speaking, the metal content
for the transition to the strongly insulating activation mode of
conductivity xs may differ from x. for the MIT (xs < X¢)
[1,71.

On the other hand, at x > xp, the role of the Coulomb
blockade is suppressed and one should expect a shift of the
logarithmic law to the region of helium temperatures, where it
should be determined by weak localization corrections, as in
dirty metal thin films [3, 4].

In NCs based on a pure metal and a wide-gap dielectric
with a low value of ¢4 (e.g., like Ni-SiO; [7]), the percolation
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Figure 2. Temperature dependences of conductivity o(7) of
(CoFeB), (LiNbO3), o, films in coordinates ¢—In 7' (a) and in coordi-
nates Ino—(1/7)"? (b). Dependences were obtained for samples with
different contents of ferromagnetic alloy (in at.%): curve / — 57; 2 —54;
3—52;4—50;5—46;6—44; 7 —43;8 —41; 9—38.

transition is usually easily detected by a change of sign of the
temperature coefficient of resistance o = dp/dT (where
p = 1/0); at x > x;, the coefficient « > 0, whereas below the
PT, the sign of o turns out to be negative (« < 0) [7]. However,
this method cannot always be justified in NCs based on highly
resistive metallic materials, in which even in a homogeneous
case, according to the Mooij rule, the coefficient o can be
negative [32]. Particularly, in our case, the amorphous
metallic alloy CogFeqoByg itself has o < 0 (Fig. 6 from
Ref. [33]). Therefore, the sign of & obviously does not change
when passing through the PT and a different approach to the
analysis of the x,, value is necessary.

The temperature dependences of the conductivity ¢(7') in
the studied structures are shown in Fig. 2. For an NC with a
metal content of x = 46—50 at.%, the conductivity in a
relatively wide temperature range (even to highs of
T. =~ 80 K) is described by the logarithmic law ¢ xInT
(Fig. 2a), characteristic of a strong tunnel coupling
between neighboring granules [4] (a ‘weakly insulating’
tunnel conductivity mode). With a further decrease in x,
in accordance with [1, 4], a transition to a °‘strongly
insulating’ mode occurs, where an exponential ‘1/2” law is
observed in ¢(7T'), which in our case is clearly manifested in
samples with x < x, =~ 43 at.% (Fig. 2b). Previously, a
similar behavior of ¢(T') was observed by us in NC films of
(CoFeB) (Al,03),00_, With a change in x from 56 to 47 at.%
(xp = 57 at.%) [9]. However, in Ref. [9], the logarithmic law
o o In T was observed up to room temperature, while in the

case under consideration this law holds only up to 7. ~ 80 K.
The explanation is that the applicability of the theory [4], as
noted above, is limited by the condition kg7 < Ec =
e?/(eq ag). Assuming T, ~ Ec/kg = e*/(ag kp &4) and taking
into account that the permittivity of Al,O3; &g ~ 10, we find
for the amorphous matrix LiNbOs,, the effective value
&g =~ 10 x 300/80 ~ 40, which correlates well with the avail-
able data for a-LiNbO; [24].

On the other hand, when the content of the metallic phase
is above 50 at.%, a significant shift to the low-temperature
region occurs in the upper limit of the observation of the
logarithmic law ¢ o« In 7, namely, up to 7.~ 50 K at
x~52at.% and T, ~ 8 K at x = 57 at.% (Fig. 2a). This
indicates that for (CoFeB), (LiNbO3),,,_, films the percola-
tion threshold x;, is about 50 at.%, above which, according to
[1, 4], a transition to the dirty metal conductivity mode
occurs.

Thus, the above analysis of the temperature dependences
of the (CoFeB) . (LiNbO3), . NC system shows the presence
of the following conductivity modes as the composition
changes. At x < xg ~ 43 at.%, the ‘strongly insulating’
mode takes place with an exponential conductivity depend-
ence, o(T) « exp [—(Ty/T)"?]. As x increases, this mode is
first replaced by a ‘weakly insulating’ tunnel mode with the
logarithmic law of conductivity, ¢ o In 7T, and then above the
PT threshold (x > x;, = 50 at.%), by a diffusion conductivity
mode of a ‘dirty’ metal [1].

Additionally, to prove the existence of an MIT and the
presence of a ‘weakly insulating’ metallic state [1, 3] in the
studied system, we carried out studies of low-temperature
conductivity (0.4-30 K) using a 3He insert to the PPMS
measuring system (Fig. 3). Analysis of the dependences of
the normalized conductance G(7)/G(10 K) on In T shows
that, at x < x, ~ 50 at.%, the most significant deviations
from the logarithmic law occur below 3 K (see Fig. 3a and the
inset in it). To analyze the dependences G(7') under such
conditions, we used the description of the transport proper-
ties of disordered systems near the MIT, based on the scaling
hypothesis, which has been tested well enough by the example
of doped semiconductors [3], especially since there is a certain
analogy between the conductivity of granular metals and
doped uncompensated semiconductors [34]. Based on this
hypothesis, in the immediate vicinity of the MIT, in the 3D
case o(T) = o+ BT'/3, and exactly at the transition, o = 0.
Therefore, to find the transition point, it is necessary to plot
the dependences of ¢ on T''/3 for various MIT control
parameters (for NC, the control parameter is the metal
content x) and find one at which & ~ 0 at 7'/ — 0. In our
case, the dependences of the normalized conductance are well
straightened in the coordinates G/G(10 K) — T''/3, and the
ratio G/G(10 K) turns out to be finite and positive at
x~44 at.% (G/G(10 K)~0.1, ¢(0)~10Q 'cm™') and
obviously negative at x ~ 43 at.% (Fig. 3b). Therefore, the
sample with x = 44 at.% is ‘metallic,” whereas the sample
with x &~ x¢ ~ 43 at.% is a dielectric with hopping conduc-
tivity activation. In this case, the MIT point x. is obviously
shifted to the region of higher contents in comparison with x;
by a value less than 1 at.%, i.e., less than the absolute error in
measuring the NC composition (about 1 at.%). It is
interesting to note that in our case the magnetic field
enhances electron localization (see the inset in Fig. 3b), just
as in doped semiconductors [3, 35]. At B = 10 T, the residual
conductivity ¢(0) >0 is positive and amounts to
~30 'em! e, the sample still remains on the metal side
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Figure 3. Temperature dependences of conductance G(7) of
(CoFeB) . (LiINbO3),o, films, normalized to value of G at 10 K in
G—In T coordinates (a) and in G — T''/3 coordinates (b). Curves /—7 were
obtained for samples with different contents of ferromagnetic alloy (alloy
content in at.% and conductivity at 10 K in Q™' cm~" are indicated after
curve number): curve / — 57.372; 2—51.180;3—49.162;4—47.148; 5 —
44.101; 6 —43.26; 7—41.11. Upper inset shows dependence of G on In T
on an enlarged scale for sample with x ~ 47 at.%. Lower inset shows
dependence of G on T''/3 for sample with x = 44 at.% in field of B = 0 and
10T.

of the MIT. The mechanism of the influence of the magnetic
field on the localization of electrons and the MIT in magnetic
NCs seems, in our opinion, different (see, e.g., [36]) than in
semiconductors (compression of the wave functions of
electrons localized on impurities) and requires separate
studies.

Let us further consider the features of AHE behavior in
the presence of a region with a ‘weakly insulating’ tunnel
conductivity regime.

3.3 Anomalous Hall effect
In the general case, the AHE in ferromagnetic materials is
determined by the spin-orbit interaction (SOI) and the spin
polarization of charge carriers, proportional to the magneti-
zation M of the sample [37]:

py = RoB + 4nRM =~ 4nRM , (2)

where py is the specific Hall resistance. The first term in
Eqn (2) describes the normal Hall effect, proportional to the

magnetic induction B and caused by the Lorentz force; Ry is
the constant of the normal Hall effect, M is the magnetiza-
tion. The second term is determined by the anomalous
component of the Hall effect ppyp = 4nRM, which, in
ferromagnetic materials, including magnetic granular systems
[7,11,12],1is usually dominant, pppyp > RoB. Inmany cases, the
AHE constant Ry depends on the longitudinal resistivity p
according to a power law, Ry < p”, where the exponent 7 is
determined by the AHE mechanism. At low temperatures,
when M(T) = const, py = papp =4nRM x R, i.e.,
py x p”". Scaling is also often expressed in terms of the Hall
conductivity, oy = pya?, in this case, o o ¢7(y = 2 — n).

In theory, the relationship between the exponent n
and the AHE mechanism is well established for homo-
geneous ferromagnets with metallic conductivity upon
elastic scattering of charge carriers (low temperatures).
In this case, n = 1 for the skew scattering and » = 2 for the
side-jump mechanism during scattering and the intrinsic
AHE mechanism [37]. It has also been established
experimentally and theoretically that in ‘dirty’ metallic
systems with strong impurity scattering at a resistivity of
p > 107* Q cm, the value of n decreases to n ~ 0.4 [37-40].
Note that, in experiments studying scaling (determining n),
as a rule, the conductivity of samples is varied by changing
the content of defects (scattering centers) at a fixed
temperature [37-39].

The situation is different in granular systems. In this case,
above the PT in its immediate vicinity (x > x,), the value of
n=0.6-0.7[7, 11], falling to x <x, at n ~ 0.24 [9, 22], was
obtained from the experiment. It seems natural to use the
Efetov AHE model [41] to explain this behavior. In this
model, the AHE of a granular system in the ‘weakly
insulating’ tunnel mode (x, <x<Xx,) was considered and it
was shown that, in this case, n=0. This is explained by the fact
that, for the granule conductance G, > G, the resistance of
the system as a whole is determined by the intergranular gaps,
whereas the AHE is formed inside the granules [41]. Note
that, in Ref. [41], the AHE in granules was considered within
the framework of the skew scattering and side-jump models,
and the possibility of the occurrence of tunnel AHE (TAHE)
at the interfaces of granules and in the gaps between them [42—
44] (see also [45] and references therein) was not taken into
account, nor was the AHE associated with a correlated
change in the probability of co-tunnel transitions in a set of
three or more centers (granules) under the effect of the SOI
[22, 46, 47]. Apparently, such a situation is realized in NC
based on Ni-SiO,-type stoichiometric wide-bandgap
dielectrics with high and relatively narrow barriers between
the granules [7]. In Ref. [7], in accordance with the prediction
of [41], a flattening in the parametric dependence of log, g on
log p(x)(n =~ 0) was found for resistivity values from the
region of the ‘weakly insulating’ tunnel conductivity regime
(102 Qem < p < 1 Q cm). Above the PT (p < 1072 Q cm),
apower law p g o p” withn =~ 0.6—0.7 was observed [7]. In
other words, in this case, observing a ‘break’ in the
dependence of log pppp on logp(x) allows us to determine
the value of x, (Fig. la from Ref. [7]).

However, as we have established [9, 22], in NCs based on
nonstoichiometric oxides such as Al,O3_, and LiNbO;_,, the
TAHE is noticeably manifested in the ‘weakly insulating’
tunnel mode. It will be shown below that, in this situation, the
analysis of the parametric dependence of log p,pp on log p(x)
no longer allows extracting information about the values of
Xp and Xxi, and additional analysis of the temperature
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Figure 4. Magnetic field dependences of Hall resistance py; and magnetiza-
tion M for sample of (CoFeB) .(LiNbO3), . With content x = 44 at.% at
different temperatures.

behavior of the AHE scaling in samples with different content
X is necessary.

Typical magnetic field dependences of the Hall resistivity
py and magnetization M for a sample with x = 44 at.% at
different temperatures are shown in Fig. 4. From the data in
Fig. 4, it follows that in the studied NCs the behavior of the
AHE correlates well with that of the magnetization, which,
like the AHE, is saturated in a field B; ~ 1 T. The virtual
absence of slope in py under the conditions of magnetiza-
tion saturation indicates the dominance of the AHE and
small value of the normal component of the Hall effect,
i.e., in our case, py ~ papyp- With a decrease in tempera-
ture from 200 to 6 K, the magnitude of the AHE increases
by almost 1.5 times, while the magnetization changes by
no more than 8%. Therefore, in fields above > 1 T, it can
roughly be assumed that papp o< Ry x p” (in the same
form that scaling was studied in Refs [7, 11]). We also
note that, according to the magnetization measurement
data in the (CoFeB) (LiNbO3),,. NCs under study,
Ng ~ 4 x 10 em~3, as in [22], i.e., the minimum is an order
of magnitude smaller than in the previously studied
(CoFeB) . (A1,03),4_, samples [9].

Let us now turn to the scaling behavior of the Hall
resistance of the synthesized NC samples, which, as noted
above, is usually studied at a fixed temperature to avoid the
influence of inelastic scattering of electrons by phonons
and/or magnons, which can lead to rather strong changes in
the exponent of the dependence p g o p” when temperature
is used as a variable parameter [9, 48, 49].

Figure S5a shows the parametric dependence of the
Pane [P(¥)] on a double logarithmic scale, i.e., in the same
form as in Ref. [7]. It is evident that, in the range of
longitudinal resistance p from 7 x 1073 to 2 x 107! Qcm,
the experimental points, within the graphic accuracy, lie on a
straight line with a nonzero slope of n = 0.29, which we
associate with the manifestation of the TAHE [9, 22]. At the
same time, there are no indications of a PT similar to those
found in Ref. [7]. In Refs [9, 22], we normalized the AHE
resistivity p g by the value of x to compensate for the effect
of changing the magnetization of the samples on the scaling
behavior of the AHE coefficient. The dependence of
In (page/x) on In[p(x)] for the samples under study is
shown in Fig. 5b. In this case, the scatter of points decreases

—14.0

—14.5

In (pang/x)

—15.0

—15.5

3
In [p(x)]

Figure 5. (a) Dependence of Hall resistance on longitudinal resistance at
fixed temperature and varying composition. (b) Dependence of Hall
resistance normalized to metal content on longitudinal resistance at fixed
temperature and varying composition.

and, at x > 55 at.%, a clear deviation from the linear law is
observed in this dependence, which can be associated with the
manifestation of the PT.

In our recent paper [22], the parametric dependences of
In p g onln [p(T)] were studied in detail below the PT, and it
was shown that their slope (the exponent n) changes
noticeably (by a factor of ~ 1.5) when the conductivity ‘1/2’
law, Ino —(TO/T)I/z, changes to the logarithmic law,
o x InT. This tendency is also preserved in the samples
studied when x changes in a wider range: the value of n
increases 0.32 from x ~ 40 at.% to n ~ 0.67 at x ~ 58 at.%
(Fig. 6). In this connection, a natural idea arises about a
detailed study of the concentration dependence of the
exponent n(x), found by varying the temperature, with the
aim of identifying singular points that may arise when the
conductivity mechanism changes, being reflected by a change
in the temperature dependence o(7) (see Section 3.2).

The obtained dependence n(x) for samples with a metal
content of x ~ 35—60 at.% is shown in Fig. 7a. As follows
from the data presented in the figure, the exponent 7 in the
scaling dependence payg o [0(T)]" behaves nonmonotoni-
cally as the content of the metallic phase changes. In the
range of x ~ 35—44 at.%, corresponding to the conductivity
law In o o —(TO/T)I/z, the exponent increases 1.5 times from
n~0.31 to n=0.45 Meanwhile, with a content of
x ~44-50 at.%, the value of »n remains practically
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Figure 6. Dependences of Hall resistance on longitudinal resistance for
samples of (CoFeB) (LiNbO3),,, with metal content of 40, 44, and
58 at.%, obtained by varying temperature.
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content of metal component in samples of (CoFeB) (LiNbO3), o,
(b) Dependences of resistivity of NC films of (CoFeB) . (LiNbO3), . on
content of metal phase at temperatures of 50, 100, and 200 K.

unchanged, n ~ 0.45—0.48. Recall that in this range the
conductivity obeys the logarithmic law ¢ o In 7 up to 80 K.
With a further increase in the metal content, x ~ 50—60 at.%,
a clear increase in the exponent is observed, n ~ 0.48—0.7. In

the theoretical paper [47], considering impurity magnetic
semiconductors, in the hopping conductivity mode, the values
of n = 0.38—0.67 were obtained, coinciding with our experi-
mental data for samples in the ‘strongly and weakly insulating’
tunnel conductivity modes, n =~ 0.31—0.48.

For comparison, Fig. 7b shows the dependences of the
resistivity of NC films of (CoFeB) (LiNbO3),q,, on the
content of the metal phase at different temperatures. It is
noteworthy that the kink in the plot of n(x) observed at
44 at.% (Fig. 7a) coincides with the beginning of the region of
a sharp increase in p with decreasing x (Fig. 7b), associated
with the transition at xs =~ 43 at.% to the ‘strongly insulat-
ing’ regime with the co-tunneling conductivity mechanism,
Ino —(TO/T)I/2 [1]. In this system, it practically coincides
with the point for the MIT x. = 43—44 at.%. At the same
time, the transition at x < 50 at.% to the ‘weakly insulating’
tunneling conductivity regime, when ¢  In 7, manifests itself
in p(x) rather weakly (Fig. 7b).

Thus, the regions of kinks in the dependence n(x) indicate
changes in the NC conductivity mechanism and determine the
percolation threshold (at xj, ~ 50 at.%) and the transition
from the weakly insulating to the strongly insulating con-
ductivity regime (xs ~ 43 at.%), which differ noticeably in
these systems. In this case, the percolation transition region in
the dependence of resistivity p(x) does not contain any
striking singularities. It turns out that, under such condi-
tions, the exponent determined by the AHE mechanism
reflects the transport features of the NC much more strongly
when its composition changes than the type of temperature
dependence of resistance.

Let us further consider the features of the behavior of
magnetic resonance and the magneto-optical Kerr effect in
the PT and MIT regions.

3.4 Magnetic resonance

Figure 8 shows the experimental FMR spectra for a series of
NC films of (CoFeB), (LiNbO3),,,_. With different contents
of the FM phase x, measured at room temperature at a
frequency of f'=20.6 GHz. Note that, with increasing x in
the range of x =35-60 at.%, the FMR line intensity
monotonically increases, and its width AH decreases. In this
case, the observed shift of the absorption peak H to low
fields is due to the increase in the effective demagnetization
field 4n Mg of the films according to the well-known Kittel
formula for FMR:

2
f= V[Hres(Hres +47TMeff)]]/ y (3)

where 7y is the gyromagnetic ratio corresponding to the
effective g-factor for the CoFeB alloy gegr =~ 2.1 [25].

Figure 9 shows the resulting experimental dependences of
the values of 4w Mg (x) and AH(x) on concentration x. It can
be noted that the dependence of 4t M.(x) exhibits a kink in
the vicinity of x =~ 44 at.% (Fig. 9a), corresponding to the
transition to the highly insulating transport mode x. (or the
MIT at x, ~ 43—44 at.%) according to the conductivity
measurements. In this case, above x, the proportionality of
4nMese(x) o x is fulfilled, which may indicate a significant
increase in intergranular exchange and the formation of an
ordered FM film. Below this concentration (x<xg), the
interaction between the granules decreases, and the value of
4nM.i(x) begins to rapidly decrease due to amplification of
thermal fluctuations of FM granules (transition to a super-
paramagnetic state).
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Figure 8. FMR spectra in samples of (CoFeB) (LiNbO3),,_ with various
contents of magnetic phase.

The concentration dependence of the FMR line width
AH(x) shows a kink in the vicinity of x ~ 50 at.%, close to
the PT of films x, according to the transport measurements
(Fig. 9b). Moreover, above this threshold (x > xp,), the line
width practically reaches the constant value AH =~ 0.05 kOe,
and below (x < xp), it begins to increase sharply. This
behavior can be explained by a significant increase in the
inhomogeneous broadening of the FMR line below the PT of
films. Note that, according to the data from Ref. [25], the
magnetic inhomogeneity of (CoFeB) (LiNbO3),,._, films is
the main source of FMR line broadening in the vicinity of the
MIT. In this case, in the concentration range x < x. ~ 43—
44 at.%, the inhomogeneous broadening of the FMR line is
better described in the approximation of weakly interacting
independent FM granules. On the contrary, for x > 44 at.%,
the two-magnon scattering model, which considers the
presence of magnetic defects in a quasi-homogeneous FM
film, turns out to be more adequate.

3.5 Magneto-optical Kerr effect

In the transverse Kerr effect (TKE) geometry, a relative
change in the intensity of the p-polarized light reflected from
the sample is measured upon magnetization of the sample.
Therefore, the TKE parameter depends both on the light
frequency, which is the basis of magneto-optical spectro-
scopy, and on the magnitude of the applied field [50]. For
homogeneous ferromagnets, the TKE parameter depends
linearly on the magnetization, but this is not true for
inhomogeneous ferromagnets, in particular for NCs, since,
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Figure 9. Concentration dependences of value of 4nM.¢ (a) and FMR
linewidth AH (b).

in this case, separately located superparamagnetic granules
and ferromagnetically ordered regions are characterized by
fundamentally different field dependences [27, 50]. For the
dielectric region of NCs (< 43 at.%), with increasing x, it was
possible using field dependences to reveal a transition from
the superparamagnetic state to a mixed state, in which
superparamagnetic granules coexist with superferromag-
netic regions and, ultimately, a transition to a long-range
ferromagnetic order [27].

Figure 10 shows the field and spectral dependences of the
TKE for samples containing from 43 to 59 at.% of
ferromagnetic metal. From the field dependences of the
TKE presented in Fig. 10 in an unnormalized form (Fig. 10a)
or normalized to the signal in the maximum field (Fig. 10b), it
follows that the TKE field dependence at x = 43 at.% differs
significantly from the one for x =47 at.%, as well as for
x = 55and 59 at.%. These characterize soft magnetic samples
that are easily magnetized in weak fields (less than 100 Oe),
whereas at x =43 at.% the sample is not magnetized to
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Figure 10. Field dependences of TKE in nanocomposite

(CoFeB) . (LINbO3),40 at £=1.97 eV in nonnormalized form (a) and
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saturation even in a field of 3 kOe. Moreover, it is evident
from Fig. 10a that the TKE signal for the sample with
x = 55 at.% at 1.97 eV is lower than at x = 43 or 47 at.%,
although it has a higher content of the ferromagnetic
component. These data unambiguously testify to the fact
that, at x = 43 at.%, there are free-standing superparamag-
netic granules, and in an overwhelming proportion to possible
ferromagnetic or superferromagnetic regions. That is, indeed,
the transition to the ‘strongly insulating’ regime occurs in the
vicinity of x, = 43—44 at.%, which is in good agreement with
the data from magneto-transport measurements.

In early paper [15] devoted to magneto-optical spectro-
scopy of NCs, it was suggested that the minimum in the
spectral dependence of the TKE in the near-IR region of the
spectrum is achieved for nanocomposites at the percolation
threshold, but it was not specified whether this concentration
is the geometric PT or the corresponding MIT. As can be seen
from Fig. 11, the minimum of the TKE in the near-IR region
of the spectrum is achieved at 0.7 eV in the vicinity of 43—
44 at.%, i.e., in the vicinity of the MIT. Magneto-optical
spectra are determined by interband magneto-optical and
intraband transitions. Whereas the role of intraband transi-
tions is insignificant in the visible region of the spectrum, as
the wavelength increases, intraband transitions become
competitive with interband ones. Therefore, when continu-
ous metal paths are destroyed, intraband transitions are
suppressed and the spectrum changes, which is the main

The performed comprehensive study of the electrical
resistance, AHE, FMR, and MOK effect 1in
(CoFeB) (LiNbO3),(,. nanocomposites with different
contents x of the ferromagnetic phase showed that the
geometric percolation threshold does not coincide with the
critical concentration of the metal-insulator transition. The
concentration dependences of electrical resistance do not
allow revealing this difference, whereas a change in the
AHE scaling when varying the ferromagnetic phase con-
centration makes it possible to determine the above critical
concentrations as x, = 50% for the geometric percolation
threshold and x. =~ 43—44 at.% for the metal-dielectric
transition. The results of analyzing the conductivity
behavior of NC films at subhelium temperatures
T = 0.4 — 3 K made it possible to show that in the studied
system the transition to the ‘strongly insulating’ activation
conductivity mode xy = 43 at.% is shifted relative to the
metal-insulator transition by an amount not exceeding
1 at.%. The high sensitivity of the precision FMR and
MOK magnetic methods also made it possible to reveal
features in the vicinity of the same compositions, thereby
confirming the proposed method for analyzing the AHE
scaling, which can be used for any magnetic nanocompo-
sites.

The study was carried out with financial support from the
Russian Science Foundation (grant no. 22-19-00171) in terms
of studying the transport properties of film NCs and the State
Assignment to the National Research Center Kurchatov
Institute in terms of studying the features of their micro-
structure. The equipment of the Resource Center was used in
the research.
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