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Abstract—We present results of experimental studies of high-field magnetoresistance of Co–SiO2, Co–LiNbO3,
CoNbTa–SiO2 nanocomposites with metal volume fraction close to the percolation threshold. The nano-
composite films were deposited onto a glass-ceramic substrate by ion-beam sputtering at the growth tempera-
ture not exceeding 80°C. Magnetization was measured using a superconducting quantum interference device
(SQUID) magnetometer in the temperature range of 4.2–300 K. Out-of-plane magnetoresistance was mea-
sured in a pulsed magnetic field up to 20 T in the temperature range of 4.2–300 K with the pulse duration of
11–12 ms. In addition to negative magnetoresistance, a linear positive contribution to magnetoresistance was
observed in high magnetic fields for nanocomposites with the composition close to the percolation threshold.
This effect was explained by the influence of the Zeeman effect on the tunnel barrier height. It is shown that
the unconventional anisotropy of magnetoresistance of Co–LiNbO3 is associated with the peculiarities of its
microstructure.

DOI: 10.1134/S1063776121120049

1. INTRODUCTION

The discovery of linear positive magnetoresistance
(LPMR) in high magnetic fields in a variety of ferro-
magnetic materials, composites and manganites ([1,
2] and references therein) has induced significant
interest. This is mainly because LPMR could not be
explained by known mechanisms of magnetoresis-
tance (MR) in magnetic materials [1, 2], in which MR
is commonly negative and anisotropic in the magnetic
fields lower than a saturation field. LPMR is isotropic
and it does not show signatures of saturation even in
magnetic fields up to 60 T. Potentially it can be used as
a basis for the development of high magnetic field sen-
sors. LPMR was not observed in chemically homoge-
neous bulk magnetic materials nor in paramagnetic
thin films [1]; only inhomogeneous magnetic materi-
als such as deposited polycrystalline thin films of fer-
romagnetic materials (Ni, Fe, Co) or magnetic nano-
composites demonstrate the effect [1, 2]. Commonly,
LPMR value does not exceed 0.001–0.01% T–1, how-

ever, in weakly conductive Ni films mixed with insu-
lating SiO2 LPMR reaches a value of 0.1% T–1 [1].

It is still unclear, whether LPMR is a result of only
one mechanism or not. In [1], the LPMR is explained
by the influence of the Zeeman effect on the quantum
corrections to resistivity, which are caused by elec-
tron–electron interaction. However, as the authors
themselves mentioned, the proposed mechanism can
not explain the magnitude of the effect. Moreover,
LPMR takes place in systems without any indication
of the contribution of the quantum corrections to
resistivity. In [2], the LPMR is associated with the
influence of the Zeeman effect on the tunnel barrier
height in the case of spin-polarized tunneling. This
mechanism is universal since tunneling takes place in
a variety of materials such as island and polycrystalline
films, nanocomposites with concentrations close to
the percolation threshold, binary structures, etc. To
explain the LPMR behavior, authors of [2] derived a
simple expression based on the Inoue–Maekawa
model of tunneling MR in granular films [3]. This
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expression allowed them to explain qualitatively the
LPMR results of (Co40Fe40B20)x(SiO2)100 – x and
(Co84Nb14Ta2)x(Al2O3)100 – x nanocomposites [2].
However, the Inoue-Maekawa model is valid only for
nanocomposites with a composition below a metal-
insulator transition (MIT), whose temperature depen-
dence of resistivity follows “T1/2” law (lnρ ∝ T–1/2),
whereas the temperature dependence of resistivity of
the studied nanocomposites follows “lnT” law (ρ ∝
lnT) [2]. Commonly, such behavior is observed for
metal concentrations above the MIT (xc), but below
the percolation threshold (xp), and corresponds to
conductivity of “dirty metal” with strong tunnel cou-
pling between granules. Moreover, in [2], the MR
curves of the studied samples were measured only at
T > 65 K.

In the present paper, we continue search for and
investigation of LPMR in nanocomposite materials.
New compounds were fabricated with material varia-
tion of both magnetic granules and dielectric matrices.
MR was measured in pulsed magnetic fields at the
temperatures down to 4.2 K. The expression from [2]
was modified for “metallic” side from the MIT with
the “lnT” law.

2. EXPERIMENTAL

Nanocomposite Co–SiO2, Co–LiNbO3,
CoNbTa–SiO2 films with a thickness of 1.7 μm were
fabricated by ion-beam sputtering of components' tar-
gets onto a glass-ceramic substrate at the temperature
not exceeding 80°C. Details of fabrication, elemental
composition investigation, and structural characteri-
zation are the same as in [3, 4]. Concentration of the
metallic granules varied from the “metallic” region to
the concentrations corresponding to the MIT. Magne-
tization was measured using a SQUID magnetometer
(Quantum Design MPMS-XL7). The temperature
dependences of resistivity in the range of 50–300 K
were recorded with a standard DC four-probe
method. Pulsed magnetic fields up to 20 T were
applied to measure MR. A symmetric (“half-sine
shaped”) pulse was used with a duration of 11–12 ms.
Special hardware and software were used to exclude
parasitic signals induced by dB/dt (see details in [5]).

To study structural properties of the fabricated
samples, cross-sectional lamellae of the nanocompos-
ite films were prepared using a focused ion beam
(FIB) Ga+ system in a scanning electron microscope
(SEM)/FIB “Helios NanoLabTM 600i” (Thermo
Fisher Scientific, USA). High-resolution images were
obtained using a scanning/transmission electron
microscope (S/TEM) “Tecnai Osiris” (Thermo
Fisher Scientific, USA) operating at 200 kV equipped
with energy dispersive X-ray spectrometer (EDXS)
“Super-X” (Bruker, USA) and high-angle annular
dark-field detector (HAADF) (Fischione, USA).
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3. RESULTS AND DISCUSSION
The magnetic hysteresis loops of the studied sam-

ples are typical for magnetic nanocomposites and are
presented in Fig. 1. The hysteresis loops converge in
H ≈ 2–3 kOe, but at low temperatures and in high
magnetic fields, magnetization continues to grow due
to the presence of superparamagnetic granules and
magnetic ions, dispersed in the dielectric matrix [3, 6].
In magnetic fields lower than the saturation ones
(Hsat ≈ 2–4 kOe), the MR is negative and its magni-
tude rises sharply with magnetic field (Figs. 2–4).
Nonetheless, in H > Hsat, the negative MR continues
to grow, which is typical for tunneling MR with the
presence of superparamagnetic granules (Figs. 2–4).
The LPMR is observed only at low temperatures
(Figs. 2–4).

At T = 4.2 K, the LPMR of Co–SiO2 and
CoNbTa–SiO2 is 0.03 and 0.06% T–1, respectively.
The order of magnitude agrees with the results of the
papers [1, 2]. In the Co–LiNbO3 film, at T = 50 K,
the LPMR is less by the order of magnitude. We were
not able to measure MR of the Co–LiNbO3 nano-
composite at T < 50 K due to the sharp rise of resis-
tance at the lower temperatures. To discuss and ana-
lyze the obtained data we modify the theory developed
in [2] and we take into account the differences in
structure, magnetic properties, and conductivity of
the studied magnetic nanocomposites.

As mentioned above, there are two possible con-
ductivity regimes for nanogranular films with concen-
trations near the MIT (x ≈ xc). The first regime (x ≤ xc)
takes place when average tunneling conductance
between adjacent granules (Gt) is less than the conduc-
tance quantum (Gq = 2e2/h), meaning g = Gt/Gq < 1,
then conductivity σ is described by the “T1/2” law,

(1)

The second regime (xc ≤ x ≤ xp) is observed when g =
Gt/Gq  1 with strong tunnel coupling between gran-
ules at the slightly elevated metal concentration in
comparison to the first regime. The second regime is
described by the “lnT” law [5, 7],

(2)

where σ0 is nanocomposite conductivity at relatively
high temperature when it is possible to neglect the
effect of Coulomb interaction, and D is dimensionality
of the system. The Coulomb blockade energy can be
written as

(3)

where a is diameter of a granule, s is tunnel gap width
and  is permittivity of the matrix [8].
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Fig. 1. Magnetic hysteresis loops of the studied nanocom-
posites at different temperatures and orientations. The
inserts show different scales of the same curves.
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Fig. 2. Out-of-plane MR of (Co)x(SiO2)100 – x with x =
65 at %.
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For the first regime, in the framework of the
Inoue–Maekawa model, authors of [2] have derived
the expression for LPMR based on the influence of
the Zeeman effect on the tunnel barrier height. At low
temperatures, this expression takes form

(4)

where C = sEc, kB is the Boltzmann constant, and the
Fermi energy depends on the applied magnetic field as

(5)
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Here ξ is a parameter that characterizes a shift of
the Fermi level and is equal in the magnitude to spin
polarization P, and μB is the Bohr magneton. The
parameter

(6)

characterizes a wave function decay of a tunneling
electron in a barrier with the height of U – EF(0).

For the second regime, conductance can be written
as follows

(7)

where m is relative magnetization, which in saturation
equals to 1 [9]. Then, the Fermi level shifts under the
influence of the Zeeman effect (5), and using (2), (5)–
(7) we derive the expression for LPMR in H > Hsat:

(8)

Both (4) and (8) give the same order of magnitude but
different temperature dependences of LPMR. For a ≈
3 nm, s ≈ 1 nm, D = 3 and d ≈ 3.75 (for SiO2) one has
Ec ≈ 51.5 meV, and then for U – EF = 1.0 eV and g =

1.0, at T = 4.2 K, the LPMR  ≈ 0.01% T–1. We

emphasize that in the second regime it is the maxi-
mum value of LPMR at U – EF = 1.0 eV and g =1.0,
since we assumed that ξ = 1, which implies 100% spin
polarization. At U – EF = 0.1 eV and with the rest
parameters being the same, the LPMR is increased by
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Fig. 3. Out-of-plane MR of (CoNbTa)x(SiO2)100 – x with
x = 58.5 at %.
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Fig. 4. Out-of-plane MR of (Co)x(LiNbO3)100 – x with x =
49 at %.
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3.3 times, whereas at U – EF = 0.1 eV and g = 10,

 ≈ 0.1% T–1.

Presented in [2] the LPMR results at T = 65 K of
the nanocomposites CoFeB–SiO2 and CoNbTa–
Al2O3 are characterized by the “lnT” law and lie within

the range of   ≈ 10–3–10–4% T–1. These values

correspond to the calculation results using the
obtained expression (8). Note that signatures of quan-
tum corrections for the nanocomposites in [2] were
not observed, which excludes the mechanism of
LPMR proposed in [1].

3.1. (Co)x(SiO2)100 – x
The LPMR is observed only for the composition

with x = 65 at % and its magnitude is 0.03% T–1

(Fig. 2). Temperature dependences of resistivity of the
studied nanocomposites are presented in Figs. 5–7.
For the (Co)x(SiO2)100 – x with x = 65 at %, the “lnT”
law describes the data better than the “T1/2” law
(Fig. 5). As can be seen from the slope of the curves
1/2πDg in Fig. 5, for this composition, g ≈ 1 at D = 3.
However, as noted in [3], for the considered model 2D
is equal to the number of the nearest granules (Z)
between which tunneling is possible, that is, for the
disordered case D < 3. Therefore, for the composition
with x = 65 at %, g > 1, and we can use the expression
(8), which correctly describes the obtained data.

As can be seen from Fig. 2, the negative MR is
higher at T = 300 K than at low temperatures. To
explain this anomaly we should take into account pos-
sibility of formation of granules and aggregates at the
concentrations close to the MIT. This may induce not
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only tunneling MR, but also negative MR due to sup-
pression of magnetic disorder in the granules. The lat-
ter contribution can be of the same magnitude as neg-
ative tunneling MR and it rises with temperature due
to an increase of spin f luctuations. The data from elec-
tron microscopy of the studied nanocomposites con-
firms the presence of such aggregates. Moreover, the
metal concentration in the vicinity of the percolation
threshold of the nanocomposite in Fig. 2 is higher
than the concentration of the other studied nanocom-
posites. This indirectly confirms the presence of the
aggregates. In addition, in H > Hsat and at low tem-
peratures, positive contribution to MR, due to the
effect of magnetic blockade, is possible [9], which
diminishes the negative MR at low temperatures.

3.2. (CoNbTa)x(SiO2)100 – x
For the nanocomposite (CoNbTa)x(SiO2)100 – x

with x = 58.5 at %, metal concentration is lower than
in the previous sample, and resistivity is well described
by the “lnT” law (Fig. 6). Concentration change of
ions dispersed in dielectric matrix and composition
variation of ferromagnetic granules can change the
tunnel barrier height and spin polarization, leading to

the increase of the LPMR up to  ≈ 0.06% T–1.

This magnitude is the highest among all the nanocom-
posites studied.

It should be noted that LPMR, according to the
proposed mechanism, is extremely sensitive to the
concentration of dispersed magnetic and nonmag-
netic ions in the tunnel gap. On the one hand, such
ions can decrease the tunnel barrier height, but on the
other hand, by changing the permittivity of the matrix,
their presence can reduce the Coulomb blockade
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Fig. 5. Temperature dependences of resistivity of the (Co)x(SiO2)100 – x nanocomposite. The left column represents lnρ ∝ T–1/2

behavior, the right column represents ρ ∝ lnT behavior. The black solid lines are linear fits.
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Fig. 6. Temperature dependences of resistivity of the (CoNbTa)x(SiO2)100 – x nanocomposite. The left column represents lnρ ∝
T–1/2 behavior, the right column represents ρ ∝ lnT behavior. The black solid lines are linear fits.
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energy and also lead to the absence of magnetic and MR
saturation in high magnetic fields. Presumably, that is the
reason why the LPMR of the (Co)x(SiO2)100 – x and
(CoNbTa)x(SiO2)100 – x nanocomposites takes place at
T = 4.2 K, but is not observed already at T = 10 K even
though (3) and (8) do not predict strong temperature
JOURNAL OF EXPERIMENTAL AND THEORETICAL PH
dependence. Indeed, the studied nanocomposites are
fabricated at the elevated temperature of the substrate
(80°C), which makes their microstructure, and hence
magnetic properties, to be different from the ones
studied in [2]. For example, the magnetization of the
(Co)x(SiO2)100 – x nanocomposite saturates at T = 2 K
YSICS  Vol. 133  No. 6  2021
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Fig. 7. Temperature dependences of resistivity of the (Co)x(LiNbO3)100 – x nanocomposite. The left column represents lnρ ∝ T‒1/2

behavior, the right column represents ρ ∝ lnT behavior.
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in H ≈ 4 kOe, but at higher magnetic fields, the mag-
netization continues to grow (Fig. 1), which means a
rise of the negative tunneling contribution to the MR.
With the increased negative tunneling contribution,
the positive contribution to the MR becomes indistin-
guishable. Therefore, the major reason why LPMR is
not visible at T > 4.2 K is the strong competitive nega-
tive contribution to MR in high magnetic fields due to
JOURNAL OF EXPERIMENTAL AN

Fig. 8. Magnetoresistance of the (Co)x(LiNbO3)100 – x
nanocomposite with x = 49 at % at different orientations of
the magnetic field to the sample plane and current direc-
tion: 1, 1 '—magnetic field is parallel to both sample plane
and current direction; 2, 2 '—magnetic field is parallel to
sample plane and perpendicular to current direction;
3, 3 '—magnetic field is perpendicular to both sample
plane and current direction. Curves with and without
prime are measured at T = 50 and 300 K, respectively.
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the presence of superparamagnetic granules and dis-
persed ions.

3.3. (Co)x(LiNbO3)100 – x
The conductivity of the nanocomposite Co–LiNbO3

does not follow either “lnT” or “T1/2” laws (Fig. 7),
nevertheless, in Fig. 4 one can see the signatures of
positive MR in high magnetic fields for the composi-
tion with x = 49 at %. The LPMR is of the order of
10‒3% T–1, which is similar value to the composites
CoFeB–SiO2 and CoNbTa–Al2O3, however, the MR
of Co–LiNbO3, in contrast to other studied samples,
is anisotropic. The in-plane MR (magnetic field ori-
ented parallel to the sample plane) is higher when
magnetic field is oriented perpendicular to the current
direction rather than parallel. Additionally, when
magnetic field is perpendicular to the current direc-
tion, the in-plane MR differs from the out-of-plane
MR (Fig. 8). Neither of these features were observed
in the previous two samples nor in the samples of [1].
It would be natural to connect these features with
microstructure properties of the Co–LiNbO3 nano-
composite, which is discussed below.

The results of STEM/TEM study of the Co–LiNbO3
nanocomposite are presented in Fig. 9, where one can
see a columnar structure near the interface between
(Co)x(LiNbO3)100 – x and the glass-ceramic substrate.
The structure consists of cobalt granules, elongated
mainly in the direction of nanocomposite growth with
a lateral size in the film plane of 5–8 nm (Fig. 9,
image B). Vertical growth continues up to ~20 nm,
where the columnar granules start to bend (Fig. 9).
Above the columnar structure layer (~100 nm thick),
an amorphous-crystalline nanocomposite is formed,
consisting of spherical crystalline nanoparticles with a
size of 5–30 nm, separated by an amorphous inter-
layer. The high-resolution TEM results together with
EDXS mapping (not shown here) demonstrated that
the crystalline particles and the interlayer consist of
D THEORETICAL PHYSICS  Vol. 133  No. 6  2021
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Fig. 9. Bright-field STEM image of a cross-section of
(Co)x(LiNbO3)100 – x film (x = 49 at %) on the glass-
ceramic substrate (left side). Top right image (A) shows a
dark-field TEM image obtained using hollow cone illumi-
nation mode with the objective aperture set in the diffuse
background area. Such mode leads to bright contrast of
amorphous layer in between the crystalline Co particles.
Bottom right image (B) shows a bright-field STEM image
of the interface area. The elongated grains up to 20–25 nm
forming from the interface are clearly visible.
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50 nm

A A
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Co and amorphous LiNbO3, respectively. The high
defectiveness of Co nanoparticles should be noted,
consisting of stacking faults and twins, which is typical
for Co nanoparticles. A similar columnar structure
was observed earlier in the (CoFeB)x(LiNbO3)100 – x
nanocomposite with the CoFe granules, elongated in
the direction of nanocomposite growth up to 10–15
nm and with a lateral size of 2–4 nm [10, 11]. How-
ever, the (CoFeB)x(LiNbO3)100 – x nanocomposite
films have uniform thickness and follow the logarith-
mic law of thermal resistivity [10, 11]. The growth
anisotropy of the Co–LiNbO3 nanocomposite is
apparently associated with the possibility of formation
of an additional equilibrium phase of LiCoO2 and, as a
consequence, with the manifestation of unusual nucle-
ation effects. High-resolution images with following
Fast Fourier Transform analysis indicated that Co
grains in the bottom part of the film do not correspond
to cubic Co.

The presence of tightly packed granules in the
lower part of the (Co)x(LiNbO3)100 – x film and large
particles in the upper part determines the ferromag-
netic properties of the structure and its MR anisot-
ropy. As can be seen from Fig. 9, intergranular gaps in
the upper part of the film are considerably large
(~5 nm), hence strong tunnel coupling between gran-
ules is excluded. Under these conditions, conductivity
will be mainly determined by a hopping transfer along
localized defects of amorphous matrix, which is com-
monly determined by the Mott’s “T1/4” law. For the
lower part of the nanocomposite with the elongated
granules, the so-called “oblique tunneling” with the
subsequent transport of electrons along the chains of
elongated granules appears to be crucial [7]. Conduc-
JOURNAL OF EXPERIMENTAL AND THEORETICAL PH
tivity of the relatively small part with elongated gran-
ules can be comparable or even higher than conductiv-
ity of the isotropic part of the nanocomposite. There-
fore, the total conductivity is described neither by
“T1/2” nor “lnT” laws. The high value of permittivity
(  ~ 50 [12]) of amorphous LiNbO3 decreases the
energy of the Coulomb blockade, and hence decreases
possible value of LPMR during tunneling between
granules in the lower part of the nanocomposite.
Besides, shunting effect of the upper part is also
important. Thus, the observed MR behavior of the
given nanocomposite is mainly determined by the
properties of its structure.

4. CONCLUSIONS
Along with the negative magnetoresistance (MR),

associated with the spin-dependent tunneling, a linear
positive MR (LPMR) is observed in the nanocompos-
ites near the percolation threshold at low temperatures
and in magnetic fields above the saturation field. In
the nanocomposites (Co)x(SiO2)100 – x (x = 65 at %)
and (CoNbTa)x(SiO2)100 – x (x = 58.5 at %) with a
strong tunnel coupling between granules, character-
ized by a logarithmic temperature dependence of
resistivity, the LPMR at T = 4.2 K is 0.03% and
0.06% T–1, respectively. The developed simple theory
of the LPMR for these nanocomposites, based on the
influence of the Zeeman effect on the tunneling bar-
rier height in the spin-dependent tunneling, makes it
possible to qualitatively explain the results. The MR of
(Co)x(LiNbO3)100 – x (x = 49 at %) nanocomposite is
anisotropic, and the LPMR at T = 50 K is about
10‒3% T–1 that is associated with the formation of the
columnar structure at the initial stage of growth of this
film.
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