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Magnetic semiconductors and granular metal-insulator systems are the key materials for
broadly developing spintronics and for many other fields of solid-state physics. The idea
of this work was to investigate magnetotransport and magnetic properties of multilayered
ZnO/C magnetic semiconductors and nanogranular metal-insulator composites that were
fabricated using an ion-beam sputtering method. The focus of the investigation was on
determining conduction mechanisms and finding positive magnetoresistance in both sys-
tems, as well as on establishing the role of dispersed magnetic atoms in metal-insulator
nanocomposites.

The conduction mechanism of ZnO/C heterostructures changes from the 2D Mott’s vari-
able range hopping to the hopping to the nearest neighbors depending on film thickness,
the amount of bilayers and temperature. The peculiar low-temperature magnetoresistance
behavior was observed for ZnO/C heterostructures – magnetoresistance changes its sign
twice in the magnetic field range of 20 T. The three mechanisms were proposed to explain
this unusual behavior: the Fermi level shift under the influence of a magnetic field, scat-
tering on the magnetic disorder, and wave function shrinkage due to the effect of magnetic
blockade. ZnO/C heterostructures have shown the presence of ferromagnetic ordering in
T ⩽ 120 K.

The study of metal-insulator nanocomposites has shown that an increase of concentra-
tion of dispersed magnetic atoms shifts the metal-insulator transition to lower values,
widening the concentration range where temperature dependence of electrical conductiv-
ity follows ρ ∝ lnT . Low-temperature linear positive magnetoresistance in the range of
10−3–10−2% T−1 was observed for nanocomposites with concentrations close to the per-
colation threshold. The magnetoresistance results were quantitatively explained by the
modified expression based on the Inoue-Meakawa model. The observed magnetoresis-
tance anisotropy of one of the nanocomposites was associated with the formation of the
columnar structure at the initial stage of growth of the nanocomposite.

Keywords: Transport properties, magnetic properties, metal-insulator nanocomposites,
magnetic semiconductors, magnetoresistance
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1 Introduction

Physics of magnetic nanoparticle systems has been an attractive area of research in recent
decades due to the potential use of such systems in a variety of fields such as spintronics
(Maekawa, 2004; Fujimori et al., 2006), biomedicine (Bogren et al., 2015) and fundamen-
tal physics (Dormann et al., 1988).

The study of magnetic nanogranular metal-insulator composites is one of the branches of
magnetic nanoparticle systems research. Such composites consist of magnetic nanogran-
ules chaotically distributed in a dielectric matrix. There are two important parameters
when considering concentration of nanogranules in such systems: a percolation thresh-
old xp, which means the appearance of a chain of granules through which current can
flow, and a metal-insulator transition xc, which can be followed by the change of mag-
netic state. Metal-insulator nanocomposites (MI NC) are of particular interest due to
their magnetic, (magneto-)transport, memristive and magnetooptical properties which are
promising for practical applications. A variety of effects have been observed when investi-
gating one or another type of magnetic metal-insulator nanocomposites: memristive effect
(Rylkov et al., 2018c; Nikiruy et al., 2019); giant magnetoresistance (Milner et al., 1996;
Kobayashi et al., 2001); anomalous Hall effect (Pakhomov et al., 1995; Aronzon et al.,
1999); magneto-optical Kerr effect (Gan’shina et al., 2004); linear positive magnetoresis-
tance (Gerber et al., 2007; Blinov et al., 2019); quantum size effect (Raquet et al., 2000);
etc. Depending on the composition, MI NC can be either in a low or high magnetic state.
An increase in the concentration of magnetic nanogranules leads to the change from weak
interactions between granules, followed by a manifestation of paramagnetic or superpara-
magnetic behavior (Neel-Brown model), to strong collective interactions, showing super
spin-glass and ferromagnetic behavior. A further increase of the concentration (however,
still below percolation threshold) leads to an appearance of a superferromagnetic state
(Bedanta and Kleemann, 2008). It has been shown that MI NC can be utilized in high-
frequency magnetoelectric devices such as thin-film inductors and noise suppressors, as
well as in low magnetic field sensors (Fujimori et al., 2006). Magnetic data recording is
another field where MI NC can be used as the core structure of a device. Various mem-
ristors, which are used, e.g., to emulate synapses in neuromorphic computing systems,
are based on these structures (Nikiruy et al., 2019; Ielmini, 2016; Xia and Yang, 2019).
Despite the amount of research on the MI NC, these systems are yet poorly studied and
further investigation is required (Bedanta and Kleemann, 2008).

Another class of material that was studied in this present work is diluted magnetic semi-
conductors (DMS). DMSs are semiconductor alloys doped with magnetic impurities,
which are an important branch of modern science and are being extensively developed
because they combine both magnetic and semiconductor properties, allowing them to
control both charge and spin of electrons. A variety of effects has been observed in DMSs
such as control of magnetism by an electric field and current (Ohno et al., 2000), spin-
polarized current injection (Schmidt and Molenkamp, 2001), and tunneling anisotropic
magnetoresistance in the Coulomb blockade regime (Wunderlich et al., 2006). The prop-
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erties of DMS make them promising for broadly developing room-temperature spintron-
ics. Quantum well lasers (Bylsma et al., 1985), quantum computing architecture (Loss
and DiVincenzo, 1998), and spin light-emitting diodes (Ramsteiner et al., 2008) are a
few examples of potential or already existing applications of DMSs. Many classes of
DMS materials are known, though the most studied are Mn-doped alloys (AII

1−xMnxBV I ,
AIV

1−xMnxBV I and AIII
1−xMnxBV I [Dietl, 2010]). Diluted magnetic oxides (such as ZnO,

CoO or TiO) doped with a few percentages of a transition metal are other important ma-
terials that show a combination of both magnetic and semiconductor properties (Coey,
2006). ZnO DMOs doped with a transition metal have been of particular interest due to
their high Curie temperature, which is the biggest obstacle for developing room-temper-
ature spintronics devices based on DMS/DMO (Liu et al., 2005). However, experimental
results of such systems have been inconsistent (Pan et al., 2007). An alternative approach
is doping ZnO with non-magnetic carbon – such systems showed room-temperature fer-
romagnetism (Pan et al., 2007; Ye et al., 2008), though the origin of the magnetism is still
unclear.

Thus, the aim of this present work was to investigate the magnetic, transport and mag-
netotransport properties of nanogranular metal-insulator composites and ZnO/C diluted
magnetic oxides. The objectives were:

• To investigate the magnetic, transport and magnetotransport properties of metal-
insulator nanocomposites with metallic nanogranules concentrations close to the
percolation threshold, and with different materials of metallic and dielectric phases;

• To analyze the role of dispersed atoms in establishing a certain magnetic state or
phenomenon and to compare properties of nanocomposites with different concen-
trations of dispersed atoms;

• To investigate and compare the magnetic, transport and magnetotransport properties
of ZnO/C multilayered thin films with different amount of layers and film thickness;

• To determine the conduction mechanism of the ZnO/C multilayered thin films.
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2 SQUID magnetometry

There are a variety of methods to detect the magnetic flux of a material: induction, flux-
gate, ferromagnetic magnetoresistive, Hall effect magnetic, to name but a few (Ripka,
2021). Among all the existing magnetic flux measurement techniques, Superconduct-
ing QUantum Interference Device (SQUID) magnetometry is the most sensitive, with the
magnetic field resolution down to 10−17 T at low temperatures (Fagaly, 2006). SQUID
magnetometers are extremely versatile devices that make them applicable in a variety of
areas such as biomedicine, metrology, geophysics, measurements of the magnetic prop-
erties of matter, microscopy, nanoscience, astrophysics and non-destructive evaluation
(Clarke and Braginski, 2006; Fagaly, 2006). As for laboratory measurements of the mag-
netic properties of solid state matter, SQUID magnetometers allow the investigation of any
kind of materials, from strongly magnetic ferro- and ferrimagents to spin-glasses, multi-
layers, and weakly magnetic nanostructures. However, like any other techniques, SQUID
magnetometry has its own drawbacks, limitations and complications. As an example, the
first and most obvious complication one will encounter when working with SQUIDs is the
need to maintain a superconductive state, which implies the use of cryogenic liquids and
maintaining them in a liquid state throughout the measurement process. The Josephson
effect and flux quantization are the basis phenomena of a SQUID magnetometer, but to
explain its working principle let us firstly recall the basics of superconductivity.

2.1 Superconductivity

In 1911, Dutch physicist Heike Kamerlingh Onnes discovered the peculiar behavior of re-
sistance of some materials (Hg, Pb, Nb) submerged in liquid helium – resistance dropped
to zero. It so happened that there is a critical temperature (TC) at which transition from
normal to superconductive state occurs. Under a superconductive state, a current in a wire
will persist for an extremely long time (up to years [Quinn III and Ittner III, 1962]) with-
out losses and heat dissipation. Since the discovery of superconductivity (SC), a variety of
different classes of materials have been proven to sustain a SC state below a certain TC ,
ranging from almost absolute zero up to almost room temperature (Snider et al., 2020;
Keimer et al., 2015).

Another characteristic feature of a superconductor is the so-called Meissner effect (Meiss-
ner and Ochsenfeld, 1933). It so happened that SCs are “ideal” diamagnets – they expel
any applied magnetic flux. In 1935, the brothers Fritz and Heinz London tried to explain
peculiarities of SCs and relate current and magnetic field produced by SCs by developing
two equations:

dJs
dt

=
nse

2

m
E,

∇× Js = −nse
2

m
B,

(2.1)
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where Js is a superconducting current and ns is a density of superconductive charge car-
riers (London and London, 1935). The brothers showed that an applied magnetic flux
does not penetrate inside SC except for a thin surface layer called London penetration
depth (λL), which ranges from nano- to micrometers. A magnetic flux applied perpendic-
ularly to a SC ring will induce a so-called “screening” current in the surface layer (λL) to
produce an opposite magnetic flux. Then, if the applied magnetic flux is turned off, the
induced current will persist producing the magnetic flux (Innes and Rhoderick, 1980).

Later, it was discovered that two types of SCs exist: Type-I SC sustains a zero magnetic
field inside its interior (except for the thin surface layer) until a critical magnetic field (Hc)
is reached, after which SC state disappears (See Fig. 2.1a), and Type-II SC has a so-called
“mixed” state between two critical magnetic fields (Hc1 and Hc2) (See Fig. 2.1b). In the
“mixed” state (or “vortex” state), some magnetic field lines penetrate the interior of a SC,
creating areas of normal state (Rjabinin and Shubnikow, 1935). Below Hc1 and above
Hc2, Type-II SCs are in SC and a normal state, respectively (See Fig. 2.1b). It should be
noted that a certain critical value of temperature (Tc) and magnetic field are not the only
parameters that can break SC state – a critical current density is another parameter that
can destroy superconductivity (though it is related to a critical magnetic field). Type-II
SCs are usually metal alloys or oxide ceramics, whereas Type-I SCs are commonly single
metal elements (Annett et al., 2004).

Figure 2.1: Phase diagrams of (a) Type-I and (b) Type-II superconductors.

In 1957, Bardeen-Cooper-Schrieffer developed a theory trying to explain superconductiv-
ity (Bardeen et al., 1957). According to the theory, free electrons in a superconductor are
bound in pairs (Cooper pairs) caused by phonon interactions, allowing them to travel in-
side a material without scattering. An average distance between Cooper pairs is called the
coherence length ξ. A macroscopic quantum state of the Cooper pairs can be described
by a wave function:

Ψ(r, t) = |Ψ(r, t)| exp{iϕ(r, t)}, (2.2)

where |Ψ| is an amplitude and ϕ is a phase of the wave function (Clarke et al., 2003). The
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existence of such a quantum state leads to the manifestation of several phenomena such
as flux quantization and the Josephson effect (Schwartz, 2013).

2.1.1 Flux quantization

In 1961, it was discovered that a magnetic flux (Φ = AB) cannot be swept continuously
– a change of flux values follows a step-like behavior, which implies discrete values of
magnetic flux or, in other words, quantization of the flux. One step is a flux quanta
(Φ0 = h/(2e) ≈ 2.068 × 10−15 Wb). If we return to the SC ring, the trapped magnetic
field (B) inside the ring will be quantized by a value that depends on an area of the ring.
For example, for a ring with A = 1 mm2, B will be quantized by 2.068×10−9 T (Deaver Jr
and Fairbank, 1961).

2.1.2 Josephson effect

In 1962, Brian Josephson showed that Cooper pairs can tunnel through a potential barrier
of a “normal” insulating junction between two SCs without a voltage drop. Such insulat-
ing junctions are called “weak links” or “Josephson junctions”. It should be noted that
Cooper pairs can tunnel without voltage drop only if the length of a weak link is less than
the coherence length and the current is less than the critical current (I0) of the weak link
(Josephson, 1962). A phase difference between two separated SCs depends on an applied
current as

I = I0 sinϕ1 − ϕ2 = I0 sinΘ. (2.3)

For I > I0, a voltage is developed across a junction, and a phase difference evolve with
time following

dΘ

dt
=

2πV

Φ0

=
2eV

ℏ
. (2.4)

In this case, a SC current oscillates with frequency

f =
2eV

h
=

V

Φ0

. (2.5)

However, Josephson junctions have a hysteretic behavior of an I(V ) curve – when a
current is switched off, a voltage drops to zero only at I < I0. By utilizing a Josephson
junction, it is possible to measure a phase difference between two SCs and to precisely
track the changes of magnetic flux. As for the geometry of Josephson junctions, there are
a variety of options: point contact, Dayem bridge, bicrystal, step edge grain boundary,
thin films, etc (Fagaly, 2006).

2.2 SQUID magnetometer
Jaklevic et al. (1964) have shown the effect of quantum interference of two parallel
Josephson junctions enclosed in one superconducting ring, where a critical current of such
a double junction system is an oscillating function of the magnetic flux applied normally
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to the ring with a period of oscillation equal to the flux quanta (Φ0). Since the discovery,
this effect has been used as a basis in the development of a variety of SQUID magnetome-
ters. The two main types of SQUID magnetometers are radio frequency (rf) and direct
current (dc). The former one is based on a SC ring with only one Josephson junction,
which is biased with an alternating current, whereas the latter one utilizes two parallelly
arranged Josephson junctions, which are biased with a direct current. Another decisive
parameter of a SQUID magnetometer is the critical temperature of a SC ring that defines
the usage of either helium (Type-I SC) or nitrogen (Type-II SC) liquid. Obviously, plenty
of parameters differ between various SQUID magnetometers, for example, dc SQUIDs
produce less amount of white noise compared to rf SQUIDs, however, their electronics is
more complex and a fabrication process of two identical Josephson junctions (with nearly
identical critical currents) is somewhat challenging (Fagaly, 2006).

2.2.1 Working principle of dc SQUID magnetometer

Since this present work was based on the results of magnetic measurements conducted
using a dc SQUID magnetometer, only this type will be discussed in detail. A dc SQUID
consists of a superconducting ring of inductance (L) with two resistively shunted Joseph-
son junctions (See Fig. 2.2a). The shunting of the Josephson junctions eliminates the
potential hysteresis of an I(V ) curve. The system is biased with dc current (IB). I0
is a critical current of a Josephson junction. In the absence of external magnetic flux
(Φ = nΦ0), the bias current is equally divided into two sides of the SC ring and no volt-
age is induced across the system. If an external magnetic flux is applied to the SC ring,
the screening current will be induced in the ring (J = −Φe/L). On one side of the ring,
the screening current is added to the bias current (Itotal = IB + J > I0), whereas on the
other side it is subtracted from the bias current (Itotal = IB − J < I0) (See Fig. 2.3a).
The change of the screening current in the ring induces a direct voltage across the system,
which oscillates with a period of Φ0 (See Fig. 2.2c). By tracking the variation of voltage
across the SC ring at a fixed bias current (See Fig. 2.2b), one can determine a change of
external magnetic flux. SQUIDs are usually adjusted to operate on the steepest part of a
V (Φe/Φ0) curve with the best response (Clarke et al., 2003; Clarke, 1996).

Similarly, a maximum SC current (Im) that can flow through the ring oscillates with
Φe/Φ0 (See Fig. 2.3c) since the screening current superimposes itself on the bias cur-
rent, changing the values of the critical current (I0). At J = Φ0/2L (a half of the flux
quantum), the junctions become resistive, the maximum SC current drops by Φ0/L, and
the screening current changes its sign (Fig. 2.3b,c). At Φe = Φ0, J = 0 and Im = 2I0.
Usually, dc SQUIDs are operated at a bias current slightly higher than 2I0 to stay in the
resistive mode. A more comprehensive description of working principle of dc/rf SQUID
magnetometers can be found in Clarke et al. (2003); Gallop and Petley (1976); Clarke
et al. (1976).
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Figure 2.2: A dc SQUID magnetometer: (a) schematic diagram of a SC ring with two
Josephson junctions, (b) I(V ) characteristics, and (c) V (Φe/Φ0) dependence. Adapted
from Clarke (1996).

Figure 2.3: A dc SQUID magnetometer: (a) external magnetic flux generates SC current
in a SC ring, (b) dependence of SC current on the external magnetic flux, (c) a maximum
SC current as a function of external magnetic flux. Adapted from Clarke (1996).

2.2.2 Structure of dc SQUID magnetometer

Up till this point, only a SC ring with two Josephson junctions has been discussed (for
brevity, from now on, this will be called a “SQUID ring”), though a whole SQUID setup is
more complex and contains various electronics. A block diagram of a typical dc SQUID
magnetometer setup is presented in Fig. 2.4. A SQUID ring is located in a cryogenic
region and is inductively coupled with feedback, input and modulation coils. The feed-
back current compensates the changes of magnetic flux in order to keep an output voltage
V (Φe/Φ0) at a fixed point (“flux-locked regime”). If a change of the magnetic flux is more
than Φ0/4, then the feedback system adjusts the current to keep the signal at the operating
point. In this case, feedback current (presented as output voltage) is proportional to the
external magnetic flux. Modulation coils generate a sinusoidal flux with an amplitude of
Φ0/2 and a frequency of about 1–500 kHz (Gallop and Petley, 1976; Clarke, 1996). It is
important to occasionally tune the SQUID by setting suitable bias and modulation cur-
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rents to provide a V (Φe/Φ0) curve that will support a stable feedback loop and prevent
flux jumps.

Figure 2.4: Block diagram of a typical dc SQUID magnetometer. Taken from Fagaly
(2006).

Since a typical SQUID ring has too small area and inductance to detect the magnetic flux
from a sample, a SC system of detection (or “pick-up”) and input coils is used. An input
coil is inductively coupled to the SQUID ring and physically connected to a detection
coil. Detection coils can be of various configurations, depending on the desired param-
eters (See Fig. 2.5). The simplest type is a magnetometer that measures magnetic flux
using a single loop coil (See Fig. 2.5a). The next type is a gradiometer that measures a
gradient of magnetic flux using a multiple loop coil. While magnetometers are suitable
for measuring an ambient magnetic field, gradiometers can differentiate the signal of a
sample from an ambient magnetic field. In gradiometers, a uniform background magnetic
field is suppressed by two parallel and oppositely wound loops (See Fig. 2.5b,d). Another
trick that can be used with gradiometers to distinguish a sample signal from a background
field is to move a sample up and down inside the coils (See Fig. 2.5d); this is called
extraction magnetometry (Sawicki et al., 2011). It should be noted that since detection
coils are SC, they detect magnetic flux – not the change of it, hence there is no need to
move a sample quickly. The majority of modern SQUIDs utilizes second derivative axial
gradiometer detection coils (See Fig. 2.5d) with the output voltage presented as a function
of distance that the sample travels up and down, which represents a single longitudinal
scan of a dc SQUID magnetometer (See Fig. 2.5e). SQUID electronics then recalculate
the output voltage to magnetic moment, m, with a unit of Am2. By knowing the mass or
volume of a sample, it is possible to calculate relative magnetization and susceptibility.
Some SQUID magnetometers have transverse detection coils allowing them to perform
rotational scans, where the voltage is detected as a function of the sample axis rotational
angle.
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Figure 2.5: Configurations of detection coils: (a) magnetometer, (b) first derivative axial
gradiometer, (c) first derivative planar gradiometer, (d) second derivative axial gradiome-
ter with a sample placed inside a straw, which is moved up and down, producing charac-
teristic voltage dependence on the sample position (e). Adapted from Fagaly (2006).

In Fig. 2.6 one can see a schematic diagram of a typical SQUID magnetometer (left)
and cross-section of “Cryogenics S700XR” SQUID magnetometer as a concrete exam-
ple (right). A sample is inserted in a sample tube or in the concrete case of “Cryogenics
S700XR” SQUID magnetometer it is called variable temperature insert (VTI). Tempera-
ture inside the sample space is controlled by resistive heaters and helium gas flow from
the lowest part of the sample space. The helium gas flow is controlled using a set of
valves together with a pump (typically an oil free scroll pump). It should be noted that
modern SQUIDs that operate using liquid helium can measure the magnetic moment in a
temperature ranging from about 1.6 up to 400 K. However, temperatures down to mK and
up to 800+ K can be achieved using helium-3 and furnace probe, respectively (Fagaly,
2006). An air-lock system prevents any air sneaking into the system during the removal
and insertion of a sample, otherwise nitrogen and oxygen will be immediately crystallized
inside the liquid helium causing serious problems. Despite the fact that SQUID cryostats
have one or more vacuum layers to prevent heat exchange with the surrounding, still there
is constant helium evaporation, hence there is a need for regular liquid helium refills. To
solve this issue, some cryostats are equipped with a recondensing system, which utilizes
a cryocooler together with a condensing loop immersed in a main liquid helium reservoir
(See Fig. 2.6b).

A SQUID ring is typically located inside a niobium can to prevent penetration of any
background magnetic fields. A sample is hung to a sample probe and the probe is moved
up and down (typically in the range of several centimeters) using a stepper or linear motor.
The whole SQUID magnetometer system usually consists of a cryostat, an electronic
rack, and a computer with software. An electronic rack contains several units such as gas
handling, data acquisition, magnet power supply, filtering, and temperature control. A
Mu-metal layer (See Fig. 2.6b) shields the interior of a cryostat from external magnetic
fields (Fagaly, 2006; Clarke et al., 2003).
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Figure 2.6: (a) Schematic diagram of a typical SQUID magnetometer cryostat. Adopted
from Fagaly (2006). (b) Cross section of “Cryogenics S700XR” SQUID magnetometer.
VTI stands for variable temperature insert and is basically a sample space. From the
manual of “Cryogenics S700XR” SQUID magnetometer.

2.2.3 Magnetic measurement details

There are several sample mounting methods utilized for magnetic measurements using
a SQUID magnetometer, though the most popular are straw and copper wire. A sam-
ple can be fixed inside a straw using Kapton tape. In the case of powders, a gelatine
capsule can be utilized together with straw. For samples that do not fit inside a straw, a
copper wire together with Kapton tape of PTFE can be used. Contrary to the big size
samples, tiny samples can be glued to a copper wire using superglue. Regardless of the
chosen method, it is important to understand that any material to some extent is mag-
netic and an experimentator should estimate whether the contribution of a sample holder
(e.g., capsule, Kapton tape, superglue) is substantial or can be neglected. For example,
ferromagnetic (FM) bulk materials will produce such a strong magnetic moment that any
paramagnetic/diamagnetic (PM/DM) contribution from a straw or Kapton tape can be eas-
ily neglected, whereas the magnetic moment of, for example, carbon-based materials can
be comparable to that of the sample holders. One should also consider demagnetization
fields, which depend on the shape of a sample, when processing raw data. As for sample
limitations, basically any solid state sample can be measured, with the only constraint
being its size. Except for an obviously limited diameter of a sample space, the big size
of a sample can mean too strong a magnetic moment which may exceed the SQUID’s
maximum value of the magnetic moment it can detect. Moreover, too strong a magnetic
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moment may cause the detachment of a sample from a sample holder and harm to a sys-
tem. Commonly, samples are not bigger than ≈ 6–8 mm in one of the dimensions used
with SQUIDs. The precise centering of a sample inside a detection coil is another crucial
factor that determines the true value of the magnetic moment. Sawicki et al. (2011) have
provided a comprehensive list of possible artifacts and pitfalls one may encounter when
working with a SQUID magnetometer. It should be noted that a “Cryogenic S700XR”
rf/dc SQUID magnetometer was used in the present research. This model allows mag-
netic measurements in the temperature range of 1.6–400 K and in a magnetic field up to
7 T.
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3 Transport and magnetotransport measurement tech-
niques

3.1 Resistivity measurement techniques

In physics, the transport properties of a material are one of the core parameters because
they tell us about the nature of chemical bonding and the electronic structure of a ma-
terial. Based on the resistivity values, we classify materials as metals, semiconductors,
or insulators, and knowing resistivity values, one can estimate the charge carrier density
and mobility of them, type of conductivity, lifetime of charge carriers, etc. The resistivity
of a material depends on temperature, doping level, various environmental parameters,
magnetic field, mechanical stresses, etc.

There are various methods of measuring the transport and magnetotransport properties
of a material, though the most common are two-/four-probe, four-point probe (Valdes,
1954), Van der Pauw (Philips’Gloeilampenfabrieken, 1958), and the Montgomery method
(Montgomery, 1971). When choosing a measurement method, one should consider the
following sample parameters: dimensions and dimensionality, degree of resistivity, chem-
ical composition, homogeneity, surface roughness, etc. Nowadays, some of the afore-
mentioned methods are so advanced that one can measure the transport properties of even
nanoobjects (Ru et al., 2010).

3.1.1 Two-probe method

This method is suitable for a sample with high resistivity. A sample is connected to a
power supply and resistivity is calculated from the voltage drop, current, and dimensions
of the sample:

ρ =
V A

IL
, (3.1)

where V is the voltage, A is the cross sectional area, I is the current, L is the length
between the probes (See Fig. 3.1a). In this method, one pair of connectors (probes) acts
as both the source and voltage probes.

3.1.2 Four-probe method

For low resistive samples, one may prefer a slightly different variant of the two-probe
method, with two additional probes, which are voltage probes (See Fig. 3.1b). The work-
ing principle and equation for resistivity are the same (See Eq. 3.1), the only difference
is that the length is now measured between the voltage probes, not the source probes. It
also should be noted that if the voltage probes are finite size contacts, then the distance
between the two probes is measured not from the edges, but from the center of them.
The advantage of this method over the two-probe method is that the resistivity of source
connectors and wires is not added to the sample resistance, hence, one can measure low
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Figure 3.1: Resistivity measurement methods: (a) two-probe, (b) four-probe, (c) four-
point probe.

resistive materials with higher accuracy. Note that there are some requirements for this
method such as the absence of sample surface leakage, the size of voltage probe contacts
and their geometrical arrangement, and the homogeneous resistivity along the sample. By
adding a second pair of voltage probes and aligning them parallelly to each other, one can
measure the Hall voltage under an applied magnetic field normal to the current plane.

3.1.3 Four-point probe method

This technique utilizes four collinear point probes, equally separated by distance, d (Valdes,
1954). The working principle is the same – the current is applied via outer source probes
and the voltage is measured via the inner voltage probes. Commonly, probes are needle-
like shaped with a sharp hemispherical tip, making this method applicable for extremely
small samples. However, a resistivity calculation based on resistance values obtained us-
ing this method is somewhat challenging. Depending on the geometry and position of
the probes, the dimensionality and dimensions of the sample, the current paths are dif-
ferent and hence the ρ/R ratio. For 2D infinite thin films or coatings, resistivity can be
calculated as follows (Miccoli et al., 2015):

ρ =
V

I

πt

ln 2
, (3.2)

where t is the thickness of a film; whereas for a 3D semi-infinite sample, this is

ρ =
2πdV

I
. (3.3)

For a finite-size sample, a correction factor should be taken into account that depends on
the dimensions of the sample, position of the probes, and the length between them (Mic-
coli et al., 2015). As an example, the resistivity of semiconductor wafers is measured
using this method.
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Another variation of the four-point probe method is the Van der Pauw method (Miccoli
et al., 2015). In contrast to the former method, the probe arrangement of the latter is
around the perimeter of the sample, allowing measurement of the average resistivity of
the sample and of the Hall voltage.

3.2 Pulse magnetic field setup

Magnetotransport measurements in strong magnetic fields have been an important branch
of experimental science in recent decades due to the discovery of a variety of phenomena
such as the Hall effect, anomalous or quantum Hall effects (Nagaosa et al., 2010; Cage
et al., 2012), giant magnetoresistance (Tsymbal and Pettifor, 2001), Shubnikov-de Haas
oscillations (Lifshits and Kosevich, 1958), and weak localization effect (Hikami et al.,
1980).

To measure (magneto-)transport properties and to observe and analyze related effects in
a wide range of materials, a pulse magnetic field setup (PMFS) has been designed, con-
structed, tested and optimized by M.A. Shakhov, Ioffe Physical-Technical Institute (hard-
ware) and M.O. Safontchik, Ioffe Physical-Technical Institute (software). Semiconduc-
tors, semimetals, superconductors, heterostructures, fullerenes and magnetic semiconduc-
tors are the few examples of materials that can be measured using this setup. A variety of
scientific articles has been published based on the PMFS measurement data (Guc et al.,
2017; Lähderanta et al., 2016, 2019, 2018; Hajdeu-Chicarosh et al., 2018).

3.2.1 Structure of the setup

The measurement technique of this setup is based on the four-probe method with one pair
of current probes and two pairs of voltage probes. The setup consists of a solenoid, a ca-
pacitor bank with a thyristor discharge circuit, a cryostat with a sample holder, a vacuum
management apparatus with two pumps, and electronics. The schematic diagram of the
PMFS is presented in Fig. 3.2. The electronics are controlled using programs developed
using “LabVIEW” software. A pulsed magnetic field is generated by discharging the ca-
pacitor bank through a multiturn normal state solenoid. There is a possibility to switch the
polarity of the magnetic field. The sample space can be sealed and pumped to reach lower
than cryogenic liquid (nitrogen or helium) temperatures. The cryostat is filled with liquid
nitrogen to cool the solenoid after each pulse shot. During pulses, output signals (e.g.,
voltage between voltage probes) are measured and converted through four independent
measurement channels of an analog-to-digital converter (ADC, 16 bit) with a conversion
time of about 1 µs, and then the signals are recorded to a 4×256 kB cache memory.

The measurement data from the PMFS is obtained in the form of separate pulses or, in
other words, shots (U(B)) at a specific temperature, maximum value of a magnetic field,
and a polarity of both magnetic field and current. To measure the full dependence of
resistance on a magnetic field (let us say up to 20 T), an operator should make several
pulses with a gradual increase of a maximum value of a magnetic field (e.g., Bmax = 0.5,
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1, 2, 5, 10, 20 T). Magnetoresistance and/or Hall voltage curves are then obtained by
combining multiple pulses with different magnetic field amplitudes and polarities. There
is also a possibility to measure thermoresistive curves (R(T )). A list of the main technical
parameters of the PMFS is presented below:

• Temperature range: 1.6–310 K using liquid helium and 50–310 K using liquid ni-
trogen.

• Magnetic field: up to 45 T.

• Pulse duration: ≈ 12 ms.

• Current source (constant or pulsed): 1 µA – 200 mA.

• Sensitivity limited noise: ≈ 5 µV.

• Cooling time of the solenoid after, e.g., a 30 T pulse: ≈ 30 minutes.

• Volume of the sample space in the form of a partial cylinder: ≈ 0.15 cm3.
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Figure 3.2: Schematic diagram of the pulse magnetic field setup.

The Capacitor bank, thyristors, cryostat, sample holder with preamplifier, vacuum man-
agement system, pumps, and all other related components are located in a separate exper-
imental room, which has a Faraday cage shielding. The door to the experimental room is
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equipped with a limit switch (which shuts off a high voltage) to prevent the entrance of an
operator during the capacitors charging or pulsing. All the electronics (thermocontroller,
current source, digital multimeters, high voltage block, base block, PC) are located in the
adjacent control room. Furthermore, all electrical systems are grounded and high voltage
circuits have a galvanic isolation.

3.2.2 Sample preparation and insertion

Samples of different configurations can be measured using the PMFS such as 2D thin
films on a substrate or 3D samples of various geometries. However, there are two limi-
tations for the sample when considering measurements using the PMFS: dimensions and
resistance. The resistance of the sample should be in the range of 0.01 Ω – 100 kΩ.
The possible dimension configurations of the sample are (mm): 5.3×1, 4.4×1.5, 4×1.7,
2.9×2, etc. The minimum size of the sample is limited by the necessity to attach or solder
six finite-size contacts: one pair of current contacts and two pairs of voltage contacts.
Schematic diagrams of contact arrangement for 2D and 3D samples are presented in Fig.
3.3. The current is supplied using contacts 1-2. The longitudinal resistivity of the sam-
ple is recorded using contacts 3-5/4-6, and the transverse Hall voltage is measured using
3-4/5-6.

Figure 3.3: Visualization of contact arrangement for (a) 2D and (b) 3D sample. The black
strips and dots are the contacts. Contacts 1-2 are the current contacts, while others are the
voltage contacts.

Typically, sample contacts are made out of either indium or tin-lead solder, though one
should not be restricted to only these. Indium contacts are attached to the sample using
so-called cold soldering, which means that indium is smeared and rubbed on a sample
surface until it is firmly stuck to it, whereas tin-lead contacts are soldered using a heat
soldering. Following this, copper wires are either attached or soldered to the contacts.
The core diameter of the copper wires that are typically used is either 0.03 or 0.06 mm,
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depending on the resistance of the sample. Three twisted pairs of the copper wires are
intertwined together for a reduction of a electromagnetic interference. The sample with
the connected wires is then placed in a sample holder and fixed in the desired orientation
using molten wax. The sample holder is a long tube that goes all the way down to the
level of the solenoid. A lower part of the sample holder (where the sample is located)
consists of two thermometers, a compensation coil, a detection coil to measure the value
of the magnetic field, a coil heater, and a liquid helium level gauge. The sample space is
made by cutting part of the sample holder tube. A thermal shielding is installed above the
sample space. A preamplifier is connected to an upper part of the sample holder (which
is located in a room-temperature region) and is required for switching and preamplifica-
tion of input signals and rough/fine manual compensation of electromagnetic interference
generated by the magnetic field pulse (dB/dt).

The opportunity to rotate a sample inside the sample holder allows measurements of
anisotropy of magnetotransport properties. A sample plane can be oriented parallel (in-
plane) or perpendicular (out-of-plane) to a magnetic field, B. In the in-plane orientation,
the sample can be oriented so that a current direction is parallel or perpendicular to the
magnetic field B. In total, three orientations of a sample relative to a magnetic field typi-
cally are utilized, and as previously mentioned, an operator can also manually switch the
polarity of a magnetic field and current. Since the sample space is made in the form of
a partial cylinder with a length of 1.2 cm, a 0.35 cm radius and a 0.25 cm height, the in-
plane (in contrast to out-of-plane) orientation allows the measurement of a bigger sample.
It should be noted that the Hall effect measurements are possible only in the out-of-plane
orientation, when a magnetic field is oriented normal to a current flow direction and a
sample plane.

3.2.3 Sample temperature control

The temperature of the sample is monitored using two thermometers that are positioned
in close proximity to the sample: a Cernox® thin-film resistance temperature detector and
a differential thermometer. Data from the thermometers are then read by a “LakeShore
332” thermocontroller. The thermocontroller also controls the temperature of the sample
using a heating element that consists of two coils wound around the sample holder above
and below the sample. The thermocontroller’s proportional-integral-derivative (PID) pa-
rameters can be adjusted automatically or manually. The temperature of the sample is
also controlled by changing the degree of vacuum (by means of a rotary pump, “Edwards
Vacuum RV5”) inside the vacuum layer of the cryostat. There is also a possibility to pour
either liquid nitrogen or helium into the sample holder to reach cryogenic temperatures.
Moreover, when the sample space is filled with liquid nitrogen, an operator can lower the
temperature of the liquid nitrogen (and, hence, of the sample) down to ≈ 50 K by means
of vacuum vapor pumping (using the second rotary pump of the same model). During
the vacuum vapor pumping, an operator has the possibility to maintain an intermediate
temperature (between 50 and 77 K) for some time (until liquid nitrogen is evaporated)
using a manostat and a set of valves. The same vacuum vapor pumping method is valid
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for the case of liquid helium poured inside the sample holder. With liquid helium, temper-
atures down to ≈ 1.6 K can be achieved, as well as some intermediate temperatures. An
operator should be able to find and maintain a balanced interplay between cooling from
the cryogenic liquids and heating from the coil heater. It should be noted that during the
vacuum vapor pumping, apart from the two thermometers next to the sample, there is also
a vacuum gauge installed in the vacuum management system to measure the pressure of
the cryogenic liquid vapors, the measurement values of which can be used to calculate the
temperature of the cryogenic liquids and hence of the sample.

3.2.4 Current source

An autonomous current source with high output impedance was designed especially for
PMFS. Pulsed or constant current in the range of 1 µA – 200 mA can be set to work in
either “+” or “–” polarity. Pulse duration parameters are programmable.

3.2.5 Solenoid

The pulse solenoid is a handmade multiturn coil wound with flat copper wire encapsu-
lated with an epoxy compound. A uni-directional glass banding tape was used for outer
banding of the solenoid. To prevent destruction of the solenoid due to huge heat dissi-
pation and thermal shocks during pulses, the solenoid is constantly cooled with liquid
nitrogen. After each pulse, there is a cooling period when it is prohibited to shoot the
next pulse, and the cooling period time depends on the maximum magnitude of a mag-
netic field of the previous pulse. For example, after 30 T pulse, an operator should wait
≈ 30 minutes. It should be noted that short-time pulses from a normal state magnet allow
investigation of time dependencies and relaxation effects that, in principle, is not possible
with superconducting magnets. The main technical parameters of the solenoid are listed
below:

• capacitance: 6 mF,

• maximum voltage: ≈ 5 kV,

• inner diameter: 1.2 cm,

• inductance: 2.377 mH,

• coil resistance: = 0.08305 Ω,

• maximum current: ≈ 6.5 kA,

• axial non-linearity at 5 mm from the center of the solenoid: –0.37%,

• radial non-linearity at 7 mm from the center of the solenoid: 0.09%.

Charging of the capacitor bank and its voltage monitoring is done using the high voltage
block located in the control room. Two digital multimeters are installed in the high voltage
block to show the voltage values in two independent sections of the capacitor bank.
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3.2.6 Software

All the programs were written using the “LabVIEW” software. The main program (See
Fig. 3.4) shows the results of all the recorded pulses from a chosen folder (a separate
folder for each measurement temperature) from one of the three measurement channels
and for specific configurations of the current and magnetic field polarities. All the pulses
(U (B)) with different values of a maximum magnetic field are displayed in one common
graph (See Fig. 3.4). Each pulse consists of two curves that are induced by the increase
and decrease of the magnetic field (over ≈ 12 ms time period), and then they are pro-
grammably added to each other creating a single curve of U(B) dependence (See Fig.
3.5b). However, the presence of a magnetic hysteresis or(and) sample heating due to
eddy currents can cause divergence of the U(B) curve when adding two parts of it. In or-
der to differentiate the longitudinal resistance or the Hall voltage, which are presented in
the different quadrants of the U(B) dependence, from the total signal, magnetoresistance
measurements are conducted in both polarities of the magnetic field (See Fig. 3.5c).

Figure 3.4: The main program of the PMFS, where one can see the magnetic field depen-
dence of voltage between contacts 4 and 6 at a specific temperature. Note the presence of
data for both magnetic field polarities. Even though the curve appears continuous, in re-
ality it consists of several separate pulses with different values of the maximum magnetic
field.

In the sample parameters editor (“Edit” button) an operator specifies:
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• Name of the sample, its description, and any other comments.

• Dimensions of the sample, such as length between current contacts, width of the
sample and height of the current path (which in most cases is the thickness of the
sample).

• Distances between the center of the probe contacts along (contacts 3-5/4-6) and
across (3-4/5-6) the current direction (See Fig. 3.3).

• Configuration of the three measurement channels. A typical configuration is two
longitudinal resistivity, meaning ρ(B) (contacts 3-5 and 4-6) and one Hall volt-
age (either 3-4 or 5-6), though other configurations are used as well. In case of a
loss of a voltage probe, e.g., due to mechanical and/or thermal shocks, an operator
can change the configurations of the measurement channels. It is also possible to
conduct measurements between sidelong contacts (3-6/4-5).

Figure 3.5: (a) A simplified cyclogram of pulsed magnetoresistance measurements; (b)
An ideal magnetic field dependence of voltage. The dB/dt correction function converge
B ↑ and B ↓ curves leading to one curve (the black dashed line); (c) Difference between
longitudinal resistance and Hall voltage.

In the test window (See Fig. 3.6), before shooting, an operator can adjust the level of
amplification of the voltage measurement channels, which is the sum of preamplification
(×1/10/100), base amplification (×1/10/100), and ADC amplification (×1/2/4/8). The
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same “test” window (See Fig. 3.6) appears after each pulse and one can preview the raw
data of a pulse from all four channels. The first channel shows the magnetic field deriva-
tive, while the other three are the measurement channels, which are set in the sample
parameter editor. Depending on the channel, one can see the cyclogram of either volt-
age, current or magnetic field, with the time range being ≈ 12 ms. A typical cyclogram
consists of several physical switching points (See Fig. 3.5a), and the pulsed current and
magnetic field are switched on/off at different times. It should be noted that the pulsed
current is not switched on/off in a steplike behavior, rather it has a front period that takes
several milliseconds. When the current has reached its value, prior to switching on the
magnetic field, resistance values in the zero magnetic field are recorded. The actual re-
sistance versus magnetic field measurements take about 12 milliseconds. Note that Fig.
3.5 depicts a simplified version of the actual cyclogram, meaning some steps, such as
compensation fronts, are omitted for simplicity. The time ranges of different steps of the
cyclogram can be adjusted manually. As the maximum amplitude of cyclogram voltage is
10 volts, an operator should find a balance between an applied current and an amplifica-
tion level before shooting a pulse so that the obtained cyclogram will not exceed 10 volts
in an amplitude.

Figure 3.6: The test window that shows signals from four channels. No magnetic field
is applied yet, only a pulsed current. “Ro” means longitudinal resistivity measurement,
while “Hall” means the Hall voltage measurements. There is also an “S” option, which
means sidelong resistivity measurements (not shown here). The vertical axis is voltage
(for “field derivative” channel it is magnetic field), and the horizontal axis is time.
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Prior to pressing the “Experiment” button (See Fig. 3.4), which starts the capacitor bank
charging, an operator sets a desired value of the maximum magnetic field in the main
window. Voltage values (Uc) required to charge the capacitor bank for a certain value of
a magnetic field are automatically taken from a file with the calculated Uc(Bmax) depen-
dence. When the capacitor bank is charged, either the program automatically shoots a
pulse or an operator does it manually.

Three supplementary programs are used during measurements. The first program visual-
izes the liquid helium level in the sample holder in the range of 0 to 1. The liquid helium
level is gauged by means of a resistance measurement of the SC wire immersed in liquid
helium. The second program is used for monitoring various parameters such as capac-
itors’ voltage, temperatures from two sample thermometers, DAC voltage, helium level
gauge voltage, the temperature of the cryogenic liquid calculated based on the pressure
values measured using the vacuum gauge. To read all these parameters, a multimeter
“Keithley 2100” is used, which allows the measurement of up to 8 independent channels.
The third program visualizes the sample temperature from the two thermometers (located
in close proximity to a sample).

Processing of raw data from pulses includes the smoothing of curves using regression
splines or local polynomial algorithms, and averaging data values over the increase and
decrease of a magnetic field, and over polarity of the magnetic field. Physical parameters
are also recalculated based on the geometrical parameters of a sample. Processed data is
then combined in one final curve using a program that allows the smoothing of curves, the
elimination of separate pulses with the different values of the maximum magnetic field,
a change of a number of data points on the curve, and a change from linear to logarith-
mic scale. Hall data can be automatically recalculated from the Hall voltage to the Hall
coefficient. Pulses with oscillations (e.g., Shubnikov-de-Haas oscillations) are processed
in a separate program that allows signal smoothing (elimination of high-frequency noise),
detrending, differentiation, the signal’s peaks search, etc.

Apart from magnetotransport measurements, the dependence of resistivity on the tem-
perature can be measured using the PMFS. To measure the thermoresistive curves, the
current source is switched to the constant current mode. When changing from pulse to
constant current mode, one should be cautious not to burn the copper wires that connect
the sample to the sample holder. The PMFS allow resistance measurements as a function
of temperature in three independent channels. An operator can adjust the measurement
rate (seconds), relay wait (ms) and the preamplification for each channel. The rate of
temperature change can be controlled using the thermocontroller and the cooling from
the cryogenic liquids. Output data files contain resistance values from all three channels,
and by knowing the geometrical parameters of a sample, one can calculate resistivity val-
ues.

Transport and magnetotransport properties of the studied materials in the current dis-
sertation were investigated using the PMFS. These materials include nanogranular metal-
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insulator composites, namely Co-SiO2, CoNbTa-SiO2, Co-LiNbO3, CoFeB-Al2O3, CoNbTa-
Al2O3, CoFeB-LiNbO3, CoFeB-SiO2, and diluted magnetic semiconductors, namely mul-
tilayered ZnO/C thin films. The investigation of the (magneto-)transport properties of the
ZnO/C thin films showed unconventional behavior of magnetoresistance at low tempera-
tures. Linear positive magnetoresistance at different temperatures was observed for some
of the listed above metal-insulator nanocomposites.
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4 Magnetotransport and magnetic properties of ZnO/C
heterostructures

As mentioned in the Introduction, the study of dilute magnetic semiconductors (DMS)
is one of the prominent areas of material physics science due to the combination of both
magnetic and semiconductor properties in these materials. Such a combination would
provide an additional way to control conductivity, allowing influence not only on charge
carriers but also on their spin, which would give new possibilities in semiconductor tech-
nologies. An ideal for practical applications DMS should meet the following major crite-
ria: high Curie temperature (TC > RT), high magnetic moment, manifestation of anoma-
lous Hall effect, high charge carriers mobility, a possibility to choose between N- and
P-doping, and a long spin diffusion length (Coey, 2006). The investigation of diluted
magnetic semiconductors have been occurring for several decades leading to the appear-
ance of various classes, though no material has been yet found to meet all the criteria. The
biggest problem of most DMSs is low Curie temperature, which usually does not exceed
200 K. As an example, one of the most popular DMSs is GaAs doped with Mn and its
Curie temperature is limited to about 180 K (Coey and Chambers, 2008). It is of great
importance to develop room-temperature operating spintronics devices for practical and
economical reasons, which prompts further study of DMSs (Coey and Chambers, 2008).

A subcategory of DMSs that pursues the same goals is dilute magnetic oxides (DMO).
The first DMO was a thin film of TiO2 doped with 7 at.% of cobalt resulting in a Curie
point of 400 K and a magnetic moment of 0.32µB per Co2+ ion (Matsumoto et al., 2001).
Dilute magnetic oxides in the form of thin films and nanoparticles, which consist of semi-
conducting oxides (e.g., ZnO, TiO2, SnO2, CeO2) doped with a few percentages (typi-
cally not higher than 10%) of 3d transition metals (TM) (e.g., V, Co, Fe, Mn, Ni, Cr),
have shown high-temperature ferromagnetism (up to 900 K). Coey and Chambers (2008)
have presented a comprehensive list of TM-doped diluted magnetic oxides with the main
parameters such as a doping percentage, magnetic moment, bandgap, and a Curie temper-
ature. Even though DMOs show high Curie temperatures, most of the other requirements
are not met, and moreover, there are still disputes about the nature of the ferromagnetism
(Matsumoto et al., 2001). When reporting magnetism in DMOs doped with TM, an author
should be cautious due to some technical challenges that can distort the true values of the
magnetic parameters of a material. These challenges include an appearance of clusters
and secondary phases during a fabrication process, possible contamination, and measure-
ment artefacts (Coey, 2006). As for the magnetic measurements of any DMOs doped
with non-magnetic cations, an operator should take into account the possibility of con-
taminating a sample with magnetic particles, which will greatly affect the obtained data
and may lead to the publication of spurious results. Precautions should be taken when
using SQUID/VSM magnetometers for magnetic measurements (m(H , T )), for example,
the elimination of any magnetic instruments throughout the sample handling process such
as metallic tweezers and sample holders, and markers, which typically contain magnetic
impurities.
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ZnO (together with GaN) has been predicted to be one of the most prominent candidates
for high-temperature FM in DMOs (Dietl, 2010). Indeed, many ZnO-based compounds
doped with TM have shown FM/AFM behavior (Liu et al., 2005). ZnO has a direct
bandgap of Eg ≈ 3.3 eV and exciton binding energy of 60 meV at RT; its crystal structure
is either hexagonal (wurtzite) or cubic zinc-blende; and conductivity is typically N-type
due to electrons originating from defects. As for the advantages of ZnO (for example,
over GaN), it has simple growth technology that reduces the cost of a device based on this
semiconductor, and a possibility to fabricate good quality single crystals (Özgür et al.,
2005). It has been shown that a large number of vacancy defects in undoped ZnO nanos-
tructures can induce d0 magnetism (Qi et al., 2017). Undoped thin films of hafnium
dioxide have also shown the presence of magnetism (Venkatesan et al., 2004a).

Shortly after the start of doping ZnO with TMs, researchers have discovered that not only
TMs can induce magnetism in ZnO – reports started appearing claiming the manifestation
of weak RT ferromagnetism in ZnO doped with non-magnetic ions such as copper, car-
bon or scandium (Buchholz et al., 2005; Pan et al., 2007; Venkatesan et al., 2004b). This
discovery has prompted researchers to experiment with different diamagnetic or paramag-
netic dopants. As for the carbon dopant, its choice is partly dictated by the manifestation
of magnetism in carbon-based systems, with intrinsic defects being one of the proposed
explanations of the observed magnetism (Rode et al., 2004; Lehtinen et al., 2004). It has
been shown that thin films of ZnO-C deposited by a pulsed-laser deposition technique
have TC > 400 K and magnetic moment of (1.5–3)µB per carbon with P-type conduc-
tivity (Pan et al., 2007). As for the origin of magnetism in ZnO-C systems, there are
still disputes and there is no clear understanding of why magnetism appears, hence fur-
ther investigation of this system is required to shed light on this problem. However, it
is undoubtedly true that magnetism of oxides doped with non-magnetic ions depends on
structural defects, a fabrication method and a type of conductivity. Currently, there are
two main concepts regarding the origin of room-temperature ferromagnetism (RTFM) in
ZnO-C. The first concept is based on a hole-mediated p-p coupling interaction near the
Fermi level. Carbon atoms reside in oxygen sites of ZnO and introduce holes, thus allow-
ing p-p coupling interaction between the carbon atoms and the holes. A sufficient amount
of holes can mediate the spin alignment of carbon atoms, leading to ferromagnetic cou-
pling interaction between them (Wang et al., 2009; Pan et al., 2007). This process is
similar to p-d exchange interaction in TM-doped DMS/DMOs (Liu et al., 2005). The sec-
ond concept is based on the defect-induced d0 ferromagnetism detected in several pristine
oxides such as Cu2O, SnO2 and MgO (Liao et al., 2009; Araujo et al., 2010; Hong et al.,
2008). Even though quite often ferromagnetism of DMOs can be explained by the de-
scribed above contaminants, secondary phases and measurements artefacts, these are not
general explanations of ferromagnetism in DMOs (Coey, 2005). It seems that oxygen va-
cancies are somehow responsible for the appearance of the magnetic ordering in DMOs,
and annealing in oxygen for several hours significantly reduces the magnetic moment of
the DMOs, which supports the idea (Hong et al., 2006). The nature of the defect-induced
d0 ferromagnetism is still unclear, though there are several theories. One of the most
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prominent theories implies that defects, i.e., delocalized electrons from oxygen vacan-
cies, form an impurity band, and if a density of states is sufficient enough, then the Stoner
criterion is fulfilled (D(EF )I > 1), and ferromagnetism appears (Coey, 2019). Other
popular theories are discussed in papers by Coey (2005, 2019).

The dependence of magnetic parameters on structural defects and fabrication methods, as
well as the absence of a clear explanation of the magnetism in the DMOs have motivated
a further study. This chapter summarizes the research results of Publication 1 and 2 by
describing the magnetic and magnetotransport properties of ZnO/C thin-film heterostruc-
tures fabricated using an ion-beam sputtering process.

4.1 Sample fabrication and measurement details

In this present study, an ion-beam sputtering technique was used to fabricate (ZnO/C)25
and (ZnO/C)81 multilayered thin films. The numbers “25” and “81” indicate the number
of bilayers sputtered on a substrate. Knowing the thickness of the whole film and the num-
ber of bilayers, one can easily calculate the thickness of one bilayer. The targets of ZnO
and C were sputtered layer-by-layer onto (100)Si or pyroceramics substrate in an argon at-
mosphere with a purity of 99.998% and at a pressure of 7 × 10−4 torr. During the whole
sputtering process, which lasted 3h 12min for (ZnO/C)25 and 5h 50min for (ZnO/C)81,
the surface temperature did not deviate from the room temperature by more than 2 ◦C.
To implement the layer-by-layer sputtering process, a substrate holder was rotated from
one target to another at a rotational speed of 0.13 rpm and 0.23 rpm for (ZnO/C)25 and
(ZnO/C)81, respectively. A V-shaped screen, which was located between the targets and
the substrate holder, was used to vary the thickness of the carbon interlayer. In total, 150
thin films were fabricated with the film thickness (h) varied from 35 to 169 nm, which
was measured using an optical interferometer “MII-4”. A more detailed description of
the fabrication process can be found in Publication 1.

A focused ion beam system (“Hitachi FB2100”) was used to prepare cross-sectional
lamellae of the fabricated thin films. To investigate elemental composition, a scanning
electron microscope (“Oxford INCA Energy 250” with an energy dispersive X-ray add-
on device “JEOL JSM-6380LV”) was used. An X-ray diffraction method (“Bruker D2
Phaser diffractometer”, λCuKα1 = 1.54 Å) and a transmission electron microscope (“Hi-
tachi HT7700”, V = 100 kV [W source]) were used to investigate the structure of the
samples. Measurements of electrical resistivity were conducted using a digital multimeter
“B7-78/1” (two-probe method) and the PMFS (four-probe method). Magnetoresistance
curves (MR = (RB − R0)/R0×100%) in a magnetic field (B) up to 25 T were obtained
using the PMFS. During the magnetoresistance measurements, an applied direct current
in the range of 4 µA – 100 µA was used depending on the sample. Seebeck effect mea-
surements (thermopower) were done using a differential method with errors not exceeding
3%, where cold and hot ends were made out of silver with a purity of 99.99%. “Cryogenic
S700XR” SQUID magnetometer was used to conduct in-plane magnetic measurements
(m(B, T )). During the magnetic measurements, the samples were fixed in a straw using
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Kapton tape.

4.2 Results and discussion

The X-ray diffraction (XRD) spectra indicate that carbon and zinc oxide layers are amor-
phous and crystalline (hexagonal, with P63mc space group [Zhilova et al., 2017]), re-
spectively (See Fig. 4.1c). The XRD pattern of (ZnO/C)81 thin film indicates a texture
with ⟨001⟩ axis perpendicular to a substrate. However, the small-angle XRD spectra of
the (ZnO/C)81 films do not show any diffraction peaks (See Fig. 4.1a), indicating an
island structure, not a multilayered structure. Since ZnO and C phases are mixed, and
(ZnO/C)81 is basically a composite with blurred interfaces, we can consider a thickness
of the whole film, but not of an individual bilayer ZnO/C. As opposed to the (ZnO/C)81
films, the small-angle XRD spectra of (ZnO/C)25 films show the presence of diffraction
peaks, suggesting the existence of a multilayered structure (See Fig. 4.1b).
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Figure 4.1: (a, b) Small-angle XRD spectra of (ZnO/C)81 and (ZnO/C)25 films. (c, d)
XRD spectra of C, ZnO, (ZnO/C)81 and (ZnO/C)25 films.

The structure of the studied films was also investigated using TEM microscopy. As can
be seen in Fig. 4.2, TEM micrographs verify the nanocrystalline randomly-distributed
composite structure of (ZnO/C)81 films and the nanocrystalline multilayered structure of
(ZnO/C)25 films. Electron diffraction patterns show phases of hexagonal ZnO (See inserts
of Fig. 4.2).
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Figure 4.2: TEM images of the obtained cross-sections of samples: (a) (ZnO/C)81 with
h = 157 nm and (b) (ZnO/C)25 with h = 135 nm. The inserts show electron diffraction
patterns.

As shown in Fig. 4.3a, the resistivity of (ZnO/C)81 films rises with the film thickness
decrease. Moreover, the resistivity difference between the (ZnO/C)81 samples and un-
doped ZnO depends on the thickness of the films – at low thicknesses, the resistivity of
the (ZnO/C)81 films is less by more than two orders of magnitude. This can be explained
by an increased number of interfaces and grain boundaries that can act as charge transport
channels in wide bandgap semiconductors (Lashkova et al., 2016). In comparison to the
(ZnO/C)81 films, the resistivity behavior of the (ZnO/C)25 films changes only quantita-
tively (See Fig. 4.3c). In the thickness range of 130–140 nm of the (ZnO/C)25 samples,
ZnO layers are alternated with the carbon island interlayers, reducing the resistivity of the
films with the thickness increase (See Fig. 4.3c). The carbon islands enlarge and start to
overlap each other, increasing the concentration of the dangling bonds at the interfaces,
and hence reducing the electrical resistivity. Moreover, randomly distributed charges gen-
erate a chaotic potential. All of these indicate that strong localization conditions occur at
the interfaces with the presence of carbon islands for the (ZnO/C)25 samples with h =
130–140 nm (Lashkova et al., 2016). The (ZnO/C)25 films with h > 140 nm consist of a
layered structure of crystalline ZnO and amorphous C, where carbon layers, together with
their interfaces, act as conductive channels. With the thickness increase of the (ZnO/C)25
films, a transition from strong to weak localization occurs, which changes the conduc-
tion mechanism (Nistor et al., 2018). A similar behavior was observed in the multilay-
ered structure (SnO2/In2O3)69 (Zhilova et al., 2019). The negative sign of thermoelectric
power of (ZnO/C)81, (ZnO/C)25 and undoped ZnO indicates N-type conductivity (See Fig.
4.3b,d).

The charge transport mechanism was investigated using temperature dependencies of re-
sistivity (thermoresistive curves). As can be seen from Fig. 4.4a,b, the electrical resistivity
of all the studied samples increases with a temperature decrease. The same thermoresis-
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Figure 4.3: Dependencies of room-temperature resistivity on a thickness of the ZnO,
(ZnO/C)81 (a) and (ZnO/C)25 (c) films. Dependencies of room-temperature thermopower
on a thickness of the ZnO, (ZnO/C)81 (b) and (ZnO/C)25 (d) films.

tive curves but in the ln ρ/ρ0 − T−1/3 coordinates, in the temperature range of 77–170 K,
are presented in Fig. 4.4c,d. The linear behavior of the thermoresistive curves in these co-
ordinates suggests a variable range hopping (VRH) mechanism over the localized states
in a narrow energy band near the Fermi level (Mott and Davis, 2012). Based on this
mechanism, resistivity of 2D systems follows

ρ = ρ0 exp

{(
Tm

T

)1/3
}
, Tm =

β

kBg(EF )a2
, (4.1)

where kB is the Boltzmann constant, g(EF ) is a density of states at the Fermi level, and
a is a localization radius (Mott and Davis, 2012). This is the so-called 2D Mott’s VRH
mechanism. Using a slope of the curves in Fig. 4.4c,d, one can calculate the value of
characteristic temperature (Tm) for different thicknesses of the films. The calculated val-
ues of Tm are presented in Table 4.1. The localization radius is taken as the zinc ionic
radius, a ∼ 0.8 Å. The density of states at the Fermi level is then calculated using Eq. 4.1,
the values of which are also presented in Table 4.1.

The high-temperature (T = 200–300 K) thermoresistive behavior is described well by a
hopping conductivity to the nearest neighbors, the so-called NNH polaron model (Jaime
et al., 1996). Based on this mechanism, Arrhenius-type temperature dependence of resis-
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Figure 4.4: Temperature dependencies of electrical resistivity of (ZnO/C)81 (a) and
(ZnO/C)25 (b) films. The same curves, but in the ln ρ/ρ0 − T−1/3 coordinates, are pre-
sented in (c, d). The numbers on the graphs represents various thicknesses (nm): 1–35,
2–45, 3–70, 4–98, 5–129, 6–150, 7–157, 8–169. Red solid lines are linear fits.

Table 4.1: The calculated values of the characteristic temperature (Tm), the DOS at
the Fermi level (g(EF )2D) and the hopping activation energy (Wh) as a function of the
(ZnO/C)81 film thickness.

h (nm) Tm (K) g(EF )2D (eV−1cm−2) Wh (meV)
35 16.77 3.2×1017 6.8
45 16 3.4×1017 6.8
70 11.85 4.6×1017 6.6
98 20.79 2.6×1017 7.6

129 30.66 1.8×1017 8.9

tivity follows

ρ = ρ0 exp

(
−Wh

kBT

)
, (4.2)

where Wh is a hopping activation energy (Mott and Davis, 2012). As shown in Fig.
4.5a, the thermoresistive curves of the (ZnO/C)81 films are linear in the ln ρ/ρ0− 1000/T
coordinates. The calculated values of a hopping activation energy of the (ZnO/C)81 films
with different thicknesses are presented in Table 4.1. The thermoresistive curves of the
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(ZnO/C)25 samples with h > 150 nm are linear in the ρ − lnT coordinates (See Fig.
4.5b), which is typical for weak electron localization in 2D/3D systems (Nistor et al.,
2018). Similar behavior of thermoresistance at T = 80–300 K was observed for Ga-
doped ZnO films (h = 100–400 nm) fabricated by a radio frequency magnetron sputtering
process (Li et al., 2013). The observed resistance of these films with h = 100 and 200
nm decreased with the temperature increase, and the behavior was explained by the weak
charge localization. The thermoresistive curve of the film with h = 400 nm has shown
the change of resistivity at T = 160 K, with the weak localization effect observed at T <
160 K. Thus, the thermoresistive behavior of (ZnO/C)25 samples with h > 150 nm can be
associated with the weak charge localization effect.
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Figure 4.5: (a) Temperature dependencies of electrical resistivity in the coordinates of
ln ρ/ρ0− 1000/T of the (ZnO/C)81 films with thicknesses (nm): 1–35, 2–45, 3–70, 4–98,
5–129. Red linear lines are theoretically fitted using Eq. 4.2. (b) Temperature depen-
dencies of electrical resistivity in the coordinates of ρ− lnT of the (ZnO/C)25 films with
thicknesses (nm): 6–150, 7–157, 8–169. Red solid lines are linear fits.

Two samples of the (ZnO/C)25 series with h = 146 and 153 nm were separately investi-
gated using the PMFS and the SQUID magnetometer (Publication 2). The thermoresis-
tive curves were measured in the temperature range of 15–300 K, while the in-plane and
out-of-plane magnetoresistance curves in a magnetic field (B) up to 25 T were recorded
at different temperatures, ranging from 15 to 300 K.

The thermoresistive curves of both (ZnO/C)25 samples with h = 146 and 153 nm are well
described by the 2D Mott’s VRH at T ≲ 100 K (See Fig. 4.6b). This agrees with the
results of Publication 1 and indicates low conductivity of carbon at low temperatures
and a high concentration of interface defects, leading to an increased charge carrier con-
centration when compared to individual ZnO and C. It should be noted that by using the
term interfaces this not only means interfaces themselves but also adjacent carbon layers
since the thickness of the carbon layers is less than 1 nm (See Fig. 4.2b). The density of
states of the studied samples can be calculated using Eq. 4.1. The localization radius, a,
is taken as the Bohr radius, meaning a = (4πℏ2ϵϵ0)/(meffe

2), where for ZnO, ϵ = 7.8
and electron effective mass meff = 0.24me (Meyer et al., 2004), therefore a = 1.73 nm.
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For a rectangular shape of DOS, β = 13.8 (Shklovskii and Efros, 2013). A characteristic
temperature was estimated from the slopes of the curves in Fig. 4.6b: Tm = 1405 and
779 K for h = 153 and 146 nm, respectively. The calculated values of DOS are g(EF ) =
3.7×1015 and 6.9×1015 eV−1cm−2 for h = 153 and 146 nm, respectively, which is around
two orders of magnitude smaller than that of the composite samples (ZnO/C)81 (with ran-
domly distributed ZnO and C). The difference in the values of DOS is attributed to the
differences in microstructure and the thickness of the samples (ZnO/C)25 and (ZnO/C)81.
Moreover, for the samples (ZnO/C)25, the localization radius was estimated as for ZnO,
whereas for the samples (ZnO/C)81, it was taken as the Zn ion radius.
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Figure 4.6: Temperature dependencies of normalized electrical resistivity of the
(ZnO/C)25 films with h = 146 and 153 nm in the coordinates of (a) ρ/ρ300K − T and
(b) ln ρ/ρ300K − T−1/3. The red solid lines are linear fits.

Both the out-of-plane and in-plane magnetoresistance of the (ZnO/C)25 sample with h =
153 nm shows unexpected behavior at T = 15–20 K: it is negative in low magnetic fields,
positive in moderate fields, and negative again in high fields (See Fig. 4.7). At higher tem-
peratures (50 K ⩽ T ⩽ 65 K), a change of the magnetoresistance sign takes place only
once from negative, which goes up to ∼3–8 T, to positive, which persists up to the max-
imum measured magnetic field. At T ⩾ 80 K, magnetoresistance is negative throughout
the magnetic field range, increases with the field increase, and does not show signatures
of saturation. A value of the magnetic field Bmin, which corresponds to a trough value
of negative MR at low-moderate magnetic fields, increases with the temperature increase
(T = 15–65 K). The observed positive MR can be explained by the Efros-Shklowskii
mechanism, which can be described as a shrinkage of the electron wave functions in the
magnetic field. According to this mechanism, positive MR increases following

ρ(B) = ρ0 exp(constB
n), (4.3)

where n is determined by a dimensionality of a sample and by a magnetic field strength
(Shklovskii and Efros, 2013). This dependence is associated with the stretching of s-like
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states in the presence of a magnetic field, leading to a reduction of the wavefunction tails
overlap, hampering the hopping of charge carriers between sites. However, it is obvious
that this mechanism cannot be responsible for the whole MR behavior of the sample with
h = 153 nm.
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Figure 4.7: Out-of-plane (a) and in-plane (b) magnetoresistance curves of (ZnO/C)25 film
with h = 153 nm measured at various temperatures.

The MR behavior of the sample with h = 146 nm (See Fig. 4.8) is similar to that with h
= 153; however, there are two distinctive features that should be noted. First, the value of
negative MR in B ≲ 1.5 T is the same for both sample orientations, whereas in stronger
magnetic fields, this value is higher for the out-of-plane orientation. Secondly, the value
of the magnetic field Bmax, which corresponds to a peak value of positive MR, is higher
at T = 20 K than at 15 K and is similar for both orientations.

Based on the results of the MR measurements, it would be reasonable to suggest the ex-
istence of two processes responsible for the negative MR and one process for the positive
MR. It should be noted that the positive MR weakens with the temperature increase, and
at low temperatures it does not exponentially increase with the field as in the case of the
Efros-Shklowskii mechanism but rather saturates. Four possible processes can be respon-
sible for the negative MR in low magnetic fields (up to ∼1.5 T). The first is the quantum
interference, which is a consequence of the weak localization effect (Raikh et al., 1992).
This process is characterized by the out-of-plane MR being considerably weaker than the
in-plane MR; however, as shown in Fig. 4.8, this is not the case neither in low nor high
magnetic fields (Raikh et al., 1992). The second process is the hopping of nonzero orbital
momentum states, which is characterized by negative and linear in low magnetic fields
MR (Alexandrov et al., 2012), though low-field MR curves of the studied samples are
not linear (See Fig. 4.8). The third process is the scattering on the magnetic disorder,
which is characterized by a strong magnetization and MR saturation. The results of the
magnetic measurements of the (ZnO/C)25 samples with h = 146 nm revealed the presence
of apparent hysteresis loops at T ⩽ 120 K with an intrinsic coercivity ranging from ≈
310 G at 5 K to ≈ 30 G at 120 K (See Fig. 4.9a). As for the temperature dependence of
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Figure 4.8: Magnetoresistance curves of (ZnO/C)25 film with h = 146 nm measured at
various temperatures.

magnetization, the zero-field cooled (ZFC) curve drops at low temperatures reaching its
trough at T ≈ 20 K, then starts to rise up to the maximum value at T ≈ 50 K, and then
gradually decreases with the temperature increase up to RT (See Fig. 4.9b). The results
of the magnetic measurements indicate the existence of ferromagnetic ordering in the
(ZnO/C)25 film with h = 146 nm. In this case, an applied magnetic field should diminish
moment disorientation, contributing to negative MR. Moreover, in the case of substantial
magnetization, Bmax should depend on a field orientation due to demagnetization fields;
however, this dependence is not observed (See Fig. 4.8) and magnetization is relatively
weak (See Fig. 4.9). Both the absence of the tendency to MR saturation, even in magnetic
fields higher than the saturation field (Bsat ∼ 0.1 T, not shown on the graph) and the weak
magnetization, show that this process is definitely not a major process responsible for the
low-field negative MR.

The fourth process is an increase of the density of states due to the Fermi level shift under
an applied magnetic field. An applied magnetic field reduces the spread of the energy
levels, causing narrowing of the impurity band (induced by defects at the interfaces), and
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as a result, the tail of the DOS becomes steeper (Raikh et al., 1992). The Fermi level
is located in the tail of the DOS (according to the Mott’s law), though, following from
the conservation law of the total number of electrons, under an applied magnetic field the
Fermi level is shifted toward the centre of the impurity band by ∆g (Raikh et al., 1992):

∆ρ

ρ
= −1/3

∆g

g
. (4.4)

Following from Eq. 4.4, MR should be negative and should not depend on temperature.
As Fig. 4.10a illustrates, MR remains temperature-independent in B ≲ 0.3 T up to 80 K;
however, in B ≳ 0.3 T, MR curves diverge. This divergence can be caused by an activation
of the positive MR. To conclude, the low-field negative MR is mainly determined by the
increase of the DOS due to the Fermi level shift under an applied magnetic field.
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Figure 4.9: Magnetic properties of the (ZnO/C)25 film with h = 146 nm. (a) Hysteresis
loops measured at T = 5–120 K. The insert shows temperature dependence of intrinsic
coercivity. (b) Zero-field cooled (ZFC) and field warming (FW) curves measured in B =
100 G. Note the absence of a field cooling (FC) curve.

The positive MR activates only at low temperatures, leading to the appearance of the
trough (Bmin) and the peak (Bmax) of MR curves (See Fig. 4.8). In low magnetic fields,
the Efros-Shklowskii mechanism is compensated by negative contribution; however, in
higher fields, MR increases exponentially following ρ(B) = ρ0 exp

(
constB1/3

)
and in-

duces positive contribution to MR (See Fig. 4.10b). It should be noted that MR curves are
linear in the ln ρ/ρ0−B1/3 coordinates in the relatively narrow range of the magnetic field.
Moreover, in-plane MR is weaker than out-of-plane MR, which agrees with the mecha-
nism proposed in Raikh et al. (1992). The exponential growth of MR ceases in higher
magnetic fields, as predicted by the Efros-Shklowskii mechanism. Such behavior can be
explained by the effect of a magnetic blockade, when a magnetic field polarizes spin of
a charge carrier, making it energetically unfavourable for the charge carrier to hop to an-
other spin-polarized state. Such an effect was used to explain MR in granular magnetic
films (Inoue and Maekawa, 1996) and in amorphous semiconductors, considering the pro-
cesses of spin-flip (Movaghar and Schweitzer, 1978) and interatomic electron-electron in-
teraction (Kurobe and Kamimura, 1983). Even though the presence of magnetic moment
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intensifies the effect, magnetically ordered systems are not the only systems to manifest
the effect of the magnetic blockade. In the studied samples, both the magnetic moment
and charge carriers are produced by dangling bonds (one electron per a dangling bond) at
the interfaces. The hopping of electrons happens only from occupied to empty states and
some of the transitions are prohibited by the Pauli principle, which was not taken into ac-
count in the Efros-Shklowskii mechanism and hence diminishes the positive contribution
to MR. This idea is justified by the calculated MR in the paper Kurobe and Kamimura
(1983), where positive contribution weakens in high magnetic fields reaching a peak. For
the studied sample, the ferromagnetic ordering at low temperatures enhances the effect of
the magnetic blockade because spin polarization decreases the number of sites between
which hopping is possible.
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Figure 4.10: Magnetic field dependencies of normalized electrical resistivity of the
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(b). Red solid lines are linear fits.

As for the origin of the magnetic ordering in the (ZnO/C)25 sample with h = 146, we can
rule out the previously described hole-mediated p-p coupling interaction near the Fermi
level due to the absence of P-type conductivity of the studied samples, which agrees with
the results of the paper Park et al. (2010). The defect-induced d0 magnetism can be re-
sponsible for the observed magnetic ordering since the studied multilayered structures
contain a large amount of interfaces and island structures that produce a high concentra-
tion of defects.
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5 Magnetotransport and magnetic properties of metal-
insulator nanocomposites

This chapter summarises the research results of Publications 3, 4 and 5 by describing
the magnetic and (magneto-)transport properties of metal-insulator nanocomposites (MI
NC) fabricated using an ion-beam sputtering process, focusing on the investigation of the
effects of dispersed magnetic ions in an insulating matrix of MI NCs, and on the search
of positive magnetoresistance in them.

Magnetic nanogranular metal-insulator composites are systems that consist of nanogranu-
lar metallic phases chaotically embedded in a dielectric matrix. These systems are promis-
ing due to their potential application in spintronics, magnetic data recording, and high-
frequency magnetoelectronic devices (Sullivan, 2009; Fujimori et al., 2006). Thin films
of metal-insulator nanocomposite material have shown a combination of large resistance
and induced magnetic anisotropy, and large spin-dependent tunnelling magnetoresistance
(Ohnuma et al., 1996; Fujimori et al., 1995). Other prominent effects observed in MI NCs
are a giant anomalous Hall effect, an enhanced magnetooptical Kerr effect, a memristive
effect, and linear positive magnetoresistance (Rylkov et al., 2018c; Aronzon et al., 1999;
Gan’shina et al., 2004; Gerber et al., 2007; Blinov et al., 2019).

Metal-insulator nanocomposite systems are utilised to study the quantum size effect and
percolation phenomenon, as well as the (magneto-)transport, (magneto-)optical and high-
frequency properties of interacting magnetic nanogranules. The magnetic properties of
MI NCs depend on the chemical composition of metallic granules and dielectric matrices,
their concentrations, and the size and shape of the metallic granules. The MI NCs can
show paramagnetic (PM), ferromagnetic (FM), superferromagnetic (SFM), superparama-
gentic (SPM) or spin-glass magnetic behavior (Bedanta and Kleemann, 2008).

Two critical concentrations of the metallic phase are considered when studying MI NCs.
The first is a metal-insulator transition (xc) that is usually followed by a change of mag-
netic state, and the second is a percolation threshold (xp) that is achieved when nanogran-
ules form a continuous chain through the whole sample that acts as an electric current
conductor.

Commonly, magnetic properties of nanocomposites are dictated by dipole-dipole inter-
action between granules. However, it has been shown that apart from metallic granules,
nanocomposites can contain singular and/or small clusters of magnetic ions dispersed in a
dielectric matrix that can greatly affect magnetic parameters of nanocomposites (Rylkov
et al., 2017). Such dispersed magnetic ions can induce FM exchange interaction between
granules leading to the observed SFM ordering at concentrations below a percolation
threshold (xp) (Rylkov et al., 2017; Timopheev et al., 2012). Under these conditions,
nanocomposites are magnetically percolated while being unpercolated physically. There
is no clear understanding of the role of the dispersed magnetic ions in the formation
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of SFM ordering (Timopheev et al., 2012), which prompts the further study of systems
with different compositions and concentrations of metallic phases and dielectric matrices.
Therefore, it is necessary to investigate how dispersed magnetic ions affect the properties
of MI NCs and to compare the magnetic and (magneto-)transport properties of samples
with low and high concentrations of dispersed magnetic ions.

The high-field linear positive MR (LPMR) up to 10−1% T−1, which was observed in
ferromagnetic materials, composites and manganites (Gerber et al. (2007); Blinov et al.
(2019), and references therein), has induced significant interest because it could not be
explained by the known mechanisms of MR. The observed LPMR is isotropic and does
not saturate in magnetic fields up to 60 T (Gerber et al., 2007). Commonly, the MR of
ferromagnetic materials is negative due to the suppression of magnetic disorder by an ap-
plied magnetic field, and anisotropic in magnetic fields lower than a saturation one due to
spin-orbit interaction (SOI). However, anisotropic MR in nanocomposites is suppressed
due to the size effect and is not observed in the vicinity of a percolation threshold (Bli-
nov et al., 2019). Gerber et al. (2007) associate the observed LPMR with the influence
of the Zeeman effect on the quantum corrections to electrical conductivity, which are in-
duced by electron-electron interaction, though this concept cannot explain the magnitude
of the observed LPRM effect (10−1% T−1). Moreover, the authors could not explain why
the quantum corrections to conductivity exist up to 200 K. Blinov et al. (2019) have ob-
served LPMR in CoNbTa-Al2O3 and CoFeB-SiO2 NCs and associated it with a change of
a tunnel barrier height in the case of spin-polarised tunnelling under the influence of the
Zeeman effect. Based on the Inoue-Meakawa model of tunneling MR in granular films
(Rylkov et al., 2017), authors of the paper Blinov et al. (2019) have developed an equation
that allowed them to explain qualitatively the LPMR results. However, it should be noted
that the Inoue-Maekawa model is valid only for granular films with x < xc, where electri-
cal resistivity follows ln ρ ∝ T−1/2. Therefore, the origin of LPMR in different systems
is still an open question and further investigation is required to determine whether LPMR
has the same physical nature in different systems. Moreover, it is necessary to modify the
LPMR expression for nanocomposites with xc < x < xp, with strong tunnel coupling
between granules, where electrical resistivity follows ρ ∝ lnT .

5.1 Sample fabrication and measurement details

In the present study, metal-insulator nanocomposites were fabricated by ion-beam sput-
tering of components’ targets on a glass-ceramic substrate. The choice of the ion-beam
sputtering process is dictated by its advantages over other types of fabrication processes:
low growth temperature, the possibility of sputtering both conducting and insulating ma-
terials, good adhesion properties, and relatively high growth rate (≈ 0.25 nm/s) (Rylkov
et al., 2018a). Another crucial advantage of an ion-beam sputtering process is that it al-
lows the growth of complex alloys while maintaining an accurate percentage of sputtering
materials.
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The sputtering process was conducted in an argon atmosphere of a pressure P ≈ 3–8
×10−4 torr. The targets with size of 280 × 80 mm2 consisted of either Co, Co84Nb14Ta2
or Co40Fe40B20 metallic alloys. 14 oxide strips (80 × 10 mm2) of either Al2O3, LiNbO3

or SiO2 were fixed on the metallic part of the target with the gradually changing distance
between the strips along the target length. Such configuration allowed fabrication of
nanocomposites with the continuous variation of a metallic phase (dx ≈ 0.5–2 at.%) in
the wide concentration range (x = 6–60 at.%) during a single sputtering cycle. Depending
on the sample, the thickness of the nanocomposite films varied from about 1 to 3 microns.
A list of the studied nanocomposites is presented in Table 5.1.

Table 5.1: List of the studied (metal)x(insulator)100−x nanocomposites.

Co Co84Nb14Ta2 Co40Fe40B20

SiO2 ✓ ✓ ✓
LiNbO3 ✓ ✓
Al2O3 ✓ ✓

Depending on the sample, the growth temperature (Tg) varied from room temperature up
to 90 ◦C. The elevated growth temperatures (70–90 ◦C) were used to decrease the con-
centration of dispersed metallic atoms in the nanocomposite films.

The cross-sectional lamellae of the studied nanocomposites were prepared using a fo-
cused ion beam (FIB) Ga+ system in a scanning electron microscope “Helios NanoLabTM

600i” (Thermo Fisher Scientific, USA).

Two transmission and scanning transmission electron microscopes (TEM / STEM) were
used for the structural studies of the samples: 1) “Tecnai Osiris” (Thermo Fisher Sci-
entific, USA) operating at U = 200 kV equipped with an energy dispersive X-ray spec-
trometer (EDXS) “Super-X” (Bruker, USA), and a high-angle annular dark-field detector
(HAADF) (Fischione, USA); 2) “TITAN 80–300” (FEI, USA) operating at U = 300 kV,
equipped with a Cs-probe corrector, HAADF (Fischione, USA), and an EDX microanal-
ysis spectrometer (EDAX, USA).

A scanning electron microscope “Oxford INCA Energy 250” with an energy dispersive
X-ray add-on device “JEOL JSM-6380LV” was used to investigate the elemental compo-
sition of the samples.

In order to measure the (magneto-)transport properties of the nanocomposites in a planar
geometry, the samples were prepared using a photolithography method. The resulting
geometry of the samples resembles a double-cross shape with the conduction channel of
length l = 4 mm and width w = 1.2 mm, and with a distance between voltage probes lvp =
1.4 mm.

The PMFS (four-probe method) was used to measure the temperature dependencies of
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resistance, and the magnetoresistance curves (MR = (RB −R0)/R0 × 100%) in a pulsed
magnetic field (B) up to 20 T.

The magnetic properties of the nanocomposite films (m(H,T )) were measured using
SQUID magnetometers “Cryogenic S700XR” and “Quantum Design MPMS-XL7”.

A special setup, consisting of a vacuum insert with a superconducting solenoid (with
magnetic field up to 1.5 T) immersed in liquid helium, was used to measure electrical
conductivity in the temperature range of 10–300 K.

5.2 Electrical conductivity regimes of metal-insulator nanocompos-
ite materials

Depending on the concentration of the metallic phase, conductivity of MI NC materials
in the close vicinity to a metal-insulator transition (MIT or xc) can be described by two
regimes. The first regime is observed when x ⩽ xc, and conductivity is described by the
so-called “T1/2” law (Beloborodov et al., 2007):

ln ρ ∝
(
T0

T

)1/2

. (5.1)

In this regime, an average tunnelling conductance between adjacent granules (Gt) is less
than the conductance quantum (Gq = 2e2/h):

g =
Gt

Gq

< 1. (5.2)

The second regime activates when xc ⩽ x ⩽ xp and Gt/Gq ≫ 1. In this regime, strong
tunnel coupling between granules appears and conductivity is described by the so-called
“lnT ” law (Lähderanta et al., 2016; Beloborodov et al., 2007):

ρ ∝ lnT. (5.3)

A logarithmic temperature dependence of conductivity (“lnT ” law) of the two-dimen-
sional nanogranular structures with “metallic” concentrations can be explained by the
weak localization effects. However, there have been reports where thick films at high tem-
peratures demonstrate logarithmic temperature dependencies of conductivity that cannot
be explained by the weak localization effects (Rylkov et al., 2017, 2018b,c; Blinov et al.,
2019). It has been shown that such logarithmic dependencies can be induced by renormal-
izing the Coulomb interaction (Efetov and Tschersich, 2003; Beloborodov et al., 2007).
Under these conditions, the electrical conductivity of nanocomposite films with concen-
trations of metal granules below a percolation threshold (g ⩾ 1) and with an ordered
distribution of granules follows
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σ(T ) = σ0

(
1− 1

2πDg
ln

gEC

kBT

)
, (5.4)

where D is the dimensionality of a system, σ0 is the conductivity at high temperatures
when the effect of Coulomb interaction can be neglected (Beloborodov et al., 2007), kB
is the Boltzman constant, and g = Gt/Gq. The Coulomb blockade energy (EC) follows

EC =
e2s

ϵa2(1/2 + s/a)
, (5.5)

where s is the tunnel gap width or, in other words, the distance between granules, a is the
diameter of a granule, and ϵ is the permittivity of the matrix (Abeles et al., 1975). The
temperature coefficient of resistivity (α = dρ/dT ) in the “metallic” region (xc ⩽ x ⩽ xp)
is negative, though its sign can change to positive above a percolation threshold (Bartov
et al., 2014). The change of the α sign can be used as a method to estimate the value of a
percolation threshold. Moreover, the temperature dependencies of resistivity of MI NCs
do not follow the logarithmic law above a percolation threshold that can also be used to
verify a value of xp. It should be noted that Eq. 5.4 is valid only in the energy range of
gδ ≪ kBT ≪ EC , where δ is energy spacing between quantized levels of an isolated
granule.

The theory proposed by Efetov and Tschersich (2003) and Beloborodov et al. (2007) can
also be utilized for nanocomposites with a disordered arrangement of granules and with
the presence of dispersed metallic granules in between the granules since its main parame-
ter is tunnelling conductance. Recent studies of MI NCs have demonstrated that dispersed
metallic ions enhance FM exchange interaction, and hence the tunnel coupling between
granules, leading to a shift of a MIT to lower values (Rylkov et al., 2019, 2018b,c). The
shift of a MIT widens the “metallic” concentration range (dx = xp−xc) in which Eq. 5.4
is valid, which was observed for the following MI NCs: (CoFeB)x(LiNbO3)100−x (Rylkov
et al., 2018c,b), (CoFeB)x(Al2O3)100−x (Rylkov et al., 2017, 2018b; Mikhailovskii et al.,
2016), (CoFeB)x(SiO2)100−x and (CoNbTa)x(Al2O3)100−x (Blinov et al., 2019). As illus-
trated in Fig. 5.1, the temperature dependencies of conductivity of the (CoFeB)x(Al2O3)100−x

NCs follow the logarithmic law at T ≈ 10–300 K and in the concentration range of 49–
56 at.%. The estimated values of the critical concentrations for these MI NCs are: xc ≈
47 at.% and xp ∼ 56–59 at.%, meaning dx = xp − xc ≈ 9–12 at.%, whereas granular
Ni-SiO2 films without dispersed metallic ions have dx = xp − xc ≈ 1 at.% (Bartov et al.,
2014).

According to the curves in Fig. 5.2, the (CoFeB)x(LiNbO3)100−x NCs demonstrate dx =
xp − xc ≈ 8 at.%. Moreover, for these nanocomposites, the temperature range where the
conductivity follows the logarithmic law is shifted to T ≈ 10–220 K. The shift of the
temperature range can be induced by suppression of the Coulomb blockade effect due to
the enlargement of granules (due to their elongation) and the high permittivity of LiNbO3

(ϵ up to 104 [Mitsuyu and Wasa, 1981]) (Beloborodov et al., 2007).
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Figure 5.1: Temperature dependencies of conductivity of (CoFeB)x(Al2O3)100−x

nanocomposites at various concentrations of metallic phase (x = 47–59.2 at.%) repre-
sented in the coordinates of (left) “lnT ” and (right) “T 1/2” laws. The black solid lines are
linear fits. Taken from Rylkov et al. (2017).164
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mittivity. These factors explain the discrepancy
between the experimental results and the data calcu-
lated by Eq. (4).

Note that the presence of a significant concentra-
tion of localized states at the Fermi level in tunneling
intergranular gaps (on the order of 1022 eV–1 cm–3)
causes deviations from the 1/2 law and the manifes-
tation of the Mott 1/4 law in the temperature depen-
dence of the resistance of NC below MIT (x < xc)
[25, 38]. Such deviations were not detected in our
case despite a large number of dispersed ions (see
Figs. 1, 2 and [10, 26, 27, 34–36]). Therefore, such
centers should be primarily considered as scattering
centers [39].

4. MAGNETORESISTANCE

The MR of homogeneous FM metals is usually
negative, since the application of a magnetic field
decreases the magnetic disorder in a system. The
exception is longitudinal MR due to the anisotropic
MR induced by spin–orbit interaction (SOI). How-
ever, the anisotropic MR in nanosystems is suppressed
because of the size effect and is not observed in NCs
near the percolation threshold. The absence of aniso-
tropic MR can serve as a criterion to determine the
threshold of failure xf of a long-range magnetic order.
Spin-dependent tunneling also brings about negative
MR, which is observed in many NCs and reaches
about 10% in strong fields. Therefore, the positive
field-linear MR detected in the Ni–SiO2 NC up to
200 K, which was not saturated in fields as high as
60 T, was attributed to the influence of a magnetic
field on the suppression of the quantum corrections to
electrical conductivity that appear due to electron–
electron interaction in the presence of the exchange
splitting of spin subbands rather than on the magnetic
subsystem or tunneling [40]. However, neither the
magnitude of the effect (10–1% T–1, which differs from
the estimate by two orders of magnitude) nor the pres-
ence of quantum corrections at relatively high tem-
peratures corresponded to this concept. It should be
noted that a positive linear MR in strong fields was
detected in both NC and ultrathin high-resistance Ni,
Fe, Co, and NiPb films [40]. It is still unclear to what
extent this phenomenon is universal and whether it
has the same nature in different systems.

The main conduction mechanism in NC near the
percolation threshold is spin-dependent tunneling.
This brings up the question: Can spin-dependent tun-
neling give rise to negative MR and also generate a
positive contribution in strong fields? A simple calcu-
lation in terms of the Inoue–Maekawa model of tun-

neling MR in granular alloys [41] with allowance for
the influence of a strong magnetic field on the tunnel
barrier leads to the following additional contribution to
MR in the fields that are higher the saturation field [36]:

(5) μΔρ λ= ξ λ + ρ −  
B
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Fig. 2. (Color online) Temperature dependences of
(CoFeB)x(Al2O3)100–x NC in the coordinates (a) σ –
lnT and (b) lnσ – (1/T)1/2. The dependences were obtained
for samples (1–4) (CoFeB)x(LiNbO3)100–x and (5, 6)
(CoFeB)x(Al2O3)100–x with an FM alloy content of (1) 48,
(2) 44, (3) 40, (4) 32.5, (5) 49, and (6) 47 at % (borrowed
from [10]). 
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mittivity. These factors explain the discrepancy
between the experimental results and the data calcu-
lated by Eq. (4).

Note that the presence of a significant concentra-
tion of localized states at the Fermi level in tunneling
intergranular gaps (on the order of 1022 eV–1 cm–3)
causes deviations from the 1/2 law and the manifes-
tation of the Mott 1/4 law in the temperature depen-
dence of the resistance of NC below MIT (x < xc)
[25, 38]. Such deviations were not detected in our
case despite a large number of dispersed ions (see
Figs. 1, 2 and [10, 26, 27, 34–36]). Therefore, such
centers should be primarily considered as scattering
centers [39].

4. MAGNETORESISTANCE

The MR of homogeneous FM metals is usually
negative, since the application of a magnetic field
decreases the magnetic disorder in a system. The
exception is longitudinal MR due to the anisotropic
MR induced by spin–orbit interaction (SOI). How-
ever, the anisotropic MR in nanosystems is suppressed
because of the size effect and is not observed in NCs
near the percolation threshold. The absence of aniso-
tropic MR can serve as a criterion to determine the
threshold of failure xf of a long-range magnetic order.
Spin-dependent tunneling also brings about negative
MR, which is observed in many NCs and reaches
about 10% in strong fields. Therefore, the positive
field-linear MR detected in the Ni–SiO2 NC up to
200 K, which was not saturated in fields as high as
60 T, was attributed to the influence of a magnetic
field on the suppression of the quantum corrections to
electrical conductivity that appear due to electron–
electron interaction in the presence of the exchange
splitting of spin subbands rather than on the magnetic
subsystem or tunneling [40]. However, neither the
magnitude of the effect (10–1% T–1, which differs from
the estimate by two orders of magnitude) nor the pres-
ence of quantum corrections at relatively high tem-
peratures corresponded to this concept. It should be
noted that a positive linear MR in strong fields was
detected in both NC and ultrathin high-resistance Ni,
Fe, Co, and NiPb films [40]. It is still unclear to what
extent this phenomenon is universal and whether it
has the same nature in different systems.

The main conduction mechanism in NC near the
percolation threshold is spin-dependent tunneling.
This brings up the question: Can spin-dependent tun-
neling give rise to negative MR and also generate a
positive contribution in strong fields? A simple calcu-
lation in terms of the Inoue–Maekawa model of tun-

neling MR in granular alloys [41] with allowance for
the influence of a strong magnetic field on the tunnel
barrier leads to the following additional contribution to
MR in the fields that are higher the saturation field [36]:

(5) μΔρ λ= ξ λ + ρ −  
B

F B

( ) .
(0) (0)

HH Cb
U E k T

Fig. 2. (Color online) Temperature dependences of
(CoFeB)x(Al2O3)100–x NC in the coordinates (a) σ –
lnT and (b) lnσ – (1/T)1/2. The dependences were obtained
for samples (1–4) (CoFeB)x(LiNbO3)100–x and (5, 6)
(CoFeB)x(Al2O3)100–x with an FM alloy content of (1) 48,
(2) 44, (3) 40, (4) 32.5, (5) 49, and (6) 47 at % (borrowed
from [10]). 
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Figure 5.2: Temperature dependencies of conductivity of (CoFeB)x(Al2O3)100−x (red
curves) and (CoFeB)x(LiNbO3)100−x (blue curves) NCs with different concentrations of
metallic phase in the coordinates of (a) “lnT ” and (b) “T 1/2” laws. The insert shows the
same curves but on different scales. Taken from Rylkov et al. (2018c).
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5.3 Comparison of magnetic and transport properties of metal-in-
sulator nanocomposites with low and high concentration of dis-
persed atoms

This subchapter describes the results of the comparative investigation of the magnetic and
transport properties of (Co40Fe40B20)x(LiNbO3)100−x NCs with low (LCDA) and high
(HCDA) concentrations of dispersed magnetic atoms (Fe, Co).

Rylkov et al. (2018c,b) have shown that the low-temperature magnetization of MI NCs
has both PM and FM components, and for some NCs contribution of the PM compo-
nent is almost three times more than that of the FM component. It has been determined
that such strong PM contribution originates from dispersed Fe2+ and Co2+ ions. At this
point, it should be noted that the value x of the studied NCs include concentrations of
both metallic granules and dispersed ions. The concentration of dispersed ions (Nd) de-
pends on a nanocomposite growth temperature (Rylkov et al., 2018c,b). For instance,
(CoFeB)x(LiNbO3)100−x nanocomposite fabricated at a low growth temperature (Tg ⩽ 40
◦C) has Nd ≈ 1022 cm−3 (HCDA), whereas at Tg ≈ 80 ◦C, Nd ⪅ 1021 cm−3 (LCDA).
The increase of the growth temperature leads to the enlargement of metallic granules from
∼2.5 up to ∼3.5 nm. As can be seen in the magnetization curves in Fig. 5.3, the lower the
growth temperature, the higher the MPM /MFM ratio, which is caused by the increase of
the concentration of dispersed ions. The MPM and MFM components originate from dis-
persed ions and metallic alloy granules, respectively. Calculations of the average magnetic
moment of dispersed ions, their concentrations (Nd), and MPM /MFM ratios were done by
analyzing the temperature dependence of magnetization at T < 10 K, where the PM com-
ponent is most pronounced. Two M(H) curves measured at different temperatures give
the change of magnetization ∆M(H,T1, T2) = M(H,T1)−M(H,T2), which is then fit-
ted by the difference of Brillouin’s functions ∆BJ(H,T1, T2) = BJ(H,T1)− BJ(H,T2)
(calculation details can be found in Rylkov et al. (2018b)). The resulting values of the
magnetic moment per PM ion were in the range of 5.1–5.8µB, whereas the magnetic
moments of Fe3+, Fe2+ and Co2+ ions are 5.9, 5.4 and 4.8µB (Kittel et al., 1996), respec-
tively, which are similar values to those calculated.

It should be noted that in the temperature range of 10–200 K, conductivity of both nano-
composites with LCDA and HCDA follow the “lnT ” law in the concentration range of
xc ⩽ x ⩽ xp and “T 1/2” law in x < xc. However, the MIT value (xc ≈ 48 at.%) of NCs
with LCDA is larger by about 5 at.% compared to NCs with HCDA (xc ≈ 43 at.%) (See
Fig. 5.4). The high concentration of the dispersed atoms enhances intergranular coupling
leading to the decrease of the MIT value. Moreover, the presence of HCDA lowers the
tunnel barrier height, facilitating electron hopping transport in the vicinity of percolation
threshold, resulting in the presence of high-field positive MR in NCs with HCDA (Blinov
et al., 2019).

It has been observed that dispersed magnetic ions facilitate SFM ordering in MI NCs (Be-
danta et al., 2007; Timopheev et al., 2012). (CoFeB)x(LiNbO3)100−x NCs with concen-
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Figure 5.3: Magnetic field dependencies of volume magnetization of (a)
(CoFeB)32(LiNbO3)68 NC grown at Tg ≈ 75 ◦C with Nd ≈ 3.2 × 1021 cm−3,
(b) (CoFeB)33(LiNbO3)67 and (CoFeB)57(SiO2)43 NCs grown at Tg ≈ 40 ◦C with
Nd ≈ 3.1× 1022 and 3.2× 1022 cm−3, respectively.
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Figure 5.4: Temperature dependencies of conductance of CoFeB-LiNbO3 nanocompos-
ites with LCDA (Tg ≈ 75 ◦C) at various metallic concentrations (x = 45–54 at.%) repre-
sented in the coordinates of (a) “T 1/2” and (b) “lnT ” laws. The red solid lines are linear
fits.

trations far below percolation threshold have shown magnetic coercivity (See Fig. 5.5),
which is a signature of SFM ordering. The anomaly in the temperature dependence of
coercivity of the NC with HCDA, namely the minimum at T ≈ 50 K (See the green curve
in Fig. 5.5), can be attributed to the influence of the surface magnetic anisotropy of gran-
ules (Rylkov et al., 2019). The temperature dependencies of coercivity of LCDA NCs
with x ⩽ 42 at.% are well described by the Neel-Brown law for noninteracting granules
with the blocking temperature of about 25 K (See Fig. 5.5). The absence of intergranular
interactions in the LCDA NCs is also confirmed by angular dependencies of the FMR
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linewidth (See Publication 4).
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Figure 5.5: Temperature dependencies of the coercive field of LCDA (Tg ≈ 75 ◦C) and
HCDA (Tg ≈ 40 ◦C) (CoFeB)x(LiNbO3)100−x NCs with x < xp in the coordinates of
HC − T 1/2. The dashed black line is a linear fit.
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5.4 High-field linear positive magnetoresistance of magnetic nano-
composites near the percolation threshold

This subchapter describes the results of the magnetic and (magneto-)transport study of
Co-SiO2, Co-LiNbO3, CoNbTa-SiO2 magnetic nanocomposites fabricated at the elevated
growth temperature of 80 ◦C. The out-of-plane MR was measured in magnetic fields up
to 20 T in the temperature range T = 4.2–300 K, while the in-plane and out-of-plane mag-
netic hysteresis loops in magnetic fields up to 7 T were recorded at various temperatures
(T = 2–300 K). The thermoresistive curves were measured in T = 50–300 K.

In order to calculate the LPMR values of the samples in the x ⩽ xc regime, Blinov
et al. (2019) derived an equation in the framework of the Inoue-Maekawa model. This
equation is based on the influence of the Zeeman effect on a tunnel barrier height, and at
low temperatures can be written as

∆ρ(H)

ρ(0)
=

ρ(H)− ρ(H = 0)

ρ(H = 0)
= ξ

µBH

U − EF (0)

√
λC

kBT
, (5.6)

where kB is the Boltzmann constant, µB is the Bohr magneton, C = sEC , and ξ is a
parameter characterising a shift of the Fermi level (which is equal to spin polarisation,
P ). The Fermi level depends on a magnetic field as

EF (H) = EF (0)− ξµBH. (5.7)

The parameter λ characterises the wave function decay of a tunnelling electron in a barrier
with a height of [U − EF (0)] and can be written as follows

λ =

√
2m

ℏ2
(U − EF (0)), λ(H) =

√
2m

ℏ2
(U − EF (0) + ξµBH). (5.8)

Following from Eq. 5.6, LPMR should increase with the temperature decrease as T−1/2.
The results of the MR measurements of (Co40Fe40B20)x(SiO2)100−x and
(Co84Nb14Ta2)x(Al2O3)100−x nanocomposites in the paper by Blinov et al. (2019) show
that in H < Hsat, MR is negative, whereas in H > Hsat, LPMR appears and increases
with the temperature decrease reaching its maximum value of about 0.005–0.009% T−1

(See Fig. 5.6 and [Blinov et al., 2019]). These experimental values are similar to the
results of calculations using Eq. 5.6 (Blinov et al., 2019). As shown in Fig. 5.6,
the LPMR is stronger for nanocomposites with a lower potential barrier, i.e., for the
(Co84Nb14Ta2)x(Al2O3)100−x sample, thus, it would be reasonable to expect higher values
of LPMR in MI NCs with a high concentration of dispersed ions in intergranular gaps.
The Co-SiO2, CoNbTa-SiO2 and Co-LiNbO3 MI NCs were fabricated at Tg ≈ 80 ◦C to
check this hypothesis. The concentration of dispersed ions (Nd) in these NCs was about
1021 cm−3.
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(ρ > 10–4 Ω cm) magnetic metallic materials (so-
called dirty materials) [43, 53]. However, there exist
numerous cases where the scaling relations given
above are not fulfilled, and significant deviations were
detected in some heterogeneous systems (see [44, 51,
54, 55] and Refs. therein). For example, we have n ≈
0.6 at 300 K and n ≈ 0.7 at 77 K in magnetic granular
NCs with metallic conduction (above percolation
threshold), where AHE with a giant coefficient was
observed when x was varied [3, 31].

The experimental studies of AHE in NCs in the
dielectric composition range, especially in the range of
activation hopping conduction lnσ ∝ –(T0/T)1/2, are
extremely scarce because of the difficulties of measur-
ing a weak AHE signal. The first experimental investi-
gations of the parametric dependence ρAHE(ρ) in the
vicinity of MIT were carried out on Fe–SiO2 NCs [4,
5]. When temperature was changed, the ρAHE(ρ)
dependence turned out to obey the power law ρAHE ∝

Fig. 3. (Color online) MR of samples (left column) (CoFeB)x(SiO2)100 – x and (right column) (CoNbTa)x(Al2O3)100 – x in the
temperature range 65–300 K (borrowed from [36]). 
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Figure 5.6: Out-of-plane MR curves of (CoFeB)x(SiO2)100−x (left column) and
(CoNbTa)x(Al2O3)100−x (right column) NCs measured at different temperatures. Taken
from Blinov et al. (2019).

The results of the magnetic measurements of the Co-SiO2, CoNbTa-SiO2 and Co-LiNbO3

NCs in the form of hysteresis loops are presented in Fig. 5.7. As can be seen from Fig. 5.7,
the in-plane and out-of-plane hysteresis loops converge in H ≈ 2–3 kOe and H ≈ 10 kOe,
respectively. The room-temperature magnetization saturates in H ≈ 3–15 kOe depending
on the orientation, whereas at low temperatures magnetization continues to grow in higher
magnetic fields. The absence of magnetization saturation at low temperatures indicates
the presence of superparamagnetic particles and magnetic ions (Rylkov et al., 2017).
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Figure 5.7: Magnetic hysteresis loops of (a) Co-SiO2, (b) CoNbTa-SiO2 and (c) Co-
LiNbO3 nanocomposites measured in different orientations and temperatures. The same
curves, but on different scales, are presented in the inserts.
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The out-of-plane MR curves of the studied samples are presented in Fig. 5.8 and 5.9. In
H < Hsat, MR is negative and its value rises sharply with the magnetic field increase. In
H > Hsat, the value of negative MR continues to grow gradually, which is a characteristic
behavior of the tunnelling MR with the presence of superparamagnetic particles (Rylkov
et al., 2017). The LPMR of the Co-SiO2 (x = 65 at.%) and CoNbTa-SiO2 (x = 58.5 at.%)
samples was observed only at T = 4.2 K and in H > Hsat, and this was 0.03 and 0.06%
T−1, respectively. These values are similar to those obtained in the papers (Gerber et al.,
2007; Blinov et al., 2019). Due to the high resistance of the Co-LiNbO3 (x = 49 at.%)
nanocomposite at T < 50 K, which was above the limitations of the PMFS, the MR was
measured only at T = 50–300 K. However, as apparent in Fig. 5.9, the LPMR of the Co-
LiNbO3 (x = 49 at.%) was detected even at T = 50 and 120 K and this was in the order of
10−3% T−1.
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Figure 5.8: Out-of-plane MR curves of the Co-SiO2 and CoNbTa-SiO2 nanocomposites
measured at T = 4.2–300 K.

The temperature dependencies of electrical resistivity of the Co-SiO2 (x = 65 at.%) and
CoNbTa-SiO2 (x = 58.5 at.%) NCs follow the “lnT ” law (See Fig. 5.10, 5.11). There-
fore, in order to calculate the LPMR values of these NCs using the expression (Eq. 5.6)
developed in the work by Blinov et al. (2019), it was necessary to modify the expression
for the “metallic” region from the MIT (xc ⩽ x ⩽ xp) because Eq. 5.6 is valid only for
NCs with concentrations below the MIT (x < xc).

In the xc ⩽ x ⩽ xp regime, conductance follows

G(H) ∝ (1 + P 2m2) exp{−2λ(H)s}, (5.9)

where m is a relative magnetization (Inoue and Maekawa, 1996). Then, one can derive an
equation for LPMR in this regime in H > Hsat using Eq. 5.4, 5.7–5.9:
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Figure 5.9: Out-of-plane MR curves of the Co-LiNbO3 nanocomposite measured at T =
50–300 K.

∆ρ(H)

ρ(0)
= ξ

µBH

U − EF (0)

λs

2πDg

[
ln

gEC

kBT
− 1

]
. (5.10)

It should be noted that both Eq. 5.6 and 5.10 yield the same order of magnitude of LPMR
but different temperature dependencies.

For a ≈ 3 nm, s ≈ 1 nm, D = 3, and ϵ ≈ 3.75 (for SiO2), the Coulomb blockade energy
EC ≈ 51.5 meV. Then for [U−EF (0)] = 1.0 eV and g = 1.0, at T = 4.2 K, ∆ρ(H)/ρ(0) ≈
0.01% T−1. In the xc ⩽ x ⩽ xp regime, this is the maximum value of LPMR since we
assumed that ξ = 1.0 (100% spin polarisation). The decrease of the barrier height down
to [U − EF (0)] = 0.1 eV leads to the increase of the LPMR value by 3.3 times, whereas
at [U − EF (0)] = 0.1 eV and g = 10, ∆ρ(H)/ρ(0) ≈ 0.1% T−1. The LPMR results
of CoFeB-SiO2 and CoNbTa-Al2O3 nanocomposites in the work by Blinov et al. (2019)
that were measured at T = 65 K follow the “lnT ” law and their values are in the range
of ∆ρ(H)/ρ(0) ≈ 10−3–10−4% T−1. These values are in agreement with the calculated
values using Eq. 5.10. It should be noted that the LPMR mechanism proposed in the
paper Gerber et al. (2007) cannot explain the LPMR results of the paper by Blinov et al.
(2019) since the signatures of quantum corrections for these nanocomposites were not
observed. The detailed investigations of each of the three newly fabricated systems (Co-
SiO2, CoNbTa-SiO2 and Co-LiNbO3) are presented below. The temperature dependencies
of resistivity were measured for Co-SiO2 (x = 53 and 65 at.%), CoNbTa-SiO2 (x = 51 and
58.5 at.%) and Co-LiNbO3 (x = 49 at.%), and are presented in the coordinates of the
“lnT ” and “T1/2” laws in Fig. 5.10–5.12.
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5.4.1 (Co)x(SiO2)100−x

Among the two studied concentrations of the Co-SiO2 nanocomposites, LPRM of about
0.03% T−1 was observed only for x = 65 at.% and only at T = 4.2 K (See Fig. 5.8). As
seen in Fig. 5.10, the thermoresistive curve of the Co-SiO2 (x = 65 at.%) nanocomposite
is linear in the wider temperature range in coordinates of the “lnT ” law, and for this
concentration, at D = 3, g ≈ 1. However, for the considered model, 2D is equal to a
number of adjacent granules between which tunnelling is possible, i.e., for disordered
case D < 3, hence, g > 1, and it is possible to utilise Eq. 5.10, which correctly describes
the obtained data.
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Figure 5.10: Temperature dependencies of resistivity of Co-SiO2 (x = 53 and 65 at.%)
nanocomposites in the coordinates of ln ρ − T−1/2 (left column) and ρ − lnT (right col-
umn). The black solid lines are linear fits.

It should be noted that the value of the negative MR of Co-SiO2 (x = 65 at.%) sample is
higher at T = 300 K than at lower temperatures. This can be explained by the presence of
aggregates and granules, which can be formed at concentrations close to an MIT. Apart
from the tunnelling MR, this may also induce negative MR caused by the suppression
of magnetic disorder in granules and aggregates, which can be of a similar magnitude
as the negative tunnelling MR and rise with a temperature increase due to an increase
of spin fluctuations. The images from electron microscopy confirm the presence of such
aggregates. Moreover, metallic phase concentrations of the Co-SiO2 NCs in the vicinity
of the percolation threshold are higher than those of the other studied nanocomposites,
which means higher possibilities for the formation of aggregates. Moreover, the effect
of the magnetic blockade, which induces positive MR, can diminish total negative MR at
low temperatures (Inoue and Maekawa, 1996).
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5.4.2 (CoNbTa)x(SiO2)100−x

The LPMR up to 0.06% T−1 was observed only for CoNbTa-SiO2 NC with x = 58.5 at.%
(See Fig. 5.8) and the thermoresistive behavior of this sample is described well by the
“lnT ” law (See Fig. 5.11). The increase of the LPMR value in comparison to the previ-
ous sample can be explained by a change of the tunnel barrier height and spin polarization,
induced by a change in the concentration of ions dispersed in the dielectric matrix, and
by the variation of the composition of ferromagnetic granules. The LPMR value of this
sample was the highest among all the studied nanocomposites.

As illustrated in Fig. 5.8, the LPMR of both Co-SiO2 (x = 65 at.%) and CoNbTa-SiO2 (x
= 58.5 at.%) nanocomposites is absent already at T = 10 K. However, following from Eq.
5.6 and 5.10, a strong temperature dependence should not be observed. This discrepancy
can be explained by a high sensitivity of LPMR values to a concentration of dispersed
magnetic and nonmagnetic ions in a tunnel gap. On the one hand, such ions can decrease
a tunnel barrier height, but on the other hand, by changing the permittivity of a matrix,
their presence can reduce the Coulomb blockade energy and also lead to an absence of
magnetic and MR saturation in high magnetic fields. Moreover, the growth temperature
(80 ◦C) of the studied nanocomposites is higher than of those in the work by Blinov et al.
(2019), which implies different microstructures and hence magnetic properties. For ex-
ample, as previously mentioned, magnetization of Co-SiO2 nanocomposites continues to
grow after reaching its saturation value (See Fig. 5.7), indicating an increase of negative
tunnelling contribution to MR that makes positive contribution indistinguishable. To sum-
marise, the absence of LPRM at T > 4.2 K is caused by the strong competitive negative
MR caused by the presence of superparamagnetic granules and dispersed ions.
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Figure 5.11: Temperature dependencies of resistivity of CoNbTa-SiO2 (x = 51 and 58.5
at.%) nanocomposites in the coordinates of ln ρ−T−1/2 (left column) and ρ− lnT (right
column). The black solid lines are linear fits.
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5.4.3 (Co)x(LiNbO3)100−x

The LPMR of Co-LiNbO3 (x = 49 at.%) nanocomposite at T = 50–120 K is in the order
of 10−3% T−1 (See Fig. 5.9), though the thermoresistive curves of this sample follow
neither “T 1/2” nor “lnT ” laws (See Fig. 5.12). The LPMR values of this nanocomposite
are comparable to those of the CoFeB-SiO2 and CoNbTa-Al2O3 nanocomposites from the
paper by Blinov et al. (2019). However, the MR of the Co-LiNbO3 sample is anisotropic.
As Fig. 5.13 shows, the MR of the Co-LiNbO3 NC is different depending on an orienta-
tion of the film plane and current direction relative to an applied magnetic field (B). The
in-plane MR is larger when B is perpendicular to the current direction rather than paral-
lel. Moreover, when B is parallel to the current direction, the in-plane and out-of-plane
MR are different. Such anisotropy was not observed in the other studied films, nor in the
results of the paper by Gerber et al. (2007), and can be associated with the microstructure
properties of the Co-LiNbO3 film.
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Figure 5.12: Temperature dependence of resistivity of Co-LiNbO3 (x = 49 at.%)
nanocomposite in the coordinates of ln ρ− T−1/2 (left) and ρ− lnT (right).

The results of TEM / STEM studies of the Co-LiNbO3 film (x = 49 at.%) revealed the
presence of the columnar formation near the interface between the film and the substrate
(See Fig. 5.14B). This formation consists of cobalt granules elongated in the direction
of film growth up to ∼20–25 nm, where they start to bend. A lateral size of these Co
granules in the direction of the film plane is ∼5–8 nm. Above the columnar formation,
the film consists of spherical nanocrystalline Co nanoparticles with the size of ∼5–30 nm,
randomly distributed in the amorphous matrix (See Fig. 5.14). The results of the TEM
studies together with EDXS mapping (not shown here) confirm that crystalline nanopar-
ticles consist of Co, and amorphous matrix of LiNbO3. It should be noted that the Co
nanogranules contain defects such as twins and stacking faults. A possible formation of
an equilibrium phase of LiCoO2 can explain the growth anisotropy of the film, causing
unexpected nucleation behavior.

As for the ferromagnetic properties of the Co-LiNbO3 film, strong tunnel coupling be-
tween large granules in the upper part of the film is excluded due to the wide gaps between
the granules (∼5 nm) (See Fig. 5.14). The hopping mechanism along the localized defects
of the amorphous matrix determines the conductivity of the upper part of the film, and is
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commonly described by the “T 1/4” Mott’s law. Conductivity of the lower part with the
elongated granules can be similar or even higher than the conductivity of the upper part,
and is determined by the so-called “oblique tunnelling” with the subsequent transport of
electrons along the chains of elongated granules (Beloborodov et al., 2007). Therefore,
the conductivity of the film does not follow either “T 1/2” or “lnT ” laws. It should be
noted that the high value of permittivity of LiNbO3 (Mitsuyu and Wasa, 1981) decreases
the Coulomb blockade energy and, hence, the possible value of LPMR during tunnelling
between the granules in the lower part of the film.
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Figure 5.14: A bright-field STEM image of the cross-section of Co-LiNbO3 film (x = 49
at.%) on the glass-ceramic substrate (left side). The top right image (A) shows a dark-field
TEM image obtained using hollow cone illumination mode with the objective aperture set
in the diffuse background area. Such a mode leads to the bright contrast of the amorphous
layer in between the crystalline Co particles. The bottom right image (B) shows a bright-
field STEM image of the interface area. The elongated grains forming from the interface
up to ∼20–25 nm are clearly visible.
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6 Conclusions

The (ZnO/C)25 and (ZnO/C)81 thin films were fabricated using a layer-by-layer ion-beam
sputtering method. The XRD analysis showed the multilayered structure of the (ZnO/C)25
films, which consist of crystalline ZnO and amorphous C layers. The (ZnO/C)81 films
have an island nanocomposite structure, where the nanocrystalline ZnO and amorphous
phases of carbon are randomly distributed. Both the (ZnO/C)25 and (ZnO/C)81 films have
N-type conductivity, and their electrical resistivity is 1–3 orders of magnitude lower than
those of the undoped ZnO films. The ferromagnetic ordering of the (ZnO/C)25 films was
observed at T ⩽ 120 K with intrinsic coercivity ranging from 30 to 310 G. The calculated
values of DOS of the (ZnO/C)25 samples are smaller by two orders of magnitude than of
the (ZnO/C)81, which is associated mainly with different microstructures and thicknesses
of the films.

The results of the transport measurements showed that the conduction mechanism of the
composite (ZnO/C)81 samples with an island structure changes from the variable range
hopping in a narrow energy band near the Fermi level (2D Mott’s VRH) to the hopping to
the nearest neighbors throughout the measured temperature range. The (ZnO/C)25 sam-
ples show the transition from strong to weak charge localization at h = 150 nm. The
additional low-temperature transport measurements of the (ZnO/C)25 samples with h =
146 and 153 nm have demonstrated the 2D Mott’s variable range hopping mechanism at
T ≲ 100 K.

The magnetotransport measurements (up to 20 T) revealed the peculiar low-temperature
magnetoresistance behavior of the (ZnO/C)25 films with h = 146 and 153 nm. The MR
at T ⩽ 20 K is negative in low magnetic fields, positive in moderate fields, and again
negative in high magnetic fields. Three mechanisms were proposed to explain this un-
conventional behaviour: the Fermi level shift under the influence of a magnetic field,
scattering on the magnetic disorder, and wave function shrinkage due to the effect of the
magnetic blockade. The weak local magnetism, which is presumably induced by the de-
fects at the interfaces, strengthens the magnetic blockade effect, causing the suppression
of positive MR.

The magnetic, transport and magnetotransport properties of nanogranular metal-insulator
composites, fabricated using an ion-beam sputtering process, have been studied. The
conduction regimes of nanocomposites below and above a metal-insulator transition have
been discussed. The comparative investigation of magnetic and magnetotransport prop-
erties of nanocomposites (CoFeB)x(LiNbO3)100−x with low (⪅ 1021 cm−3) and high (≈
1022 cm−3) concentrations of dispersed magnetic ions (Fe, Co) in the dielectric matrix
and with total concentrations of metallic phase below the percolation threshold (xp ≈
50–55 at.%) have been conducted. It has been shown that the increase of the dispersed
ions concentration up to ≈ 1022 cm−3 leads to the shift of the metal-insulator transition
from 48 to 43 at.%, widening the “metallic” concentration range (xc ⩽ x ⩽ xp) with
strong tunnel coupling between granules, where electrical resistivity follows ρ ∝ lnT .
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Moreover, magnetic coercivity of nanocomposites with x < xc (down to 33 at.%) has
been observed. The magnetic coercivity is attributed to the presence of dispersed ions
that favours superferromagnetic ordering.

Magnetotransport measurements of (Co)x(SiO2)100−x (x = 65 at.%) and (CoNbTa)x(SiO2)100−x

(x = 65 at.%) nanocomposites with concentrations close to the percolation threshold re-
vealed the presence of linear positive magnetoresistance (LPMR) – at T = 4.2 K and in
H > Hsat this was 0.03 and 0.06% T−1, respectively. Temperature dependencies of resis-
tivity of the nanocomposites that have shown the LPMR follow the logarithmic law (ρ ∝
lnT ), indicating a strong tunnel coupling between granules. It should be noted that LPMR
was observed along with negative MR that is associated with spin-dependent tunnelling.
The developed expression based on the influence of the Zeeman effect on the tunnel bar-
rier height in the spin-dependent tunnelling qualitatively explains 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, which is associated with the formation of the columnar structure
at the initial stage of growth of this film.
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A B S T R A C T

ZnO- and C-based heterostructures were fabricated by the layer-by-layer deposition technique 
using the ion-beam sputtering process. Structure, electrical and magnetic properties of fabricated 
heterostructures are discussed. The two-phase (ZnO and C) films are evolved into a multilayer 
structure, consisting of amorphous carbon and crystalline ZnO layers when the bilayer thickness 
increases. When carbon is added to ZnO, its electrical resistivity reduces. The conduction 
mechanism changes from the variable-range hopping in a narrow energy band to the nearest 
neighbors hopping in ZnO–C films with a thickness of h < 150 nm. The temperature dependence 
of conductivity changes from the Arrhenius-like to logarithmic law, indicating that the strong 
charge localization turns into a weak one when the film thickness is about 150 nm. The negative 
magnetoresistance of up to 1%was detected at 77 K. The film ferromagnetism at the temperature 
of 10 K was not found.   

1. Introduction 

The diluted magnetic semiconductors (DMS) are great of interest due to a wide range of their applications like spintronics which 
base on spin-dependent transport [1,2]. Primarily, DMS are fabricated through the doping of semiconductors by transition metals 
(TM). As predicted, ZnO and GaN are the ideal candidates for DMS at room temperatures [1]. Even though that ferromagnetism is 
observed in ZnO-based systems, doped by TM and even without doping in dielectric oxides [3], the reported experimental results are 
controversial and the origin of ferromagnetism is not clear. Hypothetically, the TM doping produces clusters of the secondary phases, 
making properties of DMS worse. Thus, the new alternative doping elements like carbon have been investigated actively. Many re-
searchers reported that ZnO, doped by non-magnetic C, manifests the room-temperature ferromagnetism (RTFM) [4,5]. Nevertheless, 
the physical nature of this phenomenon is still discussing. 

Nowadays, there are two explanations of RTFM in the ZnO–C system. The first explanation implies that the hole-mediated exchange 
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interaction exist in ZnO:C. This interaction occurs between 2p-localized spins of C atoms, residing in O- atomic positions of ZnO (p-p 
exchange interaction). This model postulates that ZnO:C is a p-type semiconductor contrary to the theoretical models predicting an n- 
type conductivity of C-doped ZnO films, and manifesting the RTFM [6,7]. Besides, the majority of carbon atoms are in the intersite or 
Zn positions or forming the graphite-like clusters [5,8]. Thus, the role of carbon in the ferromagnetic ordering of ZnO is still unclear. 

The second approach is based on the defect-induced ferromagnetism [1,2]. The ferromagnetic ordering (d0 -ferromagnetism) as a 
common effect, supporting this model and originated from RTFM, was detected in pure undoped oxides such as TiO2, In2O3, SnO2, 
Cu2O и MgO [9–13]. According to the density functional theory (DFT), ferromagnetism in ZnO does not stem from the non-paired 
2p-states of O atoms neighboring the zinc vacancies (VZn) and causing the spin polarization in the valence band (VB) [14]. The 
strong exchange interaction between 2p orbitals O and high effective masses of carriers near the top of VB satisfy the Stoner criteria for 
the occurrence of spontaneous ferromagnetism. This effect cannot be attained easily by doping with the acceptor impurities residing in 
the O sites in ZnO [15,16]. As emphasized in the works [17–19], oxygen vacancies (VO) or intersite Zn atoms in the ZnO low-dimension 
systems like thin films, nanoparticles, and nanowires can trigger the RTFM. Thus, it is still unclear what role the oxygen and zinc 
vacancies, as well as surface defects, play in the occurrence of d0-ferromagnetism. Besides, the grain boundaries and interfaces affect 
the charge transport in oxide semiconductors greatly [20]. The most prominentlythis effect is observed in thin films where the 
film-substrate interface and film surface influence the charge transport. Consequently, the magnetic properties and transport phe-
nomena in the doped ZnO are interdependent. 

From this point of view, the nanostructured ZnO with various types of Zn/O interfaces (ordered and disordered) poses an interest in 
the study of magnetic ordering and electrical properties of the Zn–O system. It is undoubtedly true that the fabrication technique and 
conditions dictate the structure and properties of thin films. 

Being an effective deposition technique, an ion-beam sputtering method has not utilized for the fabrication of single- and multi- 
layered ZnO-С heterostructures. Taking into account that the film structure and properties depend on the fabrication method 
greatly, this paper aims to investigate the structure, charge transport and magnetic properties of ZnO- and C-based multilayer systems, 
fabricated by the ion-beam sputtering method. 

2. Materials and method 

Multilayer ZnO–C thin films were fabricated by layer-by-layer ion-beam sputtering of the ZnO and C ceramic targets in an argon 
atmosphere with a purity of 99.998% at a pressure of 7 � 10� 4 Torr as described in Ref. [21]. The targets were fixed and differently 
positioned in a vacuum chamber on the water-cooled 280 � 80 mm2 copper bases. The substrates were located offset from the target 
erosion zone during the ion-beam sputtering to eliminate the plasma effect on a growing film. A massive aluminum bar served as a 
substrate holder getting off heat released under the film growth process. The surface temperature was controlled by five thermocouples 
positioned uniformly along the surface. During the deposition lasting for 3 h 12min and 5 h 50min for the (ZnO/С)25 and (ZnO/С)81 
films respectively, the temperature did not deviate from room temperature more than by 2�. To carry out the layer-by-layer deposition 
at room temperature, the substrates were moved from one sputtering position to another one, by rotating the substrate holder around a 
sputtering chamber axis. The silicon wafers (100)Si and pyroceramics were used to investigate the structure and electrical properties 
respectively. A V-shaped screen was installed between the target and the substrate holder to vary the C- interlayer thickness during a 
single deposition process. The rotational speed was equal to 0.13 rpm and 0.23 rpm for (ZnO/C)25 and (ZnO/С)81 films respectively. 
The numbers 25 and 81 mean the number of passes through the deposition stages, where ZnO and C were sequentially deposited onto a 
substrate. As demonstrated further, the rotation speed is critical to the film structure. In total 150 samples were fabricated. 

To estimate the thickness of each layer in a multilayer structure, a preliminary deposition of single-phase ZnO and C films was 
performed with the pre-selected process parameters. The thickness of the obtained films was measured using the optical interferometer 
(MII-4). Knowing the number of revolutions of a carousel, it is possible to calculate the thickness of a monolayer-film, deposited when 
the substrate passes once the area of material deposition. It is worth noting, that the monolayer thickness estimated by this method, 
does not account for the possible island growth (i.e. this is the effective thickness provided that this film is continuous). 

The number of the substrate holder revolutions determines the number of bilayers in a multilayer heterostructure. According to the 
method described above, 25 and 81 equivalent bilayers were deposited for each sample at the rotational speed of 0.13 rpm and 0.23 
rpm respectively. The total thickness of the multilayers ranged from 40 to 160 nm. 

The study of elemental composition was conducted using scanning electron microscopy (SEM, Oxford INCA Energy 250 with an 
energy dispersive X-ray add-on device on a JEOL JSM-6380 L V). The structure was investigated by X-ray diffraction methods (XRD, 
Bruker D2 Phaser diffractometer, λCuKα1 ¼ 1.54 Å) with the DIFFRAC.EVA 3.0 software and the ICDD PDF Release 2012 database. The 
transmission electron microscopy (TEM) patterns were obtained by a Hitachi HT7700 microscope with an accelerating voltage of 100 
kV (W source). The cross-sections of about 40–50 nm thick were made using a single-beam system (a focused ion beam system FIB, 
Hitachi FB2100). The electrical resistivity of the studied films was measured by the two-probe method using a B7-78/1 universal 
digital multimeter with errors not exceeding 2%. The thermopower was investigated by the differential method with errors not 
exceeding 3%. Silver (99.99% of purity) was used as a material for the cold and hot probes. 

The Hall measurements were conducted by the Van der Pauw method (ECOPIA HMS-5500) at room temperature and the magnetic 
field of 0.55 T with the measuring current ranged from 0.1 to 2.0 mA. 

The field dependence of magnetization was measured using a SQUID magnetometer (Cryogenic S700X) in the range of �5 T at a 
temperature of 10 K. The samples were located vertically in the magnetometer, with their long axis oriented to the field. 
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3. Results and discussion 

The analysis of XRD spectra (Fig. 1a) of thin films deposited onto a rotating substrate revealed that thin carbon films are amorphous 
[22], whereas a single-phase ZnO sample has the hexagonal crystal structure with the P63mc space group [23]. The multilayer films 
(ZnO/С)81 manifest a texture with the <001>axis perpendicular to the substrate. 

The small-angle XRD pattern of the (ZnO/C)81 system (Fig. 2a) does not manifest any diffraction maxima, suggesting that an island 
structure, rather than a multilayer film, is formed in each layer. Consequently, it can be assumed that the zinc oxide nanocrystallites 
and the amorphous carbon phase are coexisted in (ZnO/C)81 films. Thus, despite the layer-by-layer deposition of ZnO and C, the (ZnO/ 
C)81 system is a composite with the blurred interlayer interfaces. Therefore, the total film thickness, rather than an equivalent bilayer 
thickness, has to be used to describe these samples. 

As follows from the XRD patterns (Fig. 1b), the (ZnO/C)25 system contains the ZnO crystalline phase. The small-angle XRD patterns 
(Fig. 2b) contain the diffraction peaks, attributed to the formation of a layered structure. The period of the multilayer structure d was 
calculated through the Bragg formula: 

nλ¼ 2d sin θ (1)  

here, θ is the Bragg angle, n is the diffraction maximum order (in our case n ¼ 1), and λ is the X-ray wavelength. 
The obtained values of d for the (ZnO/C)25 multilayer heterostructures are in good agreement with those obtained through the 

optical interferometry. 
Fig. 3 shows the TEM micrographs of the studied (ZnO/C)81 and (ZnO/C)25 films, demonstrating the nanocrystalline structure of 

the studied samples. Besides, the electron diffraction patterns (see insets in Fig. 3a and b) reveal the phases of hexagonal crystalline 
ZnO. As mentioned above, analyzing the small-angle XRD patterns, the layered structure is formed for all thin (ZnO/C)25 films 
(Fig. 3b), whereas the (ZnO/C)81 system is a randomly distributed composite (Fig. 3a). 

Fig. 4a shows the electrical resistivity as a function of thickness for the studied ZnO and (ZnO/C)81 samples. As seen from Fig. 4, the 
electrical resistivity of thin (ZnO/C)81 films two orders of magnitude lower than that for a pure ZnO. The reason is that (ZnO/C)81 films 
have a higher number of interfaces and grain boundaries (being the charge transport channels in wide-gap semiconductors [24]) 
compared to ZnO. The sign of thermopower (Fig. 4b) indicates that both (ZnO/C)81 and ZnO films are the n-type semiconductors. 

The electrical resistivity and thermopower of (ZnO/C)81 layered structure decrease from 1.7⋅10� 2 Ω cm to 4.9⋅10� 3 Ω cm and from 
65 μV/K to 47 μV/K when the film thickness rises from 30 nm to 130 nm respectively. 

As regards the (ZnO/C)25 multilayer structure, it demonstrates a threefold decrease in the electrical resistivity with the thickness 

Fig. 1. XRD patterns of C, ZnO, and (ZnO/C)81 thin films with the thickness of h ¼ 110 nm (a) and (ZnO/C)25 (b) with the thickness of 132 nm, 137 
nm, and 152 nm. 
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(see Fig. 5a). The negative sign of thermopower indicates that electrons are the major charge carriers (Fig. 5b). The electrical resistivity 
of (ZnO/C)25 increases with the amount of ZnO in it. 

The Hall measurements at room temperature also confirm that the addition of carbon in ZnO does not change its conductivity type. 
The charge carrier concentration is a weak linear function of the film thickness for (ZnO/C)81 and decreases from 5⋅1020 to 8⋅1020 cm� 3 

when the thickness rises from 30 nm to 130 nm respectively. Fig. 6 demonstrates how the charge mobility μ depends on the film 
thickness. A broad maximum with the magnitude of 2 cm2 V� 1 s� 1, corresponding to the thickness of ~80 nm, is observed on the μ(h) 
curve shown in Fig. 6. An increase in the carrier mobility with the thickness d up to 80 nm can be attributed to the classical size effect at 
the thin film boundaries. The μ declines with h > 80 nm, due to the scattering processes at the ZnO/C interfaces. 

For the (ZnO/C)25 films the carrier concentration and mobility decrease from 3.2⋅1020 cm� 3 to 1.6⋅1020 cm� 3 and from 1.4 cm2V- 

1⋅s� 1 to 2.8 cm2V-1⋅s� 1 respectively when the film thickness rises from 130 nm to 155 nm. The “apparent” decrease in mobility occurs 
due to electronic states existing at the layer interfaces in the (ZnO/C)25 films and influencing the charge transport. When the thickness 
and number of ZnO and C layers increase their structure remains the same. Consequently, the number of carriers taking part in the 
charge transport does not change when the amount of material not contributing to the conductivity rises. As a result, the “apparent” 
decrease in charge concentration occurs. An increase in mobility of the (ZnO/C)25 films stems from the classical size effect at the 
boundaries. 

The temperature dependence of electrical resistivity ρ(T) was studied at the temperatures ranged from 80 to 300 K (Fig. 7), to 
determine the charge transport mechanisms in the samples (ZnO/С)81 and (ZnO/C)25. As seen from Fig. 7, the electrical resistivity 
decreases with temperature over the entire temperatures range. 

The magnetoresistance (MR) as a function of the magnetic field strength for as-grown layered (ZnO/С)25 heterostructures are 
shown in Fig. 8. The magnitude of MR was determined asMR ¼ ðRH � R0Þ=R0, where RH and R0 are the resistance, measured in an 
external magnetic field and without a magnetic field respectively. It follows from Fig. 8 that the electrical resistance declines with the 
magnetic field strength. For the (ZnO/С)81 heterostructures, no change in the electrical resistance was detected under an applied 
magnetic field of up to 1 T. 

The magnetization measurements (see Fig. 9) did not reveal the ferromagnetic ordering at the temperature of 10 K since no 
hysteresis was detected. This fact rules out the presence of the room temperature magnetism in the studied samples. 

Let us discuss the obtained data taking into account the growth process of layered thin-film heterostructures on a rotating substrate 
with ion-beam sputtering of ZnO and C targets. The (ZnO/C)81 system manifests the island-like structure. The electrical resistivity of 
this two-phase ZnO/C system is much lower than that for ZnO due to the interfaces (Fig. 4a). For the (ZnO/C)25 system with the 
thickness of h < 140 nm, the ZnO layers alternate with the carbon island interlayers, decreasing the electrical resistivity (Fig. 5a). 
When the islands grow in size in the carbon interlayer, they overlap, increasing the dangling bond concentration at the interfaces, and 
reducing the electrical resistivity of the film (Fig. 5a). Besides, randomly distributed charges generate a chaotic potential. Thus, in this 

Fig. 2. Small-angle XRD pattern of (ZnO/C)81 (a) and (ZnO/C)25 (b) thin films.  
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multilayer system, the strong localization conditions take place at the interfaces with the presence of carbon islands [24]. 
A layered structure, consisting of ZnO and amorphous carbon layers, is formed in the (ZnO/C)25 films more than 150 nm thick. The 

carbon layers and their interfaces serve as the conductive channels in this type of heterostructures. A transition from the strong to weak 
localization [25,26] occurs when the thickness of (ZnO/C)25 films rises. This transition changes the conduction mechanism. A similar 
relationship was observed in the multilayer structure (SnO2/In2O3)69 [27]. 

To determine the charge transport mechanisms, we investigated the temperature dependence of resistivity in the studied samples. 
Figs. 10–12 show the relative resistivity of (ZnO/C)81 and (ZnO/C)25 films as a function of temperature in various coordinates in the 
temperature range of 77–170 K. 

As seen from Fig. 10, the electrical resistivity is linear in the ln(ρ/ρ0)-1/T1/3 coordinates, which is attributed to the variable range 
hopping mechanism over the localized states in a narrow energy band near the Fermi level [28]. In the framework of this mechanism, 
the electrical resistivity is described as follows: 

ρ¼ ρ0 exp
�
B
�

T1=3� (2)  

where 

B¼
�

3
a2kBgðEFÞ

�1=3

(3)  

here T is the absolute temperature, g(ЕF) is the density of states at the Fermi level, a is the localization radius, and kB is the Boltzmann 
constant. 

The B magnitudes in (2), obtained from the slope of ln(ρ/ρ0)-1/T1/3 linear graphs (see Fig. 10) are given in Table 1. Accepting 
a~0.8 Å [29] as the ionic radius of Zn, we estimated the density of states g(ЕF) through equation (3) (see Table 1). The obtained results 
show a high density of localized states at the Fermi level. 

Fig. 3. TEM micrographs of the cross-section and electron diffraction patterns (shown in the insets) for the studied (ZnO/C)81 (hBl ¼ 1.9 nm) (a) and 
(ZnO/C)25 (hBl ¼ 6.7 nm) (b) heterostructures with the total thickness of h ¼ 157 nm and h ¼ 135 nm respectively. 
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Fig. 4. The electrical resistivity (a) and thermopower (b) as a function of the thickness of thin ZnO and (ZnO/C)81 films, measured at room 
temperature. 

Fig. 5. The electrical resistivity (a) and thermopower (b) as a function of the thickness of thin (ZnO/C)25 films, measured at room temperature.  
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In the temperature range of 200–300 K, the hopping conductivity to the nearest neighbors takes place for the studied samples. 
According to this mechanism, the temperature dependence of resistivity is given by the following expression [28]: 

ρ¼ ρ0 � exp
�

�
WNNH

kT

�

(4)  

here WNNH is the hoping activation energy. 
The Arrhenius-like temperature dependence of resistivity for the studied (ZnO/C)81 films is linear in the ln(ρ/ρ0)-1/T coordinates in 

a total agreement with (4) (see Fig. 11). The activation hopping energy estimated from the slope of ln(ρ/ρ0)-1/T graphs is given in 
Table 2. 

For the (ZnO/C)25 multilayer samples with the thickness of h > 150 nm (when a continuous carbon layer is formed), the tem-
perature dependence of resistivity is linear in the ρ-lnT coordinates (see Fig. 12). This dependence is typical when the weak electron 

Fig. 6. The carrier mobility as a function of (ZnO/C)81 film thickness.  

Fig. 7. Temperature dependences of resistivity for thin (ZnO/С)81 films (a) and (ZnO/С)25 films (b) for various film thicknesses: 1–35 nm, 2–45 nm, 
3–70 nm, 4–98 nm, 5–129 nm, 6–150 nm, 7–157 nm, 8–169 nm. 
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localization occurs in 2D and 3D systems [26]. 
The temperature dependence of resistivity for ZnO:Ga films with a thickness of 100–400 nm, fabricated by the radio-frequency 

magnetron sputtering process, was studied in the work [30] in the temperature range of 300–80 К. The film resistivity with a 
thickness of 200 nm declined, whereas for the films 400 nm thick the temperature dependence of resistivity peaked at 160 K. 

The observed temperature dependence was explained by the weak charge localization. Besides, the weak localization effects in 
“thick” films (400 nm) were observed for the temperatures below 160 K. This phenomenon was explained by the low lattice distortions 
in thick films. Consequently, at the temperature of 160 K, the diffusion length becomes comparable with the free path length within the 
relaxation time. Also, it was revealed that in ZnO:Ga films, synthesized by the pulsed laser deposition technique, the interference 
effects in the temperature dependence of resistivity occur at the higher temperatures when the Ga concentration rises. This effect was 
explained in the work [31] by a defect concentration increase. Taking into account these results the temperature dependence of re-
sistivity observed in our (ZnO/С)25 multilayered structures with a thickness of 150 nm at low temperatures can be associated with the 
weak charge localization. 

Fig. 8. The electrical resistivity as a function of the magnetic field strength for the (ZnO/C)25 and (ZnO/C)81 multilayer structures with different 
bilayer thickness measured at T ¼ 77 K (a) and T ¼ 300 K (b). (The thickness of (ZnO/C)81 multilayer structure is h ¼ 131 nm). 

Fig. 9. The magnetization as a function of the magnetic field for multilayer (ZnO/С)25 structures with various bilayer thickness: 1–132 nm, 2–136 
nm, 3–145 nm and measured at T ¼ 10 K. 
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Fig. 10. Temperature dependence of resistivity in the lnρ~ 1/T1/3 coordinates for thin (ZnO/С)81 (a) and (ZnO/С)25 (b) films with various 
thickness: 1–35 nm, 2–45 nm, 3–70 nm, 4–98 nm, 5–129 nm, 6–150 nm, 7–157 nm, 8–169 nm. 

Table 1 
The B-parameter and density of states g(EF) at the Fermi level in eqs. (2) and (3) 
determined for (ZnO–C)81 thin films.  

h (nm) B(К1/3) g(EF)2D (eV� 1cm� 2) 

35 2.56 3.2⋅1017 

45 2.52 3.4⋅1017 

70 2.28 4.6⋅1017 

98 2.75 2.6⋅1017 

129 3.13 1.8⋅1017

Fig. 11. Experimental (dots) and theoretically fitted (solid lines) using eq. (4) resistivity as a function of temperature for thin (ZnO/C)81 films (1–35 
nm, 2–45 nm, 3–70 nm, 4–98 nm, 5–129 nm). 
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Fig. 9 shows the magnetization of the studied samples of various thicknesses as a function of the magnetic field. As seen in Fig. 9, 
ferromagnetism is not observed in the fabricated films at 10 K. 

According to the literature [4,7,32], there are two scenarios for the formation of long-range magnetic ordering in ZnO-С films. In 
the first scenario, the carbon doping leads to a substitution of oxygen by carbon, with the formation of ZnC complexes, and generating 
the hole conductivity. This process initiates the ferromagnetic exchange between ZnC with the magnetic moment of 2.02 μB per C atom 
and affects the Curie temperature, exceeding 400 K. This scenario, was observed in Ref. [4] for the films fabricated by the pulsed laser 
deposition method. However, we rule out this first scenario, because our Hall and thermopower measurements demonstrate that the 
carbon doping does not produce the hole conductivity in the studied samples, which agrees with the work [8]. This scenario is not 
possible in our case because of the specific conditions of the layer-by-layer deposition method. It is worth noting, that according to the 
structural analysis, the ZnC phase was not detected. The second scenario is associated with the defect-induced magnetism(when the 
exchanging magnetic moments are formed on the dangling bonds [8]). Taking into account the electron concentration, contributing 
the conductivity, the presence of a large number of interfaces and the island structure produce a high defect concentration in our 
multilayer samples. However, we did not detect the ferromagnetism in the studied heterostructures. It does not rule out the possible 
formation of the magnetic moments on defects, but it seems that the exchange interaction is weak, making it lower the measurement 
equipment sensitivity. 

The negative MR is usually considered as a consequence of the ferromagnetic ordering, but in our samples, there is no long-range 
magnetic order and it is necessary to conduct some extra investigations of samples with higher thickness. It is possible to explain the 
negative MR through quantum interference and non-interference mechanisms. The interference mechanisms are possible both in the 
case of variable-range hopping conductivity [33,34] and in the weak localization case (see, for example [35]). The logarithmic 
temperature dependence of resistivity attributed to weak localization in 2D systems (see Fig. 12) confirms the interference nature of 
negative MC. The charge transport occurs along the interfaces between ZnO and C. It is important to emphasize, that for the (ZnO–C)81 
films (h ¼ 137 nm), having not continuous ZnO and C layers and demonstrating the hopping conductivity, resistivity does not depend 
on the magnetic field in the studied range. A specific noninterference mechanism, related to the non-spherical wave functions of 
electrons in the quantum wells, was proposed in Ref. [33]. This mechanism is characterized by a large value of MR (estimated to be MR 
¼ 15% [36]), a weak temperature dependence, and a linear dependence on the magnetic field. Since the field dependence is nonlinear 
at the temperature of 77 K, it is unlikely if the mentioned above mechanism takes place in our case. Besides, the formation of any 
well-defined quantum wells in the multilayer system (ZnO/C)25 is highly doubtful. It is worth noting that in the (ZnO/С)81 system, 
where the formation of quantum wells is potentially possible due to the island structure, a negative MR was found neither at room 
temperature nor at 77 K. Another non-interference mechanism is originated from the partial suppression of electron scattering on the 
magnetic moments of defects by an external magnetic field. This effect is similar to the magnetoresistance in the spin glasses or the 

Table 2 
The hopping activation energy WNNH (see eq. 
(4)) for thin (ZnO/C)81 films in the temperature 
range of 200–300 K.  

h (nm) WNNH (eV) 

31 0.0068 
45 0.0068 
70 0.0066 
98 0.0076 
129 0.0089  

Fig. 12. Temperature dependence of resistivity for multilayer (ZnO/С)25 heterostructures in the temperature range of 77–300 K in the ρ-ln(T) 
coordinates. 
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paramagnetic ferromagnetic alloys. In our samples, this mechanism is supported by the fact that MR takes place at room temperature. 
Besides, the observed field dependence of the negative MR is similar to the field dependence of squared magnetization at low and room 
temperature. However, based on this mechanism, the value of MR at room temperature has to be more than one order of magnitude less 
than that at 77 K, which is not observed in our samples. Also, the relatively large magnitude of MR makes this mechanism to be scarcely 
realized. Thus, the observed negative magnetoresistance in the multilayer (ZnO/C)25 system can be attributed to weak localization and 
2D charge transport along the interfaces between ZnO and C layers. More detailed further studies can clarify the possible mechanisms 
associated with this effect. 

4. Conclusions 

The thin (ZnO/С)81 and (ZnO/С)25 films were fabricated through the layer-by-layer deposition of ZnO and C by the ion-beam 
sputtering method at various deposition rates. The results of XRD analysis revealed that the (ZnO/С)81 samples are not multilayers, 
rather the zinc oxide nanocrystallites are randomly embedded in an amorphous carbon matrix. Thin (ZnO/С)25 films are multilayered, 
consisting of ZnO crystalline and amorphous C layers. It was revealed that (ZnO/С)81 and (ZnO/С)25 thin-film samples manifest the n- 
type conductivity, with the electrical resistivity of 1–2 orders of magnitude lower than that in ZnO films without C. 

The conduction mechanism changes from the variable-range hopping in a narrow energy band near the Fermi level to the hopping 
to the nearest neighbor mechanism in thin (ZnO/C)81 films with an island structure. The transition from an island to a continuous 
structure of ZnO layers with the multilayer thickness of about 150 nm is accompanied by the transition from the strong to weak 
localization of charge carriers, along with the conduction mechanism changes in the studied temperature range. The fabricated films 
do not exhibit ferromagnetism at the temperature range from 10 K to room temperature. In the multilayer (ZnO/C)25 thin-film 
structures with various bilayer thicknesses the negative magnetoresistive effect was detected at T ¼ 77 K and at T ¼ 300 K. The 
magnitude and temperature dependence of MR cannot be explained in the framework of interference and non-interference mecha-
nisms of negative magnetoresistance. The magnitude and temperature dependence of MR can be explained by weak localization and 
2D charge transport along the interfaces between ZnO and C layers. 
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A B S T R A C T

A layer-by-layer sputtering method was used to fabricate nanostructures (ZnO/C)25 composed of zinc oxide and 
carbon alternating layers, with a total multilayer thickness of 146 nm and 153 nm. At low temperatures, the 
multilayers show signatures of local ferromagnetic order: magnetic hysteresis, weak magnetization and the 
characteristic shape of the thermomagnetic curve. In-plane and out-of-plane magnetoresistance (MR) was 
measured in a pulsed magnetic field up to 20 T in the temperature range of 15–300 K. At T ⩽ 20 K, MR changed 
its sign from negative in low magnetic fields to positive in moderate fields, and then back to negative in high 
magnetic fields. At T ⩾ 80 K, MR was negative in the full range of magnetic fields studied. The unusual MR 
behavior can be associated with the influence of the Zeeman effect on the Fermi level position in the case of 2D 
variable hopping conduction along the interfaces, scattering on magnetic heterogeneities and the effect of 
magnetic blockade.   

1. Introduction 

Recently, a lot of effort has been devoted to the development and 
fabrication of magnetic semiconductors with a high Curie temperature 
(TC) and at the same time with sufficient for practical applications value 
of magnetization. Attempts to dope semiconductors (e.g. GaAs, InSb, Si) 
or oxides (e.g. ZnO, TiO2, SiO2) with transition metals, mostly Mn or Co, 
have not led to success, although several papers have demonstrated 
semiconductors with TC higher than room temperature (RT) [1,2]. An 
important step was the discovery of ferromagnetic ordering in magnetic 
semiconductors without doping with transition metals, so-called d0 

magnetism [3]. This finding triggered study of the magnetic properties 
of semiconductors and oxides doped with paramagnetic and diamag-
netic materials. In the latter class of materials, the ZnO-C compound 
plays an important role, since undoped ZnO and C exhibit ferromagnetic 
properties when in the form of nanoparticles or thin films [4]. In 
particular, thin films of ZnO-C fabricated by a pulsed laser deposition 
method have shown the presence of ferromagnetic order at temperatures 
above 400 K with a magnetic moment of about 3μB per carbon atom with 

hole-type conductivity [5]. Moreover, ferromagnetism above room 
temperature with electron-type conductivity has been observed in the 
same compound grown by metal–organic chemical vapor deposition 
(MOCVD) technique in a nitrogen or oxygen atmosphere [6]. Our earlier 
attempts to discover RT ferromagnetism in thin films of ZnO-C and 
multilayers of ZnO/C fabricated using a layer-by-layer ion-beam sput-
tering method failed [7]. Information in the literature indicates that the 
magnetic properties of ZnO-C depend significantly on the fabrication 
method, structural defects, grain boundaries and type of conductivity. 
The nature of the ferromagnetic ordering and the role of the ZnO and C 
in the formation of magnetic properties are still unclear (See discussion 
in [7]). 

The present work contains results of low-temperature magnetic and 
magnetotransport measurements of nanostructures fabricated by layer- 
by-layer sputtering of ZnO and C. The multilayers possess local ferro-
magnetism at low temperatures and demonstrate peculiar behavior of 
magnetoresistance being negative in low magnetic fields, positive in 
moderate fields, and again negative in high magnetic fields. In the 
previous paper, structural, magnetotransport and magnetic 
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measurements of the same nanostructures were carried out at T > 70 K, 
but we did not observe either positive magnetoresistance or ferromag-
netic behavior [7]. 

2. Experiment 

Nanostructures (ZnO/C)25 were fabricated by layer-by-layer ion 
beam sputtering of alternating ZnO and C targets onto (100) Si substrate 
in an argon atmosphere and at a pressure of 7 × 10− 4 torr. The subscript 
“25” means the number of equivalent bilayers deposited onto the sub-
strate. The targets with a purity of 99.998% were kept at room tem-
perature during the entire sputtering process (3 h 12 min). A special 
setup was used to change the targets during the sputtering process at a 
speed of 0.13 rpm. A V-shaped screen was installed between the target 
and substrate holder to vary the thickness of the C- interlayer. Two 
obtained (ZnO/C)25 multilayer structures with a total thickness (h) of 
146 and 153 nm were used to investigate magnetotransport and mag-
netic properties. The only difference between the two presented samples 
is their thickness. The thickness of the ZnO/C bilayer is 146/25 = 5.84 
nm and 153/25 = 6.12 nm, correspondingly. The thickness of carbon 
sublayer does not exceed 1 nm that follows from the TEM micrograph of 
the sample cross-section presented in [7]. A detailed description of the 
fabrication method and structural properties can be found in [7]. The 
heterostructures consist of nanocrystal ZnO and amorphous C layers [7]. 
Analysis of the temperature dependence of resistivity, and thermoelec-
tric and Hall effects in the range of 80–300 K revealed n-type conduc-
tivity and 2D charge transport along the interfaces between ZnO and C 
[7]. 

The temperature dependence of resistivity in the temperature range 
of 15–300 K was recorded with a standard DC four-probe method. 
Pulsed magnetic fields (B) up to 20 T were applied to measure the MR 
with the field oriented parallel to the multilayers (in-plane) and 
perpendicular (out-of-plane). Applied current in the pulsed measure-
ments was ranging, depending on the temperature, from 4 μA to 100 μA 
for h = 146 nm and from 100 μA to 1 mA for h = 153 nm. The symmetric 
(“half-sine shaped”) pulse was used with a duration of 11 ms. Special 
hardware and software were used to exclude parasitic signals induced by 
dB/dt. The magnetic field and temperature dependencies of magneti-
zation in the in-plane orientation were measured using a SQUID 
magnetometer (”Cryogenic S700X”). In the present work, extraction of 
the magnetic moment was realized with a so-called linear motor instead 
of stepper motor as in [7]. This allowed us to increase measurement 

accuracy and to detect apparent magnetic hysteresis loops at T ⩽ 120 K. 

3. Results and discussion 

Fig. 1a presents the temperature dependence of resistivity at T =
15–300 K in zero magnetic field. The resistivity rises with temperature 
decrease and as can be seen from Fig. 1b, behavior at T < 80 K is well 
described by the 2D Mott’s variable range hopping (VRH) mechanism 
[8]: 

ρ = ρ0exp

⎡

⎢
⎣

(
TM

T

)1
3

⎤

⎥
⎦; TM =

β
kBg(μ)a2, (1)  

where kB is the Boltzmann constant, g(μ) is density of states at the Fermi 
level and a is localization radius. Different temperature dependencies of 
resistivity can be observed, but only the above-mentioned dependence 
fits well, which indicates 2D Mott’s VRH along the interfaces in the 
heterostructures (ZnO/C)25. This finding agrees with the results in [7]. 
Additionally, it implies weak conductivity of C at low temperatures and 
a high concentration of interface defects, which leads to elevated charge 
carrier concentration in comparison to individual C or ZnO. Since 
thickness of the carbon layers is less than 1 nm (See the TEM micrograph 
in [7]), by interfaces we mean both interfaces themselves and adjacent 
carbon layers. The localization radius, a, can be estimated as the Bohr 
radius a ≈ aB = ℏ2ε

me2, where ε is dielectric permeability and m is electron 
effective mass. For ZnO, ε = 7.8 and m = 0.24 [9], therefore a = 1.73 nm. 
For a rectangular shape of the density of states, β = 13.8 [10]. Then from 
Fig. 1b and Eq. (1) we obtain TM = 1405 and 779 K, g(μ) = 3.7 × 1015 

eV− 1 cm− 2 and 6.9 × 1015 eV− 1 cm− 2 for the samples with h = 153 and 
146 nm, respectively. The estimated value of the density of states for the 
[ZnO/C]25 multilayers is about two orders of magnitude smaller than for 
the previously studied [ZnO-C]81 samples, which are rather composites 
with randomly distributed ZnO and C than multilayers [7]. Therefore, 
the discrepancy in g(μ) is mostly due to the different microstructure and 
thickness of the samples [ZnO/C]25 and [ZnO-C]81. In addition, we have 
calculated the localization radius as a = 1.73 nm for the ZnO, whereas in 
[7] the Zn ion radius was taken as the localization radius. 

Out-of-plane MR (See Fig. 2a) at T = 15–20 K demonstrates sur-
prising behavior: it is negative in low magnetic fields, positive in mod-
erate fields and again negative in high fields. At the 50 K ⩽ T ⩽ 65 K 
range, change of the MR sign happens only once, from negative to 

Fig. 1. Normalized resistivity versus temperature dependence of the samples with h = 146 nm (black) and h = 153 nm (blue) in the coordinates of ρT/ρT=300K vs. T 
(a) and ln(ρT/ρT=300K) vs. T− 1

3 (b). The red lines are linear fits. 
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positive in high magnetic fields. At T ⩾ 80 K, negative MR grows steadily 
with the field increase. MR is positive in the case of shrinkage of electron 
wave functions in magnetic field (Efros-Shklovskii mechanism) and rises 
according to the exponential law ρ(H) = ρ0exp{const*Hn}, where n de-
pends on the sample dimensionality and magnetic field strength [10]. 
The dependence is associated with stretching of s-like states in the 

magnetic field, which leads to a decrease of overlap of the wavefunction 
tails, hindering hopping of charge carriers between sites. Obviously, this 
mechanism alone cannot describe the whole MR behavior of the present 
data. In the case of in-plane MR (See Fig. 2b), the behavior described 
above changes only quantitatively. 

Magnetoresistance curves of the sample with h = 146 nm are 

Fig. 2. Magnetic field dependence of MR of the sample with h = 153 nm with the field oriented: (a) out-of-plane and (b) in-plane. The magnitude of MR was 
determined as MR = (RB − R0)/R0*100 %, where RB and R0 are the resistances, measured with and without magnetic field, respectively. 

Fig. 3. Magnetic field dependence of resistivity of the sample with h = 146 nm at different temperatures: (a) 15 K; (b) 20 K; (c) 50 K; (d) 65 K; (e) 80 K; (f) 200 K.  
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separately presented for all the temperatures in Fig. 3. The following 
features should be noted: 

1. Negative MR at B ≲ 1.5 T does not depend on the field orientation, 
whereas at higher fields, out-of-plane MR is stronger than in-plane 
MR (See Fig. 3a,b), 
2. At T ⩾ 80 K, MR is negative throughout the magnetic field range 
and does not show signatures of saturation (See Fig. 3e,f), 
3. The value of the magnetic field Hmin, corresponding to the mini-
mum of MR, increases with the rise in temperature (See Fig. 3a-d), 
4. The value of the magnetic field Hmax, corresponding to the 
maximum of MR, is higher at 20 K than at 15 K and does not depend 
on the field orientation (See Fig. 3a,b). 

The data above suggests the existence of at least two mechanisms 
responsible for negative MR and one mechanism for positive MR. 
Moreover, the positive contribution does not increase exponentially, as 
in the case of the Efros-Shklovskii mechanism, but either saturates with 
the field increase at low temperatures or monotonically decreases. 

First, we discuss low magnetic field negative MR. Four possible 
mechanisms at low temperatures can be responsible for it: 1) quantum 
interference, which is basically a consequence of weak localization [11]; 
2) increase of the density of states (DOS) due to Fermi level shift under 
the applied magnetic field [11]; 3) hopping of nonzero orbital mo-
mentum states [12]; and 4) scattering on the magnetic disorder. It is not 
reasonable to exclude the possibility that all the mechanisms are 
involved to some extent, however, the dependence of the results on the 
field orientation may suggest that the second mechanism is dominant. 
Indeed, the 2D interference mechanism is characterized by in-plane MR 
being significantly greater than out-of-plane MR [11], which does not 
correspond with the data in Fig. 3 in neither low nor high magnetic 
fields. For the hopping of nonzero orbital momentum states, MR is 
negative and depends linearly on the field at low fields [12]; however, 
the experimental curves are not linear. Scattering on the magnetic dis-
order certainly takes place, but it is unlikely to be the major mechanism 
due to the following arguments. Indeed, apparent magnetic hysteresis 
loops are observed at T ⩽ 120 K (Fig. 4a). Zero field cooled (ZFC) 
magnetization initially drops with the temperature increase, starts to 
rise at T ≈ 20 K, reaching its maximum value at T ≈ 50 K, and again 
decreases with temperature up to RT (Fig. 4b). The results of magnetic 
measurements indicate ferrimagnetic ordering that involves the exis-
tence of ferromagnetic sublattices, whose magnetic moments are mostly 
antiparallel to each other. Therefore, the application of a magnetic field 
reduces the magnetic moment disorientation, which should lead to a 
corresponding magnetic contribution in negative MR. In the case of 
significant magnetization, Hmax should depend on the field orientation 

due to demagnetization fields. However, as can be seen from Fig. 4a, 
magnetization is relatively weak and Hmax is the same for both orien-
tations (Fig. 3a,b). The weak magnetization and absence of a tendency to 
MR saturation even in fields higher than the saturation field (Bsat ≈ 0.1 
T, not shown on the graph) indicate that the contribution of this 
mechanism is insubstantial. To summarize, the low magnetic field and 
low temperature MR is determined by a shift of the Fermi level under the 
applied magnetic field, inducing a rise in the DOS at the Fermi level. 
Other mechanisms compensate positive contribution that is associated 
with a reduction of the wavefunction overlap. 

The magnetic field reduces the distance between the energy levels, 
thus narrowing the impurity band (caused by defects at the interfaces) 
and reducing the tail of the DOS [11]. According to the Mott’s VRH, the 
Fermi level is located in the tail of the DOS. From the conservation law of 
the total number of electrons in a magnetic field, the Fermi level will be 
shifted towards the center of the impurity band, i.e., DOS, g(μ), will be 
increased by Δg. According to Eq. (1): 

▵ρ
/

ρ = −
1
3

▵g
/

g, (2)  

i.e., MR is negative and not weak and does not correlate with temper-
ature. Fig. 5a shows that all the MR curves (except for T = 200 K) are 
temperature-independent in B ≲ 0.3 T. However, further increase of the 
magnetic field causes the curves to diverge, which indicates that the 
considered mechanisms (in particular, positive magnetoresistance) are 
being activated. 

Next, we analyze the positive MR that takes place at low tempera-
tures and in moderate fields, and leads to the change of MR sign and 
appearance of the MR maximum and minimum (Figs. 2 and 3). In low 
magnetic fields, the Efros-Shklovskii mechanism giving quadratic 
dependence of MR on the temperature is compensated by negative 
contribution, whereas in higher fields MR grows exponentially with field 

following ρ(H) = ρ0exp

⎧
⎨

⎩
const*H1

3

⎫
⎬

⎭
and induces positive MR. Firstly, 

the described dependence actually takes place in a narrow field range 
(Fig. 5b). Secondly, out-of-plane MR is greater than in-plane MR, which 
agrees with the mechanism presented in [11]. Further increase of the 
magnetic field does not show exponential growth of MR, as is predicted 
by the Efros-Shklovskii mechanism. This behavior may be caused by the 
effect of magnetic blockade. The nature of the effect is that the magnetic 
field polarizes the spin of the charge carrier, which makes it energeti-
cally unfavorable for the charge carrier to hop to another spin-polarized 
state. This process is rather general since it is based on the Pauli prin-
ciple. The process has been utilized to explain a bipolaron mechanism 
for organic MR [13]; and it has been discussed within the framework of 

Fig. 4. In-plane magnetic properties of the sample with h = 146 nm. (a) Hysteresis loops. The insert shows temperature dependence of intrinsic coercivity. (b) Zero- 
field cooled (ZFC) and field warming (FW) thermomagnetic curves at B = 10 mT. Note the absence of a field cooling (FC) curve. 
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MR in granular magnetic films [14] and in amorphous semiconductors, 
considering processes of spin-flip [15] and interatomic electro-
n–electron interaction [16]. It is worth noting that the effect of magnetic 
blockade should be observed not only in magnetically ordered systems, 
even though the presence of magnetic moment definitely enhances the 
effect. In our case, both the magnetic moment and charge carriers are 
developed due to dangling bonds at interfaces. Usually, a covalent bond 
involves two electrons with opposite spin index, whereas a dangling 
bond contains only one electron. Hopping of electrons occurs only from 
occupied to empty states and the Pauli principle prohibits some of the 
transitions, which was not taken into account in the Efros-Shklovskii 
mechanism and thus leads to a reduction of the positive contribution. 
Calculated MR demonstrates that the positive contribution, indeed, 
weakens in high magnetic fields after reaching a maximum peak [16]. In 
our case, ferromagnetic order at low temperatures, justified by hyster-
esis loops in Fig. 4a, strengthens the effect of the magnetic blockade, 
since spin polarization significantly reduces the number of sites between 
which hopping is possible. 

4. Conclusion 

Magnetotransport measurements of multilayer nanostructures (ZnO/ 
C)25 in high magnetic fields and at low temperatures, when hopping of 
charge carriers along the interfaces takes place, revealed unusual 
behavior of magnetoresistance (MR). At T ⩽ 20 K, MR changes from 
negative in low magnetic fields to positive in moderate fields, and again 
to negative in high magnetic fields. This behavior is associated with 
three acting mechanisms: the influence of the magnetic field on the 
Fermi level, scattering on magnetic disorder and wave function 
shrinkage due to the effect of magnetic blockade. The presence of weak 
local magnetism, presumably associated with the formation of defects at 
the interfaces, enhances the magnetic blockade effect, which leads to 
suppression of the positive contribution of MR. 
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Abstract—This review is devoted to an analysis of the electrical resistance, the magnetoresistance, and the
anomalous Hall effect in magnetic “ferromagnetic metal–insulator” nanocomposites at a metal content near
the percolation threshold and the memristive properties of the capacitor structures based on these nanocom-
posites. A high content (up to 1022 cm–3) of dispersed atoms in intergranular gaps leads to a logarithmic tem-
perature dependence of the electrical resistance, a positive contribution to the magnetoresistance, the
appearance of tunneling anomalous Hall effect, and a multifilament mechanism of resistive switching (which
causes an adaptive character of memristor nanocomposites with dispersed atoms).
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1. INTRODUCTION

Nanogranular metal–insulator MxD100 – x compos-
ites consist of an array of nanogranules chaotically dis-
tributed in an insulator matrix. In the case of magnetic
nanocomposites (NCs), granules are in single-
domain, superparamagnetic, or inhomogeneously
magnetic state depending on the material, the anisot-
ropy energy, the size, and the shape. These systems are
of particular interest for many decades due to the
application of magnetic NCs in magnetic data record-
ing and to their diverse practically important mag-
netic, transport, optical, and magnetooptical proper-
ties. As examples, we can present giant magnetoresis-
tance [1, 2], the anomalous Hall effect with a giant
coefficient [3–5], the magnetorefractive effect [6],
and the enhanced magnetooptical Kerr effect [7]. The
application of NCs for radioabsorbing coatings is also
promising due to their high resistance and magnetic
softness at certain compositions near the percolation
threshold [8, 9].

The memristive effect [10–14] has been recently
detected in magnetic NCs, and it makes these systems
competitive with numerous versions of memristors
intended for multilevel memory and the emulation of

synapses in neuromorphic networks [15–18] and stim-
ulates a new stage in studying the linear and nonlinear
electrophysical properties of these NC systems. In
addition, magnetic NCs are an ideal platform for
studying the percolation phenomenon, the quantum
size effects, the spin-glass and mesoscopic properties,
and the influence of various interactions on the behav-
ior of random systems [19–21].

Earlier, most researchers considered that such sys-
tems have one critical concentration, namely, percola-
tion threshold xp, at which an infinite metallic chain of
granules (percolation cluster) through which an elec-
tric current passes through a sample appears. This
critical concentration also determined the metal–
insulator transition (MIT) induced by a change in the
concentration and the transition from ferromagnetic
(FM) ordering to superparamagnetic, superferromag-
netic, or single-domain behavior. However, the possi-
bility of tunneling between granules and the presence
of metallic ions, which can be dispersed into an insu-
lating matrix during NC deposition, in the intergran-
ular gaps leads to the fact that the critical concentra-
tion of MIT xc and the concentration of disappearance
of a long-range magnetic order xf do not coincide with
xp [9, 21]. Therefore, it is necessary to experimentally
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determine these important parameters and to reveal
how the presence of dispersed metallic ions affects the
properties of NC far from and near the percolation
threshold.

In this review, we discuss a number of examples,
where the presence of metallic ions critically affects
the behavior of resistance, magnetoresistance, and the
anomalous Hall effect near the percolation threshold
and the memristive effect [10–14] recently detected in
metal/NC/metal capacitor structures based on mag-
netic NCs. There exists a number of excellent reviews
of the behavior of electrical conductivity σ of NC on
the dielectric and metallic sides of MIT in various NC
systems [21–25], including a comprehensive theoreti-
cal analysis of the temperature and concentration
dependences of σ [21]. Therefore, in this work, we
restrict ourselves to revealing the role of dispersed ions
in NC using recent experimental results.

2. EXPERIMENTAL

MxD100 – x film NCs were prepared by ion-beam
sputtering of composite targets made of cast plates of
Co40Fe40B20 and Co84Nb14Ta2 alloys (hereafter, for
brevity CoFeB and CoNbTa, respectively) 280 ×
80 mm2 in size to which rectangular pieces (14–
15 pieces) of Al2O3, LiNbO3, or SiO2 oxides were
fixed. The arrangement of oxide pieces on the metallic
plate surfaces was nonuniform to prepare composites
with a controlled change in the composition in the
range x = 6–60 at % in one technological cycle. NC
was deposited onto glass ceramic substrates in an
argon atmosphere (PAr ≈ 8 × 10–4 Torr) at room tem-
perature (see [10, 11]). Some specimens were prepared
at elevated deposition temperatures (80–90°C) to
decrease the content of dispersed metallic atoms in an
NC matrix.

The elemental composition of NC was determined
by energy dispersive X-ray analysis (EDX) using an
Oxford INCA Energy 250 attachment on a JEOL
JSM-6380 LV scanning electron microscope.

The nanometer-resolution comprehensive studies
of the structure of the MxD100 – x films were carried out
on (CoFeB)x(Al2O3)100– x and (CoFeB)x(LiNbO3)100– x
NCs by transmission electron microscopy (TEM),
scanning transmission electron microscopy (STEM),
and EDX on a TITAN 80-300 (FEI, United States)
TEM/STEM microscope with a corrector of spherical
probe aberration in bright- and dark-field modes
using a high-angle annular dark-field detector of scat-
tered electrons [10, 26, 27]. These studies demon-
strated that the NCs in both cases consisted of an
ensemble of crystalline bcc CoFe alloy nanogranules
in an insulating oxide matrix with a smaller atomic
number. In the case of the (CoFeB)x(Al2O3)100 – x NC,
the granules were spherical and had a size a = 2–4 nm;

in the (CoFeB)x(LiNbO3)100– x NC, the granules were
elongated along the NC growth direction up to az ≈
10–15 nm and had the same in-plane sizes (ax = a =
2–4 nm) as in the (CoFeB)x(Al2O3)100– x NC.

The fact that the granules are crystalline indicates
that significant part of boron during NC growth is in
the oxide matrix, and its content in the granules is well
below 20 at %, at which the amorphization of a CoFeB
alloy is substantial. Since the part of boron in metallic
granules and the part of boron in the oxide matrix
during NC growth cannot be determined by the exist-
ing EDX techniques [26], the exact formula reflecting
the synthesized NC composition cannot be written.
Therefore, we use the approximate NC formulas that
reflect the target composition and were applied to find
x by EDX [10, 26, 27].

Another specific feature of the NC consisted in the
fact that its magnetization at low temperatures (T ≤
25 K) had an FM component and a paramagnetic
component, the contribution of which was threefold
that of the FM component [10, 27]. The comprehen-
sive precision SQUID magnetometry (Quantum
Design MPMS-XL7) investigations [27] of the mag-
netization of the NC in the fields up to 7 T at T = 2–
10 K showed that the paramagnetic contribution was
determined by the dispersed magnetic Fe2+ and Co2+

ions with a concentration up to Nd ≈ 3 × 1022 cm–3 in
(CoFeB)x(LiNbO3)100– x and Nd ≈ 1.2 × 1022 cm–3

(which was lower by a factor of 2–3) in
(CoFeB)x(Al2O3)100– x. Under these conditions, the
value of x found by EDX includes the metal atoms that
are both in granules and in a dispersed form in the
matrix.

The study of the I–V characteristics of the
metal/nanocomposite/metal (M/NC/M) capacitor
structures in strong electric fields (more than
104 V/cm) detected reversible resistive switching (RS)
effects, which pointed to the memristive properties of
the NCs. The RS effects were strongest and most sta-
ble in the structures based on (CoFeB)x(LiNbO3)100– x
NC with a high content of dispersed ions [10, 28]. To
reveal the mechanism of RS, we prepared
M/(CoFeB)x(LiNbO3)100–x/M structures with various
metal contents and an NC layer thickness d = 1–3 μm.
In addition, we [10] synthesized M/NC/M structures
with a developed oxide layer at the bottom electrode,
which was formed in the initial stage of NC growth at
a given O2 f low rate and a high O2 partial pressure
( ≈ 2.5 × 10–5 Torr). The NC was deposited for 7–
8 min under these conditions and the O2 f low rate was
then decreased. Further deposition was carried out for
90–300 min at an average pressure  ≈ 6 × 10–6 Torr
(  is given for the limiting vacuum P ≈ 6 × 10–6 Torr
in the chamber). An oxide layer was also formed by the
deposition of NC onto a slowly rotating substrate
(0.2 rpm). NC was deposited onto glass ceramic sub-

2OP

2OP
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strates coated with a copper film (or Cr/Cu/Cr film)
1–2 μm thick through a shadow mask with periodi-
cally arranged holes 5 mm in diameter. The top elec-
trode consisted of a Cu film (or Cr/Cu/Cr film) with
area S = 0.5 × 0.2 mm2.

The transport and magnetic properties of the NCs
were studied on universal samples prepared with pho-
tolithography in the form of a double Hall cross with a
conducting channel width w = 1.2 mm and with a dis-
tance l = 1.4 mm between the potential probes on the
side faces.

The electrical conductivity and the Hall effect were
studied using a computer-assisted setup equipped with
a pumped out insert with a superconducting solenoid,
which is immersed into a transportation helium Dewar
vessel in a magnetic field up to 1.5 T and the tempera-
ture range 10–300 K.

The magnetoresistance (MR) was measured using
a direct current mode and a pulsed magnetic field B up
to 20 T; an 11-ms symmetric (half-sine) pulse was
used. Special-purpose hardware and software were
applied to exclude the dB/dt-induced spurious signal
(see [29]).

The memristive properties of the M/NC/M struc-
tures, including their I–V characteristics, were studied
with a four-channel PXIe-4140 (National Instru-
ments) source–meter on a PM5 (Cascade Microtech)
analytical probe station [10, 28]. We experimentally
investigated the endurance of RS, the retention time of
resistive states, and the possibility of their setting
according to biosimilar STDP (spike-timing-depen-
dent plasticity) rules [12–14, 28].

3. ELECTRICAL CONDUCTIVITY

The logarithmic temperature dependence of the
electrical conductivity of nanogranular films at the
metal concentration corresponding to a “metallic”
transport mode [30],

(1)

provoked deep interest, since the films were thick
enough and the temperatures were high enough for
this dependence to be considered as a consequence of
weak localization in two-dimensional structures. In
his theoretical works (see [30] and review [21]), Efetov
showed that this dependence in granular systems can
be caused by renormalizing the Coulomb interaction.
According to [21, 30], the electrical conductivity of
NC with an ordered distribution of granules below the
percolation threshold at g ≥ 1 obeys the law

(2)

σ = σ + β* lnT

σ = σ − π 

= σ − ∝ β π 

0
B

0
B

1( ) 1 ln
2

11 ln ln ,

c

c

gET
Dg k T

gE T
kg k T

where g = Gt/(2e2/ ) is the average tunneling conduc-
tance between neighboring granules in units of con-
ductance quantum, D is the dimension of the system,
k is the coordination number of the periodic lattice
(the number of contacts of a granule with the nearest
neighbors), kB is the Boltzmann constant, Ec is the
Coulomb blockade energy, β = σ0/πkg is a parameter,
and σ0 is the metallic conductivity (according to
Drude) at the temperatures that are high enough for
the Coulomb blockade effects to be insignificant [21,
p. 474].

Equation (2) is valid under the condition gδ ≪
kBT ≪ Ec, where δ is the average energy gap between
the quantizing levels in an isolated granule. When the
content of metallic granules is below certain critical
value xx, dimensionless conductance g turns out to be
lower than unity and MIT takes place; below MIT,
hopping conduction described by the well-known
“1/2” law, i.e., lnσ ∝ –(T0/T)1/2, is observed. At x > xc,
the conduction of NC is metallic with a negative tem-
perature coefficient of resistance α = dρ/dT, as in a
dirty metal. However, the sign of α can change into
positive above percolation threshold xp, as in the case
of pure-metal-based NCs Ni–SiO2 [31]; this finding
makes it possible to estimate percolation threshold xp.
Noticeable deviations from the logarithmic law in the
temperature behavior of σ should also be observed
near xp, which can also be used to estimate this quan-
tity.

The theory developed in [21, 30] has a general
character, since its main parameter is tunneling con-
ductance; therefore, it can be applied for a random
arrangement of granules [21] and in the presence of
metallic ions in intergranular gaps. Moreover, our
investigations [10, 27, 32, 33] demonstrate that the
presence of metallic ions promotes a strong increase in
the intergranular FM interaction, enhancing the tun-
nel coupling between granules and shifting MIT to low
critical values xc [32]. In this situation, the concentra-
tion range δxp = xp – xc where Eq. (2) holds true should
extend.

Under the conditions of Eq. (2), this conclusion
was well supported for the (CoFeB)x(Al2O3)100– x NC
in [26, 27, 34] and, then, for the systems
(CoFeB)x(LiNbO3)100–x [10, 27], (CoNbTa)x(Al2O3)100–x,
and (CoFeB)x(SiO2)100–x [35, 36].

Figures 1 and 2 show the typical temperature
dependences of the electrical conductivity of the
(CoFeB)x(Al2O3)100– x and (CoFeB)x(LiNbO3)100– x
nanocomposites. In the case of (CoFeB)x(Al2O3)100– x,
Eq. (2) is seen to be valid from 15 to 300 K in the range
x ≈ 49–56 at %. The critical concentrations xc and xp
estimated from the σ(x) and σ(T) dependences are
given in the figure captions (see Figs. 1a, 1b). Note
that the Ni–SiO2 system, which was fabricated by
electron-beam sputtering and had no such ions, exhib-

�
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its δxp = xp – xc ≈ 1 at % [31]. In the case of
(CoFeB)x(LiNbO3)100– x, the temperature range of
Eq. (2) is also wide, δxp ≈ 8 at %; however, it is shifted
toward low temperatures T = 10–220 K. This finding
is likely to be related to larger granules for this NC
(because of their elongation); the high permittivity of
amorphous LiNbO3 (εd ~ 102–104 [37]); and, hence,
the suppression of the Coulomb blockade effects,
which shifts the range of Eq. (2) toward low tempera-
tures [21].

According to the data in Figs. 1 and 2, the slope of
the curves of the (CoFeB)x(LiNbO3)100– x NC (β ≈
6 (Ω cm)–1) is significantly lower than that of
(CoFeB)x(Al2O3)100– x (β ≈ 30 (Ω cm)–1). This differ-
ence can be understood using a percolation approach,
in which the conductance is Gt ≈ iσ(0)L, where L is
the characteristic correlation radius of the percolation
network, i ~ L/a is the number of tunneling gaps per
this length [10, 26], and a is the average intergranule
distance. Then, we can easily show that

(3)

As follows from Eq. (3), the slope depends strongly
on correlation length L. Allowing for Eq. (3), we find
that the correlation length for the
(CoFeB)x(LiNbO3)100– x NC (L ≈ 20–30 nm) should
be severalfold that in the (CoFeB)x(Al2O3)100– x NC,
where L ≈ 9–13 nm [10, 26].

Another manifestation of the role of dispersed ions
was revealed when the Coulomb blockade energy Ec in
(CoFeB)x(Al2O3)100 – x was analyzed [34]. This energy
during the transition of an electron from a granule to
the nearest granule is described by the following
expression if only these two granules are taken into
account [24]:

(4)

where b is the tunneling gap width. Substituting εd ≈ 10
for the Al2O3 matrix in NC, a ≈ 3 nm, and b ≈ 1 nm,
we find Ec ≈ 19 meV. On the other hand, using Eqs. (1)
and (2) and experimental values σ* = 328 (Ω cm)–1

and β = 33 (Ω cm)–1, we obtain the lower estimate of
gEc ≈ 16 meV at σ0 ≈ 500 (Ω cm)–1 (we took σ0 = σ at
300 K; see Fig. 1). Since the theory is valid at g ≥ 1, this
means that dispersed ions can significantly increase
the electric polarization of the tunneling gap and the
entire system. Note that the difference between the
permittivity in Eq. (4) and the permittivity in a stoi-
chiometric matrix was noted earlier (see review [23]).
In addition, tunneling takes an ultrashort time;
therefore, we have to take into account that dynamic
permittivity can differ substantially from static per-
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π π π� �
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Fig. 1. (Color online) (a) Electrical resistivity of
(CoFeB)x(Al2O3)100 – x samples vs. the FM alloy content
near MIT (x = 46.5–59.2 at %) at T = 77 K. The arrows
indicate the MIT (xc ≈ 47 at %) and percolation threshold
(xp ≈ 56–59 at %) ranges. (b) Temperature dependences of
the electrical conductivity of the samples with various FM
alloy contents (x = 47–59 at %). (c) Dependence σ(T) for
the (CoFeB)x(Al2O3)100–x sample with x ≈ 47 at % in the
coordinates  lnσ–(1/T)1/2 (borrowed from [26]). 
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mittivity. These factors explain the discrepancy
between the experimental results and the data calcu-
lated by Eq. (4).

Note that the presence of a significant concentra-
tion of localized states at the Fermi level in tunneling
intergranular gaps (on the order of 1022 eV–1 cm–3)
causes deviations from the 1/2 law and the manifes-
tation of the Mott 1/4 law in the temperature depen-
dence of the resistance of NC below MIT (x < xc)
[25, 38]. Such deviations were not detected in our
case despite a large number of dispersed ions (see
Figs. 1, 2 and [10, 26, 27, 34–36]). Therefore, such
centers should be primarily considered as scattering
centers [39].

4. MAGNETORESISTANCE

The MR of homogeneous FM metals is usually
negative, since the application of a magnetic field
decreases the magnetic disorder in a system. The
exception is longitudinal MR due to the anisotropic
MR induced by spin–orbit interaction (SOI). How-
ever, the anisotropic MR in nanosystems is suppressed
because of the size effect and is not observed in NCs
near the percolation threshold. The absence of aniso-
tropic MR can serve as a criterion to determine the
threshold of failure xf of a long-range magnetic order.
Spin-dependent tunneling also brings about negative
MR, which is observed in many NCs and reaches
about 10% in strong fields. Therefore, the positive
field-linear MR detected in the Ni–SiO2 NC up to
200 K, which was not saturated in fields as high as
60 T, was attributed to the influence of a magnetic
field on the suppression of the quantum corrections to
electrical conductivity that appear due to electron–
electron interaction in the presence of the exchange
splitting of spin subbands rather than on the magnetic
subsystem or tunneling [40]. However, neither the
magnitude of the effect (10–1% T–1, which differs from
the estimate by two orders of magnitude) nor the pres-
ence of quantum corrections at relatively high tem-
peratures corresponded to this concept. It should be
noted that a positive linear MR in strong fields was
detected in both NC and ultrathin high-resistance Ni,
Fe, Co, and NiPb films [40]. It is still unclear to what
extent this phenomenon is universal and whether it
has the same nature in different systems.

The main conduction mechanism in NC near the
percolation threshold is spin-dependent tunneling.
This brings up the question: Can spin-dependent tun-
neling give rise to negative MR and also generate a
positive contribution in strong fields? A simple calcu-
lation in terms of the Inoue–Maekawa model of tun-

neling MR in granular alloys [41] with allowance for
the influence of a strong magnetic field on the tunnel
barrier leads to the following additional contribution to
MR in the fields that are higher the saturation field [36]:

(5) μΔρ λ= ξ λ + ρ −  
B

F B

( ) .
(0) (0)

HH Cb
U E k T

Fig. 2. (Color online) Temperature dependences of
(CoFeB)x(Al2O3)100–x NC in the coordinates (a) σ –
lnT and (b) lnσ – (1/T)1/2. The dependences were obtained
for samples (1–4) (CoFeB)x(LiNbO3)100–x and (5, 6)
(CoFeB)x(Al2O3)100–x with an FM alloy content of (1) 48,
(2) 44, (3) 40, (4) 32.5, (5) 49, and (6) 47 at % (borrowed
from [10]). 
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Here, parameter ξ characterizes the shift in the
Fermi level in the magnetic field of exchange-split
subbands with spins along and opposite to magnetiza-
tion due to the Zeeman effect,

(6)
The parameter is ξ > 0 for the subband with a spin

along magnetization and is ξ = 1 if the subband with
spin opposite to magnetization is filled. In the general
case, ξ is on the order of spin polarization since ξ ≈ 0
in the absence of spin splitting. Parameter λ character-
izes the decay of the wavefunction of an electron in a
tunnel barrier of height U,

and C is a theory constant (λC ≈ 0.015 eV [42]).
As follows from Eq. (5), the positive contribution is

field linear, exists up to room temperature or above,
and is determined by the tunnel barrier height. At low
temperatures, the second term in the square brackets is
predominant; that is, positive MR increases as T–1/2

when temperature decreases. Figure 3 shows the
behavior of MR in two NCs systems, namely,
(CoFeB)x(SiO2)100–x and (CoNbTa)x(Al2O3)100– x,
which confirms Eq. (5). Specifically, MR is negative
up to the saturation field, and a linear and positive
contribution with a slope of 10–2% T–1 appears in
stronger fields and increases with decreasing tempera-
ture. This effect is most pronounced in the
(CoNbTa)x(Al2O3)100– x system, which has a lower
potential barrier. Therefore, it should be reliably
observed in alloys below the percolation threshold at a
high concentration of dispersed ions in intergranular
gaps. To check this hypothesis, we prepared
(Co)x(SiO2)100– x and (CoNbTa)x(SiO2c)100– x samples
at an elevated substrate temperature (about 80°C) and
a relatively low content of dispersed ions (about
1021 cm–3). In this case, we did not reveal a positive
contribution at temperatures down to 4 K and fields up
to 20 T.

However, the positive contribution under study is
obviously small, since it is related to the influence of a
magnetic field on the Fermi level. Therefore, it cannot
generate the effect (10–1% T–1) detected in thin
(10-nm-thick) Ni, Fe, and NiSiO2 metallic films [40].
Moreover, this contribution is not universal and
always positive, since the sign of parameter ξ depends
on the filling of the subbands. Therefore, the problem
of linear positive MR in thin metallic systems is still an
open question.

5. TUNNELING ANOMALOUS HALL EFFECT
The anomalous Hall effect (AHE) is a complex

quantum phenomenon, which was revealed in 1880
and explained by Karplus and Luttinger (in 1954),
Luttinger (1956), and Smith and Berger (see review

= − ξμF F B( ) (0) .E H E H

λ = −
�

F2
2 ( ),m U E

[43] and Refs. therein). This effect is associated with
the action of SOI on spin-polarized current carriers
and includes the following three main mechanisms:
intrinsic mechanism (interpreted through Berry
phase), skew scattering, and side jump. Which of these
mechanisms is predominant in certain cases is still a
subject of controversy. It should be noted that, as the
first experimentally detected effect related to spin-
dependent scattering, AHE is the precursor of spin-
tronics. It is also the grandparent of the family of Hall
effects, namely, direct and inverse spin, quantum
anomalous, topological, tunneling, and magnetoopti-
cal Hall effects. Therefore, the investigation of the
behavior of AHE in various systems is of particular
interest.

AHE is most pronounced in magnetic film materi-
als (FM metals, semiconductors, granular metal–
insulator systems, etc.) with strong SOI. Their Hall
resistivity is described by the sum of two terms,

(7)
where the first term describes the ordinary Hall effect
(OHE) induced by the Lorentz force, the second term
characterizes the SOI-induced AHE, M is the magne-
tization component normal to the film plane, B is the
magnetic induction component in the same direction,
and R0 and Rs are the so-called OHE and AHE coeffi-
cients, respectively. The last coefficient is expressed
through the anomalous component of Hall conductiv-
ity σAHE as

(8)
where ρ = ρxx is the longitudinal electrical resistivity,
which is usually much higher than the anomalous Hall
resistivity ρAHE = 4πRsM. In most cases, where MR is
low, ρAHE is a linear function of magnetization and
coefficient Rs is independent of both external field and
spontaneous magnetization.

One of the most interesting trends in studying the
AHE is to investigate ρAHE as a function of ρ, i.e., the
so-called scaling behavior of AHE ρAHE ∝ ρn, where n
is the exponent determined by the AHE mechanism
[31, 43–51]. The scaling relation in this form (or in
terms of electrical conductivity, σAHE = ρAHE/ρ2 =
ρAHEσ2 ∝ σγ, where γ ≈ 2 – n) is widely used to study
the mechanism of AHE when the electrical resistance
changes because of a change in the impurity (defect,
material composition) concentration or temperature
[43]. In the last case, the inelastic electron scattering
by phonons and/or magnons can play a substantial
role and cause a radical scaling modification [44, 46,
47, 51, 52].

In homogeneous metallic systems during elastic
carrier scattering (low temperatures), we have n = 1 for
the skew scattering mechanism and n = 2 for the side
jump mechanism and the intrinsic AHE mechanism
[43]. Exponent n decreases to n ≈ 0.4 when the impu-
rity scattering potential increases in high-resistance

ρ = + πH 0 4 ,sR B R M

≈ σ π ρ2( /4 ) ,s AHER M
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(ρ > 10–4 Ω cm) magnetic metallic materials (so-
called dirty materials) [43, 53]. However, there exist
numerous cases where the scaling relations given
above are not fulfilled, and significant deviations were
detected in some heterogeneous systems (see [44, 51,
54, 55] and Refs. therein). For example, we have n ≈
0.6 at 300 K and n ≈ 0.7 at 77 K in magnetic granular
NCs with metallic conduction (above percolation
threshold), where AHE with a giant coefficient was
observed when x was varied [3, 31].

The experimental studies of AHE in NCs in the
dielectric composition range, especially in the range of
activation hopping conduction lnσ ∝ –(T0/T)1/2, are
extremely scarce because of the difficulties of measur-
ing a weak AHE signal. The first experimental investi-
gations of the parametric dependence ρAHE(ρ) in the
vicinity of MIT were carried out on Fe–SiO2 NCs [4,
5]. When temperature was changed, the ρAHE(ρ)
dependence turned out to obey the power law ρAHE ∝

Fig. 3. (Color online) MR of samples (left column) (CoFeB)x(SiO2)100 – x and (right column) (CoNbTa)x(Al2O3)100 – x in the
temperature range 65–300 K (borrowed from [36]). 
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ρ(T)n, where n = 0.44–0.59 [4]. When the Fe content
was changed, the ρAHE(ρ) function demonstrated
strong nonmonotonic behavior: the AHE resistance in
the vicinity of MIT was saturated and tended to reach
a new plateau when T0 increased [5].

The first AHE theory for the hopping mode in
dilute systems with magnetic impurities was developed
in [56], where a scaling law with n = 0.5 was obtained
when the impurity concentration was changed. The
main conclusion of this theory was that AHE appears
due to the influence of SOI on correlated jumps
between impurity triads in a percolation network (sim-
ilarly to OHE in the hopping mode, which appears in
impurity triads during the action of a magnetic field on
the amplitude interference for the direct and indirect
(second-order) transitions [57]). The further develop-
ment of this approach for dilute magnetic systems was
related to averaging correlated jumps in impurity cen-
ters triads using the percolation theory and let to scal-
ing between anomalous (σAHE) and longitudinal (σ)
conductivity of the form σAHE ∝ σγ, where 1.33 < γ <
1.76 (i.e., 0.67 > n > 0.24) [58].

The authors of [59] created a microscopic AHE
theory in the tunneling mode for the case of an array
of close-packed FM granules coupled by contacts with
a tunnel conductance Gt ≥ 2e2/ . Recall that this con-
dition corresponds to metallic conduction in NC at
xc < x < xp under the logarithmic law σ ∝ lnT for con-
duction (see Section 3). In terms of the model [59],
AHE appears only inside granules and scaling in the
ρAHE(ρ) dependence is absent (n ≈ 0). Such unusual
scaling with n ≈ 0 provided σ ∝ lnT was demonstrated
in Ni–SiO2 NC by varying the nickel content [31]. In
particular, it was shown that ρAHE(ρ) ≈ const when ρ
changes below the percolation threshold over the wide
range from 2 × 10–2 to 2 × 10–1 Ω cm. It should be
noted that the results of our AHE investigations in
Fe–SiO2 in the insulator composition range also indi-
cates the manifestation of scaling with n ≈ 0 when the
Fe content changes [5].

However, later the authors of [39] showed that
AHE can appear inside tunnel barrier because of the
scattering of spin-polarized electrons by impurities
with a high SOI constant (3d elements or Pt- and Ta-
type heavy metals), which are located in the tunneling
gaps between granules. Tunneling AHE can also
appear inside a tunnel barrier layer due to the Rashba
SOI induced by the potential gradient due to an
applied voltage [60].

Other tunneling AHE mechanisms, which are
caused by interface SOI (which brings about “skew”
electron tunneling even in the absence of impurities),
have recently been considered [61, 62]. As for the last
two mechanisms, they require a specific crystal struc-
ture for tunnel junctions, which can hardly be formed
in strongly disordered systems (including NCs). It is
better to study the mechanism described in [60] in

�

individual tunnel junctions, where the strong electric
fields that are necessary for the induced Rashba SOI
(more than 105 V/cm) can easily be reached. The typ-
ical fields in transport measurements in planar NC
samples do not exceed 102 V/cm.

The theoretical predictions of tunneling AHE [39]
and the logarithmic dependence σ(T) detected in NC
with a high dispersed ion concentration Nd [34] initi-
ated our studies of this effect, the manifestations of
which were detected in (CoFeB)x(Al2O3)100– x NC
[26]. This tunneling AHE is characterized by the fact
that it is reliably observed in the range where electrical
resistance depends logarithmically on temperature.
The coefficient n of correlation between the AHE
resistance and the conventional electrical resistance
differs from this coefficient in the metallic range above
the percolation threshold (n = 0.6–0.7 when x is var-
ied [3, 31]) and depends strongly on the parameter to
be variable (temperature or concentration). For exam-
ple, for NC samples with x = 49–56 at %, we have
σAHE(T) ∝ σγ(T) at γ = 1.41–1.61 when temperature is
varied, which is equivalent to a decrease in n from 0.6
to 0.4 (Fig. 4). However, when the composition is var-
ied, allowing for the magnetization is proportional to x
we have ρAHE(x)/x ∝ ρn(x), where n ≈ 0.24 at T = 10 K
and decreases monotonically to n ≈ 0.2 when the tem-
perature increases to 160 K (Fig. 5). Note that this ten-
dency in decreasing n from 0.7 to 0.6 is observed in NC
with x > xp in the range T = 77–300 K [3, 31].

The experimental investigation of tunneling AHE
is hindered by shunting this effect in granules (see
Fig. 6). The authors of [26] proposed an AHE model
in granular alloys, which takes into account both con-
tributions of granules and tunneling gaps,

(9)

where ρHd(x, T) and ρHg(x, T) are the electrical resis-
tivities of the tunneling AHE and the AHE in granules,
respectively, and b is the tunneling gap thickness.
Recall that the last term in Eq. (9) is independent of x.
The factor 0.37(b/a), which decreases the contribu-
tion tunneling AHE in Eq. (9), reflects the shunting of
the local sources of tunneling AHE in our percolation
system, which was noted above.

An analysis of the experimental data with Eq. (9)
confirms the presence of tunneling AHE and makes it
possible to qualitatively explain both the temperature
and concentration dependences of AHE [26].

According to Eq. (9), a strong (by an order of mag-
nitude) weakening of tunneling AHE is expected in
the (CoFeB)x(LiNbO3)100– x system with strongly
elongated granules as compared to the
(CoFeB)x(Al2O3)100– x NC with spherical granules. In
addition, tunneling AHE is weakened because of
impossible “head-on” tunneling between granules
(Fig 6a, inset; [10]). Therefore, we failed to observe

ρ ≈ ρ + ρ( , ) 0.37 ( , ) ( ),AHE Hd Hg
bx T x T T
a
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scaling in the ρAHE(ρ) dependence during the variation
of x despite the fact that scaling with n ≈ 0.4 was
observed when temperature was changed [10]. In other
words, the scaling was identical to that in the case of
(CoFeB)x(Al2O3)100– x samples near MIT [26].

In conclusion of this section, we note that, for tun-
neling AHE to be detected under the SOI scattering of
tunneling electrons, it is desirable to use NCs with dis-
persed heavy metal (Pt, Ta, Hf) atoms [39], since the
SOI constant of these atoms is an order of magnitude
higher than that of the 3d elements. Therefore, the
question of the magnitude of tunneling AHE in NC
systems is still open.

6. MEMRISTIVE EFFECT
The memristive effect is associated with a change

in the resistive state of an object (memristor) under an
applied electric field and the charge passing through it
and with the retention of this state after the removing
of a voltage pulse. Memristors (memory resistors) are
promising elements for designing a new type of
energy-independent RRAM memory and neuromor-
phic computing networks (NCNs), since they con-
sume low energy for data recording/reading, have a
multilevel character of RS, and hence can emulate key
NCN elements (synapses) [15–18].

The RS effect is usually observed in
metal/oxide/metal (MOM) structures, where they are
caused by the electromigration of oxygen (anion)
vacancies or metal cations [15–18]. As a result, con-
ducting channels (filaments) form (or rupture) in the
oxide insulating layer, and the structure is switched
into a low-resistance (LRS) or high-resistance (HRS)
state, respectively. The formation of filaments is sub-
stantially random, which is one of the main causes of

degradation of the properties of memristors during
cyclic RS [15, 16]. Another disadvantage of anion or
cation memristive MOM structures is related to the
fact that their stable operation usually requires electro-
forming, which consists in the application of a rela-
tively high voltage to a structure to form filaments
(bridges).

Fig. 4. (Color online) Logarithmic dependences of the electrical conductivity of AHE σAHE on σ (lnσAHE ∝ γlnσ) for
(CoFeB)x(Al2O3)100 – x samples with x = (a) 49 and 53 at % and (b) 56 at % (borrowed from [36]). 
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Other RS mechanisms are also possible. They do
not require forming and are associated with, e.g., the
recharging of localized electronic states at a Schottky
barrier and/or in the oxide bulk (see [64, 65] and Refs.
therein), the electric repolarization of a ferroelectric
oxide [66, 67], redox reactions in organic materials
[68], the electromigration effect [69], and finally the
temperature-induced metal–insulator transition in
Mott materials (NbO2, VO2, V2O3). This transition has
recently been detected and is being discussed and
studied [70]. Nevertheless, oxide memristive struc-
tures are of particular interest as the systems that can
have a multilevel RS character at a long retention time
of resistive states, have good manufacturability, and
can easily be integrated into the modern microelec-
tronic technology [15, 17].

Despite the significant accumulated experimental
data, a microscopic theory of the reversible RS effects
has not been developed to date. In particular, this is
caused by the difficulties in describing the mutually
related nonequilibrium processes of heat, electron,
and ion transport on a nanoscale and by the following
additional effects: the presence of a few RS channels
related to, e.g., simultaneous manifestation of cation
and anion transport [71], the synergetic contributions
of electric polarization of a ferroelectric and ion trans-
port to RS [67], and the conductance quantization
phenomena [72, 73].

In the case of metal/nanocomposite/metal
(M/NC/M) structures based on metal–oxide NCs,
the transition into a low-resistance state should be
determined by percolation chains, which are specified
by the spatial arrangement and concentration of metal
nanogranules in NC; therefore, the endurance to the
cyclic RS should be high [10]. We [10, 28] were the
first to demonstrate the importance of the percolation
effects in M/NC/M structures. Note that significant
results were obtained for M/Pt–SiO2/M structures,
where the active layer was created by magnetron sput-
tering of a Pt/SiO2 composite target and consisted of
an SiO2 matrix with dispersed Pt atom nanoclusters
[74]. In this case, the maximum number of stable RS
was shown to exceed Nmax = 3 × 107 at a retention time
of resistive states tr > 6 months.

The mechanism responsible for RS in M/Pt–
SiO2/M structures was not revealed. It is likely to be
related to the motion of oxygen vacancies, the formation
of conducting channels (filaments) during RS, and local
heating and coarsening of Pt nanoparticles in them (from
2–3 to 3–4 nm). The authors of [75] recently studied
M/W–SiO2/n-Si structures with the bottom contact
made of high-doped n-Si (ρ < 0.05 Ω cm), where the
active layer was created by the implantation of SiO2 by
W ions. Such structures were shown not to require
forming. Even in the presence of W metal particles, the
active switching W–SiO2 layer exhibits a rather high
ratio of the HRS (off) and LRS (on) resistances,

Fig. 6. (Color online) (a) Granular system with SOI scat-
tering by defects in an oxide matrix during electron tunnel-
ing between granules. Two emf sources of AHE connected
in parallel are shown: the first source is caused by SOI in
granules (VHg = RHgIx), and the second appears inside a
tunnel barrier (VHd = RHdIx). Current Ix passes through
neighboring granules, and RHg and RHd are the Hall resis-
tances of granules and an intergranular dielectric layer,
respectively. (inset) Scheme of electron tunneling between
granules extended along the NC growth direction [63].
(b) Schematic diagram of the tunnel junction between
granules, which illustrates the appearance of eddy currents
during the Hall effect in the dielectric layer. (c) Equivalent
circuit of a periodic chain of tunnel junctions (resistances)
with two local Hall emf sources, rdint ≫ rdext ≫ rgint, VHeff =
(1/2)[(ϕg1 – ϕg0) + (ϕd1 – ϕd0) (borrowed from [26]).
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Roff/Ron > 104 at Nmax ≈ 4 × 102 and tr ≈ 104 s [75]. Note
that the plasticity of the memristor structures devel-
oped in [74, 75] was not studied, and the possible rela-
tion between the RS of the structures and the effects of
their percolation conductance was not investigated.

In our recent studies of M/NC/M structures based
on (CoFeB)x(LiNbO3)100– x NC [10, 28], we detected
the memristive effect with Roff/Ron > 100 at the opti-
mum content x = xopt ≈ 8–15 at % below the percola-
tion threshold of the NC. This effect was well repro-
duced at 105 RS cycles or more and was almost inde-
pendent of the type of contact [10, 13, 28]. Moreover,
the synthesized M/NC/M structures had a high
degree of plasticity (i.e., a smooth change in the resis-
tive state in the Roff – Ron window), which allowed the
important properties of biological synapses to be emu-
lated [13, 14].

These results are illustrated by the data presented
in Figs. 7 and 8 and obtained for
M/(CoFeB)x(LiNbO3)100– x/M structures with an NC
layer thickness d ≈ 2.5 μm and strongly elongated (up
to 10 nm) granules [10, 28]. Figure 7 shows the con-
ductance of the structure G(x) = I/U as a function of
the metal content measured at the DC mode and a
voltage U = 0.2 V, which is an order of magnitude
lower than the RS voltage of the structure to the LRS
(ULRS ≈ 4 V; see inset to Fig. 7). The form of the G(x)
dependence is characteristic of percolation granular
systems [1]: the G(x) function is exponential below a
certain threshold x < xp (percolation threshold, xp ≈

13 at % in our case) at x > xp, G weakly depends on x
[76].

Note that the I–V characteristic of the M/NC/M
structure is well reproduced during cyclic measure-
ments in the range from –5 to +4 V (Fig. 7, inset). The
electroforming effect is very weak: the voltages ULRS of
switching from HRS to LRS in the first and next
switchings are close, in contrast to MOM structures
based on homogeneous oxides [15, 16]. The high sta-
bility of the structures is confirmed by direct measure-
ments of the endurance of the M/NC/M structures to
degradation during cyclic switching, i.e., the maxi-
mum number of set/reset cycles (Nmax), which is cer-
tainly larger than 105 (see Fig. 8a and [13]).

A multilevel character of RS in combination with a
long retention time of resistive states is achieved in
structures with a developed oxide layer at the bottom
electrode, which forms at the initial stage of NC
growth at a relatively high oxygen partial pressure

Fig. 7. (Color online) Conductance G(x) = I/U of the
M/(CoFeB)x(LiNbO3)100–x/M structure vs. metal con-
tent x measured at a voltage U = 0.2 V. (inset) I–V charac-
teristic of the structure with the optimum content xopt ≈
8 at %, which was obtained by 30 cyclic measurements
(arrows indicate the voltage scanning direction). 
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( ≈ 2.5 × 10–5 Torr) and a given oxygen flow rate
(see Section 2). In this case, the optimum metal con-
tent for RS is shifted toward high values x = xopt ≈
15 at % [76]. Figure 8b shows the retention times of
resistive states in such a structure. Five weakly f luctu-
ating and well-resolved resistive states are clearly visi-
ble within the time longer than 104 s.

The presence of an oxide layer was recently shown
not to ensure stable RS in M/NC/M structures.
Another important parameter of NC for the existence
of stable RS is the presence of dispersed magnetic
atoms in an insulating NC matrix at a sufficiently high
concentration (Nd ~ 1022 cm–3); at a low concentration
(Nd ~ 1021 cm–3), RS become unstable and ceases to be
observed [32]. This fact, the high limiting currents
during RS (up to 0.1 A; see inset to Fig. 7), and the
recently detected strong enhancement of capacitance
(by a factor of 8) during HRS–LRS switching in an
M/NC/M structure allowed us to develop the qualita-
tive multifilament model for RS (see Fig. 9) [76].

In the initial state after the preparation of an
M/NC/M structure, the dispersed atoms are uni-
formly distributed in the insulating NC matrix. How-
ever, after the application of voltage and the passage of
current, the dispersed atoms can nucleate around
granule chains forming percolation paths; as a conse-
quence, conducting “metallized” chains (MCs) can
form (see Fig. 9). Obviously, the nucleation effects
manifest themselves in our case due to the strong
supersaturation of the system by the atomic phase and
the presence of metallic nucleation centers (nanopar-
ticles) in it. Similar effects were observed in, e.g.,
SiO2-based memristive structures with dispersed Pt or
W atoms [74, 75].

2OP

When a sufficiently high positive voltage is applied
to the top electrode, the structure tends to pass to LRS
via the motion of oxygen vacancies and cations to the
bottom electrode along MCs and a decrease in the
effective gap lg between MCs and the bottom electrode
(Fig. 9). On the other hand, the capacitance of the
structure in this situation should increase, since the
capacitance in a first approximation is C ∝ 1/lg. Obvi-
ously, the reverse situation takes place when a suffi-
ciently high negative voltage is applied to the structure
[76].

The multifilament character of RS is thought to
ensure stable RS of M/NC/M structures and a smooth
change in their resistance in the Roff – Ron window,
which in turn determines the possibilities of their use
in adaptive electronics to be described in the next sec-
tion.

7. ADAPTIVE PROPERTIES
OF NANOCOMPOSITE STRUCTURES

Adaptive electronics is considered to be a system
with the parameters of its elements that are self-
adjusted during operation [77]. Interest in the devel-
opment of this electronics is caused by the hope of
reproducing extremely low energy consumption at a
high computing efficiency of biological systems in
solving so-called antromorphic problems (pattern,
text, and speech recognition; decision making; gener-
alization; forecasting) [78]. The development of
NCN-based adaptive electronics is of particular inter-
est [17, 18]: the layers of artificial neurons in NCNs
are connected through synapses, integrate input sig-
nals, and generate output signals (spikes). Several suc-
cessful prototypes of pulsed NCNs based on a comple-
mentary metal–oxide–semiconductor (CMOS) tech-
nology, such as True North [79], SpiNNaker [80], and
Loihi [81, 82], have been created to date. However,
digital CMOS elements were not optimized for neuro-
morphic calculations from the very beginning; there-
fore, they cannot completely emulate the main prop-
erty of synapses, namely, their plasticity. Therefore,
memristors can emulate synapses and, in part, neu-
rons more exactly, since the principle of their opera-
tion is based on ion drift and diffusion and is funda-
mentally similar to the principle of functioning of
these biological elements [17]. In addition, the NCNs
based on crossbar arrays of memristors can be used to
perform parallel and energy-effective calculations in
memory (computing-in-memory) according to
Kirchhoff’s rules [83].

Memristor-based NCNs are being developed in the
following two main directions: (i) the transfer of the
algorithms of learning program neuron networks to a
hardware basis (perceptron-type networks [84–86],
reprogrammable memristor crossbar array in the com-
position of a complete hardware system on chip [87]

Fig. 9. (Color online) M/NC/M structure in HRS after
cyclic RS and the application of a positive potential to the
top electrode. The gray regions surrounding granule chains
consist of a metallic condensate, which appears during the
nucleation of Co and Fe atoms and oxygen vacancies when
an electric current passes through the percolation chains
formed by granules. 
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and long short-term memory [88]) and (ii) the use of
so-called biosimilar network learning algorithms [89].

The disadvantage of the first approach is related to
the complexity of its hardware implementation, since
it is necessary to know the current state of each synap-
tic weight of a memristor at each learning step and to
be able to change it by a strictly determined value [85].
Therefore, this approach of learning NCNs is likely to
be suitable for solving certain (log) problems with the
use of supervised learning.

The second approach, which is based on biosimilar
learning principles, is poorly understood from a prac-
tical standpoint. Nevertheless, it is considered to have
good prospects for constructing self-learning NCNs.
Biological neuron networks learn due to the ability of
synapses to change their weight, and this ability is
called synaptic plasticity [90].

STDP is one of the promising mechanisms of evo-
lution of the synaptic weight [90]. According to STDP,
the synaptic weight increases if a postsynaptic neuron
generates a spike right after a presynaptic neuron,
indicating the presence of a cause-and-effect relation,
and vice versa. The mechanism of changing the mem-
ristive weight according to the STDP rule was demon-
strated on some memristors [90–92] and was used in
pulsed NCNs [12, 14, 93–95]. One of the most
important characteristics of memristors was found to
be the possibility of their switching into numerous dif-
ferent states [96]. Therefore, the memristors based on
magnetic nanogranular composites with dispersed
ions in an insulating matrix can be ideal candidates for
the role of synapses in pulsed NCNs.

To create a pulsed NCN, it is necessary to check
the possibility of learning individual NC memristors
according to the STDP rules. To this end, we used
identical pre- and postsynaptic sawtooth spikes
applied to the bottom and top electrodes of the struc-

ture, respectively. The spike amplitude (3 V) and dura-
tion (400 ms) were chosen so that a single spike did not
change the resistance of a memristor. However, if two
spikes with short time delay Δt between them are sup-
plied to a memristor, the voltage drop across it can be
large enough to change its conductance. The conduc-
tance G of a memristor can be related to the synaptic
weight; then, the change in the conductance ΔG is
equivalent to the change in the synaptic weight. The
measurements were carried out before and after the
supply of a sequence of pre- and postsynaptic spikes.
The initial state of memristors was always the same
(corresponded to a conductance of 1 mS) and speci-
fied with the algorithm from [97]. Figure 10a shows
the relative weight change versus time Δt (STDP win-
dow) for four different memristors. Synaptic potentia-
tion (ΔG > 0) is seen to occur at Δt > 0 and depression
(ΔG < 0) at Δt < 0. A similar dependence was also
revealed in biological systems [98].

To study the specific features of learning with
STDP, we developed NCN consisting of four presyn-
aptic neurons connected to a postsynaptic neuron via
NC memristive synapses. All neurons were program-
mable: the presynaptic neurons were programmed to
generate various Poisson sequences of spikes at the
same average frequency of 1 Hz (Fig 10b). The post-
synaptic neuron had a threshold type: it generated a
spike if the total current exceeded a threshold value Ith.
The optimum value of Ith (1 mA) was determined in
[12]. Initially, all NCN memristors were brought to a
given state R0 using the algorithm from [97]. R0 was
taken to be 0.1, 1, and 10 kΩ. A stored sequence of
spikes, which was the same for different R0, was then
supplied from the presynaptic neurons. The resis-
tances of the memristors were measured after each
postsynaptic spike. Figure 11 shows the evolution of
the resistances of the memristors. After several post-

Fig. 10. (Color online) (a) STDP window for four different M/NC/M memristors based on (CoFeB)x(LiNbO3)100–x. The initial
states of the memristors are 1 mS. (b) Poisson sequences of the times of presynaptic spikes used for four NCN inputs.
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synaptic spikes, the resistive state of the system ele-
ments is seen to begin to depend only on the learning
conditions (in our case, a sequence of supplied spikes)
and to cease to depend on the initial values of R0.
Thus, the learning of NCN according to the STDP
rules demonstrates adaptive properties, which can be
used to create unsupervised-learning NCN. Note also
that, if given sequences of presynaptic spikes are sup-
plied to other memristors, the final resistance of the
memristor does not change [14], which indicates the
stability of NCN learning according to the STDP rules
to the scatter of the characteristics of memristors.

8. CONCLUSIONS

We studied the transport properties of granular
metal–insulator MxD100–x NCs, which have nanogran-
ules chaotically distributed in a dielectric matrix and a
significant content (up to Nd ~ 1022 cm–3) of the atomic
phase of metal atoms (which play the role of magnetic
ions). The presence of a large number of dispersed
ions in intergranular gaps was shown to cause a loga-

rithmic temperature dependence of the electrical
resistance, a positive contribution to MR, the appear-
ance of tunneling AHE, and a multifilament mecha-
nism of RS (memristive effect). This effect brings
about an adaptive character of memristors based on
NC with the maximum dispersed ion content (up to
Nd ~ 3 × 1022 cm–3). Resistive states were shown to be
set according to biosimilar STDP rules in such mem-
ristors (possibility of local “learning”). The final state
of memristors was found to be independent of their
initial state and to depend only on the irradiation con-
ditions (sequence of spikes). The results obtained open
up fresh opportunities for creating autonomous neu-
romorphic systems to be learned to solve complex cog-
nitive problems.
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Fig. 11. (Color online) Time dependences of the current resistances of M/NC/M memristors at an initial resistance of (black
squares) 0.1, (red squares) 1, and (blue squares) 10 kΩ for the (a) first, (b) second, (c) third, and (d) fourth sequence of presynaptic
spikes. 
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ADDITIONAL INFORMATION

This article was prepared for the special issue dedicated
to the centenary of A.S. Borovik-Romanov.

REFERENCES
1. A. Milner, A. Gerber, B. Groisman, M. Karpovsky,

and A. Gladkikh, Phys. Rev. Lett. 76, 475 (1996).
2. N. Kobayashi, S. Ohnuma, T. Masumoto, and H. Fuji-

mori, J. Appl. Phys. 90, 4159 (2001).
3. A. Pakhomov, X. Yan, and B. Zhao, Appl. Phys. Lett.

67, 3497 (1995).
4. B. A. Aronzon, D. Yu. Kovalev, A. N. Lagar’kov,

E. Z. Meilikhov, V. V. Ryl’kov, M. V. Sedova, N. Ne-
gre, M. Goiran, and J. Leotin, JETP Lett. 70, 90
(1999).

5. B. A. Aronzon, A. B. Granovski, D. Yu. Kovalev,
E. Z. Meilikhov, V. V. Ryl’kov, and M. A. Sedova,
JETP Lett. 71, 469 (2000).

6. A. B. Granovskii, I. V. Bykov, E. A. Gan’shina,
V. S. Gushchin, M. Inue, Yu. E. Kalinin, A. A. Kozlov,
and A. N. Yurasov, J. Exp. Theor. Phys. 96, 1104
(2003).

7. E. A. Gan’shina, M. V. Vashuk, A. N. Vinogradov,
A. B. Granovsky, V. S. Gushchin, P. N. Shcherbak,
Yu. E. Kalinin, A. V. Sitnikov, Ch. O. Kim, and
Ch. G. Kim, J. Exp. Theor. Phys. 98, 1027 (2004).

8. S. Bedanta, T. Eimüller, W. Kleemann, J. Rhensius,
F. Stromberg, E. Amaladass, S. Cardoso, and P. P. Fre-
itas, Phys. Rev. Lett. 98, 176601 (2007).

9. S. Bedanta and W. Kleemann, J. Phys. D 42, 013001
(2009).

10. V. V. Rylkov, S. N. Nikolaev, V. A. Demin, A. V. Eme-
lyanov, A. V. Sitnikov, K. E. Nikirui, V. A. Levanov,
M. Yu. Presnyakov, A. N. Taldenkov, A. L. Vasil’ev,
K. Yu. Chernoglazov, A. S. Vedeneev, Yu. E. Kalinin,
A. B. Granovskii, V. V. Tugushev, and A. S. Bugaev,
J. Exp. Theor. Phys. 126, 353 (2018).

11. V. V. Rylkov, V. A. Demin, A. V. Emelyanov, A. V. Sit-
nikov, Yu. E. Kalinin, V. V. Tugushev, and A. B. Gra-
novsky, Novel Magnetic Nanostructures: Unique Proper-
ties and Applications, Ed. by N. Domracheva, M. Capo-
rali, and E. Rentschler (Elsevier, Amsterdam, 2018),
Chap. 13, p. 427.

12. K. E. Nikiruy, A. V. Emelyanov, V. V. Rylkov, A. V. Sit-
nikov, and V. A. Demin, Tech. Phys. Lett. 45, 386
(2019).

13. K. E. Nikiruy, A. V. Emelyanov, V. A. Demin, A. V. Sit-
nikov, A. A. Minnekhanov, V. V. Rylkov, P. K. Kash-
karov, and M. V. Kovalchuk, AIP Adv. 9, 065116 (2019).

14. A. V. Emelyanov, K. E. Nikiruy, A. V. Serenko,
A. V. Sitnikov, M. Yu. Presnyakov, R. B. Rybka,
A. G. Sboev, V. V. Rylkov, P. K. Kashkarov, M. V. Kov-
alchuk, and V. A. Demin, Nanotechnology 31, 045201
(2020).

15. D. Ielmini, Semicond. Sci. Technol. 31, 063002 (2016).
16. J. del Valle, J. G. Ramírez, M. J. Rozenberg, and

I. K. Schuller, J. Appl. Phys. 124, 211101 (2018).
17. Q. Xia and J. J. Yang, Nat. Mater. 18, 309 (2019).

18. Handbook of Memristor Networks, Ed. by L. Chua,
G. Ch. Sirakoulis, and A. Adamatzky (Springer,
Cham, 2019).

19. B. Raquet, M. Goiran, N. Negre, J. Leotin, B. Aron-
zon, V. Rylkov, and E. Meilikhov, Phys. Rev. B 62,
17144 (2000).

20. V. V. Rylkov, B. A. Aronzon, A. B. Davydov, D. Yu. Kova-
lev, and E. Z. Meilikhov, J. Exp. Theor. Phys. 94, 779
(2002).

21. I. S. Beloborodov, A. V. Lopatin, V. M. Vinokur, and
K. B. Efetov, Rev. Mod. Phys. 79, 469 (2007).

22. C. J. Adkins, in Metal–Insulator Transitions, Ed. by
P. P. Edwards and C. N. R. Rao (Taylor and Francis,
London, 1995), p. 191.

23. J. E. Morris and T. J. Coutts, Thin Solid Films 47, 3
(1977).

24. B. Abeles, Ping Sheng, M. D. Coutts, and Y. Arie, Adv.
Phys. 24, 407 (1975).

25. S. A. Gridnev, Yu. E. Kalinin, and A. V. Sitnikov, Non-
linear Phenomena in Nano- and Microheterogeneous
Systems (BINOM, Moscow, 2012) [in Russian].

26. V. V. Rylkov, S. N. Nikolaev, K. Yu. Chernoglazov,
V. A. Demin, A. V. Sitnikov, M. Yu. Presnyakov,
A. L. Vasiliev, N. S. Perov, A. S. Vedeneev, Yu. E. Ka-
linin, V. V. Tugushev, and A. B. Granovsky, Phys. Rev.
B 95, 144202 (2017).

27. V. V. Rylkov, A. V. Sitnikov, S. N. Nikolaev, V. A. De-
min, A. N. Taldenkov, M. Yu. Presnyakov, A. V. Eme-
lyanov, A. L. Vasiliev, Yu. E. Kalinin, A. S. Bugaev,
V. V. Tugushev, and A. B. Granovsky, J. Magn. Magn.
Mater. 459, 197 (2018).

28. V. A. Levanov, A. V. Emel’yanov, V. A. Demin,
K. E. Nikirui, A. V. Sitnikov, S. N. Nikolaev, A. S. Ve-
deneev, Yu. E. Kalinin, and V. V. Ryl’kov, J. Commun.
Technol. Electron. 63, 491 (2018).

29. E. Lähderanta, M. Guc, M. A. Shakhov, E. Arushanov,
and K. G. Lisunov, J. Appl. Phys. 120, 035704 (2016).

30. K. B. Efetov and A. Tschersich, Phys. Rev. B 67, 174205
(2003).

31. D. Bartov, A. Segal, M. Karpovski, and A. Gerber,
Phys. Rev. B 90, 144423 (2014).

32. V. Rylkov, A. Sitnikov, S. Nikolaev, A. Emelyanov,
K. Chernohlazov, K. Nikiruy, A. Drovosekov, M. Bli-
nov, E. Fadeev, A. Taldenkov, V. Demin, A. Vedeneev,
A. Bugaev, and A. Granovsky, IEEE Magn. Lett. 10,
2509504 (2019).

33. V. V. Rylkov, A. B. Drovosekov, A. N. Taldenkov,
S. N. Nikolaev, O. G. Udalov, A. V. Emelyanov,
A. V. Sitnikov, K. Yu. Chernoglazov, V. A. Demin,
O. A. Novodvorskii, A. S. Vedeneev, and A. S. Bugaev,
J. Exp. Theor. Phys. 128, 115 (2019).

34. Yu. O. Mikhailovskii, V. N. Prudnikov, V. V. Ryl’kov,
K. Yu. Chernoglazov, A. V. Sitnikov, Yu. E. Kalinin,
and A. B. Granovskii, Phys. Solid State 58, 444 (2016).

35. S. N. Nikolaev, K. Yu. Chernoglazov, V. A. Demin,
N. K. Chumakov, V. A. Levanov, A. A. Magomedova,
A. V. Sitnikov, Yu. E. Kalinin, A. B. Granovskii, and
V. V. Ryl’kov, J. Surf. Invest.: X-ray, Synchrotron Neu-
tron Tech. 11, 549 (2017).

36. M. I. Blinov, M. A. Shakhov, V. V. Rylkov, E. Lähder-
anta, V. N. Prudnikov, S. N. Nikolaev, A. V. Sitnikov,



JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 131  No. 1  2020

TRANSPORT PROPERTIES OF MAGNETIC NANOGRANULAR COMPOSITES 175

and A. B. Granovsky, J. Magn. Magn. Mater. 469, 155
(2019).

37. T. Mitsuyu and K. Wasa, Jpn. J. Appl. Phys. 20, L48
(1981).

38. Yu. A. Kalinin, A. N. Remizov, and A. V. Sitnikov,
Phys. Solid State 46, 2146 (2004).

39. A. V. Vedyayev, N. Ryzhanova, N. Strelkov, and B. Di-
eny, Phys. Rev. Lett. 110, 247204 (2013).

40. A. Gerber, I. Kishon, I. Ya. Korenblit, O. Riss, A. Se-
gal, and M. Karpovski, Phys. Rev. Lett. 99, 027201
(2007).

41. J. Inoue and S. Maekawa, Phys. Rev. Lett. 53, R11927
(1996).

42. J. S. Helman and B. Abeles, Phys. Rev. Lett. 39, 1429
(1976).

43. N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald,
and N. P. Ong, Rev. Mod. Phys. 82, 1539 (2010).

44. Y. Tian, L. Ye, and X. Jin, Phys. Rev. Lett. 103, 087206
(2009).

45. D. Chiba, A. Werpachowska, M. Endo, Y. Nishitani,
F. Matsukura, T. Dietl, and H. Ohno, Phys. Rev. Lett.
104, 106601 (2010).

46. X. Liu, S. Shen, Z. Ge, W. L. Lim, M. Dobrowolska,
and J. K. Furdyna, Phys. Rev. B 83, 144421 (2011).

47. A. Shitade and N. Nagaosa, J. Phys. Soc. Jpn. 81,
083704 (2012).

48. Yu. A. Mikhailovskii, D. E. Mettus, A. P. Kazakov,
V. N. Prudnikov, Yu. E. Kalinin, A. S. Sitinikov,
A. Gerber, D. Bartov, and A. B. Granovskii, JETP
Lett. 97, 473 (2013).

49. L. N. Oveshnikov, V. A. Kul’bachinskii, A. B. Davy-
dov, and B. A. Aronzon, JETP Lett. 100, 570 (2014).

50. S. A. Meynell, M. N. Wilson, J. C. Loudon, A. Spitzig,
F. N. Rybakov, M. B. Johnson, and T. L. Monchesky,
Phys. Rev. B 90, 224419 (2014).

51. D. Hou, G. Su, Y. Tian, X. Jin, S. A. Yang, and Q. Niu,
Phys. Rev. Lett. 114, 217203 (2015).

52. J. G. Checkelsky, M. Lee, E. Morosan, R. J. Cava, and
N. P. Ong, Phys. Rev. B 77, 014433 (2008).

53. S. Onoda, N. Sugimoto, and N. Nagaosa, Phys. Rev.
Lett. 97, 126602 (2006); Phys. Rev. B 77, 165103
(2008).

54. A. V. Vedyaev, A. B. Granovskii, and O. A. Kotel’niko-
va, Kinetic Phenomena in Disordered Ferromagnetic Al-
loys (Mosk. Gos. Univ., Moscow, 1992) [in Russian].

55. A. V. Vedyaev, A. B. Granovskii, A. V. Kalitsov, and
F. Bauers, J. Exp. Theor. Phys. 85, 1204 (1997).

56. A. V. Vedyaev and A. B. Granovskii, Sov. Phys. Solid
State 28, 1293 (1986).

57. T. Holstein, Phys. Rev. 124, 1329 (1961).
58. X.-J. Liu, X. Liu, and J. Sinova, Phys. Rev. B 84,

165304 (2011).
59. H. Meier, M. Yu. Kharitonov, and K. B. Efetov, Phys.

Rev. B 80, 045122 (2009).
60. A. V. Vedyayev, M. S. Titova, N. V. Ryzhanova,

M. Ye. Zhuravlev, and E. Y. Tsymbal, Appl. Phys.
Lett. 103, 032406 (2013).

61. A. Matos-Abiague and J. Fabian, Phys. Rev. Lett. 115,
056602 (2015).

62. T. Huong Dang, H. Jaffres, T. L. Hoai Nguyen, and
H.-J. Drouhin, Phys. Rev. B 92, 060403(R) (2015).

63. B. I. Shklovskii and A. L. Efros, Electronic Properties of
Doped Semiconductors (Springer, New York, 1984;
Moscow, Nauka, 1979).

64. Z. B. Yan and J.-M. Liu, Sci. Rep. 3, 2482 (2013).
65. Y. Shuai, Y. Peng, X. Pan, L. Jin, C. Wu, W. Luo,

H. Zeng, and W. Zhang, Jpn. J. Appl. Phys. 57, 121502
(2018).

66. H. Y. Yoong, H. Wu, J. Zhao, H. Wang, R. Guo,
J. Xiao, B. Zhang, P. Yang, S. J. Pennycook, N. Deng,
X. Yan, and J. Chen, Adv. Funct. Mater. 28, 1806037
(2018).

67. M. Qian, I. Fina, M. C. Sulzbach, F. Sánchez, and
J. Fontcuberta, Adv. Electron. Mater. 5, 1800646
(2019).

68. D. A. Lapkin, A. V. Emelyanov, V. A. Demin, V. V. Ero-
khin, P. K. Kashkarov, M. V. Kovalchuk, and
L. A. Feigin, Appl. Phys. Lett. 112, 043302 (2018).

69. A. S. Vedeneev, V. V. Rylkov, K. S. Napolskii, A. P. Le-
ontiev, A. A. Klimenko, A. M. Kozlov, V. A. Luzanov,
S. N. Nikolaev, M. P. Temiryazeva, and A. S. Bugaev,
JETP Lett. 106, 411 (2017).

70. Y. Kalcheim, N. Butakov, N. M. Vargas, M.-H. Lee,
J. del Valle, J. Trastoy, P. Salev, J. Schuller, and
I. K. Schuller, Phys. Rev. Lett. 122, 057601 (2019).

71. H. Jiang, L. Han, P. Lin, Zh. Wang, M. J. Jang, Q. Wu,
M. Barnell, J. J. Yang, H. L. Xin, and Q. Xia, Sci. Rep.
6, 28525 (2016).

72. A. A. Minnekhanov, B. S. Shvetsov, M. M. Martyshov,
K. E. Nikiruy, E. V. Kukueva, M. Yu. Presnyakov,
P. A. Forsh, V. V. Rylkov, V. V. Erokhin, V. A. Demin,
and A. V. Emelyanov, Org. Electron. 74, 89 (2019).

73. W. Xue, S. Gao, J. Shang, X. Yi, G. Liu, and R.-W. Li,
Adv. Electron. Mater. 5, 1800854 (2019).

74. B. J. Choi, A. C. Torrezan, K. J. Norris, F. Miao,
J. P. Strachan, M.-X. Zhang, D. A. A. Ohlberg,
N. P. Kobayashi, J. J. Yang, and R. S. Williams, Nano
Lett. 13, 3213 (2013).

75. W. Li, X. Liu, Y. Wang, Z. Dai, W. Wu, L. Cheng,
Y. Zhang, Q. Liu, X. Xiao, and C. Jiang, Appl. Phys.
Lett. 108, 153501 (2016).

76. M. N. Martyshov, A. V. Emelyanov, V. A. Demin,
A. A. Minnekhanov, S. N. Nikolaev, K. E. Nikiruy,
A. V. Ovcharov, M. Yu. Presnyakov, A. V. Sitnikov,
A. L. Vasiliev, P. A. Forsh, A. B. Granovskiy,
P. K. Kashkarov, M. V. Kovalchuk, and V. V. Rylkov,
arxiv: 1912.03726.

77. S. D. Ha and S. Ramanathan, J. Appl. Phys. 110,
071101 (2011).

78. W. Gerstner and W. M. Kistler, Spiking Neuron Models
(Cambridge Univ. Press, Cambridge, 2002).

79. P. A. Merolla, J. V. Arthur, R. Alvarez-Icaza, A. S. Cas-
sidy, J. Sawada, and F. Akopyan, Science (Washington,
DC, U. S.) 345, 668 (2014).

80. S. B. Furber, F. Galluppi, S. Temple, and L. A. Plana,
Proc. IEEE 102, 652 (2014).

81. M. Davies, N. Srinivasa, T. H. Lin, G. Chinya, Y. Cao,
S. H. Choday, G. Dimou, P. Joshi, N. Imam, S. Jain,
Y. Liao, C. Lin, A. Lines, R. D. Mathaikutty, S. Mc-



176

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 131  No. 1  2020

RYLKOV et al.

coy, A. Paul, J. Tse, G. Venkataramanan, Y. Weng,
A. Wild, and Y. Yang, IEEE Micro 38, 82 (2018).

82. G. K. Chen, R. Kumar, H. E. Sumbul, P. C. Knag, and
R. K. Krishnamurthy, IEEE J. Solid State Circuits 54,
992 (2019).

83. D. Ielmini and H. P. S. Wong, Nat. Electron. 1, 333
(2018).

84. M. Prezioso, F. Merrikh-Bayat, B. D. Hoskins,
G. C. Adam, K. K. Likharev, and D. B. Strukov, Na-
ture (London, U.K.) 521, 61 (2015).

85. A. V. Emelyanov, D. A. Lapkin, V. A. Demin, V. V. Ero-
khin, S. Battistoni, G. Baldi, A. Dimonte, A. N. Koro-
vin, S. Iannotta, P. K. Kashkarov, and M. V. Koval-
chuk, AIP Adv. 6, 111301 (2016).

86. C. Li, M. Hu, Y. Li, H. Jiang, N. Ge, E. Montgomery,
J. Zhang, W. Song, N. Dávila, C. E. Graves, Z. Li,
J. P. Strachan, P. Lin, Z. Wang, M. Barnell, Q. Wu,
R. S. Williams, J. J. Yang, and Q. Xia, Nat. Electron. 1,
52 (2018).

87. F. Cai, J. M. Correll, S. H. Lee, Y. Lim, V. Bothra, and
Z. Zhang, Nat. Electron. 2, 290 (2019).

88. C. Li, Z. Wang, M. Rao, D. Belkin, W. Song, and H. Ji-
ang, Nat. Mach. Intell. 1, 49 (2019).

89. G. Pedretti, V. Milo, S. Ambrogio, R. Carboni, S. Bi-
anchi, A. Calderoni, N. Ramaswamy, A. S. Spinelli,
and D. Ielmini, Sci. Rep. 7, 5288 (2017).

90. M. Prezioso, F. Merrikh-Bayat, B. D. Hoskins,
K. Likharev, and D. B. Strukov, Sci. Rep. 6, 21331
(2016).

91. D. A. Lapkin, A. V. Emelyanov, V. A. Demin, T. S. Berzi-
na, and V. V. Erokhin, Microelectron. Eng. 43, 185
(2018).

92. A. V. Emelyanov, K. E. Nikiruy, V. A. Demin,
V. V. Rylkov, A. I. Belov, D. S. Korolev, E. G. Gryaznov,
D. A. Pavlov, O. N. Gorshkov, A. N. Mikhaylov, and
P. Dimitrakis, Microelectron. Eng. 215, 110988 (2019).

93. Z. Wang, S. Joshi, S. Savel’ev, W. Song, R. Midya,
Y. Li, M. Rao, P. Yan, S. Asapu, Y. Zhuo, H. Jiang,
P. Lin, C. Li, J. H. Yoon, N. K. Upadhyay, et al., Nat.
Electron. 1, 137 (2018).

94. M. Prezioso, M. R. Mahmoodi, F. Merrikh-Bayat,
H. Nili, H. Kim, A. F. Vincent, and D. B. Strukov, Nat.
Commun. 9, 5311 (2018).

95. S. Brivio, D. Conti, M. V. Nair, J. Frascaroli, E. Covi,
C. Ricciardi, G. Indiveri, and S. Spiga, Nanotechnolo-
gy 30, 015102 (2019).

96. E. Covi, S. Brivio, A. Serb, T. Prodromakis, M. Fanci-
ulli, and S. Spiga, Front. Neurosci. 10, 482 (2016).

97. K. E. Nikiruy, A. V. Emelyanov, V. A. Demin,
V. V. Rylkov, A. V. Sitnikov, and P. K. Kashkarov,
Tech. Phys. Lett. 44, 416 (2018).

98. G. Hennequin, E. J. Agnes, and T. P. Vogels, Ann. Rev.
Neurosci. 40, 557 (2017).

Translated by K. Shakhlevich





Publication IV

Rylkov, V., Sitnikov, A., Nikolaev, S., Emelyanov, A., Chernohlazov, K., Nikiruy, K., 
Drovosekov, A., Blinov, M., Fadeev, E., Taldenkov, A., Demin, V., Vedeneev, A., 

Bugaev, A., and Granovsky, A.
Properties of Nanocomposites With Different Concentrations of Magnetic Ions in 

an Insulating Matrix

Reprinted with permission from
IEEE Magnetics Letters
Vol. 10, pp. 1–4, 2019.

© 2019, IEEE





IEEE MAGNETICS LETTERS, Volume 10 (2019) 2509504

Magnetism in Solids

Properties of Nanocomposites With Different Concentrations of Magnetic Ions
in an Insulating Matrix

Vladimir Rylkov1,7 , Alexander Sitnikov1,2, Sergey Nikolaev1, Andrey Emelyanov1,3,
Konstantin Chernohlazov1, Kristina Nikiruy1, Alexey Drovosekov4 , Mikhail Blinov5,
Egor Fadeev6 , Alexander Taldenkov1, Vyacheslav Demin1,3, Alexander Vedeneev7,
Alexander Bugaev3,7, and Alexander Granovsky5

1National Research Centre “Kurchatov Institute,” Moscow 123182, Russia
2Voronezh State Technical University, Voronezh 394026, Russia
3Moscow Institute of Physics and Technology, Dolgoprudny 141700, Russia
4Kapitza Institute for Physical Problems, Russian Academy of Sciences, Moscow 119334, Russia
5Faculty of Physics, Lomonosov Moscow State University, Moscow 119991, Russia
6Lappeenranta University of Technology, 53851 Lappeenranta, Finland
7Kotel’nikov Institute of Radio Engineering and Electronics, Russian Academy of Sciences, Fryazino 141190, Russia

Received 4 Oct 2019, revised 26 Oct 2019, accepted 31 Oct 2019, published 22 Nov 2019, current version 23 Dec 2019.

Abstract—Using (Co40Fe40B20)x(LiNbO3)100-x (x = 6–55 at.%) nanocomposite films as an example, we have performed
comparative investigations of granular systems properties with a high (∼1022 cm–3) and low (�1021 cm–3) content of
dispersed atoms (Fe and Co) in an insulating nonstoichiometric matrix. The nanocomposite films were produced using
ion-beam sputtering of the composite targets onto glass-ceramic substrates at different growth temperatures (∼40 and
∼80 °C). We show that magnetic ions dispersed in a matrix play a crucial role both in the ferromagnetic exchange
between granules and in magnetic, transport, and memristive properties below the percolation threshold xp � 50–55
at.%. The presence of a high content of dispersed magnetic ions induces intergranular interaction, shifts the critical
concentration of the metal–insulator transition xc from 48 to 43 at.%, leads to high-field positive magnetoresistance near
xp and superferromagnetic ordering and magnetic hysteresis below xc (down to 33 at.%), and makes the stable resistive
switching for capacitorlike structures with resistance ratio ROFF/RON more than 102 at x � 10 at.%.

Index Terms—Magnetism in solids, granular nanocomposites, dispersed atoms, intergranular exchange, magnetic and electrophysical
properties.

I. INTRODUCTION

Metal–dielectric nanocomposite (NC) systems with a high content
of magnetic atoms dispersed in the insulating matrix are a class of
granular systems as yet poorly studied [Bedanta 2007, 2009, Rylkov
2018a, 2018b, 2019].

From a fundamental point of view, these systems are interesting
in the manifestation of the intergranular exchange interaction of the
ferromagnetic (FM) type, which determines the effects of superfer-
romagnetic (SFM) ordering in the ensemble of magnetic moments
of the granules and, as a result, the shift to the superparamagnetic
(SPM) behavior of the granular system in the region of markedly
lower contents of metal x than the percolation threshold xp [Bedanta
2007, 2009, Rylkov 2019]. Currently, there are quite a lot of exper-
imental data (see Bedanta [2009], Timopheev [2012], and Udalov
[2017] and references therein), indicating the manifestation of SFM
ordering in granular systems. However, at present, there is no theo-
retical description of the SFM ordering, which takes into account, in
addition to the dipole–dipole, other possible channels of intergranular
interaction, associated, for example, with the competition between the
hopping and Coulomb exchange mechanisms [Udalov 2017] or with

Corresponding author: Vladimir Rylkov (e-mail: vvrylkov@mail.ru). International
Baltic Conference on Magnetism, Svetlogorsk, Kaliningrad, Russia, 18-22 August
2019.
Digital Object Identifier 10.1109/LMAG.2019.2955060

the manifestation of the tunneling superexchange mechanism through
atomic clusters dispersed in the insulating matrix [Kondratyev 1998,
Bedanta 2009].

The high magnetic softness of granular SPM systems in combina-
tion with high values of resistivity and magnetic susceptibility makes
them attractive for creating various kinds of high-frequency magneto-
electronic devices [Fujimori 2006, Sullivan 2009].

Recently, we discovered the effects of resistive switching
(RS) in metal-NC-metal (M/NC/M) capacitor structures based
on (CoFeB)х(LiNbO3)100-х NC with a high content of dispersed
atoms Nd ∼ 1022 cm–3 (NC with HCDA) [Rylkov 2018a, 2018b].
The multilevel nature of RS makes M/NC/M structures very promis-
ing for creating memristors that emulate synapses in neuromorphic
computing systems [Nikiruy 2019].

However, the role of dispersed atoms in the SFM ordering and RS
has not yet been studied in detail. The purpose of this letter is to com-
pare the magnetic, transport, and memristive properties of NCs with
HCDA (∼1022 cm–3) and low content of dispersed atoms (LCDAs),
Nd �1021 cm–3, using (CoFeB)х(LiNbO3)100-х NC as an example.

II. SAMPLES AND EXPERIMENTAL DETAILS

The film NCs with HCDA (Nd ∼1022 cm–3) and LCDA (Nd �

1021 cm–3) were fabricated by ion-beam sputtering of the composite

1949-307X C© 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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targets onto glass-ceramic substrates at different growth temperature
Tg ≤ 40 ◦C and Tg = 70–90 ◦C, respectively. The composite targets
consisted of a plate of Co40Fe40B20 metallic alloy and 14–15 oxide
stripes (LiNbO3, SiO2, or Al2O3) placed onto the plate. The special
target design makes it possible to obtain composite systems with the
content of the metallic phase continuously varying (δx = 0.5–0.7 at.%)
in a wide range x � 6–60 at.% in a single technological cycle. The
thickness of the produced NC layers in planar and capacitor structures
was about d � 1–2 µm.

The investigations of transport and magnetic properties, including
FM resonance (FMR), were performed on the same samples fabri-
cated in the shape of the Hall bar with the conduction channel width
w = 1.2 mm and the distance between potential probes l p = 1.4 mm.

As contacts in capacitor M/NC/M structures, three-layer Cr/Cu/Cr
films or films from Cu 1 µm thick were used (Cu films were used for
subsequent magnetization measurements). It was previously shown
that the type of contact (Cr/Cu/Cr or Cu films) does not affect mem-
ristive properties of M/NC/M structures [Levanov 2018]. Details of
planar film samples and capacitorlike M/NC/M structures, as well as
their structural characterization, are given in Rylkov [2018a, 2018b,
2019].

The magnetic properties of the NCs were studied with a Quan-
tum Design MPMS-XL7 superconducting quantum interference de-
vice magnetometer in the temperature range 1.9–350 K and a field
up to 7 T oriented in the sample plane. The resistivity was measured
with a standard dc method. The pulsed magnetic field up to 20 T was
applied to measure the magnetoresistance.

FMR was studied at room temperature using a laboratory-developed
cavity-based spectrometer at frequency 7.65 GHz. The field-sweep
absorption spectra were obtained in magnetic fields up to 17 kOe
applied at different angles with respect to the film plane.

The I–V characteristics and the memristive properties of the
M/NC/M structures based on (CoFeB)x(LiNbOy)100–x NCs were stud-
ied in strong electric fields (>104 V/cm) at room temperature us-
ing a multifunctional NI PXI-4140 (National Instruments, Austin,
TX, USA) source meter and an analytical PM5 (Cascade Microtech,
Beaverton, OR, USA) probe station equipped with a PSM-100 (Motic)
system, which provides micrometer-scale probe motion.

III. RESULTS AND DISCUSSION

A. Magnetization

We found that the use of metal alloys with additives promoting
amorphizing as targets, such as Co40Fe40B20, for the synthesis of NCs
by ion-beam sputtering leads to a sharp increase in the content of
dispersed paramagnetic metal atoms (up to Nd ∼1022 cm–3) in all the
insulating matrices we studied (LiNbO3, SiO2, or Al2O3) if the growth
temperature of NC is small enough (Tg ≤ 40 ◦C) [Rylkov 2017, 2018a,
2018b, Blinov 2019]. However, at growth temperatures of about 80 °C,
the grain size increases by 1 nm from a � 2.5 nm up to a � 3.5 nm
and the Nd value decreases significantly to Nd � 1021 cm–3, which
is accompanied by a sharp drop in the paramagnetic contribution of
MPM to the magnetization (see Fig. 1).

Fig. 1 demonstrates the difference in high-field magnetization for
NCs with LCDA and HCDA in the case of compositions below the
percolation threshold x p . FM granules are easily magnetized, but it

Fig. 1. Magnetization as a function of applied field. (a) For
(CoFeB)32(LiNbO3)68 LCDA NC grown at �75 °C (Nd � 3.2 ×
1021 cm−3). (b) For (CoFeB)33(LiNbO3)67 and (CoFeB)57(SiO2)43
HCDA NCs grown at �40 °C with Nd ≈ 3.1 × 1022 and 3.2 × 1022 cm−3,
respectively.

is not the case for isolated dispersed magnetic atoms. The paramag-
netic contribution of dispersed atoms and FM contribution of granules
denoted as MPM and MFM, correspondingly, as well as the content
of paramagnetic atoms Nd and the average magnetic moment m per
dispersed atom, were determined by analyzing the temperature de-
pendence of magnetization М at low temperatures (T < 10 K). The
change �М(М,T1,T2) = М(М,Т1) – М(М,Т2) was fitted by the dif-
ference of Brillouin’s functions, �BJ (H ) = BJ (H, T1) – BJ (H, T2)
[Rylkov 2018a, 2018b]. The accuracy of fitting was better than 1%;
the magnet moment of paramagnetic center was in the range m =
(5.1–5.8)�μB that approximately coincides with the average moment
of magnetic ions Fe3+, Fe2+, and Co2+ with m = 5.9, 5.4, and 4.8 μB ,
respectively.

B. Electrical Conductivity and Magnetoresistance

For both types of NCs with LCDA and HCDA with compositions
xc < x < x p , where xc corresponds to the metal–insulator transition
(MIT), the temperature dependence of conductivity in the range Т
� 10–200 К is well described by the logarithmic law σ (T) ��lnT
under strong intergranular tunnel coupling, which is replaced by the
law “1/2” below xc (see Fig. 2) [Beloborodov 2007]. However, in
the case of NCs with LCDA, the value of xc ≈ 48 at.% is larger by
5 at.% than for NCs with HCDA (xc ≈ 43 at.%). Apparently, the atoms
located between metallic granules increase intergranular coupling that
shifts the MIT. These dispersed atoms also diminish the tunnel barrier
height that is important for hopping electron transport in the vicinity
of the percolation threshold. As a result, we observed positive high-
field magnetoresistance in NCs with HCDA [Blinov 2019] but only
conventional negative magnetoresistance in NCs with LCDA.
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Fig. 2. Temperature dependences of conductance G(T ) in co-
ordinates (a) G versus lnT and (b) lnG versus (1/T )1/2 for
(CoFeB)x(LiNbO3)100–x NCs with LCDA (Tg ≈ 75 °C) with various FM
alloy content x = 45–54 at.%. Inset shows G(T ) dependence for sample
with x � 48 at.% in coordinates G versus lnT .

Fig. 3. Temperature dependences of the coercive field Hc(T ) for LCDA
(Tg ≈ 75 °C) and HCDA (Tg ≈ 40 °C) NC films with various FM alloy
content below percolation threshold.

C. Coercive Field and FMR

The presence of dispersed magnetic ions in the insulating matrix
favors SFM ordering [Bedanta 2007, Timopheev 2012, Rylkov 2018a,
2018b]. We observed magnetic hysteresis in NCs with HCDA far
below the percolation threshold (down to 33 at.%), that is a signature
of SFM ordering, and also found some anomaly in the temperature
behavior of coercive field Hc(T ) (minimum at T � 50 K) probably
due to the influence of surface magnetic anisotropy of granules (see
Fig. 3) [Rylkov 2019]. By contrast, in the case of NCs with LCDA

Fig. 4. Angular dependencies of FMR linewidth �H (θH ) for
(CoFeB)x(LiNbO3)100–x LCDA (Tg ≈ 75 °C) and HCDA (Tg ≈ 40 °C)
NCs with various FM alloy content below percolation threshold. Points
are the experimental data, and thick solid lines are their theoretical
approximation. The red line is obtained taking into account the inhomo-
geneous FMR line broadening mechanism. For the black line, the two
magnon scattering mechanism prevails.

at х � 42 at.%, the temperature dependence of the coercive force is
well described by the Néel–Brown law for noninteracting granules
with a blocking temperature about 25 K (see Fig. 3). The absence
of intergranular interaction in NCs with LCDA is also confirmed by
studies of angular dependencies of the FMR linewidth �H (θH ) (see
Fig. 4).

The FMR linewidth far below MIT is mainly determined by the
inhomogeneous distribution of the local anisotropy axes in the film
plane. On the other hand, above MIT under strong tunnel coupling be-
tween granules, the contribution of this inhomogeneity to the �H (θH )
sharply decreases (see Fig. 4). Using theoretical simulation, we have
shown that two-magnon magnetic relaxation processes begin to play a
significant role in the formation of the linewidth as for homogeneous
FM films [Drovosekov 2020].

D. Resistive Switching

The RS is observed in (CoFeB)х(LiNbO3)100-х NCs with LCDA at
optimal value of x � 15 at.% with small resistance ratio ROFF/RON �

5; this effect completely disappears at х� 12 at.%. On the other hand
in NCs with Nd ∼1022 cm–3, the ratio ROFF/RON exceeds 102 and the
number of stable RS is more than 105 at x � 10 at.% (see Fig. 5)
[Rylkov 2018a, 2018b, Nikiruy 2019].

Recently, based on the obtained experimental data, we argued that
the multifilament structure is the origin of the memristive properties
of the M/NC/M samples with (CoFeB)x(LiNbO3)100−x NC. Multi-
filament structure is caused by a nucleation of the dispersed atoms
around chains of the granules forming percolation paths. When a suf-
ficiently large negative voltage is applied to the top electrode, the
structure switches in a high-resistance OFF-state due to moving of
cations and oxygen vacancies to the top electrode. The reverse sit-
uation arises when sufficiently large positive voltage is applied to
the structure [Martyshov 2019]. The multifilamentary character of
RS, apparently, entirely determines the high level of plasticity of the
memristive M/NC/M structures. It is a great advantage of NCs-based
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Fig. 5. I–V characteristic of the M/(CoFeB)x(LiNbO3)100–x/M struc-
ture with LCDA (Nd ∼ 1020 cm–3 and Tg ≈ 90 °C) and various FM
alloy content x = 15 and 16.5 at.%. For comparison, the I–V curve
for M/(CoFeB)x(LiNbO3)100–x/M structure with HCDA (Nd ∼ 1022 cm–3

and Tg ≈ 40 °C) is shown. Upper inset presents M(H ) dependence of
M/NC/M structure with LCDA (Nd ∼ 1020 cm–3 and x � 15 at.%) and
lower inset shows I–V curve for M/NC/M structure with LCDA (Nd ∼
1020 cm–3 and x � 11.5 at.%).

memristors that allow emulating the unique properties of biological
synapses [Emelyanov 2020].

IV. CONCLUSION

The presented results of comparative investigations of
(CoFeB)х(LiNbO3)100-х NCs with high (∼1022 cm–3) versus low
(�1021 cm–3) content of dispersed atoms (Fe and Co) in the insulating
matrix clearly show strong influence of magnetic ions on magnetic and
electrophysical properties of these systems below percolation thresh-
old x p ≈ (50–55) at.%. In particular, the presence of HCDA shifts
the critical concentration of the MIT xc from 48 to 43 at.% and leads
to magnetic hysteresis below xc down to 33 at.%. Under this con-
dition, we also observed in capacitorlike structures strong RS effect
with the resistance ratio ROFF/RON ∼102 and more than 105 stable RS
at x � 10 at.%. These features of NCs with HCDA are due to the
participation of dispersed atoms in intergranular interaction and also
to their tendency to nucleate under charge carriers flow in a strong
electric field. It makes such systems promising for applications in
high-frequency magnetoelectronic devices as well as in memristors
for emulation of synapses in neuromorphic networks.
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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).

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].

 σ ∝  
 

1/2
0ln .T

T

�

 σ = σ − π 

c
0

B

1( ) 1 ln ,
2

gET
Dg k T

=
+

2

c 2 ,
(1/2 / )d

e sE
a s ae

ed



JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 133  No. 6  2021

HIGH-FIELD MAGNETORESISTANCE OF MAGNETIC 773

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)

Δρ ρ − ρ ==
ρ ρ =

μ λ= ξ
−

B
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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. 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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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

Δρ
ρ

( )
(0)

H

Δρ
ρ

( )
(0)

H

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. 3. Out-of-plane MR of (CoNbTa)x(SiO2)100 – x with
x = 58.5 at %.
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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

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

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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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

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

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.

2.0

ln� [� cm] �, � cm

1.8

1.6

0.06 0.08 0.10 0.12
T�1/2, K�1/2 lnT [K]

0.14 4.0
4

5

6

7

8

4.5 5.0 5.5

x = 49 at % x = 49 at %

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.

�2.5

MR, %

1

1 '

2 '

3 '

2

3
�3.0

�3.5

�4.0

0 5 10 15 20
B, T



JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 133  No. 6  2021

HIGH-FIELD MAGNETORESISTANCE OF MAGNETIC 777

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-

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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