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Abstract—Nanocomposites (CoFeB),(LiNbO3) o _ , Withx = 17—48 at % have been synthesized by ion beam
sputtering of a composite target comprised of CoyyFe4B,; and LiNbO; onto silicon substrates, and the tran-
sitions from the superparamagnetic state to the superferromagnetic and ferromagnetic states with an increase
in the concentration of the magnetic component are studied by magneto-optical methods. The magneto-
optical properties have been investigated in the geometry of the equatorial (transverse) Kerr effect (TKE).
Magneto-optical spectra are recorded in the range of 0.5—4.0 €V in fields up to 2.5 kOe at 20—300 K, field
and temperature dependences of the TKE at certain wavelengths are obtained, and the domain structure
during magnetization reversal is visualized using a magneto-optical Kerr microscope. It is shown that the
sample with x = 17 at % is superparamagnetic at temperatures above the blocking temperature (about 30 K).
The interaction between the granules is considerable already at x = 20 at %, the transition to the superferro-
magnetic state occurs at x = 32—36 at %, and the transition to the ferromagnetic state occurs at x = 44 at %

near the metal—dielectric transition, i.e., at a concentration below the percolation transport threshold.
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INTRODUCTION

Magnetic nanocomposites or ferromagnetic
metal—dielectric nanogranular magnetic films are
ensembles of single domain ferromagnetic metal par-
ticles in a dielectric matrix. Depending on the metal
content (and especially near the percolation thresh-
old), they exhibit interesting magnetic, magnetotrans-
port, optical, magneto-optical, and high frequency
properties. Magnetic nanocomposites are widely used
in engineering, for example, as materials for magnetic
recording of information or high frequency reflective
coatings. They are also promising for applications in
information recording and storage systems, magnetic
sensors, optoelectronic materials, etc. [1]. It has
recently been shown that magnetic nanocomposites
also show the effect of reversible resistive switching,
which is promising for the creation of memristor
devices that mimic synapses in neuromorphic systems
[2]. The memristive effect is most pronounced in
(CoFeB),(LiNbO;) 0 — . Nanocomposites with metal
concentrations up to the percolation threshold. Due to

the high sensitivity of magneto-optical techniques,
magnetic nanocomposites can be considered as an
optimal platform for studying various properties of
disordered systems by magneto-optical methods.
With low concentrations of magnetic nanoparticles
(much lower than the percolation threshold x,,), they
slightly interact with each other via dipole—dipole
interactions or exchange coupling, so the nanocom-
posite is an ensemble of single domain particles at
temperatures below blocking temperature 7, and an
ensemble of superparamagnetic particles at 7, < T <
T, where T is the Curie temperature of an individual
particle. With an increase in the concentration x, the
interaction between magnetic particles at 7 < T
(where T is determined by the coupling intensity)
leads to a superferromagnetic state [3], which at higher
temperatures Ty < T'< T, is replaced by a superpara-
magnetic behavior. In the ideal case, superferromag-
netism is characteristic of an ensemble in which the
magnetic moments of all nanoparticles are predomi-
nantly oriented in the same direction. In the nonideal
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case, the system consists of superferromagnetic
regions and superparamagnetic particles. Finally, a
transition to the ferromagnetic state occurs with a fur-
ther increase in the concentration to xg,,,. The ferro-
magnetic percolation threshold xg,., by no means
coincides with transport percolation threshold x,.,.
The composite with x > x,,, is a metal, but the transi-
tion to a dielectric state with hopping conductivity
occurs at x = x, and the composite is characterized
by a tunnel type of conductivity in the concentration
range of xy; < x < x,, [4]. It should also be noted that
the presence of magnetic ions in intergranular gaps has
a substantial effect on the values of critical parameters
Xferros Xm1> aNd X, Which complicates possible scenar-
ios of magnetic behavior [1].

In this study, magneto-optical spectroscopy
(MOS) is used to analyze the magnetic properties of
(CoFeB),(LiNbO;) o _ . Nanocomposites containing
a metallic phase below the transport percolation
threshold. In[1, 2, 5—9], the structural, magnetic, and
transport properties of (CoFeB),(LiNbO;) o, _ , nano-
composites synthesized under different technological
conditions and on different substrates were studied to
optimize the memristive properties. Magneto-optical
techniques have not been used before for studying the
magnetic properties of these nanocomposites, includ-
ing studying the transitions from superparamagnetic
behavior to superferromagnetism and ferromagnetism.
This study was aimed at investigating the features of
the magnetic properties of nanocomposites by mag-
neto-optical spectroscopy.

EXPERIMENTAL

Samples of nanogranular films (CoFeB) (LiNbOs),o _
with x = 17—48 at % were obtained by sputtering a
composite target comprised of CoyFeyB,, and LiNbO,
by an ion beam onto silicon substrates. The film thick-
ness was 0.16 um. The details of sample preparation
and their structural characterization are similar to
those described earlier [1, 2].

Electron microscopy studies with a nanometer res-
olution, which were performed using a TITAN 80—
300 scanning (TEM/STEM) electron microscope
(FEI, U.S.A.), showed that the obtained nanocom-
posite films consist of metallic granules in an amor-
phous nonstoichiometric LiNbO, matrix. Moreover,
the granules have a size of d = 2—5 nm and a shape
close to spherical with slight elongation along the
growth direction.

Electrical resistance measurements showed that
the temperature dependence of conductivity is
described by a logarithmic law characteristic of strong
tunneling coupling for the sample with x =48 at % and
by a law characteristic of hopping conductivity for the
sample with x = 42 at %. This means that the percola-
tion transport threshold is x,,., > 48 at %, and the com-
positions of all studied samples have x values that are
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Fig. 1. The temperature dependences of the magnetic
moment of structures with (a) x =17 at % and (b) x=42 at %
measured during their heating in a field of 100 Oe after
cooling in a zero field (ZFC) and in fields of 100 Oe (FC1)
and 10 kOe (FC2).

below the transport percolation threshold, while the
metal—dielectric transition occurs in the vicinity of
x=42—44 at %.

Magnetic measurements were performed using a
QuantumDesign MPMS-XL7 SQUID magnetome-
ter. The measurements were carried out at tempera-
tures of 1.9—350 K in fields oriented in the plane of the
samples. Temperature dependences M(T) of the mag-
netic moments of the structures were studied upon
heating in a field of 100 Oe, which were preliminarily
cooled under various conditions—namely, in the
absence of a field (ZFC), in a field 100 Oe (FC1), and
in a field of 10 kOe (FC2).

Figure 1 shows the M(T) temperature dependences
for samples with metal contents of x = 17 at % and x =
42 at %. As can be seen from Fig. 1, the magnetization
in both samples below temperatures of around 30—
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Fig. 2. The spectral dependences of the TKE at two temperatures for a nanocomposite with x = 17 at %. The insets show the tem-

perature and field dependences of the TKE.

40 K turns out to be much higher in the case of cooling
in a magnetic field, i.e., the blocking temperature at x
= 17 at % is around 30—40 K.

The MOS studies were carried out in the geometry
of the equatorial (or transverse) Kerr effect (TKE) at
T= 20-300 K in the spectral range 0.5—3.8 eV in a
magnetic field of up to 2.5 kOe. We used p-polarized
light at an angle of incidence of 69.5°. For each con-
centration, the spectral dependence was measured in
the maximum magnetic field. The temperature and
field dependences of the MOS signal were measured
for a number of selected wavelengths. The measure-
ments were performed by the dynamic method, in
which the TKE parameter corresponds to a relative
change in the intensity of the reflected light when the
sample is magnetized by an alternating-current mag-
netic field with a frequency of 40 Hz. Moreover, we
visualized the domain structure of the samples during
magnetization reversal and determined the hysteresis
loops of the near-surface region by a Kerr magneto-
optic microscope from Evicomagnetics GmbH (Ger-
many) [10]. The measurements were performed at
room temperature in the high resolution mode (spot
region about 500 um). The images were processed in
the KerrLab software package provided by the device
manufacturer.
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RESULTS AND DISCUSSION

The field dependence of the MOS signal for a sam-
ple with x = 17 at % tends to saturation in a strong field
at low temperatures and is strictly linear at room tem-
perature (Fig. 2).

The temperature dependence above 40 K is
described by the 1/T law. This means that this sample
is superparamagnetic at 7' < 7, = 30—40 K. This value
of the blocking temperature is in good agreement with
the data of magnetic measurements (Fig. 1). It should
be noted here that the MOS signal on reflection is
formed at a depth of 7»/ 4mk , where A is the radiation
wavelength and k is the imaginary part of the refractive
index of the composite (attenuation coefficient) [11].
This depth is around 15—20 nm and is obviously less
than the film thickness. Hence, the 7, values deter-
mined by MOS may differ from the 7, values deter-
mined by magnetic methods, which characterize the
value averaged over the entire thickness. According to
the X-ray diffraction structural data [9], a columnar
structure is formed near the substrate in
(CoFeB),(LiNbO3) o) _ , films deposited on glass
ceramic substrates, which is replaced by formed spher-
ical granules upon approaching the surface. The prac-
tical coincidence of the T, values determined by MO
and magnetic methods indicates that the height of the
columnar structure in the studied samples obtained on
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Fig. 3. The normalized field dependences

TKE(H)/TKE(H,,,y) of (CoFeB),(LiNbO3)gg _ , nano-
composites at (a) room temperature and (b) a lower tem-
perature of 50 K.

silicon substrates is insignificant compared to the film
thickness and there are no substantial variations of the
magnetic anisotropy constant over the film thickness.

The field dependences of the MOS signal at a pho-
ton energy of 1.97 eV are shown in Fig. 3. The choice
of this photon energy was made in such a way so to
more clearly show the revealed features of the MOS
properties in the superferromagnetic state.

Already at x = 20 at %, the TKE signal becomes
nonlinear with respect to the field (Fig. 3a). This
clearly shows the occurrence of interaction between
the granules. With an increase of x, the field depen-
dence of the TKE becomes increasingly nonlinear and
similar to that for a ferromagnet.

For compositions with x = 48 and 44 at %, the
domain structure is visualized using a Kerr magne-
tometer and hysteresis loops are recorded taking into
account changes in the contrast during magnetization
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Fig. 4. (a) the normalized hysteresis loops for nanocom-
posites with x = 44 at %, and images obtained on a mag-
neto-optical microscope for the (b) easy axis and (c) hard
axis domain structures.

reversal (Fig. 4). With x = 36 at %, we were unable to
visualize the domain structure. Thus, the ferromag-
netic percolation threshold is in the vicinity of x =
44 at %, which is less than the transport percolation
threshold and is close to the metal—dielectric transi-
tion. That is, long-range ferromagnetic order already
appears when a percolation conductivity cluster has
not yet formed in the sample and there are tunneling
gaps between ferromagnetic particles. The exchange
interaction between the granules is accomplished
through thin dielectric layers.
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(CoFeB),(LiNbO3) ¢ — x nanocomposites.

The following two features of the magnetic behav-
ior of the sample with x = 44 at % should be noted: the
sample is easily magnetized and undergoes magnetiza-
tion reversal in weak magnetic fields, thereby demon-
strating magnetic softness; however, the temperature
dependence of the MOS signal is not typical of the
magnetization of a ferromagnet with a high Curie tem-
perature corresponding to that of CoFeB (Fig. 5). Pos-
sible reasons for this behavior are as follows. First, the
composition of the granules is not identical to the
composition of the target in the ion-beam sputtering
process. Secondly, the Curie temperature of nanopar-
ticles can substantially differ from the Curie tempera-
ture of the bulk material. Third, the Curie temperature
for a sample near the ferromagnetic percolation
threshold is determined by the exchange interaction
strength between granules, which is lower in the mode
of tunneling, rather than by exchange interaction
inside the granules. We believe that it is the latter
mechanism that plays the main role and the first two
mechanisms cannot substantially change the Curie
temperature.

The domain structure and coercive force are char-
acteristic of both the ferromagnetic and superferro-
magnetic states [3], which makes it difficult to find a
strictly specified transition threshold between these
states. As for the sample with x = 36 at %, it can be
stated that it is in an intermediate state when macro-
scopic regions with a predominant orientation of the
magnetic moments of nanoparticles (superferromag-
netic regions) coexist with isolated superparamagnetic
particles.

This follows not only from the shape of the hyster-
esis loop (Fig. 6a), but also from the anomalous field
dependence of the MOS signal. With a light quantum
particle energy of 1.97 eV, the signal first increases with
an increase in the field and then begins to decrease in
strong fields, while the magnetization increases. For
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Fig. 6. (a) A hysteresis loop obtained with a MO micro-
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TKE(H)/TKE(H,,,y) of CoFeB) (LiNbO3);( _ , nano-
composites with x = 36 at %.

other wavelengths (for example, corresponding to
2.81 eV), the TKE increases with an increase in the field
in the same way as the magnetization does (Fig. 6).

This means that there are two fractions in the sam-
ple with different magnetic properties. The competi-
tion of contributions to the MO signal, namely, the
response from superferromagnetic macroscopic
regions and superparamagnetic particles, leads to the
appearance of an anomalous field dependence of TKE
in the spectral region, in which these contributions
have different signs [12]. Thus, MO methods make it
possible to determine the presence of a superferro-
magnetic state.

Magneto-optical spectra of nanocomposites are
shown in Fig. 7. It is upon the transition from the
superparamagnetic behavior (x = 17—20 at %) to the
superferromagnetic one that the positions of the char-
acteristic peaks substantially change. The shape of the
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Fig. 7. The spectral dependences of the TKE of
CoFeB),(LiNbO3) ;o9 — x nanocomposites at room tem-
perature; light incidence angle 69.5°.

spectrum is substantially different from the spectrum
of (CoFeB),(Al,03) 9 — , films with the same ferro-
magnetic material [12], but with a different dielectric.
The shape of the spectrum of nanocomposites
depends on many factors, such as the matrix material
and the size and shape of magnetic nanoparticles;
however, the material of ferromagnetic inclusions
plays a dominant role [13]. Apparently, the composi-
tion of the granules depends not only on the composi-
tion of the target, but also on the technological condi-
tions of film preparation.

CONCLUSIONS

Magneto-optical methods have shown that
(CoFeB),(LiNbO;) 0o - , nanocomposites with x =
17 at % exhibit superparamagnetic behavior at tem-
peratures above the blocking temperature 30 K.

The exchange coupling and the dipole—dipole
interactions between grains begin to play an increas-
ingly important role with an increase in the metal con-
centration, which leads to nonlinear field depen-
dences of the TKE at room temperature without open-
ing the hysteresis loop at x < 36 at %. The anomalous
field dependence of the MO signal at 36 at % proves
the formation of a superferromagnetic state.

The long-range ferromagnetic order arises in the
vicinity of 44 at %, i.e., at a metal concentration when
the tunneling mechanism of conductivity still oper-
ates. Hence, the ferromagnetic percolation threshold
is less than the transport percolation threshold.
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