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1. INTRODUCTION

Composite materials consisting of magnetic nano-
particles separated by dielectric layers are of consider-
able interest for both fundamental physics and practical
applications. In these materials, a decrease in the parti-
cle sizes to a nanometer scale leads to the appearance of
new properties, such as the giant magnetoresistance, as
well as soft-magnetic and high-resistance properties
required by modern engineering [1–3]. These specific
features also include a resonance enhancement of mag-
neto-optical effects in different optical ranges, which
was predicted theoretically [4, 5] and observed in a
number of experimental investigations [6–9].

It is known that the resonance of magneto-optical
effects is associated with the localized excitations of
free electrons in nanoparticles. Therefore, the parame-
ters of the effects should depend on the particle sizes,
the content of the magnetic phase in the composite, and
the ratio between the optical parameters of the metal
and dielectric. The situation is complicated by the fact
that the optical parameters of metal nanoparticles can
differ substantially from those of the corresponding
bulk materials.

In view of miniaturization problems, special atten-
tion, as a rule, has been focused on the study of mag-
neto-optical effects in film composites. It should be
noted that films containing the SiO

 

2

 

 or Al

 

2

 

O

 

3

 

 oxides as
a dielectric matrix have been predominantly studied to

date (see, for example, [6–9]). In our earlier work [10],
we for the first time synthesized Co–Sm–O films and
investigated their magnetic and structural properties in
the initial state and after heat treatments. In these films,
samarium occurs as oxide and forms layers between
cobalt nanograins. The first results of investigations into
the Faraday effect in these samples were published in our
previous paper [11]. However, in different applications,
developers most frequently have faced geometric param-
eters of devices at which the use of the Faraday effect is
complicated. This raises the problem regarding the study
of the Kerr effect in similar materials.

The purpose of this work was to investigate the evo-
lution of the magnetization curves and the spectra of the
polar Kerr effect of the samples with a change in their
structure due to the change in the technological condi-
tions of the synthesis and subsequent heat treatments.

2. SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE

Samples were prepared through pulsed plasma sput-
tering of a SmCo

 

5

 

 target. The specific feature of this
technique is the high pulsed condensation rate
(~10

 

4

 

 nm/s) at a pulse duration of ~10

 

–4

 

 s and a high
cooling rate of condensates (~10

 

7

 

 K/s). Since a neces-
sary condition for the preparation of samples with
small-sized nanostructured objects is rapid supercool-
ing of the vapors, our technique is an efficient tool for
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preparing nanocrystalline films. Moreover, the tech-
nique under consideration is characterized by a self-
sustaining regime of the existence of a glow-discharge
plasma only in vapor of the sputtered metal without
additional introduction of a working gas. However, the
stability of the plasma and favorable conditions of its
existence are improved upon addition of insignificant
portions of working gases. In this study, after attain-
ment of an initial residual pressure of 10

 

–6

 

 Torr, either
argon (sample no. 2) or molecular nitrogen (sample
no. 3) was added to a residual pressure of 5 

 

×

 

 10

 

–5

 

 Torr.
Sample no. 1 was prepared at a residual pressure of
10

 

−

 

9

 

 Torr as a reference sample. The physical and struc-
tural properties were measured with the use of as-pre-
pared (initial) samples and the same samples subjected
to heat treatments at different temperatures under high
vacuum. The duration of each annealing was equal to
30 min.

The newly formed phases and structural transforma-
tions were identified using the x-ray diffraction and
electron microscopic analyses. The x-ray diffraction
patterns were recorded on a DRON-4-07 diffractometer
(Cu

 

K

 

α

 

 radiation). The electron microscope images of
the films were obtained with a PRÉM-200 electron
microscope at an accelerating voltage of 100 kV.

The spectral dependences of the polar Kerr effect
were measured by the null-analyzer method with the
use of the azimuth modulation of the plane of polariza-
tion of the light beam in the spectral range 400–950 nm
at room temperature. The rotation of the plane of polar-

ization was measured accurate to within 

 

±

 

0.2 min. The
magnetic field with a strength of up to 10 kOe was
aligned parallel to the light beam perpendicular to the
plane of the sample. The accuracy in the measurement
of the field strength was 

 

±

 

20 Oe.
The filed dependences of the magnetization were

measured on a vibrating-coil magnetometer in magnetic
fields with a strength of up to 12 kOe in the directions
parallel and perpendicular to the plane of the film. The
magnetization was measured accurate to within 3%.

3. EXPERIMENTAL RESULTS 
AND DISCUSSION

 

3.1. Structure of the Samples

 

Owing to the high reactivity of samarium, the struc-
ture and properties of the samples depend substantially
on the composition of the residual atmosphere in the
vacuum chamber. The x-ray diffraction patterns of all
three samples are depicted in Fig. 1. The analysis of
these x-ray diffraction patterns demonstrates that the
composition of sample no. 1 (prepared at a residual
pressure of 10

 

–9

 

 Torr) contains at least three metal
phases, namely, 

 

α

 

-Co, 

 

β

 

-Co, and the phase approxi-
mately identified as Co

 

3

 

Sm

 

1

 

, in the complete absence of
oxides. The last component is difficultly evaluated
because of the small size of structural objects. How-
ever, this is not true for the cobalt modifications,
because the x-ray diffraction pattern involves pro-
nounced lines of the face-centered cubic and hexagonal
close-packed phases of cobalt against a trough-shaped
background. The x-ray diffraction pattern of sample
no. 2 prepared in the argon atmosphere contains reflec-
tions attributed to two cobalt modifications and the
compound, most likely, corresponding to the formula
Co

 

8.5

 

Sm

 

1

 

. Moreover, a part of samarium manifests
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Fig. 1.

 

 X-ray diffraction patterns of the initial samples
(sample nos. 1–3). Numerals near the curves correspond to
the samples numbers.
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Fig. 2.

 

 (a) Electron diffraction pattern and (b) micrograph of
a region of sample no. 3.
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itself in the x-ray diffraction pattern in the form of
oxide approximately identified as Sm

 

2

 

O

 

3

 

 [12].

The x-ray diffraction pattern of film no. 3 differs
substantially from those of film nos. 1 and 2. This pat-
tern contains two halos, i.e., one halo instead of the
main reflections of cobalt, and the other halo (more pro-
nounced) corresponds to the samarium oxide [12]. A
more accurate identification of the phases in this film is
complicated as a result of small sizes of structural par-
ticles. In this respect, we performed electron micro-
scopic investigations with a higher resolution. Figure 2
shows the electron diffraction pattern (Fig. 2a) and the
micrograph (Fig. 2b) obtained immediately after sput-
tering of the target. The electron diffraction pattern
exhibits two diffuse halos (similar to those observed in
the x-ray diffraction pattern) almost with identical
intensities. The atomic interplanar distances corre-
sponding to the centers of gravity of the halos are
approximately equal to 2.97 and 2.00 Å. A comparison
of the data obtained with the x-ray diffraction tables for
the cobalt and samarium phases allows us to make the
preliminary inference that the reflection corresponding
to ~2 Å can be assigned to the face-centered cubic and
hexagonal close-packed phases of cobalt or some com-
pounds of cobalt with samarium, for example, Co

 

9.8

 

Sm

 

1

 

or Co

 

8.5

 

Sm

 

1

 

, as well as cobalt carbides, because the
Auger electron spectroscopic data indicate that similar
films contain a certain amount of carbon [10]. The dif-
fraction reflection centered at ~2.97 Å is attributed to
the hexagonal modification of the Sm

 

2

 

O

 

3

 

 phase
(JCPDS card no. 19-1114) with the lattice parameters

 

a

 

 = 3.86 Å and 

 

c

 

 = 6.17 Å [12]. Taking into account the
aforesaid, we can assume that the structure of film no. 3
in the initial state represents particles of the cobalt
phases (with a maximum size of the order of 2–3 nm)
separated by samarium oxide layers (Co–Sm

 

2

 

O) with a
volume of the magnetic phase 

 

f

 

 ~ 60% [10, 11].

The performed structural and phase investigations
demonstrate that all three samples do not contain the
SmCo

 

5

 

 phase corresponding to the composition of the
sputtered target and nitrogen compounds. This is
explained by the high reactivity of samarium, which
completely or partially oxidizes directly in the vacuum
chamber during the deposition of the film; in this case,
molecular nitrogen remains inert (sample nos. 2, 3).

Annealing of the samples under vacuum leads to
significant changes in their structure. Figure 3 depicts
the x-ray diffraction patterns of sample no. 3 after
annealings at different temperatures. For comparison,
x-ray diffraction pattern 

 

1

 

 of this film in the initial state
is also shown in Fig. 3. It can be seen from this figure that
even the initial stage of annealing (at 510 K, pattern 

 

2

 

) is
accompanied by the transformation of the crystal struc-
ture due to the recrystallization (the transition of the
magnetic component of the sample from the nanocrys-
talline state to the polycrystalline sate). The resulting

phase can be interpreted as Co

 

9.8

 

Sm

 

1

 

 (JCPDS card no.
47-1896 [12]). Furthermore, the phase of samarium
oxide Sm

 

2

 

O

 

3

 

 is also involved in the composition of the
sample. An increase in the annealing temperature to
610 K (x-ray diffraction pattern 

 

3

 

) is attended by the
appearance of additional reflections, which can be
assigned to metallic cobalt (

 

α

 

-Co, 

 

β

 

-Co) with almost
unchanged contribution of the samarium oxide.

Annealing at higher temperatures (810, 910 K; x-ray
diffraction patterns 

 

4

 

, 

 

5

 

) results in a radical transforma-
tion of the crystal structure with the formation of larger
grains of two cobalt modifications (

 

α

 

-Co, 

 

β

 

-Co) so that
the 

 

β

 

-Co phase having a texture oriented in the [200]
direction is dominant. The micrograph and the electron
diffraction pattern of sample no. 3 annealed at temper-
atures of 515–780

 

°

 

C are depicted in Fig. 4. The analy-
sis of these data does not permits us to make a unique
inference regarding the phase composition of rather
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Fig. 3. X-ray diffraction patterns of sample no. 3: (1) before
annealing and (2–5) after annealing at the temperatures
Tann = (2) 510, (3) 610, (4) 810, and (5) 910 K.
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large particles (70–250 nm in sizes) observed against
the background of a more or less homogeneous metal
matrix of the sample. A comparison with the x-ray dif-
fraction data enables us to assume that this is the Sm2O3
phase (JCPDS card no. 15-0813), even though we can-
not completely exclude that these are cobalt particles.
Below, we will attempt to elucidate this problem by
analyzing the physical properties of the samples under
investigation.

Therefore, the used technique provided a means for
preparing a series of the samples with different struc-
tural features. The samples synthesized in the molecu-
lar nitrogen atmosphere turned out to be most sensitive
to heat treatments: the state of the samples can be
changed from cobalt nanoparticles (possibly, amor-
phous) embedded in the samarium oxide matrix to a
continuous polycrystalline film predominantly consist-
ing of the β-Co phase with inclusions of relatively large
particles with an unclear nature (most likely, samarium
oxide).

3.2. Magneto-Optical and Magnetic Properties

The dispersion curves of the Kerr effect Q(λ) for ini-
tial sample nos. 1–3 are depicted in Fig. 5a. It can be
seen from this figure that the dependences Q(λ) for
these samples differ from each other. For the first sam-
ple (curve 1), the dependence Q(λ) exhibits a mono-
tonic behavior, the magnitude of the Kerr effect
increases with an increase in the wavelength, and the
sign of the Kerr effect is negative in the wavelength
range under investigation. This dependence is similar to
the spectrum of the polar Kerr effect obtained in [13].
However, in [13], the maximum magnitude of the effect
is two times larger than that for sample no. 1 and the
effect does not change sign. It should be noted that the

maximum magnitude of the Kerr effect for sample no. 1
is close to the maximum magnitude of the Kerr effect
for epitaxial films of the face-centered cubic and hexag-
onal close-packed phases of cobalt [14]. However, the
change in sign in the short-wavelength range is also not
observed in [14]. We can assume that the change in sign
can be associated with the contribution from the cobalt
alloy with samarium to the Kerr effect. However, this
tendency more clearly manifests itself for sample no. 2
to a change in sign over the entire spectral range under
investigation (Fig. 5a, curve 2). For this sample, the
reflections of the Co3Sm1 phase disappear, but the
reflections of the Sm2O3 phase become pronounced
(Fig. 1, curve 2). Finally, the spectral dependence of the
Kerr effect for sample no. 3 has a resonance character
(Fig. 5a, curve 3) with the change in sign in the vicinity
of 650 nm, which, in principle, is consistent with the
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Fig. 5. (a) Dispersion curves for the Kerr effect and (b) field
dependences of the magnetization for initial sample nos.
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a region of sample no. 3 after annealing at a temperature of
780 K.
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theoretical predictions for the spectral dependences of
the magneto-optical effects in ensembles of metal par-
ticles embedded in dielectric matrices [4, 5]. This is in
agreement with the inference made in the discussion of
the x-ray diffraction data that sample no. 3 consists of
cobalt phase nanograins separated by dielectric layers
of samarium oxide.

Sample no. 3 is characterized by a drastic increase
in the electrical resistivity equal to 5 × 10–2 Ω cm,
which is approximately four orders of magnitude
higher than the electrical resistivities typical of metal
film samples of the same composition prepared under
ultrahigh vacuum and almost three orders of magnitude
higher than the electrical resistivity of the films synthe-
sized after blow with argon [10, 15]. The presence of
dielectric layers and small sizes of cobalt nanoparticles
can also lead to a decrease in the optical absorption
coefficient, which is actually observed in experiments.
Figure 6 shows the optical absorption spectra of two
samples. As can be seen from Fig. 6, the absorption
coefficient of the sample prepared in the nitrogen atmo-
sphere is nearly one order of magnitude smaller than
that of the sample synthesized under ultrahigh vacuum.

These significant differences between the structures
of the samples are also responsible for different field
dependences of the magnetization. Figure 5b depicts
the field dependences of the magnetization for three ini-
tial samples in the magnetic field oriented in the plane
of the films. For sample nos. 1 and 2, the field depen-
dences of the magnetization for these two geometries
differ from each other, which is characteristic of ferro-
magnetic samples with an in-plane magnetic anisot-
ropy. This circumstance and relatively low saturation
fields upon magnetization in the plane allow us to argue
that sample nos. 1 and 2 exhibit a ferromagnetic order-
ing; i.e., even if these samples are nanogranular, the
grain number density in the matrix exceeds the percola-
tion threshold. For sample no. 3, the magnetization
curve shape similar to the shape of the Langevin curve
and a substantially higher saturation field enable us to

consider this sample as an ensemble of superparamag-
netic nanoparticles of different cobalt phases in the
Sm2O3 matrix. It should be noted that the nanoparticle
number density is below the percolation threshold.

Now, we consider the influence of sequential
annealings on the magnetic and magneto-optical prop-
erties of the films under investigation. The dispersion
curve and the magnitude of the Kerr effect for film no. 1
hardly depend on the annealing temperature. These
characteristics weakly depend on the heat treatment for
film no. 2 and significantly change for film no. 3. Fig-
ure 7 depicts the series of the dependences of the Kerr
effect for sample no. 3 in the initial state (curve 1) and
after annealings at different temperatures. Annealing at
temperatures of 510 and 610 K (curves 2, 3) leads to a
shift of the spectral dependences toward the short-
wavelength range of the optical spectrum with an insig-
nificant transformation of the curve shape. An increase
in the annealing temperature to 810 K and above
(curves 4, 5) is accompanied by a shift of the depen-
dences in the opposite direction and a change in the
curve shape. After annealing at the highest temperature
used, the magnitude of the Kerr effect becomes nearly
constant over the spectral range under investigation.

Heat treatment of the samples also favors a change
in the magnetic and electrical properties. As the anneal-
ing temperature increases, sample no. 3 transforms
from the superparamagnetic state into the state with the
ferromagnetic ordering: the field dependence of the
magnetization becomes similar to that for initial sample
no. 1 (Fig. 5b), and the saturation magnetization
increases by a factor of three. The coercive force exhib-
its a complex behavior. Initial annealings (at 510,
610 K) lead to the appearance of the hysteresis loop
with HC = 0.1–2.0 Oe. With a further increase in the
annealing temperature, the coercive force HC increases
by a factor of several hundreds and reaches a value of
450 Oe.

All these changes can be associated with the recrys-
tallization even at initial annealing temperatures. In the
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Fig. 7. Spectral dependences of the Kerr effect for sample
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sample, there appear larger structural fragments, which
favor the transformation from the superparamagnetic
state to the blocked state with the formation of the hys-
teresis loop and small coercive forces HC; however, the
dielectric layers around metal grains of cobalt and its
compounds with samarium are retained. This assump-
tion can also be made from the analysis of the results of
measurements of the electrical resistivity, which remains
unchanged as compared to the initial resistivity ρ.

As can be judged from the change in the spectra of
the Kerr effect and the large coercive force HC, the sam-
ple at annealing temperatures Tann > 800 K passes
through the percolation threshold and the long-range
magnetic order is established over the entire volume of
the sample. These annealings results in a sharp decrease
in the electrical resistivity by almost three orders of
magnitude as compared to that for the initial sample. In
this case, we are dealing with inclusions of dielectric
grains in the magnetic matrix rather than with the
dielectric layers between magnetic grains. The same
inference follows from the x-ray diffraction and elec-
tron microscopic data (Figs. 3, 4).

4. CONCLUSIONS

Thus, it was demonstrated that the Co–Sm–O films
synthesized by pulsed plasma sputtering of a SmCo5
target in a molecular nitrogen atmosphere have a gran-
ulated composite structure, which consists of ferromag-
netic metal particles in a dielectric matrix with a large
volume of the magnetic phase (~60%).

The magnetic properties of the film samples under
investigation exhibit a specific spectral dependence and
differ substantially from those of the films prepared by
sputtering the same alloy under ultrahigh vacuum and
vacuum after blow with argon. The possibility of syn-
thesizing nanogranular samples with specific magneto-
optical, magnetic, and electrical properties (such as the
soft-magnetic properties, high magnetization, high
resistance, small absorption coefficient, and large Kerr
rotation in the short-wavelength spectral range) has
aroused additional interest in these films from the
applied viewpoint. A combination of magnetic proper-
ties and a high electrical resistivity makes film objects
interesting for practical applications, for example, in
high-frequency engineering.
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