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Abstract—The Faraday effect (FE) was studied in Co-Sm—O composite films consisting of nanoparticles of
metallic cobalt embedded in a samarium oxide dielectric matrix. The volume of the magnetic phase was ~60%.
The FE spectral dependence for the condensates studied revealed a substantial change as compared to that for
bulk cobalt samples, as well as for the films of nanocrystalline Co and CoSm films prepared in this study. An
enhancement of the FE was al so observed in the short-wavelength part of the optical spectrum. © 2005 Pleiades

Publishing, Inc.

Composite materials made up of nanosized mag-
netic particles separated by adielectric layer have con-
siderable potential for both basic research and practical
applications. The broad interest expressed in magnetic
nanocomposites stems primarily from their exhibiting a
number of unusual phenomena, such as giant magne-
toresistance, magnetically soft and high-resistivity
properties, optical transparency over a broad spectral
region, and significant magnetooptical effects [1-3].
Belonging to this group is also resonant enhancement
of magnetooptical effects (MOES), which is revealed
by these materials in various optical regions and was
predicted by theorists (see, e.g., [4]). Because the reso-
nance MOE originates from surface plasma vibrations
in particles of the magnetic material, the MOE should
depend on the particle size, the content of the magnetic
phase in the composite, and the optical parameters of
the metal and the dielectric. The situation is compli-
cated by the fact that the optical and magnetooptical
parameters of nanosized metal particles may differ sub-
stantialy from those of the bulk materials and that the
properties of composites with a high magnetic-phase
content are governed both by individual characteristics
of the nanoparticles and by the effects originating from
their interaction.

Progress in miniaturization places a particular
emphasis on film nanocomposites. The materials that
have been studied thus far are primarily Co-SiO, film
composites (see, eg., [5, 6]). In [7], Co—Sm-O films
were prepared for the first time in which a composition
structure in the form of ferromagnetic nanoparticles of
metallic Co embedded in a Sm oxide matrix arose
under certain conditions of condensation and additional
annealing. Direct observations of nanoparticles were
carried out using electron microscopy and reveaed
some characteristic features of the magnetic properties
of these composites. The results of those studies sug-
gest that various distinctive features and magnetoopti-
cal properties could be expected in these composites,

including variations in the spectral dependence of the
Faraday effect (FE).

Here, we report on a study of the spectral and field
dependences of the FE in films of the Co-Sm-O sys-
tem, whose structure and magnetic properties are
described in [7]. The films were prepared by pulsed
plasma sputtering (PPS) of a SmCos target in vacuum
under an initial pressure of 107 Torr. X-ray fluores-
cence analysis showed that the Sm concentration varied
from one sample to another within 13-17 at. %. The
samples were ~100-nm-thick and did not contain the
SmCo; phase, because samarium has high chemical
reactivity and, in the vacuum conditions chosen, oxi-
dizes directly in the vacuum chamber in the course of
film deposition. Auger electron spectroscopy detected
certain amounts of carboninthefilms. Electron micros-
copy and x-ray diffraction measurements established
that thefilm structureis made up of magnetic particles of
aCo(C) solid solution, D ~ 1.5 nmin size, embedded in
samarium oxide (Sm,0;), with the volume of the mag-
netic phase f being ~60% [7]. This morphology of the
film nanocomposite is obvioudy responsible for the high
electrical resistivity of the samples(p ~ 0.5 Q cm). Start-
ing films are superparamagnetic. At room temperature,
the magnetization curve has no hysteresis, but when
samples are cooled, magnetic hysteresis appears, with a
coerciveforce H, 050 Oe at T = 77 K. The temperature
dependence of H, was used to determine the blocking
temperature (the temperature of transition to the super-
paramagnetic state), which was found to be Tg 181 K.
Our studies involved subjecting the films to heat treat-
ment, namely, annealing in vacuum (10 Torr) at various
temperatures, which initiated hysteresis at room tem-
perature. The value of H. depended on the actual
annealing regime; the films subjected to short anneal-
ingsat T <500 K exhibited aweak coerciveforce (H, <
3 Oe). For the purpose of comparison, we also prepared
samples using the same technology of pulsed plasma
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Fig. 1. Dispersion graphs of the FE (20g) measured in a
magnetic field H = 4.5 kOefor starting Co—-Sm,O3 films on
various substrates: (1) glassplates, (2) single-crystal quartz,
and (3) single-crystal MgO. The effective cobalt thickness
used in calculations of the specific FE was determined by x-
ray fluorescence to within 5%.

sputtering of targets of pure cobalt and Co;Sm targets
in ultrahigh vacuum (10-° Torr). In this case, Sm did not
oxidize, as a result of which these films differed
strongly from the above samplesin terms of their struc-
ture and magnetic properties.

The FE spectral dependences were obtained with
the null technique by modulating the plane of polariza-
tion of light in the 400- to 1000-nm spectral interval.
The accuracy of measuring the rotation of the plane of
polarization was £0.2' (Faraday rotation). A magnetic
field of up to 4.5 kOewas directed along the light beam
normal to the sample plane. The field was measured to
within £20 Oe.

Figure 1 presents the FE spectral curves (20¢) for
the starting Co-Sm,0O; films (thickness ~100 nm)
deposited on different substrates. Three featuresimme-
diately attract attention. (i) Unlike the decrease in the
FE with decreasing wavelength of light A in pure cobalt
films reported in the literature [8], here it is seen to
grow appreciably. A similar pattern was observed with
the FE in layered Co/SIO, films[9]. (ii) the FE reverses
sign in the wavelength interval from 550 to 800 nm.
(iii) Single-crystal substrates are conduciveto displace-
ment of the 2a(A) curves toward shorter wavelengths.

Figure 2 presents 2a.(A) graphs for films prepared
on glass substrates: for the starting film (curve 1) and
for those annealed at different temperatures for 30 min
(curves 2, 3). We see that annedling at T,,, = 620 K
brings about the appearance of a maximum near A ~
550 nm, with the FE increasing approximately three-
fold in this region. The wavelength at which the FE
reverses sign does not shift. Thus, these graphs demon-
strate the following points, which require explanation.
First, there is a rearrangement of the FE spectrum as
compared to solid Co films, which is accompanied by
an enhancement of the effect in the short-wavelength
region of the spectrum. Second, there is a dependence
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Fig. 2. Dispersion graphs of the FE (2a) measured in a
magnetic field H = 4.5 kOe for a Co-Sm,Os film prepared
on aglass substrate: (1) starting film and (2, 3) after anneal -
ing at (2) 520 and (3) 620 K.

of the FE value and of the position of the characteristic
pointsin the spectrum on the substrate type and anneal -
ing regime.

Let us compare the FE dispersion curves obtained
for a Co—Sm,0O; composite film with those for films
prepared by ablation of metallic Co and SmCos targets
in ultrahigh vacuum (Fig. 3). All the films were depos-
ited on glass substrates using the PPS technology, have
the same effective thickness of the metallic component,
and were annealed at 620 K. The FE spectral curvesfor
the films prepared by ablation of a pure cobalt target or
of a CogSm target in a vacuum of ~10° Torr differ in
terms of their pattern from the FE graph obtained for
the nanogranular Co—-Sm,O; film and are closer to the
literature data quoted for solid Co films [8]. One can
judiciously assume that the difference in the FE spec-
tral dependences between films prepared in a higher
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Fig. 3. Spectra curves of the FE (20g) measured in a mag-
netic field H = 4.5 kOe for (1) a Co-Sm,O;3 film and (2, 3)
films prepared by ablation of (2) Co and (3) CosSm targetsin
ultrahigh vacuum. Al targets were annedled at 620 K.
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and a lower vacuum originates from the formation of
the Sm,0O; dielectric component in the latter case,
which finds ready explanation in the high chemical
reactivity of Sm.

As aready mentioned, the observed changes in the
FE wavel ength dependence resembl e those described to
occur in multilayered Co/SiO, films [9], which have
been interpreted satisfactorily in terms of the effective
permittivity tensor [10]. As shown in [7], cobalt parti-
clesin starting films are amost spherical in shape and
are distributed more or less uniformly over the bulk of
thefilm and thelinear dimension of each particleis 1.5
2.0 nm, which is about two orders of magnitude less
than the film thickness (~100 nm). Therefore, in afirst
approximation, the effective permittivity tensor of a
composite film, g4, can be calculated using the model
of spherical particlesdistributed uniformly over an infi-
nite matrix [10]. In accordance with this model, the
effective diagonal (e4;) and off-diagona (Yy;) compo-
nents of the permittivity tensor €

€t 1Yert O
€= |-Vt €t O (1)
0o 0 &b

are related to the parameters of the composite compo-
nents through the relations

2f(e—¢gy) +€+ 2¢,

St = BT _f) +ey(2+ ) 2
2f(e—g,) +l+2¢
elelff = 0 ||( 0) O! (3)
e(1-f)+gy(2+ 1)
ofe’
Yeit = of 4

[e(1—f)+eo(2+ F)]”

where g, is the permittivity of the dielectric matrix (of

samarium dioxide in the case considered); € and y are

the diagonal and off-diagonal components of the per-

mittivity tensor for the particle material (cobalt),

respectively; f is the magnetic-phase filling coefficient;

and N = 1/3. We calculated the FE spectra by substitut-
ing Egs. (2) and (4) into the well-known relation

_jp. = *Y

O —1Pe WA . )

The values of € and y were taken from [11] and [12],

respectively, and it was assumed that 4 = sL'ff . Thecal-
culation is complicated by the lack of literature data on
g, of Sm,O;. Furthermore, the presence of a certain
amount of carbon in the film and the small dimensions
of the cobalt particles may make the optical parameters
of the material of the particles substantially different
from those of pure cobalt films [11]. A study of the
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Fig. 4. FE spectral dependences calculated from Egs. (2)—
(5) for various values of the magnetic phase filling coeffi-
cientf: 1.0, 0.8, 0.6, and 0.2 (curves 14, respectively). The
values of € were taken from [11], and the values of y, from
[12] for a 26-nm-thick film [12, Table 2]; gg = 4.

parameters € and y of Co films as a function of their
thickness [12] showed that variations in the film thick-
ness have a noticeable effect on these parameters.

Figure 4 presents a(A) graphs plotted for various
values of the magnetic phase filling coefficient f. We
used the values of y' and y" from [12] for afilm which
had a value of €' closest in magnitude to that given in
[11]. Figure 4 demonstrates a substantial change in the
FE wavelength dependence asf is varied: there appears
amaximum at shorter wavelengths and the FE reverses
sign. The peak value of the FE, the energy position of
the maximum, and the point of reversal of the FE in
sign depend nonmonotonically on f. For certain values
of f, the FE remains negative throughout the spectra
range covered. The FE spectral dependence calculated for
f = 0.2 fits best to the experimenta curvesin Figs. 1-3.
This value of f is substantially smaller than the mag-
netic phase filling coefficient estimated on the basis of
the technological conditions. This discrepancy may be
assigned to the strong misfit between the optical and
magnetooptical characteristics of the particle material
and the characteristics accepted in the calculation.
Therefore, refining model calculations were carried
out. Figure 5 plots the FE spectra calculated for f = 0.6
from Egs. (2), (4), and (5) using the values of y and y"
guoted in [12] for all the cobalt films with different
thicknesses studied therein. Figure 6 shows variations
in the FE spectral dependence with the permittivity of
Sm,O;. Both of these parameters are seen to have asig-
nificant effect on the FE spectra.

Another possible reason for the discrepancy
between the experimental and calculated FE spectra
may be the deviation of the shape of the particles from
a sphere. Indeed, it was established in [13] that the
magnetic moment of similar films prepared under iden-
tical conditions lies in the film plane. This is conceiv-
able if the particles are shaped like oblate ellipsoids
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Fig. 5. FE spectral dependences calculated from Egs. (2)—
(5) for f = 0.6 and gy = 0.4; € and y were taken from [12,
Tables 1, 2] for sampleswith thicknesses of 108, 58, 46, 36,
26, 22, and 13 nm (curves 17, respectively).
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Fig. 6. FE spectral dependences calculated from Egs. (2)—
(5) for gg = 2.0, 2.5, 3.0, 3.5, and 4.0 (curves 1-5, respec-
tively) and f = 0.6. The values of € and y were taken from
[12] for a 26-nm-thick film.

80

Fig. 7. Field dependences of the FE for (1) starting Co—
SmyO3 film and (2, 3) after annealing at (2) 520 and
(3) 620 K.
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with their long axeslying in the film plane. Figure 7 pre-
sents the FE field dependences plotted for the starting
sample (curve 1) and samples annedled at T,,, = 520 K
(curve 2) and 620 K (curve 3). Annealing increases the
magnitude of the FE and its sensitivity to high magnetic
fields. Note that the field dependence of magnetization
for the samples described in [7] changes pattern already
at aheat treatment temperature of 573 K. Assuming that
the above-mentioned plane anisotropy occurs in the
samples and that the size of the Co particles depends
only weakly on annedling at the given temperatures
[13], one can derive the effective saturation magnetiza-
tion My; from the field dependence of the Faraday rota-
tion, a = f(Hp), by invoking the expression for the
shape anisotropy field Hg = 41iM. The values of the
effective magnetization were found to be ~330 G for
the starting film and ~440 and ~520 G after annealing
for curves 2 and 3, respectively. Thus, the increase in
the FE observed in annealed films can be attributed
both to the growth of the effective magnetization and to
achange in the optical and magnetooptical parameters
of the material of the particles and/or of the matrix.

Thus, the magnetooptical properties of Co—Sm,04
films with granular composite morphology, both start-
ing and heat treated, differ strongly from those of the
films of an alloy of the same elements but in the metal-
lic state. Anal ogous differences were observed for these
filmsearlier [7] in astudy of the magnetic and el ectrical
properties: the coercive forcein composite filmsis sub-
stantially lower and the electrical resistivity is consid-
erably higher than thase for uniform metallic films pre-
pared from the same components. One should add here
the large magnitude of the FE in the short-wavelength
spectral region. The possibility of fabricating nan-
ogranular films with a large volume fraction of the
magnetic phase (~60%) is presently attracting consid-
erable attention for potential application.
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