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STRUCTURE AND OPTICAL PROPERTIES
OF (Co41Fe39B20)𝑥(SiO2)1−𝑥 NANOCOMPOSITESPACS 71.20.Nr, 72.20.Pa

The ellipsometric parameters Δ and Ψ for amorphous ferromagnetic alloys in the di-
electric matrix, (Co41Fe39B20)𝑥(SiO2)1−𝑥, have been measured in the spectral interval
𝜆 = 0.24÷1.0 𝜇m (ℎ𝜈 = 1.24÷5.15 eV) at various 𝑥-values. On the basis of the data ob-
tained, the spectral dependences of the optical conductivity, 𝜎(ℎ𝜈), in those nanocomposites
are studied. The dimensions of ferromagnetic particles were varied from 2 to 10 nm. The sur-
face structure of nanocomposites is researched, by using scanning atomic force microscopy. The
optical properties of nanocomposites are found to depend not only on the metal phase content,
but also on the properties of interface regions, which are significantly different at metal phase
contents above and below the percolation threshold.
K e yw o r d s: ferromagnetic alloys, ellipsometry, optical conductivity, interband transitions,
percolation.

1. Introduction

The electric and magnetic properties of
(Co41Fe39B20)𝑥(SiO2)1−𝑥 nanocomposites have
currently been studied rather well [1–4]. To a certain
extent, this is also true for their optical and magne-
tooptical properties [5–8]. However, the mechanism
of light absorption by such complicated objects has
not been elucidated in the cited works. The practical
interest in metal nanocomposites in a dielectric
matrix is caused by the prospects of their application
as magnetic heads for the information recording and
reproducing [3].

Amorphous magnetically soft alloys on the basis of
iron and cobalt are widely used for the creation of
magnetic recording heads. They have good magnetic
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properties at low frequencies. However, in the high-
frequency interval, their application becomes compli-
cated owing to growing eddy-current losses [3]. It is
evident that, in order to reduce those losses, it is nec-
essary to increase the specific electric resistance of
magnetic alloys.

One of the ways to solve this task is to apply
composite nanostructured materials on the basis of
amorphous ferromagnetic alloys with an insulator.
Those composites consist of metal nano-sized gran-
ules that are chaotically distributed in a dielectric
matrix [4]. Silicon or aluminum oxides are used as
dielectric fillers. As a result, the specific electroresis-
tance substantially increases and, accordingly, the fre-
quency interval of applications of a magnetic material
can be considerably extended.

The indicated nanocomposites are characterized by
the high mechanical strength and corrosion resistance
[8]. One should also take into account that nanocom-
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posites are multiphase rather than diphase systems,
so that they are characterized by a complicated elec-
tron structure [7–9]. In particular, it was found [10]
that not only ions of 𝑑-metals Fe3+, Fe2+, and Co2+
participate in the absorption in the X-ray interval,
but also oxygen ions (they form oxides of transition
metals), as well as silicon, and, to a less extent, boron
ones.

The specific electrical resistance 𝜌 of nanocompos-
ites substantially depends on their content [3, 4]. In
the content interval 𝑥 = 0.35÷0.50, the speci-
mens of (Co41Fe39B20)𝑥(SiO2)1−𝑥 composites reveal
a smooth bend in the content dependence 𝜌(𝑥),
which confirms conclusions of the percolation the-
ory model [3] made for the case of zero conductivity
in dielectric regions. For the composites concerned,
(Co41Fe39B20)𝑥(SiO2)1−𝑥, the percolation threshold
value corresponds to the content 𝑥 ≈ 0.47 [3, 4].

2. Specimen Fabrication
and Measurement Procedures

Specimens of amorphous metal alloy–insulator com-
posite nanostructures were fabricated in the argon
atmosphere by sputtering a mixture of metal and di-
electric components taken in the corresponding frac-
tions with the help of an ion beam. They consisted
of nanostructured granules of the amorphous ferro-
magnetic Co41Fe39B20 alloy inserted into an amor-
phous dielectric SiO2 matrix. The magnetic phase
content was varied from 0.19 to 0.56. The thick-
ness of nanocomposite films deposited onto glass
substrates was approximately equal to 1 𝜇m. As a
rule, this method of fabrication of specimens re-
sults in the size of ferromagnetic particles varying
from 2 to 7 nm [10]. Hence, the structure of ob-
tained nanocomposites comprised a set of inclusions
of an amorphous metal alloy that were chaotically dis-
tributed over the amorphous dielectric matrix. Such
a diphase (heterogeneous) structure is typical of not
only the (Co41Fe39B20)𝑥(SiO2)1−𝑥 composites exam-
ined in this work, but also of other similar ones.

Spectral measurements of the ellipsometric param-
eters Δ and Ψ were carried out in a wide spectral
interval 𝜆 = 0.24÷1.0 𝜇m (ℎ𝜈 = 1.24÷5.15 eV)
on a standard spectral ellipsometer Woollam M-
2000. The optical properties of granular nanocompos-
ites were studied, by using the reflection ellipsometry
method. The choice of a measurement interval was
done due to the strong absorption in this spectral re-

gion by nanocomposites with a high concentration of
granules.

The essence of the method consists in the mea-
surement of ellipsometric angles Δ and Ψ at vari-
ous photon energies ℎ𝜈 and various incidence angles
𝜑. In the case of the simple model of a semiinfinite
isotropic medium of the specimen in the medium with
a real refractive index equal to 1 (air), the real, 𝜀1,
and imaginary, 𝜀2, parts of the dielectric permittivity
𝜀 = 𝜀1− 𝑖𝜀2 can be determined from the formulas [11]

𝜀1 = 𝑎2 − 𝑏2 + sin𝜙, 𝜀2 = 2𝑎𝑏, (1)

where

𝑎 = sin𝜙 tg𝜙(1− tg2Ψ)/(1 + (tgΨ)2+ 2 tgΨ cosΔ),

𝑏 = sin𝜙 tg𝜙(2 tgΨ sinΔ)/(1 + (tgΨ)2+ 2 tgΨ cosΔ),

(2)

𝜙 is the incidence angle, Ψ the azimuth of the restored
linear polarization, Δ the phase difference between
the 𝑝- and 𝑠-components of the reflected light field
strength. On the basis of the obtained relations (1)
and (2), the optical conductivity can be determined,
by using the expression 𝜎 = 2𝜋𝜀0𝜀2𝜈, where 𝜀0 is the
vacuum dielectric constant, and 𝜈 the light frequency.

3. Results of Researches
and Their Discussion

The spectral dependences of the ellipsometric pa-
rameters Δ and Ψ in the spectral interval ℎ𝜈 =
= 1.24÷5.15 eV measured at various light incidence
angles 𝜑 = 55∘, 65∘, and 75∘ were used as raw data
for researching the optical properties of nanocompos-
ites. In Fig. 1, the dispersion curves of the ellipsomet-
ric parameters – the azimuth of the restored linear po-
larization, Ψ(𝜆), and the phase difference, Δ(𝜆) – for
one of (Co41Fe39B20)0.59(SiO2)0.41 composite speci-
mens are depicted. They were selected as initial for
the calculation of optical characteristics of not only
this composite, but also all other analyzed structures.
One can see that the Ψ- and Δ-values substantially
depend not only on the wavelength 𝜆, but also on the
incidence angle 𝜑. The value of Ψ changes in the in-
terval Ψ ≈ 21÷34∘, whereas the value of Δ changes
in a much wider interval Δ ≈ 20÷150∘. However, it is
known [11] that the measurement accuracy of the el-
lipsometric parameters Δ and Ψ (and, therefore, the
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Fig. 1. Dispersion dependences of the azimuth of the restored
linear polarization Ψ (𝑎) and the phase difference Δ (𝑏) for the
(Co41Fe39B20)0.41(SiO2)0.59 nanocomposite at the incidence
angles 𝜑 = 55∘ (1 ), 65∘ (2 ), and 75∘ (3 )

Fig. 2. Spectral dependences of the optical conductivity 𝜎(ℎ𝜈)

in the amorphous alloy Co41Fe39B20 at various incidence an-
gles 𝜑 = 55∘ (1 ), 65∘ (2 ), and 75∘ (3 )

optical constants 𝑛 and 𝜅) is the highest for the prin-
cipal angle of incidence Φ, when the value of Δ equals
90∘. Therefore, below, we will analyze only the data
that correspond to this criterion.

As is seen from Fig. 1, the principal angle of inci-
dence for the given specimen at a wavelength approxi-
mately in the middle of the examined spectral interval
equals Φ = 65∘. Almost the same result was obtained
for other structures. Therefore, only the data for this
incidence angle will be analyzed below. The results of
experimental researches for specimens with various 𝑥
testify that the dispersion character of the quantities
Δ(𝜆) and Ψ(𝜆) considerably depends on the dielec-
tric matrix fraction and the size of nanogranules of
amorphous metal inclusions. This fact is associated
with modifications in the structure of atomic (ionic)
system and, to a larger extent, with changes in the
electron structure of composites due to the variation
of the metal phase content.

Of course, the most important are the spectral
dependences of the optical conductivity, 𝜎(ℎ𝜈), ob-
tained from the spectral dependences of ellipsomet-
ric parameters, Δ(𝜆) and Ψ(𝜆), for all studied speci-
mens. In Fig. 2, the spectral dependences of the opti-
cal conductivity 𝜎(ℎ𝜈) are shown for the amorphous
metal alloy Co41Fe39B20, of which the metal granules
in all measured specimens were made. The depen-
dence were obtained for the incidence angles 𝜑 = 55∘,
65∘, and 75∘. One can see that the character of the
𝜎(ℎ𝜈) dispersion at various incidence angles is almost
identical. At the same time, the dependence maxi-
mum becomes a little shifted toward longer waves,
as 𝜑 increases. This maximum emerges owing to the
superposition of the Fe absorption occurring due to
electron transitions mainly in a vicinity of points P
and N in the Brillouin zone of iron and the absorption
associated with transitions from the ground electron
states of iron to the impurity states of cobalt [11]. A
comparison between the results depicted in Fig. 2 and
the data of work [12] obtained for massive Fe–Co al-
loys testifies that the absorption character is deter-
mined by the nearest environment. The latter prac-
tically does not change at the amorphization in Fe-
Co-B compounds as compared with that in Fe50Co50
crystal structures. At the same time, we may assert
that metal compounds of iron and cobalt borides do
not play a substantial role in the light absorption.

Finally, a certain distinction between the results
corresponding to different incidence angles is induced
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by the influence of near-surface layers, which are
most likely composed of iron and cobalt oxides. The
most reliable data correspond to the incidence angle
𝜑 = 65∘, because, as was marked above, it is close to
the principal one for a wavelength in about the mid-
dle of the examined spectral interval. Therefore, as
was marked above, only the dispersion curves of the
optical conductivity 𝜎(ℎ𝜈) obtained for this incidence
angle should be analyzed. That is why the dispersion
curves of the optical conductivity 𝜎(ℎ𝜈) obtained for
(Co41Fe39B20)𝑥(SiO2)1−𝑥 nanocomposites with vari-
ous 𝑥-values but only the incidence angle 𝜑 = 65∘ are
exhibited in Fig. 3. From this figure, one can see that
the dispersion character observed at the contents of
the amorphous phase granules higher than the perco-
lation threshold, 𝑥 = 0.56, considerably changes when
passing to lower contents (𝑥 = 0.41 and 0.33). At an
even lower content (𝑥 = 0.19), when the granules are
isolated from one another, the absorption is mainly
caused by the SiO2 matrix.

Now, let us consider some results obtained for the
optical properties (the dispersion of the optical con-
ductivity 𝜎(ℎ𝜈), which is proportional to the inter-
band density of states 𝐺(𝐸)) in the cases where the
granule concentration is higher (𝑥 = 0.56) and lower
(𝑥 = 0.41) than the percolation threshold (see Fig. 3),
and at energies ℎ𝜈 > 3.5 eV. One can see that the
absorption decreases in this interval (especially at
𝑥 = 0.41 at.%). Considerable changes are observed
in the long-wave section of absorption spectra, where
the main absorption bands of Fe (2.2–2.6 eV) and
Co (0.8–1.3 eV) [11] associated with 3𝑑-bands are lo-
cated. In addition, interference effects manifest them-
selves in thin nanocomposite films. This effect is the
most pronounced in specimens with a low concentra-
tion of magnetic phase characterized by a low absorp-
tion coefficient. The optical properties of composites
were found to be mainly governed by properties of
the metal phase at low SiO2 contents, and by prop-
erties of both the metal and amorphous SiO2 phases
at high SiO2 contents. It should be noted that a cer-
tain displacement of the curves 𝜎(ℎ𝜈) along the co-
ordinate axes is observed for the same specimens but
at various incidence angles (see Fig. 3), which un-
doubtedly testifies to the influence of the near-surface
layer.

The main feature in spectral dependences of the op-
tical conductivity 𝜎(ℎ𝜈) is their distinct structuring
in the energy interval lower than 2.5 eV at magnetic

Fig. 3. Spectral dependences of the optical conductivity 𝜎(ℎ𝜈)

in (Co41Fe39B20)𝑥(SiO2)1−𝑥 nanocomposites with various 𝑥 =

= 0.56 (1 ), 0.41 (2 ), 0.33 (3 ), 0.19 (4 ), and 1 (5 ) at the
incidence angle 𝜑 = 65∘

phase contents higher than 0.41. In our opinion, the
presence of the intensive absorption in this region is
associated with a substantial contribution of atomic
electrons that are located near the granule surface
to the optical conductivity in comparison with the
contribution made by deep atomic electrons, whose
concentration decreases with increase in the dielec-
tric matrix fraction. We believe that this conclusion
is also confirmed by the results of researches concern-
ing the dispersion dependences of the residual optical
conductivity in composites,

Δ𝜎(ℎ𝜈) = 𝜎𝑒(ℎ𝜈)− 𝑥𝜎met(ℎ𝜈),

where 𝜎𝑒 is the experimental value of optical con-
ductivity in a composite, 𝜎met the experimental val-
ues of conductivity in the metal phase, and 𝑥 the
metal phase content. The spectral dependences of the
residual optical conductivity Δ𝜎(ℎ𝜈) in the exam-
ined nanocomposites obtained for the incidence angle
𝜑 = 65∘ are depicted in Fig. 4.

In our opinion, the chemical admixtures of oxy-
gen and silicon do not substantially affect the dis-
persion dependences of both the optical conduc-
tivity 𝜎(ℎ𝜈) and the residual optical conductivity
Δ𝜎(ℎ𝜈) of studied composites at low dielectric ma-
trix contents. The attention is attracted by a sim-
ilarity between the dispersion dependences of the
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Fig. 4. Spectral dependences of the residual optical conductiv-
ity Δ𝜎(ℎ𝜈) in (Co41Fe39B20)𝑥(SiO2)1−𝑥 nanocomposites with
𝑥 = 0.56 (1 ), 0.41 (2 ), 0.33 (3 ), and 0.19 (4 ) at the incidence
angle 𝜑 = 65∘

residual optical conductivity Δ𝜎(ℎ𝜈) obtained for the
granule contents more than 𝑥 = 0.33. Furthermore,
at 𝑥 = 0.56, almost all Δ𝜎 values are negative
(Δ𝜎 < 0). This fact testifies to a decay of those
phases in the ferromagnetic structure of this com-
posite, which are optically less active in compar-
ison with this structure. At the same time, since
the granules are rather big, the role of surface phe-
nomena occurring at the interfaces between vari-
ous phases is insignificant in comparison with the
bulk phenomena. At the contents 𝑥 = 0.33 and
0.41, the size of ferromagnetic granules diminishes,
and the role of the interface phenomena increases,
which is associated with the formation of new sili-
cide and oxide phases of both iron and cobalt. Note
that the phases of iron and cobalt silicides are op-
tically more active [11], and the absorption in them
grows with a reduction of the photon energy ℎ𝜈. At
the same time, in the specimen with the minimum
content 𝑥 = 0.19, the absorption grows together
with the photon energy, which testifies to a consider-
able growth of the absorption in the amorphous SiO2

matrix. Furthermore, in the energy interval below
2.5 eV, the specimens are partially transparent. At
the same time, the optical properties of this nanocom-
posite in the higher-energy interval are also governed

by interband transitions of electrons in the interface
region.

4. Conclusions

1. To summarize, we have found that the resear-
ched (Co41Fe39B20)𝑥 (SiO2)1−𝑥 nanostructures are
diphase, i.e. heterogeneous, and their optical proper-
ties depend not only on the properties of two consti-
tuent phases, but also on the properties of interfaces
in those structures (the interface regions).

2. Despite that the granules of the ferromagnetic
phase have a complicated phase composition, their
optical properties are mainly governed by interband
electron transitions in Fe nanoclusters and Fe–Co
clusters with an approximately equiatomic composi-
tion.

3. The optical properties of nanocomposites sub-
stantially depend on the metal phase content. This
dependence is essentially different near the percola-
tion threshold and below it.
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ОПТИЧНI ВЛАСТИВОСТI I СТРУКТУРА
НАНОКОМПОЗИТIВ (Co41Fe39B20)𝑥 (SiO2)100−𝑥

Р е з ю м е

В роботi на основi вимiряних в спектральному iнтервалi
𝜆 = 0,24–1,0 мкм (ℎ𝜈 = 1,24–5,15 еВ) елiпсометричних па-
раметрiв Δ та Ψ дослiджено спектральнi залежностi опти-
чної провiдностi 𝜎(ℎ𝜈) аморфних феромагнiтних сплавiв в
дiелектричнiй матрицi (Co41Fe39B20)𝑥 (SiO2)100−𝑥 при рi-
зних значеннях 𝑥. Розмiри феромагнiтних частинок змiню-
валися в iнтервалi приблизно вiд 2 до 10 нм. Структур-
нi дослiдження нанокомпозитiв проводилося за допомогою
скануючого атомно-силового мiкроскопa. Встановлено, що
оптичнi властивостi нанокомпозитiв при рiзних концентра-
цiях металевої фази залежать не лише вiд долi цiєї фази, а
й вiд властивостей iнтерфейсних областей, i цi властивостi
суттєво рiзнi при концентрацiях, вищих i нижчих порогу
перколяцiї.
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