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The paper considers the problem of light absorption by a nanocomposite with randomly oriented metal
spheroidal particles-inclusions, provided that the volume content of such inclusions is small. Expressions for the
frequency dependences of the effective dielectric function and the absorption coefficient of the metal-dielectric
nanocomposite are obtained within the effective medium model taking into account the axial symmetry of spheroidal
inclusions. The effective relaxation rate of electrons is introduced using the kinetic approach. Numerical calculations
are performed for the cases when inclusion particles have the form of prolate and oblate nanospheroids. The results
of the calculations indicate the presence of two maxima of the absorption coefficient, which correspond to
longitudinal and transverse surface plasmon resonance. The change in the position and magnitude of the maxima of
the frequency dependences of the effective dielectric function and the absorption coefficient with varying the size and
shape of the spheroidal particles-inclusions is analyzed. It is shown that the greater the difference in the lengths of
the semi-axes of the spheroids, the greater the distance between the maxima of the effective dielectric function and
the absorption coefficient, and the shape of the curves depends on the eccentricity of spheroidal inclusions. It has
been found that the position of the maxima is significantly influenced by the choice of the material of the inclusion
particles and the matrix medium, while the height of the maxima is largely influenced by the shape of the
nanoparticles, as well as their volume content in the composite medium. It is proved that, dependent on the material
of nanoparticles-inclusions, both maxima of the absorption coefficient can be found in the visible part of the
spectrum (for Au inclusions) or in the ultraviolet (for Al inclusions). It is also possible that one maximum lies in the
visible part of the spectrum, and the other in the ultraviolet, which is the case for inclusions of Pd, Pt, Cu, Ag.
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INTRODUCTION ease and cheapness of processing, high
mechanical strength, high optical transparency
and chemical stability [6, 7]. The properties of
the nanocomposites depend on the matrix
material and size, shape, orientation of inclusion
particles, as well as on their concentration.
Nanocomposites exhibit a strong interaction of
inclusion particles with the separation boundary
due to the large free surface energy of the
dispersed phase. In addition, the properties of
nanoparticles embedded in dielectric matrices
are influenced by quantum confinement effects.
Thus, nanoparticles can significantly change the
mechanical, thermal, electrical, optical, chemical
and surface properties of dielectric matrices [§].
Metal-dielectric nanocomposites are of great
interest due to a significant number of their
potential applications in fields such as
optoelectronics, photonics, sensors,
electrochemistry, catalysis, biomedicine and art
[9, 10], laser generation [11], optical computing

Nanoclusters and nanoparticles are of
interest due to their unusual properties compared
to their bulk counterparts. The change in the
properties of materials on a nanometer scale is
associated with a large ratio of surface area to
volume and their morphology. Clusters and
nanoparticles are usually very unstable and
prone to aggregation. The inclusion or
embedding of clusters and nanoparticles in the
matrix environment solves this problem [1-4].
The properties of embedded nanoparticles
depend on the properties of the matrix and the
“matrix-guest” interaction [5].

Optical metal-dielectric nanocomposites are
defined as composite materials in which the
matrix is a dielectric, and the metal inclusion
particles have nanometer dimensions. Dielectrics
are suitable matrix media for growing
nanoparticles due to their characteristics such as

© N.I. Pavlyshche, A.V. Korotun, V.P. Kurbatsky, 2023 561



N.I. Pavlyshche, A.V. Korotun, V.P. Kurbatsky

and data storage [12], gas sensors [13], printing
[14] and solid coatings [15]. The size, shape,
volume content and size distribution of
nanoparticles determine the efficiency of metal-
dielectric composites in all these areas.

The optical response of nanocomposites can
be tuned by changing the shape, volume
concentration [16] and mutual arrangement [17]
of nanoparticles, i.e. controlling Mie-type and
plasmonic resonances [18, 19]. These resonances
significantly amplify the electromagnetic fields
in the immediate vicinity of the nanoparticles.
Although the development of technologies has
made it possible to manufacture nanocomposites
with individual properties [16,20,21], a
consistent description of their optical properties
is still missing. It should be noted that the optical
properties of composites with two-layer
spherical nanoparticles were considered in works
[22, 23].

It is known that in metal-dielectric
composites under the action of laser radiation,
spherical metal inclusions can be deformed into
spheroids. In this regard, and for other reasons
mentioned above, the study of light absorption
by nanocomposites with spheroidal inclusions is
an urgent task.

BASIC RELATIONSHIPS

Consider a metal-dielectric composite, the
matrix medium of which has permittivity ¢,,, and
the inclusions are randomly oriented spheroidal
metal nanoparticles.

The frequency dependence of the absorption
coefficient of such a composite is determined by
the relation
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where ® and c¢ are the frequency and velocity
of light, respectively.

We will assume that the volume content of
metal inclusions is small (B <<1). In this case,

the effective dielectric function of the
nanocomposite has the form [24]
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L, are depolarization factors of the spheroids, ¢;

are diagonal components of the dielectric tensor.
Taking into account the axial symmetry, we

represent the relations (2) and (3) as follows
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Within the Drude model, components of the
dielectric tensor of the inclusion particles have
the form
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where ¢” is the contribution of the crystal lattice;

\V2 .
o, = (ezne / €;m ) is the plasma frequency, n
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is the concentration of conduction electrons, m"
is the effective mass of electrons, ¢, is the
electrical constant. The effective relaxation rate
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where vy, , = const is the volume relaxation rate,
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is the radiative damping.

In formulas (8) and (9) v, is the Fermi
velocity of electrons; V = 4na’b/3 is the volume
of a spheroidal particle, @ and b are the minor
(major) and major (minor) semi-axes of an
prolate (oblate) spheroid.
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Eccentricities and depolarization factors [25]
are determined by the formulas:
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for an oblate spheroid.
Size-dependent functions introduced in (8)
and (9) are
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for an oblate spheroid.

Formulas (1)—(17) were used for numerical
calculations, the results of which are given
below.

RESULTS OF CALCULATIONS
AND THEIR DISCUSSION

Calculations were performed for a composite
with nanoparticles of different metals, which
have the shape of prolate and oblate spheroids
and are in different matrix environments. The
parameters of the metals and dielectrics are
given in the Table 1 and Table 2, respectively.

Table 1. Parameters of metals (see, for example, [26, 27] and references therein)

Metals Au Ag Cu Pd Pt Al
Parameters
n,, 107 cm> 5.91 5.85 17.2 2.53 9.1 18.2
€ 9.84 3.70 12.03 2.52 4.42 0.7
ho,, eV 9.07 9.17 12.6 9.7 15.2 15.4
IYouie, €V 0.023 0.016 0.024 0.091 0.069 0.082
Ve, 10° m/s 1.41 1.49 1.34 2.84 2.98 1.91

Table 2. Dielectric permittivity of matrices (see, for example, [27] and references therein)

Substance CaF,
€m 1.54

Teflon
2.3

AL O,
3.13

TiO,
4.0

Coo
6.0

Fig. 1 shows the frequency dependences of
the real and imaginary parts of the effective
dielectric function of the composite with silver
particles-inclusions in the form of prolate
spheroids in Teflon. Note that Ree.q( ) is an
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alternating function of the frequency, while
Ime.(hw) > 0 in the entire studied frequency
interval. In addition, the functions Ime.g(h®)
have two maxima, the distance between which
decreases as the difference between the major
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and minor semi-axes of the spheroid decreases.
This fact can be explained as follows. The
maximum values of Ime.g(%®) correspond to the
surface plasmon resonance frequencies, and
there are two such resonances in spheroidal
particles. As the shape of the particle approaches
spherical, the distance between the resonances
decreases, and for a spherical particle these
resonances merge into one. It should also be
noted that curves / and 4 on graphs Ree.q(7®)
and Ime.m(hw) practically coincide, which is
related to the equality of the semi-axis ratios
(equal eccentricities) in these cases.

Similar dependences for the case when the
inclusion particles have the shape of oblate
spheroids are shown in Fig. 2. All the discovered
facts regarding dependencies Ree.p(fw) and
Ime.(Aw) for inclusion particles in the form of

20

1 2 3 4 5
ho, eV

an prolate spheroid (change in sign, the number
and location of maxima, effect of eccentricity)
also take place for composites with particles in
the form of oblate spheroids.

The frequency dependences of absorption
coefficients for composites with inclusions in the
form of prolate and oblate spheroids are shown
in Fig. 3. The results of the calculations indicate
that the maxima of the absorption coefficient in
both cases behave like the maxima of the
imaginary part of the effective dielectric
function, namely, when the shape of the
inclusion particles approaches spherical, the
maxima converge. It should also be noted that
the maximum values of the absorption
coefficient are greater in the case when the
inclusions are oblate nanospheroids.

1 2 3
ho, eV

Fig. 1. Frequency dependences of the real (a) and imaginary (b) parts of the effective dielectric function of the
nanocomposite with inclusions in the form of prolate spheroids: / — a,= 10 nm, b;= 50 nm; 2 — a,= 10 nm,
b;=100 nm; 3 —a,= 10 nm, ;=200 nm; 4 —a,= 20 nm, b;= 100 nm; 5 — a,= 40 nm, b, = 100 nm
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Fig. 2. Frequency dependences of the real (¢) and imaginary (b) parts of the effective dielectric function of the
nanocomposite with inclusions in the form of oblate spheroids: / — a;= 50 nm, b,= 10 nm; 2 — a,= 50 nm,
b;=20 nm; 3 —a,= 50 nm, b;=40 nm; 4 — a,= 100 nm, b;= 20 nm; 5 — a, = 200 nm, b, = 20 nm
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7—a,=10nm, b,= 50 nm;

2—a,= 10 nm, b,= 100 nm;
3—a,=10 nm, b,= 200 nm;
4 —a,=20nm, b,=100 nm;
5—a,=40 nm, b,= 100 nm.

1 2 3 4 5
ho, eV

0
10 I—a,=50nm, b= 10nm;
2-a,=50 nm, 4, = 20 nm;
107 3~a,=50 nm, b, = 40 nm;
4—a,=100 nm, b,= 20 nm;
2 N N 5 —a,=200 nm, b,=20 nm.

1 2 3 4 5
ho, eV

Fig. 3. Frequency dependences of the absorption coefficient of the composite with silver nanoparticles in Teflon in
the form of prolate (a) and oblate (b) spheroids of different sizes

Fig. 4 shows the frequency dependences of
the absorption coefficient of the composite with
nanoparticles of various metals, which have the
shape of prolate and oblate spheroids. Note that
the frequencies corresponding to the maxima of
these curves are significantly different, which is
associated with a significant difference in such
metal parameters as the plasma frequency and
the contribution of the crystal lattice to the
dielectric function. At the same time, depending
on the metal of inclusions, three variants of the
location of the maxima are possible: both of
them in the visible part of the spectrum (when
the inclusions are gold nanospheroids), both in
the ultraviolet (inclusions of aluminum), and one
each in different spectral ranges (inclusions of
Pd, Pt, Cu, Ag). The frequencies corresponding
to the first maximum in the cases of inclusions in
the form of prolate (Fig.4a) and oblate

ho, eV

(Fig. 4 b) spheroids are close, while the
frequency of the second maximum is higher, and
the maximum value is two orders of magnitude
lower when the inclusions are flattened
spheroids.

The dependence n(Zw) curves for different
matrix media are shown in Fig. 5. The results
indicate a “blue” shift when permittivity of the
matrix decreases. Regarding the location and
height of the first and second maxima, note a full
agreement with the patterns discussed above.

The results of calculations of the absorption
coefficient for composites with different volume
content of the metal fraction are shown in Fig. 6.
Note that at the same frequencies, the absorption
coefficient is greater for composites with a
higher volume content of metal nanoparticles,
regardless of their shape. Form of the curves
n(%o) obeys the general laws described above.

ho, eV

Fig. 4. Frequency dependences of the absorption coefficient of the composite with nanoparticles of various metals
in Teflon: a — prolate spheroids (a, = 10 nm, b; = 100 nm); b — oblate spheroids (@, = 50 nm, b, = 20 nm)
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/ \
ALO, teflon

1 2 3 4 5
hw, eV

Fig. 5. Frequency dependences of the absorption coefficient of the composite with silver nanoparticles in different
environments: a — prolate spheroids (¢, = 10 nm, b, = 100 nm); b — oblate spheroids (a; = 50 nm, b, = 20 nm)

1 2 3
ho, eV

1 2

3
ho, eV

Fig. 6. Frequency dependences of the absorption coefficient of the composite with silver nanoparticles in Teflon at
different values of volume content: a — prolate spheroids (a,= 10 nm, ;= 100 nm); b — oblate spheroids

(a,= 50 nm, b, = 20 nm)

CONCLUSIONS

The relationship for the frequency
dependences of the effective dielectric function
and the absorption coefficient of the composite
with metal nanosized particles-inclusions in the
form of prolate and oblate spheroids was
obtained.

It has been found that the distance between the
maxima of the imaginary part of the effective
dielectric function of the composite with inclusions
of both shapes decreases as the shape of the
particles approaches spherical, which is associated
with the presence of two surface plasmon
resonances in spheroidal particles and one in
spherical particles. It can be assumed that the shape
of the frequency dependence curves of the
dielectric function is determined not by the length
of the semi-axes separately, but by the eccentricity.

It is shown that the behavior of the maxima of
the absorption coefficient upon a change in the
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form of inclusion particles is the same as the
maxima of the effective dielectric function, and the
maximum values of the absorption coefficient are
larger in the case when the inclusions have the
shape of an oblate spheroid.

It is proved that the change of the metal of
inclusions and the matrix medium results in a shift
of the maxima of the absorption coefficient,
namely, a “blue” shift upon a decrease of dielectric
permittivity and an increase in the frequency of
volume plasmons.

It was demonstrated that the spectral position
of the first maximum of the absorption coefficient
of composites with inclusions of different metals,
with different matrix media and volume content of
inclusions does not depend on the type of
spheroids, while the second maxima are shifted
toward higher frequencies and smaller by two
orders of magnitude in the case of flattened
spheroidal nanoparticles.
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OnTuyHe MOTIMHAHHA KOMIIO3UTAMM 3 MeTaJIeBUMU HAHOPO3MiPpHUMH
chepoinaJJbHUMU YACTHHKAMHM

H.I. ITaBaumnie, A.B. Koporyn, B.II. Kypoaubkuii

Hayionanvuuii ynieepcumem «3anopizvka noaimexmikay
syn. Kykoscvbroeo, 64, 3anopidcocs, 69063, Vipaina, andko@zp.edu.ua
Tuemumym memanoghizuxu im. I'.B. Kypoomosa Hayionanenoi akademii Hayk Yrpainu
bynvs. Akademixa Bepnaocvkoeo, 36, Kuis, 03142, Ykpaina

YV pobomi posersioaemvca 3a0aua npo noznuHamMs CEIMAA HAHOKOMNOZUMOM 3 XAOMUYHO OPICHMOGAHUMU
Memanesumu cepoioanbHUMU YACMUHKAMU-GKIIOUEHHAMU 3 YMOBU MAN020 00 EMHO20 6MICMY MAKUX 6KTIOUEHD.
Ompumano eupaszu Oasl YACMOMHUX 3anedcHocmeli egekmusHnoi Oienekmpuunoi @ynxyii ma Koepiyienma
NOCMUHANHHA Meman-0ieleKMPUIHO20 HAHOKOMNO3UMY Y PAMKAX MoOeli e(heKmMUgHo20 cepedosuiyd 3 ypaxyeanHHam
akcianvoi cumempii cgepoioanvrux exmouensv. Epexmueny weuokicms penaxcayii enekmpouie 68e0eHo 3
BUKOPUCMAHHAM KiHeMU4H020 nioxooy. HuceivbHi po3paxyHKu nposeoeHo OJid 8UNAOKI8, KOMU YACIUHKU-BKIIOYEeHHS
Marome popmy sumaHymux i cnitlocHeHux Hanocghepoiois. Pezynomamu po3paxyHkie cgiouams npo HAAGHICMb 080X
Makcumymie Koe@iyicHma NocIUHAKHA, AKI 8I0N08I0AI0OMb NO3008IHCHLOMY MA NONEPEYHOM) HOBEPXHEBOMY
nAa3MoHHOMY pe3oHancy. IIpoananizogano 3miny NOI0XHCEHH Ma 8eNUUUHU MAKCUMYMIB YACMOMHUX 3ANEHCHOCHEl
egpexmusHoi Oienexmpuunoi Qyuxyii ma Koegiyicuma noeiuHauHs npu 3MIiHI po3mipy [ gopmu cghepoioanvrux
yacmuHox-ekouens. Tlokazano, wo yum 6inbwior € pisHuYs 008CUH nisocell cghepoidis, mum OiILUIOIO € BIOCMAHD
MidHC Makcumymamu epexmugnoi oienekmpuynol Qyuxyii i KoegiyicHma no2IuHAHHA, A QOPMA KPUBUX 3AeHCUMb
8I0 excyenmpucumemy cepoioarbHux eKkuoueHb. Bcmanoesneno, wo na nonoscents MaKcumymis cymmeso 6nau6ae
8UOIp Mamepiany 4acmuHOK BKIIOYEeHHA Md MAMPUYHO20 cepedosuiyd, mooi AK HA GUCOMY MAKCUMYMiI8 3HAYHOIO
Mipoto enausac popma HAHOYACMUHOK, A MAKONC IXHIll 00 'eMHULL 6MIC Y KOMNOZUYITUHOMY cepedosuwyi. Jlosedeno,
WO 3ANedHCHO 8i0 mamepiany HAHOYACMUHOK-8KIIOYEHb, 00U08A MAKCUMYMU KOepiyicHma No2AUHAHHA MOXCYMb
3HAX0OUMUcCs y euouMil wacmuui cnekmpa (0 exmiouenv Au) abo 6 ynvmpagioremogii (01 exmoyeHv Al).
Modwciueo makoic, wjo 00UH MAKCUMYM JEAHCUMND Y BUOUMILL YACMUHI CheKmpa, a iHWULL — 8 Y1bmpagionremosit, wo
mae micye ona exmoyens Pd, Pt, Cu, Ag.

Knrouosi cnosa: nHanoxomnosum, eumseHymi ma CHIOCHeHI cghepoiou, epexmuena OiereKmpuura @OYHKYIs,
KoeiyicHm nocnuHanHs, epekmueHa WeUoKicmy peakcayii
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