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The optical properties of the composite nanostructure based on the spherical dielectric particle incom-
pletely covered by the metallic shell (nanocap) have been investigated. The expressions for the diagonal
components of the polarizability tensor, absorption, scattering and extinction cross-sections, and radiation
efficiency are obtained. The methodology for determining the transverse and longitudinal effective relaxa-
tion rates is proposed. The frequencies of the transverse and longitudinal surface plasmonic resonances are
obtained within the framework of the hybridization of the modes of the elementary (simplest) forms of the
plasmonic nanostructures — the metallic segment and the dielectric cavity in metal. The frequency depend-
ences of the real and imaginary parts, as well as the modulus of the diagonal components of the polariza-
bility tensor, absorption, scattering and extinction cross-sections, and radiation efficiency have been calcu-
lated. The qualitative similarity and quantitative proximity of the corresponding curves for the transverse
and longitudinal polarizabilities have been established. It is shown that the amplitude, spectral position
and number of maxima of the absorption, scattering and extinction cross-sections essentially depend on the
geometrical parameters of the nanostructure, and the maxima at some resonance frequencies are not visu-
ally observed due to the smallness of their amplitude. The influence of the geometrical parameters, core
and shell material properties on the position and amplitude of the maxima of the extinction cross-section is
investigated. The simpler scheme of the hybridization of the plasmonic modes, based on the Drude model,
conditions of the absence of the energy losses and excitation of the transverse and longitudinal plasmonic
surface resonances, is developed. This scheme differs from the scheme, which is used in the number of the
known works. An increase in the splitting of the longitudinal and transverse surface plasmonic resonances
with increasing volume content of the dielectric in the nanostructure is proved. The growth of the radiation
efficiency of the nanostructures, which are under the study, with increasing content of the metallic fraction
in them is demonstrated.
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1. INTRODUCTION framework of the hybridization model of the plasmonic
modes of their elementary constituents [14], the para-
digm that provides the possibility of predicting plas-
monic characteristics [15]. Many of the unique electro-
magnetic properties of the complex metallic nanostruc-
tures arise when their symmetry is reduced. For exam-
ple, it has been shown that cut ring resonators [16,17]
are important components of metamaterials because of
their ability to support the magnetic resonances at mi-
crowave frequencies, since such materials will have the
negative permeability in this spectral range.

The family of the metallic nanoshells provides sev-
eral routes to the nanostructures of the reduced sym-
metry with the unique optical properties in the visible
and near-infrared regions of the spectrum. The spheri-
cal nanoparticles, consisting of the dielectric core and
: ! e the metallic shell, support the surface plasmonic reso-
grated logical microcircuits [11, 13]. nances that can be tuned to wavelengths ranging from

It is known that the plasmonic p.ropertielzs .Of the the near ultraviolet to the infrared region of the spec-
complex nanostructures can be explained within the trum [18-26].

The metal-dielectric nanostructures are important
components of the optical and optoelectronic devices,
including, logic circuits [1-6], sensors and structures for
energy conversion [7-10]. In the nanoscale devices, the
optical characteristics depend on the geometry of their
subwavelength components, usually metallic struc-
tures, which determine the ability to control and ma-
nipulate light. As the electrical connections approach
the fundamental quantum limit with decreasing size,
the metallic plasmonic nanostructures become an al-
ternative replacement for the traditional embedded
connections [11, 12]. By focusing light in the volume
much smaller than the diffraction limit, plasmonic
nanostructures make it possible to create the subwave-
length optical components with the size of modern inte-
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Even more significant changes in the plasmonic
properties arise when the morphology of the nanoparti-
cles itself becomes anisotropic. Increasing or decreasing
the thickness of one side of the nanoshell leads to the
non-concentric displacement of the core with respect to
the shell layer, the morphology known as the “nanoegg”
[18, 27]. In this geometry, the selection rule that allows
plasmonic modes of exclusively the same angular mo-
mentum to be mixed is relaxed, leading to new plas-
monic resonances in the optical spectrum [18, 27]. At
the same time, lowering the symmetry of the metallic
nanoshells by cutting out a part of them leads to the
series of nanostructures such as “nanocaps”, “half-
shells” and “nanocups” [28]. The excitation of both elec-
tric and magnetic plasmonic modes is possible in the
particles with this geometry, with potential applications
as the components of the magnetic materials or meta-
materials [29, 30]. The nanocaps (or nanocups) exhibit the
strong dependence of the optical properties on the angle of
the incidence and polarization of the incident light [28,
29]. As a result, the arrays of such particles can serve as
the angle and spectrally selective filters [30]. They also
significantly enhance the fields at the edge of the shell,
which is useful in surface-enhanced Raman spectroscopy
(SERS) applications [31].

It should be pointed out that the optical and plasmonic
properties of the two-layer spherical, cylindrical and disc
nanoparticles were theoretically studied in the works [26,
32-36]. At the same time, the theoretical studies of the
optical properties of such objects as the dielectric particle
partially covered by the metallic shell are absent in the
scientific literature, so this issue is actual.

2. MATHEMATICAL MODEL

2.1 Polarizability Tensor, Absorption, Scatter-
ing and Extinction Cross-sections, Radiation
Efficiency

Let the spherical dielectric nanoparticle be partially
covered by the metallic shell (Fig. 1), and its height
H < R, where R is the radius of the whole nanostruc-

ture, R, is the radius of the dielectric core, ¢ is the

angle, which is determined by the relation

R-H

7 @

cos @ =

/‘\H
| 4
4

He(w) Oe,

Fig. 1 — Geometry of the problem
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The mentioned metal-dielectric nanostructure has
been named “nanocap” in the scientific literature.

We consider that the permittivities of the core and
ambient materials are equal ¢, and ¢, respectively.

Since the considered nanostructure is axisymmetric, its
polarizability is the diagonal tensor of the second rank

ag 0 0
ag =| 0 otg o |, 2)
0 0 of

and the relations for the diagonal components of this ten-
sor coincide in form with the relations for the diagonal
components of the polarizability tensor of the bilayer
spheroidal nanoparticle [35,36]

(1
o@(”) -V 6@( : ~m

0 ’ (3)
Em + Af()“) (Eg(”) - Em)

where V, =4nR%/3, the depolarization factors of the
incomplete shell

4”%[*%””5]’ &)= 5(1-47). @

and the diagonal components of the dielectric tensor of
the structure, which is under the study

€. — GL(H)

R (EC & (”))Zdj()n) B Mf()u))

S

®)

eé(”) = ESL(H) 1 +[§

In formula (5) L'(ll) = [ﬁl) =1/3, the bulk content of
the dielectric

-1
BC={1+;(B£—1)[1+g—ﬁﬂgj}, ®)

C

B, = (RC /R)3 , and the diagonal components of the die-

lectric tensor of the shell material in Drude model

) (w) i m  E— (7

In formula (7) ¢* is the contribution of the crystal

lattice into the permittivity; w, is plasma frequency,

and yelf(f”) are the diagonal components of the tensor of

the effective relaxation rate, which are going to be de-
termined further.

Knowing the components of the polarizability ten-
sor, one can determine such observable characteristics
as the absorption, scattering and extinction cross-
sections of the considered nanostructure
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Cébs:%Im EOLJ_'FlO(H ;
c 3 3

sca (1)4631 2 2 1) 2
o5 = g glesf +glaf ) ©

ext abs sca
Ce" =Cg” +Cg™.

The radiation efficiency, in turn, is determined by
the ratio

Cabs -1
r@jd = [1 + % . (9)
C@

2.2 Effective Relaxation Rate

The diagonal components of the effective relaxation
rate tensor are given by the relations

(1D

YeffH = Ypulk +YSL(H) +Y;ﬂ?’ (10)

where the additive contributions are determined by the

bulk and surface relaxation as well as radiative scatter-
ing.

He(w) O,
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Before starting the determination of these contribu-
tions, we note an important fact. The results of the calcu-
lations will depend on the relations between the angles ¢

and 0", where
. R
cosh =—=L= 1/3, 11
& =B an

and, consequently, on the size relations in the studied
nanostructure (Fig. 2), which are determined by the ine-
qualities

2

R . .
0<H3R[1—RCZ], 0<p<0 ((p<9);
(12)
Rl1-BlcHoRr o0 <p<® (0>0")

R2 = ’ P 9 ¢ .

Let us point out that Fig. 2, a corresponds to the first
inequality in (12), and Fig. 2, b corresponds to the second

one.

Fig. 2 — Geometries of the nanostructures depending on the relations between the sizes: a — ¢ < 0" ;b— ¢> 0.

In the general case, the bulk relaxation rate and the
surface relaxation rate are determined by the expressions

1

=, 13

T bulk <Tbulk> 13)
L) _ U

YS - CL(H) ’ (14)

eff

where <Tbu1k> is the average bulk relaxation time, and

,Cif(f”) are the effective free path lengths of electrons in

the transverse and longitudinal directions, the general
relations for which have the form

ot = 1 L'V (6)cos6db , (15)
Q

and Q is the range of the angles, which correspond to
the inequalities (12).

Let us consider the case when the first inequality
from (12) is true:

0
<Tbu1k> =2[1,c0s0d0 =21, sing,
0

and since T, =1, , then, taking into account expres-

sion (1), we have the bulk relaxation rate

1
Ybulk = ’ (16)

2
_ H
2‘Ebulk 1- [ﬁc Yo - RJ

C

where 1, =const is the bulk relaxation time.

Since
L*(0)=2Rsin6, o(e)=2r(1-p!"), (a7

then the effective free path lengths of electrons

2
) —[BJ/‘”’ - g] } , a9

Ciff =R

05022-3



R.Yu. KOROLKOV, R.O. MALYSH ET AL.

2
flg =2R(1-p) 1—[5;1/3 —g] : (19)

In the case when the second inequality in (12) is true,
the average bulk relaxation time

0 9
(Tou) = £ 7,c0s0d0 + [ 21, cos0d6 =
) )

:rs(2sin(p—sin6*),

hence, the bulk relaxation rate

1
Vouk = > (20)
Thulk 21 P - [551/3 - 21] —y1- Bf/s
Since
(g 2Rsin®, 0<0<0"; e
(0)= 2R(1—[3§/3), 0 <0<q,

then
0 0
(o = [ 2Rsin0cos0d0 + | 2R(1 - Bi/‘n’)cos 0do ,
0 0"
and finally

lor = 2R(1-BY)x

L ()T MB/—HJ @
2 ¢ ¢ ¢ R.

Let us now calculate the effective free path length of
electrons in the longitudinal direction.

Since
2R(1-B*), 0<06<0";
Do) - 2F0PE) , (23
2Rcos6, 0 <0<,
then
0 9
O = [ 2R(1-B})cos0d0+ | 2Rcos’ 00 ,
0 0
and finally
M= R{Z(l _2;3§/3),/1 ¥+ arccos[ﬁcw - g] -
(24)

. R

(9

2
—arccos Bi/s + [Bcl/3 - II;I] 1- [BCI/S - H] .

The expressions for the components of the radiation
damping rate have the following form in the described
above cases:

3 ()
2V ENE Y s
1l - 23806 2 {

NS
Yourr Chue < 2E,

05 4 > 2t
bulk (2 5)
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where t:R(l—Bi/S) is the thickness of the shell;

s _ : ()
L5 = UpTpui » @nd the expressions for vy, , and v

have the form (16), (14) and (20), and for C;(f”) either
(18), (19), or (22), (24).

2.3 Hybridization of the Plasmonic Modes

The plasmonic hybridization theory [14] has been de-
veloped to understand the plasmonic response of the mul-
tilayer metal-dielectric nanoparticles. In this theory, the
plasmonic response can be explained in terms of the in-
teractions between the plasmons of the nanostructures in
their simplest forms, similar to the way chemical bonding
theory explains the formation of the molecular orbitals
from the atomic orbitals. For example, the plasmonic
resonance of the metallic nanoshell can be considered as
the result of the interaction between the sphere |hw,)

and cavity |ho,) plasmons (Fig. 3, a). The hybridization

of the sphere and cavity plasmons creates two new modes
of the plasmonic oscillations, namely the loosening mode

with higher energy ‘hm+> and the binding mode with

lower energy ‘hm'> , corresponding to the antisymmetric
and symmetric interactions between the modes ‘hoas>

and |ho,) , correspondingly. However, the mathematical

model of the plasmonic hybridization, proposed in [14],
in our opinion, has a number of disadvantages. Firstly, it
does not directly determine the frequencies of the hybrid
modes, and secondly, it is difficult to understand and use
in practice. Therefore, in [37] the simpler and clearer
model was proposed and implemented for the case of the
cylindrical shell using the condition of excitation of the
surface plasmonic resonances and the Drude model. This
approach will be used to study the hybridization of the
plasmonic modes in the nanocap.

Due to the symmetry breaking, instead of one bind-
ing dipole resonance, two different binding dipole reso-
nances, one parallel to the symmetry axis (usually
called the longitudinal mode) and one perpendicular to
the symmetry axis (usually called the transverse
mode), arise in the asymmetric nanoshell.

For the nanostructure considered in this work, by
analogy with the case of the spherical metallic nanoshell,
the simplest forms of the plasmonic nanostructures are
the metallic segment and the spherical dielectric cavity in
metal, and the longitudinal and transverse plasmonic
resonances of the metallic nanocap can be considered as
the result of the interaction between the plasmons of the

metallic segment ‘hmi(”)> and the dielectric cavity in

metal ‘hwc> (Fig’s. 3, b and 3, ¢).
It is clear that this approach is valid in the absence
of damping (yif(f”) =0). In this case from the formula (7)

follows

2
e;(”) = esl(”) ((D;SH)) =¢” —710(‘7) = (26)
o
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Fig. 3 — The scheme of the energy diagram of the inner Au core and the outer nanocap depicting the plasmonic hybridization: a —
the complete shell; b — the longitudinal mode in the nanocap; ¢ — the transverse mode in the nanocap

Then, since the condition of the excitation of the

surface plasmonic resonances is equality to zero of the taking into account formulas (5) and (27), we have the

denominator of expression (3), we obtain following quadratic equation for eslp( "
1-2)
&= e
()

1) A 2) (2 1) & 2) (1) 1) 5 A2 ()}
[1_4(“) —Be (1_4(\0)]%7 + (q(u) +B (1‘4(”)))% + e) (1_400 +ﬁc£(l(n))€m G t
()
A2 (28)
1- gl
(A1) 5 A2 _
+ L‘(Z()) (L(l(”) *BCE(L(H))%% =0.
L(II
The solutions of the equation (28) have the form or finally
o b 01 —4a g ¢c b F 0% —4a, ¢ h
E;(n) () _ 4 ;2) L)L) , (29) o sﬁ”) () _ o, e+ (i) F L) L()L(1) ’ (31)
100 Za,)
where In the following, the relations (3), (8), (9) and (28)
a . —1-Y B (1 A2 ) taking into account formulas (4) — (7), (10) — (14), (16),
B L e L )2 18) — (20), (22), (24) — (26) are going to be used for the
(1) (In (I (18) — (20), (22), (24) — (26) b d for th
_(A) L& 2) calculations.
bigy = ('C(i(n) B (1 -£%) )) KN
1- A2 3. RESULTS OF THE CALCULATIONS AND
+ Az)i“‘) (1 - Lﬂl()”) +B, Lﬁ)u))em; (30) THEIR DISCUSSION
L{1) The calculations of the real and imaginary parts, as
1-— C(f) B well as the modulus of the diagonal components of the
Cim = ) (.C(l) 7[3611(2 )ecem, polarizability tensor, absorption, scattering and extinc-
() 6(2) () “L(1n) . . L. . .
(1) tion cross-sections, and radiation efficiency were carried

out for the nanostructures of dielectric core — incomplete
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metallic shell (nanocap) of the different sizes, made of
different materials and located in Teflon (¢, =2.3). The
parameters of metals and dielectrics, required for the
calculations, are given in Tables 1 and 2.

Table 1 — The parameters of metals (q, is the Bohr radius)

(see, for example, [26,36] and references therein)

Value
Metals rlay | m Im, e ho,, eV Yy €V
Cu 2.11 1.49 12.03 12.6 0.024
Au 3.01 0.99 9.84 9.07 0.023
Ag 3.02 0.96 3.7 9.17 0.016
Pt 3.27 0.54 4.42 15.2 0.069
Pd 4.00 0.37 2.52 9.7 0.091

J. NANO- ELECTRON. PHYS. 17, 05022 (2025)

Table 2 — The permittivities of the core materials [35]

Core
Value ™0™ T ALO, | ZnO | Ta,0, | Nb,O,
e. | 210 [ 310 | 400 | 467 | 6.15

The frequency dependences of the real and imaginary
parts, as well as the modulus of the transverse and longi-
tudinal components of the polarizability tensor of the
structure SiO, @ Ag under the different values of R,
R and H, with the height of the nanocap chosen de-
pending on the values R, and R, according to inequali-

ties (12) are given in Figs. 4 and 5.

Table 3 — The calculated values of the frequencies of the transverse and longitudinal SPR for the nanostructures SiO, @Ag in

Teflon
B, B, hw;“), eV hcoslp(f), eV hwﬂIEJ'), eV hwﬂé”, eV
0.01 0.025 4.233 3.002 4.245 3.333
0.02 0.053 4.265 2.995 4.276 3.168
0.03 0.082 4.297 2.968 4.302 3.030
0.04 0.112 4.328 2.930 4.325 2.907
0.05 0.143 4.357 2.888 4.345 2.792
0.06 0.173 4.386 2.844 4.363 2.684
0.07 0.204 4.412 2.798 4.379 2.580
0.08 0.234 4.437 2.751 4.393 2.481
0.09 0.264 4.461 2.704 4.406 2.385

As for the nanostructures of other morphologies in the

considered case Reoc(g(”)(hw) are the alternating func-

tions of frequency, while Im oté(u) (hw) >0 in the whole

frequency interval, which is under the study. It should be
pointed out that the corresponding curves (Re océ and

I L I L I
Reag, Imoag and Imoag, |og| and ‘a@

) are qualita-
tively similar and quantitatively close for the structures
of the same sizes. The quantitative difference is that

I L I 1 I
Reag >Reay, Imog >Imog, ‘a@ , for the

L1
st

nanostructures of the relatively small sizes (curves 1 in

fig. 4, a, b, c and 5, a, b, ¢), as well as maX{Im a(ﬁz} are

achieved at higher frequencies than maX{Im ag@} for the
structures of the indicated sizes. In addition, the posi-

tions of max {Im ag}(u)} depend on the size of the consid-

ered nanostructures ( max {Im ocg(”)} are achieved at both
optical frequencies and frequencies from the near ultra-
violet range). In this case, the splitting of the frequencies
(osip(“) on the plots Im ocg(")(hu)) is not noticeable due to
the smallness of the amplitudes of some maxima. Thus,
for Im ag (hm) , only the maxima at frequencies (oﬂl(;) are
noticeable on the plots, while the maxima at frequencies

(o"l;') >m|;1§_) are not noticeable. In turn, max{Im aé}

are noticeable both at frequencies u);(+) and u)slp(f) de-

pending on the ratio of the radii R, and R, as well as

the height of the nanocap H . The mentioned circum-
stances are confirmed by the results of the direct calcu-

and wﬂl(f) at different BC (and, respective-

ly, at different R,, R and H ), given in Table 3.

lations m;(i)

6 T T T

a

10(3 nm.‘i
o

L
@y

Imaoz
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ho, eV

Fig. 4 — The frequency dependencies of the real (@) and imag-
inary (b) parts, as well as the module (c) of the transverse
component of the polarizability tensor of the nanoparticle
Si02:@Ag in Teflon with the different geometric parameters:
1 — R=10nm, R=30nm, H=25nm; 2 — R.=10nm,
R=50nm, H=45nm; 3 — Rc=10nm, R=80nm, H="75nm,;
4 — R=20nm, R=50nm, H=40nm; 5 — R.=25nm,
R=50nm, H=37.5nm

10

ho, eV

Fig. 5 — The frequency dependencies of the real (a) and imag-
inary (b) parts, as well as the module (c¢) of the longitudinal
component of the polarizability tensor of the nanoparticle
SiO, @Ag in Teflon at the same sizes as in Fig. 4

J. NANO- ELECTRON. PHYS. 17, 05022 (2025)

Let us point out that the increase in the content of
dielectric in the nanostructure f, has the consequence

of the increase in mjlf“) ) and decrease in wsif“) ) , that

is, the increase in the splitting of the transverse and
longitudinal resonances.

In turn, the behavior of practically all curves (ex-
cept curve 3) of the frequency dependences of the ab-
sorption, scattering and extinction cross-sections are
qualitatively similar and quantitatively close (Fig. 6).
The above curves (except curve 8 C;* and Cg‘t) have
one strongly pronounced maximum at frequencies

mﬂl(;) and one weakly pronounced maximum at fre-
quencies (oslp(i) (this applies to the nanostructures of

those sizes for which max{Im aé} is clearly visible).

8 T T T

a

ho, eV

Fig. 6 — The frequency dependencies for the absorption (a),
scattering (b) and extinction (c) cross-sections of the nanopar-
ticle SiO, @Ag in Teflon under the same sizes as in Fig. 4

The frequency dependences of the extinction cross-
sections at different values of the nanocap height, for
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the cases of different shell metals and core dielectrics
are given in Fig. 7. The calculation results indicate the
presence of “blue” shifts of the first maximum of the
extinction cross-section with increasing nanocap height
in the sequence of the curves 1 5253 >4 -5 (in-
creasing bulk content of metal in the nanostructure)
and the second maximum in the sequence 1 >2 —3.
At the same time, the curves of the frequency depend-
encies for the nanocaps of different metals differ signif-
icantly. Thus, in the case of Cu, Pd and Pt nanocaps,
the corresponding curves have no maximum in the fre-
quency range, which is under the consideration, and
are determined by the optical characteristics of these
metals. In turn, the change of the dielectric of the core,
that is, the decrease in the permittivity in the sequence
of the dielectrics
Nb,O; - Ta,0; - ZnO — Al,O, — SiO, has a conse-
quence of the weak “blue” shift of both the first and

1.5

a

2

10" nm

xt

@,
<
o

o

0 2 1 6 8

ho, eV
Fig. 7 —The frequency dependencies of the extinction cross-
sections for the nanocaps Ag of the different height (a),

nanocaps of different metals (b) and nanocaps Ag with the
different dielectric core (c) of the constant height H =40 nm

under R, =20nm, R=50nm in Teflon

J. NANO- ELECTRON. PHYS. 17, 05022 (2025)

second maxima of the extinction cross-section. Let us
point out that the increase in the amplitude of the first

max{Cg‘t} and the decrease in the amplitude of the

second maximum takes place in the same sequence.
The frequency dependences of the radiation efficiency
of the considered nanostructures SiO, @ Ag for the dif-
ferent values of the radius of the core and the whole
structure and different values of the nanocap height at
constant values of the radii are given in Fig. 8. Since the
size parameter [, decreases for the curves in the se-

quence 1 >2 —3 and 5 — 4 — 3, the radiation efficien-
cy increases with increasing content of metal in the
nanostructures, which are under the study.

1
a
0.8 | I
2
0.6 |
rad 4
2
0.4 \{
1
0.2 F I—R =10nm, =30 nm, // = 25 nm
2- R =10 nm, & =50 nm, } = 45 nm
3-R =10nm, R =80 nm, H =75 nm
4~ K =20 nm, R =50 nm, H = 40 nm
0 5— R =25 nm, R =50nm,_H = 37.5 nm
0.8 T T
0.6
3 4
\ N \
rad 5. 7 / 2 -
Sa 041 L T~y 1 \ I
9l I - H=32nm]
02 2-H=34nm
3-H=40nm
4—-H=44nm
0 . N J-H=46nm
0 2 4 6 8

ho, eV

Fig. 8 — The frequency dependencies of the radiation efficien-
cy of the nanocaps SiO, @Ag in Teflon under the variation of

the radii of the core and the whole structure (@) and the varia-
tion of the height of the nanocap under R, =20nm,

R=50nm (b)

4. CONCLUSIONS

The relations for the diagonal components of the po-
larizability tensor, absorption, scattering, and extinction
cross-sections, as well as the radiation efficiency of the
nanostructures of the “dielectric core — metallic nanocap”
type have been obtained.

It is shown that the curves of the frequency depend-
ences of the real and imaginary parts, as well as the
modules of the transverse and longitudinal polarizabili-
ties are qualitatively similar and quantitatively close and
the maxima of the imaginary parts of the polarizabilities
are situated in both visible and near ultraviolet frequen-
cy ranges. It was established that the maxima of the im-
aginary parts of the transverse and longitudinal polar-
izabilities at some resonance frequencies are not visually
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fixed due to their small amplitude.

The increase in the splitting of the resonance fre-
quencies with the increasing dielectric content in the
nanostructures, which are under the study, has been
proved.

The qualitative similarity of the curves of the fre-
quency dependences of the absorption, scattering and
extinction cross-sections is demonstrated. The presence of
the well-defined maximum of these dependences at the
lower frequency of the longitudinal resonance and the
weakly defined maximum at the higher and lower fre-

REFERENCES

1. A.V.Korotun, A.O.Koval, A.A. Kryuchyn, V.M. Rubish,
V.V. Petrov, L.M. Titov. Nanophotonic Technologies. Cur-
rent State and Prospects (Uzhgorod: FOP Sabov A.M.:
2019) (in Ukrainian).

2. S.I. Bozhevolnyi, V.S.Volkov, E.Devaux, J.-Y.Laluet,
T.W. Ebbesen, Nature 440, 508 (2006).

3. R.Zia, J.A.Schuller, A.Chandran,
Mater. Today 9, 20 (2006).

4. T.Holmgaard, Z.Chen, S.I. Bozhevolnyi, L. Markey,
A. Dereux, A.V. Krasavin, A.V. Zayats, Opt. Express 16,
13585 (2008).

5. J.A. Dionne, K. Diest, L.A. Sweatlock, H.A. Atwater, Nano
Lett. 9, 897 (2009).

6. S. Afreen, H.K. Rouf, Plasmonics 20, 3905 (2025).

7. Y.A. Akimov, W.S. Koh, K. Ostrikov, Opt. Express 17,
10195 (2009).

8. S. Pillai, K.R. Catchpole, T. Trupke, M.A. Green, J. Appl.
Phys. 101, 093105 (2007).

9. M. Schnell, A. Garcia-Etxarri, A.J. Huber, K. Crozier,
dJ. Aizpurua, R. Hillenbrand, Nat. Photonics 3, 287 (2009).

10. S. Khani, P. Rezaei, Heliyon 10, e40923 (2024).

11. E. Ozbay, Science 311, 189 (2006).

12. J. Wang, K. Li, Z. Quan, Photonics Insights 3, R05 (2024).

13. Q. Zhang, X.-G. Huang, X.-S. Lin, J.Tao, X.-P. Jin, Opt.
Express 17, 7549 (2009).

14. E. Prodan, C. Radloff, N.J. Halas, P. Nordlander, Science
302, 419 (20083).

15. H. Wang, D.W. Brandl, P. Nordlander, N.J. Halas, Acc.
Chem. Res. 40, 53 (2007).

16. S. Linden, C. Enkrich, M. Wegener, J. Zhou, T. Koschny,
C.M. Soukoulis, Science 306, 1351 (2004).

17. N. Liu, H. Guo, L. Fu, S. Kaiser, H. Schweizer, H. Giessen,
Nat. Mater. 7, 31 (2008).

18. H. Wang, Y. Wu, B. Lassiter, C.L. Nehl, J.H. Hafner,
P. Nordlander, N.J. Halas, Proc. Natl. Acad. Sci. U.S.A.
103, 10856 (20086).

M.L. Brongersma,

J. NANO- ELECTRON. PHYS. 17, 05022 (2025)

quencies of the transverse resonance is shown.

The presence of the “blue” shifts of the maxima of the
extinction cross-section at increasing the volume content
of metal in the nanostructure, which is under the consid-
eration, and decreasing the permittivity of the core mate-
rial has been established.

The results of the calculations indicate the increase in
the radiation efficiency of the nanocaps with increasing
bulk content of metal, which is associated with the in-
crease in the scattering cross-section in this case.

19. Y. Wu, P. Nordlander, /. Chem. Phys. 125, 124708 (2006).

20. H. Wang, D.W. Brandl, F. Le, P. Nordlander, N.J. Halas,
Nano Lett. 6, 827 (2006).

21. M. Cortie, M. Ford, Nanotechnology 18, 235704 (2007).

22. R. Bukasov, J.S. Shumaker-Parry, Nano Lett. 7, 1113
(2007).

23. N.A. Mirin, N.J. Halas, Nano Lett. 9, 1255 (2009).

24. J. Ye, P. Van Dorpe, W. Van Roy, K. Lodewijks, 1. De Vla-
minck, G. Maes, G. Borghs, J. Phys. Chem. C 113, 3110
(2009).

25. V.V. Kulish, J. Nano-Electron. Phys. 3 No 3, 105 (2011).

26. A.V. Korotun, A.A. Koval’, I.N. Titov, J. Appl. Spectrosc.
87 No 2, 240 (2020).

27. R. Malysh, A. Korotun, R. Korolkov, R. Kulykovskyi, 2024
IEEE 42nd International Conference on Electronics and
Nanotechnoogy (ELNANO), 191 ( Kyiv: 2024).

28. M. Cortie, M. Ford, Nanotechnology 18, 235704 (2007).

29. J. Ye, L. Lagae, G. Maes, G. Borghs, P. Van Dorpe, Opt.
Express 17, 23765 (2009).

30. dJ. Liu, B. Cankurtaran, L. Wieczorek,
M. Cortie, Adv. Funct. Mater. 16, 1457 (2006).

31. J. Ye, C. Chen, L. Lagae, G. Maes, G. Borghs, P. Van Dor-
pe, Phys. Chem. Chem. Phys. 12, 11222 (2010).

32. AV. Korotun, A.O. Koval, V.V.Pogosov, Ukr. J. Phys.
66 No 6, 518 (2021).

33. A.V. Korotun, V.V. Pogosov, Phys. Sol. St. 63 No 1, 122
(2021).

34. Y. Karandas, A. Korotun, I.Titov, 2021 IEEE 11th Int.
Conf. Nanomaterials: Appl. & Prop. (NAP), 1 (2021).

35. Ya.V. Karandas, Condens. Matter Phys. 27 No2, 23701
(2024).

36. N.I. Pavlyshche, A.V. Korotun, V.P. Kurbatsky, V.I. Reva,
Ukr. J. Phys. 70 No4, 263 (2025).

37. AV. Korotun, Y.V. Karandas,
123 Nol, 7 (2022).

M.d. Ford,

Phys. Met. Metallogr.

IInaamouHi sBMIIA y MeTaIeBiil HAHOKPHIIIII

P.10. Kopossror?, P.O. Masml, B.I. Peral, A.B. Koporyul2, H.B. Illuporo6ororal, B.B. Illuporo6oxos!?

1 HauionanwvHutl ynisepcumem «3anopisvika nosimexuikar, 69011 3anopisxcocs, Yipaina
2 ITnemumym memanogisuxu im. I. B. Kypowmosa HAH Yrpainu, 03142 Kuis, Ykpaina

B pobGori mocmigxeHo oNTUYHI BJIACTUBOCTI KOMIIO3UTHOI HAHOCTPYKTYPH Ha OCHOBI C(heprYHOI [TiesIeKT-
PHUYHOI YaCTHHKY, HEIIOBHICTIO BKPUTOI METaJIeBOI0 000JI0HKOI0 (HaHOKpUInKK). OTPpUMAHO BUpA3H IJIA Jia-
TOHAJIPHUX KOMIIOHEHTIB TeH30pa II0JISIPU30BHOCTI, Iepepi3iB HOrJIMHAHHS, PO3CIAHHSA Ta €KCTUHKIII, pasi-
amiiHol edeKTUBHOCTI. 3aIPONOHOBAHO METOAMKY BH3HAUYEHHS IMOIEPEYHOI Ta IO3J0BKHBOI e(peKTHUBHUX
MIBUJIKOCTEHN pesakcariii. YacToTu IOIMepeyHOro Ta IMO3J0BKHBOIO MOBEPXHEBUX ILJIA3MOHHHMX PE30HAHCIB
OTPUMAHO B PaMKaX ysBJI€Hb MPO TiOPHAM3AII0 MOJ] eJIeMeHTApHUX (HAWIIPOCTIINHNX) (POpM ILJIA3MOHHUX
HAHOCTPYKTYP — MeTaJIeBOTO CerMeHTa Ta JieJIeKTPUYHOI HOpOKHUHM B MeTasi. PospaxoBaHi yacToTHi 3a-
JIESKHOCT1 JTIMCHOI Ta ySIBHOI YaCTHUH, a TAKOK MOJYJISA JIaroHaJbHUX KOMIIOHEHT TeH30pa II0JIsIPHU30BHOCTI,
mepepisiB IMOTJIMHAHHS, PO3CIIOBAHHS Ta eKCTHHKINI, paaiaiiiitol epekTuBHOCTI. BeTaHOBIEHO AKICHY MO i-
OHICTB 1 KIJIBKICHY OJIM3BKICTD BIAMOBIIHUX KPUBUX JIJIsI IIOIIEPEYHOI Ta MO3M0BKHBOI MoJIsIpu3oBHocTelt. [1o-
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R.Yu. KOROLKOV, R.O. MALYSH ET AL. JJ. NANO- ELECTRON. PHYS. 17, 05022 (2025)

Ka3aHo, 10 aMILTITY/1a, CIeKTPAIbHE TOJOMKEeHHS 1 KUTBKICTh MAKCUMYyMIB Iepepis3iB IOTJIMHAHHS, PO3Ciio-
BAHHS TA eKCTHHKIIII iICTOTHO 3aJIeKaTh Bl TEOMETPUYHUX [TApPaAMETPIB HAHOCTPYKTYPH, IMPUUIOMY MAaKCH-
MyMH Ha JeSKUX PEe30HAHCHUX YACTOTAX BI3yaJIbHO HE CIIOCTEPIraloThCs B CHILY IX HEBEJIUKOI aMILIIITYJIH.
JlocmimsxeHo BILUIMB reOMETPUYHUX TIapaMeTpiB, BJIACTHBOCTEH MaTepialiB sapa Ta 000JOHKHM HA IOJIOMKE H-
Hs Ta aMIUIITYIy MAKCUMYyMIB IIepepidy eKCTHUHKINI. Po3BMHEHO BIAMIHHY BiJI BHKOPHCTOBYBAHOI B HU3III Bi-
JIOMUX POOIT 1 GLIIBIN IIPOCTY cxemy Tibpuauaartii IIadMoOHHAX MO/, 3aCHOBaHy Ha mozer Jlpymne, ymoBax Bi-
JICYTHOCTI €HEePreTUYHUX BTPAT 1 30y IsKeHHs MMOTePeYHMX 1 MO3IOBKHIX IIA3MOHHUX MOBEPXHEBUX Pe30Ha-
HciB. JloBemeHo 301/IbITIEHHS POSMIEIUIEHHS MO30BIKHIX Ta MOMEPEeUYHUX MOBEPXHEeBUX IUIA3MOHHUX PEe30Ha-
HCIB 31 301JIbIIEHHSAM 00’ €MHOT0 BMICTY JlieJIeKTPUKA B HAaHOCTPYKTYpl. [IpogeMoHCcTpOBAaHO 3pocTaHHSA paji-
ariifHol epeKTUBHOCTI JOCIIKYBAHNX HAHOCTPYKTYP 31 301JIBITEHHAM BMICTY B HUX METaJI€BOl (PPaKILii.

Knrouosi ciiosa: Merasnera HaHokpuinka, TeH30p mosisipu3oBHOCTI, [loBepXHEBUI ITA3MOHHUM PE30HAHC,
Pamiamitina edexrusuicts, [lepepisu morsnmuauusa, PoscitoBaHHS Ta ekcTWHEINI, KdekTrBHA MIBHUIKICTH
penakcaiii.
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