https://doi.org/10.15407 /ufm.27.01.003

N.I. PAVLYSHCHE '* and A.V. KOROTUN '-2**

! Zaporizhzhia Polytechnic National University,
64 Universytetska Str., UA-69011 Zaporizhzhia, Ukraine

2G.V. Kurdyumov Institute for Metal Physics of the N.A.S. of Ukraine,
36 Academician Vernadsky Blvd., UA-03142 Kyiv, Ukraine

* pavlishchenazar@gmail.com, ** andko@zp.edu.ua

PLASMONIC PHENOMENA IN METALLIC
AND METAL-DIELECTRIC PRISMATIC NANOPARTICLES

The optical and plasmonic properties of the metallic and metal—dielectric nanoprisms
based on an equilateral triangle are studied. The equivalent spheroid approach is used
to obtain the relations for the frequency dependence of the optical characteristics of
the studied nanoparticles. The calculations are performed for the frequency depen-
dences of the diagonal components of the polarizability tensor, electric-field enhance-
ment tensor, spectral figure of merit tensor, quality-factor tensor, as well as the ex-
tinction cross-section, and radiation efficiency. The size dependences for the frequencies
of the transverse and longitudinal surface plasmonic resonances are obtained, and the
corresponding estimates are given. The presence of the significant splitting of the
surface-plasmonic resonance is proven, and the corresponding estimates are given. The
influence of the thickness of the dielectric layer and the sizes of the prismatic metallic
core on the behaviour of the studied optical characteristics of the nanostructure is
analysed. The influence of the core and shell materials of the prism on the position of
the extinction cross-section maxima is demonstrated. The spectral range, in which the
radiation efficiency of the studied nanostructures is close to unity, is determined. The
comparison of the diagonal components of the tensor optical characteristics is carried
out, and the reason for the predominance of the transverse components of the electric-
field enhancement, quality factor, and spectral figure of merit tensors over the corre-
sponding longitudinal components is established. The possibilities of using the consi-
dered nanostructures to create surface-plasmonic resonance sensors and high-quality
optical nanoresonators are discussed.
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1. Introduction

The localised surface plasmons are the collective oscillations of electrons
that can be excited when incident light interacts with the metallic nanopar-
ticles [1-7]. Under certain conditions, such electron oscillations in the
nanoparticle coincide with the frequency of incident light and excite the
localised surface-plasmonic resonance (SPR). It is known that the wave-
length (frequency) of the localised SPR is very sensitive to changes in the
environment, such as the fluctuations in the refractive index or the pres-
ence of the analytes. The use of this property of SPR has enabled the de-
velopment of the highly sensitive and versatile plasmonic sensing method,
making SPR a valuable tool for various applications, namely: chemical
analysis, environmental monitoring, and biomedical diagnostics [8].

The plasmonic properties of the nanoparticles also depend on other
factors: the geometric shape, size, and materials of the nanoparticles [1-7,
9]. The nanoparticles of various shapes have been studied theoretically
and experimentally: spheres [10], spheroids [3, 5], discs [11, 12], rods [13,
14], shells [15, 16] and cubes [17], which can be synthesised using the ‘wet
chemistry’ methods or the lithographic methods. The non-spherical
nanoparticles demonstrate the significant electric field enhancement and
the interaction with the surrounding dielectric medium. This is character-
istic of the nanoparticles that have high curvature in certain areas (the
neighbourhood of the tips of pyramids, cones, prisms, prolate spheroids,
and the ends of cylinders and spherocylinders) [14, 18, 19]. In this regard,
nanoprisms are attractive objects with several advantages. In addition to
the edges for the enhancement of the electromagnetic fields and, as a re-
sult, high sensitivity, nanoprisms have clearly defined geometric parame-
ters, such as height and base side, which provide greater flexibility for
tuning the plasmonic properties [20]. Equally important is the availability
of the high-performance methods for synthesising the uniform prismatic
nanostructures with the adjustable geometric parameters [21].

Noble metals such as Au, Ag, and Cu are widely used as plasmonic
materials, mainly due to their low thermal losses and the intense interac-
tion with light in the visible and near-infrared spectral ranges [22]. How-
ever, the copper nanoparticles have been less studied in terms of their
application as the sensing elements in the plasmonic sensors due to their
significant imaginary part of the permittivity and relatively rapid oxida-
tion in air [23]. In turn, the peak of the Au nanoparticle SPR is closer to
the interband transitions than that of Ag, which makes it less pronounced,
and it has a lower Q-factor [24]. For these reasons, this paper investigates
the optical properties of silver nanoprisms.

It should be pointed out that triangular nanoprisms have recently at-
tracted considerable interest for use as the sensing elements in plasmonic
sensors [25, 26]. Thus, in works [27, 28], it was reported that thin trian-
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gular silver nanoprisms in solution are highly sensitive refractive index
sensors in the entire visible and near-infrared wavelength range. The work
[29] presents the results of modelling the local electric field and sensitiv-
ity factors to changes in the refractive index of hollow triangular gold
nanoprisms, noting the significant influence of cavity position on the sen-
sitivity. In Ref. [30], the change in the refractive index sensitivity and
the spectral figure of merit (FOM) was investigated as a function of the
size and composition of triangular nanoprisms made of Ag—Fe and Au-Fe
alloys, while [31] determined the optimal ratio between the sides and the
spectral excitation range of SPR sensors using dimeric Au nanoplates of
triangular, cubic, hexagonal, and circular shapes. In [32], Fano plasmonic
resonance in dimers of triangular nanoprisms was theoretically investi-
gated, and the increase in the spectral figure of merit (FOM) to 16.1 was
predicted, while [33] investigated plasmon bands in the silver dimer of
triangular nanoprisms, which are connected ‘face to face’. It was found
that the strong dipole interaction bands are more sensitive than the weak
quadrupole interaction bands. In Ref. [34], the ultraviolet plasmonic and
sensory properties were investigated in the systems with single and dimer
semiconductor triangular prisms, and in Ref. [35], the hybrid plasmonic
diffraction sensor was developed using the periodically arranged lattice of
gold nanoprisms, which allows both local and bulk refractive indices to be
measured. In Ref. [36], the octupolar plasmonic nanosensors based on the
ordered arrays of triangular gold nanoprisms are proposed for the detec-
tion of ultra-low concentrations of rotavirus.

In recent years, particular attention has been paid to the metal—dielec-
tric nanostructures, in which the combination of materials with the con-
trasting optical properties allows flexible control of the spectral characteris-
tics and the spatial distribution of the localised plasmonic modes [37—43].

Metal—dielectric nanoprisms exhibit a rich set of plasmonic modes
that are sensitive to the size, shape, metal layer thickness, and dielectric
environment. The presence of the dielectric component not only reduces
the optical losses inherent in the metal systems but also expands the pos-
sibilities for controlling the interaction of light with the nanostructure.
This makes such systems promising for the creation of highly sensitive
sensors, nonlinear optical elements, and platforms for controlling the ra-
diation of quantum sources.

It should be pointed out that despite the existence of the studies on
the mechanisms of functioning and application of triangular metal and
metal—dielectric nanoprisms as the plasmonic sensors, as well as the nu-
merical studies of the optical properties of the metallic nanoparticles in
the form of triangular prisms [44—55], there is no theoretical analysis of
the above issues, and therefore it is relevant. This paper discusses the pe-
culiarities of the plasmonic phenomena in metallic and metal—dielectric
nanoprisms, analyses the mechanisms of the localised plasmonic resonance
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formation, and examines the influence of the geometric and material pa-
rameters on their optical response.

2. Mathematical Model

2.1. General Relations

Let us assume that the metallic or metal-dielectric nanoparticle in the
form of an equilateral triangular prism is located in the medium with the
permittivity ¢ (Fig. 1), where the side and thickness of the metallic prism
are equal to a and b, correspondingly, and for the metal—dielectric prism,
and b + 2t, where t is the thickness of the dielectric layer.

We are going to describe the optical properties of the prismatic na-
noscale objects, which are under the consideration, within the framework
of the equivalent oblate spheroid approach [19, 40—43], the essence of
which is as follows: instead of the optical properties of metallic and met-
al—dielectric nanoprisms, the optical properties of their equivalent metal-
lic and metal—dielectric oblate nanospheroids will be investigated. At the
same time, the aspect ratios of equivalent spheroids (the effective aspect
ratios) are related to the aspect ratios of the prismatic nanoparticles by
the relation that follows from the conditions of the equality of the corre-
sponding axial moments of inertia of the prismatic particles and their
equivalent oblate spheroids.

Since a two-layer oblate spheroid, which is equivalent to metal—dielec-
tric nanoprism, has axial symmetry, its permittivity is the second-rank
diagonal tensor, and the frequency dependences of its diagonal compo-
nents have the following form [40, 42]

0 (0)-¢
e(g(u)ze 1+B, (c () S)

° € + (GJ_(H) ((D) - ES)(AI)

¢ (1)

(1)

- B, ol

l(H)) ,

where ¢, is the permittivity of the dielectric shell;

Fig. 1. Geometry of
the problem: meta-
lic (a) and metal-
dielectric (b) nano-
prisms
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B _ azb (2)
© (a+2t) (b+2t)

is the bulk content of metal in metal—dielectric nanoprism;

(i)2
JLU— ( 0 _1 - arctg o _1), 4 =é(1_qi>) (=12 (3)

(ng - 1)3/2

are the depolarisation factors of the metallic core and the entire equiva-
lent nanoscale oblate spheroid; ng and géfzf) are the effective aspect ratios,
and the diagonal components of the dielectric tensor of the metallic core

and metallic nanoprism are determined by Drude model

0)2

A0 (o) = ()= o2 (4)
o () (@) w(m+i“/if(p)

In formula (4): ©, is the plasma frequency, €” is the contribution of the
crystal lattice to the permittivity, and the longitudinal/transverse effec-
tive relaxation rates are determined by the additive contributions of three
energy loss mechanisms [12, 14]

Y:f(IU) = Youx T Y:(H) + lea(g), (5)

where the bulk relaxation rate y,, =const for a specific metal, the sur-
face relaxation rate and the radiation damping rate are determined by the
relations

U
V= (6)
(1) /
L(11)
U
Yed =y 7 (M
(1)

In formulae (6) and (7) v, is the Fermi electron velocity; ¢, = 2a/ J5, l,=b
are the effective lengths of the electron free path in the transverse and
longitudinal directions, and the size-dependent and frequency dependent
functions have the form [42]

9 Al?u) o, ( <))
A :_;[—"] ol (8)
(1 1 1(1) \ Qett ) 5
16 € t+ E(l()”) (1 —em) o
1)
(4174 'C(L(H)

‘”—j (%] o (e®), 9)

where c is light velocity; V = \/gazb/él is the volume of metallic nanoprism
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(the core of metal—dielectric nanoprism), and the size factors of equivalent
oblate spheroid [42]

/I(@§§3)=L3/2{9 (defﬁ —1)\/Qeff -1+

2o 1)
1[4_ 3 ]1 Q(fﬁﬂlee(fz -1
2 Qeff eff \/Qeff -

@) = (ol - 1)*3 {Qm (20" ~ 1) Yol —1 _1ln[eﬁﬁ+— WQMJ . an
1

(10)

+

- F(Qeff Oett ett | AQett ett
2" oy ety
It should be pointed out that from formula (5), taking into account rela-
tions (6)—(9), one can obtain the following expression for the transverse/
longitudinal relaxation rates

o

y
Yl = Yous + w—é(") (12)
where
oL ~ (0
(e _ﬁ(i(\\)cop . () (Qeff) x
16 n
9 1 v 1 o )
N2e + 40 o [—] . (13
Cm | € 1) €
AL(H)

2.2, Effective Aspect Ratios

As noted above, the expression for the effective aspect ratio for a metallic
nanoprism can be obtained using the formula
Iprism Isph

Iprism = Isph * (14)
Axial moments of inertia of a triangular equilateral prism
2
rrem = T(g? qgpt), i =2 (15)
24 12

where m, is the mass of the prism, and the axial moments of inertia of the
equivalent oblate spheroid

17 =Tt 47, 17 = 2, (16)

where m, is the mass of spheroid, a, and b, are its minor and major semi-axes.
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Since for metallic nanoprisms and equivalent metallic spheroids, the
aspect ratio and the effective aspect ratio are

b
Q:%’ Oets =a_t; (17)

1

then, substituting the expressions (15)—(17) into formula (14), for the ef-
fective aspect ratio, we obtain the following

-2 18
Outs 72 (18)

In turn, for metal—dielectric nanoprism and the equivalent metal—di-

electric spheroid (

M _o
Qe - ’ 19
"= (19)
where
(1):2 (2):a+2t 20
0 o O Py (20)

2.3. Polarizability Tensor and the Frequencies
of the Surface Plasmonic Resonance

According to the above-described approach of equivalent oblate spheroid,
the expressions for the diagonal components of the polarizability tensor of
metallic nanoscale prism coincide with the corresponding expressions for
the oblate spheroid [19, 42]

) () —
_v < (0)-6, ) (21)

o
(1) o+ Q(u) (EL(II) ((0)_ €m)

The condition for the excitation of the transverse and longitudinal
surface plasmonic resonance (SPR) is that the real part of the denominator
of the expression (21) is zero

Rec!) = -——llc,, (22)
L)

from which, in the dissipation-free approximation (yjf(f”) — 0), we obtain
the size dependences for the longitudinal and transverse SPR frequencies

() @,

s = . (23)
\/ o 1- ‘CL(H)
€ +

®

Ly
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In turn, the expressions for the components of the polarizability ten-
sor of a triangular nanoprism, covered with the dielectric layer, have the
form similar to the relation (21)

W _y " (0)-6,
o =
O el (@ (0)-c,)

, (24)

where

3

I@=7F(+mf@+m)

is the volume of metal—dielectric nanoprism, and the diagonal components
of its dielectric tensor ¢~ are determined by the relations (1).

By analogy with the expression (22), the condition for the excitation
of the transverse/longitudinal SPR in metal—dielectric nanoprism will be
as follows

1-£7)

R (25)

L

from which the following size dependences of SPR frequencies can be ob-
tained under yelf(fu) -0

Re eé(“) (m@i(n)) - _

sp

®
(Dgl(”) = P E(Z) . (26)
1
£ e
€ —e += (1) =
e 1/ 0 2) 1- 1(l) €
1+ 7{: (dl(n) - Bc[’(l(l\)) 1+ £ Z

2.4. Extinction Cross-Section and Radiation Efficiency

As is known, the value, measured in the optical experiments with the
nanoparticles of the different shapes and compositions, is the extinction
cross-section, the frequency dependences of which for metallic and metal—
dielectric nanoprisms are determined as follows [2]

Cext = Cabs + Csca’ (27)
Cgt = Ca@kjs + CSa’ (28)

where the formulas for the absorption and scattering cross-sections of the
prismatic nanoparticles, which are under study, have the form
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:—\Flm( o, +30L|J (29)

1 (o) (2 1
C,. = a(%) & (§|Otl|2 +§‘a|‘2j, (30)
Y = \/_Im[ a@+;oc'@j (31)
4
STC NI N

The radiation efficiency for the nanostructures, which are under con-
sideration, like the extinction cross-section, is determined by the absorp-
tion and scattering cross-sections [40]

-1
C
=1 e | 33
A .
-1
C@
gmd__( CE§] . (34)
abs

2.5. Field Enhancement Tensor

Since oblate spheroids, which are equivalent to metallic and metal—-dielec-
tric nanoprisms, have axial symmetry, the enhancement of the electric
fields in the neighbourhood of the prismatic nanoparticles is represented
by the second-rank diagonal tensor, and the frequency dependences of its
components will have the following form [19]:

for a metallic prism,
2 2
(Re el(”)) + (Im el(”))

///l'(”) = 2 2 5 (35)
() (1)
[El(”) (Re eV — em) + em} + [El(”) Ime ]

for metal—dielectric prism,
N (Rec + (1me) |
oy [ﬁ(jh) (Re €<g(n) e ) J |:£(2 Im 6@ ]2 ’

here, Re (Im)el(”) eé(”)) is the real (imaginary) part of the diagonal compo-
nents of the dielectric tensors of metallic (metal—dielectric) nanoprism.

P

N

(36)

N
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2.6. Spectral Figure of Merit Tensor

By analogy with other optical characteristics of the prismatic nanopartic-
les (polarizability tensor, electric field enhancement tensor and dielectric
tensors), the spectral figure of merit (FOM) is also the second-rank diago-
nal tensor [19]

FOM, 0 0
FOM,=| 0 FOM, 0 |, (37)
0 0 FOM

where for the prismatic nanoparticles, which are under consideration,

0 [T ol
FOM = N D0 (38)
=70 5
eff m

@1(11)
pom?, - 2% 20,

= . 39
0" @)
Taking into account the relations (23) and (26) we finally have:
for a metallic prism,
Jo (1 - Ly, ) ®,
FOM. ) =T 1-2 : (40)
Yesr o (1)
,CL(H) €+ €
L)
for metal—dielectric prism,
-2
_r? _
® \/: 1 42(”) 1/ 2 1-L) e
FOM® =2V 1+ (20 —pL% )1+ — W om i
(n [ 2 (11 L) 2
chelf(f) ‘Ci()u) Bc ( ) 'C(L()H) &
-3/2
2
1- £ (41)

- 6
X € —€ +— 5
CoBe. 1 1-£% .
1+—(£(f) ~BLY ) 1+ 0 5
(- Fe™1m 2)
B ‘Cﬁ_(”) Es,

c

here, y5{ in formulae (40) and (41) is calculated using formula (12) for the
frequencies » = o " and o = ©2", respectively.
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2.7. Quality Factor Tensor

From the point of view of using metallic (metal—dielectric ) nanoparticles
as the optical resonators, the important characteristic is their quality fac-
tor (®-factor), since the higher the quality factor, the lower the attenua-
tion in the resonator.

By analogy with other optical characteristics already discussed above,
the @-factor is also the second-rank diagonal tensor

Q 0 0
Q,=|0 Q@ 0 (42)
0 0 @

the size dependences and the frequency dependences of its diagonal compo-
nents are determined by the relations [56]:
for a metallic prism,

_ ® d 100 ()]
QJ_(H) T o Im e (m)d—m[Ree (co)], (43)
for metal—dielectric prism, d
Q) = - [Re el (m)] : (44)

I
2Im e@( ) (o) do
The Eq. (45) follows from (43) taking into account Eqgs. (4) and (12)

2. A
Il L(Il
’ {1 - 4( ) LYbulk + 2( )j}
()] ()]
Q) = - PRIRY
e i
[Ybulk + 2( )J o’ + [Vbulk + 2( )J
() Q)

and the real and imaginary parts of the diagonal components of the dielec-
tric tensor of metal—dielectric prism have the form

Re 65(”) =€ +P.€ 3¢ { (Ree ) (E(l BCL(f()H)) X
. [(Re 0 -e) 4 (1me) }} . (46)

e (e -na)(roe - o[(5 - Jime T
Im ) = ¢ Im &) {[e F (20, - Bt )(Rec —, )T )

+[(£<f( cL(fu )Ime } }_1
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Hereafter, Eqgs. (21), (23), (24), (26)—(28), (33)—(36), (40), (41), (44),
and (45) will be used to obtain the numerical results, taking into account
the expressions (2)—(13), (17)—(20), (29)—-(32), (46), and (47).

3. Results of Calculations and Discussion

The optical characteristics were calculated for metallic and metal—dielec-
tric nanoparticles in the shape of a triangular prism. The parameters re-
quired for the calculations are given in Tables 1 and 2, respectively.

The frequency dependences of the imaginary parts of the diagonal
components of the polarizability tensor are given in Fig. 2. Let us note
that these curves are qualitatively similar, but max{dasy} shifted to the
higher frequencies compared to max{og}. Since these maxima correspond
to the frequencies of the longitudinal/transverse surface plasmonic reso-
nances, for the case of the great effective aspect ratio

Aw® = 02l — @2t = (DPE 1

T
R

The estimates according to Eq. (48) agree with the numerical results
shown in Fig. 2 and give #A0$ ~ 1.5 eV.

This significant resonance splitting makes it possible to use prismatic
nanoparticles in applications where the selectivity is important. In turn,
increasing the thickness of the dielectric layer does not affect the position
of the resonance maxima and their amplitudes, but only leads to a slight
decrease in the width of the maxima. This is due to the sensitivity of the
resonance to changes in the refractive index of the surrounding dielectric
layer, rather than to its size.

The frequency dependences of the extinction cross-section are shown
in Fig. 3. The calculation results C% (o) for nanoprisms with the dielectric

X

(48)

Table 1. Parameters of metals [19]

Metal
Parameter
Pd Ag Pt Au Cu

e 2.52 3.70 4.42 9.84 12.03
h(up, eV 9.7 9.17 15.2 9.07 12.6
Yo €V 0.091 0.016 0.069 0.023 0.024
Table 2. Parameters of dielectrics [40]

Dielectric Sio, Al O, ZnO Ta,0, Nb,O, TiO,

€, 2.10 3.10 4.00 4.67 6.15 6.50
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a ho, eV b

Fig. 2. The frequency dependences of the transverse (a) and longitudinal (b) compo-
nents of the polarizability tensor of Au@SiO, nanoprisms (a = 80 nm, b = 20 nm) under
different thicknesses of the dielectric shell: ¢ = 0 (1), t = 2 nm (2), t = 4 nm (3), and
t =8 nm (4)

8 9 .= _
L 10 1-a=80nm,b=10nm
10 1-t=0nm 2-a=80nm,b=20nm
g—tiinm g | 3-a=80nm b=30nm
—t=4nm 10 F4-a=40nm, b=40nm 3
7 5—a =100 nm, b = 20 nm
10
g
<]
6
10
©%
@)
5
10
4
10 1 1

a ho, eV b

Fig. 3. The frequency dependences of the extinction cross-sections for Au@SiO, nano-
prisms (¢ = 80 nm, b = 20 nm) under different thicknesses of the dielectric shell (a)
and Au@SiO, nanoprisms (¢t = 2 nm) with different sizes (b)

coatings of different thicknesses are in good agreement with the corre-
sponding results for aé@‘")(co), namely, the extinction cross-section curves
have two maxima, the positions and the amplitudes of which are not af-
fected by the thickness of the dielectric layer. At the same time, the spec-
tral position of max{C%} is strongly influenced by the sizes of the metallic
core of metal—dielectric nanoprisms. Thus, an increase in the height of the
nanoprism with the constant edge size leads to convergence max{C%,} and,
accordingly, the decrease in the plasmonic resonance splitting (the curves

in the sequence 1 -» 2 —» 3). When the side of the triangular base of the
ISSN 1608-1021. Usp. Fiz. Met., 2026, Vol. 27, No. 1 15
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10
10"

"= 10°

=]

@Og 10°
10*
10° . . 10

0 2 4 6

a ho, eV b

Fig. 4. The frequency dependences of the extinction cross-sections for Me@SiO, (a)
and Au@D (b) nanoprisms at a = 80 nm, b = 20 nm, and ¢ = 2 nm, where Me denotes a
metal, and D designates a dielectric shell

1.0
0.8 i
0.6 1 i
© %
ey
0.4 i
1 —-a=80nm, b=10 nm
0.2 - r2-a=280nm,b=20nm
3 3 —a=80nm, b=30nm
— 4 -a=40nm, b =40 nm
4—t—8nfn . 5~ a =100 nm, b = 20 nm )
0 0
2 4 6 2 4 6

a ho, eV b

Fig. 5. The frequency dependences of the radiation efficiency of nanoprisms Au@siO,
(a =80 nm, b = 20 nm) under different thicknesses of the dielectric shell (a) and nano-
prisms Au@SiO, (¢ = 2 nm) with the different geometric sizes (b)

prism is increased while the height remains unchanged (the curves in se-
quence 4 - 2 — 5), there is also a decrease in the plasmonic resonance
splitting. The convergence of the extinction cross-section maxima occurs
due to the decrease in the splitting of the resonance maximum as the as-
pect ratio increases.

The information about the influence of the nanoparticle materials
(metallic core and dielectric coating) on the extinction cross-sections can
be obtained from the curves shown in Fig. 4. It should be pointed out that
if the increase in the permittivity of the dielectric coating leads to small
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a ho, eV b

Fig. 6. The frequency dependences of the transverse (a) and longitudinal (b) compo-
nents of the electric field enhancement tensor in the neighbourhood of the prismatic
nanoparticles Au@SiO, (a = 80 nm, b = 20 nm) under different thicknesses of the die-
lectric shell: t =0 (1), t =2 nm (2), t =4 nm (3), and ¢ = 8 nm (4)

‘red’ shifts in the extinction cross-section maxima, then the correspond-
ing curves for the cores of different metals with the same qualitative char-
acter differ significantly in quantitative terms, both in terms of the spec-
tral position and the amplitude. This is due to both the difference in the
optical properties of the macroscopic samples of metals, which are under
study, and the differences in the structure of their energy bands.

The frequency dependence curves for the radiation efficiency of metal-
lic and metal—dielectric nanoprisms are shown in Fig. 5. It should be
pointed out that the influence of the dielectric layer thickness becomes
noticeable only in the ultraviolet spectral range, and the radiation*n effi-
ciency will be the maximum (&2, 1) in the near-infrared frequency range.
In turn, changing the size of the metallic core significantly affects the
radiation efficiency in the visible and ultraviolet spectral ranges, with
radiation efficiency being highest for nanoprisms with the greatest aspect
ratio at any frequency.

The frequency dependences of the diagonal components of the electric
field enhancement tensor in the neighbourhood of the prismatic nanopar-
ticles are shown in Fig. 6. The calculated results indicate that max{’//@i(”)
values are achieved at the frequencies of the transverse and longitudinal
surface plasmonic resonances, and the amplitudes of the maxima increase
with decreasing thickness of the dielectric layer. At the same time, the
greatest amplitudes of the transverse and longitudinal field enhancement
maxima will occur for a metallic nanoprism. In addition, in the neighbour-
hood of the surface plasmonic resonance frequencies

max{Z | ~10%
max{”//@”}
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Fig. 7. The same as in the previous figure, but for the spectral figure of merit tensor
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Fig. 8. The same as in the previous two figures, but for diagonal components of the
quality factor tensor

Such a significant difference between the transverse and longitudinal
components of the field enhancement tensor is due to plasmonic phenom-
ena, which are always more pronounced in the direction associated with
the larger size of the nanostructure [19, 40—44].

The frequency-dependent curves of the transverse and longitudinal
components of the spectral figure of merit tensor are shown in Fig. 7. As
in the case of the field-enhancement tensor, FOM¢ > FOM?. Moreover, if
the value ’//@l(”) increases for each frequency value as the frequency in-
creases and the thickness of the dielectric layer decreases; then, FOM®,
conversely, increases as the thickness of the dielectric increases. The be-
haviour of the components of the spectral figure-of-merit tensor is driven
by the reduction in energy losses associated with attenuation of absorption
and scattering as the thickness of the dielectric shell increases.

18 ISSN 1608-1021. Prog. Phys. Met., 2026, Vol. 27, No. 1
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The frequency dependences for the diagonal components of the quality
factor tensor are shown in Fig. 8. As in the case of the field-enhancement
tensor and the spectral figure of merit tensor, Q% > Q(‘% at an arbitrary fre-
quency. By analogy with the spectral figure of merit tensor, Q@iu)(m) in-
creases with increasing thickness of the dielectric layer. However, in this
case, the oscillations Q%)(m) begin to appear in the infrared, visible, and
near-ultraviolet ranges that prevents the use of metal-dielectric nano-

prisms with the relatively thick dielectric coatings as the optical resonators.

4. Conclusions

The relations for the frequency dependences of the diagonal components of
the polarizability tensor, electric field enhancement tensor, quality factor
tensor and spectral figure of merit tensor, as well as the relations for the
frequency dependences of the extinction cross-section and radiation effi-
ciency, have been obtained within the framework of the equivalent oblate
spheroid approach.

It has been shown that the plasmonic resonance splitting is signifi-
cant, which makes it possible to use transverse SPR in applications where
the absence of the resonance overlap is important.

It has been demonstrated that the thickness of the dielectric coating
does not affect the position and amplitude of the imaginary parts of the
diagonal components of the polarizability tensor and the extinction cross-
section, while the changes in the height and sizes of the edge of the pris-
matic metallic core lead to the shift in the maxima and the change in their
amplitude. At the same time, the convergence of maxima and the decrease
in the splitting of the plasmonic resonances occur with the increase in
both the height and the length of the side of the triangular base of the
nanoprism.

It has been established that the increase in the permittivity of the di-
electric shell leads to insignificant ‘red’ shifts of the extinction cross-sec-
tion maxima, while the change in the core metals leads to the great ‘blue’
shifts of the maxima in the series of metals Au > Ag -» Cu » Pd - Pt.
This dependence of the spectral position of the extinction cross-section
maxima is explained by both the differences in the bulk optical properties
of metals and the differences in their energy bands.

It has been shown that the maximum (close to unity) radiation effi-
ciency of the considered nanostructures is achieved in the infrared spec-
tral range, while the thickness of the dielectric layer significantly affects
the radiation efficiency in the ultraviolet frequency range. In addition,
the radiation efficiency at the same frequency increases with the increase
in the aspect ratio.

It has been demonstrated that the diagonal components of the electric
field enhancement tensor will be maximal for metallic nanoprisms, and in
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the neighbourhood of the surface plasmonic resonance frequencies, the
maximum transverse enhancement exceeds the maximum longitudinal en-
hancement by two orders of magnitude. The difference between the maxi-
mum values of the transverse and longitudinal components of the field
enhancement tensor is explained by the fact that the transverse dimension
of the structures, which are under study, exceeds the longitudinal dimen-
sion, and therefore the corresponding plasmonic resonance is more pro-
nounced.

It has been established that, unlike the diagonal components of the
field enhancement tensor, the components of the spectral figure of merit
tensor increase with increasing thickness of the dielectric layer, which is
associated with the weakening of the role of the relaxation processes.

The results of the calculations of the frequency dependences of the
diagonal components of the quality factor tensor indicate the possibility of
using nanoprisms with a moderate thickness of dielectric coating as the
optical nanoresonators, since in this case the quality factor values are
greater than for nanoprisms with the thin dielectric layer, and there are
no oscillations of the quality factor, which are characteristic of the partic-
les with the thick dielectric shell.
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H.I. ITasruwe!, A.B. Kopomyn!?
'HanjonansHuil yHiBepcuTeT «3amopisbKa MOJiTeXHIKa»,
ByJI. YHiBepcureTchbKa, 64, 69011 3anopixkixa, YKpaina
2TacturyTt meranodisuxu im. I'.B. Kypaiomosa HAH Vkpainu,
oysabB. Akanemika Bepuaacskoro, 36, 03142 Kuis, YKpaina

IIJTASMOHHI SAIBUIIA B METAJITYHUX
TA METAJI-AIEJIJEKTPUYHNX ITPUSMATUNYHNX HAHOYACTHHEAX

HocaigskeHO ONTHYHI Ta IJIa3MOHHI BJIACTUBOCTI MeTAJNiUYHMUX i MeTaJ-IieIeKTPUUHUX
HAHONIPU3M, OCHOBOIO IKUX € PiBHOOIUHUN TPUKYTHUK. {1 oJep:KaHHA CIIiBBiAHOIIEHb
JIJIsT YACTOTHUX 3AJIEIKHOCTEHM ONTUYHUX XaPaKTEePUCTUK JOCTiIKYBAHUX HAHOUACTHUHOK
BUKOPKCTOBAHO IiAXin exBiBasenTHOro cdepoina. IlpoBemeHo Po3paxyHKM YACTOTHUX
3aJIEIKHOCTEHM MiarOHAJbHUX KOMIIOHEHT TEeH30piB IIOJISPU30BHOCTI, IiJCHUJIEHHSA eJIeK-
TPUYHUX TIOJIiB, CIIEKTPAJIbHOI JOOPOTHOCTi, JOOPOTHOCTI, a TAKOXK Imepepisdy eKCTUHKILIT
Ta pagiamniiizoi edexTuBHOCTi. OmeprkaHo PO3MipHi 3aJI€’KHOCTI YACTOT IIOIIEPEYHOro Ta
T03J0BXHBOT'O ITIOBEPXHEBUX IIJIA3BMOHHUX PE30HAHCiB, HaBeJeHO BiamoBinHi ominku. [o-
BeIeHO HAABHICTH 3HAUHOI'O PO3IIEIJIEHHS IIOBEPXHEBOI'0 IJIA3MOHHOIO Pe30HAHCY, Ha-
BeleHo BiamoBimui ominku. IIpoaHasizoBaHo BILIMB TOBIIWHU MieJIeKTPUUYHOTO IIIapy Ta
posMipiB MeTaseBOro sapa MPpU3MATHUHOI (DOPMU HA MOBEAIHKY JOCJIiIKYBAHUX OITHY-
HUX XapaKTepUCTHUK HAHOCTPYKTypu. IIpomeMoHCTPOBAHO BILINB MaTepiagiB aapa i 06o-
JIOHKM TPU3MM Ha IIOJOMKEHHS MAaKCHUMYMiB mepepisdy eKCTHHKINI. BusHaueHO CIIeK-
TpaJbHUU [iamasoH, B AKOMY pajialiiiina eeKTHUBHICTh JOCIiIKyBaHUX HAHOCTPYKTYP
onmsbka mo omuHuii. IlpoBefeHO IOPiBHAHHA AiaroHAJBHUX KOMIIOHEHT TEH30PHUX
ONITUYHUX XaPaKTEePUCTUK MisK CO00I0 Ta BCTAHOBJIEHO IIPUUYMHY JOMIHYBAHHS IIOIEpe-
YHUX KOMIIOHEHT TEH30PiB IMiJCUIeHHS eJIeKTPUUYHUX II0JIiB, JOOPOTHOCTI Ta CIEKTPAJb-
HOI TOOPOTHOCTI HaJ BiAMIOBIAHMMH ITO3JOBKHIMU KOMIIOHEHTAMU. PO3TISHYTO MOIKJIM-
BOCTi 3aCTOCYBaHHS IIPOAHAJI30BAHNX HAHOCTPYKTYP [Jis CTBOPEHHS CEHCOPiB IIOBEPX-
HEBOI'0 IIJIa3MOHHOI'0 PE30HAHCY TAa BHUCOKOAOOPOTHUX ONTHYHUX HAHOPE3OHATOPIB.

KarouoBi caoBa: MetasiuHa Ta MeTana-AieJeKTPUYHA HAHONPU3MU, Ai€JEKTPUYHUN TEH-
30D, TEH30p ITOJAPU30BHOCTI, MiAXiJ eKBiBaJIeHTHOTO c(epoifa, MOBEPXHEBUN IIJIa3MOH-
HUH Pe30HaHC, TeH30PU ITOCUJIEHHS II0JIiB, JOOPOTHOCTI Ta CIEKTPaJbHOI HOOPOTHOCTI,
nepepis eKCTUHKILII.
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