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The optical properties of rod-like two-layer nanoparticles are studied using the notions of equivalent prolate
spheroid. The calculations are presented for frequency dependencies for polarizability and the absorption and
scattering cross-section of prolate spheroids, cylinders, and spherocylinders. The effect of the sizes, the shapes
of the nanoparticle and the material of the core and the shell on the location of the maxima of the imaginary part
of polarizability and absorption and scattering cross-sections is analysed. The recommendations regarding the
shape and size ratio of the nanoparticles for obtaining the maximum value of radiation efficiency are formulated.
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1. Introduction

Recently, the study of plasmonic effects has become a booming field in nanophysics and nanotech-
nologies. In particular, the processes of interaction between light and metallic nanoparticles of different
shapes are under an intensive study [1H6]].

It is known that metallic nanoparticles significantly amplify the local electromagnetic fields near
their surfaces at the surface plasmonic resonance (SPR) frequencies, which are determined by their
morphology, geometry and dielectric permittivity of the environment. The plasmonic properties of
the nanoparticles have potential applications in nanophotonics, biophotonics and biomedicine [[7H9],
scanning near-field optical microscopy [10], optical sensing and spectroscopic measurements [[11} [12]].

Despite the fact that biomedical applications of the plasmonic effects start from the use of the spherical
nanoparticles, today in this field there is observed an increasing use of anisotropic nanoparticles, such
as metallic spheroids and rods [13H18]]. Indeed, while spherical nanoparticles have one absorption peak,
associated with localized surface plasmonic resonance (SPR), the localization of electrons along two
dimensions in nanorods results in the emergence of two absorption peaks. One of these peaks is caused
by the transverse SPR, and the other one — by the longitudinal SPR (figure[I). As a rule, the longitudinal
SPR band is located in the lower frequency range, which corresponds to the first or the second biological
transparency window [18]], and it can be easily adjusted by adjusting an aspect ratio of the rod (the
ratio of the radius to the length). As a result, the nanorods become prospective candidates for the use in
biosensorics.

One of the key spectral characteristics of SPR is its width, because it characterizes an enhancement of
the optical response and local field inside and outside the particle. The width of SPR is determined by such
dissipation mechanisms as volumetric and surface scattering and also radiation attenuation [19-21]. The
radiation attenuation is caused by the losses due to over-radiation of light and it becomes insignificant
for small metallic nanoparticles, which results in the narrowing of SPR spectrum to the limit set by
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Figure 1. (Colour online) Diagrams of the excitation of longitudinal and transverse plasmonic resonances.

the volumetric and surface scattering [20, 21]]. They reflect Landau attenuation, that is decay of the
charge collective oscillations into individual intrazone and interzone electron-hole pairs, and, hence, they
are related to the intrinsic electronic properties of nanoparticles [19]. An interzone attenuation plays an
important role when the localized SPR overlaps the interband transitions (figure[2), which results in a large
widening of SPR, as in gold or copper nanospheres. When resonance is located away from the interband
junction, as in silver nanospheres and gold nanorods for longitudinal SPR, it is much narrower [22} 23],
which is of great interest for the applications. At the same time, the resonance width is determined by
the electron relaxation rate, including the volumetric mechanisms (in particular, electron-electron and
electron-photon scattering, and the scattering on defects) and the scattering on the surface, associated
with the finite dimensions of the system [[19]. The contribution of the last mechanism increases with a
decrease of the particle size. Thus, the relaxation processes can be described in the form of a scheme,
shown in figure[2] where electron population of Fermi level is shown in gray, hot electrons are represented
by red regions above Fermi level ef, and the distributions of the hot holes are represented by a blue region
under gg:

1. the formation of electron-hole pairs in Au can be intrazone or interzone formation (figure [2h);

2. after the excitation of SPR, the athermal distribution of electron-hole pairs relaxes during ¢ ~
1-100 fs due to the emission of photons (radiologically) see figure[Zp or due to Landau attenuation
and formation of hot carriers (radiation-free) see figure |Zk:;

3. hot carriers redistribute its energy due to electron-electron scattering on a time scale from 100 fs
to 1 ps (figure 2d);

4. then, the heat transfers inside the nanoparticle due to electron-photon scattering on a time scale
of a few picoseconds and from the nanoparticle to the environment on the time scale of a few
picoseconds to a few nanoseconds (figure 2k).

To date, the most fully studied model is the model of spherical nanoparticle [[1]], but the model of
spheroidal particle is more informative for the study of an influence of the nanoparticle shape on its
optical properties. This is due to the fact that the above mentioned shape makes it possible to simulate
the large class of particles of real shapes (from rod-like particles to disk-like particles), changing the
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Figure 2. (Colour online) The mechanisms of electron-hole formation (a), relaxation processes, which
determine the width of SPR line (b—d) and complete SPR relaxation schedule (f) on the example of
spherical metallic nanoparticle of gold [3]].
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ratio between the semi-axes of spheroid. At the same time, the change of the ratio between the semi-
axes has a significant influence on the depolarization factors, which determine electromagnetic fields
induced by the incident electromagnetic wave inside nanoparticle, and, correspondingly, on the electron
scattering and optical absorption. A rigorous theory of attenuation in spheroidal metallic nanoparticles
is possible only within the frameworks of using kinetic approach to the description of processes of
electron scattering in the bulk and on the surface [24-28]. It is associated with the fact that the optical
conductivity, which determines the half-width of the plasmonic resonances, becomes a tensor value in
the case of spheroidal particles. Since the half-widths, in turn, determine the height of plasmonic peaks,
then the shape of nanoparticles can have a significant effect on the frequency dependencies for light
absorption and scattering cross-sections in spheroidal metallic nanoparticles [25].

The model of prolate spheroid is used under the study of the optical properties of the rod-like
nanoobjects. This is due to the fact that there is an analytical solution for the boundary problem of
electrostatics for a spheroidal particle. The experimental results [29] demonstrate that the position of the
longitudinal SPR for cylinders, spherocylinders and elongated spheroids depends on the shape of the
nanoparticle. Moreover, it has been found that the model of the equivalent elongated spheroid gives a
better approximation to the experimental results than the model of the elongated spheroid. This fact gives

Figure 3. (Colour online) Geometry of two-layer nanoparticles of different shapes which are under the
study: a — prolate spheroid; b — cylinder; ¢ — spherocylinder.
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the authors of the work [30} 31]] a right to state that the equalities of different axial moments of inertia for
equivalent elongated spheroids and rod-like nanoparticles, which are under study, are indeed appropriate
criteria for the comparison of rod-like nanostructures.

Coating the surface of the nanoparticle with an ultrathin dielectric shell, for example, with silicon
dioxide, is an effective way to improve the compatibility and stability of the structure without a significant
change of their optical properties [32H34]. This has a great practical significance for a successful use
of plasmonic nanoparticles either in sensing or under the studies, connected with the surface such as
surface-enhanced Raman light scattering (SERS). The presence of the silicon dioxide shell on the metallic
particle allows them to have a well-controlled interface with the environment, in order to avoid the false
widening effects [35], which are observed, for example, for gold and silver nanospheres stabilized by
surfactants [36]].

Thus, the aim of this article is to study the frequency dependencies for polarizability and the absorption
and scattering cross-sections of metal-dielectric rod-like nanoparticles in the frameworks of the equivalent
prolate spheroid approach.

2. Basic relations

Let us consider the rod-like nanoparticles with a metallic core which have the shape of elongated
spheroid, cylinder with the finite length and spherocylinder covered with the dielectric shell with the
thickness ¢ and permittivity €, which are situated in the medium with the dielectric permittivity €y,
(figure3).

The starting point for the study are the relations for the diagonal components of polarizability of a
two-layer prolate spheroidal particle [34, [37]]
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are the depolarization factors of internal and external spheroid; eg’ are the corresponding eccentricities;

€ = 65“ = ¢ = const is the dielectric permittivity of the shell material; 8. = V./V is the bulk content of

metallic fraction (V. is the volume of metallic core), and the diagonal components of dielectric tensor of
metallic core are determined by the following relations in the frameworks of Drude model

2
() _ e “p
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1yeﬂ‘
. . . o . 172 .
Here, € is the component which describes the contribution of ion core; w, = (ezne / eom*) / is the

plasma frequency, 7, is the concentration of conductivity electrons, m”* is the effective mass of electrons,

€y 1s the electric constant; y:ﬂ(”) are the transverse (longitudinal) effective relaxation rate, which is

determined for the nanoscale objects as

Y = i+ e 4y 0 2.5)
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Figure 4. (Colour online) The frequency dependencies for the imaginary parts of the longitudinal and
transverse components of polarizability for nanoparticles Au@SiO; (b; = 20 nm, q; = 150 nm, ¢ =
5 nm) of the shape of prolate spheroid (a), cylinder (b) and spherocylinder (c).

where ypu and y; (D" are the bulk and surface relaxation rates, and y;é”) is the radiation damping rate.

The surface relaxation rate and the radiation damping rate for prolate spheroid are determined by the
relations [31]]

)
L hora

L _ _
T 0 ; 2.6)
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where c is the speed of light.

Formulae (2.6) and (2.7) possess diagonal components of the conductivity tensor for a prolate
spheroid, which can be determined with the help of the relations obtained in works [[26-28]]:
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Figure 5. (Colour online) The frequency dependencies for the transverse (a) and longitudinal (b) compo-
nents of the imaginary parts of polarizability for the nanoparticles Au@SiO; with parameters b; = 20 nm,
a; = 150 nm, t = 5 nm of different geometrical shapes: 1 — prolate spheroid; 2 — cylinder; 3 — sphe-

rocylinder.
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where v, | and v, || are the frequencies of individual oscillations of electrons along the axes of spheroid.

Let us determine, in the frameworks

of the equivalent prolate spheroid approach, the effective aspect

ratios for two-layer elongated spheroid, which is equivalent to cylinder of the finite length and to

spherocylinder. For this purpose, let us
these objects:

write down the expressions for the axial moments of inertia of

(i) (i)

m m
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Figure 6. (Colour online) The frequency dependencies for the absorption cross-section of the nanoparticles
of the shape of prolate spheroid (a), cylinder (b) and spherocylinder (c) for Ag@SiO, with the different
sizes: 1 — by = 10 nm, a@; = 150 nm; 2 — b; = 20 nm, a; = 150 nm; 3 — b; = 50 nm, a; = 150 nm;
4 — by =20 nm, a; =200 nm; 5 — b; = 20 nm, q; = 300 nm.

6i=l—Qi, i=1,2,

where indices 1 and 2 are associated with metallic core and the entire particle, correspondingly; a, = a+t,
by = by +1t are the major and minor semi-axes of spheroid; /; = [; +2¢ is the length of cylinder, r, = r| +¢
is the radius of cylinder (spherocylinder); mi{l) and m((:’yi are the masses of ellipsoid and cylinder; y; is
the density of spherocylinder.

Using the relations

11 cyl 11 spheyl
Ifc,i_lx,i. Ifci_lx,i (211)
I~ eyl ’ gell  spheyl’ .
Lo I L LY
and introducing the aspect ratios for prolate spheroid, cylinder and spherocylinder
n by N 2r; ; 2r;
o =2t o0 =i @0 o (2.12)

a; li ’ l+2rl~'
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Figure 7. (Colour online) The frequency dependencies for the scattering cross-sections of the nanoparticles
Ag@Si0; of the shape of prolate spheroid (@), cylinder (b) and spherocylinder (c) under the same values
of parameters as in figure [f]

Let us obtain the effective aspect ratios for spheroids which are equivalent to cylinder and sphero-
cylinder:

2 3\ 2
(i) _ \/§ ). i) _ ( 461 6i +261 + 1
Ot = 505 O = |1+ ———F—]| - (2.13)
T2 ) 3 6i+1s

Calculating integrals (2.8)) and (2.9) under the condition of neglecting the oscillating terms compared
to the unit in braces, we obtain the expression for the diagonal components of conductivity tensor

9 wp\2 !
oL = 1—660(71?) Vs, 1FL(|) (Qiﬁr)), (2.14)

where
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Figure 8. (Colour online) The frequency dependencies for the absorption cross-sections of the nanoparti-
cles Me@SiO; of the shape of prolate spheroid (a), cylinder (b) and spherocylinder (c) under b; = 20 nm,
a; =200 nm, r = 5 nm with the cores of different metals.
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Substituting formula (2.14) into the relations (2.6) and (Z.7), we obtain the general expressions for
the surface relaxation rate and radiation damping rate

9 L) wp\2 1
yeh = T Vs,J_(?p) FLh (Qéﬁ)) ; (2.17)
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Figure 9. (Colour online) The frequency dependencies for the absorption cross-sections of the nanopar-
ticles Au@D of the shape of prolate spheroid (a), cylinder (b) and spherocylinder (c) under b; = 20 nm,
a; =200 nm, r = 5 nm with the different shells: 1 — SiO5; 2 — Al,O03; 3 — Tap05; 4 — TiOy; 5 — Si.
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Further, it is convenient to express depolarization factors in terms of Q( i) Then, the first formula
of (2:3) takes the form:

()2 / (z)2
L(l) — 1 Octt Qet [ (1)2
2 (i2)3/? (z)z
(1 o) ) 1— J1-

It should be pointed out that the formulae for metal-dielectric sphere, given in [38]], can be ob-

(2.19)

tained from the relations

2.17

2.19

e(f

by the limit transition e, — 0. Since hm £9 =1 and
)1

Lan -

23701-10



Plasmonic effects in rod-like metal-dielectric nanoparticles

2
ho, eV

Figure 10. (Colour online) The frequency dependencies for the radiation efficiency of the nanoparticles
Au@SiO; of the shape of prolate spheroid (a), cylinder (b) and spherocylinder (c) under the same values
of parameters as in figure[f]

lim &, (ng)) = %, we obtain:
1

1
Qéﬂf) -

v
ys=d (w, R) EF’ (2.20)
ST Vo (&)3(&)2”_1” 2.21)
rad 247 \fem (€® +2€p) \ € w/ R
where Vj is the volume of metallic core;
1 (wp\2
o (0, R) = Z(_) , (2.22)
w

vs = vp/R, and vg is the Fermi electron velocity.
In the opposite case ¢, — 1 (_[j(j) = %, Lﬁi) =0, and f’il(gééf)) = %T“), the formulae for metal-
dielectric cylinder of the infinite length follow from (2.17)—(2.19):

W=vha =0 (2.23)

rad —
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Table 1. Parameters of metals (see, for example [31,|37]] and references therein).

Metals
Parameters Cu AU Ag Pt Pd
rs/ao 2.11 | 3.01 | 3.02 | 3.27 | 4.00
m*[me 149 [0.99 [ 0.96 | 0.54 | 0.37
€ 12.03 [ 9.84 [ 3.70 | 442 | 2.52
Yourks 10871 | 037 | 035 | 025 | 1.05 | 1.39

Table 2. Dielectric permittivity of the materials of the shell [39].

Shell Si02 Al203 Ta205 TiOz Si
€ 2.10 | 3.10 4.67 6.50 | 13.69

Viaa = 12387c \/ﬁ(%y(%)z% 225

a is the radius of the base of the composite particle core, Vj is the volume of the core.
The absorption cross-section and scattering cross-section are determined by the relations

bs _ [ORVISW 2 1 Y.
Ca@s = TIH‘I (gaé + g(l 5 (226)
(,L)462 2 2 1 I 2
cyr =2 (§|aJ@| + 3]t ) 2.27)
and the radiation efficiency
Cabs
fals —© (2.28)

@ T ~abs sca”
Ca *+Caq

Subsequently the formulae (2.1), (2.26)—(2.28) taking into account the relations (2.2)-(2.4), (2.12),
2.13), @.15)-(2.19) are going to be used for obtaining the numerical results.

3. Calculation results and the discussion

The calculations have been performed for two-layer axisymmetrical nanostructures (prolate spheroids,
cylinders and spherocylinders) of different sizes situated in teflon (e, = 2.3). The parameters of metals
of the core and shell are given in tables[T]and 2]

Figure[d]shows the frequency dependencies for the imaginary parts of the longitudinal and transverse
components of the polarizability tensor for rod-like nanoparticles Au@SiO, of the different shapes. The
maxima Im a/éb(”) (w) correspond to the frequencies of the transverse (longitudinal) surface plasmonic

1
sp
1 I

sp — Wsp Increases in the sequence of the shapes “cylinder

— spherocylinder — prolate spheroid”. Let us point out that max{Im agﬂ} > max {Im a/é} for the
nanoparticles of all shapes which are under consideration.

resonances wsl;”). The results of the calculations indicate that wy, > wﬂ p for the nanoparticles of all

considered shapes, and moreover, Aws, = w

The comparison Im ag (w) and Im a/gp (w) for the same particles of the considered shapes is given

in ﬁgure The “blue” shift of the maxima Im ozlcl@ and the “red” shift of the maxima Im on@ take place
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in the sequence of the shapes “prolate spheroid — spherocylinder — cylinder”, although these shifts are
rather insignificant.

Figures[6]and[7]show the results of the calculations of the frequency dependencies for the absorption
cross-section and scattering cross-section for the rod-like nanoparticles Au@SiO,. It should be pointed
out that two maxima of the absorption cross-section and scattering cross-section, which correspond to
the longitudinal and transverse surface plasmonic resonances, are significant only for the case of the
particle of spheroidal shape with the different major and minor semi-axes. For the case of cylinders and
spherocylinders, the splitting of the maxima becomes noticeable for the nanoparticles whose longitudinal
and transverse sizes are significantly different. This fact confirms the close location of the frequencies
wslp and wl! p for cylinders (see figure . The reason for such a splitting of SPR frequencies is a decrease
of the aspect ratio at the same volume in the sequence of forms “cylinder — spherocylinder — prolate
spheroid”.

Figures [§ and [9] show the frequency dependencies for the absorption cross-section for the rod-like
nanoparticles with the cores and shells of different materials. The results of the calculations show that
the variation of metal of the core has a much stronger effect both on the splitting of the maxima C a@ﬁs and
on their location in the spectrum for the nanoparticles of all shapes which are under consideration. In
turn, the variation of the material of the dielectric shell results in only a slight shift of the maxima of the
absorption cross-section. This is due to the fact that the frequencies of the longitudinal (transverse) SPR
are significantly dependent on the plasma frequency (which is significantly different for different metals)
and is practically independent of the dielectric permittivity of the shell.

Figure shows the frequency dependencies for the radiation efficiency for the nanoparticles
Ag@SiO, of different shapes and sizes. Let us point out that g—“gd is significantly dependent on the
sizes of the nanoparticle and is practically independent of its shape. Thus, for the nanoparticles of all
shapes, the curves é‘r(gd (hw) are qualitatively similar and quantitatively close, and the radiation efficiency
is maximum in the visible (optical) part of the spectrum for the particles with the sizes a; = 100 nm,
b; = 50 nm (when the difference in these sizes is minimum).

4. Conclusions

The relations for polarizability and for the absorption and scattering cross-sections of the rod-like
metal-dielectric nanoparticles (cylinders of the finite length and spherocylinders) have been obtained in
the frameworks of equivalent elongated spheroid approach.

It is shown that the frequencies of transverse SPR are greater than the frequencies of longitudinal
SPR for the particles of all considered shapes, and the splitting of the frequencies of SPR increases in
the sequence “cylinder — spherocylinder — prolate spheroid”, hence, the aspect ratio decreases exactly
in this order under the same volume of nanoparticles. Moreover, the maxima of the imaginary parts of
the longitudinal component of polarizability tensor are greater than the maxima of the imaginary parts
of the transverse component.

It has been established that the frequency dependencies for the light absorption and scattering cross-
sections have two maximums which correspond to longitudinal and transverse SPR. The splitting of
resonances is noticeable for the particles of spheroidal shape of all sizes, while for the case of cylinders
and spherocylinders, the splitting is noticeable only when the longitudinal sizes of the nanoparticle are
much greater than its transverse sizes.

Itis shown that the variation of the shell material has a weak effect on the location of the maxima of the
absorption cross-section, while the variation of metal of the core, for the particles of all considered shapes,
has a significant effect both on the value of splitting of resonances and on the location of the maxima
on the frequency scale, which is associated with the significant differences in such optical parameters as
plasma frequency and the contribution of the interzone transitions into the dielectric function.

The calculations of the radiation efficiency show its strong dependence on the size of the particle
and the independence from the shape, while the radiation efficiency is maximum for the particles of all
considered shapes, which have the smallest difference in longitudinal and transverse sizes.
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Mna3MoHHi epeKTU y CTPMIKHENOAIOHUX MeTan-AieneKTpUuYHux
HaHOYaCTUHKaX

1. B. KapaHp,aCbm

L HauioHanbHWiA yHiBepcuTeT “3anopisbka nonitexHika”, Bys. XykoBcbkoro, 64, 69063 3anopidoks, YkpaiHa
2 3anopi3bknii HayKOBO-AOCNIAHWNIA eKCMePTHO-KPUMIHANICTUYHWIA LeHTp MBC YkpaiHu, Byn. ABaniaHi 19-A,
69068 3anopixoks, YkpaiHa

3 BMKOPUCTaHHAM YSiBN€Hb NPO eKBiBaeHTHWUIA BUTATHYTWI cPepoif AOCNIAXKEHO ONTUYHI BAACTUBOCTI CTPU-
XKHenoAibHMX ABOLLAPOBMX HAHOYACTMHOK. HaBeAeHO po3paxyHKM YaCTOTHUX 3aNeXHOCTell NoASPU30BaHOCTI
Ta nepepisy NOMNHAHHSA | PO3CitOBaHHA BUTATHYTUX Chepoiais, LuniHApiB Ta chepoumniHapis. NMpoaHanizosa-
HO BMJ/IMB PO3MipiB Ta $OPM HAHOUACTMHOK, a TaKOX MaTepianisB agpa Ta 060J0HKM Ha NONOXEHHS MaKCUMYMiB
YSIBHOI YacTVHW NOAAPU30BaAHOCTI Ta Nepepi3iB NOMNHAHHA Ta po3citoBaHHsA. ChopMynboBaHO pekoMeHaaLii
oo GopmMu Ta BifHOLLEHHS PO3MipiB HAHOYACTUHOK i3 MaKCMMaIbHUM 3Ha4YeHHSAM pagiaLiiHoi epekTVBHO-
cTi.

KnrouoBi cnoBa: rnosispu3oBaHicTs, eKBiBaeHTHU BUTATHYTU CPepois, YacTOTHI 3a/1eXHOCTI, nepepizu
MOIINHAHHS | PO3CIOBAHHS, CTPUXHEMOZIOHI HAHOYACTUHKM
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