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The relations for the optical characteristics of the composite nanoparticles of the type “metallic core —
molecular aggregate shell” have been obtained in the work. The calculations of the frequency dependencies of
the polarizability, absorption and scattering cross-sections, radiation efficiency and size dependencies of the
frequencies of the hybrid plasmon-exciton resonances have been performed. An approximate approach to the
determination of the size dependencies of the frequencies of the hybrid plasmon-exciton modes, the essence of
which is to ignore the relaxation processes in the molecular aggregate shell and in metallic core, has been
proposed. It has been demonstrated that the increase in the radius of metallic core results in the decrease in
the highest frequency of plasmon-exciton resonance, while the next highest frequency increases. At the same
time, the smallest of these frequencies decreases first, and when the content of metallic fraction becomes
greater that 50 % of the volume of the entire particle, it begins to increase. The evolution of the maximums of
the imaginary part of the polarizability with the change of the geometric parameters of the composite
nanoparticle: the radius of metallic core and the thickness of the shell has been observed. It has been
established that one of these maximums is situated in the near ultraviolet region, whereas the other two of
them are in the visible part of the spectrum. Moreover, it should be pointed out the significant increase in the
real and imaginary parts and the module of the polarizability under the increase in the radius of metallic
core. The necessity of taking into account both absorption and scattering under the study of the optical
properties of nanoparticles of the composition “metallic core — J-aggregate” is proved. It has been shown that
the value of radiation efficiency in the optical frequency range is practically independent on the changes of the
thickness and material of the shell, while the change of material and radius of metallic core has significant
effect on its frequency dependence in the visible part of the spectrum. The feasibility of the practical use of the
composite nanoparticles with golden core with the small radius, in which the radiation efficiency is close to
one in the entire optical frequency range, has been established.
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1. INTRODUCTION

The metallic nanoparticles in combination with
molecular adsorbates are one of the most adapted
architectures for the development and implementation
of the different functions on the nanoscale. For
example, the complexes “metallic nanoparticle —
molecular adsorbate” are used as nanoscale acidity
meters [1], light harvesters [2] and optically sensitive
active nanocomplexes [3,4]. The main reason for the
widespread use of such systems is associated with the
variety of the mechanisms of interaction between the
surface of metallic nanoparticles and molecular
adsorbates. It is known that adsorbate molecules can
change the optical properties of nanoparticles by
shifting their surface plasmonic resonance [5] or by
imparting ferromagnetism at room temperature to
usually nonmagnetic nanoparticles [6]. At the same
time, the properties of adsorbates, such as fluorescence,
can be suppressed or enhanced in the presence of
metallic nanoparticles. Thus, the interaction between
the nanoparticles and molecular adsorbates can results
in the formation of the strongly bound complexes based
on the nanoparticles with the unique optical
characteristics [7], which differ both from the
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properties of the individual nanoparticles and
molecular adsorbates.

Many types of the interaction between metallic
nanoparticles and molecular adsorbates are based on the
collective electron oscillations — localized surface
plasmons, which take place in metallic nanoparticles [8-
10]. Localized surface plasmons are confined in space
and significantly enhance the fields on the surface of
nanoparticles compared to the field of an incident light
wave. This enhanced near field significantly changes the
properties of molecules, molecular complexes, or other
exciton systems. In the case of the strong and coherent
plasmon-exciton coupling, the properties of both plasmon
and exciton are modified by their interaction. A number
of experiments have observed strong plasmon-exciton
coupling in metal films with propagating plasmons [11],
and in particles of complex geometries, where both
localized and propagating plasmons contribute to the
total system interaction [12,13]. For example, a coherent
plasmon-exciton coupling was found between localized
plasmons in Ag nanospheres and excitons in molecular
J-aggregates [14]. J-aggregates are organic
semiconductors with excitons which interact with an
intense near field of localized surface plasmons. The
strong interaction of J-aggregate excitons with plasmons
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[15] and photons [16] results in the formation of mixed
states. In such systems, the ultrafast dynamical
properties of J-aggregates are strongly modified. The
interaction between excitons and photons has been
studied for J-aggregates in microresonators [17], and
more recently for J-aggregates which interact with
surface plasmons propagating on extended metal
structures (metal films) [18]. However, the dynamic
response of excitons of J-aggregates, associated with
localized plasmons of nanoparticles, has not been
directly investigated so far. The ultrafast properties of
metal nanoparticle — J-aggregate complexes have been
reported for the case when the transition energy of the J-
aggregate 1s strongly mismatched with respect to the
energy of the resonant plasmon [19]; however, this is a
weaker mode of interaction, which differs significantly
from the stronger interactions in the double resonance
mode. In the weaker, non-resonant mode, plasmon —
molecule interaction usually results in the increase in
molecular absorption and in the shift of plasmon
resonance frequency. Fundamentally new effects occur
under the strong interaction between localized plasmons
and excitons, when hybridization takes place and
plexitons are formed, whose behavior differs from both
plasmons and excitons [20]. As has been recently shown,
in a number of plasmonic systems, strong coupling
between metal nanoparticles can result in Fano
interference and resonances [21]. Such interference can
also occur in hybrid systems "metallic nanoparticle —
semiconductor quantum dot", where the coupling
between excitons and plasmons can also lead to an
enhancement of Fano effect [22].

Thus, hybrid molecular-plasmonic nanostructures
provide the promising strategy for the development of
active nonlinear materials at optical frequencies
[23,24]. Studies of ultrafast optical interactions in the
time domain can show how these interactions lead to
new properties and how processes such as plasmon-
exciton hybridization, energy or charge transfer can
contribute into the response of a new hybrid material.

In this regard, the study of the spectral properties
of hybrid Me@dJ nanostructures and the effects arising
from their interaction with optical radiation are of
considerable interest for various applications, including
biology and the development of organic LEDs,
photodetectors, and solar cells [10,25-28].

Therefore, the purpose of this work is to study the
optical response of the hybrid resonant plasmon-
exciton system consisting of the complex “metallic
nanoparticle — J-aggregate”.

2. BASIC RELATIONS

Fig. 1 — Geometry of the problem
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Let us consider the spherical metallic nanoparticle
with the radius R., covered with J-aggregate layer with
the thickness ¢, which is situated in medium with the
permittivity en and has the total radius R = R. + ¢ (Fig. 1).

The radiation efficiency, which is determined by the
following relation [29,30], is an important optical
characteristics of metallic composite nanoparticles

e )

T 1+cghs /e
it is proportional to the ratio of energy of the
electromagnetic field, scattering by nanoparticles, to
energy of the incident electromagnetic wave.

In formula (1) the values Cg)bs and CZF“® are the
absorption and scattering cross-sections, which are
under the study in optical experiments, they are
determined in dipole approximation by the
polarizability of the nanoparticles

abs _ @
Co = C,/emlma@, 2)
csea — w* €2 |a |2 (3)
@ T gper -miTel >

where c is the velocity of light, w is the frequency of the
incident electromagnetic wave.

Dipole polarizability of such composite nanoparticle
oe determines, in fact, all the particularities of the
interaction between electromagnetic waves and
composite nanoparticles and is determined by the
relation

ap = R® o, @
where the dielectric function of two-layer nanoparticle
has the form [30—-32]

1+28.6,
€@ = e] 1—ﬁc(5@fa)’ (5)
and
|
6@ - ec+2e’ (6)

In formulas (5) and (6) . = (R./R)? is the volume
fraction of metal in the composite nanoparticle, and the
dielectric functions of materials of the core and shell
have the form, correspondingly:

2
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where ap is the plasma frequency; ¢ is the contribution
of the crystal lattice into the dielectric function of
metallic core; f is the reduced oscillator force; € is the
value of the dielectric permittivity away from the
center of the absorption J-stripe; ao is the frequency,
which corresponds to the center of the stripe, y is the
width of Lorentzian contour of J-stripe.

In formula (7) the effective relaxation rate in the
nanoparticles s is determined by the sum of the
contributions of bulk yux and surface relaxation % and
radiation damping yaq [33]

Yerf = Youik + Vs + Vraa- ©)]
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Bulk relaxation rate 1is constant, the radiation
damping for the particles of the considered sizes can be
ignored, and the surface relaxation rate depends on both
the frequency and the size of the particles [34]

Up
R b

(¢

Yo =- ’/(o), R) (10)

where vr — Fermi electron velocity, and the effective
parameter of the coherence loss for the spherical
nanoparticles has the form [35]

2 2
-7 (o, R) —1[%] {1—2vssinw+ ZV; [l—cosmﬂ, 1n
4 o) \%

® o v s

s

vs =vr/l2R:. is the frequency of the individual
oscillations of electrons.

Thereafter, the relations (1) — (4) taking into account
expressions (5) — (11) are going to be used for the

obtaining of the numerical results.

3. THE RESULTS OF THE CALCULATIONS AND
THEIR DISCUSSION

The calculations of the frequency dependencies of the
polarizability, light absorption and scattering cross-
sections and radiation efficiency have been performed for
the particles of the different size and content. The
parameters of metals and cyanine dyes are given in
Tables 1 and 2 correspondingly.

Table 1 — The parameters of metals (a, — Bohr radius) (see,

for example, [32, 34] and references therein)

Value Cu AuMetalSAg Pt
r/a, 2.11 3.01 3.02 3.27
m'/m, 1.49 0.99 0.96 0.54

& 12,03 | 9,84 3,7 4,42
Yo 10 71| 0.37 0.35 0.25 1.05

Table 2 — The parameters of J-aggregates (see, for example,
[36] and references therein).

Value TC 7 aggé?:gates PIC
€ 1 1 2.9

hay, €V 2.68 3.04 2.13
f 0.90 0.01 0.10

Iyy, eV 0.066 0.039 0.033

Fig. 2 shows the frequency dependencies for the real
and imaginary parts, and for the module of the
polarizability for nanoparticles Au@TC with the variable
thickness of the shell and the constant radius of metallic
core. It should be pointed out that Reae(w) is an
alternating function of frequency (Fig.2a), whereas
Imoe(w) >0 throughout the entire frequency range
which is under the study (Fig. 2b). The curves | aa(w)|
are qualitatively and quantitatively close to the curves
Imae(w). Moreover, if the first and the second
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maximums Imae(w) and |oe(w)| are situated in the
visible part of the spectrum, then the third maximum —
in the near ultraviolet range. The increase in the
thickness of the shell results in the increase in values of
all maximums and in slight “red” shifts of the first and
the third maximums and “blue” shift of the second
maximum.
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Fig. 2 —The frequency dependencies for the real (a) and
imaginary (b) parts, and module (c) of the polarizability of the
composite nanoparticles Au@TC (R,=10nm) under the
dirrerent thickness of the shell: I — t=1nm; 2 — t=3nm;
3—t=5nm

Fig. 3 shows the similar to the previous figure
dependencies for the particles Au@TC with the different

06025-3



A.V. KOROTUN, N.A. SMIRNOVA, G.V. MOR0OZ, G.M. SHILO

radius of metallic core and constant thickness of the shell.
Let us point out that the increase in the radius of metallic
core results in the significant increase in values of Reaa,
Imaoe and, correspondingly, | aw|, which is associated
with the increase in the content of metallic fraction in
nanoparticle. Small-scale oscillations in the infrared
region of the spectrum on the dependencies Imae(w)
can be explained by the influence of the kinetic effects.
Let us point out that the number of maximums Imae(w)
is the same as in the previous case, and their location is
constant under the variation of the radius of the core.
Let us point out that maximums Imae(®) correspond

to the hybrid plasmon-exciton resonances, the
frequencies of which o) (i=1, 2,3) are determined

res

from the condition

res

Ree, (oo(i) )+ 2 =0. (12)

An approximate analytic approach to the
determination of these frequencies is to assume that the
relaxation processes in metallic core and the shell of J-
aggregate can be ignored (that is, one can assume
Yett =Yg = 0 )

Let us give the numerical results for the
frequencies m(rie)s for the particles Au@TC and Ag@TC

under the different values of the content of metal in
the particle (Table 3).

Let us point out that the increase in content of
metallic fraction results in the decrease in resonant

frequencies o) for both particles Au@TC and particles

res

Ag@TC, while the frequencies ®? increase on the

it should be

pointed out the following: these frequencies both for the
particles Au@TC and the particles Ag@TC first decrease

with the increase in B, and then (at , >0.5) begin to

contrary. As for the frequencies (%)

res

. . . 2 3
increase. Moreover, if the frequencies w(rel and wge)s

belong to the optical frequency range, then the
frequencies co(r?s are situated in ultraviolet part of the

spectrum.
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Fig. 3 — The frequency dependencies for the real (a) and
imaginary (b) parts, and module (c) of the polarizability of the
composite nanoparticles Au@TC (¢=3nm) with the different

radius of the core: 1 — R =10nm; 2 — R,=30nm;

83— R, =50nm

Table 3 — The calculated values of the resonant frequencies for the nanoparticles Au@TC

Au@TC Ag@TC
Pe i eV | ne® eV | meldev | ndl,ev | ne®, eV | nel,ev
0.1 6.851 2.258 1.859 6.247 2.523 2.255
0.2 6.471 2.417 1.718 6.011 2.651 2.166
0.3 6.116 2.538 1.622 5.773 2.756 2.105
0.4 5.772 2.629 1.574 5.532 2.843 2.075
0.5 5.438 2.697 1.573 5.286 2.914 2.076
0.6 5.110 2.745 1.617 5.031 2.971 2.111
0.7 4,781 2.779 1.705 4.765 3.015 2.182
0.8 4.445 2.799 1.835 4.777 3.048 2.295
0.9 4.087 2.809 2.014 4.151 3.073 2.462
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2
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Fig. 4 — The frequency dependencies for the absorption cross-section (a) and scattering cross-section (b) of the composite
nanoparticles Au@TC: I — R, =10nm, t=1nm; 2— R, =10nm, t=3nm; 3— R, =10nm, ¢t=3nm; 4— R =30nm, ¢{=3nm;

5— R, =50nm, {t=3nm
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Fig. 5 — The frequency dependencies for the radiation efficiency of the composite nanoparticles Au@TC with the different thickness
of the shell under R, =10 nm (a) and the different radius of metallic core under ¢ =3 nm (b)
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Fig. 6 — The frequency dependencies for the radiation efficiency of the composite nanoparticles Me@TC under the variation of
material of the core (@) and composite nanoparticles Au@dJ (b) under the variation of material of the shell (R, =30 nm, ¢t =3 nm)

The calculations of the frequency dependencies for
the absorption and scattering cross-sections (Figure 4)
indicate their qualitative similarity to the similar

dependencies for Ima, (03) and ‘(x@(oo)‘. This applies

to both the number of maximums and the evolution of
their position and magnitude. Thus, when the radius of
the core changes, the position of the maxima does not
change, but their magnitude increases; when the
thickness of the shell changes, on the contrary, the
amplitude of the maxima practically does not change,
but their "red" and "blue" shifts (depending on the
maximum number) in frequency occur. It can also be

pointed out that Cébs and Cg” coincide in the order of

magnitude, which indicates the importance of taking
into account both absorption and scattering for the
study of the hybrid nanostructures.

Fig. 5 shows the frequency dependencies for the
radiation efficiency of the nanoparticles Au@TC with
the different thickness of the shell and the different
radius of the core. The results of the calculations indicate
that the variation of the thickness of the shell has
virtually no effect on the radiation efficiency in the

optical frequency range, and in the ultraviolet part of the

rad

spectrum &g decreases more intensively for the
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particles with the thicker shell.

In turn, the variation of the radius of metallic core
has the significant effect on the frequency dependence of
the radiation efficiency. For example, for the particles

rad

with the relatively large radius of the core, the value &7

decreases essentially already in the optical frequency
range, which is undesirable in the practical application of
the studied nanoobjects. At the same time, the radiation
efficiency of the composite particles with the relatively
small radius of the core is close to one, which indicates
the feasibility of the practical use of such nanoparticles.
Fig. 6 shows the frequency dependencies of the
radiation efficiency for the nanoparticles with the shells
and cores of different materials. An analysis of the
numerical results indicates that the variation of metal of
the core has the significant effect on the value of the
radiation efficiency in the optical frequency range
(Figure 6, a), while the variation of J-aggregate of the
shell has the influence on the radiation efficiency only

under the great frequencies (Figure 6, b). Moreover, the

rad

value &7° is the greatest value for the composite

particles with the core Au in the visible part of the
spectrum.

4. CONCLUSIONS

The relations for the frequency dependencies for the
polarizability, resonant frequencies, absorption and
scattering cross-sections and radiation efficiency of the
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Paniauiiina epexTuBHicTh chepuIHMX METAI€BUX HAHOYACTUHOK, BKPUTHUX IMIAPOM
MOJIEKYJIAPHOrO agcopoary

A.B. Koporyu!2, H.A. Cmupsaosal, I.B. Mopos?, I'"M. w03

1 Hauionanwvruil yHisepcumem «3anopi3vka nosimexuikay, eyi. sKyroscvrozo 64, 69063 3anopixcocs, Yipaina
2 ITnemumym memanogpizuxu im. I. B. Kypowomosea HAH Vkpainu, 6ynwe. Axademirka Bepraocvroeo, 36, 03142
Kuis, Yrpaina
3 3anopisvKuli HaUlOHAILHULL YHI8epcumem, 8yJ. JKyKkoscvkozo, 66, 69600 3anopisxcoca, Yrpaina

Y po6orTi oj1epsKaHO CITIBBITHOIIEHHS JJIS ONTUYHUX XaPaKTEePUCTUK KOMITO3UTHUX HAHOYACTHHOK THUILY
«MerasieBe SIpo — 000JIOHKA MOJIEKYJISIPHOrO arperary». IIpoBeeHO po3paxyHKM YaCTOTHHX 3aJIEHKHOCTEH
TOJIIPU30BHOCTI, IIePepisiB MOTJIMHAHHS TA PO3CIIOBAHHSA, PATIAIINHOI e(DeKTUBHOCTI T4 PO3MIPHUX 3aJIEIK-
HOCTEH YacTOT TiOpUIHUX IJIa3MOH-€KCHTOHHUX PEe30HAHCIB. 3aIllpOmoOHOBAHO HAOJIMMKEHUM MiAXiT J0 BH-
3HAYEHHs PO3MIPHUX 3AJIEKHOCTEN YaCTOT TOPUIHUX ILIA3MOH-eKCUTOHHUX MOJ, CYTh SIKOTO IIOJIATAE Y He-
XTYBaHHI IIpoIlecaMy pesiakcaliil B 00O0JIOHITI MOJIEKYJISIPHOTO arperary Ta merasgeBomy siapl. IIpomemosct-
poOBaHO, IO 31 3OLIBIIEHHAM paaiycy METAJeBOr0 AApa HANOLIbIIA 34 BEJIUYMHOK YACTOTA ILIa3MOH-
E€KCUTOHHOIO PEe30HAHCY 3MEHIIYETHCS B TOU 4ac, Ik HACTYIIHA 324 BEJIMYMHOI0 YacTrora 30ibIinyerhesi. [Ipu
I[bOMY HaiIMEHIA 3 I[MX YaCTOT CIIOYATKY 3MEHIIYeThCsI, a KOJIM BMICT MeTaseBol pakIiii crae OLIbmuM 3a
50 % Bim 00’eMy Bciel YaCTMHKH, IIOYMHAE 30LIbIIyBATHCA. [IpoCTeskeHO eBOJIIOIII0 MAKCHMYMIB YSIBHOI dac-
THHU IOJISIPU30BHOCTI 31 3MIHOK MeOMETPUYHHUX [1apaMeTPiB KOMIIO3UTHOI HAHOUACTUHKY: PaJilycy MeTralie-
BOTO siApa 1 TOBIIWHU 000JI0HKW. BeraHoBIIeHO, 0 OMH 13 IIUX MaKCHMYyMIB PO3TAIIOBAHUH Y OJIMKHBOMY
yabTpadiosIeTOBOMY iana3oHi, TOAl K JBa IHIMNX y BUAMMIN JacTuHi crexkrpa. Kpim Toro, Binmivaerbest
3HAYHE 3POCTAHHSA JINCHOI, YABHOI YACTHHU 1 MOIYJISA MOJIIPHU30BHOCTI IIpH 30LJIBIIEHH] paaiyca MeTaJIeBoro
sanpa. JloBegeHo He0OXITHICTh BpaxyBaHHS K MOTJIMHAHHS, TAK 1 PO3CIIOBAHHSA IIPX JTOCJIMKEHH] OIITHYHUX
BJIACTHBOCTENl HAHOYACTHHOK CKJIALy «MeTajeBe sapo — obosoHka J-arperaty». [lokasano, 1mo amMiHH TOB-
IIWHYE 1 MaTepiasy 000JI0HKH MPAKTHYHO He BIUIMBAIOTH HA BEJWYMHY PaJlamiiiHol e()eKTUBHOCTI B OIITHY-
HOMY JiaIia3oHl 4acToT, B TOM 4ac AK 3MiHA MaTepiajly 1 paailycy MeTaJIeBOro Sapa CyTTE€BO BILIMBAE HA Ii 4a-
CTOTHY 3aJIeKHICTh y BUAUMIN 00JIaCTi CIIeKTpa. BeraHoBIeHA MOIIBHICTE IPAKTUYHOTO BUKOPHUCTAHHS
KOMITO3UTHUX HAHOYACTHUHOK 13 30JIOTHM SI[POM MAJIOT0 PAJIiyCy, B AKUX B YChOMY OIITHYHOMY J1aIla30H]l Ja-
CTOT pajiariiiHa eeKTUBHICTE OJIM3bKA JI0 OJUHUIII.

Knrouori cnosa: Kommosurai Hamouactunky, Ilnasmon-ekcuronrauit pesonanc, MoseryasspHuit agcopoar,
IIBuakicTs pesakcarri, YacroTHa 3aJI€/KHICTD.
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