
Abstract. We review the studies of a wide range of optical
phenomena resulting from near-field coupling between exci-
tons and localized surface plasmon-polaritons in hybrid nano-
structures. Modern physical approaches and theoretical models
reported here for the description of light absorption, scattering,
and extinction spectra are appropriate for interpreting physical
effects in nanosystems containing metals and various excitonic

materials, such as molecular aggregates of organic dyes or
inorganic quantum-confined semiconductor structures. Using
the example of hybrid nanosystems composed of a metallic
core and an outer shell of dye J-aggregate, we perform a
theoretical analysis of the optical spectra behavior in the re-
gimes of weak, strong, and ultrastrong plasmon-exciton cou-
pling. We consider resonance and antiresonance phenomena
induced by the coupling of an exciton with dipole and multipole
plasmons, including a pronounced dip in light absorption, as
well as the spectral band replication effect of plexcitonic nano-
particles and their dimers. In addition, we discuss the significant
roles of the size-dependent permittivity of the metallic core, the
effects of anisotropy and chirality of the excitonic J-aggregate
shell, and the influence of an intermediate passive layer on the
formation of the optical spectra of bilayer, trilayer, and multi-
layer nanoparticles. The review outlines the experimental and
theoretical results for hybrid nanosystems of various geometri-
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cal shapes, sizes, and compositions, broadens our understanding
of the physical phenomena caused by the plasmon-exciton
coupling, and represents the current state of research in the
optics of metalorganic nanostructures.

Keywords: nanophotonics, optical spectra, light±matter inter-
action, plexcitonics, plasmon-exciton interaction, hybrid
nanomaterials, core-shell nanoparticles, metal/J-aggregate
nanostructures, localized surface plasmon-polaritons, delo-
calized Frenkel excitons

1. Introduction

Over the past two decades, optical properties of various
hybrid nanoparticles and nanometer structures, as well as
effects of their interaction with light fields, have been
comprehensively studied by leading scientific centers.
Interest in hybrid nanosystems is motivated by intense
development of nanophotonics, nanoplasmonics, and the
physics of quantum-confined structures. Moreover, hybrid
nanomaterials are used extensively to develop next-genera-
tion photonic, optoelectronic, and light-emitting devices
[1±3]. We also note research and development efforts in the
field of optical switches [4, 5], memory elements [6, 7],
photodetectors [8], photovoltaic elements [9±11], light-
emitting diodes [12, 13], and nanosensors [14±16]. Much
attention is paid to the development of the element base for
nanophotonic integrated circuits [17, 18] and plasmonic
networks controlling optical information [19], nanolasers
and spasers [20±22], superlenses, nanowaveguides, and
near-field optical probes [23±25], as well as a number of
other devices operating on the basis of subwavelength
optics effects and quantum-confinement, nonlinear optical,
and plasmon-induced phenomena. Of considerable impor-
tance in this context are studies and developments in the
field of hybrid organic/inorganic photonics and optoelec-
tronics [26±28].

Particular focus has been put onto the study of optical
properties of hybrid systems consisting ofmetal nanoparticles
and molecular complexes, including dye aggregates. Physical
properties of metal nanostructures and effects of their
interaction with light fields have been studied in detail
[29±35]. Metal structures and nanoantennas fabricated on
their basis [36, 37] are capable of converting light into a highly
localized electromagnetic field associated with collective
oscillations of free electrons in metals. Such structures and
devices make it possible to control and manipulate light fields
on a nanometer scale [38, 39], increasing significantly the
photodetection efficiency [40], the intensity of photolumines-
cence [41±45] and light scattering [46±49], and the sensitivity
of biological and chemical sensors [50±52].

The use of ordered dye aggregates as an organic sub-
system of metalorganic nanostructures has advantages over
monomer molecules. A characteristic feature of J-aggregates
is that, due to the translational order, electronic excitations of
individual molecules are collectivized, forming Frenkel
excitons. J-aggregates of polymethine (cyanine) dyes have a
very narrow optical absorption peak (J-band), shifted to the
red spectral range relative to the peak of the monomer of the
same dye. They also exhibit resonance fluorescence with a
small Stokes shift, an anomalously large oscillator strength of
the transition in the J-band, and a giant nonlinear optical
susceptibility. These unique optical properties arise due
to the coherence of the states of molecules constituting

the J-aggregates. A number of reviews are devoted to
describing the structure, synthesis, and physicochemical
properties of cyanine dye aggregates [53±57]. In recent years,
the optical properties and effects of excitation energy transfer
in aggregates of more complex types, such as tubular
aggregates [58], columnar aggregates [59], X-aggregates [60],
and multichromic multilayer aggregates [61, 62], have been
intensively studied.

As has been shown [63±70], metalorganic nanoparticles
containing J-aggregates have unique optical properties. In
certain regimes of their interaction with light fields, they
combine advantages of the excitonic subsystem (a large
oscillator strength of the radiative transition and a small
width of the J-absorption band) and the plasmonic sub-
system, which is capable of enhancing strongly the local field
near the surface of the metal nanoparticle compared to
external electromagnetic radiation. Strong local light
fields can modify the electronic structure and properties
of J-aggregates [71]. Therefore, they may significantly affect
photoluminescence processes of dyes deposited on plasmo-
nic nanostructures [72±74]. Many interesting effects, such as
giant Raman scattering [75±77], plasmon-enhanced fluores-
cence of J-aggregates [78, 79], superquenching (a sharp
decrease in fluorescence intensity) [80], photoinduced
charge separation reactions in J-aggregates near a metal
surface or metal particles [81], plasmon-enhanced resonance
energy transfer from donor molecules to acceptors, and
energy transfer from molecular aggregates to surface
plasmons [82±85], are manifested in various metalorganic
systems.

In the physics of composite nanosystems containing
metal particles of various shapes and sizes and molecular
aggregates of dyes deposited on them, of greatest interest are
the effects that arise as a result of coupling between Frenkel
excitons and localized surface plasmons excited in the metal
subsystem under the action of light [86±95]. Related to this
area of research are investigations of the effects of near-field
coupling between Frenkel excitons and propagating surface
plasmons in planar systems containing J-aggregates of dyes
deposited on a flat metal substrate [96±100]. To a consider-
able extent, these physical phenomena are similar to the
intensively studied effects resulting from plasmon-exciton
coupling in hybrid systems containing quantum-confined
semiconductor compounds and metal nanostructures [101±
106], including nanoparticles and thin films. Similar optical
phenomena stem from electromagnetic coupling between
excitons and polaritons or plasmon-polaritons in microcav-
ities [107±111].

Plasmon-exciton coupling leads to the emergence of new
hybrid states of the system with optical properties different
from those of each of its components. In the general case, the
spectrum of a composite system cannot be described as a
simple superposition of the spectra of individual components.
The effects that arise here are called plasmon-exciton
coupling or, for short, plexcitonic coupling [112±114]. It has
been shown that, due to plexcitonic coupling, it is possible to
effectively control luminescence, absorption, and scattering
spectra of light in metalorganic nanostructures by varying the
geometric parameters and shape of their components [115±
119]. The behavior of these spectra also depends markedly on
specific values of optical constants of metals and molecular
aggregates that constitute hybrid nanostructures, including
on the magnitude of the oscillator strength of the J-band
transition in the dye [89, 120, 121] and the mutual positions of
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plasmon resonance peaks and the center of the absorption
J-band [89, 122]. All these factors make it possible to radically
influence the spectral-kinetic and nonlinear-optical [123, 124]
properties of the composite plexcitonic system. The most
striking physical phenomena are manifested in the regimes of
strong and ultrastrong coupling between plasmons and
Frenkel excitons of molecular J-aggregates [86±106, 116,
118±134].

To date, several reviews devoted to the discussion of
various aspects of plasmon-exciton interaction have been
published [135±142]. They discuss general principles of
plexcitonic coupling and some applications to photonics and
optoelectronics; describe methods for creating the plexcitonic
nanosystems; consider the effects of plasmon amplification
and quenching of spontaneous emission, as well as exciton
energy transfer between quantum emitters; and study other
topical issues. However, to date there are no reviews that
would present a clear and sufficiently complete physical
picture of plexcitonic phenomena in the optics and spectro-
scopy of metal nanoparticles and nanostructures of various
shapes and sizes, coated with an outer shell of molecular
aggregates of dyes. Moreover, a number of physical
approaches and analytical models of plexcitonic coupling
have not yet received proper theoretical discussion in the
literature. Furthermore, many results of specific experiments
and theoretical calculations of the processes of absorption,
scattering, and extinction of light, as well as of photolumines-
cence in such composite nanosystems, have been left without
due attention.

This review presents the current state of research in the
optics of metalorganic nanosystems and considers the effects
of near-field coupling between Frenkel excitons and localized
surface plasmons in such systems. The analysis of plexcitonic
coupling effects includes the cases of dipole and multipole
plasmons, the influence of which increases with increasing
particle size. We report the results of numerical calculations
and experiments for hybrid particles of simple spherical shape
and more complex geometric shapes, including nanorods,
nanodisks, and nanoprisms. The contributions of light
absorption and scattering processes to the total extinction
cross sections for different particle sizes are discussed. We
clarify the influence of the size-dependent dielectric functions
of their metal core on the spectral distributions of the
coefficient of light absorption by a core±shell nanoparticle.
The behavior of the optical spectra of two- (metal/J-
aggregate), three- (metal/spacer/J-aggregate), and multilayer
nanoparticles is studied. In addition to the commonly used
isotropic model of the excitonic outer shell of a nanoparticle,
we report results demonstrating the significant influence of
the effects of anisotropy of the outer J-aggregate shell
and orientation phenomena on the formation of optical
spectra of hybrid plexcitonic particles with a metal core. We
provide a detailed discussion of various plasmon-exciton
coupling regimes and consider a number of resonance and
antiresonance phenomena observed when light interacts with
plexcitonic nanoparticles. They include a pronounced dip in
light absorption (or induced transparency in transmission
spectra), and spectral band replication in hybridmetalorganic
dimers consisting of metalorganic nanospheres and nano-
disks placed close to each other. We also note possible
applications of the fundamental results presented in the
review to the fabrication of new materials with specified
optical properties for developing efficient photonic and
optoelectronic devices.

2. Surface plasmon-polaritons

2.1 Introductory remarks
Below, we present some preliminary remarks on surface
plasmon-polaritons which are necessary for understanding
the effects of near-field plexcitonic coupling. Surface plas-
mon-polaritons are formed under certain conditions at the
interface between a metal and a dielectric as a result of the
interaction of free electrons of the conductor with electro-
magnetic radiation. The physical essence of these surface
waves of a combined nature is that the electron density in the
metal oscillates coherently with the electromagnetic field in
the surface layers of both the metal and the dielectric. There
are two types of surface plasmon-polaritons: propagating
surface plasmon-polaritons (PSPPs) and localized surface
plasmon-polaritons (LSPPs) [141, 142]. The excitation of
such waves is possible not only in systems with flat or
extended curved surfaces (for example, in metal films,
nanowires, and nanowaveguides) but also in nanoparticles
of various geometric shapes and sizes (nanospheres, nanor-
ods, nanodisks, nanoprisms, nanocubes, and nanostars) and
in their arrays, as well as in nanopores in three-dimensional
structures and holes in metal films. A necessary condition for
the excitation of surface plasmon-polaritons, both propagat-
ing along the flat boundary of a two-component metal/
dielectric system and localized in a metal nanoparticle
surrounded by a dielectric medium, consists in the difference
in signs of the real parts of the permittivities of the metal,
Re femg < 0, and the dielectric, Re fedg > 0.We shall start by
recapping the main concepts of the theory of propagating
surface plasmon-polaritons, which will allow us to highlight
the common physical nature of the two types of plasmon-
polaritons, PSPPs and LSPPs, and to point out differences in
their properties. Note that the words `surface' and `polariton'
in the terms PSPP and LSPP are often omitted for brevity.

2.2 Propagating surface plasmon-polaritons
Under certain conditions, surface plasmon-polaritons can be
excited by light and propagate in a thin layer along a flat
metal±dielectric interface. This situation is illustrated in
Fig. 1, which shows a schematic view of the electric field of a
surface wave propagating along the x-axis directed along this
interface. The z-axis is directed along the normal to the
surface, such that, at z > 0, the material of the hybrid system
is a dielectric, and the region z < 0 is filled with a metal. The
alternating charge signs in the near-surface layer of the metal
shown in Fig. 1 mean that oscillations of the electron density
are predominantly longitudinal along the x direction of
electromagnetic field propagation [143]. Analysis of the
boundary conditions shows [143] that, in this case, the
electromagnetic field is a transverse magnetic (TM) wave in
which the magnetic field, H, is normal to the plane of the
figure (Hx � Hz � 0), and the electric field, E, has both
longitudinal (Ex) and transverse (Ez) components. For such
plasmon-polaritons, the dispersion relation has the form
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As follows from relations (1), when conditions

Re fem � edg < 0 ; Re femedg < 0 �2�

are met, the surface wave propagates along the interface
between the media, and the field strength E decays exponen-
tially along the normal direction both into the metal (z < 0)
and into the dielectric (z > 0). The depths of field penetration
into the metal (dm) and the dielectric (dd) are given by the
expressions [143±145]

dd � l
2p

������������������������ ed � em
e 2d

����
s

; dm � l
2p

������������������������ ed � em
e 2m

����
s

; �3�

where l is the wavelength of light in a vacuum, and em and
ed are the permittivities of the metal and dielectric,
respectively.

Table 1 shows the results of calculations using formula
(3) for the values of the field penetration depth into the
metal (dm) and the dielectric (dd) at different wavelengths
of light (l) in a vacuum. In the calculations, quartz (SiO2)
was chosen as a dielectric, and silver (Ag) and gold (Au)
were used as metals. It is evident from the data in Table 1
that a wave traveling along the interface penetrates into
the metal a significantly shorter distance than into the
dielectric.

The surface plasmon-polariton undergoes attenuation as
it propagates along the x-axis due to energy dissipation in the
metal (see the dashed envelope in Fig. 1). The corresponding
propagation length LSPP can be expressed in terms of the
imaginary part Im fk SPP

x g of the complex wave vector of the
surface plasmon, determined by dispersion law (1). According
to [144, 145], the value ofLSPP mainly depends on the value of
the permittivity of the metal (em) at the surface plasmon
oscillation frequency (o � 2pc=l). It is determined by the

expression [144, 145]

LSPP � l
2p

�
ed �Re femg
ed Re femg

�3=2 ÿRe femg
�2

Im femg : �4�

Table 1 also presents the results of calculations (formula
(4)) of the propagation length (LSPP) of the surface plasmon-
polariton along the flat metal±dielectric interface in the
direction of the x-axis. The data presented for two systems,
quartz on silver and quartz on gold, show that the plasmon
propagation length LSPP depends substantially on the
wavelength l of the incident light in a vacuum and decreases
significantly in the short-wavelength part of the visible
spectrum. Thus, the LSPP value is � 5 mm in the case of silver
at l � 0:5 mm, while for gold, a cutoff effect occurs near this
wavelength, i.e., the wave stops propagating along the gold±
quartz interface along the x-axis. It also follows from Table 1
that plasmon-polaritons have the longest propagation lengths
in the near-IR region. For example, in the vicinity of the
telecommunication wavelength l � 1:5 mm, the LSPP value is
several hundred microns in the case of Ag=SiO2 and
approaches one hundred microns in the case of Au=SiO2.

It is important to recall one well-known feature of the
dispersion law of propagating plasmon-polaritons. Accord-
ing to (1), when conditions (2) aremet, the component kSPP

x of
the plasmon-polariton wave vector along the direction of its
propagation, x, is always greater than the value of the wave
vector, kd � 2p

����
ed
p

=l, of the light wave in the dielectric at the
frequency o � 2pc=l. Therefore, due to the law of conserva-
tion of momentum, light freely propagating in the dielectric
cannot directly excite a propagating surface plasmon-polar-
iton (PSPP). A huge number of papers are devoted to various
methods of excitation of propagating surface plasmon-
polaritons to ensure the matching of momenta. In particu-
lar, the following excitation schemes have become wide-

� ÿ ÿ� � ÿ ÿ� �

a b

c d e

Einc

LSPP

ed x dm

dd

Einc Einc

Einc

0

PSPP

LSPP

Lattice ions

Neutral
metal

Displaced
electrons

z z

em

Figure 1. (a) Schematic view of a propagating surface plasmon-polariton (PSPP) along planar metal/dielectric interface. (b) Illustration of mechanism of

charge separation on surface ofmetal nanosphere leading to the formation of a localized surface plasmon-polariton (LSPP) induced by the electric field of

incident wave, Einc. (c±e) Spatial distributions of square modulus jEj2 of electric field in longitudinal section of nanoparticles: (c) disk, (d) rod, and

(e) three-point star. Calculations were performed using FDTDmethod for wavelengths of incident light corresponding to positions of maxima of spectral

peaks of longitudinal plasmon resonances, which are (c) l � 425 nm for the disk, (d) l � 690 nm for the rod, and (e) l � 510 nm for the three-point star.

The following geometric parameters of nanoparticles were used: (c) D � 27 nm (disk diameter) and h � 15 nm (disk thickness), (d) D � 15 nm (rod

diameter) andL � 49 nm (rod length), and (e)L � 35 nm (distance between tips of the star) and h � 35 nm (star thickness). In figures (c±e), directions of

electric field of wave incident (Einc) along normal to plane of figure are indicated by black arrows.
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spread: (1) Kretschmann and (2) Otto configurations based
on the phenomenon of frustrated total internal reflection;
(3) excitation by an optical probe of a near-field microscope;
and diffraction (4) on a grating, (5) on a corrugated structure,
and (6) on inhomogeneities and roughnesses of the metal±
dielectric interface (see, for example, [145, 146]).

2.3 Localized surface plasmon-polaritons
Localized surface plasmon-polaritons are excited in metal
nanoparticles and metal-containing nanostructures whose
size can be smaller than the wavelength of light, l, and even
smaller than the values of the penetration depth, dm, of the
electromagnetic field into the given bulk metal sample (see
Table 1). Modern synthesis methods make it possible to
obtain nanoparticles of various shapes, including rather
complex ones (Fig. 2). Similar to the case of propagating
surface plasmon-polaritons, the localized field of electromag-
netic waves near the nanoparticles is evanescent [147]. Its
strength undergoes a strong local increase in the regions
adjacent to the nanoparticle boundary inside and outside
the metal. When localized plasmon-polaritons emerge in
metal nanostructures, collective coherent oscillations of the
charge density are excited in the near-surface layer, as is the
case for extended geometry. However, unlike the case of
propagating surface plasmon-polaritons, electron oscilla-
tions are confined by the closed surface of the nanoparticle,
and the evanescent field is concentrated in the vicinity of the

interface between the particle and the environment. There-
fore, the properties of localized surface plasmon-polaritons
are largely determined by the geometric shape and size of the
nanoparticle, in addition to the permittivities of its material
and the environment.

The mechanism of the formation of a localized surface
plasmon-polariton is schematically shown in Fig. 1b, where a
spherical particle is used as an example. An electromagnetic
wave in metal nanoparticles displaces free conduction
electrons relative to the ionic cores of the crystal lattice. As a
result, surface charges of different signs at opposite ends of
the particle generate a restoring field, the strength of which is
proportional to the displacement of electrons relative to the
ionic core. The signs of the positive and negative charges
shown in Fig. 1b periodically change over time, following the
oscillations of the external field, Einc. Thus, a metal particle is
a systemwith a set of eigenfrequencies, the values of which are
determined by the shape, size, and optical constants of the
particle material and its environment [148, 149].

The shape of a nanoparticle dramatically affects the
spatial distribution of the electric field. This is clearly
demonstrated in Figs 1c±e, which show the results of our
calculations of jE j2 for a silver disk, rod, and three-point star.
The calculations were performed using the finite-difference
time-domain (FDTD) method. One can see from the figure
that, for particles of a complex geometric shape, the field is
strongly localized near the curved surface of the metal
nanoparticle, and its intensity is maximal in those areas of
space where the curvature of the particle surface is the highest,
i.e., where the radius of curvature is especially small. Thus, the
field distributions shown in Figs 1c±e confirm the validity of
using the term ``localized surface plasmon-polariton,'' since
the field strength in the main part of the volume of the
depicted particles is extremely low, and it actually exists only
in the near-surface layer inside and outside the metal.

Note another fundamental difference between a localized
plasmon-polariton and a propagating one. The excitation of
the latter requires the matching of the wave vectors of the
photon and the plasmon-polariton. In the case of localized
plasmon-polaritons, due to the absence of propagation, the
condition for the coincidence of the wave vectors of the
photon and the plasmon-polariton is not needed. Accord-
ingly, there is no difficulty in exciting plasmon-polaritons, as
is the case for flat extended metal±dielectric surfaces.

When the radius of curvature, r, of the nanoparticle
surface is less than the thickness of the metal skin layer, dm,
in the bulk sample, which lies in the range of 20±35 nm in the
visible and near-IR spectral ranges, then the fraction of the
particle volume into which the field effectively penetrates
gradually increases [149]. The specific nature of the field

Table 1.Results of calculations (using formulas (3)±(4)) of field penetration depth dm and dd and propagation lengthLSPP of surface plasmon-polariton at
flat interfaces of silver and gold with quartz (Ag=SiO2 and Au=SiO2) for different wavelengths l of exciting radiation in vacuum.

Ag=SiO2 Au=SiO2

l, mm dAg, nm dSiO2
, nm LSPP, mm dAu, nm dSiO2

, nm LSPP, mm

1.5 21.7 1236 350 22.8 1174 87.7

1.0 21.9 527 225 24.0 478 28.7

0.7 22.1 241 42.3 25.6 200 7.62

0.5 22.5 103 5.42 34.5 71 0.003

0.4 21.7 44 0.68 does not propagate

20 nm 100 nm

50 nm

a b c d

e f g h

75 nm50 nm

50 nm 50 nm

Figure 2. TEM images of metal nanoparticles of various shapes:

(a) nanospheres [66], (b) nanorods [68], (c) nanobipyramids [151],

(d) nanodumbbells [152], (e) nanorods with round ends [153], (f) triangular

nanoprisms [154], (g) nanocubes [155], and (h) nanostars [156].
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localization inside and outside the particle and the depth of its
penetration into the metal, dm, and the dielectric surrounding
the particle, dd, substantially depend on the value of r.
Correspondingly, the greatest increase in the local field
compared to the incident field occurs near the vertices and
tips of nanoparticles, for example, bipyramids, prisms, cubes,
and stars (see, respectively, Figs 2c and f±h). Note that, when
optical radiation interacts with nanoparticles of small size a,
the quasistatic approximation is applicable if the condition
ka5 1 is met. In this case, the contribution of the electric field
dominates the contribution of the magnetic field to the total
energy of the evanescent electromagnetic field.

In the opposite limiting case, when the radius of
curvature of the particle surface (r) becomes much greater
than the characteristic values of the field penetration depths
into the metal and dielectric (r4 dm; dd), the situation
becomes similar to the case of a flat interface between
these materials. In this case, the field is concentrated inside
and outside the particle in the near-surface region, whose
volume is significantly smaller than that of the particle. In
this limit, the depth of field penetration into the metal is
almost independent of the shape and size of the particle, but
is determined only by the permittivities of the metal, em, and
the surrounding medium, ed, and their characteristic values
correspond to the case of propagating plasmon-polaritons
(see Table 1).

2.4 Size-dependent dielectric functions of nanoparticles
For metal particles, two ranges of size with qualitatively
different electronic structure are usually distinguished. The
characteristic size separating these ranges is the Fermi
wavelength of the electron, which is �lF � 1 nm for gold,
silver, and copper. In the range of r9�lF, quantum-confine-
ment effects appear in the energy spectrum and optical
properties of metal clusters, and the role of these effects
increases with decreasing size. The properties of subnano-
meter metal clusters can be described by various quantum-
mechanical methods and time-dependent density functional
theory [150]. If the size of a noble metal particle exceeds

�lF � 1 nm, its energy spectrum becomes quasicontinuous
within the allowed bands. Therefore, starting with sizes of
several nanometers, it is possible to introduce the concept of
the size-dependent dielectric function of a metal particle, em,
and describe its optical properties based on Maxwell's
equations within the framework of classical electrodynamics
of continuous media.

The local dielectric function of a noble metal in the visible
and near-IR spectral ranges can be expressed as the sum of the
contributions of intraband, eintra, and interband, einter,
transitions,

em�o� � eintra�o� � einter�o� ; �5�

eintra�o� � e1m ÿ
o 2

p

o 2 � iogintra
; op �

�
4pnee 2

me

�1=2

; �6�

einter�o� � K

�1
og

dx

��������������
xÿ og
p

x

�
1ÿ F �x;Y��

� x 2 ÿ o 2 � g 2inter ÿ 2ioginter
�x 2 ÿ o 2 � g 2inter�2 � 4o 2 g 2inter

: �7�

The quantity eintra in (5) is described by the modified Drude
formula (6) and includes a frequency-dependent part (the

second term in (6)) responsible for the collective oscillations
of free electrons in the metal with plasma frequency op and
damping coefficient gintra (1=gintra is the corresponding
relaxation time of free electrons). In addition, following
[157, 158], formula (6) contains a frequency-independent
termÐthe constant e1m , which is generally not equal to unity.

The quantity einter, described by formula (7), determines
the frequency-dependent contribution of bound electrons,
i.e., electron transitions between the valence d-band and the
conduction sp-band of noble metals; F �x;Y� is the distribu-
tion function of electron energy, �hx, at temperature Y; and
ginter is the damping coefficient for the specified interband
transitions. According to [159, 160], transitions occur
between the dispersionless d-band and the parabolic sp-
conduction band with minimum energy �hog relative to the
d-band. The constant K / D 2, where D is the transition
dipole moment.

Taking into account only the contribution of free
electrons, one can put e1m � 1 in formula (6). However, for
convenience, a term e1m ÿ 1 is usually added to this formula
[157, 158]; this term describes the contribution of those
interband transitions that are not located in the visible and
near-IR ranges of the spectrum and whose frequency
dispersion can be ignored. According to [157], the typical
values of the constant e1m for different metals can vary in the
range 14e1m 4 10.

When the particle size is small compared to the mean free
path of electrons, l1, in a bulk metal, then, in calculating the
value of eintra�o�, it is necessary to additionally take into
account the size effect resulting from the scattering of free
electrons at the interface between a metal particle and its
external medium (e.g., solution or J-aggregate shell). This
leads to the dependence of the damping coefficient gintra and,
accordingly, the dielectric function eintra�o; r� on both the
particle frequency o and the radius r. For the effective
damping coefficient, we will use the well-known expression
[161]

g �r�intra�gbulkintra � x
vF
r
; gbulkintra �

1

t
� 1

teÿe
� 1

teÿph
� 1

teÿdefect
: �8�

Here, vF is the Fermi velocity; x is a dimensionless constant
(x � 1), the value of which is determined by the specifics of the
scattering process of free electrons at the interface between a
metal nanoparticle and its environment and can be found
from a comparison with experimental data on photoabsorp-
tion; and gbulkintra is the damping coefficient in a bulk metal,
determined by the relaxation times teÿe and teÿph in electron-
electron and electron-phonon collisions, as well as the
relaxation time teÿdefect in electron scattering by defects,
respectively.

Since the size effect has a weak influence on the
contribution of bound electrons, following the semiempirical
approach [161], use is often made of the expression

em�o; r� � ebulk�o� � o 2
p

�
1

o 2 � iog bulkintra

ÿ 1

o 2 � iog �r�intra

�
�9�

to reliably describe both contributions to the permittivity of a
metal particle taking into account the size effect. Here, ebulk is
the experimentally obtained permittivity of the bulk metal
(see Refs [162±165] for Ag, Au, Cu, and Al); gbulkintra is the
frequency of electron scattering in the bulk metal; and g �r�intra is
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the frequency (8) of electron scattering from the surface of a
metal particle.

To demonstrate the size-dependent behavior of the
dielectric functions of silver and gold nanospheres with a
size smaller than the mean free path of an electron in the bulk
metal, Figs 3a and b show dependences of their real and
imaginary parts on the wavelength for three values of the
particle radius r � 5, 10; and 100 nm.One can see that the real
parts Re fem�o; r�g of silver and gold depend weakly on r. In
contrast, the imaginary parts Im fem�o; r�g depend signifi-
cantly on the particle size, especially at l0320 nmand 550 nm
for Ag and Au, respectively, where the contribution of free
electrons is dominant.

A comparison of the results of calculations of the light
absorption spectra for a number of metal and metalorganic
nanospheres of different radii r showed that the dielectric
function determined by equations (8), (9) describes well the
spectral manifestations of the size effect for Ag, Au, Cu, and
Al [65, 66, 161]. In [166, 167], the same expressions were
applied to nanoparticles of more complex shapes, including
nanoprisms and nanorods. It was found that, even in the case
of complex geometry, expressions (8), (9) allow us to
accurately describe the available experimental data on the
extinction spectra of metal nanoparticles. To this end, it is
required to introduce the effective radius reff of a sphere with
the same volume V as that of the nanoparticle under
consideration as a dimensional parameter, i.e., reff �
�3V=�4p��1=3. As was shown in [167], for silver nanoprisms,
this approach provides a good agreement between theory
and experiment when varying the prism size over a wide
range.

For a very small size of a metal nanoparticle (r92pvF=o),
its dielectric function should be calculated by taking into
account the nonlocal nature of the relationship between the
induction vectors D and the electric field strength E, which
leads to spatial dispersion effects. The theory of light
absorption by spherical metal particles of small radius with
the spatial dispersion effects taken into account has been

developed in a number of papers (see, for example, [168, 169]).
In this case, the permittivity of a nanoparticle is a tensor even
in an isotropic medium, and the distinct direction is defined
by thewave vector k. Furthermore, when themedium also has
an inversion center, one can introduce the quantities el�o; k�
and et�o; k�, referred to as the longitudinal and transverse
permittivities, respectively. IfEkk, thenD � elE, and ifE?k,
then D � etE. Thus, both transverse and longitudinal waves
can propagate in the medium. Their dispersion laws are given
by

k 2
t �

�
o
c

�2

et �o; kt� ; el�o; kl� � 0 : �10�

Within the framework of the hydrodynamicmodel of electron
gas [170], which includes the spatial dispersion, the permittiv-
ity can be written as

e�o; k� � 1ÿ o 2
p

o 2 � iogÿ b 2k 2
; b 2 � 3

5
v 2F ; �11�

so that the longitudinal wave vector turns out to be equal to

k 2
l �

5

3v 2F
�o 2 � iogÿ o 2

p � : �12�

Calculationswithin the framework of this theory show that the
nonlocal effects lead to a slight shift in the position of the
maximum of light absorption by metal particles to the short-
wavelength region of the spectrum as their radius r decreases
[169]. Themagnitude of the shift depends on the wavelength of
light l and Fermi velocity vF, with the shift becoming stronger
as the size of the sphere decreases. At the same time, the
amplitude of the absorption peak decreases slightly. For silver
nanospheres at r � 1 nm, the shift Dl in the position of the
absorptionmaximum turns out to be equal toDl � 11 nmand
decreases rapidly with increasing radius. At r � 10 nm, this
shift becomes equal to onlyDl � 1 nm, and at r > 10 nm, it is
negligible. For gold nanoparticles, nonlocal effects are even
weaker.

2.5 Dipole and multipole plasmon resonances
When the frequency of the external electromagnetic field
coincides with one of the eigenfrequencies of plasma oscilla-
tions of a nanoparticle, the phenomenon of localized surface
plasmon resonance is observed. Under resonant conditions
the induced oscillations of free conduction electrons, being
coherent with the electromagnetic field oscillations lead to a
strong enhancement in the local field strength near the
nanoparticle as compared to the external field strength. As a
result, the light absorption and scattering cross sections
increase drastically. The frequencies and widths of the
resonance peaks of light absorption and scattering depend
on the particle size, shape, and permittivities of the metal and
the environment [29, 171, 172]. In aqueous solutions, silver
and gold nanospheres exhibit plasmon-polariton resonances
in the visible range. Formany othermetals, they are located in
the UV range [89, 173].

For a homogeneous metal sphere, the frequency of the
dipole plasmon mode can be determined in the quasistatic
approximation (kr5 1) from the relation Re fem�o�g �
ÿ2eh. Here, eh is the permittivity of the host medium.
Substituting expression (6) for the contribution of free
electrons to the dielectric function em and neglecting its
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imaginary part, we have

o �dip�pl � oFr � op�������������������
2eh � e1m

p : �13�

This is the expression for the Fr�ohlich frequency [148], which
determines the position of the resonant electric dipole
plasmon mode, o �dip�pl , which relates it to the plasma
frequency of electrons, op, in the metal (6). Analytical
consideration [29, 148] of the conditions for the excitation of
electric-type plasmon resonance of the nth order of multi-
polarity leads to the well-known result: Re fem�o�=ehg �
ÿ�n� 1�=n.

Figure 4 shows the results of calculations of the extinction
cross sections sext of silver and gold nanospheres in an
aqueous solution, calculated within the framework of the
standard Mie theory. The permittivity of the aqueous
solution (the host medium surrounding the particle) changes
slightly in the visible region of the spectrum and is
1:77 < eh < 1:82 at 350 < l < 700 nm. A comparison of the
dependences of the cross sections sext on the wavelength of
light at different sphere diametersD � 10, 60, 140, and220nm
allows us to trace changes in the behavior of the extinction
spectra. In particular, this makes it possible to determine
changes in the positions of the intensity maxima of the peaks
of localized surface plasmon resonances with an increase in
particle size.

At D � 10 nm, the spectral peaks of gold (Fig. 4a) and
silver (Fig. 4e) particles correspond to the electric dipole
plasmon resonance (n � 1). An increase in the particle size
(Figs 4b±h) leads to a qualitative change in the behavior of
their extinction cross sections. This is primarily due to an
increasing role of plasmon resonances of a higher multi-
polarity order, n > 1. In particular, Figs 4b±d clearly show
the sequential formation of new spectral peaks for silver
nanoparticles: first, quadrupole at D � 60 nm (n � 2,
Fig. 4b); then, octupole at D � 140 nm (n � 3, Fig. 4c); and,
finally, hexadecapole at D � 220 nm (n � 4, Fig. 4d). It is

evident that the contribution of multipole resonances (n > 1)
changes drastically the spectral behavior of extinction cross
sections as compared to that for particles of a smaller
diameter.

Results of similar calculations for gold particles
(Figs 4e±h) also demonstrate the sequential formation of
new spectral peaks of multipole plasmon resonances with
increasing D. However, their specific impact on the behavior
of the sext�l� dependences noticeably differs from the previous
case (Figs 4a±d). Note that, since the widths of plasmon
resonances for gold turn out to be larger than those for
silver, some peaks partially merge. As a result, the contribu-
tion to the extinction cross sections ofmultipole resonances on
the order of n > 1 becomes more pronounced at higher values
ofD than that of resonances of the same order n in the case of
silver particles.

The results shown in Fig. 4 allow us to establish how the
size effect in the dielectric function (9) of silver and gold
nanoparticles, em�o; r�, affects their optical properties. We
compared the results for sext�l�, calculated with (black solid
curves) and without (red dotted curves) the effect associated
with free electron scattering from the metal±water interface
taken into account, i.e., using the permittivity of the bulk
sample, ebulk�o� [162, 163]. The size effect is especially strong
in the case of a silver particle (Figs 4a±d) if its size,D � 10 nm,
is significantly smaller than the mean free path of electrons,
lAg
1 � 53:3 nm, in the bulk sample. Then, the peak of the
dipole plasmon resonance, calculated using the permittivity
eAg
bulk�o� at D � 10 nm, turns out to be much narrower than
that observed experimentally [66, 174]. In contrast, the use of
the size-dependent dielectric function of silver, eAg�o; r�, leads
to the peak's broadening by a factor of 6.7 and 1.2 atD � 10
and 60 nm, respectively. The corresponding decrease in the
maximum intensity of the dipole peak also turns out to be
most significant at small particle sizes D5 lAg

1 .
When the particle diameter D becomes greater than

lAg
1 � 53:3 nm, the effect of the size-dependent dielectric
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of the multipole. For particles of large diameter, D � 220 nm, curves C, D, E, and F in panels (d) and (h) show contributions of multipoles of different

orders (n � 1, 2, 3, and 4, respectively) to total extinction cross section sext.
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function of silver on the extinction spectrum is weak (Figs 4c
and d). A similar analysis for Au (Figs 4e±h) shows that the
influence of the size effect in the dielectric function on the
spectral properties of gold nanoparticles is less than that in
the case of silver [89, 117]. The reason is that, in the frequency
range �ho93:5 eV, the main contribution to the permittivity
of silver is made by intraband transitions, while interband
transitions in gold begin to play a significant role already at
�ho01:7 eV. In addition, the mean free path of an electron in
gold is lower than that in silver.

2.6 Effect of shape of nanoparticles
on their optical spectra
For a particle of an elongated (for example, spheroid and
rod) or oblate (disk, prism, and star) shape, the plasmon
peak is split into two, so that the optical spectra exhibit
longitudinal and transverse plasmon resonances. This holds
true even for nanoparticles of a sufficiently small size, for
which the quasistatic approximation is definitely justified.
The greater the difference between the longitudinal and
transverse sizes of the nanoparticle, the greater the spectral
distance between the positions of the maxima of these peaks.
The peak shifted toward shorter wavelengths corresponds to
electron oscillations in the transverse direction relative to
the long axis of the particle, and the second peak (shifted to
the red) corresponds to oscillations in the longitudinal
direction (Fig. 5).

These spectral features of elongated and oblate nanopar-
ticles are clearly illustrated in Fig. 5. There we compare results
of our calculations for the extinction cross sections of silver
nanoparticles of different shapes. All calculations were
performed using the FDTD method for nanoparticles having
the same volume V � 8500 nm3. The following systems were
chosen for this comparison: a sphere with diameter
D � 25 nm (black solid curve 1); a disk with diameter
D � 27 nm and height h � 15 nm (red dashed curve 2); a
rod with transverse diameter D � 15 nm and longitudinal
length L � 49 nm (blue dotted curve 3); a dumbbell with

length L � 42 nm, ball diameter D � 20 nm, and waist
diameter h � 10 nm (brown dashed-double-dotted curve 4);
and a triangular prismwith edge lengthL � 33 nm and height
h � 15 nm (green dashed-dotted curve 5). The presented
results correspond to the cross sections averaged over three
equiprobable particle orientations, corresponding to the
nanoparticles randomly oriented in the solution. Calcula-
tions of the extinction spectra of nanoparticles of various
shapes were also performed elsewhere [33, 171, 172, 175].

Figure 5 clearly demonstrates the significant influence of
the geometric shape of the nanoparticles on the behavior of
the extinction cross sections, the positions of the maxima of
the spectral peaks, and their total number. It is evident that
for a small silver sphere, the extinction spectrum has only
one peak corresponding to the electric dipole plasmon
resonance (black solid curve 1), whose position of the
maximum is described well in the quasistatic approxima-
tion by the Fr�ohlich formula (13). Whereas, for a nanorod
with a given ratio of the length to the transverse diameter,
L=D � 3:3, there are two spectral peaks corresponding to
the longitudinal (long-wavelength peak) and transverse
(short-wavelength peak) plasmon resonances (blue dotted
curve 3). A similar situation is observed for a dumbbell
(brown dashed-dotted curve 4). Here for the aforemen-
tioned geometric parameters, the spectral distance between
the peaks of the longitudinal and transverse resonances
reaches Dl � 400 nm.

The effect of plasmon resonance splitting is also observed
in the case of nanoplatelets, i.e., nanoparticles of an oblate
geometric shape. Figure 5 illustrates this with examples of a
nanodisk (red dashed curve 2) and a triangular nanoprism
(green dashed-dotted curve 5), both having two pronounced
spectral peaks in their optical spectra. Thus, by varying the
particle shape, it is possible to shift the positions of the
plasmon resonance peak into a given wavelength range. This
specific feature of plasmonic nanoparticles is very attractive
for the development of nanostructures and nanomaterials
with desired optical properties.

As noted above, the splitting of the longitudinal and
transverse resonances in structures of elongated and oblate
shapes is already observed even for small-sized nanoparticles
for which the quasistatic approximation is definitely justified,
i.e., even when the peaks of the multipole resonances (n > 1)
do not yet make a noticeable contribution to the light
extinction and scattering cross sections. However, a signifi-
cant increase in the particle size in at least one direction leads
to the inapplicability of the quasistatic approximation. Then
for a correct description of the optical spectra, it is also
necessary to take into account the contributions of higher-
order multipoles (quadrupole, octupole, etc.) on top of the
contribution of the electric dipole term. Therefore, for a rod
of a nanometer transverse diameterD and a large longitudinal
size L, exceeding the de Broglie wavelength of light,

�l � l=�2p�, the behavior of the extinction spectra becomes
more complicated. This is clearly demonstrated in experi-
ments [176] for gold nanorods with a narrow size distribution
in heavy water. Measurements were performed in the visible
and near-IR regions of the spectrum in the range of
4009l92000 nm. The diameter of the rods in [176] was
D � 85 nm, and the length reached L � 1175 nm. In a
number of works, calculations of the optical spectra of
micrometer-sized nanoparticles of various elongated and
oblate shapes took into account nth order multipole con-
tributions (n > 1) [177±179].
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3. Ordered molecular aggregates of organic dyes

3.1 Formation of molecular aggregates
and simple excitonic model
3.1.1 Types of molecular packing in aggregates. Molecular
J-aggregates are nanoclusters of noncovalently bound
organic molecules in which the intermolecular interaction is
significantly weaker than the intramolecular interaction. The
monomer molecules in such a complex retain their indivi-
duality to a great extent, so that collective electronic
excitations of the entire system can be correctly described in
terms of small-radius excitons (Frenkel excitons) [180]. It is
very important that the excitation localized on a specific
molecule, due to the presence of translational symmetry and
intermolecular coupling, not be stationary and that it begin to
travel throughout the aggregate. In contrast, the stationary
excitation of an aggregate is delocalized, being a super-
position of localized exciton states, with the coherence region
covering the entire ordered aggregate [180, 181].

The most studied aggregates are those of polymethine
(cyanine) dyes. Frequently used cyanine dyes are described by
the structural formula (Fig. 6a), according to which they are
cationic chromophores with heterocyclic nuclei (based on
benzoxazole, benzthiazole, benzimidazole, and quinoline)
linked by a polymethine chain containing an odd number of
methine groups [182]. Their compounds absorb light excel-
lently in the visible and near-IR spectral regions due to the
alternation of the signs of the p-charges along the chromo-
phore chain and their change to the opposite ones upon
excitation by external radiation. The molar extinction
coefficients reach values of E��2ÿ3��105 l molÿ1 cmÿ1,
which correspond to absorption cross sections of s�
�3ÿ5��10ÿ16 cm2.

Basically, the molecules of cyanine dyes are almost flat
with angles of less than 15� between the planes of hetero-
cycles. For this reason, cyanine dyes are inclined to form
aggregates having a `plane-to-plane' structure with a shift of
molecules relative to each other for optimal p±p-charge

interaction of oppositely charged methine groups of neigh-
boring molecules. Aggregates of cyanine dyes are formed in
solutions [54]; on crystal surfaces, including metal substrates
[96, 97]; on the surfaces of metal nanoparticles [68, 174, 183,
184]; and on anionic platforms of magnesium dye complexes
[61, 62]. They can also assemble on DNA templates [185]. In
addition, dye aggregates can grow along polymer threads and
be embedded in polymer matrices [186].

Depending on the concentration, dyes in solutions can
exist in the forms of monomers M, dimers D, and J- and
H-aggregates (see Fig. 6). When the concentration of the
solution increases and it is cooled, the dye first dimerizes, and
then H- or J-aggregates are formed from the dimers in
accordance with the `block' construction mechanism [53,
187]. Thus, the simplest aggregate consists of two dimers
(four monomers). However, at present, it is aggregates of a
large number of monomers that are of significant interest for
many practical applications, so that the length and width of
the supramolecular system can range from 1 mm to 300 mm
and from 100 nm to 1 mm, respectively [61]. The characteristic
thicknesses of the J-aggregate layers can vary greatly. For
example, on the surfaces of metal nanoparticles, the
thickness usually ranges from 0.5±1 nm [174] to 3±5 nm
[113], while the layers on metal films reach a thickness of
about 10±20 nm [183].

The main physical properties of aggregates are deter-
mined by the type of molecular packing [53]. The most
studied is the brickwork-type packing of linear and planar
aggregates [188]. Other well-known types of packing are the
`ladder' and `deck of cards'. Recently, the main focus in the
studies of molecular aggregates has shifted towards supra-
molecular assemblies with a more complex geometric struc-
ture. For example, there have been many works on tubular
[189] and columnar [59] aggregates, cross-stacked aggregates
(X-aggregates) [60], and helical nanofibers [190]. In this
review, we present only a number of basic results and
theoretical treatments of the simplest linear aggregates with
one molecule in the unit cell, because this review is aimed at
the discussion and analysis of the most prominent results in
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the optics of plexcitonic systems. Most of the experimental
and theoretical work in this field is devoted to the study of
hybrid metalorganic nanoparticles and nanostructures, con-
taining the conventional J-aggregates of cyanine dyes as their
organic component.

3.1.2 Dispersion relation for simplest aggregates.Nowwe come
to the basic aspects of delocalized Frenkel excitons [181, 191]
using the example of conventional J- and H-aggregates within
the framework of the simple McRae±Kasha model [192±194]
based on the point dipole±dipole interaction between mono-
mer molecules. In this model, vibronic and charge transfer
effects are neglected, and in the potential interaction energy the
predominant contribution of the nearest neighbors only is
taken into account. Thus, the energy of intermolecular
interaction, which largely determines the behavior of the
optical spectra of aggregates, can be expressed as

Udd � d1d2 ÿ 3�d1n��d2n�
r 3

; �14�

where d1 and d2 are the transition dipole moments of
molecules `1' and `2,' and n � r=r, r is the displacement
vector connecting their centers of mass.

To derive the dispersion law of excitons and calculate the
optical spectra of aggregates, it is necessary to perform a basis
transformation from the localized to delocalized states of
Frenkel excitons (see, for example, [181]). More specifically,
the basic concepts of the theory of molecular excitons can be
formulated as follows: (1) any state of a molecular aggregate
is represented as a product of the eigenstates of its constituent
molecules; (2) the localized excited state of an individual
monomer transfers to other molecules (mainly to its nearest
neighbors) via dipole±dipole interaction; and (3) due to the
presence of translational symmetry of the aggregate, its
eigenstate is represented as a coherent superposition of local
excitations.

For conventional linear aggregates with one molecule per
unit cell (jd1j � jd2j � d ), containing N molecules in total,
these considerations lead to the dispersion relation [181, 192]

Eq�y� � EM �D� 2Udd�1ÿ3 cos 2 y� cos �ql � ; Udd � d 2

l 3
:

�15�

Here, q is the wave number of an exciton, y is the angle
between the transition dipole moment of the monomer and
the aggregate axis, EM is the transition energy in an isolated
monomer molecule, and D is the gas-to-crystal shift deter-
mined by a change in the energy of electrostatic interaction of
the monomer with the environment and other aggregated
molecules upon the local excitation [181]. The parameter Udd

determines the scale of the dipole±dipole coupling between
the nearest neighbors; the value of l corresponds to the
distance r between the centers of neighboring molecules in
formula (14) .

A discrete set of possible values of the exciton wave
number q � qj appears in formula (15) due to the finite size
of the linear aggregate and is determined by the expression
qj � pj=�l�N� 1��, where j is the excitonic state number
( j � 1; . . . ;N ). According to the terminology accepted in
the theory of molecular aggregates, such values of qj
correspond to so-called open boundary conditions (see, for
example, [195]). Thus, the energy width of the excitonic band
is given by

Wex � 4Uddj1ÿ3 cos 2 yj cos
�

p
N� 1

�
; �16�

and the energy positions of its top and bottom can be written
as

Etop�y� � EM �D�Wex

2
; �17�

Ebottom�y� � EM �DÿWex

2
:

Note that dispersion relation (15) is applicable to linear
aggregates with one molecule per unit cell. Such a structure is
seen, for example, in aggregates of cyanine dyes as TC, OC,
Thia(Et), and TDBC (Table 2), which were widely used as an
organic component in `core±shell' plexcitonic systems. For
aggregates with a more complex geometric shape, the
structure of the excitonic band is significantly more complex
and, as a rule, is determined by numerical simulation.
Nevertheless, for linear aggregates with two molecules per
unit cell, the dispersion relation can be presented in analytical
form [197, 198].

Optical properties of molecular aggregates are determined
to a great extent by the structure of their excitonic band. For

Table 2. Abbreviations, names, and positions of spectral peaks and their full widths at half maximum (FWHM) for a number of dye J-aggregates
according to data from papers [64, 68, 87, 88, 153, 174, 196, 322, 323].

Abbreviation Dye �hoex, eV lex, nm gex, meV
(FWHM)

OC 3,3 0-disulfopropyl-5,5 0-dichlorooxacyanine triethylammonium salt 3.04 407 39

TC 3,3 0-disulfopropyl-5,5 0-dichlorothiacyanine sodium salt 2.61 475 66

PIC 1,1 0-disulfopropyl-2,2 0-cyanine triethylammonium salt 2.13 582 33

TDBC 5,5 0,6,6 0-tetrachloro-1-1 0-diethyl-3,3 0-di(4-sulfobutyl)-benzimidazolo-carbocyanine 2.12 585 48

NK2567 2,2 0-dimethyl-8-phenyl-5,5 0,6,6 0-dibenzothiacarbocyanine chloride 1.79 693 52

D725 3,3 0-di(g-sulfopropyl)-6,6 0-dimethoxy-8,10-dimethylene thiacarbocyanine betaine
triethylammonium salt

1.71 725 13

JC1 5,5 0,6,6 0-tetrachloro-1,1 0,3,3 0-tetraethylimidacarbocyanine iodide 2.09 592 28

TPP 5,10,15,20-tetraphenyl-21H,23H-porphyrin 2.82 440 90

Thia(Et) 3,3 0-disulfopropyl-5,5 0-dichloro-9-ethylthiacarbocyanine potassium salt 2.00 621 67

Thia(Ph) 3,3 0-disulfopropyl-5,5 0-dichloro-9-phenylthiacarbocyanine triethylammonium salt 1.85 671 85

56 V.S. Lebedev, A.D. Kondorskiy Physics ±Uspekhi 68 (1)



the considered linear aggregates, the sign of the excitonic
coupling energy, Udd, of dye molecules plays a key role. Thus,
in the case of negative coupling energy (Udd < 0), a J-aggregate
is formed, and the most efficient radiative transition occurs to
the bottom of the excitonic band, while the transition to the
top of the band is forbidden. In contrast, in the case of
positive coupling energy (Udd > 0), anH-aggregate is formed,
and the transition to the bottom of the band is forbidden,
while the transition to the top of the band is the most intense.
Correspondingly, in J-aggregates, the main peak in the
absorption spectrum shifts to the red region and undergoes
a substantial narrowing compared to the spectrum of the
monomer. On the contrary, for H-aggregates, the spectral
maximum shifts to the blue region relative to the monomer,
and the band width is usually substantially larger compared
to the typical width of the J-aggregate spectral band.
However, in some cases, the H-aggregate band is not much
wider than the J-aggregate band. This is shown, for example,
in Fig. 6c, when these two types of molecular aggregates are
formed from the same dye.

It is important to note that the exciton dispersion law (15),
derived for the simplest case of a linear aggregate with one
molecule in the unit cell, is suitable for describing two possible
types of aggregation (J and H). Moreover, expression (15)

clearly shows that the aggregation type (J or H) and the
corresponding qualitative behavior and quantitative charac-
teristics of the optical spectrum depend directly on the angle
y, which specifies the orientation of the transition dipole
moments relative to the axis connecting the centers of
neighboring molecules (Fig. 7a). The condition Udd � 0
yields the so-called magic angle, ym�arccos �1= ���

3
p ��54:7�,

separating the J- and H-types of aggregation (Fig. 7c). In
J-aggregates, the molecules are packed in a `head-to-tail'
arrangement with the orientation angle of the transition
dipole moments in the range 04y < ym. In this case, the
dipole±dipole coupling energy (14) is negative (Udd < 0). In
contrast, H-aggregates have a side-by-side packing with
orientation angles of the transition dipole moments in the
range ym < y4 p=2, resulting in a positive sign of the
interaction energy (Udd > 0).

3.1.3 Photoluminescence and photoabsorption. The probabil-
ities of radiative decay per unit time differ greatly for J- and
H-aggregates. For a J-aggregate consisting of N molecules,
the rate of spontaneous decay increases by a factor of N
compared to the case of a monomer (superradiance effect
[199]). In contrast, in H-aggregates, after light absorption,
rapid intraband relaxation occurs, leading to the effective
population of the state with the lowest energy, with the dipole
transition to this state being forbidden. Regarding the
quantum yield of luminescence, we note that its value in
J-aggregates is typically large, while in H-aggregates, it is
usually small. Nevertheless, there are fluorescent H-aggre-
gates [200, 201], in which the low rate of radiative decay
dominates over the even slower rate of nonradiative decay,
leading to a fairly high quantum yield.

Further, we present the analytical expression for the
absorption coefficient of light, Kq, of a linear aggregate with
one molecule per unit cell on an individual transition from its
ground state jgi to a given exciton state jeqiwithwave number
q. It was recently obtained [197, 198] within the framework of
the McRae±Kasha model [192] and can be written as

Kq � Naggr
p 2d 2

�hoc
E 2
q �y�

�
1� 1

2
cos 2 y

�
fN�ql � aq�o� ;

�18�

fN �ql � �
2

N� 1
cot 2

�
ql

2

�
; j � 1; 3; 5; . . . ,

0; j � 2; 4; 6; . . .

8<: �19�

Here, Naggr is the concentration of aggregates in the ground
state, N is the number of molecules in the aggregate, o is the
photon frequency, and c is the speed of light. Possible values
of q determined from open boundary conditions are q �
qj � pj=�1�N� 1��, where j is the excitonic state number
( j � 1; . . .N); l is the unit cell length; and aq�o� is the contour
of the resonance spectral band normalized by the relation�
aq�o� do � 1, with a maximum at �ho � Eq�y�. Formula

(18) is averaged over the directions of the incident light
polarization.

In [197, 198], formula (18) was extended to linear
aggregates with two monomer molecules in a nonplanar unit
cell. In addition, expressions were obtained for the coefficient
of polarized light absorption by aggregates with a given axis
orientation on a substrate or inside a flow-through cuvette.
The resulting coefficient, Ktot�o� �

P
q Kq�o�, of light

absorption at frequency o by a molecular aggregate is
determined by the sum over transitions jgi ! jeqi to all

EJ

9054.70
y, deg

EM
EH

a b

c

y

y

d1

r

d2

ÿ

ÿ

�

�

Figure 7. (a) Schematic view of a dye dimer as point-like dipoles; r is

distance between dipoles, jd1j � jd2j � d is magnitude of transition dipole

moment in monomer molecule, and y is angle between directions of

transition dipole moments d1 and d2 and aggregate axis. (b) Relative

positions of monomer molecules in dimers that constitute dye aggregates.

(c) Dependence of phototransition energies of dye dimers on angle y. Red

solid and blue dashed curves show energies of allowed and forbidden

phototransitions to edges of excitonic band, respectively. Green dotted

horizontal line is energy EM of excited state of the monomer. J-aggregates

are formed at y < ym, and H-aggregates are formed at ym < y < p=2
(ym � 54:7� is the magic angle).

January 2025 Optics of plasmon-exciton nanostructures: theoretical models and physical phenomena in metal/J-aggregate systems 57



possible states of the excitonic band jeqji ( j�1; . . . ;N ).
Transitions to excitonic states with the lowest wavenumber
q make the most of the contribution to the resulting
absorption coefficient.

The above excitonic approach, based on the works by
Frenkel [180], Davydov [181], and McRae and Kasha [192±
194], turned out to be successful for the classification and
reasonable explanation of the photophysical properties of a
number of experimentally studied dye aggregates. Its further
development is associated with the generalization of the
simplest model of point dipole±dipole interaction as a result
of a more accurate consideration of the effects of long-range
and short-range interactions between molecules [57, 202,
203], as well as with the inclusion of vibronic coupling and
intermolecular charge transfer effects in the theory [57, 189,
202, 204]. A variety of molecular packing types in ordered
aggregates of various shapes and topologies have been
considered in the literature, including two-dimensional
`herringbone' and `HJ' aggregates and various tubular,
columnar, and helical structures. It is then possible to explore
a wide range of new photophysical and photochemical
phenomena (see [61, 203, 205, 206], as well as reviews [53±
60] and the references therein). Their detailed discussion is
beyond the scope of this review.

3.1.4 Nonlinear optical properties. In Section 3.1.3, the optical
properties of molecular J-aggregates, which manifest them-
selves at relatively low densities of electromagnetic excitation
energy, were discussed. At the same time, as has been
established in several studies [207±216], molecular aggre-
gates have extremely high resonant nonlinear optical suscept-
ibilities and picosecond-scale relaxation times of the non-
linear response when they are exposed to optical radiation.
For example, for the resonant cubic susceptibility w�3� of
molecular aggregates PIC-I (pseudoisocyanine iodide) char-
acteristic values of w �3� �10ÿ9 cm2 Vÿ2 were obtained [217±
219] based on data from z-scan experiments with nanosecond
laser pulses. Such values of w �3� are record breaking among
most organic and inorganic materials, including composite
glasses; they are 5±6 orders ofmagnitude greater than those of
polyconjugated polymers. Therefore, studies of various non-
linear optical effects involving J-aggregates were initially
carried out given their fundamental significance and poten-
tial applications in photonics and optoelectronics, for
example, for efficient and high-speed nonlinear optical
switches. In addition, giant nonlinear optical susceptibilities
of molecular aggregates were used in a number of works on
nonlinear effects of their interaction with laser pulses of
various time scales: from nanosecond [217±219] to femtose-
cond [220±235].

Specifically, the pump±probe technique was utilized to
study the collective properties of multiexciton states in
aggregates; four-wave mixing was used to investigate the
coherence times of delocalized excitons [188, 236±238], and
hole burning was used to identify the features of the
hierarchical structure of cyanine dye aggregates [188, 239].
In recent years, two-dimensional electron spectroscopy has
become an extremely efficient method for examination of
supramolecular structures, including J-aggregates [227±235].
It is also appropriate to note a series of studies on the effects of
the optical bistability of molecular aggregates [240±247] and
composite metal/J-aggregate systems [248], since such effects
are of certain interest in nonlinear optics and spectroscopy
[249]. At the same time, despite the undoubted significance of

these studies on the nonlinear optical properties of molecular
aggregates of organic dyes, there have not been that many
works on plexcitonic nonlinear effects in hybrid metalorganic
nanostructures. In other words, plexcitonic nonlinear optics
has not yet emerged as an separate extensive field, as is
currently the case for the linear optics of systems involving
metals and aggregates of organic dyes. Thus, the results of the
above papers are not considered in detail in this review.

3.2 Dielectric properties of dye aggregates
3.2.1 Scalar model of excitonic shell. For a reliable analysis of
the plexcitonic coupling effects in metalorganic nano-
structures using classical electrodynamics, it is necessary to
correctly describe the dielectric properties not only of their
plasmonic but also of their excitonic components. Within the
framework of the commonly used isotropic model, the local
dielectric function of the J-aggregate shell of the dye is
described in the Lorentz oscillator model,

eJ�o� � e1J �
fo 2

ex

o 2
ex ÿ o 2 ÿ iogex

: �20�

The parameters of the Lorentz countour of the J-band
of a dye aggregate are determined experimentally; oex is
the transition frequency associated with the center of the
J-band; gex is the full width at half maximum (FWHM); and
e1J is the permittivity at frequencies far from the absorp-
tion J-band. The dimensionless quantity f in formula (20) is
the effective oscillator strength, which reflects the resonant
contribution of the J-band of the dye to the dielectric
properties of the excitonic shell. According to Wooten [250],
the value of f is proportional to the concentration of the dye
molecules. In a series of papers on excitonic and plexcitonic
topics, this value is also referred to as the reduced oscillator
strength or strength of resonance. The center position and
width of the J-band included in formula (20) are given in
Table 2 for a number of dyes. Note that the values of the
effective oscillator strength, f, and the constant, e1J , reported
by different authors for J-aggregates of the same dyes,
sometimes differ greatly from each other.

Individual dye aggregates usually exhibit optical aniso-
tropy, and their polarizability is of a tensor nature. However,
when a material consists of many randomly oriented
aggregates, its macroscopic permittivity no longer exhibits
orientational effects. In this case, the isotropic model (20) can
be appropriate for describing the spectra of dye J-aggregates.
To obtain more accurate results in a wide spectral range and
to correctly reproduce the asymmetry of the left and right
wings of the absorption J-band (Fig. 6c), the imaginary part
of the dielectric function of J-aggregates can be restored from
experimental data on the light extinction spectra, and its real
part can be calculated using the Kramers±Kronig relation.

The coupling regime of the Frenkel exciton in the
J-aggregate shell and the surface plasmon-polariton in the
metal core of a metal/J-aggregate nanoparticle depends
essentially on the optical constants of its constituent materi-
als, as well as on the relationship between the frequency of the
incident light and the resonance frequencies of the studied
system. Therefore, one of the most important physical
parameters determining the coupling regime is the spectral
detuning between the center of the absorption J-band of the
excitonic shell (oex) and the peak maximum of the plasmon
resonance of the metal core (opl). To demonstrate the
considerably different relative positions of the exciton and
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plasmon peaks, Fig. 8 shows the normalized absorption peaks
for J-aggregates of several common dyes together with the
peaks of plasmon resonances of silver and gold nanospheres
with a radius of r � 10 nm. Such dye J-aggregates are listed in
Table 2, complete with their names, abbreviations, maxima
positions, and full widths of spectral peaks. Note that, for
those dyes (e.g., PIC and TPP) whose J-aggregates have
several peaks in the visible and near-IR ranges, Table 2
presents the parameters for the most intense of them.

3.2.2 Tensor model of excitonic shell. In many situations, it is
fundamentally imperative to take into account anisotropic
and orientational effects in molecular aggregates to correctly
describe the behavior of their optical spectra. As was recently
shown inRefs [251, 252], the pronounced tensor nature of the
permittivity of dye aggregates also becomes crucial in
exploring plexcitonic effects in hybrid metalorganic nanosys-
tems. In other words, to include anisotropic and orienta-
tional effects of the outer excitonic shell in the theoretical
description of optical properties of metal/J-aggregate and
metal/spacer/J-aggregate nanoparticles, its local dielectric
function should be substantially modified from expression
(20). Thus, the dielectric function of the aggregate should be
represented in tensor form and take into account the more
complex nature of the J-band, in particular, the presence of
several resonance peaks with a specific polarization. If the
molecular aggregates in the outer shell have a favored
direction of their orientation on the nanoparticle surface
(Fig. 9), the tensor components of the dielectric function of
the organic shell should be described as the sum of
Lorentzians [251]

e�k;?��o� � e1�k;?� �
X
n

f
�k;?�
n �o �k;?�n �2

�o �k;?�n �2 ÿ o 2 ÿ iog �k;?�n

: �21�

Here, the tensor components ek and e? correspond to the
directions parallel (longitudinal component) and perpendicu-
lar (transverse component) to the axis of the aggregate
orientation. The parameters in (21) are chosen based on the
measured absorption spectra of the J-aggregate, as described
in [251].

According to [251], the most appropriate explanation of
some available experimental data can be given by considering

the following possible arrangements of molecules in the J-
aggregate shell: (1) normal orientation of aggregates, when
their axes are directed along the normal to the nanoparticle
surface (i.e. along the unit vector ez in Fig. 9); (2) tangential
orientation of aggregates, when their axes lie in the tangent
plane to the nanoparticle (i.e. in the plane formed by the unit
vectors ex and ey) but do not have any particular direction in
this plane; and (3) equiprobable orientation of the aggregate
axis in space. In these three cases, the dielectric functions are
described by tensors whose form is obtained by appropriate
averaging over the possible directions of the J-aggregate axis.
Provided that the tensor components are oriented along the
ex, ey, and ez axes (see Fig. 9), the resulting expressions for the
dielectric tensors take the form

ênorm �
e? 0 0
0 e? 0
0 0 ek

0@ 1A ;
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To compare our calculations [251] with those obtained using
conventional isotropic theoretical models, one more case (4)
should be considered. It corresponds to a fully isotropic
J-aggregate shell described by the scalar expression (20) for a
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Figure 8. Normalized photoabsorption J-bands (solid curves) of aggre-

gates of dyes OC, TC, PIC, TDBC, NK2567, and D725, calculated within

the framework of scalar Lorentzian model (20) with parameters taken

from papers [64, 68, 87, 88, 174, 322]. Dashed curves show absorption

spectra of silver and gold spherical nanoparticles with radius r � 10 nm in
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Figure 9. Schematic view of two-layer and three-layer nanospheres:

(a) particle with a metal core coated with J-aggregate shell of dye; r1 is

radius of core and r2 is radius of outer shell; (b) particle with a metal core,

passive dielectric spacer layer, and outer J-aggregate shell; r1 is radius of

core, r2 is radius of spacer shell (`s � r2 ÿ r1 is thickness of spacer layer),

r3 is radius of outer shell (lJ � r3 ÿ r2 is thickness of J-aggregate layer).

January 2025 Optics of plasmon-exciton nanostructures: theoretical models and physical phenomena in metal/J-aggregate systems 59



single excitonic peak or its direct generalization,

eiso�o� � e1J �
X
n

fn o 2
n

o 2
n ÿ o 2 ÿ iogn

; �23�

taking into account the presence ofmultiple absorption bands
present in a number of aggregates.

Importantly, the choice of scalar or tensor models
corresponding to one or another orientation of the molecular
aggregate in the outer shell is primarily determined by the
physicochemical properties of the surface on which aggrega-
tion occurs, i.e., a metal or an organic spacer layer. Most
calculations and theoretical analysis of optical properties of
hybrid plexcitonic metal/J-aggregate and metal/spacer/J-
aggregate nanosystems were performed using a scalar iso-
tropicmodel (23) to describe the permittivity of the outer shell
of the dye. However, recent studies [251, 252] clearly point to
the importance of using tensor models of the permittivity of
aggregates to explain and describe quantitatively the avail-
able experimental data.

4. Summary of theory of light absorption
and scattering by hybrid nanostructures

4.1 Physical approaches to description
of plexcitonic coupling
Physical interpretation of the plexcitonic coupling effects in
hybrid nanostructures that include metal and excitonic
subsystems is usually given within the framework of classical
or semiclassical approaches. In classical electrodynamics,
these subsystems are treated using the dielectric functions of
the corresponding materials, written, for example, using the
Drude and Lorentz models. The theoretical basis for calculat-
ing optical spectra and explaining various phenomena caused
by the electromagnetic coupling of surface plasmons with
excitons in organic and inorganic components of hybrid
nanostructures are solutions to Maxwell's equations. A
notable example here is the analytical solution to the problem
of scattering and absorption of a plane electromagnetic wave
by a multilayer concentric sphere (extended Mie theory).
Additionally, numerical solutions obtained by the FDTD
method or other computer simulation techniques are avail-
able for composite nanostructures of arbitrary shape.

For composite nanosystems containing metals as a
plasmonic subsystem and organic materials (e.g., J-aggre-
gates) as an excitonic subsystem, the classical approach
provides a reliable self-consistent explanation for the main
phenomena observed in experiments to date. These include, in
particular, the resonance and antiresonance phenomena
during the interaction of an exciton with dipole and multi-
pole plasmons, the effects of a deep dip in the light absorption
spectra, and the replication of spectral bands of plexcitonic
nanoparticles and their dimers. Although these phenomena
are traditionally interpreted using the terms `plasmons' and
`excitons,' it is not formally required to describe quasiparti-
cles within the framework of the classical electrodynamic
approach. However, since the terms `plasmon' and `exciton'
are well justified from a physical point of view, their use
remains valid even within a purely classical approach.
Recently, the term `plexciton' has come into use, referring to
a hybrid quasiparticle.

In classical electrodynamics, the phenomenon of plas-
mon-exciton coupling can be interpreted as follows. The

electric and magnetic fields in each component of the
plexcitonic system obey the known boundary conditions for
Maxwell's equations. Therefore, the spatial distributions of
these fields in both the plasmonic and excitonic subsystems
are determined by the geometrical structure and material
permittivity of both of them. Plexcitonic coupling arises due
to the dependence of the distribution of the fields in the
plasmonic subsystem on their distribution in the excitonic
subsystem and vice versa. In other words, new hybrid normal
modes of field oscillations arise in the system with eigenfre-
quencies that differ from those of the individual plasmon and
exciton resonances. In the simplest case of a two-layer
spherical `core±shell' particle of a small radius, r5 �l, the
interaction between a dipole plasmon resonance with a
frequency of o �dip�pl and an excitonic resonance with a
frequency of oex results in two new normal modes with o�
and oÿ frequencies emerging in the system. The difference
between the frequencies of the new normal modes, o� and
oÿ, determines the effective constant g of the plexcitonic
coupling. The value of g drastically affects the behavior of the
optical spectra of hybrid systems containing plasmons and
excitons. This corresponds to qualitatively different regimes
of near-field plexcitonic coupling: weak, strong, and ultra-
strong. Plexcitonic coupling has a near-field nature, because
its efficiency rapidly decreases with increasing distance `
between the metal (plasmonic) and organic molecular
(excitonic) components.

In the theory of plexcitonic coupling, the semiclassical
approach is also quite common. In this approach, the
excitonic subsystem is described as a quantum-mechanical
two-level or multilevel system [253, 254], while the electro-
magnetic field and the plasmonic subsystem are treated in a
conventional classical way. The essence of the semi-classical
approach in application to plexcitonic problems is most
clearly outlined in review [141] using the example of the
propagating surface plasmon-polariton interacting with a
set of two-level quantum emitters. In the semiclassical
approach, the polarization of the excitonic material is
expressed through the mean value of the dipole moment
operator of its constituent particles (organic molecules or
quantum dots). As a result, it becomes possible to describe the
dynamics of a quantum emitter interacting not only with
fairly weak fields, but also with a strong local field. This
allows one to include nonlinear optical effects in the theory
[249]. Thus, with the semiclassical theory it is possible to go
beyond the scope of linear electrodynamics and describe the
dependence of the optical response of a plexcitonic system on
the incident light intensity.

The authors of Ref. [141] also discussed the next step
toward a quantum description of plexcitonic systems, in
which the electromagnetic field is treated on the basis of
secondary quantization formalism using photon creation and
annihilation operators. For such systems, this approach, in
which the field and emitters are quantized, remains essen-
tially semiclassical, since the plasmonic subsystem is still
considered at the classical level. Herewith the entire
ensemble of quantum emitters constituting the excitonic
subsystems is considered as a unified many-particle quan-
tum system interacting with the quantized electromagnetic
field. Within the framework of such a description of the
exciton±polariton interaction, splitting of the hybrid modes
occurs in the plexcitonic system even in the absence of
photons, in line with vacuum Rabi splitting in quantum
optics (see [141] for more details).
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Within the framework of a consistent quantum approach,
it is necessary to quantize all three subsystems of the hybrid
system (plasmonic, excitonic, and electromagnetic field). In
this case, a self-consistent description of plexcitonic effects
can be given by using general methods developed in the field
of quantum statistical physics and the physical kinetics of
open systems. There are several fundamental approaches to
solving many-body problems, including those based on the
methods of quantum field theory [255] and on generalizations
of the Bogoliubov hierarchy (Bogoliubov±Born±Green±
Kirkwood±Yvon hierarchy, BBGKY) [256]. However, apply-
ing such general quantum approaches to the description of
plexcitonic phenomena requires solving extremely compli-
cated systems of equations, which significantly limits their
applicability to solving specific problems in the physics of
plexcitonic systems. Some attempts to apply quantum
methods to study of the coupling effects between plasmonic
and excitonic subsystems (such asmolecules or quantumdots)
were made in [112, 257]. The theoretical consideration in these
works was carried out within the framework of the formalism
of Zubarev's Green's functions [258], but some of the essential
parameters of the system were chosen empirically rather than
obtained by direct calculations. The authors of Ref. [112]
calculated the light absorption spectra of two different
plexcitonic systems: (a) a quantum emitter located near a
metal nanoparticle, and (b) a metal dimer with a quantum
emitter placed in its gap. Similarly, the authors of Ref. [257]
calculated the photoabsorption spectra of a quantum emitter
near a metal dimer at different temperatures.

It is important to note here that most of the available
experimental data on the optics and spectroscopy of hybrid
metalorganic nanostructures pertain to the range of problems
for which the use of a purely classical electrodynamic
approach is quite sufficient. Therefore, below, we briefly
outline the Mie theory extended to the case of two-layer,
three-layer, and multilayer concentric spheres. We also list
efficient numerical methods used in specific calculations of
optical absorption, scattering, and extinction spectra in
metal/J-aggregate and metal/spacer/J-aggregate systems. We
also present simple formulas of the quasistatic approximation
applicable for explaining the corresponding experimental
data for spherical `core±shell' particles of small radii.

4.2 Extended Mie theory
for multilayer spherical particles
For hybrid nanoparticles with ametal core whose size exceeds
the Fermi wavelength of an electron in a metal, �lF � 1 nm, a
reliable quantitative description of the light absorption and
scattering spectra can be given within the framework of
classical electrodynamics of continuous media. For the
simplest geometry, using local dielectric functions of the
constituent materials of the particle, an exact solution to the
problem of absorption and scattering of light is a general-
ization of the standardMie theory for a homogeneous sphere
to the case of multilayer concentric spheres. This approach
was developed in a series of works [259±266]. At first, the
standardMie theory was extended to the case of particles with
one additional outer layer. A generalization to an arbitrary
number of layers was performed in [264] using the matrix
formalism and in [265, 266] based on recurrence relations for
the coefficients of light scattering by a multilayer spherical
particle.

Figure 9a shows a schematic view of a hybrid particle
consisting of a core of radius r1 and a shell of thickness

l � r2 ÿ r1 surrounded by a passive medium with permittivity
eh�o� and magnetic permeability mh � 1. The materials
composing concentric spherical layers are assumed to be
homogeneous and isotropic with complex frequency-depen-
dent dielectric functions e1�o� and e2�o� and magnetic
permeabilities m1 � m2 � 1. A linearly polarized plane mono-
chromatic wave / exp�ÿiot� ikhz� is incident on the
particle. The incident wave is partially scattered and
absorbed by the particle.

The resulting exact expressions for the cross sections of
absorption sabs, scattering sscat, and extinction sext of light
from a multilayer spherical particle, applicable for an
arbitrary ratio between the wavelength and its total radius,
can be represented, as in the case of a homogeneous sphere
[267], as series expansions in multipoles:

sabs � p
2k 2

h

X1
n�1
�2n� 1�ÿ2ÿj2anÿ1j2ÿj2bnÿ1j2� ; �24�

sscat � 2p
k 2
h

X1
n�1
�2n� 1�ÿjanj2 � jbnj2� ; �25�

sext � 2p
k 2
h

X1
n�1
�2n� 1�Re fan � bng : �26�

Here, an and bn are the expansion coefficients of the
transverse electric (TE) and transverse magnetic (TM)
modes of the scattered wave, respectively; n is the order of
the multipole; and kh � o

����
eh
p

=c is the modulus of the wave
vector of light in the medium surrounding the particle.

The expansion coefficients an and bn in formulas (24)±(26)
are determined by the specifics of the problem and depend on
the geometric parameters of the hybrid particle and on the
values of the permittivities of the materials that make it up. In
the case of two-layer spherical `core±shell' nanoparticles, the
general expressions for the complex expansion coefficients an
and bn can be written as

an � ÿX
�a�
n

Y
�a�
n

; bn � ÿX
�b�
n

Y
�b�
n

; �27�

where the functions and X
�a�
n , Y

�a�
n and X

�b�
n , Y

�b�
n can be

compactly expressed through the determinants [89]. For the
contribution of the TE mode of the nth order, the functions
X
�a�
n and Y

�a�
n have the form

X �a�n �
jn �k1r1� jn�k2r1� yn�k2r1� 0

u 0n�k1r1� u 0n�k2r1� v 0n�k2r1� 0

0 jn�k2r2� yn�k2r2� jn�khr2�
0 u 0n�k2r2� v 0n�k2r2� u 0n�khr2�

��������
�������� ; �28�

Y �a�n �
jn�k1r1� jn�k2r1� yn�k2r1� 0

u 0n�k1r1� u 0n�k2r1� v 0n�k2r1� 0

0 jn�k2r2� yn�k2r2� h
�1�
n �khr2�

0 u 0n�k2r2� v 0n�k2r2� w 0n�khr2�

���������

��������� : �29�
Here, k1 � o

����
e1
p

=c and k2 � o
����
e2
p

=c are the magnitudes of
the wave vectors of light in the core and shell; e1� em�o� and
e2� eJ�o� are the complex permittivities of the metal core and
the organic shell at the frequency of the incident light; r1 and
r2 are the core radius and the outer radius of the particle,
respectively; jn�z�, yn�z�, and h

�1�
n �z� are the Bessel, Neumann,

and Hankel spherical functions; and un�z� � zjn�z�,
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vn�z� � zyn�z�, and wn�z� � zh
�1�
n �z� are the Riccati±Bessel,

Riccati±Neumann, and Riccati±Hankel spherical functions,
respectively. The prime denotes differentiation of the function
with respect to its argument.

Similarly, the final expressions for the functions X
�b�
n and

Y
�b�
n , which determine the contributions of the TM modes,

can be represented as in [89]

X �b�n �

jn�k1r1�
����
e2
e1

r
jn�k2r1�

����
e2
e1

r
yn�k2r1� 0

u 0n�k1r1�
����
e1
e2

r
u 0n�k2r1�

����
e1
e2

r
v 0n�k2r1� 0

0

����
e2
eh

r
jn�k2r2�

����
e2
eh

r
yn�k2r2� jn�khr2�

0

����
eh
e2

r
u 0n�k2r2�

����
eh
e2

r
v 0n�k2r2� u 0n�khr2�

������������������

������������������
;

�30�
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����
e2
e1

r
jn�k2r1�

����
e2
e1

r
yn�k2r1� 0

u 0n�k1r1�
����
e1
e2

r
u 0n�k2r1�

����
e1
e2

r
v 0n�k2r1� 0

0

����
e2
eh

r
jn�k2r2�

����
e2
eh

r
yn�k2r2� h

�1�
n �khr2�

0

����
eh
e2

r
u 0n�k2r2�

����
eh
e2

r
v 0n�k2r2� w 0n�khr2�

������������������

������������������
:

�31�
Combined with formulas (24)±(26), expressions (27)±(31)
allow one to calculate the total absorption, scattering, and
extinction cross sections, as well as the contributions of
individual terms of the multipole series corresponding to
TM and TE modes of different orders. In practical calcula-
tions, the maximum number of series members that must be
taken into account in formulas (24)±(26) can be estimated
using the expression [268]

nmax � �kr� � 4:05�kr�1=3 � 2 ; �32�

where r � r2 is the outer radius of the concentric spheres.
For three-layer particles (see Fig. 9) and, especially,

multilayer particles, the expressions for the expansion
coefficients an and bn turn out to be quite cumbersome.
Therefore, it is convenient to use recurrence relations for
their calculation rather than represent them in the form of
determinants. This approach was used in papers [116, 265,
266].

4.3 Formulas of quasistatic approximation
For a particle with a radius much smaller than the wavelength
of light, we can use the quasistatic approximation and limit
ourselves to the contribution of the electric dipole term
(n � 1). Then, the extinction and scattering cross sections
have the form [148]

sext�o� � 4pkh Im
�
a�o�	; sscat�o� � 8p

3
k 4
h

���a�o����2 : �33�

Here, kh is the modulus of the wave vector of incident
radiation in a passive environment with permittivity eh, and
a is the polarizability of the particle. The simplest form is that
of the dipole polarizability of a bare metal particle with radius

r and permittivity e � em [148]:

a � r 3
em ÿ eh
em � 2eh

: �34�

Thus, according to (34), the polarizability of a sphere is
proportional to its volume (a / r 3), and so the scattering
cross section for small-radius spheres in the quasistatic
approximation (kr5 1) turns out to be much smaller than
the absorption cross section sscat 5 sabs. In this situation, the
extinction cross section (sext � sabs � sscat) in formula (33)
and the absorption cross section are practically equal to each
other, sext � sabs (see [148], p. 176). For a two-layer particle,
instead of em in (34), one should use the effective permittivity
of the `core±shell' system, e eff2 , which is equivalent to the
permittivity of a homogeneous sphere and is calculated by the
formula [263]

e eff2 � e2
2
ÿ
1ÿ �r1=r2�3

�� ÿ1� 2�r1=r2
�3��e1=e2�

�2� ÿr1=r2�3�� ÿ1ÿ �r1=r2�3��e1=e2� : �35�

Here, r1 and r2 are the inner and outer radii of the concentric
spheres, and e1 � em and e2 � eJ are the permittivities of the
metal core and the J-aggregate shell, respectively. Thus, the
dipole polarizability a of a two-layer particle of volume
V � 4pr 32 =3 is represented as [261]

a � �e1 ÿ e2��2e2 � eh�r 31 � �e2 ÿ eh��2e2 � e1�r 32
2�e1 ÿ e2��e2 ÿ eh��r1=r2�3 � �e2 � 2eh��2e2 � e1�

: �36�

Together with (33), this expression makes it possible to
estimate the electric dipole contribution to cross sections of
light extinction and scattering by a hybrid two-layer particle.

Whenever the radius of a three-layer particle is much
smaller than the wavelength of light, the extinction (sext) and
scattering (sscat) cross sections can be written as (33) and
expressed through its dipole polarizability a and the modulus
kh of the wave vector of incident radiation in a medium with
permittivity eh. According to [269], the effective dipole
polarizability of a three-layer particle, a�o�, has the form

a � r 33
A�e3 ÿ eh� ÿ B �2e3 � eh��r2=r3�3
A�2e3 � eh� ÿ B �e3 ÿ eh��r2=r3�3

: �37�

The coefficients A and B in (37) are calculated using the
formulas

A � �2e3 � e2��2e2 � e1� � 2�e3 ÿ e2��e2 ÿ e1�
�
r1
r2

�3

; �38�

B � �e3 ÿ e2��2e2 � e1� � �e3 � 2e2��e2 ÿ e1�
�
r1
r2

�3

; �39�

and V � 4pr 33 =3 is the total volume of a three-layer
particle.

4.4 Simulation of optical properties
of nonspherical hybrid nanoparticles
As already noted in Section 2.5, in contrast to spherical
particles, spheroidal particles have a preferred direction along
their symmetry axis. Therefore, contrary to a metal sphere, the
light absorption and scattering spectra in the case of a
homogeneous metal spheroid are split into two peaks of
plasmon resonances: longitudinal and transverse. The pro-
blem of scattering and absorption of electromagnetic waves by
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spheroidal particles is divided into two cases: (i) a prolate
spheroid a > b (formed by rotating an ellipse around its long
axis a), and (ii) an oblate spheroid a < b (formed by rotating an
ellipse around its minor axis b). For a spheroid consisting of a
metal core and a J-aggregate shell, the general formulas for the
light scattering and absorption cross sections turn out to be
very cumbersome for both prolate and oblate spheroids [270].
However, when the size of the composite particle is sufficiently
small compared to the radiation wavelength (a; b5 �l), the
extinction cross sections can be calculated using simple
analytical formulas of the quasistatic approximation for a
two-layer spheroid [271] and ellipsoid [272].

For hybrid nanostructures of a more complex shape than
spherical, spheroidal, cubic, or cylindrical, there are no
solutions in the form of analytical or special functions. Light
absorption and scattering spectra for both single-layer and
multilayer metalorganic nanostructures can be calculated
using a variety of numerical methods for solving Maxwell's
equations for electromagnetic fields inside and outside
nanostructures. The most widely used methods are as
follows: (i) Finite-Difference Time-Domain (FDTD)
method [273], (ii) T-matrix method [274, 275], (iii) Multiple
Multipole (MMP) method [276, 277], (iv) Discrete Dipole
Approximation (DDA) [278], and (v) Volume Integral
Equations Method (VIEM) [279]. Depending on the type of
problem being solved, one method or another has an
advantage. Unlike the quasistatic approximation,
approaches based on the use of these numerical methods
make it possible to determine the cross sections of absorption
and scattering of light for an arbitrary relationship between
the nanoparticle size and the wavelength of light, taking into
account the contribution of all electric and magnetic multi-
poles.

5. Analytical models
of plasmon-exciton coupling

5.1 Simple formulas for frequencies
of hybrid plexcitonic modes
Coupling between surface plasmons in the metal core and a
Frenkel exciton in the shell leads to the formation of
plexcitonic hybrid modes of a composite particle. The
eigenfrequencies of hybrid modes of a two-layer metal/J-
aggregate nanosphere, i.e., the positions of the maxima in its
absorption cross section can be determined approximately
using an analytical approach [89]. It is a generalization of a
simple means for finding the spectral position of the dipole
plasmon resonance peak of a homogeneous metal sphere.
According to this approach, the eigenfrequencies of hybrid
modes can be calculated within the framework of the
applicability of the quasistatic approximation using the
relation Re fe eff2 �o�g � ÿ2eh containing the effective permit-
tivity e eff2 of the two-layer sphere (35). The conventional
isotropic model (20) is employed here for the permittivity of
the excitonic J-aggregate shell. The consideration [89] is valid
in the frequency range where the dominant contribution to the
total permittivity of the metal core is determined by free
electrons, i.e., em � eintra (see formula (6)). Then, neglecting
the imaginary parts of dielectric functions (6) and (20), i.e.
putting gintra � 0 and gex � 0, we canobtain the cubic equation

C3x
3 � C2x

2 � C1x� C0 � 0 ; x � o 2 �40�

for the square of the eigenfrequencies of the hybridmodes of a
metal/J-aggregate particle. The values of the coefficients Cj

( j � 0; 1; 2; 3) are determined by the parameters of the
dielectric functions of the plasmonic and excitonic subsys-
tems of the hybrid particle and the ratio z � �r1=r2�3 of the
volumes of concentric spheres with radii r1 and r2. Their
specific form is given in paper [89].

Using the substitution y � x� C2=3C3, equation (40) is
rewritten in the canonical form

y 3� py� q�0 ; p � ÿ a 2

3
�b; q � 2

�
a

3

�3

ÿab
3
� c ; �41�

where a � C2=C3, b � C1=C3, and c � C0=C3. Since all the
coefficients Ci and p, q are real, the number of real roots of
equation (40) depends on the sign of Q � �p=3�3 � �q=2�2. It
follows from the above analysis that Q turns out to be
negative in the cases under consideration and, consequently,
p<0. Therefore, within the framework of the isotropic model
(20), equations (40) and (41) have three different real positive
roots, with the exception of the limiting cases r1 � 0 and
r1 � r2. It is convenient to represent these roots (xi � o 2

i ) in
the trigonometric form:

o 2
1 � ÿ

a

3
� 2

�������
ÿ p

3

r
cos

�
b
3

�
;

o 2
2; 3 � ÿ

a

3
ÿ 2

�������
ÿ p

3

r
cos

�
b
3
� p

3

�
; �42�

cos b � ÿ q

2

������������������
ÿÿp=3�3q : �43�

The eigenfrequencies of the hybrid modes depend on the
plasma frequency op � �4pnee 2=me�1=2 included in the
modified Drude formula (6), the frequency oex, the
effective oscillator strength f of the exciton transition (20),
and the ratio z � �r1=r2�3. We recall that the eigenfrequency
of the electric dipole surface plasmon-polariton, o�dip�pl , is
expressed through the plasma frequency op using the
Fr�ohlich formula (13). Formulas (42) and (43) determine
the positions of three maxima in the absorption spectrum of
a metal/J-aggregate particle. They are valid in the quasi-
static approximation for the case of an outer shell being
isotropic, and can be used when interband transitions in the
core (e.g., Ag) do not make a noticeable contribution to the
dielectric function em�o; r�.

Below are given explicit expressions for the coefficients
a, b, and c in formulas (41)±(43), depending on the
frequencies op, and oex, the z ratio, and the effective
oscillator strength f of the transition for the special case
when eh � e1J � e1m � 1:

a � ÿ 1

3

�
3� f� 2�o 2

ex � o 2
p

�
; c � ÿo 4

exo
2
p

9

�
3� f �1� 2z�� ;

�44�

b � o 2
ex

9

�
o 2

ex

�
2f 2�1ÿ z� � 9� f� 1��� o 2

p

�
f �1� 2z� � 6

�	
:

�45�

In general, the coefficients a, b, and c and the frequencies of
the hybrid modes depend, among other factors, on the
permittivity eh of the host medium and the constants e1m
and e1J .
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A comparison of the results [89] of the above model with
exact calculations within the framework of the extended Mie
theory showed their good agreement in the region of
applicability of the quasistatic approximation and justified
the use of the isotropic model for the permittivity of the J-
aggregate shell of a plexcitonic particle. This is demonstrated
by Fig. 10, which shows the results [89] for the spectral
positions of the maxima of (1) `high-energy,' (2) `medium-
energy,' and (3) `low-energy' peaks of light absorption by
spherical Ag/J-aggregate particles as functions of the effective
oscillator strength f of the transition in the J-band of the dye.
The corresponding numerical calculations were performed
for various values of the internal, r1, and external, r2, radii of
the particle: r1 � 10 nm, r2 � 12 nm (curves 1); r1 � 15 nm,
r2 � 18 nm (curves 2); and r1�20 nm, r2�24 nm (curves 3).
The values of r1 and r2 are chosen so that their ratio remains
the same, r1=r2 � 5=6. The dashed curves in Fig. 10 show the
results of calculations of the frequencies of the particle's
hybrid modes, carried out within the framework of the
analytical model [89]. All optical constants related to the J-
aggregate shell (except for the effective oscillator strength f )
are taken to be equal to the corresponding values for the TC
dye (see Table 2).

Some quantitative discrepancies between the results of the
analytical model and the exact calculation are present only for
the `high-energy' peak appearing near the energies of electron
transitions between the d-valence band and the sp-conduction
band of silver (�hog � 3:7 eV). In this spectral range, the
dielectric function of silver cannot be reliably described by
the Drude formula alone. Therefore, to correctly describe the
behavior of this hybrid mode for photon energies that are
close to the interband transitions, the analytical approach [89]
should be supplemented with a correct evaluation of the
contribution to the dielectric function of interband transi-
tions of electrons in the silver core. Moreover, it is necessary
to correctly account for the spectral width gex of the J-band of
the dye shell and the damping coefficients of free, gintra, and
bound, ginter, electrons. Note that, since the radius of the core
in the calculations shown in Fig. 10 does not exceed 20 nm, no
high-order multipole resonances (n > 1) make a noticeable
contribution to the absorption cross section. Therefore, the
hybrid modes of the composite system arise here only as a

result of the interaction of the Frenkel exciton of the
J-aggregate shell and the dipole plasmon in the core.

Figure 10 clearly demonstrates that the positions of the
maxima in the light absorption spectra strongly depend on the
value of the effective oscillator strength in the J-band of the
dye aggregate [89]. The analysis of the dependences of the
frequencies of hybrid modes of metalorganic nanoparticles
on the values of f and e1J was also performed in [67, 121] and
recently in [252] for the cases of isotropic and anisotropic
excitonic shells.

5.2 Classical model of coupled oscillators
5.2.1 General formulas. The effects of plexcitonic coupling are
often described using the model of coupled damped oscilla-
tors. It describes a system of dipoles in an external mono-
chromatic field, coupled via local electromagnetic fields. Such
models have been extensively used in various applications of
vibration theory. Starting from papers [280±282], they have
been applied to analyze the effects of plasmonic interactions
in metal nanostructures with various organic and inorganic
systems, including excitons in quantum dots and in molecular
J-aggregates of dyes. According to [121, 141, 283], the system
of differential equations for two coupled dipoles can be
written as

�ppl � gpl _ppl � o 2
pl ppl � Apl

�
E0 cos �ot� �Mpex

�
; �46�

�pex � gex _pex � o 2
ex pex � Aex

�
E0 cos �ot� �Mppl

�
: �47�

Here, ppl and pex are the dipole moments of the plasmonic and
excitonic subsystems, E0 is the amplitude of the external
electric field, and o is its frequency. The parameters Apl and
Aex are related to the classical oscillator strengths fpl and fex,
and M is the dipole coupling constant [283]. The system of
equations (46) and (47) allows an exact solution (see, for
example, [121]):

ppl�t��Re
�
p
�0�
pl exp �ÿiot�	; pex�t��Re

�
p �0�ex exp �ÿiot�	;

�48�

p
�0�
pl �

E0 Apl

�
1� �AexM�=Bex�o�

�
Bpl�o�

�
1ÿ �AplAexM 2�=ÿBpl�o�Bex�o�

�� ;
p �0�ex �

E0Aex

�
1� �AplM�=Bpl�o�

�
Bex�o�

�
1ÿ �AplAexM 2�=ÿBpl�o�Bex�o�

�� ; �49�

where Bj�o� � o 2
j ÿ o 2 ÿ igjo, j � pl; ex. The cross sections

of extinction and scattering of light by the plexcitonic system
have the form [283]

sext � 4pnho
c

Im

�
p
�0�
pl � p

�0�
ex

E0

�
;

sscat � 8p
3

�
nho
c

�4���� p �0�pl � p
�0�
ex

E0

����2 ; �50�

where nh is the refractive index of the host medium.
The coupled dipole model has seven parameters: oj, gj, Aj

( j � pl, ex), andM, which are included in system of equations
(46), (47) and in expressions (50) for the cross sections of
extinction and scattering of light. The classical expression for
the coupling energy V of oscillators, similar to the expression
for the coupling energy V � �hg of two states in the quantum
model, can be easily obtained in the resonant case:
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Figure 10. Positions of maxima (�homax) of (a) `high-energy,' (b) `medium-
energy,' and (c) `low-energy' absorption peaks of Ag/J-aggregate particles
as functions of effective oscillator strength, f , of an excitonic transition
[89]. Solid and dashed-dotted curves correspond to different geometric
parameters of system: 1 Ð r1 � 10 nm, r2 � 12 nm; 2 Ð r1 � 15 nm,
r2 � 18 nm; 3 Ð r1 � 20 nm, r2 � 24 nm with fixed ratio r1=r2 � 5=6.
Dashed curves are corresponding analytical results (43) obtained for same
value of r1=r2.
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opl � oex � o0. In this case, the classical and quantum
considerations equally reproduce optical spectra with two
symmetrical resonant peaks, and their energy splitting
corresponds to the double coupling energy of the oscillators.
Within the framework of the classical model, these resonant
frequencies are associated with the zeros of the real parts of
the denominators in formulas (49). Assuming that the
damping constants gi are small compared to o and o0, we
can find two zeros separated in energy by the value

V � �hM

2o0

��������������
AplAex

p
: �51�

Formula (51) relates the effective plexcitonic coupling energy
V with the coupling constant M appearing in the system of
equations (46), (47) for coupled dipoles.

For a single excitonic oscillator (a single monomer
molecule, molecular aggregate, or quantum dot) interacting
with a plasmonic oscillator, the coefficientsApl andAex can be
represented in a standard form [121] through the classical
oscillator strengths f

�cl�
pl and f

�cl�
ex , which determine their

polarizabilities:

Apl � e 2

me
f
�cl�
pl ;

Aex � e 2

me
f �cl�ex :

Thus, formula (51) is given by

V � �hM

2o0

e 2

me

����������������
f
�cl�
pl f

�cl�
ex

q
:

When considering Nex excitonic oscillators interacting with a
plasmon, the coefficient Aex can be written as [121]

Aex � Nex
e 2

me
f �cl�ex ;

so that the expression for the energy of plexcitonic coupling of
dipoles takes the form

V � �hM

2o0

e 2

me

��������
Nex

p ����������������
f
�cl�
pl f

�cl�
ex

q
: �52�

This expression (52) demonstrates a general important
feature, consisting in the proportionality of the plexcitonic
coupling energy to the square root of a number of excitonic
oscillators, V / ��������

Nex

p
, which can be monomer molecules,

molecular aggregates, or quantum dots. In review [141] on the
electromagnetic coupling of surface plasmons with quantum
emitters, this feature was demonstrated in several other ways.
Note that, under usual experimental conditions, the density
of excitons in ordered molecular organic materials is very low
[141, 181]. For the plexcitonic systems consisting of a metal
core with an outer J-aggregate shell of a dye, this means that
the average number of aggregates in the excited state, N �ex, is
significantly less than their total number, Nex, which is
included in formula (52), N �ex 5Nex. The average number of
excitons depends on a number of factors, including the type of
plexcitonic system under consideration and the power density
of the radiation incident on this system. A detailed discussion
of this topic is beyond the scope of this review.

5.2.2 Resonance and antiresonance. The phenomenon of
resonance, well-known in various areas of physics, consists
of an enhanced response of a system to an external excitation
at a frequency close to the eigenfrequency of the system. In
some cases, the opposite phenomenon, antiresonance, may
occur when the system's response is suppressed under certain
conditions. The resonance and antiresonance phenomena can
be illustrated using the model of coupled oscillators with
eigenfrequencies o1 and o2. In many situations, it can be
assumed that only one of them is driven by a periodic force
(Fig. 11a). This situation is realized, for example, in the widely
studiedmetalorganic `core±shell'nanoparticles (seeSection6).
For such particles, the interaction of light with their
plasmonic subsystem turns out to be dominant, since the
volume Vpl of the plasmonic core substantially exceeds the
volume Vex of the outer excitonic shell. Therefore, the
polarizability of the metal core, apl, significantly exceeds the
polarizability of the excitonic shell, apl 4 aex. Below, for the
sake of generality, we will use the subscript 1 for an oscillator
excited by an external periodic force F � F1 with a frequency
o, without specifying whether this oscillator is plasmonic or
excitonic. The system is described by coupled differential
equations

�x1 � g1 _x1 � o 2
1 x1 ÿ O 2x2 � F

m
exp �iot� ; �53�

�x2 � g2 _x2 � o 2
2 x2 ÿ O 2x1 � 0 ; �54�

where g1 and g2 are the damping constants of the first and
second oscillators,O is their coupling constant, andm � m1 is
the mass of the driven oscillator.
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Figure 11. (a) Schematic view of coupled damped oscillators with periodic

force F cos �ot� applied to one of them. (b)±(d) Dependences of amplitude

jc1j of oscillations of driven oscillator `1' with eigenfrequency o1 and

amplitude jc2j of coupled oscillator `2' with frequencyo2 on dimensionless

frequency o=o2 (see formulas (55), (56)). Calculations are performed for

three values of the ratio of eigenfrequencieso1=o2 � 0:90 (b), 0:95 (c), and
1.00 (d); factor determining the amplitude of oscillations jF j=�mo2� was
chosen equal to 0.1 cm sÿ1. Other parameters are fixed: g1=o2 � 2� 10ÿ2,
g2=o2 � 1� 10ÿ3, O=o2 � 0:2.
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The free motion of oscillators (F � 0) in the absence of
coupling (O � 0) represents their independent oscillations
with given eigenfrequencies o1 and o2. Solving equation
(54) for two coupled oscillators in the form of forced
oscillations, x1 � c1 exp �iot� and x2 � c2 exp �iot�, leads
to the following expressions for the oscillation amplitudes
[284]:

c1�o� � �o 2
2 ÿ o 2 � ig2o� �F=m�

�o 2
1 ÿ o 2 � ig1o� �o 2

2 ÿ o 2 � ig2o� ÿ O 4
; �55�

c2�o� � ÿ O 2�F=m�
�o 2

1 ÿ o 2 � ig1o��o 2
2 ÿ o 2 � ig2o� ÿ O 4

: �56�

The phase difference between two coupled oscillators is given
by the expression

j2 ÿ j1 � pÿ arctan

�
g2o

o 2
2 ÿ o 2

�
: �57�

Figure 11 shows the results of our calculations of the
oscillation amplitudes jc1j and jc2j of two oscillators,
performed using formulas (55) and (56) at different ratios
between their eigenfrequencies, o1=o2. The cases of large,
intermediate, and zero frequency detunings are illustrated in
Figs 11b±d. One can see that in such a system there are two
resonances at frequencies oÿ and o�, which, neglecting
damping (g1 � 0, g2 � 0), are expressed through the eigen-
frequencies o1 and o2 of the oscillators and have the form
(see, for example, [121])

o 2
� �

o 2
1 � o 2

2

2
�

������������������������������������������
o 2

1 ÿ o 2
2

2

�2

� O 4

s
: �58�

The behavior of the spectral profile of the first oscillator
depends significantly on the detuning of its eigenfrequencyo1

from the eigenfrequency o2 of the second oscillator. In the
case of large detuning (Fig. 11b), the first oscillator exhibits
resonances with symmetrical and asymmetrical profiles near
frequencieso1 ando2, respectively. The first resonance in the
spectrum of oscillator `1' excited by an external force is
described by a symmetrical Lorentz-type contour and
exhibits a standard increase in the oscillation amplitude near
the eigenfrequencyo1. The second resonance is characterized
by an asymmetrical profile. At the eigenfrequency o2 of the
second coupled oscillator, the amplitude of the first oscillator
vanishes. This means complete suppression of the amplitude
of the driven oscillator `1' at the eigenfrequency of the
coupled oscillator `2.' This is an antiresonance phenomenon
caused by destructive interference of oscillations as a result of
the action of a periodic external force and interaction with the
second oscillator. Antiresonance can be observed in coupled
mechanical, acoustic, electromagnetic, and quantum systems
[284, 285].

As the detuning of frequencies o1 and o2 decreases, the
difference in the amplitudes jc1j and jc2j at the peak maxima
becomes less pronounced (Fig. 11c). The shape of the curve
describing the two resonant peaks and the dip between them,
corresponding to antiresonance, also becomes somewhat
more symmetrical. If the eigenfrequencies of the oscillators
coincide, o1 � o2, the shape of the dip becomes almost
symmetrical (Fig. 11d), and the antiresonance phenomenon
manifests itself as a splitting of the spectral peak of oscillator

`1.' Note that in all three cases both resonance peaks of
oscillator `2' are symmetrical (red curves in Figs 11b±d), i.e.,
there is no antiresonance in the spectrum of the unperturbed
oscillator, although its amplitude has a minimum between the
peaks.

Using the model of coupled oscillators, a reasonable
theoretical interpretation can be given to a number of
experimentally observed phenomena in the optics of plexci-
tonic nanosystems. Moreover, it is possible to provide a
simple explanation for some limiting cases of the model,
which differ from each other in the qualitatively different
behaviors of the light absorption and scattering spectra.

5.2.3 Effect of induced transparency. One of the most
discussed phenomena in the optics of plexcitonic nanosys-
tems is a pronounced dip in the light absorption,
scattering, and extinction spectra, observed in many
experimental studies [67, 92, 318]. This phenomenon
arises when plasmon and exciton frequencies coincide
exactly (or are quite close), o0 � opl � oex, and leads to
a sharp increase in the transmission of light at the
resonance frequency o0. In the transmission spectra, this
effect manifests itself as an intense peak. Correspondingly,
a number of authors often call it the induced transparency
(IT) effect [67, 92, 286, 318].

This phenomenon can be explained theoretically within
the framework of the classical coupled oscillators model
outlined above. To this end, we need to derive a general
expression for the averaged power, P�o�, absorbed by the
plexcitonic system over the period of the incident light wave.
Using expressions (55), (56) for the amplitudes c1 and c2 of the
oscillations, we arrive at the following result [295]

P �o� � o
2
Im fc1�o�F �g � o 2jF j2

2m

� g2�O 4 � g1g2o
2� � g1�o 2 ÿ o 2

2 �2��o 2ÿo 2
1 ��o 2ÿo 2

2 �ÿO 4
�2�o 2

�
g 21 �o 2ÿo 2

2 �2�g 22 �o 2ÿo 2
1 �2�2g1g2O 4

��g 21 g 22o 4
:

�59�

This expression is applicable to an arbitrary detuning of the
oscillator frequencieso1 ando2. It takes into account the fact
that, in the simplifiedmodel of coupled oscillators, the force F
acts only on one of them (Fig. 11a). In order for the induced
transparency effect to be most clearly manifested, the decay
rate of one of the oscillators must be much smaller than that
of the other, g2 5 g1, since energy dissipation should not
substantially increase as a result of adding a second oscillator.
This means that the energy dissipation occurs predominantly
in the plasmonic subsystem `1' rather than in the excitonic
subsystem `2'. Correspondingly, the width of the plasmon
resonance, gpl � g1, is significantly larger than the width of
the excitonic band, gex � g2. This situation is realized in a
`core±shell' plexcitonic system, containing a metal nanopar-
ticle as a core and a dye J-aggregate as a shell. It is such hybrid
metalorganic nanoparticles that have been most intensively
studied experimentally and theoretically. In particular, a
series of detailed numerical calculations were performed
using the FDTD method in order to give a self-consistent
explanation of this effect.

Here, we offer a simple explanation to the induced
transparency effect using analytical formula (59) obtained
within the framework of the coupled oscillatormodel. It takes
a particularly simple form when the resonant frequencies of
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the coupled plasmonic and excitonic subsystems coincide,
o0 � o1 � o2:

P �o� � o 2jF j2
2m

� g 2�O 4 � g1g2o
2� � g1�o 2 ÿ o 2

0 �2��o 2ÿo 2
0 �2ÿO 4

�2� o 2
��g 21 � g 22 ��o 2ÿo 2

0 �2�2g1g2O 4
�� g 21 g

2
2o

4
:

�60�

Results of our calculations of the average power absorbed by
the plexcitonic system, performed using formula (60), are
shown in Fig. 12. The figure clearly demonstrates the
phenomenon of induced transparency, i.e., it shows a
pronounced dip in the light absorption spectrum at the
resonant frequency. One can see that, with increasing
coupling constant O, the depth of the dip and the distance
between the positions of the spectral maxima increase.

It should be noted that, the induced transparency (IT)
effect in plexcitonic nanoparticles, i.e., a pronounced dip in
the light absorption spectrum, has a different physical nature
than that of the effect of electromagnetically induced
transparency (EIT), which has been intensively studied for
many years in connection with its applications in nonlinear
optics and quantum information science [287, 288]. The effect
was discovered when exploring the laser radiation interacting
with atomic gases. It consists of the elimination of absorption
and refraction of light at the resonant transition frequency
due to quantum interference between the photoexcitation
pathways of the system. According to Fleischhauer et al.
[287], the cause of the modified optical response of the
medium in this case is the coherence of the atomic states
induced by the laser field. The EIT effect is usually described
in terms of the quantum dynamics of a three-level atom
interacting with two external laser fields. One of them
(probe) passes through the medium at a frequency close to

that of the transition between the ground and excited states of
the atom, and the frequency of the second (control) field is in
resonance with the frequency of the transition between two
excited states of the atom. Electromagnetic coupling in the
system arises as a result of the interaction of the control field
and the dipole moment of the transition between the excited
states of the atom. A number of optical analogs of the EIT
effect have been considered in the literature, including
systems of two directly coupled microtoroidal silica resona-
tors [288]. A discussion of these topics is given, for example, in
Refs [286±289].

5.2.4 Fano formula and its limiting cases. As shown in
Section 5.2.3, the coupled oscillator model successfully
describes the resonance and antiresonance phenomena
characterized by symmetrical and asymmetrical profiles,
respectively, of the spectral peaks of the plexcitonic system,
as well as the presence of a pronounced dip in the absorption
spectrum associated with the induced transparency effect. In
a series of well-known studies (see, for example, [285, 289,
290] and references therein), these phenomena were inter-
preted in terms of the quantum-mechanical Fanomodel [291].
Below, we will discuss whether it is justified to use such
analogies. When comparing results obtained in the optics of
plexcitonic nanostructures with the corresponding results of
the Fano theory and its special cases, note that this theory was
originally developed in atomic physics to describe the process
of electron scattering on an atom in the presence of an
autoionizing state. The result for the dimensionless quantity
s�E� describing the shape of the resonance cross section has
the form [291]

s�E� � �q� E�2
1� E 2

; E � 2�E ÿ Er�
Gr

: �61�

Here, E is the energy, Er and Gr are the energy and width
(FWHM) of the resonance in the continuous spectrum band
in the Fano model. The cross-section profile in this model is
primarily determined by the Fano asymmetry parameter, q.

Now we discuss the limiting cases of the Fano formula
(Fig. 13) for the cross section profile s�E�. For the
discussion of the spectral behavior of the cross section
for large values of the parameter q, it is also convenient to
introduce a normalized cross section ~s�E� by the formula
~s�E� � s�E�=�1� q 2�. It is evident from Fig. 13 that the
degree of asymmetry of the profile changes with variation
in the asymmetry parameter q. When q � 0, formula (61)
describes a symmetrical dip in the light absorption cross
section, which is sometimes called a quasi-Lorentz profile
(Figs 13a and b). A typical asymmetric spectral profile
appears at q > 0, as seen in Fig. 13a. This is the so-called
Fano profile calculated for three values of q � 0:5, 1, and
2 (red, blue, and green curves, respectively). At jqj4 1, the
asymmetry of the spectral profile manifests itself only in
the low-intensity wing far from the resonance, E � Er
(E � 0). Meanwhile, in the vicinity of the resonance the
profile becomes almost symmetric, as demonstrated by
Fig. 13b at q � 1000. Thus, at jqj ! 1, the Fano formula
(61) transforms into the well-known formula [292] of the
Breit±Wigner theory for resonant scattering,

s�E� / Gr=2

�E ÿ Er�2 � G 2
r =4

;
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Figure 12. Power, averaged over oscillation period P�o�, absorbed by a

system of two coupled oscillators (Fig. 11a) as a function of normalized

frequency (o=o0) of incident light at four values of the dimensionless

coupling parameter: (a) O=o0 � 0, (b) 0.075, (c) 0.125, and (d) 0.2.

Eigenfrequencies of oscillators `1' and `2' coincide, �ho1 � �ho2 �
�ho0 � 2:0 eV; oscillator damping constants are �hg1 � 8� 10ÿ2 eV and

�hg2 � 1� 10ÿ3 eV; efficiency of driving force is jF j2=�mo 2
0 � � 0:5 eV.
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with a Lorentz contour that is symmetrical relative to the
resonant energy Er with a full width at half maximum Gr.

Although the available experimental and theoretical
results on the optics of hybrid plexcitonic systems are often
discussed in terms of the Fano model, its applicability for
describing the behavior of the spectra in each individual case
requires, generally speaking, a special analysis. The reason is
that the originalFano theory for the autoionizationof an atom
deals with a purely discrete level against a continuum back-
ground [291]. In the optics of plexcitonic nanostructures, an
accurate quantitative description of similar interference effects
within the framework of the Fano model can be achieved only
in the limit of an infinitely narrow excitonic band, gex=gpl ! 0,
corresponding to a purely discrete state in the theory [291].
When extending the results of Fano theory to plexcitonic
systems with two resonances of finite width (plasmon and
exciton), it should be borne in mind that, although the
characteristic width of the excitonic resonance is signifi-
cantly smaller than that of the plasmonic one (gex 5 gpl),
both widths must be taken into account when calculating
the optical spectra of hybrid nanoparticles. Both widths are
taken into account directly in the simple classical model of
coupled oscillators and, especially, in exact calculations
within the framework of the extended Mie theory or the
FDTD method.

Note still that with the classical model of coupled
oscillators (see expression (55) in Section 5.2.2), an approx-
imate analytical formula for plexcitonic systems can be
derived. To some extent it might be considered as an
analogue of the simple expression (61) of the Fano theory.
To derive this formula in the model of coupled oscillators, we
assume that the driving force with frequencyo and amplitude
F acts on plasmonic oscillator only. In addition, we take a
rather small width of the exciton resonance equal to zero,
gex � 0. The peak of the plasmon resonance with a maximum
frequency opl and a sufficiently large width gpl is considered
as the band of the continuous spectrum. Then, the square
modulus of the corresponding amplitude of forced oscilla-
tions, jcpl�o�j2, takes the form
��cpl�o���2 � jF=mj2

�o 2
pl ÿ o 2�2 � g 2pl o

2

ÿ
q� E�o��2
1� E 2�o� ; �62�

where the effective parameter E�o� can be written as

E�o� �
�
o 2 ÿ o 2

ex �
O 4�o 2

pl ÿ o 2
ex�

�o 2
pl ÿ o 2

ex�2 � g 2plo
2
ex

�

� �o
2
pl ÿ o 2

ex�2 � g 2pl o
2
ex

gpl oexO 4
; �63�

and the Fano asymmetry parameter is given by

q � o 2
ex ÿ o 2

pl

gploex
: �64�

It follows that, in a general case, there is no direct analogy
between the above approximate expressions of the coupled
oscillator model and the simple Fano formula (61). In
particular, formulas (63) and (64) for the parameters E�o�
and q explicitly include the frequencies of both the exciton,
oex, and plasmon, opl, resonances. Despite the fact that in
most cases the characteristic width of the excitonic resonance
is significantly smaller than that of the plasmon one (gex 5 gpl)
it should be taken into account for the correct reproduction of
the experimental data. However, in some cases, the approx-
imate expressions (62)±(64) yield results that, to a certain
extent, can be interpreted based on the simple Fano formula.
This holds true, in particular, when the narrow excitonic peak
is located far from the plasmon resonance peak on its wing.
This is confirmed by comparing the results for the asymme-
trical profile shown in Fig. 11b (the black curve in the vicinity
of the right peak, calculated within the framework of the
coupled oscillator model) with the asymmetrical Fano profile
(Fig. 13a for q � 1 and q � 2). Another example is the dip in
the light absorption spectrum shown in Fig. 11d. It occurs
when the condition oex � opl is met and corresponds to the
dip in the Fano profile at q � 0 (Figs 13a and b).

5.3 Models of effective Hamiltonian
5.3.1 Simplest two-level model. To clarify the mechanism of
the formation of optical spectra caused by coupling between
Frenkel excitons and localized surface plasmons, we can also
rely on an approach based on a suitable choice of the effective
Hamiltonian of the metal/J-aggregate system. In the simplest
case, when one plasmonic mode interacts with one excitonic
mode, the effective Hamiltonian describing the effects of
plexcitonic coupling in this system has the form

H � Epl V

V � Eex

� �
: �65�

Here, Epl � �hopl is the energy of plasmon resonance, i.e., the
position of the maximum of the peak in the photoabsorption
spectrum of the metal core of the particle; Eex � �hoex is the
exciton energy, i.e., the position of the maximum of the
absorption peak of the dye J-aggregate in formula (20); and
V is the plexcitonic coupling energy. The eigenvalues of
Hamiltonian (65), which determine the energies of the hybrid
modes of the plexcitonic system, are given by

E� � 1

2
�Epl � Eex� � 1

2

����������������������������������������
�Epl ÿ Eex�2 � 4jVj2

q
: �66�

Formula (66) is similar to the well-known formula (90.9) in
[292], which arises in calculating the electronic terms of a
diatomic molecule in the vicinity of their quasi-crossing point
in the presence of coupling between the diabatic potential
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Figure 13. Dependence of the Fano cross-section profile (61),

s�E� � �q� E�2=�1� E 2�, on dimensionless energy E for different values

of parameter q, which determines the asymmetry of the curve shape s�E�
(Fig. 13a). Normalized curves, ~s�E� � s�E�=�1� q 2�, are shown in

Fig. 13b. For q � 0, there is no asymmetry in the cross-section profile.

Fano resonance has amaximum at E � 1=q and aminimum at E � ÿq. The
case q!1 corresponds to Breit±Wigner resonance, when the shape of

curve s�E� becomes symmetrical and is described by the Lorentz profile.
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energy curves. If the excitonic absorption peak is in resonance
with the peak maximum of the plasmonic subsystem,
Epl � Eex, then formula (66) yields an expression for the
splitting energy of the hybrid modes,

DE � E� ÿ Eÿ � 2jVj : �67�

In other words, this directly gives the constant V � �hg of the
near-field plexcitonic coupling in composite nanoparticles in
the absence of losses. The value of the constant g can thus be
found experimentally by measuring the splitting energy of the
spectral peaks of the plexcitonic resonances, DE.

Following well-known studies [108±110, 129] on exciton-
plasmon-polariton coupling in cavities, the energy splitting of
DE in formula (67) is often interpreted in terms of the Rabi
splitting energy, DE � �hOR � 2�h jgj, in the absence of energy
dissipation in a plexcitonic nanosystem. However, the value
of OR, expressed through the constant g, reflects the scale of
the plexcitonic coupling between the subsystems, and it does
not depend on the external field strength. It is associated with
vacuum field fluctuations and correspond to the so-called
Rabi vacuum frequency [141]. Thus, the physical meaning of
the value of OR for plexcitonic systems differs from the
standard definition of the Rabi frequency, OR � 2jdfiEj=�h,
written for a two-level atom interacting with external
resonant radiation field (dfi is the matrix element of the
dipole moment of the jii!j f i transition).

5.3.2 Damping in a plexcitonic system. One can include losses
associated with plasmon, gpl, and exciton, gex, damping into
the theoretical consideration presented in the previous
section. To this end, the energies of the plasmonic and
excitonic subsystems should be represented as complex
quantities, Epl ! Epl ÿ i�hgpl=2 and Eex ! Eex ÿ i�hgex=2,
respectively. The use of the coupled oscillator model leads to
the well-known formula

E� � �ho� � �h

2

�
opl � oex ÿ i

�
gpl
2
� gex

2

��
� �h

2

���������������������������������������������������������
4jgj2 �

�
d� i

�
gpl
2
ÿ gex

2

��2s
; �68�

used in many papers on plexcitonic coupling (see [153, 293]
and references therein). Here, g � V=�h is the plasmon-exciton
coupling constant introduced above, opl and oex are the
eigenfrequencies of the plasmon and exciton, and
d � opl ÿ oex is their detuning. The same expression can be
obtained for the complex eigenvalues of the Hamiltonian

H � �h
opl ÿ

igpl
2

g

g � oex ÿ igex
2

0B@
1CA : �69�

Formula (68) is in accordance with the Jaynes±Cummings
quantum-optical model [294]. The real parts of the eigen-
frequencies are determined by the expressions [295]

Re fo�g � opl � oex

2

� 1

2

�
�gpl ÿ gex�2d 2 �

�
4jgj2 � d 2 ÿ �gpl ÿ gex�2

4

�2�1=4
� cos

�
1

2
arctan

�
4�gpl ÿ gex� d

16g 2 � 4d 2 ÿ �gpl ÿ gex�2
��

: �70�

In the special case of zero detuning, when d � 0 and
opl � oex, this expression takes particularly simple form [296]

Do � Re fo� ÿ oÿg � 2Re

( �����������������������������������
jgj2 ÿ �gpl ÿ gex�2

16

s )
: �71�

Consequently, the hybrid modes of the plexcitonic system
(upper (E�) and lower (Eÿ) branches) have the following
values of complex energy:

E� � E0 � 1

2

���������������������������������������������
4jVj2 ÿ �h 2

4
�gpl ÿ gex�2

s
ÿ i

�h

4
�gpl � gex� ;

E0 � Epl � Eex : �72�
The emergence of the strong coupling regime can be
determined by the positive value of the splitting energy of
the hybridmodes (�) and (ÿ). According to (71) and (72), this
corresponds to the fulfillment of the condition

2jgj > jgpl ÿ gexj
2

: �73�

Here, short-wavelength (�) and long-wavelength (ÿ) reso-
nance peaks appear in the optical spectra. The scale of the
coupling constant is often discussed in terms of this
frequency, which, with minor losses, reaches the value
Do � 2jgj. On the contrary, if the value of g is sufficiently
small, then the hybrid modes (+) and (±) do not split, and
there is no point discussing the scale of the value of g in terms
of the splitting Do.

5.3.3 Multilevel models of plexcitonic coupling. A number of
problems in the optics of plexcitonic nanosystems require the
use of models of multiple coupled oscillators, which are
equivalent to models of a multilevel effective Hamiltonian.
In particular, these include problems concerning the interac-
tion of a Frenkel exciton with several multipole (dipole,
quadrupole, octupole, etc.) plasmons in the Ag/J-aggre-
gate [89] andAu/J-aggregate [118] systems. Another example
is strong plexcitonic coupling in the Ag/J-aggregate/WS2

nanostructure between excitons in the WS2 monolayer,
excitons in the J-aggregate layer, and localized surface
plasmons of a silver nanoprism. A mathematical description
of this problem was given in [108] using a model of three
coupled oscillators. Another example is the problem of strong
coupling between quasi-degenerate Frenkel exciton modes in
the outer organic shell of a dye and multiple plasmon modes
in plexcitonic dimers consisting of a pair of nanoparticles with
a silver spherical or disk-shaped core coated with a layer of a
J-aggregate [297±299]. Strong plexcitonic coupling in such
systems [299] results in replication of spectral bands. This
band replication leads to the emergence of twice the number
of plasmon-exciton spectral bands (compared to the case of a
purely plasmon dimer) and narrow peaks associated with
resonances of the J-aggregate shell. This phenomenon was
described in [299] using the FDTD method and interpreted
within the framework of the model of multiple coupled
oscillators and the equivalent method of a multilevel effective
Hamiltonian.

5.4 Plasmon-exciton coupling regimes
Interaction of plasmons with excitons can result in various
regimes of plexcitonic coupling, which lead to a qualitatively
different behavior of the optical spectra of composite
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nanosystems containing metal and excitonic components.
The efficiency of plexcitonic coupling strongly affects absorp-
tion and emission properties of metalorganic nanosystems
[293, 300]. The realization of a particular coupling regime
depends on a number of factors, the most important of which
are (i) the difference between unperturbed eigenfrequencies of
the plasmon and exciton, d � Doplÿex � oplÿ oex; (ii) the
effective strength f of the excitonic oscillator at the transition
in the J-band of the dye; (iii) the widths of plasmon (gpl) and
excitonic (gex) resonances; and (iv) the sizes of plasmonic and
excitonic subsystems. The classification of plexcitonic cou-
pling regimes has been presented in a number of papers (see
[67, 301±303] and references therein). Most of them usually
distinguish between weak, strong, and ultrastrong coupling
regimes.

5.4.1 Weak plexcitonic coupling. Obviously, the condition
determining the weak plexcitonic coupling should be opposite
in its physical meaning to that of strong coupling. Then, using
equation (73), in the case of coincidence of resonance
frequencies (opl � oex), we obtain

jgj5 jgpl ÿ gexj
4

: �74�

Sometimes this condition is formulated in such a way that the
constant g is less than one quarter of the damping constants,
jgj5 gpl=4 or jgj5 gex=4, in the weak coupling regime. The
interaction (V � �hg) between the subsystems then leads to
relatively weak perturbations of the plasmon mode and
excitonic state. In this case, small shifts occur in the positions
of the corresponding resonance spectral peaks relative to the
unperturbed frequencies of the plasmon (opl) and the exciton
(oex). Then, the spectrum of the composite plexcitonic
nanoparticle is close to a superposition of the spectra of its
metal and J-aggregate subsystems. Weak coupling of plas-
mons with the organic or inorganic (molecular or excitonic)
component of the nanostructure leads to such well-known
physical phenomena as surface-enhanced Raman scattering
(SERS [75, 304±306]), plasmon-induced photoabsorption
[307] and fluorescence [308, 309], and fluorescence quench-
ing [310].

5.4.2 Strong plexcitonic coupling. The strong plexcitonic
coupling regime turns out to be quite attractive for applica-
tions. It arises when the near-field plasmon-exciton coupling
energy exceeds the average dissipation energy in the system,
and new hybrid plexcitonic states of the composite system are
formed, with physical properties that neither its plasmonic
nor excitonic components possess [311, 312]. In the frequency
domain, this situation can be described as splitting of the
dispersion curves of the unperturbed plasmon and exciton
modes resulting in the formation of new hybrid states of the
composite system. The quantum analogue of this phenom-
enon consists in splitting of the adiabatic curves of the
potential energy of a diatomic molecule in the vicinity of the
crossing point of the diabatic curves [292]. In the time
domain, the formation of hybrid modes in the strong
coupling regime manifests itself as a coherent energy
exchange between the excitonic and plasmonic subsystems
[129, 313]. Such effects were analyzed, in particular, formetal/
J-aggregate composite nanogratings [129] and for quantum
dots in the gap of metal dimers [313]. However, most
experimental works on the optics of plexcitonic nanoparti-

cles studied only various spectral manifestations of plexci-
tonic effects rather than the temporal dynamics in the strong
coupling regime.

A rigorous criterion of strong coupling depends some-
what on the context and a particular area of physics. In
various papers [93, 114, 122, 301, 314], this condition is
written in different forms. The following two conditions
seem to be the most significant from a physical point of view
[114,138]:

jgj > jgpl ÿ gexj
4

; jgj2 > g 2pl � g 2ex
8

: �75�

The first condition means that the strong coupling regime
arises when the value defined by expression (71),
Do � 2�jgj2 ÿ �gpl ÿ gex�2=16�1=2, is real. However, the term
`strong coupling' is often formulated in a purely empirical
way: the system is in the strong coupling regime whenever
Rabi splitting is observed experimentally [141]. As noted in
[315], for the experimental observation of the strong coupling
regime, a more rigorous condition must be met: the minimum
distance between the upper and lower energy branches must
be larger than the average width of the plasmon and exciton
resonances:

DE � Re fE� ÿ Eÿg > �h
gpl � gex

2
:

Both of these strong coupling criteria are illustrated in
Fig. 14, which shows the results of calculations using formula
(72) for the energies (E� and Eÿ) of the hybrid modes of the
plexcitonic system as functions of the coupling energy
V � �hg. One can see that, under the condition �hg < �hgÿ �
�hjgpl ÿ gexj=4, there is no mode splitting, and the effect of
plexcitonic coupling is manifested only in a small change in
the width of a single spectral peak. With increasing interac-
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Figure 14. Schematic view of hybrid modes demonstrating the transi-

tion from the weak to strong coupling regime in a plexcitonic system

with a change in coupling energy V � �hg. Calculations were performed

using formula (72) for the complex energy E at E0 � Epl � Eex, taking
into account the full width at half maximum (FWHM) of plasmon

(�hgpl) and exciton (�hgex) resonances. Thick black curves show positions

of maxima in the energy spectrum of the system. Split upper and lower

plexcitonic branches correspond to values of E� and Eÿ in formula

(72). Vertical dashed lines indicate coupling energy values that meet

rigorous mathematical, g > gÿ � �gpl ÿ gex�=4, and semiempirical,

g > g� � ��g 2pl � g 2ex�=8�1=2, criteria for the occurrence of the strong

coupling regime in the system. The following parameters were chosen in

calculations: E0 � 2:13 eV, �hgpl � 400 meV, �hgex � 80 meV.
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tion energy, the plexcitonic branches (�) and (ÿ) split starting
with hg � hgÿ. However, as follows from Fig. 14, these
branches become clearly distinguishable at higher values of
�hg, which obviously satisfies the above-formulated semi-
empirical criterion,

�hg0�hg� � �h

��������������������
g 2pl � g 2ex

8
:

s

The dip in the spectra of plexcitonic particles, which is
directly related to the splitting of the hybrid modes (�) and
(ÿ) with an increase in the constant g, occurs in the strong
coupling regime according to the mathematical criterion
jgj > jgpl ÿ gexj=4.Moreover, several experimental studies [91,
92, 318] have demonstrated that a decrease in the efficiency of
plexcitonic coupling first leads to a decrease in the depth of the
dip and eventually to its complete disappearance. This is also
confirmed by numerical calculations within the framework of
the extended Mie theory. For example, in [116, 119], the
efficiency of the near-field coupling between the metal core
and the outer J-aggregate shell in three-layer metalorganic
nanoparticles decreased due to an increase in the intermediate
dielectric layer thickness `s. In this context, it should be
emphasized that the phenomenon of induced transparency in
plexcitonic nanoparticles, which fully corresponds to the
phenomenon of a dip in the light absorption spectra,
definitely takes place in the strong coupling regime. To avoid
anymisunderstandings, we note that the EIT phenomenon, as
already noted in Section 5.2.3, has a different physical nature.
Therefore, the fact that the EIT phenomenon pertains to the
weak coupling regime (see, for example, [289]) does not
contradict the interpretation of induced transparency of
plexcitonic particles as a manifestation of the strong coupling
regime.

5.4.3 Ultrastrong plexcitonic coupling. In the case of strong
plexcitonic coupling, the ultrastrong coupling regime is often
singled out, which is characterized by an even greater value of
the interaction constant g of the plasmon with the exciton
under conditions of coincidence of the frequencies of the
plasmon and exciton resonances, o0 � oex � opl. In the
ultrastrong coupling regime, the constant g reaches values
greater than or on the order of one tenth of the resonant
frequency of the oscillators, o0. Consequently, the frequen-
cies of the hybridmodes of the plexcitonic system,o� andoÿ,
differ significantly from the eigenfrequencies of the subsys-
tems, o0. In this situation, when describing the interaction of
the hybrid system with incident light having a frequency o
from the same spectral range as the original eigenfrequencies
o0, in addition to the standard resonant contribution to the
polarizability of the composite system, aR / �E� ÿ �ho�ÿ1,
one should also take into account the nonresonant contribu-
tion, aNR / �E� � �ho�ÿ1, which is usually assumed to be
negligibly small compared to the resonant one. A consistent
approach to taking into account both contributions to the
polarizability is presented in monograph [249] (see formula
(3.2.23) and its derivation).

The realization of this regime in hybrid metalorganic
plexcitonic nanosystems was noted in a number of papers
[69, 91, 316±319]. A strict analytical criterion determining the
occurrence of the ultrastrong plexcitonic coupling regime, to
the best of our knowledge, has not yet been established.
Nevertheless, the authors of the above-mentioned papers
showed that this regime is achieved when the constant g is 7±
10% of the frequency o0. In this situation, the value of
splitting of the spectral peaks of the hybrid modes on the
frequency scale, called the Rabi frequency OR, exceeds
approximately 15±20% of the frequency o0. A certain idea of
the efficiency of plasmon-exciton interaction in composite

Table 3. Splitting energies DE � Re fE� ÿ Eÿg of hybrid modes of a number of composite nanostructures, which determine, in accordance with (71),
characteristic values of plexcitonic coupling constant g � DE=�2�h�. Many studies on plexcitonics, when discussing strong and ultrastrong coupling
regimes, refer to DE as Rabi splitting energy �hOR.

DE, meV Shape Composition References

155 Nanorod array Au/Dye(CAS RN 27268-50-4) Wurtz et al., 2007 [115]

180 Dye aggregates on silver élm Ag/TDBC Bellessa et al., 2004 [96]

187 Right-handed nanorod dimer Ag/TDBC Zhu et al., 2021 [332]

199 Right-handed nanorod AgAu alloy/TDBC Cheng et al., 2023 [335]

202 Left-handed nanorod dimer Ag/TDBC Zhu et al., 2021 [332]

205 Left-handed nanorod AgAu alloy/TDBC Cheng et al., 2023 [335]

207 Nanoprism Ag/PIC DeLacy et al., 2015 [92]

214 Nanorod Au/Ag/TDBC Wu et al., 2021 [315]

260 Nanostars Au/JC1(CAS RN 3520-43-2) Melnikau et al., 2013 [127]

265 Nanorods Au/JC1(CAS RN 3520-43-2) Melnikau et al., 2016 [153]

350 Nanodisk Ag/TDBC Balci et al., 2019 [318]

377 Nanocubes Au/PIC Song et al., 2019 [70]

400 Nanoprism Ag/TDBC Balci et al., 2013 [91]

412 Silver élm with nanoholes Ag/H4TPPS Salomon et al., 2013 [90]

450 Nanodisk array Ag/TDBC Bellessa et al., 2009 [87]

550 Nanodisk Ag/Heptamethine Todisco et al., 2018 [69]

700 Dye molecules in a low-Q resonator Ag/PMMA/Spiropyran Schwartz et al., 2011 [319]
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metalorganic nanosystems of various compositions and
shapes can be obtained from Table 3, which lists the values of
the splitting energy of the spectral peaks (DE � �hOR � 2�hjgj)
in the strong and ultrastrong coupling regimes.

6. Absorption, scattering,
and extinction spectra of two-layer metalorganic
`core±shell' nanospheres

6.1 Near-field coupling of Frenkel exciton
with dipole and multipole plasmons
There are a lot of studies devoted to the synthesis, structure,
and spectral characteristics of hybrid nanoparticles of various
shapes and sizes, consisting of a metal core and an outer shell
of ordered molecular J-aggregates of dyes. They include
studies on two-layer metalorganic nanoparticles of spherical
shape [63, 65±67, 81, 89, 117±119, 126, 174, 320±326]. There
are also a series of experimental and theoretical papers on
composite nanoparticles with a metal core and a J-aggregate
shell of a more complex geometric shapes, such as spheroidal
[122, 327], rod-like [68, 115, 125, 133, 134, 153, 315], and
dumbbell-like [94], as well as on composite nanoparticles in
the shape of disks [131, 183, 318], triangular prisms [91±93,
328, 329], and stars [95, 127, 128, 329]. Most of the
experiments were performed for particles with a gold or
silver core coated with one of the cyanine dyes capable of
aggregating on the surface of the metal core. These studies
draw a fairly complete picture of the nature and main
regularities in the absorption and scattering spectra of light
by Ag/J-aggregate and Au/J-aggregate nanoparticles under
various regimes of near-field coupling between Frenkel
excitons and localized surface plasmon-polaritons in hybrid
nanoparticles of various sizes and shapes with different
optical constants of the metal core and J-aggregate shell.

It is important to note here that, although the shape of
hybrid particles has a significant effect on the behavior of
their absorption, scattering, and luminescence spectra, many
important consistent patterns can already be demonstrated
using the example of nanospheres. First we discuss the
behavior of the extinction spectra of small-radius metal/J-
aggregate nanospheres in an aqueous solution. The corre-
sponding experimental data [174] for silver and gold particles
coated with a J-aggregate of the cyanine dye TC with a small
core radius r1 � 5 nm and a shell thickness lJ � 1 nm are
shown in Fig. 15.

In both cases, the behavior of the absorption spectra is
affected by the interaction of Frenkel excitons in the outer
shell with plasmons localized in the metal core. However, the
behavior of these spectra is qualitatively different for Ag/TC
and Au/TC particles, reflecting two different regimes (weak
and strong) of plexcitonic coupling. For Ag/TC particles, the
absorption spectrum of the plexcitonic system is close to a
superposition of the spectra of the plasmon resonance and the
excitonic J-band of the molecular aggregate. This corre-
sponds to the weak plexcitonic coupling regime arising in
the process of light±matter interaction. This is due to the fact
that the positions of the maxima of the unperturbed peaks of
the plasmon (l �Ag�

pl � 384 nm) and exciton (lex � 475 nm)
resonances are located quite far from each other on the
wavelength scale (see Fig. 8). It is a qualitatively different
situation for Au/TC particles, with a pronounced dip in the
absorption spectrum of the composite particle appearing in
the vicinity of the resonance frequency of the J-band of the

dye aggregate. The dip can be considered as a vivid example of
the strong plexcitonic coupling regime, which arises because
the resonance frequencies of the unperturbed plasmonic
(l �Au�

pl � 525 nm) and excitonic subsystems in the case of
Au/TC are significantly closer to each other (jDlj � 50 nm)
than those in the case of Ag/TC (jDlj � 91 nm). The presence
of a peak or dip near frequencies corresponding to the J-band
of the absorption of the TC aggregate is interpreted in [63] as a
result of, respectively, constructive and destructive interfer-
ence of the contributions of the plasmonic and excitonic
subsystems to the resulting spectrum of the hybrid particle.
Due to the small total size of the Ag/TC and Au/TC
nanospheres, in the experiments [174], the behavior of the
spectra under consideration is almost entirely determined by
the near-field coupling between the Frenkel exciton and the
electric dipole plasmon, and the role of higher-order multi-
poles (n > 1) is insignificant.

Calculations for two-layer Ag/TC and Au/TDBC nano-
spheres [89, 118] show that the situation changes dramatically
with a significant increase in the total particle size. Then, the
near-field coupling of the Frenkel exciton not only with the
dipole but also with higher-order (n > 1) multipole plasmons
(especially with the quadrupoles and octupoles) plays a
significant role in the formation of the optical spectra of
hybrid plexcitonic nanoparticles. We demonstrate this
effect by calculating the extinction spectra of light by
hybrid Ag/TDBC particles within the framework of the Mie
theory (Fig. 16). The thickness of the excitonic shell is chosen
to be fairly large, lJ � 8 nm, so that there are sufficiently
strong grounds to justify the scalar `isotropic' model (20) used
to describe the dielectric function eJ�o� of the excitonic J-
aggregate shell of a particle. The following parameters of the
TDBC J-aggregate were used in the calculations: �hoex �
2:12 eV (lex�585 nm), gex � 48 meV, fJ � 0:44, and
e1J � 2:3 [99]. Following papers [89, 251, 299], the dielectric
function of the metal core was calculated taking into account
the size effect (see Section 2 and formula (9)). The radius r1 of
the silver core was chosen to be 12, 32, 52, and 92 nm.

The formation of the light absorption spectrum of a small-
radius Ag/TDBC particle is almost entirely determined by the
interaction of the Frenkel exciton with the electric dipole
plasmon (n � 1). This is shown in Fig. 16a for a particle with
outer radius r2 � 20 nm. According to the analytical model

1

0

A
b
so
rb
an

ce
,a

rb
.u

n
it
s

300 400 500 600 700
l, nm

aAg/TC

A
B
C

300 400 500 600 700
l, nm

bAu/TC

A
B
C

Figure 15. Experimental data [174] on light absorption spectra of hybrid

spherical (a) Ag/TC and (b) Au/TC nanoparticles consisting of a metal

core (Ag or Au) and a thin J-aggregate layer of TC dye as functions of light

wavelength in vacuum (blue curves, B). Red curves (A) in panels (a) and

(b) demonstrate corresponding results on light absorption spectra of bare

silver and gold cores of these particles. Green dashed curves (C) describe

the peak of absorption J-band of TC dye aggregate. Radius of core is

r � 5 nm; particles are in an aqueous solution.
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(see Section 5.1), when molecular aggregates are isotropically
oriented in the organic shell, three pronounced maxima are
formed in the extinction spectrum. The left plexcitonic peak
appears at a wavelength of l � 402 nm near the position of
the dipole plasmon resonance of the bare silver core,
lpl�389 nm, and turns out to be shifted relative to it toward
longer wavelengths by Dl � 13 nm. In the vicinity of the
excitonic transition frequency of the TDBC J-aggregate
(lex � 585 nm), two split plexcitonic peaks appear in the
cross section at l � 566 nm and 603 nm, whose maxima
differ substantially from each other in intensity:

s �left�ext

s �right�ext

� 4:86 :

With increasing outer radius of the particle to r2 � 40 nm
(Fig. 16b), a small contribution to the extinction comes from
the quadrupole term (blue curve), which leads to the
emergence of a weak peak in the total cross section, sext
(black curve), in the region of 3509l9400 nm. The
plexcitonic effect manifests itself as a deep dip (at
l � 586 nm) between two peaks of different intensities,

s �left�ext

s �right�ext

� 1:84 ;

near the position of the maximum of the TDBC J-band,
lex � 588 nm. Further increase in the outer radius to
r2 � 60 nm leads in the range of 3509l9450 nm to a very
significant modification of the extinction spectrum as a result
of the influence of the quadrupole term (Fig. 16c). Here, in
comparison with the previous case (Fig. 16b), the intensities
of the middle and right dipole plexcitonic peaks in the
extinction spectrum are equalized, and the relative depth of

the dip between the left and middle dipole peaks decreases. In
addition to this, in the vicinity of l � 380 nm, the contribu-
tion of the octupole term (green curve) becomes noticeable,
which, however, does not lead to a significant change in the
behavior of the total extinction cross section.

The behavior of the spectrumof theAg/TDBCplexcitonic
particle changes drastically at r2 � 100 nm (Fig. 16d). First of
all, of particular interest is an increase in the total number
(6 pieces) of spectral peaks due to the growth of the
contribution to the cross section of the quadrupole and
octupole resonances. In this case, the peak position shifts
strongly to the long-wavelength region and is lmax � 751 nm
due to the interaction of the exciton with the dipole plasmon.
The cross section values in this region (l0650 nm) can be
reproduced quite well taking into account only the dipole
term in the Mie expansion. On the contrary, the behavior of
the spectrum in the region l9650 nm is mainly determined
by the contribution of multipole resonances.

6.2 Role of size effects
Below is a summary of the main results clarifying the
influence of size effects on the optical properties of metal
nanoparticles coated with a thin layer of a dye molecular
aggregate. The specific manifestation of these effects is
determined by several factors. Previously, in Section 2, we
demonstrated the importance of the size effect to describe the
dielectric function of the noble metal core of a hybrid
nanoparticle, associated with the scattering of free electrons
at the metal/J-aggregate interface. This effect has been shown
to be particularly strong if the particle size is significantly
smaller than the mean free path of electrons (l1) in bulk silver
or gold samples. In addition, as follows from quasistatic
approximation formulas (33) and (36), the dipole polariz-
ability (a) of the hybrid particle, and hence the absorption
(sabs) and scattering (sscat) cross sections, strongly depend on
this particle's overall radius (since a / r 32 ) and on the value of
the ratio (r1=r2) of the inner and outer radii of the concentric
spheres due to the near-field coupling between the core and
the shell. Beyond the applicability of the quasistatic approx-
imation (i.e., for kr01), a further significant increase in the
outer radius of the hybrid nanoparticle leads tomore complex
dependences of the spectra on its geometric parameters than
those predicted by simple expressions (33) and (36). This is
demonstrated for two-layer Ag/J-aggregate nanoparticles by
direct calculations [117] of the cross sections within the
framework of the extended Mie theory using the size- and
frequency-dependent dielectric function of the silver core and
the standard isotropic model (20) for the dielectric
function of the J-aggregate shell.

For particles with core radii r1 � 10 nm and r1 � 30 nm,
it was found that, when the thickness of the J-aggregate shell
lJ varies from 1 nm to 12 nm, the positions and intensities of
the spectral photoabsorption peaks change significantly even
in the case of relatively small changes in the thickness of the
outer excitonic layer.

It was also shown that the intensities of the spectral peaks
increase substantially with increasing external particle size,
mostly due to an increase in its total volume V � 4pr 32 =3. In
addition, with a significant increase in the particle size, the
behavior of the absorption spectra becomes more complex
due to an increase in the total number of spectral peaks (see
Fig. 16). It is caused by the effects of the interaction of the
Frenkel exciton in the organic shell not only with the electric
dipole but alsowith themultipole (quadrupole, octupole, etc.)
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Figure 16. Spectral dependences of light extinction cross sections sext by
two-layer nanospheres consisting of a silver core and an outer J-aggregate
shell of TDBC dye. Calculations were performed within framework of
extended Mie theory [148] for four sets of inner and outer radii of the
particle: (a) r1�12 nm, r2 � 20 nm; (b) r1 � 32 nm, r2 � 40 nm;
(c) r1 � 52 nm, r2 � 60 nm; and (d) r1 � 92 nm, r2 � 100 nm. Red, blue,
green, and darkmagenta curves show, respectively, contributions of dipole
(n � 1, B), quadrupole (n � 2, C), octupole (n � 3, D), and hexadecapole
(n � 4, E) terms to general formula (26) of multipole expansion. Solid
black curve (A) is their sum.
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localized plasmons in the metal core of the particle [89]. In a
certain range of nanoparticle sizes, when the contributions of
the absorption and scattering processes to the resulting total
extinction cross section become of the same order, the spectral
behavior of the value of sext�l� is additionally affected by the
competition of the contributions of these processes. For silver
particles coated with a thin layer of J-aggregate of the dye, the
extinction cross section is mainly determined by the light
absorption process at an outer radius less than 25±35 nm,
while at larger values of the radius, the contribution of the
scattering process begins to dominate. For hybrid particles
with a gold core, the scattering process becomes predominant
at outer particle radius r2055±60 nm.

7. Optical spectra
of three-layer metalorganic nanospheres

7.1 Absorption and luminescence spectra
The authors of Refs [88, 323] and [68, 115, 330] synthesized
three-layer nanoparticles of various geometric shapes and
sizes, consisting of a gold or silver core, an outer J-aggregate
shell of a cyanine dye (TC, PIC, TDBC, etc.), and an organic
spacer layer between them.When interacting with an external
electromagnetic field, the spacer acts as a passive dielectric
layer between two active layers of the nanoparticle: the core
with localized surface plasmons and the outer excitonic shell
[116, 119, 251, 299]. Varying the thickness of the interlayer
provides an additional opportunity to affect the magnitude
and features of the plexcitonic coupling between the core and
shell and, thereby, modify the spectral characteristics of the
hybrid system compared to two-layer metal/J-aggregate
particles.

The key difference between three-layer metalorganic
nanoparticles with a passive spacer layer and two-layer
particles is that their interaction with light can result in not
only absorption and scattering processes but also photolumi-
nescence. This is demonstrated in Fig. 17, which presents
experimental data [323] on the absorption and photolumi-
nescence spectra of a colloidal solution of hybrid three-
layer Au/TMA/TC nanospheres (solid red curves), as well as
on the absorption spectrum of a two-layer Au/TMA particle
without an external J-aggregate layer (dashed curve). Note
that two plexcitonic peaks are observed in the absorption
spectrum of Au/TMA/TC nanoparticles: a sharp one at
l � 459 nm and a broader one at l � 526 nm. It is impor-
tant to stress that this experiment demonstrated fairly intense
photoluminescence of three-layer Au/TMA/TC nanospheres
with a maximum in the emission spectrum at l � 469 nm (see
Fig. 17), which the authors of paper [323] attributed to the
luminescence of the TC J-aggregate. In contrast, for two-layer
Au/TC nanoparticles, in which the gold cores were coated
directly with the J-aggregate, corresponding luminescence
was not observed. This fundamental difference was
explained in [323] by the quenching of luminescence due to
the processes of excitation energy transfer from the J-
aggregate shell to the metal core. Such quenching can be
quite effective in two-layer nanoparticles, but is significantly
suppressed in three-layer nanoparticles due to the presence of
an intermediate passive TMA spacer. The presence of
photoluminescence in addition to the process of light
absorption by three-layer nanoparticles was also observed
for a number of other dyes that form an external J-aggregate
shell. The corresponding examples include Au/TMA/PIC,

Au/TMA/Thia(Et) nanoparticles (see the structural formulas
of the dyes in Table 2) with a gold core of a spherical [323] and
rod-like [330] shape, as well as three-layer Ag/TMA/TC and
Ag/TMA/OC nanospheres with a silver core [88].

7.2 Effect of thickness of spacer layer on optical spectra
For a number of problems in the optics and spectroscopy of
nanoparticles with a metal core and a double shell, which
consists of passive organic spacer and an active J-aggregate
outer layer, what stands out is that changing the spacer layer
thickness provides an additional opportunity to alter the
magnitude and nature of the coupling between the plasmonic
core and the outer excitonic shell. This offers some new
opportunities for modifying the spectral characteristics of
the hybrid nanosystem in comparison with the case of two-
layer metal/J-aggregate particles. This was demonstrated in
[116] using the example of spherical Ag/TMA/TC nanopar-
ticles with a silver core, an outer J-aggregate shell of the TC
cyanine dye, and an organic spacer layer of TMA (N,N,N-
trimethyl(11-mercaptoundecyl)ammonium chloride). Similar
calculations of the light absorption spectra were carried out in
[119] for the composite Au/TMA/J-aggregate nanospheres
with a gold core.

To demonstrate the near-field nature of the plexcitonic
coupling and the strong dependence of the results on the
distance between the plasmonic and excitonic subsystems, we
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out with the following J-aggregates of dyes: TC (red dashed curves, B),

PIC (blue short-dashed curves, C), and Thia(Et) (green dashed-dotted

curves, D). In experiments [88] with composite nanospheres with a

silver core, J-aggregates of dyes TC (red dashed curves, B) and OS (gray

dashed-dotted curves, C) were used. Panels (a) and (c) show light

absorption spectra of uncoated Au/TMA and Ag/TMA nanospheres,

respectively (solid black curves, A). Geometric parameters of particles

with a gold core are as follows:D � 5:2 nm is core diameter, `s � 1:1 nm is

TMA spacer thickness, and lJ � 1:7 nm is J-aggregate layer thickness.

Corresponding parameters for particles with a silver core are as follows:

D � 14:1 nm, `s � 1 nm and lJ � 4 nm. Photoluminescence excitation

wavelengths are l � 430 nm for Au/TMA/TC, l � 520 nm for Au/TMA/

PIC, l � 550 nm for Au/TMA/Thia(Et), l � 380 nm for Ag/TMA/TC,

and l � 405 nm for Ag/TMA/OC.
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calculated the light absorption cross sections of three-layer
Ag/TMA/OC (Figs 18a andb) andAu/TMA/TDBC (Figs 18c
and d) nanospheres. These series of calculations were
performed using the extended Mie theory for concentric
spheres for four different values of the thickness (`s) of the
spacer layer at different values of the radii (r1) of the metal
core and the thicknesses (lJ) of the outer J-aggregate shell.

Both series of calculations demonstrate strong depend-
ences of the results for the absorption cross sections on the
distance `s between the two interacting active plasmonic and
excitonic subsystems. In particular, Fig. 18a shows that, in the
case of the silver core, the efficiency of the near-field
plexcitonic coupling substantially decreases with increasing
`s. This is manifested as a decrease in the depth of the dip in
the vicinity of wavelengths l � 406 nmwith an increase in the
value of `s. A weakening of the plexcitonic coupling with
increasing thickness of the passive spacer also occurs for
composite nanospheres of a larger size, as can be seen from
Fig. 18b for a core radius of r1 � 70 nm.With such geometric
parameters of the particle, the splitting of the spectral peaks
near the wavelengths l � 394 and 407 nm is pronounced in
the absence of a spacer layer at `s � 0 nm. However, the
splitting is significantly reduced in the presence of a passive
spacer with thicknesses `s � 7 and 14 nm, and completely
disappears at `s � 21 nm.One should also pay attention to the
distinctions in the overall behavior of the absorption spectra
shown in Figs 18a and b for some different particle sizes. This
is to be expected, since an increase in the size of a plexcitonic
particle significantly changes its effective polarizability, and
essentially enhances the contribution to the cross section of the
quadrupole and octupole plexcitonic resonances.

The general trend of the plexcitonic coupling, consisting
in the rapid fall of its efficiency with increasing distance
between the plasmonic and excitonic subsystems of a
composite particle, also holds true for three-layer nano-
spheres with a gold core, a passive spacer layer, and an outer
J-aggregate shell. This is clearly demonstrated in Figs 18c
and d for particles with a J-aggregate of the TDBC dye in
the outer layer. As the thickness of the organic TMA spacer
(`s) increases, the spectral dips located at wavelengths
l � 530 nm and 580 nm gradually diminish, while the dips
near l � 580 nm practically vanish. Evidently, the behavior
of the spectral curves in Figs 18c and d differs substantially
from the case shown in Figs 18a and b for the Ag/TMA/
OC metalorganic system. This stems from the considerable
difference in the dielectric properties of the Ag and Au metal
cores and the J-aggregates of the dyes OC and TDBC, so that
the plexcitonic resonances appear for the Ag/TMA/OC and
Au/TMA/TDBC systems in different parts of the visible
spectrum.

Note also that, in this section, we performed all the
calculations using the standard isotropic model (20) for
describing the permittivity of molecular aggregates of dyes.
Taking into account the effects of the anisotropy of the outer
excitonic shell of a three-layer metalorganic nanoparticle in
each specific case can change the spectral behavior of the
absorption cross section for given values of the geometric
parameters of the particle. Nevertheless, the outlined general
trend, where the near-field coupling diminishes when the
excitonic and plasmonic subsystems are spatially separated,
certainly holds.

8. Plexcitonic coupling effects in nanorods
and nanoplatelets and their dimers

8.1 Spectral behavior of plexcitonic nanorods
with varying their length and number of spacer layers
Due to the presence of longitudinal and transverse plasmon
resonances in the case of elongated metal nanoparticles, the
spectra of hybrid metalorganic nanorods have their own
distinct features compared to the case of plexcitonic
nanospheres. In general, both transverse and longitudinal
plasmon-polaritons can participate in the near-field cou-
pling with the Frenkel exciton. However, since the positions
of the maxima of the longitudinal and transverse reso-
nances are largely determined by the ratio of the long-
itudinal and transverse sizes of the rod (Lk=L?) and can be
very significantly moved apart relative to each other on the
frequency (or wavelength) scale, the exciton and plasmon
with the closest values of the resonance energies experience
the strongest interaction with each other. Accordingly, in
the case of an exact resonance (o kpl � oex and o?pl � oex),
effects of strong coupling between an exciton and one of the
plasmon modes (such as induced transparency) can occur in
a similar way to how it takes place in the case of the
nanospheres considered above. This follows directly from
the available experimental data [68, 115, 125, 133, 134, 153,
315, 330] and FDTD calculations [68, 94].

Figure 19 shows the results of calculating the extinction
spectra of an Ag/TC nanorod. Upon increasing its length L,
the field modes excited by incident radiation polarized along
the axis of the nanorod pass from the weak plexcitonic
coupling regime to the strong coupling regime. The modes
excited by external radiation polarized perpendicular to the
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nanorod axis are in the weak coupling regime in all the cases
considered here.A characteristic feature of such spectra is that,
with a change in the ratio of the length of the rod to its
diameter (Lk=L?), the positions of the maxima of the
plexcitonic resonances corresponding to the longitudinal and
transverse modes shift in significantly different ways (Figs 19b
and c). With an increase in the ratio Lk=L?, the peaks of the
plexcitonic resonances for the longitudinal mode shift toward
the long-wavelength region of the spectrum, and for the
transverse mode, this shift is directed toward short wave-
lengths. In this case, the plexcitonic peaks for the longitudinal
mode are subject to a more significant shift than are the peaks
corresponding to the transverse mode. As can be seen from
Figs 19b and c, the magnitudes of the maxima of these peaks
also change differently. These features are directly reflected in
the spectral behavior of the extinction cross sections averaged
over the orientations of the rod in space.

Using hybrid nanorods as an example, we will demonstrate
another important characteristic feature of plexcitonic cou-
pling, namely, a significant dependence of its efficiency on the
number of dielectric spacer layers between the plasmonic
component (the rod core) and its outer excitonic shell.
Yoshida et al. [330] synthesized multilayer Au/TMA/(PSS/
PDDA)n/Thia(Ph) nanorods with a spacer consisting of a
monolayer of TMA (N,N,N-trimethyl(11-mercaptounde-
cyl)ammonium chloride) precipitate and several layers of
PSS/PDDA polyelectrolyte (n � 0, 1, 2). Figure 20 shows the
behavior of the spectra with an increase in the number n of
spacer layers of the PSS/PDDA polyelectrolyte; namely, a
decrease in the depth of the dip in the spectrum in the vicinity of
the resonance (l � 680 nm) clearly demonstrates a weakening
of the efficiency of the near-field coupling between the plasmon
localized in the core and the Frenkel exciton in the outer shell.

8.2 Manifestation of optical chirality in extinction
and circular dichroism spectra
In recent years, a series of papers has been published
examining the effects of optical chirality in metalorganic
nanostructures. These studies have been largely motivated
by the great practical interest on the part of medicine and
pharmaceuticals in the effects of interaction of light with so-
called enantiomers, i.e., isomers that are mirror-symmetric
with respect to each other. The great applied significance of
such isomers is determined by the fact that they perform
different functions and have significantly different biological
activity. Optical detection and separation of enantiomers, as
well as control of photochemical reactions involving them,
are topical problems of modern nanophotonics (see [331] and

references therein). On the other hand, in most of the existing
papers on plexcitonic nanoparticles, their chiral properties
have not been discussed at all, and studies of the fundamental
features of plexcitonic coupling in chiral composite particles
have only intensified in the last few years.

Notably, a series of experimental studies has been carried
out recently (see, for example, [315, 332±335]) in which the
effects of plexcitonic coupling in chiral metal/J-aggregate
nanoparticles were studied. It should be noted that chirality
of a metalorganic nanosystem can stem from fundamentally
different factors, for example, (i) chirality of the plasmonic
core [335], (ii) chirality of aggregates in the organic shell [315],
and (iii) chiral geometry of a complex consisting of several
achiral particles [332].Whenever a chiral molecular aggregate
is located near the surface of a metal nanostructure, the near-
field plasmon-exciton interaction leads to the emergence of
circular dichroism in the vicinity of the plasmon resonance
frequency, even if the metal nanostructure itself is achiral.
The use of this plexcitonic phenomenon makes it possible to
endow achiral plasmonic nanostructures with optical activity.

In this context,Wu et al. [315] recently studied the circular
dichroism and light extinction spectra of Au/Ag composite
nanocuboids coated with chiral J-aggregates of the TDBC
dye, the monomers of which do not exhibit optical activity
(Figs 21a and b). The position of the plasmon resonance of
the two-component metal core of the Au/Ag nanocuboid was
controlled by changing the thickness of the silver shell of the
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gold rod (Fig. 21c). This allowed the authors of Ref. [315] to
experimentally determine the dependence of the energy of
hybrid plexcitonic modes on the magnitude of the spectral
detuning of the resonances of the isolated metal and J-
aggregate subsystems. The dependences obtained in [315]
are shown in Fig. 21d. The formation of hybrid modes was
confirmed by measuring the positions of peak maxima not
only in the extinction spectra but also in the circular
dichroism spectra. This indicates that the circular dichroism
of the hybrid particle was caused not simply by an increase in
the intensity of the dichroic response of the chiral TDBC
J-aggregate due to a local field enhancement, but by the
formation of new hybrid states in the strong coupling regime.
The observed splitting energy of the plexcitonic peaks at the
quasi-intersection point differed for the extinction and
circular dichroism spectra and amounted, according to the
data in [315], to DE � 214 meV and DE � 136 meV, respec-
tively. This difference in the spectral profiles of the two types
(Figs 21a and b) was explained in [315] within the framework
of the quasistatic approximation. Note that, compared to
extinction spectra, circular dichroism spectra contain nar-
rower bands, and the different signs of the signals (positive
and negative) of the two hybrid modes ensure their simpler
and more reliable experimental measurement.

8.3 Induced transparency of plexcitonic nanoplatelets
The induced transparency effect described in Section 5.2.3 is
most prominently manifested in a number of experimental
studies on the optical properties of plexcitonic nanoplatelets:
nanoprisms and nanodisks. Figure 22 shows experimental
data [92] on the light absorption spectra of silver triangular
nanoprisms coated with a thick layer (lJ � 8 nm) of the PIC
dye J-aggregate. The choice of a nanoprism as a core makes it
possible to satisfy the resonance condition between the
plasmon of the core and the exciton of the J-aggregate shell
by varying the length of the prism base edge. A quantitative
measure of the efficiency of plexcitonic coupling is the energy
splitting between the upper and lower plexcitonic branches
determined from the experiment. The magnitude of this
splitting, �hOR � 207 meV, was determined for such a length

of the edge of the prism base that led to a coincidence
(resonance) at l � 582 nm of a unperturbed energies of the
plasmon (�hopl) and the exciton (�hoex). In the theory of
nonadiabatic transitions between the electronic terms of a
diatomic molecule, the fulfillment of the resonance condition
(�hoex � �hopl) corresponds to the intersection point of the
diabatic curves of the potential energy. The resulting energy
splitting of the hybrid modes of the composite nanoplatelet
indicates the presence of a strong plexcitonic coupling regime
(see Section 5.4) in the phenomenon of induced transparency.

In the solution prepared in experimental study [92], in
addition to J-aggregate-coated silver nanoprisms with a fairly
wide range of sizes, there were also monomers and dimers of
the dye. Therefore, the resulting absorption spectra recorded
in a colloidal solution are defined as a sum s�o� �Pj cjsj�o�
of the absorption cross sections sj�o� of its individual
components j with weighting factors proportional to their
concentrations (cj) in the solution. The absorption cross
sections of nanoprisms with sizes varying from L � 30 nm
to L � 75 nm with a step of 5 nm were calculated. The prism
height was h � 10 nm, and the thickness of the organic shell
was lJ � 8 nm. The parameters of the J-aggregate of the PIC
dye are taken from Table 2.

The effect of induced transparency (i.e., a dip in the
absorption spectrum of light) was also observed in [91],
where the object demonstrating this phenomenon was a
triangular silver nanoprism coated with the J-aggregate of
the TDBCdye (Figs 23a±d). In the experiment, the wavelength
of the localized plasmon was tunable in the range from 400 to
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1100 nm. Plotting the energy branches of the E� and Eÿ hybrid
modes of the Ag/TDBC plexcitonic nanoprism based on
measurements of the dependence of the positions of the
spectral maxima made it possible to determine for this system
the characteristic value of the constant (V � �hg) of the
plexcitonic coupling, which, under the conditions of resonance
of the plasmonic and excitonic subsystems, corresponds to the
splitting energy of the hybrid modes, DE � Re fE� ÿ Eÿg �
�hOR � 2V � 400 meV (Fig. 23d). This energy amounted to
19%of that of the exciton transition in the J-bandof theTDBC
aggregate, which, according to the semi-empirical criterion
given in Section 5.4, corresponds to the ultrastrong plexcitonic
coupling regime. Such a significant value of the coupling
energy is the result of strong localization of the electric field
near the sharp corners of the nanoprism. A comparison of the
results presented in Table 3 on the splitting energies of spectral
peaks obtained by different authors in studying the regimes of
strong and ultrastrong plexcitonic coupling in metalorganic
nanosystems shows that one of the highest values of �hOR was
obtained in [91].

Computer simulation of the optical spectra of silver and
gold nanoprisms and nanostars coated with dye aggregates
having different optical properties (TC, PIC, and TDBC) was
performed in [329] in order to study possible regimes of
plexcitonic coupling. The calculations were carried out by
the FDTDmethod using the standard isotropic model (20) of
the excitonic shell. In this case, typical dips were reproduced
in the absorption spectra of the systems studied, which are
consistent with the effect of induced transparency.

The phenomenon of induced transparency was also
studied in [318] using silver nanodisks coated with a layer of
TDBC dye J-aggregate as an example (Fig. 24a). In the
experiments, the plexcitonic coupling strength was varied,
and a very high value of the splitting energy of hybrid modes
was achieved, �hOR > 350 meV, indicating a transition to the
limit of ultrastrong plexcitonic coupling. The disk diameter
was selected in such a way that the plasmon and exciton
resonance frequencies coincided (lTDBC

ex � 585 nm). The
formation of plexcitonic nanoparticles manifested itself in a
pronounced dip in their extinction spectra.

The experimental data [318] on the extinction spectra are
shown in Fig. 24b for different values of dye concentration.
The authors manipulated the amount of aggregated dye
molecules attached to silver nanodisks by controlling the
concentration of dye molecules in the colloidal solution.

Figure 24b shows that varying the concentration signifi-
cantly affects the depth of the dip in the extinction spectrum
of Ag/TDBC nanodisks and causes a transition from the
weak coupling regime (at low concentrations) to the strong
and then ultrastrong coupling regimes (at high concentra-
tions). The experimental results shown in Fig. 24c show an
increase in the Rabi splitting energy with increasing dye
concentration after reaching the strong coupling regime.
TheaboveisconsistentwiththetheorypresentedinSection5.2.
The main result of [318] was, therefore, the demonstration of
the possibility of effectively controlling the process of the
formation of the J-aggregate layer on the nanodisk surface
and the magnitude of the plexcitonic coupling energy and,
accordingly, the extinction and transmission spectra of
hybrid nanoplatelets.

8.4 Replication of spectral bands
of plexcitonic nanoparticle dimers
An unusual manifestation of the strong plasmon-exciton
coupling regime is the effect of spectral band replication,
which qualitatively differs in its physical nature from the
previously discovered plexcitonic effects. As was shown in
[297, 299], the spectra of pairs of closely spaced and
partially merging two-layer metalorganic nanoparticles
contain a double number of plexcitonic spectral bands,
compared to cases where the dimer particle has no organic
shell. These plexcitonic bands can be divided into two
groups: `original' oi bands, which exactly reproduce the
plasmon peaks (pi), and their `replicas' (ri) with a specific
mutual arrangement and distribution of intensity. Figure 25
explains the essence of the phenomenon using the example
of the light absorption spectra of pairs of two-layer Ag/
TDBC nanoparticles of spherical (Figs 25c and d) and disk-
like (Fig. 25e) shapes.

The positions of the oi bands in the spectra of two-layer
dimers are close to those of the pi bands of plasmon dimers.
There are also narrow spectral peaks si, which should be
attributed to exciton resonances in the J-aggregate shell. It is
important to note that the spectra of plexcitonic dimers also
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contain an additional group of bands, ri (Figs 25c and d).
These bands are always located on the other side of the oi
bands relative to the exciton resonance of the J-aggregate of
the dye. The mutual arrangement, relative widths, and
intensities of the plasmon pi bands are reproduced quite
accurately by the oi bands and are reflected with some
distortions by the ri bands on the other side of the exciton
resonance. This becomes especially noticeable if we trace the
changes in the position of the oi and ri spectral bands that
arise when the distance between the particles in the hybrid
dimer is varied and compare these changes with the
corresponding shifts of the pi bands of the uncoated metal
dimer. The above-described properties in optical spectrum
plexcitonic dimers composed of two hybrid metalorganic
Ag/TDBC nanospheres and `core±shell' nanodisks were
established in [299] using FDTD numerical simulations. A
qualitative and quantitative explanation of the phenomenon
of spectral band replication was also given using the effective
multilevel Hamiltonian model (see Section 5.3.3). This
Hamiltonian took into account the terms responsible for the
interaction of quasi-degenerate exciton modes of the organic
shell with multiple modes of the plasmon dimer composed of
two uncoated metal nanospheres or nanodisks (for more
details, see [299]).

Note also that the relationship between the occurrence of
the replication phenomenon and achieving the strong
plasmon-exciton interaction regime was studied in [298] by
analyzing the change in the spectra of metalorganic nano-
particle dimers upon the introduction of a passive dielectric
spacer layer between their cores and shells. As the thickness of
this spacer layer increases, the `replicas' of the plasmon
resonances approach the position of the J-aggregate band
and disappear. This confirms the validity of the classification
of spectral bands in terms of plexcitonic `originals' and
`replicas' of plasmon resonances. A peculiar feature of the
spectral band replication effect is that it is observed in
situations where the J-band of the molecular aggregate lies
at some distance relative to the plasmon resonance peak
toward the long-wavelength side. This distinguishes it from
traditional dip effects in the absorption spectra of hybrid
metalorganic nanoparticles, which appear under the condi-
tion of proximity or coincidence of the resonance frequencies
of the plasmonic and excitonic subsystems.

9. Effects of anisotropy of excitonic shell
and their influence on light absorption
and scattering spectra

9.1 Optical anisotropy of molecular J-aggregates
Absorption and scattering spectra of light, as well as analysis
of the plasmon-exciton interaction regimes in hybrid metal/J-
aggregate andmetal/spacer/J-aggregate nanostructures, were
previously theoretically described in almost all cases within
the framework of various isotropic models. In isotropic
models, the outer layer of the organic dye is usually
considered an isotropic medium with an effective scalar
local resonance dielectric function (20). In many cases, such
theoretical approachesmake it possible to describe the optical
spectra of plexcitonic nanosystems and adequately interpret a
particular regime of plasmon-exciton coupling. However,
isotropic approaches are inapplicable to the analysis of cases
where the outer organic shell of the system has pronounced
anisotropic dielectric properties.

It is well known that nano- and micrometer-sized
structures consisting of large extended molecules are usually
anisotropic. A striking example of dyes capable of forming
molecular J-aggregates with pronounced anisotropic dielec-
tric properties is pseudoisocyanine dye (PIC). The synthesis
of molecular aggregates of this and other dyes, as well as the
study of their morphology, have been the subject of intensive
research for many years [337±341]. In particular, in order to
clarify the arrangement and direction of the molecules
constituting the aggregate, the linear dichroism of a film of
highly oriented J-aggregate of pseudoisocyanine bromide was
studied in [338]. The anisotropic effects in the absorption and
fluorescence spectra of fibril-shaped J-aggregates of pseudoi-
socyanine dyes in thin-film matrices was observed in [339].
Experimental results for oriented J-aggregates of the PIC dye
demonstrated a significant difference between the absorption
spectra obtained for light polarizations parallel and perpen-
dicular to the orientation axis of the J-aggregate. Pronounced
anisotropic absorption has also been demonstrated for J-
aggregates of a number of carbocyanine dyes [195, 342]. It has
been shown that, when light is polarized parallel to the
direction of alignment of these molecular aggregates, intense
narrow bands appear in their absorption spectra.
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Anisotropy effects in the processes of absorption and
scattering of light by various nanoparticles have been
actively studied for many years. This is owing to the
important role the effects play in some technological and
biological applications [343]. A modification of the Mie
theory for describing the scattering and extinction spectra of
spherical nanoparticles coated with an optically anisotropic
outer shell was proposed in [344]. Within the framework of
the quasistatic approximation, an analytical description of
the optical spectra of ellipsoidal plasmon particles coated
with an anisotropic shell was developed in [272]. Orienta-
tional effects in dipole±dipole interactions between neighbor-
ing dye molecules have recently been considered using the
coupled dipole model in a spherical metalorganic core±shell
systems [345]. In this work, the influence of the dye molecule
concentration in the shell and the coating uniformity on the
process of light scattering was also studied theoretically. A
thin-shell approximation of the Mie scattering problem for
spherical `core±shell' and `core±double±shell' structures with
radial anisotropy in the outer layer was proposed in [346,
347]. This approximation describes some orientational and
anisotropic effects arising from the resonant dye±plasmon
interaction. In addition, the authors of Refs [348, 349]
developed a model to estimate the effective dielectric func-
tion of the anisotropic layer of dye molecules adsorbed on a
metal surface and to describe the electromagnetic core±shell
interaction in such systems. The role of orientational effects
of the molecular self-assembly of a J-aggregate excitonic shell
in the formation of optical spectra of some plexcitonic `core±
shell' and `core±double±shell' nanoparticles of various sizes,
shapes, and compositions is clarified in [251, 252].

9.2 Features of spectra of plexcitonic systems
with isotropic and anisotropic outer shells
Let us discuss the role of the anisotropy of the outer shell of
ordered molecular J-aggregates in the formation of the
plexcitonic coupling and optical spectra of metalorganic
nanoparticles. The authors of Refs [251, 252] studied
theoretically the effects of plasmon-exciton interaction and
the behavior of the absorption and scattering spectra of light
by hybrid nanoparticles of various shapes, containing ametal
core and an outer shell of molecular J-aggregates of organic
dyes. In [251], it was shown that taking into account the
anisotropy of the J-aggregate shell of the composite
system makes it possible to consistently explain the
available experimental data on the optical spectra of a
number of studied metalorganic nanoparticles, which
cannot be correctly described within the framework of
the standard isotropic model of the outer J-aggregate shell
(see formula (20)).

This fact is illustrated by Figs 26a and b, which show the
optical spectra of hybrid three-layer Au/MUA/PIC and Au/
TMA/PIC nanoparticles with gold cores and the same
molecular aggregate of the PIC dye, but with different
passive dielectric spacer layers of MUA and TMA. The
anisotropy effect manifests itself in the qualitatively different
shape of these spectra for the cases of normal and tangential
orientation of the aggregated molecules in the dye shell
relative to the surface of the nanostructure. It was shown
that the results of theoretical calculations are in good
agreement with the available experimental data only when
the optical anisotropy of the shell is taken into account, and
when there is only one clearly pronounced spatial orientation
of the aggregate. Agreement is achieved for (Fig. 26a) Au/

MUA/PIC and (Fig. 26b) Au/TMA/PIC nanoparticles if the
PIC aggregates are oriented along the normal to the surface
and along the surface, respectively. It is worth noting here
that, according to the results of experimental studies [322,
323, 330], the use of a number of optically passive organic
substances (for example, TMA orMUA) as dielectric spacers
promotes the aggregation of dye molecules on the surface of
nanoparticles.

A comparison of the results for Au/MUA/PIC and Au/
TMA/PIC nanoparticles, which have completely different
spacer layers of MUA and TMA, indicates a strong
dependence of the orientation of the molecular aggregate of
the hybrid nanoparticle on the surface material on which the
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Figure 26. (a) Comparison of experimental [322] and theoretical [251] data

on scattering spectra of two-layer Au/MUA and three-layer Au/MUA/

PIC nanospheres with a diameter of 100 nm. Thick gray (A) and orange

(B) curves are experimental data for two- and three-layer particles. Black

curve (C) shows calculation results for two-layer particles; red (D),

thin blue (E) curves and green dashed line (F) show calculation results

for three-layer particles. Calculations were performed for the PIC dye

J-aggregate in the outer shell oriented normally (D) and tangentially (E)

to surface, and also using isotropic (F) dielectric function (20).

(b) Comparison of experimental [323] and theoretical [251] data on

absorption spectra of two-layer Au/TMA and three-layer Au/TMA/PIC

nanospheres with a diameter of 9.1 nm. Designations of curves are the

same as in panel (a). (c) Absorption spectra of J-aggregate of PIC dye with

polarization of incident light parallel (dashed red curve) and perpendicular

(solid black curve) to aggregate axis [338].
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aggregate is assembled. This conclusion is consistent with
modern concepts in chemistry that metal nanoparticles
coated with MUA and TMA form oppositely charged
particles [350, 351]. Thus, it is possible to effectively control
the optical properties of hybrid metalorganic nanostructures
by selecting the proper optically passive spacer layer between
the plasmonic core and the outer excitonic shell. Therefore,
the effect of the passive dielectric spacer layer on the resulting
spectra of the hybrid system does not stem solely from specific
values of its permittivity es and thickness `s. Along with these
factors, the physicochemical properties of the passive spacer
material have a strong influence on the optical spectra, since
they determine the orientation of molecular aggregates
during the formation of the outer J-aggregate shell.

Note that the use of the isotropic scalar dielectric function
(20) of the outer organic shell in the calculations can provide a
reasonable explanation for some of the available experimen-
tal data. Analysis shows that, if the effective oscillator
strength of the exciton transition in the J-band of the
molecular aggregate is small enough, the optical spectra of
metalorganic nanoparticles with tangential orientation of the
J-aggregate in the outer shell of the dye are quite close to the
spectra of hybrid nanoparticles with an optically isotropic
shell. In this case, the behavior of these spectra will differ
significantly from the calculated spectra of the same hybrid
nanoparticles, but with a normal orientation of the J-
aggregate in the excitonic shell.

The nature of the differences in the spectra of metalor-
ganic nanoparticles with isotropic and anisotropic shells in
the strong and ultrastrong plexcitonic coupling regimes was
studied in [252]. It was shown that the use of the isotropic
permittivity of the J-aggregate can lead to significant
discrepancies between the theoretical predictions and experi-
mental spectra of hybrid nanoparticles. This discrepancy is
especially noticeable in the case of metalorganic structures
with a shell made of the J-aggregate of the TDBC dye, since
the value of the effective oscillator strength of its exciton band
is quite large ( f � 0:22). The energy of the plexcitonic
coupling (Rabi splitting) in such a system reaches hundreds
of meV. In this case, calculations performed using the
isotropic model (20) for the dielectric function eJ predict a
third resonance between two polariton bands [67, 89]
(Figs 27a and d). However, this resonance was observed
experimentally only in cases of large thicknesses of J-
aggregate layers (010 nm) (see, for example, [87]). At these
thicknesses of the organic excitonic shell, a significant part of
it is located at a sufficiently large distance from the metal
surface; accordingly, this part of the shell does not enter into
strong coupling with the plasmonic core of the particle. In
such a situation, the anisotropy effects observed in the optical
spectra in the strong plexcitonic coupling regime are hardly
manifested. In experiments with nanoparticles coated with an
organic shell having a thickness of several nanometers, such
resonance was not observed (see the discussion in [352]),
despite the predictions by the isotropic model.

The calculation results presented in Figs 27a±i show that
the use of isotropic permittivity (20) for describing the outer
excitonic shell of the metalorganic nanoparticle leads to the
appearance of an additional band near l � 490 nm in the
spectrum. The intensity of this band increases with increasing
effective oscillator strength fJ. However, in the spectra
obtained using the tensor model of the anisotropic shell, this
band is absent for both (tangential and normal) orientations
of the J-aggregates in the organic shell. Figure 27j demon-

strates that the assumption of the tangential orientation of the
J-aggregates of the TDBC dye in the outer shell allows one to
reach good agreement between theoretical [252] and experi-
mental [352] data. At the same time, the use of isotropic
permittivity does not make it possible to achieve satisfactory
agreement with the experiment.

10. Conclusions

The review provides insight into physical phenomena of light
interaction with hybrid nanostructures due to the near-field
coupling between Frenkel excitons in the outer organic shell
and surface plasmon-polaritons localized in their metal core.
This rapidly emerging research field extends some general
ideas in subwavelength optics, plasmonics, and organic
photonics. We have briefly discussed key properties of dipole
and multipole localized plasmon-polaritons in metal nano-
particles and molecular excitons in ordered aggregates of
dyes, which are necessary for understanding the effects of
plexcitonic coupling and the main features in the behavior of
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Figure 27. (a±i) Extinction spectra of a two-layer nanosphere with a gold

core and a J-aggregate shell at different values of effective oscillator

strength fJ and different orientations of J-aggregate relative to the metal

surface [252]. (a±c) Results of calculations at fJ � 0:15 using (a) isotropic

dielectric function and (b) normal and (c) tangential orientation of J-

aggregates in the dye shell. (d±i) Similar calculations for fJ � 0:08 and

fJ � 0:03. Gray dashed curve (A) shows calculations for an uncoated

particle. Colored solid curves (B) show results for two-layer particles with

a core diameter D � 25 nm and a shell thickness lJ � 3 nm. Dielectric

function of the metal is described by Drude formula with parameters

corresponding to plasmon resonance of gold [352]. Parameters of model

J-aggregate are as follows: e1J � 1:7, oex � 2:5 eV, and gex � 0:05 eV.

(j) Extinction spectra of a gold nanorod coated with TDBC. Thick

lavender curve (A) shows experimental results [352]. Thin red (B) and

blue (C) curves and green dashed line (D) are results of calculations [252].

Calculations were performed for different orientations of J-aggregate in

the outer shell: normal (B) and tangential (C) to the surface, as well as

using the isotropic (D) dielectric function (20). Radius of nanorod

r � 9:8 nm, length L � 32 nm, and thickness of dye shell lJ � 3 nm.
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absorption, scattering, and luminescence spectra of the
metalorganic nanostructures. We have outlined the basic
physical approaches and methods for describing optical
phenomena arising upon interaction of light with such
structures. Furthermore, we have formulated some simple
models for interpreting various plexcitonic coupling regimes,
including weak, strong, and ultrastrong coupling. In addition
to the traditionally discussed topics, considerable attention
has been paid to the investigation of some novel points in the
optics of plexcitonic nanostructures. In particular, we have
explored the influence of size effects on the behavior of optical
spectra of metalorganic nanosystems; analyzed the role of
electric dipole, quadrupole, and octupole plasmons on the
nature of plexcitonic coupling; and studied the role of a
passive dielectric organic layer (spacer between the plasmo-
nic core and the excitonic shell) in the formation of
nanostructures with qualitatively different optical proper-
ties. In addition, we have overviewed a number of available
experimental and theoretical results on the light absorption,
scattering, and extinction, as well as photoluminescence and
circular dichroism of hybrid metalorganic nanoparticles of
various compositions, sizes, and geometric shapes (spheres,
disks, rods, and prisms).

Importantly, our theoretical analysis of plexcitonic effects
is not limited to the presentation of the standard scalar
`isotropic' model of the excitonic shell of a composite
nanoparticle, but also covers a new physical approach based
on the use of a tensor model for describing molecular
aggregates with tangential and normal components of
permittivity that differ significantly from each other. Within
the framework of this approach, recently we have provided a
successful quantitative explanation of the available experi-
mental data on the optical spectra of plexcitonic nanospheres
and nanorods, adequately taking into account the anisotropy
of the excitonic shell of the system. Among other phenomena
studied recently by means of new approaches is the replica-
tion of spectral bands of plexcitonic dimers of two-layer
nanodisks and nanospheres. The phenomenon has been
explained using FDTD numerical calculations and received
a clear physical interpretation within the framework of the
effective multilevel Hamiltonian model. Another example of
a new phenomenon studied recently and discussed in our
review is the optical chirality of plexitonic systems, mani-
fested in the circular dichroism and extinction spectra of a
metal nanorod coated with a chiral J-aggregate dye.

The experimental and theoretical data presented in the
review clearly demonstrate that the choice of the shape, size,
and composition of plasmonic and excitonic subsystems can
dramatically affect the efficiency and regime of plexcitonic
coupling in various hybrid nanosystems. Thus, modern
synthesis methods make it possible to fabricate hybrid
nanoparticles, multilayer nanostructures, and their arrays
with new unique optical properties. As such, metalorganic
nanostructures and nanomaterials are considered to be
promising subject matter for nanophotonics and molecular
optoelectronics. Such nanostructures can be used to develop
highly sensitive biological and chemical sensors and photo-
detectors with high spectral selectivity, efficient converters of
light energy in the visible and near-IR ranges, and novel
fluorescent materials. Hybrid metalorganic nanostructures
seem promising for achieving efficient coherent transfer of
near-field interaction in nanophotonic devices. Such plexci-
tonic structures allow for efficient control and manipulation
of light fields on nanometer spatial and ultrashort time scales.

They are also of interest for a number of photonic applica-
tions due to the enormous values of nonlinear optical
susceptibilities of molecular aggregates forming the organic
component of hybrid metalorganic nanosystems. In the past
few years, the possibility of their use for enhancing the effects
of optical chirality has been intensively discussed in applica-
tions to the problems of selective detection of chiral organic
molecules and their complexes at low concentrations.

In conclusion, we note that the physical approaches and
methods for describing plexcitonic phenomena in metalor-
ganic nanosystems have much in commonwith the considera-
tion of similar effects of coupling between plasmon-polar-
itons and excitons in inorganic composite materials, for
example, in systems containing metal nanoparticles and
semiconductor quantum dots, quantum wells, or quantum
wires. To a certain extent, this also applies to theoretical
models for describing optical effects caused by electromag-
netic coupling of excitons with polaritons in microcavities.
So, the insights on the optics of metalorganic nanostructures
presented in the review are useful for understanding the
essence of plexcitonic phenomena in the aforementioned
systems.
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