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Abstract.  We report a theoretical study of the plasmon – exciton 
coupling effect on the absorption spectra of pairs of closely spaced 
double-layer hybrid nanoparticles consisting of a metallic core and 
a J-aggregate dye shell. The effect of frequency conversion of plas-
monic lines due to the near-field interaction between plasmons and 
Frenkel excitons of the organic shell is demonstrated. The effect 
leads to the appearance of additional spectral lines in the long-
wavelength part of the spectrum of the system of hybrid particles. 
The shapes and the relative intensities of the additional lines exactly 
reproduce the specific features of the original spectrum of plas-
monic absorption bands in uncoated metallic nanoparticles. The 
discovered phenomenon can be used to design new types of high-
sensitivity nanosensors, based on plasmon – exciton effects and 
principles of near-field optics. 

Keywords: nanophotonics, dimers of metalorganic nanoparticles, 
molecular J-aggregates, Frenkel excitons, localised plasmons, plas-
mon – exciton interaction, near-field electromagnetic coupling, 
absorption spectra.

1. Introduction

At present extensive studies of optical properties of various 
hybrid  nanostructures  and  effects  of  their  interaction  with 
optical  fields,  including  those  localised  at  the  nanometre 
scale, are being carried out. These studies are of great interest 
for  the  development  of  a  number  of  fundamental  fields  of 
photonics and plasmonics, subwavelength optics, and physics 
of  quantum-dimensional  systems.  They  are  performed  in 
close  connection  with  the  development  of  next  generation 
photonic,  optoelectronic  and  light-emitting  devices.  In  par-
ticular, it is worth mentioning the studies in the field of pho-
ton and plasmon nanolasers [1 – 3], optical switches [4, 5], and 
memory  elements  [6,  7],  nanophotonic  integrated  circuits 
[8,  9].  Plasmon,  exciton  and  hybrid  nanostructures  in  the 
form of  nanoantennae  are  used  for  field  localisation  at  the 
nanometre scale similar to the operation of nanowaveguides 
[10 – 13] and optical near-field probes [14 – 19]. Moreover, for 
certain geometry and structure of composite plasmonic sys-
tems, consisting, e.g., of a sequence of metallic nanodiscs of 
different size, the strength of the local optical fields resulting 
from their cascade amplification can be extremely high [20].

A particular role is played by the interdisciplinary research 
and developments in hybrid organic/inorganic photonics and 
optoelectronics  [21 – 25]  extensively  carried out during  recent 
years at the interfaces between new materials science, physics of 
quantum-dimensional  structures,  nanoplasmonics,  near-field 
optics, and photochemistry. As an example, one can mention a 
series of papers on the study of electroluminescence processes 
in hybrid light-emitting diodes based on quantum dots (QDs) 
or nanoplatelets (NPLs). These are the so-called QD-OLEDs 
[26, 27] and NPL-OLEDs [28 – 30], in which a planar inorganic 
layer  of  colloid  semiconductor  quantum-dimensional  struc-
tures, located near the interface between the electron and hole 
transport organic layers of the light-emitting diode, plays the 
role of its active (emitting) element.

One more significant field in the hybrid organic/inorganic 
photonics  is  the  study  of  optical  properties  of  composite 
nanosystems  consisting  of  metallic  nanoparticles  and  com-
plex molecular J- or H-aggregates of cyanine dyes. The aggre-
gates  differ  from  each other  by  the  packing  angle  of mole-
cules, which leads to essential difference in their optical prop-
erties.

The optical properties of metallic nanoparticles of differ-
ent shape and size, related to the plasmon resonances arising 
in them, are well known (see, e.g., [31, 32]). A characteristic 
feature of dye molecular aggregates is that due to the transla-
tion order, the electron excitations in them are collectivised to 
form Frenkel excitons. J-aggregates of cyanine dyes possess a 
very narrow optical absorption band, resonance fluorescence 
with small Stokes shift, anomalously great oscillator strength 
and  high  nonlinear  optical  susceptibility.  That  is  why  they 
attract much interest of researchers related to their possible 
application  for  solving  numerous  fundamental  and  applied 
problems of nanophotonics. Recent achievements in the stud-
ies of  the  structure  and optical properties of dye molecular 
aggregates are summarised in review papers [33, 34].

Both the metallic and the molecular subsystem play a key 
role  in the formation of unique optical properties of hybrid 
metalorganic  nanostructures.  Their  interaction  causes  so-
called plexcitonic (plasmon – exciton) effects  [35, 36], arising 
due to the electromagnetic coupling of Frenkel excitons with 
localised  or  travelling  surface  plasmons,  generated  in  the 
metallic  subsystem  under  the  action  of  light.  Plexcitonic 
effects  in  composite  planar  systems  containing  dye 
J-aggregates  deposited  on  a  planar  metallic  substrate  were 
studied in a series of papers by Bellessa et al.  (see, e.g.,  [37, 
38]). In the case of interaction between Frenkel excitons and 
localised surface plasmons, the plexcitonic effects were most 
actively studied both theoretically and experimentally in two-
layer and three-layer metalorganic nanoparticles having dif-
ferent  shape and  size  and  consisting of  a metallic  (Ag, Au) 
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core and an outer J-aggregate shell  (see papers  [39 – 45] and 
references  therein),  as well  as  of metallic  nanoshells  coated 
with a layer of a J-aggregate [46]. The main emphasis in recent 
studies was put on the analysis of optical properties of metal-
organic  nanostructures  in  the  regime  of  strong  electromag-
netic  coupling  of  excitons  and  plasmons  [47 – 49].  In  the 
regime of strong plexcitonic coupling the hybrid states of the 
entire system arise that have qualitatively new properties as 
compared to those of each component considered separately.

Alongside with all mentioned above,  in  recent years  the 
studies of near-field electromagnetic coupling in systems of a 
few  plasmonic  nanoparticles  (dimers,  trimers,  quadrumers) 
or in their one-dimensional and two-dimensional arrays have 
become considerably more active  (see, e.g.,  [32, 50 – 55]).  In 
particular, considerable attention was paid to the study of the 
properties of plasmonic dimers [56 – 58]. In addition to that, 
some experimental works have been recently reported in the 
literature, devoted to the study of light absorption and scat-
tering spectra in systems of a few plexcitonic nanoparticles or 
in  their arrays  [59 – 64]. However,  in contrast  to  the case of 
single metalorganic  nanoparticles,  the  physical mechanisms 
of  plasmon – exciton  interaction  and  the  general  features  in 
the behaviour of near-field electromagnetic coupling in such 
systems remain practically unknown. Therefore, the theoreti-
cal analysis of various plexcitonic phenomena and near-field 
electromagnetic coupling effects in hybrid nanosystems, con-
sisting of a few metalorganic nanoparticles, is an urgent prob-
lem for nanophotonics.

In this paper, we report the computer simulation of spec-
tral  properties  of  pairs  of  closely  spaced  (including  partial 
merging) two-layer hybrid nanoparticles, consisting of a sil-
ver  core  coated with a  layer of a  J-aggregated dye  (Fig. 1). 
The main goal of the study is to determine the optical proper-
ties of dimers of metal/J-aggregate nanoparticles and to find 
new effects in their plexcitonic interaction and near-field elec-
tromagnetic  coupling  of  hybrid  particles,  comprising  the 
dimer. Therefore, for the comparison of results and for deeper 
understanding of the effect of the outer molecular J-aggregate 
layer of nanoparticles on the optical properties of the system, 
we also performed similar calculations in the case of pairs of 
plasmonic silver nanoparticles without organic coating.

2. Theoretical model

The  studied  dimers  consist  of  two-layer  metalorganic 
nanoparticles, which represent concentric spheres with a sil-
ver  core  having  a  radius R  =  10  nm,  coated with  shells  of 
molecular  J-aggregates  of  cyanine  dye  TC  [sodium  salt  of 
3,3'-disulphopropyl-5-5'-dichloro-thiacyanine]  having  the 
thickness h = 5 nm. The separation L between the centres of 
the  concentric  spheres  was  varied  within  a  wide  range. 
Figure 1 presents the configurations of the studied nanosys-
tems for L = 16, 20, and 24 nm. For L < 20 nm the silver cores 
of nanoparticles composing the dimer partially merge. In the 
calculations of spectral properties of a pair of silver nanopar-
ticles  without  organic  coating,  their  radii  were  taken  to  be 
equal  to  those  of  the  silver  cores  of  hybrid  nanoparticles. 
Since  in  this  case  the  ‘bare’  silver nanoparticles,  composing 
the plasmonic dimer, have no shell, at the distances L > 20 
nm the particles appear to be completely separated from each 
other.  For  both  the  hybrid  plexcitonic  dimer  and  the  plas-
monic dimer, the surrounding medium was water.

To solve Maxwell’s equations in the process of computer 
modelling of absorption spectra of plexcitonic and plasmonic 
dimers of nanoparticles studied in the paper we used the finite 
difference time domain (FDTM) method [65]. Basing on the 
open  source  code  library MEEP  [66]  we  developed  a  com-
puter  program  that  allows  absorption  and  scattering  cross 
sections to be calculated for both isolated hybrid nanoparti-
cles and their dimers with the contributions of all multipoles 
taken into account. 

To calculate the absorption and scattering cross sections 
for  a  dimer,  consisting  of  a  pair  of  two-layer  core – shell 
nanoparticles,  the  following  theoretical  model  was  used. 
The computation domain was a parallelepiped, inside which 
the dimer itself, the field sources and the observation points 
were located. An absorbing layer surrounded the computa-
tion domain with the optical characteristics chosen to pro-
vide complete absorption of the light coming from the com-
putation domain (without reflection). To describe the dimer 
we used the function that determined the dielectric proper-
ties of the material as functions of the coordinates. Necessary 
optical properties were attributed to every point in the com-
putation  domain. Depending  on  the  values  of  the  coordi-
nates, it was the permittivity of the metallic core of the stud-
ied  dimer  (Ag),  its  J-aggregate  shell,  or  the  environment 
(water). At one of the faces of the computation domain the 
sources were located that generated a plane electromagnetic 
wave, incident into the computation domain and possessing 
a given  time dependence of  the electric  field. To study  the 
field scattered by the dimer,  it was surrounded by a paral-
lelepiped,  at  the  faces  of  which  in  the  nodes  of  a  regular 
mesh, the observation points were located. In the process of 
computer  modelling  the  values  of  electric  and  magnetic 
field, calculated at these points, were stored in the form of 
time sequences.

The effective cross sections of absorption (sabs) and scat-
tering  (sscat) were  calculated  in  the  following way:  the  time 
dependence of the light from the source was specified in the 
form of a short pulse having a Gaussian spectrum with  the 
centre frequency in the visible spectral region. For the calcu-
lations  presented  here,  the  centre  wavelength  was  500  nm. 
The pulse duration was usually about three oscillations of the 
carrier  frequency, which was  sufficient  to obtain  results  for 
the entire visible spectral range and near-IR region. The inter-
val of time in which the field dynamics was calculated in the 
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Figure 1. Schematic  of  the  studied  plexcitonic  systems,  consisting  of 
two closely spaced two-layer nanoparticles with a silver core having a 
radius R and a shell of the J-aggregated cyanine dye having a thickness 
h. L is the separation between the centres of nanoparticles.
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studied domain was determined by  the damping rate of  the 
exciting  pulse  scattered  by  the  nanostructure,  which  com-
monly exceeded  the duration of  the exciting pulse by many 
times.  In  the  process  of  computer modelling, we  calculated 
the  time dependences of  fields at  the points of observation, 
surrounding  the nanoparticle. After  completing  the  simula-
tion,  the complex  spectral  components of electric and mag-
netic fields Ew(r) and Hw(r) were calculated at the observation 
points using the fast Fourier transform.

Since  the  calculation  of  absorption  and  scattering  cross 
sections implies the determination of perturbation of the pro-
cess of plane wave propagation introduced by the dimer, for 
each dimer we performed two calculations, with a dimer and 
without  it. Let  us  denote  by Ew

(str)(r), Hw
(str)(r)  and Ew

(emp)(r), 
Hw
(emp)(r) the respective Fourier components, obtained at the 

points  of  observation  as  a  result  of  computer modelling  of 
scattering and absorption processes. Then the expressions for 
the cross sections can be written as
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The integration is performed over the surface surrounding the 
dimer (the faces of the parallelepiped with the points of obser-
vation). Here, n(r) is the normal vector to this surface directed 
outwards; Sw

(str)(r) is the Poynting vector for the fields obtained 
as  a  result  of  computer  simulation  of  light  scattering  and 
absorption by the dimer; Sw(diff)(r) is the Poynting vector calcu-
lated in the absence of a dimer in the centre of the computa-
tion domain rcnt:
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and c is the velocity of light in vacuum.
To observe the effects that are the object of this study, it is 

most convenient to place the pair of particles at the surface, 
the light being incident normally to it; we modelled the case of 
equally probable dimer orientations in this plane. The calcu-
lation of cross sections was carried out separately for each of 
two directions of the incident light polarisation, namely, for 
the polarisation of light along the rotation axis of the system 
( x axis) and the polarisation of light perpendicular to this axis 
( y axis) using the formula

( )
2
1

x yG Hs s s= + .  (6)

The  absorption  and  scattering  cross  sections  found  in  this 
way correspond to the case of naturally polarised light nor-
mally incident on the plane, where the dimers of plexcitonic 

(Ag/J-aggregate)  or  plasmonic  (Ag)  nanoparticles  under 
study are placed.

The optical properties of materials composing the studied 
dimers of metalorganic nanoparticles are determined by their 
dielectric functions. The local frequency-dependent dielectric 
functions of a noble metal can be presented as a sum of con-
tributions  of  free  and  bound  electrons  e(w)  =  eintra(w)  + 
einter(w). The contribution of free electrons can be described 
by the Drude formula 

ra
ra

( )
i

m p
2

2

e w e
w wg

w
= -

+
3int

int

.  (7)

Here, wp = (4pnee2/me)1/2 is the plasma frequency; gintra is the 
damping  coefficient  (1/gintra  being  the  corresponding  relax-
ation time); and e¥m is the high-frequency part of the permit-
tivity, related to the contribution of  ion cores of  the crystal 
lattice, whereas the contribution of only free electrons taken 
into account yields e¥m = 1. 

The size of metallic (Ag) cores of nanoparticles compos-
ing  the  studied  dimer  is  chosen  smaller  than  the mean  free 
path length  l¥ of electrons in a bulk metal. Therefore, as  in 
preceding papers [67 – 70], devoted to the study of plexcitonic 
effects in single metalorganic nanoparticles, we will consider 
the size effect, caused by the scattering of free electrons at the 
surface of a bare metallic particle or at the metal/J-aggregate 
interface in the calculations of gintra. For the effective damp-
ing  coefficient,  one  can  use  the  known  phenomenological 
expression [71]

R
( )
ra ra

bulk FRg g x u
= +int int ,  (8)

where x  is  the dimensionless constant of  the order of unity, 
the value of which  is determined from the comparison with 
the experimental data on light absorption by metallic parti-
cles;  and  /lra

bulk
Fg u= 3int   is  the  decay  rate  in  the  bulk  metal, 

determined by the Fermi velocity uF and the mean free path 
length of electron l¥.

The contribution of bound electrons (electron transitions 
between the valence d-band and the conduction sp-band for 
noble metals) can be calculated in the random phase approxi-
mation  [72].  Since  the  contribution  of  bound  electrons  is 
weakly  affected  by  the  size  effect,  the  following  expression 
can be used  to describe both  contributions  to  the dielectric 
function of  the metallic  core with  the  size  effect  taken  into 
account,

ra ra

( , ) ( )
i i

R 1 1
( )

int int

m bulk p bulk R
2

2 2
e w e w w

w wg w wg
= +

+
-

+
c m,  (9)

following the approach presented in Ref. [71]. Here, ebulk is the 
permittivity  of  the  bulk metal,  obtained  from  experimental 
data for Ag [73, 74]; and  ra

( )
int
Rg  is the rate of electron scattering 

(8) at the metallic particle surface (or at the interface between 
the metallic core and the organic shell in the case of a hybrid 
particle). Below we present the parameters, necessary for the 
Drude formula to calculate the contribution of free electrons 
to the permittivity of bulk Ag samples and then for Eqn (9) to 
calculate  the  frequency-  and  size-dependent  dielectric  func-
tion  eAg(w, R)    of  a  silver  nanoparticle  from  the  available 
experimental data for ebulk. In correspondence with the results 
presented  in  Refs  [75 – 77],  they  have  the  following  values: 
ne = 5.85 ´ 1022 cm–3, 'wp = 8.98 eV, uF = 1.4485 ´ 108 cm s–1, 
and l¥ = 53.3 nm.
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To  demonstrate  the  size-dependent  behaviour  of  the 
dielectric function of the silver spherical nanoparticle with the 
size smaller than the mean free path length of an electron in a 
bulk metal, Fig. 2 presents the wavelength dependences of the 
real and imaginary parts of e for three values of the particle 
radius R = 5, 10 and 100 nm. The real part of the dielectric 
function of silver weakly depends on the particle size  in the 
entire spectral range under study. At the same time, the imag-
inary part Im e essentially depends on the particle size, par-
ticularly in the wavelength region, where the contribution of 
free electrons  to  the dielectric  function appears  to be domi-
nant (i.e., for l L 320 nm for Ag).

In the consideration of plasmon – exciton coupling effects 
in composite metal/J-aggregate nanosystems, we describe the 
frequency-dependent  dielectric  function  eJ(w)  of  the 
J-aggregated dye shell using the commonly exploited model 
of an anharmonic oscillator:

f
( )

i
J J

0
2 2

0
2

e w e
w w w

w
G

= +
- -

3 .  (10)

Here, the parameters of the Lorentz shape of the dye J-band 
are determined from the experimental data; w0 is the transi-
tion frequency, corresponding to the centre of the band; G is 
the full band width; f is the reduced oscillator strength; and eJ¥ 
is  the  permittivity  in  the  region  far  from  the  centre  of  the 
absorption J-band. For J-aggregates of  the TC cyanine dye 
studied in the present paper, these parameters, according to 
Ref.  [42],  have  the  following values: eJ¥ = 1,  'w0 = 2.61  eV 
( l0 = 475 nm), G =0.066 eV, and f = 0.95. Note that the anhar-
monic oscillator model satisfactorily describes the spectra of 
dye J-aggregates, except their asymmetric part.

To obtain more rigorous results in a wide spectral range 
(including  the  correct  reproduction  of  asymmetry  between 

the left-hand and right-hand wings of the absorption J-band), 
the imaginary part of the dielectric function of the J-aggregated 
cyanine dye can be reconstructed from experimental data on 
light extinction spectra. Its real part can be also reproduced 
using the available experimental data by including additional 
terms of form (10) to the expression for the dielectric function 
eJ(w). As already mentioned, all numerical calculations were 
performed for isolated nanoparticles and their dimers merged 
in water (environment). Therefore in the calculations for the 
permittivity of  the environment  in the visible spectral range 
we used the value ew = 1.78.

Figure 3 presents the calculated dependence of the cross 
section sabs of light absorption by isolated metalorganic Ag/J-
aggregate nanoparticles on the light wavelength in vacuum l. 
The calculations were performed using the general formulae 
of  the modified Mie  theory  for  two  concentric  spheres  [67] 
with the core radius R = 10 nm and the shell  thickness h = 
5  nm.  In  the  calculations,  we  used  the  parameters  of  the 
molecular J-aggregate of the TC cyanine dye that determine 
the dielectric function (10) of the external organic shell. For 
the silver core we used the function eAg(w, R) [see Eqn (9)]; the 
obtained  cross  section  of  light  absorption  is  shown  by  the 
solid curve in Fig. 3. We carried out analogous calculations of 
the  photoabsorption  cross  section  without  the  size  effect 
taken into account (dashed curve), i.e., using for the metallic 
core permittivity the function  ( )Ag

bulke w  of a bulk silver sample. 
The comparison of the obtained results demonstrates a cer-
tain  quantitative  influence  of  the  size  effect  on  the  spectral 
properties of isolated metalorganic Ag/J-aggregate nanopar-
ticles. It is seen that even in the case of relatively weak plexci-
tonic electromagnetic coupling of the core and the shell of the 
hybrid nanoparticle the size effect caused by the scattering of 
free electrons at the  interface between the metallic core and 
dye J-aggregate shell considerably changes the intensities and 
widths of  spectral peaks of  the  two-layer nanoparticle. The 
size effect in the dielectric function of the metallic core of the 
hybrid metalorganic nanoparticle becomes even more essen-
tial  under  the  reduction  of  the  core  radius R.  This  fact  is 
clearly demonstrated by our calculations for R = 5 nm and h 
= 2.5 nm, the results of which are presented in the inset of Fig. 
3. In this context, note that a thorough quantitative analysis 
of the influence of size effect in the dielectric function of the 
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R = ¥  shows  the experimental data  [73, 74]  for Ag, obtained  for  the 
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metallic  component  (Ag or Au) of  isolated hybrid metalor-
ganic nanoparticles on their optical properties was carried out 
in Refs  [40, 67]. Analogous studies  for nanoparticles with a 
metallic  shell  and  a  dielectric  or  semiconductor  core  were 
reported in Refs [69, 78, 79].

3. Results and discussion

Figures 4 and 5 present the calculated spectra of light absorp-
tion  by  plexcitonic  dimers  consisting  of  two-layer metalor-
ganic Ag/J-aggregate  nanoparticles  of  the  TC  cyanine  dye. 
Also  presented  are  the  results  of  our  calculations  for  plas-
monic  dimers,  consisting  of  bare  silver  nanoparticles.  For 
convenience of the analysis of the spectra of studied systems, 
Figs  6  and  7  show  the  spectra  of  light  absorption  by  these 
systems, calculated separately for two mutually perpendicular 
polarisations of the incident radiation, namely, along the axis 
of the system rotation (the x axis in Fig. 1) and the perpen-
dicular axis (the y axis in Fig. 1). The comparison of the peak 
positions  in  the  absorption  cross  sections,  obtained  for  the 
light polarisation along  the axes x  and y, with  those of  the 
cross sections, averaged over the two possible dimer orienta-
tions,  allows  one  to  determine  the  contributions  from  the 
‘longitudinal’ (sx) and ‘transverse’ (sy) electromagnetic modes 
into the resulting spectra of the studied systems.

As is evident from the figures, the photoabsorption spec-
trum of a dimer, composed of two similar two-layer metalor-

ganic  nanoparticles,  consists  of  two  groups  of  plexcitonic 
peaks. The bands of the first group are denoted by A, B, C 
and D. The spectral positions of these peaks weakly change 
with  varying distance  between  the  centres  of  nanoparticles. 
The  intensity  of  the  dominant  absorption  band  (A)  slowly 
grows with an increase in the distance L. The intensity of the 
second band of this group (B) slowly falls with increasing L 
and finally vanishes as the contact between the nanoparticles 
is broken. The lines C and D are clearly distinguished at L = 
28 – 30  nm,  when  the  organic  shells  touch  each  other  or 
slightly overlap. The splitting of line A into lines A, C, and D 
at the contact of the organic shells is probably analogous to 
the observed splitting of plasmonic lines 1, 3, and 4 of the bare 
silver nanoparticles at L = 18 – 20 nm, which also corresponds 
to the contact of particles.

The second group of plexcitonic peaks in the absorption 
spectrum of the systems of two-layer metalorganic nanopar-
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Figure 4. Spectral dependences of cross sections, averaged over two po-
larisations,  for  light  absorption  by  plexcitonic  dimers,  composed  by 
two-layer  Ag/TC  nanoparticles  (solid  curves)  and  plasmonic  dimers, 
composed by two bare silver particles (dashed curves) for different val-
ues  of L.  The  vertical  dotted  line  shows  the  position  of  the  spectral 
maximum of the absorption band of the J-aggregated TC dye.
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ticles is denoted by 1', 2', 3' and 4'. These lines are located in 
the long-wavelength part of the spectrum with respect to the 
lines of the first group, as well as to the position of the spectral 
maximum of the absorption band of the TC dye J-aggregate 
( l = 475 nm). An important feature of these peaks is that their 
shapes, mutual positions and  relative heights  rather  exactly 
repeat the corresponding parameters of the plasmonic peaks 
in  the  systems of metallic nanoparticles with  the  same geo-
metric parameters, but without organic coating (lines 1, 2, 3, 
and  4).  Thus,  the  near-field  electromagnetic  coupling  of 
metallic core plasmons with Frenkel excitons of the organic 
shell leads to the frequency conversion of the plasmonic lines 
of  the cores  to the  long-wavelength part of  the spectrum of 
two-layer nanoparticles. The detection and study of this effect 
is the main result of the present paper.

We compare now the variation of parameters of spectral 
lines  1 – 4  of  the  plasmonic  dimer,  consisting  of  bare  silver 
nanoparticles, with the variation of parameters of the spectral 

lines  1' – 4'  of  the  plexcitonic  dimer,  composed  of  a  pair  of 
similar  two-layer  nanoparticles Ag/TC, with  an  increase  in 
the distance L between the centres of nanoparticles. For the 
distance L = 14 nm (see Fig. 4a), two main bands are present 
in the spectrum of the plasmonic silver dimer, namely, band 1 
and a merged group of lines 2, 3 and 4. In the spectrum of the 
plexcitonic  dimer  of  Ag/TC  nanoparticles  one  can  also 
observe  two bands, namely, band 1'  and merged  lines  2',  3' 
and 4'  It  is  important  to note  that both  the relative heights 
and the mutual arrangement of these bands in the spectrum of 
the plexcitonic dimer repeat the configuration of bands in the 
spectrum  of  a  pair  of  bare  silver  nanoparticles  (without  a 
J-aggregate shell).

This  feature  is  particularly  evident  when  the  distance 
between  the  core  centres  of  nanoparticles  is  increased  (see 
Figs  4  and  5).  For  convenience  of  interpretation  of  the 
obtained spectra, we refer to the plasmonic peaks observed in 
the system consisting of a pair of silver nanoparticles as ‘fun-
damental  peaks’,  and  the  plexcitonic  peaks  repeating  their 
configuration and located in the long-wavelength part of the 
spectra  of  dimers  consisting  of  two-layer  nanoparticles  as 
‘images’. These notations are conditional and we use them for 
convenience of identification of specific features in the spectra 
of the studied dimers of hybrid and metallic nanoparticles.

Peak 1 corresponds to the longitudinal plasmonic mode in 
a  prolate  nanostructure,  formed  by  partially  merged  silver 
cores (see Fig. 6). When the distance between the centres of 
the particles  increases, this peak shifts to the IR region and 
vanishes at  the breaking of  the electric contact between  the 
cores, i.e., at L > 20 nm. Image 1' of peak 1 behaves similarly. 
At first the position of peak 1' maximum shifts to the right of 
the wavelength scale with increasing distance L between the 
particles of dimer. Then this peak merely vanishes, as the elec-
tric contact between the cores of the system becomes broken.

The main plasmonic peak of the silver core, line 4, corre-
sponds to the transverse mode of the silver cores (see Figs 6 
and 7); therefore, its spectral position and the value of pho-
toabsorption  cross  section  weakly  depend  on  the  distance 
between  the  centres  of  silver  cores.  Analogous  conclusions 
can be made for its image, peak 4'.

With an increase in the distance L from 14 to 20 nm, the 
band in the spectrum of a pair of silver nanoparticles, formed 
by merged lines 2, 3, and 4, splits. This splitting is particularly 
expressed when the metallic cores touch each other. This is, 
probably, due to the presence of sharp angles between the sur-
faces of nanoparticles near the point of their contact. Arising 
peaks 2 and 3 belong  to  the  longitudinal modes  (see Figs 6 
and 7). In contrast to the longitudinal plasmonic mode 1 that 
exists  in  the  presence  of  electric  contact  between  the  silver 
cores, modes 2 and 3 arise due to near-field coupling of silver 
cores.

For the distances L > 20 nm the electric contact between 
the  silver  nanoparticles  (and,  correspondingly,  between  the 
cores of two-layer Ag/TC nanoparticles) is lost and the inter-
action is implemented via the near-field electromagnetic cou-
pling. Line 2 vanishes, and remaining lines 3 and 4 correspond 
to the longitudinal and transverse electromagnetic modes of 
the system. A further increase in the distance L is accompa-
nied by the fall of the interaction efficiency, and peaks 3 and 
4  quickly  approach  each  other  and  merge  at L >> R  (see 
Fig. 5f).

The  images  of  the  plasmonic  peaks  of  two  bare  silver 
nanoparticles in the spectra of a plexcitonic dimer, formed by 
a pair of Ag/TC nanoparticles (lines 1' – 4' ) repeat the finest 
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details  of  the  splitting  evolution  of  fundamental  plasmonic 
peaks 1 – 4 . This is particularly obvious in Figs 4c,d and 5a,b, 
when the spectrum of plasmonic lines of silver nanoparticles 
appears to be sufficiently complex and contains a large num-
ber of separate lines. It is important that the frequency con-
version of plasmonic spectral lines of a pair of silver cores into 
the long-wavelength region occurs both for longitudinal and 
for transverse electromagnetic modes (see Figs 6 and 7). Thus, 
we can conclude that in the considered metalorganic nanosys-
tems  the  plasmonic  modes  interact  with  Frenkel  excitons 
practically independently.

The  analysis  of  spectra  presented  by  us  also  allows  the 
spectra of single metalorganic nanoparticles (see Fig. 5f) to be 
interpreted  in  terms of  fundamental  lines  and  their  images. 
Indeed, lines 3' and 4' are images of lines 3 and 4. In a single 
spherically  symmetric  system  it  is  hard  to  notice  this  fact, 
since the modes, corresponding to peaks 3 and 4 are degener-
ate. A deformation of the metallic core shape or a sufficiently 
strong near-field electromagnetic coupling with another sys-
tem  can  remove  this  degeneracy,  demonstrating  the  above 
effect of appearance of plexcitonic images of the fundamental 
plasmonic lines.

4. Conclusions

We have presented the computer modelling of spectral prop-
erties of dimers of closely spaced two-layer hybrid nanopar-
ticles, consisting of a silver core and a shell of the J-aggregated 
TC dye. The analysis of changes in absorption spectra arising 
due  to  variation  in  the  distance  between  the  centres  of 
nanoparticles has shown that the near-field coupling of plas-
monic modes of the silver cores with Frenkel excitons of the 
organic shell leads to the frequency conversion of plasmonic 
lines  into  the  long-wavelength  part  of  the  spectrum.  This 
effect causes the appearance of additional spectral bands, the 
shape and relative  intensities of which rather exactly  repeat 
the  spectral  features  of  plasmonic  bands  of  the  bare  silver 
cores. We conclude that in the studied hybrid system of met-
alorganic  nanoparticles  the  plasmonic  modes  interact  with 
Frenkel  excitons  almost  independently.  The  detected  phe-
nomenon of frequency conversion allows new interpretation 
of the spectra of single metalorganic nanoparticles, in which 
the plasmonic modes of metallic cores appear to be degener-
ate because of spherical symmetry. This effect can be used for 
designing  new  types  of  nanosensors,  in  which  the  spectral 
positions  of  hybrid  plasmon – exciton  resonances  in  nano-
structures are sensitive to the changes in the electromagnetic 
properties of the environment.
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