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Abstract.  This paper examines plasmon – exciton coupling effects in 
light absorption and scattering by hybrid nanoparticles consisting 
of a metallic core and organic dye J-aggregate shell. The spectro-
scopic characteristics of such particles are calculated using gene
ralised Mie theory for two concentric spheres in a wide spectral 
range for various geometric parameters of the system, core materi-
als (Ag, Au, Cu and Al) and cyanine dyes (TC, OC and PIC). We 
determine the eigenfrequencies of hybrid modes in the system and 
photoabsorption peak heights as functions of the oscillator strength 
of the transition in the J-band of the dye, core radius and shell 
thickness, and demonstrate that the interactions of a Frenkel exci-
ton with dipole and multipole plasmons have radically different 
effects on the optical properties of the composite nanoparticles. 
Varying the particle size and the optical constants of the core and 
shell materials influences the number of peaks in the spectra of the 
particles and leads to a significant redistribution of peak heights. We 
identify regions where the extinction spectrum of the particles is 
dominated by light absorption or scattering processes.

Keywords: optics of nanostructures, core – shell composite nanopar-
ticles, localised plasmons, molecular J-aggregates, Frenkel excitons, 
plasmon – exciton coupling.

1. Introduction

The study of the optical properties of hybrid nanomaterials is 
of interest for a number of fundamental issues in nanooptics 
and for applied research and technological projects aimed at 
creating next-generation optoelectronic and photonic devices 
such as light-emitting diodes [1], photovoltaic cells [2] and 
photonic switches [3]. Knowledge of the optical properties of 
hybrid nanostructures and a detailed understanding of the 
effects resulting from their interaction with light are crucial 
for a number of advanced applications of near-field optics 
[4, 5]. Composite nanostructures are used in studies concerned 
with nanolasers and stimulated emission of plasmon polari-
tons [6 – 9].

Recent years have seen increasing research interest in the 
optical properties of various metal/insulator and metal/semi-
conductor composite nanostructures [10]. The optical proper-
ties of metallic nanoparticles are well-known. Metal-contain
ing hybrid nanoparticles possess a number of unique features. 
An interesting example of hybrid nanoparticles is metallic 
nanoshells consisting of an insulator core (e.g. SiO2) and thin 
noble-metal shell [11]. The optical properties of such nano
particles have been the subject of a number of studies (see e.g. 
Refs [12, 13]). The results demonstrate that varying the ratio 
of the shell thickness to the particle radius allows the frequen-
cies of the plasmon modes of the nanoshell to be tuned over 
a wide spectral range, from the IR to UV.

This paper addresses the optical properties of another type 
of nanoparticle, in the form of a metallic core coated with a 
thin molecular J-aggregate layer (Fig. 1). J-aggregates are 
nanoclusters of noncovalently bonded organic dye molecules 
in which electronic excitations of individual molecules become 
delocalised by virtue of translational order, forming Frenkel 
excitonic states [14]. Kometani et al. [15] demonstrated the 
formation of cyanine dye J-aggregates on a spherical surface 
of noble-metal (Ag and Au) nanoparticles in an aqueous solu-
tion. This opened up the possibility of studying the electro-
magnetic coupling between the organic shell and metallic core 
of such nanoparticles and, hence, assessing the influence of 
plasmon – exciton interaction on the optical properties of metal/ 
J-aggregate nanoparticles. The structure and spectroscopic 
properties of ~10-nm-diameter hybrid nanoparticles consist-
ing of a metallic (Ag or Au) core and ~1-nm-thick TC cyanine 
dye J-aggregate monolayer have been the subject of extensive 
experimental studies [16 – 22]. The absorption spectra of silver 
and gold nanoparticles coated with TC dye J-aggregates in an 
aqueous solution were analysed theoretically [19 – 22] in the 
quasi-static approximation using a simple model for the dipole 
polarisability of two concentric spheres. Such an approach is 
only justified in the case of very small particles (r K 10 nm).

In addition to the above two-component spherical nano
particles of small radius (r ~ 5 nm), two- and three-com
ponent nanostructures of various shapes and considerably 
larger dimensions (15 – 150 nm), containing a metallic core and 
external J-aggregate shell, were synthesised in a number of 
studies [23 – 26]. Interest in such hybrid nanostructures stems 
from the fact that increasing their size leads to an increase in 
plasmon – exciton coupling constant and significantly modifies 
the nature of the coupling, which as a result does not reduce 
to the interaction of a Frenkel exciton with a localised dipolar 
plasmon. Such composite nanostructures have rather com-
plex absorption and scattering spectra, which result from the 
interaction of an exciton with multipole plasmons of different 
orders. The spectroscopic and nonlinear optical properties 
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of  metal – insulator hybrid nanostructures and the effects 
resulting from their interaction with light are of considerable 
interest for a variety of applications, including biology [27, 28] 
and the development of organic light-emitting diodes [29], 
photodetectors and solar cells [30, 31].

In this paper, we present detailed calculations of the spec-
troscopic characteristics of two-component metal/J-aggregate 
nanoparticles in a wide spectral range for various geometric 
parameters of the system, core materials (Ag, Au, Cu and Al) 
and cyanine dyes. The J-aggregate-forming dyes used as shell 
materials – TC (3,3'-disulfopropyl-5,5'-dichlorothiacyanine 
sodium salt), OC (3,3'-disulfopropyl-5,5'-dichlorooxacyanine 
triethylammonium salt) and PIC (1,1'-disulfopropyl-2,2'-
cyanine triethylammonium salt) – have absorption peaks in 
different spectral regions relative to their plasmon resonance 
peaks and differ drastically in the oscillator strength of transi-
tions in their J-band. As a result, they differ qualitatively in 
the nature of the interaction of a Frenkel exciton with localised 
plasmons and differ in the influence of this interaction on the 
spectral characteristics of the nanosystems in the weak and 
strong plasmon – exciton coupling regimes. In our calculations, 
we vary the particle core radius from 5 to 65 nm, the shell 
thickness from 1 to 5 nm and the wavelength from the UV to 
near-IR spectral region. In this situation, the simple formulas 
of the quasi-static approximation are inapplicable, so we per-
form calculations using generalised Mie theory for bilayer 
particles, which is modified by taking into account the size 
effect on the dielectric permittivity of the core due to free elec-
tron scattering by the spherical metal/J-aggregate interface. 
The permittivity of the shell is treated within the anharmonic 
oscillator model with a reduced oscillator strength of the tran-
sition in the J-band.

One of our main purposes here is to demonstrate quali
tative differences in the nature of the interaction of localised 
plasmons in the metallic core of a hybrid particle with a mole
cular Frenkel exciton in the J-aggregate shell and to assess 
its  influence on the absorption and scattering spectra of the 
nanoparticles. To this end, we constructed an analytical model 
for determining the frequencies of hybrid modes in a composite 
system and numerically calculated the spectral position and 
maximum heights of photoabsorption peaks of the nanopar-
ticles. We examined the dependences of these quantities on 
the reduced oscillator strength of the transition in the J-band, 
core radius and shell thickness. The results indicate that these 
parameters determine the nature of plasmon – exciton coupling 
in the system. We identified boundaries between regions where 
light absorption and scattering processes prevail. The present 
results provide further insight into the optical properties of 
the hybrid nanoparticles in question and the efficiency of the 
coupling between a Frenkel exciton in molecular dye J-aggre
gates and dipole and multipole plasmons localised in the 
metallic core of the nanoparticles.

2. General formulas for the multipole expansion 
of the contributions of TM and TE modes to the 
light absorption and scattering cross sections 
of bilayer particles

Below, we present exact formulas for the light absorption and 
scattering cross sections of a two-component spherical nano
particle, which are valid at any relationship between the wave-
length and total particle radius. Figure 1 shows a schematic 
representation of a hybrid particle with a core radius r1 and 

shell thickness l = r2 – r1, surrounded by an inert medium of 
dielectric permittivity eh(w) and magnetic permeability mh = 1. 
The materials of the concentric spherical layers are assumed to 
be uniform and isotropic, with frequency-dependent complex 
permittivities e1(w) and e2(w) and magnetic permeabilities 
m1 = m2 = 1. The field strength of a linearly polarised mono-
chromatic plane wave incident on the particle is proportional 
to exp(–iwt +  ikhz). The incident wave is partially scattered 
and absorbed by the particle. The Mie’s exact theory of light 
absorption and scattering by a uniform sphere (see e.g. Ref. [32]) 
was generalised to two-component spherical particles first in 
Refs [33, 34] and then in Refs [35, 36], using standard boundary 
conditions for fields at r = r1 and r = r2.

The general expressions for the light absorption and scat-
tering cross sections (sabs and sscat) of a multilayer spherical 
particle and its total extinction cross section (sext) can be repre-
sented in the same form as those for a uniform sphere [32]:
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Here, an and bn are the coefficients in the expansion of the 
transverse electric (TE) and transverse magnetic (TM) modes 
of the scattered wave, respectively; n is the multipole order; and 
kh = w he /c  is the magnitude of the wave vector in the medium 
around the particle.  Particular expressions for the coeffici
ents an and bn and their values are determined by the specifics 
of the problem and depend on the geometry of the hybrid 
particle and the permittivities of the core, shell and medium.

In the case of spherical core – shell bilayer nanoparticles 
(Fig. 1), we rederived the general expressions for the complex 
coefficients an and bn in the expansion of the scattered electro-
magnetic field using a theoretical approach developed earlier 
[33 – 36] and boundary conditions for fields at r = r1 and r = r2. 
It is convenient to represent the final expressions for an and bn 
in the form
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Figure 1.  (a) Schematic representation of a particle consisting of a metal
lic core of permittivity em and a J-aggregate shell of permittivity eJ and 
surrounded by a medium of permittivity eh. Molecular structures of the 
anionic cyanine dyes (b) TC (X = S), OC (X = O) and (c) PIC.
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in compact form through determinants. The explicit expres-
sions for the functions Xn
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Here, k1 = w 1e /c and k2 = w 2e /c are the magnitudes of the 
wave vectors of the light in the core and shell, respectively; 
e1 º em(w) and e2 º eJ (w) are the complex permittivities of the 
metallic core and organic shell at the frequency of the incident 
light, w; r2 is the outer radius of the particle; jn(z), yn(z) and 
hn
(1)(z) are spherical Bessel, Neumann and Hankel functions; 

un(z) = zjn(z), un(z) = zyn(z) and vn(z) = zhn
(1)(z) are spherical 

Riccati – Bessel, Riccati – Neumann and Riccati – Hankel func-
tions; and primes denote differentiation of a function with 
respect to its argument.

Similarly, the final expressions for the functions Xn
(b) and 

Yn
(b), which determine the contribution of the TM modes, can 

be represented in the form
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Combined with (1) – (3), Eqns (4) – (8) allow one to cal
culate not only the total absorption, scattering and extinction 
cross sections but also the contributions of individual terms 
in the multipole series that correspond to TM and TE modes 
of various orders.

3. Quasi-static approximation 

When the particle radius is much less than the wavelength of 
the light, we can use the quasi-static approximation and retain 
only the electric dipole term (n = 1). The expressions for the 
absorption and scattering cross sections then take the form [32]

sabs(w) = 4pkhV Im[au (w)],  

sscat(w) = | ( )|k V
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Here, au  = a/V is the effective polarisability per unit volume 
for a particle of volume V and polarisability a. The simplest 
expression is that for the dipole polarisability of a spherical 
metallic particle of permittivity em [32]:
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In the case of a bilayer spherical particle, em in (9) and (10) 
should be replaced by the effective permittivity of the core – 
shell system, e2

eff, which is equivalent to the permittivity of a 
uniform sphere and can be found as [37]

3 3

3 3

[ ( / ) ] [ ( / ) ] ( / )
[ ( / ) ] [ ( / ) ] ( / )

.
r r r r
r r r r

2 2 1
2 1 1 2eff

2 2
1 2 1 2 1 2

1 2 1 2 1 2e e
e e
e e

=
+ + -

- + + 	 (11)

Thus, the effective dipole polarisability /Va a=u  per unit 
volume of a bilayer particle is
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Combined with (9), this expression can be used to estimate 
the electric dipole contribution to the light absorption and 
scattering cross sections of small hybrid particles.

4. Dielectric permittivities

The permittivity of a noble metal can be expressed as the 
sum of the contributions of free and bound electrons: e(w) = 
eintra(w) + einter(w). The free-electron contribution can be 
represented by the Drude formula:

eintra(w) = 
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w
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Here, wp is the plasma frequency; gintra is the attenuation coef-
ficient (1/ gintra is the relaxation time); and me3  is the high-fre-
quency permittivity of the metal. If the particle size is small 
compared to the electron mean free path in bulk metal, l¥, 
then in calculating eintra(w) one should take into account the 
size effect associated with free-electron scattering at the metal/ 
J-aggregate interface. As a consequence, the attenuation 
coefficient gintra and, hence, permittivity eintra depend on both 
frequency and metallic core radius r1. In this study, the effective 
attenuation coefficient will be represented by the phenomeno-
logical relation [38]

ra ra .rint int
r bulk F

1
g g x u

= + 	 (14)

Here, uF is the Fermi velocity; x is a dimensional constant of 
the order of unity, which can be evaluated from comparison 
with experimental data on light absorption by metallic particles; 
and raint

bulkg  is the attenuation coefficient of bulk metal.
The contribution of bound electrons (electronic transi-

tions between the d-valence band and sp-conduction band for 
the noble metals) can be evaluated within the random phase 
approximation [39]:
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Here, F(w, Q) is the electron energy ('w) distribution func-
tion at temperature Q, and ginter is the attenuation coefficient 
for interband transitions. Following Pines and Nozieres [39], 
we consider transitions between the dispersionless d-band and 
parabolic sp-conduction band with an electron effective mass 
m* and minimum energy g'w  relative to the d-band. The con-
stant in (15) is given by K = 8D2e2m* m2 * /( )me

3 2'p , where D 
is the dipole moment of the transition, which can be evaluated 
using the oscillator strength sum rule. Note that the bound 
electron contribution (15) is only slightly influenced by the 
size effect. Therefore, the two contributions to the permittivity 
of the metallic core can be adequately described, with the size 
effect taken into account, by

em(w, r) = ebulk(w) + wp
2

ra rai i
1 1

int int
bulk r2 2w wg w wg+ +

-d n,	 (16)

following an approach described in Kreibig and Vollmer [38]. 
Here, ebulk is the permittivity of bulk metal evaluated from 
experimental data for Ag, Au, Cu [40] and Al [41].

In the anharmonic oscillator model, the dielectric function 
of a molecular exciton in a dye J-aggregate shell is given by
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where w0 is the centre frequency of the transition; G is its 
linewidth; f is the reduced oscillator strength; and eJ¥ is the 
permittivity far away from the centre of the J-band. The param-
eters of the Lorentzian profile of the dye J-band can be deter-
mined from experimental data. The parameters of J-aggregates 
of the cyanine dyes under consideration are presented in 
Table 1.

In this study, all cross sections were calculated for metal/
J‑aggregate hybrid nanoparticles in an aqueous solution. The 
permittivity of water, ew, varies little in the visible range 
(1.77 < ew < 1.82 in the range 350 nm < l < 700 nm) and can 
be determined from experimental data [42].

5. Key features in the absorption spectra  
of the hybrid nanoparticles

Below we discuss the key features in the absorption spectra 
of silver and gold nanoparticles coated with TC, OC and PIC 
cyanine dye J-aggregates. The absorption peaks in the J-band 
of such dyes are situated in different spectral regions relative to 
the plasmon resonance peaks of Ag and Au particles, and the 
dyes differ drastically in the oscillator strength of the transi-
tion (Table 1). Calculations were performed in a wide spectral 
range for various geometries of the composite system using 

the exact formulas given in Section 2 for light absorption and 
scattering cross sections and the permittivities of the metallic 
core and J-aggregate shell described in Section 4.

Figure 2 presents the photoabsorption cross sections cal-
culated for Ag/TC and Au/TC hybrid particles in aqueous 
solution using the general formulas (1) and (4) – (8). The inner 
and outer radii of the concentric spheres were taken to be 20 
and 23 nm, respectively. It is seen that, in the visible range, 
each spectrum has two well-defined peaks. The peaks of the 
Ag/TC particles are centred at lA

(1)
g = 419 nm and lA

(2)
g = 482 nm. 

For the Au/TC particles, we obtained lA
(1)
u = 543 nm and 

lA
(2)
u = 387 nm.

Comparison of the results presented in Figs 2a and 2b 
demonstrates characteristic differences between the absorption 
spectra of the particles containing silver and gold cores. The 
absorption peaks of the Ag/TC particles differ markedly in 
height. The position of the shorter wavelength peak approaches 
that of the localised dipole plasmon resonance peak of uncoated 
silver particles. At the geometric parameters under consider-
ation, the redshift of the shorter wavelength peak (relative to 

Table 1.  Parameters of TC, OC and PIC cyanine dye J-aggregates.

Dye	 eJ¥	 w0 /eV	 l0 /nm	 f	 G /eV	 Ref.

TC	 1	 2.68	 462.6	 0.90	 0.066	 [15] 
OC	 1	 3.04	 407.2	 0.01	 0.039	 [43] 
PIC	 2.9	 2.13	 582.1	 0.10	 0.033	 [23, 44]
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Figure 2.  Photoabsorption cross section (sabs) as a function of wave-
length in vacuum ( l) for (a) Ag/TC and (b) Au/TC particles in aqueous 
solution at a core radius r1 = 20 nm and shell thickness l = 3 nm. The 
solid lines represent calculations by the exact formulas (1) and (4) – (8), 
the dot-dashed lines represent calculations in the quasi-static approxima-
tion [formulas (9) and (12)], and the dashed lines represent calculation 
results for uncoated silver and gold particles (r = 20 nm).
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the absorption peak of uncoated silver particles) is D l = 25 nm. 
The longer wavelength absorption peak of the Ag/TC particles 
is shifted relative to the unperturbed centre wavelength l0 of 
the absorption peak of the TC dye J-aggregate by D l = 20 nm. 
The opposite situation occurs for the Au/TC particles. In this 
case, the longer wavelength peak of the composite system 
is  redshifted (D l = 17 nm) relative to the peak of uncoated 
gold particles. The shorter wavelength peak is markedly shifted 
(D l = 75 nm) relative to the absorption peak of the TC J-aggre
gate (centred at lTC = 462 nm). The longer wavelength peak 
is  slightly weaker than the shorter wavelength one. This is 
because plasmon – exciton coupling has different effects in the 
Ag/TC and Au/TC systems and because there are different 
relationships between the excitation energy of a Frenkel exciton 
in the TC dye shell and the plasmon resonance energies in 
Ag and Au (the absorption peak of the J-band of the TC dye, 
lTC = 462 nm, is situated between the absorption peaks of 
uncoated 20-nm-radius silver and gold particles: lAg = 399 nm 
and lAu = 537 nm).

A different situation occurs when a metallic (Ag or Au) 
core is coated with a J-aggregate layer of the PIC dye, which 
has an oscillator strength of the transition in the J-band an 
order of magnitude weaker than that for the TC dye (Table 1). 
Moreover, the wavelength of the unperturbed peak of the 
J-aggregate, lPIC = 583 nm, exceeds those of the two absorp-
tion peaks corresponding to the dipole plasmon resonances 
of silver and gold particles. The absorption peaks of Ag/PIC 
and Au/PIC particles, which are similar in position to the cor-
responding unperturbed peaks of the plasmon resonances in 
Ag and Au, are located in both cases at shorter wavelengths 
than is the second peak of the hybrid system (Fig. 3). It is seen 
that, in the former case (Fig. 3a), the difference between the 
maximum heights of the shorter and longer wavelength peaks is 
particularly large because of the significant shift, D l = l0J – lAresg, 
of the plasmon resonance peak of uncoated silver particles 
from the centre of the J-band of the PIC dye. In the latter case 
(Fig.  3b), the considerably smaller shift, D l = l0J – lAresu, of the 
plasmon resonance peak of uncoated gold particles from the 
absorption peak of the PIC dye J-aggregate leads to equalisa-
tion of the maximum heights of the shorter and longer wave-
length peaks in the absorption spectrum of Au/PIC particles 
compared to Ag/PIC particles. Note also that the longer wave-
length peak in Fig. 3b is split into two components.

All the solid curves in Figs 2 and 3 were obtained using 
formulas (1) and (4) – (8) of generalised Mie theory, and the 
dot-dashed curves were obtained using formulas (9) and (12) 
of the quasi-static approximation.  It follows from comparison 
of these spectra that the quasi-static approximation allows 
one to qualitatively account for the behaviour of the photo
absorption spectra, but it fails to provide an adequate quanti-
tative description of the processes under consideration for the 
particle geometry used (r1 = 20 nm, l = 3 nm). This can only be 
done using the general formulas (1) and (4) – (8) in Section 2.

The discrepancy between the absorption cross sections 
calculated using exact and approximate formulas increases 
with increasing outer particle radius r2. At large r2, the quasi-
static approximation provides no reliable quantitative results 
and is incapable of accounting for the observed systematic 
variation of the absorption spectra. Figure 4 presents the cal-
culated absorption cross sections of Ag/TC hybrid particles 
with various core radii and shell thicknesses. It is seen that, at 
an outer particle radius r2 = 33 nm (Fig. 4a), there are three 
photoabsorption peaks in the visible range, in contrast to the 
two peaks in the spectrum of smaller particles in Fig. 2a. Thus, 

there is an extra peak near 400 nm. It originates from the exci-
tation of the quadrupole plasmon resonance in the core of 
hybrid silver particles, which interacts with a Frenkel exciton 
in the J-aggregate shell. The peaks centred at 429 and 478 nm 
are due to the coupling between a Frenkel exciton in the shell 
and the dipole plasmon resonance in the core. Note that, in 
contrast to the above case (Fig. 2a), the longest wavelength 
peak in Fig. 4a is markedly stronger than the disturbed dipole 
and quadrupole plasmon peaks.

Further increasing the particle radius leads to marked 
changes in the shape of the absorption spectrum. In particu-
lar, it causes a significant redistribution of peak heights. This 
is well illustrated by the calculation results in Fig. 4b (silver 
core radius r1 = 42 nm, J-aggregate shell thickness l = 3 nm). 
The spectrum has only two peaks in the visible range, but the 
shorter wavelength peak (near 402 nm) arises from quadrupole 
plasmon resonance excitation in the particle core (TM mode, 
n = 2). This peak is considerably stronger than that above 
(Fig. 4a). The middle and shortest wavelength peaks, corre-
sponding to an exciton in the shell and a dipole plasmon in the 
core interacting with each other, are markedly shifted towards 
each other to form a single peak centred at l » 470 nm.

In both cases considered above, the shape of the absorp-
tion spectra was governed primarily by the contributions of 
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Figure 3.  Photoabsorption cross section (sabs) as a function of wave-
length in vacuum ( l) for (a) Ag/PIC and (b) Au/PIC particles in aqueous 
solution at a core radius r1 = 20 nm and shell thickness l = 3 nm (same 
designations as in Fig. 2).
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the TM modes with n = 1 and 2 [Figs 4a, 4b, spectra ( 1 ), ( 3 )], 
whereas the contribution of the TE modes was extremely 
small [Figs 4a, 4b, spectra ( 2 ), ( 4 )]. The situation is however 
more complex when the particle radius exceeds 50 nm. To 
illustrate the contributions of various electromagnetic field 
modes to the absorption cross section, Fig. 4c presents relevant 

calculation results for particles consisting of a silver core of 
radius r1 = 65 nm and a J-aggregate shell of thickness l = 5 nm. 
As seen, the major contributions to the absorption cross sec-
tion are made by the electric dipole, electric quadrupole and 
electric octupole modes. Note that, in the cases considered 
above, the contribution of the octupole TM mode (n = 3) was 
very small. The contribution of the TE modes does not prevail, 
as above, but becomes significant. In particular, the largest 
contribution of the magnetic dipole mode (TE, n = 1) to the 
absorption cross section is 22 % and that of the magnetic 
quadrupole mode (TE, n = 2) is 5 % of the total absorption 
cross section.

In all the above examples of composite nanoparticles 
having a silver or gold core, the strongest absorption peaks 
were situated in the visible range. It is seen in Fig. 5 that, when 
metal/OC dye J-aggregate particles have a copper or aluminium 
core, strong photoabsorption peaks emerge in the near-UV 
spectral region. The reason for this is that the plasmon reso-
nance peaks of isolated copper and aluminium nanoparticles 
in aqueous solution are located in the near-UV spectral region 
because the plasma frequencies of Cu and Al (wp

Cu = 10.8 eV 
and wp

Al = 14.5 eV) exceed those of Ag and Au (wp
Ag = 9.27 eV 

and wp
Au = 9.02 eV).
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Figure 5.  Photoabsorption cross section (sabs) as a function of wave-
length in vacuum ( l) for (a) Al/OC and (b) Cu/OC nanoparticles in 
aqueous solution at a core radius r1 = 10 nm and shell thickness l = 3 nm. 
The solid lines represent calculations by the exact formulas (1) and (4) – (8), 
and the dashed lines represent calculation results for uncoated aluminium 
and copper particles (r = 10 nm).
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Compare now the present results for uncoated metallic 
particles and metal/J-aggregate hybrid particles to experimental 
data and theoretical results in the literature. The solid lines 
in Fig. 6 represent our results obtained in the framework of 

generalised Mie theory using frequency- and size-dependent 
permittivities [formulas (13) – (16)] of Al, Cu, Ag and Au 
nanoparticles. Figure 6a shows the absorption spectrum of 
Al calculated by Chowdhury et al. [45], and Fig. 6c presents 
experimental data for Ag and Au [15]. In both cases, the present 
calculation results agree well with the data in the literature. 
In addition, Fig. 6b presents the results of our calculations 
with the use of the permittivity of bulk copper [spectrum ( 2 )], 
because analogous results are available in the literature [46] 
[spectrum ( 3 )]. It is seen that, in this case as well, the results 
agree well. Of greatest interest for the purposes of this study is 
comparison (Fig. 7) of the photoabsorption spectra calculated 
by us for Ag/TC and Au/TC hybrid nanoparticles (core radius 
r1 = 5 nm, J-aggregate shell thickness l = 1 nm) with relevant 
experimental data [15] (dot-dashed lines). It follows from this 
comparison that the calculated spectra successfully reproduce 
all the key qualitative features in the photoabsorption spectra of 
the composite nanoparticles under consideration and provide 
reasonable quantitative results.

6. Comparison of the light absorption  
and scattering contributions to the extinction 
cross section

To assess the relative contributions of light scattering and 
absorption processes to the total extinction cross section at 
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various sizes of hybrid particles, we performed exact calcula-
tions of the cross section for particles consisting of a silver 
core and OC dye J-aggregate shell. Figure 8 presents the cal-
culation results for four sets of geometric parameters of the 
system. As in the case of photoabsorption, the scattering 
spectra of the relatively small particles have two major peaks 
in the visible range. It is also seen in Fig. 8a that the scattering 
contribution to the total extinction cross section is negligible 
compared to the absorption contribution when the particle 
radius is under 10 nm. The maximum scattering cross section 
is then 5 % of the total extinction cross section.

Increasing the outer particle radius leads to a drastic 
increase in scattering cross section. This follows directly from 
comparison of formulas of the quasi-static approximation: 
sabs µ r3 and sscat µ r6 [see (9)]. As a result, when the radius of 
Ag/TC composite particles increases to 25 nm, the scattering 
contribution becomes comparable to the photoabsorption 
contribution (see the dot-dashed and dashed lines in Fig. 8b). 
At still larger particle sizes, scattering prevails over photoab-
sorption. Figures 8c and 8d show typical spectral dependences 
of the extinction cross section under conditions where scat
tering significantly and greatly prevails over photoabsorption, 
respectively.

We performed similar calculations for hybrid particles 
having a gold core. According to the results obtained, the 
scattering and absorption contributions to the extinction cross 

section are roughly equal at particle radii from 55 to 60 nm, 
in contrast to Ag/J-aggregate particles, where this occurs at 
smaller radii: r = 25 – 30 nm. To more accurately locate the 
boundary between the regions where light absorption or scat-
tering prevails, one should take into account that it depends 
on the wavelength of the incident light and the ratio of the 
shell thickness to the core radius.

7. Analytical model for assessing the frequencies 
of hybrid modes

The interaction between a surface plasmon in the metallic 
core and a Frenkel exciton in the shell leads to the formation 
of plasmon – exciton hybrid states in the composite particle. 
The frequencies of such hybrid modes and, hence, the spectral 
position of the corresponding absorption peaks can be 
approximately determined using an analytical approach: 
a generalisation of a simple procedure for finding the spectral 
position of the dipole plasmon resonance in the case of a 
uniform metallic particle. In this approach, the resonance fre-
quencies of metallic nanoparticles can be found in the quasi-
static approximation using the relation Re[em(w)] = –2 eh 
[see Eqns (9) and (10)]. Substituting relation (13) for the free 
electron contribution to the permittivity of the metal, em, and 
neglecting its imaginary part (i.e., taking the attenuation 
coefficient of plasma oscillations, gintra, to be zero), we obtain 
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wFr = wp / 2 h me e+
3 . This is the so-called Frohlich frequency, 

which determines the position of the resonance dipole plasmon 
mode of a uniform metallic sphere (see e.g. Ref. [32]).

Similarly, the eigenfrequencies of the hybrid modes of 
a  composite nanoparticle can be found in the quasi-static 
approximation using the relation Re[e2

eff(w)] = –2 eh, which 
contains the effective permittivity e2

eff of a bilayer system [see 
Eqn (11)]. Further, using Eqns (13) and (17) for the permit-
tivities of the metallic core and J-aggregate shell and taking 
their imaginary parts to be zero ( gintra ® 0 and G ® 0), we 
obtain the following equation for the eigenfrequencies of the 
hybrid modes of a metal/J-aggregate bilayer system:

C3 x3 + C2 x2 + C1 x + C0 = 0,   x = w2.	 (18)

Here, the coefficients Ci depend on the optical constants of 
the metallic core (wp, em¥), J-aggregate shell (w0,  f, eJ¥) and 
environment (eh) and the ratio of the radii of the concentric 
spheres, z = (r1/r2)3:

C3 = j (2 + z) + m(1 – z) + k(1 + 2z),	 (19)

C2 = –2 ( feh + j ) w0
2(2 + z) – 2[(2feJ¥ + m) w0

2 

	 + ehwp
2 ](1 – z) – [( fem¥ +2k) w0

2 + eJ¥wp
2 ](1 + 2z),	 (20)

C1 = (2feh + j ) (2 + z) w0
4 + [(2f 2 + 4feJ¥ + m) w0

4 

	 + 4eh w0
2 wp

2 ] (1 – z) + [( fem¥ + k) w0
4 

	 + ( f + 2eJ¥) w0
2 wp

2 ](1 + 2z),	 (21)

C0 = – w0
4 wp

2 [2eh(1 – z ) + ( f + eJ¥)(1 + 2z)], 	 (22)

where

j = 2eh eJ¥;   m = 2 [(eJ¥)2 + eh em¥];   k = em¥ eJ¥.	 (23)

Consider the limiting cases of Eqn (18). If the oscillator 
strength of the transition in the shell is zero (  f = 0) and z ¹ 0, 
we obtain the following solution:

w2 = 
( )p
2

rz
w d mz

Z +

+
,   d = 2eh + eJ¥,   m = 2(eJ¥ – eh),	 (24)

where Z = 2j + m + k and r = j – m + 2k. Solution (24) corre-
sponds to a metallic particle of radius r1 and permittivity (13), 
coated with a passive insulator layer of thickness l = r2 – r1 
and constant permittivity eJ¥ and surrounded by a medium of 
permittivity eh. If the shell thickness is l = 0, we can take z = 1 
in (24), which gives w2 = wp

2 /(2 eh + em¥). This corresponds to 
the Frohlich frequency (wFr = wp / 3  at eh = em¥ = 1), i.e. to the 
eigenfrequency of the dipole plasmon resonance mode of a 
uniform metallic sphere.

Another limiting expression, w2 = w0
2 [1 + f /(2 eh + eJ¥)], can 

be obtained from (18) by taking z = 0 (r1 = 0). The frequency 
defined by this relation coincides with the solution to the 
equation Re [ eJ (w)/eh ] = –2, i.e. it is the resonance frequency 
of a uniform spherical organic dye particle of permittivity 
(17). It should, however, be kept in mind that low values of 
z = (r1/r2)3 are of little interest here because we examine plas-

mon – exciton coupling effects in real physical systems in the 
form of a metallic core coated with a relatively thin molecular 
J-aggregate layer.

For further analysis, it is convenient, substituting y  = 
x + C2 /(3C3), to bring Eqn (18) to the canonical form 
y3 + py + q = 0, where p = –a2/3 + b, q = 2(a/3)3 – ab/3 + c, and 
the coefficients a = C2 /C3, b = C1/C3 and c = C0 /C3 can be 
found using Eqns (19) – (22). Since all the coefficients Ci, p 
and q are real numbers, the number of real roots of Eqn (18) 
depends on the sign of Q = (p/3)3 + (q /2)2. It follows from 
the  above analysis that Q is negative in all the cases under 
consideration and, hence, p is also negative. Therefore, Eqn (18) 
has three different real roots except in the limiting cases z = 0 
and 1. It is convenient to represent these roots (xi º wi

2 ) in 
trigonometric form [47]:

2 ,cosa p
3 3 31

2w
b

=- + - c m 	
(25)

2 ,cosa p
3 3 3 3,2 3

2 !
pw

b
=- - - c m

where cos b = – q / [2 ( / )p 3 3- ]. These expressions specify the 
frequencies of hybrid modes and determine the positions of 
three peaks in the absorption spectrum of metal/J-aggregate 
bilayer nanoparticles. Clearly, they are applicable only in the 
quasi-static approximation and can be used provided that 
interband transitions in the metallic core make no significant 
contribution to the permittivity em(w).

The three roots specified by (25) are positive. The root w1
2 

corresponds to the ‘high-energy’ hybrid mode of the composite 
system. The other two roots (w2

2, 3) determine the ‘low-energy’ 
and ‘medium-energy’ modes.   According to (19) – (23), the 
eigenfrequencies of hybrid modes depend on the plasma fre-
quency wp, resonance frequency w0, reduced oscillator strength 
f and z = (r1/r2)3. As an illustration, we give particular expres-
sions for the coefficients a, b and c in (25) at eh = em¥ = eJ¥ = 1.  
We then have j = 2, m = 4 and k = 1, and the relations for 
a, b and c become significantly simpler:

a = –
3
1  [3 ( f + 2) w0

2 + wp
2 ],   c = – 

9
p0

4 2w w
[3 + f(1 + 2z)],	 (26)

b = 
9
0
2w {w0

2 [2f 2(1 – z) + 9( f + 1)] + wp
2 [ f 2(1 + 2z) + 6]}.	 (27)

In general, the coefficients a, b and c and the frequencies of 
hybrid modes depend, among other things, on the permittivity 
of the medium around the particle (eh) and the constants em¥ 
and eJ¥.

8. Effect of the oscillator strength of the  
transition in the J-band of the dye on hybrid 
mode frequencies and photoabsorption peak 
heights

Consider the effect of the reduced oscillator strength, f, of the 
transition in the J-band of the dye shell on the peak positions 
and heights in the absorption spectrum of Ag/J-aggregate 
particles (Figs 9, 10). We performed the corresponding exact 
numerical calculations for various inner (r1) and outer (r2) 
particle radii at a constant r1 to r2 ratio (r1 /r2 = 5/6). Figure 9 
shows the hybrid mode frequencies calculated within the 
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simple analytical model above. All the optical constants of 
the J-aggregate shell (except for the oscillator strength f  ) 
were taken to equal those of the TC dye (see Table 1).

Since the core radius for the curves in Figs 9 and 10 is 
no greater than 20 nm, none of the high-order (quadrupole, 
octupole and other) multipole resonances makes a significant 
contribution to the absorption cross section. Because of this, 
hybrid modes result here only from the interaction between 
a Frenkel exciton in the dye J-aggregate shell and a dipole 
plasmon resonance in the silver core. As would be expected, 
at f ¹ 0 the absorption spectrum of the Ag/J-aggregate system 
shows three distinct peaks, in perfect agreement with the ana-
lytical model. As seen in Figs 9 and 10, the oscillator strength 
has different effects on these peaks. An increase in f leads 
to  a  relatively small negative shift of the low-energy peak, 
whereas the medium- and high-energy peaks undergo positive 
shifts. For f ® 0, the low- and medium-energy peaks shift 
towards each other to form a single peak. The corresponding 
maximum absorption cross section tends to zero with decreas-
ing f (Figs 10b, 10c). The frequency of the high-energy peak 
decreases with decreasing f and at f = 0 the peak is located at 
~3.3 eV (Fig. 9). The peak height remains nonzero for f ® 0 
(Fig. 10a). Thus, there is only one absorption peak at f = 0. 
This corresponds to a metallic particle coated with a thin 
passive layer of constant permittivity eJ¥ and surrounded by 
a medium of permittivity eh [see (24) and Fig. 1].

Comparison of the results presented in Fig. 9 indicates 
that the proposed analytical model for assessing the frequen-
cies of hybrid modes in nanoparticles provides a rather good 
description of all the key features in the influence of reduced 
oscillator strength on the behaviour of absorption peaks. 
Quantitative discrepancies between the calculations in this 
model and exact numerical calculations were only found for 
the high-energy peak, situated near the electronic transitions 
between the d-valence band and sp-conduction band of silver 
( g'w  = 3.7 eV). In this spectral range, the permittivity of silver 
cannot be adequately described using only the Drude formula. 
Therefore, to ensure a reliable quantitative description of this 
hybrid mode at photon energies near the boundary of interband 
transitions, the analytical approach should be supplemented 
with adequate evaluation of the bound electron contribution 

to the permittivity. This was done in our exact numerical 
calculations represented in Figs 9 and 10, which took into 
account, along with the contribution of interband transitions 
in Ag, the width of the G  line of the J-absorption peak of the 
dye shell and the attenuation coefficients of free ( gintra) and 
bound ( ginter) electrons in the silver core.
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Let us discuss in greater detail the influence of oscillator 
strength f on the maximum absorption cross section. As 
mentioned above, the heights of the low- and medium-energy 
peaks approach zero for f ® 0 (Figs 10b, 10c). The height of 
the low-energy peak increases monotonically with increasing 
oscillator strength at all the geometric parameters considered. 
The height of the medium-energy peak increases at r1 = 10 nm, 
r2 = 12 nm [curve ( 1 )] and r1 = 15 nm, r2 = 18 nm [curve ( 2 )]. 
At r1 = 20 nm and r2 = 24 nm [curve ( 3 )], the peak height 
has a maximum at f = 0.5 and decreases at higher f values. 
The height of the high-energy peak at f = 0 is the same as that 
of the plasmon resonance peak of a metallic particle coated 
with a thin passive layer of constant permittivity eJ¥ and sur-
rounded by a medium of permittivity eh.  The height of this 
peak decreases with increasing oscillator strength and becomes 
zero at f » 1.1 (Fig. 10a). Further increase in f leads to an 
increase in the height of the high-energy peak. The dip can 
be accounted for using Eqns (9) and (12) of the quasi-static 
approximation.  At a certain oscillator strength ( f » 1.1), the 
numerator in the imaginary part of the polarisability of a 
hybrid particle (and hence its absorption cross section) becomes 
zero. This occurs at a photon energy 'w » 3.8 eV, correspond-
ing to the position of the high-energy peak.

All these general aspects of the light absorption process 
in Ag/J-aggregate particles are illustrated by Fig. 11, which 
presents the calculated cross section sabs as a function of 
wavelength l and the oscillator strength f of the transition 
in the J-band of the dye. It is seen that the low- and medium-
energy peaks shift towards each other as f decreases from 3 to 0. 
The heights of the two peaks decrease and, eventually, they 
form a single, weak peak centred at l = 479 nm, which disap-
pears for f ® 0. At the same time, the band located in the UV 
spectral region shifts to longer wavelengths with decreasing f. 
At f = 0, it peaks at 371 nm. The maximum height of the high-
energy peak drops to almost zero at f = 1.1 and l = 325 nm 
and then rises again.

The results presented in Fig. 11 were obtained for a rela-
tively small particle (r1 = 10 nm, r2 = 12 nm), with spectral 
behaviour determined by the interaction between a Frenkel 
exciton and a dipole plasmon. At considerably larger particle 

radii, Frenkel excitons interact with both dipole and quadru-
pole plasmons. This causes several additional peaks to emerge 
in the photoabsorption spectrum of the hybrid nanoparticles. 
This effect is illustrated in Fig. 12, which shows the absorp-
tion cross section as a function of wavelength l and oscillator 
strength f for Ag/J-aggregate particles with geometric param-
eters r1 = 30 nm and r2 = 33 nm.

9. Conclusions

We have calculated the light absorption and scattering cross 
sections of metallic (Ag, Au, Cu and Al) nanoparticles coated 
with different cyanine dyes. The results indicate that the 
number of peaks in the extinction spectra of the nanoparticles 
depends on their geometric parameters and the optical con-
stants of the core and shell materials and the peaks may differ 
little or strongly in height (Figs 2 – 4). This is because plas-
mon – exciton coupling in such systems has different effects in 
the weak and strong coupling regimes.

Particular attention has been paid to size effects. Their 
influence on the optical properties of metal/J-aggregate sys-
tems strongly depends on the outer radius of the particle, r2. 
In the limit of small r2, the absorption cross section is deter-
mined by the contribution of the electric dipole term and can 
be adequately described within the quasi-static approxima-
tion. The scattering contribution to the extinction cross section 
is then negligible (Fig. 8a). In addition to the obvious increase 
in cross section with increasing particle volume (sabs µ r2

3), the 
size effect on the absorption spectrum then reduces to two 
factors.

First, because of the electromagnetic core – shell coupling, 
the polarisability of the hybrid system depends not only on 
the permittivities of the core and shell but also on the ratio of 
the inner and outer radii of the concentric spheres, (r1/r2)3 [see 
Eqns (9) and (12)]. Therefore, varying this ratio allows peak 
positions and heights in the extinction spectrum of composite 
particles to be tuned over rather wide ranges.

Second, the permittivity of a core depends on it size 
because, in contrast to that of bulk metal, the permittivity 
eintra is modified in this case. This is due to free electron scat-
tering by the surface of the metallic core. The effect is particu-
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Figure 11.  Absorption cross section as a function of wavelength in 
vacuum ( l) and the reduced oscillator strength (  f  ) of the molecular 
J-aggregate for Ag/J-aggregate particles in aqueous solution at a core 
radius r1 = 10 nm and outer particle radius r2 = 12 nm.
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Figure 12.  Absorption cross section as a function of wavelength in 
vacuum ( l) and the reduced oscillator strength (  f  ) of the molecular 
J-aggregate for Ag/J-aggregate particles in aqueous solution at a core 
radius r1 = 30 nm and outer particle radius r2 = 33 nm.



	 V.S. Lebedev, A.S. Medvedev712

larly strong when the particle radius is much less than the 
electron mean free path l¥ in bulk metal.  In the case of hybrid 
particles with a silver core, this effect has a strong influence 
on the width and height of spectral peaks when the particle 
radius (r ~ 5 nm) is an order of magnitude smaller than l¥Ag = 
52 nm. The size effect in particles with a gold core is signifi-
cant but weaker than that in particles with a silver core. This 
is mainly due to the smaller electron mean free path in bulk 
gold: l¥Au = 13 nm.

The simple formulas (9) and (12) of the quasi-static approx-
imation are incapable of providing an adequate quantitative 
description of the absorption process when the particle size 
exceeds 10 – 15 nm (Figs 2, 3).  Still larger particles have more 
complex photoabsorption spectra because of the influence of 
additional multipole plasmon resonances. This fact can be 
illustrated by the example of the absorption spectra of Ag/TC 
particles with r2 = 33 nm (Fig. 4a). In addition to the peaks 
that result from the interaction of a Frenkel exciton with a 
dipole plasmon in the hybrid system, the spectra contain a 
peak due to the excitation of a quadrupole plasmon in the 
metallic core. In the examples considered above, this peak 
was strongest at r2 = 45 nm (Fig. 4b).

A number of extra features in the extinction spectra of the 
particles result from the competition between the absorp-
tion and scattering contributions as the particle size increases 
(Fig. 8). The extinction cross section of silver particles coated 
with a dye J-aggregate is determined mainly by absorption 
at an outer radius under 25 – 35 nm, and the scattering contri-
bution prevails at larger particle radii. In the case of hybrid 
particles with a gold core, the scattering contribution prevails 
at outer particle radii r2 L 55 – 60 nm.

Our calculations demonstrate that the hybrid mode fre-
quencies of a composite nanoparticle, which determine peak 
positions in its absorption and scattering spectra, strongly 
depend on the reduced oscillator strength f of the transition 
in the J-band of the organic dye (Fig. 9).  Changes in f lead 
to a significant redistribution of peak heights (Fig. 10). We 
have identified spectral and oscillator strength ranges where 
the photoabsorption has minima and maxima (Figs 11, 12). 
In addition, we have demonstrated significant changes in the 
absorption and extinction spectra of metal/J-aggregate nano
particles in response to changes in core radius and shell thick-
ness. All this indicates the possibility of controlling the effi-
ciency and nature of plasmon – exciton coupling and tailoring 
the optical properties of hybrid nanoparticles.
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