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Abstract

We report the results of our theoretical studies of the optical properties of hybrid nanoparticles consis-
ting of the metal core covered with molecular J-aggregates. We evaluate the cross sections of absorption
and scattering of light by such particles on the basis of the extended Mie theory for two concentric
spheres with material dielectric functions that take into account the size effect associated with scat-
tering of free electrons from the core/shell interface. We carry out our calculations in a wide range of
light wavelengths and geometrical parameters of the composite system for silver and gold core and for
a J-aggregate shell composed of different cyanine dyes. The results obtained demonstrate the quite
different behavior of the extinction spectra of such particles caused by the different strengths of interac-
tion between the Frenkel exciton and the dipolar or multipolar plasmons. We pay particular attention
to the investigation of spectral peak positions associated with the eigenfrequencies of hybrid modes in
the system and peak intensities as functions of reduced oscillator strength in the molecular J-band for
various relationships between the core radius and shell thickness. This provides an efficient means for
the explanation of the main features in the optical properties of metal/J-aggregate nanoparticles and
can be used for an effective control of the plasmon—exciton coupling strength in such hybrid complexes.

Keywords: nanophotonics, absorption and scattering of light, plasmon—exciton interaction, size-depen-
dent effects, hybrid nanoparticles, metal/J-aggregate complexes, cyanine dye.

1. Introduction

In recent years, novel composite materials with unique optical properties have become a hot research
topic because of the fundamental interest in physics and attractive potential applications in nanotechnol-
ogy. Studies of the optical properties of different composite nanostructures are of considerable interest for
the development of optoelectronic devices such as light-emitting diodes [1], photovoltaic cells [2], photonic
switches [3,4], and memory elements [5]. Knowledge of the optical properties of hybrid materials and
understanding the effects associated with their interaction with light are necessary for many applications
of nanophotonics and near-field optics [6-10], including nanolasers [11,12].

In the past decade, a considerable amount of research has been devoted to the investigation of op-
tical properties of various nanoparticles including pure metallic particles and metal-dielectric or metal—
semiconductor composites [13-16]. The unique properties of metallic nanoparticles are well known.
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Optical properties of hybrid metal-based nanoparticles have a number of specific features as compared
to the case of pure metallic particles. An interesting example of the hybrid nanoparticle is the so-called
metallic nanoshells [17]. Such particles consist of a thin noble metal shell (Ag or Au) and a dielectric
core (SiO2). The optical properties of metallic nanoshells have been studied in a series of works (see,
review [18]).

In this work, we concentrate on the studies of optical properties of another
type of hybrid nanoparticles. They consist of a metallic core coated with
a J-aggregate of dye molecules (see Fig. 1). The J-aggregate exhibits sharp
optical absorption, called the J-band, which is red-shifted from the monomer
band, resonance fluorescence with small Stokes shift, large oscillator strength,
ultrashort radiative lifetime, and remarkable nonlinear optical susceptibility
leading to fast electronic response [19]. These properties are usually interpreted
in terms of the Frenkel exciton delocalized over the molecular building blocks
of the aggregate. Molecular J-aggregates are of special interest as photographic
sensitizers, for solar photochemical energy conversion, and for nonlinear optics
related to superfluorescence. In addition, they are considered as a possible
organic component of various heterostructures in the development of novel

€

Fig. 1. Schematic struc-
ture of a spherical parti-
cle consisting of the metal-
lic core e, covered with
the molecular J-aggregates Certain types of cyanine dyes are able to form J-aggregates in solutions, in

of cyanine dye €5 and sur- polymer matrices, and on solid surfaces, including metal films. However, in [20]
TC{unded b}’ a.h.OSt medium  the J-aggregation of cyanine dyes on the surface of noble-metal nanoparticles
with permittivity en. in aqueous solutions was demonstrated. This opens an opportunity to study

optoelectronic devices.

the electromagnetic coupling of an organic shell of a nanoparticle with its metallic core and, hence, to
investigate the influence of the plasmon—exciton interaction on the optical properties of metal/J-aggregate
complexes.

Hybrid nanoparticles consisting of a noble metal core (Ag or Au) covered with a monolayer J-aggregate
of 3,3'-disulfopropyl-5,5’-dichlorothiacyanine sodium salt (TC) with overall particle diameter about 10 nm
and shell thickness about 1 nm (as in [20]) were investigated in [21-27]. Experimental studies of the
absorption spectra of such particles have shown their remarkable optical properties associated with the
localized-surface-plasmon resonance of a core and the Frenkel exciton of a dye shell. Transmission-
electron-microscopy observations revealed the spherical morphology of nanoparticles. In [22-25], the
photo-initiated energy transfer in such nanostructured complexes was studied using near-field optical
microscopy [23] and coherent polarization coupling between the exciton of a molecular J-aggregate and
the electronic polarization of a metallic core [24]. It was demonstrated that the narrow exciton band of
J-aggregates can coherently and selectively couple to the bound electronic transition dipoles in Au or to
the plasmon oscillation of free electrons in Ag particles. It was also shown that the exciton spectral and
temporal properties vary significantly while interacting with the metallic core compared to the case of J-
aggregate monolayers on bulk-metal surfaces [22,25]. A theoretical description of the absorption spectra of
Ag and Au nanoparticles covered with TC J-aggregate in aqueous solution was also made in [26,27]. The
approach used in [24-27] is justified within the framework of applicability of the quasistatic approximation
of the Mie theory and the simple model of dipole polarizability of two concentric spheres, i.e., when the
particle size is much smaller than the wavelength of light.

In the metal/TC-dye system, the exciton resonance frequency of the J-aggregate is far from the peak
of localized surface plasmon resonance so that the plasmon—exciton coupling is weak enough. However,
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the coupling strength increases considerably when the plasmon- and exciton-peak positions become close
to each other. The plasmon—exciton interaction in such a system was studied in [28] by measuring the
light scattering spectra of single Au particles (from 70 to 130 nm diameter) coated with a J-aggregate
of 1,1’-disulfopropyl-2,2’-cyanine triethylammonium salt (PIC). Spectroscopic measurements, performed
using a far-field optical microscope, have shown that for such a system the surface plasmon polarization
affects the peak and shape of the J-aggregate absorption band. The strong coupling between the elec-
tronic transitions of organic components [TDBC: 5,5, 6, 6'-tetrachloro-1-1"-diethyl-3, 3'-di(4-sulfobutyl)-
benzimidazolocarbocyanine] and the plasmon modes of Au nanoparticles with different sizes surrounded
with a molecular J-aggregate was experimentally studied in [29].

In this work, we present our theoretical results on optical properties of hybrid nanoparticles consisting
of a metallic core and a molecular J-aggregate shell of cyanine dyes in the aqueous solution. We evaluate
absorption and scattering spectra of such nanoparticles in a wide range of geometrical parameters of
the composite system (core radius 5 — 65 nm; shell thickness 1 — 5 nm), and light wavelengths from
the ultraviolet to the near-infrared region for silver and gold cores. As an organic shell, we use four
anionic cyanine dyes: TC, PIC, OC (3,3'-disulfopropyl-5,5'-dichlorooxacyanine triethylammonium salt),
and NK2567 (2,2'-dimethyl-8-phenyl-5,6,5',6’-dibenzothiacarbocyanine chloride) having quite different
values of the reduced oscillator strengths and for which the J-band absorption maxima are located in
different wavelength regions. Our calculations are based on the extended Mie theory for absorption and
scattering of light by two-component spherical particles, which is applicable for an arbitrary relationship
between the overall particle radius and light wavelength. The frequency-dependent dielectric function
of a metallic core is described by taking into account both contributions of the free electrons and the
interband transitions. We modify the first (Drude-like) term in our calculations taking into account the
size-dependent effect associated with scattering of free electrons on the surface of a metallic core. We
describe the dielectric function of the J-aggregate shell using a simple model for the anharmonic oscillator
with a reduced oscillator strength for the J-band transition.

One of our major goals is to demonstrate the quite different influence of the interaction between the
surface plasmons localized on the metallic core of a hybrid nanoparticle with the molecular exciton in its
J-aggregate shell on the behavior of the absorption and scattering spectra. The results obtained provide
new data on the efficiency and features of interaction of the Frenkel exciton in a dye shell with both the
dipolar and quadrupolar plasmons in a metallic core as compared to the case of molecular J-aggregates
put on the bulk metal surfaces. We pay special attention to the investigation of size effects in such hybrid
complexes and the demonstration of their strong influence on the optical properties of metal/J-aggregate
particles.

2. Basic Expressions of the Extended Mie Theory for the Absorption
and Scattering Cross Sections

For sufficiently dilute suspensions, when interparticle effects may be neglected, the behavior of the
absorption and scattering spectra of hybrid spherical nanoparticles can be described on the basis of the
modified Mie theory combined with a model for the field description in the concentric spheres under
appropriate boundary conditions. The exact description of absorption and scattering of light by multi-
layered spheres has been described exactly in many papers. As a first approach, Aden and Kerker [30]
and Giittler [31] have extended the Mie theory of scattering and absorption of light by a uniform spherical
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particle [32] to spheres with a single external layer. The results of these works were further reproduced
by several authors (e.g., [33,34]). Extension to an arbitrary number of layers was made in [35] using the
matrix formalism and in [36,37] on the basis of the recursion formalism for the scattering coefficients of
multilayered spherical particles. The theory developed was widely used for the determination of optical
properties of different composite particles (see, [38-43] and monographs [44,45]).

A schematic view of the hybrid particle consisting of a core with radius r; and a shell with thickness
¢ = ro — r1 surrounded by a lossless host material with permittivity ey, (w) and permeability p, = 1 is
shown in Fig. 1. It is assumed that the concentric spheres are made of homogenous isotropic materials
with frequency-dependent complex dielectric functions €1 (w) and €3 (w) and permeabilities p3 = ps = 1.
The particle is illuminated by a monochromatic plane wave  exp (—iwt + ikpz). The incident wave is
partially scattered and absorbed by the particle. Using this approach, one can obtain general expressions
for the cross sections of scattering and absorption of light by a multilayered sphere by integrating the
Poynting vector over a spherical surface of large radius. They can be represented in the same form as in
the case of a bare spherical particle [44]

Tabs = 27;?12 [(2n+1) (2_|2an+1\2_|2bn+1|2)}, (1)
Oscat = ZQT O; [(2n—|— 1) (|an‘2 + |bn|2>} ) (2)

Here, a, and b, are the expansion coefficients of the transverse electric (TE) and transverse mag-
netic (TM) modes of the scattered wave, respectively, and ky = w,/e/c is the wave number of light
in the host medium.

The total extinction cross section Texy = Tabs + Tscat 1S expressed through the complex amplitude
coefficients of the scattered wave as follows:

2 (o]
Coxt = k—g Z (2n+ 1)Re{an + by} . (3)
h p=1

The behavior and values of the expansion coefficients a,, and b,, in Eqs. (1)—(3) are determined by the
specificity of the problem. They also depend substantially on the geometrical parameters of the hybrid
particle and the dielectric properties of its core, shell, and the surrounding medium.

In the case of a two-component core-shell particle (see Fig. 1), we derived the general expressions
for complex expansion coefficients a,, and b,, of the scattered electromagnetic field using the theoretical
approach described above and the boundary conditions for the electromagnetic fields at » = r; and
r = ro. For the problem considered in this paper, it is convenient to write the final formulas for a,, and
b, in the form

an =—-X@y@ oy = _xOy®) (4)

n

where XT(La), YTEG) and Xéb), Yéb) are functions expressed in terms of determinants.

The explicit expressions for the XT(LG) and Yn(a) functions determining the contribution of TE modes
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are given by [43]

gn (k1r1)  Jn (k2r1)  yn (k2r1) 0
(@) _ ul, (kir1) ), (kary) ), (kori) 0
n . ; (5)
0 gn (k2r2)  yn (k2r2)  jn (knr2)
0 ul, (kara) v, (kara) ul, (knra)
Jn (k171)  dn (k2r1)  yn (kari) 0
a uy, (k1) uy, (kar1) vy, (kari) 0
v = . (1) (6)
0 gn (kar2)  yn (kar2) hn’ (knra)
0 u; (k’g?”g) 'U;l (kQT’Q) w;l (kth)

Here, k1 = wy/e1/c and ky = w,/e3/c are the wave numbers of light in the core and in the shell of
the particle, respectively, €1 = ey, (w) and €3 = ¢35 (w) are the complex permittivities of the metallic
core and the dye shell at the operating frequency, r; is the radius of the core, ro is the outer radius
of the shell, j,(z), yn(z), and hsll) (z) are the spherical Bessel, Neumann, and Hankel functions, and
Up (2) = zjn (2), vn(2) = 2yn (2), and w, (z) = bV (z) are the spherical Riccati-Bessel, Riccati-
Neumann, and Riccati-Hankel functions, respectively. The prime denotes differentiation of functions
with respect to their argument.

)

Similarly, in the case of two-component particles the final expressions for the X,(lb and Y,Eb) functions

determining the contribution of TM-modes can be written as [43]

Jn (k171) e2/e1 jn (kar1) \/e2/€1 yn (kar1) 0
X(b) _ ’LL;L (k‘lT‘l) \/51/62 u% (k‘QT‘l) 61/52 Ufn (k‘z’l“l) 0 (7)
" 0 €2/en Jn (kar2)  \/e2/en yn (kara)  jn (knr2) |’
0 \/é‘h/&‘g ujl (kg?’g) Eh/EQ U;L (kng) uﬁl (khrg
Jn (k171) e2/€1 jn (kar1)  /e2/e1 yn (kar1) 0
v _ ul, (kir)  +/e1/e2 ul, (karq) e1/eg vl (kary) 0 ()
" 0 82/6}1 In (kg?"g) 62/6h Yn (kz?“g) hq(‘L ) (k‘hTQ)
0 \/6}1/62 uﬁl (k‘g’f‘g) \/Eh/f-jz ’U;L (k‘QT‘Q) w% (k‘hrg)

The general formulas (4)—(8) are in agreement with the previously obtained expressions [30,33,34], which
provide the final result for the expansion coefficients of the TM- and TE-modes for two-layered spherical
particles.

3. Simple Formulas of the Quasistatic Approximation

Here we consider the case of particles whose overall radius is much smaller than the wavelength of
light. Then one can use the quasistatic approximation of the Mie theory, which corresponds to the well-
known results of the Rayleigh theory. In this case, the cross sections of absorption o,,s and scattering
oscat Of light by a particle are given by

Oabs (W) = AmkyV Im{a (w)}, (9)
Coent () = %”kﬁvﬂa(w) 2. (10)
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Here, ky, is the wave number of light in the host medium, o = aV" and V are the polarizability and overall
volume of the particle, and « is its polarizability per unit volume.

According to this model, the polarizability of a bare metallic particle with radius r and permittivity
€ = ey can be written as [44]

3 €m —¢€n

:VN ~:77
aw)=Va(w), a yr——

(11)

where e}, is the permittivity of the host medium and V = 47r3/3.
Thus, the absorption and scattering cross sections are reduced to the particularly simple forms

— 12 7kpr3 1
Oabs = Amkpr? Im{ fm — ¢h } = TRT 2rn{£m/€h} 55 (12)
Em + 2¢ey, (Re{em/en} +2)° + (Im{em/en})
8 Em — €h 2
= —kpr® | —/— 13
Oscat 3 INA em + 261 ( )

Note that, in the small particle limit (k,r < 1), the value of the scattering cross section ogcat is much
smaller than the absorption cross section o,ps.

The effective permittivity 5§H of the core—shell spherical particle, which is equivalent to the permit-
tivity of the homogeneous particle, is given by (see, e.g., [38])

B 22 (1 - (7"1/7"2)3) + (1 + 2 (7“1/7’2)3) (e1/€2)
e (2 + (7“1/7’2)3) + (1 - (7"1/7"2)3> (e1/€2) .

Here, r1 and ro are the inner and outer radii of the concentric spheres, and €1 = gy, €2 = €3, and ¢}, are
the dielectric functions of the metallic core, J-aggregate shell, and a host medium, respectively. Thus,
in the small-particle limit, the polarizability « of a concentric two-layered sphere with overall volume V'

EE’H

(14)

can be written as

anrd 3 (e1—e2) (2824 en) (r1/12)° + (2 — 1) (262 + 1)

o = V&, V= s o = — 3 .
3 4m 2 (61 — 62) (62 — 5h) (1"1/7"2) + (62 + 25}1) (262 + 51)

(15)

This expression combined with Eqgs. (9) and (10) allows us to evaluate analytically the electric-dipole
contribution to the absorption and scattering cross sections by two-layered particles in the quasistatic
approximation.

4. Dielectric Functions

The local dielectric function of a noble metal can be presented as the sum of the intraband transitions
and interband transitions
€ (W) = Eintra (W) + ECinter (w) . (16)
The first term in (16) corresponds to the electronic response of free electrons in the conduction band and
can be described by a Drude-like expression

w2

et () =~ "
mtra
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Here, wy, is the effective plasma frequency, Yintra is the effective plasma damping constant, (1/%intra is the
corresponding decay time), and £5° is the high frequency component of the metal dielectric function.

In the present work, the contribution of intraband transitions to the frequency-dependent dielectric
function of the metallic core is described, taking into account the size effect associated with the scattering
of free electrons from the metal/dielectric interface of the nanoparticle. It becomes particularly important
when the particle radius is considerably smaller than the mean free path of electrons /o, in the bulk
metal [44,45]. In such a situation, it is necessary to take into account the dependence of the effective
plasma damping constant ~inra on the radius r; of the metallic core. Explicit expressions for size-
dependent value of ~ita can be derived within the framework of the quantum description of the confined
electronic states in a sphere [46]. We use here the phenomenological expression [44,45] for the effective
damping constant

R
’yi(rrt)ra = 731%}; + ég . (18)

Here, vp is the Fermi velocity, £ is the dimensionless constant of the order of unity, whose magnitude
should be determined from a comparison of the theory for a bare metallic particle with the experiment.
When the particle size is much greater than the mean free path of electrons I, in the bulk matter,
the damping constant in Eq. (17) becomes equal to its size-independent value v>UX . However, when

intra-

the core radius r; becomes smaller than [, the value of yi(gt)ra gives the required dependence of the

scattering electron frequency on the particle size. A discussion of the effects associated with the size-

dependent dielectric function of a metallic core in studies of the optical properties of different metal-based
nanoparticles is also presented in [26,27,43,47-49].

The second term in (16) corresponds to the electronic transitions between the d valence band and the

sp conduction band. It is usually described within the framework of the random phase approximation [50,

51]

00
— 22 — w2 + 92, — 2wy
Einter (w) p— K/dxxwg [1 _F (w’ @)] ( ; 5 r};lnter 5 ’);lnt;r) ) (19)
wg * (.’E —wot 7inter) + 4w Yinter

Here, F'(x,0) is the energy distribution function of conduction electrons whose energy is hz at temper-
ature O, and ~iyter represents the damping constant in the band-to-band transition. For the interband
transitions, a dispersionless d band and a parabolic conduction sp band with minimum energy hw, with
respect to the d band is assumed. The constant K is determined by the oscillator strength of the interband
transitions [51].

In contrast to the contribution of free electrons (17) to the total dielectric function of the metallic
particle, the contribution of bound electrons (19) is slightly affected by the influence of the size-dependent
effect. Therefore, to describe correctly both contributions (16) to the dielectric function of the metallic
core taking into account the size-dependent effect, one can use the expression

1 1
_ 2
€m (w’ T) = Ebulk (w) + Wy <w2 + iw’y.b‘élk B w2 + iW’y(r) ) ’ (20)
mtra intra

following the approach of [45]. Here, epyy is the bulk permittivity of the metal obtained by fitting
the experimental data [53] for Ag and Au, w, is the plasma frequency, '7};1%}}; is the scattering electron

frequency in the bulk material, and ’yi(gt)ra is the particle size-dependent scattering electron frequency
determined from Eq. (18).
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The dielectric function of the J-aggregate shell can be evaluated using the simple expression

fwi
gjw)=e*+ ——"r"—.
1) J wg—wQ—sz

(21)
Here, we assume a Lorentzian shape of the ab- map16 1. parameters of J-Aggregates of TC, OC, PIC,

sorption line of the molecular exciton J-band ;4 NK2567 Cyanine Dyes Used in the Present Calcu-
with specific parameters obtained from the ex- | 4:,¢

perimental data, wg is the transition frequency
corresponding to the line center in the J-band,

J-aggregate | €5° | wo, €V | Ao, nm | f | I', eV

I' is the line width, f is the reduced oscilla- TC 1 2.68 462.6 | 0.90 | 0.066
tor strength, and €5° is the permittivity outside 0]@ 1 3.04 407.2 | 0.01 | 0.039
the J-band transition. For the cyanine dye J- PIC 29| 213 582.1 | 0.10 | 0.033

aggregates under investigation, these parameters NK2567 1 1.79 692.6 | 0.02 | 0.052
are presented in Table 4..

In this work, we study the optical properties of nanoparticles in aqueous solution. The dielectric
function of water (the host medium) in the visible range can be found using the standard expressions
Re{eyw} = n2 — k2 and Im{ey} = 2nyry and reference data [52] for the refractive index ny,. The very
small imaginary part ky of the refractive index can be neglected. Note that the permittivity of water
varies slowly in the whole visible range (1.77 < ey < 1.82 at 350 < A [nm] < 700).

5. Main Features of the Absorption Spectra

Below we apply the general theory presented in Sec. 2 to the investigation of the extinction spectra of
metallic nanoparticles (Ag, Au) covered with molecular J-aggregates of cyanine dyes (TC, OC, PIC, and
NK2567). For such materials, the J-band absorption maxima are located in different wavelength ranges
relative to the peak positions of surface plasmon resonances of noble metal particles in aqueous solutions,
and the reduced oscillator strengths in the J-band strongly differ from each other (see Table 1). We
performed our calculations for a wide range of wavelengths and geometrical parameters of the composite
system, so that they cover both dipolar and quadrupolar scatterers. All these items allow us to demon-
strate quite different shapes and the intensity distributions in the absorption and scattering spectra of
metal/J-aggregate complexes.

In Fig. 2, we show our results for the absorption cross sections of the core-shell Ag/OC (panel a)
and Au/TC (panel b) particles in aqueous solutions. The inner and outer radii of the concentric spheres
are taken to be equal to r1 = 20 nm and ro = 23 nm, respectively. The solid curves illustrate the
typical spectral behavior of the photoabsorption processes for the hybrid noble metal/J-aggregate systems
provided that the overall particle diameter is less than 50 nm. Then, in the visible range, there are
two clearly pronounced peaks in the intensity distribution over the spectrum, which come from the
dipolar localized surface plasmon resonance of the noble-metal core and the electronic excitation of
the J-aggregated TC-dye coating. According to our results for the composite Ag/OC nanoparticles,

such peaks in the absorption spectra appear at /\Sg) = 380 nm and /\gg) = 410 nm, while for Au/OC
nanoparticles the theory yields )\53}1)1 =410 nm and )\(A21)1 = 522 nm.

Comparison of the results presented in Figs. 2 (panel a) and 2 (panel b) points to the distinctive
features of the Ag/OC and Au/OC systems. In the case of Ag/OC particle, in the visible range there
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Fig. 2. Absorption cross sections o,ps of Ag/OC (panel a) and Au/OC (panel b) particles in aqueous solution
versus the light wavelength in vacuum A (the core radius 1 = 20 nm, the shell thickness £ = 3 nm). The results
obtained using the general Egs. (1) and (4)—(8) combined with Eq. (21) for the permittivity of J-aggregate shell
and the particle size-dependent permittivity (20) of the Ag core (solid curves). The corresponding results for
the uncoated Ag- and Au-particles with » = 20 nm (dashed curves). The calculations made in the quasistatic
approximation (9) using Eq. (15) for the dipole polarizability of the core—shell particle (dash-dotted curves).

are two absorption peaks differing substantially in intensities. The left peak is located close enough to
the peak associated with the localized dipolar plasmon resonance in the uncoated silver particle. For a
hybrid particle with core radius 20 nm and shell thickness 3 nm, the blue shift of this peak relative to
the peak position of a bare Ag particle is equal to AX = 19 nm. This follows from the comparison of the
solid and dashed curves in Fig. 2. Similarly, the right peak of a composite Ag/OC system exhibits a red
shift relative to the unperturbed transition frequency wg corresponding to the line center in the J-band
of the OC dye. In the wavelength scale, it is equal to AXA = 3 nm.

For the Au/OC particle, the right spectral peak of the composite system is blue shifted (AX = 5 nm)
with respect to the peak position of the uncoated Au particle. The left peak turns out be red shifted
(AX = 3 nm) with respect to the center of the line (A\oc = 407 nm) in the J band of the OC dye. This is
a result of different connections between the excitation energies of the plasmon resonance and the Frenkel
exciton in isolated Ag/OC and Au/OC systems. In the examples considered in Fig. 2, the absorption
maximum of the J band for the OC dye (Aoc = 407 nm) is located between the peaks of the uncoated
silver and gold particles with radius of 20 nm (Aag = 399 nm and Aa, = 527 nm, respectively).

In Fig. 3, we present the results of our calculations of the absorption cross sections for Ag/NK2567 (pa-
nel a) and Au/NK2567 (panel b) particles as functions of the light wavelength in vacuum. It is seen that,
in the first case (panel a), the distinctions between the maximum intensities of the left and right peaks
turn out to be particularly large due to the substantial difference A\ = )\(()J) — )\ﬁg in the positions of
the plasmon-resonance peak of the uncoated silver nanoparticle and the line center of the NK2567-dye
Jband (ANk2s67 = 693 nm).

In the second case (panel b), both peaks are located closer to each other, and their maximum values
are comparable. But the absolute value of the intensity of the right peak turns out to be approximately
the same as in the case of Ag/NK2567 nanoparticle. This differs considerably from the case where the
metallic core is covered with the OC J-aggregate. From Fig. 2, one can see that the material of the core
significantly affects the maximum value of the exciton-peak intensity.
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Fig. 3. Absorption cross sections o,ps of the core-shell Ag/NK2567 (panel a) and Au/NK2567 (panel b) nanopar-
ticles in aqueous solution versus light wavelength in vacuum A (core radius r; = 20 nm, shell thickness £ = 3 nm).
The other notation is the same as in Fig. 2.

The calculations presented by the solid curves in Figs. 2 and 3 have been carried out using the general
formulas (1), (4)—(8) of the extended Mie theory. The dash-dotted curves represent the corresponding
results obtained in view of simple Egs. (9) and (15) for the cross section of photoabsorption by the dipolar
particles, which corresponds to the quasistatic approximation for the two-component spherical system.
As is obvious from the comparison of the solid and dash-dotted curves, the quasistatic approximation
allows one to explain qualitatively the presence of two peaks in the photoabsorption spectra. However,
it is definitely inapplicable for a reliable quantitative description of the processes under consideration for
the identified geometrical parameters of nanoparticles (r; = 20 nm, ¢ = 3 nm). Thus, in this case, it is
necessary to utilize the general formulas (1), (4)—(8) presented in Sec. 2.

The disagreements between the exact calculations of the absorption cross sections and those per-
formed in the quasistatic approximation grow substantially with increase in the overall particle radius rs.
Furthermore, at large values of r9, the quasistatic approximation is unable not only to provide reliable
quantitative results, but also does not allow us to explain correctly some new features in the wavelength
dependences of the absorption spectra. To demonstrate this fact, we show in Fig. 4 the results of our
calculations of the absorption cross sections for hybrid Au/TC particles with core radius r;1 = 42 nm
(panel a) and r; = 55 nm (panel b) and thickness of J-aggregate layer £ = 3 nm.

One can see that even for an overall particle radius of 7o = 45 nm (panel a), the behavior of the
absorption cross section predicted by the general formulas differs substantially from that obtained using
the simple formula of the quasistatic approximation, particularly, in the spectral range between 350 and
450 nm. This appears to be due to the presence of the quadrupolar plasmon resonance in the gold core
of a hybrid particle perturbed by its interaction with the Frenkel exciton in the J-aggregated shell. A
further increase in the particle radius leads to a significant change in the behavior of the absorption cross
section. In particular, a substantial redistribution occurs in the peak intensities over the spectrum. This
follows from our calculations presented in Fig. 4b for the Au-core radius 1 = 55 nm and the TC-dye
shell of thickness 3 nm. For such particle radius, the difference in the behavior and the values of the
absorption cross sections predicted by the extended Mie theory and the quasistatic approximation grows
substantially. This is the result of an increase in the contribution of multipolar plasmon-supported modes
interacting with the Frenkel exciton in a J-aggregated shell with increase in the core radius.
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Fig. 4. Absorption cross sections o,ps of Au/TC particles in aqueous solution versus the light wavelength in vacuum
A for the geometrical parameters: 1 = 42 nm and 7o = 45 nm (panel a), and r; = 55 nm and 3 = 58 nm (panel b).
The results obtained using general Egs. (1) and (4)—(8) for the total contribution of all TM- and TE-modes (solid
curves). The contributions of the dipolar n = 1 (dashed curves) and quadrupolar n = 2 (dash-dotted curves) terms
in Eq. (1).

6. Comparison of Absorption and Scattering Cross Sections

We consider now the relative contribution of light scattering and absorption processes to the total
extinction cross section in dependence on the size of the composite metal-organic nanoparticle. We carried
out our calculations not only using the general formulas of the extended Mie theory for the Au-core and
J-aggregated shell of the PIC dye. They cover three various sets of geometrical parameters of the core-
shell particle (see Fig. 5). It is seen that in the visible range the scattering spectra consist of two main
peaks if the size of the hybrid particle is not too large. Note also that the long-wavelength peak is split
into two components. As follows from Fig. 5a, the contribution of light scattering process to the total
extinction cross section is sufficiently small compared to the photoabsorption process, provided that the
particle radius is less than 25 nm.

An increase in the overall particle radius leads to a rapid growth of the scattering cross section. It
directly follows from the comparison of simple formulas (9) and (10) of the quasistatic approximation,
according to which oaps o< 72 and ogear o 70, As a result, when the radius of the composite Au/PIC
particle increases up to about 45 nm, the contribution of the scattering process becomes comparable
with the photoabsorption (see the dash-dotted and dashed curves in Fig. 5b), and further on it appears
predominant. Finally, Fig. 5¢ demonstrates the typical wavelength dependence of the extinction cross
section under the condition of appreciable domination of light scattering process over the photoabsorption.

7. Size-Dependent Effects

All calculations presented above were carried out using the dielectric function of a noble metal core
taking into account the size-dependent effect associated with scattering of free electrons on the metal—
dye interface of a nanoparticle. However, this effect becomes especially strong when the particle size is
considerably smaller than the mean free path of electrons [, in the bulk silver or gold samples (I is equal
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Fig. 5. Cross sections of extinction oyt (solid curves), absorption o,y (dashed curves), and scattering ogeat, (dash-
dotted curves) of light by Au/PIC nanoparticles in aqueous solution. Calculations were performed for the following
geometrical parameters: 71 = 25 nm and ro = 27 nm (panel a), 71 = 45 nm and r9 = 49 nm (panel b), and
ry = 65 nm and re = 70 nm (panel c).

to 52 and 13 nm for Ag and Au, respectively). The case of small particle sizes is of particular interest
because most of the available experimental data on the spectroscopic properties of metal/J-aggregate
complexes have been obtained for an overall particle diameter of the order of 10 nm and J-aggregate
layer of thickness about 1 nm (see [20-27]).

Here, we demonstrate the behavior and typical values of the absorption cross section for such nanopar-
ticles by presenting our results for the Ag/J-aggregate and Au/J-aggregate systems composed of the TC,
OC, and PIC dyes (see Figs. 6 and 7). It is seen that, for all the systems under consideration, the
absorption cross sections are about two orders of magnitude smaller than the cross sections presented in
Figs. 2 and 3. This is due to a decrease in the particle size by about four times. The positions of maxima
in the absorption spectra and the intensity distribution strongly depend on the specific magnitudes of the

=
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350 400 450 500 550 300 350 400 450 500 300 400 500 600
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Fig. 6. Absorption cross sections oaps of Ag/TC (panel a), Ag/OC (panel b), and Ag/PIC (panel ¢) particles in

aqueous solution versus the light wavelength in vacuum A (core radius r; = 5 nm, shell thickness £ = 1 nm). The

results obtained using the permittivity (21) of the J-aggregate shell and size-dependent permittivity (20) of the Ag

core (solid curves), and the same calculations obtained using the reference data [53] for the permittivity of bulk

Ag (dashed curves).
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Fig. 7. Absorption cross sections oaps of Au/TC (panel a), Au/OC (panel b), and Au/PIC (panel c) particles in
aqueous solution as functions of the light wavelength in vacuum A (core radius r; = 5 nm, shell thickness £ = 1 nm).
The results obtained using the permittivity (21) of the J-aggregate shell and size-dependent permittivity (20) of
the Au core (solid curves). The same calculations obtained using the reference data [53] for the permittivity of
bulk Au (dashed curves).

optical constants of the core and shell materials and turn out to be quite different for Ag/J-aggregate and
Au/J-aggregate complexes with TC, OC, and PIC dyes. Furthermore, as follows from the comparison of
the solid and dashed curves in Figs. 6 and 7, the size-dependent effect (associated with scattering of free
electrons on the metal-dye interface) significantly affects the absorption spectrum of a hybrid system in
the whole visible range. However, its quantitative influence strongly depends on the optical constants of
the core and shell materials and turns out to be different at various wavelength ranges.

For example, in the case of Ag/J-aggregate systems involving TC, OC, and PIC dyes (see Fig. 6),
the use of the permittivity of bulk silver yields a considerably narrow width of the left peak as compared
to the experimental data [20,27]. At the same time, the use of the size-dependent permittivity of the
Ag core [see Egs. (18) and (20)] in calculations of the absorption cross sections of Ag/TC, Ag/OC, and
Ag/PIC particles leads to widths of such a peak that are about 1.8, 4.0, and 5.6 times greater than those
obtained using the permittivity of bulk Ag. Simultaneously, the intensities of these peaks decrease in their
maxima by 2.4, 4.2, and 5.7 times, respectively. The inclusion of the size-dependent dielectric function of
the silver core in the calculations is also important for the correct evaluation of the absorption-spectrum
behavior in the wavelength range far from the left peak. In fact, as can be seen from Fig. 6, in spite of
the fact that the influence of the size effect on the maximum intensity of the right peak is not as strong
as in the case of the left peak, nevertheless, it appreciably affects the light-intensity distribution in this
spectral range. This is particularly important in the cases of Ag/TC and Ag/OC systems because for
Ag/PIC particles the plasmon—exciton coupling is sufficiently weak (see insets in Fig. 6).

We consider now the influence of the particle size in Eqs. (18) and (20) for the dielectric function
of the gold core on the absorption spectrum of the Au/J-aggregate particles in aqueous solution. As
directly follows from Fig. 7, the size effect particularly affects the values and the behavior of the ab-
sorption cross sections in the wavelength range between 500 and 550 — 600 nm. For example, the peak
intensities for Au/TC, Au/OC, and Au/PIC nanoparticles obtained using the size-dependent dielectric
function e54(w, 1) of the gold core are about 2.0, 1.6, and 1.9 times lower than those obtained using the
permittivity of the bulk Au sample. It is worthwhile to point out, however, that, on the whole, the overall
influence of the size-dependent effect on the spectroscopic properties of Au/J-aggregate particles is some-
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what weaker as compared to the case of Ag/J-aggregate systems. This is due to the fact that, in the range
of hw < 3.5 eV, the main contribution to the permittivity of silver comes from free electrons while, in the
case of the gold core, bound electrons also play a significant role starting from Aw 2 1.7 eV. Moreover,
the electron mean free path for gold (I4" = 13 nm) is much shorter than that for silver (lf}og = 52 nm).
Correspondingly, at a particle size from 5 to 10 nm, the increase in the electron scattering frequency
induced by collisions with the particle surface has a much weaker effect on the dielectric properties of
gold nanoparticles.

The influence of geometrical parameters of a composite particle on the spectral behavior of the
absorption and scattering processes is not only a result of the dependence of the effective plasma damping
constant vintra on the core radius that leads to the size-dependent dielectric function iy, of a metallic
core. As directly follows from the simple formulas of the quasistatic approximation (9), (10), and (15),
the polarizability a of a hybrid particle and the cross sections o,ps and ogeat strongly depend on the
dielectric properties of its core and shell materials, as well as on the overall radius ro and the ratio ry/ro
of internal and external radii of concentric spheres. Moreover, an increase in the overall particle size leads
to more complicated dependences of the optical spectra on geometrical parameters of a metal-organic
system than those predicted by simple limiting expressions of the quasistatic approximation.

Below we present some additional calculations, which clearly demonstrate significant changes in posi-
tions and intensities of spectral peaks in photoabsorption even at rather small changes in the geometrical
parameters of the metal/J-aggregate nanoparticle (see Fig. 8). We performed our analysis for two dif-
ferent cases: (i) for particles with constant size of the Ag-core (r; = 10 nm) and thickness ¢ = ry — r;
of the J-aggregate shell of the OC dye varied from 1 up to 5 nm (panel a); (ii) for particles of the
same composition with fixed thickness of their shell (¢ = 3 nm) and core radius r; varied from 8 up to
12 nm (panel b).

We note that the intensities and mutual positions of both peaks strongly depend on the ratio of the
shell thickness ¢ = ro — r; with respect to the radius of the composite particle. More precisely, the
increase in £ with fixed value of r; leads to a significant shift of the left peak towards lower wavelengths
(see Fig. 8a) and to a decrease in its maximum. On the contrary, the increase in core radius r with
fixed value of ¢ leads to the shift of the left peak towards higher wavelengths (see Fig. 8b), and its
magnitude also grows. Note that in the first case (panel a) the ratio r1 /72 of the internal and external
radii of the concentric spheres decreases from 0.91 to 0.67, while in the second case (panel b) it grows
from 0.73 to 0.8. This explains the opposite behavior of the left spectral peak of a composite particle in
the examples presented in Figs. 8a and b. As for the second peak (the right one in Fig. 8), its position
also changes with variation in the r; /ry ratio, but very slightly. This absorption maximum shifts towards
higher wavelengths in the first case (panel a) and in the opposite direction in the second case (panel b).

With increase in the particle size, the behavior of the absorption spectra becomes more complicated
(see Fig. 9). As above, here we present our results for two cases: (i) for particles with constant size of
the Ag core (r; = 30 nm) and shell thickness ¢ varied from 2 up to 12 nm (panel a); (ii) for particles
with fixed thickness of their shell (¢ = 3 nm) and core radius 7 varied from 29 to 39 nm (panel b). The
spectra of such nanoparticles differ from each other not only in the positions and intensities of the peaks
but also in a number of maxima. For example, there are three absorption peaks in the visible range and
an additional peak with low intensity in the UV-range (Apax ~ 320 — 330 nm) for the Ag/OC-particle
with core radius r; = 30 nm and shell thickness ¢ = 12 nm (see curve 6 in Fig. 9a). At the same time, for
such a particle with internal radius 1 = 39 nm and ¢ = 3 nm, there are only two maxima in the visible
range and one maximum in the UV range (see curve 6 in Fig. 9b). These differences in spectral behavior
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Fig. 8. Absorption cross sections of Ag/OC particles in aqueous solution versus the light wavelength in vacuum.
The results obtained for the fixed core radius 7y = 10 nm and various shell thickness ¢ =1 nm (1), 2 nm (2),
3 nm (3), 4 nm (4), and 5 nm (5) (panel a). The calculations for the fixed shell thickness £ = 3 nm and various
core radius 8 nm (1), 9 nm (2), 10 nm (3), 11 nm (4), and 12 nm (5) (panel b).
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Fig. 9. Absorption cross sections of Ag/OC particles in aqueous solution versus the light wavelength in vacuum.
The results obtained for a fixed value m = 30 nm of the core radius and various shell thickness ¢ = 2 nm (1),
4 nm (2), 6 nm (3), 8 nm (4), 10 nm (5), and 12 nm (6) (panel a). The calculations for the fixed shell thickness
¢ = 3 nm and various core radius 29 nm (1), 31 nm (2), 33 nm (3), 35 nm (4), 37 nm (5), and 39 nm (6) (panel b).

take place despite the fact that the external particle radii o = 42 nm are equal to each other in both
cases. Note that the peak in the vicinity of A ~ 360 — 370 nm is the result of the quadrupole plasmon
resonance in the metallic core perturbed by its interaction with the Frenkel exciton in the J-aggregate
shell. One more important feature consists in the behavior of the peaks resulting from the coupling of the
exciton with the dipolar plasmon. It is seen in Fig. 9b that with increase in the core radius, the middle
and right peaks in the visible range are shifted towards each other and finally form a single absorption
maximum near 406 nm.

8. The Influence of the Oscillator Strength on the Absorption Spectra
of Hybrid Nanoparticles

We consider here the influence of the reduced oscillator strength f in the molecular J band of a dye
shell on the positions of maxima and the peak intensities in the absorption spectra of Ag/J-aggregate
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and Au/J-aggregate particles (see Figs. 10 and 11). Except for the oscillator strength, all other optical
constants related to the J-aggregate shell are taken the same as in the case of the OC and TC dyes (see
Table 1).

Since the core radius in the calculations presented in Figs. 10a and 11 a does not exceed 20 nm, the
high-order multipole resonances (quadrupole and others) do not make a significant contribution to the
absorption cross section. Hence the hybrid modes in a composite system appear only as a result of the
interaction between the Frenkel exciton in the OC- or TC-dye shell with the dipolar plasmon resonance
in the Ag or Au core. Therefore, it is not surprising that at f # 0 the absorption spectrum of the Ag/J-
aggregate system consists of three different peaks in accordance with our analytical model developed
in [43].

a)

n N | 5 5 3 ; R r— 1 . PR ] N 5 n | " N | N N N | 2 - 1
200 300 400 500 600 200 300 400 500 600
», nm A, nm

Fig. 10. Cross section of the light absorption by Ag/J-aggregate nanoparticles in aqueous solution as a function
of the light wavelength in vacuum A and the reduced oscillator strength f in the molecular J-band. The core radii
and shell thickness are 1 = 10 nm and o — 1 = 2 nm (panel a) and r; = 30 nm and r5 — r; = 3 nm (panel b).

It is seen from Fig. 10a that these peaks behave in a different manner with change in the oscillator
strength. An increase in f leads to a shift in the position of the maximum of the “long-wavelength” peak
towards large wavelengths. Simultaneously the positions of maxima of the “middle-wavelength” and
”short-wavelength” peaks exhibit shifts towards small wavelengths. When f — 0, the “long-wavelength”
and “middle-wavelength” peaks move towards each other, forming a uniform peak. The corresponding
maximum value of the absorption cross section tends to zero with decreasing f. At the same time, the
frequency of the “short-wavelength” peak falls with decrease in the f value and becomes hw ~ 3.34 eV
at f = 0 for specific magnitudes of the core radius and shell thickness chosen in our calculations (see
Fig. 10a). The intensity of this peak is not equal to zero at f — 0. Therefore, the absorption spectrum
at f = 0 consists of only one peak. This corresponds to the limiting case of a silver particle coated by
a thin dielectric layer with a constant permittivity €5° and surrounded by a host medium (water in our
calculations) with permittivity ey,.

As we have already pointed out, the intensities of “long-wavelength” and “middle-wavelength” spectral
peaks are equal to zero at f — 0. As is obvious from Fig. 10, the intensities of both peaks grow with
increase in the f value in the whole range of f under consideration. At the same time, the intensity of
the “short-wavelength” peak first falls with increase in the oscillator strength, and then becomes equal
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to zero at f ~ 0.6. The further increase in the value of f leads to a growth in the intensity of the
“short-wavelength” peak. Notice that the dip in the behavior of the cross-section maximum can be easily
explained, in view of Egs. (9) and (15) of the quasistatic approximation.

The other behavior of the absorption cross section as a function of the wavelength and oscillator
strength occurs for Au/J-aggregate particles in aqueous solution (see Fig. 11a). When f = 0, the
absorption spectrum has a single peak, corresponding to the plasmon resonance in a homogeneous gold
particle coated by a dielectric layer with a constant permittivity e3° and surrounded by a host medium
with permittivity ey. This is similar to the case of a hybrid nanoparticle with a silver core. However,
an increase in the reduced oscillator strength f leads to the appearance of a single additional absorption
peak possessing sufficiently large width. The position of the maximum of this peak is shifted towards
small wavelengths with a rise in the f value, while its width grows substantially.

As to the “long-wavelength” absorption maximum, its intensity also grows with increase in f, but its
position turns out to be shifted in the opposite direction, i.e., towards large wavelengths.

We obtained the results presented in Figs. 10 a and 11 a for sufficiently small overall size of a composite
particle (r; = 10 nm and r9 = 12 nm), when the spectral behavior is determined by the interaction of the
Frenkel exciton with the dipolar plasmon in a metallic core. With a considerable increase in the particle
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radius, the Frenkel exciton interacts with both the dipole and quadrupole plasmons in the metallic core.
In the case of Ag/J-aggregate nanoparticle, this gives rise to some additional peaks in the absorption
spectra of hybrid nanoparticles. We illustrate this feature in Fig. 10b, where we present the results of
our calculations of the absorption cross section as a function of the wavelength and oscillator strength
performed for internal particle radius r;1 = 30 nm and J-aggregate shell thickness ¢ = ro — r1 = 3 nm.

For the composite Au/J-aggregate system, an increase in the overall particle radius leads to a consi-
derable redistribution of the intensity over the spectrum in addition to the usual growth in the magnitudes
of the absorption cross sections (see Fig. 11b). Moreover, the width of the “short-wavelength” spectral
peak grows so large that becomes more like a plateau for geometrical parameters of the composite system
r1 = 30 nm and ro = 33 nm, in particular, at large values of the reduced oscillator strength f = 1.5. A
further increase in the overall radius of the composite nanoparticle leads to the appearance of some new
absorption peak (see Fig. 11¢). It is located between the “plateau” and the “long-wavelength” maximum.
Additional spectral peaks appear here only at sufficiently large values of ». All this indicates somewhat
different features in the electromagnetic coupling between the localized plasmons and the Frenkel excitons
in hybrid metal/J-aggregate complexes containing silver and gold as a metallic core.

9. Summary

To summarize, we have carried out a series of calculations of photoabsorption and scattering cross
sections for noble-metal nanoparticles covered with different cyanine dyes. We showed that, depending on
geometrical parameters and optical constants of the core and shell materials, the total number of peaks
in the extinction spectra can be variable and their intensities can be close to each other or strongly differ
in magnitudes (see Figs. 5-9). This is a result of the quite different influence of the plasmon-exciton
interaction in such hybrid complexes.

We paid special attention in this work to a detailed investigation of size effects. At small values of the
overall particle radius, the absorption cross section of metal/J-aggregate complexes is determined by the
contribution of the electric-dipole term and can be reasonably described in the quasistatic approximation.
In this range, the contribution of scattering processes to the extinction cross section is small (see Fig. 5a).
The simple formulas (9) and (15) of the quasistatic approximation become inapplicable for a reliable
quantitative description of the absorption process when the particle radius is greater than ~ 10 — 15 nm.
With further increase in the particle size, the absorption cross sections exhibit a more complicated spectral
behavior due to the influence of additional multipolar plasmon-supported modes.

Some features in the extinction spectra result from the competition of contributions of the absorption
and scattering processes with increase in particle size. For silver particles covered with J-aggregates,
the total extinction cross section is primarily determined by the absorption process for radii less than
25 — 35 nm, depending on the specific values of A and the shell thickness. The contribution of the
scattering process becomes predominant for greater values of the particle radius. For hybrid particles
with a gold core, the scattering process is predominant starting from values of ro = 55 — 60 nm.

Our calculations demonstrate that the peak positions in the absorption and scattering spectra strongly
depend on the reduced oscillator strength f of the J band in a dye shell. The variation in f leads also to the
significant redistribution of the peak intensities over the spectrum. Thus, the value of f strongly affects
the plasmon—exciton coupling strength. All this indicates that there is a possibility of effective control
of the plasmon—exciton interaction and optical properties of hybrid materials based on the metal-organic
nanoparticles.
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