\ . S .
x; IEEE Photonics Journal y
- An IEEE Photonics Society Publication .

3 Open Access

A Semiclassical Model for Plasmon-Exciton
Interaction From Weak to Strong Coupling

Regime
Volume 13, Number 3, June 2021

Fan Wu
Rongzhen Jiao
Li Yu

Rabi splitti'ng

| f =004

i

" =0.03

[ F=0.02

f =001

Normalized Extinction

;

Excitonic band

0

f

450 500 550 600
Wavelength (nm)

DOI: 10.1109/JPHOT.2021.3070061

%l%lIEEE | ‘/\: IEEE
SOCIETY o



IEEE Photonics Journal Semiclassical Model for Plasmon-Exciton Interaction

A Semiclassical Model for
Plasmon-Exciton Interaction From Weak
to Strong Coupling Regime

Fan Wu ©©, Rongzhen Jiao, and Li Yu

School of Science, Beijing University of Posts and Telecommunications, Beijing 100876,
China

DOI:10.1109/JPHOT.2021.3070061
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
License. For more information, see https.//creativecommons.org/licenses/by-nc-nd/4.0/

Manuscript received January 19, 2021; revised March 16, 2021; accepted March 29, 2021. Date of
publication March 31, 2021; date of current version April 21, 2021. This work was supported in part by
the National Key R&D Program of China under Grant 2016YFA0301300, in part by the Fundamental
Research Funds for the Central Universities, in part by the National Natural Science Foundation
of China under Grant 11574035, and in part by the Fund of State Key Laboratory of Information
Photonics and Optical Communications (Beijing University of Posts and Telecommunications), PR
China. Corresponding author: Li Yu (e-mail: yuliyuli@bupt.edu.cn).

This article has supplementary downloadable material available at https://doi.org/10.1109/JPHOT.
2021.3070061, provided by the authors.

Abstract: Exploitation of strong light-matter interactions in plasmonic systems is vital
for both fundamental studies and the development of new applications, which enables
exceptional physical phenomena and promotes potential applications in nanophotonics,
information communication, and quantum information processing. Here, we present an an-
alytic model of the interaction between localized surface plasmon resonances and excitons,
where a semiclassical method is utilized. Two kinds of metal nanoparticles (nanosphere and
nanoellipsoid) are considered in our study. We derive the relations between the plasmon-
exciton coupling strength and the geometry and material parameters of the coupled systems
when the nanoparticles are put in an excitonic medium, which give an important guide to
achieve strong plasmon-exciton coupling. Rabi splittings and anticrossing behavior are also
demonstrated in the calculated extinction spectra. Furthermore, we propose an analytic
model to describe the strong coupling between excitons and plasmon in a core-shell
nanorod structure which is widely used in experiments. Our study provides a simple yet
rigorous prescription to both analyze and design plexcitonic systems aiming at strong
light-matter interactions.

Index Terms: Metal nanoparticles, localized surface plasmon resonances, plasmon-exciton
interaction, strong coupling.

1. Introduction

Strong light-matter interactions not only are significant for fundamental quantum optics but also
are beneficial for exploring advanced quantum devices. The plasmonic nanocavities can confine
light to the sub-wavelength scale giving an ultralow mode volume, and possess the merits of
achieving strong light-matter interactions at room temperature [1]-[4]. Thus, the plasmon-exciton
coupling has attracted great interest in recent years [5]-[11]. When a surface plasmon mode
strongly interacts with excitonic material, new plasmon-exciton hybrid states called plexcitons
emerge [12]-[14]. which have significant applications such as Bose-Einstein condensation, [15] low
threshold laser [16], and quantum information processing [17]. Plexcitons are mainly characterized

Vol. 13, No. 3, June 2021 4800110


https://orcid.org/0000-0002-1896-281X
https://orcid.org/0000-0003-4134-585X
https://doi.org/10.1109/JPHOT.2021.3070061

|IEEE Photonics Journal Semiclassical Model for Plasmon-Exciton Interaction

by Rabi splittings in spectra and avoided crossing behavior in dispersion diagrams of the coupled
systems. To date, strong plasmon-exciton coupling has been experimentally achieved in many
configurations, including thin metal films with excitonic layers [18], [19], nanoparticles coated with
excitonic materials [1], [20], and the nanogap between plasmonic structures filled with molecules
or quantum dots [21]-[26]. Rabi splittings in different spectra such as scattering spectra [14], [21],
extinction spectra [27], photoluminescence spectra [12], [28], and circular dichroism spectrum [29]
also have been demonstrated.

In order to achieve strong plasmon-exciton coupling, the characteristics of the plasmonic
nanocavities are crucial. The material and geometrical requirements for specific plasmonic nanos-
tructures are expected to be known when designing the plexcitonic structures. However, most of
the previous studies of plasmon-exciton coupling relied on purely phenomenological models of
classical coupled oscillators [7], [14], [30], [31]. In these phenomenological models, the magnitude
of the coupling strength is introduced as a free parameter not explicitly connected to the material
or geometrical properties of the coupled system. And in some quantum theories, a general
relationship between coupling energy g and the effective cavity volume V is given by g o 1/+/V
[1], [24], [26], yet one cannot directly obtain geometric and material requirements for the plasmonic
structures to achieve strong coupling as well. In order to clarify the influence of the geometry
and the material parameters of the coupled system on the light-matter interaction, herein we
develop an analytical model based on classical electromagnetic analysis of metal nanoparticles
and a semiclassical description of the electronic transitions related to the excitonic material to
solve plasmon-exciton coupling. The following three configurations are considered: 1) a metal
nanosphere in excitonic medium, 2) a metal nanoellipsoid in excitonic medium, and 3) a metal
nanoellipsoid coated with an excitonic layer. The rigorous analytical relations between the coupling
interaction strength and the material and geometrical parameters are given. In configuration 1), we
investigate the specific material requirements of the metal nanosphere and the excitonic medium
for strong coupling. Rabi splitting is demonstrated in the extinction spectra. In configuration 2), we
discuss the influence of the aspect ratios of the metal nanoellipsoid on the coupling strength. We
also track anticrossing behavior by adjusting the surface plasmon resonance across the exciton
absorption band. At last, we investigate a practical configuration: a metal ellipsoid coated with an
excitonic layer, which could be used to describe core-shell nanorod plexcitonic systems widely used
in experiments.[1], [12] The relation of the layer thickness and Rabi splitting is obtained. Our results
provide a useful guide in designing plexcitonic systems and have potential applications in quantum
information processing, bio-sensing, and individual nanoscale optical devices.

2. Metal Nanosphere in Excitionic Medium

Let's start with the simplest case, a metal nanosphere put in an excitonic medium. Metal
nanospheres are the most basic plasmonic nanoparticles, which support localized surface plasmon
resonance. They are widely used in the research of nano-optics due to their theoretical simplicity
and experimental accessibility. In spite of this, when it comes to the metal nanosphere coupling with
excitonic material, the strict analytic relationship between the plasmon-exciton interaction strength
and the material parameters of the coupled systems has not been given. In this section, we will
discuss this issue in detail.

Fig. 1(a) shows a metal nanosphere in a uniform and infinite excitonic medium. According
to a classical electromagnetic analysis (see the Supplementary Information, Section S1), the
polarizability of the nanosphere is given by:

Em — Ee
em+ 2e¢
The permittivity of the excitonic material ¢, is described by a Lorentzian model: g, = g0 —
fw? f(w? — wf 4 iTow) , Where e is a parameter describing the permittivity at f = 0. I' is the line
width. f is the reduced oscillator strength, which is proportional to N/V, the number density of
oscillators[9]. we can consider the excitonic medium as a polymer background containing dye

a1 = 4nR®

(1)
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Fig. 1. (a) Schematic diagram of a metal nanosphere surrounded by excitonic material. ep is the
permittivity of the metal and ¢, is the permittivity of the excitonic material. R is the radius of the
nanosphere. (b) Extinction spectra of Au nanospheres in excitonic material with different oscillator
strength f.

molecules with a suitable optical absorption or consider the excitonic medium as quantum dots
dispersed in solutions, then f can be adjusted by the dye molecules or quantum dots concentration.
The permittivity of the metal is described by a Drude model [32]: ¢y = £, — w5/ (0? + iwl'n).wp is
the plasma frequency of the free electron gas, and &2 is a dielectric constant that describes the
residual polarization effect due to the positive background of the ion cores. For small metal spheres,
the absorption is much stronger than scattering and dominates the extinction. The extinction cross
section is given by Ce, 1 = Caps = kIm[a1](See the Supplementary Information, Section S5). We can
calculate the extinction cross section of the metal nanosphere by substituting the expression of
em and g, into (1). Fig. 1(b) shows the extinction spectra of a Au nanosphere in excitonic media
with different oscillator strength f. ¢, is set to 1.77 (water). The resonance frequency wq is set
to 2.36 eV, I'y is set to 50 meV which is a typical linewidth of J-aggregates [33] .The radius of
the nanosphere is set to 15 nm. In the case of f =0 , ¢, is a real number, and the extinction
spectrum exhibits an uncoupled surface plasmon resonance. Then, as f increases, Rabi splitting,
a characteristic strong coupling phenomenon, occurs in the extinction spectra and becomes larger
as f increases. The two generated resonance peaks correspond to the two energy branches of the
hybrid modes branches, the upper (UB) and lower (LB) branches.

Next, by further simplifying the analysis results, the conditions required to observe the Rabi
splitting and the correlation between coupling strength and material parameters are discussed.
Here, we define the localized surface plasmon resonance frequency as wn.w, satisfies the follow-
ing equation: Re[en + 2¢.] = 0 in the uncoupled case (f = 0), which leads to w? = w%/(sfo + 260)-
We assume that o ~ wo ~ wn. Then, the extinction cross section can be given by Cy 1
Im[1/(w — &1_) — 1/(w — @1.)](see the Supplementary Information, Section S4). Therefore, two
resonance branches corresponding to @+ will appear in the extinction spectrum. @ are ex-
pressed as:

o + (o o — @0\
Dre= ok (’"2 >+G12. )
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Fig. 2. Evolution of coupling constant vs the plasma frequency w, of the metal and the value of 2.

The golden and silver dots correspond to the Au and Ag nanosphere, respectively.

Here, we introduce the following complex frequencies g = wg — iT'g/2 and @y = wy — iTy/2. Gy
is given by:

fw?
GP=——F—. (3)
2(c2 + 2¢4)

The parameter G; determines the magnitude of the resonance energy difference between the
UB and LB when the detuning between plasmons and exciton is close to zero (wn ~ wp). Thus, we
defined the plasmon-exciton coupling constant as G;. According to (3), the coupling strength has
no dependence on the magnitude of the electric near-field around the nanosphere when they are
homogeneously coated with the excitonic material. Instead, the coupling strength depends on the
material properties of the excitonic material and the metal. It is easy to find a linear relationship
between f and the square of Rabi splitting. As f increases, the interaction between plasmons and
excitons becomes stronger, leading to a larger Rabi splitting. This is consistent with the changing
trend shown in Fig. 2. Equation (3) also shows that G; increases with decreasing the value of
£ , Indicating that strong coupling can be more easily observed for excitonic materials with a
low background permittivity. Let us now examine in more detail the dependence of G; on the
material properties of the metal. Fig. 2 shows how the coupling constant Gy varies with the material
parameters of the metal sphere (£2, wp). In this case, e is set to 1.77 (water), and f is set to 0.04.
In order to obtain higher coupling strength, the plasma frequency of the metal material needs to
be higher and 2 needs to be smaller. The cases of two commonly used noble metal materials
that support surface plasmon resonance, Au and Ag, are marked with golden and silver dots in
Fig. 2. It can be seen that Ag is more suitable for designing plasmon-exciton coupling systems than

Au under the same conditions. According to (2), Q = 2\/((@,,1 — d)o)/2)2 + G2 corresponds to the
spectrum splitting caused by plasmon-exciton coupling. At zero detuning (o, = wy), the theoretical
condition required for observing Rabi splitting is G2 > (I'm — I'p)?/16. However, in order to observe
clearly resolvable Rabi splitting in the experiment, the splitting given by 2[Gi? — (I'n — I'o)2/16]"/2
must additionally exceed the value of the average line widths (I'n + I'0)/2 , which leads to GZ >
(T'm? 4 T'y2)/8. Combining this condition with (3), we can get requirements for material parameters
to achieve strong coupling.
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Fig. 3. (a) Schematic diagram of a metal nanoellipsoid surrounded by excitonic material. ¢, is the
permittivity of the metal and ¢, is the permittivity of the excitonic material. (b) Extinction cross section of
a Au nanoellipsoid in the coupled case and uncoupled case calculated from (4). f is set to 0.04 and wq
is set to 1.85eV.

3. Metal Nanoellipsoid in Excitionic Medium

To further study the influence of geometric parameters on the interaction between the nanoparticles
and the excitonic medium, we consider a more complex configuration, a metal nanoellipsoid in a
uniform and infinite excitonic medium. Nanoellipsoid is one of the most general smooth particles
of regular shape which can be solved analytically. Unlike nanosphere, nanoellipsoid have three
different semi-axes (a, b, ¢). Their surface plasmon resonance characteristics strongly dependent
on the three semi-axes, providing a convenient way to adjust the surface plasmon resonance.
Nanorods, a class of practical nanoparticles often used in experiments, can be abstracted as
nanoellipsoid with a > b = ¢, and their surface plasmon resonance can be controlled by the aspect
ratio a/b. Fig. 3(a) shows the schematic diagram of the second configuration. The permittivity of
the excitonic material and the metal are ¢, and ¢,. The major and minor semi-axes of the ellipsoid
are a and b, respectively. The other semi-axis ¢ is not shown in the diagram. By introducing the
ellipsoid coordinate system, we can solve the corresponding Electromagnetic equations and obtain
the polarizability of the nanoellipsoid (see the Supplementary Information, Section S2):

Em — €Ee

. 4
3Ln(em — €e) + 3ee )

ap y = 4mabe

N = a, b, ¢ corresponds to the three semi-axes of the ellipsoid. Ly is the geometrical factor (see
the Supplementary Information, Section 2). When b=c , Ly is decided by the aspect ratio of
nanoellipsoids. Substituting ¢, and ¢, into (4), we can obtain the extinction cross section of the
small metal nanoellipsoid which is given by Cey 2 ~ Cabs = kIm[Y__, , @2 n] (see the Supplemen-
tary Information, Section S5). Fig. 3(b) shows the extinction cross section of a Au nanoellipsoid
with a=10nm, b= c¢=5nm in the coupled case and uncoupled case calculated from (4). The
uncoupled nanoellipsoid has two resonance peaks corresponding to transverse localized surface
plasmon resonance (TLSPR) and longitudinal localized surface plasmon resonance (LLSPR). The
coupling strength between the LLSPR and excitons is stronger than that between the TLSPR
and excitons which we will discuss later. Therefore, in the coupled case, we mainly consider the
interaction between the LLSPR and the excitons. We set excitonic resonance energy as 1.85 eV to
match the LLSPR and the parameter f as 0.04. The imaginary part of ¢, which corresponds to the
absorption of excitonic material is shown with the red dotted line in Fig. 3(b). A large Rabi splitting
about 172 meV arises in the extinction.
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Fig. 4. Evolution of coupling constant Go, vs the geometric factor L, of the metal nanoellipsoid.

To achieve strong coupling, the LLSPR frequency has to be close to the exciton fre-
quency. we make the assumption o ~ wg ~ wp, the LLSPR frequency wp, satisfies the follow-
ing equation: Re[La(sm — e) + €] = 0 in the uncoupled case (f = 0), which leads to w3 ~ w? =
(a)f,La)/(LE,,sfjo + (1 — Ly)es)-The extinction cross section resulting from the a axis polarization can
be reduced to Cg 2 o IM[1/(w — @2-) — 1/(w — @24 )] (see the Supplementary Information, Section

S4). @, are expressed as @oy = (W + @p)/2 + \/(5),,, — @0/2)% 4 Gp42. The coupling constant Go,
can be written as:
fo? La(1—L
G2a2 — _P a( a) 5. (5)
4 [Lag + (1 — La)eoo]

According to (5), the coupling constant G., depends on the geometrical factor L,. Fig. 4 shows
the graph of the change of coupling constant with geometric factor. Here, different L, actually corre-
sponds to different coupling systems with the corresponding wy andwpaccording to the assumption.
As the geometric factor L, increases, the coupling constant between a axis plasmonic resonance
and excitons decreases. In order to correspond the geometric factors to specific geometric shapes,
we consider the nanoellipsoid as a prolate spheroid (cigar-shaped) which has one major axis
and two equal minor axes. Then, L, < 1/3 and L, > 1/3 corresponds to the case where a axis
is the major axis of the prolate spheroid and a axis is the minor axis of the prolate spheroid.
When L, = 1/3 , the nanoellipsoid degenerates into a nanosphere. Comparing with the results in
Fig. 4, we can conclude that at the same condition, the coupling strength between the LLSPR and
excitons is stronger than that between the plasmon resonance of nanosphere and excitons, and
the coupling strength between the plasmon resonance of nanosphere and excitons is stronger than
that between the TLSPR and excitons. A larger aspect ratio of the nanoellipsoid gives a smaller
geometric factor which leads to a stronger coupling strength.

Another important strong coupling phenomenon is the anticrossing behavior of the two energy
branches with the detuning between plasmons and excitons changing. A common way to adjust the
detuning is to change the geometric parameters of nanoparticles to adjust the plasmon resonance.
Here, the evolution of the energy of the two branches in extinction spectra is obtained by changing
the aspect ratio of the nanoellipsoid. The result is shown in Fig. 5. Aspect ratios of the nanoellipsoid
are adjusted from 1 to 2.5. The resonant wavelength of the LLSPR has a nearly linear dependence
on the aspect ratio, as the red dashed line depicts in Fig. 5. When the LSPR energy crosses the
absorption band of the excitons, typical of an anticrossing behavior is observed as a result of the
strong plasmon-exciton coupling.
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4. A Metal Nanoellipsoid Coated With an Excitonic Layer

In this section, we investigate a more practical situation: a metal nanoellipsoid homogeneously
coated with an excitonic layer. Fig. 6(a) shows the schematic diagram of this configuration. The
thickness of the excitonic layer is d.The major and minor semi-axes of the ellipsoid are a and b
, respectively. The coated nanoellipsoid is placed in a background medium with permittivity . In
experimental researches, rod-like nanoparticles coated with dye molecules are commonly used for
plasmon-exciton coupling. [1], [12] For these cases, a metal nanoellipsoid homogeneously coated
with an excitonic layer is a good analytic approximation. We can obtain the extinction cross section
of the metal nanoellipsoid, which is given by Cex 3 & Caps = kIm[Y_y_, , . @3_n]- The polarizability of
the coated nanoellipsoid o3 y is given in the Supplementary Information, Section S3. If we make the

Vol. 13, No. 3, June 2021 4800110



|IEEE Photonics Journal Semiclassical Model for Plasmon-Exciton Interaction

—_— —
) wn
o o

Rabi splitting (meV)
n
o

0 2 -+ 6 8 10 12
Thicknesse d (nm)

Fig. 7. Rabi splitting as a function of the excitonic layer thickness.

three semi-axes of the nanoellipsoid equal, this model will be transformed into a nanosphere coated
with an excitonic layer. The extinction spectra of coated Au nanoellipsoids with different excitonic
layer thickness are shown in Fig. 6(b). In the calculation, the parameters of the Au nanoellipsoid
and the excitonic medium are the same as those set in Section 2. The three semi-axes of the metal
nanoellipsoid are set as a= 10nm, b = ¢ = 5nm. The excitonic layer thickness d varies from 0 nm
to 12 nm, and the background permittivity ¢, is set to 2.5. Without the coating layer, the spectrum
displays two resonance corresponding to the TLSPR and LLSPR of the Au nanoellipsoid. After
coating the nanoellipsoid with an excitonic layer, a Rabi doublet occurs in the extinction spectra
and Rabi splitting increases with thickness. This phenomenon indicates that as the thickness of
the exciton layer increases, more excitons participate in the interaction, resulting in a larger Rabi
splitting. However, when the thickness increased to a certain extent, the change of Rabi splitting
with the thickness gradually decreased. A new peak around the exciton absorption appears. It is
due to the interaction between the dye molecules placed at a greater distance and the nanoparticle
is weak, giving rise to the coexistence of weak and strong coupling.

Fig. 7 shows Rabi splitting as a function of the excitonic layer thickness. It shows that Rabi
splitting increases with the thickness of the excitonic layer. When the excitonic layer thickness
increases from 8 to 12 nm, Rabi splitting increases only slightly from 161 meV to 164 meV. This
indicates that there is a Rabi splitting saturation phenomenon in the core-shell plexcitonic systems.

Finally, in order to verify the validity of our theory, we use a coated Au nanoellipsoid to
reproduce the strong coupling phenomenon between the Au nanorods and J-aggregates in the
experiment. The hybrid plexcitonic system consisting of nanorods and J-aggregates can be easily
implemented experimentally and has been used to study strong coupling in the reference [12].
Fig. 8(a) shows the experimental extinction spectra of the uncoupled Au nanorods and the Au
nanorods coated with excitonic material. The excitonic material we used here is J-aggregates
of 56-dichloro-2-[[56-dichloro-1-ethyl-3- (4-sulfobutyl)-benzimidazol-2-ylidene]-propenyl]-1-ethyl-3-
(4-sulfobutyl)-benzimidazolium hydroxide (TDBC) molecules. The absorption wavelength of J-
aggregates (J-band) is located at 588 nm and the LLSPR wavelength of the uncoupled Au nanorods
is about 590 nm. When the Au nanorods are coated with the J-aggregates, the extinction of the
gold nanorods shows obvious Rabi splitting phenomenon, which proves that the strong coupling
is achieved. This strong coupling phenomenon is theoretically reproduced in the Fig. 8(b) with a
coated Au nanoellipsoid. In the calculation, the Au nanorods are abstracted as an Au ellipsoid and
the three semi-axes of the Au nanoellipsoid are set as a = 36nm, b = ¢ = 22nm, and the excitonic
layer thickness dis set to 4 nm. The parameter f is set to 0.07 and the wq is set to 2.1eV(J-band).
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Fig. 8. (a) Experimental extinction spectra of the uncoupled Au nanorods, the Au nanorods coated
with J-aggregates, and the J-aggregates. (Insert: transmission electron microscopy of the used Au
nanorods) (b) Calculated extinction spectra of the uncoupled nanoellipsoid and the nanoellipsoid
coated with an excitonic layer, and the imaginary part of ¢.

£x0lS Set 10 2.5 and I’y are set to 50 meV, respectively. The permittivity of Au is described by Drude
model [32], and the metal loss was adjusted appropriately to fit the experimental results.

5. Conclusion

In conclusion, we present a semiclassical description of the interaction between localized surface
plasmon resonances and excitons. Our approach is different from previous analytical studies
of plasmon-exciton coupling, which have relied on purely phenomenological models of classical
coupled oscillators. In these phenomenological models, the magnitude of the coupling strength is
introduced as a free parameter not explicitly connected to the material or geometrical properties
of the coupled system. We reveal the relations between the coupling strength and the material
and geometrical parameters of several specific plexcitonic systems. Our results make a number of
useful predictions for designing strongly coupled plasmon-exciton systems. In configuration 1 and
2, expressions for the plasmon-exciton coupling strengths of a metal nanosphere or nanoellipsoid
in excitonic media are obtained, which are given by (3) and (5). It is concluded that Ag is more
suitable for designing plasmon-exciton coupling systems than Au under the same conditions and
the nanoellipsoid with a larger aspect ratio has stronger coupling strength when interacting with
excitonic material. In configuration 3, we show that for a metal nanoellipsoid homogeneously
coated with an excitonic layer, the thicker layer gives rise to a larger Rabi splitting. However,
when the thickness increased to a certain extent, the molecules placed at a greater distance
are only weakly coupled with the metal nanoellipsoid. Thus, there is a Rabi splitting saturation
phenomenon in the core-shell plexcitonic systems. Our results provide a simple yet rigorous
method for designing plexcitonic systems and have potential applications in quantum information
processing, bio-sensing, and nanoscale optical devices.
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