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Abstract

A strong coupling regime with dressed states is formed when a propagating surface plasmon (PSP)
mode coherently exchanges energy with an ensemble of excitons at a rate faster than the system’s
losses. These states are superpositions of superradiance excitons and PSP modes, accompanied by
remaining subradiance or ‘dark’ exciton states. Dark-states are ubiquitous, especially in disordered
systems, and they rise in number as the number of excitons increases. Here, the ultra-strong coupling
regime was experimentally observed with the coupling strength to bare energy as high as ¢/ Eciron ~
0.23 using a self-antiaggregation organic dye, BOBzBT), in an Otto-SPR configuration. We show that
the hybrid system of excitons in a nonlinear organic dye layer and a PSP mode can be described by
employing dark-state in a theory of nonlinear third-order sum-frequency generation (TSFG). Close
agreement between the theory and the experiment has been demonstrated. The study opens up a new
perspective for establishing a relationship between the optical properties of a third-order nonlinear
material and the extent of strong coupling.

1. Introduction

The relative rates of the fundamental processes influence the dynamics of a collection of identical excitons
confined in a cavity with a propagating surface plasmon (PSP) mode. Strong coupling is realized when the energy
transfer rate between excitons and PSP mode is larger than the loss rate in the system [1, 2]. This results in the
formation of an excitons-PSP hybrid with distinct eigen-energies and eigenstates, when compared with the
uncoupled systems. Besides offering a fundamental understanding of light—matter interactions, the regime has
distinct optical properties, allowing for major advancements in photonic computers and optical

nanodevices [3].

Previously, the observations of the strong coupling were reported using a variety of organic materials. This is
due to its large dipole moment which enables the observation of the strong coupling regime at room
temperature [4, 5]. Itis understood that an organic material with a relatively narrow absorption linewidth such
as J-Aggregates is favourable to induce the strong coupling regime [6—8]. However, the self-aggregation in this
sort of organic molecule appears to be a stumbling barrier in generating a repeatable resonance of the strong
coupling system. This is because the aggregation caused a bathochromic shift in uncoupled material absorbance,
resulting in inconsistent observation of the strong coupling response [9, 10].

© 2023 The Author(s). Published by IOP Publishing Ltd
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Meanwhile, developing an unambiguous interpretation of the strong coupling regime has proven difficult
due to several competing effects involving excitons and plasmon modes. The classical approach employs
oscillators with amplitudes in Newton’s equations of motion where the interaction term mediates the coupling
through the coupling constant, g. On the other hand, the quantum approach to the excitons-PSP hybrid system
has utilized the Tavis-Cummings (TC) model [11-13]. These studies begin by establishing a qualitative
description of the dispersive behavior and the splitting, either by using a classical field or a quantized field
interacting with a two-level system [14—17]. The TC model predicts the formation of an antisymmetric state for
which the spontaneous emission is suppressed. This state, commonly referred to as a subradiance dark-state, is
relatively long lived compared with the atomic relaxation time and maintains the original exciton
energy[18,19].

The dark-states that are delocalized across multiple molecules have been observed when disordered
chromophores are strongly coupled to a cavity mode [20]. Furthermore, it is expected that the presence of
semilocalized dark modes will affect coherent energy transport [21]. The exploitation of the dark-state asa
theoretical foundation has proven to provide a consistent microscopic interpretation for the experimental
observation [22]. Moreover, as a result of introducing the dark-state, the system can be treated as a four-level
system and has been used to explain the nonlinear optical signals in the strong-coupling regime [23]. There are
several studies that deal with the dark-state in nonlinear systems such as in photonic waveguides [24],
electromagnetically induced transparency (EIT) [25], all-optical switching [26] - and in optomechanical systems
[27]. Furthermore, it has been demonstrated that the phase matching for parametric anti-Stokes generation is
self-induced due to the dark-state coherence [28].

In this study, a novel self-antiaggregation organic dye, 1,4-bis[2-(5-thiophene-2-yl)-1-benzothiopene]-2,5-
dioctyloxybenzene (BOBzBT,) was employed to observe the ultra-strong coupling between excitons and PSP in
an SPR-Otto experiment. The experimental result was interpreted using the theory of nonlinear third-order
sum-frequency generation (TSFG), which describes the hybrid system of a collection of identical excitonsin a
nonlinear dielectric film and the PSP mode. The three polaritonic states including the subradiance dark-state in
the TSFG model, along with the addition of phenomenological damping terms analogous to those in the density
matrix formulation, enable the utilisation of the four-level system predicted in the TC model. A good theory-
experiment agreement enables the prediction of the optical properties of the strong coupling regime.

2. Experimental observation of the ultra-strong coupling regime

BOBzBT, was prepared according to our previous work [29] and was diluted in chloroform (CHCI;) solvent.
One millilitre quantities of the dilutions with different BOBzBT,:CHCl; ratios (mg:ml) were spin-coated on to
the Au film at 3,000 RPM for 40 s. Prior to that, a 50 nm thick Au layer was sputter deposited on a glass substrate
using sputtering machine with the rate of 9 nm min~'. The BOBzBT, dye consists of two thiophene monomers
and was added in order to enhance the nonlinear optical response [30]. The presence of bis-donor groups
enhanced the efficiency of two-photon absorption [31]. The thiol groups in BOBzBT), provide for strong
adhesion to the gold surface. Meanwhile, the advantages of the dioctyloxy-substituents on phenylene moiety are
that the dye demonstrated good solubility in common organic solvents apart from preventing intermolecular
self-aggregation [32].

A surface plasmon resonance (SPR) experiment was conducted using the Otto configuration [33]. In the
Otto-SPR configuration, the sandwiched dielectric structure between metal and prism simulates an optical
cavity. This facilitates the excitons-PSP coupling by reducing the energy dissipation caused by the light escaping
from the system. Light was incident on the prism-dielectric layer interface with an angle, 6 and its reflectance was
collected by a spectrometer. During each measurement, a drop of deionized water was placed on top of the prism
before it was sandwiched with the bare Au film or the BOBzBT,:CHClI; coated Au films.

To avoid the risk of interference between the functional groups and to encourage one-to-one interaction
between Frenkel excitons and PSP, deionized water is used in place of the index-matching fluid. Immersion oil,
for example, has organic constituents such as the hydrogenated phenyl moiety and polybutene. Thus, using an
inorganic material such as water eliminates the likelihood of interference in the strong coupling regime
generated by Frenkel excitons.

The experimental setup is shown in figure 1. One of the challenges in the Otto configuration is the difficulty
of adjusting the gap between the metal and the prism with precision. Several methods for controlling the gap
have previously been proposed, including using a pre-defined thickness spacer coating [34], a dielectric polymer
spacing layer [35], or dual-resonance fibre [36]. While using spacer foil allows for precise measurement of spacer
thickness, slight differences in the thickness of the left and right spacer foils may produce inconsistent results. To
achieve a relatively uniform spacer thickness, we apply a uniform load to the Au film. This is accomplished by

2



I0OP Publishing Phys. Scr. 98 (2023) 055501 M A Ahamed Khushaini et al

4
s Load
X} S .~ Glass substrate
y© Y
o -+ Gold film
*3 < A %
a:@ **=+« BOBzBT,:CHCl;
‘.
| "+ BK7 Prism
\.
To
detector
From light
source

Figure 1. Schematic diagram of an SPR-Otto experiment.

placinga 5 grams iron block on top of the back of Au-coated glass substrate and leaving it for 5 min to allow the
excess deionized water to ooze out of the layer.

The emission and absorption spectra of BOBzBT, in CHCl; are shown in figure 2(a) where two distinct
peaks are evident. Interestingly, this double-peaked spectrum is similar to the spectra of Rhodamine 6 G, an
organic material that has been used to produce the strong coupling observation [14]. The frequency 6.246 x
10"* Hz, which correspond to the absorbance peak, has been chosen for the scaling frequency factor, w, for the
later experiment-theory fitting process. It was chosen because it is more pronounced than the 2.58 eV peak. In
addition, 2.58 eV coincides with the emission peak. The absorbance spectra in figure 2(b) depict evidence of self-
antiaggregation. In contrast to the widely employed J-aggregate and H- aggregate, neither bathochromic or
hypsochromic shifts were seen when the concentration of BOBzBT), was varied.

By referring to figure 2(c), it can be seen that there is only a single dip in the reflectivity curve obtained usinga
bare Au film at an angle of incidence of § = 62°. However, the curve appears to have flattened between 1.5 and
2 eV. This might be attributed to increased skin depth and dissipation losses at longer wavelengths.

On the other hand, the introduction of BOBzBT), into the system, namely, by modifying Au film with
1BOBzBT,:3CHCI; dilution, resulted in the presence of a second reflectivity dip at 1.54 eV. The dip is preserved
even when using a slightly higher concentration, i.e., IBOBzBT,:2CHCl;-modified Au film. This left-hand dip
becomes pronounced when the concentration of BOBzBT) is increased to 3BOBzBT,:5CHCI; implying its
proportionality to the exciton number, N.

The strong coupling is characterized by the dip splitting of the SPR spectra for which the splitting width must
be larger than the width of the material absorption line and the uncoupled plasmon line, 7,. The linewidths of
the absorbance spectrum as in figure 2(a) and the uncoupled plasmon as in figure 2(c), are determined at
560 meV and 580 meV, respectively. These values are smaller than the splitting width—with a splitting to
dampingratio (2 g/,) of ~2.1, which indicates that the ultra-strong coupling regime has been achieved.

In figure 2(d), the energies of the two dips representing the upper polariton (UP) and lower polariton (LP)
are plotted as a function of incidence angle. The dashed lines correspond to the energies of the absorbance (E,)
and emission (E.p;) lines of the uncoupled excitons while E,, represents bare PSP energies. The system exhibits
very clear anti-crossing behaviour with the smallest Rabi splitting energy of ~580 meV at an incidence angle of
52°. Meanwhile, the splitting energy at zero detuning value (E,,s—E,) is determined to be ~697 meV at 65° of
incidence angle. The error bars were calculated by taking the standard deviation for t = 5, where ¢ is the number
of repeating measurements with different 3BOBzBT2:5CHCI; coated Au films.

Many reported strong coupling experimental observations show that the upper and lower polariton
dispersions asymptotically approach both the exciton and plasmon dispersions. In [37], by using two coupled
harmonic oscillators, symmetrical Rabi splitting can be illustrated by equating the loss rates of both oscillators.
There are, however, a number of studies where asymmetrical Rabi splitting is present [38—40]. An asymmetrical
anti-crossing may be attributed to the difference in energy dissipation between material and bare cavity, or PSP
mode. The discrepancy is accentuated in systems containing a disorganized ensemble of excitons, such as the
one investigated herein.
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Figure 2. (a) Emission and absorption spectra of BOBzBT, in CHCl; solution. The inset shows the molecular structure of the
BOBzBT, dye. (b) Absorption spectra of BOBzBT, in CHCl; at different concentrations. The BOBzBT,:CHCI; ratios (mg/ml) are
represented by the ratios 1:1, 3:5, 1:2, 1:3, and 1:4. (c) Experimental SPR spectra obtained from the bare Au film and from BOBzBT:
CHCl;-modified Au films at § = 62°. (d) Variation of the Rabi splitting energies as a function of incidence angle (t = 5), where E 1,
and E,p,¢; lines are the bare absorbance peaks while E, curve is uncoupled PSP.

3. Theoretical description and fitting with the experiment result

The interaction scheme for the present study is illustrated in figure 3(a). In an uncoupled system, the molecular
states of the collection of excitons in a dielectric or dye film are denoted as | ) and | ), respectively. When the
light impinges on the coupling prism of an SPR setup, the strong coupling between the excitons and the PSP
mode occurs. A four-level excitons-PSP hybrid system is assumed to have formed with a pair of dressed states
|2)and |4), together with a dark-state, |3). The dark-state is located at the same energy as the uncoupled
molecular state | 7*). The following non-degenerate frequency components —wy, w, and wj are introduced to
represent the transition resonance between states | 1)—|2), |2)—|3)and | 3)—|4), respectively. The hybrid system is
assumed to be phase matched with the TSFG and occurs at the resonance transition between state |4)and state
[1). The spectral behaviour of the TSFG generated field with a frequency of wy = w; + w; + wj isinvestigated.

To model the interaction between these frequency components, we recall the following scalar wave equation
for a time-dependent electric field propagating in a nonlinear medium:

V2E(t) = puyeo(O’E(1)/01?) + po(9*PNE(1) /0r?) ¢

where the wave equation is obtained using the general form of Maxwell’s equations in the absence of any current
density or charge density. 11, and & are the permeability and permittivity of free space, respectively - while PN
is the induced nonlinear polarization in the medium and is expressed in terms of the field vector, E.

The system is assumed to be in a phase matching condition with the following set of nonlinear polarization
components, corresponding to the sum-frequency generation phenomenon:
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Figure 3. (a) An excitons-PSP hybrid system consists of the dressed states |2), |4) and the dark-state |3) was formed when N excitons
interacting strongly with a PSP mode. The theory proposes that the reflected light has a resonance frequency of wj and is generated by
the TSFG process. (b) Only a single dip curve is obtained when f; = 0and x® = 3.841 x 1077 esu. The insets show the change of
the response curve as the result of varying the value of x® and f,, respectively.

P(w; + wy + w3) = 6e0 XV E (1) E> (1) E5(t)
P(w; 4 w3 — wy) = 660XV E> () Es (D ES (1)
P(wi + w3 — wy) = 659X VE (1) E3(1) Ef (1)
P(w 4 wy — wy) = 60XV E (1) E;() ES (1) (2)

where Y@ is the third-order nonlinear susceptibility of the medium. We have treated the field components as
plane waves propagating in the z-direction. The amplitude E;(¢) assumed to be a periodic function of position
that varies along the optical axis z with a period on the order of the optical wavelength E; = A;(z) ek, where

i = 1, 2, 3, 4. By substituting the equation (2) into equation (1) and using the slowly-varying-amplitude-
approximation, d2E;/dz? < dE;/dz, the following set of coupled equations is obtained [41]:

da )
( 4) lf( )X( )Emmala2a3 — a4741
du

da . =2
( 1) If( ) )Emina2a3a;k — 41712
du

da .
( 2) —if, ( )X( )Emlnﬂ1ﬂ35l4 2723
du

d .
( a3) lf?r( )X Emma1 612614 — 43734 (3)
du

where the original equations are scaled by introducing the following dimensionless variables; a; = E;/E i,

u = w,z/cand f, = w;/w,- representing the scaled electric field, scaled thickness of the dielectric film and the
scaled transition frequency, respectively. The value of the frequency factor w, is the experimental value of the
exciton resonance frequency for the uncoupled system as introduced in the previous section. Eomin corresponds
to the field enhancement caused by the PSP mode and is fixed at Epmin = 107V m~'—while the field amplitude
a, can be obtained by solving equation (3) numerically. By plotting a, against the frequency, f,, the SPR
reflectivity spectra can be observed.

Meanwhile, Y G =12, 23, 34, 41)is the scaled damping parameter similar to that of phenomenological
damping in density matrix formalism (more in the later section). It was included since transitions within the
excitation rung of the TC model may be induced solely by emitter decay processes, such as incoherent contact
with the external environment or the dipole dephasing rate attributable to processes unrelated to population
transfer [42]. Moreover, in TC model, the transition to dark-state from the ground state is forbidden [43].

Itis demonstrated in figure 3(b) that, with all damping parameters equal to zero and using the scaled
thickness range of 0 < u < 0.27, only a single dip - similar to that of the uncoupled SPR spectrum, is observed
when letting f; = 0. On the contrary, with the nonzero f;, the solution curve demonstrates two dips spectrum.
In the experimental observations reported in [44—46], the dips are shifted as the result of changing the angle of
incidence of the light. Moving the angle of incidence closer to or away from the critical angle also affects the
depth of the dips.
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Figure 4. Close match demonstrated between the theoretical curve and the experimental curve.

By solving the equation (3) at which the value of y® is increased, the aforementioned experimental
observations can be closely imitated (see Inset 1 of figure 3(b)). With this similarity, we can infer that, as the
incident angle approaches the critical angle, i.e., when the deflection of incident light is minimized, the strength
of the evanescent wave is increased, thereby increasing the strength of Y in the system. This is consistent with
the fact that the large magnitude of the third-order susceptibility enhances polariton - polariton interactions
[47]. In addition, the right dip is particularly sensitive to the value of f,. As f, increases with respect to the fixed
values of f, and f;, the right dip diminishes and approaches a single dip SPR spectrum (see Inset 2 of figure 3(b)).
This may be owing to the reasons that the separation between the dressed states |2)and |4)becomes smaller as f;
increases—and therefore the energy of the system approaches that of the uncoupled system.

Theoretical fitting to the experimental results was then carried out. We have used the curve obtained from
the 3BOBzBT,:5CHCI; coated Au film, due to its pronounced left-hand dip - as compared with the one obtained
from the 1BOBzBT,:3CHCl; and 1BOBzBT,:2CHClI; coated Au films. The energy, eV, of the x-axis on the
experimental spectrum in figure 2(c) must be converted to the scaled frequency, f;, in order to fit with the
theoretical spectrum. Therefore, the experimental spectrum was scaled with the uncoupled BOBzBT), resonance
frequency, 6.246 x 10" Hzor2.74 eV.

The theory showed close agreement with the experimental curve (figure 4). However, in order for the theory
to match with the experimental curve, the damping terms Vi needed to be nonzero - namely ~,, = 0.429,

Y3 = 0.031and v;, = 0.041. The damping for the [4) — |1) transition, ~,, was fixed at v,; = 7, + Y53 + Y34
- while, the frequency components were set at fl =2.500 and f, = f; = 0.550, respectively.

4. Estimation of transition dipole moment and coupling parameter

The coupling parameter for excitons-PSP hybrid can be derived by investigating the total Hamiltonian of the
system. We begin by considering N; excitons in each Nj layer - where the total Hamiltonian is given by;

ﬁTaml = ZZ h‘;O i i Oisj + Z hW(k)ﬂ ay

j=li=1
—I—ﬁZZi A —((ago" + aka)e’k 7

j=1li=1
+alo + aiaf)eﬂ’??) (4)

the first and second terms on the RHS of equation (4) represent the Hamiltonian for free excitons and the freely
quantized PSP modes. o} ; and 0jj are the exciton raising and lowering operators, respectively while a g is the

creation operator and ay is a destruction operator for a PSP mode. The quantization of the PSP mode is

6
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performed by using the vector, ug = (L (E))’l/ze’EZZ (g + iz k |/1¥Z), where the L (12) is chosen so as to
normalize the energy of the mode [48]. i} and ii7 are the unit vectors for the in-plane direction (x-axis) and the
vertical direction (z-axis), with respect to the in-plane momentum k (z-axis), respectively.

The system enters the ultra-strong coupling regime when the parameter coupling, gis increased to more
than 10% of the uncoupled exciton energy (g/ Eexciton=,0.1) [49]. As can be seen in the experimental spectra
(figure 2(c)), the system operates in the ultra-strong coupling regime with a Rabi splitting corresponding to a
23% of the uncoupled exciton energy. Thus, the interaction Hamiltonian, i.e., the third term of the RHS in
equation (4) is obtained in its general form without employing the rotating wave approximation (RWA). This is
due to the fact that the presence of non-negligible antiresonant light-matter coupling terms in ultra-strong
coupling regime causes changes in both excited and ground state properties. However, the Hamiltonian will not
be evaluated explicitly in the following analysis. Rather, the interaction term in equation (4) is used to obtain the
coupling parameter expression for the case of a collection of identical excitons and the PSP mode.

Aisthearea of the coupling site and the coupling parameter g, can be written explicitly as

g, = ugp(w ) /2€0)'/? where it is proportional to the value of the transition dipole moment, ;.. To
approximate the total Hamiltonian as an ensemble of N; x Nj excitons, we define the collective mode of the N,
and Nj excitons as D]T ;= (N, ZZ,I\L l(b:j + bi,j)e”z 7 and D; = (g}fq })) IZ]N; 4 D;,E’ respectively. We
assume that the system has alow pumping ratei.e. az ;0ij < 1-forwhichwe canreplace the alT’ ;and 0;; with the
bosonic operators, bfj and b; j, respectively [50]. This assumption is used since the experimental reflectivity dip
observed has a broad linewidth (figure 2(a)), suggesting that the system is in the low excitation domain.

glf\f (lz ) is defined such that the collective mode operator is normalized where the summation over all Ny in
the thickness z for a single mode gives (see details of the derivation in the Supplementary Information):

g = |Nlg,I ®)

where, N = N;N;/Az is the number density, i.e. the number of excitons per unit volume.

From the theoretical-experimental fitting shown in figure 4, the value of x® for 3BOBzBT,:5CHCl; is
identified at x® = 4.355 x 1077 esu. Third-order nonlinearity in strong coupling systems is not unique. There
were previous research reports on strong-coupling observations using organic materials with relatively high
third-order susceptibility values, such as polymethine dye, Rhodamine 6 G, and P3HT [51, 52]. To estimate the
value of the transition dipole moment, 41,, for 3BOBzBT,:5CHCI; and subsequently, the value of coupling
constant, g IZI ,aquantum mechanical description of x® must be employed. This description uses the density
matrix formulation - which is more appropriate in the circumstances where there is an ensemble of identical
excitons. Moreover, the formulation permits the addition of the phenomenological damping, Y which
rationalize the transition between polaritonic states as utilized in the present theory. The density matrix
expression for y,, is given by [53, 54];

Hyy = NEXOi;

(M2 + Y23)wa(f, — f123))2 + (1 (2 + 723))?
—Y2(2 + Y23)wa(fy, = fra3) — Payiz(ma + 723)

(6)

where f,,; = f; + f, + f;andat theresonance, f, — f,,; = 0.In the following estimation of 11,;, we choose the
number densityat N = 8.7 x 102 m~>. This choice is made considering that the molecular weight of
BOBzBT, is higher than that of the TDBC molecule - for which avalue of N = 1.47 x 10%°> m~? was obtained
in [55]. By using the value of x® obtained from fitting process, we estimate that the value of the transition dipole
momentis 1, = 2.365 D. Substituting /1, into equation (6) and observing the change of x® with respect to f,
reveals that the resonance frequency of the strong coupling regime s f, = 3.599, (see figure 5(a)). While the
magnitude of x®® depends on the value of y,,, N and Y- varying the frequency components in equation (6)
shifts the resonance as demonstrated in the inset of figure 5(a).

Following the estimation of 1, the behavior of the coupling constant g/ir] with respect to f, is investigated.

Here, only the vector perpendicular to k,ie. itl5| k |/ EZ in equation (5), is considered - since the coupling
strength is at its highest value when the molecular orientation is perpendicular to the cavity surface [56]. To
calculate the value of L (]; ), the value of the dielectric function for the Au film is estimated using the Drude-
Sommerfeld dynamical equation for a free-electron with the following bulk Au values of the plasma frequency,
wp = 13.8 x 10" s~ 'and the damping term, I' = 1.075 x 10 s~!, respectively [57, 58]. To estimate the
thickness of the dielectric layer, we have carried out a theoretical calculation using linear Fresnel analysis at both
the dielectric-prism and the dielectric-Au layer interfaces - and have fitted it to the experimental results in
figure 2(c). At z = 130 nm, the theoretical curves match with the experimental dips. However, as the linear
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Figure 5. (a) The resonance frequency of strong coupling regime is observed at f; = 3.599. The resonance shifted by varying the f,, as
shown in the inset. (b) Coupling parameter as a function of f, evaluated using the same value on N used during the estimation of
transition dipole moment.

optics treatment failed to predict the dynamics of strong coupling, two distinct values of dielectric constant, &,
were used to fit the left and right dips namely &, = 49.3 + 28.1iand ¢, = 35.0 + 36.2i, respectively.

The experimental coupling parameter value, g:] = 659 meV (figure 2(c)) can be obtained by evaluating
equation (5) using the same number density value, N = 8.7 x 102 m~3, and the thickness of the dielectric
layer, z = 130 nm as demonstrated in figure 5(b). However, to obtain the same resonance frequency at
f, = 3.599 asin figure 5(a), the dielectric function must be equal to &, = 46.3 + 28.1i, which is between the
values of &, estimated using a linear optics formalism. Furthermore, this value of ¢, is near the dielectric constant
value of dimethyl sulfoxide (DMSO) (CH3),SO, another well-known organosulfur compound [59].

5. Comparison with dressed state formalism

Previous theoretical work that deals with the strong coupling regime has mainly been developed by employing
the two-level dressed state formalism. While the two-level system is useful in describing the splitting, only a
qualitative description can be deduced from the models [60]. On the contrary, the TSFG theory proposed in the
present work offers a unique combination from the viewpoint of the interaction between the energy levels and
the nonlinear optical response. To compare, we investigate the system in figure 3(a) for an avoided crossing
between the dressed states | 2)and |4)—but this time, by excluding the dark-state, | 3).

A tensor product from two Hilbert spaces, namely |n) ® |i) = |n, i)where |n) and |i) represent the photon

state at photon number 7 and the i™ exciton state, respectively were considered. We start with a diagonalization
of the following 2 x 2 Hermitian matrix;

nw — wp/2 ig}f’\/ﬁ

AY=n|
—ig, Jn (n— Dw + wy/2

@)

by using the rotation matrix, R (), and the eigenvalue matrix, S- i.e. a"” =R (0)SR (0)~. The characteristic

polynomial for the determinant of the matrix A" e E.=(x — %+ (g — %) + 4x{)/2hasalso been
employed, where welet nw — wo/2 = x;, (n — 1)w + wy/2 = x and igN/n = x3. Subsequently, the
expression of eigen-energies for a pair of dressed states | 2)and |4) is given by (a detailed account of its derivation
is presented in the Supplementary Information):

E|4)|2 = (7’1 — 05)&] + OSﬁQn (8)

Q,= (A + 4ng:] ")1/2 s the generalized Rabi frequency and A is the detuning frequency, namely

A = w — wy- where wy is the excitons-PSP resonance frequency. By letting n = 1, we plot 6E4)/ T and 6E)5)/h
asafunction of A whereat A = 0, the values of the eigen-energies for the dressed states |2) and |4) can be

8



10P Publishing

Phys. Scr. 98 (2023) 055501 M A Ahamed Khushaini et al

10
9 O
/"(V
8 AR
.
£ 5 ‘
=g 29,
[ I
Q4
3 o)
/"(\
2 ROZE
Wl 2 2 4

0
A (eV)
Figure 6. The Rabi splitting between states | 2)and | 4)- as a function of the detuning A, where 6E, jy = E|j, — Ejq) (j = 2, 4). The
value of Zgli" is taken from the experimental curve in figure 2(c).

expressed as |, = (4.498 4 wq)hiand E4 = (5.817 + wy)h, respectively (figure 6). By using equation (8) and
substituting glf\r = 659 meV into 2, wy is calculated to be: wy = 2.494 x 10" Hz.

Meanwhile, the TSFG resonance predicted by the theoretical fitting to the experimental results is determined
tobe: f, = 3.599. Since f, = w,/w,, the value of wy, which also represents the excitons-PSP resonance
frequency, is determined at wy = 2.246 x 10'° Hz.

It can therefore be seen that the difference between the excitons-PSP hybrid resonance, wy, calculated via the
dressed state formalism with experimental coupling parameter, g:] ,and wy, predicted by the theory of TSFG, is
~~1 eV which is coincide with the value of Frenkel exciton binding energy. Furthermore, this disparity is owing
to the fact that when calculating equation (8), only a single exciton is considered. The theory of TSFG, on the
other hand, was constructed based on the presence of the dark-state in the system. This, as anticipated in the
Otto-SPR configuration, implies that the system contains many excitons, because the number of dark-states
grows as the number of excitons increases [20].

6. Conclusions

In summary, we report the experimental observation of ultra-strong exciton-PSP coupling in an SPR system
using the Otto configuration. The large Rabi splitting corresponding to 23% of the uncoupled exciton energy is
obtained using an organic dye, BOBzBT,. BOBzBT), has self-antiaggregation properties, which permits the
construction of a stable strong coupling system even in a relatively exposed configuration like the SPR setup. We
demonstrated, for the first time, that the values of the transition dipole moment and coupling parameter in the
strong coupling regime can be estimated analytically by combining the third-order nonlinearity theory of sum-
frequency generation (TSFG) with the subradiance dark-state predicted in the TC model. The theory also
consistently responds to the behaviour of a strong coupling system, and the good fit with the experimental
results confirms the applicability of our model. To test the proposed theory, we compared it to the existing
dressed state formalism and found that the difference in excitons-PSP resonance frequency is ~1 eV, which
corresponds to the Frenkel binding energy. Aside from emphasising the significance of self-antiaggregation dye
in strong coupling systems and allowing for a practical implementation of the subradiance dark-state to describe
the phenomenon, present work paves the way for the discovery of a previously unknown link between optical
characteristics in the strong coupling regime.
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