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In this work, we use optical reflectance spectroscopy to study the plexciton formation between Ag nanoclusters
and Cgp molecules. The Ag clusters are fabricated on high-quality graphene under ultrahigh vacuum (UHV) and
exhibit a strong absorption band at 3.4-3.6 eV due to the localized surface plasmons (LSPs). The plexciton
formation is studied by depositing Cgy on the Ag clusters in the same chamber under UHV. The deposition
of Cgy molecules leads to a splitting of the LSP band into multiple peaks with a systematic peak energy shift
as a function of Cg coverage 6c,,. Notably, the details of the energy shifts and intensity variation sensitively
depend on the LSP energy. Model calculations in which the plexciton coupling is approximated by a point-dipole
interaction predict the evolution of the plexciton eigenenergy and oscillator strength with 6c,, that reasonably
explains the experiments. We demonstrate that spectral changes under the deposition of Cg cannot be explained
by considering only one electronic transition in Cg, as is commonly assumed. Instead, it is necessary to take into
account three electronic transitions of Cgy and their intermixing with the LSP to fully comprehend the spectral
evolution. The plexciton coupling energy is estimated to exceed 0.6 eV, indicating that the system reaches a
strong coupling regime. Our findings suggest the importance of simultaneously considering multiple electronic
excitations of molecules to understand strongly coupled plexcitons.
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I. INTRODUCTION

The light-matter strong coupling (SC) between plasmon-
polariton and quantum emitters (QEs) has attracted consid-
erable interest in the last decades because it can serve as
a promising platform for the next generation of quantum
nanophotonics [1-5]. Although unavoidable large metallic
loss occurs at the interface, plexcitons, a coupled mode be-
tween the plasmon-polariton and the excitons, have been
detected and have gathered much attention. Notably, the ex-
treme confinement of the electromagnetic field ensures a
strong plasmon-exciton coupling with periodic array struc-
tures [6], propagating surface plasmons [7-10], Fabry-Pérot
(FP) cavities [11-14], and localized surface plasmons (LSPs)
[15-23].

While the recent progress toward single-particle observa-
tions [24-26] has revealed SC phenomena even in a single
emitter limit [27,28], most of the works in the past utilized
the cooperative effects to achieve SC: many QEs, an order
of 1000 or more, are set to interact with a plasmon-polariton
mode and the photon-exciton coupling is enhanced depend-
ing on the density of QE [9,21,25,29,30] as /N/V, where
V is the volume of the cavity mode that contains N QEs
[31]. Although several works in the past have studied the QE
concentration dependence of the Rabi splitting [18,32], the
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nature of the collective coupling has not been elucidated well
because neither the actual number of QEs interacting with a
LSP mode nor the microscopic adsorption structure of QEs
on metal nanoparticles (NPs) has been characterized well in
those earlier works [33].

Here, we adopt a novel approach that sheds light on the
problem by using surface science techniques: we prepare Ag
NPs under an impurity-free condition in ultrahigh vacuum
(UHV) and study the optical property of QEs (fullerene,
Cgo) adsorbed on the Ag NPs. A thermal deposition of Ag
on high-quality graphene (Gr) monolayer leads to a forma-
tion of Ag clusters that exhibit a sharp LSP resonance at
3.4-3.6 eV reaching ~70% absorption. The deposition of
Cgo on the Ag clusters leads to a multiple splitting of the
LSP band due to the plexciton formation. Combined with
temperature-programmed desorption (TPD) measurements of
Ceo, the evolution of the light-matter coupling as a function
of the Cg coverage is elucidated. We further develop a novel
theoretical method to explain the observed spectral evolution.

In this study, we demonstrate that it is not appropriate
to treat quantum emitters (QEs) as two-level systems, as
commonly assumed in many studies. This is because actual
molecules inherently possess multiple excited states, and the
approximation of treating them as two-level systems becomes
inadequate when the plexciton eigenenergy becomes close
to other excited states. The involvement of multiple excited
states can lead to complexities in the plexciton absorption
bands, which can obscure the conventional criteria of strong
coupling, including Rabi splitting larger than the linewidth
and anticrossing behavior with energy tuning. We suggest that
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FIG. 1. A schematic illustration of the UHV chamber and the
optical setup used in the experiment. QMS: quadrupole mass
spectrometer.

quantum mixing of the electronic states through plexciton
formation can occur even if these conventional criteria are
not clearly observed. It is important to study the evolution of
the plexciton absorption band with increasing QE density in a
controlled manner and analyze the band shape using a reliable
theoretical model.

Numerous approaches have been proposed to describe
plexciton formations ranging from classical [34] and semi-
classical treatments [35-37] to fully quantum mechanical
ones [2,38,39]. For exploring the application of plexciton
formation to the control of chemical reactions based on the hy-
bridization of potential surfaces, a microscopic semiclassical
or full quantum approach is required. Since the fully quan-
tum, first-principles approaches [38,39] become intractable
for large systems, the practically possible choice is a semiclas-
sical one, in which the coupling strength between LSP and QE
is evaluated as the innerproduct of the local electric field Eloe
and the transition dipole zi of QE as —Ejoc - fi. In this work,
we note that one can estimate a plasmonic field Eloc from
its transition dipole ji;sp, and that a plexciton system can be
treated as a composite of many interacting transition dipoles.
Such a treatment is equivalent to Kasha’s exciton model [40]
which has been used for the optical response of molecular ag-
gregates and is then regarded as a minimal quantum approach
that enables to include multiple excited states in QEs within a
reasonable computational cost.

We study the hybridization between Ag LSP and three
molecular excitations in Cgo (from 1'A, to 1,2, 3'Ty,) based
on the Tavis-Cummings model [41,42] in which the excitonic
coupling with Kasha’s model is incorporated. Combined with
realistic parameters obtained by the time-dependent density
functional theory (TDDFT), the model successfully explains
the observed evolution of the multiple splitting with increas-
ing N.

II. METHODS

Figure 1 shows a schematic illustration of the exper-
imental setup for the optical measurements. Experiments

were carried out with an ultrahigh vacuum chamber with
a base pressure of <4x10~% Pa whose details have been
described before [43-45]. Two kinds of substrates, Ir(111)
and Ru(0001) (MaTecK, 99.99%), were used to support high-
quality graphene sheets. The surfaces of the metal substrates
were polished to be optically flat. An Ir(111) single crys-
tal was cleaned by cycles of Art sputtering followed by
annealing at 1470 K, showing a sharp (1x1) low-energy
electron diffraction (LEED) pattern. Monolayer Gr on the
Ir(111) surface was prepared by decomposition of ethylene
in temperature-programmed growth followed by chemical
vapor deposition [46,47]. Similar procedures were used for
preparing a Gr on the Ru(0001) substrate. The quality and
uniformity of Gr were confirmed by Moiré superstructure in
LEED [Fig. 4(a)] [43]. Ag atoms were deposited from a hand-
made evaporator in which a Ag wire is attached to a tungsten
filament. The Ag deposition rate was estimated to be 0.2—
0.6 nm/min and the sample temperature during the deposition
was ~298 K unless otherwise stated. Cgy deposition onto the
Ag-covered Gr was carried out by thermal evaporation of the
Ceo molecules (99.5%, purchased from Sigma-Aldrich and
used without further purification) from an effusion cell made
of quartz that is heated by an attached W wire.

We also carried out a separate scanning tunneling mi-
croscopy (STM) experiment at 78 K for the observation of Ag
clusters on Gr/Ir(111) [48]. The Gr on Ir(111) was prepared
in a similar way as described above, and the Ag atoms were
evaporated from a silver wire wrapped around a tungsten wire
placed 2 cm away from the surface. After the deposition at
300 K, the sample was immediately transferred to the STM at
78 K for observation. In another experiment, the sample was
kept at 78 K during the deposition by using a different evapo-
rator. The deposition rate was 3x 1072 and 4x 10~3 ML/min
at 300 and 78 K, respectively, where 1 ML corresponds to the
surface atomic density of Ir(111).

The optical reflectivity change upon deposition of Ag or
Coo was measured with white light from a deuterium lamp
that was focused on the Ir or Ru crystal in the chamber.
The reflected light was detected by a charge-coupled device
camera attached to a polychromator. The measurement was
carried out in situ during the deposition of the Ag atoms or
Cgo molecules at ~298 K. The polarization of the detected
light was chosen by a linear polarizer.

III. RESULTS AND DISCUSSION
A. Optical response of Ag on Gr

Figure 2(a) shows reflectivity change from the Ir(111) sub-
strate as a function of the Ag deposition amount. While the
reflectivity increases uniformly at 2.0-3.7 eV with the Ag
amount, a sharp decrease is observed at higher than 3.7 eV
due to the onset of the transitions from the d-band of Ag.
These features are well reproduced by numerical simulations
of the reflectivity of Ir substrate covered with a uniform Ag
film obtained by a transfer-matrix method [Fig. 2(b), see
Appendix A for the calculation details]. This means that the
Ag deposition on a clean Ir(111) surface at room temperature
leads to a smooth and uniform Ag film. The nominal thickness
of the Ag film in the experiment is estimated by comparing
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FIG. 2. (a) Reflectivity change R(6a,)/R(0) from Ir(111) (with-
out graphene) as a function of the Ag nominal thickness Oag. 0, is
indicated in the figure. R(0) is defined as a reflectivity of the clean
Ir(111) surface. The spectra were recorded for p-polarization light
and the sample temperature was at room temperature. (b) Calculated
reflectivity change R(0ag)/R(0) of Ir surface by using the transfer-
matrix method described in Appendix A.

the experimental reflectivity with those obtained by the simu-
lation.

In contrast, the Ag deposition on Gr-covered substrates
results in a strong reflectivity dip at 3.4-3.6 eV [Figs. 3(a)
and 3(b)] whose magnitude grows with the deposition amount.
The observed resonance energy at 3.4-3.6 eV is consistent
with the previously reported LSP resonances of Ag nanoclus-
ters [49-52]. Therefore it is conceivable that Ag clusters are
formed on Gr by the deposition at room temperature.

The actual formation of the Ag clusters has been confirmed
by the STM observation (see below, Sec. III C). Because the
cluster size is less than 20 nm and those are formed on the op-
tically flat Gr, an effect of the light scattering can be neglected
in the observed response. Therefore hereafter we assume that
the reflectivity decrease corresponds to the absorption by the
clusters. This point is important for confirming SC because the
splitting must be observed in the absorption spectra [53]. We
also carried out numerical simulations that estimate the con-
tribution of scattering by using Mie scattering theory [54]. In
Appendix B, it is shown that the scattering cross section from
a Ag 20 nm sphere is only a few percent of the absorption.
This also supports the above assumption.

We propose that the strong absorption of the Ag clusters
is due to an electronic decoupling from the substrate Ir (or
Ru) by the presence of Gr, just like what has been observed
recently for a thin layer of alkali atoms on Gr [43,55].

We note that the resonance energy varies by ~0.1 eV
depending on subtle differences in the preparation conditions
(see Appendix C for different sets of data). Because Ag
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FIG. 3. R(64g)/R(0) from Gr-covered (a) Ir(111) and

(b) Ru(0001) as a function of Ag deposition amount. The estimated
Ag coverages 6,, are indicated in the figure. (c) Reflectivity change
R(0cy,)/R(0) from the Ru(0001) covered with Gr as a function of
the Cqy coverage 6c,, indicated in the figure (no Ag deposition).
R(0) stands for the reflectivity of Gr-covered Ir(111) for (a), and
Gr-covered Ru(0001) for (b) and (c). The insets in (a)—(c) illustrate
schematic adsorption behaviors for each condition. All the spectra
were recorded for p-polarization light and the sample temperature
was at room temperature.

clustering occurs at step sites of Gr (see below, Sec. III C),
this fluctuation may stem from that the local defect density at
the steps depends on the details in the preparation procedure
that is beyond control under the current setup. This brings
sample-to-sample variations in the cluster size distributions
causing the LSP energy variations. Despite the sample-to-
sample small fluctuations in the resonance peak energy, the
peak position of the LSP on the Gr-covered Ru(0001) tends
to appear higher than that on the Gr-covered Ir(111) by 0.1-
0.2 eV. The origin of the substrate dependence is not clear
at this stage but may be derived from the difference in the
Gr-metal interaction strength between these substrates [56]
that would affect mean cluster size or the aspect ratios of
the clusters. We demonstrate that the small difference in the
LSP-resonance energy between the two substrates leads to
a qualitative difference in the plexciton eigenstate evolution
with the amount of coadsorbed Cg( (see below).

B. LEED observation

Figures 4(a) and 4(b) show a LEED image of the sample (a)
before and (b) after deposition of Ag with nominal coverage
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FIG. 4. LEED images of (a) Gr/Ir(111) and (b) Ag/Gr/Ir(111).
LEED observations were carried out at 105 K and the beam energy
was 83 eV. The Ag deposition was carried out at the room tempera-
ture. (c) A reflectivity change spectrum induced by the Ag deposition
on the Gr/Ir(111) corresponding to the Ag coverage that gives the
LEED image (b).

of ~0.5 nm onto the Gr-covered Ir(111), respectively. We note
that the Moiré pattern is preserved even with the deposition of
a substantial amount of Ag indicating that the Ag clustering
occurs at the wrinkles and steps of Gr leaving the terrace site
undecorated as will be discussed in the following subsection.

The arrangements of metal nanoclusters on Gr by utilizing
the Moiré superstructure as a template have been demon-
strated for many substances including Pt [57,58], Ir [59], Rh
[60], Ni [61], W; Re [62], and Ru [63]. However, the previous
theoretical works have predicted that such a periodic cluster
formation is not feasible for Ag because of its weak interac-
tion with Gr that leads to a super diffusion of the atoms and
clusters on Gr [64,65]. The results presented in this work are
in line with these theoretical predictions.

C. STM observation

The clustering of Ag is characterized in real space by
STM measurements. Figure 5(a) shows a large-scale image
of Gr/Ir(111) that shows wrinkles of the Gr sheet and step
structures of Gr reflecting the substrate Ir steps. The inset is
an atomic-resolution image of Gr that shows a periodic Moiré
structure [46,47]. Figure 5(b) shows an image of Gr/Ir(111)
after Ag was deposited at 300 K. Most of the Ag clusters are
located at the Gr steps, which is consistent with the previous
observation that Ag clusters preferentially nucleate at defec-
tive sites on graphite [66,67].

The Ag clusters are not stable against the scanning of the
STM tip: this is evidenced by the white wiggling curves that

FIG. 5. (a) Large-scale STM image of Gr/Ir(111) recorded with
sample voltage V = —0.1 V and tunneling current / = 0.1 nA. The
inset shows the atomic image of Gr/Ir(111) that shows a periodic
Moiré structure (V =0.03 V and I =5 nA). (b) The image after
the deposition of Ag at 300 K (V = —1.0 V and 7 = 0.03 nA).
(c) The image of Ag clusters formed at 300 K (V = —1.5 V and
I = 0.02 nA). Most of the clusters appear to be fractional, indicating
that they are displaced during the scanning of the tip over them.
(d) The image of Ag clusters formed at 78 K (V = —1.0 V and
I = 0.03 nA). All images were recorded at 78 K. The images (a) and
(b) are shown by the derivative of tunnel current (dI/dx), where
x is the scan direction (from left to right). The image size is 735
nmx735 nm for (a) and (b), and 7.3 nmx7.3 nm for the inset
of (a).

show the traces of the dragged clusters [Fig. 5(b)]. While the
instability of the clusters hampered the statistical analysis of
their size, the upper limit of the cluster size at the step is
estimated to be ~20 nm [Fig. 5(c)]. The cluster nucleation at
the step was also observed when the surface was kept at 78 K
during the deposition [Fig. 5(d)], indicating that Ag atoms are
mobile on the Gr/Ir(111) even at low temperatures.

D. Cg deposition on the Ag clusters

Before discussing the plexciton formation, the electronic
spectra of Cgp film on Gr is investigated. Figure 3(c) shows re-
flectivity change of C¢( deposited on the Gr-covered Ru(0001)
(without Ag clusters). A similar spectral shape was ob-
served for Cgy deposition on the Gr-covered Ir(111) (see
Appendix D). Prominent dips (hence, absorption) appear at
2.7, 3.5-3.6, and 4.3—4.4 eV: Those are consistent with the
earlier works on the spectra of a Cg film [68]. In the en-
ergy region of £ < 5.0 eV, Cgy is known to possess three
dipole-allowed transitions at 3.04, 3.78, and 4.84 eV in n-
hexane solution that have been ascribed to 11Ag — 1Ty,
11Ag — 2'Ty,, and llAg — 3!Ty, transitions, respectively
[69]. The absorption spectra of the Cgp film retain the
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FIG. 6. Change of the absorption spectrum of Ag LSP induced by Cg deposition on (a) Gr/Ir(111) and (b) Gr/Ru(0001). The absorbance
is defined by —log,,R(Oag, Ocy,)/R(0, 0), where R(Oag, Ocy,) stands for a reflectivity of Gr with the deposition of Ag with a nominal thickness
of 6, and the subsequent deposition of Cgy with the coverage of ¢, . Oa, ~ 2.5 nm in (a) and ~2 nm in (b). O¢,, are indicated in the figure.

The middle panels show Gaussian components derived by fitting the curve for (a) 6c,, =

15.8 and (b) 11.7 ML. The labels 0 to 4 (1 to 4

for (b)) correspond to those in Figs. 9 and 10. A summation of the components is overlaid with a dashed-gray curve in the upper panels.
See Appendix F for the background subtraction. Bottom panels for (a) and (b) show changes in the peak energy of the five (four) Gaussian
components estimated by fitting the absorption spectra in Fig. 6(a) [Fig. 6(b)] as a function of Cgy coverage. Open circles, open squares, open
triangles, filled circles, and filled triangles correspond to the Gaussian components labeled 0—4, respectively.

characteristics of Cgo in solution. Whereas the relatively in-
tense absorption at 3.5-3.6 and 4.3—4.4 eV can be attributed to
transitions to 2! T, and 3!T), states, respectively, the 2.7 eV
peak observed in the film cannot be assigned to the transi-
tion to 1'Ty,, because the predicted oscillator strength of the
transition is too weak to account for the observed 2.7 eV
peak intensity. Instead, the peak is considered to be an inter-
molecular transition (Wannier excitonic transition) rather than
a local transition in Cgy [70]. The transition to 2 'Ty, state at
3.5-3.6 eV is close to the Ag LSP resonance. Therefore the
couplings between the Ag LSP and the Cg local transitions
are naturally expected.

Having established the characterization of the Ag clus-
ter formation on the Gr-covered substrates, and absorption
spectrum of the Cgp film, we discuss the effect of the
Cgo deposition on the Ag clusters. Figures 6(a) and 6(b)
show the change in the absorption spectrum of LSP upon
deposition of Cgy on the Ag clusters on Gr/Ir(111) and
Gr/Ru(0001), respectively. The signal in Fig. 6 is defined by
—log o {R(0ag, Ocy,)/R(0, 0)}, where R(ag, Oc,, ) is the optical
reflectivity of Gr with the deposition of Ag (nominal thickness
of Opg = 2.0 — 2.5 nm) and the subsequent deposition of Cgp
with a coverage of ¢ . Here, Oc,, = 1 ML is defined as that
Ceo monolayer is completed on Gr/Ir(111). The coverage
of Cgp on the Ag deposited Gr/Ir is estimated by the TPD
measurements (see Appendix E for further details). ¢, for
the Gr/Ru substrate was estimated by assuming the same

reduction ratio of the Ag LSP band area with 6c,, as on the
Gr/Ir substrate.

With increasing 6c,,, the Ag LSP absorption decreases
with a broadening of the linewidth. In addition, a peak at
around 4.3-4.5 eV appears at the higher coverages [Figs. 6(a)
and 6(b)]. We carried out spectral decomposition analysis by
assuming multiple Gaussian peaks and found that five (four)
Gaussian components are sufficient to fit the signal for 6c,, >
1 ML on Gr/Ir (Gr/Ru). An example of the decomposition
is depicted in the middle panels in Fig. 6, showing a multiple
peak splitting. Hereafter, those peaks are labeled as 0—4 (14
for Ru substrate) as indicated in the figures. The multiple split-
ting cannot be explained by the classical mean-field treatment
that has been employed to explain the effect of thin oxide
layers on LSP resonances [71-73]. Instead, it requires the
quantum treatment that explicitly considers electronic exci-
tations of Cg.

Variation of the peak energy as a function of 6¢,, is plotted
in Fig. 6 bottom panels in which peaks 1 and 2 show a redshift
but peak 3 shows a blue shift with 6c,, for both substrates.
Although the overall spectral evolution observed for the two
substrates are similar, there are definite differences between
them: The spectra for the Gr-covered Ir substrate exhibit much
more pronounced redshift from the original LSP band as com-
pared to the Gr-covered Ru substrate; the relative intensities of
the multiple components are significantly different between
the two substrates.
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FIG. 7. (a) Schematic illustration of the model plexciton sys-
tem assumed in this work. The surface normal components of the
transition dipoles of Ag LSP and Cg molecules (white arrows) are
considered and the couplings between them are approximated by
Eq. (1). [(b)—(d)] Simulated absorption spectra of 20 nm Ag NP with
(b) N = Ny + Ny with Ny /Ny = 4 and N™ = NJ** + Nj"™™ = 2743,
The employed N values are N = k (N™*/10), where k is an integer
indicated in the figure; (c) all the couplings are assumed to be H-type:
N = Ny and Ng** = 2195; and (d) all the couplings are assumed to
be J-type N = Ny and Nj™* = 548.

The observed spectral change with the C¢( adsorption is not
due to a simple superposition of the absorption band of Cg but
to newly emergent bands by the plexciton formation. Because
these spectral changes occur at multilayer region, 6c,, > 1
ML, the spectral change is not due to a permanent chemical
change of Ag by interacting with Cgo. We also note that the
multilayer Cg is considered to form a close-packed film with
a molecular density of ~1 nm~3. It has been pointed out that
for metal NPs decorated with QEs, QE number density of 1
nm~? is required to obtain a clear SC signature on a typical
Ag NP [74]. Although this has been noted to be difficult to
achieve under conventional experiments [74], Cgo deposition
in the current study satisfies this criterion.

Hy,q VNaWai /NaWii 2
VNuWa 1 Hcg 1 0
VNuaWai 2 0 Hcg, 2
H = | VNaWiis 0 0
VNW; 4 0 0
VNV 0 0
VNIW 5 0 0

~/NaWy 3

E. Tavis-Cummings-Kasha (TCK) model for describing
plexciton formation

To understand the drastic changes in Ag NP spectra due to
Ceo deposition, we introduce a simplified theoretical model
to consider a quantum-mechanical coupling among the Ag
LSP and the three Cg excitations from 1'A, to 1,2,3'Ty,.
In our excitonic approach for the plexciton formation, the
light-matter coupling is simply expressed by the interaction
between the transition dipoles of Ag LSP and Cgy within the
point-dipole approximation. As the major spectral evolution
occurs at Oc,, > 1 ML, a direct overlap between Ag NP and
Cgo wave functions can be neglected justifying the approxi-
mation.

From the fact that the prominent Ag LSP is observed for
p-polarization incident light, we consider the surface normal
component of the transition dipoles both for the Ag LSP and
the Cgp excitations. A composite configuration depicted in
Fig. 7(a) is assumed in which Cg molecules decorate the
surface of the Ag cluster. The sign of the dipole coupling
depends on the position of Cgy molecules: the molecules on
top of the cluster give rise to the J-type interaction in which
the transition dipoles of the Ag LSP and Cg are aligned in a
head-to-tail manner; those on the peripheral of the cluster give
rise to the H-type interaction in which the transition dipoles
are aligned in a parallel fashion. We note that these differences
in the relative orientation of the transition dipoles lead to
qualitative differences in the spectral intensity distribution of
the newly formed plexciton states [see Figs. 7(c) and 7(d)]. In
this work, we simplify the treatment by assuming that there
are only two types of the relative orientation between the
transition dipoles of Cgp and the Ag LSP: J- and H-type in
which the coupling energies are given by

W, = %{)CR&;I and  Wj; = —2Wu,, (1)
respectively, where R is the distance between Ag cluster and
Ceo that is given by the sum of radii of the Ag cluster and
Ce0; mag and picy,,; are magnitudes of transition dipoles for
the Ag LSP and the Cgy 11Ag — Ty excitations (i = 1, 2,
and 3), respectively; € is the vacuum permittivity. This type
of expression for the coupling matrix element was originally
used to describe the optical excitations of molecular aggre-
gates [40]. It is known to give a reasonable evaluation when
the constituents are in van der Waals contact with each other
[75].

The specific form of the Hamiltonian for the present system
is

VNNiWi 1 JNW 2 A/ NW 3

0 0 0 0
0 0 0 0
Hc,, .3 0 0 0 , 2)
0 Hcgo1 0 0
0 0 Hcy, 2 0
0 0 0 Hcy, 3
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where Ny and Nj are the effective numbers of Cg in the H and
J configurations.

The Hamiltonian of Eq. (2) is an extension of the Tavis-
Cummings (TC) model [41,42] in which N identical two-level
QEs interact with a single cavity mode. In the single-
excitation subspace of the TC model, N 4 1 states couple
to form two bright states and N — 1 dark states. Since only
these two bright states interact with each other, one can con-
sider an effective Hamiltonian for the two bright states, and
the coupling between the states in the effective Hamiltonian
is /N times the original cavity-emitter coupling [76]. The
origin of the factor +/N is that the bright state created from
N QEs is the permutation-invariant constructive superposi-
tion of N single QE excited configurations. In the present
system, since we consider one Ag LSP and 3Ny + 3Ny Cgo
excitations, the dimension of the original TC Hamiltonian is
the 3Ny + 3N; + 1 and is reduced to 34+-3+1=7 in the corre-
sponding bright-state effective Hamiltonian. Since the single
cavity-emitter coupling in Eq. (2) is given as the Kasha’s
excitonic interaction, the model introduced above should be
called the Tavis-Cumming-Kasha (TCK) model.

The diagonal elements of Hy are assumed to be complex
numbers in order to express the finite linewidths of the excita-
tions [77],

Hx = Fla)x - i)/x, (3)

where hwy and yx are the diabatic excitation energy and
half-width of the excitation X, respectively. The label X dis-
tinguishes the excitations: X = Ag and Cgp, i (i = 1, 2, and 3)
mean the Ag LSP and Cgo 1' A, — i T}, ones, respectively.

The parameters required for constructing the effective
Hamiltonian were determined as follows. For Ag NP, as-
suming Ag, clusters generally have spherical structures, we
modeled them as regular icosahedrons. This modeling corre-
sponds to considering Ag, with

QCm + 1)(5m? + 5m + 3)

n=13, 55, 147,..., 3 ) )

where m is a positive integer. We roughly assumed that the
oscillator strengths f,, and cluster volumes V,, are proportional
to n. The used expressions are given by

f, =0.13462n, V, =185.81na;, (5)

where a is the Bohr radius. These relations were determined
by the TDDFT calculation of Ag,; based on the screened
range-separated hybrid functional with the polarizable con-
tinuum model (SRSH-PCM) [70,78] with the basis sets of
def2-SVPD [79-81]. For mimicking the dielectric environ-
ment of graphene, the dielectric constant was set to be 3.05.
We can estimate the radii and the LSP transition dipoles of
general Ag clusters uag from Eq. (5). As described later,
the excitation energy was treated as a variable parameter in
the vicinity of the experimental value. The Cgy parameters
were estimated by the same SRSH-PCM TDDFT method
with the basis set of 6-314+G* [82—84]. The computed tran-
sition energies/oscillator strengths are 3.46 eV /0.047, 3.80
eV/0.34, and 4.83 eV/1.36, respectively. In the following
simulations, these excitation energies were shifted 0.2 eV
lower so that the excitation to 2!T;, is consistent with the
experimentally observed 3.6 eV (see Appendix D for the

details). All the half-linewidths yx were set to the present ex-
perimental values (yag = 0.15 €V, yc,.1 = You,2 = 0.25 €V,
YCe0.3 = 0.5 eV).

The optical spectrum o (E) is computed by the standard
procedure based on the expression of

1
o(E) = ——Im(Wo/| |Wo), (6)

E-#H
where E, Wy, and i are the excitation energy, the wave
function of the ground state for the whole system, and the
transition dipole operator, respectively. Figure 7(b) shows the
simulation results using parameters that give a prediction
close to the experimental results for the Ir substrate [Fig. 6(a)].
This result is obtained by assuming 20 nm Ag NP (Agy;45)
for N (= Ny + Ny) values from 0 to Ny®™ + N/"®*. Here we
assume Ng/Ny = 4 and set NJ** = 2195 and Nj™* = 548,

We note that the spectral shape strongly depends on the
H-, J-character of the couplings. Figures 7(c) and 7(d) show
simulation results as in Fig. 7(b) but with N = Ny and NJ** =
2195 in (c) and N = Ny and N™™ = 548 in (d). Given that all
the couplings are the H-type (c), the higher energy peaks gain
prominent intensity. In contrast, under the dominance of the J-
type coupling (d), the lowest energy peak becomes prominent,
and the 4.7 eV peak disappears. The experimental feature may
lie in between these two extremes and it is reasonable that
the appropriate ratio found in our survey, Ny /Ny = 4, roughly
corresponds to the area ratio of the sides to the top of a sphere
put on a plane. We further note that the coupling through LSP
cooperatively intermixes the spatially separated H- and J-type
interactions leading to a larger peak splitting than that attained
solely by either of the H- or J-type interactions.

F. Spectral evolution with increasing number of QE
by plexciton formation

Figures 8(a)-8(d) show a series of simulation results on
the Ag LSP-Cg plexciton formation with the TCK model. We
examine how the tuning of the LSP resonance energy across
the transition of Cgy molecule affects the N dependence of the
plexciton eigenenergy. From Figs. 8(a) to 8(d), the Ag LSP
energy is varied from 3.4 to 3.7 eV. Because the second Cg
electronic transitions is set to be 3.6 eV, the Ag LSP energy is
tuned across the Cg 1 1Ag — 2Ty, excitation energy from
Figs. 8(a) to 8(d).

The spectral evolution exhibits the following features:
diagonalizing the effective Hamiltonian Eq. (2) brings 7
eigenstates. In the limit of N — 0, these are categorized as
three degenerate pair states corresponding to the three Cg
transitions and as the Ag LSP. With increasing N, the Cg tran-
sitions start to mix with the Ag LSP and shift in their energy.
The bottom traces of Figs. 8(a)-8(d) show the evolution of the
eigenenergies of the seven eigenstates as a function of N. We
note that the H-J mixing brings a state capable of coupling
with the Ag LSP by constructive interference of the two cou-
plings (LSP-bright state) and also brings a state incapable of
coupling with the Ag LSP caused by destructive interference
of them (LSP-dark state). Therefore the degeneracy in the
three Cg transitions at N — 0 is lifted with increasing N,
and each state is split into two: one is the LSP-bright state
that shows energy shift with increasing N and the other is
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FIG. 8. (Top) The absorption spectra for Ag NP-(Cg )y composite systems calculated from Eq. (6). The Ag LSP excitation energy is set to
be (a) 3.4, (b) 3.5, (c) 3.6, and (d) 3.7 eV. The employed N = Ny + N; Values and color codes are the same as in Fig. 7(b). (Middle) Absorption
spectra of the LSP-bright states A—D at N = Nj,«. (Bottom) Eigenenergy shift of the eigenstate with N. The color code of the plot indicates
the fraction of Ag LSP in each eigenstate. Because the LSP oscillator strength is much larger than that of monomer Cg, the actual absorption
strength of the plexciton state is determined by the LSP fraction contained in the eigenstate. The pale straight lines indicate the energy of
the LSP-dark states (see Appendix G). At the upper edge (N — 0), each eigenstate corresponds to the four diabatic states: Ag LSP; i' Ty,
excitations (i = 1, 2, and 3). Circles in (a)—(c) indicate the region of the avoided crossing between the LSP-bright states A and B.

the LSP-dark state whose energy is insensitive to N (see
Appendix G for the mathematical background of the emer-
gence of the LSP-dark states). We note that the original Ag
LSP oscillator strength is much larger than those of three Cg
transitions and hence the absorption strength of the plexciton
state is determined by the fraction of Ag LSP contained in
each eigenstate that is indicated by color code in the bottom
traces in Figs. 8(a)-8(d). The three straight lines with pale
color in each bottom trace of Figs. 8(a)-8(d) correspond to the
LSP-dark state with no fraction of Ag LSP and hence coincide
with the three Cg electronic transition energies (3.26 eV,
3.60 eV, and 4.63 eV). As is indicated by the color code of
the bottom traces, the oscillator strength is mainly carried
by the four LSP-bright states that exhibit systematic energy
shift with N. These four excitations are labeled as A to D in
order of the excitation energy in Fig. 8. The middle traces in
Figs. 8(a)-8(d) show spectrum of each component A-D for
N = 2743.

The Ag LSP is primarily mixed with the Cgy 2 I, state
at small N values, but the feature of the intensity transfer is
highly sensitive to the detuning between the Ag LSP energy
and the Cgy 2Ty, transition at 3.6 eV. In Fig. 8(a), assum-
ing the lowest LSP energy of 3.4 eV, the resultant plexciton
states repel as N increases. The lower-energy state shows a
downward shift and becomes close to the Cgy 1Ty, state.
Then, these two states exhibit an avoided crossing at around
N = 1000 [the circle in the bottom panel in Fig. 8(a)], and the
oscillator strength is transferred to the lower plexciton state.

While the features observed at higher Ag LSP energy can
be explained similarly, the point of the avoided crossing shifts
to a larger N value with increasing Ag LSP energy [the circles
in the bottom panels in Figs. 8(b) and 8(c)], and the avoided
feature becomes obscured. Concomitantly, the transfer of the
oscillator strength shifts to the higher-energy eigenstates.

The predicted spectral evolution of the plexciton with N
captures the key features of the experiment (Fig. 6), including
(i) the reduction of the LSP absorption upon adsorption of

Ceo; (i) splitting in the multiple peaks that show system-
atic energy shift with increasing N. The spectral changes
observed in the experiment do not exhibit the behavior of
the commonly assumed two-state TC model, but they agree
well with the present TCK model based on a microscopic Ag
NP-Cgp geometric configuration. It should be noted that the
peaks in the experimental spectra for large ¢, are broader
than the simulated ones. This broadening may be ascribed to
inhomogenious distributions in the cluster morphology and in
the Cgp position-dependent coupling strength, neglected in the
current simulations.

The subtle differences recognized between the two sub-
strates, Ir and Ru, can be rationalized by considering the
difference in the Ag LSP resonance energy between these
substrates: from the experimental Ag LSP energy, Fig. 8(b)
is close to the case of the Gr-covered Ir substrate (fiwas =
3.5 eV) and (c) is to the case of the Gr-covered Ru substrate
(hwag = 3.6 eV). Figure 9 (Fig. 10) shows the evolution of
the energy and height of the simulated peaks A—C in Fig. 8
compared with those of the Gaussian components labeled 1-3
obtained from the spectral decompositions of the experimental
data in Fig. 6(a) [Fig. 6(b)].

The simulation demonstrates significant characteristics
that were observed in the experiments. For fiwa, = 3.5 €V,
which corresponds to the case of the Gr-covered Ir substrate,
eigenstates A and B show avoided crossing at N ~ 1800
concomitant with the intensity transfer from the latter to the
former [Figs. 9(a) and 9(c)]. The corresponding avoided cross-
ing between the components 1 and 2 occurs in the experiment
at around 4 ML [Fig. 9(b)], which is evidenced by the inten-
sity transfer between these two components at the same Cgp
coverage in Fig. 9(d).

For the slightly higher liwa, at 3.6 €V, which corresponds
to the case of the Gr-covered Ru substrate, the eigenstates
C and B are degenerate at N — 0 and strongly intermix
showing increasing energy splitting with N [Fig. 10(a)]. The
upshift of the LSP energy to 3.6 eV leads to a separation in
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FIG. 9. (a) N dependence of the eigenenergy of the lowest
three LSP-bright states for /iwa, = 3.5 eV [same data depicted in
Fig. 8(b)]. The color code of the plot indicates the fraction of the Ag
LSP state in each plexciton eigenstate. (b) Cgy coverage dependence
of the peak energy of the components 1-3 of the plexciton experi-
mentally observed for the Ir substrate [Fig. 6(a)]. (c) N dependence of
the peak height of the each LSP-bright state in (a) for /iwa, = 3.5 eV.
The label in the figure corresponds to those in Fig. 8(b). (d) Ceo
coverage dependence of the height of the Gaussian components 1-3
in Fig. 6(a).

eigenenergies between the states A and B [Fig. 10(a)], bring-
ing the avoided crossing point between A and B to larger
N than in the case for fiwag = 3.5 €V in Fig. 9(a). This
suppresses the mixing between A and B leading to a much
smaller intensity transfer to A state than in Fig. 9(a). This
is reflected in the experiment in which peaks 2 and 3 repel
from each other with 6c,, [Fig. 10(b)] in line with the simu-
lation and the energy of peak 1 varies in parallel with that of
peak 2 without a feature of avoided crossing. Consequently,
the height of peaks 1-3 monotonously decreases with 6c,,
[Fig. 10(d)]: no significant intensity transfer is observed in
contrast to Fig. 9(d). Although the mixing between A and
B occurs at around N = 2800 in the simulation [Fig. 10(a)],
this is not clear in the experiment [Fig. 10(b)] probably due
to the obscuring by the inhomogeneous broadening. In this
way, the subtle difference in the spectral evolution between the
two substrates can be rationalized as the difference in the N
dependence of the plexciton eigenenergy caused by the slight
variation in the Ag LSP resonance energy between the two
substrates.

Because of the complexity in the energy structure of the
plexciton states due to the involvement of the multiple elec-
tronic excitations, it is not straightforward to extract the
light-matter coupling strength from the observed spectra in
Fig. 6. Instead, the above analysis with the TCK model allows
us to decipher the intermixing of the Ag LSP and Cg exci-
tations, and if we regard the peak separation between peaks
1 and 3 that reaches about 0.6 eV at ¢, = 15 ML as the
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FIG. 10. (a) N dependence of the eigenenergy of the lowest
three LSP-bright states for /iwa, = 3.6 eV [same data depicted in
Fig. 8(c)]. The color code of the plot indicates the fraction of the
Ag LSP state in each plexciton eigenstate. (b) Cgy coverage depen-
dence of the peak energy of the components 1-3 of the plexciton
experimentally observed for the Ru substrate [Fig. 6(b)]. (c) N de-
pendence of the peak height of the each LSP-bright state in (a) for
hwag = 3.6 €V. The label in the figure corresponds to those in
Fig. 8(c). (d) Cg coverage dependence of the height of the Gaussian
components 1-3 in Fig. 6(b).

effective coupling strength, one can conclude that a strong
coupling is attained in the Ag-Cgyp composite.

Here we comment on the origin of the lowest-energy com-
ponent found in Gr-covered Ir substrate [peak O in Fig. 6(a)].
We consider that this component is derived from the mixing
between the Ag LSP and the excitonic transition in Cg film
found at 2.7 eV [Fig. 2(c)]. Because the transition is not
incorporated in the current simulations, the corresponding
component is absent in Fig. 8. The reason why we do not see
the corresponding component in Fig. 6(b) may be that much
less intensity transfer occurs to the lowest state because of the
slightly higher LSP energy for the Gr-covered Ru substrate
than the other one.

IV. CONCLUSION

In conclusion, Ag deposition on a well-defined Gr brings
about a cluster formation that exhibits a sharp LSP resonance
band at 3.4-3.6 eV. The Cgy adsorption on the Ag clusters
leads to a significant intensity reduction and broadening of
the peak. The TCK model incorporating an excitonic cou-
pling scheme by using a point-dipole approximation reveals
the underlying plexciton eigenenergy structure involving the
multiple excited states of Cgy. The analysis shows that the
intensity reduction of the LSP band is a clear signature of
the plexciton formation in which the oscillator strength of
the LSP is transferred to the plexciton states. The coupling
between Ag-Cg pairs in different geometric configurations
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vacuum

FIG. 11. Model structure assumed in the transfer matrix
calculation.

leads to four bright states that exhibit systematic eigenenergy
shift with N. It is notable that the evolution of the plexciton
eigenenergy with N sensitively depends on a small variation
of the Ag-LSP transition energy, and this explains the ex-
perimentally observed substrate dependence of the spectral
evolution with the Cgy adsorption.

The success of the current theoretical approach demon-
strates that it is not sufficient to consider only the QE
excitation at near resonance to the LSP. Instead, the multiple
optically allowed excitations of QE must be taken into account
to describe plexciton formation. While the focus has been paid
to whether or not the spectral features predicted by the two-
state TC model are observed, the model should be considered
applicable only when the polariton eigenstates are far apart
from other electronic transitions.

We emphasize that the plexciton formation involving mul-
tiple excited-states of QE can lead to a drastic modification of
the potential energy landscape in the excited states [76,85]. A
significant practical advantage of the plexciton in the surface
co-adsorption systems is their tunability: the mixing ratio of
the LSP and the molecular excitations can be flexibly adjusted
by changing the amount of adsorption. This tunability paves
the way for increasing the degree of freedom in the plexcitonic
control of molecular reactions. In addition, the fact that the
plexciton eigenenergy structure is sensitive to the fine-tuning
between the LSP and QE transition energies also provides a
useful parameter for modifying the electronic structure of the
hybrid states.
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APPENDIX A: REFLECTIVTY PREDICTION
BY A TRANSFER MATRIX METHOD

Reflectivity change of Ir substrate upon deposition of the
Ag thin film is predicted by using a transfer matrix method
(characteristic matrix method) with assuming the ideal multi-
layer structure depicted in Fig. 11. We define the tangential
components of the electric field and magnetic field of the
incident light with vacuum wavelength XA at the interface i
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FIG. 12. Absorption (red) and scattering (blue) cross-section of
a Ag nanosphere with 20 nm diameter obtained from Mie scattering
theory. The black curve is a sum of the other two components.

(i=1,2) as E; and H;. For p-polarized light incident on the

sample with an angle of 0,
isiné/Y\(E,
cos é H,

Er\ cos
Hy ) \isind-Y

_ (M mua\(E
my  mo J\Hy )’
where Y = (/eo/uo - (lag/ cosbpg); 8 = 2 /A)fiaghag
cosfOag. By using complex reflactive index of Ag i,
and Ir 7y, the complex angle 0, and 6y are defined as

sin @ = fiag sinOpg = iy Sin Oy,
The reflection amplitude r is given by

(AD)

. Yo(myy + Yiemiz) — (moy + Yiemao)
Yo(miy + Yemiz) + (may + Yiemnn)'

where Yy = /€0/ 110/ cos 0; Yy = /eo/ o - (firr/ cos Oy).

The reflectivity change, R(6a¢)/R(0), is simulated by cal-
culating |r|?/|ro|?, where rq is the reflection amplitude of Ir
substrate. The optical constants of Ag and Ir are taken from
the literature [86]. Calculation results for several Ag thick-
nesses are shown in Fig. 2(b).

(A2)

APPENDIX B: ESTIMATION OF A SCATTERING
CROSS-SECTION OF AG NANOSPHERE

Figure 12 shows numerical Mie-scattering simulations of
scattering and absorption cross-sections for a 20 nm Ag sphere
in the vacuum. The optical constant of Ag is taken from the
literature [86].

APPENDIX C: REPRODUCIBILITY
OF THE OPTICAL SPECTRUM

Figure 13 shows other sets of data for the absorption spec-
tra of Ag clusters deposited on Gr and subsequent spectral
change induced by Cgy deposition on it. Although the prepa-
ration procedure was the same for the two sets of data as
described in the main text, the peak energy of the Ag LSP
shows small fluctuations. We note that the overall spectral
change induced by the plexciton formation with Cgy deposi-
tion is reasonably reproduced. The small discrepancy between
the plexciton spectra (black and blue solid curves) may reflect
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FIG. 13. Absorption spectrum of the Ag clusters on Gr/Ir(111)
(Dashed curves) and Ag clusters with Cgo deposition (Solid curves,
Ocq, ~ 3 ML). Black and blue colors indicate different sets of run
with the same procedure.

the LSP peak energy dependence of the plexciton eigenenergy
discussed in Sec. III F.

APPENDIX D: SUBSTRATE DEPENDENCE OF
THE ABSORPTION SPECTRA OF Cgq FILMS

Figure 14 shows reflectivity change upon deposition of Cgq
film on Gr for the two substrates (Ir(111) and Ru(0001)). The
prominent peaks of the Cgp 2 7., transitions are observed at
3.6 eV for both substrates. The peak energy shows a redshift
with increasing the coverage as is demonstrated in Fig. 3(c).
Because the plexciton formation is examined for O¢c,, < 20
ML in this work, we set the 2T, transition energy to be
3.6 eV in our simulations (Figs. 7 and 8).

APPENDIX E: TEMPERATURE-PROGRAMMED
DESORPTION (TPD) OF Cq

Figure 15(a) show TPD traces of Cgy (m/e = 60) from
Gr/Ir(111) and from Ag deposited Gr/Ir(111). The peak at
720 K (6¢,, = 0.3 and 1.2 ML) are ascribed to the desorption
of Cgy directly adsorbs on the Ag clusters because they are
absent on the trace from Gr/Ir(111) without Ag clusters [the
dotted curve in Fig. 15(a)]. We note that here 6c,, = 1 ML
is defined as a monolayer Cg coverage that fully covers the
Gr/Ir(111) surface without Ag clusters. In addition to these
components, a further increase in the Cg coverage [Fig. 15(a),
3.3 ML, the green curve] brings multiple peaks at 580, 500,
and 470 K. As the peaks at the lowest two temperatures,

1'05 T T I T T T T I T T T T I T T T T I T
S
S 1.00 -
<
5]
2 0951 |
=
5 0.90L — 26 ML on Gr-covered Ru(0001) )
° = 9 ML on Gr-covered Ir(111)
x

08L v 1 vy 0wy by g1y

25 3.0 35 4.0
Photon energy / eV

FIG. 14. Reflectivity change upon adsorption of Cg, films on Gr
supported by (red) Ir(111) and (black) Ru(0001). C¢y coverage is
indicated in the figure.
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FIG. 15. (a) (solid curves) TPD traces (m/e = 60) of Cg ad-
sorbed on the Ag deposited Gr/Ir(111). The coverage of Cg is
indicated in the figure. (Dashed curve) TPD trance of Cg, adsorbed
on Gr/Ir(111) (without Ag). (b) A schematic illustration of Cgp
adsorption on the Ag cluster (side view). The large silver sphere is
the Ag cluster. Smaller spheres are Cg. The color code of Cg indi-
cates different desorption temperatures (hence, different adsorption
binding energy, see text).

namely at 500 and 470 K, are observed also in the TPD trace
of Cgo from Gr/Ir(111), these are ascribed to the desorption
from the second and the higher layers of Cg, respectively.
The peak at 580 K in Fig. 15(a) (3.3 ML, green curve) is
ascribed to a desorption of Cgy interacting with other Cgg
directly adsorbing on Ag clusters. Further increase in 0c,, >
3 ML results in monotonous growth of the lowest temperature
peak (470 K) showing a zeroth order desorption (not shown).
Figure 15(b) shows a schematic illustration of the adsorption
of Cgp on a Ag cluster. The highest temperature desorption is
assigned to the direct adsorption on the Ag cluster (the blue
small spheres). The second-nearest adsorption on the cluster
(the red small spheres) would give rise to the TPD component
at around 600 K, whereas Cgy directly adsorbs on Gr (the
green small spheres) may desorb at a similar temperature.
The next layer (indicated by yellow small spheres) desorbs
at 510 K. Further increase in the coverage (the purple small
spheres) gives rise to the multilayer desorption at around
470 K.
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FIG. 16. (Solid curves) some of the original data of the reflectiv-
ity change depicted in Fig. 6. (Dashed curve) A Gaussian function
obtained by fitting the background component of the spectra.
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Therefore the adsorption nature of Cgy molecules that bring
the spectral shift depicted in Fig. 2 is mainly the multilayer
(>1 ML) adsorption with cohesive energy close to that of bulk
C60 .

APPENDIX F: BACKGROUND SUBTRACTION FROM
THE REFLECTIVITY CHANGE SPECTRA

Figure 16 shows original data for the reflectivity change in-
duced by the Cgy deposition onto the Ag adsorbed Gr/Ir(111)
shown in Fig. 6 in the main text. As the data exhibit some
background components that do not depend on the Cg

J

Hag 4 W

W,  Hey: O
W 0  Hc,o

H=| Ws 0 0
-Wy 0 0
W, 0 0
W 0 0

where W, = ~/NuWy ;. It is easy to show that this matrix has
the following three trivial eigenvectors regardless of the value
of NH .

v; ="0,1,0,0,1,0,0), (G2)
v, ="0,0,1,0,0,1,0), (G3)
v3 ='0,0,0,1,0,0, 1), (G4)

dosage, the background is subtracted by fitting with a Gaus-
sian function (black dashed curve). The spectra shown in
Fig. 6 have been subjected to this background subtraction
procedure.

APPENDIX G: THE MATHEMATICAL ORIGINS
OF THE LSP-DARK STATE

The mathematical background for the appearance of the
LSP-dark states is explained as follows. For the assumed
condition of Ny /N; = 4, the Hamiltonian of Eq. (2) is reduced
to the form of

3
?

W3 W W -Ws
0 0 0 0
0 0 0 0
Hcy 3 0 0 o |, (G1)
0 Hcgn 0 0
0 0 Hcy, 2 0
0 0 0 Heg, 3

and it is also immediately apparent that the corresponding
eigenvalues for v; are Hc,, ;. This means that each eigenenergy
of the three states is equal to the excitation energy of Cgy
without coupling to Ag LSP. Therefore the eigenenergy of
the LSP-dark states is independent of N (Fig. 8 in the main
text). These are the mathematical origins of the LSP dark
states.
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