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ABSTRACT: Plexcitonic strong coupling between a plasmon−
polariton and a quantum emitter empowers ultrafast quantum
manipulations in the nanoscale under ambient conditions. The main
body of previous studies deals with homogeneous quantum
emitters. To enable multiqubit states for future quantum computing
and network, the strong coupling involving two excitons of the same
material but different resonant energies has been investigated and
observed primarily at very low temperature. Here, we report a
room-temperature diexcitonic strong coupling (DiSC) nanosystem
in which the excitons of a transition metal dichalcogenide
monolayer and dye molecules are both strongly coupled to a single
Au nanocube. Coherent information exchange in this DiSC
nanosystem could be observed even when exciton energy detuning
is about five times larger than the respective line widths. The strong
coupling behaviors in such a DiSC nanosystem can be manipulated by tuning the plasmon resonant energies and the coupling
strengths, opening up a paradigm of controlling plasmon-assisted coherent energy transfer.
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Strong coupling between quantum emitters (QEs) and
photons can generate qubits that sustain coherent states

enabling quantum information to be transmitted over a long
distance or processed within an ultrafast time, which is
essential for quantum communication and computing.1−3

However, it is challenging to realize strong coupling at deep
subwavelength scale (i.e., comparable to the scale of QEs) due
to the difficulty of precise photon control and field confine-
ment. With the flourish of cavity quantum electrodynamics
(cQED), a variety of effective approaches have been proposed
to push the interactions between QEs and photons to strong
coupling regime. It not only deepens our understandings in
fundamental quantum science4−7 but also opens up
possibilities for a number of advanced quantum devices.8−11

The common feature of these approaches lies in the
employment of cavities to reduce the effective mode volume
Veff for photons, so as to substantially increase the coupling
strength g that is inversely proportional to (Veff)

1/2.12

According to cQED theory, when g exceeds the damping
rates of both the QE and cavity, the strong coupling between
QEs and photons can be realized, which is characterized by the
Rabi splitting (or oscillations) in frequency (or time) domain.
Thanks to the advances of nanofabrication and theoretical
developments, numerous nanocavities with ultrasmall Veff have
been proposed to realize strong coupling,13−17 leading to

various remarkable achievements, including the observation of
Rabi splitting or oscillations,18−20 room temperature strong
coupling at the quantum optics limit,21−23 and applications
varying from physics24 to electronics25,26 and even chem-
istry.27,28

Beyond the realizations of strong coupling in various
nanosystems, the quantum world still calls for further and
deeper study. One of the primary objectives of studying strong
coupling in cQED is to build quantum network by integrating
numbers of qubits in which quantum states can be efficiently
manipulated by photonic elements, leading to a large variety of
scientific and technological frontiers, such as quantum secure
communications and scalable quantum computing.29,30 How-
ever, at present the majority of strong coupling works involve
homogeneous QEs (from the same material and with resonant
energies),18−28 which are collectively considered as an
ensemble, and these strong coupling systems only support
two coherent states. On the other side with the fast
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development of quantum science, besides the quantum dots
(QDs) a large variety of promising QEs have been proposed
for constructing strong coupling, such as the two-dimensional
transition metal dichalcogenides (TMDC)31−36 and carbon
nanotubes.37,38 The integration of heterogeneous QEs with
arbitrary morphology and characteristics in the same quantum
photonic platform seems ready to come out at one’s call.
Therefore, at this juncture the investigation of strong coupling
of diexcitonic system is rapidly growing as an emerging
research emphasis. For example, Qian et al. successfully
realized two-photon Rabi splitting in a strongly coupled cavity-
quantum-dot system consisting of a high-quality-factor
photonic crystal cavity and intentionally grown InAs QDs
with two exciton states.39 In another work,40 three bright
intermixed plasmon−exciton−trion polariton states were
observed from the strong interaction between localized surface
plasmons in silver nanoprisms and excitons and trions in
monolayer tungsten disulfide (WS2). These pioneering die-
xcitonic works have employed different excitations in the same
QE and successfully demonstrated three coherent states in a
single nanoscale cavity, but the observations were generally
made at low temperature (6−20 K) due to the properties of
their selected QEs.
Inspired by these pioneering diexcitonic works, we construct

a diexcitonic strong coupling (DiSC) nanosystem by
integrating a TMDC monolayer with dye-molecules-coated
Au nanocube (AuNC) and report its plexcitonic strong
coupling behavior at room temperature. In particular, WS2
and J-aggregates are selected for our first demonstration, where
their excitons come from distinct materials with totally
different morphologies and possess a large energy detuning
(145 meV) about 5 times their respective line widths (∼25

meV). Experimentally, we perform dark-field scattering
measurements on the individual samples of AuNC@J-agg/
WS2 and study the anticrossing dispersion relationship of the
DiSC nanosystem, which heavily depends on the properties of
the constituting plasmon, excitons, and the coupling strength
between them. We also demonstrate a proof of concept for the
application of our DiSC nanosystem: plasmon-assisted
coherent energy transfer between far-detuned QEs.
To construct a DiSC nanosystem, we start from a plexcitonic

system that couples plasmon with single exciton. Here, the
single exciton not only includes individual excitons but also can
be an emitter ensemble that is resonant and spectrally
indistinguishable. As shown in Figure 1a, a plexcitonic system
for resonant emitters is simplified to an excitonic quantum
emitter (e1, a two-level system) with transition energy of ωe1
and decay rate of γe1, and a plasmon cavity with resonant
energy of ωp and decay rate of κ with coupling coefficient of
ge1. When ge1 is larger than both κ and γe1, two new coupled-
states are generated in the system because of the coherent
energy transfer between e1 and plasmon. The two eigenstates
can be spectrally observed as Rabi splitting, where the values of
two spectral peaks correspond to the eigenvalues. The
eigenvalues typically follow an anticrossing relationship,
which can be obtained by tuning the optical spectral peaks
as a function of the energy detuning between ωe1 and ωp.

41

In our experiment, as shown in Figure 1b, the resonant-
emitter plexcitonic system is fabricated by coating AuNC
(plasmon) with PIC-J-aggregates (e1), and we defined it as the
AuNC@J-agg hybrid nanoparticle (HNP). Detailed descrip-
tions on the fabrication of AuNC@J-agg HNP are provided in
Methods in Supporting Information. Taking a AuNC with side
length of a = 68 nm as an example, we measured ωp = 2145

Figure 1. Schemes of strong coupling plexcitonic nanosystems with resonant emitters (upper) and detuned emitters (lower). (a,d) Energy level
diagrams showing the couplings between plasmon and emitters: (a) the resonant emitter ensemble (e.g., single type of excitons) collectively
represented by a single two-level system; (d) the detuned emitter ensemble (e.g., diexcitons) treated as two different two-level systems. (b,e)
Representative constructions of the single-excitonic and diexcitonic strong coupling nanosystems: (b) AuNC coated with a layer of J-aggregates
(AuNC@J-agg); (e) the AuNC@J-agg hybrid nanoparticle (HNP) sitting on WS2 monolayer. (c,f) Optical characteristics of the respective
nanosystems: (c) the experimentally measured scattering spectra showing Rabi splitting (top) and anticrossing (bottom); (f) the three-peak
spectrum (top) and the temporal dynamics (bottom) for illustration purposes.
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meV and κ = 242 meV (extracted from dark-field scattering).
The optical properties of J-aggregates are measured as ωe1 =
2145 meV and γe1 = 25 meV (extracted from extinction
spectra). Using the J-aggregates coating with a thickness of ∼2
nm, an obvious Rabi splitting in spectrum (Figure 1c) is
obtained based on the single-particle dark-field scattering

measurement. The coupling strength ge1 = 90 meV > |γe1 − κ|/
4 unambiguously demonstrates that this single-exciton
plexcitonic nanosystem is in strong coupling regime. By
measuring the scattering spectra for different ωp (tuned via
AuNC size), we observe clear anticrossing dispersion as shown
in Figure 1c. More detailed results on the single-exciton strong

Figure 2. Fabrication and optical characterizations. (a) The fabrication process of the AuNC@J-agg/WS2 DiSC nanosystem. (b) Optical
characterizations: (i) bright- and (ii) dark-field images of WS2 monolayer, (iii) low-magnification SEM, (iv) dark-field, and (v) high-magnification
SEM images of a single AuNC@J-agg/WS2 nanosystem.

Figure 3. Manipulating the DiSC nanosystems with energy detunings and coupling strength engineering. (a) Scattering spectra of five
representative individual AuNC@J-agg/WS2 hybrids with varied sizes a = 60−100 nm. (b) Anticrossing dispersion relationship of all DiSC
individuals with varied plasmon resonant energies, representing eigenvalues dependence on the energy detuning between exciton and plasmon.
Green, blue, and red dots represent the experimental data of upper polariton (UP), middle polariton (MP), and lower polariton (LP), and the
corresponding lines are theoretical fitting results. (c) Polariton branch mixing of WS2 exciton (dashed line), J-aggregates exciton (dotted line), and
plasmon (solid line) for LP, MP, and UP branches. (d) The coupling strength ge2 is tuned by varying the thickness of PMMA between the AuNC@
J-agg HNP and the WS2 monolayer d = 0−12 nm, resulting in different scattering spectra for the DiSC nanosystems. (e) The peak wavelengths for
UP (green), MP (red), and LP (blue) branches as a function of the thickness of PMMA layer. (f) Numerical simulated plasmon field profiles of the
AuNC@J-agg/WS2 cavity when spacer thickness d = 0. Top: Three-dimensional profiles showing hotspots at all AuNC corners. Bottom: Profile at
the interface between J-aggregates and WS2. (g) The field enhancement at ωe2 at the WS2 surface as a function of spacer thickness d.
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coupling nanosystem can be found in Supporting Information
(Figures S1 and S2).
Next, we introduce the second exciton e2 with transition

frequency of ωe2 (ωe1 ≠ ωe2), decay rate of γe2, and coupling
strength of ge2 with the plasmon cavity. As shown in Figure 1d,
plexcitonic system for detuned emitters now can be described
with the Hamiltonian

H

i g g

g i

g i

2

2
0

0
2

p e1 e2

e1 e1
e1

e2 e2
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ω

ω
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−
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y

{

zzzzzzzzzzzzzzzzzzzzzzz
(1)

where the coupling between the excitons e1 and e2 is neglected
due to their strongly detuned resonances. By diagonalizing the
Hamiltonian in eq 1, we are able to identify the new
eigenstates and eigenvalues, which now become three spectral
peaks as illustrated in Figure 1f.
Experimentally, as illustrated in Figures 1e and 2a, we

constructed a AuNC@J-agg/WS2 DiSC system by taking
AuNC@J-agg HNP as a building block and transferring it onto
the surface of monolayer WS2 (see atomic force microscopy
results in Figure S3). The results about strong coupling
behaviors of monolayer WS2 and bare AuNC are provided in
Figure S4. Usually, it may be difficult to build a DiSC
nanosystem due to the poor integratability of a strong coupling
nanosystem. However, with an open nanocavity, that is, AuNC,
the strong coupling nanosystem of HNP can be facially
integrated with the monolayer WS2, resulting in the DiSC
nanosystem of AuNC@J-agg/WS2. More importantly, the
coupling strength between HNP and the monolayer WS2 can
be controlled by introducing an additional layer of poly(methyl

methacrylate) (PMMA). The PMMA layer could be spin-
coated on the top of WS2 with its thickness tunable ranging
from 0 to 12 nm with precision of ∼1 nm (Figure S5). Figure
2b presents the images of our AuNC@J-agg/WS2 sample
obtained by dark-field setup and the scanning electronic
microscopy (SEM). The monolayer WS2 can be identified by
both optical and SEM images (Figure 2b i−iii), and by
comparing these images we are able to identify an individual
HNP on the WS2, that is, the AuNC@J-agg/WS2, diexciton
plexcitonic system. Before transferring AuNC@J-agg HNP, we
measured the optical properties of WS2, as ωe2 = 2000 meV
and ge2 = 28 meV. Detailed information about bright-field and
photoluminescence measurements of WS2 can be found in
Figure S3. In the following context, we shall dedicate our main
effort in this work to study the optical characteristics of DiSC
nanosystem in both frequency- and time-domains.
By performing dark-field scattering measurements for more

than 100 individual AuNC@J-agg/WS2 samples, the spectral
evolution of the DiSC nanosystem is systematically studied.
Detailed information about dark-field measurements can be
found in Methods and Figure S6 in Supporting Information.
Figure 3a displays the scattering spectra of five representative
samples, where the three scattering peaks, corresponding to the
three eigenvalues of the DiSC nanosystem, can be noted. By
tuning the plasmon resonant energy ωp via the size of AuNC
(see Figure 2a and Figure S1), the anticrossing dispersion of
the DiSC nanosystem is extracted from many individual
AuNC@J-agg/WS2 samples. As shown in Figure 3b, the
symbols are experimental data obtained by reading the peaks in
scattering spectra (Figure 3a). The three curves are theoretical
fittings obtained by calculating the eigenvalues of eq 1 for
diexciton plexcitonic system, and they correspond to the upper
polariton (UP), middle polariton (MP) and lower polariton
(LP) branches. Fitting results in the coupling strength of ge1 =

Figure 4. Plasmon-assisted energy transfer between detuned emitters e1 (J-aggregates) and e2 (WS2). The intrinsic coupling between the detuned
emitters is neglected, and e1 is assumed initially excited with population of 1. (a) Time-dependent populations of the two emitters in a plasmonic
cavity (ωp = 2071 meV and κ = 242 meV), where the e1 and e2 are coupled to plasmonic cavity with coupling strength of ge1 = 90 meV and ge2 = 90
meV. (b−d) Tunable energy transfer process by varying the properties of plasmonic cavity: (b) resonant energy ωp, (c) decay rate κ, and (d)
coupling strength ge2 with e2. Note that all parameters employed are within experimental reach. Stars represent the optimal parameters within the
studied ranges.
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90 meV and ge2 = 90 meV, both of which satisfy the strong
coupling condition of gei > |γei − κ|/4 (i = 1, 2).
Diagonalization of the Hamiltonian in eq 1 yields the

Hopfield coefficients (see Methods in Supporting Information
for details),42 which indicate the contribution fraction of
plasmons, J-aggregates, and WS2 to each polariton state. As
illustrated in Figure 3c, the curves representing the
contribution of plasmons, J-aggregates, and WS2 are
respectively marked by solid, dotted, and dashed lines. Clearly,
LP is dominantly contributed by WS2 coupling to plasmon,
whereas UP is more relevant to the coupling between J-
aggregates and plasmon. The presence of hybrid exciton−
polariton states further confirms our realization of the DiSC
nanosystem.
As the distance d between AuNC@J-agg HNP and

monolayer WS2 is tuned by the thickness of PMMA spacer,
the coupling strength ge2 of our DiSC nanosystem can be
manipulated. Figure 3d shows the representative spectra of
individual DiSC nanosystems with different values of d (using
different concentration of PMMA solution, see Figure S5). The
statistical results of these spectral behaviors are presented in
Figure 3e, which more vividly shows the dependence of the
peak wavelength on d. One can see that as d increases from 0
to 16 nm, the LP resonant wavelength gradually drops from
∼641 nm and stays constant around 620 nm, which
corresponds to the original exciton energy of monolayer WS2
(2000 meV). This is reasonable as LP originates dominantly
from the coupling between WS2 and plasmon as suggested
from Figure 3c. When d becomes larger than 8 nm, the exciton
of WS2 is effectively decoupled from the AuNC@J-agg HNP
and becomes isolated. On the other hand, the MP and UP
branches experience minor shifts with the increment of d, as
the AuNC@J-agg HNP is kept almost unchanged throughout
the process. In order to understand the role of plasmonic
hotspots in altering the LP branch via spacer, we have also
performed numerical simulations to study the field enhance-
ments in the AuNC@J-agg/WS2 nanosystem. Detailed
descriptions on the simulation model and numerical results
can be found in Supporting Information (Figure S7). As shown
in Figure 3f, the AuNC possesses plasmonic hotspots at all
corners (top) with higher enhancement at the interface with
WS2 (bottom). When the spacer thickness d increases, the field
enhancement at the WS2 surface below the cube corners
quickly decreases, which explains the (de)coupling between
AuNC@J-agg HNP and WS2 and agrees well with the energy
shift of LP in Figure 3e. This set of results in Figure 3 is
particularly compelling in providing a way to actively couple or
decouple one type of emitter, effectively switching between
single-exciton and diexciton strong coupling plexcitonic
nanosystems.
Upon demonstrating tunability of the plasmonic cavity and

the coupling strength in our DiSC nanosystems, we are ready
to venture into the plasmon-assisted energy transfer
application. In Figure 4, we show our theoretical predictions
on the plasmon-assisted energy transfer between emitters e1
and e2. All calculations are based on Lindblad master equation
(see Methods in Supporting Information for details) and take
the practical parameters extracted from our experiments: ωe1 =
2145 meV and γe1 = 25 meV for e1 (J-aggregates); ωe2 = 2000
meV and γe2 = 28 meV for e2 (WS2). The time-dependent
populations of photons and excitons can be obtained from an
exponential of the diagonal eigenvalue matrix by a unitary
transformation with the Hopfield coefficients (details can be

found in Methods in Supporting Information). We assume that
the intrinsic coupling between the excitons e1 and e2 in free
space is negligible (i.e., ge1‑e2 = 0) due to their far-detuned
resonances and e1 is initially excited with a population of 1.
When the two emitters are residing in a plasmonic cavity (ωp =
2071 meV and κ = 242 meV) with coupling strength of ge1 =
90 meV and ge2 = 90 meV, we find with the assistance of the
plasmonic cavity that the energy stored in e1 can be transferred
efficiently to e2 as illustrated in Figure 4a. The energy is quickly
passed within 10 fs from e1 (black line) to plasmon (blue line),
and then to e2 (red line). Afterward, e2 will oscillate coherently
with the plasmon and simultaneously exchange energy with e1.
We can optimize the design of the nanosystem to achieve a

more efficient energy transfer. In Figure 4b, we study the effect
of plasmon resonance on the energy transfer and find an
optimal plasmon resonance ωp= 2071 meV, which is in the
middle between e1 (ωe1 = 2145 meV) and e2 (ωe2 = 2000
meV). The peaks of the large-detuned emitters and plasmon
(detunings = 74 and 71 meV) spectrally overlap due to the
relatively large decay rate of the plasmon (e.g., κ = 242 meV),
leading to an efficient energy transfer between e1/e2 and
plasmon. In Figure 4c,d, we study the effects of cavity decay
rate κ and the coupling strength ge2 on the energy transfer. We
find that the energy transfer will be further enhanced for
smaller cavity decay and larger coupling strength. This is
because a cavity with high quality factor can host more Rabi
oscillations as well as coherent energy transfer within the
coherent time. To optimize the energy transfer from e1, in
short we should adopt a “loss-less” plasmonic cavity that is best
coupled to e2 with the largest possible coupling strength and
has a resonant energy in between e1 and e2. More interestingly,
the energy transfer to e2 could be actively tuned via varying the
coupling rate ge2 by making use of the flexible substrate
concept to apply pressure to PMMA spacer between the
AuNC@J-agg HNP and WS2 monolayer. Our results
demonstrate an active control of coupling rates and open a
new possibility to increase the coherent manipulations in
quantum plasmonic devices.
In reality, it may not be true that the two detuned emitters

are absolutely decoupled from each other, especially when they
are in contact. We then studied the case where the two
emitters exchange energies at a finite intrinsic coupling rate of
ge1‑e2 = 10 meV (Figure S8) while keeping all of the other
parameters unchanged from the case of Figure 4. It is clear that
now the plasmon can enhance the energy transfer between the
two emitters which are intrinsically coupled. The only
difference lies in the optimized plasmon resonance, 1998
meV, which should be nearly resonant with e2 (ωe2 = 2000
meV). Further discussions on the plasmonic-assisted energy
transfer can be found in Supporting Information (Figure
S9a,b).
In summary, we experimentally and theoretically inves-

tigated the strong coupling behaviors in a room-temperature
DiSC AuNC@J-agg/WS2 nanosystem, which was constructed
by integrating a WS2 monolayer with a J-aggregate-coated Au
nanocube. The motivation originates from two aspects. First,
the successful realization of strong coupling sequentially at low
temperature,4 room temperature,18 and even at quantum limit
under ambient conditions22 has established a strong
foundation toward exploring the applications of strong
coupling, for example, quantum manipulation, entanglement,
and integrated logic devices based on room-temperature strong
coupling systems.3,43 Second, various novel QEs including 2D
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materials, perovskites, and carbon nanotubes have been
proposed in constructing quantum devices,44 which imply
that the emerging hybrid quantum system with various kinds of
QEs is inevitable45−48 with the rapid growth of integrated
quantum science. On the basis of these two aspects, we believe
that it is the time to push the investigation of strong coupling
to the era of DiSC.
There are two potential scenarios for investigating DiSC:

spatially separated QEs with resonant frequency or detuned
but closely spaced QEs. To investigate the first scenario on
spatially separated QEs with resonant frequency, two major
challenges should be overcome: (i) obtaining resonant QEs at
room temperature, which might be more difficult than doing
that at low temperature of a few Kelvin;49,50 and (ii) locating
two QEs precisely at their respective locations.51,52 On the
other hand, the study on the second scenario, DiSC
nanosystems consisting of detuned but closely spaced QEs,
also has plenty of room to investigate; for example, to identify
the available energy detuning range of two excitons for a DiSC
nanosystem and to understand the underlying quantum
behaviors. In this work, we experimentally demonstrated that
two excitons with energy detuning about 5 times larger than
their line widths can simultaneously couple to a plasmonic
nanocube strongly, exhibiting three coherent states at room
temperature. Also, our full quantum mechanical time domain
calculations indicated that the plasmonic cavity can assist the
coherent energy transfer between the two far-detuned excitons,
shortening the communicating time scale below 10 fs. Our
further calculations also shows that the efficiency of plasmon-
assisted energy transfer can be improved by increasing
coupling strength, reducing the plasmon loss, and decreasing
the energy detuning of two excitons (Figure S9c,d), suggesting
guidelines for constructing DiSC in future. Looking forward,
we believe that our work not only reveals the coupling
behaviors of a DiSC nanosystem but also provides a platform
with more degrees of freedom to study quantum mechanics
and to inspire the design of future room-temperature quantum
devices and quantum network.
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