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The strong coupling between excitons and single plasmonic nanocavities enables plexcitonic states in
nanoscale systems at room temperature. Here we demonstrate the strong coupling of surface plasmon
modes of metal nanowires and excitons in monolayer semiconductors, with Rabi splitting manifested in
both scattering and photoluminescence (PL) spectra. By utilizing the propagation properties of surface
plasmons on the nanowires, the PL emitted through the scattering of plasmon-exciton hybrid modes is
extracted. The analytically calculated scattering and PL spectra well reproduce the experimental results.
These findings unify the scattering and PL spectra in the plexcitonic system and eliminate the ambiguities
of PL emission, shedding new light on understanding the rich spectral phenomena in the plasmon-exciton

strong coupling regime.
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Strong coupling between light and matter is a funda-
mental quantum optics phenomenon which has attracted
considerable attention. For a quantum emitter coupling
with an optical cavity, when the coherent energy exchange
rate between them is sufficiently larger than their respective
damping rate, the strong coupling is achieved with exciton
polariton states formed [1]. The exciton polaritons possess
extraordinary properties due to their mixed nature of light
and matter, and can be exploited for various applications,
such as Bose-Einstein condensation [2], lasing [3], topo-
logical insulator [4], and quantum information technologies
[5-7]. The realization of strong coupling relies on the large
coupling strength and low damping loss. The coupling
strength is proportional to /N /V, where N is the effective
number of excitons and V is the cavity mode volume.
For the traditional optical cavities, strong coupling has been
demonstrated in various systems [8—10], but it is hard to
further enhance the coupling strength by reducing V due
to diffraction limit. Alternatively, plasmonic nanocavities
offer a straightforward way to realize strong plasmon-
exciton coupling by confining electromagnetic field down
to nanoscale spaces due to the excitation of surface
plasmons (SPs) [11-22]. The much smaller mode volume
of plasmonic nanocavities results in higher coupling
strength, rendering strong coupling at room temperature.
Even the strong coupling at single exciton level has been
demonstrated [15,18-21].

The plasmon-exciton strong coupling was mostly inves-
tigated by using dark-field scattering, reflection, and
transmission spectroscopy, and only a few experiments
measured PL spectra. For single quantum dots coupled to
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plasmonic nanostructures, obvious spectral splitting
of PL has been observed [19-21], while for molecules,
J aggregates, and two-dimensional transition metal dichal-
cogenides, PL from lower plexciton state or PL spectral
broadening was mainly observed [23—30]. The origin of the
PL spectral profiles of those plasmonic strong coupling
systems remains ambiguous. In the coupled system, part of
the PL is emitted through the radiation of SP modes, which
can modulate the PL spectra as has been demonstrated in
SP modified spontaneous emission [31,32]. In addition, the
PL from the excitons not coupling with the plasmonic
structure can also contribute to the detected PL signal.
Because of the complexity of the PL emission process, it is
more difficult to extract the strong coupling information
from PL spectra. Separating the PL emission through the
radiation of SP modes (SP-exciton hybrid modes) from the
direct PL emission can help unveil the strong-coupling
induced spectral features of PL.

In this Letter, we investigate the strong coupling between
single Ag nanowires (NWs) and monolayer WSe, at
ambient conditions by scattering and PL spectra. The peak
splitting in scattering spectra due to strong coupling of two
SP modes and excitons is observed, and Rabi splitting of
67 meV between adjacent plexciton branches is achieved.
By separating the excitation and detection sites, the spectra
of PL emitted through the scattering process of SP-exciton
hybrid modes are obtained. The PL spectra normalized
by that of pristine WSe, show the same profiles as the
scattering spectra. The analytical results obtained by
coupled-oscillators model well reproduce the experimental
data of both scattering and PL. These results corroborate
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FIG. 1. (a) Schematic and optical microscopy image of a single
Ag NW on monolayer WSe,. The scale bar is 2 ym. (b) Trans-
mission and PL spectra of a WSe, monolayer on glass substrate.
(c) Scattering spectra of Ag NWs without (I, III) and with (IL, IV)
WSe,. The plexciton peaks are marked with red arrows.

that scattering and PL are two aspects of the same strong
coupling phenomenon, and provide deeper understanding
on the PL spectra in plexcitonic systems.

The coupled system is composed of a Ag NW and
monolayer WSe, [Fig. 1(a)]. The monolayer WSe, grown
by chemical vapor deposition method was firstly trans-
ferred to glass substrate by a wet transfer method (see
Sec. 1 in the Supplemental Material [33]). After dispersing
the chemically synthesized Ag NWs (diameter about
90 £ 10 nm) by spin coating, an Al,O5 layer of 5 nm thick-
ness was deposited onto the sample surface. Figure 1(b)
shows the transmission and PL spectra of a WSe, mono-
layer on glass substrate [22]. The energy of the trans-
mission dip E; is about 1.672 eV and linewidth y is about
50 meV according to a Lorentzian fit. To excite propagating
SPs on the Ag NW, supercontinuum laser light was focused
onto one end of the NW from the glass side through an oil
immersion objective (100x, NA 1.49). The emitted light
from the opposite end of the NW was collected by the same
objective and directed to a spectrometer.

The Ag NW can be regarded as a Fabry-Pérot resonator
supporting high order SP modes [37]. Figure 1(c) shows
the scattering spectra of Ag NWs without and with
monolayer WSe,. When the Ag NW length is shorter
(~1.2 ym), there are only four SP modes in the spectral
range of 1.35 to 2.15 eV [Fig. 1(c) I]. The energy
difference between adjacent SP modes is large enough,
so that only one SP mode couples with the excitons. For
the Ag NW on monolayer WSe,, the lower plexciton
branch (LPB) and upper plexciton branch (UPB) resulting
from the strong coupling of a SP mode and excitons are
clearly observed [Fig. 1(c) II]. With the increase of Ag NW
length (~2 um), the SP modes redshift and additional
peaks appear at higher energy, leading to decreased energy
difference between adjacent SP modes [Fig. 1(c) II].

When two adjacent SP modes have spectral overlaps with
the excitons, three peaks are observed, which can be
assigned to the LPB, middle plexciton branch (MPB),
and UPB, respectively [Fig. 1(c) IV].

The spectral range for two SP modes coupling with
excitons can be described by a three-coupled-oscillators
model [38-41]:

El_% 0 91 a a
0 Ez—iy?z 53 pl=E[p]|. (1)
gi 53 Eo—% P P

where E|, E,, and E are the energies of the lower energy
plasmon (LEP) mode, higher energy plasmon (HEP) mode,
and exciton, respectively; vy, 7,, and y, are the linewidths
corresponding to £, E,, and E,, respectively; g; and g, are
the coupling strengths of LEP mode with exciton and HEP
mode with exciton, respectively; E is the eigenvalue of the
energy for corresponding plexcitons; a, ff, and ¢ are the
Hopfield coefficients which satisfy |a|*> + |5]> + |¢|* = 1.

The equations of motion for the three oscillators can be
given by [41,42]

X1+ 714 + olxy + 2915 = Fi (1),
Xy + 72y + @dxy + 2g2%) = Fy(1),
X() + ]/0.5C0 + 0)(2))(0 — 29le1 — 292)'(?2 = 0, (2)

where x;, x,, and x; are the coordinates of oscillations of
the LEP mode, HEP mode, and exciton, respectively; @y,
w,, and @, are the frequencies of the LEP mode, HEP
mode, and exciton, respectively; F,(f) = Fe™'®" and
F5(t) = Fye™™" are the driving forces due to external
electromagnetic field. According to Eq. (2) and Larmor
formula of dipole radiation, the intensity of scattered light
can be expressed as (see Sec. 2 in the Supplemental
Material [33]):

Iscat<a)) & (04|x1|2 + w4|x2|2' (3)

Figure 2(a) shows a series of scattering spectra for Ag
NWs on monolayer WSe,. The SP modes have an overall
redshift from bottom to top, which can be induced by the
change of diameter and length of Ag NWs (see Sec. 3 in the
Supplemental Material [33]). The spectral sections showing
Rabi splitting in Fig. 2(a) are plotted in Fig. 2(b). When the
LEP mode is close to the exciton energy, strong coupling
between LEP mode and exciton occurs [bottom spectrum in
Fig. 2(b)]. When the SP modes redshift until the HEP mode
matches with the exciton, strong coupling between HEP
mode and exciton is obtained [top spectrum in Fig. 2(b)]. In
the course of SP resonances redshift, the spectra show
intermixed LEP-exciton-HEP interaction. The scattering
spectra in Fig. 2(b) are fitted by Eq. (3), and the fitting
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FIG. 2. (a) Scattering spectra of Ag NWs on monolayer WSe,.
The redshift is marked with the red arrow. (b) Magnified view of
the spectra in (a) showing peak splits (black lines). The red
dashed lines are the fitting results by Eq. (3). The red dot line
indicates the transmission dip energy of exciton. (c) The energies
of UPB (orange), MPB (green), and LPB (wine) as a function of
the energy of LEP mode E;. The black lines are calculated by
Eq. (1) with coupling strength of g; = g, = 35 meV. The blue
dashed lines show the energy of LEP (E;) and HEP (E,) extracted
from Eq. (3). The red dot line indicates the transmission dip
energy of exciton. (d) Hopfield coefficients for LEP, HEP, and
exciton contributions to UPB, MPB, and LPB as a function of E;.

results (red dashed lines) agree very well with the exper-
imental results. The energies of the two SP modes E| and
E, obtained by fitting the scattering spectra using Eq. (3)
show a linear relationship (see Sec. 4 in the Supplemental
Material [33]).

To ensure that the coupled system is in the strong coupling
regime, we analyze its anticrossing behavior. Figure 2(c)
shows the experimental and analytical results of three
plexciton branches as a function of the LEP energy E;.
The experimental eigenenergies of UPB, MPB, and LPB are
obtained by utilizing three Lorentzian peaks to fit the
scattering spectra. Then by adjusting the coupling strength
g1 and ¢, and solving Eq. (1), the eigenvalues of the
plexciton branches are obtained [black lines in Fig. 2(c)].
When g¢; = g, =35 meV, the calculated anticrossing
dispersions agree well with the experimental results. In
experiments, we measured the scattering spectra of Ag NWs
on glass substrate which have similar length and same

number of SP modes as those Ag NWs on WSe,, and
obtained the linewidth of LEP and HEP modes,
71 X 7, & 60 meV. According to the calculation results,
the minimal Rabi splitting between UPB and MPB is
about Qupg.vpg ~ 67 meV > (y, + 7¢)/2, and the minimal
Rabi splitting between MPB and LPB is about
Qupp.Lpg & 67 meV > (y; + 79)/2, satisfying the strong
coupling criterion.

In order to quantitatively analyze the hybridization, we
calculate the Hopfield coefficients for three branches [43],
as shown in Fig. 2(d). For the UPB, the weight of LEP is
always a very small value, which indicates that the
hybridization mainly results from the contribution of
HEP and exciton. Likewise, for the LPB, the hybridization
mainly results from the contribution of LEP and exciton.
However, a strong hybridization of LEP, HEP, and exciton
is observed for the MPB, leading to the formation of a
mixed state of part-LEP, part-HEP, and part exciton. When
the LEP (HEP) energy matches the exciton energy, the
detuning between the HEP (LEP) mode and exciton is so
large that the experimental results can be well fitted
by the two-coupled-oscillators model (see Sec. 5 in the
Supplemental Material [33]). This also explains the slight
deviation between experimental and calculation results for
the MPB in Fig. 2(c).

To measure the PL spectra, the coupled system was excited
by focusing laser light of 532 nm wavelength at one end of
the Ag NW with the polarization perpendicular to the NW,
and the PL was collected at the opposite end of the NW.
Under this configuration, the background PL from uncoupled
excitons is suppressed (see Sec. 6 in the Supplemental
Material [33]). Figures 3(a) and 3(d) show the PL spectra
when LEP mode is close to exciton and HEP mode is close to
exciton, respectively. Compared with the PL spectra of bare
WSe,, peak shift and broadening are observed, and an
additional peak appears at the lower energy side (see
Sec. 7 in the Supplemental Material [33]). Figures 3(b)
and 3(e) show the results of the PL spectra in Figs. 3(a)
and 3(d) divided by the corresponding PL spectra of bare
WSe,, respectively. Interestingly, the normalized PL spectra
show the same profiles as the corresponding scattering spectra
in Figs. 3(c) and 3(f). These results indicate that the reshaped
PL spectra are caused not only by the modulation of SP
resonances, but also by the plasmon-exciton strong coupling.

The PL spectra are fitted by three Lorentzian peaks
[Figs. 3(a) and 3(d)]. The peak energies of the fitting results
for the PL spectra are plotted as a function of the LEP
energy E; [solid dots in Fig. 4(a)]. Considering the
similarity of the normalized PL spectra and scattering
spectra as shown in Fig. 3, we calculate the PL spectra
through multiplying the scattering spectra calculated
according to Eq. (3) by the Lorentzian fitted PL spectrum
of bare WSe, (see Sec. 8 in the Supplemental Material
[33]). The calculated PL spectra are fitted by four
Lorentzian peaks and the fitting results are shown in
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FIG. 3. (a) PL spectrum for a hybrid system of Ag NW and

monolayer WSe, when LEP energy is close to exciton energy
(E; = 1.6456 eV and E, = 1.7996 eV). The red dashed line is
obtained by fitting the spectrum using three Lorentzian peaks
(orange, green, and blue lines). (b) Normalized PL spectrum
resulting from dividing the spectrum in (a) by the PL spectrum of
the bare WSe,. (c) Scattering spectrum for the same NW in (a).
(d)—(f) The same as (a)—(c) but for a hybrid system with HEP
energy close to exciton energy (E; = 1.545 eV, E, = 1.67 eV).

Fig. 4(a) as hollow dots connected by short lines. As can be
seen, the theoretical results of orange dots in the lower
energy range and green dots agree well with the experi-
mental results. The energy of the experimental blue dots
keeps almost constant in the whole energy range and is
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FIG. 4. (a) The energies of fitting peaks in the experimental
(solid dots) and calculated (hollow square dots) PL spectra as a
function of E;. The orange, green, and blue solid dots correspond
to three fitting peaks for experimental PL spectra. The orange,
green, blue, and purple hollow dots correspond to four fitting
peaks for calculated PL spectra. (b) Experimental results of the
integrated intensity ratio between the plexcitons corresponding to
solid green dots in panel (a) and excitons as a function of E;.

close to the pristine exciton emission peak. The spectral
peaks corresponding to the experimental orange dots in the
higher energy range are not included in the theoretical
calculation. The calculated orange dots in the higher energy
range and the purple dots are close to the energies of the
corresponding scattering peaks [see Fig. S12(c) in the
Supplemental Material [33]]. The Rabi splitting obtained
from the calculated PL results is about 61 meV for
E, ~1.53 eV, and 63 meV for E| = 1.65 eV, respectively.
Although we cannot obtain the plexciton peaks of higher
energy by fitting the experimental PL spectra, the agree-
ment of the normalized PL spectra and scattering spectra
indicates the existence of higher energy plexciton compo-
nent in the PL spectra. Figure 4(b) shows the integrated
intensity ratio between the plexcitons corresponding to the
solid green dots and excitons, which reaches maximum
when the energy of the SP mode is close to the exciton
energy (~1.65 eV for PL peak). The data in the lower and
higher energy range in Fig. 4 can be considered as the
results of two oscillators coupling (i.e., one SP mode
coupling with excitons), due to the small contribution of
the other SP mode.

In summary, the strong coupling of SPs and excitons in
the coupled system of Ag NWs and monolayer WSe, is
investigated by scattering and PL spectra. The strong
coupling of one or two SP modes and excitons is demon-
strated in the scattering spectra. Because of the long
propagation length of SPs on Ag NWs, the excitation
and collection regions can be spatially separated, which is
utilized to extract the PL emitted through the scattering of
SP-exciton hybrid modes. It is found that the PL and
scattering light share the same spectral profiles resulting
from strong coupling. The analytical calculation results
agree with the experimental data. These results clarify the
correlative scattering and PL processes and offer new
perspective on the spectral responses of plasmon-exciton
strong coupling systems.
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