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Reaching the quantum optics limit of strong light-matter interactions between a single exciton and a
plasmon mode is highly desirable, because it opens up possibilities to explore room-temperature quantum
devices operating at the single-photon level. However, two challenges severely hinder the realization of this
limit: the integration of single-exciton emitters with plasmonic nanostructures and making the coupling
strength at the single-exciton level overcome the large damping of the plasmon mode. Here, we
demonstrate that these two hindrances can be overcome by attaching individual J aggregates to single
cuboid Au@Ag nanorods. In such hybrid nanosystems, both the ultrasmall mode volume of ~71 nm? and
the ultrashort interaction distance of less than 0.9 nm make the coupling coefficient between a single
J-aggregate exciton and the cuboid nanorod as high as ~41.6 meV, enabling strong light-matter
interactions to be achieved at the quantum optics limit in single open plasmonic nanocavities.
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Strong light-matter interactions not only are significant
from a fundamental quantum optics point of view [1-6], but
also are beneficial for exploring advanced quantum devices.
These interactions enable light control at the single-photon
level, giving rise to novel, advanced applications, such as
ultrafast single-photon switches [7,8], single-atom lasers [9],
quantum networks [10,11], and quantum information process-
ing [12-14]. These phenomena are rooted in the strong
coupling of single quantum emitters to single-mode fields
via the coherent exchange of energy between the two sub-
systems on time scales faster than their dissipative dynamics
processes, which manifests itself as mode hybridization and
vacuum Rabi splitting in the frequency domain [1,15].

Generally, two types of systems are employed to realize
strong light-matter interactions: traditional cavity quantum
electrodynamics systems including various optical micro-
cavities [2-5,16—18], which have been widely explored at
cryogenic temperatures and in ultrahigh vacuums, and
plasmonic nanocavity systems [19-28], which possess
the merits of achieving strong light-matter interactions at
room temperature and not requiring closed cavities [24]. In
addition, such systems are considered to be ideal building
blocks for integrating ultrasmall, broad-bandwidth quan-
tum devices [1,29]. Although strong light-matter inter-
actions have been recently achieved at the single-emitter
level in closed plasmonic nanocavities [16,17], they have
not yet been realized in single open plasmonic nanocavities
(Table S1 [30]). To date, the minimum number of excitons
that has been strongly coupled to the single open plasmonic
nanocavity of a Ag nanoprism is ~70-85, but this is still
rather far from the quantum optics limit [1,24].
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Two challenges have severely hindered the realization of
the strong-coupling limit. One challenge is the precise
integration of single-exciton emitters with open plasmonic
nanostructures. The other is ensuring that the coupling
strength between these components overcomes the large
dissipation of the plasmon mode. To overcome these chal-
lenges, we first developed a full quantum approach to describe
the plasmon-exciton coupling and to determine the specific
strong-coupling condition at the quantum optics limit. We
then followed this approach to design our experiments
precisely and to achieve strong light-matter interactions in
single open plasmonic nanocavities at the single-exciton level.

For a system of N quantum emitters strongly interacting
with a single metallic nanoparticle, the extinction spectrum
of the strongly coupled system is given by (Sec. S1 [30])
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where &; = hiw,; and e, = hw, are the energies of the
plasmon mode and emitter fermion, respectively; I';, = fik
is the decay rate of the plasmons; I'. = Ay is the resonant
width of the emitter; and dw, and dw, represent frequency
shifts. In Eq. (1), g, is the coupling coefficient between a
single emitter and the plasmon mode [31] and is given by
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where V¢ = V,, x n?(r) is the effective mode volume of
the plasmon mode; V,, is the actual mode volume; n(r) is
the refractive index at r; g, and r, are the dipole moment

pe-Falre), )

and location of the emitter, respectively; and f,(r) =
E (r)/|E;(r)|,. is the normalized electric field (EF) of
the plasmon mode. Assuming that the system is initially in
the ground state, so that n. = (c¢*¢) = 0, the hybrid mode
energies of the strongly coupled system can be derived
from Eq. (1) as (Sec. S1 [30])
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where A =¢;—¢. is the detuning. At resonance,
Eq. (3) gives the theoretical Rabi splitting criterion
Ng. > (Iy—T,)?/16. Apparently, since the splitting
levels e, are damped modes with linewidths characterized
by (I'y+T.)/2, the actual Rabi splitting will be clearly
visible only if the splitting gap (72 = ¢, — ¢_) is bigger
than the widths of the new modes, making the observable
Rabi splitting condition become Ng%. > (I'2 +T?)/8 and

the quantum optics limit condition for a single emitter be
given by ¢%. > ('3 4+ I'2)/8. This condition requires g . to
be as large as possible and I'; and I'. to be as small as
possible. As discussed above, a large 4., an ultrasmall V,,,,
and a short interaction distance between the emitter and the
metallic nanoparticle can result in a large g,.. Following
these theoretical guidelines, we fabricated a cuboid metallic
nanorod (NR) with an ultrasmall V,, to support strong
coupling at the quantum optics limit.

Since plasmonic nanostructures with sharp tips facilitate
the reduction of V, for the plasmon mode [27], we utilized
Ag nanoshells to coat Au NRs (Sec. S2, Fig. S1 [30]) and to
construct Au@Ag NR cuboids. With increasing shell
thickness, the NR shape gradually changes from a capsule
to a cuboid [Fig. 1(a) and Fig. S2 [30]]. Figure 1(b) shows
that the EFs sustained by the cuboid Au@Ag NRs are
highly localized around their sharp corners, dramatically
reducing the V,, of the NRs. Further calculations (Sec. S3
[30]) revealed that V,, decreased from ~6585 nm? for the
capsule Au NR to ~71 nm? for the cuboid Au@Au NR
with slightly rounded corners, representing a reduction by
~93 times (Table S2 [30]). Such ultrasmall V,, are
associated with the highly localized EFs sustained by the
cuboid NRs. Figure 1(c) shows that the EF localization
sensitively depends on the NR shape. As the NR shape
changes from a capsule to a cuboid, the EF is highly
squeezed into a region of ~1 nm around each corner,
causing g, to decrease drastically as the emitter distance
from the vertices of the corners increases (Table S3 [30]).
Moreover, by precisely controlling the Ag-shell thickness,
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FIG. 1. (a) Transmission electron microscopy (TEM) images of
(I) a Au NR and (II)-(IV) Au@Ag NRs with capsule and cuboid
shapes. (b) Left: (I)-(IV) Schematic views of the NRs shown in
(a). Right: Finite-difference time-domain (FDTD) simulated EF
distributions of the LLSPR mode supported by (V) the Au NR
(Iength, 58 nm; diameter, 16 nm) and Au@Ag NRs modeled as
(VD) a capsule with a 1.5 nm Ag nanoshell and (VII),(VIII)
cuboids with Ag nanoshells of 2 and 4 nm in length and 3 and
11.5 nm in width, respectively. The cuboid NRs have eight
slightly rounded corners (the curvature radius at each corner is
1 nm). (c) Normalized EF f,; (r) and g,. as functions of the
emitter distance from the vertex of the corner along the direction
of the maximum EF [dashed white arrows in (b)]. The dashed
pink lines and blue stars are the g,. obtained from Eq. (2) and
using ab initio calculations, respectively. y. was set to 0.7 e nm.

the longitudinal localized surface plasmon resonance
(LLSPR) wavelength 4;;spr of the NR can be simulta-
neously tuned with an accuracy of ~5 nm [Fig. S3(d) [30]],
approaching the theoretical accuracy of ~4 nm (Sec. S4,
Fig. S4 [30]). This fine-tuning is beneficial for realizing
resonant Rabi splitting, which originates from the high
sensitivity of the LLSPR modes to the aspect ratios (Fig. S5
[30]), and precise Ag-shell thickness control.

According to the above calculations, to realize strong
coupling between a single exciton and a cuboid Au@Ag
NR, the interaction distance between them must be less
than 1 nm. Thus, we fabricated ultrathin, ~1-nm-thick
J aggregates to integrate with the cuboid NRs. When a
monolayer of J aggregates was assembled on a cuboid
NR, the average interaction distance between the
J-aggregate exciton and the NR was ~0.5 nm, yielding
Gae ~41.6 meV based on p,. ~ 0.7 enm determined for a
single J-aggregate exciton (Sec. S3, Fig. S3 [30]). To
confirm this value, we calculated g, using ab initio
calculations [32] and found the g,. obtained via the two
methods to be highly consistent [Fig. 1(c) IV and Table S3
[30]]. The high localization of the EFs around the vertices
also indicates that only one exciton in the nearest
J-aggregate chain may be involved in strong coupling at
each corner, because the distance of the excitons in the
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FIG. 2. (a) Extinction spectra of (I) bare Au@Ag NRs, (II)

pristine (PIC) J aggregates, and (III) Au@Ag NR/J-aggregate
ensembles. (b) Dispersions of the hybrid states extracted from the
experimental data (blue and red dots) and calculated using Eq. (3)
(blue and red lines). In the calculations, N, = 4.8, T, ~ 164 meV
(a mean value for the Au@Ag NR ensembles with different
MARs), I'. ~25 meV, and g,;. ~41.6 meV were used. The
dashed black and green lines represent the uncoupled exciton
and LLSPR energies, respectively. The ensembles were treated
with 5.0 uM dye solution. (c) Typical extinction spectra of the
Au@Ag NRs with A1) gpr = 575 £ 5 nm strongly coupled to J
aggregates and treated with 0.8-12.0 uM dye solutions. The
individual curves are offset vertically for clarity. (d) (Az)? as a
function of the dye concentration. The red line is the linear fit of
(hQg)? for the samples treated with 0.8-5.0 M dye solutions. The
error bars in (b) and (d) represent the standard deviations calculated
from the three extinction spectra measured in each case.

next-nearest J-aggregate chains to the NR is greater than
~1.5 nm, causing a drastic decrease of g, (Table S3 [30]).
Therefore, for a hybrid nanosystem consisting of a single
cuboid NR and J aggregates, the number of J-aggregate
excitons participating in strong coupling does not exceed
eight, which will lead to Rabi splitting saturation.

The extinction properties of the (PIC) J aggregates and
cuboid Au@Ag NRs in which the LLSPR mode is resonant
with the J-aggregate transition, as well as the schematics of
their hybrids, are depicted in Fig. S3. The combination of J
aggregates and the cuboid NRs provides opportunities to
observe new optical phenomena based on strong plasmon-
exciton coupling. Figure 2(a) presents the extinction
spectra of the bare Au@Ag NRs, (PIC) J aggregates,
and strongly coupled Au@Ag NR/J aggregates in solu-
tions. When the cuboid Au@Ag NRs supporting LLSPR
modes matching the J band (~575 nm) are hybridized with
the molecular aggregates, the strongly coupled hybrids
exhibit significant mode splitting (~196 meV) into upper
(w) and lower (w_) plasmon-exciton polariton branches

that are part light and part matter (Sec. S5, Fig. S6 [30])
[33,34]. Figure 2(b) demonstrates that, as the mean aspect
ratios (MARs) of the NRs are changed to make Ay | spr vary
across the J band (Fig. S7 [30]), the extinction spectra split
into two polariton branches exhibiting remarkable anti-
crossing behavior (Fig. S8 [30]) with Rabi splitting 7€)
of ~172 meV.

According to Eq. (3), the square of the Rabi splitting
(hQg)? is proportional to the number N, of J-aggregate
excitons involved in strong couplings as

(Fd _4FC) , (4)

which is confirmed by Figs. 2(c) and 2(d). When the
number of Au@Ag NRs was left unchanged but the
number of J aggregates assembled on each Au@Ag NR
was varied (Sec. S6, Figs. S9 and S10 [30]), A€, ranging
from ~68 to 230 meV were obtained [Fig. 2(c)]. For the
hybrid NR ensembles prepared by treating Au@Ag NRs
with dye solutions ranging from 0.8 to 5.0 uM, (7§2;)?* and
the dye concentration closely follow a linear relationship
[Fig. 2(d)], just as Eq. (4) predicts. However, as the dye
concentration increases from 0.8 to 12.0 uM, (782)?
increases only slightly from ~(4.9 4 0.40) x 10* to (5.2 &
0.36) x 10* meV? [Fig. 2(d)], confirming that Rabi split-
ting saturation occurs in Au@Ag NR/J aggregates.

To observe strong light-matter interactions in single
Au@Ag NR/J aggregates, dark-field scattering measure-
ments were performed (Sec. S7, Fig. S11 [30]). Figure 3(a)
shows the scattering spectra of a bare Au@Ag NR and the
same NR strongly coupled to J-aggregate excitons, yielding
hQk ~ 181 meV. By considering the experimental values of
'y ~120 meV and I', ~ 25 meV, this splitting satisfies the
strong-coupling criterion 22z > (I'y 4+ I'.)/2. Figure 3(b)
presents the scattering spectra of three individual Au@Ag
NR/J-aggregate hybrids with different detunings and, there-
fore, different colors. The LLSPR-exciton couplings in
different single hybrids with various detunings can be found
in Fig. S12. Figure 3(c) I demonstrates the normalized
scattering spectra for different individual hybrids ordered
according to detuning, in which anticrossing behavior with
hQr ~ 108 meV is clearly observable, indicating that the
strong-coupling regime is reached [35]. Figure 3(c) II shows
the extinction spectra for N, = 1.7 that were calculated using
Eq. (1), in which g,;. was set to a mean value of g,;. ~
41.3 meV (Sec. S8, Fig. S13 [30]) and the rest of the
parameters were extracted from the experimental results
[Fig. 3(a) and Fig. S14 [30]]. The calculated results agree
well with the experimental measurements, and such con-
sistency can also be found in the strong-coupling case with
hQp ~ 179 meV [Fig. 3(d) I]. In this case, the mean number
N, was calculated to be 4.6. In addition, further evidence of
strong coupling in these investigated hybrid NRs can be
observed as spectral dips in calculated single-hybrid-NR
absorption spectra [25] (Fig. S15 [30]), despite such mea-
surements being still unavailable (Fig. S16 [30]).

(hQR)Z = 4gt210NX —
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FIG. 3. (a) Left: Schematics of the optical measurements for (I)
abare Au@Ag NR, (II) J aggregates, and (III) a strongly coupled
Au@Ag NR/J-aggregate hybrid. The insets are dark-field
images of the individual NRs and a photograph of the J-aggregate
solution in the reaction vessel used for the measurements. Right:
(IV)—(VI) Spectra obtained by performing the measurements as
shown in the left panel. The dashed lines represent the Lorenz-
fitted results. (b) Scattering spectra of three individual Au@Ag
NR/J-aggregate hybrids with different detunings (A < 0, A =0,
and A > 0). The insets are dark-field and SEM images of the
corresponding hybrid NRs. The scale bar is 50 nm. (c),(d) (I)
Scattering spectra of the individual Au@Ag NR/J aggregates
ordered according to detuning for the ensembles treated with
(c) 2.0 and (d) 5.0 uM PIC dye solutions. (II) Extinction spectra
calculated for (c) N, = 1.7 and (d) N, = 4.6 using Eq. (1). In the
calculations, I'; ~ 135 meV (a mean value for the bare Au@Ag
NRs, Fig. S14 [30]), T'.~25 meV, and g,;. ~41.3 meV were
used. The dashed black and pink lines represent the uncoupled
exciton transition and LLSPR wavelengths, respectively.

Figure 4(a) shows the representative scattering spectra at
resonance for the individual hybrid NRs with different
numbers of J aggregates, where the J-aggregate numbers
were tailored by treating the Au@Ag NRs with 0.8-8.0 uM
PIC dye solutions. The scattering spectra exhibit /{2 ranging
from ~78 to 220 meV, which are consistent with those
calculated using Eq. (1), where g,. ~41.3 meV, and the
corresponding N, = 0.8-6.8 are determined. Figure 4(b)
presents the statistics of the measured 72, and calculated N,
for single hybrid NRs treated with dye solutions in different
concentrations. The calculated spectra agreeing well with the
experimental ones confirms that N, ranges from ~0.7 & 0.2
to 6.1 £ 1.0, corresponding to the observed /{2y of ~72 +
9.0-209 + 17.0 meV [Fig. 4(b) and Fig. S18 [30]].
Furthermore, even considering the nonradiation broadening
effects of the energy levels (I'y~ 135 meV and
I". ~ 25 meV), the strong-coupling condition can be satisfied
when N, = 1.38. These results indicate that we achieved

K312

480 51;0 6(‘)0 6;30
Wavelength (nm)
FIG. 4. (a) Black lines: Representative scattering spectra of the
individual hybrid Au@ Ag NR/.J aggregates with different #$2z. The
individual hybrids (I)-(VI) were isolated from the ensembles treated
with 0.8, 2.0, 3.0, 4.0, 5.0, and 0.8 M dye solutions. Dashed red
lines are extinction spectra of the strongly coupled hybrids calculated
using Eq. (1). The insets are SEM images of the corresponding hybrid
NRs. The scale bar is 50 nm. (b) Statistics of the /§2; measured for
individual hybrid NRs and the corresponding N, calculated using
Eq. (1) for each dye concentration. About 20-30 hybrid NRs were
counted in each case (Fig. S18 [30]). In the calculations,
Gae ~41.3 meV, Ty ~ 135 meV (the mean value for the bare
Au@Ag NRs, Fig. S14 [30]), and I'. ~ 25 meV were used. The
dashed red line is a linear fit of N, corresponding to the various dye
concentrations. (c) (I)~(II) TEM images of Au@Ag NR/J aggre-
gates with different dye layer thicknesses and (IV),(V) high-
resolution TEM (HRTEM) images of the edges of a single Au@Ag

NR/J-aggregate hybrid and a bare Au@Ag NR, respectively.

strong light-matter interactions at the single-exciton level in
single open plasmonic nanocavities.

The realization of strong coupling at the quantum optics
limit is further validated by the microscopy images.
By precisely controlling the dye concentration and number
of Au@Ag NRs, very thin, ~0.9-6.0-nm-thick J-aggregate
layers were formed on the NRs [Fig. 4(c) and Fig. S17
[30]]. Since the volume of a single dye monomer is
~0.5 nm?® [24], when a J aggregate is considered to be a
one-dimensional chain of monomers [36], the thickness of
a single J-aggregate chain can be estimated to be ~0.8 nm.
The ultrathin, ~0.9-nm-thick J-aggregate layer observable
in Fig. 4(c) IV suggests that individual J aggregates were
successfully assembled on the Au@Ag NR, ensuring that a
single J-aggregate exciton was located at a sharp corner of
the cuboid Au@Ag NR and that the interaction distance
between them was less than 0.9 nm. Such an ultrashort
interaction distance ensures a fully spatial overlap between
the two subsystems, which facilitates the achievement of
strong light-matter interactions in single Au@Ag NR/J
aggregates at the quantum optics limit.

In summary, we demonstrated strong light-matter inter-
actions at the quantum optics limit in single open plasmonic
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nanocavities with ultrasmall V,,. This work opens up
possibilities to remove the ambiguities in explaining the
plasmon-exciton couplings, which from the quantum optics
perspective translates into uncertainty in the number of
excitons involved in strong coupling as well as into a
question of whether plasmonic nanocavities are at all
capable of realizing strong light-matter interactions at its
fundamental limit [24]. These issues are also significant for
potential quantum optics applications involving single
excitons [5,16,37]. The ability to reach the quantum optics
limit of strong light-matter interactions in single open
plasmonic nanocavities not only is significant for advance-
ment in the fundamental sciences, but also will promote the
development of room-temperature quantum devices.
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