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Realizing strong light-matter interactions between individual two-level systems and resonating cavities
in atomic and solid state systems opens up possibilities to study optical nonlinearities on a single-photon
level, which can be useful for future quantum information processing networks. However, these efforts
have been hampered by unfavorable experimental conditions, such as cryogenic temperatures and ultrahigh
vacuum, required to study such systems and phenomena. Although several attempts to realize strong light-
matter interactions at room temperature using plasmon resonances have been made, successful realizations
on the single-nanoparticle level are still lacking. Here, we demonstrate the strong coupling between
plasmons confined within a single silver nanoprism and excitons in molecular J aggregates at ambient
conditions. Our findings show that deep subwavelength mode volumes V together with quality factors Q
that are reasonably high for plasmonic nanostructures result in a strong-coupling figure of merit-Q/+/V as
high as ~6 x 10° ym~%/2, a value comparable to state-of-the-art photonic crystal and microring resonator
cavities. This suggests that plasmonic nanocavities, and specifically silver nanoprisms, can be used for

room temperature quantum optics.
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Strong light-matter interactions are not only interesting
from a fundamental quantum optics point of view, e.g., for
studying entanglement and decoherence, but also because
of their relevance for high-end emerging applications
such as quantum cryptography [1], quantum networks
[2], single-atom lasers [3], ultrafast single-photon switches
[4], and quantum information processing [5-7]. These
phenomena rely on a quantum emitter strongly interacting
with a resonant cavity, which leads to cavity and emitter
mode hybridization and vacuum Rabi splitting [8]. In the
time domain, these strong light-matter interactions manifest
themselves as a coherent exchange of energy between the
cavity and the emitter occurring on time scales faster than
both cavity and emitter dissipative dynamics—a situation
that is dramatically different from irreversible spontaneous
emission. Traditionally, these quantum optical phenomena
have been studied in atomic [9,10] and solid state systems
[11-13], which are associated with considerable experi-
mental challenges, such as ultrahigh vacuum, cryogenic
temperatures, and fabrication issues.

A possible solution to these challenges could be to use
noble metal nanoparticles instead of photonic crystal
and microring resonator cavities [14—18]. This is because
metal nanostructures can trap electromagnetic fields on
subwavelength scales as so-called surface plasmon exci-
tations. These plasmonic nanocavities possess a number
of desirable properties, such as room temperature oper-
ation, deep subwavelength mode volumes, and nanoscale
dimensions that have been shown to lead to many
remarkable phenomena including single-molecule Raman
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spectroscopy [19-21], tip-enhanced imaging [22], ultra-
compact nanolasers [23], and enhanced fluorescence [24],
to name a few. Despite these progresses, there has been
considerably less success in achieving and demonstrating
light-matter interactions in the strong-coupling regime in
these structures.

Most experiments aiming at the realization of strong
coupling utilize electronic excitations in a special kind of
dye molecule aggregates, so-called J aggregates, motivated
by their exceptionally high oscillator strength and narrow
resonances even at room temperature [25]. Recent studies
along these lines include a variety of macroscopic or
ensemble-type systems such as propagating surface plas-
mons in thin metal films, low-Q Fabry-Perot resonators,
and various nanoparticle arrays or assemblies coupled to
a large number of excitons [26-31], as well as single-
nanoparticle measurements [32-36]. However, to date,
there remain ambiguities in the interpretation of the
plasmon-exciton interactions in these structures [18], which
from the quantum optics perspective translates into uncer-
tainty in the number of excitons involved in the coupling
process as well as into a question of whether plasmonic
nanocavities are at all capable of realizing strong light-
matter interactions at its fundamental limit. These questions
are crucial for potential quantum optics applications, since
they require involvement of only a single exciton [8,12,13].

Here we realized light-matter interaction in the strong-
coupling regime between plasmons confined within single
isolated silver nanoprisms and molecular excitons in J
aggregates at ambient conditions (Fig. 1). Our observations
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FIG. 1 (color online). Molecular excitons, nanoparticle
plasmons, and coupling between them monitored by extinction
or scattering spectroscopy and electron microscopy. (a) Left:
Extinction spectrum of TDBC J aggregates in water and chemical
structure of TDBC monomer. Middle: Schematic view of a J-
aggregate sheet. Right: Cryo-TEM image of several overlapped
J-aggregate sheets. (b) Left: Scattering spectrum of a bare
nanoprism with a quality factor of 17.6. Middle: Schematic view
of a silver nanoprism. Right: SEM image of the prism. (c) Left:
Scattering spectrum of single nanoprism strongly coupled to J
aggregates, resulting in a pronounced scattering dip. The hybrid
plasmon-exciton branches, @, and w_, are split by 295 meV,
while their full widths at half maxima are 200 and 130 meV,
respectively. Middle: Schematic view of the coupled system.
Right: SEM image of the corresponding prism.
Scale bars are 50 nm.

were facilitated by the weakly radiating nature of the
silver nanoprisms and their small mode volumes
[V=(1-7)x10* nm*]. We found that the plasmon-
exciton systems in our study exhibit Q factors up to
~20, splitting-to-damping ratios (2g/y,) as high as
~1.5, and vacuum Rabi splitting up to ~280 meV involv-
ing N ~ 70-85 excitons in the mode volume. Furthermore,
our morphological and spectral measurements and analysis
of a wide range of samples reveal complex spectral features
as a result of diversity of silver nanoprisms and inhomo-
geneous distribution of J aggregates around the nano-
structures, including almost 100% transparency dips and
distinct Fano-shaped scattering spectra.

To achieve strong coupling between a cavity and an
emitter, it is essential to combine a high-Q—-low-V cavity
with a high oscillator strength of the emitter. For this
reason, we specifically chose silver nanoprisms and J
aggregates, since the former possess low damping due to
small geometrical volumes and high crystalline quality,
while the transition dipole moment y; of the latter is large
due to a single electron excitation being delocalized over

many adjacent molecules—all contributing to the oscillator
strength [25]. The specific molecule we use is a cyanine dye
called TDBC that forms J aggregates in a water solution
with a single exciton delocalized over ~15 molecules at
room temperature [37]. Figure 1(a) shows the extinction
spectrum of J aggregates exhibiting a narrow peak at
588 nm (wy = 2.11 eV). When a silver nanoprism support-
ing a plasmon resonance matching the J band [Fig. 1(b)] is
placed in close proximity to the molecules, a coupled
hybrid system exhibiting very significant mode splitting
into upper (w,) and lower (w_) hybrid plasmon-exciton
branches is formed, signaling the realization of a strong-
coupling scenario [Fig. 1(c)]. A possible dye-nanoparticle
arrangement that could lead to such a scattering spectrum is
schematically shown in Fig. 1—as supported by scanning
and transmission electron (SEM and cryo-TEM) and
atomic force microscopies showing that J aggregates form
thin ~3 nm planar sheets and silver nanoprisms reside
above or below them (see Fig. S1 in Supplemental
Material [38]).

Figure 1 shows that silver nanoprisms can indeed
strongly interact with J aggregates. To reveal the factors
affecting the coupling process, we measured and analyzed
scattering spectra from ~20 isolated plasmon-exciton
systems, structurally characterized them, and performed
electrodynamics finite-difference time domain (FDTD)
calculations. The individual silver nanoprisms’ spectra
were measured using hyperspectral imaging—an approach
that allows for parallel sampling of many isolated particles
[42,43] (Fig. S3 of Ref. [38]). Control experiments ensur-
ing that the scattering dips indeed originate from plasmon-
exciton coupling were performed: monitoring spectral
evolution as a function of J-aggregate photodecomposition
(Fig. 3), fluorescence of hybrid systems (Fig. S8 of
Ref. [38]), and bare silver nanoparticle scattering measure-
ments (Figs. S4 and S9 of Ref. [38]).

To determine whether the plasmon-exciton system is
strongly coupled, we describe our scattering spectra in
terms of the classical coupled harmonic oscillator model,
which predicts upper and lower plasmon-exciton branches
in agreement with the quantum mechanical Jaynes-
Cummings picture [26,44.,45]:

oi=tlogta) 4T ()

Here, g is the coupling rate, w, and @, are plasmon
and exciton resonance energies, and 6 = wp — wy is the
detuning. The plasmon-exciton branches can be directly
accessed from the scattering data [Fig. 1(c)]. Assuming
that the exciton resonance and width are homogeneous
over the whole set of experiments (wy~2.11 eV and
7o ~ 100 meV), we obtain the vacuum Rabi splitting
Qp =2g, plasmon resonance, and plasmon linewidth

from Eq. (1) as Qg =2y/(w, —ap)(wy—aw_),
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Wy = W, + @_ — @y, and yp,; = y4 +y_ —yo, where y, is
the full width at half maximum of the corresponding
plasmon-exciton branch. The quality factor is calculated
as Q = (wp/yp)- The coupled oscillator model is an
alternative to direct determination of €2 via anticrossing
at zero detuning, which is typically used in case of, e.g.,
tunable photonic crystal cavities [6]. Here the nanocavity
resonances are not tunable; however, by looking at the
upper and lower plasmon-exciton branches for all measured
nanoprisms (Fig. S5 [38]), we observe that the resulting
curves resemble an anticrossing behavior with Qp of
~170 meV, in good agreement with Fig. 2(b). The analysis
reveals that w,, yp, O, and Qg of the coupled plasmon-
exciton systems are distributed across a broad range of
values [Figs. 2(b)—(e)], reflecting variations in particle
morphology [Fig. 2(f)] as well as in the number of excitons
contributing to the coupling process, N. Since
9= \/N’ﬂJ|Evac|7 where |Evac| = \/m is the vac-
uum field and V is the mode volume [11], we should
comment on the physical meaning of V for plasmonic
cavities. Following Refs. [46,47], we note that in case of
small plasmonic nanoparticles the mode volume is well
approximated by the geometrical volume, because the
energy density e|E|?> is concentrated mostly in the metal
[Fig. 2(a) inset]. This implies that V is given by the
nanoprism side length L, as V ~ L2, since the nanoprism’s
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FIG. 2 (color online). Distribution of single-nanoparticle
parameters extracted using the coupled oscillator model. (a) Ratio
between Rabi splitting and plasmon damping (2g/y,) as a
function of inverted geometrical volume (L~?). Strong coupling
is reached when 2g > y, is fulfilled. Inset: Energy density ¢|E|*
distribution around a silver nanoprism, showing that V is well
approximated by geometrical volume, i.e., V ~ L%. (b) Distribu-
tions of Rabi splitting Q, (¢) plasmon damping y,,, (d) plasmon
resonance frequencies @, (e) quality factors, and (f) nanoprisms’
side lengths.

pl>

height is constant 10 nm. Thus, the coupling process can be
seen as being given by only two parameters: N and L.
For further analysis we should first confine ourselves to a
specific criterion of strong coupling taken as 2g >y in
this study. This is a rather strict criterion in comparison to
29 > (yp —v0)/20r2g9 > (7, + 70)/2 used in other works
[6,35], and therefore satisfaction of this strict condition
automatically implies satisfaction of all the weaker ones.
The parameters extracted from the coupled oscillator model
—2g, wy and y,—allow us, on one hand, to infer whether
the system satisfies the strong-coupling condition and, on
the other hand, to estimate N and V through the standard
relation for the coupling rate g/y, ~ Q+/N/V [11]. That
said, in Fig. 2(a) we plot 2g/y, as a function of L2
(mimicking dependence on V) and observe that several
plasmon-exciton systems exhibit strong coupling, i.e.,
2g/ypm > 1. We also observe that 2g/y, increases for
smaller particles; however, the correlation is not very
strong, which is likely due to the diversity of the nano-
prisms and inhomogeneous distribution of molecules
around them. To verify whether such a spread is realistic,
we performed electrodynamic FDTD calculations (Fig. S6
[38]), which show that silver nanoprisms indeed can be
expected to have Q values in the range of 8—14 and the
mode volume in the range of V = (1-7) x 10* nm? in good
correlation with geometrical volume. Such mode volume
dispersion agrees well with the 2g/y, spread shown in

Fig. 2(a). We would like to stress here that a quantity Q/+/V,
which characterizes the cavity in terms of its coupling ability
and is therefore referred to in the literature as the figure of
merit for strong-coupling-related phenomena [11,48], is
about ~6.3 x 10° um=3/2 in the case of the silver nanoprisms
studied here (Q =20 and V = 10000 nm?® = 107> um?),
which is only 5 times smaller than state-of-the-art photonic
crystal cavities ~3.2 x 10* yum=/2  (Q = 10000 and
V = 0.1 ym3—parameters taken from Ref. [11]). This implies
that plasmonic nanoparticles, especially in the form
of the weakly radiating single-crystalline nanoprisms studied
here, are indeed very prominent alternatives to photonic
crystal and microring resonator cavities.

To elucidate how many excitons contribute to the
observed interactions, we used the experimentally obtained
values for g together with numerically evaluated V, and
compared them using the standard relations for the cou-
pling rate and the vacuum field. For the two limiting cases
representing the data (g = 140 meV, V = 10000 nm® and
g=50meV, V=70000nm%), we estimate /Nu; =
(9/|Evac|) ® 170-190 D. p; is independently evaluated
from the extinction measurement in a water solution of
J aggregates =~ 20.5 D (Fig. S2 [38]), and thus the overall
number of excitons contributing to g is & 70-85, while the
number of TDBC monomers is ~1000. This number agrees
well with alternative estimations based on the physical
dimensions of hot areas around the nanoprisms (assuming J
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FIG. 3 (color online). Diversity of plasmon-exciton inter-
actions. (a) A single-nanoparticle—J-aggregate system shown
together with laser-induced J-aggregate photodegradation 2
and 10 min after continuous laser illumination for strongly
coupled 29 > (y,1.70), (b) intermediate coupling y, > 2g > 7,
and (c¢) weak-coupling regimes 2g < yp. (d) Near-complete
suppression of scattering (zero scattering) at around the J band
(588 nm) in the strong-coupling regime. (¢) Fano-shaped scatter-
ing spectrum. SEM images of the nanoparticles are shown in
insets. The scale bars are 50 nm. (f) FDTD calculated absorption
and scattering. Note the splitting of both cross sections.

aggregates are 3 nm thick and their molecular density is
~1 gcm™3—typical for organic crystals like TDBC), as well
as with FDTD calculations [38]. Although the current
realization is rather far from the quantum optics limit, by
extrapolating the coupling down to a single exciton we
obtain g = 15 meV, which can be realistically increased by
further compressing the mode volume and increasing y;.

The plasmon-exciton system used in our study is
amenable for realizing a wide range of light-matter inter-
actions [Fig. 2(a)]. To illustrate this diversity we have
chosen and characterized five of the nanoprisms in greater
detail. The realized coupling regimes range from very
strong to weak. Figure 3(a) shows a strongly coupled
plasmon-exciton system with a Rabi splitting of 162 meV,
while y,; = 109 meV and Q ~ 20.2, resulting in a value of
2g/ym of about 1.5—a very high number for both
plasmonic and photonic systems [6,35,36]. Importantly,
Fig. 3(a) shows a system with a relatively modest Rabi
splitting of ~162 meV, while the maximum observed in
this study is ~280 meV, yet it is deep in the strong-
coupling regime—achieved due to relatively high Q in
this case. In Fig. 3(b) we show the scattering spectrum
for a nanoprism resembling a case of intermediate
coupling (yp1 > 29 > yo). Here, 2g =151 meV, while

Ypi = 184 meV and Q ~ 11.6. The characteristic of this
regime is that the dip is not as pronounced as in the strong-
coupling case—a result of increased y, and an average Q.
However, coupling in the intermediate regime is still more
pronounced than in the weak-coupling case shown in
Fig. 3(c), where the scattering spectrum is only slightly
suppressed at the position of the J-aggregate line—a
situation realized when splitting is low, ie., 7, >g
(rp1 ~ 191 meV, Qg =~ 96 meV). Moreover, it has been
shown previously that suppression of scattering in the case
of weak coupling occurs mostly due to enhanced absorp-
tion in the dye layer [18]. A situation observed in Fig. 3(c)
is similar to several previously published single-particle
data [32-34], suggesting the realization of an enhanced-
absorption scenario in these works.

Interestingly, the spectrum in Fig. 3(d) exhibits a nearly
complete suppression of scattering in the strong-coupling
regime (i.e., zero scattering), with 2¢g ~ 200 meV domi-
nating over y,; & 174 meV. From Refs. [14,36], it can be
shown that very pronounced dips in scattering response can
be achieved when (2g/,/7o7p1) > 1, which is true for
Figs. 1(c), 3(a) and 3(d), suggesting that strong coupling
is accompanied not only by large splitting but also by nearly
complete suppression of scattering. The phenomenon of zero
scattering requires that the absorption cross section of these
nanostructures should also be strongly suppressed, in accor-
dance with the optical theorem. To illustrate this, we perform
FDTD calculations using realistic nanoprism—/-aggregate
parameters [Fig. 3(f)], which indicate that spectral dips are
present not only in scattering but also in absorption—as
anticipated in the case of strong coupling [18].

Finally, in Fig. 3(e), we observe an asymmetric Fano line
shape in the plasmon-exciton system, arising due to the
interaction between a narrow J-aggregate resonance and a
broad detuned plasmon resonance (w, = 1.83 eV < @).
This example aims at illustrating similarities between
various aspects of plasmon-related phenomena often
referred to as Fano resonances, strong coupling, or electro-
magnetically induced transparency.

In all five cases presented in Fig. 3, independently of the
realized scenario, the scattering dips gradually disappeared
upon laser-induced J-aggregate degradation, implying that
the diversity arises directly from plasmon-exciton inter-
actions. Indeed, SEM images confirm that in each case a
spectrum originated from an isolated nanoprism.
Fluorescence spectra of these plasmon-exciton systems
(Fig. S8 [38]) are much broader than the fluorescence of
the free J aggregates in solution, indicating a strong
interaction between J aggregates and surface plasmons.
Note that control experiments on bare silver nanoprisms
showed that the laser illumination does not affect the
nanoparticles’ shape and spectra (Fig. S9 [38]).

In conclusion, strong light-matter interactions in the
single-crystal nanoprisms studied here outperform all
previously reported realizations, including Ag nanorods
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[36] and Au dimers [35], in terms of degree of coupling
29/ and strong-coupling figure of merit Q/ V/V. We note

that 2g/y, and Q/ /V are more relevant for the description
of strong coupling than the vacuum Rabi splitting alone, no
matter how high the latter is. Indeed, ensemble measure-
ments reported Rabi splitting approaching ~1 eV [49]—
more than 3 times greater than in the current study;
however, this was achieved due to a tremendous amount
of molecules adsorbed within large mode volumes of
macroscopic samples. Vacuum Rabi splitting in the range
200400 meV was also claimed for the case of Au dimers
produced by electron beam lithography [35]; however, these
polycrystalline dimer structures exhibit significant radiative
losses resulting in y,; as large as ~370 meV, thereby reducing
2g/yp to values of ~1.08 even for the only nanostructure
displaying ~400 meV Rabi splitting. In the current study, y,;
is strongly suppressed due to reduced radiative damping and
the high crystalline quality of silver nanoprisms resulting in
29/vp~ 1.5and Q/V/V ~ 6 x 10° yum=*/2, as demonstrated
by both experiments and calculations. These results allow us
to estimate the number of excitons coherently contributing to
the coupling process, N ~ 70-85, implying that single-
exciton strong coupling might be within reach provided there
is further compression of the mode volume. Furthermore,
photobleaching and structural characterization experiments
unambiguously prove that coupling arises due to plasmon-
exciton interactions. Importantly, our results show that
plasmon-exciton systems are viable alternatives to photonic
cavities, thereby opening exciting opportunities for room
temperature quantum optics.
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