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ABSTRACT: In the light—matter strong coupling regime, the excited state of
quantum emitters is inextricably linked to a photonic mode, leading to hybrid
states that are part light and part matter. Recently, there has been a huge effort
to realize strong coupling with nanoplasmonics, since it provides a versatile
environment to study and control molecules in ambient conditions. Among
the most promising designs are plasmonic nanocavities that confine light to
unprecedentedly small volumes. Such nanocavities, though, support multiple
types of modes, with different field profiles and radiative decay rates (bright
and dark modes). Here, we show theoretically that the different nature
of these modes leads to mode beating within the nanocavity and the Rabi
oscillations, which alters the spatiotemporal dynamics of the hybrid system.
By specifically designing the illumination setup, we decompose and control the
dark and bright plasmon mode excitation and therefore their coupling with
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quantum emitters. Hence, this work opens new routes for dynamically dressing emitters, to tailor their hybrid states with external

radiation.
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N anophotonics and nanoplasmonics devices have the
unique ability to confine light in extremely subwave-
length volumes and massively enhance electromagnetic fields.'
Based on this principle, exciting applications have emerged such
as plasmonic nanoantennas,” colorimetric sensing,’ single-
molecule surface-enhanced Raman scattering,’ and plasmonic
nanocavity lasers.” Fundamentally, the high-field enhancement
can alter the local density of states to an unprecedented degree
and control the energy exchange of quantum emitters (QEs)
with light.z’&9 For high enough field enhancement, one enters
the strong coupling regime, where the energy exchange between
QEs and plasmons is faster than the decoherence processes of
the system. As a result, the excitonic state of QEs blends with
the photonic mode, forming hybrid excitonic—photonic states.
These hybrid states are part light, part matter and allow for
the characteristic Rabi oscillations of the atomic excitations
to be observed. Due to the small value of a molecule’s dipole
moment, strong coupling was initially realized in optical
high-finesse cavities, first with many atoms'°~'> and shortly
afterward for a single atom."” Strong coupling, where Rabi split-
ting is observable, generally requires atoms to be in vacuum
and/or at cryogenic temperatures, where decoherence pro-
cesses are suppressed.'*”'” However, plasmonic nanostructures
have the ability to confine and enhance light even further (i.e,,
at the nanoscale)'®™*' and therefore provide an alternative
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route to strong coupling at room temperature. This was
first demonstrated for plasmonic lattices”** and J-aggregates
strongly coupled to the plasmons of a single nanoparticle at
ambient conditions”>® and recently for a single molecule
strongly coupled to the plasmons in a nanocavity at room
temperature.”’>® The latter was possible only due to recent
advances in self-assembled nanofabrication techniques that
allow for plasmonic nanocavities with robust gaps as small as
0.34—2 nm to be fabricated.””**~*" By harnessing the extreme
field enhancement and confinement characteristic of such
plasmonic nanocavities, we can control matter at the molecular
level and therefore obtain the elementary building blocks for
quantum information systems,”> controlled photochemistry at
the atomic level, and manipulating chemical bonds.*

In this article, we demonstrate that a homogeneous layer of
QEs placed in such extreme plasmonic nanocavities is strongly
coupled simultaneously to multiple types of modes, resulting
in complex Rabi dynamics of the hybrid system. Plasmonic
nanocavities support multiple modes that depend on the
parity symmetry of the nanostructure and can be spectrally
degenerate, bright, or dark. Although external radiation couples
dominantly to bright modes,”* using a transformation optics

Received: May 2, 2017
Published: September 2, 2017

DOI: 10.1021/acsphotonics.7b00437
ACS Photonics 2017, 4, 2410-2418


pubs.acs.org/journal/apchd5
http://dx.doi.org/10.1021/acsphotonics.7b00437
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsphotonics.7b00437
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsphotonics.7b00437
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsphotonics.7b00437
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html

ACS Photonics

analytical model and numerical calculations we show that
in extreme plasmonic nanocavities with gaps of just a few
nanometers, dark modes, which are commonly neglected”** are
also excited and actually contribute significantly to the field
enhancement. Therefore, QEs placed in plasmonic nanocavities
simultaneously exchange energy with both bright and dark
plasmons, and we show that they exhibit distinctively different
spatiotemporal and coupling dynamics. Here, we consider a
homogeneous layer of QEs placed in a plasmonic nano-
cavity, and using two semiclassical descriptions (analytical and
numerical), we calculate the spatiotemporal dynamics of the
QE layer strongly coupled with multiple plasmon modes and
demonstrate that they have identical coupling strengths,
regardless of their intrinsic field enhancement, bright/dark
nature, or the induced spatiotemporal asymmetries on the Rabi
oscillations. The article is structured as follows: we first char-
acterize the excited plasmons and their corresponding
spatiotemporal behavior, using a transformation optics analyt-
ical model and numerical calculations, respectively. We then
demonstrate that selective excitation of these modes can be
achieved using double-sided illumination, and using semi-
classical calculations we show both the Rabi oscillations and
effective coupling strength of each mode with the QE layer.
Finally, we discuss our findings for nanocavities with other
parity symmetries, which exhibit different bright and dark

modes.

B RESULTS

By placing two metal nanowires close to each other, a
plasmonic nanocavity is formed that provides high enough

field enhancement to reach the strong coupling regime. In this
article, we consider gold nanowires of diameter 60 nm forming
a gap of 1 nm in an aqueous environment (n = 1.33), Figure la.
A plane wave excitation propagating toward the —x-axis and
with E, polarization induces collective charge oscillations
(plasmons) in both nanoparticles, resulting in large field
enhancements and light confinement within the small gap.
When no QEs are present (passive system), the absorption
cross-section (Figure 1b, red full line) shows two resonances,
the dipole (n = 1) mode at 620 nm and the quadrupole (1 = 2)
mode at 520 nm, with their respective field profiles shown in
Figure lc. Note that the quadrupole mode is at the gold inter-
band transition frequency, which is already reflected in the per-
mittivity of gold and actually dampens the quadrupole mode.
Both the dipole and quadrupole modes have bright character-
istics, and external radiation efliciently couples to both. While
the quadrupole mode of an isolated nanowire is dark, for two
tightly coupled nanowires the intrinsic nanoparticle modes
hybridize, changing the radiative nature of the quadrupole and
higher-order modes.”™*” Using finite-difference time-domain
(FDTD) methods, we excite the passive plasmonic system with
a broadband pulse of 14 fs and record the spatiotemporal
evolution of the E,field through the center of the nanocavity
(Figure le). The broadband pulse simultaneously excites both
the dipole and quadrupole modes, indicated in Figure le with a
white and two black arrows, respectively. The central lobe of
the quadrupole mode has opposite phase to the dipole mode,
but is smaller in intensity. Hence, only the peripheral (side)
antinodes of the quadrupole mode are visible on the spatio-
temporal map, which oscillate with a higher frequency, leading
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Figure 1. (a) Nanowire gold dimer structure with single pulsed source excitation and a homogeneous layer of QEs shown in green. (b) The absorption
cross-section of the passive (i.e, no QEs) and the strongly coupled (i.e., with QEs) system plotted with a solid and dashed line, respectively. (c) Field
profile of the dipole and quadrupole modes. (d) Representation of the two-level QEs with @, = 3.033 X 10" (rad/s) ~ 2 eV = A;, ~ 621 nm,
T, =107s, ¥p = 6457 X 10" Hz, and dipole moment y# = 4.11 X 10''e m (e = elementary electronic charge). (e) Spatiotemporal map of the passive
and (g) strongly coupled system, with the time evolution of the dipole and quadrupole modes shown with white and black arrows, respectively.
(f) Enlarged spatiotemporal map of the passive system, where the mode beating is observed and (h) for the strongly coupled system showing the spatial

asymmetry and mode beating of the Rabi oscillation.
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Figure 2. (a) Plasmonic modes supported by a dimer structure for an E,-polarized plane-wave excitation. The even eigenstate is the only bright
mode, while the odd eigenstate (and all antibonding states, not shown) are dark. (b) Field profile and enhancement predicted from the
transformation optics analytical description. (c) Decay of the even and odd bonding eigenstates calculated numerically and analytically using eq 1.

to a progressively larger phase difference between the central
and peripheral antinodes. Due to the weaker excitation of the
quadrupole mode, its peripheral lobes dissipate before the
dipole mode.

At ~27 fs the dipole mode has decayed significantly and
mode beating characteristics appear, with a mode that has a
node at x & 0. Once the dipole mode has completely decayed,
the node settles at x = 0 and the field has opposite phase at
each side of the x-axis. These field characteristics are
distinctively different from the dipole mode and are in fact
due to the odd-bonding mode of the plasmonic dimer struc-
ture, which exhibits orthonormal features to the even-bonding
mode and decays slower.”* In Figure 2, we show the supported
first-order (n = 1) bonding eigenstates of the dimer structure
over the y-axis mirror symmetry (ie., determined by the
E,-polarization excitation) of the dimer structure”* (see
Figure S2 for all bonding and antibonding modes supported
by the dimer structure). External radiation (from the even
continuum) primarily couples to the even-bonding eigenstates
that by definition are bright, and the first (n = 1 and second-
order (n = 2) even eigenstates correspond to the dipole and
quadrupole modes shown in Figure lc. However, the odd-
bonding modes are also excited (although less efficiently) and
appear on the spatiotemporal map once the even modes have
radiated away most of their energy. The first order odd-bonding
mode is excited with external illumination due to the extremely
small gap and leads to the mode beating features seen in Figure le
with the even and eigenstate. Due to reciprocity, the odd-bonding
state radiates inefficiently to the even continuum and is therefore a
dark mode with a slower decay rate than the even mode.

Using a transformation optics analytical description
(Supporting Information, Section 1), we obtain the complex
resonant frequencies for the nanowire dimer structure:

4 3 n
W& = R;_Rlnw_ly_m_’_n”gwp{& R;_Rln
" R P |2 srXZ R, 2R}
R} — R/ 7,
Cl)nOdd — 2 - 1 wp _ jim
2R

(1)

where n denotes the nth-order mode, R}, R,, and R, are geo-
metrical constants in the transformed space, and 7,, and w, are
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the damping and plasma frequency of a Drude metal. The real
part of the two eigenstates reveals that both even and odd
eigenstates for the nanowire dimer are always resonant at the
same frequency, but have different imaginary parts. The y,,/2
term describes the ohmic dissipation of each mode, and the
additional imaginary term of w;’*" describes its radiative decay
to the far field. Hence, the even eigenstates are bright (radiate
to the continuum) and odd eigenstates are dark, and the
transformation optics analytical description predicts their field
profiles shown in Figure 2b. The different decay rates of the
dipole (n = 1) even- and odd-bonding eigenstates are shown in
Figure 2b, where we plot the normalized E, field of the even
and odd eigenstates, together with the predicted mode decay
described by eq 1. One can see that the even eigenstate decays
more rapidly than the odd mode, since it radiates efficiently to
the far field, and this behavior is predicted very well by eq 1.
The analytical description also describes well the decay rate of
higher-order modes (see Supporting Information, Section 2,
Figure S3).

The odd eigenstates are commonly neglected when con-
sidering plasmonic gaps.”® It is usually assumed that due to
their dark nature, external illumination does not couple to them
efficiently. While this assumption is valid for larger gaps (i.e., >
S nm) where the intrinsic odd mode of each nanoparticle is
strongly confined on each nanoparticle, for extremely small
gaps of just 1—2 nm they hybridize with each other and manage
to confine their field enhancement in the gap. Hence, for
plasmonic nanocavities with extreme gaps, there is an additional
contribution to the field enhancement, due to the excitation of
the odd-bonding modes, leading to spatial asymmetries in the
spatiotemporal map of Figure le.

To study the strong-coupling spatiotemporal dynamics in
this system, we surround the two nanowires with a homoge-
neous layer of QEs, which we model with the semiclassical
Maxwell—Bloch description for a two-level system shown in
Figure 1d (see Methods for derivation), with characteristics
®, = 3.033 X 10" (rad/s) ~ 2 eV = A}, & 621 nm, the excited
state lifetime 7,, = 107 s, dephasing y, = 6.457 X 10" Hz, and
dipole moment y = (4.11 X 10_1F€) m (e = elementary
electronic charge). Figure 1b shows the absorption cross-
section for both the passive and strongly coupled system,
where the characteristic Rabi splitting is seen for the dipole
(even-bonding) mode. Figure 1g and h show the spatiotemporal
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Figure 3. (a) Nanowire gold dimer structure with double-sided pulse excitation and a homogeneous layer of QEs shown in green. The absorption
cross-section for (b) symmetric (A¢) = 0°) and antisymmetric (A¢) = 180°) excitation for the passive (full lines) and strongly coupled (dashed line)
system. (c) Field profile of the first symmetric (A¢) = 0°) and antisymmetric (A¢) = 180°) modes, both occurring at A = 621 nm. (d) Spatiotemporal
dynamics of the passive (top) and strongly coupled (bottom) system for symmetric and (e) antisymmetric double-sided excitations.

map of the strongly coupled system. Initially, the incident
broad-band pulse excites directly both the dipole and quad-
rupole modes, showing similar features to those for the passive
system. But when the QE layer is present, at ~18 fs, energy is
absorbed from the plasmonic modes and re-emission emerges
after ~20 fs. This is the first energy exchange cycle and
therefore the first lobe of the Rabi oscillations and is spatially
asymmetric. At longer times (~5$ fs), mode beating features
emerge within the Rabi oscillations, indicating that both the
even- and odd-bonding eigenstates are simultaneously strongly
coupled to the QE layer. In fact the odd eigenstate continues to
exchange energy with the QEs for much longer than the even
eigenstate. Hence, the strong coupling spatiotemporal dynamics
are governed by a multiple set of modes all exchanging energy
with QEs, but with different time dynamics.

Preserving Parity Symmetry. Due to the single-sided
excitation of the above system, the y-axis symmetry of the
dimer structure breaks, since the excited fields at x > 0 do not
match the excited fields at x < 0. To obtain a better under-
standing on the individual coupling and energy exchange
dynamics of the QEs with the even and odd modes alone, we
tailor the external illumination to preserve the parity symmetry
of the system (i.e, E(y) = E(—y)). To achieve this, we illu-
minate the structure with two identical sources, one propa-
gating toward the —x-axis and the other toward the +x-axis
(double-sided excitation, Figure 3a). By modulating the phase
difference (A¢) of the two sources, one can excite the pure
parity states of the system. For symmetric (A¢ = 0°)
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illumination, only the even eigenstates are excited, and for
antisymmetric (A¢ = 180°) illumination only the odd eigen-
states are excited, with the absorption cross-sections and mode
profiles shown in Figure 3b and c, respectively. As eq 1 predicts,
the symmetric and antisymmetric absorption spectra are
resonant at similar wavelengths. Also the mode profiles of the
even and odd eigenstates are in agreement with the even and
odd eigensolutions of the transformation optics analytical
model shown in Figure 2b. The antisymmetric (A¢p = 180°)
absorption cross-section is 1 order of magnitude smaller
than the symmetric (A¢) = 06°) one, since odd eigenstates are
darker states. However, it is significant to note that the odd
mode field enhancement is of the same order of magnitude as
the even mode (Figure 3b), since the extremely small gap also
confines the odd modes in the cavity, and therefore both
eigenstates comparably contribute to the QE excitation.

The even and odd spatiotemporal maps for the passive dimer
structure are shown in Figure 3d and e, respectively, and are
distinctively different from each other. For the symmetric
illumination (A¢ = 0°), n = 1 and n = 2 even-bonding modes
are excited, with the initial dynamics being almost identical to
the single-sided excitation. However, different from Figure 1g,
no spatial asymmetries or mode beating is present as the fields
decay (t > 30 fs). The antisymmetric (A¢p = 180°) spatio-
temporal map in Figure 3e has a node at x = 0 nm, and the
Efield has opposite phase at each side of the center, as pre-
dicted by the transformation optics analytical model. Also, the
decay rate of the odd eigenstates is significantly slower than
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that of the even one and also in very good agreement with the
transformation optics analytical description of eq 1. It should be
noted that the single-sided spatiotemporal map of Figure le is
the exact superposition of the symmetric and antisymmetric
maps of Figure 3d and e.

We now place a homogeneous layer of QEs around the
nanowire dimer structure, represented by a two-level semi-
classical Maxwell—Bloch description (Methods). The absorp-
tion cross-sections for the symmetric (A¢p = 0°) and anti-
symmetric (A¢ = 180°) double-sided excitations are shown in
Figure 3b, and both show the characteristic Rabi splitting for
the absorption spectra and therefore are both strongly coupled
to the QE layer. The two spatiotemporal maps of the two
strongly coupled systems are shown in Figure 3d and e (bottom
figures). They reveal the Rabi oscillations induced due to the
QE coupling with each of the eigenstates separately. To directly
observe the energy induced in the plasmonic nanocavity
directly from the QEs and therefore the Rabi dynamics, we plot
in Figure 4a the macroscopic polarization P, induced from the
two-level system (see eq 6) for the single- and the two double-
sided illuminations. The envelope of P, corresponds to the
Rabi oscillations and directly leads to the induced E-field
re-emission seen in Figure 3d and e (see Supporting Information
Section 4 for more discussion). In Figure 4b, we plot P;, for all
three illumination types for comparison. Note that Py, for single
excitation is irregularly shaped due to the spatial asymmetry
of the energy exchange with QEs. The amplitude and time
dynamics of the single-sided Rabi oscillations are again a super-
position of each eigenstate’s constituent strongly coupled
dynamics (noting that P='% has opposite phase than P%/=°).

Since we excite the system with a broadband pulse of duration
~14 fs, by the time the first Rabi oscillation appears at ~30 fs the
direct plasmon excitation has decayed. Therefore, the Rabi
oscillations shown in Figure 4b are the evolution of the energy
exchange dynamics between the emitter and the plasmons
without any external excitation. This is in contrast to steady-state
calculations, where the steady-state plasmon oscillation con-
tinuously excites the QEs. The rapid decay of the Rabi
oscillations is due to the very dissipative nature of plasmons.
Each Rabi cycle couples less energy back to the QEs, since the
plasmons dissipate the energy in ohmic losses. We demonstrate
in the following section that despite the “bad” cavity and the
different dissipation rates of the two eigenstate Rabi oscillations,
the system is in the strong coupling regime with a coupling
strength of g & 75.6 meV for both eigenstates.

B DISCUSSION

A homogeneous layer of QEs placed in plasmonic nanocavities
is strongly coupled to two sets of eigenstates (even and odd),

which for the plasmonic nanowire dimer are spectrally degen-
erate. To obtain the coupling interaction of such a system,
we derive a semiclassical analytical model describing the QE
layer as a homogeneous two-level system coupled simulta-
neously to two photonic modes (see Methods). The hybrid
states are obtained from the solution of the eigenvalue
problem:

(@ - QQE)(CU - Q) - KA [(@ — QQE)(C‘) - Q,) — KA, ]
)

where Qqp = @), — iy, is the complex frequency of the
two-level electronic transition with @;, being the transition
resonance frequency and y;, = 7, the dephasing term; Q, =
®, — iy, is the complex frequency of a cavity mode with @, and
7, being the frequency and line-width of the n eigenstate,
K= (N, = N,) | ul? ~ Ny | ul?

RV N 3hesey”
densities of the ground and excited states, respectively, Ny is
the total carrier density, p is the dipole moment of the
electronic transition, & is the permittivity of the background
material, and 4,,, A, are coupling coefficients (where n, k refer
to the plasmonic eigenstates). A,, denotes the coupling of
mode n with the QE layer alone, and A, the coupling of mode
k with mode n via the QEs. Equation 2 shows that each cavity
mode independently couples to QEs (A,,), but mode n can also
couple to mode k via the QEs (A,;) described by the last term
of eq 2.

To initially obtain the direct coupling (4,,) of the two
eigenstates, we detune the resonance frequency (a)QE) of
the QE layer and calculate the absorption spectrum for the
symmetric and antisymmetric double-sided excitations using
FDTD. Although it is not feasible to “tune” wqg experimentally,
it is appropriate for the theoretical study presented here in
order to leave the two plasmon modes €2, , of eq 2 undisturbed.
To obtain the detuning maps experimentally, one would need
to vary the plasmon frequencies Q,, by changing either the
radius of the nanowires or the gap between them. However,
this would change both the frequency and line-width of the two
plasmon modes, as well as the field enhancement in the gap
from each mode, and therefore add further complexity to the
detuning maps. The detuning maps are plotted in Figure Sa and
b for the even and odd eigenstates, respectively, and reveal the
characteristic anticrossing of the hybrid states, with the size of
the white dots representing the value of the absorption cross-
section peak calculated numerically. Since for double-sided illumi-
nation only one eigenstate is excited, and the superposition of
the symmetric and antisymmetric spatiotemporal maps leads
to the spatiotemporal map of the single excitation, we can

— KApA, =0

N, and N, are the occupation
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Figure 4. (a) P, at x = 3.2 nm for single excitation (green) and symmetric (red) and antisymmetric (blue) excitations, with the indicated envelope
revealing the Rabi oscillations. (b) Rabi oscillations for the symmetric (red) and antisymmetric (blue) double-sided and single-sided (green)

excitations at x = 3.2 nm.
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(which remains undisturbed).

conclude that K?A},A,; = 0, and therefore there is no sig-
nificant cross-coupling between the two eigenstates. Hence, the
eigenvalue problem of eq 2 is reduced to the single-mode
coupled system:**

1
even,odd
@y = E(QQE + Qe,o)
1 2
+ E\/(QQE - Qe,o) + 4I<Aee,oo (3)
where 02" and @3 are the hybrid states of the even and

odd plasmonic eigenstates and the effective coupling strength

= KA, ,- We plot eq 3 with lines in

Figure Sa and b, using the complex frequencies of the
two eigenstates and QEs, and fit it to the numerical data
to obtain the coupling strengths of the two modes:

8, =8, = KAxo = 75.6 meV. With the complex frequen-

cies of the two eigenstates determined from the numerical
simulations (@, = @, = 277¢y/621 nm ~ 2 eV and Q, = 7.16 and

is given by g

ee,00
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~

Q, 19.5, giving Q,, = w,, — iv,,/2Q,,), the only fit
parameters that enter eq 3 are the overlap factors U,y = (u,, i),
(see Methods, eq 7), which in turn enter A,; and consequently
determine the values of g, and g,,. For these calculations, we
assumed that U, = Uy, = 0.5 (ie., half the field energy is in the
QE layer) and neglect cross-coupling between the even and
odd eigenstates, U, = Uy, = 0.

Despite the different nature of the even and odd eigenstates,
their different field enhancement (odd field enhancement is
half of the even mode), mode profile, and Q-factors, they
surprisingly have identical effective coupling strengths. To get

better insight for this surprising result, we note that g o \/g ,

where 7 is the number of emitters coupled to each mode and
V is the mode volume, which is a measure of the each mode’s
spatial confinement and for our 2D nanowire structure reduces
to “mode area”. For the nanowire plasmonic structure discussed
in this paper, the “mode area” of the even eigenstate is ~4 nm*

and the odd eigenstate ~5.6 nm? This means that the odd
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mode energy is less confined in the gap than for the even mode
and therefore is strongly coupled to more emitters (ie., n is
also larger), which makes the two coupling strengths equal.

Additionally, the Purcell factor is F, o (%) and takes values

Fp = 1.8 and Fp = 3.5 for the even and odd modes. This is due
to the nonradiative nature of the odd eigenstate, which
compensates for its smaller field enhancement since more
Rabi cycles can be facilitated.

Using the effective coupling strength value of the two modes
(g = g0 = 75.6 meV) and eq 3, we find the complex Rabi
frequency for the even, Q% = (9.14 — i5.25) x 10" (rad/s) =
w§ ~ 60 meV, and the odd mode, Qf = (17.34 — i0.137) X
10" (rad/s) = @} ~ 114 meV. Taking into account only the
real part of these values, we find the two Rabi time periods
T = 68.77 fs and 7} = 36.24 fs for the even and odd modes,
respectively. This is in good agreement with our numerical
results shown in Figure 4b, where 73 = 60 fs and 7} = 27 fs.
In Figure 5c and d, we show the detuning map for a single-
sided excitation obtained numerically and analytically using the
semiclassical model. Since @y, = Woqq and g, = g, the two
sets of hybrid states overlap in frequency (Figure 5d). Then we
can safely conclude that for single-sided excitation where two
plasmonic modes are excited, QEs simultaneously, but indepen-
dently, exchange energy with both the even and odd eigenstates.

Rotationally Symmetric Structures. So far, we have
been discussing the cavity modes of a nanowire dimer (2D
structure), which is mirror symmetric over the y-axis. To extend
the above concepts to 3D symmetries, we consider two
spherical nanoparticles forming a dimer (see Figure 6a), which
is rotationally symmetric with respect to the y-axis. Now, the
spherical harmonics of the electrostatic potential do not
collapse to ¢"?, as for the 2D dimer, and the even and odd
eigenstates are therefore spectrally separated. The absorption
cross-sections for the symmetric and antisymmetric double-
sided excitations of the 3D dimer are shown in Figure 6b
together with the single illumination spectra, which show the
even and odd modes being spectrally separated as expected.
One can see that the 0, mode is resonant at higher frequencies
than e; and in fact spectrally closer to e,. The field profiles of
the first- and second-order even (e;, ¢,) and odd (o;, 0,)
bonding modes are also shown in Figure 6c. In general, the odd
eigenstates are less radiative for rotational than for mirror
symmetric structures.

The detuning maps (detuning of w;, of QEs) for the 3D
dimer structure (Figure 6d) show a clear anticrossing for the ¢,
mode and the e, mode. 0, and 0, modes show anticrossings
for the antisymmetric detuning map, but do not significantly
contribute to the single-sided detuning map (Figure 6e)
because the odd eigenstates radiate too inefficiently to be
recorded in the far field. The spatiotemporal map of the 3D
dimer (see Supporting Information, Figure S3) shows that ¢, is
dominantly excited with the single-sided excitation pulse, with
no mode beatings observed. Although the odd eigenstates are
still excited and are coupled to the QEs, the Rabi oscillations of
the e, eigenstate are dominant.

Other structures with mirror and rotational symmetry are the
nanowire and nanoparticle on mirror (NWoM and NPoM)
configurations. Their even and odd eigenstates and their strong
coupling spatiotemporal dynamics (see Supporting Information,
Figure S3) show the corresponding behavior to their parity
symmetry. Hence, in our earlier work where we experimentally
reported”’ the strong coupling of a single molecule in NPoM
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(which is rotationally symmetric), the molecule is coupled to
the first-order even mode (e;) alone, and the dark modes
forming the “pseudomode”” do not contribute toward the
Rabi dynamics of the strongly coupled system, contrary to
earlier reports.*

Plasmonic nanostructures have been shown to be a ver-
satile environment to realize strong coupling at room tem-
perature.'”*>*” In this work, we demonstrate that plasmonic
nanocavities exhibit different types of plasmons depending on
the nanostructure’s parity symmetry. They can be selectively
excited by tailoring the external illumination to exploit the
parity symmetry of the nanoplasmonic structure. A homoge-
neous layer of emitters placed in a plasmonic nanocavity can
therefore be driven simultaneously by two types of modes
(bright and dark), which leads to complex Rabi dynamics for
the hybrid system. We demonstrate that the coupling strength
of the QE layer with two such types of modes is identical,
regardless of their different nature, field enhancement, and
profile. In conclusion, the parity symmetry of plasmonic nano-
cavities is of great importance in the strong coupling regime,
since it determines the spatiotemporal coupling dynamics with
the enclosing QE medium and can be potentially used to
control and tailor dynamically the Rabi-cycle dynamics of a
plasmon—exciton hybrid system.

B METHODS

Maxwell-Bloch Description of QEs. The two-level
QEs are described using the Maxwell-Bloch equations with
density matrix elements given by'’ (see Supporting Information,
Section 3 for derivation)

. W E
atplz _(F - la)lz)plz - 17(p22 - pll)

2u-E
0Py, —0py = ~IPy Tlm(plz)

@)
where I' = 6457 X 10" Hz, y = 1/1,; = 1/107° (s7) is the
relaxation rate of the excited state, g = 4.11 X 107! e m, 4, is the
dipole moment of the electronic transition (¢ = elementary
electronic charge), E is the local E-field at the position of a
QE, and w,, = 3.033 X 10" (rad/s) = 2 eV is the transition
frequency of the two-level QEs. The above equations lead to the
population evolution of the two energy states as

(d_P + FP)-E
ot

N, _

oN, 1
o h

ho,,

©)

where N, and N, are the carrier densities at the ground and
excited state, respectively.

Since the macroscopic polarization response from the two-
level system is given by P = Ny pp,,, where Ny is the total car-
rier density, the macroscopic polarization due to the excitation
of the two-level system is

P oP
— +2h—+
ot ot

2w, lul?

T+ 0P = Y

(N, — N)E
(6)

Semiclassical Analytical Model. The E of eq 6 represents
the local electromagnetic classical fields from the plasmonic
structure, which is a superposition of (damped) electromagnetic
modes with complex frequency Q, = w, — iy,. Considering
the normal modes u,(r), then E(r, t) = u,(r)E,(t) e .
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Inserting this in Maxwell’s equations and considering a slowly
varying envelope approximation gives

at_En(t) = _iQnEn(t) + 1 <u*(r) ulnC lnc(t)
+i ) AR /50
k (7)
where A, = #zrg(u;k(t)-uk(r))QE = ﬁUnk describes

the coupling of modes n and k, U, is an overlap term
between the two modes, F is the driving term given by
_ <“:<(r)'umc>QE
Enc(t) - Einc(t) + (“j(l')'“inc)gr,QEso
ization of the two-level system coupled to mode k. Combining
eq 7 for the two electromagnetic modes with eq 6 for the
induced polarizations of the two-level system yields the
eigenvalue problem of the coupled system:

P,.(t), and Pi(t) is the polar-

Qop — @ 0 -K 0 P/e,
0 Qp — o 0 -K P /g,
—Ay Ay, Q-0 0 E, -
—Ay Ay 0 Q-of E

(8)

Iu . .
where K = :—E‘)(Nl - N,), Qqr = oqr — il'qp with @ and

[y are the transition resonance frequency and total dephasing
rate of the two-level system, and €, and Q, are the complex
resonant frequencies of the plasmonic modes given by

Q), = @, — iy;,. Hence the eigenvalues emerge as
(@ - QQE)(CU - Q) - KA[(0 - QQE)(U) - Q,) - KA,,]
— K*ALA,, =0 )

For a system where there is no cross-coupling between the
two modes via the QEs (i.e, A, = A;, = 0), the dispersion of
the hybrid states simplifies to

1 1
o = E(QQE +Q,) * 5\/(9@3 -

Q1,2)2 + 4KA;, 5,
(10)

[ KA 22, and

therefore the two modes split without “feeling” each other.
The coupling factor K ~ 8.31 X 10" (ms* A)™' is a constant
since our system is in the small signal regime (ie, N, — N, =
N; = 10" m™ and p/e = 4 X 107" m), @pyenoqq = 3011 X
10" s7! are obtained from the absorption spectra in Figure 3a
and b, and 7., = 2.1 X 10" s7' and y4q = 7.73 X 10" 57!
from quality factor calculations for the plasmonic nanocavity
(Qeven,odd = weven,odd/zyeven,odd)‘

On the other hand, if A}, # 0 and A,; # 0 (which is not the
case for the systems described in this article) and the coupling
strength to the two modes is the same (i, Aj; = Ay,), with
Q, = Q,, then the hybrid states of the strongly coupled system
are given by

with the effective coupling strength g1122

@,

1

1
* E\/(QQE — Q) +4K(A;, £ JAL4,)) (1)
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Absorption Energy. The total energy absorbed per time,
W = 0u/0t, of the incident field is

z £0<8( )El Emc> + z <Pl Emc) + < inc Einc)
(12)

where the bar indicates temporal averaging and the bracket
spatial averaging. The terms account for the work exercised by
the incident field directly on the plasmonic modes (first term)
and on the polarized QE medium (second and third term).
For time-harmonic excitation, we thus obtain

Z %€0<E(b)1m[E;k.Einc]>

I

+z —<Im Pl inc > + z —<Im inc’ lnc]>

abs

Wbs =

al

(13)

and using the aforementioned definitions for the overlap factors
and effective background permittivity we obtain

z zgoel(gclm El mc + 2
+ 25

F(g) Im

l,inc

Wbs =

al

*.E,

1DC:]

re

mc, mc

Pmc E

mc :|

(14)
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