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ABSTRACT: We present a strong coupling system realized by coupling
the localized surface plasmon mode in individual silver nanogrooves and
propagating surface plasmon modes launched by periodic nanogroove
arrays with varied periodicities on a continuous silver medium. When the
propagating modes are in resonance with the localized mode, we observe
a /N scaling of Rabi splitting energy, where N is the number of
propagating modes coupled to the localized mode. Here, we confirm a
giant Rabi splitting on the order of 450—660 meV (N = 2) in the visible
spectral range, and the corresponding coupling strength is 160—235
meV. In some of the strong coupling cases studied by us, the coupling
strength is about 10% of the mode energy, reaching the ultrastrong
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ontrol of light—matter interactions is crucial for the

development of photonic science and technology. In the
strong coupling regime, the light—matter interaction can lead
to the formation of hybridized states (polaritons) with energy
shared coherently and reversibly between them.' ™ Important
applications of polaritons have recently been demonstrated,
including quantum information processing,’ quantum many-
body phenomena,”® low-threshold polariton lasers,” topological
polaritonics,”® and manipulation of chemical reaction land-
scapes.”'" Polariton physics was initially investigated in atomic
systems’ and bulk semiconductors.'’ Subsequently, strong-
coupling phenomena have been realized in semiconductor
optical cavities via exciton—photon coupling in semiconductor
quantum wells,12 quantum dots"'* at cryogenic temperatures,
direct- and indirect-exciton in microcavities,'”> and more
recently atomically thin van der Waal crystals'®™*' at room
temperature. Furthermore, it has been reported that surface
periodic structures, such as metal nanoparticle arrays, exhibit
surface lattice resonance by diffraction coupling,”*~>* which
possess high-density band-edge states’*™* at high-symmetry
points of the surface Brillouin zone. Such kinds of periodic
structures in coupling with quantum emitters have the
potential to reach the strong coupling regime””’ and to
realize polariton condensation.”””"** Depending on the
coupling strength (g, in units of energy), the energy levels of
the polariton states are anticrossed and spectrally separated at
resonance by the Rabi splitting (also referred to as the Rabi
energy).' > And, it has become obvious that achieving the
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strong coupling regime with a large Rabi energy will endow
great scientific and technological potentials.

For coherent manipulation of the polariton states at room
temperature, the Rabi splitting energy must be sufficiently large
such that the energy exchange rate in the hybridized system
exceeds the light (e.g, cavity photon) and matter (e.g,
exciton) decay rates. Especially, in the ultrastrong coupling
regime (i.e.,, the Rabi splitting energy is a significant fraction of
the bare energies of the uncoupled systems), novel physical
phenomena have been predicted with important implications
for quantum optics and quantum computation.””** In this
work, we demonstrate a tunable solid-state strong coupling
system based on metal metasurfaces® involving coupling
between localized surface plasmon resonance (LSPR) and
propagating surface plasmon modes. As shown in Figure Ia,
this system is comprised of deeply trenched (“V”-shaped)
nanogrooves with a highly tunable resonance frequency (LSPR
mode) and propagating modes, which are Bragg-reflected
surface plasmon polariton (SPP) modes folded into the surface
Brillouin zone (BZ). Previously, a few experiments have
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Figure 1. Schematic of strong coupling in the plasmonic nanogroove
array. (a) Top: single nanogroove mode exhibiting a dispersionless
localized surface plasmon resonance (LSPR) mode excited by
resonant light. Bottom: plasmonic nanogroove lattice supporting
collective propagation surface plasmon polaritons (SPPs, Bragg-
reflected SPP modes). A standing wave can be formed by two SPP
modes with opposite propagation directions. When the propagation
SPP modes are in resonance with the LSPR, strong coupling between
them takes place. Insets: SEM images of focused ion-beam fabricated
structures, showing a single nanogroove and a nanogroove lattice. (b)
The case of LSPR coupling with one SPP mode, which has a Rabi
splitting energy of 2g. (c) The coherent coupling of LSPR with two
SPP modes. The energy splitting of the upper and lower branches is
2\/ 2g. The color bar shows the hybridization (with different
weighting) of LSPR (red) and SPP (blue) modes.

reported coupled systems between localized and propagating
modes via nanostructured metal surfaces,>*™*" silicon carbide
nanoresonators,” and an optical waveguide-plasmon polar-
itons system.">** Here, we show the experimental evidence for
ultrastrong coupling of an all-metal system, allowing for Rabi
energy as high as 450—660 meV via patterning nanogroove
arrays on a silver continuum. The large coupling strength is
due to a \/ N scaling of Rabi splitting, where N is the number
of propagating modes.

The simplest strong coupling scenario occurs when the
LSPR mode is coupled to one propagating SPP mode (Figure
1b). In this case, the system can be described by a 2 X 2
Hamiltonian

ESPP - iyspp/z 8

4 ELSPR - iyLspR/Z (1)

where Egpp and Ej gpy represent the energies of SPP and LSPR
modes, respectively, yspp and ¥, gpr denote the decay rates (i.e.,
full-width at half-maximum (FWHM) line widths of SPP or
LSPR modes, resepectively), and g is the coupling strength
between them. Under the resonance condition (Egpp = Eygpr =
E,), the eigenenergies of the coupled system can be solved as
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the following (complex upper (UB) and lower (LB) branch
energies)

= Yspp T Vispr
Eups = [Eo - ’f * g2 -

2
(Yepp — %ispm)
16
()

The strong coupling regime is typically characterized by the
real parts of eigenenergies, which have an energy separation

nQy = 2\/g2 = (epp — yLSPR)2/16 that corresponds to the

Rabi splitting between two anticrossing energy levels.
Furthermore, the two polariton states (i.e, UB and LB) at
zero detuning exhibit the same (symmetric) line width, (ygpp +
YLspr)/2, indicating coherent energy exchange and equal
mixing of SPP and LSPR modes. To reach the strong coupling
regime (/Qg > 0), the coupling strength g (proportional to the
scalar product of SPP and LSPR vector fields) must be
sufficiently large, such that g > lyspp — ¥1spr |/4. In our design
of the localized mode residing in the V-shaped silver
nanogroove, as shown in Figure la, the strongly enhanced
in-plane field in the plasmonic gap mode ensures that the
strong coupling condition can be easily fulfilled (g = 160—235
meV in this work).

Due to the small difference in ygpp and y; gpr (only a few tens
of meV for our structures), we can neglect the damping effects
(imaginary parts) and the real eigenenergies can be simplified
as the following:

Egpp + Ergpr +

EUB,LB = 5

1
\/gz + Z(ESPP — E;gn)’
(3)

When Egpp = Ejgpp (ie, zero detuning), the Rabi splitting
energy is 782y = 2g. Considering the nearly linear dispersion of
propagating modes Egpp(k) = Avk (v is the velocity of SPP
mode) and dispersionless LSPR, eq 3 can also be used to
describe the anticrossing behavior of upper and lower polariton
bands (Figure 1b) which has been observed previ-
ougly, 127141821

The more interesting scenario occurs when the LSPR is
coupled to two counter-propagating SPP modes (Figure 1c),
i.e., N = 2. In this case the Hamiltonian is a 3 X 3 matrix

Egpp1 = i¥spp /2 &spp_spp

H=|g Erspr — iVLspR/Z g

Egpp, — inPPZ/ 2

(4)

where SPP1 and SPP2 represent two propagating SPP modes
and ggpp_spp is the coupling strength between two SPP modes.
As discussed below, we assume the dispersion of SPP located
in the light-like region. Hence, the direct SPP—SPP coupling
term ggpp_spp is much weaker than g and to a good
approximation, one can therefore set ggpp_gpp & 0. All the
main polaritonic behavior is therefore manifested through g,
the SPP—LSPR coupling term. If Egpp; = Egpp, = Egpp (this
occurs when two SPP modes intersect at the same plasmon
momentum) and the damping effect is ignored, the eigenvalues
can be expressed as

gSPP —SPP g
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Figure 2. Angle-resolved reflectance spectra in the momentum space. (a—f) The evolution of strong coupling with increasing nanogroove pitch (p)
varied from 210 to 660 nm. The complete data set of 17 nanogroove lattices is included in the Supporting Information. The black dashed curves
denote the noninteracting LSPR and SPP modes. The white curves are the model fitting results.

Egpp + Erpr

EUB,LB = >

1 2 2
+ 5\/ (Espp — Epgpr)” + 8¢
Eyg = Egpp

(s)

where MB represents the middle branch. For the case at
resonant coupling (i.e., Egpp & Ejgpr), the upper and lower
polariton branch has a splitting of 2+/2g, which is an
enhancement by a factor of —\/ 2, in comparison with coupling
with only one SPP mode. Furthermore, the corresponding
eigenstates of the upper, middle, and lower branch can be
expressed by the following:

1 -2 1
1 1

\/E ;50 )E\/i

T B NG 1

MB

1
2
LB (6)
This shows that the spectral weight of LSPR now completely
resides at upper and lower branches (represented by the red
color shown in Figure 1c). Including the decay rates, the Rabi

energy becomes \/ 8g2 — 2. It is clear that the

1

Z(ysPP - }/LSPR)
coupling rate needs to be much higher than the damping rate
in order to observe the \/ 2 scaling rule. By expanding the
Hamiltonian (eq 4) to describe the coupling of the localized
mode to N SPP modes, a generalized /N scaling rule can be
obtained (see Supporting Information).

Interestingly, the 4/N scaling behavior of Rabi splitting has a
similar form as the behavior of the Jaynes—Cumming (JC)
model, describing a quantum emitter being coupled to N
photons in a cavity system.***> However, unlike the JC model
which is a full quantum description, whose corresponding
number N refers to the occupancy number, our system is
classical, describing the coupling of a local oscillator to two
SPP modes at their zero-occupancy ground state. Moreover,
when the two SPP branches are far from resonance with the
LSPR mode, their mutual coupling to the LSPR leads to an
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effective coupling between two SPP modes, even though the
direct SPP—SPP coupling is near zero. This can lead to a
parabolic SPP band structure, which is shown in Figure S1.

We realized strong coupling experimentally by using a metal
metasurface comprised of V-shaped nanogroove arrays on a
single-crystalline silver continuum (a large colloidal crystal)
with highly tunable LSPR and SPP modes. This system
includes three key features to achieve strong and ultrastrong
coupling. First, the resonances of both LSPR and SPP modes
can be precisely tuned for spectral matching. Second, the SPP
propagation modes can be designed to form standing waves
with different Bragg reflection orders, whose antinode
locations can be tailored to match with the nanogroove
locations (mode matching in real space). Third, the SPP
propagation modes are nonradiative, leading to less radiative
loss and nondiffractive coupling. We note that in previous
designs using metal nanoparticle lattices’®™*' or metal
nanowire arrays,"”"> the coupling between the localized
mode and the propagating mode is based on diffraction
coupling with a limited coupling strength. In our design, the
individual nanogrooves act as the plasmonic localized modes
with their resonances engineered by tuning the depths and
widths of the V-shaped grooves, and the plasmonic gap modes
correspond to the Fabry—Peérot resonances along the groove
depth direction.**™* The localized plasmonic gap mode
ensures that the electric field is highly confined within
individual grooves.*”’

On the other hand, the SPP modes, originating from the
Bragg reflections, can be defined by the momentum matching

condition as
2r . 2z |,
[n— + k)x + [m—}v
p p (7)

where kgpp is the wavevector of the SPP mode on the silver
surface, x and j are in-plane unit vectors perpendicular to and
along the groove direction, respectively, k is the in-plane
momentum component of the incident light, p is the lattice

Ikgppl =

https://dx.doi.org/10.1021/acs.nanolett.0c04099
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Figure 3. Strong coupling at the I point (k; = 0) of the surface Brillouin zone. (a) Reflectance spectrum of the nanogroove lattice with 460 nm
pitch (Figure 2d) along two in-plane wavenumbers (k; = 0 and 1 gm™"). An ultralarge quasi-bandgap (Rabi splitting) occurs within a small range of
in-plane wavenumber at zero detuning. (b—d) Simulated electric field distributions within the nanogroove on the lower (LB), middle (MB), and
upper (UB) branches, respectively, at zero detuning. The coupling parameter for this case is 160 meV. Note that the black arrows of field intensity
in (b) and (d) are out of phase, which is a direct illustration of the phase information between UB and LB modes.

period, and (n, m) are the Bragg reflected order. The
dispersion curve is a function of lattice period, which means
the SPP modes can be tuned to match the LSPR mode in the
frequency domain by tuning the lattice period. Here, we adopt
the grating direction (%) and the in-plane momentum of
incident light parallel to &, ie., m is always zero. Hence, the
propagating SPP mode is always along the % direction. We note
that the direction of kgpp depends on the Bragg reflection
order. When +kgpp and —kgpp exist simultaneously at the same
energy and at the same ky, the dispersion curves cross with
each other in the energy—momentum space, and a standing
wave is formed on the surface (e 4+ ™% a5 shown in
Figure 1a). The period of antinodes is always commensurate to
the period of the nanogroove array, and the antinodes are
located on the nanogrooves, resulting in a strongly enhanced
coupling strength.

In our experiments, the LSPR with an eigenenergy E; py is
independent of k (dispersionless), in contrast to that where the
energies of the SPP modes are k dependent. The periodic
boundary condition of SPP modes leads to the surface Bloch
states, and their energy within the first BZ can be expressed as
E(k) (light-like dispersion). Both groove depth (d) and pitch
(p) are tuned in this work to optimize the strong coupling
conditions. The tuning of lattice parameters is essentially the
same as band structure engineering in solid-state
physics.”**'~>* Such kinds of tunability enable us to achieve
a greater control in the coupling of LSPR and SPP modes in
both momentum and frequency domains (see also Figure S1).

Figure 2 shows a subset of the experimental results (Figure
S2 shows our experimental setup). The complete data set of
angle-resolved reflectance spectra between LSPR and SPP are
shown in the Supporting Information (Figures S3 and S4).
The angle-resolved reflectance spectra are transformed to show
the dispersion relationship between @ and k. We control the
optical excitation with a transverse magnetic (TM) polar-
ization by using a linear polarizer, and the in-plane incident
wavevector is parallel to the grating direction (%), i.e. the
polarization is perpendicular to nanogrooves since the field
with parallel polarization to the nanogroove cannot excite the
LSPR.*¢ Figure 2a shows the bare LSPR mode, which is
independent of k. Here, the SPP modes at p = 210 nm within
the detectable momentum space (the detectability depends on
the numerical aperture of objective) are far from the visible
wavelength range. As the pitch is being increased (Figures 2b
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and 2c), the first-order Bragg reflected SPP modes (+1, 0)
start to overlap and couple with the LSPR within the
detectable momentum-frequency range and a clear signature
of strong coupling between the LSPR and SPP can be
observed. The coupling behavior can be fitted by using eq 3.
The fitting parameter of coupling strength g shown in the fitted
curve of Figure 2c is 180 meV, and the corresponding Rabi
splitting energy of experimental data by direct measurement
from the image is around 370 + S meV, which is closed to 2g.

When the pitch is increased to 460 nm (Figure 2d), the
LSPR is on resonance and coherently coupled to two SPP
modes at the same momentum (k; = 0, forming a standing
wave), and the energy splitting between upper and lower
branches is further enhanced to 455 + S meV. This
phenomenon can be characterized by a three-mode coupling
described in eq 5 and Figure 1c. Here, we assume the coupling
strength (gepp_spp) between the two SPP modes is zero
because of the light-like dispersion. The white lines shown in
Figure 2d are the fitted curves with a coupling strength g of 160
meV. We obtain an energy splitting about 1.42 times of 2g,
which is very close to \/ 2. Note that this coupling strength is
1.6 times stronger than that of the nanowire array structure
reported in the literature*” and satisfies the prediction of the

\/ 2 scaling rule (g > — Yspp)» Where ypgpr & 160

1
ﬁ(}/LSPR
meV and ygpp = 80 meV). Here, both y;qpr and ygpp are
extracted from experimental data and the pitch-dependent
Yrspr Value. The y; ¢pp value of 80 meV used for this estimation
is obtained from Figure 2c. For the ypp value, the line width of
SPP can be extracted through two-mode and three-mode
coupling cases at zero detuning, as shown in Figures 3 and 4.

The two polariton branches at the I" point (k; = 0) have a
value of d*E/dk? = 65 meV pm? (%
an effective mass m* = 1.2 X 107° m,, where m, is the free
electron mass. In the experimental results shown in Figure 2
(Figure S4), we fix the groove depth/width to keep a constant
energy for the LSPR mode. In these cases, the coupling
strength g remains nearly constant in the range of 160 to 180
meV. Such a large coupling strength is already enough to
observe the -\/ 2 scaling rule. In a separate experiment using
different groove depth/width values, we can even achieve a
Rabi energy of 660 meV with a larger coupling strength (235
meV), and their ratio is also close to 2 \/ 2 (shown in the Table

h2
= —), corresponding to
m
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Figure 4. Line widths of strongly coupled modes at zero detuning. (a) Reflectance spectrum of two-mode coupling extracted from Figure 2c along
k; = 5.2 um™". The line widths of LB and UB polations are about the same (120—130 meV) due to hybridization of localized and propagation
modes. (b) Reflectance spectrum of three-mode coupling extracted from Figure 2f along k; = 5.2 gm™" (at the X point). The line widths of LB and

UB polaritons are about the same.

of Contents image). By further increasing the pitch distance
(Figures 2e and 2f), the second order of Bragg-reflected SPP
modes start to couple with the LSPR. Due to the mirror
symmetry about the I" point, we can also use the three-mode
coupling model to fit the experimental data. For the case of p =
660 nm, the LSPR mode again coherently couples with two
SPP modes but at the BZ boundary (X point). This behavior is
the same as in Figure 2d with a 1.40 enhancement factor (close
to \/ 2). It should be noted that the —\/ N scaling rule has also
been described in other plasmonic coupling systems.”*
However, there is an essential difference between these two
cases. In ref 54 the integer N represents the emitter number or
concentration, which is different from the mode number
considered here. Another interesting scenario occurs when the
SPP modes are far from resonance with the LSPR (Figure 2e).
In this case the LSPR acts as a mediator which induces
apparent interactions between otherwise noninteracting SPP
modes, forming a parabolic SPP band structure with a finite
effective mass. It can be demonstrated in the three-mode
coupling fitting (eq S) even when ggpp_gpp = O (see fitting
curves shown in Figure 2e). Here, the parabolic SPP band
structures above and below the gap have a finite value of d’E/
dk? = +£108 meV um? (i.e., m* = £7 X 1077 m,), respectively.

To illustrate the hybridization effects, Figure 3a shows the
intensity profile of these three branches as a function of energy
at ky = 0 and 1 um™’, respectively (extracted from Figure 2d).
The depths of reflectance dips (i.e., absorption peaks) indicate
the spectral weighting ratio of LSPR and SPP modes. At k; = 0
(LSPR and SPP modes are on resonance), most of the
polariton energy is located at upper and lower branches,
consistent with the prediction by using eq 6. It can be
interpreted as the localized plasmon energy transferring to
upper and lower branches, resulting in the formation of a
quasi-bandgap. Figures 3b, 3¢, and 3d show the simulation
results of the near-field distributions on the lower, middle, and
upper branches, respectively. These simulations confirm that
the energy of LSPR is transferred to the upper and lower
branches and that the electric field intensity within the
nanogroove is very weak on the middle branch (more detailed
simulation spectra can be found in Figure SS). In comparison,
at ky = 1 um™ (Eygpr # Egpp, close but not exactly on
resonance), all three modes contain significant spectral weight
of LSPR, resulting in three strong reflectance dips.

The formation of polariton states can be further examined
by analyzing the line widths of strongly coupled modes at zero
detuning. Figure 4a shows the reflectance spectrum of two-
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mode (LSPR—SPP) coupling extracted from Figure 2c. The
line widths of LB and UB are about the same (120—130 meV)
due to hybridization of localized and propagation modes with
almost equal spectral weighting (the detuning is only slightly
different from zero), and they are consistent with the predicted
line width (ygpp + 71.5pr)/2, Where ygpr = 160 meV and ygpp =
80 meV. In Figure 4b, we show the reflectance spectrum of
three-mode coupling (LSPR—SPP—SPP) at the X point of BZ,
which is extracted from Figure 2f along k; = 5.2 um™. In this
case, the line widths of LB and UB are exactly the same (90
meV), in good agreement with the prediction of eq 6.

In summary, we have studied strong coupling of localized
plasmonic mode with two propagating SPP modes. We
confirm that, when the localized plasmonic mode is resonantly
coupled to two SPP modes, the Rabi splitting can be enhanced
by a factor of \/ 2. Furthermore, noninteracting SPP modes can
be manipulated through the localized (on- or off-resonance)
plasmonic mode acting as the mediator, which can lead to SPP
band structure engineering. For the upper and lower polariton
branches, the finite effective masses at the band edges range
from 1077 to 107 m,. This occurs when the LSPR is coupled
with two intersecting SPP modes either resonantly or far from
resonance. The effective mass is a major parameter for the
realization of Bose—Einstein condensation (BEC) in surface
plasmonic lattices.””*" A smaller effective mass can lead to a
longer thermal de Broglie wavelength and a higher BEC
temperature. The effective masses in our experiments are ~10
to 100 times lighter than that of exciton polaritons® and have
the same order of magnitude, in comparison with plasmon—
exciton polaritons,””*" which is based on exciton coupling with
the surface plasmon lattice mode, instead of the LSPR—SPP
coupling. Therefore, the strong coupling system reported here
can potentially open new pathways to study the BEC
phenomena on a two-dimensional platform using a simple
metallic system with complete tunability.
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