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ABSTRACT: Controlling molecular spectroscopy and even chemical behavior in a cavity
environment is a subject of intense experimental and theoretical interest. In Fabry−Peŕot
cavities, strong (radiation−matter) coupling phenomena without an intense radiation field
often rely on the number of chromophore molecules collectively interacting with a cavity
mode. For plasmonic cavities, the cavity field−matter coupling can be strong enough to
manifest strong coupling involving even a single molecule. To this end, infrared plasmonic
cavities can be particularly useful in understanding vibrational strong coupling. Here we
present a procedure for estimating the radiation−matter coupling and, equivalently, the mode
volume as well as the mode lifetime and quality factor for plasmonic cavities of arbitrary shapes
and use it to estimate these quantities for infrared cavities of two particularly relevant
geometries comprising several n-doped semiconductors. Our calculations demonstrate very
high field confinement and low mode volumes of these cavities despite having relatively low
quality factors, which is often the case for plasmonic cavities.

Strong interactions of material excitations with a cavity
vacuum electromagnetic field can lead to the formation of

hybrid polaritonic states, causing potentially drastic modifica-
tions in spectroscopic features,1−5 energy and charge transfer
properties,6−15 and chemical reactivity.16−26 Vibrational strong
coupling (VSC), manifested by the formation of polaritons
when a collective vibrational mode of molecules strongly
couples with a cavity mode, has drawn much attention of late.
While Fabry−Peŕot cavities are often used for such experiments,
the latest advancements in micro- and nanofabrication have
enabled the construction of highly confined infrared plasmonic
cavities27−32 capable of achieving a large vacuum electro-
magnetic field. Such cavities (especially mid-IR) can be
instrumental in understanding VSC and developing its
applications. Plasmonic nanocavities, despite their low quality
factors and high ohmic losses, can achieve high field confine-
ment with a subwavelength effective mode volume,33−35 making
it possible to realize strong coupling down to a single- or a few-
molecule level.36 The practical realization of strong coupling is
identified as the observation of distinct polariton peaks
separated by the so-called Rabi splitting. A necessary condition
to achieve this is 2U/Γ > 1, where, in the context of a molecule in
a plasmonic cavity,U is the plasmon−molecule coupling andΓ is
the width associated with the radiative and nonradiative
relaxations of a single molecular vibronic transition, including
effects on them induced by the metal. Achieving a large coupling
strength while minimizing dissipation is therefore imperative.
To assess the performance of plasmonic cavities, we need to
examine the effects of the cavity geometry and material
properties on the local manifestation of light−matter coupling
as expressed by the collective optical response (such as but not
limited to37 plasmon excitations, local field enhancement, and

radiative and nonradiative relaxation of the molecular
excitations).
Recently,38 following Gersten and Nitzan,39 we have studied

the interplay between field enhancement and dissipation and
their dependence on the geometry and the composition of
(metal) nanoparticle−molecule interfaces with regard to the
realization of strong coupling in such structures. We observe that
the coupling can vary within a range of several orders of
magnitude depending on the nanoparticle−molecule distance,
the molecular orientation, and the curvature of the nanoparticle
surface. Interestingly, we have found that when Γ is dominated
by the molecule−metal interaction, the condition 2U/Γ > 1 is
often satisfied.
Here we extend this method38 to investigate strong coupling

in plasmonic cavities, particularly emphasizing structures and
materials that support infrared cavity modes. Although vacuum-
field effects are quantum in nature, we show that the strength of
light−matter interaction, commonly expressed in terms of an
effective cavity volume (or as done here by a coupling parameter
M that we define shortly), can be estimated from classical
calculations. In these structures, one often encounters the need
to consider the vastly different length scales which make the
numerical calculation of the optical response expensive. In the
present work, therefore, we have considered two cavity
configurations (Figure 1) that can be addressed analytically
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and are frequently fabricated in plasmonic cavity experiments: a
spherical nanoparticle dimer and a (spherical) nanoparticle-on-
mirror (NPoM) made of several doped semiconductor
materials. We calculate relevant physical properties, namely,
the coupling parameter M, the effective mode volume Ωcav, the
plasmon width γ, and the quality factor Q for these cavities. We
will briefly describe the theory before presenting the results.

■ THEORETICAL CONSIDERATIONS
Here we consider a molecule inside an optical cavity of a
geometry of choice (Figure 1). We assume that the cavity is
characterized by distinct optical resonances (plasmonic cavity
modes) and limit ourselves to near-resonance between the
molecular transition and such a cavity mode. (The plasmonic
response of a given metal nanostructure is usually characterized
by many resonances that may overlap. Here we assume that the
response to a driving dipole of a distinct frequency ω0 is
dominated by a single resonance.) The molecular dipole,
oriented parallel or perpendicular to the cavity axis z, is driving
the system. To evaluate the electromagnetic response to this
driving and thereby the cavity properties, we consider a system
Hamiltonian H H H HM C MC= + + . Here, the molecular (M)
Hamiltonian HM with two levels 1 and 2 is given by
H E E1 1 2 2M 1 2= | | + | |, and with the assumption that the
interaction of the molecule with the cavity field is dominated by
a single cavity mode, the cavity (C)-field Hamiltonian is
H a aC 0= † where a ̂ and a† are the mode annihilation and
creation operators and ω0 is the mode frequency. The
i n t e r a c t i o n i s g i v e n b y
H M a ai 1 2 2 1 ( )MC 12 21= [ | | + | |] † , with μ12 being
the transition dipole moment between 1 and 2. The coupling
parameterM depends, in general, on the oscillator position and
orientation inside the cavity, the cavity geometry, and the

material composition. In vacuum, M is given by M
2 0

=
where ω is the mode frequency and Ω is the cavity volume. In
order to connect our cavity model in Figure 1 to this
Hamiltonian, we need to calculate the parameter M for the
desired geometry. The effective cavity volume Ωcav is defined in
this context from the expression of M in vacuum: Ωcav = ℏω0/
(2ε0M2).

The coupling parameter M is the same in classical,
semiclassical, and quantum electrodynamics. We can therefore
evaluate this parameter by considering the cavity response to
classical driving. To this end, we replace the molecular transition
dipole μ12 by a classical point dipole μ(t), oscillating at frequency
ω0, that drives the plasmonic cavity mode while keeping the
quantum character of the latter. (This is not a necessity38 but
serves to simplify the language in the derivation shown in S1 in
the Supporting Information.) To include the dissipation
ocurring at the dielectric boundaries as well as emission to the
far field, the Hamiltonian is supplemented by linear coupling
terms to a Markovian (white) boson bath. Therefore, Ĥ
describes a quantum oscillator, driven by an oscillating classical
field of amplitude Mμ(t), interacting with a bosonic bath

represented by boson annihilation and creation operators bj, bj
†
:

H a a t M a a b b

u a a b b

i ( ) ( )

( )( )

j
j j j

j
j j j

0= +

+ + +

† † †

† †

(1)

Here, M a ai ( )† represents the electric field operator at the
position and in the direction of the driving dipole. In section S1
in the Supporting Information, we describe the evaluation of the
system response to the classical driving in detail. Under the
rotating wave approximation, this calculation yields the steady-
state expectation value of this reaction field, ERF(ω),

Re E
M

( )
( )

( ) ( /2)RF

2
0

0
2 2[ ] =

[ + ] (2)

Im E
M

( )
2 ( ) ( /2)RF

2

0
2 2[ ] =

[ + ] (3)

where 0 0= + and δω and γ represent the plasmon
frequency shift and width (both taken to be frequency-
independent), respectively. By evaluating ERF(ω) in the vicinity
of a cavity resonance, we can extract the parametersM (and also
Ωcav), 0, and γ by fitting to eqs 2 and 3. For the cavity structures
considered in this work, the plasmon response to the driving
dipole and thereby the projection of the reaction field in the
dipole direction can be obtained semianalytically under the
electrostatic (long-wavelength) approximation.38 Finally, the
quality factor Q of the cavity is obtained as Q /0= .

■ RESULTS
In Table 1 and Table S1 in the Supporting Information, we
report these parameters for cavities with a spherical nanoparticle
dimer and NPoM configurations made of several n-doped
semiconductors that are known to show plasmonic resonances
in THz to the mid-IR range.29 Doped conducting metal oxides
(e.g., Al:ZnO, Ga:ZnO, and Ga:CdO) allow great tunability of
plasmonic properties by altering the dopant concentration. For
the sake of reference, we also include silver and gold, materials
frequently used in plasmonic cavities supporting higher-
frequency modes. For the doped semiconductors used here,
the resonance frequencies are much smaller than interband
transition frequencies. As a result, a simple dielectric response
function, such as the Drude function, works well near plasmon
frequencies.40 In the frequency domain, the dielectric response
of the plasmonic structure , ε d(ω) , i s g iven by

Figure 1. Schematic representation of a plasmonic cavity formed by the
near contact of (a) two identical dielectric nanospheres and (b) two
nanospheres with one having a radius larger than the other so that the
configuration approximates sphere-on-plane geometry. A molecular
dipole at the center of the gap between the nanoparticles, orienting
parallel or perpendicular to the cavity (z) axis, is driving the cavity in
both (a) and (b).
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ÑÑÑÑÑÑÑÑ, where εb is the background

permittivity from the bound electrons, ωp is the plasma
frequency of the bulk, and Γ is a phenomenological damping
constant. These parameters for all cavity materials are provided
in Table 1.We note that more accurate representations of εd(ω),
needed to describe interband transitions, can be obtained by
augmenting the Drude model with Lorentzian functions;
however, the Drude model is known to work reasonably well
for the materials selected in our chosen frequency range. For
medium embedding, the nanoparticles, and the molecule, the
dielectric constant, εs, is set to 1. We choose the particular
plasmonic cavity geometry formed by the near contact of a 10-
nm-radius nanosphere to another nanosphere of 2000 nm radius
(the latter much larger than the earlier) with a 1 nm gap in
between, therefore providing a good representation of a
nanoparticle-on-mirror (NPoM, here sphere-on-plane) config-

uration. Here and in all calculations in this report, the driving
dipole is located on the cavity axis in the center of the gap. We
have considered both parallel and perpendicular (to the cavity
axis z) orientations of the dipole. In Table S1 in the Supporting
Information, we include results for the nanosphere dimer, each
of radius 10 nm with a 1 nm gap in between for both parallel and
perpendicular orientations of the source dipole (also located in
the center of the gap).
For all of the materials considered here, as seen in Table 1, the

appreciable magnitude of M is obtained for the structures, with
several substrates giving remarkably small cavity volumes of ∼10
nm3. They are, however, characterized by relatively low quality
factors. Plasmonic cavities are usually marked by low quality
factors,45−47 owing to intrinsic losses, radiation, and scattering.
The plasmon frequency and the plasmon width are rather
insensitive to the orientation of the source dipole. For example,
for the n-InP structure we find 0.0910 = eV and γ = 0.0106 eV

Table 1. Evaluated Quantities for Cavities Formed by the Near Contact of Two Dielectric Nanospheres of Radii 10 and 2000 nm
with a Gap of 1 nm in between (Approximating Sphere-on-Plane Geometry): Parallel and Perpendicular Orientations of the
Source Dipole

cavity material ■ → ● ■ ↑ ●
AZO (Al:ZnO) (2 wt %) M (V/m) 9.426 × 108 6.80 × 108

εb = 3.5402 ω̃0 (eV) 0.809 0.831
ωp = 0.929 eV γ (eV) 0.0513 0.0577
Γ = 0.045 eV41 Ωcav (nm3) 8.24 16.24

Q 15.77 14.39
GZO (Ga:ZnO) (4 wt %) M (V/m) 1.15 × 109 7.56 × 108

εb = 3.2257 ω̃0 (eV) 0.944 0.982
ωp = 1.108 eV γ (eV) 0.1338 0.1334
Γ = 0.123 eV41 Ωcav (nm3) 6.35 15.54

Q 7.055 7.36
ITO (10 wt %) M (V/m) 1.08 × 109 6.73 × 108

εb = 3.528 ω̃0 (eV) 0.810 0.847
ωp = 0.948 eV γ (eV) 0.165 0.1600
Γ = 0.155 eV41 Ωcav (nm3) 6.25 16.86

Q 4.91 5.29
n-GaAs (Si dopant) M (V/m) 1.95 × 108 1.07 × 108

carrier concentration ω̃0 (eV) 0.060 0.062
(0.8−4) × 1018 cm−3 γ (eV) 0.00994 0.0092
εb = 11.58, ωp = 0.06441 eV Ωcav (nm3) 14.39 48.20
Γ = 0.00927 eV42 Q 6.09 6.67

n-InP (S dopant) M (V/m) 2.52 × 108 1.42 × 108

carrier concentration ω̃0 (eV) 0.091 0.094
(0.8−8) × 1018 cm−3 γ (eV) 0.0106 0.0094
εb = 10.01, ωp = 0.09779 eV Ωcav (nm3) 12.99 42.00
Γ = 0.00927 eV42 Q 8.65 9.93

n-InSb (Te dopant) M (V/m) 1.41 × 108 8.04 × 107

carrier concentration ω̃0 (eV) 0.045 0.046
(0.19−0.50) × 1018 cm−3 γ (eV) 0.00281 0.00255
εb = 15.68, ωp = 0.0468711 eV Ωcav (nm3) 20.48 63.81
Γ = 0.00248 eV42 Q 16.02 17.89

gold M (V/m) 1.26 × 109 8.08 × 108

εb = 9.5 ω̃0 (eV) 2.74 2.78
ωp = 2.903 eV γ (eV) 0.0922 0.086
Γ = 0.069 eV43 Ωcav (nm3) 15.56 38.51

Q 29.70 32.41
silver M (V/m) 1.51 × 109 9.47 × 108

εb = 8.926 ω̃0 (eV) 3.64 3.70
ωp = 3.8776 eV γ (eV) 0.2231 0.2181
Γ = 0.203 eV44 Ωcav (nm3) 14.48 37.36

Q 16.30 16.97
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in the parallel orientation and 0.0940 = eV and γ = 0.0094 eV
in the perpendicular orientation. A similar trend is observed for
the nanoparticle dimer configurations in Table S1 in the
Supporting Information. Moreover, as seen from Figure S2a,b in
the Supporting Information, the plasmon frequency and the
width remain practically unchanged even with a varying gap size
(within the range of our study) between two nanospheres of
2000 and 10 nm radii. (The plasmonic response of a given metal
nanostructure is usually characterized by many resonances that
may overlap. Here we assume that the response to a driving
dipole of a distinct frequency ω0 is dominated by a single
resonance.) We do not consider gap sizes of less than 1 nm (or
equivalently a molecule−nanoparticle surface distance of less
than 0.5 nm) as we disregard quantum mechanical effects, such
as tunneling, in our calculations. From these, we can predict that
the gap size cannot be used as a robust tuning parameter for 0
or γ. Alternative ways to tune the spectral response of these
cavities, e.g., doping levels and other geometric characteristics,
need further study.
In contrast to the plasmon frequency and width, the coupling

parameter M (and therefore, obviously, the effective mode
volume, Ωcav) is very sensitive to the cavity gap size. In Figure 2,

we plot Ωcav for the nanoparticle-on-mirror configuration of
AZO and n-InSb by considering both parallel and perpendicular
orientations of the dipole (we report correspondingM values in
Figure S1 in the Supporting Information for the sake of
completeness) for a cavity formed by two nanospheres of 2000
and 10 nm radii with varying gap sizes (which we plot as
functions of the third power of the gap size). With increasing gap
size, the mode volume rapidly increases for both materials and
both orientations of the dipole. For example, with parallel
orientation in the AZO cavity, changing the gap size from 1 to 2
nm results in a change of Ωcav from 8.2 to 64.5 nm3. Specifically,
we observe that the effective mode volume, as defined by Ωcav =
ℏω0/(2ε0M2), is linearly related to (gap size)3. It is interesting
that similar to Fabry−Peŕot cavities, even in these plasmonic
structures, the cavity volume mostly reflects the gap size while
being rather insensitive to the particle size: changing the radius
of one nanosphere from 5 to 25 nm while keeping the other
constant at 2000 nm with a fixed gap size (either 1 nm, as shown

in Figure S3 in the SI, or 2 nm) has practically no effect on Ωcav.
However, the resonance frequency of a plasmonic cavity of
certain gap size is very different from what would be inferred
from a Fabry−Peŕot cavity of the same gap size between the
mirrors. We also note that for the same cavity material and the
range of the gap size considered here, the mode volume for the
parallel orientation is significantly lower than the perpendicular
orientation.
In summary, we have introduced a method for computing the

cavity field−molecule coupling and the corresponding mode
volume that can be used for a molecule inside plasmonic cavities
of arbitrary geometries where the needed input is the response to
a driving dipole near a distinct peak. Here we have particularly
considered configurations (the near contact of two dielectric
spheres, including the limit when one of the spheres is larger
enough relative to the other to effectively act as a planar surface)
for which we can use analytical results (in the long-wavelength
approximation) to evaluate the relevant cavity parameters,
although more complex geometries can be considered numeri-
cally with standard FDTD codes.We have focused on structures,
with doped semiconductors as building materials, that are
characterized by their plasmonic response in the infrared range
even under confinements on the order of 1 nm, albeit with
relatively low quality factors. We have observed that similar to
Fabry−Peŕot cavities, the effective cavity volume in the
structures investigated is still dominated by the geometric
volume of the plasmonic cavities. Such cavities may provide a
useful playground for future studies of the vibrational strong
coupling phenomenon involving one or a few molecules.
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