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Abstract

The ability of nanophotonic cavities to confine and store light to nanoscale
dimensions has important implications for enhancing molecular, excitonic,
phononic, and plasmonic optical responses. Spectroscopic signatures of pro-
cesses that are ordinarily exceedingly weak such as pure absorption and
Raman scattering have been brought to the single-particle limit of detection,
while new emergent polaritonic states of optical matter have been realized
through coupling material and photonic cavity degrees of freedom across a
wide range of experimentally accessible interaction strengths. In this review,
we discuss both optical and electron beam spectroscopies of cavity-coupled
material systems in weak, strong, and ultrastrong coupling regimes, provid-
ing a theoretical basis for understanding the physics inherent to each while
highlighting recent experimental advances and exciting future directions.
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EMLDOS:
electromagnetic local
density of states,
counting the number
of electromagnetic
states per unit volume
per unit frequency
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1. INTRODUCTION

Environmental boundaries can strongly influence otherwise unremarkable free-space wave behav-
ior, leading to unexpected and even exceptional wave phenomena. Acoustic whispering galleries
in domed architectural structures (1), efficient radio-frequency surface wave propagation near the
Earth’s surface (2), optical cloaking in metamaterials (3, 4), and even corralling (5) and scarring (6)
of quantum matter waves represent just a few examples spanning acoustic, electromagnetic, and
quantum realms.

As reported originally in 1966, Drexhage experimentally examined the important situation of
a molecular dye (a europium dibenzoylmethane complex) positioned in the vicinity of a gold in-
terface, acting as a mirror boundary for the molecule’s fluorescent emission (7, 8). When excited,
the dye’s radiation was reflected from the gold mirror, subsequently interfering against its own
nonreflected emission and resulting in observed modifications to the dye’s free-space angular ra-
diation profile and lifetime. Intuitive arguments based on path length differences between the
nonreflected and reflected emission components were later quantitatively shored up in the theo-
retical work of Kuhn (9) and summarized in the famous review by Chance, Prock, and Silbey (10),
in which the dye’ lifetime and resonance frequency modifications were made explicit through the
use of a damped-driven oscillator model incorporating the reflected field set up by the specific
boundary conditions of the gold mirror.

Today we understand Drexhage’s experiments—Ilike Purcell’s earlier description of the en-
hancement of spontaneous emission of nuclear magnetic moment transitions coupled to a resonant
electrical circuit (11)—to be fundamentally governed by the increase in the electromagnetic local
density of states (EMLDOS), p, induced by the environment over that occurring in free space,
po = @’ /m*c. (Gaussian units are used throughout, and dimensions of all important quantities
are provided in the Supplemental Material.) Essentially all radiative processes in which emit-
ters interact with modified electromagnetic environments can also be explained by modification
of p/po. Surface-enhanced Raman scattering (SERS), surface-enhanced fluorescence, and scan-
ning near-field optical microscopy represent three notable examples that take advantage of the
remarkable ability of surface plasmon resonances, occurring in metallic nanocavities (12, 13), to
modify the EMLDOS through their efficient coupling of free-space radiation to the near-field.
In addition to metallic cavities, a diverse range of dielectric microcavities (14), including whisper-
ing gallery mode (WGM) microresonators (15) (e.g., microtoroid, microsphere, and microbubble
platforms), Fabry-Pérot interferometers (16), and photonic crystals (17-19), may be viewed as re-
ceptacles for light with high quality (Q) factors, capable of trapping and storing electromagnetic
waves for exceedingly long times (~100 ns), thereby providing substantial EMLDOS modifi-
cation capabilities. This review will examine recent experiments in which photonic cavities are
utilized to detect and spectroscopically characterize a broad range of molecular, solid-state, and
nanophotonic systems.

Prominentin each of these examples are the central role and influence of the environment upon
the system. Such processes operate in a regime of weak coupling, whereby the rate of energy lost
to the environment exceeds the rate of energy transferred between system components. In such
cases, the environment serves as a perturbatively connected reservoir, but the original basis char-
acterizing the system remains the physically relevant basis of description. As a result, spectroscopic
features of the perturbed system are qualitatively reminiscent of the free system in empty space.

In the opposite regime lie physical systems that are so well isolated that environmental coupling
can be completely ignored and only coherent energy exchange between different system compo-
nents is of importance. In this so-called strong coupling regime, spectroscopic signatures of the
system no longer resemble those of its original uncoupled states, and the appropriate representa-
tion is that of mixed or normal modes such as the familiar in-phase and out-of-phase oscillations
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Figure 1

Overview of coupled light-matter degrees of freedom involving atomic, molecular, excitonic, plasmonic, and
phononic material components interacting with individual, composite, and structured nanophotonic cavity
environments. The degree of light-matter coupling (g) relative to loss (y) dictates the observed physical
characteristics of each system. Displayed at the bottom are diagrammatic representations of familiar
light—matter interaction processes which may be probed using both far-field and near-field optical and
electron beam sources. The sinusoidal arrows represent photons of wavevectors k and k’, while the straight
arrows represent initial and final material states labeled by |7) and |f), respectively.

of a pair of coupled oscillators. Such strongly coupled systems can occur in many different ways,
blended in matter—matter, matter-light, or light-light combinations and realized, for example,
in coupled plasmonic nanostructures composed of noble metal nanoparticles, solid-state exciton
polaritons formed through the hybridization of 2D transition metal dichalcogenides and nanopho-
tonic cavities, or photonic molecules constructed in exquisitely engineered assemblies of optical
resonators, respectively. In some cases, experimental knobs exist to actively tune the degree of
mode mixing, while in exceptional situations there exists so much control that strongly coupled
systems can even be driven into the weak coupling regime and back again, such as in tip-enhanced
photoluminescence (TEPL) measurements.

In this review, we focus on spectroscopic observations of weakly and strongly coupled
plasmonic, excitonic, molecular, and nanophotonic systems reported in the recent literature
(Figure 1). Spectroscopic observables of relevance herein include both near-field [TEPL,
nanoscale Fourier transform infrared (nano-FTIR)] and far-field (absorption, SERS) optical
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measurements as well as those based upon the inelastic scattering of focused electron beams,
such as electron energy loss (EEL), electron energy gain (EEQG), and cathodoluminescence (CL)
spectroscopies performed in an electron microscope. Specifically, we do not discuss molecular
vibrational polariton chemistry and only briefly describe spectroscopic observations of systems
characterized by ultrastrong coupling, where the intrasystem coupling rate approaches that of
the natural frequencies of the individual system components themselves.

Broadly, this review is divided into two main sections on weak and strong coupling, and em-
phasis is placed on the introduction of simple theoretical models that (#) capture the most salient
characteristics encoded within experimental observables, (») provide insights on how nanopho-
tonic cavities work to modify emission rates, and (c) serve as a basis for more sophisticated
treatments and future research directions. It is our hope that beginning graduate students and
advanced researchers who are interested in learning a new field will find this review useful as a
first step into the recent literature and in understanding the basic concepts upon which it depends.

2. WEAKLY COUPLED SYSTEMS

The rate at which energy is lost from a physical system to its environment can be due to a myriad
of different radiative and nonradiative mechanisms and pathways. The weak coupling regime is
distinguished by the situation in which the rate of system—environmental coupling (y) exceeds
that of intrasystem coupling (g). In this regime, different system components merely dress each
other as energy flows from one component to another, only to be immediately outcoupled to
the environment and forever lost. Here, perturbation theory serves as an effective calculation
tool. However, gone are the familiar Hermitian Hamiltonians and their unitary time evolution:
Description of such open systems requires Hamiltonians that are fundamentally non-Hermitian
in character (20, 21).

Numerous important spectroscopic phenomena in micro and nanoscopic cavities are well char-
acterized as occurring in the weak coupling regime. Examples include: (#) the Purcell effect,
whereby the rate of spontaneous emission of a quantum emitter to the radiation field can be in-
fluenced by its coupling to a mode of an optical or plasmonic cavity in/on which it is located
(22-27); (b) the plasmonic Fano effect, in which a spectrally narrow plasmonic mode is weakly
coupled to and receives energy from another that is significantly lossier (28-34), leading to pro-
nounced asymmetric resonance lineshapes or “cut-outs” in the composite system spectrum; and
(¢) SERS, wherein the exceedingly small cross section for inelastic light scattering by a molecu-
lar system is increased due to coupling of the incident laser and scattered molecular fields to the
strong antenna-like resonances of a nearby plasmonic nanostructure (35-39).

Many other notable examples of cavity-modified spectroscopic phenomena exist in the liter-
ature, but here we focus primarily on the Fano, Purcell, and SERS effects; specific discussion of
these effects appears below in Sections 2.1, 2.4, and 2.5, respectively. Generic to such phenomena
are the following set of Newton equations, which may be derived either classically or quantum
mechanically, representing a weakly coupled emitter—cavity system (31),

2¢

o _ o » .
e+ 1y e+ meoqe = gy (S)\| 37 e = —eFoe ™ + 357,

R B [
e+ V@M + 770100+ 8 (9), | 774 = 0,

with coupling strength g, (s) = —e\/4m /mV £(s) - q.. Here, ¢. (q. = §.4.) is the emitter’s dynami-
cal coordinate with effective mass 7z, nonradiative decay rate ", and natural frequency w,, and ¢,
is the cavity’s dynamical coordinate of mode volume V spatial mode profile f(x), total (nonradiative
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+ radiative) decay rate y'°*(w), and natural frequency w,. Treatment of lossy cavities necessitates
a more nuanced description in which the mode functions f(x) become quasinormal modes with
associated complex-valued eigenfrequencies (40-46). The emitter, located at the position s within
the cavity field E(x, ) = —(v/47 /V )f(x).(2), is coupled to a harmonic driving field Ey and to the
free radiation field via the radiation reaction force Fq = 2¢*/3¢°)¢, = —my4(w)4,, with radia-
tive decay rate ¥ (w) = 262w?/3mc® = 2n?e? /3m)py (47) expressed in terms of the free-space
EMLDOS, where —e is the elementary charge and ¢ is the speed of light.

For multimode cavities, the mode functions f;(x) and their associated dynamical coordinates
¢5(t) define the cavity vector potential (in the generalized Coulomb gauge V - [¢x)A(x)] = 0)
asA(x,1) = 3, (v4mc/V)Ff(x)g;(t), where the spatial mode functions satisfy the vector Helmholtz
equation V x (V x f;(x)) = e(x)(w}/c*)fi(x) on the domain of the cavity described by the
piecewise dielectric function &(x) with eigenfrequencies w;, mode amplitudes ¢;(z), and mode
volumes V; = [e(x)|f,(x)|*d*x/max[e(x)|f,(%)|*]. In such cases the cavity electric field general-
izes accordingly as E(x,7) = — 3, (v/47 /V)f,(x)¢5 (2), as does the light-matter coupling Zpy(s) =
—e Y, AT mVE(S) - 4.

In the simplified case of a single cavity mode coupled weakly to an emitter driven in steady
state, the emitter oscillates with the frequency of the driving field E() = Re{Ey(w)e "'}, such that
7.(t) = Refg.(w)e '} with oscillator amplitude

—eEy/m
ge(w) = Fo? Fo?
2 .
w, — Re 2 7)1y tOt 2 _l[wytmt + Im 2 7)1y tot 2 ] -’
w? — iwyt — w w? — iwy°t — w
? e
—ely/m 0? — iy — ?

_ 0 : Ve w
- i ’ 2.2 2 2 ’

wez — iyt — w? ) 82(0 (we — ) » oy ng pLot e

—_— % 2 ) oy @ Ye 2 _ )2 tot)2 @

(@] — @) + (0y) (@] — @) + (0y)

@? e

where y (@) = y" + y/(w) is the total decay rate of the emitter. The first form of the emitter’s
oscillator amplitude shows how its natural resonance frequency @.(w) and decay rate ,(w) are
modified due to coupling with a cavity. In the weak coupling regime, both &.(w) ~ @,(w,) and
7.(w) = 7,(w,) are well approximated by their values at the free-space emitter frequency w,. The
second form shows how the emitter’s oscillator amplitude can be interpreted as the amplitude of
the isolated emitter ¢%(w) multiplied by a factor that depends upon the cavity, which will become
useful in the description of Fano antiresonances.

Central to the observation of such weakly coupled light-matter systems are the cross sec-
tions for absorption and scattering. Recall that the cross section is given by the ratio of the
time-averaged power absorbed or emitted (or scattered) by the emitter relative to the time-
averaged incident flux of optical energy, that is, P/(S), where (S) = cE}/8m (47). With the
emitter’s oscillatory amplitude defined, the time-averaged power for absorption and scattering

becomes
Pue(@) = % /0 e Re{ _ mygmqe(t)} . Re{q'e(t)} dr,
3.
Prn(@) = % /0 e Re{ - m)/emd(a))q'c(t)} - Re{qe(t)} dr,
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where 27 /w is the period of oscillation. These equations show that the power absorbed
or scattered stems from the work performed by the dissipative forces F,, = —my"§, and
Fraa = —my(w)g, upon the oscillator. It follows that the absorption and scattering cross
sections can be expressed as

2

4w m
Gabs(a)) = iEz yg |qe(0))| )

4 w? m

— B yI()lg.()).

Oscat (w)

Recognizing that the cavity-dressed emitter’s induced dipole moment is defined as d(w) =
—eq.(w) = a(w)Ey implicitly defines the dressed polarizability as
e /m

0(@) = —2
o; — iwy, — o

which reduces back to the familiar free-space emitter polarizability «o(w) = (¢?/m)/

tot

(w? —iwy* — @?) in the limit g — 0. In this limit, the above cross sections attain their

familiar forms (31)

(@)= drw Y™ @) 47Ta)( o) & /m
Ons(@ maoy(w) = — (v s
abs c yetot 0 ¢ y" (wg _ a)Z )2 + (a)ygmty
6.
drw yid(w) 8w fw\* e /m 2
Oscac(@) = —“———Imay(w) = 7(*) ’ﬁ
c oyl 3N/ o} —iwy —
and the sum defines the extinction (total) cross section oo (W) = Ous(@) + Tsar(@) =

(4rw/c)Im ag(w). The absorption cross section is a measure of the amount of incident electro-
magnetic energy that is dissipated into heat, while the scattering cross section characterizes the
amount of incident electromagnetic energy returned to the radiation field.

2.1. Fano Resonance

Relevant to a set of experiments measuring the absorption spectra of individual nano-objects
independently from scattering, extinction, and emission is the Fano effect, which was originally ob-
served in the autoionization spectrum of He vapor by Lassettre et al. in 1964 (48). Fano understood
the pronounced asymmetric antiresonance lineshapes measured in the spectrum as being due to
the interaction of two electronic configurations of He (49)—the discrete 252p double excitation,
which is above the first ionization threshold, and the autoionization continuum. In the follow-
ing years, such asymmetric lineshapes (now called Fano antiresonances, Fano resonances, or Fano
interferences) have been observed in many different physical systems characterized under both
optical (29, 31, 50-52) and electron beam (28, 30, 34, 53, 54) probes whenever discrete and con-
tinuum channels weakly interact. In such cases, the ratio of the spectrum of the interacting system
to the spectrum of the continuum channel can be arranged as 0, (@) /G cont (@) = [(Q + €)/(€ + i)!z,
where the Fano asymmetry parameter Q is a frequency-independent number in the vicinity of the
antiresonance that can be positive, negative, or zero and completely characterizes the asymmetry
of the lineshape, while € is a reduced frequency with respect to the frequency of the discrete mode.

Through appropriate choice of parameters, the pair of coupled oscillator equations in
Equation 1 can be used to model the absorption spectra of individual emissive nano-objects
coupled, for example, to a nanophotonic resonator cavity, where Fano resonances are observed
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whenever the nano-object’s linewidth is large in comparison to that of the nanophotonic res-
onator modes to which it is weakly coupled. With the emitter’s total decay rate being large relative
tot

to that of the cavity—i.e., y°* 3> y*—and the emitter cavity coupling rate g being less than y"",
the absorption spectrum of the composite emitter—cavity system becomes

4 w? m
Oabs (w) = ytnr |qe (w)lz
¢ E}

drw® m
= g ()]

Z.V@f+ﬂmo—wbﬂw%)+&f-—ébﬂw%)2

¢ E (@ — @2)/(F) +i 7.
o
Q+el
= ;Ls(a))' €+l )

where the factor modifying the absorption spectrum ¢} () of the isolated free-space emit-
ter accounts for the fact that the emitter is weakly coupled to a high-Q cavity in addition to
the radiation continuum. It is this factor that produces a sharp asymmetric lineshape centered
about w, or €(w) = —Q, which appears as a “cut-out” (or antiresonance) in the Lorentzian
absorption spectrum ¢} (@) of the emitter. Implicitly defined within Equation 7 are the equa-
tions €(w) = (0* — @?)/w, and Q(w) = (®* + iwy, — ®?)/w7.. In the limit of a lossless cavity we
have Q — (&’ — w?)/w¥,, making explicit the dependence of the Fano lineshape upon detuning.
While the latter is a function of frequency, we emphasize that Fano resonances are described
only when Q is constant in the vicinity of the cavity resonance at w,. Accurate spectroscopic de-
termination of Q must be treated with care (29, 31, 50, 51), as, for example, interfering optical
pathways occurring in scattering observables may spuriously enhance/suppress spectral asymme-
tries, making pure absorption measurements ideal for quantification of Q. Figure 2a,b shows
examples of Fano antiresonance lineshapes associated with Q < 0, Q@ = 0, and Q > 0 measured
via single-particle absorption spectroscopy.

2.2. Absorption

Absorption measurements of individual nano-objects (nanoparticles or molecules) have been
widely reported since the first demonstration of single-molecule absorption at cryogenic temper-
atures in 1989 (55) and subsequently at room temperature in 2010 (56, 57). Since absorption and
scattering cross sections have different dependencies upon target size (absorption and scattering
depend linearly and quadratically upon volume, respectively), the absorption spectrum of a small
nano-object (in comparison to the wavelength) can be approximated by extinction and obtained
by measuring its reflected and/or transmitted power, as its scattering cross section is negligible.
However, for larger nano-objects that appreciably scatter, measuring absorption independent of
scattering in the far field is challenging.

An indirect measurement based on the photothermal effect leverages photothermally induced
changes in a nano-object’s local refractive index due to optical excitation (51, 58-62) to provide an
avenue to separate absorption from scattering for nano-objects that are large enough to scatter.
One class of spectroscopies that takes advantage of such photothermal absorption utilizes opti-
cal microresonators as near-field thermometers to measure the absorption of single nanoparticles
(29,31, 50, 51, 63—66) and polymers (67, 68). Using this approach, the absorption spectra of in-
dividual gold nanoparticles coupled to a microcavity were systematically investigated (29, 31, 50,
51).
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Absorption measurements of plasmonic—photonic coupled systems. (#) Fano lineshapes as a function of LSP-WGM detuning. Panel
adapted with permission from Reference 51; copyright 2016 Nature. (5) Detuning LSP resonance from a single WGM via thermal
annealing. Panel adapted with permission from Reference 29; copyright 2017 American Chemical Society. (c) Active control of
plasmonic—photonic coupling in a microfluidic cavity. Panel adapted with permission from Reference 50; copyright 2022 American
Chemical Society. (d) Absorption amplification across an extended spectral range through varying the incident angle of excitation. Panel
adapted with permission from Reference 69; copyright 2019 American Chemical Society. Abbreviations: AuNS, Au nanostar; LSP,
localized surface plasmon; PCGR, photonic crystal-guided resonance; WGM, whispering gallery mode.
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In 2016, Heylman et al. employed ultrahigh-quality-factor (Q) WGM toroidal microcavities
as single-particle absorption spectrometers to examine single gold nanorods coupled to toroidal
microcavities (51). The measured absorption spectra (Figure 24) were imprinted with distinctive
spectral features as a result of the weak coupling between the nanoparticle’s lossy dipolar localized
surface plasmon (LSP) and the spectrally narrow photonic modes of the microresonator. This
led to cavity-modified resonances on top of a broad LSP absorption envelope. Due to the weakly
coupled broad LSP mode and quasidiscrete WGM modes, Fano antiresonance signatures with
linewidths of a few peV were observed within the absorption spectrum of each individual gold
nanorod (Figure 24). These Fano signatures manifested as distinctly asymmetric lineshapes with
constructive and destructive interference peaks and dips as the LSP-WGM detuning was varied.
Subsequently, Thakkar et al. realized a thermal annealing method to control LSP-WGM detun-
ings and consequently sculpt the asymmetry profile of the Fano lineshapes (29), where it was found
that the small but finite damping of the resonator’s WGM modes was important in the descrip-
tion of the Fano lineshape evolution (Figure 2b). The thermal annealing strategy employed was
found to be a facile route to tune the degree of LSP-WGM hybridization and was ultimately used
to obtain an optimized Purcell factor of 10*.

Another way to tune plasmonic-photonic interactions is to directly control LSP-WGM cou-
pling. Pan etal. implemented a WGM microfluidic platform, allowing for control of mode overlap
by changing the dielectric environment (50). Specifically, additional WGMs were made acces-
sible to the LSP mode by flowing solvents within the microbubble resonator, thereby creating
glass-liquid interfacial modes with better mode overlap (Figure 2¢). Huang & Cunningham
(69) utilized a direct absorption measurement approach in a different plasmonic-photonic sys-
tem where absorption dominates over extinction. An absorption enhancement was observed
and was continuously tunable across a large spectral range (600-1000 nm), as opposed to the
weak absorption measured in uncoupled gold nanostars (69). The Lorentzian peak lineshape
was preserved across the uncoupled LSP’s absorption range, unlike in LSP-WGM coupled sys-
tems. This absorption enhancement was enabled by photonic crystal-guided mode resonances,
where the angle-dependent spectral tunability for absorption enhancement follows the photonic
crystal-guided mode resonance dispersion (Figure 2d).

2.3. Reflection, Transmission, and Electron Probes

Plasmonic-photonic coupled systems can also be interrogated through tapered optical fiber trans-
mission (31, 70) or (free-space or fiber) reflection measurements (71-74). In a coupled LSP-WGM
system, Ruesink et al. observed a blue shift in the measured transmission resonance through a
tapered optical fiber as the pitch size in an array of nanoantennas decreased (70). Such strong
resonance shifts perturbed by the nanoantennas, which exceeded the effects exerted by the nanoan-
tenna’s polarizability, were attributed to a nontrivial phase relationship between the WGM cavity
and LSP radiation (Figure 3#). In a similar system, the authors measured specular reflection from
the array of nanoantennas coupled to a WGM cavity through a high-numerical aperture objec-
tive while changing the incident angle (72). The resonance lineshapes in the reflection spectra
were found to vary drastically as the in-plane k-vector increased. These measurements suggest
that nanoantenna polarizability can be controlled through backaction via a single cavity mode
for the entire nanoantennna array (Figure 35). Recently, the authors showed the ability to obtain
fiber reflection, transmission, and free-space scattering simultaneously by driving the coupled sys-
tem with a narrow-band tunable laser through a tapered optical fiber (73, 74). Single plasmonic
nanoparticles were deterministically positioned on WGM microcavities through electron beam
lithography. A perturbed cavity mode with a broader lineshape than that for the unperturbed cav-
ity mode suggested LSP-WGM hybridization, which was further confirmed by scattering images.

www.annualreviews.org o Spectroscopy in Nanoscopic Cavities

517



518

Pan et al. demonstrated simultaneous measurement of absorption and transmission through a sin-
gle tapered optical fiber to elucidate energy pathways in a weakly coupled LSP-WGM system (31)
(Figure 3¢). Through a combination of experimental measurement and theoretical modeling, key
system parameters were found to span across 9 orders of magnitude, including LSP and WGM
nonradiative and radiative dissipation rates and their mutual coupling strength.

Beyond these optical measurements, there are several recent demonstrations (30, 75, 76) in
which electrons were used to probe weakly coupled systems using an electron microscope. Smith
et al. combined EEL spectroscopy and theoretical modeling to reveal infrared plasmonic Fano
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Figure 3 (Figure appears on preceding page)

Reflection, transmission, and electron probes. (#) Transmission measurement of a WGM microcavity
coupled to an array of gold nanoparticles through a tapered optical fiber. Panel adapted with permission
from Reference 70; copyright 2015 American Physical Society. (b)) Addressing the LSP-WGM coupled
system through back-focal-plane reflection imaging. Panel adapted with permission from Reference 72;
copyright 2018 American Physical Society. (¢) Simultaneous measurement of absorption and two-sided
transmission of a plasmonic—photonic coupled cavity. Panel adapted with permission from Reference 31;
copyright 2019 American Chemical Society; (d) EEL spectroscopy of a disk-rod dimer consisting of gold
nanodisk and microrod (/ef) and their components (right). Panel adapted with permission from Reference
30; copyright 2019 American Physical Society. (¢) EEL spectroscopy of a silver nanocube coupled to a
WGM glass microsphere. Panel adapted with permission from Reference 75; copyright 2021 American
Chemical Society. Abbreviations: EEL, electron energy loss; LSP, localized surface plasmon; MNP, metallic
nanoparticle; WGM, whispering gallery mode.

antiresonances in a gold disk-rod dimer system (Figure 3d) due to the coupling between qua-
sidiscrete Fabry-Pérot modes in the gold rod and the quasicontinuum LSP mode in the gold disk
(30). In a nanocube-microsphere coupled system (Figure 3e), EEL spectroscopy and CL were
used to examine the broad LSP resonance in a silver nanocube modulated by discrete WGMs
(75). Interestingly, the excitation of WGMs with transverse-magnetic and/or transverse-electric
polarization was controlled by changing the electron probe position on the nanocube.

2.4. Purcell Enhancement

Since Purcell’s original report in 1946 of the ability to modify spontaneous emission rates beyond
their vacuum values (11), numerous physical realizations of cavity-modified emissive processes
have appeared in the literature (77). In the context of an emitter coupled weakly to a nanophotonic
cavity, the coupled equations of motion (Equation 1) again suffice to describe the cavity-induced
modifications to the emitter’s radiative decay.

In the absence of a cavity, the power scattered by an isolated emitter (into free space) recovers
the well-known Larmor result (47), that is,

27 Jw, 2

Re| = my @) - Re{ 320} dr =

2.2
ew;

3

0 _ @e
scat — 27

;00|q(e)|2 8.
0

for a dipole oscillator oscillating at frequency w,, where py = w? /m?¢* is the free-space EMLDOS.
When positioned in a cavity, determination of the modifications to the emitter’s dynamics requires
calculation of the power scattered by the emitter into the cavity via

P = 2 [T kel [ 0] Rel 0] s

2 0
. 27T€2 a)ch|f(5) ’ qe|2 | 0|2 9
TV (0 - o))+ (0. 1 .
23?3 wf)/u|f(5)' q.’
_ AL olgP,

Vo (@ — o)) + (@)

where both the emitter and cavity modes oscillate in time as e=*', so that the ratio

_ Pa _6nd  ylf(s)- Q)
B PO B V (wf - wf)z + (we)/c)z

scat

Fp 10.

defines the Purcell enhancement factor (EF). If the detuning (w. — w,) is large relative to the cavity
decay rate (y,), then emission is inhibited. Oppositely, if the cavity is tuned into resonance with
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Quality factor:

a dimensionless
quantity that describes
a cavity’s temporal
decay rate and
therefore its ability to
localize light in time

the emitter (w, = ,), then Purcell enhancement is maximized when the emitter’s transition dipole
moment is aligned with the cavity field and located at its maximum so that |f(s) - §.|* = 1. In this
case we have

6rd Q  3X0Q
Fp = = == 11.
P20V T A

expressed in terms of the cavity quality factor Q = w,/y. by rewriting the emitter’s resonance
frequency as the wavelength A, = 27w¢/w,. Equation 11 can also be written as

2Q/rwV 2Q/mwV
= nas =
w?/3m?c po/3
where the quantity in the numerator can be thought of as the cavity-enhanced density of electro-

magnetic states p = 2Q/nmw,V, providing a new interpretation of the physical origin of the Purcell
EF.

12.

2.5. Surface-Enhanced Raman Scattering

Raman scattering is a second-order, instantaneous two-photon inelastic scattering process
whereby molecular analytes annihilate an incoming photon at frequency » and emit an outgoing
photon at frequency «'. Processes involving emitted photons with energy below (above) that
of the incoming photon are referred to as Stokes (anti-Stokes) scattering (Figure 4a,b), and
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Figure 4

Normalized detuning A/x

Surface-enhanced Raman scattering (SERS). (#) Example SERS spectrum. () Feynman diagrams for Stokes and anti-Stokes scatterings
along with their respective level scheme depictions. (¢) Two-step phenomenological description of SERS. (d) Optomechanical model of
SERS. Panel adapted with permission from Reference 83; copyright 2016 Springer Nature. (¢) The cavity-laser drive detuning A
dictates whether amplification (I'ope < 0) or cooling (I'gpe > 0) of molecular vibrations occurs within the optomechanical model. Panel
adapted with permission from Reference 84; copyright 2017 Royal Society of Chemistry.
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energy differences fiwg = |hw — ho'| must be equal to the energy difference between initial and
final internal (often vibrational) molecular states. Although the molecular vibrational spectra
accessed by Raman scattering encode detailed molecular structure information, Raman signals
are generally quite low—for example, the Raman scattering cross section for pyridine is o ~
1073° cm?. However, enormous enhancement in measured Raman scattering of analytes in the
presence of metal substrates with nanoscale features was observed in 1974 (78) and indepen-
dently in 1977 (37, 79), with the proper interpretation based on excitation of resonant surface
modes beginning shortly thereafter (80). Today, SERS EFs of >103-12, variably defined (81) but
generally a ratio of scattered powers in the presence/absence of a nanophotonic cavity, are
routinely achievable with carefully designed nanocavity systems, allowing vibrational spectra of
individual molecules to be recorded with single-molecule SERS (38, 39). While imperfect, the
overall SERS EF is conventionally decomposed into electromagnetic enahncement (EME) and
chemical enhancement (CE) contributions, with (total EF) = (EME) - (CE). CE mechanisms
involve chemical modification of molecular vibrational characteristics via interaction with the
cavity, for example, due to charge transfer between molecule and substrate, necessitating a detailed
microscopic quantum mechanical description (82). This review focuses on the EME mechanism,
which arises from the modification of the EMLDOS at the positions of the analyte molecules
in the presence of a nanocavity, and is generally the dominant source of SERS enhancement. An
expanded discussion of current perspectives on SERS appears in Reference 82.

While many descriptions of SERS have been presented at varying levels of theoretical
sophistication—from classical coupled dipole treatments (85) to quantum-mechanical electronic
structure methods (86, 87) to many-body theories of coupled molecule-plasmon systems (88)—
perhaps the simplest descriptions are those provided by phenomenological models. Although
truly an instantaneous second-order scattering process, one such phenomenological description of
Raman scattering involves a two-step sequence consisting of induced dipole and reemission steps
as depicted in Figure 4c¢ (81). The presence of a nanophotonic cavity influences each of these
steps via its modifications to the EMLDOS. During step one, a Purcell-enhanced Raman dipole
moment dg(w') = &z - E(w) is induced that oscillates at frequency «’. The Raman polarizability
ar=(Qr— QY- [ﬁ&(w)] |QR=Q?‘> is defined through the Taylor expansion of the static polar-
izability &, with the vibrational normal mode coordinate Qg oscillating around its equilibrium
position QY at the vibrational frequency wg, establishing the relationship o’ = @ + wi.

Treating the Raman dipole and nanocavity as interacting classical dipoles at positions x, and
x,, respectively, with Eo(x,) ~ Eo(x,) = Eo, we have

dR = &R . (Eo + de . &p . Eo) = (_XR . [i +Mloc(w)] . E(), 13.

where Mjo.(0) = (_}d[,(xd,xp,a)) - @, is the local field enhancement tensor at frequency  deter-
mined by the EMLDOS, which enhances (or suppresses) the local field E(x;) = de(xd, Xp, w) - P
at x4, and p is the dipole moment of the laser-driven cavity. Purcell-enhanced emission occurs sim-
ilarly during the second step, which can be accounted for by considering the total radiated power
from the combined Raman-dipole-nanocavity system when sourced by the Raman dipole oscil-
lating at the shifted frequency «’. Under these conditions, the total dipole moment ., = dg + p
is found to be

Hor = [i + Mloc(w,)] OR - [i + Mloc(w)] : E0~ 14.

Comparing the total power scattered in the presence, P&, and absence, P, of the cavity using

the Larmor power in Equation 8, it is observed that (#) P< o< |Ey|?, that is, the scattered power
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depends linearly on the incident field intensity; and (b) the EF is
Py IE@)’ [E@F _ [E@l*
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tot

15.

recovering the well-established local field EF with its fourth power dependence upon the local
field relative to the applied field when the frequency shift of the emitted light is neglected. It is
worth noting that if the Raman and cavity dipoles are allowed to interact self-consistently (85, 88),
then the EF is found to be P& /P0 = (1 + Mi,.)*/(1 — MZ,.)?, within a one-dimensional model
for simplicity. This result differs from that of the two-step model only by the presence of the
denominator, which is responsible for the classical image dipole effect that renormalizes the cavity
and molecular frequencies and lifetimes.

Despite the successes of these single-molecule phenomenological models, they do not provide
simple descriptions of other important aspects of SERS, such as nonlinear Stokes and anti-Stokes
emission under strong driving and correlations among molecular vibrations. Beginning in 2015,
molecular optomechanical models of SERS were introduced, allowing for dynamic interaction
between two parametrically coupled, nonresonant harmonic molecular vibrational and cavity os-
cillators within the framework of cavity quantum electrodynamics (83, 89). In analogy with the
above two-step model, the interaction Hamiltonian is

I:Iint = _E(Xd) . &R

where the rotating wave approximation (RWA) has been invoked and the last line involves
the introduction of the quantized vibrational coordinate and cavity electric field operators
Qr — Q) = /h/2maw, (iaei"’ + l;*e*""’) and E(x) = iy/2mhe./V (f(x)a — £*(x)a"), expressed in terms
of the bosonic molecular vibration # (5") and cavity 4 (4') lowering (raising) operators, re-
spectively. Together with the additional assumptions that x,; is positioned at an antinode of
the cavity field and is aligned with the local field polarization, the optomechanical coupling is
gr= [ﬁ&(w)] }QR:Q%,/h/mee(Znhwc/V) when ¢ = 7 is chosen. In the presence of a coherent
continuous-wave laser drive at frequency w,, the Hamiltonian in the frame rotating at the drive
frequency becomes

H = had'a + hob'b — g(b+ bY)a'a + in@" — 4) 17.

in terms of the cavity-drive detuning A = w, — w,, where € characterizes the strength of driving
by the (classical) applied field Eq(t) = Ege~™".

The molecular optomechanical Hamiltonian is formally equivalent to the well-studied cavity
optomechanical Hamiltonian describing a coherently driven Fabry-Pérot cavity with one mir-
ror mounted on a spring (Figure 4d) (90). The dynamics of the open coupled mode system in
the presence of incoherent cavity and molecular vibration decay at rates « and y,,, respectively,
have been investigated using the Langevin (83) as well as master equation (84, 89) approaches. De-
spite some differences in the expressions for steady-state phonon occupancies, both approaches
show that dynamical backaction introduces additional pathways for phonon creation and anni-
hilation characterized by rates I'; and I'_, respectively, which can lead to stimulated phonon
amplification and cooling. For example, the cavity-mediated phonon creation and annihilation
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rates from the master equation approach are

_ Sl 18
T (A w,)? + (k)27 '

Iy

where « is the coherent state amplitude of the driven cavity mode. The steady-state phonon
population at temperature 7T is

Ym r +

N + , 19.
Vm + Fopt th ym + F()pt

Ngs =

where Iope = I'_ — I'y, and ng, = [exp ("w,,/ksT) — 1]7! is the thermal phonon occupancy. In-
spection of Equation 18 shows that when the laser detuning is such that A < 0 (A > 0), we have
L ope < 0 (Fope > 0),leading to phonon amplification (cooling) as depicted in Figure 4e. Vibrational
pumping, therefore, arises naturally within the optomechanical model and leads to the prediction
of nonlinear scaling of anti-Stokes SERS with increasing continuous-wave laser excitation, which
has been observed in single-molecule SERS measurements within low-temperature picocavities
(91). The model also predicts that with still stronger blue-detuned driving (typically beyond what
has been experimentally achievable with continuous-wave lasers before the onset of sample dam-
age), we have 'y, = —y,,, which causes the phonon population in Equation 19 to diverge and
the onset of phonon lasing, which is known as parametric instability. Figure 5 presents examples
from the recent literature that report signatures of collective phenomena in SERS predicted by the
optomechanical model (92-94), which are more fully discussed in the Supplemental Material.

3. STRONGLY COUPLED SYSTEMS

Just as strong contact of an environment with a physical system is a defining feature of weak cou-
pling, environmental isolation is the hallmark of physical systems in the strong coupling regime.
Here, the rate of energy transfer (g) between system components is so large relative to environ-
mental loss () of any form that outcoupling to the environment can be largely neglected. Strongly
coupled systems are characterized by repeated and coherent intrasystem energy transfer and are
thus described accurately by Hermitian Hamiltonians and unitary time evolution. In the absence
of external forces, normal modes (or super modes or molecular orbitals, depending upon the par-
lance of the particular research community) arise as the natural, independent (i.e., noninteracting)
basis on which all driven states of the system including spectra can be decomposed.

Normal modes can vary considerably in their character, ranging from weakly mixed forms that
closely resemble the uncoupled system components to maximally mixed, even-weighted superpo-
sitions of the original uncoupled system components. In the case of two coordinate-coordinate
(9142) coupled oscillators with Hamiltonian (95)

2 2
= L et + Lt e - g, e 20

the general forms of the normal mode coordinates and frequencies are

1/4 1/4
R el 0+0(22) sino
- =l ) cost el ,

1/4 1/4
= — Gl sinf + m cosf
9+ 71 - q2 iy ’
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Figure 5

Collective optomechanical effects in SERS. (#) Calculated Stokes and anti-Stokes emission intensities as a function of laser intensity and
of the number of identical molecules N coupled to the cavity under blue-detuned CW laser drive. Panel adapted with permission from
Reference 92; copyright 2020 American Chemical Society. (b)) Anti-Stokes scattering intensity as a function of N exhibiting quadratic
dependence in the vibrational pumping regime (gray shading in panel ). Panel adapted with permission from Reference 92; copyright
2020 American Chemical Society. () Measured superlinear Stokes scattered power dependence from monolayer MoS; placed within the
gap regions of nanocube-on-mirror structures under blue-detuned drive. Panel adapted with permission from Reference 93; copyright
2022 American Chemical Society. (d) Intermolecular vibrational coupling between polar bonds on analyte molecules (4NTP) embedded
within self-assembled monolayers composed of inert spacer molecules (BPT) leads to a measurable frequency shift detectable in SERS.
Panel adapted from Reference 94 (CC BY 4.0). Abbreviations: CW, continuous wave; SERS, surface-enhanced Raman scattering.
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written in terms of the angle @ = (1/2) tan™! 2g,,//mm;(w} — w?) dictating the degree of mode
mixing experienced between the coupled coordinates ¢; and ¢,. At zero detuning, the energetic
splitting between the normal modes is h\/2g/ \/m1m1; . Such equations might, for example, describe
two coupled plasmonic nanoparticles with dipolar coordinates d; = —eq;¢; and d; = —eq2¢; and
coupling strength g,,(s) = e*q1 - G(s) - q; derived from the interaction energy Hi,, = —E;(s) -
d; = —d; - Ex(—s) = —d; - G(s) - d; = —g,,(s)7142, where
" 1 ik " 1

G(s) = [(3ss— 1)(;3—;2) (38— 1)7]e 23.
is the free-space dipole relay tensor (47), with £ = /¢ relaying the electric field E(s) = G(s) - d
produced by one dipole to the other located at the position s = §s away. The effective mass
of each plasmonic dipole mode (i = 1, 2) (96, 97) can be derived from the Clausius-Mossotti
polarizability together with a Drude model of the nanoparticle’s bulk free carrier response. This
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dipolar coupling scheme as well as other more sophisticated couplings can all be derived from the
exact minimal coupling formalism (98).

Other strongly coupled light-matter and light-light systems are governed by similar
Hamiltonians with a few replacements. For massless light modes, such as the optical eigenmodes
of nanophotonic cavities, the effective mass 7z is replaced by the inverse mode volume V. Ad-
ditionally, the form of the interaction energy changes to coordinate-momentum (g;p,) coupling
for interacting light—matter systems (29, 31, 50, 51) and to doubly coupled coordinate-coordinate
(4142) and momentum-momentum (p;p,) couplings for interacting light-light systems (99, 100).

Interacting light—matter Hamiltonians arise, for example, in the description of high-quality
(Q) nanophotonic cavity coupled atomic, molecular, excitonic, or plasmonic degrees of freedom
blended into new hybrid states called polaritons. In general, polaritons are the collective exci-
tations that emerge in the hybridization of optical and material degrees of freedom and can be
engineered to vary in their degree of mode mixing, in analogy to Equation 21, by exerting con-
trol over parameters such as detuning and coupling strength. Given the light-matter interaction
energy Hi,. = —E(s) - d, with cavity electric field E = —A /¢ and cavity magnetic field B=V x A,
the light-matter Hamiltonian becomes (31)

E’ + B’
H:/%d%—i— p‘—l— —mw’q’ —E(s)-d
7

2m 2
24.

Vp[ 1 pl’ /
) + W cqc + 2 + ma) qe ngpq(s)pfq?

in the case of one nanophotonic cavity mode A(x, ) = (v/4¢c/V )f(x)g.(¢) of frequency w,, volume
V, spatial mode profile f(x), and dynamical coordinates (p,, ¢.) strongly coupled to one material
emitter oscillator of frequency w,, effective mass 72, and dynamical coordinates (., ¢.) with strength
2py(s) = —ey/4m /mV £(s) - q.. Note that the Newton equations in Equation 1 describing a weakly
coupled emitter—cavity system are also derivable from Equation 24 but must be supplemented
with phenomenological velocity-dependent frictional forces to account for the effects of radiative
and nonradiative damping. It is also interesting to note that the inverse of the cavity mode volume
V plays the role of an effective mass for the cavity, as seen in Equation 24. In the strong coupling
regime in which environmental losses can be neglected, the above Hamiltonian (Equation 24),
when quantized in the canonical manner such that [§,, p,] = ik and [§., p.] = ik (98), serves as the
starting point for a hierarchy of quantum optical Hamiltonians, including the celebrated Jaynes-
Cummings and Tavis-Cummings models described below.

3.1. Jaynes-Cummings Model

The Jaynes-Cummings (JC) model (101) describes the interaction between a two-level system
(TLS) and a single optical cavity mode. It derives from quantization of the light-matter Hamil-
tonian in Equation 24 together with replacement of the bosonic description of the matter with
that of a TLS representing the ground |g) and excited |e) states of an emitter. By defining the
dipole and electric field operators as d=d® +dO and E=E® +EO), where d® =

Ie)(eldlg)(gl = |e)d,(gl, EO ) = i\/2nho, /VEx)ie ™, d° = [dD]!, and EC )= [E], the

light-matter Hamiltonian becomes
A = hwd'd + hob.6_ —E(s) - d

= B4 + hw,6.6 + [ EF(s) . d — BOs) - (‘1(—)] + [_]gw)(s) dO ZEOs)- a<+>]

ry(res) /y(antires)
Hipe Hipe

25.
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in terms of the TLS excitation and deexcitation operators 6, = |e){g| and 6_ = |g){e|. Expressed
in the interaction picture, the antiresonant and resonant interactions

A (1) = —ED(s) - dyby —E(s) - dy6

[2nho, £(s) - d, . .
= —ih [ ]TVw 7(S)h g] emi@—o jomits 4+ Hee,

g

H(andres)(t) — 7E<+)(S) . dge6— _ ]::(_)(S) . deg6+

int
2nhw, £(s)-d, ] . .
= —ih [‘/ & 7(S)h g } (it oG 4 e,

g

26.

are characterized by phase factors ¢ 7@~ and ¢~"@+e with the former (energy-conserving)
phase oscillating slowly while the latter (non-energy-conserving) phase oscillates rapidly when
the cavity-emitter detuning § = w, — w, is small (using the convention that w, = 0). Under the
RWA, the latter is neglected completely, resulting in the JC Hamiltonian

Hic = hwd'd + ho,6,6_ + hgid, + hg'a'é_ 27.
in the Schrodinger picture, after choosing the arbitrary phase angle ¢ = —n /2. Due to the TLS’s
limited state space of ground (|g)) and excited (|e)), only |g, #) and |e, z — 1) states become coupled
through A", and the Fock state representation of the JC Hamiltonian decomposes into 2 x 2

int ?
subspaces with 7 total excitations

Hic,, = n + l)hw[|:(1) ﬂ + hLT\O/ﬁ gi*ﬂ 28.

expressed in terms of the cavity-emitter detuning 8. The energy levels and eigenstates within the

nth manifold are
s h
E,. =nho, — 5 + E‘/Sz + 4|gl’n, 29.

|+,”) =C059n|€,ﬂ - 1) + Sin9n|g,”),
|—,n) =—sinb,le,n — 1) + cosb,|g,n), 30.

with coupling angle 6, = (1/2) tan™! 2./n|g|/(w. — w,) and splitting E, — E,_ = /nhQ at zero
detuning defining the Rabi frequency Q = 2|g| = 2/2whw,/V [£(s) - dyy| /R = 2IED)(s) - d,y|/R
(102). The Supplemental Material offers an expanded discussion and generalization to N iden-
tical TLSs (the Tavis-Cummings model) with the inclusion of losses as well as a discussion of the
ultrastrong coupling regime (USC), including the modification of the ground state composition
and recent studies involving nanophotonic systems.

3.2. Characterizing Strongly Coupled Systems

Many characteristics of strongly coupled systems have been studied with a broad range of molecu-
lar and solid-state emitters coupled to a variety of nanophotonic cavities (103-105). In particular,
far-field optical spectroscopies have repeatedly verified the utility of Equation 29 (and its non-
Hermitian analog) in describing the evolution of upper and lower polariton energies as system
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Figure 6

Probing strongly coupled systems with tip-enhanced measurements. (#) Reversible and dynamical interrogation of single CdSe/ZnS
QD:s in the strong coupling regime using TEPL spectroscopy. Panel adapted with permission from Reference 108; copyright 2019
Science. (b)) Deterministic room temperature strong coupling of individual colloidal QDs to a plasmonic notch resonator at the tip of a
scanning probe measured using TEPL. Panel adapted from Reference 109 (CC BY 4.0). (¢) Nano-FTIR scheme, calculated spatial map
of the model system response field, and measured amplitude spectra of the bare (b/ue) and molecule-covered (red) nanobeam. Upper and
lower polaritons were observed in the amplitude spectra S3(w) of the combined system at frequencies above and below the uncoupled
molecular vibration frequency wcpp. Panel adapted from Reference 110 (CC BY 4.0). Abbreviations: FTIR, Fourier transform infrared;
PNR, plasmonic nanoresonator; QD, quantum dot; TEPL, tip-enhanced photoluminescence.

parameters are varied to tune the uncoupled mode energies as well as the +/N dependence of
the Rabi splitting on the number of emitters coupled to the cavity (see Supplemental Material).
An appreciation was also developed regarding the role played by the measurement observables in
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the determination of system parameters. For example, it was shown that Rabi splittings inferred
from scattering measurements can be overestimated, and that it is therefore preferable to em-
ploy absorption or photoluminescence measurements to determine Rabi splitting energies (106,
107). Albeit in the weak coupling regime, References 31 and 30 independently came to the same
conclusion in the quantification of Fano antiresonances in both optical and electron beam spectro-
scopies. Recent examples of TEPL measurements employing movable metallic tips to controllably
and dynamically interrogate strong coupling to emitters are presented in Figure 6, with additional
discussion provided in the Supplemental Material.

In addition to the optical spectroscopies discussed thus far, free-electron-based measurements
in scanning transmission electron microscopes (STEMs) have also provided unique access to the
properties of nanophotonic structures and their detailed optical responses. Specifically, EEL spec-
troscopy, where the excitation spectrum of an interrogated sample is encoded in the difference in
kinetic energy of a probing free electron before and after interaction, has been used for over
a decade to spatially and spectrally map excitations of plasmonic (97, 116) as well as nanopho-
tonic (75, 117) systems. Due to recent progress in monochromation and aberration correction
technologies, <10 meV energy resolution is achievable in modern STEMs, opening the door
to performing high-resolution spectroscopy of visible to far-infrared frequency excitations with
spatial resolution (<1 nm) far below the optical diffraction limit (117-119). The Supplemen-
tal Material contains an expanded discussion of recent studies leveraging EEL spectroscopy and
related techniques to probe strongly coupled nanophotonic systems, which are highlighted in
Figure 7.
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Figure 7

Probing strong coupling with free electrons. (#) Calculated EEL spectra of a bare Ag rod (Jeff) and an Ag rod coated with an emitter
medium shell (right) for various electron beam positions marked by color-coded crosses. Panel adapted with permission from
Reference 111; copyright 2018 American Chemical Society. () Experimental spectral and spatial mapping of upper and lower
polaritons using EEL spectroscopy for an Ag nanoprism coupled to WS, excitons at room temperature. Panel adapted with permission
from Reference 112; copyright 2019 American Chemical Society. (¢) Calculated EEG spectra of a one-dimensional plasmonic array
structure as a function of the incident CW laser in-plane momentum K|, which encodes the array energy-momentum dispersion E(ky).
Spatially resolved spectrum image calculations are presented at the upper and lower polariton energies for the same array structure
embedded within a homogeneous slab of emitters. Panel adapted with permission from Reference 113; copyright 2022 American
Physical Society. (d) Experimental measurement of Bloch mode E(k;) dispersion in a photonic crystal using free electrons (zgp) and
direct spectral mapping of Bloch modes in real space (bottom). Panel adapted with permission from Reference 114; copyright 2020
Springer Nature. (¢) Coherent free electron probing of laser-stimulated light-matter targets in the strong coupling regime. Panel
adapted with permission from Reference 115; copyright 2023 Science. Abbreviations: CW, continuous wave; EEG, electron energy
gain; EEL, electron energy loss; LP, lower polariton; PINEM, photon-induced near-field electron microscopy; TE, transverse electric;
TM, transverse magnetic; UP, upper polariton.

4. SUMMARY AND FUTURE OUTLOOK

Over half a century after the influential experiments of Purcell and Drexhage, today researchers
have achieved an exquisite ability to tailor the interactions between light and matter through preci-
sion engineering of nanophotonic cavities capable of confining light to the nanoscopic dimensions
of molecular, excitonic, phononic, and plasmonic excitations. Through weak coupling to nanopho-
tonic cavities, exceedingly fragile optical processes have been enhanced to the point where the
spectra of individual quantum objects can be resolved and investigated at room temperature with
new levels of control, heralding separate renaissances in multiple fields of spectroscopy. In other
contexts, entirely new states of emergent polaritonic matter have been coaxed into existence and

528  Bourgeois et al.



manipulated, sometimes actively, to realize novel strongly coupled optical phenomena that serve
as playgrounds for exploration of quantum many-body physics.

In both weak and strong coupling regimes, the characterization of nanoscale material responses
has been achieved using not only far-field optical measurements but also more sophisticated
near-field optical and electron beam probes capable of simultaneously recording spectra and cor-
related images with spatial resolution below the diffraction limit of light. Owing to their ability
to measure nanoscale optical processes at their native energy, length, momentum, time, and po-
larization scales, such near-field spectroscopies—or nanospectroscopies—represent some of the
most information-rich observables available today, and, looking forward, we anticipate numerous
future directions of inquiry that will benefit from the new limits of resolution that they offer.

Together with the nanospectroscopic measurements highlighted in this review comes the need
for detailed theoretical modeling of the specific experimental observables being measured, as the
observed spectra (and microscope images) often do not directly map to those of the isolated ma-
terial excitation as is commonly assumed in many other molecular spectroscopies. This difference
is due to the significance of interactions and losses shared between nanoscale material excitations
and their local optical cavity environments as well as to the convolution of experimental signals by
the specific response functions of the probes themselves. Said differently, the Hamiltonian eigen-
spectrum of the isolated material response is often a poor representation of the observed spectrum,
and significant theoretical work is required to connect the two.

With these advances in cavity and emitter synthesis/fabrication, near- and far-field materials
characterization, and theory, now is an exciting time for spectroscopists investigating the optical
properties of individual, few, and ensembles of emitters coupled to nanophotonic cavity environ-
ments. Going forward, the future holds great promise for detailed explorations of cavity-enhanced
optical processes at the nanoscale across varying interaction strengths and their associated physi-
cal regimes, opening new prospects for basic scientific research and the downstream technological
applications that are enabled by it.
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