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Exciton polaritons (EPs) are ubiquitous light-matter excitations under intense investigation as
test-beds of fundamental physics and as components for all-optical computing. Owing to their
unique attributes and facile experimental tunability, EPs potentially enable strong nonlinearities,
condensation, and superfluidity at room temperature. However, the diffraction limit of light and the
momentum content of fast electron probes preclude the characterization of EPs in nanoscale struc-
tured cavities exhibiting energy-momentum dispersion. Here we present fully relativistic analytical
theory and companion numerical simulations showing that these limitations can be overcome to mea-
sure EPs in periodic nanophotonic cavities on their natural energy, momentum, and length scales via
lattice electron energy gain (LEEG) spectroscopy. With the combined high momentum resolution
of light and nanoscale spatial resolution of focused electron beams, LEEG spectroscopy can expose
deeply sub-wavelength EP features using currently available monochromated, aberration-corrected

scanning transmission electron microscopes.



Exciton polaritons (EPs) are hybrid light-matter quasiparticles formed via the strong coupling of an optical cavity
mode to ensembles of quantum emitters. Direct polariton-polariton interactions inherited from the excitonic compo-
nent underlie phenomena such as Bose-Einstein condensation [1, 2] and superfluidity [3] of EPs, while comparatively
strong nonlinearities have enabled polariton-based all-optical switches [4] and transistors [5, 6]. Meanwhile, the photon
component is responsible for the low polariton effective mass and enables long-range transport properties [7]. There
is also much interest in the potential of polaritonic effects to modify chemical reaction dynamics [8-12], however
the mechanistic details remain somewhat controversial [13-15]. Together, these fundamental features and potential
technological applications have conspired to prompt intense research efforts to understand and to leverage the unique

properties of EPs.

Early work on EPs mainly employed planar microcavity architectures with the excitonic medium positioned at an
anti-node of the cavity field. The uniformity of the cavity field strength in the directions transverse to the microcavity
axis causes each of the N emitters in the ensemble to experience nearly equal cavity-coupling strengths such that the
resulting EPs are well-described by the Tavis-Cummings model with Rabi splitting o« v/N. Besides microcavities,
recent advances have relied upon expanding the catalog of cavity architectures [16, 17]. Metal nanoparticles (NPs)
supporting localized surface plasmons have emerged as a promising material platform owing, in part, to their small
mode volumes. Plasmonic NP-based structures have, e.g., been utilized in demonstrations of the strong coupling
regime in the single emitter limit [18]. While increasing the number of emitters participating in the formation of
plasmon-EPs increases apparent spectral splitting, strong spatial variation of the electric field strength outside the
NPs necessarily leads to position-dependent exciton-cavity coupling strengths that violate the equal-coupling strength

assumption of the Tavis-Cummings model [9].

A related cavity architecture consists of periodic arrays of plasmonic NPs, which host lattice plasmon polaritons
(LPPs) arising from the hybridization of the diffractive photonic modes inherited from the array periodicity with
the localized surface plasmons (LSPs) supported by each NP [19-21]. Unlike LSP excitations, LPPs exhibit strong
energy-momentum dispersion inherited from the diffractive photonic component [22]. Despite this critical difference,
Rabi splitting in the strong coupling regime has been demonstrated for LPPs coupled to ensembles of emitters of
various types [23-29]. In both LSP- and LPP-based systems, the nanometer-scale spatial variation of the cavity-emitter
coupling strength has made direct spatial mapping of plasmon-EPs experimentally challenging using diffraction-limited
optical techniques. Near-field based imaging techniques such as s-SNOM have been used to probe EPs in systems
involving LSPs [30], as well as to probe the energy-momentum dispersion of polaritons involving atomic crystals,
including hBN phonon polaritons [31], graphene plasmons [32], and TMDC exciton polaritons [33], but has not yet
been used to measure EPs in LPP-based systems. Alternatively, recent advances in energy monochromation and
aberration correction in state-of-the-art scanning transmission electron microscopes (STEMs) have made it possible

to map plasmon-EPs on their natural energy and length scales using electron energy-loss spectroscopy (EELS) [34, 35].

Here we show that while the energy-momentum dispersion fundamental to LPPs precludes the use of STEM EELS
for spatial mapping of LPP-EPs, closely-related laser-stimulated lattice electron energy gain (LEEG) measurements
are well suited to the task. Specifically, based on analytic and numerical analysis of the relativistic quantum mechanical

LEEG probability from an optically excited NP array we establish that LEEG measurements can probe LPPs and
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FIG. 1. Optical and electron excitation of 1D arrays. (a) Scheme of 1D array excited by a plane wave and/or a focused electron
beam with trajectory parallel or perpendicular to the lattice periodicity direction. (b) Per-NP optical extinction spectra for an
infinite 1D array of 90 nm diameter Ag NPs with periodicity a = 415 nm as a function of K. The solid line denotes the energy
of the isolated NP dipolar LSP, while the dashed lines mark the energy-momentum dispersion of the +1 photonic diffraction
orders. (c) I'fgr,(w) for a 0.7c electron moving along the perpendicular trajectory versus the number of NPs N in finite array
realizations. The normalized optical extinction of the single NP (dashed gray) and array (dashed black; N = 501) are displayed

for reference. (d) fEEL(w) for an electron moving along the parallel trajectory with N = 501 versus velocity. (e) Line out
spectra from (d) at the dashed vertical lines. In panels (c)-(e) the electron trajectory passes 5 nm outside of the NP surface.

LPP-EPs with simultaneously high momentum, energy, and spatial resolution both in the absence and presence of
coupling to excitonic emitters. Spatial maps of excited LPP-EPs are achievable with nanometer spatial resolution by
raster scanning the STEM electron beam within the array unit cell, while various points in the LPP-EP band structure
can be probed with high momentum resolution by varying the optical excitation angle of incidence. The proposed
experiment unlocks the door to a detailed view into the complex makeup of EPs in structured cavity systems; LEEG
measurements provide the energy- and spatial-resolution required to directly resolve sub-diffraction-limited spatial
structure in LPP-EPs.

We first investigate the 1D NP array displayed in Fig. la in the absence of the excitonic medium. The array is
composed of identical 90 nm diameter Ag spherical NPs oriented along y with periodicity ¢ = 415 nm in vacuum.
Signatures of the reciprocal space LPPs arising from coupling of the electric dipole LSP near 3.25 eV (solid white) to
the photonic diffraction modes dictated by the array periodicity (dashed white) are clearly evident in the K|-dependent
per-unit cell extinction efficiency spectra Gext(w) in Fig. 1b. Importantly, the LPPs inherit the energy-momentum
dispersion of the £1 diffraction orders with the strongest LPP excitation occurring at the I' point (K| = 0).

In a STEM EEL measurement, the electron trajectory can be oriented either perpendicular (e ) or parallel (eﬁ)
to the array as depicted in Fig. 1la. With its lateral spatial confinement and ability to raster scan the electron beam
throughout the unit cell, the e trajectory seems ideal for EP mapping. Indeed, this geometry was recently employed
to image EPs formed by coupling WS, excitons to plasmonic triangular nanoprisms [35]. However, Fig. 1c shows the

reduced loss function T'N5501 (w), i.e., TA; (w) normalized by the maximum value of TN=!(w), of a finite array with
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N =501 NPs (solid red) is nearly indistinguishable from that of an individual NP l:gE:Ll (w) (solid black). While the
K} = 0 LPP just below 3.0 eV is clearly evident in the reduced optical extinction spectrum Gey;(w) (dashed gray),
the inset in Fig. 1c shows only weak features at this energy in the EEL observable. The weak signatures of reciprocal
space LPP modes in the e] EEL spectra can be traced back to the transverse spatial confinement of the electron
beam and the energy-momentum dispersion of the LPPs (SI). With the broadband spatial and spectral character of
their field

Ee(x,t) = 2:762@ / da dw(éqi 7(2//1%LZ;2€iqL'Reiw(tz/ R (1)
STEM electrons excite a broad superposition of reciprocal space LPP modes, and since the band edge LPP is highly
localized in reciprocal space at K|| = 0, only a weak signature survives once the integration over q; (and hence K,
of the NP array) is performed at each energy. Here, x = (R, 2) and v, =1/ W is the Lorentz contraction
factor with electron speed v. One possibility to overcome this issue is to employ momentum-resolved EEL spectroscopy
[36—-39]; however, state-of-the-art momentum resolution is Ag =~ 0.025 A7 =025 nm! [39], which is not sufficient
to resolve typical photonic cavity band structures. E.g, the full extent of the Brillouin zone for a periodic structure

with @ = 415 nm is Agpyz = 27/(415 nm) ~ 0.015 nm 1.

In the eﬁ geometry the STEM electron travels parallel to the array direction with its momentum along the array’s
Bloch wave vector K)|. Band folding provides opportunities for the electron to exchange energy and momentum with
the LPPs despite the electron momentum transfer dispersion lying below the free space light line (SI). Consequently,
the electron can couple to free space radiation, known as Smith-Purcell radiation [40, 41], and the observed loss
spectra fEEL (w) acquire a strong dependence on the electron velocity as shown in Fig. 1d. Fig. le displays EEL
spectra for v = 0.5¢, 0.6¢, and 0.7¢ (marked by vertical dashed lines in Fig. 1d). Each of these loss spectra is similar
to that of the isolated NP (black) except in the vicinity of the dashed green lines in Fig. 1d, which denote the points
in F-v space where Smith-Purcell radiation occurs (SI). Besides losing the ability to raster scan the impact parameter
through the unit cell to map the LPP spatial distribution, the eﬁ geometry also requires careful tuning of the electron
velocity to sample different regions of the LPP dispersion diagram. Together, the various disadvantages of these e
and ei geometries preclude the use of STEM EELS to spatially map EPs in structured cavities, thereby motivating

exploration of alternative measurement strategies.

One such technique is that of laser-stimulated EEG spectroscopy, originally proposed by Howie [42] and subsequently
developed theoretically [43, 44], whereby the energy hiw gained by a STEM electron interacting with an optically excited

target is measured. At first-order in perturbation theory under the non-recoil approximation, the probability is [43]

Peec(w) = (,;)2

where v = zv and E(R,, z) is the target’s optical response field. In the case of the 1D array excited by an z-polarized

2
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FIG. 2. Lattice electron energy gain spectroscopy. (a) Analytic LEEG probability spectra for the same Ag NP array as a
function of K|;. (b) Analytical (solid) and numerical (dashed) evaluation of Pggc spectra for single particle and 1D array.
Inset shows a spatial map of Prrg at the LPP energy around one particle. Here, v = 0.7c and Iy = 10° W/cm?.
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where I is the incident laser intensity, K; is a modified Bessel function of the second kind, and R, is the vector
from the nth NP in the array to the electron trajectory in the zy-plane. Unlike in EEL and cathodoluminescence
measurements [45-47], LEEG occurs only at the specific Brillouin zone points excited by the optical field and does
not inherit the full (q,,w) dispersion of the STEM electron. Due to the rapid decay of K;(z), retaining only n = 0
is a good approximation to Pggg for impact parameters close to the NP. This approximation yields an expression
identical to the EEG response of a single NP [43, 44] with the isolated particle dipole polarizability tensor @ (w)
replaced by the nonlocal lattice-dressed polarizability tensor ﬁ(KH,w) = [a@ Y w) - §(K|| ,w)] 71, [21] where ?(KH W)
is the lattice sum tensor accounting for electromagnetic coupling among particles in the array. LPPs are encoded by
the poles of ﬁ(KH,w) (SI).

Fig. 2a shows lattice Prrc(w) spectra calculated using the n = 0 approximation with electron trajectory along z
and an impact factor 5 nm along x as a function of K. Unlike EEL, LEEG probes a specific point in reciprocal space
dictated by K| of the incident plane wave and the optically-induced LPP dispersion of Fig. 1b is clearly evident in
the LEEG spectra in Fig. 2a. In particular, Ppgg(w) for the 1D array at K| = 0 exhibits a strong contribution from
the band edge LPP that is significantly enhanced relative to the maximum gain probability of the isolated NP as
shown in Fig. 2b. The single NP and 1D array spectra calculated analytically (solid traces) were validated against
a fully numerical evaluation of Prgc(w) using Eq. (2) together with optical response fields E(Re, z) from periodic
coupled-dipole calculations [48] (dashed traces). Importantly, the simultaneous energy and reciprocal-space resolution

of LEEG does not come at the expense of spatial resolution. The inset in Fig. 2b shows a spatial map of Prrg(w) at
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FIG. 3. Position-dependent LEEG probability and point absorption spectra for the same 1D array embedded inside an excitonic
medium. (a) Spatial distribution of the optically-excited electric field within the zy-plane in the absence of the emitter medium.
The dashed gray line indicates the array axis. (b) Scheme showing the 1D array inside the emitter medium slab. (¢) Normalized
Peec (dashed) and oaps (solid) spectra at points P1 and P2 in panel (a) for the 1D array inside excitonic media of varying f.
The vertical dotted lines at 2.95 eV mark the resonance energy of the bulk excitonic transition hwo.

the energy of the K} = 0 LPP within the unit cell.

Having demonstrated the unique advantages of LEEGS for spatially mapping LPP excitations in NP arrays, we
now consider LPP-EPs that can emerge for a 1D Ag NP array embedded in an excitonic slab medium modeled using
a Lorentz dielectric function e(w) = 1 + fwd/(wi — w? —iqw), where wy is the exciton transition frequency, v is
the exciton damping rate, and f is an effective oscillator strength. Note that while this is a standard approach for
accounting for the exciton response in strong coupling systems with macroscopic numbers of emitters [24, 28, 29, 34, 49],
this form of the exciton medium response is equivalent to replacing the discrete two-level system emitters by classical
oscillators, which is a good approximation in the low excitation limit [50]. In experiments, the Rabi splitting observable
in the strong coupling regime can be varied by either increasing the emitter’s transition dipole moment, or the
concentration of emitters within the mode volume. Within the context of the Lorentz model, both are equivalent to

increasing the value of the effective oscillator strength f.

Fig. 3a shows the response field within a unit cell of the 1D array excited at K| = 0 with z-polarized light
and f = 0, demonstrating the strong spatial variation of the cavity field. Fig. 3b presents numerically-calculated
normalized LEEG probabilities Prrc(w) (dashed) and normalized point absorption spectra o,ps(w) proportional to
wim[e(w)]|E(R, 2)|? at z = 0 (solid) in the presence of the excitonic slab at points marked P1 and P2 in Fig. 3a
versus f. P1 and P2 were selected as they are near an anti-node and node of the cavity field in the zy-plane at z = 0.
Note that Prrc(w) depends only on the component of the response field polarized along the electron trajectory, while
oabs(w) depends on all three Cartesian components. To reduce spurious edge-effects arising from the finite transverse
width of the slab in the z-direction, we employed a background subtraction procedure for the LEEG spectra in Fig.
3b (SI). In addition to a peak near the uncoupled exciton energy hwq (vertical black dashed line), the point absorption
spectra at P1 clearly show the upper (UP) and lower (LP) polaritons with an energy splitting that increases with f,



which aligns with expectations based on the empty-lattice dispersion relation with a dispersive embedding medium
(SI). Although the background subtraction procedure for Pggg(w) removes the contribution at the uncoupled exciton
energy, signatures from the UP/LP are evident at energies slightly above and below those observed in the absorption
spectra since Prrg(w) is a scattering measurement [49, 51] and includes the additional effects of radiation damping
and interference. At P2 the cavity field is suppressed and absorption occurs primarily at hwg with weaker features

appearing in o,ps(w) at the UP/LP energies observed at P1.

Fig. 4a shows the relative Prgc(w) and oaps(w) spectra at P1 and P2 for the combined array-slab (f = 0.0445)
system, i.e., the spectra at P1 and P2 each normalized by the maximum value at P1. While the spectra at P2
have the same shape as those observed at P1, the UP and LP amplitudes are considerably reduced. Although the
demonstration of Rabi splitting in absorption is a more appropriate indication of strong coupling [35, 49, 51], local
absorption measurements on the nanoscale remain experimentally challenging [52-55] and dark-field scattering is
often easier to obtain for LSP-based systems. Despite measuring a scattering response, the variation in the Prrg(w)
amplitudes at the UP/LP energies can be used to create spatial maps of the optically excited LPP-EPs as the STEM
electron beam is raster scanned throughout the unit cell. Similar to what has been observed for LSP-EPs [35], both
sets of spectrum images in Figs. 4b,c exhibit a characteristic dipole distribution indicating the role played by the
electric dipole LSPs comprising the delocalized LPP mode at K|| = 0. Interestingly, absorption and LEEG observables
each capture the contracted spatial extent of the UP relative to that of the LP. We attribute this difference to the
in-phase (out-of-phase) coupling between the LSP and slab modes at the LP (UP) energy as indicated by the electric
field distributions in the insets in Fig. 4a. By fitting the decay profiles of the normalized absorption and LEEG
observables in Figs. 4b,c along the z-direction to a mono-exponential function (SI), we find that the 1/e decay length
of the LEEG spectrum image UP and LP are 63.19 nm and 70.79 nm — both ~ 14% larger than the decay constants
of the absorption spectral images. Therefore, despite measuring a scattering response, LEEG measurements are a

reliable reporter of the sub-diffraction-limited spatial variation of UP/LPs at the nanometer-scale.

STEM EEL spectroscopy has recently emerged as a critical method capable of probing LSP-EPs on their natural
energy and sub-diffraction-limited length scales [34, 35]. While this technique has been employed to study EPs based
on dispersionless LSPs, here we have shown that it is inadequate for characterizing periodic systems exhibiting strong
energy-momentum dispersion. This work establishes weak-field continuous-wave laser-stimulated LEEG spectroscopy
as a viable alternative that provides a unique combination of high spatial, spectral, and momentum resolution for
characterizing such systems. Although LEEG spectroscopy ultimately measures a scattering response, our numer-
ical calculations indicate LEEG measurements are reliable reporters of sub-diffraction-limited spatial variation of
LPP-EPs features, over-estimating extents based on local absorption measurements by ~ 14%. We anticipate LEEG
measurements will constitute a significant expansion to the existing toolbox used to study EPs in systems with discrete
periodicity such the lattice plasmon systems considered here as well as other structured cavity architectures. Prop-
erties such as the spatial-dependence of EP formation, propagation, the role of crystal defects, and EP condensation
represent just a few key examples where current understanding will be enhanced and broadened by employing LEEG

measurements.
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FIG. 4. Spatially and spectrally resolving variations in LPP-EPs using LEEG spectroscopy. a) Normalized relative energy gain
and absorption spectra at P1 and P2 from Fig. 3a for the array-slab system (f = 0.0445, K| = 0). Insets show the in-plane
electric response field for the combined array-slab system at the UP and LP energies marked by vertical gray lines. The color
map corresponds to the out-of-plane component of the response field. b) Prrg spectrum images at the UP and LP energies.
¢) Point absorption spectrum images at the UP and LP energies.
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