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Sub-wavelength electromagnetic field localization has been central in photonic research in
the last decade, allowing to enhance sensing capabilities ' as well as increasing the coupling
between photons and material excitations #>. The strong and ultrastrong light-matter cou-
pling regime in the THz range with split-ring resonators coupled to magnetoplasmons has
been widely investigated, achieving successive world-records for the largest light-matter cou-
pling ever achieved 4. Ever shrinking resonators have allowed to approach the regime of
few electrons strong coupling 1%, in which single-dipole properties can be modified by the
vacuum field 1. Here we demonstrate, theoretically and experimentally, the existence of a
limit to the possibility of arbitrarily increasing electromagnetic confinement in polaritonic
systems. Strongly sub-wavelength fields can excite a continuum of high-momenta propaga-
tive magnetoplasmons. This leads to peculiar nonlocal polaritonic effects, as certain polari-
tonic features disappear and the system enters in the regime of discrete-to-continuum strong

coupling!*14,
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Nanophotonic structures confine electromagnetic radiation below the Abbe diffraction limit
by storing part of the electromagnetic energy into kinetic energy of moving charges . Primar-
ily relying on metals as charge reservoirs, plasmonics has mainly targeted the visible portion of
the electromagnetic spectrum. The possibility to extend the plasmonic excitation to low frequen-
cies (Mid-IR and THz)Y>*” employing semiconductors and two-dimensional systems with tunable
plasma frequency through carrier concentration has allowed extreme electromagnetic field con-
finements in nanostructures '®. In parallel, ultrastrong light-matter coupling = has gained recently
a lot of attention due to the possibility of observing new quantum phenomena as squeezed vac-

20,

uum "™ and long-sought superradiant quantum phase transition Several recent experiments

have also allowed to access and measure these squeezed states and their correlation properties=>22,
Ultrastrong coupling (USC) takes place when the vacuum Rabi frequency ({2z), measuring the
resonant half-splitting between the lower and upper polariton branches, becomes a considerable
fraction (customarily above 10%) of the frequency of the uncoupled systems (wp). Semiconductor
platforms allow a high degree of control and flexibility and have proven very successful for the
study of this physics'®2#2% Multiple efforts have been made to scale down the size of photonic
resonators 222, This scaling aims to increase the light-matter coupling and reach the regime of few

electrons strong coupling in molecular % and solid-state devices ?” , where nonlinearities become

important and individual electronic degrees of freedom can be manipulated 2%,

Landau polaritons %22 are an experimental platform for light-matter coupling where magne-
toplasmons, that are collective electronic excitations, play the role of matter (ultra)-strongly cou-

pled to the near field of electronic (LC) metamaterial photonic resonators. They have been demon-
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strated in electron and hole gases "’ confined in semiconductor heterostructures. The strongest

achieved couplings (%—? > 1.4) make use of metallic split-ring resonators that are able to confine

S

the mm-wave radiation in extremely sub-wavelength volumes ®. Reducing the capacitor gap in

the LC circuit that constitutes the meta-atom has been shown to dramatically enhance the THz

1 321133

fields both for split-ring resonators ! and non-resonant structures®>=>, Obtaining the same field
enhancement in cavities loaded with active material (i.e., semiconductor quantum wells) requires
nevertheless a careful analysis of the different components involved. An important question arises:
What are the physical limitations to reducing the cavity volume and subsequent increase of the
light-matter coupling? In this work we demonstrate how polaritonic nonlocal effects, consisting
in the generation of high-momenta magnetoplasmons by the sub-wavelength resonator, effectively
limit the achievable field confinement, and thus the resonant polaritonic splitting. Our theory shows
that discrete-to-discrete models underlying the polaritonic framework are not valid anymore below
a threshold gap size, as the increased momentum uncertainty due to the spatial electromagnetic
confinement couples the discrete cavity mode to a continuum of high-momenta magnetoplasmons.
The system then converts to a discrete-to-continuum light-matter coupling model, whose non-

perturbative physics has just recently started to be investigated 12711454,

Experiments and finite
element simulations support this picture, demonstrating multiple novel nonlocal polaritonic fea-
tures, predicted by the theory. In particular a reduction of the capacitor gap leads to a progressive

disappearance of the upper polariton branch and a vanishing contrast below a threshold magnetic

field for the lower branch.
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Polaritonic Nonlocality

Below critical lengthscales, the propagative nature of charge excitations in nanophotonic devices
cannot be neglected anymore, leading to the emergence of nonlocal effects, as demonstrated in
both plasmonic ®* and phononic ¢ systems. In such a regime the nanoscopic features confining
the charge distribution, acting as a grating, allow the electromagnetic field to couple with high-
momenta matter resonances. These modes can act as loss channels and reduce the field confine-
ment by smearing the distribution of surface charges, thus ultimately limiting the achievable field

enhancement.

In polaritonic systems a different route toward nanoscopic confinement is to use the electro-
magnetic field itself to define the coupled region out of an extended electronic system, as in metal
nanogap resonators fabricated on the top of a two-dimensional electron gas (2DEG) . Beyond
the comparative ease of designing and tuning electromagnetic nanoresonators, this procedure also
tends to maximise the modal overlap between light and matter modes, having contributed to mul-
tiple world-records in the achieved coupling strength %, In resonator-defined systems nonlocal
effects are also eventually bound to play a role. Tightly bound electromagnetic modes have in
fact ill-defined momenta, making the standard momentum-space Hopfield approach inapplicable.
In non-dispersive systems strong light-matter coupling can still be studied using real-space ap-
proaches “Z, but when the dispersion becomes non-negligible we are obliged to take into account
the coupling of the electromagentic field to a continuum of high-momenta propagative electronic

modes.
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We developed a polaritonic theory able to study nonlocal effects in an extended electronic
system coupled to a photonic nanoresonator, allowing us to understand their impact on the precise
engineering of light-matter coupling at the nanoscale. The optical response of a 2DEG in the
absence of applied magnetic field can be described in terms of 2D plasma waves indexed by their
in-plane momenta k. Their dispersion, shown in the top row of Fig. |1} reads

wp(k) = ,/%, 0
where poppe is the 2DEG density, m™* the electron effective mass, and ¢, the background effective
dielectric function #8. A perpendicular magnetic field B with cyclotron frequency w, will dress
the plasma waves, leading to field-dependent 2D magnetoplasmon resonances whose local non-
retarded frequency is wp(k) = \/m #J. Note that in this paper the bar over a frequency

will be consistently used to indicate magnetically shifted frequency values.

The sub-wavelength nanoresonator breaks the in-plane traslational invariance and the in-
plane wavevector k is thus not a conserved quantity in the light-matter interaction. The photon
with frequency wy can thus couple with the continuum of plasma waves occupying the spectral
region w > w,.. The strength of the interaction between the photon and plasma waves of fre-
quency wp(k) is given by the coupling density g(wp(k)), proportional to the 2D Fourier transform
of the electromagnetic field profile in the 2DEG plane. If the smallest geometric feature of the
electromagnetic field is of order d, its Fourier transform will have non-vanishing components up
to a wavevector value k; of order %. The photon will thus couple with plasma waves having, for
B = 0, maximal frequency wy; = wp(ky). This can be interpreted as a diffraction effect, in which
the near-field of the photonic resonator diffracts in the far-field of the plasma waves.

5
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Figure 1: Impact of nonlocality in nanoplasmonics. Top row: Dispersion of the bare 2D plasma
resonance (i.e., in the absence of the photonic resonator) as a function of the in-plane wavevector.
A resonator with features of width d couples with plasma waves with in-plane wavevector up to the
value k4, corresponding to the frequency range shaded, going from 0 to a maximal frequency w, at
B = 0. The horizontal dashed line marks the frequency of the cold cavity, with no 2DEG coupled
to the plasmons. Bottom row: Polaritonic resonances, obtained from the coupling between the free
plasmonic and photonic modes depicted in the top row, as a function of the cyclotron frequency.
The shaded regions between the cyclotron transition w,. (red dashed line) and the magnetically-
shifted edge of the continuum w; = \/W (orange dashed line) highlight the continuum
of possible magnetoplasmonic energies to which the photonic resonator (dashed black line) can
couple. The lower polariton merges into the continuum at the critical cyclotron frequency @.. The
insets in the top row show a scheme of the nanogap resonator. The position of the 2DEG is marked

in red, and the three columns are relative to different nanogap sizes, decreasing toward the right.
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The eigenequation of our system can be put in the form
w? — Wi = wo [A(w) + il (w)], (2)

where A(w) and I'(w) are real functions whose expression can be found in the Methods section.
The function I'(w) is different from zero only in the region w. < w < @,, shaded in the second row
of Fig. [I] In this spectral interval the frequency of the polaritonic resonances becomes complex, as
the continuum of plasma waves irreversibly absorbs photons even neglecting intrinsic plasmonic
and photonic losses. The physics is akin to the one found in Landau damping *?, where in our case

energy is dissipated generating plasma waves and not free electron-hole pairs.

While in a standard Landau polariton model ' the two polaritonic branches exist for any
value of the magnetic field, when w,; becomes non-negligible the extreme photonic confinement
can dramatically change the nature of the light-matter system as the narrow polaritonic resonances
broaden and vanish into the continuum region. An analysis of the solutions of Eq. |2 shows the
existence of a critical cyclotron frequency w,. such that a narrow lower polariton exists only for
We > We. A narrow upper polariton instead exists if wy > @y, implying that the upper polariton
region is outside of the continuum, or if the coupling g(w) is large enough to push the discrete
resonance out of the continuum, analogously to the case studied in Ref. ¥ for the lower edge of

the ionization continuum.

The physics described is sketched in Fig. (1| In the left column (wy, W. ~ 0) the two polari-
tonic resonances are visible for most values of B, while in the central one (wy; < wyp) the upper
polariton is still present but the lower polariton disappears for w. < &.. For even smaller nanores-

7



120 onators (wg > wy) also the upper polariton disappears, as shown in the right column.

121

Experimental Results

We now proceed to the experimental study where we measure a 2DEG coupled to a metasurface of
complementary split-ring resonators (cCSRR)s in a series of samples where we vary the central gap
width d, from 4 um down to 250 nm (complete sample layout in Supplementary Info: “Supporting
experimental measurements” and Fig. S1). A scanning electron microscope (SEM) picture of one
unit cell of the metasurface is shown in Fig. 2h. The electric field polarization direction used in
the experiments to excite the LC mode of the resonator is perpendicular to the gap of the resonator
(red arrow in Fig. [2b).

In the cold cavity case (no 2DEG present), the electric field of the cSRRs’ fundamental mode
is concentrated in the central gap for any value of the gap d and its modal volume will scale as
V' = Lgqp X d X Lcsy, where L.y is the effective penetration depth of the fringing field inside the

substrate (Fig. [2c). Note that, as the central gap acts as a capacitor in the LC split-ring circuit, it

21

NiTok In order to allow for a

directly affects the resonant frequency of the resonator wy = 27 fr o =

meaningful comparison between different samples we thus re-scaled the resonators in order to keep
a fixed cSRR frequency at fr o = 500GHz. Only the electrons within a cavity effective surface S
of order L, X d will couple to the strong TE electric field of the resonator’s LC mode, leading to
a total effective electron number Nopre = p2ppaS. The vacuum Rabi frequency 2z o< 4/ %

quantifying resonant coupling of a discrete photonic mode to a single magnetoplasmon resonance,
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Figure 2: Cavity and electric field parameters (a) A SEM image of a unit cell (white dashed
line square) containing a cSRR with 250 nm gap showing different resonator parameters including
gap size d. (b,c) Cold cavity electric field distribution for the electric field polarization direction
perpendicular to the gap (red arrow), simulated by CST, for cSRRs resonating at 500 GHz in two
different views: Top view (b) and AA’ view or yz plane (c). You can find L.y in panel (c). (b) and

(¢) have the same colorbar.
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can then be explicitly written as
e2papEG
Op=4| —————~—. 3
R dm*eoe,Leys )

Although the explicit dependence of the coupling upon the gap width d cancels in Eq.
Lcss changes due to the reduced d dimension. This dependency is borne out by our finite ele-
ment electromagnetic simulations for the cold cavity case, where there is no 2DEG underneath the
metallic surface, showing a more confined and enhanced electric field in a narrower gap (Fig. S4
in Supplementary info). Reducing the gap size d is thus expected to increase the coupling €2y for

a fixed cavity frequency ©.

The sample transmission is measured using THz time-domain spectroscopy (TDS) at tem-
perature T = 2.7 K as a function of an external out of plane magnetic field swept between 0 and
4 T. In the top row of Fig. 3a we report the experimental results. The colormap corresponding
to d = 4 um gap size (wy > w,) shows an anti-crossing of the first cavity mode with the linear
cyclotron transition dispersion at an out plane magnetic field B ~ 1.2T. The solid black lines show
the lower polariton and upper polariton branches fitted to the extracted maximum of transmission
using our theory in the discrete-to-discrete regime, equivalent to the standard Hopfield model 7.
For the resonator with d=750 nm (wy > wy) we observe a broadening of the UP branch but we can
still extract the maximum of the transmission at each magnetic field. We plot the the normalized
coupling ratio 2—5 extracted from a theoretical fit of the data for d > 750nm, where the nonlocal
effects discussed above are not relevant and the system is well described by a standard single mode
Hopfield model (Fig. ). In such a regime we can extract a \/ig dependence of the normalized

10
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Figure 3: Theoretical vs. Experimental results (a) Top row: transmission of cSRRs coupled to
Landau level transition in 2DEG vs. magnetic field for four different gap sizes d. Bottom row: the
calculated scattered Field for a gap feature size of d, same as gap sizes in experiment result. The
black solid lines are fitted LP and UP. The black arrows show an additional feature corresponds
to f = 1.6 X w./2m. The regions between the cyclotron transition w, (red dashed line) and the
magnetically-shifted continuum edge @, (orange dashed line) are similar to shaded regions on the
bottom row of Fig. 1, showing the region of continuum magnetoplasmon energies. The slight
changes in linewidth of the LP at its asymptotic limit are below the accuracy of our measurement
setup and do not have a physical interpretation. (b) Normalized coupling vs. d. Dashed brown line
indicates the predicted dependence of % on \/Lg. The red region corresponds to gap values < 600
nm where the large broadening of the upper branch does not allow a measurement of the coupling.

(c) Sections (offset for clarity) of the color plots at zero magnetic field for experimental result and

theoretical calculation in panel (a). The progressive upper branch broadening is evident.
11
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coupling over the gap width (dashed brown line). For 500 nm (wy ~ wy) and especially for 250 nm
(wo < wq) gap sizes the upper branch does not display a clear maximum anymore and the signal is
broadened over a frequency range of over 200 GHz. Our optical measurements probe the photonic
part of the polaritonic excitations, which for the lower branch naturally vanishes when B — 0.
This effect makes it difficult to highlight the lower polariton disappearance at finite values of the
magnetic field predicted by our theory. Inspection of 3a nevertheless shown a clear reduction of

the lower branch visibility range for the smallest gap.

In order to better compare to experimental results, Fig. [3a (bottom row) plots theoretical cal-
culation results obtained including losses affecting both the photonic and magnetoplasmon fields.
As detailed in the Methods section, this has been accomplished extending the dissipative diago-

nalization procedure for cavity quantum electrodynamics (CQED) from Ref. '?

. The cyclotron
transition w, (red dashed line) and the magnetically-shifted continuum edge w; = \/W (or-
ange dashed line) bound the region of continuum magnetoplasmon energies shaded in Fig. [Iand
they visualize the loss channel leading the broadening of the upper polariton branch in our trans-
mission data.

The enhanced transmission visible at higher frequencies in the experimental data is due to the sec-
ond mode of the cSRRs lying close to 1THz. This mode is not strongly confined in the gap and it is
not relevant for the nonlocal physics of the system. It has thus not been included in the theoretical
modeling. To clearly illustrate the upper polariton broadening, sections of all four color plots for

both experimental and theoretical results in Fig. [3p at zero magnetic field are plotted in Fig. [3c.

The progressive broadening of the upper polariton branch is manifest. The clear blue shift of the

12
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upper polariton from 4 um to 750 nm gap at zero magnetic field is related to the opening of the

polariton gap %%, another indication of larger coupling strength in cSRRs with small slits ©.

The experimental transmission measurements display also linear dispersions appearing for
the smallest gaps (indicated by black arrows in Fig. [3h). Such linear dispersions correspond to
optical transitions at multiples of the cyclotron frequency. In a two dimensional electron gas the
cyclotron resonance frequency should not depend on the carrier density as the radiation couples
only to the center-of-mass motion of the electron system. This very general result, known as
Kohn’s theorem *!, is strictly valid for parabolic bands and translationally invariant systems. Here
we observe indeed a breaking of such theorem due to the presence of a spatially modulated charge
density (the magnetoplasmon) that leads to a breaking of the translational invariance. The lack of
translational invariance leads to a relaxation of the optical selection rules between Landau levels
allowing the observation of transitions at multiples of the cyclotron frequency. Such effect has been
already observed experimentally in the case of magnetoplasmons coupled to cyclotron resonance
42138 but never in the context of Landau polaritons, where the momentum matching element is part
of an optical cavity. In this case the observed effect is again arising due to the diffraction emerging

with the introduction of very narrow resonator gaps.

3D finite element electromagnetic simulations

In order to quantitatively confirm the theoretical predictions using the detailed cSRR geometry and

visualize the nonlocal coupling to 2D magnetoplasmon modes, we recurred to finite element elec-

13
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tromagnetic simulation (CST Microwave Studio) in which the 2DEG is modeled as a gyrotropic
material. No “effective medium” is adopted, i.e., the dimensions of the different components in-
cluding the thickness of the quantum well layer (10 nm) are kept as in reality. The 2DEG electron
density used in the simulation is calibrated by matching the cyclotron absorption strength with
measurements performed on the bare (no cavity) heterostructure used in the experiment. A full
description of the model and the employed parameters can be found in supplementary document

(“Supporting numerical simulations” and Fig. S5).

A set of simulation of the Landau polariton dispersion for the metallic metasurface with a
gap of 250 nm deposited on 2DEG as a function of magnetic field is reported in Fig. . In this
simulation, magnetic field is swept in the range B € [0, 4] T, and can be directly compared with the
corresponding experimental plot of Fig. [3p. As visible, the finite element simulation reproduces
very well the broadening of the upper polariton branch. It is interesting to inspect the electric
field distribution at the anti-crossing (white dashed line in Fig. dp). As visible from Fig. [ the
upper branch, expected to sit in the magnetoplasmon continuum, is completely dominated by the
propagative plasmonic behavior and the corresponding peak is largely broadened. Conversely,
the lower branch (Fig. fc) displays the electric field intensity all concentrated in the gap. More
simulation data on broadening of UP and partially disappearance of the LP can be found in the

Supplementary info (Fig. S6-S9).
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Figure 4: Finite element simulation for cSRR with 250nm gap on 2DEG (a) Simulation of the
Landau polariton dispersion as a function of magnetic field. The broadening and loss of contrast
of the upper branch is evident in (b), section of the color plot of panel (a) at the anti-crossing field
B = 1T. In panels (c) and (d) we report the electric field distributions for UP and LP. The field
distribution in (c) for LP shows a pronounced electric field concentration in the 250 nm gap and a
corresponding narrow spectral distribution. On the other side, panel (d) clearly demonstrates the

excitation of plasmonic standing waves and the corresponding peak in the frequency spectrum is

broad.
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Conclusions

In conclusion, we theoretically investigated the emergence of nonlocality in polaritonics. Contrary
to nonlocality in plasmonic ®> and phononic #° systems, caused by tight charge confinement, here
nonlocal effects are driven by the confinement of the resonator’s electromagnetic field coupling to a
continuum of propagating magnetoplasma excitations. We experimentally observed such a physics
using Landau polaritons at sub-THz frequencies employing nanometer-sized resonators. First, we
show that when nonlocal effects are not relevant (gap size d > 750 nm) the normalized coupling
ratio between light and matter scales as %, increasing by about 50% from d = 4um to 750 nm,
and reaching 37% for a single quantum well due to the strong field enhancement. For smaller
gap values, nonlocal effects become dominant and the system is not anymore well described by
a standard Hopfield model. As predicted by our multimode dissipative bosonic Hamiltonian we
observe a broadening of the upper polariton branch and the partial disappearance on the lower one.
Finite element electromagnetic simulations confirm this interpretation. The presence of highly
localized electric fields is as well testified by the presence of features related to breaking of Kohn’s
theorem. Our findings set quantitative limits to the miniaturization of polaritonic devices, and to
the enhancement of polariton gaps, as well as open new possibilities in the study of discrete-to-

continuum strongly coupled systems 124,
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Methods

Theoretical description of light-matter coupling. We model the magnetoplasmonic excitations
coupled to a single photonic mode using a generalisation of the multimode Hamiltonian developed

in Ref. 12

H = hioala+ " hap(k) b +ihQr Y wr(k) [a' + a] [Ekbk — E;;bﬂ , @)
k k

Wo

where « is the annihilation operator for a resonator photon and by annihilates a magnetoplasma
wave with in-plane wavevector k = (k,, k,) and bare (w. = 0) frequency wp(k). The second-
quantised operators obey bosonic commutation relations [a, aq = 1 and [bk, bH = Oy x/» Where
the ¢ is a Kronecker symbol. The Heisenberg equations generated by Eq. |4 are linear in the
creation and annihilation operators, and such a quantum theory is thus equivalent to a semiclassical
dielectric approach when the system is excited with classical light as in our experiments. The
quantum approach is nevertheless able to model also purely quantum results, when the polaritons

are excited with non-classical light 43

. As better detailed in the Supplementary info, the photonic
frequency @y includes the renormalisation due to the diamagnetic A? term in the Hamiltonian,
while wp (k) is the magnetoplasmon frequency. In Eq. E| the vacuum Rabi Frequency (1 is given
by Eq. [3|and =y is the 2D Fourier transform of the resonator field in the 2DEG plane. The explicit
derivation of these quantities can be found in the Supplementary info. Note that the Hamiltonian
in Eq. 4] is not in the usual form found in polaritonic problems, where a dispersionless matter

excitation (e.g., TO phonons in bulk) couples to a dispersive electromagnetic mode. In such a

case both light and matter have in-fact the same spatial symmetry, and momentum conservation
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enforces a one-to-one coupling between light and matter modes. The model in Eq. 4| describes
instead a one-to-many coupling, formally more similar to models used to describe losses in an

open quantum system. In the continuum regime the Hamiltonian in Eq. 4 can be rewritten
H = hdala +/ dw ha b(w)Tb(w) + zh/ dw, | “ [a’ + a] [g(w)b(w) — g(w)*b(w)T],
0 0 Wo
)

with [b(w), b(w')T] = 6(w — w’), and the J is now the Dirac function. The secular equation of the

Hamiltonian in Eq. [3is shown in Eq.[2] with

d? (™ lg(w)?
A(w) = w—OP/O dwlm, (6)
21w? |g(1/w? — w?)|?
['w) = l9( = 2>’ O(w — we), @)
wo W — Wz

where P is the principal part and ©(w) the Heaviside function. The minimal cyclotron frequency
required for the existence of the lower polaritons w, can be obtained by writing Eq. [2| for w = w,,
and solving for the critical value of the cyclotron frequency for which the lower polariton merges
into the continuum

Ge = wo [14+4P [ dw 18] 2 ®)

w

Analytical conditions for the existence of the upper polariton could be analogously determined, al-
though they are of limited interest being strongly dependent on the details of the specific resonator
geometry. This asymmetry between the two polariton branches is due to the fact that the lower
bound of the continuum, w,, marks the existence of the plasma waves, while the upper bound, wy,
is more fuzzy, depending on the Fourier transform of the field profile, which doesn’t necessarily
presents a well-defined sharp cutoff in k space.
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Theoretical description of the open system In order to better predict experimental features due
to nonlocal nanopolaritonic effects, we need to consider the impact of intrinsic polariton losses,
due to the finite lifetime of both the cavity photon and the magnetoplasmon. We used to this aim the
approach initially introduced by Huttner and Barnett to quantise the electromagnetic field in bulk
dissipative dielectrics ** and recently extended to the CQED case with both material and photonic
losses 2. This approach allows us to to write the system Hamiltonian in terms of a continuum of

broadened photonic and magnetoplasmonic modes, with annihilation operators A(w) and B(w),

Hy = /0 OothT(w)A(w)—l— / OothT(w)B(w) )

+h /000 dw /000 dw' [((w)AT(w) + ¢*(w)A(w)] x [0(w)BT (W) + 6% (w')B(w")]

satisfying bosonic commutation relations [A(w), A(w')] = [B(w), B(w)T] = d(w — «’). In
the Hamiltonian above the function ((w) contains the information about the photonic losses, and
f(w) contains a convolution integral between the resonant coupling density g(w) and a function

describing the frequency-dependent matter losses.

The Hamiltonian in Eq. [0]is then diagonalised by introducing operators for two orthogonal
polariton branches j = =, obeying Bosonic commutation relations [Pj(w), Py (w')] = 6(w —

w')é; j-, which we write in terms of the bare broadened fields
Pj(w) = / dw' [zj(w, w)A(W') + z;(w, W) AT (W) + y;(w, W) B(w') + wj(w,w) BT (w)] . (10)
0

The frequency dependent Hopfield coefficients (z;, zj,y;, w;) can then be found by solving the

equations of motion wP;(w) = 1 [P;(w), Hi).

19



263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

As shown in Ref. 12

such a description is defined modulo a real function of w, fixing the
basis used to specify the two degenerate modes Py (w). The two polaritonic operators are thus not

individually identifiable with the two polaritonic branches, and the observable results have to be

calculated from the gauge-invariant bare electromagnetic mode

(a+a') = /OoodeMj(w) [zﬂj(w)+p]T(w) , (1)

with M; the electric component of the polaritonic field obtained inverting the Hopfield transfor-

mation.

Numerical results are obtained assuming that the only relevant scattering feature is across
the x axis, and it couples the photon resonator with plasma waves with wavevector up to the value
kg = é. We can then write Zy = O(kq — |k;|)dx, 0, with © the Heaviside function, leading to a

resonant coupling density of the form

g(w) = Qry/——59(ws—w). (12)

Sample fabrication, measurement setup, and simulated structure in CST This part is available

in Supplementary info.

Data Availability Statement The numerical simulation and measurement data that support the plots within

this paper are available from the corresponding author upon reasonable request.

Code availability statement The codes used in the theory part of this study are available from the corre-

sponding author upon reasonable request.
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