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Polaritonic nonlocality in light-matter interaction
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Subwavelength electromagnetic field localization has been central to photonic research in the last decade, allowing us to
enhance sensing capabilities as well as increase the coupling between photons and material excitations. The strong and ultra-
strong light-matter coupling regime in the terahertz range using split-ring resonators coupled to magnetoplasmons has been
widely investigated, achieving successive world records for the largest light-matter coupling ever achieved. Ever shrinking
resonators have allowed us to approach the regime of few-electron strong coupling, in which single-dipole properties can be
modified by the vacuum field. Here, we demonstrate, theoretically and experimentally, the existence of a limit to the possibility
of arbitrarily increasing electromagnetic confinement in polaritonic systems. Strongly subwavelength fields can excite a contin-
uum of high-momenta propagative magnetoplasmons. This leads to peculiar nonlocal polaritonic effects, as certain polaritonic

features disappear and the system enters the regime of discrete-to-continuum strong coupling.

tion below the Abbe diffraction limit by storing part of the
electromagnetic energy into the kinetic energy of moving
charges'. Primarily relying on metals as charge reservoirs, plasmon-
ics has mainly targeted the visible portion of the electromagnetic
spectrum. The possibility of extending plasmonic excitation to low
frequencies (mid-infrared and terahertz)’~* by employing semicon-
ductors and two-dimensional (2D) systems with plasma frequency
tunable via the carrier concentration has allowed extreme electro-
magnetic field confinements in nanostructures®. In parallel, ultra-
strong light-matter coupling®” has recently drawn a great deal of
attention due to the possibility of observing new quantum phenom-
ena such as squeezed vacuum® and the long-sought superradiant
quantum phase transition’. Several recent experiments have also
allowed us to access and measure these squeezed states and their
correlation properties'®'’. Ultrastrong coupling (USC) takes place
when the vacuum Rabi frequency (£2;), measuring the resonant
half-splitting between the lower (LP) and upper polariton (UP)
branches, becomes a considerable fraction (customarily above 10%)
of the frequency of the uncoupled systems (@,). Semiconductor
platforms allow a high degree of control and flexibility and have
proven very successful for the study of this physics®'#**. Multiple
efforts have been made to scale down the size of photonic resona-
tors'*"". This scaling aims to increase the light-matter coupling and
reach the regime of few-electron strong coupling in molecular'® and
solid-state devices'”, where nonlinearities become important and
individual electronic degrees of freedom can be manipulated**'.
Landau polaritons** are an experimental platform for light-
matter coupling where magnetoplasmons—collective electronic
excitations—play the role of matter (ultra)-strongly coupled to the
near-field of electronic (LC) metamaterial photonic resonators.
These have been demonstrated in electron and hole gases* con-
fined in semiconductor heterostructures. The strongest achieved
couplings (£2;/w,>1.4) make use of metallic split-ring resona-
tors, which are able to confine the millimetre-wave radiation in
extremely subwavelength volumes®. Reducing the capacitor gap
in the LC circuit that constitutes the meta-atom has been shown
to dramatically enhance the terahertz fields both for split-ring
resonators” and non-resonant structures’**. Obtaining the same

N anophotonic structures confine electromagnetic radia-

field enhancement in cavities loaded with active material (that is,
semiconductor quantum wells) nevertheless requires a careful
analysis of the different components involved. An important ques-
tion arises: what are the physical limitations to reducing the cavity
volume and the subsequent increase of light-matter coupling? In
this Article, we demonstrate how polaritonic nonlocal effects, con-
sisting in the generation of high-momenta magnetoplasmons by
the subwavelength 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 no longer valid below a threshold gap size, as the
increased momentum uncertainty due to 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 begun to be investi-
gated”~*. Experiments and finite-element simulations support this
picture, demonstrating multiple novel nonlocal polaritonic features,
as predicted by the theory. In particular, a reduction of the capaci-
tor gap leads to a progressive disappearance of the UP branch and
a vanishing contrast below a threshold magnetic field for the lower
branch.

Polaritonic nonlocality

Below critical length scales, the propagative nature of charge excita-
tions in nanophotonic devices can no longer be neglected, leading
to the emergence of nonlocal effects, as demonstrated in both plas-
monic* 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 reso-
nances. These modes can act as loss channels and reduce the field
confinement by smearing the distribution of surface charges, thus
ultimately limiting the achievable field enhancement.

In polaritonic systems, a different route towards nanoscopic con-
finement makes use of the electromagnetic field itself to define the
coupled region out of an extended electronic system, as in metal
nanogap resonators fabricated on top of a 2D electron gas (2DEG)".
Beyond the comparative ease of designing and tuning electromag-
netic nanoresonators, this procedure also tends to maximize the
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Fig. 1| Impact of nonlocality in nanoplasmonics. a-c, Dispersion of the bare 2D plasma resonance as a function of the in-plane wavevector. A resonator
with gap width d, as in the scheme shown in the inset, and a resonant frequency of w, (dashed black line) couples with plasma waves with in-plane
wavevector up to value k,, corresponding to the frequency range shaded in yellow, going from O to a maximal frequency w, at B=0. The gap width dis
decreasing from a to c. d-f, 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 yellow-shaded regions between the cyclotron transition w, (red dashed line) and the magnetically shifted edge

of the continuum @4 =

(ui + w? (orange dashed line) highlight the continuum of possible magnetoplasmonic energies to which the photonic resonator

(dashed black line) can couple. The LP merges into the continuum at the critical cyclotron frequency @c. The position of the 2DEG is marked in red in the

insets to a-c.

modal overlap between light and matter modes, and has contrib-
uted to multiple records in the achieved coupling strength?>*>%>3%,
In resonator-defined systems, nonlocal effects are also eventually
bound to play a role. Tightly bound electromagnetic modes in fact
have 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
approaches”, but when the dispersion becomes non-negligible, we
are obliged to take into account the coupling of the electromagnetic
field to a continuum of high-momenta propagative electronic modes.

We have developed a polaritonic theory able to study nonlo-
cal effects in an extended electronic system coupled to a photonic
nanoresonator, allowing us to understand their impact on the pre-
cise engineering of light-matter coupling at the nanoscale. The
optical response of a 2DEG in the absence of an 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, is described by
ke?
onth =it g

where p, ;g is the 2DEG density, m* the electron effective mass and
€, the background effective dielectric function®. A perpendicular
magnetic field B with cyclotron frequency w, will dress the plasma
waves, leading to field-dependent 2D magnetoplasmon resonances

\/ v (k) + ?
(ref. ). Note that, in this Article, the bar over a frequency will be
consistently used to indicate magnetically shifted frequency values.

The subwavelength nanoresonator breaks the in-plane trans-
lational invariance, and the in-plane wavevector k is thus not a

whose local non-retarded frequency is @p(k) =
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conserved quantity in the light-matter interaction. The photon with
frequency w, 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 frequency w,(k) is given by
the coupling density g(wy(k)), proportional to the 2D Fourier trans-
form 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 1/d. The photon will thus couple with
plasma waves having, for B=0, maximal frequency w,= w,(k,). 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.
The eigenequation of our system can be put in the form

o” — 0y = wo [A(w) + il(w)], )

where A(w) and I'(w) are real functions whose expression can be
found in the Methods. The function I'(w) is different from zero only
in the region w. < w < @,, shaded in the second row of Fig. 1. 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.

Although, in a standard Landau polariton model®, the two
polaritonic branches exist for any value of the magnetic field, when
@, 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 con-
tinuum region. An analysis of the solutions of equation (2) shows
the existence of a critical cyclotron frequency @. such that a narrow
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Fig. 2 | Cavity and electric-field parameters. a, SEM image of a unit cell
(white dashed square) containing a cSRR with 250-nm gap, showing the
resonator parameters, including gap size d. b,¢, Cold-cavity electric-field
distribution for the electric-field polarization direction perpendicular to
the gap (red arrow), simulated by CST software for cSRRs resonating at
500 GHz, in two different views: top view (b) and the A-A’ view (or y-z
plane) (€). Ly is defined in €. b and ¢ share the same colour bar.

LP exists only for . > @c. A narrow UP instead exists if wo > @y,
implying that the UP 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 Fig. la,d
(w4, @c = 0), the two polaritonic resonances are visible for most
values of B, while in Fig. 1b,e (w,<w,) the UP is still present but
the LP disappears for . < @.. For even smaller nanoresonators
(w;> w,), the UP also disappears, as shown in Fig. 1c,f.

Experimental results

We now proceed to the experimental study where we measure a
2DEG coupled to a metasurface of complementary split-ring reso-
nators (cSRR)s in a series of samples where we vary the central gap
width d from 4pm down to 250nm (the complete sample layout
is shown in Supplementary Section ‘Supporting experimental mea-
surements’ and Supplementary Fig. 1). A scanning electron micros-
copy (SEM) image of one unit cell of the metasurface is shown in
Fig. 2a. The electric-field polarization direction used in the experi-
ments to excite the LC mode of the resonator is perpendicular to the
gap of the resonator (red arrow, Fig. 2b).

In the cold-cavity case (no 2DEG present), the electric field of the
cSRR’s fundamental mode is concentrated in the central gap for any
value of gap d and its modal volume will scale as V=L, XdX L
where L 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 directly affects the resonant
frequency of the resonator, wy = 2nfic = —~. To allow for a mean-
ingful comparison between different samples we thus rescaled the
resonators to keep a fixed cSRR frequency at f; =500 GHz.

Only the electrons within a cavity effective surface S of order
Loy X d will couple to the strong transverse electric field of the
resonator’s LC mode, leading to a total effective ele number
N, pp6 =PapeeS- The vacuum Rabi frequency 2z o« I\%, quanti-
fying the resonant coupling of a discrete photonic mode to a single
magnetoplasmon resonance, can then be explicitly written as

€ papec
Qp = 4 —2DEC 3
R 4m*eoerLegs 3
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Although the explicit dependence of the coupling upon the gap
width d cancels in equation (3), L.; changes due to the reduced d
dimension. This dependency is borne out by our finite-element
electromagnetic simulations for the cold-cavity case, where there is
no 2DEG underneath the metallic surface, and showing a more con-
fined and enhanced electric field in a narrower gap (Supplementary
Section ‘Supporting numerical simulations” and Supplementary Fig.
4). Reducing the gap size d is thus expected to increase the coupling
£, for a fixed cavity frequency™.

The sample transmission is measured using terahertz
time-domain spectroscopy at temperature 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 colour
map corresponding to a gap size of d=4pm (w,> w,) shows an
anticrossing of the first cavity mode with the linear cyclotron transi-
tion dispersion at an out-of-plane magnetic field B~ 1.2 T. The solid
black lines show the LP and UP branches fitted to the extracted max-
imum of transmission using our theory in the discrete-to-discrete
regime, equivalent to the standard Hopfield model***.

For the resonator with d=750nm (w,> @), we observe a broad-
ening 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;/w, extracted from a theoretical fit of the data for
d>750nm, where the nonlocal effects discussed above are not rel-
evant and the system is well described by a standard single-mode
Hopfield model (Fig. 3b). In such a regime, we can extract a \L[
dependence of the normalized coupling over the gap width (dasheg
brown line). For 500 nm (w,~ ®,) and especially for 250 nm (@, < ,)
gap sizes, the upper branch no longer displays a clear maximum and
the signal is broadened over a frequency range of over 200 GHz. Our
optical measurements probe the photonic part of the polaritonic exci-
tations, which, for the lower branch, naturally vanishes when B— 0.
This effect makes it difficult to highlight the LP disappearance at finite
values of the magnetic field predicted by our theory. Inspection of Fig.
3a nevertheless shows a clear reduction of the lower branch visibility
range for the smallest gap. It is worth noting that the slight changes
in linewidth of the LP at its asymptotic limit are below the accuracy
of our measurement set-up and do not have a physical interpretation.

To better compare to experimental results, Fig. 3a (bottom row)
plots theoretical calculation results obtained including losses affect-
ing both the photonic and magnetoplasmon fields. As detailed in
the Methods, this has been accomplished by extending the dissipa-
tive diagonalization procedure for cavity quantum electrodynamics
(CQED) from ref. . The cyclotron transition w, (red dashed line)

and the magnetically shifted continuum edge @4 = /@3 + w?

(orange dashed line) bound the region of continuum magnetoplas-
mon energies shaded in Fig. 1, and they visualize the loss channel
leading the broadening of the UP branch in our transmission data.

The enhanced transmission visible at higher frequencies in the
experimental data is due to the second mode of the cSRRs lying close
to 1 THz. 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 modelling. To clearly illustrate the UP
broadening, sections of all four colour plots for both experimental
and theoretical results in Fig. 3a, at zero magnetic field, are plotted in
Fig. 3¢,d. The progressive broadening of the UP branch is manifest.
The clear blueshift of the UP from 4pm to the 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 also display lin-
ear dispersions appearing for the smallest gaps (indicated by black
arrows in Fig. 3a). Such linear dispersions correspond to optical
transitions at multiples of the cyclotron frequency.

In a 2DEG, the cyclotron resonance frequency should not
depend on the carrier density, as the radiation couples only to the
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Fig. 3 | Theory versus experiment. a, Top row: transmission of cSRRs coupled to the Landau level transition in 2DEG versus magnetic field for four different
gap sizes, d. Black arrows indicate an additional feature that corresponds to f=1.6 X w./2x, and the black solid lines are fitted LP and UP. Bottom row: the
calculated scattered field for different gap feature sizes, d (same as the gap sizes of the experiment results). The regions between the cyclotron transition
(red dashed line) and the magnetically shifted continuum edge (orange dashed line) are similar to the shaded regions on the bottom row of Fig. 1.

b, Normalized coupling versus d. The dashed brown line indicates the predicted dependence of 2/w on —=

The red-shaded region corresponds to where

the large broadening of UP does not allow a measurement of the coupling. ¢,d, Sections (offset for clarity of the colour plots in a at zero magnetic field for

the experimental result (¢) and the theoretical calculation (d).

centre-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 a
breaking of this theorem due to the presence of a spatially modu-
lated 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. This effect has already been observed experi-
mentally for the case of magnetoplasmons coupled to cyclotron
resonance’®*, 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

To quantitatively confirm the theoretical predictions using the
detailed cSRR geometry and visualize the nonlocal coupling to 2D
magnetoplasmon modes, we turned to finite-element electromag-
netic simulation (CST Microwave Studio) in which the 2DEG is
modelled as a gyrotropic material. No ‘effective medium’ is adopted;
that is, the dimensions of the different components, including the
thickness of the quantum well layer (10nm), 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 exper-
iment. A full description of the model and the employed parameters
is provided in Supplementary Section ‘Supporting numerical simu-
lations’ and Supplementary Fig. 5).
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A set of simulations of the Landau polariton dispersion for a
metallic metasurface with a gap of 250 nm, deposited on 2DEG, as
a function of magnetic field is reported in Fig. 4a. In this simula-
tion, the magnetic field is swept in the range B€[0, 4] T and can
be compared directly with the corresponding experimental plot
of Fig. 3a. The finite-element simulation is seen to reproduce very
well the broadening of the UP branch. It is interesting to inspect
the electric-field distribution at the anticrossing (white dashed line,
Fig. 4a). As can be seen in Fig. 4d, the upper branch, expected to
sit in the magnetoplasmon continuum, is completely dominated by
the propagative plasmonic behaviour and the corresponding peak is
largely broadened. Conversely, the lower branch (Fig. 4c) shows the
electric-field intensity all concentrated in the gap. More simulation
data for the broadening of the UP and partial disappearance of the
LP are provided in Supplementary Section ‘Supporting numerical
simulations’ and Supplementary Figs. 6-9).

Conclusions

In summary, we have theoretically investigated the emergence of
nonlocality in polaritonics. Contrary to nonlocality in plasmonic™
and phononic® systems, which is caused by tight charge confine-
ment, here nonlocal effects are driven by the confinement of the
resonator’s electromagnetic field coupling to a continuum of propa-
gating magnetoplasma excitations. We experimentally observed
such a physics using Landau polaritons at sub-terahertz frequencies
by employing nanometre-sized resonators. First, we have shown
that, when nonlocal effects are not relevant (gap size d>750nm),
the normalized coupling ratio between light and matter scales as
f’ increasing by ~50% from d =4 pm to 750 nm, and reaching 37%
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Fig. 4 | Finite-element simulation for a cSRR with 250-nm gap on 2DEG.
a, Simulation of the Landau polariton dispersion as a function of magnetic
field. b, The broadening and loss of contrast of the upper branch is evident
in a section through the colour plot from a at anticrossing field B=1T.

¢,d, Electric-field distributions for the UP (d) and LP (¢). The field
distribution in ¢ for the LP shows a pronounced electric-field concentration
in the 250-nm gap and a corresponding narrow spectral distribution. On the
other hand, d clearly demonstrates the excitation of plasmonic waves, and
the corresponding peak in the frequency spectrum is broad. The unit cell
size of the standard cSRR with d = 4 pm resonating at 500 GHz is a = 50
pm. The scaling factor for the resonator with d = 250 nm is 0.73.

for a single quantum well due to the strong field enhancement. For
smaller gap values, nonlocal effects become dominant and the sys-
tem is no longer well described by a standard Hopfield model. As
predicted by our multimode dissipative bosonic Hamiltonian, we
observe a broadening of the UP branch and partial disappearance
on the lower one. Finite-element electromagnetic simulations con-
firm this interpretation. The presence of highly localized electric
fields is also evidenced by the presence of features related to break-
ing 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 opening new possibilities in the study of
discrete-to-continuum strongly coupled systems*>*"*.

The data that support the findings of this Article are available in
the ETH Research Collection®.
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Methods

Theoretical description of light-matter coupling. We model the
magnetoplasmonic excitations coupled to a single photonic mode using a
generalization of the multimode Hamiltonian developed in ref. *'

H = hiya'a+ 3 haw(k) blb+
k

4)
in2x 32 /20 [a" + a] [Sibi — Eb]]
k

where a is the annihilation operator for a resonator photon and b, annihilates
a magnetoplasma wave with in-plane wavevector k= (k,, k,) and bare (o.=0)
frequency w,(k). The second-quantized operators obey bosonic commutation

relations [a, a'] = 1and [hk, bf} = Oy /> where the § is a Kronecker symbol.

The Heisenberg equations generated by equation (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 also able to model
purely quantum results, when the polaritons are excited with non-classical light*".
As better detailed in Supplementary Section ‘Supporting theory the photonic
frequency @ includes the renormalization due to the diamagnetic A? term in the
Hamiltonian, while @p (k) is the magnetoplasmon frequency. In equation (4),

the vacuum Rabi frequency €2, is given by equation (3) and E, is the 2D Fourier
transform of the resonator field in the 2DEG plane. The explicit derivation of
these quantities is provided in the Supplementary Information. Note that the
Hamiltonian in equation (4) is not in the usual form found in polaritonic problems,
where a dispersionless matter excitation (for example, transverse optical 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
enforces a one-to-one coupling between light and matter modes. The model in
equation (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 equation (4) can be rewritten

H = haoa'a+ [§° do hd b(w)'b(w)

(5)
+ih [° dw, /2 [a" + a] [g(w)b(w) — g(0) b(w)'],

with [b(w), b(e')"] = 8(w — ), where the 5 is now the Dirac function. The
secular equation of the Hamiltonian in equation (5) is shown in equation (2), with

2 oo N2
Alw) = ﬂp/o dw’wz‘g% 6)

—w? — @’
wo 7 w?

@) 20’ |g(y/0? — o)
W)= ——"—" -
o V0 — w?
where P is the principal part and @(w) the Heaviside function. The minimal
cyclotron frequency required for the existence of the LP @, can be obtained by

writing equation (2) for ® = w,, and solving for the critical value of the cyclotron
frequency for which the LP merges into the continuum:

oo 7\ 12 —%
@c:wo[l+4P/ dw'M} . (8)

o w'?

O(w — wc), (7)

Analytical conditions for the existence of the UP could be determined analogously,
although 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, @, marks the existence
of the plasma waves, while the upper bound, w,, is more fuzzy, depending on

the Fourier transform of the field profile, which does not necessarily present a
well-defined sharp cutoff in k space.

Theoretical description of the open system. 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. With this aim we used the approach initially introduced

by Huttner and Barnett to quantize the electromagnetic field in bulk dissipative
dielectrics* and recently extended to the CQED case with both material and
photonic losses”. 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):

Hot = [7° hwAT(0)A(0) + [5° hoB' (0)B(o)
+h 5% dor [0° do’ [L(@)AT (@) + £ (0)A(@)] ©)
x [6(w")B (@) + 6% (0")B(0")],

satisfying bosonic commutation relations

[A(w), A(@")"] = [B(w), B(&')"] = 6(w — »). In the above Hamiltonian,
the function {(w) contains the information about the photonic losses, and &(w)
contains a convolution integral between the resonant coupling density g(w) and a
function describing the frequency-dependent matter losses.

The Hamiltonian in equation (9) is then diagonalized by introducing operators
for two orthogonal polariton branches j =+, obeying Bosonic commutation
relations [Pj((u), Py (o' )} =dé(w — a)’)éjlj/, which we write in terms of the bare
broadened fields:

Pi(w) = [° do’ [x(w, ") A(@") + z(w, @' )AT (&)
(10)
+yj(w, " )B(w") + wj(w, o’ )B' (0')] .
The frequency-dependent Hopfield coefficients (x;, z; y;, w;) can then be found by
solving the equations of motion wPj(w) = + [P](w), leﬁ

As shown in ref. %, such a description is defined modulo a real function of

o, fixing the basis used to specify the two degenerate modes P, (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:

11)

@) = [ do 3" M) [B) + F@)],
0 e
with M; being the electric component of the polaritonic field obtained by inverting
the Hopfield transformation.

Numerical results are obtained by 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 k; = J. We can then write
O(ky — |kx|)k,0. with © the Heaviside function, leading to a resonant
coupling density of the form

2w
g(w) = -QR’ | @@(wd - o).

Sample fabrication, measurement set-up and simulated structure in CST.
Information about sample fabrication, measurement set-up and the structure
simulated in CST is available in Supplementary Sections ‘Supporting experimental
measurements’ and ‘Supporting numerical simulations.

Ek:

(12)

Data availability

The numerical simulation and measurement data that support the plots within

this paper are available from the corresponding author upon reasonable request.
Data that support the findings of this Article are also available in the ETH Research
Collection™®.

Code availability
The codes used in the theory part of this study are available from the corresponding
author upon reasonable request.
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