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We report the observation of Dirac-Landau polaritons via THz magnetoreflectivity spectroscopy,
demonstrating strong coupling between cyclotron transitions of two-dimensional Dirac fermions in
HgTe quantum wells and optical cavity modes. We demonstrate efficient nonlinear electrolumines-
cence, characterized by a strongly out-of-equilibrium polariton distribution dominated by emission
from the upper polariton branches. Model calculations, based on the nonlinear dependence of the
emission intensity and spectral narrowing with bias voltage, indicate a polariton occupancy per

mode close to unity, with a significant contribution from stimulated polariton emission.

These

findings open promising prospects for the development of Dirac-Landau polariton condensates and
low-threshold, tunable terahertz polariton lasers based on cyclotron emission.

Introduction — Dirac materials [1], characterized by
their relativistic-like electronic band structures, exhibit
low carrier mass and a strongly non-equidistant Landau
level spectrum in the presence of a magnetic field. These
combined features suppress non-radiative Auger recom-
bination arising from Coulomb electron-electron interac-
tions and enable cyclotron emission [2-4] with remark-
able tunability at low magnetic fields [5, 6], a function-
ality that was not achievable in p-Ge Landau level lasers
where the larger effective mass of holes required the use of
high magnetic fields [7-11]. In HgTe quantum wells near
the topological phase transition [12, 13], the resulting
Terahertz (THz) cyclotron emission has been experimen-
tally demonstrated and shown to be tunable not only
by magnetic field and carrier density, but also by gate
voltage at a fixed magnetic field [14, 15]. These charac-
teristics make Dirac systems appealing not only for their
distinctive topological properties [16], but also for explor-
ing non-equilibrium carrier dynamics in unconventional
configurations and for advancing next-generation THz
optoelectronic devices. Nonetheless, the physical real-
ization of stimulated photon emission in Dirac materials
remains challenging, as achieving electron population in-
version typically requires electric fields approaching the
breakdown limit of the system.

In parallel, the regime of strong light-matter coupling
has enabled the emergence of hybrid bosonic quasipar-
ticles known as polaritons , which exhibit unique quan-
tum fluid behavior [17] and can undergo condensation
and lasing without requiring electronic population inver-
sion [18, 19]. Exciton-polariton lasers have been demon-

strated across a broad range of material systems [20-26],
yet no polariton laser based on inter-Landau level tran-
sitions has been realized to date. Landau polaritons —
resulting from the coupling between Landau level tran-
sitions and confined photonic modes — were theoreti-
cally predicted over a decade ago [27] and subsequently
observed through reflectivity and transmission measure-
ments in conventional semiconductor two-dimensional
electron gases [28-30]. Recent experiments have ex-
panded this concept, revealing novel features and strong
coupling regimes in a variety of platforms [31-36]. The
coexistence of Dirac Landau levels and the strong light-
matter coupling regime opens the door to a novel phys-
ical platform with potentially unprecedented properties,
holding exciting promise for THz polariton condensates
and lasers.

In this Letter, we observe the formation of
Dirac—Landau polaritons in HgTe quantum wells, result-
ing from the strong coupling between cyclotron transi-
tions of two-dimensional Dirac fermions and THz cavity
modes. Magneto-reflectivity measurements reveal clear
anticrossings between cavity modes and Landau level
transitions, confirming the hybrid light-matter nature
of the excitations. We demonstrate electroluminescence
from these polaritons under pulsed electrical excitation,
with the emission spectrum measured in crossed electric
and magnetic fields. The emission peaks coincide with
the polariton branches extracted from reflectivity, and
the nonlinear dependence on bias voltage, along with
spectral narrowing, indicates a polariton occupancy per
mode close to unity and an important contribution from
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FIG. 1. Left panel: Sketch of the physical system, consisting of a 2D material hosting Dirac fermions embedded in a THz
cavity resonator. A magnetic field B is applied perpendicular to the plane of the 2D material, inducing Landau quantization
of the electronic states. The optical response of the system is probed via reflection spectroscopy using an incident THz beam.
Right panel: Magneto-reflectivity spectra (a) without a cavity and (b) with a cavity resonator. In the absence of a cavity,
the color plot shows a linear evolution of the cyclotron energy with increasing magnetic field. The 2D material in Sample A
is an 8 nm-thick HgTe quantum well measured at 7" = 4.2 K. In the presence of a 28 um-thick cavity, the cyclotron dispersion
displays clear spectral anti-crossings at magnetic fields of 0.7 T and 2 T, corresponding to energies of approximately 3 meV and

10 meV, respectively.

stimulated polariton emission.

Dirac-Landau polaritons — The polariton excitations
of a cavity-embedded two-dimensional electron gas in
the presence of a magnetic field can be described by
a bosonic quantum Hamiltonian[27] of the form H =
Hcavity + HLandau + Hint + Hdiav where Hcavity is the
bare Hamiltonian of the cavity, Hpqndaw describes the
collective cyclotron excitation of the electrons occupying
the Landau levels, H;,; is the paramagnetic light-matter
interaction, while Hy;, is the diamagnetic contribution
[27]. Note that this effective Hamiltonian contains only
bosonic operators corresponding to the photon cavity and
to the cyclotron excitation mode. The matter component
of a Landau polariton is a collective cyclotron excitation:
this was first demonstrated for GaAs/AlGaAs quantum
wells, where the band structure is parabolic [28]. How-
ever, collective cyclotron excitations can occur also with
non-parabolic band structures, as previously observed in
Ref. 32, or even in Dirac systems exhibiting linear band
dispersion. Indeed, the cavity quantum electrodynamics
of graphene [37-39] has been theoretically investigated
in the ultrastrong coupling regime, where the existence
of ground state instabilities is debated due to the role
of the diamagnetic term in effective theories. In the ul-
trastrong coupling regime [40], achieved when the po-
lariton coupling becomes comparable to the cavity and
cyclotron transition frequencies, the diamagnetic inter-
action plays a major role. Instead, in this work, we will
concentrate on excited states (polaritons) in the strong
coupling regime, that is, in a regime with moderate dia-
magnetic corrections and we will focus on the remarkable
nonlinear emission properties of electrically driven Dirac-
Landau polaritons.

In order to study the cyclotron emission from these
Dirac-Landau polaritons, it is necessary to first achieve
the strong coupling regime between a resonant THz
cavity and the cyclotron resonance of Dirac fermions.
To achieve this, we performed THz magneto-absorption
spectroscopy (see Fig. 1). The selected system consists
of a HgTe-based quantum well close to the gapless state
(with a low-energy band structure represented by Dirac
fermions), placed within an optical cavity designed for
THz cyclotron frequencies [see Fig. 1 and 2]. To cre-
ate the THz Fabry-Perot cavity with enhanced photon
confinement and hence light-matter interaction, the sub-
strate (GaAs for sample A and B and CdTe for sample
C) of the quantum well was thinned. Before measuring
the samples via magneto-reflectivity, we employed two
characterizaton methods. The first one involved mea-
suring multiple substrates with thicknesses ranging from
300 pm to 40 pm via THz Time Domain Spectroscopy
(TDS). The second method involved directly measuring
the same samples in emitter mode by detecting the ther-
mal radiation emitted at zero magnetic field, while the
sample was electrically heated. Both approaches con-
firmed the existence of an optical cavity formed within
the sample substrates, as shown in the Supplementary
Material (SM). The narrowest cavity was then analyzed
using relative magneto-reflectivity measurements to char-
acterize the coupling between the cyclotron resonance
and the cavity modes. These results are compared to
identical measurements taken without THz cavity (see
Fig. 1a and b).

The magneto-reflectivity results obtained without the
cavity clearly reveal a cyclotron resonance whose energy
evolves linearly with the applied magnetic field. The
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FIG. 2. Left panel: sketch of the THz electroluminescent cavity device, where an in-plane electrical bias injects current
between source and drain ohmic contacts. Right panel: THz emission spectra at various magnetic fields, shown for different
device configurations. (a) Without a cavity, on a 300 um-thick substrate, the emission energy scales linearly with magnetic
field. (b) With a 50 um-thick substrate and resonant cavity, three cavity modes appear around the energies 4, 7, and 10 meV,
showing clear coupling to the cyclotron resonance. (c) With a 28 ym-thick cavity, only two modes at 4 and 10 meV are observed,
exhibiting stronger anticrossings. (d) The emission peak energies from panel (¢), plotted versus magnetic field, align with the

reflectivity features labeled UP1 and UP2.

system is in the Shubnikov-de Haas or incipient Landau
quantization regime, where Landau levels are present but
partially overlap (see SM). Although the cyclotron reso-
nance energy evolves linearly with the magnetic field, the
slope of the cyclotron resonance changes with the concen-
tration of electrons. The cyclotron mass extracted from
a linear fit is 0.024 times the bare electron mass, which
is consistent with the carrier density. In the presence
of the cavity, the cyclotron dispersion versus magnetic
field B is dramatically modified due to the interaction
with two cavity modes with respective photon energies
hwi ~ 3 meV and hws ~ 10 meV. These interactions
result in pronounced energy anticrossings, giving rise to
two distinct pairs of Landau upper and lower polariton
branches: (UP1, LP1) around B = 0.7 T and (UP2, LP2)
around 2 T. Fitting these results using the Hopfield po-
lariton model yields excellent agreement, with coupling
strengths of A{); = 0.65 meV and Ay = 0.6 meV.

Electroluminescence — We have investigated cyclotron
emission from Dirac electrons in HgTe quantum wells un-
der quantizing magnetic fields by applying short electric
pulses that populate high-energy Landau levels with non-
equilibrium carriers. Without a cavity, the electrolumi-
nescence displays a Gaussian peak that shifts linearly
with magnetic field, matching the cyclotron resonance
slope from magneto-reflectivity (Figs. 2a and 1a). In con-
trast, in the presence of a cavity, the emission spectra are
markedly modified (Figs. 2b—d). As shown in Fig. 2, the
emission is suppressed below the first cavity mode and no
longer follows a linear magnetic field dependence. At low
fields, the spectrum exhibits discrete peaks correspond-
ing to cavity modes, with fixed positions. This behavior
is consistently observed across different samples and cav-
ity thicknesses (see SM). The 50 pum cavity exhibits three

modes around 4, 7, and 10 meV (Fig. 2b), while the 28 ym
cavity shows only two modes at 4 and 10 meV (Fig. 2c),
where light-matter coupling is stronger. At higher fields,
the peaks shift and undergo anticrossings, indicative of
polariton formation. In Fig. 2d, the emission peak en-
ergies from the 28 pm cavity are plotted as a function
of magnetic field. Two distinct inflections correspond to
anticrossings at 4 and 10 meV, matching the UP1 and
UP2 branches from reflectivity. These results are well
reproduced by the Hopfield polariton model, using the
same parameters as in magneto-reflectivity. Notably, we
can also control the polaritonic anticrossings by applying
an electrostatic back gate that tunes the doping density
(see SM for more details).

We note that the electroluminescence linewidth ex-
ceeds that of absorption. This is expected, as our
measurements integrate over all emission angles. Addi-
tional broadening may also arise from hot carrier distri-
butions [11], electron-phonon scattering [41], and Stark
broadening by ionized impurities [42, 43]. Neverthe-
less, the emission peak positions closely follow the up-
per polariton dispersion (Fig. S.7), confirming their ori-
gin from Dirac-Landau polaritons. Interestingly, only the
upper polariton branch is observed in emission. Thermal
black-body radiation can be excluded, as it would fa-
vor lower-energy modes. This non-equilibrium behavior
may result from a bottleneck effect [44-46] that inhibits
polariton relaxation toward lower-energy states. Unlike
exciton-polaritons [21], where luminescence is dominated
by the lower branch and the bottleneck affects higher-
energy states, here the emission favors the upper polari-
ton branches. This may stem from the reduced Landau
level energy spacing at high energies, which enhances
losses for lower polariton states. Crossed electric and
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FIG. 3. (a) Electroluminescence spectra measured at B =
0.9 T on sample B for different peak-to-peak injection biases
ranging from 60 to 200V. (b) Evolution of the two emission
peaks, corresponding to the UP1 and UP2 polariton modes,
as a function of the injected electrical power. Marker styles
and colors correspond to the peaks shown in (a). Dashed
lines represent fits used to extract the polariton population
evolution, shown in the inset. (c¢) Full-width at half maximum
(7) of the UP2 peak (magenta markers) as a function of the
injected electrical power P. The dashed line is a fit using the
formula given in Eq. 1, which accounts for Schawlow—Townes
polariton narrowing and power-induced broadening to lowest
order in P.

magnetic fields can further reduce the level spacing at
high energy [47], while Coulomb interactions may enable
resonant scattering from polaritons to electron-hole ex-
citations. A deeper understanding of these relaxation
mechanisms calls for further experimental and theoreti-
cal investigation, both in this system and in other Dirac
materials.

Polariton stimulation is expected to play a key role
when the average number of polaritons per mode is com-
parable or larger than one. To evaluate the number of
polaritons per mode under our experimental conditions,
it is first necessary to determine the relevant number of
modes. This is achieved by calculating the product of
the density of states and the energy corresponding to
the emission linewidth (see SM for details). For our
setup, the number of modes is approximately 1500. A
lower and upper bound for the polariton population in
the mode with the highest emission can then be estab-
lished. The lower bound assumes a uniform distribution
of excitations among all the relevant modes. Using this
assumption and the emitted power (estimated at 10 nW,
see SM), the total number of polaritons is approximately
30. Consequently, the the lowest bound on the number of
polaritons per mode at an electric field of 300 V/cm is on
the order of 2x1072. Conversely, the upper bound for the
polariton occupation number assumes that all polaritons
are concentrated in a single mode. Under this assump-
tion, the number of polaritons per mode ranges from 0.3
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to 1.3 at 1 kV/cm, depending on the cavity mode (see
insert of Fig. 3b and SM for more details). This up-
per bound suggests that the system is close to the lasing
threshold at 1 kV/cm. However, as we demonstrate be-
low, the polariton occupancy remains in an intermediate
regime between the lower and upper bounds.

To investigate this further, we analyzed the influence
of the injected electrical power, on the cyclotron emis-
sion power (see Fig. 3a). The emitted optical power
exhibits a superlinear increase with the injected electri-
cal power across the applied electric field range of 300 to
1000 V/cm (see Fig. 3b), suggesting that while lasing has
not yet been achieved under these conditions, the system
is approaching the threshold. Another approach to esti-
mating the polariton population is to study the evolution
of the emission peak spectral linewidth (full width at half
maximum) as the electrical injection bias increases. Fig.
3c shows that the UP2 emission peak spectrally narrows
while increasing the electrical power P and reaches a min-
imum around 0.5 W. Increasing further P the linewidth
increases and for power exceeding 0.8 W, there is net
broadening with respect to the low-power regime. This
could be attributed to non-linear polariton losses caused
by scattering processes [48], where a polariton is con-
verted into an excitation of carriers in higher-energy Lan-
dau levels, as discussed earlier in the text. We can model
in a general way the power-dependent emission linewidth
with the formula

1(P) =

—HNipOl(P)—F'YNL(P)a (1)

where N, (P) is the polariton occupation number and
v~ (P) is a power-induced additional broadening. This
formula includes both Schawlow—Townes narrowing pro-
duced by stimulated scattering due to the polariton final-
state population and nonlinear losses. At the lowest order
in the power, Ny, (P) ~ NP and vy (P) ~ nP, since
both quantities vanish for P — 0. With this formula
we achieve an excellent fit of the experimental linewidth
versus power, as shown in Fig. 3c with the fitting pa-
rameters v(0) = 5.65 meV, N' = 2.0 W=! and n = 3.1
meV /W. For a power P = 0.5 W, the estimated polari-
ton occupation number is 1, which is consistent with the
previous discussed bounds.

Lasing with Dirac-Landau polaritons offers significant
advantages than the ordinary cyclotron excitations. In-
deed, the polariton lasing threshold is critically influ-
enced by the loss rate of the polariton modes, which
can be optimized by improving both the cavity quality
factor and the cyclotron loss rate. Currently, the qual-
ity factor of the resonant cavity in our samples is only
about @ & 4 (from the reflectivity spectra). Optimized
structures incorporating THz distributed Bragg mirrors
around the quantum well, configured as a Tamm cavity
[49], could significantly improve performance. Notably,
recent THz Tamm cavities have demonstrated quality



factors of @ = 37 at 1.5 THz [50], while Landau po-
lariton structures with distributed Bragg reflectors have
achieved values exceeding 500 [29]. The enhancements
should promisingly lower the stimulation threshold to al-
low lasing well before the onset of nonlinear losses. The
use of Landau polaritons unlocks exciting opportunities
for exploring stimulated cyclotron emission in solids. Be-
yond HgTe quantum wells, this approach enables the
consideration of materials previously deemed unsuitable
for stimulated emission via the streaming effect [51] due
to the requirement for prohibitively high electric fields.
By leveraging strong light-matter coupling, these mate-
rials can become viable candidates for stimulated emis-
sion. More broadly, a wide range of Dirac materials with
non-equidistant Landau levels can now be realistically ex-
plored for such applications, further expanding the land-
scape of cyclotron-based light sources and lasers. No-
tably, spontaneous cyclotron resonance emission in the
mid-infrared range was recently demonstrated in electri-
cally biased monolayer graphene [52], underscoring the
potential of these mechanisms for future THz and in-
frared light sources.

Conclusions — We have demonstrated THz electrolu-
minescence from Dirac-Landau polaritons in a regime of
strong light-matter coupling between Landau-quantized
Dirac fermions and cavity photons. This establishes a
platform for exploring cavity quantum electrodynamics
in the THz range with relativistic electronic states. The
emission occurs under strongly non-equilibrium and non-
linear conditions, with spectral and intensity features
consistent with stimulated polariton scattering, indicat-
ing proximity to the threshold for polariton lasing. While
lasing is not yet achieved, the results demonstrate its
feasibility and highlight a clear path toward THz polari-
ton lasers based on Dirac materials, enabled by enhanced
cavity quality factors. The distinctive Landau level struc-
ture of Dirac systems modifies polariton relaxation and
scattering channels compared to conventional semicon-
ductors, offering new directions for investigation. This
approach can be extended beyond HgTe quantum wells
to a wider class of quantum materials with relativistic
carriers.
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This Supplementary Material provides additional in-
formation on the experimental techniques, sample struc-
ture, cavity and polariton modeling, and data anal-
ysis methods that support the main findings of the
manuscript. It includes: (i) a detailed description of the
samples and the measurement protocols for electrolumi-
nescence and reflectivity; (ii) modeling and extraction
procedures for Landau polariton coupling; (iii) quantita-
tive estimates of the polariton population; and (iv) addi-
tional experimental data on the gate-voltage dependence
of the emission and the cavity-induced spectral shaping.

METHODS

Samples

Two types of samples were studied, both grown via
Molecular Beam Epitaxy (MBE) on GaAs-(013) or CdTe-
(100) substrates (see Table I for details). Two distinct
buffer layers were employed, as illustrated in Figure S.1.
The active layer consists of a HgTe QW with HgCdTe
barriers, with only one sample type incorporating a CdTe
cap layer. To create an optical cavity, the substrates were
thinned below 50 pm using two techniques: (i) micromet-
ric rotary sawing down to 40 pm or (ii) mechanical pol-
ishing to 50 pm, followed by inductively coupled plasma
etching to further reduce the thickness below 30 pm. The
samples were then mounted on a gold sample holder.

Landau emission measurement technique

Higher Landau levels are populated using short elec-
trical pulses with a frequency of 127 Hz, peak-to-peak
amplitudes ranging from 40 V to 200 V, and durations
between 1 ms and 30 us. These pulses are applied to the
sample via indium balls soldered onto its surface, which
diffuse into the structure, forming high-quality ohmic
contacts. The experimental setup includes a Landau
spectrometer with three superconducting coils housed in
a liquid helium cryostat (see [14] for details). The detec-
tor is an n-type InSb bolometer, which operates under a
strong magnetic field to refine and narrow its detection
energy window. The second coil resolves the LL struc-
ture of the sample, while the third coil decouples the
contributions of the first two fields.

The measurement protocol involves fixing the sample’s
magnetic field while sweeping the detector’s magnetic
field, enabling energy spectra acquisition at a constant
sample field. The detector signal is amplified by a low-
noise amplifier and processed via a boxcar averager, en-
suring a high signal-to-noise ratio even for low-duty-cycle
pulses ranging from 0.4% to 1%. All measurements were
performed at 4.2 K.

Cavity characterization

When the substrate is thin, i.e. on the order of \/2
for the cyclotron wavelength, the emission spectrum is
strongly modified by the presence of cavity electromag-
netic modes. The metal contact placed on the back side
of the sample and the helium/semiconductor interface
on the front side act as mirrors for a vertical resonant



Sample name|Substrate| Thickness|Cavity mode energies|Carriers density [cmfz]
Sample A GaAs 28 pm 3.1 meV ; 10 meV 7 x 101!
Sample B GaAs 30 um 3.8 meV ; 9.5 meV x 10"
Sample C CdTe 40 pm 5 meV ; 9 meV 3 x 10!

TABLE I. Table summarizing the different samples’ characteristics.

FIG. S.1. Schematic representation of the sample layer
structure. The core consists of a HgTe quantum well (QW)
sandwiched between HgCdTe barriers with a Cd composition
of 68%. A CdTe/ZnTe buffer layer is inserted beneath the
QW to facilitate strain relaxation before reaching the sub-
strate.

THz cavity. In order to characterize the cavity effect,
we performed emission measurements at zero magnetic
field. When the LLs are not yet established, the emis-
sion spectrum is not related with the CR and is primarily
composed of blackbody radiation, most likely originating
from the heating of the current injection contacts. When
the dimensions of a thermally emitting object are on the
order of the thermal radiation wavelength Ary,, its emis-
sion can indeed substantially differ from the predictions
made by Planck’s law [53, 54], creating new possibilities
in the realm of thermal radiation. For instance, the pres-
ence of some Fabry-Pérot cavity modes can greatly en-
hance thermal emission, producing a narrow-band emis-
sion spectrum consistent with the Purcell effect. More-
over, the spectral emission power can exceed the limits
imposed by Planck’s law for blackbody radiation [55].
Figure S.2 below shows these emission spectra plotted
for the different sample thicknesses. When the substrate
is thick, the blackbody emission spectrum is broadband,
and its peak is, as expected, red shifted as the injec-
tion current decreases. When the substrate is reduced
to thicknesses comparable to the wavelength of thermal
radiation defined by Wien’s displacement law, the broad-
band blackbody radiation transforms, uncovering peaks
at energies aligned with the substrate’s optical cavity
modes. The interaction between the resonant modes of

1o 300 um

0.5

Normalized amplitude (au)

2 4 6 8 10 12
Eget (MeV)

FIG. S.2. Emission spectra obtained at 4.2 K, at zero
magnetic field, on sample A, for different substrate
thicknesses. On the bare sample (300 pum), the spectrum
exhibits no structuration. When the substrate thickness is
reduced below 100 pm, additional extrema (blue dashed lines)
emerge, indicating a cavity effect. Notably, the 8 meV line
in the 80 pm sample and the 9.5 meV line in the 64 pm
sample (grey dashed lines) are barely visible at B = 0 T
but become observable through cyclotron resonance at finite
magnetic fields.

the cavity induces a narrower thermal emission band-
width [56, 57]. Indeed, since the sample acts at zero
magnetic field as both a thermal heat source and an op-
tical cavity, its thermal radiation is modulated by the
cavity modes according to the Purcell effect.

The emission signal is structured into a series of peaks,
with their positions varying depending on the substrate
thickness. We then compare in Figure S.3 these energy
positions with a simulation using the Transfer Matrix
Method (TMM) [50]. Taking into account the sample
geometry (thinned substrate on a gold sample holder)
and the complex refractive index of the material, we were
able to accurately reconstruct the energy positions of the
modes for the different thicknesses. There is excellent
agreement between the experimental data and the sim-
ulation, as the theoretical thicknesses used to reproduce



the results closely match those measured experimentally.
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FIG. S.3. Evolution of cavity mode energies extracted
from Fig. SM2 for three different samples with vary-
ing substrate thicknesses (empty circles). Triangular
markers correspond to data obtained at high magnetic fields.
The energy values were deduced from the B = 0 T emis-
sion spectra. A Transfer Matrix Method (TMM) prediction
(dashed lines) is overlaid, showing excellent agreement with
the experimental data.

Another way to characterize the cavity effect in-
duced by the substrate is to perform room temperature
THz reflectivity thanks to a commercial Time-Domain-
Spectroscopy (TDS) setup. Figure S.4 below shows two
spectra obtained on the two thinnest samples. It clearly
displays some reflectivity minima, well corresponding to
the cavity modes. These minima positions, when ex-
tracted, are once again in a very good agreement with
the TMM simulations.
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FIG. S.4. THz reflectivity and transmission analysis.
(Left panel) TDS reflectivity spectra measured for samples
A and B. (Right panel) Transmission minima extracted and
plotted against an arbitrary index (empty circles). A TMM-
based prediction (dashed lines) is overlaid, showing excellent
agreement with the experimental data.

Magneto-transport measurements — Shubnikov-de
Haas regime

The electron densities of the samples are deter-
mined using the standard Shubnikov-de Haas magneto-
transport technique. Figure S.5 below presents the typ-
ical magneto-resistance behavior of our samples. The
observed oscillations enable us to extract the electron
density via the well-known formula:

e

h-A(1/B)’ (8-1)

ng =

where A(1/B) is the inverse magnetic field period of the
oscillations. For the sample shown below, this yields
ng = 7.0 x 10 ¢cm~2.

Additionally, cyclotron resonance measurements allow
us to determine the cyclotron mass of the sample (see
main text). By combining these results, we can verify
the predicted evolution of the cyclotron mass as a func-
tion of electron density, as derived from the low-energy
model[14]. The inset demonstrates excellent agreement
between the experimental data and the theoretical model.
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FIG. S.5. Longitudinal magneto-resistance and cy-

clotron mass evolution. Shubnikov-de Haas oscillations
measured in the longitudinal magneto-resistance of sample A.
(Inset) Theoretical dependence of the cyclotron mass on elec-
tron density, based on a low-energy model [14]. The red star
represents the experimental value extracted from reflectivity
and magneto-transport measurements, showing consistency
with theoretical predictions.

Regarding the magneto-reflectivity and cyclotron emis-
sion results, it is important to note that the system op-
erates within the Shubnikov-de Haas regime. This im-
plies that the Landau levels (LLs) are already present
but still exhibit partial overlap. These conditions, which
lie between the classical and quantum regimes, are often
referred to as the incipient Landau quantization regime.

Similar to the classical case, the cyclotron resonance
(CR) energy evolves linearly with the applied magnetic
field. This occurs because, as the magnetic field in-
creases, the Fermi level oscillates between adjacent LLs.
Consequently, even though the LLs in the system are
relativistic and follow a v/ B dependence, the energy of
optical transitions between these levels remains linear in
the magnetic field. This can be understood by consider-
ing the energy difference between two adjacent LLs, n+1



and n:

hwe = y/2v%eBh (Vn+ 1 —v/n) with Ep = \/2v%eBhy/n.

Landau polariton: Fitting procedure

To extract the coupling strength from the reflectivity

Considering that for n > 1 (8:2) measurements, we followed the same procedure as in [28].
& It is based on the following total Hopfield Hamiltonian
1 [27):
— ~ S.3
VT Vi o (8:3)
we ﬁnally have H = Hcavity + HLandau + Hint + Hdia ) (S5)
hw, = \/2v%eBh (v —
b ( n \/ﬁ) where Hiquity is the bare Hamiltonian of the cavity,
~ /202eBh 1 Hpondan describes the collective cyclotron excitation of
F 2y/n the electrons occupying the Landau levels, H;,; is the
B 21;%@ Bh eBh S.4 paramagnetic light-matter interaction, while Hy;, is the
T 2B, m. (S-4) diamagnetic contribution. The polariton excitations can
be obtained by diagonalizing the following Hopfield-
where we defined m, = % Bogoliubov matrix:
F
We Xjiv/We 0 Xjv/We
. . ) 2 ) . 22
M;(B,xj)=h| XV¥e @itexG XV X (S.6)
0 —XjivVWe —We —XjVWe
—XjVWe  —2X]  —XivVWe —wj—2X;
where
0.
J (S.7)

Xi = e

is a fitting parameter, independent of the magnetic field, 2; being the collective polariton coupling (Rabi) frequency for
the electromagnetic mode j. By diagonalizing this Hamiltonian, we can access the theoretical polaritonic branches,
labelled wgp (B,x) (resp. wiP(B,x) ) for the upper branch (resp. lower branch). Therefore, we can extract the

J
coupling strength by minimizing the quantity

v fey

RMSD;(x) =

P8y ) + (WhE = b (By))]

— ws

where Nz, is the number of experimentally measured
points. One example of minimization is shown in Fig.
S.6.

Estimation of the number of polaritons per mode
Lower bound estimate
Let us consider the cavity energy dispersion

h
Eeau(k) = fx/kg ey

where c¢ is the speed of light, n the refractive index of
the substrate, z is the direction perpendicular to the 2D

(S.9)

2Nezp ’

(

material. For small in-plane wave vectors, the cavity dis-
persion can be approximated as parabolic, namely:

he / k2 1k?
Ecav(k) = ;kz 1 + E ~ ECM,(O) (1 + 2]{:2) .

(S.10)
The density of photonic states is
D(E) ~ - /ko S(E — Boan()
— (27_(_)2 cav
A
_A / kdk6(E — Eoun(k)),  (S.11)
2w

where A is the area of sample where there is emission.
2
Since dEeay = Beay (0) 54, then kdk = 5 5dE gy and
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FIG. S.6. Normalized root-mean-square deviation

analysis for sample A. Evolution of the normalized root-
mean-square deviation for the two electromagnetic modes.
The minima correspond to normalized coupling strengths of
21% and 4% for the lower and higher modes, respectively, in-
dicating distinct interaction regimes.

therefore
Ak
DEF) ~ ——2—. 12
(B) =5 Fone(0) (S.12)

The polariton density of states is comparable to the pho-
tonic density of states, which will be used for our esti-
mate of the number of polariton modes involved in the
emission process:

A 2 AEemission

mode == D(E AEemission = 5 Ry
Almod (E) 27"% " Eeay(0)

, (S.13)

where AFE,,, is the emission linewidth. Given the exper-
imental nominal parameters, we can take A ~ 1mm?,
k. = Leaw 3OZm =10°m~! and AFEcmission = 3meV
we have F.q,(0) ~ 3meV we get Nyoge =~ 1500. Finally,
we can estimate the number of polariton via the emitted

power:

rpemission ~ avg hwavg

= WNpol Vrad pola

(S.14)
where Ny, is the number of polaritons in the steady
state, 7, the average radiative rate and fw,j, the av-

erage photon emission energy. By injecting the experi-

mental values Pem™50n ~ 10nW, hw®? ~ 3meV and

pola
avg ., AFEemissi _ 3meV —1
Vrad = FW;Z e = h 07p8

Finally, we get the lower bound:

we get: Npo =~ 30.

N
_pol - 9.9072,

N (S.15)

Upper bound estimate

The upper bound for the polariton occupation num-
ber is obtained by assuming that all the polaritons are
occupying the same polariton mode. This is certainly
not the case, but together with the lower bound calcu-
lated above will allow us to have a decent estimate of the
polariton occupation numbers. Assuming that only one
mode participates to the emission, we can estimate the
polariton population from the non-linear dependence of
the emission amplitude with respect to the injected elec-
trical power. This can be calculated via the simple rate
equation:

dNpol
dt

where 7 is the polariton loss rate and 7 is unknown. The
steady-state solution reads:

~ —YNpot + 1Vpp(1 + Npot) , (S.16)

1Vop
Y=Vop
From this equation we can see that for P... —
plthresholds) _ v 4,0 Npor — +00. Below threshold,

elec n
we can Taylor-expand the previous solution as follows:

(S.17)

Npol =

Pelec 1 Peiec Peiec
]\/vpol:"7 l P :77 l (1+77 l )
y 1_n’<;lcc 0 ol
Pejec Pejec 2
~ el +(77 ’ ) . (S.18)
Y Y

Therefore, we now have the dependence of the emission
power on the electrical power, namely

emission avg avg
P = Npol Vrad h’wpola

Peec Peec ’
77 l + <77 l ) ‘| :alpelec+a2P62l€C’

~ ~0Vg avg
= Yrad hwpola v v

(S.19)

where az/a; = v/n. We can therefore have access to
the polariton population by fitting the curve correspond-
ing to the measured emitted power versus the electri-
cal injected power, as shown in the figure 3 in the main
text. For the considered sample, the polariton popula-
tion would reach more than one for an electrical injected
power of 1.5 W (obtained for an electric field of 1 kV/cm).

From the two scenarios developed above, we can con-
clude that the polariton occupation from the most pop-
ulated mode in our system is bound as follows:

2:-1072 < Npoy <~ 1. (S.20)

Emission / transmission comparison

The figure S.7 shows an emission spectrum on top of
reflectivity one, for the same sample and magnetic field



value. It highlights the fact that the emission maximum
is aligned with the upper branch of the Landau polariton
and that the lower branch remains invisible in emission.
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FIG. S.7. Comparison of emission and transmission
spectra at 0.75 T for sample A. (Top) Emission spec-
trum measured at a magnetic field of 0.75 T. (Bottom) Cor-
responding transmission spectrum obtained under the same
conditions. The data clearly reveal that only the upper branch
of the Landau polariton exhibits significant emission, high-
lighting the asymmetric population of polariton branches.

Gate voltage effect

Dirac-Landau polaritons exhibit distinctive features
compared to the standard Landau polaritons. Because
the effective mass of Dirac electrons depends on the elec-
tron density, the cyclotron mass and, consequently, the
CR slope are continuously tunable via the back-gate volt-
age. Therefore, the critical magnetic field at which the
anticrossing occurs can also be tuned by adjusting the
gate voltage (see S.8). Even more interestingly, since the
coupling strength term depends on the cyclotron mass,
it can be tuned as well with the gate voltage, as illus-
trated in the insert of S.8. According to the Hopfield po-
lariton model, where the cyclotron mass is derived from
the Bernevig-Hughes-Zhang (BHZ) model, the coupling
strength can reach 30% in this non-optimized system, for
a realistic carrier density of 1 x 10'? cm™2.

The figure S.9 displays two raw emission spectra ob-
tained for two extremes gate bias value of +100 and -
100 V and for the same magnetic field value. It high-
lights the specificity of Dirac materials which is a density-
dependent mass inducing a shift of the CR energy and
therefore a shift of the Landau polariton anti-crossing.
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FIG. S.8. Influence of the gate voltage on coupling
strength and critical magnetic field. Due to the rela-
tivistic nature of charge carriers, their concentration in the
QW determines the cyclotron mass and thus the slope of
the Landau emission. By tuning the carrier density from
ns = 1.83 x 10" em™2 to 2.98 x 10! cm_2, the cyclotron
mass increases, shifting the critical magnetic field for the an-
ticrossing from approximately 0.7 T to 0.9 T. (Main) Ex-
tracted emission maxima from spectra measured at different
magnetic field values for sample C, with a gate bias of —100 V
(purple empty circles) and +100 V (blue empty circles). The
dashed lines represent fits based on the model developed in
Ref.28. (Inset) Evolution of the reduced coupling strength as
a function of electron density (black line), based on the model
in Ref.28 and the low-energy model describing the cyclotron
mass dependence on density [15]. The violet (resp. blue) star
represents the extracted reduced coupling strength from the
emission curve for a gate bias of —100 V (resp. +100 V). The
model has been rescaled to match the experimental values.
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FIG. S.9. Gate voltage influence on Landau polariton
emission. Emission spectra recorded at a magnetic field of
0.8 T for sample B, with a gate bias of —100 V (purple curve)
and +100 V (blue curve). As the bias shifts from —100 V to
4100 V, the upper branch of the Landau polariton undergoes
a redshift of nearly 1 meV, attributed to the increase in cy-
clotron mass with higher electron density.



Amplitude and FWHM extraction

To extract the amplitude and the FWHM of the dif-
ferent emission peaks, we used a double-Gaussian fit for
every injection bias value. The figure S.10 shows the 13
fits obtained on the experimental spectra.

= °11; 180% "

FIG. S.10. Bias-dependent emission spectra at 0.9 T
for sample A. Emission spectra recorded for different in-
jected bias values. The total double-Gaussian fit is overlaid
(red dashed line), along with the individual Gaussian compo-
nents corresponding to the UP1 (blue dotted line) and UP2
(red dotted line) polariton branches.
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