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ABSTRACT: Nanophotonic cavities are the foundation for a broad
spectrum of applications, including quantum sensing, on-chip
communication, and cavity quantum electrodynamics. In van der
Waals (vdW) materials, these cavities can harness polaritons, which
are quasiparticles emerging from photon interactions with excitons,
plasmons, or phonons that are confined in microscopic sample
flakes. Hybrid phonon—plasmon cavities leverage the long lifetimes
of phonons and good tunability of plasmons, but their
reconfigurability remains fundamentally limited. Here, we introduce
a magnetic-field-tuning mechanism for polaritonic cavities in a vdW
heterostructure. Specifically, we demonstrate that the primary
Landau transition in magnetized charge-neutral graphene can be
harvested for controlling polaritonic cavity modes in a graphene-

based phononic heterostructure. Additionally, we predict a magnetic-field-induced topological transition in the polariton
isofrequency contour, causing a nontrivial cavity mode profile redistribution. Our study underscores the versatility of Landau-based
nanophotonic cavities, offering new paradigms for the design and manipulation of light—matter interactions at the nanoscale.

KEYWORDS: nanophotonics, polaritons, magneto-optics, graphene, van der Waals, Landau transitions

ptical cavities have been fundamental to enabling many

breakthroughs in science, from lasers to Rabi oscillations
in atoms." Traditionally, they consist of partially reflective
structures that trap photons at specific frequencies. Due to self-
interference, these cavities can concentrate electromagnetic
fields to extreme values, facilitating the investigation of hybrid
states of light and matter named polaritons. In two-dimen-
sional (2D) crystals, in-plane propagating polaritons can
naturally form from the hybridization of photons with
fundamental resonances of matter, such as phonons, plasmons,
excitons, etc.” Due to their extreme field confinement,
polaritons in 2D systems have enabled many potential
applications at the nanoscale, such as negative refraction,” >
light canalization,”® and hyperlensing.” Their quasi-2D
character, and therefore small mode volumes, have also
enabled an enhanced sensitivity in near-field experiments,
which can be critical for probing weak oscillators such as
vibrational modes of a single molecule.'” Modern photonics
has combined the classical microcavity approach with 2D
polaritonics to miniaturize optical cavities down to subdiffrac-
tional volumes. By imposing additional spatial restrictions on
the 2D systems (e.g,, a three-dimensional confinement), one
can form a polaritonic cavity of enormous field enhacement."’
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Thus, the research on tunable polaritonic cavities is essential
for advancing the control of chemical reactions,’” nonlinear
optics,"”"* and quantum electrodynamics."

Polaritonic cavities made of polar materials such as
hexagonal boron nitride (hBN) and a-molybdenum trioxide
(a-MoO;) host low loss and extremely confined hyperbolic
phonon polaritons (HPhPs), which can result in high quality
factors.'®'” In particular, the biaxial nature of a-MoQO,
provides additional spatial control of polariton propaga-
tion,"*~* allowing for the tuning of the cavity mode
distribution. However, phonons are intrinsically difficult to
tune. Previous efforts have utilized surface plasmon polaritons
(SPPs) in graphene as an electrically gateable system for
HPhPs in other van der Waals (vdW) materials.”' ~*° Although
vastly explored, the tuning range of phonon—SPP devices is
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Figure 1. Experimental observation of LPPs with the m-SNOM. (a) Scheme of the cryogenic m-SNOM of a vdW heterostructure composed of
MoO; on top of an hBN/graphene/hBN stack. An additional protective hBN layer covers the whole device. The IR beam is focused on the apex of
a tip whose near fields interact with the sample. A perpendicular magnetic field is applied to the sample, inducing cyclotron motion of charges in
graphene and modifying the resulting near-field pattern in the heterostructure. (b) Representation of Landau levels (n = —1, 0, and 1) in graphene’s
Dirac cone. Photons with energy E,, = IE,; — El excite a state from n = —1ton =0 or n =0 to n = 1 when graphene is charge neutral. This should
not be confused with a direct two-photon process from n = —1 to n = 1. (c) Longitudinal optical conductivity of graphene in the presence of a
transverse magnetic field. The inset shows a schematic of the transverse magnetic field perpendicular to the graphene plane. (d) Real part of the
diagonal components of a-MoOy’s dielectric tensor. (e—g) m-SNOM images of the heterostructure measured at 880 cm™ (indicated by dashed
lines in panels cand d) at B=0T and 295 K, B=4 T and 150 K, and B = 7 T and 150 K, respectively. The color map outside the a-MoOj crystal
was intentionally grayed out for enhanced visual clarity. The solid white lines represent integrated line profiles along the x-axis of MoOj3, while the

white arrows indicate near-field maxima. The white dashed line marks the edge of the MoOj crystal. The scale bars represent 200 nm.

fundamentally limited by the dielectric breakdown of the
insulating layer. For instance, in graphene/hBN/SiO, (300
nm)/Si devices, the polariton wavelength at 1395 cm™" (within
hBN’s Reststrahlen band) can be increased to 13% of its
original value when a 100 V gate voltage is applied,”* nearing
the breakdown of the oxide layer.

Here, we explore the strong coupling between HPhPs in a-
MoO; cavities and the primary Landau level transition in
magnetized charge-neutral graphene. We demonstrate that
these systems support quasi-particles, termed Landau phonon
polaritons (LPPs),”® which exhibit extreme wavelength
tunability. As an example, the application of a 6 T field at
880 cm™! produces a 41% shift in the polariton wavelength.
This value is prohibitive through electric gating in our
heterostructures, as it would require a 0.59 eV increase in
Fermi energy for graphene in zero field. To confine the LPPs,
we used a truncated biaxial heterostructure composed of an a-
MoO; ribbon and hBN-encapsulated graphene. We image real-
space interference profiles of polaritons configured by the
cavity resonances utilizing a home-built magneto scattering-
type scanning near-field microscope (hereafter termed m-
SNOM), which operates at magnetic fields of up to 7 T. The
resulting LPPs manifest as Fabry—Perot resonances, as the
HPhPs are confined by the walls of the a-MoOj; ribbon. We
demonstrate that both the cavity resonances and their quality
factor are tunable with the magnetic field, opening possibilities
for nanocavities in a higher dynamic range. Moreover, we
predict that the spatial distribution of the cavity modes can be
easily adjusted due to a magnetically induced topological
transition that occurs in the LPP isofrequency contour (IFC).

Figure la illustrates the m-SNOM setup used to image the
cavity modes in our device. The m-SNOM includes a metal-
coated atomic force microscopy (AFM) tip, which is
illuminated by an infrared (IR) beam. The tip-scattered field
is detected and demodulated to yield the near-field response.””
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This process allows us to simultaneously measure the
topographic and electromagnetic response of samples with a
spatial resolution of ~10 nm. Additionally, the confined fields
near the tip apex enable coupling to polariton modes at finite
momentum.”**” The AFM and illuminating/collecting optics
are mounted inside a closed-cycle cryo-chamber equipped with
a split-coil superconducting magnet (see the Supporting
Information for details).

The sample consists of 50 nm-thick @-MoOj3 on top of an
hBN/graphene/hBN stack, assembled through the pick-up
transfer technique (see the Supporting Information for details).
An additional thin layer of hBN covers the entire device to
enhance the surface mechanical stability of a-MoQO; at low
temperatures.”’ The vdW heterostructure rests on a SiO,/Si
substrate and includes electric contacts that enable tuning of
the graphene Fermi energy (Figure S7 shows the optical image
of the device). When a magnetic field is applied perpendic-
ularly to the plane of graphene, the charges undergo cyclotron
motion and quantize the graphene’s Dirac bands into Landau
levels (LLs), as illustrated in Figure 1b. The energy of the LL

in graphene is given by E, = sgn(n)~/2lnl (%), where n = 0,
B
+1, +2, ..., is the LL index, v is the graphene Fermi velocity,

and I is the magnetic length, defined as I; = /#1/elBl. Due to
the lifting of the spin and valley degeneracy at low
temperatures and high fields, the zeroth LL would show finer
structures. Compared to the photon energy (Eph ~ 100 meV)
that we use in this experiment, the energy scales of these finer
structures are small enough to be neglected.’””> When
photons with an energy E;, = IE; — Ejl, where i and j are the
indices of the initial and final levels, respectively, and lil — Ijl =
+1 (for “allowed” transitions), interact with graphene, they
create an electron—hole pair, thus generating Dirac magneto-
excitons (DiMEs).*® This work utilizes the first LL transition (i
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Figure 2. Experimental and modeled LPP standing waves in the magnetically tuned nanophotonic cavity. (a) Calculated polariton momentum at
880 cm™ as a function of the magnetic field. (b) Calculated near-field pattern of polariton modes in a truncated heterostructure of the same
dimensions as those in panels e and f of Figure 1. (c) Modeled IS,| profiles extracted at the dashed white lines in panel b. (d) Integrated
m-SNOM [S,| profiles. The gray dashed lines illustrate the edges of the cavity. The inset shows the topography (left) and the IS,| image (right) of a-
MoO; at 6 T and 150 K. The blue lines in the inset define the region where the signal was integrated.

=+landj = 0), which is expected to exhibit the strongest
oscillator strength at IR frequencies’ and has not yet been
explored in the context of hybridized polaritonics. While
electrostatic gating operates in the weak coupling regime with a
broadband Drude response, the LPPs fall into the strong
coupling regime, providing greater tunability due to the
significant conductivity at resonance with the Landau level
transition.

Figure 1c displays the real part of the graphene longitudinal
optical conductivity o,, as a function of the photon frequency
and the magnetic field. The conductivity of graphene reaches a

peak when E, % IE,; — Ol = vpv/2eflBl. As we demonstrate

below, we can exploit this feature to fine-tune polaritonic
resonances with the magnetic field. To generate cavity LPPs,
we couple the DiIME modes of graphene to HPhPs in a-MoOj.
The HPhPs occur when at least two components of the real
part of the dielectric tensor have opposite signs. As shown in
Figure 1d, this occurs in the mid-IR range at three different
bands for a-MoO,. Notably, around 830—920 cm™!, the
HPhPs exhibit in-plane hyperbolicity and, consequently,
propagate with concave wavefronts in preferable directions.”
By coupling graphene’s DiME with a-MoO;’s HPhP, we can
engineer the topology of the LPP IFC to be magnetically
tunable.** ™

Near-field images of MoO;/graphene hybrid polaritons
show strong magnetic dependences. Panels e and f of Figure 1
show near-field images at 880 cm™" under different magnetic
fields: B=0T (295K), B=4T (150 K), and B=7 T (150
K). To highlight cavity resonances, we also present the
averaged signal along the [100] direction of the a-MoO,
crystal, referenced here as the x-axis. The [001] and [010]
directions are referenced throughout the text as the y- and z-
axes, respectively. At 0 T, we observed four vertical stripes. As
the magnetic field increases to 4 T, the hybridization between
HPhPs and DiMEs reduces the number of near-field maxima
to three. Even though E, is far from E, at 4 T, as illustrated in
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Figure Ic, the variation in graphene’s conductivity is sufficient
to drive a modification in the LPP dispersion due the large
bandwidth of E;. At 7 T, the cavity modes cannot be clearly
discerned as the polaritonic mode is gapped out by DiME.

The strong tunability of the hybridized mode can be
simulated in the transfer matrix approach. In Figure 2, we show
the magnetic-field dependence of the simulated LPP momenta
at 880 cm™'. The LPP momenta are expressed as maxima of
the imaginary part of the Fresnel reflection coefficient, Im[rp]
(see the Supporting Information for the optical constants of
the materials). The result along the x-axis is shown in Figure
2a. At small fields (B < 1.8 T), several abrupt changes in LPPs’
momenta are observed, indicating the presence of Landau
transitions of higher indices (e.g, i = —1 and j = 2), previously
explored in hBN/graphene systems.”® As the magnetic field
increases beyond 2 T, the LPPs become less confined, as
manifested in the lower momentum dispersion. When E, is
close to the first LL transition (around 6.8 T), a second LPP
branch of higher momenta emerges. In this scenario, both
modes coexist simultaneously, albeit weakly. The avoided
crossing in the LPP dispersion is a signature of the strong
coupling between HPhP in a-MoO; and LL transitions in
graphene. A large Rabi splitting of Q = S0 + 2 cm™' was
estimated for 6 T, which satisfies the requirement for strong
coupling (see the Supporting Information). For higher fields
(B > 7 T), the more confined LPP branch becomes dominant,
and their momenta decrease until they reach a plateau.

The near-field profiles can be predicted by modeling the m-
SNOM experiment using the calculated dispersion in Figure
2a. Our model utilizes the Fourier transform of the Im[r, ] map
as a signal for tip-launched waves that propagate and reflect
multiple times at the cavity walls (see the Supporting
Information for details). Here, we used vz = 1.15 X 10° m/s
for better agreement with the experiment. This value is
consistent with other works that report the Fermi velocity of
graphene encapsulated in hBN.*>* Figure 2b shows the
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Figure 3. Dispersion of LPPs with the magnetic field and its impact on the cavity modes across the LL transition. (a) Dispersion of LPPs expressed
as Im[r,] for 0, S, 6, and 7 T, for the same heterostructure described in Figure la. (b) Simulated spectral line scans across the 1 ym wide a-MoO4
ribbon. The dashed white lines indicate the frequencies at which line profiles were extracted. (c) Experimental (solid) and simulated (dashed) line
profiles for two different frequencies. (d) Near-field spectra for different magnetic fields obtained from panel b at the x = 0 position. The black
dashed lines indicate the position of the resonant frequencies at 0 T for different resonance orders. (e) Simulated near-field spectra for a range of
magnetic fields. The simulation was performed with the dipole being at the zero position. The white dashed lines indicate the resonant frequencies
for different values of m, and the red line represents the energy of the first LL. (f) Calculated quality factor as a function of magnetic field for m = 1.
The gray dashed line represents the quality factor of the cavity at zero field.

simulated map of the near-field profiles for a 1 ym cavity as a
function of the magnetic field. The distance between fringes
varies with the magnetic-field strength, consistent with the
expected dependence on LPP dispersion. Around 6 T, an
additional high-momentum mode can be seen at the edges of
the cavity, confirming the presence of two separate branches of
LPPs. For fields greater than 7 T, an increased number of
peaks is predicted. Our model calculation agrees well with line
profiles derived from experiments, as shown in Figure 2c
(Model) and Figure 2d (Experiment). This good agreement
confirms that the near-field profiles in Figure 2d result from
Fabry—Perot (FP) cavity resonances of LPPs in a truncated
heterostructure.

We proceeded to address the spectral content of the cavity.
We calculate the frequency-dependent LPP dispersion for
various magnetic-field strengths. The results for 0, 5, 6,and 7 T
are displayed in Figure 3a. The fundamental branch of HPhP is
continuously blue-shifted with the magnetic field until it
reaches 7 T, when it splits into two branches. To present the
cavity modes in real space, we employ a finite-difference time-
domain (FDTD) method to simulate spatial—spectral maps of
the cavity modes at different magnetic-field strengths (Figure
3b). The simulation represents the tip as a point dipole source,
which serves as a polariton launcher for the device. By

scanning the dipole along the x-direction and recording the
near-field electric field underneath it, we simulate the spectral
response of the m-SNOM experiment (see the Supporting
Information for details). The zero-field line scan reproduces
the typical behavior of polaritonic cavities, where near-field
maxima occur at the resonant frequencies (w,,) of the cavity.
The condition for resonance is satisfied when the LPP travels a
complete round-trip modulo 27 in phase, ie, 2qW + 2¢ =
2mm, where m is an integer, W is the cavity width, and ¢ is a
picked-up phase due to the polariton reflection. As the
magnetic field increases, @, shifts to higher frequencies, and
the cavity becomes more lossy.

Figure 3c displays both experimental and simulated line
profiles at two different frequencies for 0, 5, 6, and 7 T. We
observe that from 0 to 6 T, the number of peaks at 880 cm™
gradually decreases from four to two, while at 860 cm™, it
decreases from two to one. This heightened sensitivity of
higher-frequency modes to magnetic fields corroborates the
increased 4, tunability of more confined LPPs, calculated in
Figure 3a. This conclusion can also be reached by noticing that
the increased density of states of HPhP at higher frequencies
leads to a more efficient coupling with the DiME. Moreover,
despite the increased mode damping at 7 T, the number of
peaks increases again for the peak at 860 cm™!, indicating that
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Figure 4. Magnetically induced photonic topological transition. Dispersion of LPPs along the y-direction (g, to the left side) and x-direction (g, to
the right side) of @-MoO5. The dispersion is represented as Im[r,] for (a) 0.1, (b) 6, and (c) 8 T for the same heterostructure described in Figure
1a. (d) Real-space simulations of LPP near fields launched by a dipole source at a frequency of 880 cm™" (marked as white dashed lines in panels
a—c) for different magnetic fields. (e) Spatial Fourier transform of panel d in g space.

the cavity is dominated by the lower LPP branch, red-shifted
from the original HPhP mode.

We estimate the @, and quality factor (Q) of the cavity by
extracting near-field spectra from Figure 3b, with the dipole
positioned at the center of the cavity. Figure 3d displays these
spectra for four different magnetic-field strengths. Due to the
mirror symmetry of the source-sample system, only odd values
of the FP resonance order (m) appear. The spectral position of
the peaks provides the w,, value, while their widths (Aw)
relate to the polariton lifetime. Figure 3e shows the simulated
near-field spectra for a range of magnetic fields. As previously
mentioned, @, for higher values of m changes more rapidly
with magnetic field. As the photon energy approaches E,
(indicated by the red line in Figure 3e), the resonances
become indistinguishable. To calculate the quality factor of the
cavity (Q = w,.,/Aw), we extract the peak and width of the
first resonance order (m = 1). As shown in Figure 3f, the
quality factor decreases as the photon energy approaches the
Landau transition and recovers its value after 7 T. Even though
the LPPs are more confined at 7 T, the cavity maintains a high
Q, comparable to the values observed when no magnetic field
is applied.

To further explore the potential of tunable biaxial properties
in an ideal cavity, we calculate the LPPs’ dispersion along both
in-plane directions of a-MoO;. Here we used the same
heterostructure as shown in Figure la but with an idealized
small square cavity with low-loss graphene (see the Supporting
Information for details). The dispersions at 0.1, 6.4, and 8 T
are displayed in panels a—c, respectively, of Figure 4. At low
fields, the cavity is dominated by the HPhP response in a-
MoO;. In this scenario, the polaritons do not propagate in the
y-direction, as the in-plane wave vector presents only a g,
component. However, at 6 T, another mode appears in the y-
direction. This branch, which originates from DiMEs in

graphene, can be tuned with the magnetic field, allowing the
propagation of LPPs in both x- and y-directions. Moreover,
because the dispersion of the LPPs in the x-direction can also
be adjusted with the magnetic field, we can control their
wavefront profiles in real space. As the magnetic field is
increased further to 8 T, the DiME resonance is blue-shifted,
interacting only weakly with the HPhP fundamental branch.

The cavity modes manifest a dramatic change of mode
profiles driven by the magnetic field, as shown in real-space
simulations (Figure 4d; see the Supporting Information for
details of the simulation). The simulations at 880 cm™ clearly
demonstrate a variation of the field distribution of a 2 ym X 2
pum a-MoOj square cavity with the magnetic field. At 0.1 T,
the constructive interference of the anisotropic HPhP in a-
MoO; leads to a standing pattern along the x-direction. At 6 T,
the simulation exhibits hot spots of the electric field along both
in-plane directions, suggesting the change in topology of the
IEC of the LPPs from hyperbolic to elliptical. This is further
elucidated at 6.4 T where we observe circular fringes
propagating from the origin. For higher magnetic-field values
(>7 T), the LPP becomes hyperbolic again due to a mismatch
of Ej, and E;. The difference in mode confinement for 7 and 8
T corroborates the calculated dispersion in Figure 2a.

The magnetically induced topological transition of the
nature of the cavity between hyperbolic and elliptical IFC can
also be identified in the momentum space (defined by

q_; X q_y') In Figure 4e, we analyze the Fourier transform of

the cavity mode profile in Figure 4d and demonstrate an
explicit transition from a hyperbolic to an elliptical dispersion,
and again to hyperbolic at 7 and 8 T. The beating pattern at
0.1 and 8 T for higher momenta suggests the cavity supports
resonant modes of higher orders, as well. This does not occur
at 6 and 6.4 T since the wavevector of LPPs is limited by its
elliptical dispersion. Moreover, despite the elliptical dispersion
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at 6 T, the dispersion is primarily concentrated at a single pair
of +q, values. This restriction in momentum space at 6 T can
be characterized as a polariton canalization phenomenon and is
more clearly illustrated in semi-infinite @-MoOj slabs (see the
Supporting Information for additional simulations). Thus, our
results suggest a magnetically tunable spatial distribution of the
cavity modes via topology transitions in the LPP IFC.

In this work, we introduce the magnetic field as a new
degree of freedom for controlling the polaritonic cavity modes
in vdW heterostructures. The LPP-based polariton cavities
exhibit excellent wavelength tunability, surpassing the limits in
highly doped plasmonic systems that are typically in the weak
coupling regime. Furthermore, we explored the magnetic
topological transition of the IFC of the LPPs as a plausible
mechanism to regulate the spatial distribution of cavity modes.
We note several alternative material platforms beyond MoO,/
graphene(G) that could also support tunable, anisotropic
polaritonic cavities. These include multilayer structures
(A BN—Mo0O3;—G—Mo0O;—G—Mo0O;—hBN), $-Ga,0;, V,0s,
and G—CrSBr heterostructures, each of which offers unique
dielectric anisotropies and excitonic or phononic resonances
that may be engineered for future realizations of magnetically
tunable polariton cavity topologies.”' ™" Thus, our study
highlights the versatility of spatially restricted LPP resonances
for enhanced control of light—matter interactions at the
nanoscale. The development of cryogenic m-SNOM opens
opportunities for exploring new cavity control mechanisms
such as those based on Cooper pair polaritons and magnon
polaritons. By combining magnetic polaritons in cavities with
low-symmetry environments®"*° or Moiré systems,46 intrigu-
ing phenomena such as nonreciprocal cavities may emerge,
enabling novel control in the spatial distribution of the cavity
modes.
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