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It is widely assumed that photons cannot be manipulated using electric or magnetic fields. Even though
hybridization of photons with electronic polarization to form exciton-polaritons has paved the way to a
number of groundbreaking experiments in semiconductor microcavities, the neutral bosonic nature of these
quasiparticles has severely limited their response to external gauge fields. Here, we demonstrate polariton
acceleration by external electric and magnetic fields in the presence of nonperturbative coupling between
polaritons and itinerant electrons, leading to formation of new quasiparticles termed polaron-polaritons. We
identify the generation of electron density gradients by the applied fields to be primarily responsible for
inducing a gradient in polariton energy, which in turn leads to acceleration along a direction determined by
the applied fields. Remarkably, we also observe that different polarization components of the polaritons can
be accelerated in opposite directions when the electrons are in v = 1 integer quantum Hall state.
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Controlling photons with external electric or magnetic
fields is an outstanding goal. On the one hand, coupling
photons to artificial gauge fields holds promises for the
realization of topological and strongly correlated phases
of light [1-4]. On the other hand, effecting forces on
photons constitutes both a problem of fundamental interest
in electromagnetism and an important step in view of
technological applications [5-8]. One promising avenue
toward this goal is to hybridize photons with material
excitations that are genuinely sensitive to gauge fields [9].
In this nonperturbative regime, exciton-polariton states
are formed, ensuring that the forces acting on the material
excitations are directly imprinted onto the photon.
However, the neutral bosonic nature of polaritons has so
far severely limited their response to gauge fields [10-13].

A particularly appealing approach to circumvent this
limitation is to leverage on the interaction between excitons
and charges. Indeed, early reports on the drift of trions in
an electric field [14,15], as well as on the Coulomb drag
effect in bilayer systems [16—19], indicated that it may be
possible to manipulate neutral excitations using electric
fields in a solid-state setting. Recently, experimental [20]
and theoretical [21] studies reported the electrical control of
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the speed of a polariton superfluid, raising new questions
and possibilities regarding the interplay between the normal
and condensed fractions of the fluid in the presence of
electron-exciton interactions.

While interactions between polaritons and electrons have
been proposed and analyzed as a mechanism for polariton
thermalization [22-25], early studies reported the modifi-
cations to polariton resonances in the presence of a Fermi
sea [26-28]. These modifications stem from dispersive
interactions between the polarizable excitonic component
of the polariton and charge-density fluctuations of the
Fermi sea [29-31]. In a typical setting where excitons are
hosted by a GaAs quantum well (QW), the existence of a
spin-singlet trion bound channel leads to the formation of
two optically active branches referred to as attractive and
repulsive polarons [32,33]. These polaronic states consist
of an exciton dressed by collective trion-hole excitations
of the Fermi sea, where the spin of the photoexcited
electron is opposite to that of the dressing Fermi sea
electrons [32-34]. Upon decreasing the electron density,
the quasiparticle weight of the repulsive polaron branch,
quantifying its excitonic character, increases. In the limit of
vanishing electron density, the repulsive (attractive) polaron
asymptotically becomes the bare exciton (molecular trion)
state with strong (vanishing) coupling to the cavity mode
[32]. The many-body polaronic states are expected to
be charge neutral [31,32], suggesting the absence of
coupling to external fields. In a recent theoretical study,
however, it was shown that neutral polarons are sensitive to
the average force on electrons, leading to a finite polaron
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transconductivity in the nonequilibrium limit—an effect
that should be observable even when polarons hybridize
with cavity photons [35].

In the present work, we demonstrate experimentally that
external electric and magnetic fields effect forces on polaron-
polaritons. In contrast to earlier proposals, we find that the
observed polariton acceleration primarily originates from a
source-drain voltage induced density gradient in the two-
dimensional electron gas (2DEG) in which polaritons are
immersed. Remarkably, we show that the direction of
the resulting force can be changed by an externally
applied magnetic field, since the induced Hall voltage
creates transverse density gradients. Finally, we extend this
approach to demonstrate spin-selective acceleration of polar-
itons when the 2DEG is in the integer quantum Hall regime.

The sample used in this study is a monolithic distributed
Bragg reflector optical microcavity with a quality factor
Q =5.5x 103 grown by molecular-beam epitaxy. The
structure contains a single optically active GaAs QW of
20 nm thickness located at the central antinode of the cavity
field. This QW is remotely doped from both sides by Si
impurities embedded in thin GaAs QWs (10 nm thickness)
located at the nodes of the cavity field. The doping QWs
thus provide electrons to the optically active QW where a
2DEG is formed with nominal electron density of n, =
0.33 x 10'" cm™2 and mobility y = 1.6 x 10° cm?> V~!s7!
(see Ref. [36] for further details on the sample fabrication).
To study the interplay between polariton transport and
2DEG physics, the sample is etched in the form of a Hall
bar with annealed electrical contacts to the 2DEG, as
depicted in Figs. 1(a) and 1(b). A photoluminescence
(PL) scan map of the sample, recorded at normal incidence
(in-plane momentum k| = 0), is shown in Fig. 1(d) out-
lining the shape of the Hall bar. The increase in emission
energy of about 3 meV/mm from left to right is due to a
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FIG. 1. Electrical and optical properties of the sample.
(a) Layout of the Hall bar and the contacts. (b) Side view of
the Hall bar. The top mirror has been etched to contact the 2DEG
located in the center QW [doping quantum wells (DQW)].
(c) Current-voltage characteristic of the device where Vp acts
as current source and V; as drain. (d) Map of the lower polariton
PL wavelength measured at normal incidence (k| = 0).

wedge in the cavity length introduced during sample
growth. The sample is cooled to a base temperature of
20 mK in a dilution refrigerator with free space optical
access enabling simultaneous position and momentum-
resolved microscopy, as well as magnetotransport experi-
ments (see Supplemental Material [37]).

We first characterize the electrical properties of our
sample by a four-point current-voltage (/-V) measurement
yielding the characteristic shown in Fig. 1(c). At low
source-drain voltage bias the /-V curve is linear with a
2DEG sheet resistivity of 210 ©/sq. Increasing the source-
drain bias to ca. £1 V, the I-V curve becomes nonlinear,
entering a regime where the externally applied electro-
chemical potential leads to a spatially varying chemical
potential across the 2DEG. At even larger source-drain
bias, the 2DEG is depleted and we recover a linear I-V
characteristic with an increased resistivity of 1500 Q/sq,
corresponding to electrical conduction in parallel channels
(see Supplemental Material [37]).

These different regimes of the 2DEG behavior have
a counterpart on the optical response of the system.
Figure 2(a) shows the angular dispersion of the polaron-
polariton states at zero source-drain bias. There, we identify
four branches resulting from the hybridization of the
cavity photon with the attractive and repulsive heavy-hole
polarons and with the light-hole resonance. The dispersive
polaron-polariton branches are well reproduced by the
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FIG. 2. Electrically controlled polariton landscape.
(a) Normalized white-light reflectivity spectra showing the
polaron-polariton dispersion at the nominal electron density.
(b) Exciton-polariton dispersion in the depleted regime
(AV; = —6 V). Dashed lines are coupled oscillators fits to the
data. (c),(d) Normalized white-light reflectivity spectra at kjj =
1.2 yum~! [vertical line in (a) and (b)] as a function of position with a
negative bias voltage applied to the left contact (AV; = —=2.4 V)
(c) and to the right contact (AV, = =2.4 V) (d).
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coupled oscillators fit shown in dashed lines. Figure 2(b)
shows the angular dispersion acquired while applying a
large bias of —6 V to the left contact and putting the right
contact to ground, AV; = —6 V [see Fig. 1(a)]. There, we
measure the typical exciton-polariton dispersion of an
intrinsic QW with anticrossings about the heavy-hole
and light-hole exciton energies, as expected from the
2DEG depletion observed in the /-V characteristic.

In between these two extremes, at intermediate bias
voltages, the electron density shows smooth spatial gra-
dients across the Hall bar as demonstrated in Fig. 2(c) for
AV, = —=2.4 V. Here, the polariton spectrum is recorded at
positions across the long axis of the Hall bar and at fixed
collection angle corresponding to kj = 1.2 um~'. On the
left-hand side, where the negative bias is applied, the
sample is devoid of electrons and the spectrum resembles
a vertical cut in the dispersion of Fig. 2(b). Moving to the
right, the electron density increases and we gradually
recover polaron-polariton spectra corresponding to the
dispersion of Fig. 2(a) as the oscillator strength is gradually
transferred from the excitonic to the polaronic resonances.
Reversing the applied electric field (AVyz = -2.4V)
inverts this density gradient, as shown in Fig. 2(d). Such
electron density gradients constitute electrically tunable
potential landscapes for polaritons which we explore in the
following to transport neutral optical excitations.

To demonstrate polariton transport, we resonantly
excite a polariton cloud and image its expansion in two
opposing electron density gradients. The excitation laser, at
1524.0 meV (813.54 nm), is linearly polarized and focused
in the central region of the Hall bar (x = 450 um in Figs. 1
and 2), thus injecting a radially expanding cloud of polar-
itons with finite k. The decaying polariton signal is
collected by the same microscope objective lens and
separated from the scattered excitation beam by polariza-
tion filtering. A finite strain along the crystalline axes in the
structure allows us to obtain this resonance fluorescence
(RF) signal by polarizing the excitation beam at 45° with
respect to the polarization eigenbasis defined by strain
(see Supplemental Material [37]). Two images, I and I,
of this RF signal are acquired under source-drain biases
of AVp = -24 Vand AV; = 2.4 V, respectively. These
two voltages were chosen such that at the injection spot on
the Hall bar, the electron densities are the same and the
gradients are of opposite signs. This choice is not necessary
but simplifies the observation of polariton acceleration, as
there is no trivial difference between dispersions and
thereby group velocities between the two images to be
compared. Figure 3(a) shows the normalized difference of
the two images, (I —I;)/(Ig + I ), clearly demonstrat-
ing the ability to route polaritons by electrical means.

In order to model this effect, we measure the polariton
dispersion at the two sides of the field of view [x = 0 and
x =50 pm in Fig. 3(a)] and perform a coupled oscillator
fit. By linearly interpolating across the field of view, we
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FIG. 3. Polariton acceleration in external electric and magnetic

fields. (a) Normalized difference between two RF images of
polariton flow in opposing electron density gradients. (b) Com-
parison with a trajectory-based model (dashed green line). The red
and blue line is a line cut of (a) at y = 25 um and the black line is
an average between y = 10 and y = 40 ym. (c)—(f) Normalized
difference between images Iy, I; as in (a) for magnetic fields:
(¢c) B=8mT, (d) B=-8mT (¢), B=40 mT, and (f) B =
—40 mT. The horizontal dash-dotted lines in (a),(c)—(f) delimit the
width of the Hall bar, the large circle is the field of view of the
microscope, and the central gray disk is the excitation spot.

characterize the lower polariton energy landscape
Eip(x, k), separately for the two density gradients used
to measure Iz and I; (see Supplemental Material [37]).
Starting from the classical Hamilton equations of motion in
one dimension (x), we propagate the experimentally
determined initial conditions k,(0) = £1.2 yum~! to pre-
dict the emission intensity /(x), again repeated for the two
energy landscapes corresponding to the two opposing
gradients. As in the experiment, we calculate the normal-
ized difference between the two cases and compare the
result (green dashed line) with the experiment in Fig. 3(b).
The red and blue colored line is a line cut through Fig. 3(a)
at y =25 ym and the black curve is an average over y
between 10 and 40 ym. Remarkably, this simple approach
allows us to obtain reasonable quantitative agreement with
our data.

We can further control the polariton flow by applying a
magnetic field perpendicular to the QW plane. In con-
junction with a finite source-drain bias, this induces a Hall
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voltage transverse to the applied potential leading to charge
redistribution in the y direction [42,43]. The combined
electric and magnetic fields now shape the electron density
gradient which can be tuned in angle and magnitude, as
demonstrated in Figs. 3(c)-3(f). Figure 3(c) corresponds
to alternating voltage biases of AVy = —2.4 Vand AV; =
—2.4 V and a fixed magnetic field of 8 mT and shows the
possibility to orient the polariton flow in a diagonal
direction. Further increasing the magnetic field to 40 mT
[Fig. 3(e)] leads to polariton transport in the up-down
direction with an intensity contrast of ca. 50%. Moreover,
flipping the sign of the applied magnetic field reverses
the direction of polariton transport, as shown in Figs. 3(d)
and 3(f).

While these results demonstrate the possibility to trans-
port dressed photons (i.e., polaritons) by electric and
magnetic fields, it should be noted that we do not observe
here a Lorentz force for photons. In particular, the force
acting on polaritons does not appear to depend on the
direction of their motion. As clearly shown in Figs. 3(e)
and 3(f), both the polaritons propagating to the left and to
the right are deflected in the same direction. The polariton
acceleration is determined only by the electron density
gradient which in turn is controlled by the combination
of magnetic field and electrical bias. In other words, the
nonperturbative coupling of polaritons to itinerant electrons
allows for the control of photons by electromagnetic forces
acting on the electronic sector. In the last part of this article,
we demonstrate how this idea can be extended to realize
transverse polariton spin currents reminiscent of an intrin-
sic spin-Hall effect when the 2DEG is close to the v = 1
integer quantum Hall state.

At low temperature and under a strong magnetic field,
the optical excitation spectrum of a high-mobility 2DEG
exhibits energy gaps due to the quantization of cyclotron
orbits. The corresponding Landau levels are further split
in energy by a Zeeman field, forming a ladder of spin
subbands for the electrons. As the occupancy of this ladder
is varied (e.g., by tuning the magnetic field), the 2DEG
undergoes phase transitions between electronic ground
states of different spin polarization S,. In particular, when
the lower spin subband of the first Landau level is
completely filled (v = 1), the electronic ground state is
an itinerant ferromagnet with strong spin polarization.
Remarkably, the fact that polaron dressing occurs exclu-
sively in the configuration where the optically excited
electron and the electrons in the 2DEG dressing cloud have
opposite spin renders the polaron very sensitive to the spin
polarization of the 2DEG. At v = 1, the polaron oscillator
strength is maximum for right-hand circularly polarized
light 6™ since most of the 2DEG electrons are in the spin-
up state, thus allowing for efficient dressing. Conversely,
the oscillator strength is reduced for left-hand circularly
polarized light 6~ due to the absence of spin-down
electrons. The ensuing variations of polaron oscillator

strength have a direct counterpart in the Rabi splittings
Q- of the corresponding polaron-polariton branches,
as shown in Fig. 4(a) and investigated in detail in
Refs. [36,44]. The degree of electron spin polarization
can be inferred from the Rabi splittings as S, ~ (Q2, —

QL)/(Q2 +Q2)~70% at v=1 (1.26 T). In this
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FIG. 4. Spin-selective polariton acceleration. (a) Normalized
white-light reflectivity spectra measured at kj = 1.2 um~! as a
function of magnetic field. The corresponding Landau level
filling factor is determined from an independent magnetotran-
sport measurement. (b) Normalized reflectivity spectra at k) =
1.2 yum~! and B = 1.1 T across the vertical y direction on the
Hall bar, with a source-drain bias AV = —0.17 V. Black points
indicate the electron spin polarization S, measured at three
different positions. (c),(d) Momentum-resolved polariton RF
emission under cross-linear polarization at 1523.8 meV
(813.62 nm) for (¢c) AVg = —0.17 V and (d) AV, = —-0.35 V.
The red dashed lines are guides to the eye. (e),(f) Normalized
difference between two RF images of right-propagating polar-
itons acquired with AVy =-0.17 V and AV, =-035V.
(e) Excitation of ¢~ polaritons at k, = —0.9 um~!, k, = 0.
(f) Excitation of ¢ polaritons at k, = —1.3 ygm™!, k'y =0.
The horizontal dash-dotted lines delimit the width of the Hall
bar, the large circle is the field of view of the microscope. The red
and blue rings in (c)-(f) show the excitation spots in real and
momentum spaces for 6 and 6~ polaritons, respectively.
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quantum Hall regime, the charge-density gradients dem-
onstrated above translate into gradients of 2DEG spin
polarization, resulting in optical spin-contrasted forces
for polaritons.

Figure 4(b) shows the evolution of the polariton spec-
trumatk = 1.2 um~!, recorded from the lower edge to the
upper edge of the Hall bar (y direction) under a voltage bias
of AVzx =-0.17 V and a magnetic field of 1.1 T. We
observe four energy branches, as expected from a vertical
cut in Fig. 4(a) near v = 1, where the two inner branches
are the o~ -polarized lower and upper polaritons and the two
outer ones are the ¢ -polarized lower and upper polaritons.
In order to calculate the degree of spin polarization, we
acquired energy dispersions at three different y positions
and extracted the Rabi splittings by a fit based on coupled
oscillators (see Ref. [37]). As can be seen in Fig. 4(b), the
degree of electron spin polarization of the 2DEG (black
marks, right axis) evolves across the Hall bar and can be
controlled electrically as demonstrated in the Supplemental
Material [37]. Remarkably, such variations in S, constitute
gradients of opposite signs for the ¢ and o6~ polaron-
polariton energy landscapes.

To investigate the resulting spin-dependent polariton
acceleration, we first perform momentum-resolved measure-
ments by imaging the polariton RF emission (see
Supplemental Material [37]). An excitation energy of
1523.8 meV (813.62 nm) is chosen to intercept both o™
and o~ lower polariton dispersions at finite k. Figures 4(c)
and 4(d) show the momentum-resolved polariton RF signal
for AVp = —0.17 V and AV; = —0.35 V, respectively. As
can be seen in Fig. 4(c), the inner ¢~ -polarized branch is
shifted toward positive k, while the outer " -polarized
branch is shifted toward negative k,. This observation
directly demonstrates an in-plane acceleration whose sign

depends on the spin of the polaritons SE” in the given
quantum state [45]. The effect is reversed in Fig. 4(d), where
the external bias and thereby the gradient in electron spin
polarization points in the opposite y direction. The real-space
counterpart of this acceleration allows for the generation of
transverse optical spin currents, reminiscent of an intrinsic
optical spin-Hall effect [46-52].

To demonstrate the generation of transverse polariton
spin currents, we inject polariton waves of well-defined
momenta by focusing the excitation beam in the back-focal
plane of the objective lens. Figures 4(e) and 4(f) correspond
to excitation at k, =—0.9 yum™", k, =0 and k, =—1.3 ym™",
ky, = 0, resulting in right propagating polaritons with ¢~
and 6" polarization, respectively. The normalized differ-
ence of the propagation images, acquired with the two
different voltage biases, indeed reveals opposite acceler-
ation of ¢~ and o polaritons along the y direction.

The spin-dependent momentum shifts demonstrated
here, although capable of generating transverse spin cur-
rents, remain fundamentally different from the usual

Rashba-type coupling at the origin of standard spin-Hall
effects. Instead, the interaction reported here is analogous
to a force for photons, where the spatially varying
electron spin polarization (S,) acts as an accelerating

potential, sorting polaritons of different spin (S2”) in
different directions:

thoton ~ SIZ)OIVSZ' (1)

It should be noted that the evolution of electron spin
polarization around v = 1 quantum Hall plateau is widely
believed to involve the proliferation of skyrmions in the
quantum Hall ferromagnetic state due to the interplay
between Zeeman and Coulomb energies [53]. The spin-
singlet polaron-polariton dressing thus constitutes a new
interface for coupling the optical spin of photons to the
electronic spin excitations of 2DEGs. The behavior of
such interactions in the fractional quantum Hall regime
where excitons may be dressed by fractionally charged
quasiparticles as well as the residual interactions between
these fractional quantum Hall polaritons remain to be
explored [54].

In summary, we demonstrated novel ways of controlling
photons with external electric and magnetic fields, which
are enabled by their hybridization with polarization waves
in a medium. While these results were obtained in the
context of exciton-polaritons interacting with electrons, we
highlight that the underlying mechanism is general and
could allow for the electrical control of photons hybridized
with other kinds of polarization waves such as phonons or
plasmons, provided that the quanta of polarization con-
currently interact with free electrons or holes.

A nonequilibrium electron density gradient is shown to
act as an effective electric field for polaron-polaritons
which is tunable in strength and direction. We foresee that
this effective electric field could be further controlled by
tailoring the 2DEG density, e.g., using patterned electrodes.
By mapping the energy landscape of the lower polariton,
we reach quantitative agreement between a simple trajec-
tory-based model and the observed polariton acceleration.
Our experiment constitutes an alternative to the already
proposed polariton drag effect for exerting electromagnetic
forces on neutral optical excitations [18,35]. We emphasize
that the electron density gradients we exploit are generic for
low-density 2DEGs when large source-drain voltages are
applied and therefore need to be considered in view of
polariton drag experiments.

In the integer quantum Hall regime, we demonstrated
that electron spin depolarization, induced by the prolifer-
ation of skyrmions as the electron density gradient pushes
the system away from v = 1 filling, constitutes a scalar
potential for the optical spin of photons and results in spin-
dependent accelerations. This observation opens a new
interface between optical and electronic spin sectors as
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magnetic excitations of the 2DEG, such as magnons, could
be used for spin-selective drag of photons.

The data that support the findings of this article are
available in the ETH Research Collection [55].
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