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each of the cases depicted in Fig. 4A and observed
that as vy, was increased, the Praman-threshold -
creased at first but then decreased (Fig. 4B).

These observations are in stark contrast with
what one would expect in conventional systems,
where the higher the loss, the higher the lasing
threshold. Surprisingly, in the vicinity of an EP,
less loss is detrimental and annihilates the pro-
cess of interest; more loss is good because it helps
to recover the process. This counterintuitive effect
happens because the supermodes of the coupled
system readjust themselves as loss is gradually
increased. When the loss exceeds a critical value,
one supermode is mostly located in the subsystem
with less loss and, thus, the total field can build up
more strongly (20). As our results demonstrate,
this behavior also affects nonlinear processes, such
as thermal broadening and Raman lasing, that
rely on intracavity field intensity.

Our system provides a comprehensive plat-
form for further studies of EPs and opens up new
avenues of research on non-Hermitian systems
and their behavior. Our findings may also lead to
new schemes and techniques for controlling and
reversing the effects of loss in other physical sys-
tems, such as in photonic crystal cavities, plas-
monic structures, and metamaterials.
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QUANTUM ELECTRONICS

Cavity quantum electrodynamics
with many-body states of a
two-dimensional electron gas

Stephan Smolka,* Wolf Wuester,">* Florian Haupt,' Stefan Faelt,»>

Werner Wegscheider,? Ata¢ Imamoglu't

Light-matter interaction has played a central role in understanding as well as engineering
new states of matter. Reversible coupling of excitons and photons enabled groundbreaking
results in condensation and superfluidity of nonequilibrium quasiparticles with a photonic
component. We investigated such cavity-polaritons in the presence of a high-mobility
two-dimensional electron gas, exhibiting strongly correlated phases. When the cavity was
on resonance with the Fermi level, we observed previously unknown many-body physics
associated with a dynamical hole-scattering potential. In finite magnetic fields, polaritons
show distinct signatures of integer and fractional quantum Hall ground states. Our results
lay the groundwork for probing nonequilibrium dynamics of quantum Hall states and
exploiting the electron density dependence of polariton splitting so as to obtain ultrastrong

optical nonlinearities.

trong electric-dipole coupling of excitons

in an intrinsic semiconductor quantum

well (QW) to microcavity photons leads to

the formation of mixed light-matter qua-
siparticles called cavity-polaritons (7, 2). In
contrast to excitons, optical excitations from a
two-dimensional electron gas (2DEG) show many-
body effects associated with the abrupt turn-on of
a valence-band hole-scattering potential. The re-
sulting absorption spectrum exhibits a power-law
divergence, stemming from final-state interac-
tion effects that lead to orthogonal initial and
final many-body wave functions, and is referred
to as Fermi-edge singularity (3). Despite initial
attempts (4-6), the nature of strong coupling of a
Fermi-edge singularity, rather than an exciton, to
a microcavity mode remained largely unexplored.
We investigated a 2DEG in a modulation-
doped GaAs QW embedded in a distributed
Bragg reflector (DBR) microcavity (Fig. 1A). We
used this system to analyze two distinct prob-
lems: In the absence of an external magnetic
field (B, = 0), optical excitations from a 2DEG
are simultaneously subject to Coulomb inter-
actions and strong cavity coupling, which lead
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to the formation of Fermi-edge polaritons—a
many-body excitation with a dynamical valence-
hole scattering potential (7). In the B, # 0 limit,
we establish cavity quantum electrodynamics
(QED) as a new paradigm for investigating in-
teger and fractional quantum Hall (QH) states
(8) in which information about a strongly cor-
related electronic ground state is transcribed
onto the reflection and transmission amplitudes
of a single-cavity photon.

The dispersion of the relevant electronic states
when B, = 0 is shown in Fig. 1B, left. The Fermi
energy Ey is tuned by applying a gate voltage (V)
between a p-doped GaAs top layer and the 2DEG.
When B, # 0, the electronic states form discrete
Landau levels (LLs) (Fig. 1B, right). Each (spin-
resolved) LL has a degeneracy e B,/h; the filling
factor v = n, h/(e B,) determines the number of
filled LLs at a given electron density 7.. We studied
two different samples with gate-tunable n,: sam-
ple A exhibits an electron mobility of u = 2 x
10° cm?(Vs) " at 72, = 1.0 x 10 em 2 (9). Sample B
exhibits an order-of-magnitude-higher mobility
of u = 2.5 x 10° em*(Vs) ™ at 7, = 2.3 x 10" em ™2

The differential reflectivity (dR) (9) spectra of
sample A (blue) is shown in Fig. 1D as the elec-
tron density 7, in the 2DEG is varied from 7, <
2 x 10° em™ to 7, = 8 x 10 em™ The cavity
mode is visible as a dR peak at 1521 meV.
Changing 7., modifies the nature of elementary
optical excitations: At low electron densities
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(ne < 2 x 10" em™), the QW spectrum is dom-
inated by the heavy-hole exciton X]?h peak. The
weak resonance on the red side of X} stems
from the excitation of a bound state of two elec-
trons and one hole (X, trion). For 2 x 10° em™ <
N < 8 x10™ cm™, the trion transition emerges as
the dominant feature in the spectrum. Increasing
n, leads to an asymmetry in the X line shape and
a blue-shift of its center frequency (0). Last,
for n. > 8 x 10" ecm™ the absorption spectrum
is dominated by an asymmetric resonance at the
Fermi edge (1I). Photoluminescence (PL) spec-
tra, obtained after tuning the cavity mode to
1531 meV, is shown with dR in Fig. 1D in orange. For
e > 6 x 10 ecm™ the PL spectrum (12) exhibits
a double-peaked structure with a total width
that agrees well with Er, which was estimated
by using independently determined 7. (9).

We first address the confluence of Fermi-edge
singularity and nonperturbative light-matter cou-
pling (Fig. 2). In stark contrast to earlier work
on edge singularity physics, our system exhibits
a dynamical hole-scattering potential due to
vacuum Rabi oscillations in the final state of the
optical transition, and a finite hole recoil in-
duced modification of the cavity-2DEG coupling.
Prior work—based on a fixed n, 2DEG embedded
in a microcavity—demonstrated normal-mode
splitting at a relatively high temperature of 2 K
and used single-particle transfer-matrix calcu-
lations to obtain a fit to the data (5). However,
we show that only by measuring the polariton
dispersion as well as the n., mobility, and tem-
perature dependence of the vacuum Rabi cou-
pling is it possible to develop a consistent picture
of the underlying many-body physics.

To demonstrate nonperturbative light-matter
coupling, we fixed 7, to 1.2 x 10" em™ in sample

A and tuned the cavity mode across the absorp-
tion edge at Er. When the cavity frequency E. is
resonant with Er (Fig. 2A), we observe normal-
mode splitting of 2g = (2.0 £ 0.1) meV, with g
denoting the dipole-coupling strength. Because
2g is larger than the bare-cavity linewidth I’ =
1 meV, it is concluded that the system is in the
strong coupling regime of cavity-QED, where the
elementary optical excitations could be described
as trion/Fermi-edge polaritons (5, 13). In con-
trast to the exciton-polariton excitations observed
in undoped QWs coupled to microcavities (1),
in our case the upper polariton is substan-
tially broader than the lower polariton. This
broadening and the asymmetry stem from the
shake-up of the Fermi sea that accompanies
bound-trion or Fermi-edge resonance forma-
tion (6).

The dispersion of Fermi-edge polaritons is
shown in Fig. 2B. The data were obtained by
measuring angle-resolved dR spectra (14) for a
cavity detuning that yields minimal normal-mode
splitting at normal incidence (Fig. 2A). We ob-
served two split branches, each with an ultra-small
effective polariton mass, which is approximately
twice as large as that of the bare cavity-photon
mass (9).

In order to study the density and mobility
dependence of the Fermi-edge polaritons, we
recorded the polariton excitations versus detun-
ing from the Fermi edge at 7. = 1.6 x 10" cm ™
on the high-mobility sample B (Fig. 2C). The
data shows a significantly smaller normal-mode
splitting as compared with that of sample A4
(Fig. 2A), which is a consequence of weaker hole
confinement owing to higher n, and mobility. A
detailed study of the normal-mode splitting at
resonance as a function of n, is presented in

Fig. 2D, showing a clear decrease from 2g = (2.0 +
0.1) meV to 2g = (13 + 0.2) meV as the density is
increased from 7, = 0.8 x 10" cm™ to 7, = 1.6 x
10" ecm™2 (9). The scattering of an electron with
momentum ~kp on the Fermi surface is accom-
panied by a hole momentum Kick, leading to a
hole recoil energy E, (15). A larger hole recoil
partially inhibits the formation of the electron
screening cloud as n.(kr) is increased, resulting
in the observed reduction of the normal-mode
splitting.

Remarkably, polariton excitations depend
strongly on temperature as well. When we com-
pare the n. = 0.9 x 10" cm™2 dR spectrum at 7' =
0.2 K with the one at 7' = 4 K (Fig. 2D, inset), we
observe that the normal-mode splitting disap-
pears at T = 4 K. This observation is striking
because the corresponding splitting at 7= 0.2 K
(2g = 1.3 £ 0.2 meV) is larger than the thermal
energy Er =345 peVat 7' = 4 K

Our experimental findings point to a scenario
in which the nonperturbative cavity-QW cou-
pling leads to the formation of Fermi-edge po-
laritons for 7. > 8 x 10" ecm™. In contrast to the
Fermi-edge singularity associated with screen-
ing of a localized hole by the Fermi sea (4, 6),
these new many-body optical excitations are de-
localized as demonstrated by the polariton dis-
persion (Fig. 2B). A key requirement for the
observation of Fermi-edge polaritons is that the
cavity-QW coupling strength exceeds E,: in this
limit, the enhancement of the 2DEG-cavity cou-
pling by optical excitations with energy > Ep +
E,. ensures strong coupling, albeit with reduced
normal-mode splitting. This conclusion is sup-
ported by the reduction of normal-mode splitting
(Fig. 2D) with increasing 7., or equivalently, in-
creasing E, observed in the high-mobility

A B E B,#0 C T T T
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- 500 20
- = LLO,
E . = s
’ E g’x v=2 =<
Es < 250t 10
BZ
0 b ! . . 0
T > 0 2 4 6 8
ku B (M)
D 1500
Fig. 1. Cavity QED in a two-dimensional electron system. (A) The sample consists of a o
modulation-doped 20-nm GaAs QW inside a DBR microcavity. (B) (Left) Dispersion of the n.<2x10"cm
conduction and valence bands at B, = O T; Eg and Er denote the band gap and Fermi energy, S
respectively. (Right) For B, # O, the bands split into discrete Landau energy levels; electron-hole & )
i ! L i i ) ) I — n,=4x10"cm?
pairs TU can be excited with 6~ polarized light, and electron-hole pairs 41 can be excited with6* & °
polarized light, into the corresponding (electron) spin-split Landau levels (LLO). (C) Magnetotrans- .
port measurements of the resistivity p, and py, of wafer B at an electron density of ne = 2.3 x g n,=6x10"cm?
10" ¢cm™. (D) dR (blue) and photoluminescence (orange) spectra of sample A for different —
electron densities at T = 0.2 K. The spectra are vertically shifted for clarity. The uncertainty in the % o
estimated electron density for the plots with ne = 4 x 10'° cm™ is ~2 x 10%° cm™. n.=8x10"cm
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sample B. Conversely, the persistence of polar-
iton splitting implies that the hole population
in the QW exhibits Rabi oscillations, leading
to a time-dependent scattering potential.

In contrast to the B, = 0 limit at which the
initial state of the optical transition is a Fermi
sea without interaction-induced correlations,
the electronic states for B, # 0 in the absence
of photonic excitations are QH states. We an-
alyzed polariton excitations out of these many-
body states by performing polarization-resolved
dR measurements. Because the absorption of
right-hand circularly polarized ¢* light generates a
spin-down |]) electron and a |ft) heavy-hole,
and absorption of left-hand circularly polarized
o~ light generates a spin-up |1) electron and a | )
heavy-hole, the observed spectrum is highly sen-
sitive to spin polarization-dependent phase-space-
filling. When the magnetic field is increased, the
filling factor v is reduced, allowing optical ab-
sorption into LLs that are no longer (complete-
ly) filled. In Fig. 3, A and B, the cavity resonance
on sample B is tuned to E = 1523.8 meV. In the
low field range (B, = 0 — 2 T), absorption into
higher lying empty LLs (v = 2), enabled by the
weak off-resonant coupling of these resonances
to the cavity mode, is visible.

The reflection spectrum from the lowest LL
(LLO) at ne = 14 x 10" cm™ (Fig. 3, A and B)
shows that a finite polariton splitting emerges
at B, ~ 3 T (v ~ 2). To study the resonant inter-
action between the cavity mode and the optical
excitations of QH states, we fixed B, = 3 T, tuned
the cavity to resonance with the LLO spin-up (¢")
transition at v = 2, and varied 7, through V. For
both light polarizations, only the bare cavity res-
onance is visible for v > 2 because phase-space-
filling blocks all 2DEG optical excitations at E,.
(Fig. 3, C and D). In contrast, a normal-mode
splitting appears for v < 2; the splitting grows
monotonically as 7, is reduced because the num-
ber of available final states is thereby increased.
The normal-mode splitting of ¢ polarization
starts at higher v than the one of ¢, suggest-
ing that 2DEG electrons remain spin-polarized
for 1.7 < v < 2.0.

Unlike the B, = 0 case, the normal-mode
splitting at B, # O is comparable with that of
a heavy-hole exciton polariton in the limit 7, —
0, pointing to a reduced screening of electron-
hole attraction. The dominant optical excitations
into LLO for 1 < v < 2 can be described as heavy-
hole singlet trions (16) because the strongest
binding energy and the highest optical oscil-
lator strength would be obtained for a complex
of two electrons of opposite spin in the same
electronic orbital m of size = a,,, = \/h/eB, and
a heavy-hole with a strong spatial overlap. Such
a trion could have an absorption strength
comparable with that obtained for an exciton
because the magnetic length a,, is comparable
with the exciton Bohr radius for B, ~ 5T.

By increasing the magnetic field to B, = 4.9 T,
we explored polariton excitations around v = 1.
In Fig. 3, E and F, we see a drastic change in the
optical response: Whereas the normal-mode split-
ting collapses for ¢~ light, it increases sharply for
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Fig. 2. Experimental signatures of Fermi-edge polaritons. (A) dR spectra taken from sample A as
a function of cavity detuning & from the Fermi edge at T = 0.2 K and n = 1.2 x 10* cm~2. (B) Fermi-
edge polariton energy dispersion obtained at T = 1.6 K, n, = 1.2 x 10" cm™, and & = 0. The dashed
straight line depicts the Fermi energy. The blue color-coded area displays low dR signal, and the red
color-coded area displays high dR signal. (C) dR spectra measured on sample B versus cavity de-
tuning at T= 0.2 K and n, = 1.6 x 10* cm™. (D) dR spectra for different densities from sample Bat s = 0
and T = 0.2 K for n,=0.8 x 10" cm™ (black), ne = 1.2 x 10" cm™ (green), and ne = 1.6 x 10™ cm™ (red).
The spectra shift to higher energies as the density increases due to the increasing Er. (Inset) dR spectra
for two different temperatures of T = 0.2 K (red) and T = 4 K (black) at 8 = 0. In both cases, we have

ne = 0.9 x 10 cm™2.

o". This feature shows the emergence of a high
degree of spin polarization, which we associate
with the v = 1 integer QH state (17, 18). In case
of full spin polarization, the oscillator strength
(cc g% of the o™ polariton excitations is maximum
because no ||) states are occupied. For v = 1,
the degree of spin polarization, P = (g2, - g2.)/
(g2. + g2 ), is determined from the measured
minimum normal-mode splittings and found to
be P = 90 + 10%. The error arises primarily from
the measurement uncertainty of the individual
splittings and simultaneous coupling to higher
lying optical transitions. As we moved away to
both sides from v = 1 by changing either V, or
B,, we observed a symmetric decrease of the
normal-mode splitting for the ¢~ polariton exci-
tations and a symmetric increase of the normal-
mode splitting for the ¢* polariton excitations,
which we attribute to spin-depolarization due
to skyrmion excitations (19).

In order to investigate fractional QH states, we
tuned E, into resonance with the ||)-transition
of LLO at v = 2/3. dR spectra at B, = 6 T as a
function of 7, is presented in Fig. 4, A and B.
For v = 2/3, we observed a small decrease in
the normal-mode splitting for the ¢~ polariton
modes and a small increase in the normal-mode
splitting for the ¢* polariton modes, which points
to enhanced spin polarization associated with

the v = 2/3 fractional QH state (20, 21). The small
change in the splitting stems from the sizeable
degree of spin polarization that persists for
Vv < 1 and the fact that even for complete spin
polarization at v = 2/3, one third of the states in
the spin-up LLO are available for excitonic excita-
tions. To highlight the variations in the normal-
mode splitting, we plot in Fig. 4C the energy
difference AE;p between the dR peaks of the ¢*
and o~ lower polariton branches as a function
of v at B, = 6 T (blue circles): A local maximum
in AErp around the fractional QH state v = 2/3
signifies spin polarization (22-25). To confirm that
the peak in AE;p at v = 2/3 does not have an au-
xiliary origin, we spatially tuned the cavity mode
to E, _ ; (Fig. 4C, red squares) and found that
the local maximum in AE;p at v = 2/3 persists.

It has been previously established that a phase
transition from an unpolarized v = 2/3 to a po-
larized v = 2/3 QH ground state takes place at
a critical magnetic field B, that depends strong-
ly on the effective width of the electron wave
function (26, 27). At a lower magnetic field of
B, =4.9T (Figs. 3, E and F), we did not observe
a local maximum in AE;p at v = 2/3 (Fig. 4C),
suggesting that the excess spin polarization is
lost; this observation is consistent with a phase
transition from an unpolarized to a polarized v =
2/3 state.
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Fig. 3. Integer QH polariton excitations. (A and B) Polarization-resolved
dR measurements versus magnetic field of sample B at a constant cavity
energy of E, = 1523.8 meV and an electron density of n = 1.4 x 10" cm™
(Vg = =4 V). (C and D) Polarization-resolved dR measurements versus V,
around v = 2 when the cavity energy is on resonance with the lowest
Landau level (B, = 3 T). The blue color-code represents low dR signal, and
the red color-code represents high dR signal. ¢* corresponds to right-hand
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circularly polarized light, and ¢~ corresponds to left-hand circularly po-
larized light. (E and F) Polarization-resolved dR measurements as a func-
tion of the filling factor obtained by changing V around v = 1 at a magnetic
field of B, = 4.9 T for ¢*- in (E) and o -polarized light in (F). The spectral
white light power in (A) and (B) is P = 15 pW nm™™. In (C) to (F), we used a
spectral power P = 0.2 pW nm™; the plotted data are an average over 150
measurements.
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Fig. 4. Fractional QH polariton excitations. (A and B) Polarization-resolved dR measurements
versus V performed on sample B when the cavity energy is on resonance with the lowest Landau level
(B, =6T).The color-code is the same as in Fig. 3. (C) The energy difference, AE|p = E(LP,-) — E(LP,.), of
the 6~ and ¢* lower polariton branches versus filling factor for different magnetic fields and resonance
conditions. Blue circles (B, = 6 T) correspond to data obtained when the cavity is tuned into resonance
with LLO around v = 2/3; red squares (B, = 6 T) and green triangles (B, = 4.9 T) show data obtained
when the cavity is tuned into resonance with LLO around v = 1 (data were analyzed from the same scan
as in Fig. 3, E and F).

Our B, = 0 experiments reveal a previously
unknown cavity excitation-induced strongly
correlated state that requires a new theoretical
framework to describe a mobile 2DEG impurity
in a cavity-QED setting. Furthermore, B, # 0 ex-
periments establish cavity-QED as an invaluable
spectroscopic tool for investigating and manip-
ulating properties of many-body states in a 2DEG.
By increasing the cavity lifetime, it should be
possible to enhance the measurement sensitiv-
ity and to observe the incompressibility-induced
modification of the polariton splitting. Semi- | ,
integrated cavity structures not only allow for a
factor of 20 increase in lifetime but also enable
tuning the electric-dipole coupling strength (28).
More intriguing possibilities raised by our obser- | 5
vations include observation of nonequilibrium

dynamics after an optical quench into a frac-
tional QH state. Last, the system we consider in
the B, = 0 limit could also be viewed as a new
nonlinear optical system in which 7, of the 2DEG
can be used to change the effective Bohr radius
and consequently the strength of polariton-
polariton interactions (29).
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