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Excitons are bond states of electron-hole pairs formed through Coulomb
interaction. While excitonic phases have been widely studied in semi-
conductors and quantum Hall double-layers, prior works largely focus on bulk
systems with large number of excitons, limiting their applications in quantum
devices. Here, employing the approach of quantum Hall antidot with two
spatially separated edge channels, we demonstrate a type of quantum Hall
quasiparticle exciton which represents a quantum-coherent bound state of an
electron and a hole situated on their corresponding edges coupled through
intralayer tunneling and Coulomb interaction. This approach allows localiza-
tion and electrical tuning of individual quantum Hall excitons. Quantum-
coherent dynamics of exciton are observed in the gate-dependence of antidot
conductance peaks near the electron-hole resonance, which signifies a quan-
tum superposition of vacuum- and electron-hole pairing states. Modeling the
electron-hole pair as a coupled two-level system, semi-quantitative under-
standing of experimental observations is achieved. This work opens avenues

for creating quantum systems of multiple quantum Hall quasiparticles.

Solid-state systems have been a major area for the development of
quantum devices and circuits owing to their advantages in scalability,
electrical control, and constant progress in size reduction down to the
nanoscale level. This combination of characteristics allows manipula-
tion of individual quasiparticles associated with the states of charge'®,
spin’ ™, magnetic flux and superconducting phase™?, or more com-
plex combined degrees of freedom. In this context, a two-dimensional
(2D) electron quantum Hall (QH) system has been a unique platform
that, in addition to the basic integer charge states, hosts the more
exotic quasiparticles associated with fractional QH (FQH) abelian and
non-abelian anyonic states®”, and excitons in double-layer QH
systems”* which exhibit Bose-Einstein condensation (see, e.g.,
ref. 33) and unusual quantum solids*. Evidence of the anyonic
exchange statistics was obtained in the edge modes-based Fabry-Perot
QH interferometer>° and in the anyon collisions*.

Another experimental platform that utilizes QH edge modes is
QH antidot*** in which the edge modes encircle the maximum of an

electrostatic potential, forming closed orbits. Quantized energy
levels obtained in this way can localize individual QH quasiparticles,
including those with fractional charge and statistics, and provide
the basis for their manipulations. Coulomb-blockade-type correla-
tions among the quasiparticles on the antidot, combined with the
discrete antidot energy spectrum, control the number of quasi-
particles and minimize the phase space for scattering, hence
enhancing quantum coherence. Resonant tunneling through the
antidot energy levels has successfully demonstrated the fractional
charges of FQH quasiparticles**~*¢. The fractional exchange statis-
tics of the anyonic quasiparticles are also theorized to be obser-
vable through transport measurement in multi-antidot molecule
systems*’. Beyond single antidot atoms, however, while there has
been experimental evidence of the double-antidot transport in
accidental*® and defined** structures, creating controllable and
quantum-coherent multiple QH quasiparticle systems remains lim-
ited and challenging.
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One of the archetypal interacting multi-particle quantum systems
is an exciton, a bound state of an electron-hole pair formed through
Coulomb attraction. In QH double-layers, interlayer Coulomb inter-
actions can induce excitonic states from the spatially separated elec-
trons and holes on their corresponding layers, forming a bosonic
condensate’® ., QH quasiparticle-associated excitons offer the
potential of creating quantum states combining interaction effects and
non-trivial quantum statistics. However, to date, the study on QH
excitons has been largely limited to the bulk systems with a large
number of excitons.

In this work, employing the platform of a quantum Hall antidot
with two spatially separated electron- and hole-edge channels, we
demonstrate a coherent and interacting quantum state of an individual
localized exciton. Quantum-coherent dynamics of excitons are
observed in the gate dependence of antidot conductance peaks near
the electron-hole resonance, which signifies a quantum superposition
of vacuum- and electron-hole pairing states. Modeling the electron-
hole pair as a coupled two-level system, semi-quantitative agreement
with the experimental observations is achieved.

Results

Figure 1a illustrates the basic principle of such a QH antidot exciton in
comparison with a conventional exciton. A conventional exciton forms
in the free space of a semiconductor by exciting a valence electron.
The resulting hole in the valence band and the excited electron form an
excitonic pair through Coulomb interaction, with energy lower than
the conduction band edge. A QH antidot exciton, on the other hand,
forms in a pair of closely placed QH antidot edge modes hosting an
electron and a hole. The quantum tunneling of an electron from the
hole-edge mode to the electron edge mode creates a coherent
electron-hole pair, which, through Coulomb interaction, forms an

excitonic state with reduced ground state energy. In contrast to the
interlayer QH excitons (Fig. 1b), a QH antidot exciton is localized
individually and created via intralayer Coulomb interaction and
tunneling.

While Coulomb-blockade transport of individual excitons has
been studied in quantum dots*~! as one of the approaches to the
development of “on-demand” single-photon sources, and continue to
attract practical interest up to now (see, e.g., ref. 52 and references
therein), the distinct element added by our antidot structure to the
manipulation of the individual excitons is quantum coherence
between the electron and the hole parts of the exciton. Such quantum
coherence within the individual excitons is potentially useful for
quantum information applications, e.g., as an interface for quantum
information transfer between the photons and the antidot qubits.
From the point of view of qubits, electron-hole attraction within the
exciton enhances the energy gap between the qubit states beyond the
typically not-so-large tunnel coupling of these states, something that
would be beneficial in many different contexts, most directly, in the
case of the ground state quantum computing®.

The experimental platform studied in this work is a graphene-
hexagonal boron nitride (hBN) heterostructure illustrated in Fig. 1c,
with hBN encapsulated monolayer graphene tunable by two graphite
gates (see Supplementary Information (SI)). The bottom graphite gate
tunes the carrier density uniformly throughout the whole monolayer
graphene channel. The top graphite gate is patterned with an antidot
and two couplers etched out. The diameter of the antidot here is
D ~180nm. The couplers point toward the antidot with an edge-edge
distance of ~-80 nm at the closest points. Combining the top and bot-
tom gates, carrier density and QH filling factor can be separately
adjusted inside the antidot and coupler region, v = %, and outside,
V= %. Here n and n’ are the corresponding local carrier densities, A is

|

(a) (b)
Conventional
E E E
¢
S \E, QH bilayer
P p = p \, |
‘® ‘. L@ \\
QH-edge 2 i v :
D Lo
e-orbit e -
h-orbit
(c) (d)
1 7
FLG
hBN
MLG f -->@ - f
hBN

Fig. 1| The basic principle of the QH exciton and the experimental scheme. a A
schematic showing the principle of the QH edge mode exciton formed by intralayer
Coulomb interaction, and its comparison with the conventional exciton. The red
and the blue arrowed circles correspond to the orbits of the electron and hole chiral
edge modes. b Schematic showing the principle of the QH bilayer exciton, formed
by interlayer Coulomb interaction. ¢ A schematic of the sample consists of a

heterostructure of patterned few-layer graphite (FLG) top gate, hBN, monolayer
graphene (MLG), hBN, and FLG bottom gate. d QH edge modes on a graphene
channel, including the bulk edge modes and the top gate-defined edge modes at
the couplers and the antidot. The edge modes form at the boundaries of different
filling factors. The red and blue arrowed lines correspond to the electron and hole-
edge modes. The dotted arrows indicate where tunneling can happen.
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Planck’s constant, e is the electron charge, and B is the external mag-
netic field. When the corresponding numbers of the filled Landau
levels (f and f', positive on the electron side and negative on the hole
side) are different between the two regions, QH edge modes form at
the boundaries of the antidot and the couplers. As a result of quantum
confinement (particle in a ring), the energy of the QH edge modes
encircling the antidot becomes quantized:

2

with energy level spacing: A= ZZ% in a fixed magnetic field"**® (see
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SI). Here, j is an integer which indexes the quantization energy levels,
Uqu is the QH edge mode velocity, Dy, is the effective diameter of the
antidot edge mode, @ is the magnetic flux through the antidot, and
Dy = g is the magnetic flux quantum. The occupation of the energy
levels can be tuned through the gate voltage, while a magnetic flux
shifts the manifold of the levels, manifesting the Aharonov-Bohm
effect. When the distance between the couplers’ and the antidot’s edge
modes is sufficiently small, coupling between the bulk edge modes
through the antidot takes place and lowers the transverse resistance

R; = V‘;"’ (I being the electric current flowing through the I' and I
electrodes) which can be characterized through the transport mea-
surement in the configuration shown in Fig. 1d. In the regime when the
bulk graphene is tuned to a QH plateau with quantized resistance Ry,
the antidot tunneling conductance can be measured from the corre-

sponding resistance valley: G4, = R—IT — ot

Ron®

The basic signature of QH antidot tunneling is illustrated in Fig. 2a
under the simplest configuration where the antidot and the couplers
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Fig. 2 | Transport characteristics and tuning of QH antidot. a Resistance oscil-
lations on the f' = — 2 plateau from antidot tunneling, under zero back gate vol-
tage. b Charge stability diagram for antidot tunneling on the f' = — 2 plateau,
showing the bias voltage (V) and V; dependence of the differential resistance.
The dotted lines are guides to the eyes to some of the conductance peaks. Here
back gate voltage is Vg; =0.08V. ¢ Tuning antidot tunneling through the dual
gates. The color map shows the v’ dependence of transverse resistance on the lower
density side of the f' = — 2 plateau over a wide range of v. The bright-colored dots
correspond to the resistance valleys on a background of the f' = — 2 plateau. Four
characteristic regimes are labeled, with their corresponding Landau level energy

are within the f =0 insulating gap, while the outside bulk is on the

"= — 2 QH plateau. Here, consistent with the prior studies on physi-
cally etched QH antidots***¢, the emergence of quasi-periodic resis-
tance valleys on a QH plateau, associated with tunneling through
discrete antidot levels, is observed in our gate-defined QH antidot
device. Each resistance valley corresponds to adding a single hole
charge onto the antidot®. Figure 2b goes beyond the linear con-
ductance and demonstrates the top gate voltage and bias voltage
dependencies of resistance (charge stability diagram). The dotted lines
highlight the discernible Coulomb diamonds and excited states. We
note that compared to typical quantum dots, the Coulomb diamond
features are less pronounced in the QH antidot. This may be due to (1)
break-down of the quantized plateau resistance under finite bias vol-
tages which adds a bias-dependent background; (2) small Coulomb
energy due to the relatively large antidot size and screening from the
hBN dielectric layers; (3) asymmetric tunneling amplitude between the
antidot and the two coupler, which results in nearly invisible resonant
tunneling traces at the positive-sloped boundaries of the Coulomb
diamonds. From this diagram, the on-site Coulomb repulsion energy
and quantization energy spacing on a f'= —2 QH plateau in a 1T
magnetic field can be estimated to be U ~ 1ImeV and Ae ~ 0.7meV,
respectively. More examples of charge stability diagrams and Coulomb
diamonds showing a similar energy scale can be found in the SI. Based
on the quantization energy, the QH edge mode velocity of
Von= % ~10°m/s can be estimated, which is in qualitative agree-
ment with the previous reports on edge mode velocity in QH

interferometers®*, The measured on-site Coulomb energy of one
edge state can be understood considering a localized ring of charge

density with thickness on the order of the magnetic length [; = \/%,

and partially screened by the nearby gate electrodes:

density side

0.45

diagrams illustrated. The Landau level diagrams are across the center of the antidot
and couplers, reaching the bulk edges of the graphene channel, as indicated by the
dotted line on the device schematic in the color map inset. In the inset, the blue and
the apricot regions illustrate the antidot/couplers and the bulk regions, respec-
tively. In the Landau level diagrams, the red and blue lines correspond to electron
and hole Landau levels, respectively. The number on each Landau level indicates its
degeneracy. Around the antidot, the Landau level energy is quantized into discrete
energy levels due to the quantum confinement effect on the closed edge modes. In
regimes I and IV, antidot tunneling is suppressed by the large tunneling distances
between the edges. Regimes Il and III allow antidot tunneling.
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Fig. 3 | Localized QH exciton on an antidot. a Top gate-dependent transverse
resistance showing quasi-periodic valleys on the f' = — 1 plateau. Inset: shift of
resistance oscillations under varying magnetic fields. The curves are displaced on
the y-axis for clarity. b Color-mapped antidot tunneling conductance versus doping
inside and outside the antidot. The yellow dotted straight lines trace the random
jumps in conductance peak traces along constant top gate voltages. The black
dotted curves are guides to the eyes for the anti-crossing-like features, which are
associated with tunneling through the electron-hole pairing states. The yellow
dotted rectangle highlights a pronounced exciton state, which is discussed quan-
titatively in the text. ¢ Antidot tunneling conductance curves inside the yellow
dotted rectangle in (b), shifted in the y-axis direction for clarity. The dashed lines
highlight the evolution of the position of the conductance peaks. d Qualitative
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schematic showing gate tuning of the antidot levels for the outer (hole) and inner
(electron) antidot modes. The red and blue lines correspond to electron- and hole-
associated levels, respectively. Bottom right plot: the energy levels spread out with
increasing magnitude of top gate voltage. Due to the energy offset between the
f' = +1Landau levels (sg), the electron- and hole- antidot levels can cross each
other, resulting in resonances and pairing. Here we highlight the shift of an electron
level and a hole level (thick red and blue lines in the £(V ) plot and the red and
blue solid circles in the Landau level diagrams) under changing top gate voltage,
with corresponding Landau level diagrams at top gate voltages of O, V, and V,
shown in panels ®, ®, and ®@. Panel @ inset: device schematic where Landau level
diagrams are along the dotted line. The blue and the apricot regions illustrate the
antidot/couplers and the bulk regions, respectively.
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U In {(1+ “%{Z) + 2%} (see SI). Here, €5y ~ 3.5+ 0.2 is the

dielectric constant of hBN, and tgzy ~10nm is the effective hBN
thickness for the screening effect from both graphite gates. The
observed Coulomb energy of U ~ ImeV suggests an antidot mode
circumference of L ~ 600nm, i.e., Dy, ~ 190 £10nm. This is con-
sistent with the similar but slightly smaller diameter of the antidot in
the top graphite gate (D ~ 180nm).

The gate-control of the antidot tunneling is illustrated in Fig. 2c.
The main panel shows the tunneling resistance versus the filling inside
(v) and outside () the antidot/couplers regions. Sharp bright dots
(resistance valleys) signify the antidot tunneling on the QH plateau of
Ron= % (f' = — 2), coarsely sampled over a wide range of filling factor
v in the antidot/couplers regions that are tuned by the back gate. Four
characteristic (f,f’) combinations are highlighted with their corre-
sponding Landau level energy diagrams. The spatial profiles of the

Landau level energy (in relation to the chemical potential) are tuned
through the patterned top gate, while the back gate uniformly shifts
the chemical potential throughout the whole channel. The QH edge
modes are located where the Landau levels cross the chemical
potential u. The edge mode tunneling strength depends sensitively on
the spatial separation between the coupler and antidot edge modes,
adjusted by the dual gates. To enable coupler-antidot tunneling, the
tunneling distance between the coupler edge mode and the antidot
edge mode needs to be near its minimum when the Landau Level
associated with these edge modes is tuned slightly across the chemical
potential. Directly relevant to the discussions below and for ff’ < 0, this
corresponds to the lower carrier density end of a QH plateau. A more
detailed discussion of the edge mode tunneling in these four regimes is
given in the SI.

Having demonstrated the basic principle of QH antidot operation,
we next focus on the symmetry-breaking f' = — 1 state in a magnetic field
B=3.3T. Figure 3a shows the top gate voltage dependence of the
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transverse resistance Ry, where quasi-periodic resistance valleys asso-
ciated with coupler-antidot tunneling of the hole side of the zeroth
Landau level edge modes emerge on the plateau background of Ry, = 4
Following Eq.(1), the gate voltage positions of these valleys shift with
changing magpnetic field at a rate of one resistance valley per magnetic
flux quantum @,  through the effective area of the antidot:
Z'&;ﬁ =— ‘g,‘f)’ ‘ﬂi Da1. Here, & V¢ is the shift of a resistance valley in
top gate voltage undoer a changing magnetic field, AV is the top gate
voltage period of the resistance valleys, 6B and 6® are the changes of
magnetic field and flux, respectively. From the magnetic shift of the
resistance valleys, Dqy ~230nm can be estimated, suggesting
the edge mode to situate ~25 nm away from the physical antidot edge of
the top graphite gate. With this effective diameter, we can also estimate
the number of charges added to the antidot per gate period:
AN = 2 Q”AVTG—I 04+0.06 (crg= %% is the area capacitance of
the top gate with djgy =18nm bemg the thickness of the hBN layer
between the graphene can the top graphite gate), consistent with the
addition of single fundamental charges in the integer QH regime*®. All
these observations further confirm the antidot nature of the resistance
valleys.

The main finding of this work is shown in Fig. 3b, which illustrates
the evolution of the antidot tunneling conductance oscillations on the
lower density side of the f = — 1 plateau over a range of filling factor v
in the antidot/coupler regions. For clarity, the horizontal axis is set to
V6 +aupVpge which directly depicts the electrostatic doping at the
outside vicinity of the antidot, where a,, =0.53 is the effective capa-
citance ratio between the bottom and the top gates for antidot char-
ging (see SI). The antidot tunneling conductance peaks appear as near-
vertical stripes with abrupt jumps. Most interestingly, anti-crossing-
like features are observed, highlighted by the black dotted curves in
Fig. 3b. These features are generally present under the (f,f')=(1, — 1)
configuration, although the regularity of their locations is disturbed by
a few random slides occurring along the yellow dotted straight lines in
Fig. 3b. The source of these random slides is identified as quantum dot-
like charge trapping centers located near the antidot edge on the top
graphite gate (see SI), which is not the focus of this work. In the dis-
cussions below, we focus on the anti-crossing feature highlighted by
the yellow box in Fig. 3b, for which the individual curves of the antidot
conductance are shown in Fig. 3c. As will be argued below, after
developing a quantitative model, the anti-crossing-like features
observed here originate not from atomic-scale traps, but from the
formation of a gate-defined pair of electron-hole edges coupled both
by tunneling amplitude and Coulomb attraction.

Anti-crossing features are typically associated with level coupling. In
high-quality graphene samples, symmetry-breaking interaction effects
lift the 4-fold degeneracy of the zeroth Landau level. With a well-
developed f' = — 1 plateau and insulating behavior at the charge neu-
trality, the inner electron and the outer hole-edge modes are expected to
coexist and be spatially separated by a gapped region. Increasing the
magnitude of the top gate voltage, the antidot-defining potential profile
becomes increasingly sharp, resulting in antidot edge modes with larger
edge mode velocntles (voy ~ —) hence larger quantization energy level
spacing (Ae= "‘2”) As a result both the outer hole- and the inner
electron- antldot edge modes have their quantization energy levels fan
out with increasing top gate voltage. Since the manifolds of hole- and the
electron- quantization energy levels are offset by the charge neutrality
gap, the energy levels of the outer- and inner- modes with different
indices will have different shifting rates under changing top gate voltage,
and will cross each other as illustrated by Fig. 3d. As a result, just from
the top gate voltage, some of the hole- and electron levels can be tuned
to align with and cross each other, creating tuning and detuning of an
electron-hole resonance. With the back gate tuning the chemical
potential throughout the channel, one can ensure tunneling through the
antidot under the conditions of the electron-hole resonance. A more

analytical discussion of the gate voltage dependence of the resonance
can be found in the SL

To understand the energy spectrum of the coupled electron and
hole-edge modes, we consider a basic model of graphene QH antidot*
extended to two coupled co-centric edge modes, shown in Fig. 4a.
Here, I is the tunneling rate between the couplers and the outer hole
mode. The inner electron mode is not coupled directly to the couplers,
but to the hole mode with a tunneling amplitude A. The energy spectra
of the two edge modes are quantized, and therefore, in the main
approximation, the tunnel coupling between the two modes is
coherent. Besides tunneling, electrons and holes also experience
Coulomb interaction, which can be described in the constant-
interaction approximation for each individual mode:

1 1
U(np,n,)= iUhnh (np—1)+ EUene(ne —1) —unyn, )

Here, n, and n, are the numbers of particles in the hole and
electron mode, respectively, U, . are the corresponding interaction
constants for the two modes, and u >0 is the magnitude of the Cou-
lomb electron-hole attraction between the two edges.

Similar to the basic Coulomb-blockade model for tunneling
through the quantum dots, Eq.(2) leads to a periodic response of the
edges to the two gate voltages that control n,, and n,. For the outer
edge, this translates into a quasi-periodic sequence of the resonant
tunneling peaks of the antidot conductance Gup=dl/dV yly, o,
with each peak occurring at the bias conditions at which the number of
holes in the edge changes, n, — n, +1. On the other hand, the rela-
tions among the parameters in Eq. (2): nearly equal repulsion energies
U, and U}, and a strong attraction constant u close to U, combined
with the choice of the non-vanishing tunneling terms, make this model
very specific to the system we consider: concentric electron-hole
edges encircling one antidot. In this case, the inner edge does not
affect the conductance directly, but the number n, of electrons in it
also changes periodically by 1 as a sequence of resonances.

To describe the antidot transport properties in the vicinity of one
combined electron-hole resonance (where both the electron and hole
antidot energy levels align with the chemical potential), we need to
consider four charge states, each labeled by n, and n,: |n,n,). On the
basis {|00), |11), |01), |10)} of these four states, the Hamiltonian of the
antidot is:

oA O ¢t
AE t O

H= 3
0 t"-6, O )

Here, 6, is the gate-induced energy deviation of the outer edge
state from the resonance point, &, is the same for the inner edge,
=6, — 6, — u is the energy of the electron-hole pair occupying the
edge states. We include ¢, t* terms to indicate how the states of the
electron-hole system are coupled to the external charge reservoirs and
produce the incoherent tunneling rates T illustrated in Fig. 4a. How-
ever, under the limit of weak antidot-reservoir coupling, we do not
calculate these terms. Note that the electron-hole tunnel amplitude A
that couples |00) and |11) states has a somewhat unusual form of
simultaneously creating or destroying two particles, an electron and a
hole, which form an exciton. The reason for this is that it describes the
coupling of the two different edge states, the electron and the hole-
edge states. If one reformulates the description of both edges in terms
of the same-charge particles, e.g., electrons, it becomes evident that
the tunnel amplitude A corresponds physically to the usual tunneling
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Fig. 4 | Modeling the coherent electron-hole pair state. a Transport model of the
antidot made of two coupled electron and hole-edge modes. b Diagram of charging
phases with different electron-hole configurations as the ground states, repre-
sented by different colors. The dashed line corresponds to £ =0, along which |00)
and |11) are degenerate and therefore are mixed strongly by the tunnel amplitude A.
(c) and (d) illustrate color-coded tunneling conductance versus top and back gate
voltages, computed with the transport model with u=0.7meV and A=1meV,

and with u=0.7meV and A = 0.4meV, respectively. Correspondingly, the insets

illustrate the real space separation of the two modes under these parameters. In (c),
the labeled gray arrows indicate tunneling processes illustrated in (e). Processes i
and iv are between states with electron and hole levels detuned. Processes ii and iii
involve tunneling through the excitonic state, which is a superposition of |00) and
|11), with dotted ovals indicating the components that contribute to the tunneling
conductance. f Ground state energy reduction from that of the non-interacting
isolated electron-hole pair.

process of transfer of one electron between the two edge states. Such a
transfer either adds an electron to the electron edge, leaving a hole in
the hole edge, thus creating an exciton, or, in the reverse process,
takes an electron from the electron edge, filling a hole in the hole edge,
thus destroying an exciton in the process.

From the Hamiltonian, 6, and §,-dependent ground states can be
calculated as superpositions of the basis states. Tunneling through the
antidot occurs when the system is tuned across two degenerate
ground states with the same electron numbers but with hole numbers
differing by one. This limits the conductance-contributing tunneling
processes to |00) < |10) (empty electron edge mode) and [11) <> |01)
(filled electron edge mode). Without electron-hole coupling, the basis
states are the eigenstates of the Coulomb energy, and their charge
configurations in the ground state depend directly on the energies
6y, 6., as shown in Fig. 4b. |00) <> |10) and |11) <> |01) lead to the
vertical traces of conductance peak along the corresponding phase
boundaries in the (6,,6,) plane. The horizontal shift between the two
vertical parts of this boundary (which is also observed experimentally,
e.g., in Fig. 3b) is the direct manifestation of electron-hole attraction
within the exciton. This shift represents the additional magnitude of
the gate voltage that is needed to overcome the Coulomb attraction
energy u between the individual electron and hole in the two respec-
tive edge states of the antidot, after one extra electron was added to
the internal edge of the antidot, when the gate voltages evolved past
the resonance point.

Near electron-hole resonance, the tunnel amplitude A mixes the
states |00) and [11) along £ =0, forming a ground state which is the
quantum superposition of the two states (see SI). Tunneling con-
ductance peak emerges at energy determined by the condition of
degeneracy between the resonance state and the adjacent ground

states of |01) and |10) (see SI):

6= “)

Here, the hyperbolic (6,,6)) relations (which, in the absence of
electron-hole tunneling, correspond to the straight boundaries
between the states |11) and |01) and between the states [10) and |00) in
Fig. 4b) give rise to the anti-crossing feature in the conductance
peak trace.

Near the resonance, the amplitude of the tunneling conductance
from the |00) <> |10) and the |11) <> |01) processes is determined by
the composition of the |00) and |11) states in the superposition,
respectively. The tunneling probability p, for the |00) < [10) process
rapidly decays as the superposition evolves into pure |11) state under
negative ; and the tunneling probability p; for the |11) <> |01) process
rapidly decays as the superposition evolves into pure |00) state under
positive £ (see SI):

1 §/2
2 <1+ EZ/4+|A|2>
Po1= )
% 1- z€/2
&84+ A2

Hence, deviation from the resonance condition drives the system
out of the electron-hole superposition and results in the termination of
the curvy anti-crossing feature.

Applying the model above to our experimental system, we simu-
late the doping dependence of the antidot tunneling conductance as
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shown in Fig. 4c. Here, we assume Lorentzian-shaped tunneling con-
ductance peaks*® with an energy broadening of 0.2 meV to match the
broadening of the measured conductance peaks. The energy (6,, 6;,)
dependences of the peak position and peak amplitude are calculated
from Eqs.(4) and (5). The gate voltage-tuning of energy at ~0.5 meV/mV
is obtained from the ratio between the top gate voltage period and the
corresponding charging energy measured in Fig. 2a, b. Semi-
quantitative agreement with the experimental observations (Fig. 3b,
c) is achieved with an electron-hole Coulomb energy of u=0.8meV
and tunneling amplitude of A = 0.3meV, reproducing the anti-crossing-
like gate-dependent peak position as well as the tunneling con-
ductance peak amplitude. In Fig. 4c, the arrows highlight tunneling
processes that give rise to conductance peaks, both far off-resonance (i
and iv) and near resonance (ii and iii). The corresponding electron and
hole energy level configurations of the tunneling states are depicted in
Fig. 4e. In processes ii and iii, exciton states are the superposition of
the |00) and [11) states.

For the Coulomb interaction between the electron and the hole

. . 2\ 1/2
QH antidot edges, we estimate u= y-€ —In [(1 + %) + %} (see

SI). Here, d,, is the radial separation between the electron and hole
edges, which should roughly be equal to d,, ~ 35nm to produce
u=0.8meV, in agreement with the observations. A theoretical esti-
mation of d,, requires detailed information on the »=0 energy gap
and the gate-dependent edge mode velocity, and is beyond the scope
of this study. Our QH antidot exciton estimates, nevertheless, are
consistent with the most natural model of concentric electron and
hole-edge modes with similar diameters and significant tunneling
between them. The order-of-magnitude of these estimates for u and A
are consistent with the assumed geometry of our exciton model with
tunnel-coupled, roughly concentric electron and hole edges. Indeed,
the inter-mode Coulomb attraction energy u is close to and slightly
smaller than the on-site Coulomb energy measured from the charge
stability diagrams, consistent with the fact that the effective distance
between the edges is slightly larger than the characteristic distance
between the charges on the same edge. At the same time, the tunnel
coupling A is significant, which implies closely spaced electron and
hole edges. If an electron were localized on an atomic-scale impurity
trap at such a small distance from the hole edge, it would produce
more complex scattering of the hole instead of the observed coherent
tunneling with amplitude A.

Reducing the inter-mode coupling A, the model suggests that the
hyperbola part of the anti-crossing feature around the resonance is
reduced (Fig. 4d). This is consistent with the observations at smaller
filling factor v, as shown in Fig. 3b (more discussion can be found in the
SI). At small v, the inner electron edge mode just starts to emerge near
the center of the antidot and hence is physically distant from the outer
hole-edge mode. As a result, the tunneling amplitude between the two
modes is small, and the hyperbola feature in the gate dependence of
the conductance peaks is largely reduced.

Similar to the conventional exciton, the localized QH exciton state
is stabilized by reducing the ground state energy of an electron-hole
pair. Compared to the non-interacting (u=0) and isolated (A=0)
electron-hole states, the excitonic state has its ground state energy
lowered by finite interaction and finite inter-mode tunneling:
Eg(u,A) — E4(0,0)<0. This gate-dependent energy reduction can be
considered as the equivalent of the exciton binding energy. In parti-
cular, for the neutrally biased electron-hole state (6, =6,), we have

E5(0,0) — Eg(u,0)=4 + ,/ﬁ"—z +AZ. Interestingly, and different from
conventional excitons, the binding energy of the localized QH exciton
is not only affected by the Coulomb energy but also by the tunneling
amplitude between the electron and the hole modes. Finite inter-mode
tunneling leads to a ground state energy reduction in comparison to

the decoupled electron-hole

E (u,A) - Eg(u, O)=E‘ — \/i—z +A?, with maximum reduction of A
occurring at £ =0 (see Fig. 4f).

We note that a unique characteristic of the electron-hole system
studied here is the combination of Coulomb repulsion on-site and
Coulomb attraction between the two edges, which is different from the
more familiar multi-quantum dot systems with Coulomb repulsion
only. The electron-hole attraction u in the exciton breaks one con-
tinuous trace of the external hole-edge mode tunneling peak when the
inner electron edge changes from being empty (|10) < |00)) to filled
(111) <> |01)). Since the inter-edge Coulomb attraction effectively
reduces the on-site Coulomb blockade, the shift of the off-resonance
tunneling conductance peaks is toward a smaller magnitude of gate
voltages with increasing number of electrons on the inner antidot
edge. Classically, the two segments of the conductance peak would be
connected and smoothly shifted by an energy of u, reflecting the
gradual increase of the average occupation of the electron state from O
to 1 with the gate voltage. Quantum mechanically, on the other hand,
strong tunneling couples the vacuum state |00) and electron-hole pair
state |11), creating a coherent quantum superposition of the two states.
Hole tunneling through the vacuum-pair superposition, as discussed
through our model, leads to the anti-crossing-like gate voltage
dependence of the conductance peaks with diminishing amplitude
away from the electron-hole resonance.

In conclusion, we have demonstrated a localization of individual
quantum-coherent QH excitons in a graphene QH antidot. Compared to
the conventional excitons on semiconductors, the QH exciton allows
electrical tuning of the electron and hole states, and shows a ground
state energy, which is determined both by Coulomb interaction and
inter-mode tunneling. This work paves the way to a series of scientific
tasks and technical developments. For example, excitonic states may be
studied in more complex and versatile many-antidot systems for exci-
tonic molecules. Time-dependent measurements may be performed on
the excitonic state to explicitly study the quantum coherence. The QH
antidot exciton scheme can potentially be extended to study the indi-
vidual anyonic excitons in the FQH regime by tuning the bulk filling
inside and outside the antidot to the fractional fillings of the zeroth
Landau level. This implements a coupled state of the two fractional
quasiparticles with opposite charges. The interaction energy of such
fractional excitons, together with the tunnel coupling between the edge
states of these quasiparticles, would be significantly smaller than in the
integer regime, requiring much lower temperatures to observe the
excitonic state. In the case of a single antidot, which can accommodate
at most one exciton at a time, fractional exchange statistics may man-
ifest itself indirectly, via the shape of the tunneling conductance peaks
through the antidot. Beyond a single antidot, potential direct observa-
tion of the exchange statistics may be possible through exciton trans-
port in the inter-coupled multi-antidot structures.

interacting pair:

Methods

Sample fabrication

Graphite-hBN encapsulated graphene stack was assembled using
standard van der Waals dry pickup technique, where top hBN, top
graphite gate, middle hBN, monolayer graphene, bottom hBN, and
bottom graphite gate are picked up sequentially following Fig. 1b with
a polycarbonate (PC) stamp. All flakes were mechanically exfoliated
onto precleaned (sonication in isopropanol followed by UV ozone
cleaning for 2 min and 350 °C baking for 1 min) SiO, substrates and
were scanned using an atomic force microscope (AFM) to ensure
contamination-free and atomically flat surfaces. The stamp base was a
droplet-shaped polydimethylsiloxane (PDMS) to take advantage of its
natural curvature. The PC solution at 6% was then spin-coated onto the
droplet-like PDMS base at 1000 rpm and left to dry on a hot plate at
100 °C for a total of 20 min.
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The assembly process started with picking up the top hBN layer.
The substrate carrying the hBN flake, preheated to 70 °C, was carefully
raised until touching the lowest point of the PC stamp. The substrate
was then further raised manually until the touch area expanded to the
close vicinity of the destination hBN flake. The final contact was made
using thermal expansion by heating the stage slowly to 110 °C at -3 °C/
min. The following separation process was done by cooling the stage/
substrate back to 65 °C, at which the hBN flake got picked up from the
substrate with the thermal contraction of the substrate stage as well as
the PC stamp. The subsequent layers of graphite gates, hBN dielectric
layers, and graphene were picked up in a similar manner. With all the
layers designed in order and orientation on the PC stamp, the stack
was then pressed onto a precleaned SiO, substrate at 160 °C and
heated up to 180 °C. Upon separation, the PC was detached from the
PDMS stamp and transferred onto the SiO, substrate together with the
heterostructure stack. As the final step, we soaked the stack in
chloroform for at least 10 h to dissolve PC. The stack was then trans-
ferred to isopropanol to remove chloroform before being blow-dried
with nitrogen gas. The sample was then thermally annealed in forming
gas (5% hydrogen in argon) at 400 °C for 2 h to thoroughly remove
polymer residue on the top surface. The completed stack consisted of,
from top to bottom, hBN (8nm), top graphite(-2nm), middle
hBN(18 nm), monolayer graphene, bottom hBN (36 nm), and back
graphite(-2 nm).

After assembly, the heterostack was scanned with an AFM for sur-
face topography, and a bubble-free area was identified for the active area
of the sample. The overall device outline was patterned into van der
Pauw geometry with standard e-beam lithography and etched into shape
with reactive ion etch (RIE) in CHF3/O, plasma (40 sccm/4 sccm,
30 mTorr, 60 W). The four edge-contacts to the encapsulated graphene
channel were made using the same etching method followed by thermal
evaporation of 5nm Cr and 50 nm Au. Similar edge-contact was fabri-
cated on the top graphite gate. To prevent shorting top graphite to the
graphene channel underneath the top gate lead at the edge of the
channel, a crosslinked PMMA block was fabricated covering the exposed
graphene edge, and the metal lead toward the top graphite gate contact
was deposited over this block. In the final step, the two couplers and the
antidot were etched out of the top graphite layer, together with four
additional cuts made just outside the four side contacts to isolate the top
graphite gate from the graphene channel. A scanning electron micro-
scopy image of the device is shown in the SI.

Sample measurement

Transport measurement of the device was performed inside an Oxford
VTl with a 12 Tesla superconducting magnet and He-Ill cryogenic insert
with a base temperature of 300 mK. All electrical cables that enter the
sample chamber go through low-pass pi-filters at room temperature
and RC filters at 2K, to minimize the high-frequency noise and the
sample’s electron temperature. The high quality of the sample is
confirmed by the quantum Hall (QH) plateaus, which start to form in
very low magnetic fields (see S1).

All electrical measurements were carried out with the standard
lock-in technique. Current excitation of 5-10 nA was provided by a
Keithley 6221 current source at a frequency of 23 Hz. In the charge
stability diagram measurements, the current course also provided a
controllable DC bias. The AC component of the voltage response was
measured by a Stanford Research SR830 lock-in amplifier, while the DC
voltage bias was measured by a Keithley 2182A nanovoltmeter. The top
graphite gate, bottom graphite gate, and Si gate voltages were pro-
vided by a Keithley 2450, a Keithley 2400, and a Keithley 6487,
respectively.

Several segments of the patterned monolayer graphene acting as
a contact to the channel are not covered by the graphite gates. When
these segments are near charge neutral and under a strong magnetic
field, large contact resistance can emerge and result in poor

measurement results. To solve this problem, a Si back gate voltage was
applied to electrostatically dope the segment with the same polarity as
the graphene channel to avoid the highly resistive zero-filling gap at a
p-n junction in a strong magnetic field.

Data availability

The data represented in Figs. 2-4 are available at the Figshare data-
base: https://doi.org/10.6084/m9.figshare.29042864. All other data
that support the findings of this study are available from the corre-
sponding authors upon request. Any questions regarding the data can
be addressed to the corresponding authors.

Code availability

The code underlying this study is available at at Figshare database:
https://doi.org/10.6084/m9.figshare.29042864. Any questions
regarding the code can be addressed to the corresponding authors.
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