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Edge magnetoplasmon is an emergent chiral bosonic mode promising for studying electronic quantum
optics. While the plasmon transport has been investigated with various techniques for decades, its coupling
to a mesoscopic device remained unexplored. Here, we demonstrate the coupling between a single plasmon
mode in a quantum Hall plasmon resonator and a double quantum dot (DQD). Resonant plasmon-assisted
tunneling is observed in the DQD through absorbing or emitting plasmons stored in the resonator. By using
the DQD as a spectrometer, the plasmon energy and the coupling strength are evaluated, which can be
controlled by changing the electrostatic environment of the quantum Hall edge. The observed plasmon-
electron coupling encourages us for studying strong coupling regimes of plasmonic cavity quantum
electrodynamics.
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Quantum Hall (QH) edge channels provide unique
opportunities for studying electronic quantum optics under
strong Coulomb interactions in two complementary
regimes [1–3]. In the single-electron transport regime with
flying electrons well isolated from the cold Fermi sea, the
Coulomb repulsion between flying electrons induces cor-
related single-electron transport, as demonstrated in
two-particle interferometry and quantum tomography
experiments [4–13]. This potentially provides a mechanism
for correlated quantum state transport from one functional
device to another. In the plasmon transport regime with
collective motion of the cold Fermi sea, the Coulomb
interaction plays an essential role in formation of emergent
bosonic modes from fermions, such as edge magneto-
plasmon modes and Tomonaga-Luttinger liquids [14–22].
While the classical wave nature of edge plasmons is clearly
resolved, for example, with plasmon resonators and inter-
ferometers [23–26], the quantum plasmon mode is revealed
recently [27]. Application of these electronic modes in
either regime to a mesoscopic functional device should
pave the way for exploring electronic quantum optics in QH
systems known as a 2D topological insulator.
The edge plasmons have several advantages for this

direction. Thanks to the chirality of the QH system,
plasmons as well as flying electrons travel unidirectionally
without showing backscattering [22]. The plasmon wave-
length (about 100 μm at frequency of 4 GHz) is convenient
for confining plasmons in a small region [24,28]. Of
particular interest is the high impedance Z of the plasmon
mode [29], which provides large voltage amplitude
(Ṽ ≃

ffiffiffiffiffiffiffiffiffi
Zhf

p
) for a given plasmon energy (hf). This is

attractive for making a strong electric dipole coupling to

external atoms or qubits with the scheme of cavity quantum
electrodynamics (cQED) [30,31]. Remarkably, Z ¼ h=νe2

is quantized as a result of the topological state. One can
reach significantly large Z with small Landau-level filling
factor ν ¼ 2; 1; 1=3…, as compared to the impedance of the
vacuum (≃377 Ω) and state-of-the-art high-impedance
transmission lines made of a Josephson junction array
(a few kilohms) [32–34]. Therefore, the edge plasmons are
attractive for studying the strong, ultrastrong, and deep-
strong coupling regimes of plasmonic cQED systems [35].
These fascinating characteristics have stimulated theoreti-
cal proposals, such as long-range entanglement [36].
However, experimental handling of chiral plasmons
remains challenging.
Here, we exploit a coupled plasmon-electron system, in

which an on-chip QH plasmon resonator is capacitively
coupled to a double quantum dot (DQD). Discrete resonant
frequencies of the resonator manifest the wave nature of
plasmons, and the resonance allows us to access a single
plasmon mode with a fixed energy. The coupling induced
resonant plasmon-assisted tunneling (PlAT) in the DQD is
observed, where the tunneling is allowed by absorption and
emission of single or multiple plasmons. We clarify the
plasmon-electron coupling based on the unique frequency
and magnetic-field dependence of the PlAT. Some pros-
pects for cQED applications are described. These results
encourage us to study strong coupling regimes.
We propose and demonstrate a novel hybrid system

consisting of a plasmon resonator in an isolated circular
QH region and a charge two-level system (TLS) in a DQD,
as shown in Fig. 1. The device was fabricated in a
GaAs=AlGaAs heterostructure with a 2D electron gas
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(2DEG) having an electron density of 1.8 × 1011 cm−2 (see
Supplemental Material (SM) [37]). Under a magnetic field
B perpendicular to the 2DEG, the plasmon resonator is
defined by applying negative voltage VG res (< −0.28 V) to
the ring-shaped gate Gres with perimeter L ¼ 126 μm (the
resonant frequency f0 ∼ 3 GHz at ν ¼ 2). The plasmon
mode (charge density wave) can be excited by applying
microwave voltage to the top electrode Ginj through the
coplanar transmission line and with a capacitive coupling
scheme as shown in Fig. 2(a). We investigate rf trans-
mission coefficient S21 from port 1 to port 2 of the coplanar
line to characterize the resonator. The plasmon resonance
can be simulated by a distributed circuit model [37], as
shown in Fig. 2(b). A gate defined DQD was formed in the
vicinity of the plasmon resonator. ATLS can be defined by
choosing a single level in each dot. The static energy bias ε
and the tunneling coupling t12 of the DQD can be varied by
tuning the gate voltages. The tunneling current Id from the
source (S) through the DQD to the drain (D) was measured
with applying a source-drain voltage Vsd. The DQD is
tuned in a weak tunnel coupling regime (t12 ≪ hf0), where
clear PlAT is expected with the large permanent dipole
moment. All measurements are performed at a temperature
of ∼85 mK.
First, we evaluate the plasmon resonator bymeasuringS21

with the resonator activated at negative VG res, while other
gates for the DQD were grounded. The resonance should
appear in tiny change in jS21j, which can be visible
by subtracting the background signal jS021j obtained at
VG res ¼ 0 V without forming the plasmon resonator.
Figure 2(c) shows the subtracted spectra ΔjS21j ¼ jS21j −
jS021j (in the decibel unit) as a function of frequency f and

magnetic field B. The plasmon resonances are identified as
negative peaks with ΔjS21j < 0 dB (the blue regions).
The resonant frequency decreases monotonically with
increasing B, which is the signature of the edge-magneto-
plasmon mode [24]. Considering that the plasmon velocity
v ¼ σxy=CΣ is determined by the Hall conductance
σxy ¼ νe2=h and the channel capacitance CΣ, the resonant
frequency of thenrthmode followsf ¼ nrv=L [39,40]. This
reproduces the resonant frequencies, as shown by the solid
lines for nr ¼ 1 and 2 with CΣ ¼ 0.21 nF=m. This CΣ is
consistent with previous studies on gate-defined edge
channels [28,41]. The observed multiple resonant modes
clearly manifest the wave nature of the plasmons. The
nr ¼ 1 resonance is significantly enhanced at B ≃ 3.6 T,
where a ν ¼ 2 QH state is formed with negligible longi-
tudinal resistance. The resonance signal weakens as ν
deviates from 2, possibly due to the dissipation attributed
to local disorders around the channel or in the bulk [23,42].
While charge and spin collective modes are anticipated at
ν ¼ 2 [20], we focus on the charge (edge-magnetoplasmon)
mode with large Z in this study.
The resonant frequency can be tuned electrostatically, as

shown in the VG res dependence of ΔjS21j at B ¼ 3.6 T in
Fig. 2(d). The resonant peaks for both nr ¼ 1 and 2 modes
appear at sufficiently negative VG res below the definition
voltage (∼ − 0.28 V) and show blueshifts with more
negative VG res. This frequency shifts can be understood
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FIG. 1. Schematic of the device (left) and SEM pictures of the
plasmon resonator (upper right) and the DQD (lower right). The
plasmon resonator is formed as a circular QH channel propa-
gating along the inner edge of the ring-shaped gate electrode Gres.
The upper half of the 2DEG outside the resonator (the black
region in the upper SEM) has been removed by wet etching. The
resonant mode is represented by wave packets with excess and
deficit charges. A gate defined DQD (the two small circles in the
lower SEM) is fabricated in the vicinity of the resonator and
capacitively coupled to the resonator.
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FIG. 2. (a) Schematic cross section of the edge channel and the
injection gate Ginj. A top-view SEM picture is shown in the inset.
(b) Distributed circuit model for the edge channel (Ch) with
coupling capacitances, Cch, Cres, and Cinj in the injection region,
C0
ch and C0

res in the other region, and dissipative conductance Gs

in both regions. (c) Transmission spectra ΔjS21jðf; BÞ obtained at
VG res ¼ −0.5 V. The right axis shows the filling factor ν. The
resonant plasmon signals are seen in the blue regions for nr ¼ 1
and 2 with the charge density profiles illustrated in the insets.
(d) ΔjS21jðf; VG resÞ measured at B ¼ 3.6 T. (e) The amplitude
ΔjS21j and (f) the phase Δϕ obtained at B ¼ 3.6 T and
VG res ¼ −0.47 V. The red lines are calculated with distributed
circuit model.
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by considering the VG res dependence of the channel
capacitance CΣ, which decreases as VG res decreases and
the edge channels move away from Gres [28]. In the
following experiments for PlAT, we focus on the plasmon
mode at B ¼ 3.6 T and VG res ¼ −0.47 V, where the
resonant frequency is f0 ¼ 2.95 GHz. The spectra of
ΔjS21j and Δϕ ¼ argðS21Þ − argðS021Þ at this condition
are plotted in Figs. 2(e) and 2(f), respectively. They are
well reproduced by a model calculation (the red lines,
described in SM [37]) with quality factor Q ¼ 18.
We now investigate the charge transport in the DQD with

and without plasmon excitation. The DQD shows Coulomb
charging energy of ∼0.8 meV, single-particle energy spac-
ing of ∼140 μeV, and electrostatic coupling energy of
∼86 μeV, as shown in SM [37]. Trace (I) in Fig. 3(a) shows
the tunneling current Id through particular energy levels, εL
in the left dot and εR in the right dot, measured at zero
microwave power (P ¼ 0) and Vsd ¼ 400 μV during the
sweep of the gate voltages. The horizontal axis represents
the energy detuning ε ¼ εR − εL, where the detuning
energy from the peak (ε ¼ 0) is obtained from the gate
voltage with a lever-arm factor. For clarity, the background
current associated with other nearby levels is subtracted
from trace (I) (See SM [37]), and the subtracted trace (I’)
with open circles can be fitted by using a Lorentzian curve
(the red line) with full width of wDQD ¼ 6.5 μeV. The
deviation at ε < 0 can be associated with the spontaneous
phonon emission process [43].
The PlAT is observed under plasmon excitation, as

shown by trace (II) of Fig. 3(b) obtained at f0 ¼ 2.95 GHz

and microwave power P ¼ −68 dBm estimated at the
coplanar line (see SM) [37]. The background current from
other levels is subtracted in trace (II’). The two distinct
satellite peaks on both sides of the original peak are
associated with absorption (the right peak at ε > 0) and
emission (the left peak at ε < 0) of a single plasmon. This
absorption tunneling is analogous to the photoelectric effect
in which an electron is excited from a material by absorbing
a photon. These peaks appear at ε ¼ �12 μeV, which
coincides with the plasmon energy of hf0 ¼ 12.2 μeV.
This means that a single plasmon can be removed from or
added to the resonator by electron tunneling between the
two dots. Significantly, these processes can be used for
cQED applications.
The PlAT can be understood with the Tien-Gordon

model [44], in which oscillating potential is applied across
a tunneling barrier. In our case, the circulating plasmon
waves with voltage amplitude Ṽres in the resonator cause
the oscillating potential with amplitude eṼDQD between the
two dots. This oscillating potential splits the eigenstates of
the dots with detuning ε into a superposition of plasmon
sidebands with energy εþ nhf and amplitude JnðαÞ. The
electron in the TLS is dressed with n plasmons in this
picture. For the original current profile I0ðεÞ at ṼDQD ¼ 0,
the current profile under the oscillating potential can be
written as

IðεÞ¼
X

n

J2nðαÞI0ðεþnhf0Þ; n¼0;�1;�2;…; ð1Þ

where the squared nth-order Bessel function of the first
kind J2nðαÞ describes the probability of finding the system
in the n-plasmon dressed state and thus provides the
relative height of the nth satellite peak [45]. Here, α ¼
eṼDQD=hf0 is the normalized amplitude of the oscillating
potential. By using the Lorentzian profile I0ðεÞ fitted to the
data in Fig. 3(a), the observed PlAT current profile can be
reproduced with Eq. (1), as shown by the red line in
Fig. 3(b) with α ¼ 1.02 (eṼDQD ¼ 12.4 μeV).
Multiple-plasmon assisted tunneling is observed at

higher microwave powers with the n-plasmon peak
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exhibiting nonlinear power dependence, as shown in
Fig. 3(c); the two-plasmon absorption peak at ε ¼
24 μeV and the two-plasmon emission peak at ε ¼
−24 μeV are seen at P > −63 dBm. The first-plasmon
peak at ε ¼ �12 μeV shows a maximum at P ¼ −57 dBm
and the zero-plasmon peak at ε ¼ 0 vanishes at higher
P ¼ −54 dBm. These features are reproduced by Eq. (1)
with the Bessel function, as shown in Fig. 3(d). All features
can be understood with amplitude JnðαÞ for n-plasmon
dressed state. The observation of such a nonlinear optics
regime for emergent edge plasmons is remarkable.
To justify that the signal is induced by the edge

plasmons, its resonant characteristics are confirmed by
measuring the current profiles at various frequencies, as
shown in Fig. 4(a). The dashed lines describe the energy
quantum ε ¼ �hf for frequency f. The PlAT is visible only
at around f0 ¼ 2.95 GHz, and no signal is obtained
at off-resonant conditions (f ≠ f0). The result is well
reproduced by our simulation shown in Fig. 4(b), where
ṼDQD in Eq. (1) is assumed to be proportional to the
Lorentzian profile of ΔjS21j in Fig. 2(e). The resonant
feature safely excludes possible artifacts, for example,
associated with the long-range electrostatic crosstalk caus-
ing conventional photon-assisted tunneling [46,47].
We repeated similar experiments at several magnetic

fields in the range of 3.4–4.1 T (corresponding ν between
2.2 and 1.8), as shown in Fig. 5(a), where the emission peak
at ε < 0 is shown. The resonant frequency f0 changes with
B, as summarized in Fig. 5(b), in agreement with the 1=B
dependence (the dashed line) extracted from the resonator
characteristics of Fig. 2(c). The satellite peak in Fig. 5(a) is
seen in the limited range of B ¼ 3.5–4 T in agreement with
the data in Fig. 2(c) (see SM [37]). The result unambig-
uously ensures that the QH plasmon mode is coupled to
the DQD.
Having confirmed the coupling between the DQD and the

edge plasmon mode that emerged from electrons, we shall
discuss the feasibility of strong coupling regimes of cQED
with edge plasmons. The vacuum Rabi splitting g normal-
ized by the plasmon energy hf0 determines the ultrastrong
(g=hf0 ≳ 0.1) and deep-strong (g=hf0 ≳ 1) regimes
[48,49]. For electric dipole coupling, it can be written as
g=hf0 ¼ 1

2
ζresηr−q sin θqubit with three dimensionless factors

[31]. The resonator factor ζres ¼ eṼres=hf0 describes the

normalized amplitude of the oscillating potential eṼres of the
edge channel for single energy quantum hf0 and is given by
ζres ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zðe2=hÞ

p
. Therefore, high-Z resonators are highly

desirable for larger Ṽres and ζres [50]. The edge plasmon
resonator provides high ζres ¼ 1=

ffiffiffi
2

p
at ν ¼ 2, and ζres > 1

in the fractional QH regimes. The qubit factor sin θqubit ¼
2t12=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2 þ 4t212

p
describes the magnitude of the transition

dipole moment, while cos θqubit describes that of the per-
manent dipole moment [47]. Whereas the present experi-
ment was done at small sin θqubit ≪ 1 for demonstrating the
PlATassociated with the permanent dipolemoment, one can
reach sin θqubit ≃ 1 by tuning t12 ¼ 1

2
hf0 and ε ¼ 0with gate

voltages. Therefore, the coupling factor ηr−q ¼ ṼDQD=Ṽres

needs to be large for the strong coupling regimes.
ηr−q can be estimated from our data in the following way.

First, we can relate Ṽres to the input microwave power P by
using the capacitancemodel shown in Fig. 2(a). The channel
can be divided into the injection region of length Linj with
finite capacitanceCinj and the other region of lengthL − Linj

with Cinj ¼ 0. The edge channel with conductance σxy ¼
2e2=h is also capacitively coupled to Gres with Cres and the
rest (including the ground) with Cch and dissipative con-
ductance Gs, as shown in Fig. 2(b). The model successfully
explains Ṽres measured with a quantum dot in our previous
study [40]. The width and the height of the resonant peak in
ΔjS21j as well as Ṽres can be described byGs and the product
CinjLinj in the limit of Linj ≪ L. For the data at P ¼
−68 dBm in Fig. 2(e), the profile can be fitted with Gs ¼
0.11 S=m and CinjLinj ¼ 1.22 fF, from which we deduce
Ṽres ≃ 410 μV and the average number of plasmons hnpli ≃
2200 at the resonant frequency. As we derived ṼDQD ¼
12.4 μV at this condition, we estimate ηr−q ≃ 0.03. This is
reasonably high for the unoptimized device structure. As
ηr−q strongly depends on the device geometry, we expect to
reach ηr−q ≳ 0.1 by placing the DQD closer to the resonator.
Therefore, the ultrastrong regime at g=hf0 ≳ 0.1 may be
feasible with the scheme potentially.
Another important condition to reach the strong coupling

regimes is that the energy loss rates κ of the resonator and γ
of the qubit must be smaller than g. If the resonant line
widths in the present measurements were determined by

=
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these dissipations, we estimate the upper bounds of
κ=hf0≃1=Q≃0.06 and γ=hf0 ≃ wDQD=hf0 ≃ 0.5. The
strong coupling regimes are expected by improving electro-
static environment of the edge channel for κ [35] and qubit
environment for γ [51,52]. These crude estimations encour-
age us to study cQED with edge plasmons.
In summary, we have demonstrated PlAT in a hybrid

quantum system of an edge-plasmon resonator and a DQD.
Tunneling with absorption and emission of plasmon quanta
manifests quantum properties of emergent plasmons in the
quantum Hall regime. The plasmon-electron coupling with
the high-impedance plasmon mode is attractive for study-
ing strong coupling regimes of cQED. Overall, our study
provides a foundation for combining the plasmons as
topological quantum quasiparticles with quantum informa-
tion devices. This integration makes the system particularly
appealing for those new functionalities based on the high-
impedance chiral mode.
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