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We experimentally and theoretically study a driven hybrid circuit quantum electrodynamics (cQED)
system beyond the dispersive coupling regime. Treating the cavity as part of the driven system, we develop
a theory applicable to such strongly coupled and to multiqubit systems. The fringes measured for a single
driven double quantum dot (DQD)-cavity setting and the enlarged splittings of the hybrid Floquet states in
the presence of a second DQD are well reproduced with our model. This opens a path to study Floquet
states of multiqubit systems with arbitrarily strong coupling and reveals a new perspective for under-
standing strongly driven hybrid systems.
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Semiconductor quantum dots (QDs) coupled to super-
conducting cavities provide a platform for investigating
and exploiting light-matter interactions [1,2] with a poten-
tial for applications in solid-state quantum information
processing. Since the coupling strength between the cavity
and the qubits determines the speed of gate operations and
information exchange [1–4], the development of circuit
quantum electrodynamics (cQED) settings with strong
interaction is of high interest. Experimental progress in
QD-based cQED, such as high-impedance superconduct-
ing cavities [5,6], greatly increased the coupling strength,
allowing systematic investigations of the physics of
the Jaynes-Cummings model [6–13], the quantum Rabi
model [14], and topology [15]. Moreover, it provides a
direct path to integrate multiple qubits.
Strong periodic driving is a powerful andwidely used tool

in quantumcontrol [16,17], quantum simulation [18,19], and
system characterization [20–24]. Investigation of the corre-
sponding Floquet dynamics is crucial for understanding
such strongly driven systems [17] and provides a solid
foundation for further improvements in practical applica-
tions [19,25,26]. Recently, Floquet spectroscopy [27] and
the stationary Floquet state [28] of a driven double quantum
dot (DQD) have been explored via a dispersively coupled
cavity. Motivated by experimental advances, a theory for
dispersive cavity readout of driven quantum systems has
been proposed [29,30], restricted to settings with weak
system-cavity coupling strengths within the linear-response
limit. However, theweak coupling regime,whichmost of the
experimental and theoretical works focused on, cannot meet
the emerging need for large coupling strengths to perform

coherent quantum information exchange and scalable quan-
tum networks [2,4,31]. In addition, despite that a few works
have studied two-DQD-cavity systems in the context of the
Tavis-Cummings model and cavity-mediated long-range
coupling between qubits [32–37], the dynamics of a driven
multiqubit-cavity system remains unexplored.
In this Letter, we demonstrate a strongly driven hybrid

system consisting of two spatially separated GaAs DQDs
coupled to a superconducting NbTiN cavity. Benefiting from
the enhanced coupling strength for the high-impedance
cavity, the system is working beyond the scope of the
existing theories for dispersive readout of strongly driven
systems via a resonant cavity [27,29,30,38]. Different from
these theories which treat the DQD as a relatively indepen-
dent strongly driven system for the weak coupling strength,
here we further develop a generalized theory by considering
the Floquet states of the full hybrid system. In doing so, we
treat the cavity as part of a central driven system, which
provides an approach applicable for arbitrarily strong
DQD-cavity coupling and also captures the cavity-mediated
interaction between different DQDs. In our experiment,
Landau-Zener-Stückelberg-Majorana (LZSM) interference
patterns and splittings for a driven single DQD-cavity
setup as well as the enlarged splittings for two-DQD-cavity
system are experimentally observed in the cavity trans-
mission. The results are analyzed and well reproduced with
our model.
Figure 1(a) shows the half-wavelength superconducting

NbTiN transmission cavity containing two DQDs (DQDj,
j ¼ 1, 2) separated by a distance of roughly 670 μm.
Each DQD is connected to either voltage antinode of the
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high-impedance (Zr ≈ 2 kΩ) cavity with a center frequency
ωc=2π ¼ 5.196 GHz and photon decay rate κ=2π ¼
12.0 MHz.
The DQDs are formed in a GaAs/AlGaAs quantum well

with gate electrodes [inset in Fig. 1(a)]. The occupation
numbers of the DQDs are controlled by gate voltages VBRj

and VBLj
, as displayed in Figs. 1(b) and 1(c). An excess

electron in DQDj forms a charge qubit described by the
Hamiltonian,

Hq;j ¼
ϵj
2
σz;j þ tjσx;j: ð1Þ

Here σ denotes Pauli matrices, while ϵj is the energy
detuning between the left and right dot of DQDj, which can
be adjusted by VBRj

. The interdot tunnel coupling 2tj can
be tuned via gate voltages VMUj

and VMDj
.

The hybrid system is modeled by the Hamiltonian

HðtÞ ¼
X

j

Hq;jðtÞ þ
X

j

ℏgjZjða† þ aÞ þ ℏωca†a; ð2Þ

where a ða†Þ is the annihilation (creation) operator of a
cavity photon, andHq;jðtÞ refers to DQDj. Its scaled dipole

operator Zj ¼ σz;j couples to the electric field of the cavity
with strength gj. The coupling strength between DQD1 and
the cavity is estimated [39] to reach g1=2π ¼ 85 MHz
at 2t1=h ≈ 5.2 GHz with the DQD1’s decoherence rate
γ1=2π ≈ 90 MHz, while g2=2π ¼ 80 MHz at 2t2=h ≈
5.16 GHz with the decoherence rate γ2=2π ≈ 100 MHz
for DQD2. Experimentally, the continuous microwave is
applied to gate BRj to periodically drive the system such that

ϵjðtÞ ¼ ϵ0;j þ Ad;j sinð2πfdtÞ ð3Þ

with offset ϵ0;j, driving amplitudeAd;j, and driving frequency
fd ≡Ω=2π. We study the dynamics of the driven system by
probing the transmission signal jS21j through the cavity.
To establish a theory for the transmission of a cavity

coupled to various driven DQDs, one may extend the
approach of Refs. [28–30,49] and consider the action of the
cavity on each DQD and its backaction with nonequili-
brium linear response theory. Since this approach is based
on second-order perturbation theory in the weak DQD-
cavity couplings, no cross terms between different DQDs
occur, such that one can compute the impact of each DQD
separately. Therefore, the shift of the cavity resonance,
which governs the transmission, simply follows by sum-
ming the contributions of the individual DQDs.
Figure 2(a) visualizes this viewpoint for a single DQD.

Within each driving period, the two relevant DQD states
pick up a relative phase determined by the difference of the
Floquet quasienergies. When it matches a multiple of 2π,
one observes fringes in the excitation probability [17]. The
resonance condition for the cavity signal involves the cavity
frequency and reads Δμ=ℏ ¼ ωc þ kΩ with integer k [30].
For a detailed discussion of these competing resonance
conditions and their experimental verification, see Ref. [28].
The computed interference pattern for the parameters of

our setup is shown in Fig. 2(b). Its fringes comply with the
resonance condition, but for some values of the driving
parameters the theory predicts transmissions up to 1.45
(red areas, marked by an arrow), which may indicate
lasing [50–52]. Here, however, this is not the case. It is
rather such that the DQD-cavity coupling strength is
beyond the linear response limit, which leads to artefacts.
Moreover, cavity-mediated interactions between the DQDs
are ignored. Even when considering a realistic inhomo-
geneous broadening (see below), the computed transmis-
sion will still assume values up to 1.06. To overcome these
shortcomings, we develop a theory for the readout of driven
qubits in which the cavity is considered as part of the
central system. Figure 2(c) illustrates this idea for a single
DQD coupled to a cavity. This will allow us to treat settings
with arbitrarily strong DQD-cavity coupling. For details of
the derivation, see the Supplemental Material [39].
We start from the quantum Langevin equation for the

cavity field a with an inhomogeneity that corresponds to
the Hamiltonian

FIG. 1. (a) Optical micrograph of the device that is cooled to a
temperature of ∼20 mK. Inset: false-color scanning electron
micrograph of DQDj which can be tuned by the gate electrodes
BLj, PLj, MUj, PRj, BRj, and MDj. The plunger gate PLj (red)
is connected to the cavity. (b),(c) Charge stability diagrams of
DQD1 and DQD2, respectively, as a function of gate voltages
measured by the cavity transmission amplitude jS21j, where
ðn1; n2Þ and ðm1; m2Þ denote DQD occupations.
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H1ðtÞ ¼ −iℏ
X

ν¼1;2

ffiffiffiffiffi
κν

p
a†ain;νðtÞ þ H:c: ð4Þ

with the incoming fields ain;ν and the cavity loss rate κν at
port ν ¼ 1, 2. The corresponding time-reversed equation
relates incoming and outgoing fields as aout;ν − ain;ν ¼ffiffiffiffiffi
κν

p
a [3,53]. Thus, to obtain the transmission, we have to

compute how the ain;ν affect the cavity operator a.
To this end, we employ nonequilibrium linear response

theory for the perturbation caused byH1. Since the cavity is
probed at or close to resonance, ωp ≈ ωc, the Hermitian
conjugate contribution is off-resonant and, thus, can be
neglected, such that the inputs act only via the cavity
operator a†. In agreement with the Kubo formula, we find
that the perturbation ain;νðtÞ and the response haðtÞi are
linked by the susceptibility [39]

χðt; t0Þ ¼ −ih½aðtÞ; a†ðt0Þ�i0θðt − t0Þ; ð5Þ

with the Heaviside step function θ. Notice that here the
expectation value h� � �i0 considers the driven dissipative
dynamics of the full DQDs-cavity compound. Since the
DQDs are driven, the response depends explicitly on both
times. Then haðtÞi is no longer given by a simple
convolution, but acquires a summation over Fourier com-
ponents χðkÞðωÞ. Nevertheless, for the experimentally
relevant time-averaged cavity signal, knowledge of the
component with k ¼ 0 is sufficient [29,30,39]. Taking
this average, the response in frequency space reads
haωi ¼ −i

P
ν

ffiffiffiffiffi
κν

p
χð0ÞðωÞain;νðωÞ. For an input at port

ν ¼ 1 only, the input-output relation directly provides
the time-averaged cavity transmission

S21ðωÞ ¼ −i
ffiffiffiffiffiffiffiffiffi
κ1κ2

p
χð0ÞðωÞ ð6Þ

and the reflection S11ðωÞ ¼ 1 − iκ1χð0ÞðωÞ.
The remaining task is the computation of χð0ÞðωÞ for

which we proceed as in Refs. [28–30], but with the DQD
Hamiltonian replaced by the full DQDs-cavity Hamiltonian
(2). Following that scheme, we first compute the Floquet
states jϕαðtÞi of HðtÞ and the quasienergies μα by solving
the eigenvalue equation ½HðtÞ − iℏd=dt�jϕðtÞi ¼ μjϕðtÞi.
The result is then used to evaluate the dissipative kernel of
the Bloch-Redfield equation, which yields the transition
rates between Floquet states and, hence, the steady-state
populations of the Floquet states, pα. With these ingre-
dients, the susceptibility in Eq. (6) becomes [39]

χð0ÞðωÞ ¼
X

α;β;k

ðpα − pβÞjaαβ;kj2
ωþ ðμα − μβÞ=ℏ − kΩþ iκ=2

; ð7Þ

where aαβ;k is the kth Fourier component of the transition
matrix element aðtÞ ¼ hϕαðtÞjajϕβðtÞi. The total cavity
decay rate κ ¼ κ1 þ κ2 þ κint consists of contributions from
each port κν and the internal losses κint.
The corresponding theory prediction for a single DQD is

shown in Fig. 2(d). In contrast to the theory of Refs. [29,30]
[Fig. 2(b)], it obeys jS21j ≤ 1 in the whole range consid-
ered, which underlines the applicability of our theory for
values of gj beyond the linear-response regime.
To demonstrate that the preceding theory enables a

quantitative understanding of measurement results, firstly,
DQD1 is driven and coupled to the cavity, while DQD2 is far
detuned, ϵ0;2 ≫ ℏωc, andhence is inactive. Figure 3(a) shows
the measured jS21j as a function of detuning ϵ0;1 and driving
power P1 ∝ A2

d;1, which maps out a LZSM interference
pattern. Within the jϵ0;1j < Ad;1 region, a series of interfer-
ence fringeswith amplitudeminima significantly below unity
are observed. When the states of the DQD1-cavity system
interfere constructively, the excited Floquet state is effectively
populated, resulting in a minima value of the numerator in
Eq. (7) and a reduction in jS21j. Figure 3(b) displays the
theoretical result after convolution with a Gaussian that

FIG. 2. (a) Schematic view of the approach of Refs. [29,30]. The
system is formed by the energy levels of a single DQD (red) with
sweeps induced by the microwave (gray). The cavity transmission
is affected mainly when the DQD quasienergies match the cavity
frequency. (b) Resulting transmission amplitude jS21j. The black
arrow marks out regions in which the transmission is larger than
unity, which indicates that the DQD-cavity coupling exceeds the
linear-response regime. (c) Theory of this Letter. The full DQD-
cavity compound reacts to the excitation by the incoming fields.
Red and green lines refer to the lowest DQD and cavity excitation
energy, respectively. At the center (mixed color), the interaction
hybridizes these states. (d) Corresponding transmission amplitude
which obeys jS21j ≤ 1. The data are computed for microwave
powerPj ¼ −40 dBmwhich corresponds to the driving amplitude
Ad;j ¼ 20.2 μeV. The other parameters are 2tj=ℏ ¼ 5.2 GHz,
gj=2π ¼ 85 MHz, fd ¼ 1.4 GHz.
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captures the inhomogeneous broadening [22,28,54]. It is in
verygoodagreementwith the experimental data. Likewise, an
equivalent experiment is carried out for the case of DQD2

coupled with the cavity. The result is consistent with Fig. 3
and is shown in the Supplemental Material [39].
Scalable quantum information processing requires

multiple qubits that interact with a cavity. As a reference,
Fig. 4(a) shows the resulting measured jS21j for the DQD1-
cavity system as a function of the cavity probe frequency
ωp=2π and the detuning ϵ0;1. The drive power is fixed at
Pd;1 ¼ −39.9 dBm, which is marked by a black dashed line
in Fig. 3(a). The red bar with jS12j ≈ 1 is observed when the
cavity is probed at resonances, ωp ¼ ωc. In the spectral
picture, this corresponds to an excitation energy ℏωc
sketched by the green line in the inset of Fig. 4(a).
When the cavity frequency comes close to resonance with
the DQD, the cavity and the DQD are hybridized, illus-
trated by the line color in the inset of Fig. 4(a). Then the
driving leads to interference which induces a redistribution
of DQD-cavity Floquet states, which is visible as gaps in
the red bar with maximal transmission around ϵ0;1 ¼ 0

marked by yellow arrows. The corresponding data for
DQD2 is shown in Fig. S1 of the Supplemental
Material [39].
We now turn to the case of a driven two-DQD-cavity

hybrid system by tuning both DQDs close to resonance with
the cavity and applying to both microwaves with the same
frequency fd ¼ 1.4 GHz at gates BR1 and BR2. By simul-
taneously changing the detunings ϵ0;1 and ϵ0;2, we measure
the transmission jS21j depicted in Fig. 4(b). Notably in
comparison with the single DQD case [Fig. 4(a)], the gaps in
the red bar become significantly larger.
In contrast to the single-DQD-cavity system, the two-

DQD-cavity system is a multilevel system whose eigen-
energies are schematically illustrated in the inset of
Fig. 4(b). Nevertheless, the Floquet states acquire different
phases during the driving period and interfere similarly,

resulting in a change in the population distribution and a
more pronounced impact on jS21j. As is indicated by
Eq. (7), besides the population, also jaαβ;kj2 and ωp þ
ðμα − μβÞ=ℏ − kΩ play a role in the signal. The increased
hybridization of cavity photon with two DQDs leads to a
decrease in jaαβ;kj2 and a larger deviation of the energy
splitting ðμβ − μαÞ=ℏþ kΩ from ωp. Therefore, enlarged
splittings are observed. All the experimental features
are well reproduced by the theoretical results in Figs. 4(c)
and 4(d), which underlines that our approach is general
and scalable.
In conclusion, we have investigated both experimentally

and theoretically the driven dynamics of the hybrid system
in which two DQDs are strongly coupled to a cavity. For
the theoretical description, we have developed a method for
the cavity transmission in which the cavity is considered as
part of a Floquet system. This extends the method of
Ref. [29] to cases with DQD-cavity coupling beyond the
linear-response limit. Moreover, it allows one to treat
multiple qubits that interact via the cavity. On a quantitative
level, we have demonstrated the excellent agreement of

FIG. 4. Transmission jS21j as a function of probe frequency
ωp=2π and detuning ϵ0;1 for (a) the DQD1-cavity system and
(b) the two-DQD-cavity system. In (b), ϵ0;2 is simultaneously
varied in the range of ð−68.3; 68.3Þ μeV, while P1 ¼ −39.9 and
P2 ¼ −42 dBm are fixed. Insets: the energy level schematic
diagram of the hybrid system. Red, blue, and green colors refer to
the states jei1jgi2j0i, jgi1jei2j0i, jgi1jgi2j1i, respectively, where
jgij and jeij denote the ground and excited state of DQDj and jni
the n-photon cavity state. (c),(d) Theoretical results with the
inhomogeneous broadening used in Fig. 3.

FIG. 3. (a) Measured transmission jS21j as a function of
detuning ϵ0;1 and driving power P1 for DQD1 at 2t1=h ≈ 5.2
with fd ¼ 1.4 GHz. (b) Corresponding theoretical result. The
inhomogeneous broadening is considered by a convolution
with a Gaussian of width σϵ ¼ 4 μeV along the ϵ0;1 axis and
σP ¼ 0.1 dB along the P1 axis [22,28,54].
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computed and measured LZSM patterns in a regime in
which limitations of the former approach become visible.
Our approach is applicable to cQED architecture built of
other physical systems, such as QDs in other host materials
and superconducting qubits. Our results provide a more
profound insight into the dynamics of Floquet states and
may motivate future applications in scalable hybrid quan-
tum systems.
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