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Quantum correlations in observables of multiple systems not only are of fundamental interest, but also
play a key role in quantum information processing. As a signature of these correlations, the violation of Bell
inequalities has not been demonstrated with multipartite hybrid entanglement involving both continuous
and discrete variables. Here we create a five-partite entangled state with three superconducting transmon
qubits and two photonic qubits, each encoded in the mesoscopic field of a microwave cavity. We reveal the
quantum correlations among these distinct elements by joint Wigner tomography of the two cavity fields
conditional on the detection of the qubits and by test of a five-partite Bell inequality. The measured Bell
signal is 8.381� 0.038, surpassing the bound of 8 for a four-partite entanglement imposed by quantum
correlations by 10 standard deviations, demonstrating the genuine five-partite entanglement in a hybrid
quantum system.
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The ability of controllably entangling multiple quantum
systems and individually detecting their states is of impor-
tance both from the fundamental viewpoint and for prac-
tical applications, e.g., quantum computation. Essentially,
carrying out a quantum algorithm is physically equivalent
to preparing and manipulating entanglement for many two-
dimensional systems (qubits) in a prescribed manner, and
then reading out their states [1,2]. Among various kinds of
multipartite entangled states, the Greenberger-Horne-
Zeilinger (GHZ) states represent a typical example [3],
which have been produced in various systems [4–9]. These
states are formed by two maximally distinct joint quantum
states of three or more qubits, whose properties can exhibit
strong quantum correlations that exclude any local realistic
description of nature in an all-or-nothing manner [3] or by
violation of multipartite Bell inequalities [10–12]. The ratio
of the Bell’s signal associated with a GHZ state to the
bound allowed by local realism increases with the number
of entangled qubits, indicating the larger the entanglement
the stronger the nonclassical effect [12]. Besides funda-
mental interest, such states are a key resource for quantum-
based technologies, including concatenated error correcting
codes [13], quantum simulation [14,15], and Heisenberg-
limited quantum metrology [16]. So far, experimental
violations of multipartite Bell inequalities have been
reported in photonic and trapped ion systems [17–19].
Circuit quantum electrodynamics (CQED) systems, with

superconducting qubits coupled to resonators, are ideal for
complex entanglement manipulation and quantum infor-
mation processing [20–25]. Based on such systems, a

variety of entangled states have been produced, including
multiphoton NOON states for two resonators [26,27], two-
mode cat states for mesoscopic fields stored in two cavities
[28], and multiqubit GHZ states [29–31]. Using entangled
states of two superconducting qubits coupled to a resonator,
violations of the Clauser-Horne-Shimony-Holt version of
the Bell inequality have been demonstrated [32–34].
Recently, this violation was detected between two encoded
cavity cat state qubits [28] and between a superconducting
transmon qubit and an encoded cavity cat state qubit [35];
in these experiments, the Bell test was used to characterize
two-partite entanglement other than to vindicate quantum
nonlocality due to the lack of independent measurements of
the two entangled constituents.
In this Letter we experimentally produce GHZ states for

three superconducting transmon qubits and two encoded
cavity cat qubits in a three-dimensional CQED architecture
[36]. The entanglement among the three transmon qubits
and the mesoscopic fields stored in the two cavities are
generated by using the qubit-state-dependent cavity phase
shifts and cavity-photon-number-dependent qubit rotations,
enabled by the dispersive couplings between the cavities
and the corresponding transmon qubits. As far as we know,
this represents the largest hybrid entangled state reported so
far; previously, hybrid entanglement was restricted to one
discrete variable and two continuous variables [28]. We
characterize the multipartite entanglement by measuring
the joint Wigner functions for the two cavity fields condi-
tional on outcomes of joint qubit detection and by testing
the multipartite Bell inequality. We measure a Bell signal of

PHYSICAL REVIEW LETTERS 125, 180503 (2020)

0031-9007=20=125(18)=180503(7) 180503-1 © 2020 American Physical Society

https://orcid.org/0000-0002-7081-9172
https://orcid.org/0000-0003-4419-5674
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.125.180503&domain=pdf&date_stamp=2020-10-28
https://doi.org/10.1103/PhysRevLett.125.180503
https://doi.org/10.1103/PhysRevLett.125.180503
https://doi.org/10.1103/PhysRevLett.125.180503
https://doi.org/10.1103/PhysRevLett.125.180503


8.381� 0.038, surpassing the maximum value of 8 allowed
by quantum mechanics for a four-partite quantum system.
The results demonstrate a good control over complex three-
dimensional CQED systems, which represent a promising
platform for fault-tolerant quantum computation [37–40].
Our experiment is performed with a CQED architecture

involving three superconducting transmon qubits, two
storage cavities serving for storing photonic fields, and
three readout cavities, each of which is dispersively
coupled to one qubit for measuring the qubit state, as
sketched in Fig. 1(a). The detailed device geometry can be
found in Ref. [41] and the system parameters are listed in
the Supplemental Material [42]. As the readout cavities
remain in the vacuum state and do not affect the quantum
state of the qubits and storage cavities during the entangle-
ment production, we can ignore the state of each readout
cavity and will refer to the corresponding storage cavity as
“cavity.” QubitQ1 (Q2) is dispersively coupled to cavity S1
(S2), while qubit Q3 is commonly coupled to both cavities.
In the interaction picture, the Hamiltonian for the total
system is

HI ¼ −a†1a1ðχ11jei1hej þ χ13jei3hejÞ
− a†2a2ðχ22jei2hej þ χ23jei3hejÞ; ð1Þ

where a†j and aj are the creation and annihilation operators
of the photonic field in cavity Sj (j ¼ 1, 2), jeik denotes the
excited state of qubit k (k ¼ 1, 2, 3), and χjk is the
frequency shift of cavity Sj conditional on the qubit state
jeik due to the dispersive coupling.
Based on the above Hamiltonian [Eq. (1)] and the

conditional operations, we can generate a hybrid entangled
state as in Fig. 1(b). Figure 1(c) shows the pulse sequence
for the creation and the following characterization of this
state. The experiment starts with initializing each qubit to
the ground state jgi and each cavity to vacuum state j0i.
After this initialization, we apply a microwave pulse to each
cavity to produce a displacement operationDjðαjÞ in phase
space, translating the cavity from the vacuum state j0ij to a
coherent state jαjij, with αj being the complex amplitude
of the phase-space displacement. The subsequent rotation
Rπ=2
y (a π=2 rotation around the y axis) on qubit Q3,

, ,0n

2m̂

3m̂

1m̂

(b)

(a) (c)

FIG. 1. Device sketch and pulse sequence. (a) Device sketch. The device involves three superconducting transmon qubits, labeled
fromQ1 toQ3, withQ1 (Q2) dispersively coupled to the first (second) storage cavity, denoted as S1 (S2), andQ3 coupled to both storage
cavities. Each qubit is independently coupled to a readout cavity. The storage cavities are used for storing the photonic fields, while the
readout cavities for detecting the qubit states. (b) Schematic of hybrid entanglement containing three discrete variables and two
continuous variables. (c) Experimental pulse sequence to create and characterize the entangled state in (b). The procedure consists of
three parts. (1) Generation of the multipartite entangled state for the three transmon qubits and the two storage cavities, realized by a
sequence of operations, including initialization of the system to the ground state, a pair of phase-space displacements D1ðα1 ¼ 1.782Þ
and D2ðα2 ¼ 1.782Þ on the two cavity fields, rotation Rπ=2

y of Q3, Q3-state-dependent cavity phase shifts, a second pair of cavities
displacements D1ðα3Þ and D2ðα4Þ, and π rotations Rπ

n;θ;0 and Rπ
y;0 to Q1 and Q2 conditional on the vacuum states of S1 and S2,

respectively. The angle (θ) between the rotation axis of Rπ
n;θ;0 and the n axis is variable. (2) Measurement of the qubit observables with

the appropriate π=2 prerotations around the m axis on the equatorial plane Rπ=2
mj before the state readout in the basis fjgji; jejig.

Rπ=2
mj ¼ Rπ=2

−y for the joint Wigner measurement and Rπ=2
mj ¼ Rπ=2

−y or Rπ=2
�x for the Bell signal measurement. (3) Displaced photon-number

parity detection for each cavity, realized by performing a phase-space displacement Djð−γjÞ and then sandwiching a conditional cavity
π-phase shift between two qubit rotations Rπ=2

y on the corresponding qubit.Djð−γjÞ is used for conditional Wigner tomography and for
σx measurement of the corresponding cavity cat state qubit. For σy measurement of each cavity, the displacement Djð−γjÞ is replaced
by the combination of two perpendicular displacements (see the main text).
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achieved by the application of a driving pulse, transforms
jgi3 to ðjgi3 þ jei3Þ=

ffiffiffi
2

p
. After an interaction time τ, the

dispersive interaction of qubit Q3 with each cavity leads to
a conditional phase shift [28,35,48–50], evolving the
system to the state

jgi1jgi2ðjgi3jα1i1jα2i2þjei3jα1eiϕ1i1jα2eiϕ2i2Þ=
ffiffiffi
2

p
; ð2Þ

where ϕj ¼ χj3τ. A second displacement operation,
D1ðα3 ¼ −α1Þ, is then applied to cavity S1, and D2ðα4 ¼
−α2eiϕ2Þ to cavity S2, resulting in the state

1ffiffiffi
2

p jgi1jgi2ðe−ijα2j2 sinϕ2 jgi3j0i1jα2 − α2eiϕ2i2
þ eijα1j2 sinϕ1 jei3jα1eiϕ1 − α1i1j0i2Þ: ð3Þ

After this operation, we perform a π rotation to each
qubit conditional on the vacuum state of the corresponding
cavity [26,48,50], realized by a pulse resonant with the
qubit transition associated with the cavity’s vacuum state
j0i. The conditional π rotation on Q1, denoted as Rπ

n;θ;0, is
around an axis with an adjustable angle θ relative to the n
axis (reference axis) which has an angle π=2þ
jα1j2 sinϕ1 þ jα2j2 sinϕ2 to the x axis on the equatorial
plane, while that on Q2 (Rπ

y;0) is around the y axis. After
these conditional rotations, the total system evolves to

ðjei1jgi2jgi3j0i1jβ2i2þe−iθjgi1jei2jei3jβ1i1j0i2Þ=
ffiffiffi
2

p
; ð4Þ

where β1 ¼ ðα1eiϕ1 − α1Þeiχ13τ0 and β2 ¼ α2 − α2eiϕ2 , with
τ0 being the duration of these conditional rotations. When
jβjj2 ≫ 1, jβjij and j0ij are approximately orthogonal and
can be considered as the two logic states of a qubit. With
this encoding, the state of Eq. (4) represents a five-partite
GHZ state involving three transmon qubits and two cavity
cat state qubits. In our experiment, β1 ¼ −2.7 − 0.2i and
β2 ¼ 0.8þ 2.3i, corresponding to j1hβ1j0i1j2 ≃ 6.6 × 10−4

and j2hβ2j0i2j2 ≃ 2.5 × 10−3.
To verify the entanglement among the transmon qubits

and the cavity fields after the GHZ state generation, we
measure the conditional two-mode Wigner functions
W1ðγ1; γ2Þ and W−1ðγ1; γ2Þ [see Fig. 1(c)], which are
defined as the joint Wigner functions for the two cavity
fields conditional on X1X2X3 ¼ 1 and −1, respectively.
Here X1X2X3 represents the value of the observable
σ1xσ

2
xσ

3
x, with σjx being the x component of the Pauli

operator associated with the jth transmon qubit. The
observable σkx is measured by performing the rotation
Rπ=2
−y on the kth qubit and then reading out its state in

the basis fjgik; jeikg; the outcomes jgik and jeik corre-
spond to Xk ¼ 1 and −1, respectively. After the measure-
ment of X1 (X2), transmon qubitQ1 (Q2) is used to measure
the displaced photon-number parity of cavity S1 (S2),
achieved by sandwiching a conditional cavity π-phase shift
between two qubit rotations Rπ=2

y after the corresponding

cavity displacement [28,35,48–52]. The joint displaced
photon-number parity of two cavity fields is directly related
with the two-mode Wigner function as

Wðγ1; γ2Þ ¼
4

π2
hP1;γ1P2;γ2i; ð5Þ

where Pj;γj ¼ DjðγjÞPjD
†
jðγjÞ, with Pj denoting the pho-

ton-number parity operator for cavity Sj. The two-mode
Wigner function is a function in a four-dimensional space
spanned by fReðγ1Þ;Reðγ2Þ; Imðγ1Þ; Imðγ2Þg. We measure
Wðγ1; γ2Þ for both X1X2X3 ¼ 1 and −1.
The two-dimensional plane-cuts of the measured condi-

tional Wigner function W1ðγ1; γ2Þ and the ideal results are
displayed in Figs. 2(a) and 2(b), respectively, while those
associated with W−1ðγ1; γ2Þ are shown in Figs. 2(c) and
2(d). Here the relative phase between the two components
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FIG. 2. Conditional two-mode Wigner tomography for S1 and
S2 after generation of the GHZ state of Eq. (4) with θ ¼ 0. Two-
dimensional plane-cuts along the Reðγ1Þ-Reðγ2Þ axes with
ImðγjÞ ¼ 0 and along the Imðγ1Þ-Imðγ2Þ axes with ReðγjÞ ¼ 0
are shown in the left and right panels. We displace each mode
with −β1=2 and −β2=2, respectively, so that the center of the
fringes is the origin. We note that the fringe direction relative to
the horizontal axis is determined by tan−1½Imðβ1Þ=Imðβ2Þ� and
tan−1½Reðβ1Þ=Reðβ2Þ� for the left and right panels respectively.
(a) Cuts of the measured conditional Wigner function,W1ðγ1; γ2Þ,
defined as the joint Wigner functions for the two cavity fields
conditional on X1X2X3 ¼ 1. (b) The expected W1ðγ1; γ2Þ,
calculated from the ideal state of Eq. (4) with β1 ¼ −2.7 −
0.2i and β2 ¼ 0.8þ 2.3i. (c) Cuts of the measured W−1ðγ1; γ2Þ
conditional on X1X2X3 ¼ −1. (d) The expectedW−1ðγ1; γ2Þ, also
calculated from the ideal state as (a).
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of the produced GHZ state is θ ¼ 0. Cuts along the
Reðγ1Þ-Reðγ2Þ axes and Imðγ1Þ-Imðγ2Þ axes are shown
in the left and right panels, respectively. As expected, both
W1ðγ1; γ2Þ and W−1ðγ1; γ2Þ exhibit strong two-mode quan-
tum interference features, evidenced by the fringes on the
Reðγ1Þ-Reðγ2Þ and Imðγ1Þ-Imðγ2Þ planes [28,53]. The
complementarity between the interference patterns of
W1ðγ1; γ2Þ and W−1ðγ1; γ2Þ reveals the entanglement
between the transmon qubits and the cavity fields.
The five-partite entanglement can be further revealed by

the multipartite Bell inequality, proposed by Mermin [12].
For clarity, we rewrite this state as

ðj↑i1j↑i2j↑i3j↑i4j↑i5 þ j↓i1j↓i2j↓i3j↓i4j↓i5Þ=
ffiffiffi
2

p
; ð6Þ

where j↑i1 ≡ jei1 and j↓i1 ≡ jgi1; j↑ik ≡ jgik and j↓i≡
jeik for k ¼ 2, 3; j↑i4 ≡ j0i1 and j↓i4 ≡ jβ1i1;
j↑i5 ≡ jβ2i2, j↓i5 ≡ j0i2. The Bell operator for this hybrid
system is defined as

B¼σ1xσ
2
xσ

3
xσ

4
xσ

5
x−

X

l

Plðσ1xσ2xσ3xσ4yσ5yÞ

þ
X

l

Plðσ1xσ2yσ3yσ4yσ5yÞ; ð7Þ

where fPlg denotes the set of all distinct permutations of
the subscripts that give distinct products. The measurement
sequence is also shown in Fig. 1(c). As has been shown, for
k ≤ 3 the observables σkx are measured by performing the
rotation Rπ=2

−y before state readout of the corresponding
qubit. σ1y is measured by performing the rotation Rπ=2

−x

before the state readout; for the measurement of σ2y and σ3y,

Rπ=2
−x is replaced by Rπ=2

x . For each of these measurements,
the value of 1 (−1) is assigned to the corresponding
observable when the outcome is jgik (jeik). On the other
hand, for k ¼ 4 and 5, σkx and σky are measured by mapping
them to displaced photon-number parity observables of
the jth cavity with j ¼ k − 3 [35]: σkx corresponds to
Pj;x ¼ Djðβj=2ÞPjDjð−βj=2Þ; while σky approximates
Pj;y¼Djðβj=2ÞDjð−iϵjπ=4β�jÞPjDjðiϵjπ=4β�jÞDjð−βj=2Þ,
where ϵj ¼ −1 and 1 for j ¼ 1 and 2, respectively. The
even and odd parities of the jth cavity after the correspond-
ing displacement operation correspond to the values 1 and
−1 for Xjþ3 or Yjþ3, respectively. The Bell operator
involves 16 terms. The experiment is repeated 10 000
times for the measurement of the correlation corresponding
to each term, which is obtained by averaging over all of the
experimental outcomes. All the correlation values are
combined to obtain the corresponding Bell signal according
to the expansion of Eq. (7).
An ideal five-qubit GHZ state is the eigenstate of each

term of B with the eigenvalue 1, so that the ideal value of
hBi is 16. The measured expectation value of the Bell
operator, hBi, as a function of the relative phase (θ) of the

produced GHZ state is shown in Fig. 3(a). Because of the
large Hilbert space spanned by this five-partite hybrid
system, exact numerical simulations are difficult. Hence,
we simplify the simulation by neglecting the system
decoherence in the GHZ state generation and calculating
the expectation value of the Bell operator of Eq. (7) with the
simulated GHZ state. The simulated result is shown as the
solid line. The correlation associated with each term of B at
the maximum (θ ¼ π) is plotted in Fig. 3(b). Blue bars are
experimental data and grey ones correspond to the simu-
lated results.
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FIG. 3. Bell signal measurement. (a) Measured expectation
value of the Bell operator hBi as a function of the relative phase
(θ) of the produced GHZ state. An oscillation is observed as
predicted. Experiment data are marked with red. Their standard
deviations are obtained from ten repeated measurements when
the system is stable and are smaller than marker sizes. Simulated
results based on QuTiP in Python [54,55] are shown as the blue
curve. In the simulation, we neglect the system decoherence in
the GHZ state generation and calculate the expectation value of
the Bell operator of Eq. (7) with thus obtained GHZ state. The
maximum of the measured Bell signals jhBij ¼ 8.381� 0.038
not only exceeds the bound of 4 allowed by local realism (red
region), but also above the bound of 8 for a four-partite entangled
quantum system (light blue region), demonstrating the genuine
five-partite entanglement in a hybrid system. (b) Correlations
combining the maximum of the measured Bell signals in (a). Blue
bars are experimental data and grey ones represent simulated
results. Error bars are from repeated measurements. The mea-
sured results are lower due to the imperfections in the experiment
(see the main text), but the overall distribution is consistent with
simulation.
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The simulated correlations deviate from 1 and give the
maximum value of Bell signal of only jhBij ¼ 12.29. This
is mainly due to the following two factors. The first one is
the Kerr effects which deform the coherent state compo-
nents of the cavities and cause an imperfection of the
conditional qubit rotations, but are not included in the
Hamiltonian of Eq. (1). The second one is the limitation of
the displacement βj, which leads to a discrepancy between
the displaced parity operator Pj;y for the jth cavity and the y
component of the Pauli operator for the kth qubit (see
Supplemental Material [42]).
The measured values are even lower because of (1) the

qubit decoherence and cavity photon losses during the state
generation and the following characterization; (2) the large
cavity field amplitudes that cause the parity measurement
following the displacements Djð−γjÞ to deviate from the
expected cavity observables; (3) the readout errors of the
qubit states, to which the Bell signal is very sensitive. This
is due to the fact that once a qubit readout error occurs, the
sign of the output value of the corresponding measured
term is changed. Nevertheless, the resulting measured Bell
signal is jhBij ¼ 8.381� 0.038 at the maximum, in good
agreement with expectation after considering the above
imperfections (Supplemental Material [42]). This value not
only exceeds the bound of 4 allowed by local realism [12],
but also is above the bound of 8 for a four-partite entangled
quantum system, demonstrating the genuine five-partite
entanglement in a hybrid system.
We have experimentally demonstrated controlled

entanglement manipulation and characterization in a CQED
quantum processor involving three superconducting transmon
qubits and two cavities storing mesoscopic fields. We
deterministically entangled all these elements and verified
their quantum correlations by reconstructing the joint Wigner
functions of the two cavities conditional on the detection of
the states of the qubits. We further measure the five-partite
Bell signal of 8.381� 0.038, exceeding the maximum value
of 8 for a four-partite entangled state by 10 standard
deviations. Apart from fundamental interest, our experiment
serves as a demonstration of good control over a quantum
circuit, which is important for solid-state quantum computa-
tion. For larger systems with qubit-cavity chain geometry, the
multipartite GHZ states can be prepared in a sequential way
based on the same scheme presented in this work.
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