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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
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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
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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

H; = —aja;(x11le), (e| + xi3le)s(el)
— abay(xnle)rfe| + xasle)slel), (1)

where a; and a; are the creation and annihilation operators
of the photonic field in cavity §; (j = 1, 2), |e); denotes the
excited state of qubit k (k=1, 2, 3), and yj is the
frequency shift of cavity S; conditional on the qubit state
le),; 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

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.” Qubit Q; (Q,) is dispersively coupled to cavity S;
(S,), while qubit Q5 is commonly coupled to both cavities.
In the interaction picture, the Hamiltonian for the total
system is

state. The experiment starts with initializing each qubit to
the ground state |g) and each cavity to vacuum state |0).
After this initialization, we apply a microwave pulse to each
cavity to produce a displacement operation D ;(a;) in phase
space, translating the cavity from the vacuum state |0);toa
coherent state |a; ) with a; being the complex amphtude
of the phase- space dlsplacement The subsequent rotation

(a z/2 rotation around the y axis) on qubit Qs,

(@) s, s, ()

State generation Jomt Wigner/Bell Measurement

Qublt Meas.  Cavity Parity Meas

FIG. 1. Device sketch and pulse sequence. (a) Device sketch. The device involves three superconducting transmon qubits, labeled
from Q, to Q5, with Q, (Q,) dispersively coupled to the first (second) storage cavity, denoted as S; (S, ), and Q5 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 D (a; = 1.782)
and D,(a, = 1.782) on the two cavity fields, rotation Rf/ 2 of 03, Q3-state-dependent cavity phase shifts, a second pair of cavities
displacements D, (@3) and Dy(ay), and x rotations Ry ,, and R}, to Q; and Q, conditional on the vacuum states of S; and S,,
respectively. The angle (6) between the rotation axis of R o0 and the n axis is varlable (2) Measurement of the qubit observables with
the appropriate z/2 prerotations around the m axis on the equatorlal plane R m; * before the state readout in the basis {]| g;)-lej)}
R”m// = R_/v2 for the joint Wigner measurement and RY m, = R_V or R for the Bell signal measurement. (3) Displaced photon-number
parity detection for each cavity, realized by performing a phase-space dlsplacement D;(—y;) and then sandwiching a conditional cavity
7-phase shift between two qubit rotations Ry /2 on the corresponding qubit. D;(—y;) is used for conditional Wigner tomography and for
o, measurement of the corresponding cavity cat state qubit. For 6, measurement of each cavity, the displacement D;(—y;) 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
|9)5 to (|g); + |e)3)/+/2. After an interaction time 7, 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

19)119)2(19) sl )1 |aa)s + le)s|are ) |are™®2),) V2, (2)

where ¢; = y37. A second displacement operation,
D, (a3 = —ay), is then applied to cavity S;, and D,(ay =
—m,e'?2) to cavity S,, resulting in the state

1 i| oy |? sin i
ﬁ |9)119), (e~ 50 2{ g)|0), |ty — pe2),
+ ellalfsindife) e — ay),0),). (3)

After this operation, we perform a z 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
|0). The conditional 7 rotation on Q,, denoted as RY , , is
around an axis with an adjustable angle @ relative to the n
axis (reference axis) which has an angle /2 +
|a;|? sin g, + |a,|* sin¢gh, to the x axis on the equatorial
plane, while that on Q, (R;’,O) is around the y axis. After
these conditional rotations, the total system evolves to

(|e)1|g>2|g>3|0>1|ﬂ2>2+e‘i9|g>1|e>2|e>3|ﬂ1>1|0>2)/\/§, 4)

where 8| = (a;e'® —a;)e”” and f, = a, — aye'?2, with
7’ being the duration of these conditional rotations. When
B> > 1, |ﬂ~,->j and |0); 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, #; = —2.7 — 0.2i and
B> = 0.8 + 2.3i, corresponding to |, (5;]0),]* ~ 6.6 x 10~*
and |,{$,]0),]> ~2.5 x 1073,

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
Wi(y1,72) and W_,(y,7,) [see Fig. 1(c)], which are
defined as the joint Wigner functions for the two cavity
fields conditional on X;X,X; =1 and —1, respectively.
Here X,X,X; represents the value of the observable
clo263, with o} being the x component of the Pauli
operator associated with the jth transmon qubit. The
observable 6% is measured by performing the rotation
R’ﬁ(,,z on the kth qubit and then reading out its state in
the basis {|g);.|e),}; the outcomes |g), and |e), corre-
spond to X; = 1 and —1, respectively. After the measure-
ment of X; (X,), transmon qubit Q; (Q,) is used to measure
the displaced photon-number parity of cavity S; (S,),
achieved by sandwiching a conditional cavity z-phase shift
between two qubit rotations Rfv[/ 2 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

W(yl’yZ) = <P1.y1 P2.y2>7 (5)

T

where P;, = Dj(yj)PijT-(yj), with P; denoting the pho-
ton-number parity operator for cavity §;. The two-mode
Wigner function is a function in a four-dimensional space
spanned by {Re(y),Re(y,), Im(y;), Im(y,)}. We measure
W(y1,y,) for both X, X,X3 =1 and —1.

The two-dimensional plane-cuts of the measured condi-
tional Wigner function W (y;,7,) and the ideal results are
displayed in Figs. 2(a) and 2(b), respectively, while those
associated with W_,(y,7,) are shown in Figs. 2(c) and
2(d). Here the relative phase between the two components
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= 2
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FIG. 2. Conditional two-mode Wigner tomography for S; and
S, after generation of the GHZ state of Eq. (4) with 6 = 0. Two-
dimensional plane-cuts along the Re(y;)-Re(y,) axes with
Im(y;) = 0 and along the Im(y,)-Im(y,) axes with Re(y;) =0
are shown in the left and right panels. We displace each mode
with —f,/2 and —f,/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~![Im(f;)/Im(f,)] and
tan~'[Re(f3;)/Re(3,)] for the left and right panels respectively.
(a) Cuts of the measured conditional Wigner function, W, (y;,7,),
defined as the joint Wigner functions for the two cavity fields
conditional on X;X,X; =1. (b) The expected W(ry,72),
calculated from the ideal state of Eq. (4) with p; = -2.7 —
0.2 and 3, = 0.8 + 2.3i. (c) Cuts of the measured W_,(yy,72)
conditional on X; X,X5 = —1. (d) The expected W_,(y;,7,), also
calculated from the ideal state as (a).

180503-3



PHYSICAL REVIEW LETTERS 125, 180503 (2020)

of the produced GHZ state is 8 = 0. Cuts along the
Re(y;)-Re(y,) axes and Im(y;)-Im(y,) axes are shown
in the left and right panels, respectively. As expected, both
Wi(y1,72) and W_;(yy, 7,) exhibit strong two-mode quan-
tum interference features, evidenced by the fringes on the
Re(y;)-Re(y,) and Im(y;)-Im(y,) planes [28,53]. The
complementarity between the interference patterns of
Wi(yi,72) and W_i(y;,y,) 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

(M2 D3l)al)s + 11213l )alb)s)/ V2, (6)

where |1), = [e), and [}); =[9),; |1)x =|g); and []) =
le) for k=2, 3; [1),=10); and [|)s=I[p1);
[1)s = 1p2)2, |4 )5 = |0),. The Bell operator for this hybrid
system is defined as

B=oclolcicio —ZP1(6102636465)
+ ZPl(aiaga‘yayay), (7)
1

where {P;} 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 oX are measured by performing the

rotation Rf/yz before state readout of the corresponding

qubit. (7‘1 is measured by performing the rotation R™?

before the state readout; for the measurement of ay and ay,

R’iéz is replaced by R;’/ 2. For each of these measurements,
the value of 1 (—1) is assigned to the corresponding
observable when the outcome is |g); (|e);). On the other
hand, for k = 4 and 5, 6% and 6% are measured by mapping
them to displaced photon-number parity observables of
the jth cavity with j =k —3 [35]: 6% corresponds to
ij =D;(B;/2)P;D;(—p;/2); while of approximates

(ﬁj/2) i(= l€ﬂf/4ﬁ*) D(ie;x/4B;)D;(—p;/2),
where €;=—1and 1 for j = 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 X;;3 or Y;,3, respectively. The Bell operator
involves 16 terms. The experiment is repeated 10000
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
(B) is 16. The measured expectation value of the Bell
operator, (B3), as a function of the relative phase () of the

(a) 15
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Results
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XX XY XxXXxY Y XY vy xYyy

XY X Xx XYYy yYyXxXxxvyVYyxy
Correlations

FIG. 3. Bell signal measurement. (a) Measured expectation
value of the Bell operator (55) as a function of the relative phase
(@) 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 |(B)| = 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.

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 3 at
the maximum (6 = r) is plotted in Fig. 3(b). Blue bars are
experimental data and grey ones correspond to the simu-
lated results.
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The simulated correlations deviate from 1 and give the
maximum value of Bell signal of only ()| = 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 f3;, which leads to a discrepancy between
the displaced parity operator P; , 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 D;(—y;) 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 |(B)| = 8.381 4 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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