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Entanglement swapping, the process to entangle two particles without coupling them in any way, is one
of the most striking manifestations of the quantum-mechanical nonlocal characteristic. Besides funda-
mental interest, this process has applications in complex entanglement manipulation and quantum
communication. Here we report a high-fidelity, unconditional entanglement swapping experiment in a
superconducting circuit. The measured concurrence characterizing the qubit-qubit entanglement produced
by swapping is above 0.75, confirming most of the entanglement of one qubit with its partner is
deterministically transferred to another qubit that has never interacted with it. We further realize delayed-
choice entanglement swapping, showing whether two qubits previously behaved as in an entangled state or
as in a separable state is determined by a later choice of the type of measurement on their partners. This is
the first demonstration of entanglement-separability duality in a deterministic way.
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Quantum entanglement, lying at the heart of the
Einstein-Podolsky-Rosen (EPR) paradox [1], is one of
the most striking features of quantum mechanics. When
two particles are put in an entangled state, they can exhibit
nonlocal correlation that cannot be interpreted in terms of
any classical model as evidenced by violation of Bell’s
inequalities [2,3]. In addition to fundamental tests of qua-
ntum mechanics, entanglement is an essential resource for
many quantum information tasks, such as quantum telepo-
rtation [4] and measurement-based quantum computation
[5]. The nonlocal characteristic of quantum-mechanical
wave functions allows two particles that have never
interacted to be put into an entangled state by means of
entanglement swapping [6]. The process is illustrated in
Fig. 1, where the two qubits (Q; and Q,) to be entangled
are first entangled with their respective partners (Q, and
03): O and Q, form the first entangled Bell pair, while Q5
and Q, form the second pair. Then a joint Bell state
measurement applied to the partners Q, and Q5 will project
the remaining two qubits, Q; and Q,4, to one of four
possible Bell states; which entangled state is produced
depends on the outcome of the Bell state measurement.
Aside from fundamental interest, entanglement swapping
has practical applications in quantum communication [7]
and in multipartite entanglement manipulation necessary
for construction of complex quantum networks [8].
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Entanglement swapping has been experimentally demo-
nstrated with photonic qubits [9—17]. However, in these
optical experiments, entanglement was swapped condi-
tional on the occurrence of preset photon coincidence
events. These events were detected only in a small fraction
of experimental runs due to the photon loss on optical
components, lack of logic operations to completely disti-
nguish all four Bell states, and restriction of photon
detectors’ efficiency [17]. Experiments have realized hera-
Ided entanglement between two spatially separated atomic
qubits, each entangled with its emitted photons before a
partial Bell state analysis on these photons [18,19]; the
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FIG. 1. Sketch of entanglement swapping. Initially, Q; is

entangled with O, in a Bell state, and Q5 with Qy4, but there
is no correlation between Q; and Q,. A joint measurement on Q,
and Q5 in the Bell basis will project O, and Q, to one of four
possible Bell states depending on the outcome of the Q,-QO3
measurement.
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entanglement was swapped also with a small probability.
With photonic continuous variables, unconditional entan-
glement swapping has been reported [20,21], but where
only a small portion of entanglement was preserved after
swapping due to the limitation of the degree of entangle-
ment carried by the original entangled beams, which is the
main source of the infidelity for teleportation of a con-
tinuous-variable state [22]. Although unconditional tele-
portation has been demonstrated with different kinds of
matter qubits, including nuclear magnetic resonance [23],
trapped ions [24,25], and superconducting qubits [26,27],
where the teleported states were preset and known to the
experimenters, deterministic, high-fidelity entanglement
swapping has only been realized in an ion trap [28]. As
pointed out in Ref. [10], entanglement swapping is the only
known procedure that demonstrates the quantum nature of
teleportation—the qubit whose state is to be teleported is
entangled with another qubit, rendering it impossible to
know this state. When realized in a delayed-choice manner
[29], this process reveals a more striking feature, that is, one
can a posteriori determine two already detected particles
previously behaved as an entangled pair or as a sepa-
rable pair.

We here implement a deterministic entanglement swap-
ping experiment with superconducting qubits (labeled from
Q1 to Qy4). Our results show that Q; and Qy, although never
coupled to each other, are highly entangled after the
swapping process, with the measured concurrence above
0.75. Unlike previous experiments with photonic qubits,
the Bell states are produced deterministically and the
measurement is single shot, so that the entanglement is
swapped unconditionally. We note that an entanglement
swapping experiment also with superconducting qubits was
briefly mentioned in a recent review [30], but no exper-
imental details have been released up to now. We further
realize a delayed-choice entanglement swapping experi-
ment [29], where we choose to perform a Bell state
measurement or a separable-state measurement on Q,
and Q; after Q; and Q4 have been detected. The results
demonstrate this later choice decides the previous behavior
of Q; and Q,—whether they were entangled or separable.
This implies that entanglement is not a reality, but is a
manifestation of the statistical correlation of the measured
data; the same set of data may show different types of
correlations and have different interpretations when
grouped in different manners.

The device used to perform the experiment swapping is
identical to that used in Ref. [31], where a resonator with a
fixed frequency ,/27z =5.588 GHz is controllably
coupled to five superconducting Xmon qubits, whose
frequencies can be individually adjusted on nanosecond
timescales using flux bias lines. The device is sketched in
Fig. 2(a), and the optical image shown in Fig. 2(b).
Throughout the experiment, Q5 (unused) is tuned far off
resonance with the resonator and the other qubits, and will
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FIG. 2. Device schematic and pulse sequence. (a) Device
schematic. Five superconducting Xmon qubits (labeled from
Q; to Qs) are capacitively coupled to a bus resonator R. The
frequency of each qubit can be adjusted quickly, enabling the
relevant qubit-resonator interaction as well as the resonator-
induced qubit-qubit couplings to be effectively switched on and
off. (b) Optical image of the device. (c) Experimental sequence.
The procedure consists of three parts: Generation of Bell
states for qubit pairs Q-0Q, and Q3-Q, via resonator-mediated
VISWAP gates following 7 pulses applied to Q; and Q5; complete
Bell state measurement on (@, and (@3, achieved
by subsequentially applying a dressed-state phase gate on
Q, and Q; and performing a joint detection in the basis
{102)[03).102)[15), [12)[05). [12)|15)};  2-qubit quantum  state
tomography for O and Q,. The detailed pulse sequence is
shown in Fig. S3(a) of the Supplemental Material [32].

not be included in the description of the system. The
parameters of the system are detailed in the Supplemental
Material [32]. All the qubits and the resonator are initially
in their ground states. The experiment starts with applying
7 pulses to Oy and O3, transforming each of them from the
ground state |0) to the excited state |1) at its idle frequency,
with the experimental sequence shown in Fig. 2(c).
Then the qubit pairs Q-0, and Q03-Q, are red detuned
from the resonator by A; = A, =2z x 308 MHz and
Ay = Ay = 27 x 238 MHz, respectively. With this setting,
the resonator will not exchange photons with the qubits and
remain in the ground state, but it can simultaneously
mediate two entangling gates, each operating on one qubit
pair [35-39], with the coupling between these two qubit
pairs being negligible owing to their large detuning [39].

The qubit pair, Q;-Qy (j =1, k=2o0r j =3, k=4),
evolves to the Bell state [¥7,) = (|1;)[0¢) + i[0,)[1,))/v2

after the corresponding +/iSWAP gate. As soon as |‘I’;’k> is
generated, Q; and Q; are detuned from each other to stop
their coupling. The measured density matrices for these two
produced entangled pairs are displayed in the Supplemental
Material [32]. Their fidelities to the ideal Bell states are,
respectively, F'; ;,=0.982+£0.006 and F54=0.978+0.007.
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The product of the two Bell states [¥7,) and |¥7,) can
be expanded as

) = 5 [T + %5 )9
Flop)let) - leidler. (1)

where [¥£) = (|1;)]0) £40,)|1))/v2 and |&%) =
(1)1 £ i|0j>|0k>)/\/§. To realize entanglement swap-
ping, we perform a measurement on O, and Q5 in the Bell
basis {|'¥35). [¥53). |®;3).|P;3)}, which will project O,
and Q, to one Bell state. A complete Bell state mea-
surement can be implemented by mapping the Bell
basis onto the computational basis {]0,)]03),]0,)|13),
[1,)103),]15)|13)} through a dressed-state phase gate
[40,41]. We note that the +/iSWAP gate only transforms
two out of the four Bell states into product states, and thus
cannot be used for deterministically distinguishing all the
Bell states. To implement the dressed-state phase gate
between O, and Q5, we tune Q; and Q, back to their idle
frequencies, so that neither of them can interact with other
qubits, and then red detune Q, and Q5 from the resonator
by the same amount A}, = A’ = 2z x 308 MHz, switching
on their interaction via the resonator-induced virtual photon
exchange, with the coupling strength 4, 3 =27 x 1.14 MHz.
At the same time, we apply a resonant continuous drive
to each of these two qubits, whose phase is inverted in
the middle of the two-qubit interaction with a duration
753 = 7/24, 5. When the difference of the Rabi frequencies
of these two drives is much larger than 1, 3, a dressed-state
phase gate between Q, and Q3 is achieved. As a result, the
four Bell states of O, and Q5 evolve as (see Supplemental
Material [32])

¥35) = 1]0)[13).
|@5) = 1]02)[05).

¥73) = [12)103),
[@23) = [12)]13). 2)

The combination of this transformation and the subsequent
detection of O, and (@3 in the computational basis
{102)[03). 105)[15), [12)[03). [12)[15)} effectively realizes
the complete Bell state analysis, enabling us to distinguish
all the four Bell states. Consequently, Q; and Q, are
randomly projected onto one of the four Bell states
{|@7,), [¥74), [¥)4), |®@7,)} depending on the 0,-03
measurement outcome. During the Q,-Q5 Bell-state meas-
urement, Q; and Q, respectively stay at their idle frequen-
cies, so that the interactions of each of them with the
resonator and with any other qubit are effectively switched
off due to the large detunings.

After the Bell state analysis, we perform joint 2-qubit
state tomography to reconstruct the density matrix for
0, and Q,. The measured density matrices of Q; and Q4
conditional on the measurement outcomes [0,)|03),

FIG. 3. Measured Q;-Q, density matrices conditional on the
four Q,-Q3 measurement outcomes: (a) |0,)]03); (b) [0,)|15);
(©) |15)]03); (d) [15)|13). The results are obtained with the
experiment sequence shown in Fig. 2(c). Each matrix element
is characterized by two color bars, one for the real part and the
other for the imaginary part. The black wire frames denote the
matrix elements of the ideal output states.

02)[13), [12)05), and [1,)[15) of O, and Qj are displayed
in Figs. 3(a)-3(d), respectively. The readout error of
each qubit is corrected when reconstructing these density
matrices. Ideally, for these four outcomes Q; and Q, are
projected onto |®7,), [¥i,). [¥],), and |®7,), respec-
tively. The fidelities for the four obtained Bell states to the
ideal ones are Fg+=0.893+0.010, Fy-=0.879+0.010,
Fg+ =0.872 £0.011, and Fg- = 0.884 £ 0.010, with the
concurrences Cg+ =0.794+0.020, Cy-=0.779+0.020,
Cy+ = 0.758 £ 0.024, and Cg- = 0.785 £ 0.021, respec-
tively. These results show that Q, (Q;) inherits most of the
entanglement of Q, with Q; (Q; with Q,) after the
swapping, which is in stark contrast with experiments with
photonic continuous variables [20,21], where only a small
portion of entanglement is inherited (e.g., about 29% in
Ref. [20]). As the readout error of each qubit is corrected
when reconstructing the Q-Q, output density matrices, the
infidelities mainly come from imperfect preparation of the
0,-0, and Q5-0Q, Bell states, imperfection of the 0,-0;
dressed-state phase gate, and decoherence effects of Q; and
Q4 during this gate.

We note that the deterministic entanglement swapping
requires reliable Bell state measurement on Q, and Qs,
whose performance depends on the quality of the
dressed-state phase gate and the single-shot state readout
fidelities of Q, and Q3. The fidelity of the dressed-state
phase gate is F, ~0.966, while the average readout
fidelities of O, and Q3 are F, =0.95 and F; = 0.94,
where F; = (Fy; + Fy;)/2, with F; and F,; denoting
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the |0)- and |1)-state readout fidelities of Q;, whose values
are listed in Table S1 of the Supplemental Material [32].
Without readout error corrections, the average mea-
surement fidelity of the four Bell states is roughly
F,F,F;~0.863, and each of the four corresponding
Q:-04 output states, as shown in Fig. S4 of the
Supplemental Material [32], has a fidelity above 0.76
and a concurrence exceeding 0.54.

Going one step further, we delay the Q,-Q5 Bell state
measurement until the joint Q;-Q, state has been detected.
The detailed pulse sequence is shown in Fig. S3(b) of the
Supplemental Material [32], where the Q,-Q; readout
pulse is applied about 219 ns after the end of Q;-Q,4
readout pulse. Since the correlation between the outcomes
of 0,-0; measurement and Q;-Q, measurement is inde-
pendent of their temporal order, this arrangement will result
in entanglement swapping in a delayed manner [29].
According to Q,-Q; Bell state measurement outcomes,
the data of Q;-Q, joint state measurement are sorted into
four subsets, from which four density matrices are recon-
structed, and shown in Figs. 4(a)-4(d). As in the non-
delayed case, these four density matrices correspond to four
Bell states, with the respective fidelities Fg+ = 0.891%
0.012, Fg- =0.891 £0.012, Fg+ = 0.896 +0.010, and
Fo- = 0.897 £ 0.010, and concurrences Cg+ = 0.815 +
0.026, Cy- = 0.816 £0.024, Cy+ = 0.806 £+ 0.022, and
Co- = 0.807 £ 0.019. The fidelities and concurrences are
slightly higher than those in the nondelayed case due to the
fact that Q;-Q, joint state is detected earlier so that the
measured data are less affected by decoherence effects.

We also perform another experiment, where we choose
to measure O, and Q5 in the computational basis (without

performing the dressed-state phase gate before detection of
their states). Again, this measurement is performed after
0;-Q, joint state detection, with the pulse sequence shown
in Fig. S3(c) of the Supplemental Material [32]. The
density matrices reconstructed from the four subsets of
0;-Q, measurement data, each associated with one of
0,-03 measurement outcomes {|0,)|03), [0,)|13), [15)]03),
|1,)|15)}, are presented in Figs. 4(e)—4(h), respectively. As
expected, these matrices correspond to product states
{111)[14), [11)]04).101)[14).10,)|04)} with the fidelities
{0.907+0.011,0.914+0.009,0.930+0.009,0.949+0.008 }.
The concurrence associated with each of these recon-
structed matrices is approximate to O (see Table S4 of
the Supplemental Material [32]).

The above results demonstrate whether or not the already
measured qubits Q; and Q, previously behaved as an
entangled pair depends on the later choice of the type of
measurement on (>, and Q;. As a generalization of
Wheeler’s delayed-choice experiment proposed for illus-
trating the wave-particle duality of a single particle [42], the
delayed-choice entanglement swapping experiment reveals
the entanglement-separability duality of two particles [43].
A realization of this gedanken experiment was previously
reported with photonic qubits [17], but where only two out
of four basis states could be distinguished in each of the two
mutually exclusive measurements, so that the entangle-
ment-separability duality was only partially demonstrated:
Whether the Q,-Q, states associated with the two indis-
tinguishable Q,-05 basis states manifested a quantum or a
classical correlation could not be confirmed. Another
problem is only a small fraction of events coinciding with
the distinguishable basis states was detected owing to the

FIG. 4. Measured Q;-Q, density matrices conditional on outcomes of delayed-choice 0,-03; measurement. (a)—(d) Results obtained
from the four subsets of data correlated with the outcomes {|0,)|05). [0,)|13), [15)|03). |15)|13) } of Q»-05 measurement performed after
the dressed-state phase gate. Compared with Fig. 2(c), the temporal orders of Q,-Q; Bell measurement and Q;-Q, joint state
tomography are inverted, with the experimental pulse sequence shown in the Supplemental Material [32]. (e)—(h) Results obtained from
the four subsets of data correlated with the outcomes of the later Q,-Q; measurement without the dressed-state phase gate.
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photon loss on optical components (only 4.4% photons left)
and nonunity photon detection efficiency.

We have demonstrated deterministic entanglement swap-
ping with superconducting qubits controllably coupled to a
resonator. The qubit-qubit couplings mediated by the
resonator allows for both the controlled generation of
the Bell states and complete Bell state analysis. We have
further deterministically realized delayed-choice entangle-
ment swapping, demonstrating whether two qubits exhib-
ited entangled or separable behavior can be a posteriori
decided after they have been measured. Our results indicate
quantum entanglement of two quantum systems is a
manifestation of the statistical correlations of the measured
data, instead of a reality.
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