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High fidelity two-qubit gates are fundamental for scaling up the superconducting qubit number. We use two qubits
coupled via a frequency-tunable coupler which can adjust the coupling strength, and demonstrate the CZ gate using two
different schemes, adiabatic and diabatic methods. The Clifford based randomized benchmarking (RB) method is used to
assess and optimize the CZ gate fidelity. The fidelities of adiabatic and diabatic CZ gates are 99.53(8)% and 98.72(2)%,
respectively. We also analyze the errors induced by the decoherence. Comparing to 30 ns duration time of adiabatic CZ gate,
the duration time of diabatic CZ gate is 19 ns, revealing lower incoherence error rate r′incoherent,int = 0.0197(5) compared to
rincoherent,int = 0.0223(3).

Keywords: controlled-Z gates, high fidelity gates, tunable coupler
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1. Introduction
A programmable superconducting information proces-

sor which consists of a two-dimensional array of 53 trans-
mon qubits has been demonstrated to achieve the supremacy
for a specific computational task.[1] A fast, high-fidelity gate
scheme is the key to reaching this milestone. For super-
conducting transmon/Xmon qubits,[2,3] there are a variety of
proposals to realize two-qubit gates which can be divided
into three main classes. The first class is implemented with
frequency-tunable qubits with the static couplings. Interac-
tions between qubits can be turned on and off by tuning the
frequency of qubits. In particular, by tuning the qubits to make
the |11〉 state in resonance with |02〉 state, the controlled-Z
(CZ) gates can be realized.[4–8] Furthermore, parametrically
modulated qubits make particular states in resonance to re-
alize the iSWAP gate and the CZ gate.[9] In such schemes,
each qubit needs an additional magnetic flux bias line, which
makes the circuit complicated when scaling up qubit numbers.
The second class is implemented with frequency-fixed qubits
and the static coupling strengths.[10–12] The qubits gates are
realized with all microwave driver methods, such as the cross-
resonance (CR) gate.[13–19] This scheme is facing frequency
crowding problems, thus limiting the circuit integration. The

last class is implemented with frequency-fixed or frequency-

tunable qubits coupled with an additional tunable coupler. The

general scheme is that two frequency-fixed qubits have a large

frequency detuning to eliminate the ZZ interaction which can

induce the single qubit gate errors, then parametrically mod-

ulated coupler method is used to realize the iSWAP and CZ

gates.[20] A more advantage scheme is to treat the tunable cou-

pler as a switch which can quickly turn on/off the interactions

between adjacent qubits.[21–29] The coupler will turn off the in-

teraction between adjacent qubits when the single qubit gate is

implemented. In contrast, two-qubit gates are activated when

the coupler turns on the interactions. Another advantage is that

qubits do not need large frequency detuning and the frequency

crowding problem can also be alleviated.[1]

By now, the CZ gate fidelity is as high as 99.7%.[30] Fast

gate and low operation errors are two keys to improve the two-

qubit gates fidelity. In general, long gate time means more in-

coherence errors. However, shorter gate time will cause more

operation errors. To solve this conflict problem, a fast adia-

batic protocol is proposed[8,31,32] and the gate time is about

30–40 ns. Then, the nonadiabatic gates[33–35] are found to

have fast gate time, which can eliminate the incoherent errors.
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2. Experiments
In the present work, we investigate adiabatic and diabatic

CZ gates in two Xmon qubits coupled with a tunable coupler
system, as shown schematically in Figs. 1(a) and 1(b). Each
qubit is capacitively coupled with a coupler which can be seen
as an Xmon qubit. Two qubits are also directly coupled via
the capacitance. The Hamiltonian of the system can be written
as[24]

H/h̄ = ∑
i=1,2,c

ωia+i ai +
αi

2
a+i a+i aiai

+∑
i6= j

gi j(a+i a j +aia+j ), (1)

where ωi (i = 1,2,c) are the frequencies of the qubits (Q1, Q2)
and the coupler (C), a+i and ai (i = 1,2,c) are creation and an-
nihilation operators of Q1, Q2, and C, respectively. g1c (g2c)

is the coupling strength between C and Q1 (Q2) and g12 is
the direct coupling strength between Q1 and Q2. The maxi-
mum frequencies of Q1, Q2, and C are ωmax

1 /2π = 4.508 GHz,
ωmax

2 /2π = 4.701 GHz, and ωmax
c /2π = 5.419 GHz; and

the anharmonicities are α1/2π = −290 MHz, α2/2π =

−306 MHz, and αc/2π = −124 MHz, respectively. The ef-
fective coupling strength[2,24] between Q1 and Q2 is

g̃≈ g1cg2c

2

(
1

∆1c
+

1
∆2c

)
+g12, (2)

where ∆ic = ωi−ωc (i = 1,2). In the experiments, the value
of g1c (g2c) can be extracted from the spectrum of qubits or
coupler. Figure 2(a) is the spectrum of coupler C. Since cou-
pler C does not have the readout resonator, we use a novel
method indicated in the inset of Fig. 2(a). The coupler C could
be driven by a microwave pulse through the XY control line
of Q1. If the microwave resonates with coupler C which is
excited from |0〉 to |1〉, the frequency of Q2 will shift due to
Lamb shift. Therefore, when applying a π-pulse on qubit Q2,
the population of excited state Q2 will be decreased. The fre-
quency of the coupler C coupled with qubits Q1 and Q2 ver-
sus the amplitude of the bias pulse (Vb) of the coupler C is
shown in Fig. 2(a). The anti-crossing shows that the coupling
strength g1c/2π (g2c/2π) is ∼ 100 MHz. The direct coupling
strength value g12 can be derived from g̃ which can be ex-
tracted from iSWAP experiment. As indicated by the inset of
Fig. 2(c), setting up the frequencies of Q1 and Q2 on resonance
(4.110 GHz) and then sweeping the amplitude Vb and duration
time τ of the bias pulse, a chevron pattern of iSWAP experi-
ments can be measured, as shown in Fig. 2(b). The spectrum
of two-qubit coupling strengths can be obtained by the Fourier
transform of iSWAP time traces as shown in Fig. 2(c) and the
light line in Fig. 2(c) indicates that the coupling strength g̃/2π

can be changed from 0.4 MHz to 80 MHz by adjusting the
frequency of coupler C. Substituting Vb, g̃ and frequencies of

Q1, Q2 and C into Eq. (2), we can obtain the direct coupling
strength of Q1(Q2), g12/2π = 5 MHz.

(a) (b)
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Fig. 1. (a) and (b) The schematic electrical circuit and optical micrograph of
three Xmon qubits (Q1, Q2 and C). Q1 and Q2 are used as the computational
qubits with XY and Z control and coupled with the λ/4 resonators R1 and
R2 for quantum state readout. Qubit C can be seen as the tunable coupler
(C) with only the Z control.
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Fig. 2. (a) The frequency of the coupler C coupled with qubits Q1 and
Q2 versus the amplitude of the bias pulse (Vb) of the coupler C. The in-
set is the schematic diagram. The red curves are numerical simulation re-
sults fitting the spectrum of qubit–coupler–qubit systems. Two double ar-
row segments indicate the anti-crossing points and the coupling strength
g1c/2π = g2c/2π = 100 MHz. (b) The iSWAP oscillation when chang-
ing the amplitude Vb of the bias pulse of the coupler C. The inset is the
schematic of iSWAP experiment. (c) Fourier transform of iSWAP oscilla-
tion in (b). The effective coupling strength g̃/2π can vary from 0.40 MHz to
80 MHz. The red curve shows the calculated results with g12/2π = 5 MHz.

3. Results and discussion
To easily understand how to operate the qubit–coupler–

qubit systems, we use |Q1,C,Q2〉 to describe the energy-
eigenstates. When performing CZ gates, the computational
state |101〉 should be an adiabatic evolution from the idle
points close to the region where |101〉 has coupling with an-
other non-computational state (such as |011〉 or |200〉),[24]
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then back to the idling points with no leakage to these non-
computational states. Thus the state |101〉 will accumulate a
conditional phase. In order to satisfy adiabatic evolution, the
gate time should be greater than 1/g1c to make sure that there
is no leakage to another non-computational state. In our ex-
periment, we firstly bias the Q1, Q2, and C at the frequencies
of f 01

Q1
= 4.283 GHz, f 01

Q2
= 4.679 GHz, and f 01

c = 5.419 GHz,
respectively, as idling points where the effective ZZ interaction
coupling is smaller than 500 kHz and the two qubits have bet-
ter coherence time (the T1 time is 20.9 µs for Q1, and 28.8 µs
for Q2). The average single-qubit gate fidelities of Q1 and Q2

are 99.6% and 99.7%, respectively. Since Q1 and Q2 have
strong coupling strengths with C, a half-period cosine shape
pulse with duration time of 30 ns will satisfy the adiabatic evo-
lution condition.

To calibrate the conditional phase, the Ramsey-type ex-
periments are performed as shown in Fig. 3. Figures 3(a) and
3(b) are the control pulse sequence and the qubit Q1 is pre-
pared in the ground state |0〉 and excited state |1〉, respectively.
Figure 3(c) shows the Ramsey oscillation results of qubit Q2

versus the second X/2 gate phase degree α with different
amplitude Vb of coulper C flux pulse. The top and bottom
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Fig. 3. (a) and (b) Schematic of a Ramsey-type experiment measuring the
conditional phase of CZ gate. Qubit Q1 is prepared in its ground or excited
state. Two π/2-pulses (the second π/2-pulse has a phase shift α) are applied
on qubit Q2 with an interleaved idle gate of duration τ , during which the CZ
gate (an half-period cosine shape pulse) is applied on coupler C. (c) The
oscillations of the population of qubit Q2 are measured by sweeping the am-
plitude Vb of CZ gate and the second X/2 gate phase shift α . The top and
bottom figures are Q1 in its ground state and its excited state, respectively.
(d) The initial phases φId and φX of the oscillation traces in (c) are fitted as
a function of Vb, which are displayed by the blue and green lines, respec-
tively. The conditional phase φc = φX −φId can be extracted as a function of
Vb (yellow line). The gray criss-cross line indicates φc = π with proper Vb.

panels correspond to Q1 initialized in the ground and excited
states, respectively. The initial phases φId and φX can be ex-
tracted by fitting the Ramsey oscillation trace. Then we can get
the relationship between the conditional phase φc = φX − φId

and Vb. As shown in Fig. 3(c), the yellow line corresponds to
φc versus Vb. We can use Vb = 0.2382 V to get the conditional
phase φc = π . φId is a local dynamical phase accumulated on
Q2 which can be easily compensated by a virtual Z gate.[36]

By exchanging the roles of Q1 and Q2 in the same experiment,
the local phase on Q1 can also be measured.

The Clifford based randomized benchmarking (RB)
method can be used to assess and optimize the performance
of adiabatic CZ gates,[8,37–41] which is performed by apply-
ing a gate sequence of m two-qubit Clifford gates followed
by an additional

(
m+1

)
th gate to invert the whole sequence.

Figure 4(a) shows the sequence fidelity as a function of m for
both the reference and CZ-interleaved cases. The results are
the average of 100 random samples. The parameters of adi-
abatic CZ gate are obtained by implementing Nelder–Mead
(NM) optimization algorithm in 100 evaluations. We can ob-
tain the decay constants pref and pint from fitting with the
exponential function F = Apm +B, and then the error rate per
Clifford gate rref and rint from r = 3/4(1− p). The CZ gate
error rate can be extracted from rCZ = 3/4(1− pint/pref) and
the CZ gate fidelity from FCZ = 1− rCZ. The average error
rate per Clifford gate of our scheme is rref = 0.0242(2), and
rint = 0.0286(7) for interleaved, as shown in Fig. 4(a). The
CZ gate error rCZ = 0.0046(2). The fidelity of adiabatic CZ
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Fig. 4. Fidelity and error analysis of the adiabatic CZ gate. (a) Measured se-
quence fidelity (100 averages) as a function of the number of Cliffords m for
both the reference (diamond) and interleaved (circular) RB experiments. Er-
ror bars are the standard deviations from the mean. (b) Measured sequence
purity (100 averages) as a function of the number of Cliffords m for both the
reference (diamond) and interleaved (circular) PB experiments.
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gate is FCZ = 99.53(8)%. To estimate the decoherence er-
ror, we also measure the two-qubit purity benchmarking
(PB)[42,43] as shown in Fig. 4(b). We use the exponential func-
tion F = A′um−1 +B′ to fit sequence purity as a function of m,
and obtain the purity error rate from rincoherent = 3/4(1−

√
u).

The average purity error per Clifford gate is rincoherent,int =

0.0223(3). The average purity error of interleaved sequence
is rincoherent,ref = 0.0154(8). As a result, we estimate the inco-
herence error contribution to be rincoherent,ref/rref = 64% of the
total errors per two-qubit gate.

To realize a faster CZ gate, the two-qubit gates need to
have a stronger effective coupling strength g̃. From Fig. 2(c),
the maximum of g̃ is up to 80 MHz. So we can choose
τ ≈ 18 ns as the duration time of CZ gate. However, the
evolution of CZ gate will not satisfy adiabatic conditions,
which will induce the leakage error. To simplify diabatic CZ
gate operation, the square-shaped pulse is used with distortion
correction.[44] Here we have two main controllable parame-
ters, the coupling g̃ and frequency detuning ∆ = f 01

Q2
− f 01

Q1

to realize the diabatic CZ gates. To adjust ∆ value in experi-
ments, we fix Q1 frequency at the idle points and change the
flux bias pulse amplitude Vq of Q2. Before calibrating the con-
ditional phase, we should exactly identify the leakage versus
coupling strength g̃ and frequency detuning ∆ . As shown in
Fig. 5(a), we initialize two qubits in the excited state and then
perform the diabatic CZ gate. If leakage occurs, the popu-
lation of the ground state of the lower frequency qubit will
increase. By sweeping the voltage of Vb and Vq, we can map
out leakage errors. The result is shown in Fig. 5(b), where the
dark region means the low-leakage errors. After calibrating
the conditional phase by executing Ramsey-type experiments,
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Fig. 5. (a) The control sequence to measure leakage errors when implent-
menting the diabatic CZ gates. (b) Leakage error results after CZ gates.
(c) Schematic of a Ramsey-type experiment measuring the conditional phase
of diabatic CZ gates. The pulse shape of diabatic CZ gates is a square-
shaped pulse of duration τ = 18 ns. Qubit Q1 is prepared in its ground or
excited state. (d) The results of the Ramsey oscillations under Vb = 0.173V
and Vq = 0.174V. The conditional phase φc = π . (e) The conditional phase
results after CZ gates.

we can get the relationships between φc and Vb, Vq. Figure 5(c)
shows the experimental control pulse sequence which is sim-
ilar to the adiabatic CZ gates except that the square-shaped
pulse is applied and the values of Q2 flux bias pulse amplitude
Vq are explored. The measurement result is shown in Fig. 5(e).
The red regions correspond to φc close to π or −π . As a re-
sult, we can pick up appropriate Vb and Vq values to satisfy
φc = π , then check leakage errors in Fig. 5(b). We find that
Vb = 0.173V and Vq = 0.174V satisfy both constraint condi-
tions. Figure 5(d) shows the results of the qubit Q2 Ramsey
oscillations under these conditions. The phase difference of
the two oscillations is π , which means the conditional phase
φc = π .

Then RB is used to optimize the fidelity of CZ gate
by NM algorithm. The best optimization result is shown in
Fig. 6(a). The optimized CZ gate time is 19 ns. The average er-
ror rate per Clifford gate r′ref = 0.0280(7) and r′int = 0.0407(2).
The CZ gate error rate r′CZ = 0.0127(8). The fidelity of dia-
batic CZ gate is FCZ = 98.72(2)%. As shown in Fig. 6(b),
the sequence purity r′incoherent,int and r′incoherent,ref are 0.0197(5)
and 0.0132(5), respectively. The incoherence error contributes
about 47% of the total errors per two-qubit gate.
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Fig. 6. Fidelity and error analysis of the diabatic CZ gate. (a) Measured
sequence fidelity (100 averages) as a function of the number of Cliffords m
for both the reference (blue) and interleaved (red) RB experiments. Error
bars are the standard deviations from the mean. (b) Measured sequence pu-
rity (100 averages) as a function of the number of Cliffords m for both the
reference (green) and interleaved (yellow) PB experiments.

4. Conclusion
In summary, we experimentally constructed a tunable-

coupled two-qubit system, and realized high fidelity CZ gate
in two different schemes. The highest RB fidelities of the adi-
abatic and diabatic CZ gates we achieved were 99.53(8)% and
98.72(2)%, respectively. The adiabatic CZ gate defined by a
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cosine flux pulse on coupler required fewer calibrations com-
pared to diabatic CZ gate, which was implemented by apply-
ing parallel square-sharped flux pulses both on coupler and
one of the frequency tunable qubits. Purity benchmarking
which describes incoherence error was also studied. We found
that incoherence error contributed 64% and 47% in total error
per Clifford gate for adiabatic or diabatic CZ gates, respec-
tively.
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A D, Keefe G A, Rothwell M B, Rozen J R, Abraham D W, Rigetti C
and Steffen M 2012 Phys. Rev. Lett. 109 240505

[18] de Groot P C, Lisenfeld J, Schouten R N, Ashhab S, Lupascu A, Har-
mans C J P M and Mooij J E 2010 Nat. Phys. 6 763

[19] de Groot P C, Ashhab S, Lupascu A, DiCarlo L, Nori F, Harmans C J
P M and Mooij J E 2012 New J. Phys. 14 073038

[20] Ganzhorn M, Salis G, Egger D J, Fuhrer A, Mergenthaler M, Müller
C, Müller P, Paredes S, Pechal M, Werninghaus M and Filipp S 2020
Phys. Rev. Research 2 033447

[21] Ashhab S, Matsuo S, Hatakenaka N and Nori F 2006 Phys. Rev. B 74
184504

[22] Ashhab S and Nori F 2007 Phys. Rev. B 76 132513
[23] Chen Y, Neill C, Roushan P, Leung N, Fang M, Barends R, Kelly J,

Campbell B, Chen Z, Chiaro B, Dunsworth A, Jeffrey E, Megrant A,
Mutus J Y, O’Malley P J J, Quintana C M, Sank D, Vainsencher A,
Wenner J, White T C, Geller M R, Cleland A N and Martinis J M 2014
Phys. Rev. Lett. 113 220502

[24] Yan F, Krantz P, Sung Y, Kjaergaard M, Campbell D, Wang J, Orlando
T P, Gustavsson S and Oliver W 2018 Phys. Rev. Applied 10 054062

[25] Xu Y, Chu J, Yuan J, Qiu J, Zhou Y, Zhang L, Tan X, Yu Y, Liu S, Li J,
Yan F and Yu D 2020 Phys. Rev. Lett. 125 240503

[26] Li X, Cai T, Yan H, Wang Z, Pan X, Ma Y, Cai W, Han J, Hua Z, Han
X, Wu Y, Zhang H, Wang H, Song Y, Duan L and Sun L 2020 Phys.
Rev. Applied 14 024070

[27] Han X, Cai T, Li X, Wu Y, Ma Y, Wang J, Zhang H, Song Y and Duan
L 2020 Phys. Rev. A 102 022619

[28] Collodo M C, Herrmann J, Lacroix N, Andersen C K, Remm A, Lazar
S, Besse J C, Walter T, Wallraff A, Eichler C 2020 Phys. Rev. Lett. 125
240502

[29] McKay D C, Filipp S, Mezzacapo A, Magesan E, Chow J M and Gam-
betta J M 2016 Phys. Rev. Applied 6 064007

[30] Kyaw T H, Menke T, Sim S, Sawaya N P D, Oliver W D, Guerreschi G
G and Aspuru-Guzik A 2020 arXiv:2006.03070 [quant-ph]

[31] Moll N, Barkoutsos P, Bishop L S, et al. 2018 Quantum Sci. Technol. 3
030503

[32] Rol M A, Battistel F, Malinowski F K, Bultink C C, Tarasinski B M,
Vollmer R, Haider N, Muthusubramanian N, Bruno A, Terhal B M and
DiCarlo L 2019 Phys. Rev. Lett. 123 120502

[33] Li S, Castellano A D, Wang S, Wu Y, Gong M, Yan Z, Rong H, Deng
H, Zha C, Guo C, Sun L, Peng C, Zhu X B and Pan J W 2019 npj
Quantum Information 5 84

[34] Barends R, Quintana C M, Petukhov A G, et al. 2019 Phys. Rev. Lett.
123 210501

[35] Foxen B, Neill C, Dunsworth A, et al. 2020 Phys. Rev. Lett. 125 120504
[36] McKay D C, Wood C J, Sheldon S, Chow J M and Gambetta J M 2017

Phys. Rev. A 96 022330
[37] Knill E, Leibfried D, Reichle R, Britton J, Blakestad R B, Jost J D,

Langer C, Ozeri R, Seidelin S and Wineland D J 2008 Phys. Rev. A 77
012307

[38] Kelly J, Barends R, Campbell B, et al. 2014 Phys. Rev. Lett. 112 240504
[39] Magesan E, Gambetta J M and Emerson J 2011 Phys. Rev. Lett. 106

180504
[40] Magesan E, Gambetta J M, Johnson B R, Ryan C A, Chow J M, Merkel

S T, da Silva M P, Keefe G A, Rothwell M B, Ohki T A, Ketchen M B
and Steffen M 2012 Phys. Rev. Lett. 109 080505

[41] O’Malley P J J, Kelly J, Barends R, Campbell B, Chen Y, Chen Z,
Chiaro B, Dunsworth A, Fowler A G, Hoi I C, Jeffrey E, Megrant A,
Mutus J, Neill C, Quintana C, Roushan P, Sank D, Vainsencher A, Wen-
ner J, White T C, Korotkov A N, Cleland A N and Martinis J M 2015
Phys. Rev. Applied 3 044009

[42] Wallman J, Granade C, Harper R and Flammia S T 2015 New J. Phys.
17 113020

[43] Feng G, Wallman J J, Buonacorsi B, Cho F H, Park D K, Xin T, Lu D,
Baugh J and Laflamme R 2016 Phys. Rev. Lett. 117 260501

[44] Rol M A, Battistel F, Malinowski F K, Bultink C C, Tarasinski B M,
Vollmer R, Haider N, Muthusubramanian N, Bruno A, Terhal B M and
DiCarlo L 2019 Phys. Rev. Lett. 123 120502

044212-5

http://doi.org/10.1038/s41586-019-1666-5
http://doi.org/10.1103/PhysRevA.76.042319
http://doi.org/10.1103/PhysRevA.76.042319
http://doi.org/10.1103/PhysRevLett.111.080502
http://doi.org/10.1103/PhysRevA.67.032301
http://doi.org/10.1103/PhysRevLett.91.167005
http://doi.org/10.1038/nature08121
http://doi.org/10.1103/PhysRevB.82.184515
http://doi.org/10.1038/nature13171
http://doi.org/10.1103/PhysRevApplied.10.034050
http://doi.org/10.1103/PhysRevApplied.10.034050
http://doi.org/10.1103/PhysRevLett.94.240502
http://doi.org/10.1103/PhysRevB.79.180511
http://doi.org/10.1103/PhysRevApplied.8.044003
http://doi.org/10.1103/PhysRevB.81.134507
http://doi.org/10.1103/PhysRevLett.107.080502
http://doi.org/10.1088/1367-2630/15/11/115012
http://doi.org/10.1103/PhysRevA.93.060302
http://doi.org/10.1103/PhysRevA.93.060302
http://doi.org/10.1103/PhysRevLett.109.240505
http://doi.org/10.1038/nphys1733
http://doi.org/10.1088/1367-2630/14/7/073038
http://doi.org/10.1103/PhysRevResearch.2.033447
http://doi.org/10.1103/PhysRevResearch.2.033447
http://doi.org/10.1103/PhysRevB.74.184504
http://doi.org/10.1103/PhysRevB.74.184504
http://doi.org/10.1103/PhysRevB.76.132513
http://doi.org/10.1103/PhysRevLett.113.220502
http://doi.org/10.1103/PhysRevLett.113.220502
http://doi.org/10.1103/PhysRevApplied.10.054062
http://doi.org/10.1103/PhysRevLett.125.240503
http://doi.org/10.1103/PhysRevApplied.14.024070
http://doi.org/10.1103/PhysRevApplied.14.024070
http://doi.org/10.1103/PhysRevA.102.022619
http://doi.org/10.1103/PhysRevLett.125.240502
http://doi.org/10.1103/PhysRevLett.125.240502
http://doi.org/10.1103/PhysRevApplied.6.064007
https://arxiv.org/abs/2006.03070
http://doi.org/10.1088/2058-9565/aab822
http://doi.org/10.1088/2058-9565/aab822
http://doi.org/10.1103/PhysRevLett.123.120502
http://doi.org/10.1038/s41534-019-0202-7
http://doi.org/10.1038/s41534-019-0202-7
http://doi.org/10.1103/PhysRevLett.123.210501
http://doi.org/10.1103/PhysRevLett.123.210501
http://doi.org/10.1103/PhysRevLett.125.120504
http://doi.org/10.1103/PhysRevA.96.022330
http://doi.org/10.1103/PhysRevA.96.022330
http://doi.org/10.1103/PhysRevA.77.012307
http://doi.org/10.1103/PhysRevA.77.012307
http://doi.org/10.1103/PhysRevLett.112.240504
http://doi.org/10.1103/PhysRevLett.106.180504
http://doi.org/10.1103/PhysRevLett.106.180504
http://doi.org/10.1103/PhysRevLett.109.080505
http://doi.org/10.1103/PhysRevApplied.3.044009
http://doi.org/10.1103/PhysRevApplied.3.044009
http://doi.org/10.1088/1367-2630/17/11/113020
http://doi.org/10.1088/1367-2630/17/11/113020
http://doi.org/10.1103/PhysRevLett.117.260501
http://doi.org/10.1103/PhysRevLett.123.120502

	1. Introduction
	2. Experiments
	3. Results and discussion
	4. Conclusion
	References

