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High-fidelity two-qubit gates at scale are a key requirement to realize the full promise of quantum
computation and simulation. The advent and use of coupler elements to tunably control two-qubit
interactions has improved operational fidelity in many-qubit systems by reducing parasitic coupling and
frequency crowding issues. Nonetheless, two-qubit gate errors still limit the capability of near-term
quantum applications. The reason, in part, is that the existing framework for tunable couplers based on the
dispersive approximation does not fully incorporate three-body multilevel dynamics, which is essential for
addressing coherent leakage to the coupler and parasitic longitudinal (ZZ) interactions during two-qubit
gates. Here, we present a systematic approach that goes beyond the dispersive approximation to exploit the
engineered level structure of the coupler and optimize its control. Using this approach, we experimentally
demonstrate CZ and ZZ-free iSWAP gates with two-qubit interaction fidelities of 99.76 + 0.07% and
99.87 4 0.23%, respectively, which are close to their 7 limits.
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I. INTRODUCTION

A key challenge for large-scale quantum computation
and simulation is the extensible implementation of high-
fidelity entangling gates [1]. Over the past two decades,
superconducting qubits have made great strides in gate
fidelities and scalability [2], heralding the era of noisy
intermediate-scale quantum (NISQ) systems [3,4]. The
introduction of tunable couplers, which dynamically
control the qubit-qubit interaction, is an architectural
breakthrough that helps resolve many scalability issues
such as frequency crowding and parasitic coupling
between adjacent qubits and enables fast, high-fidelity
two-qubit gates [4-20]. Recently, two-qubit gates with
bosonic qubits have also been demonstrated by using a
driven transmon coupler [21,22]. Despite tremendous
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progress, however, the two-qubit gate error still remains
a major bottleneck for realizing the full promise of NISQ
hardware and ultimately building error-corrected logical
qubits [3,23].

To further improve the fidelity of coupler-mediated
entangling gates, a systematic approach for optimizing
control and level structure of the coupler is required.
However, the existing theoretical framework based on
the perturbative approach, which assumes a dispersive
qubit-coupler interaction [13], has several limitations.
First, when performing fast two-qubit gates, the qubit-
coupler coupling generally enters into the non- or weakly
dispersive regime. Therefore, the perturbative approach
breaks down and coherent energy exchange between the
qubit and coupler arises, which is not captured within the
existing framework. In other words, theoretical treatments
are simplified at the cost of overlooking coherent leakage to
the coupler—nonadiabatic erro—when performing fast
two-qubit gates. Furthermore, the perturbative treatment
of tunable couplers disregards the presence of higher levels
of the coupler [13]. This omission is significant; the higher
level of the coupler participates in the multilevel dynamics
of two-qubit gates and, thereby, adds a considerable
amount of residual two-qubit interactions.

Published by the American Physical Society
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In this paper, we engineer the control and level structure
of the coupler by going beyond the dispersive approxima-
tion in order to realize high-fidelity two-qubit gates. We
implement both longitudinal (CZ) and transversal (iISWAP)
two-qubit gates; the availability of both type of gates
generally reduces gate overheads of NISQ algorithms
[3,24]. We propose an intuitive yet systematic approach
for optimizing control to suppress coherent leakage to the
coupler. Via optimized control, we significantly reduce the
nonadiabatic error of a 60-ns-long CZ gate, thereby
demonstrating a two-qubit interaction fidelity of 99.76 +
0.07% in interleaved randomized benchmarking. We also
address a fundamental issue of the iSWAP gate when
coupling two transmon qubits: parasitic ZZ interaction due
to their higher levels [10,17,25-27]. We successfully
suppress the residual ZZ interaction of the iISWAP gate
in a passive manner, by exploiting the engineered coupler
level structure, and demonstrate a two-qubit interaction
fidelity of 99.87 +0.23% with a 30-ns gate duration.

II. DEVICE SETUP

We consider a pairwise interacting three-body quantum
system, in which each constituent body is a multilevel
anharmonic oscillator [Fig. 1(a)]. Quantum bits are
encoded in the first two levels of the leftmost and rightmost
anharmonic oscillators with resonant frequencies @; and
,, respectively. The middle anharmonic oscillator serves
as the coupler. These two distant qubits and the coupler are
coupled through exchange-type interactions with coupling
strengths gq., g»., and g;,. We assume the qubit-coupler
interactions to be much stronger than the direct qubit-qubit
interaction g;. = ¢, > g1». This assumption is valid for
our device and is a practical parameter regime for tunable
couplers, in general [13]. We approximate the qubits and
the coupler as Duffing oscillators, a common model for
anharmonic multilevel qubit systems such as the transmon
[28] and the C-shunt flux qubit [29]. Thus, the system
Hamiltonian can be written as follows (2= 1):

H=Y" (w,»bjbi + %b}bjb,b,)

+Zgu(bi—b?)(l’j—b})v (1)

i<j

where b and b; (i,j € {1,2,c}) are, respectively, the
raising and lowering operators defined in the eigenbasis
of the corresponding oscillators. The level anharmonicity of
each oscillator is denoted by #;. As shown in Ref. [13], the
destructive interference between the coupler-mediated and
direct qubit-qubit couplings enables the resulting net qubit-
qubit coupling to be turned on and off by adjusting the
coupler frequency @..

We realize this pairwise interacting three-body system in
a circuit quantum electrodynamics setup [30,31] using
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FIG. 1. (a) Schematic diagram of a pairwise interacting three-

body system. Each constituent body has anharmonic multiple
energy level structure. (b),(c) Experimental realization of a three-
body system in superconducting circuits. (d) Circuit schematic. In
(c), false colors (blue, red, pink, green, and brown) are used to
indicate the corresponding circuit components in (d).

three capacitively coupled transmons [Figs. 1(b)-1(d)]
[28,32]. The transmon coupler at the center mediates
interaction between the two distant transmon qubits.
While the resonant frequency w;/2z of qubit 1 (QB1) is
fixed at 4.16 GHz, the frequencies of qubit 2 (QB2) and the
coupler (CPLR) are tunable (w,/2z = 3.7-4.7 GHz and
w./2r = 3.7-6.7 GHz) by modulating the external mag-
netic flux threading through their asymmetric superconduct-
ing quantum interference device (SQUID) loops [33]. More
details about the device are provided in the Appendix B.
Coupler-mediated two-qubit gates are implemented by
dynamically tuning @, and ... Both qubits have microwave
control lines to drive single-qubit X- and Y-rotation gates.
Both the qubits and the coupler are dispersively coupled to
coplanar waveguide resonators for their state readout. We
discriminate between the ground, first, and second excited
states, such that we can distinguish 27 different states of the
system (see Appendix D for details).
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III. TWO-QUBIT GATES USING A
TUNABLE COUPLER

We use the notation |QB1, CPLR, QB2) to represent the
eigenstates of the system [Eq. (1)] in the idling configu-
ration, where CPLR is placed at the frequency such that the
effective QB 1-QB2 coupling is nearly zero [dashed lines in
Fig. 2(a)]. Note that these states approximate the diabatic
(bare) states, i.e., the eigenstates of the uncoupled system,
because QB1 and QB2 are effectively decoupled and both
are far detuned from CPLR |[g,./(w.— ;) < 1/20,
i € {1,2}]. To implement CZ and iSWAP gates, we use
nonadiabatic transitions between |101) and |200), and
|100) and |001), respectively [26,34-36]. The nonadiabatic
transitions are regulated by adjusting w,., which effectively
tunes the coupling strengths between [101) and |200)
(2Gcz) or between |100) and |001) (2g;swap)- For example,
biasing @, closer to w; and w, leads to opening of the
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FIG. 2. The tunable coupling for the CZ and the iSWAP gates.
(a) Hlustrations of level crossings relevant to the CZ and the
iISWAP gates. The energy splittings (2gc; and 2gigwap) are
tunable by adjusting w,. See the main text for details. (b),(c)
Experimental data for the energy exchange between |200) and
[101), and [100) and |001), as a function of the coupler frequency
., respectively. The pulse sequences are illustrated at the
top. (d) By fitting the oscillations with sinusoidal curves, we
extract the swap rates |2gc,|/27 and |[2Giswap|/27 (circles). The
top x axis shows the corresponding perturbation parameter
gic/(w. — w)) at each w,.

avoided crossings (|gcz| > 0, |Giswap| > 0) and downward
level shifts induced by qubit-coupler interactions [solid
curves in Fig. 2(a)]. The CZ gate is performed by suddenly
bringing the states [101) and |[200) into resonance at their
“bare” energy degeneracy point, which projects these bare
states onto the dressed states formed by the coupling Gc7
and results in Larmor precession within the dressed-state
basis. We let them complete a single period of an
oscillation, such that [101) picks up an overall phase e”.
To implement the iISWAP gate, we put |[100) and |001) on
resonance and let them complete half an oscillation, so that
the two states are fully swapped.

A. Tunable coupling

We first demonstrate the tunability of the effective
QB1-QB2 coupling strengths g7 and gigwap by measuring
the energy exchange between |101) and |200), and |100)
and |001), respectively, as a function of CPLR frequency
o.. To measure the energy exchange between [101) and
|200), we first prepare |101) by applying 7 pulses to both
QB1 and QB2 at the idling configuration. Next, we rapidly
adjust QB2 frequency w, so that [101) and |200) are on
resonance and then turn on jcy by shifting w,.. We wait a
variable delay time 7z and measure the state population of
|200). We repeat these measurements with varying o,
[Fig. 2(b)]. In a similar manner, to measure g;gwap, W€
prepare |100) and measure the state population transferred
to |001) as a function of = and w, [Fig. 2(c)].

In Fig. 2(d), we plot the effective coupling strengths
23cz /27 and 2G;swap/27 as a function of CPLR frequency
o, by fitting the excitation exchange oscillations. To
implement fast two-qubit gates (we use a 60-ns-long CZ
gate and a 30-ns-long iSWAP gate), a strong coupling
strength is required, which strongly hybridizes the CPLR
with both QB1 and QB2 [g;./(®w. — ;) =~ 1/3]. However,
dynamically entering and exiting such a nondispersive
regime easily leads to coherent leakage into the CPLR
(nonadiabatic error). Hence, well-engineered control is
required to avoid the coherent leakage when implementing
fast two-qubit gates.

B. Suppressing leakage into the coupler

To implement an optimized control scheme, we propose
a tractable model for analyzing the leakage dynamics. We
first note that the energy levels of the system interact via
excitation-preserving exchange within the rotating-wave
approximation, such that the dynamics can be analyzed
in the two independent manifolds, one involving single
excitation and one involving double excitations [Figs. 3(a)
and 3(b), respectively]. In each manifold, we identify the
subspaces spanned by the states which strongly interact
with computational qubit states and cause leakage during
the CZ gate (dashed boxes in Fig. 3; see Appendix G for
details). For the sake of simplifying the leakage dynamics,
we intentionally choose a small anharmonicity for the
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FIG. 3. (a),(b) Energy level diagrams of the single- and double-

excitation manifolds. The dashed boxes indicate subspaces
spanned by energy levels that are relevant to coherent leakage
during the CZ gate. The red double-headed arrows denote
exchange interactions between the energy levels. (c) Bloch-sphere
representation of the relevant subspace in the single-excitation
manifold. (d) Bloch-sphere representation of the two-level
approximation for the relevant subspace in the double-excitation
manifold. When ¢, > ¢,, and because the transition between
|200) and |011) is dipole forbidden, the state |101) primarily
interacts with a bright state |B) = cos®|011) + sin ®|200),

where © = tan~' (v2g1/91c)-

coupler to avoid strong hybridization of |020) with other
states during CZ gates (see Appendix I for details). Of these
states, [100) and |101) are computational qubit states, and
all others are leakage states. In the double-excitation
manifold, the transition between |200) and |[011) is dipole
forbidden (requires a second-order process) and is, there-
fore, suppressed. This suppression allows the description
of the corresponding three-level dynamics to be further
simplified by introduction of a partially hybridized
basis: a bright state |B) = cos ®|011) + sin ®|200) and a
dark state |D) = cos®[200) —sin®|011), where © =
tan~" (v2g12/g1c) [37].

If g;. > ¢q5, within this truncated three-level subspace,
the computational state |101) interacts only with the
bright state |B), and we can neglect the dark state |D).
Consequently, the leakage dynamics within the single-
and double-excitation manifolds are described by the
following effective two-level Hamiltonians H,(z) and
H, (1), respectively:

1100) [010)
Hi(t)= (o gic \.
91c wc(t)
[101) |B)
Hy(t) = (0)1 +wy  gp ) , (2)
9B wp(t)

where the coupling strength between |101) and |B) is given

by g5 = g1 c0s ® + v/2g;, sin ® and the energy of the |B)
is wp = cos? Olw. (1) + w,] + sin”> O(w; + w,). Such a
mapping of the multilevel dynamics onto two-level systems
is useful, because optimal control techniques are well
studied for two-level cases [38]. This technique of simplify-
ing multilevel leakage dynamics using bright and dark states
is also used to optimize the control pulse for our iSWAP gate
(see Appendix G).

Since g > g1, (@ =0, |B) ~|011), and |D) ~|200)),
the effective Hamiltonians H,(¢) and H,(t) are equiv-
alent up to offset energies. This equivalence enables us
to suppress leakage in both single- and double-excitation
manifolds by optimizing a single control parameter
w.(t). Note that, although |200) behaves as a dark
state in this truncated subspace, it still interacts with
|101) via a second-order process through the intermedi-
ate state |110) (outside the truncated subspace), which
enables the CZ gate. Our goal here is to suppress fast,
nonadiabatic transitions between [101) and |B) ~|011)
(a first-order interaction) that occur much faster than a
slow swapping between |101) and |D) ~|200) (a sec-
ond-order interaction through the intermediate state
[110)). Therefore, our two-level system model addresses
only the predominant, leading-order leakage dynamics.
Developing a theoretical framework for addressing addi-
tional leakage dynamics, such as leakage into [110), is
the subject of future work.

Following Ref. [38], we take the Slepian-based approach
to devise an optimal control waveform @, (t) that targets
adiabatic evolution within the effective two-level systems. In
Appendix H, we present numerical simulation results that
validate the suppression of leakage to CPLR when using the
optimized pulse shape for both CZ and iSWAP gates.

We experimentally assess the performance of an opti-
mized control pulse for the CZ gate by comparing its
performance to a simple square pulse (Fig. 4). First, to
characterize the leakage into CPLR, we vary the control
pulse amplitude and measure the leakage of the CZ gates
into |011) [Figs. 4(b), 4(c), 4(f), and 4(g)]. The amplitude is
parametrized by the minimum point of CPLR frequency
fmin [see Figs. 4(a) and 4(e)]. The chevron patterns of the
|101) population P|io1) represent coherent energy exchange
between [101) and |200). We predistort the pulses to
eliminate nonidealities, such as transients in the control
lines, to ensure the desired pulse shape is faithfully
delivered to the device (see Appendix F for details) and,
thereby, achieve symmetric chevron patterns [39-41]. On
top of the chevrons, we observe distinctive periodic
resonances for the square pulse, which are due to the
leakage to |011). We suppress this leakage via an optimized
control pulse shape [Fig. 4(g)]. Although we present
measurements of only the leakage population to |011) in
Fig. 4, we experimentally confirm that the leakage to other
states in the two-photon manifolds—|020), |[110), and
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FIG. 4. Suppressing leakage to the coupler by optimizing the coupler control. (a),(e) Square-shaped and Slepian-based optimal control
waveforms for 60-ns-long CZ gates, respectively. (b),(f) State population of [101) after applying repeated CZ gates versus the coupler
pulse amplitude (f™" — f,) and the number of CZ gates N¢. (c),(g) Leakage population to |011) after applying repeated CZ gates. The
square-shaped pulse shows periodic leakage to [011), which is suppressed down to the background noise limit by optimizing the pulse
shape. (d),(h) Interleaved randomized benchmarking (RB) results of the CZ gates. The pulse sequence is illustrated at the top; we apply
Nciiftora random two-qubit Clifford gates (C,) and the recovery Clifford gate C5', which makes the total sequence equal to the identity
operation. Errors bars represent &1 standard deviations. We measure 30 random sequences for each sequence length Ncjorq- TO €nsure
accurate uncertainties of the error rates (rcjiforg and rin), we perform a weighted least-squares fit using the inverse of variance as the

weights.

|002)—are negligible (see Appendix T), thereby validating
our two-level system model in Eq. (2).

Next, we confirm the improvement due to optimal pulse
shaping by comparing the gate errors of the CZ gates. The
tune-up procedures for the CZ gate are illustrated in
Appendix N. The single-qubit XY gates are performed
in the idling configuration where the static ZZ interaction
between QB1 and QB2 is eliminated (see Appendixes E
and L). In Figs. 4(d) and 4(h), we measure the fidelities of
the CZ gates via interleaved randomized benchmarking
(RB) [42-44]. Because of a dynamic change of the qubit
frequencies during a two-qubit gate, additional Z rotations
accrue during the gate. Such Z rotations need to be undone
by applying compensating Z rotations. Therefore, the
error rate of an interleaved two-qubit gate consists of
two factors: the error rate of the native two-qubit interaction
(which contains unwanted Z rotations due to the change of
the qubit frequencies) and the error rate of the compensa-
tion Z rotations. Throughout this paper, we focus on the
quality of the native two-qubit interaction. In the case
of CZ gates, we correct the additional Z rotations by
applying virtual Z gates that are essentially error-free [45].
Therefore, the error rate r;, of the interleaved CZ gate

is equivalent to the two-qubit interaction error rate rcy =
1 — Fy of the native CZ gate. The CZ gate with optimal
pulse shaping shows a higher two-qubit interaction
fidelity Fcy = 1 — e = 99.76 £ 0.07%, which amounts
to a 70% error reduction compared to the square-shaped
control pulse.

Based on the average gate composition for the two-qubit
Cliffords [44], we estimate the two-qubit Clifford error
rates 7'cpporg.est Using the following formula: rcyggorg.est =
8.25 X rigp + 1.5 X rcz. The estimated Clifford error rates
TClifford.est 10T the square and optimal pulses are 1.79+0.29%
and 1.02£0.11%, respectively. Differences between
TClifford.est ANd 7 Clifora are possibly due to residual distortion
of the two-qubit gate pulses, which may additionally
degrade the quality of subsequent single-qubit gates. By
comparing Figs. 4(d) and 4(h), we find that change in rcyifgorq
(0.79%) is very close to 1.5x the change in ry, (0.77%),
conforming to the theory.

By solving a Lindblad master equation, we find that the
T, limit for a 60-ns-long CZ gate is approximately 99.85%
(see Appendix R). We also simulate the contribution of
1/f* flux noise (which predominantly limits the pure
dephasing times 75 of QB2 and CPLR at the idling
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configuration) to the gate error rate and find it to be an order
of magnitude smaller than the 7 contribution (see
Appendixes C and S for details). The gap between the
measured fidelity F; and its coherence limit implies
additional coherent, leakage errors due to imperfect control.
We find the leakage rate of the CZ gate with an optimal
pulse shape is 0.06 4= 0.07% possibly due to residual pulse
distortion of Z pulses (see Appendix O for details).

C. Suppressing residual ZZ of the iSWAP gate

Now, we move on to engineering the level structure of
the coupler to suppress residual ZZ interactions during the
iSWAP gate. The transmon qubit has a weak negative
anharmonicity [28]. Therefore, the second excited levels of
the transmons [200) and |002) are located near the
computational qubit state |101) when the two qubits are
in resonance. Interaction between these three energy
levels leads to level repulsion [red arrows in Fig. 5(a)].
Because of the repulsion, the frequency of [101) is
shifted upward (note that |200) and |002) are located
below [101)), which results in a positive ZZ interaction
of strength { = (E} o1y — Ejoo1)) — (Eji00) — Eoony)» Where
E}, denotes the eigenenergy of [m). Such residual ZZ
interactions are generally either accommodated [26] or
actively corrected by applying a partial CZ gate [17] within
the transmon qubit architecture. Recently, an approach to
suppress the ZZ interactions by using qubits with opposing
signs for their anharmonicity (e.g., a transmon qubit and a
C-shunt flux qubit) has been proposed and demonstrated
[46,47]. In this work, we utilize the higher level of the
coupler |020) to counteract the level repulsion while using
only transmon qubits. Note that |020) is located above
|101), thereby providing a means to cancel the unwanted
ZZ term [blue arrow in Fig. 5(a)].

In Fig. 5(b), we measure the residual ZZ strength ¢ as a
function of w,, when QB1 and QB2 are in resonance. To
measure {, we perform a cross-Ramsey-type experiment,
which measures the conditional phase accumulation ¢, of
QB1 while initializing QB2 in either its ground or excited
state. We measure ¢, at full periods of the swap
oscillation, where the net amount of excitation exchange
is zero. Dividing ¢, by the swap period (27/Giswap), We
extract {/2x. The experimental data show good agreement
with numerical simulation [green curve in Fig. 5(b); see
Appendix Q for details about the simulation]. We also
compare the experimental data with simulated ¢ for a two-
level CPLR [yellow curve in Fig. 5(b)]. Owing to the
presence of the higher level of CPLR, ¢ is significantly
suppressed. We also note that levels beyond the second
excited level of CPLR have little impact on the dynamics,
since they are outside the relevant manifolds. This result
clearly indicates that using a well-engineered multilevel
coupler can significantly reduce a residual ZZ error of the
iSWAP gate, thereby further enhancing the fidelity.
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FIG. 5. Canceling out residual ZZ interaction of the iISWAP by
exploiting the engineered coupler level structure. (a) The residual
ZZ7 interaction during iSWAP originates from the level repulsion
between [101) and the second excited level of the qubits
(red arrows). This level repulsion is counteracted by utilizing
the level repulsion from the second excited state of the coupler
(blue arrow). (b) Residual ZZ strength { as a function of the
coupler frequency w,., when the two qubits are on resonance. The
top x axis shows the corresponding perturbation parameter
gic/(w. — wy). The solid curves correspond to numerical sim-
ulation assuming either 7. = oo (yellow) or 5./27 = =90 MHz
(green). (c) ZZ angle of the iISWAP gate ¢,,/Niswap as a
function of the gate length 7;. We cancel out the ZZ angle by
exploiting the tunability of { from positive to negative values. The
inset shows the dynamic change of ¢ during the excursion of @,
for a 30-ns-long iISWAP gate. Each data point is obtained by
fitting the accumulated ZZ angle ¢,; of Nigwap-times repeated
iISWAP gates with a linear function as shown in (d). (e) The
results of interleaved RB for the ZZ-free 30-ns-long iSWAP gate
(see the main text for details). We measure 30 random sequences
for each sequence length (Ncjifrorq)- Error bars represent +1
standard deviations. The error rates (rcjifrorg and rj) and their
uncertainties are extracted by performing a weighted least-
squares fit using the inverse of variance as the weights.
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When performing the iSWAP gate, its residual ZZ angle
¢77 is accumulated by a dynamic change of { during the
excursion of CPLR frequency w,.. If the negative and
positive portions of { during the gate are equal, the overall
ZZ phase is completely canceled out. We measure the
residual ZZ angle ¢, of the iISWAP gate by adjusting the
pulse length in sync with the pulse amplitude such that
the excitation is always fully swapped [Fig. 5(c)]. We
optimize the iSWAP pulse shape in the same manner to
suppress coherent leakage to CPLR (see Appendixes G
and H for details). Therefore, we simultaneously address
both coherent leakage to CPLR and residual ZZ interaction
by optimizing the pulse shape and duration. Owing to the
cancellation induced by the higher level of CPLR, the
iISWAP gate with a 30-ns duration features negligible
residual ZZ (¢p;7/Niswap = 0.02 4= 0.03°), which we refer
to as the ZZ-free iISWAP gate [Fig. 5(d)]. Note that the
duration of a ZZ-free iSWAP gate depends on the coupler’s
anharmonicity 7. Here, we engineer the coupler’s level
structure such that its anharmonicity is relatively small
(n./2m = =90 MHz), in order to implement a faster ZZ-
free iISWAP gate than what would be possible with larger #,.
(see Appendix I for details).

We measure the two-qubit interaction fidelity of the ZZ-
free ISWAP gate by performing interleaved RB in Fig. 5(e).
The tune-up procedures for the iISWAP gate are described
in Appendix N. Unlike the CZ gate, when performing
single-qubit gates, we bias QB1 and QB2 in resonance to
synchronize their XY axes in the Bloch sphere (see
Appendix J for details). This biasing is facilitated by the
tunable coupler, which switches off the effective transverse
coupling between QB1 and QB2. Since they are put in
resonance, the microwave cross talk between the XY drive
tones becomes critical. We cancel out this microwave cross
talk by applying active cancellation tone for each of the
drive lines (see Appendix K for details). We find that using
a long microwave pulse is desirable for better active
cancellation. Hence, we apply 70-ns-long microwave
pulses when implementing X and Y single-qubit gates,
even though they show lower average gate fidelities
(QB1 =99.92%, QB2 =99.81%) than the 30-ns-long
pulses used in the CZ gate benchmarking experiments
(QB1 =99.94%, QB2 = 99.90%). See Appendix L for
single-qubit Clifford randomized benchmarking data.

Unlike the CZ gate, we implement actual (not virtual)
Z gates using XY gates (see Appendix P) to cancel out
Z rotations that are accompanied by the iSWAP gate. As
a consequence, when performing the interleaved RB, the
iISWAP-interleaved sequence acquires 0.1125 additional
XY gates per Clifford on average (see Appendix M for
details). We extract the two-qubit interaction fidelity
Fiswap by subtracting the contribution of single-qubit
gate error 0.1125 x rjop # 0.015% from the error rate
rie Oof the interleaved gate: Figwap=1—riswap =
1—=(7in—=0.1125xr,gp). Owing to the ZZ cancellation

and a short gate length, the measured iISWAP gate exhibits
high two-qubit interaction fidelity Figwap = 99.87 £
0.23%. Based on the average gate composition for the
two-qubit Cliffords (see Appendix M for details), we
estimate the two-qubit Clifford error rates rcyirorg ese USING
the following formula: rejifforgest = 10.9375 X rig, +
1.5 x rigwap. The estimated Clifford error rate is
1.73 £0.37%. The difference between 7rcjrorgese and
rchiffora cOuld be due to residual distortion of the two-qubit
gate pulses. The measured two-qubit interaction fidelity is
close to the T limit of 99.91% obtained by solving the
Lindblad master equation (see Appendix R). We confirm
that error contribution of 1/f* flux noise is relatively
insignificant (see Appendixes C and S for details). Again,
note that this two-qubit interaction fidelity quantifies only
the quality of the native iSWAP gate, which contains
additional unwanted single-qubit Z rotations. In practice,
such additional Z rotations can be compensated by compil-
ing the correctional Z rotations into adjacent single-qubit
gates (see Appendix M, for example).

We note a large uncertainty in an estimate for the two-
qubit interaction fidelity Figwap. The large uncertainty is
mainly due to relatively low single-qubit gate fidelities
(approximately 99.86%), which degrades the fidelity of
reference Clifford sequences [48]. These low single-qubit
gate fidelities arise from biasing the qubits on resonance to
avoid phase swapping, which necessitates microwave
cross talk cancellation. Further research should be under-
taken to improve the single-qubit gate fidelities in this
architecture. One alternative is to bias the qubits off-
resonantly and correct for the accumulated single-qubit
phases in software [49]. Exploring the viability of this
approach is the subject of our future work. In addition,
applying iterative randomized benchmarking [50,51]
would be useful to better characterize the contributions
of systematic coherent errors versus incoherent noise to
the two-qubit gates.

IV. DISCUSSION

Looking forward, our work provides a path toward
building quantum information processors that are capable
of running near-term quantum applications and ultimately
achieving fault-tolerant quantum computation. Our optimal
control approaches to suppressing coherent leakage of
multiqubit gates is of particular importance, because
leakage error is especially detrimental to the implementa-
tion of quantum error correcting codes [44,52-56].
Additionally, the high-fidelity ZZ-free iSWAP gate (more
generally, XY entangling gates without residual ZZ) is
beneficial for NISQ applications, since it enables efficient
circuit compilation and improves the accuracy of NISQ
algorithms such as quantum simulation of molecular
eigenstates [57-59], quantum approximate optimization
algorithms for solving high-dimensional graph problems
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[60,61], and quantum simulation of many-body condensed
matter systems (e.g., the 2D XY model) [49,62-64].

While the residual ZZ of an iSWAP gate can be canceled
by applying an additional CPHASE gate, this inevitably
increases the circuit depth, which degrades the performance
of (NISQ) algorithms. Alternatively, one can implement
error mitigation techniques to alleviate the detrimental
effect of residual ZZ on algorithms [59], but this process
may also introduce overhead, such as additional measure-
ments and classical postprocessing, depending on the
mitigation protocols. Notably, all these efforts to reduce
the impact of residual ZZ of XY entangling gates can be
simply avoided by using our ZZ cancellation approach.

Taken together, the principles and demonstrations shown
in this work help resolve major challenges in the imple-
mentation of quantum computing hardware for NISQ-era
applications.

The data that support the findings of this study may be
made available from the corresponding authors upon
request and with the permission of the U.S. government
sponsors who funded the work.
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APPENDIX A: MEASUREMENT SETUP

The experiments are performed in a BlueFors XLD-600
dilution refrigerator with a base temperature of 10 mK.

We magnetically shield the device with a superconducting
can surrounded by a Cryoperm-10 cylinder. All attenuators
in the cryogenic samples are made by XMA and installed to
remove excess thermal photons from higher-temperature
stages. We apply microwave readout tones to measure the
transmission of the device. We pump the Josephson
traveling wave parametric amplifier (JTWPA) [65] using
an rf source (Berkeley Nucleonics Corp Model No. 845), in
order to preamplify the readout signal at base temperature.
A microwave isolator placed after the sample allows for the
signal to pass through to the JTWPA without being
attenuated while removing all the reflected noise of the
JTWPA and dumping it in a 50 Q termination. Two
microwave isolators are placed after the JTWPA to prevent
noise from higher-temperature stages to the JTWPA and the
sample. We amplify the signal by using a high-electron
mobility transistor amplifier, which is thermally connected
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FIG. 6. A schematic diagram of the experimental setup.
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to the 4 K stage. The output line is further amplified outside
of the cryostat with an amplifier (MITEQ AMEF-5D-
00101200-23-10P) with a quoted noise figure of 2.3 dB
and a preamplifier (Stanford Research SR445A).

Outside of the cryostat, we have all of the control
electronics which allow us to apply signals used for the
XY and Z controls of the qubits and the coupler. Pulse
envelopes of XY control signals and readout signals are
programmed in Labber software and then uploaded to
arbitrary waveform generators (AWG Keysight M3202A).
Subsequently, the pulses generated by AWGs are mixed
with coherent tones from rf sources (Rohde and Schwarz
SGS100A). Z control signals are generated by AWGs
(AWG Keysight M3202A). We also apply magnetic flux
globally through a coil installed in the device package
as an additional dc flux bias source (Yokogawa GS200).
All components for generating signals are frequency
locked by a common rubidium frequency standard
(Stanford Research Systems FS725) (10 MHz). A detailed
schematic is given in Fig. 6.

APPENDIX B: DEVICE SETUP

The device parameters are summarized in Table 1. The
|0) — |1) transition frequencies of the qubits and the
coupler as a function of flux bias are shown in Fig. 7.
We note that the maximum frequencies have decreased 1-
2 MHz in each cooldown, due to device aging.

The coupling strengths between the qubit and coupler
G1c/27, go./2m are approximately 72 MHz. Note that
further increasing ¢;., g, enables faster gates with fewer
nonadiabatic effects. However, solely increasing ¢, g».
results in an increase of the idling coupler frequency .. ;g
at which the net qubit-qubit coupling is nearly zero.
There are practical considerations that place an upper
limit on @, ;q.. For example, other modes in the system
such as readout resonators or/and spurious package modes
should not be within the operating frequency range
of the coupler. Alternatively, one could also increase
the direct qubit-qubit coupling g;, to compensate for
the increased g;., g, such that @, ;q. remains at a lower
frequency and is within the ideal operating range (no
other modes fall within this range). However, increasing
g1» can be potentially problematic when scaling up due
to strong parasitic ZZ coupling between next-nearest-
neighboring qubits. Given these constraints, we choose
the coupling strengths that enable fast two-qubit gates
(30-60 ns) via our optimized control techniques and avoid
unwanted resonances between a coupler and other modes
on the chip.

We measure coherence times of QB1, QB2, and CPLR at
the idling configuration (w;/27 = 4.16 GHz, w,/27x =
4.00 GHz, and w,./27 = 5.45 GHz) for 16.5 h (Fig. 8).
At the idling configuration, we bias QB2 away from its
flux-insensitive point (commonly referred to as a “sweet

TABLE I. Device parameters.
QBI CPLR QB2
/27" (GHz) 4.16 5.45 4.00
/27" (MHz) -220 —-90 -210
9ic/27° (MHz) 72.5
Gre/27° (MHz) 71.5
912/27° (MHz) 5.0
4 (us) 60 10 30
T3 (us) 66 1 5
TS (uis) 103 6 16
w,/27° (GHz) 7.12 7.17 7.07
x,/2x" (MHz) 0.5 0.5 0.5
2O 1228 (kHz) 170 392 140
A 107" (kHz) 182 313 141
\0> |1) transition frequencies at the idling configuration.

® Anharmonicities at the idling configuration.

‘Pairwise coupling strengths at w,/2z=w,/2r=w./2x =
4. 16GHZ Note that g, g5, and g, depend on @, @5, and @, [13]

Energy decay time (7'|), Ramsey decay time (773), and spin-
echo decay time (T5"°) measured at the idling configuration.

Readout resonator frequency.

'Readout resonator linewidth.

®Effective dispersive shifts for the |0) — |1) transition due to
the interaction with the readout cavity mode.

"Effective dispersive shifts for the |1) — |2) transition due to
the interaction with the readout cavity mode.

spot”) in order to avoid two-level systems (TLSs) [66,67]
during two-qubit gate operations.

We also measure 7, of QB2 and CPLR as functions
of their frequencies w, and w, (Fig. 9). We find TLSs

Frequency (GHz)

T T T T
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Flux bias (@)

FIG. 7. |0)—|l) transition frequencies of the qubits (red
and blue) and the coupler (black). Circles correspond to
experimental data. Solid curves correspond to simulations based
on the fitted circuit parameters: QBl (E;/h=12.2GHz and

E./h=0.195 GHz), CPLR (E}/h = 46 GHz, E3/h = 25 GHz,
and E./h=0.085GHz), and QB2 (E!/h=13GHz, E2/h=
2.8 GHz, and E./h = 0.19 GHz), where E; and E. denote the
corresponding Josephson energy and the charging energy, re-
spectively [28].
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FIG. 8. Coherence times of QB1 (a), QB2 (b), and CPLR as a

function of time.

in both QB2 and the coupler, but they are located out of
the operating frequency ranges, so that they negligibly
affect the performance of two-qubit gates. However, we
note that the TLS landscape varies between cooldowns,
occasionally causing TLSs to jump into the operating
range for CPLR. We observe degradation of the two-qubit
gate fidelities (below 99%), when TLSs are strongly
coupled to the coupler in its operating frequency range
[Fig. 10(a)].

In these experiments, we use relatively large area
Josephson junctions (1-3 ym x 200 um). This choice is
to (i) achieve a much higher coupler frequency than the
qubit frequencies while using only a single e-beam layer
and (ii) use asymmetric SQUIDs, which are advantageous
for their lower flux sensitivity. When using only a single
e-beam layer and, therefore, a single critical current
density, the need for both large and small E; results in
certain junctions being necessarily large in area. These
large junctions ultimately lead to an increase in the number
of TLSs [68,69]. To mitigate this issue, one can employ
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FIG. 9. (a) Energy relaxation times of QB2 as a function of its

frequency w,. Its T drops at w,/2z = 3.75 and 4.07 GHz due to
TLSs. (b) Energy relaxation times of CPLR as a function of its
frequency w,. Its T, drops at w,/2z = 5.1 and 5.9 GHz due
to TLSs.
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FIG. 10. (a) Experimental data of coupler spectroscopy meas-
urement when TLSs appear in the operating frequency range of
CPLR. (b) We displace the TLSs from the operating frequency
range of the coupler by thermal cycling to room temperature.
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TABLEII. Power spectral densities S<"°(f) at 1 Hz of 1/f flux
noise estimated from echo experiments.

rghe (1/27) (0w /OD)
(103 S—l) (GHZ/@()) Sg:ho(f =1 HZ)
QB2 554+9 2.92 (1.4ud)*/Hz
CPLR 118 £4 8.73 (1.0u®,)?/Hz

multiple e-beam layers with different critical current
densities, such that both large and small E; values can
be fabricated using only small-area Josephson junctions
(approximately 200 nm x 200 nm). These smaller junc-
tions reduce the probability of strongly coupled TLSs
appearing in the operating regime. This approach will be
implemented in future work.

APPENDIX C: 1/f* FLUX NOISE
IN THE DEVICE

We characterize 1/f* flux noise which predominantly
limits the dephasing times 7% and 75" of QB2 and CPLR at
the idling configuration. Following Ref. [70], we estimate
the power spectral densities S (w) = (AL /w) of 1/f
flux noise from spin-echo measurement data. The flux noise
amplitude /AL is calculated from the following equation:
VA = ([5"/VIn2)(0w/0®)~", where 5 is a
Gaussian pure dephasing rate and (1/27)(Jw/0®) is
a flux sensitivity of the |0) — |1) transition frequency. To
compute I“th", we perform a fit to the decay curve

f(t) xexp[—1/(2TT?) = (Tg°1)*], where TT" is the

QB2 population
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FIG. 11. Fluctuation in the QB2 frequency as a function of time,

measured via repeated Ramsey experiments. We compute the
PSD of the frequency fluctuation by using the scipy.signal.welch
function from the open-source PYTHON library SciPy.
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FIG. 12. The estimated flux noise PSD affecting QB2 from
repeated Ramsey measurements (blue circles and the correspond-
ing fit, orange dashed curve) and spin-echo experiments (green
dashed curve).

energy relaxation time measured in a preceding 7'; experi-
ment. Table II presents the power spectral densities at 1 Hz
for QB2 and CPLR. We find that these values are compa-
rable with the numbers in the literature [70,71].

We compute the noise power spectral density at long
timescales (5 x 10™* — 107! Hz) from repeated Ramsey
measurements [72,73] (see Figs. 11 and 12). The estimated
power spectral density shows a 1/f* dependence and
is fitted to the following equation (an orange dashed

curve in Fig. 12): Sg™™ () = (Ag"™® /w®), where the
exponent a ~ 1.33 and Ag™ ~ (6u®,)2 x (Hz). We
find that the corresponding power spectral density at
1 Hz S5 (w/27 = 1 Hz) & (1.77 u®,)?/Hz.

APPENDIX D: STATE READOUT

We probe quantum states of QB1, QB2, and CPLR via
the dispersive readout scheme [30]. We drive the readout
resonators by applying a square-shaped 3-us-long micro-
wave pulse. We discriminate the three states—ground state
|0), the first excited state |1), and the second excited state
|2)—for QB1, QB2, and CPLR. The first excited state |1) is
prepared by applying a 250-ns-long 7 pulse that drives the
|0) — [1) transition. The second excited state [2) is
prepared by applying two consecutive 250-ns-long 7z
pulses, which drive the [0) — |1) and |1) — |2) transitions,
respectively.

For state discrimination, we use a linear support vector
machine, which finds hyperplanes separating the /-Q data
into three parts which corresponding to |0), |1), and |2),
respectively (Fig. 13) [74]. We characterize the readout
performance by computing assignment probability matri-
ces. See Table III for the assignment probability matrices.
Note that the assignment probabilities include state prepa-
ration errors.
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I-Q outcomes (number of repetitions, 10 000). Black markers
denote the median points.

TABLE 1III. Assignment probability —matrices P(m|n),
(i € {1,2,¢}) for the state readout of QB1, QB2, and CPLR.

Prepared state n

Qubit 1 Py(m|n) |0) 1) [2)
Assigned state m |0) 0.9885 0.0673 0.0304
[1) 0.0115 0.9266 0.0907
[2) 0 0.0061 0.8789
Qubit 2 P,(m|n) |0) [1) [2)
Assigned state m |0) 0.9946 0.0772 0.0385
1) 0.0053 0.905 0.1734
[2) 0.0001 0.0178 0.7881
Coupler P.(m|n) |0) 1) 12)
Assigned state m |0) 0.9915 0.1918 0.0741
1) 0.0052 0.7796 0.1891
[2) 0.0033 0.0286 0.7368

APPENDIX E: STATIC ZZ INTERACTION
IN THE DISPERSIVE LIMIT

In this section, we present experimental data and
perturbative calculations of the static ZZ interaction ¢ as
a function of CPLR’s frequency w,. For the perturbative
analysis, we assume that QB1, QB2, and CPLR are
dispersively coupled to each other g,;/|w; —w;| <1
(i, je{l,2,c}, i< ).

Figure 14 shows experimental data of ZZ interaction
strength ¢ as a function of w,.. In this measurement, we bias
the frequencies of QB1 and QB2 at 4.16 and 4.00 GHz,
respectively. We measure { via a cross-Ramsey-type experi-
ment which measures the QB1 frequency while initializing

1000 RN —_— 4“‘-0rd.er pe.rturbaFion
=== Numerical simulation
Experimental data
100 - 2 B
N
z .
k& 10
b 2
L |
_11 3
<
s =
L |
-10 =
T T T T T
4.5 5.0 55 6.0 6.5

Coupler frequency w. /27 (GHz)

FIG. 14. Static ZZ interaction strength ¢ as a function of the
coupler frequency w.. QBI and QB2 are biased at w,/27 =
4.16 GHz and w, /27 = 4.00 GHz. The solid black curve cor-
responds to { obtained by the perturbation theory up to the fourth
order without rotating-wave approximation [Eq. (E3)]. The blue
dashed curve corresponds to ¢ obtained by numerically diagonal-
izing the system Hamiltonian [Eq. (1); see Appendix Q for the
parameters used].
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QB2 in either its ground or excited state. The static ZZ
interaction is nearly eliminated when w./27z = 5.45 GHz.
At this bias point (the idling configuration), we perform
single-qubit gates in the CZ gate benchmarking experi-
ments (Fig. 4 in the main text).

Following Ref. [75], we use perturbation theory to
calculate theoretical values of { up to the fourth order
according to the following formula:

¢ = (Epony — Epory) = (Ejooy — Ejoony)» ~ (E1)

where E,, denotes the eigenenergy of the eigenstate
|m) € {|000), |100), |001), |101)}. Specifically, we calcu-
late the ZZ contributions of the nth-order perturbations ¢

by computing the nth-order corrections El(r':%

nenergies of |m) (n € {2, 3,4}, |m) € {|101),
|000)) as follows:

to the eige-
001), |100),

) _ (E(") _ E(”)

n) _ () (n)
(" = (Ejgy — E 1100) ~ Ejoooy)-

1101) [001) (E2)

The ZZ contributions from the nth-order perturbation terms
can be split into the rapid counterrotating-wave terms ¢, (cnlgw

and the slow rotating-wave terms ¢ ;"&, In general, the rapid
oscillating terms are neglected by applying the rotating-
wave approximation [16]. However, in our case, we note
that the fast-oscillating terms considerably contribute to the
static ZZ interaction.

The total ZZ contribution up to the fourth-order pertur-
bation is given as

2 3 4 2 3 4
£ = Ciow + Ciow + Ciow - Crw + Corw + Carwe (E3)
For brevity’s sake, we introduce the following notations:

A =w,—w, (E4)

ij J
=0+ v, (ES)

where i, j € {1,2, c}. The ZZ contributions from the nth-
order perturbation terms are calculated as follows:

@ _ - 2 2
KW 12 Ap—m Ay —m ( )
3) 4 4
Crw = 919209 < +
KW edzedl2 (AIZ - ’72)A1c (A21 - ’71)A2c
42 2 2 ) (E7)
AICAZC AIZAIC AZIAZC )

For the fourth-order slow rotating-wave terms, we omit
smaller contributing terms containing gi,:

2 1
4) _ 2 2 o) 1 1 )
= g .q5. + [ —
CRW Tietac |: <Alc AZC Alc + A2c — e
2
2 +3
A3 (Ay —m)  Af(A—m)

(1+1>1 <]+]>]:| (ES)
Ay Ap) AL Ay Ay ) A3

—4 2 2
+ + ) (E9)
Zptmtn Zptm Zptm

Since Cg%w and Cg%w are expressed by a large number of

terms, for the sake of clarity, we instead write the
(n)

|m)

_I_

2
caw =2

corresponding eigenenergy corrections E, | as follows.

Namely, C(CB&W is given by

G _p0B 3) 3) 3)
(:CRW - (E\101> - E\om)) - <E\100> - E\000>)’ (EIO)

(n)

where the eigenenergy corrections E )

are given as

E<3) =91c92 912( i
[101) e (Zie+m) i +m +m)
8 8
+ +
(Zie+m)(Zac+m)  (Zoe +12)(Ziz +1m1 +12)
4 4
Doc(Zie+m)  (Ap—m)(Zae +1m2)
4

(Ao =m1)(Zic+m1)

4 + 2 + 2 ) (E11)
Ay (Zpe+m) AZn AyZp)’
Ejjoo) = 91692 < . + !
— Y1cI2cY12
100) e +m)En+m)  (Zn+m)Zs
4 2 2
+ — - s El12
(Zie +m)Zoe AreZy, A1222c> (E12)

Ejony = 91c0209 < . + !
— Y1ecY2cY12
1001) (Zoe +m)(Z2 +1m2) (2 +1m)Zge

4 2 2
- - > (E13)
Zoe +m)Zie Aoy AyXy

1

2 2 2
EX = g1 . (B4
1000) iefacdz <Zlczl2 * 21()22() * 2“2c212> ( )

For the fourth-order fast oscillating terms, we omit
smaller contributing terms. Specifically, terms of the
order of O(g}./A2.%;.) and O(gt./A; X2.) are calculated,
whereas terms of the order of O(g%./Z3.) (i € {1,2}) and

O(g1,) are neglected. Therefore, ZZ contribution éj(cégw
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from the fourth-order fast oscillating terms is given as

4
C(CI%W - (E( ) E( )

(4) (4)
[101) \001>> (E —E

1100) ~ Ejooo)- (E15)

where the eigenenergy corrections E‘% for the predominantly contributing terms are given as follows.

1. Order O(g? g3 /A2%,.), i € {1,2}

D _ oo ( 4 4 L 4
1oy = Feze A (Ap+m+2w.+1.) Al (Ay+m+2w.+n.) ALZn AlZn Ag(Ay—np)(Zic+m)
4 4 L2 2 2 )
A (A=) (Zoe+1m) DoeRoe+1)AL  AAy ) A3 (Zic4m)  AT(Zo.+m)
2% 2 . 20 20 (E16)

A%c (20)6 =+ 'Ic) A%C(Z(DC + ’70) A%c (Zlc + ’71) A%C(Z2C + ’72) ’

Efin, —9%0950(— > 2 S 21 )+292‘° (— Lo ) (E17)
[100) AIC(AZI + ch + ’76) A10A1222c AICEZC Alc zwc + Ne Zlc + m

@ 2 2 2 1 242, 1 1
EW = - - - ., (EI8
1001) gng2C < A%C(AH + 2a)c + ’76) A2cA2121c * A%czlc * A%C 2wc + Ne * 220 + 2 ( )
“4)  _
Elypo = 0. (E19)

2. Order O(g3.g3./A;22), i € {1,2}

Ejin, = 91.93 ( i + i + 8
[101) s AZC(A12+’71+20)C +nc)(zlc+7]l) Alc(A214’772<|’2wc +770)(2‘20 +712) A20(20)0 +nc)(zlc+’71)
n 8 n 2 n 2 2 2 )
A1 Qo +1)(Ze+1m2)  (A=m2)(Zae +1m2)* (B =m)Eie+m)? DoeEie+m)* A1 (Zae +1m2)°
+ 8942‘6 8glc 2941‘(, _ Zggc (EZO)
AZc(zw +77c‘)(2’20 'le A]c(zw +nc)(zlc +’71) Alc(z‘lc +’7l)2 A2c(22c+’72)2
4 1 1
‘1()0 = glcg2c + 2 2
AICZZC A21 + 260 + 770) AICZZC(za}c + ’70) A]ZZQC Alcz2c
2
+ glC ( 2), (E21)
Al(‘ 20) + 1. (Zlc =+ 7]1) Alc(zlc + ’71)
) s 2 4 4 1 1
E = g7.95. -
[001) S1e2e (AZcZIC(AIZ —+ 2(1)L. =+ ’70) - AZCZIC(ZC‘)C + ’76) * AZIZ%C AZCZ%L‘
8 2
2 AZC (ch + 710)(226 + 772) AZC (ZZC + ’72)2 ( )
“4) _
Ejye = 0. (E23)
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In Fig. 14, we plot the theoretical values of { obtained by
the calculation of Eq. (E3). The theoretical calculation
(solid black curve) shows good agreement with both
experimental data (orange circles) and a numerical simu-
lation (blue dashed curve).

APPENDIX F: Z-PULSE TRANSIENT
CALIBRATION

The shape of the Z control (flux control) pulses are
distorted as they pass through various electric components.
This pulse distortion can be analyzed in the frequency
domain by measuring the step response. In general, the
qubit is employed as a sensor to characterize the step
response of the flux control line [39,40,44]. Specifically,
we measure a Ramsey-type experiment, which measures
the dynamic frequency change of the qubit as a response to
the flux change.

The step response can be fitted by multiple exponential
time constants 7; and settling amplitudes a; (k =1,2,...)
as follows.

Vout.step(t) = Vin,step(t) X (1 + Zake_(t/rk)> ’ (Fl)
k

where V', e (#) corresponds to a step function generated by
AWG and Vg gep(t) corresponds to the response of the
qubit to the step function. Note that we express the qubit
response Vo yep(#) in the unit of AWG voltage and calculate
the relative amplitude change V¢ siep (£)/ Vin,step (£)-

To reliably characterize long-timescale transients of the
Z control pulses, we use a new protocol, which utilizes the
Han spin echo technique [76] (detailed procedures are
described in a forthcoming manuscript [41]). We measure
the turn-off transients of a square-shaped pulse with fixed
duration 7,,, and fit the response with the following
equation:

Vout,pulse(t) = Vin,pulse(t)zak(e_(t_TPUIse>/Tk) - e_(t/rk))7
k

(F2)

where Vi, suie (1) corresponds to a 7,,..-long square-shaped
Z pulse generated by AWG and Vg puse(t) corresponds
to the response of the qubit to the pulse. Figures 15(a)
and 15(b) show the turn-off transients of the QB2 and
CPLR Z pulses, respectively. The pulse sequences are
illustrated in the insets. We plot the relative amplitude
change V oy step (1) / Vinstep (1) as a function of the time delay
between the Z pulse and the tomography pulse (7 — 7pyse)-
We fit the transients with a sum of multiple exponential
curves and extract the exponential time constants 7; and the
corresponding settling amplitudes (Table IV). Notably, we
observe long-time transients (approximately 30 us) in our
experimental setup, which are critical to correct in order to
achieve high-fidelity two-qubit gates. We also measure and

D
)~

S N
> | @ Corrected
4 ' % Uncorrected
=1 I
=
E
H
> T T T T T T
0 2 4 6 8 10
t— Tpulse (V’S)
(b)
9 1.5 T N
< X! =~ Tpulse—> | ®  Corrected
% 1.0 H x}CPLH 1% Uncorrected
? |0) |
5
H

. ® Corrected
Uncorrected

N~
‘/:jut,pulse/‘/in,pulse (/°) 8

t— Tpulse (/"/S)

FIG. 15. (a) Measurement of a turn-off transient of a 5-us-long
QB2 Zpulse (7, = 5 ps) without predistortion (orange crosses) and
with predistortion (blue circles). (b) Measurement of a turn-off transient
for a 1-us-long CPLR Z pulse (tpys = 1 ps). (¢) Measurement of a
turn-off transient of flux cross talk from the CPLR’s flux line to QB2’s
SQUID. A 3-us-long CPLR Z pulse (zpye = 3 ps) is applied. The
pulse sequences are illustrated in the insets.

correct transients in the flux cross talk [Fig. 15(c)], possibly
due to an additional pulse distortion that occurs during the
transmission from the end of CPLR’s flux line to the
QB2’s SQUID.

TABLE IV. Summary of the fitted flux-transient parameters.

QB2 CPLR Cross talk (CPLR — QB2)
a; (%) -0.179 —0.220 —0.1152
7, (ns) 21.9 31.0 1152
a, (%) —1.024 —0.459 —1.758
7, (ns) 50 324 29770
az (%) —-0.251 —0.567
73 (ns) 87 45.7
ay (%) —0.484 —0.938
74 (ns) 158 127
as (%) —0.487 —0.358
75 (ns) 773 730
ag (%) —1.143 -1.36
76 (nS) 26 440 30000
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APPENDIX G: THE EFFECTIVE
HAMILTONIANS FOR LEAKAGE DYNAMICS
DURING THE TWO-QUBIT GATES

In this section, we derive the effective two-level
Hamiltonians that describe the coherent leakage of CZ
[Eq. (2) in the main text] and iSWAP gates. We first identify
the states that strongly interact with the computational qubit
states (]000), [100), |001), and |101)) during the two-qubit
gates and cause the coherent leakage. Subsequently, we
truncate the system Hamiltonian [Eq. (1)] into the relevant
subspaces spanned by these leakage states and the asso-
ciated computational qubit states.

We identify the leakage states for the CZ gate in the
single- and double-excitation manifolds (Fig. 16). Recall
that, when performing the CZ gate, we bring |101) in
resonance with [200) (w; + 1, = w,) and bias the coupler
closer to the qubits to switch on the effective qubit-qubit
coupling gcz. Therefore, in the single-excitation manifold,
|010) strongly interacts with |100), since |010) (CPLR) is
brought closer to [100) (QB1) in terms of energy. On the
other hand, |001) (QB2) is detuned from |100) (QB1) by
QB1’s anharmonicity 7, and, thus, |001) is located farther
from |010) and is less hybridized with QB1 and CPLR.
Thus, we focus on the two-level dynamics between |100)
and |010) and define the relevant subspace accordingly [a
dashed purple box in Fig. 16(a)].

Along the same line, in the double-excitation manifold,
we identify the leakage states which strongly interact with
the computational qubit state |101) and cause the coherent
leakage during the CZ gate. We first rule |020) out as a
leakage state, since it couples to |101) via a second-order
process that is generally weaker than first-order inter-
actions. Next, we rule out [110) and |002), since they
are relatively far detuned from |101) compared to |011)
and |200). Specifically, [002) is detuned from |101) by
QB2’s anharmonicity #,, of which magnitude is much

(a) 1-excitation manifold (b) 2-excitation manifold
020y —
V29, \‘rZ(} Qe
e REEE . [110) R -l
P
: |010>_ ......... : _-__-__-_;1-, ______ |r]1|
1 1 = 077 m—e AN
. 9. . Wm0, g 29, 9 ! g ) .
1 9o\ 1 ! 1o | Wy
|\|100>_ ................. I : V2g, :
______ {]_1 - |n1| |J200>_ |101 > et b ',. & | |
001) — R e e e g n
6 [00T) § \/Eg o 2g, 2
g s:) 12 |002> .................
i} i

FIG. 16. Energy level diagrams of the single-excitation mani-
fold (a) and the double-excitation manifold (b) when performing
the CZ gate. The dashed boxes indicate subspaces spanned by
energy levels that are relevant to coherent leakage during the CZ
gate. The red double-headed arrows denote exchange interactions
between the energy levels.

greater than the direct QB1-QB2 coupling strength v/2¢,,
(|12] > v/291,). In addition, |110) is located farther from
|101) than |011) by QB1’s anharmonicity |57;|. After ruling
these out as leakage states, we determine the relevant
subspace as shown in Fig. 16(b) (spanned by the states
within the dashed green box).

Next, we truncate the system Hamiltonian to the relevant
subspaces in both the single- and double-excitation mani-
folds and obtain the following effective Hamiltonians H$*
and HS:

1100) 010)
H(fz _ (0)1 91c>’
Jic @¢
101y [200)  [o11)
o+, V291 Yic
H3” = | V29, o+, 0 ; (G1)
Jic 0 W + W

where we replace w; + 1, by w,, since w; +1n; = @, is
assumed here. Note that this Hamiltonian truncation is valid
only in the regime where |17, |[172| > g1, 9. (in our device,
I | = 12| = 391 = 395.). To analyze the leakage dynamics
under general conditions, the leakage contribution from
additional levels needs to be considered and will be of
interest in future research.

To further simplify the three-level dynamics of HS%, we
introduce a partially hybridized basis: a bright state |B) =
cos®|011)+sin®|200) and a dark state |D) = cos®|200) —
sin®|011), where ® = tan~"(v/2g,,/9;.) [37]. To this end,
we rewrite HSZ in the hybridized basis as follows:

[101)  [D) |B)
o +w, 0 gp
ng = 0 @p 9 |

9B g9, @p

(G2)

where the eigenenergies of |D) and |B) are given, respec-
tively, as

@p = cos? O(w| + w,) + sin’ O(w,. + w,), (G3)
@p = cos’ O(w, + wy) + sin” O(w; + w,). (G4)

The coupling strength g between |B) and |101) is given as

98 = 91008 O + V/2g;, sin ©, (GS)

and the coupling strength ¢, between |B) and |D) is
given as

g, = cosOsinO(w; — w,). (G6)
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(a) 1-excitation manifold (b) 2-excitation manifold
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FIG. 17. Energy level diagrams of the single-excitation mani-
fold (a) and the double-excitation manifold (b) when performing
the iISWAP gate. The dashed boxes indicate subspaces spanned
by energy levels that are relevant to coherent leakage during the
iSWAP gate. The red double-headed arrows denote exchange
interactions between the energy levels.

In the parameter regime, where g;.> g, (®=0), g,
becomes zero, and, therefore, |101) interacts only with
the bright state |B); the dark state |D) is decoupled from
both of the states. This result allows us to further reduce the
three-level dynamics onto an effective two-level system, as
described by Eq. (2) in the main text. As a result, the
two effective Hamiltonians H$# (]100) and [001) subspace)
and HS% (]101) and |B) subspace) are equivalent to the
following effective Hamiltonian H g% up to offset energies:

0 J1c
HSE = < >.
9ie W — Wy

Optimal control techniques are well studied for this class
of effective Hamiltonians, which we further discuss in
Appendix H.

Next, we identify the leakage states for the iSWAP gate.
When performing the iSWAP gate, we bring |100) (QB1) in
resonance with [001) (QB2) and bias the coupler closer to
the qubits to switch on the effective qubit-qubit coupling
Jiswap- Unlike the CZ gate, the computational qubit states
|100) and |001) are equally detuned from a leakage state
|010) in terms of energy. Therefore, we consider leakage
from both [001) and [100) to |010). Accordingly, we
determine the relevant subspace in the single-excitation
manifold as shown in Fig. 17 (spanned by states in the purple
dashed box). In the double-excitation manifold, we rule
|020) out as a leakage state, because it couples to the
computational qubit state [101) via a second-order process.
We also rule out |200) and |002), since they are detuned from
[101) by QB1 and QB2 anharmonicities, respectively, of
which both are much greater than the QB1-QB2 direct
coupling strength v/2g1, (|Im|. |112| > v/2g1,). Given that,
we determine the relevant subspace in the double-excitation
manifold as shown in Fig. 17(b) (spanned by states in the
green dashed box).

(G7)

We truncate the system Hamiltonian to the relevant
subspaces for the iSWAP gate. Within the relevant sub-
spaces, the effective Hamiltonians H'SWAP and HSWAP in
the single- and double-excitation manifolds, respectively,

are given as follows:

010) [100) |001)

W, Yie 92¢
H%SWAP = | Y1c 0 912 |»
92¢ 912 W
[101) |011) [110)
2w, Jic J2¢
HEWAP = 1 g1, o) 4 o, 912 ., (G8)
G2c 912 W) + @,

where we replace w, by @y, since ®; = w, is assumed here.

To simplify the three-level dynamics of HSWAP we
introduce a hybridized basis: a bright state | B; ) =cos&|001)+
siné[100) and a dark state |D;) = cos£|100) — sin £[001),
where & = tan~!(g,./ g». ). Along the same line, we introduce
ahybridized basis for HSWAP as follows: a bright state |B,) =
cos £[110) + sin £|011) and a dark state |D,) = cos £[011)—
sin £|110). Using these hybridization bases, we can rewrite
the effective Hamiltonians as follows:

010) [By) |Dy)
D, gBl 0
HﬁSWAP: 9B, 5)3, 9 >
0 91 Wp,
[101) |By) |Da)
2601 g32 0
HSWVAP = | gp @p, g2 |, (G9)

0 9n (7)1)2

where the coupling strengths gg , gp,, and g, are given,
respectively, as

9B, = 9B, = JicSINE + gy cOSE, (G10)

9r1 = 92 = 912(0052 &- sin’ 5), (Gll)

and the eigenenergies @p,, Op,, Bp,, and @p, are given,
respectively, as

g, = wy + 291, sinécosé, (G12)
@p, = 0y —2g1psin&cosé, (G13)
@p, = @) + 0. + 2gp,sinécosé, (G14)

021058-17



YOUNGKYU SUNG et al.

PHYS. REV. X 11, 021058 (2021)

@p, = 0; + o, —2g;,sin&cos&. (G15)

We assume ¢, = go. > g1» (£ =x/4), which is
the case in our device and a practical parameter regime
for tunable couplers [13]. In this regime, |010) interacts
only with |B;) and [101) interacts only with |B,).
Assuming @, — @ > ¢1,, the corresponding two-level
Hamiltonians ASWAP (]010) and |B;) subspace) and
HFWA? (]101) and |B,) subspace) are approximately equal
to the following effective Hamiltonian H'$VAP up to offset

energies:

. 291,
HISWAP — V291 ) (Gl6)

( 0
o \/Zglc W, — Wy

Once again, we reduce the system description to this two-
level Hamiltonian so that we can easily apply optimal
control techniques for the gate.

APPENDIX H: SUPPRESSION OF LEAKAGE
USING A SLEPIAN-BASED OPTIMAL CONTROL

As detailed in Appendix G, the effective Hamiltonians
that describe the leakage dynamics of CZ and iSWAP gates
are given as follows:

wo-(2 i)
iSWAP [, _ 0 \/Zglc
Hg (1) = <\/§glc o.(1) — o] ) (H2)

We optimize the control waveform w.(r) for adiabatic
behavior under these two-level systems. Note that these
effective two-level systems address only predominant
leakage channels, not all possible leakage channels during
the two-qubit gates. Specifically, HS%(¢) addresses leakage
from [100) to |010) (in the single-excitation manifold) and
leakage from [101) to |011) (in the double-excitation
manifold) during the CZ gate. In the case of the iSWAP
gate, HSWAP (1) addresses leakage from |[100) and |001) to
|010) (in the single-excitation manifold) and leakage
from |101) to |110) and |011) (in the double-excitation
manifold).

Following Ref. [38], we take a Slepian-based approach
to implement an optimal control pulse that minimizes
leakage errors for any pulse longer than the chosen pulse
length. For example, a Slepian control pulse for a 60-ns-
long CZ gate minimizes the leakage error of CZ pulses
which have the same pulse amplitude but longer pulse
lengths than 60 ns.

In Fig. 18, we numerically simulate coherent leakage
of CZ gates (see Appendix Q for details about the
simulation). We assess the performance of an optimized

() Square Optimal
— wy/2r —— w./2T —— wy/27
~ fédle - " ~ f{i:dIe -
(% 5 - ‘\<—Pulse Iength*j % 5
g fcmm T - g fcmin 4
- 4 A (I -
0 60 0 60
Time (ns) Time (ns)
(b) — — — —
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10° T 10° T
c 102 H c 102 H :
R o
3 10% 3 10 4
o Qo
g e
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108 | E— T T 108 -4 T T
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Pulse length (ns) Pulse length (ns)
()
— DPloro) — Ploo1)
100 100
c 102 H c 102 +
Q Q
3 10 3 10% 1
Q. Q.
(o) (o)
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FIG. 18. Numerical simulation of coherent leakage of CZ gates.

(a) Square-shaped and optimal control waveforms for 60-ns-long
CZ gates, respectively. (b) Coherent leakage in the double-
excitation manifold. We prepare |101), apply a control pulse,
and then measure the state populations. By using the optimal
pulse shaping, we suppress population of the leakage state [011)
(orange curve) below 1077 for pulses longer than 60 ns. (c) Co-
herent leakage in the single-excitation manifold. We prepare
[100), apply a control pulse, and then measure the state
populations. By using optimal pulse shaping, we suppress
population of the leakage state [010) (blue curve) below 1077
for pulses longer than 60 ns. The leakage to |001) is not
suppressed as much, since the optimal control relies on the
effective Hamiltonian HS%(¢) that addresses only leakage from
[100) to |010) in the single-excitation manifold. The data points
in (b),(c) are obtained every 1 ns.

control pulse by comparing to a simple square pulse
[Fig. 18(a)]. Considering the bandwidth limitation of our
AWGs, the square pulse is smoothed by applying a
Hanning filter with a window width of five points (1-ns
intervals). The control pulse amplitudes, which are para-
meterized by the minimum point of CPLR frequency f™",
are chosen such that 60-ns-long control pulses perform the

021058-18



REALIZATION OF HIGH-FIDELITY CZ AND ZZ-FREE ...

PHYS. REV. X 11, 021058 (2021)

(a) Square Optimal
— w27 —— w./2m —— wy/27m
g f(i:dlc 7 _\iulse |engi[_ g f«idlc 7 Pulse length
= 54 = 51
g § 7 mm g f;nin i I S
. 4 N 4
0 30 0 30
Time (ns) Time (ns)
(b)
— Ppoy — Ppou) — Ppoo)y — Plo20) — Ploo2)
10° 100 +—
102 - 102 4} |

Population
3
S
1
Population
=
S

10€ + 10®
108 T T T T 108 oty |11 o
0 50 100 150 200 0 50 100 150 200
Pulse length (ns) Pulse length (ns)
(C) — DPlw) — Plo1)
10° 10° T
c 102 c 102 4| | YY
ke o i
< 10 2 104 4] |
o [o% i
g & |
106 10° 1 Bt
108 4+—— T T T 108
0 50 100 150 200 0 50 100 150 200

Pulse length (ns)

Pulse length (ns)

FIG. 19. Numerical simulation of coherent leakage of iSWAP
gates. (a) Square-shaped and optimal control waveforms for 30-
ns-long iSWAP gates, respectively. (b) Coherent leakage in the
double-excitation manifold. We prepare |101), apply a control
pulse, and then measure the state populations. By using optimal
pulse shaping, we suppress population of the leakage states |110)
and |011) (blue and orange curves) below 1077 for pulses longer
than 30 ns (black dashed line). The leakage to |200) and |002) is
not suppressed as much, since the optimal control relies on the
effective Hamiltonian H'SVAP(7) that addresses only the leakage
from [101) to |110) and |011) in the double-excitation manifold.
(c) Coherent leakage in the single-excitation manifold. We
prepare [101), apply a control pulse, and then measure the state
populations. By using the optimal pulse shaping, we suppress
population of the leakage state |010) (blue curve) below 1077 for
pulses longer than 30 ns (black dashed line). The data points in
(b),(c) are obtained every 1 ns.

CZ gate. In Fig. 18(b), to characterize the leakage in the
double-excitation manifold, we prepare [101), apply a
control pulse, and then measure the population of leakage
states [110), |011), |200), |020), and |002) with varying the
pulse length. We note that the square pulse shaping causes
significant leakage, especially to |011) [an orange curve in

Fig. 18(b)]. By using the optimal pulse, we suppress
leakage populations p|i10y, Pjo11)s Pjozoy> and pjooz) below
1077 for pulses longer than the chosen gate length: 60 ns.
Figure 18(c) shows leakage in the single-excitation mani-
fold. Here, we characterize leakage from the computational
qubit state | 100) after applying a CZ pulse. As in the case of
double-excitation manifold, a square-shaped control pulse
causes significant leakage to both |010) and |001). By
using the optimal control, we suppress the leakage pop-
ulation pg19 to [010) below 10~7. However, we note that
the leakage to |001) is not suppressed as much, compared
to |010). This result is because our theoretical model
HS% (1) addresses only leakage from |100) to [010) without
taking |001) into account.

In Fig. 19, we simulate coherent leakage of iISWAP
gates. We compare the performance of an optimal control
pulse to a square pulse [Fig. 19(a)]. The control pulse
amplitudes (f™") are chosen such that 30-ns-long control
pulses perform the iSWAP gate. In Figs. 18(c) and 18(d),
we characterize leakage in the double-excitation manifold
as in the case of the CZ gates. The square control pulse
causes significant leakage. By using the optimized pulse,
we suppress the leakage population to [110) (a blue curve)
and |110) (a orange curve) below 1077 for pulses longer
than the chosen gate length: 30 ns. Figure 19(c) shows the
leakage in the single-excitation manifold. Here. we char-
acterize leakage from the computational qubit state |100).
The square-shaped pulse causes significant leakage errors.
By using the optimal control, we suppress the state
population of a leakage state [010) below 1077

In this section, we demonstrate our Slepian-based
optimal control by presenting numerical simulation results.
We suppress population of the predominant leakage states
below 1077, by using the optimized control. However, not
every leakage channel is suppressed to the same level, since
our theoretical model addresses only the predominant
leakage channels. Developing a theoretical framework
for addressing the full leakage channels is the subject of
future work.

APPENDIX I: ADVANTAGES OF SMALL
ANHARMONICITY 7. FOR THE COUPLER

Smaller 7. enables the ZZ-free iISWAP interaction at a
lower coupler frequency ., which allows for a stronger
Jiswap such that we can implement faster ZZ-free iISWAP
gates. Figures 20(a) and 20(b) show numerical simulations
of coupling strength (2g;gwap) of the iISWAP interaction
and its residual ZZ strength ({;swap) as a function of the
coupler anharmonicity (1,.). QB1 and QB2 frequencies are
on resonance, which is the standard configuration for
activating iISWAP gates. In each figure, the blue dashed
curve represents our parameter choice for the coupler
anharmonicity (1./27 = —90 MHz), and the red dashed
curve represents a parameter regime, where residual ZZ

021058-19



YOUNGKYU SUNG et al.

PHYS. REV. X 11, 021058 (2021)

—
Y
=

glc/(wc - "-’1)
03 0.2 0.1 0.05
60

30

CPLR anharmonicity 7./27 (GHz)

4.3 4.5 4.7 4.9 5.1 5.3
CPLR frequency w,. /27 (GHz)

Coupling strength 2g;swap /27 (MHz)

Gie/(we —w1)
03 0.2 0.1 0.05

0.5
90 MHz (our device)

| o
o o
o
Residual ZZ CiSVVAP/27T (MHz)

4.3 4.5 4.7 4.9 5.1 5.3
CPLR frequency w,. /27 (GHz)

CPLR anharmonicity 7./27 (GHz) g
I
o

FIG. 20. Numerical simulations of (a) coupling strength Giswap
and (b) residual ZZ strength {;swap for an iISWAP interaction
versus the coupler anharmonicity 7, (y axis) and the coupler
frequency . (x axis), where w, /27 = w, /27 = 4.16 GHz. Note
that smaller 7. enables ZZ-free iISWAP interaction ({;swap = O,
red dashed curves) with stronger ;swap, thereby enabling faster
ZZ-free iSWAP gates.

interaction becomes zero owing to the cancellation induced
by the second excited state of the coupler. We note that, as
n. decreases, the coupler frequency at which residual ZZ
interaction is canceled also decreases (red dashed curve),
while Fswap remains constant approximately. Therefore,
the resultant Gigwap for the ZZ-free iISWAP increases,
thereby reducing the gate duration. Hence, owing to our
relatively small coupler anharmonicity, we are able to make
a short (30 ns) ZZ-free iISWAP gate.

In addition, smaller 7. prevents |020) from being
strongly hybridized with |[101) and |200) during a CZ
gate; this small 7. enables us to simplify multilevel leakage
dynamics and use the Slepian-based optimal control. In the
following paragraph, we explain how we numerically
estimate the state overlap of |020) with [101) and |200).

The eigenstates (i.e., dressed states) ) of our system
[see Eq. (1) for the system Hamiltonian] can be expressed
by a linear combination of basis states (i.e., bare states) [¢;)
as follows:

) = > (1)), (I1)
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FIG. 21. Numerical simulations of (a) coupling strength 7 for
the CZ interaction and (b) the state overlap |(020[101)[* -+
(020|§(\)6>|2 versus CPLR anharmonicity 7. (y axis) and CPLR
frequency w, (x axis), where (w;+1;)/2xr=w,/2x=3.94GHz.
Note that smaller 77, prevents |020) from being strongly hybridized
with |101) and |200) during the CZ interaction while keeping jcy
constant; this constraint enables us to simplify the multilevel
leakage dynamics and use the Slepian-based optimal control.

where N denotes the dimension of our Hilbert space. We
estimate the complex state overlap coefficients (020 lf(\ﬁ) and
(020]200) by numerically diagonalizing the Hamiltonian
based on the device parameters (see Appendix Q for the
device parameters used for simulation). We define a sum of

squares of these coefficients (|(020/101)|? -+ (020[200)[?)
as a metric that quantifies how strongly |020) hybridizes
with |101) and [200). Figures 21(a) and 21(b) show
numerical simulation results of coupling strength
(2gc7) of the CZ interaction and the state overlap

(1(020[101) ] + (020]200) ) as a function of CPLR anhar-
monicity (r7.). QB1 and QB2 frequencies are set such that
@ +1; = @w,, which is the standard configuration for
activating CZ gates. We note that, as 7, decreases, the state

overlap |(020[101)[? + (020[200)|? also decreases, while
the coupling strength -, remains constant approximately.
Hence, by using a relatively small coupler anharmonicity,
we are able to reduce the hybridization of |020) with [101)
and |200) when performing CZ gates.
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APPENDIX J: SYNCHRONIZATION OF
XY AXES FOR THE iSWAP GATE

The computational qubit state is generally defined in a
reference frame, rotating at the frequency of qubit driving
tone (this frame is often called the logical frame).
Accordingly, in a multiqubit system, we use multiple
independently rotating frames to refer the computational
state of each qubit. Notably, performing iSWAP-like gates
by tuning qubit frequencies into resonance [26] causes a
nontrivial local phase shift in the logical frame due to the
unmatched rotating frequencies. In this section, we explain
how this phase shift occurs by presenting a simple example
and discuss how it can be avoided.

We consider an uncoupled two-qubit system with
Hamiltonian defined as follows in the laboratory frame
(h=1):

Hy, = o ([1)(1]) @ I + 0ol @ ([1)(1]).  (J1)

where w; and @, denote the transition frequencies of each
qubit. Consider an arbitrary state () evolving under the
Hamiltonian H,,, as follows:

coo(1) co0(0)
| ea() | e''cy; (0)
YO o | T emren | P
en(t) ellenteicy | (0)

where c,,(t) denotes the probability amplitude of a basis
state |m) € {|00),|01), [10),[11)} at time . In the doubly
rotating frame (i.e., the logical frame), where each frame
rotates at the corresponding qubit frequency, the logical
state vector y(t) is given by

Coo coo(0)

(1) = ot _ (e_l:mz[)elimztc<)1(0>
o (e7'™1")e' ¢ )(0)
Cii (e7i@rtm)t)gilortm)ic,, (0)
coo(0)

_ co1(0) (13)

c10(0)
c11(0)

Now, suppose that we apply an iSWAP gate at t =
(r;7 > 0). In the lab frame, the iISWAP gate swaps the
probability amplitudes cg(z;) and c¢jo(r;) and adds a
relative phase of i as follows:

1 O 0 0 Coo(T1>
0 O l 0 C01(71>
W)=, = .
0 l 0 0 C10(71>
0 0 O 1 cll(Tl)
coo(71) coo(0)
. Pl T 0
_ l.Clo(Tl) _ l.eiw ) c10(0) ' (74)
icoi(71) ie' " ¢g(0)
i) ell@rto)nie (0)

Subsequently, in the logical frame (the doubly rotating

frame), the state vector i (z)|,_, can be written as

Coo(o)

(e—imzrl )ieiwl‘fl 010(0)
(emiom ) ieionm ¢y, (0)
(e—i(w1+w2)fl )ei(m1+m2)rl 11 (0)
oo
ell@=o)n (g )

= . N . (J5)
el(wz—wl)rl (lCIO)

11

P01, =

Note that the logical state vector acquires additional local
phase shifts ¢/(“1=22)71 and ¢/(“2=®)71 on the basis [01) and
|10), after the iSWAP gate. These phase shifts are artifacts
of the frequency difference between the two rotating frames
|, — @, |. Notably, longitudinal entangling gates (e.g., the
CZ gate) do not cause this phase shift, since they do not
involve any energy exchange. Also, parametrically driven
two-qubit gates [10,77], which activate resonant exchange
interactions in the logical frame (not the lab frame), do not
result in this phase shift.

In this paper, we avoid this phase shift by putting the
qubits in the same rotating frame; we drive the qubits using
tones with the same frequency to synchronize their XY
axes. However, driving one qubit, which is in resonance
with other qubits, requires careful attention when imple-
menting single-qubit gates. Because of the microwave cross
talk, one microwave pulse can considerably drive multiple
qubits at the same time. To resolve this issue, we actively
cancel out the microwave cross talk by applying cancella-
tion tones simultaneously (see Appendix K for details).

APPENDIX K: MICROWAVE CROSS TALK
CANCELLATION

We quantify the microwave cross talk between the XY
control lines and the qubits by measuring Rabi oscillations
(Fig. 22). The normalized microwave cross talk matrix
M, is shown below, defined as Q,.ua = Munwideals
where |Q| is the Rabi frequency of each qubit and ZQ
is the phase of the Rabi drive:
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FIG. 22. Measurements and cancellation of a microwave cross
talk. (a),(b) Rabi oscillations of QB1 (blue) and QB2 (orange)
when driving through the QB2 local drive line. (c),(d) Rabi
oscillations of QB1 (blue) and QB2 (orange) when driving
through the QB1 local drive line. (e) Rabi oscillations of QB2
when driving through the QB1 local drive line.
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We apply cancellation drives to orthonormalize the XY
control and find a remaining cross talk of below 3 x 107>
[Fig. 22(e)].

APPENDIX L: SINGLE-QUBIT GATE FIDELITIES

We measure the single-qubit gate fidelities via Clifford-
based randomized benchmarking [42-44] in the following
two configurations:

(1) QB1 and QB2 are detuned by approximately
160 MHz (w,/27n=4.16GHz, w,/2rx =4.00 GHz),
and CPLR is biased at 5.45 GHz, where the static
ZZ coupling between the qubits is eliminated
(see Fig. 14). This configuration is the idling
configuration when performing the CZ gate. We use
a 30-ns-long microwave pulse for implementing
X- and Y-rotation gates. Figure 23 shows the
randomized benchmarking data.

(2) QBI1 and QB2 are in resonance (/27 = w, /27 =
4.16 GHz) and CPLR is biased at 5.8 GHz, where

(a)
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FIG. 23. Experimental results of single-qubit randomized

benchmarking, when QB1 and QB2 are detuned by 150 MHz.
(a) Single-qubit RB measurement data for QB1. (b) Single-qubit
RB measurement data for QB2. “S” denotes the simultaneous
application of single-qubit Cliffords, and “I” denotes the isolated
application of single-qubit Cliffords. The pulse duration of X- and
Y-rotation gates is 30 ns. QB1 and QB2 are biased at 4.16 and
4.00 GHz, respectively. The gate fidelities are degraded, when
measured simultaneously, possibly due to microwave cross talk.
The data are averaged over 20 random sequences for each
sequence length.

the effective QB-QB coupling gigwap is switched
off. This configuration is the idling configuration
when performing the iSWAP gate. For better can-
cellation of microwave cross talk, we use a longer
(70-ns-long) microwave pulse for implementing
X- and Y-rotation gates. Figure 24 shows the
randomized benchmarking data.

APPENDIX M: TWO-QUBIT CLIFFORD
RANDOMIZED BENCHMARKING
FOR THE iSWAP GATE

Following Refs. [42,44], we construct the two-qubit
Clifford group, which has four distinct classes as shown in
Fig. 25. The single-qubit Clifford group C; is the group of
24 single-qubit rotations, which can be written in terms of
the X and Y rotations [44]. One of the three-element single-
qubit rotation groups S, is shown in Table V.

By rewriting the cNOT and the SWAP in terms of the
iSWAP (Fig. 26), we generate the two-qubit Cliffords in
terms of the iISWAP and single-qubit XY gates as shown in
Fig. 27. Our native iISWAP gate accompanies single-qubit
Z rotations, since the qubit frequencies are dynamically
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FIG. 24. Experimental results of single-qubit randomized
benchmarking, when QB1 and QB2 are in resonance. (a) Sin-
gle-qubit RB measurement data for QB1. (b) Single-qubit RB
measurement data for QB2. S denotes the simultaneous appli-
cation of single-qubit Cliffords, and I denotes the isolated
application of single-qubit Cliffords. The pulse duration of
X- and Y-rotation gates is 70 ns. Both QB1 and QB2 are biased
at 4.16 GHz. We apply cancellation pulses to offset microwave
cross talk (orange and green circles) and reduce the gate errors by
more than a factor of 10. The data are averaged over 20 random
sequences for each sequence length.
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FIG. 25. Two-qubit Clifford classes.

tuned during the gate. We undo these unwanted Z rotations
by incorporating compensating Z rotations into the existing
single-qubit gates that are either preceded or followed
by the iSWAP gate. For example, in the case of ‘“the

TABLE V. The three-element single-qubit rotation groups S
and §_/, written in terms of X- and Y-rotation gates in time.

S, I
S./2 -X/2,Y/2, X/2

Y/2, X/2
Y/2, X

~X/2, Y2
~X/2

cNoT
— o {—X/z -2l x72 }—T—{ x/2 }—T—
D Y/2 x/2}{ v/2 |
(b)
SWAP
T —X/2
FIG. 26. (a) Decomposition of the CNOT gate into the

iISWAP gates. (b) Decomposition of the SWAP gate into the
iISWAP gates.

iSWAP-like Cliffords” (Fig. 27), we update the single-qubit
gates that are preceded by an iSWAP gate such that they
undo the Z rotations of the iSWAP gate. Specifically, we
replace the corresponding single-qubit Clifford gate (C;)
by three rotation gates along x —y — x axes, which can
implement an arbitrary single-qubit rotation according to
Euler’s rotation theorem (see also Appendix P).

We now calculate the average gate composition
for the two-qubit Cliffords. The single-qubit class has
576 elements and contains 90/24 single-qubit gates per
element, on average. The cNOT-like class has 5184
elements and contains two iSWAP gates and 13 sin-
gle-qubit gates per element, on average. The iSWAP-like
class has 5184 elements and contains one iISWAP gate
and 70/3 single-qubit gates per element, on average. The
SWAP-like class has 576 elements and contains three
iISWAP gates and 14 single-qubit gates per element, on
average. Given these, we find that the two-qubit Cliffords
are composed of 1.5 iSWAP gates and 10.9375 single-
qubit gates, on average. Therefore, the average error rate
of two-qubit Cliffords can be calculated as follows:
T Clifford — 10.9375 x V]qb + 1.5 x ViSWAP> where rlqb and

1QB-Gates-like class CNOT-like class
Tal{mesr
Tofs—

. /\C J/
iSWAP-like class SWAP-like class

Sy
()

FIG. 27. Two-qubit Clifford classes written in terms of the
iISWAP gate and single-qubit gates. Since our native iSWAP gate
accompanies additional unwanted single-qubit Z rotations, we
incorporate compensating Z rotations into the existing single-
qubit gates that are either preceded or followed by the iSWAP
gate to undo the unwanted Z rotations. The orange arrows denote
which single-qubit gates are subject to be updated to undo the Z
rotations of the iSWAP.
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FIG. 28. (a) A diagram of the standard (or reference) two-qubit
RB sequence. (b) A diagram of the two-qubit RB sequence
interleaved by the iSWAP gate. The additional unwanted Z
rotations of the interleaved iISWAP gate are canceled out by the
subsequent two-qubit Clifford (orange arrows).

riswap are the average error rates of single-qubit gates
and an iISWAP gate, respectively.

To characterize the two-qubit interaction fidelity of
the iSWAP gate, we perform interleaved randomized
benchmarking [42—44]. The benchmarking sequences are
illustrated in Fig. 28. Note that, when interleaving the
iISWAP gate, we incorporate compensating Z rotations into
the subsequent reference Clifford. For example, in the case
of “1QB-gates-like” reference Clifford, the constituent
single-qubit Clifford C; on each qubit is replaced by three
single-qubit gates along x — y — x axes. Other two-qubit
Clifford classes already have three single-qubit gates along
x —y — x axes at their front ends (see Fig. 27), so they do
not require additional XY gates when interleaving the
iISWAP gate. As a consequence, the iSWAP-interleaved
sequence acquires additional 0.1125XY gates on average.
The error contribution of additional XY gates is accounted
for when estimating the two-qubit interaction fidelity of the
iISWAP gate.

APPENDIX N: TWO-QUBIT GATE
TUNE-UP PROCEDURES

We calibrate the CZ gate by adjusting the Z control
amplitudes for a fixed gate length (60 ns) and measuring the
leakage from |101) and the conditional phase (CPHASE)
angle ¢cz. A control pulse for the CZ gate and pulse
sequences for these measurements are illustrated at the top
in Fig. 29. To measure the leakage from |101), we prepare
|101) by applying 7z pulses to both QB1 and QB2 and
measure the state population of |101) after a CZ gate
[Fig. 29(a)]. To measure the CPHASE angle, we perform a
cross-Ramsey-type experiment, which measures the condi-
tional phase accumulation of QB1, while initializing QB2
in its ground state or excited state [Fig. 29(b)].

We find the optimal spot [red circles in Figs. 29(a)
and 29(b)] in the parameter space for the CZ gate, which
minimizes both the leakage and the CPHASE angle error
(=¢cz — 180°). Notably, the measured data have a slight
tilt (the leakage and the CPHASE angle data are not
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FIG. 29. Tune-up measurements for the CZ gate. (a),(b)
Experimental data of tune-up measurements for a 60-ns-long
CZ gate. We measure leakage from |101) and conditional phase
(CPHASE) angle ¢, as functions of QB2 Z-pulse amplitude
(x axis) and CPLR Z-pulse amplitude (y axis). The control pulse
and sequences to measure leakage and CPHASE angle are
illustrated at the top. We find an optimal parameter set that
minimizes both the leakage and CPHASE angle error (red
circles). (c),(d) Numeric simulation reproducing the experimental
data of tune-up measurements.

symmetric about their x axes: the qubit-qubit detuning)
due to the level repulsion induced by qubit-coupler inter-
actions. These tune-up measurements are qualitatively
reproduced by time-dependent Hamiltonian simulations
for three-interacting qutrits [Figs. 29(c) and 29(d)]. See
Appendix Q for details about the simulations.
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FIG. 30. Experimental data of fine-tuning measurements for the
CZ gate. (a) Measuring the leakage of multiple CZ pulses to
finely adjust the CPLR Z amplitude (f™"). (b) Measuring the
CPHASE angle error (¢pcz — Nz X 180°) of multiple CZ pulses

to finely adjust the QB2 Z amplitude (fgeak).

Near the optimal spot, we note that the leakage is
predominantly controlled by the CPLR Z-pulse amplitude
(the y axes of the plots), while the CPHASE angle is
controlled by the QB2 Z-pulse amplitude (the x axes of the
plots). Keeping this fact in mind, we individually adjust
the CPLR Z-pulse amplitude and the QB2 Z-pulse
amplitude by measuring the leakage and the CPHASE

Meas.

Prepare
ooy | [iswar] /4N

- Measure iSWAP angle:

(a) Experiment (b) Simulation
¥ 600 T 600
=3 2
= 400 “> 400
é . E .
™ 200 = 200
-20 -10 0 10 20 -20 -10 0 10 20
%~ fi (MHz) % — £ (MHz)
o —  — —
0 45 90 0 45 90
swap angle fiswap (deg) swap angle fiswap (deg)
FIG. 31. Tune-up measurement for the iSWAP gate. (a) Exper-

imental data of tune-up measurements for a 30-ns-long iISWAP
gate. We measure the iSWAP angle Oiqwap as functions of
QB2 Z-pulse amplitude (x axis) and CPLR Z-pulse amplitude
(v axis). The control sequence to measure the iSWAP angle is
illustrated at the top. A red circle denotes an optimal parameter set
that maximizes &;gwap- (b) Numeric simulation reproducing the
experimental data of tune-up measurements.

angle error, respectively. For fine adjustment of the
amplitudes, we measure multiple CZ pulses to amplify
the effects of small amplitude errors (Fig. 30). The
measurement data exhibit symmetric chevron patterns
that allow us to easily find optimal values for the pulse
amplitudes to minimize the leakage and the CPHASE
angle error (=¢c; — Ncz X 180°). We repeat this class of
fine-tuning measurements 2-3 times within narrower
amplitude ranges so that we can make the most precise
adjustments possible (ultimately limited by the amplitude
resolution limit of our AWGS).

Finally, to offset single-qubit phase accumulation that
accompanies the CZ gate, we subsequently apply virtual Z
gates [45]. To calibrate these virtual Z gates, we perform
Ramsey experiments on QB1 and QB2 and measure the
single-qubit phase accumulation of each qubit due to the
CZ gate. Fine-tuning the angles of the virtual Z gates is
done by a numerical optimization method (the Nelder-
Mead algorithm) with the fidelity of two-qubit randomized
benchmarking sequences as an objective function [78].

Along the same line, we calibrate the iSWAP gate by
adjusting the Z control pulse amplitudes for a fixed
gate length (30 ns) and measure the swap angle (Fig. 31).
The swap angle 85w ap quantifies how much the population
of QB1 has been transferred to QB2 and vice versa.
Accordingly, to measure @igwap, We prepare |100) and
measure how much the population of |100) has transferred
to the population of |001) by an iSWAP gate (O;gwap=
tan‘l(p|001>/p“00>), where pjoo1y and pjiop) are the mea-
sured populations of |001) and |100), respectively, at the
end. We find an optimal spot for the iSWAP gate [red circle
in Fig. 31(a)] which maximizes O;gwap (0° < Oigwap < 90°).

Niswap
Meas

P|rfgg;e iswap | - [iswap ] /740
(a) (b)

—o— Niswap =21 —o— Niswap =51 ——

iswap = 101

90 90 A

swap angle Oiswap (deg)
- W A O N
o o1 O OO0 O O»
TR SR TR N B |
swap angle Oiswap (deg)
- W Hh O N
o o & »n & o
1 1 1 1 1 1

T T T
270 280 290 10 5 0 5
frin— fy (MHz) frek £ (MHzZ)

FIG. 32. Experimental data of fine-tuning measurements for the
iISWAP gate. (a) Measurements of the swap angle f;qwap for
multiple iISWAP pulses to finely adjust the CPLR Z amplitude
(f™n). (b) Measurements of the swap angle @gywap for multiple

iSWAP pulses to finely adjust the QB2 Z amplitude (f5°*).
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In Fig. 31(b), we numerically simulate this tune-up meas-
urement and show good qualitative agreement with the
experimental result.

To finely adjust the CPLR Z-pulse amplitude and the QB2
Z-pulse amplitude, we measure multiple iSWAP pulses
(Fig. 32). Since the swap angle is controlled by both the
CPLR Z and QB2 Z amplitudes, we adjust both amplitudes
in an alternating manner—that is, adjusting the amplitudes
of QB2-Z, CPLR-Z, QB2-Z, CPLR-Z, ...—with varying
the number of iISWAP pulses (Niswap € {21,51,101}).

Finally, to offset single-qubit phase accumulation that is
accompanied when performing the iSWAP gate, we apply
actual Z gates using XY control (see Appendix P for
details). To calibrate these Z gates, we perform Ramsey
experiments on QB1 and QB2 and measure the single-qubit
phase accumulation of each qubit due to the iISWAP gate.
As in the case of the CZ gate, we numerically search the
optimal angles of the Z gates that maximize the sequence
fidelity of two-qubit RB sequences.

APPENDIX O: RESIDUAL LEAKAGE
OF THE CZ GATE

Following Refs. [79,80], we estimate the average leak-
age rate of our 60-ns-long CZ gate with an optimized pulse
shape from our interleaved randomized benchmarking
measurement [Fig. 4(h)]. To estimate the leakage rate,
we fit the population in the computational subspace py, =
Ploooy + Plooty + Pjiooy + Pjiory to an exponential model
(for both reference and interleaved RB curves, see Fig. 33):

Px, et = Aref + Brer (’11 ,ref)NC]ifford ’ (O 1)

Px,int = Aint + Bint (’h.int)NClifford . (Oz)

To ensure accurate uncertainties of the leakage rates, we
perform a weighted least-squares fit using the inverse of

1.0 A

&

S 09

ST

5 0.8

B e Reference, L =0.17 + 0.05%

0.7 A

+ ® CZ-Interleaved, L™ =0.23 + 0.05%

S 064 L=1-(1—L"™)/(1—L)=0.06 + 0.07%
T T T T T T T
0 50 100 150 200 250 300

Number of Cliffords Naiittord
FIG. 33. Characterization of the leakage rate of the CZ gate

with an optimized pulse shape. Population in the computational
subspace px, = piooo) + Pjoot1) T Pjiooy + Pjiory for the reference
and interleaved two-qubit randomized benchmarking sequences.

variance as the weights. Then, we estimate the average
leakage rates L; . and L ;, per Clifford as follows:

Ll,ref = (1 _Aref)(l _Al,ref)’

Ll,int = (1 _Aint)(1 - ﬂl,int)'

(03)
(04)

The average leakage rate L$? per CZ gate is subsequently
obtained by the following equation:

(05)

The leakage rate L$? per CZ gate is estimated to be
0.06 = 0.07%. We find that most of the residual leakage is
introduced into the second excited state of QBI
(1 = px, ® ppooy + Ppony), which indicates the residual
leakage may be due to residual pulse distortion in
Z-control pulses of QB2 and CPLR.

APPENDIX P: Z CORRECTIONS FOR THE
TWO-QUBIT GATES

Two-qubit gates are accompanied by local phase shifts
(single-qubit Z rotations), since the qubit frequencies are
dynamically tuned during the gates. To undo these phase
shifts, we apply additional single Z rotations either before
or after the two-qubit gates. In the case of the CZ gate, we
utilize virtual Z gates [45] which are simply implemented
by shifting phase offsets of microwave pulses. In contrast,
in the case of the iISWAP gate, we implement actual Z gates,
since the iISWAP gate that we consider in this work is not
compatible with virtual Z gates, in general [45].

We implement actual Z rotations by combining X and Y
rotations. According to Euler’s rotation theorem, any
rotation matrix can be described by the multiplication of

. Euler-Z(0,). ---------- N

o vz Hrewa Y rey H e w2 L0

1.00 A
c [ J
§ 075 $ IA\
s ¢ \‘. o .
2 0.50 '4 . - *
o Py L F L)
= 025 s s y .
- 0. 7] ° (4 LY
= / ~
0.00 |- NS b
T T T T T
—2m -7 0 m 2m
0. (rad)
FIG. 34. Implementation of arbitrary Z gates by combining X

and Y rotations. Experimental data of the Ramsey-type experi-
ment to validate the Euler-Z gate. We vary the angle 6, of Y
rotation, which effectively adjusts the rotation angle of the Euler-
Z gate.
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TABLE VI. The capacitances used for the numerical simula-
tions (see Ref. [13] for the notations).

Cl Cc C2 Clc CZC C12
95 fF 228 fF 98 fF 5.36 fF 5.36 fF 0.125 fF

three rotation matrices along x — y — x axes. Subsequently,
arbitrary Z gates (we call the Euler-Z gate) with rotation
angle 6, can be implemented by a series of X and Y
rotations: R, (—7z/2) — R,(6,) — R,(7/2), where R, and R,
are single-qubit rotations along the x and y axes, respec-
tively (Fig. 34).

APPENDIX Q: NUMERICAL SIMULATION OF
THE DYNAMICS

We numerically simulate the three-body dynamics
[Eq. (1)] presented in this work by treating our system
as three interacting qutrits (for both time-dependent and
time-independent Hamiltonian simulations). Given the
control waveforms w(¢), w,(t), and w.(z), we modulate
the b]b; (i € {1,2,c}) terms in the system Hamiltonian.
The coupling strengths ¢,.(¢), ¢».(f), and gi,(¢) are
subsequently modulated, as they are determined by
(1), (1), w.(t), and the capacitance matrix of the
superconducting circuit (see Appendix A in Ref. [13] for
details). The capacitances that are used to model the circuit
are summarized in Table VI. The anharmonicities of the
qubits and the coupler are assumed to be fixed and
set as follows: 7, /2x =—-220 MHz, n,/2z = =210 MHz,
and n./2zr = —90 MHz.

—e— No energy relaxation —— QB1, T} ;=60 us

(@ 1073
] CZ gate

102 3
& ]
L 10% 4
S ]
G 10 4 ¢ ¢
2 E
© ]
2 105 4
(2] 3
> ]
< ]

10 4 //“\\ //w

10'7---|""|""|""

50 100 150
Gate length ¢ (ns)
FIG. 35.

— QBZ, TLQ =30 us

APPENDIX R: T, CONTRIBUTION TO
GATE ERRORS

We perform numerical simulations to estimate the
contributions of (both qubits’ and the coupler’s) energy
relaxations to the errors of the CZ and iSWAP gates. The
time evolution of the system is calculated by solving the
Lindblad master equation in QuTiP [81]:

by = =3 (. (0] + 37 Ty Llblloe).  (R1)

j=12,c

where p(t) is the density matrix of the system, H(7) is the
system Hamiltonian [Eq. (1)], and ', ; = 1/T,; (j = 1, 2,
and c) are the relaxation rates of QB1, QB2, and CPLR,
respectively. The Lindblad superoperator acting on a
density matrix p, for a generic operator C, is defined by

L[C)(p) = CpCT — {p,C"C}/2. (R2)

Following Ref. [13], we compute the average gate fidelity
F, by numerically simulating quantum process tomography.
We prepare 16 different input states {(|0), [1), |+),]|-))} ®
{(|0),]1),]+),|-))} and reconstruct the process matrix y
from the resulting density matrices. By comparing it to the
ideal process matrix y;qeq, W€ compute the process fidelity
F, = Tr[ygear]- The ideal process matrix includes addi-
tional unwanted single-qubit Z rotations that accompany our
native two-qubit gates. The average gate fidelity F, is
subsequently obtained from the simple relationship between
F, and F [82,83].

—e— CPLR, Ty .=10us —— AllT; considered

(b) 107 3
1 iISWAP gate

102 E
10 4
10+ 4

10°

Avg. gate error 1 — F,

10°

107 | —r 1 1 r r r 17T
50 100 150
Gate length t¢ (ns)

Numerical simulation results for the average gate errors of the CZ and the iSWAP gates. (a) The average gate infidelity

(1 = F,) of the iISWAP gate as a function of its gate length 7. For each gate length, the control pulse shape is optimized as detailed in
Appendixes G and H. Each data point is obtained by numerically simulating quantum process tomography and computing the
corresponding gate infidelity. (b) The average gate infidelity (1 — F) of the iSWAP gate as a function of its gate length 7. The lowest
gate error is achieved when 75 = 25 ns. At this point, the residual ZZ interaction of the iSWAP is minimized, owing to the cancellation

induced by the higher level of CPLR.
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TABLE VII. T, contributions to the average gate errors of a
60-ns-long CZ and a 30-ns-long iSWAP gate. Each T'; contri-
bution is computed by taking the difference between the gate
errors in the presence and the absence of corresponding energy
relaxation. We find that the sum of individual 7'; contributions is
approximately equal to the total T';-induced error computed from
a separate simulation that takes all possible relaxations into
account (purple circles in Fig. 35).

60-ns-long CZ  30-ns-long iSWAP

QBI1, Ty, =60 us 52 x 1074 2.6x 1074
QB2, T, =30 us 7.8 x 1074 52x10™*
CPLR, T . = 10 ps 1.6 x 107* 7.6 x 1073
Total T',-induced error 1.5x 1073 8.6 x 107

Figure 35(a) shows the average gate infidelity (1 — F)
of the CZ gate as a function of its gate length 7. For each
gate length, the optimized control pulse is used and
calibrated in a manner similar to that described in
Appendix N. We run simulations in the absence of energy
relaxation (blue circles) and in the presence of only QB1’s
relaxation (orange circles), only QB2’s relaxation (green
circles), only CPLR’s relaxation (red circles), and all
possible relaxations (purple circles). Experimental values
of I'} ; are used for the simulations. We find that gate errors
due to parasitic interactions (blue circles) diminish drasti-
cally when 75 > 60 ns. We extract dissipation-induced (7'; -
induced) gate errors by taking the difference between the
fidelities F, in the presence and the absence of energy
relaxations. Table VII summarizes 7'y contributions to the
average gate error of a 60-ns-long CZ gate (which is
realized in our experiments).

Figure 35(b) shows the average gate errors of the iISWAP
gate in the absence and the presence of energy relaxations.
The lowest gate error is achieved when #5 ~ 25 ns; this
point is where the residual ZZ interaction of the iSWAP is
minimized, owing to the cancellation induced by the higher
level of CPLR. The T contributions of QB1, QB2, and
CPLR to the 30-ns-long iISWAP gate error are summarized
in Table VIIL.

APPENDIX S: 1/f* FLUX NOISE
CONTRIBUTION TO GATE ERRORS

We simulate the error contribution of 1/f* flux noise,
which predominantly limits the dephasing times 77 and
T5M of QB2 and CPLR. While there are other noise
sources affecting the qubits and coupler such as charge
noise and photon-shot noise, we assume that their impacts
are negligible. Specifically, our transmon qubits and
coupler have large E;/E.. (>60), which makes their charge
dispersions smaller than approximately 1 kHz such that
they are insensitive to charge noise. Notably, owing to large
E;/E. and negligible photon shot noise, QB1 (which has a

100
E —e— QB2 flux noise
107 < —e— CPLR flux noise
2 —e— QB2+CPLR flux noise
©
S 102 o
S
@ 107
o 3
S a4 ]
N 107 3
O ]
10° 3 '\‘\‘\‘\’\H—.—._._.ﬁ_,_,_,_,_,_.
106 4 T T

T T T T T
25 50 75 100 125 150 175 200
Gate duration (ns)

FIG. 36. Contribution of 1/f* flux noise to error rates of CZ
gates. Notably, the error contribution from CPLR flux noise
increases as the gate duration decreases (orange circles), possibly
due to stronger qubit-coupler hybridization.

fixed frequency) exhibits nearly 7' -limited dephasing
times 75 ~ T and TS ~ 2T.

We extract the power spectral density Se¢(f) =~
[(1.43u®y)?/ f] + [(1.77u®q)? x (Hz)*3/£133)] of flux
noise from the repeated Ramsey and echo experiments
of QB2 (see Appendix C for details). We simulate
contribution of 1/ f* flux noise to gate error by performing
Monte Carlo simulations with 1000 random flux
noise realizations; flux noise samples are generated
based on the power spectral density Sq(f). We assume
that QB2 and CPLR experience the same flux noise
power (but we independently sample noise waveforms
for QB2 and CPLR). We set the low-cutoff frequency of
the noise power spectral density (PSD) at 10~* Hz, which
is close to 1/(2 x thetotal length of the RB experiment).
We set the high-cutoff frequency at 5 x 10° Hz, which is
close to the |0) — |1) transition frequencies of the qubits
and coupler; following Ref. [84], we assume that only the
noise below the qubit frequency results in the phase noise.

100 1
E —e— QB2 flux noise
o 1071 4 —e— CPLR flux noise
© —e— QB2+CPLR flux noise
g 107
o b
© 103
210
N ]
% 104 3
z ]
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FIG. 37. Contribution of 1/f* flux noise to error rates of

iISWAP gates. Notably, the error contribution from CPLR flux
noise increases as the gate duration decreases (orange circles),
possibly due to stronger qubit-coupler hybridization.
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TABLE VIII. 1/f* flux noise contributions to the average
gate errors of a 60-ns-long CZ and a 30-ns-long iSWAP
gate. Each flux noise contribution is computed by taking the
difference between the gate errors in the presence and the absence
of flux noise.

60-ns-long CZ  30-ns-long iSWAP

QB2 flux noise 1.5x 104 4.7 %1073
CPLR flux noise 4.8 x 1076 2.1x 107
QB2+CPLR flux noise 1.6 x 10~ 49 x 107

Figures 36 and 37 show the estimated contribution of
the flux noise to gate error rates for CZ and iSWAP gates,
respectively. We extract the error contribution of 1/ flux
noise by subtracting the error rate in the presence of flux
noise by the error rate in the absence of flux noise. We
compare the flux noise-induced error rates and TI-
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FIG. 38. State population of (a) [101), (b) |200), (c) |011),

(d) |110), (e) [020), and (f) |002) for the repeated square CZ
pulses.

induced error rates for 60-ns-long CZ and 30-ns-long
iISWAP gates in Table VIII. We find that flux noise
contribution is quite small. This result is because our
gate lengths are short (30—60 ns) such that the impact of
long-time correlated noise, i.e., 1/f noise, is significantly
suppressed. This result is consistent with Ref. [25]. It also
explains how flux-tunable qubits can achieve high-fidelity
gates (both single- and two-qubit gates) in general, even
though they operate at flux sensitive points at the idling
configuration.

APPENDIX T: SUPPLEMENTAL
EXPERIMENTAL DATA FOR FIG. 4
IN THE MAIN TEXT

In Figs. 38 and 39, we present the state population of
[101), |200), |011), |110), |020), and |002) as supplemental
experimental data for Fig. 3 in the main text.
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FIG. 39. State population of (a) |101), (b) [200), (c) |011),
(d) [110), (e) |020), and (f) |002) for the repeated optimal CZ
pulses.

021058-29



YOUNGKYU SUNG et al.

PHYS. REV. X 11, 021058 (2021)

[1] P. Krantz, M. Kjaergaard, F. Yan, T.P. Orlando, S.
Gustavsson, and W.D. Oliver, A Quantum Engineer’s
Guide to Superconducting Qubits, Appl. Phys. Rev. 6,
021318 (2019).

[2] M. Kjaergaard, M. E. Schwartz, J. Braumiiller, P. Krantz,
J.L-J. Wang, S. Gustavsson, and W.D. Oliver, Super-
conducting Qubits: Current State of Play, Annu. Rev.
Condens. Matter Phys. 11, 369 (2020).

[3] J. Preskill, Quantum Computing in the NISQ Era and
beyond, Quantum 2, 79 (2018).

[4] F. Arute, K. Arya, R. Babbush, D. Bacon, J. C. Bardin, R.
Barends, R. Biswas, S. Boixo, F. G. S. L. Brandao, D. A.
Buell et al., Quantum Supremacy Using a Programmable
Superconducting Processor, Nature (London) 574, 505
(2019).

[5] T. Hime, P. A. Reichardt, B. L. T. Plourde, T. L. Robertson,
C.-E. Wu, A. V. Ustinov, and J. Clarke, Solid-State Qubits
with Current-Controlled Coupling, Science 314, 1427
(20006).

[6] A.O. Niskanen, K. Harrabi, F. Yoshihara, Y. Nakamura, S.
Lloyd, and J. S. Tsai, Quantum Coherent Tunable Coupling
of Superconducting Qubits, Science 316, 723 (2007).

[7]1 S.H. W. van der Ploeg, A. Izmalkov, A. M. van den Brink,
U. Hiibner, M. Grajcar, E. II’ichev, H.-G. Meyer, and A. M.
Zagoskin, Controllable Coupling of Superconducting Flux
Qubits, Phys. Rev. Lett. 98, 057004 (2007).

[8] R. Harris, A.J. Berkley, M. W. Johnson, P. Bunyk, S.
Govorkov, M.C. Thom, S. Uchaikin, A.B. Wilson, J.
Chung, E. Holtham et al., Sign- and Magnitude-Tunable
Coupler for Superconducting Flux Qubits, Phys. Rev. Lett.
98, 177001 (2007).

[9]1 Y. Chen, C. Neill, P. Roushan, N. Leung, M. Fang, R.
Barends, J. Kelly, B. Campbell, Z. Chen, B. Chiaro et al.,
Qubit Architecture with High Coherence and Fast Tunable
Coupling, Phys. Rev. Lett. 113, 220502 (2014).

[10] D.C. McKay, S. Filipp, A. Mezzacapo, E. Magesan, J. M.
Chow, and J. M. Gambetta, Universal Gate for Fixed-
Frequency Qubits via a Tunable Bus, Phys. Rev. Applied
6, 064007 (2016).

[11] S.J. Weber, G. O. Samach, D. Hover, S. Gustavsson, D. K.
Kim, A. Melville, D. Rosenberg, A.P. Sears, F. Yan, J. L.
Yoder et al., Coherent Coupled Qubits for Quantum
Annealing, Phys. Rev. Applied 8, 014004 (2017).

[12] C.J. Neill, A Path towards Quantum Supremacy with
Superconducting Qubits, Ph.D. thesis, University of
California—Santa Barbara, 2017.

[13] F. Yan, P. Krantz, Y. Sung, M. Kjaergaard, D. L. Campbell,
T.P. Orlando, S. Gustavsson, and W.D. Oliver, Tunable
Coupling Scheme for Implementing High-Fidelity Two-
Qubit Gates, Phys. Rev. Applied 10, 054062 (2018).

[14] M. Kounalakis, C. Dickel, A. Bruno, N. Langford, and G.
Steele, Tuneable Hopping and Nonlinear Cross-Kerr Inter-
actions in a High-Coherence Superconducting Circuit, npj
Quantum Inf. 4, 38 (2018).

[15] P. Mundada, G. Zhang, T. Hazard, and A. Houck, Sup-
pression of Qubit Crosstalk in a Tunable Coupling Super-
conducting Circuit, Phys. Rev. Applied 12, 054023 (2019).

[16] X. Li, T. Cai, H. Yan, Z. Wang, X. Pan, Y. Ma, W. Cai, J.
Han, Z. Hua, X. Han et al., Tunable Coupler for Realizing a
Controlled-Phase Gate with Dynamically Decoupled Re-

gime in a Superconducting Circuit, Phys. Rev. Applied 14,
024070 (2020).

[17] B. Foxen, C. Neill, A. Dunsworth, P. Roushan, B. Chiaro, A.
Megrant, J. Kelly, Z. Chen, K. Satzinger, R. Barends et al.
(Google AI Quantum Collaboration), Demonstrating a
Continuous Set of Two-Qubit Gates for Near-Term Quan-
tum Algorithms, Phys. Rev. Lett. 125, 120504 (2020).

[18] M. C. Collodo, J. Herrmann, N. Lacroix, C. K. Andersen, A.
Remm, S. Lazar, J.-C. Besse, T. Walter, A. Wallraff, and C.
Eichler, Implementation of Conditional-Phase Gates Based
on Tunable ZZ-Interactions, Phys. Rev. Lett. 125, 240502
(2020).

[19] Y. Xu, J. Chu, J. Yuan, J. Qiu, Y. Zhou, L. Zhang, X. Tan, Y.
Yu, S. Liu, J. Li et al., High-Fidelity, High-Scalability Two-
Qubit Gate Scheme for Superconducting Qubits, Phys. Rev.
Lett. 125, 240503 (2020).

[20] X.Y. Han, T.Q. Cai, X.G. Li, Y.K. Wu, Y. W. Ma, Y. L.
Ma, J. H. Wang, H. Y. Zhang, Y. P. Song, and L. M. Duan,
Error Analysis in Suppression of Unwanted Qubit Inter-
actions for a Parametric Gate in a Tunable Superconduct-
ing Circuit, Phys. Rev. A 102, 022619 (2020).

[21] S. Rosenblum, Y.Y. Gao, P. Reinhold, C. Wang, C.]J.
Axline, L. Frunzio, S. M. Girvin, L. Jiang, M. Mirrahimi,
M. H. Devoret et al., A CNOT Gate between Multiphoton
Qubits Encoded in Two Cavities, Nat. Commun. 9, 652
(2018).

[22] Y. Y. Gao, B.J. Lester, K.S. Chou, L. Frunzio, M. H.
Devoret, L. Jiang, S.M. Girvin, and R.J. Schoelkopf,
Entanglement of Bosonic Modes through an Engineered
Exchange Interaction, Nature (London) 566, 509 (2019).

[23] J.M. Gambetta, J.M. Chow, and M. Steffen, Building
Logical Qubits in a Superconducting Quantum Computing
System, npj Quantum Inf. 3, 2 (2017).

[24] 1. D. Kivlichan, J. McClean, N. Wiebe, C. Gidney, A.
Aspuru-Guzik, G.K.-L. Chan, and R. Babbush, Quantum
Simulation of Electronic Structure with Linear Depth and
Connectivity, Phys. Rev. Lett. 120, 110501 (2018).

[25] P.J.J. O’Malley, J. Kelly, R. Barends, B. Campbell, Y.
Chen, Z. Chen, B. Chiaro, A. Dunsworth, A.G. Fowler,
1.-C. Hoi et al., Qubit Metrology of Ultralow Phase Noise
Using Randomized Benchmarking, Phys. Rev. Applied 3,
044009 (2015).

[26] R. Barends, C. M. Quintana, A. G. Petukhov, Y. Chen, D.
Kafri, K. Kechedzhi, R. Collins, O. Naaman, S. Boixo, F.
Arute et al., Diabatic Gates for Frequency-Tunable Super-
conducting Qubits, Phys. Rev. Lett. 123, 210501 (2019).

[27] S. Krinner, S. Lazar, A. Remm, C. K. Andersen, N. Lacroix,
G.J. Norris, C. Hellings, M. Gabureac, C. Eichler, and A.
Wallraff, Benchmarking Coherent Errors in Controlled-
Phase Gates due to Spectator Qubits, Phys. Rev. Applied
14, 024042 (2020).

[28] J. Koch, T. M. Yu, J. Gambetta, A. A. Houck, D. I. Schuster,
J. Majer, A. Blais, M. H. Devoret, S. M. Girvin, and R.J.
Schoelkopf, Charge-Insensitive Qubit Design Derived from
the Cooper Pair Box, Phys. Rev. A 76, 042319 (2007).

[29] E. Yan, S. Gustavsson, A. Kamal, J. Birenbaum, A. P. Sears,
D. Hover, T.J. Gudmundsen, D. Rosenberg, G. Samach, S.
Weber et al., The Flux Qubit Revisited to Enhance Coher-
ence and Reproducibility, Nat. Commun. 7, 12964 (2016).

021058-30


https://doi.org/10.1063/1.5089550
https://doi.org/10.1063/1.5089550
https://doi.org/10.1146/annurev-conmatphys-031119-050605
https://doi.org/10.1146/annurev-conmatphys-031119-050605
https://doi.org/10.22331/q-2018-08-06-79
https://doi.org/10.1038/s41586-019-1666-5
https://doi.org/10.1038/s41586-019-1666-5
https://doi.org/10.1126/science.1134388
https://doi.org/10.1126/science.1134388
https://doi.org/10.1126/science.1141324
https://doi.org/10.1103/PhysRevLett.98.057004
https://doi.org/10.1103/PhysRevLett.98.177001
https://doi.org/10.1103/PhysRevLett.98.177001
https://doi.org/10.1103/PhysRevLett.113.220502
https://doi.org/10.1103/PhysRevApplied.6.064007
https://doi.org/10.1103/PhysRevApplied.6.064007
https://doi.org/10.1103/PhysRevApplied.8.014004
https://doi.org/10.1103/PhysRevApplied.10.054062
https://doi.org/10.1038/s41534-018-0088-9
https://doi.org/10.1038/s41534-018-0088-9
https://doi.org/10.1103/PhysRevApplied.12.054023
https://doi.org/10.1103/PhysRevApplied.14.024070
https://doi.org/10.1103/PhysRevApplied.14.024070
https://doi.org/10.1103/PhysRevLett.125.120504
https://doi.org/10.1103/PhysRevLett.125.240502
https://doi.org/10.1103/PhysRevLett.125.240502
https://doi.org/10.1103/PhysRevLett.125.240503
https://doi.org/10.1103/PhysRevLett.125.240503
https://doi.org/10.1103/PhysRevA.102.022619
https://doi.org/10.1038/s41467-018-03059-5
https://doi.org/10.1038/s41467-018-03059-5
https://doi.org/10.1038/s41586-019-0970-4
https://doi.org/10.1038/s41534-016-0004-0
https://doi.org/10.1103/PhysRevLett.120.110501
https://doi.org/10.1103/PhysRevApplied.3.044009
https://doi.org/10.1103/PhysRevApplied.3.044009
https://doi.org/10.1103/PhysRevLett.123.210501
https://doi.org/10.1103/PhysRevApplied.14.024042
https://doi.org/10.1103/PhysRevApplied.14.024042
https://doi.org/10.1103/PhysRevA.76.042319
https://doi.org/10.1038/ncomms12964

REALIZATION OF HIGH-FIDELITY CZ AND ZZ-FREE ...

PHYS. REV. X 11, 021058 (2021)

[30] A. Blais, R.-S. Huang, A. Wallraff, S. M. Girvin, and R.J.
Schoelkopf, Cavity Quantum Electrodynamics for Super-
conducting Electrical Circuits: An Architecture for Quan-
tum Computation, Phys. Rev. A 69, 062320 (2004).

[31] A. Wallraff, D.I. Schuster, A. Blais, L. Frunzio, R.-S.
Huang, J. Majer, S. Kumar, S.M. Girvin, and R.J.
Schoelkopf, Strong Coupling of a Single Photon to a
Superconducting Qubit Using Circuit Quantum Electro-
dynamics, Nature (London) 431, 162 (2004).

[32] R. Barends, J. Kelly, A. Megrant, D. Sank, E. Jeffrey, Y.
Chen, Y. Yin, B. Chiaro, J. Mutus, C. Neill et al., Coherent
Josephson Qubit Suitable for Scalable Quantum Integrated
Circuits, Phys. Rev. Lett. 111, 080502 (2013).

[33] M. D. Hutchings, J. B. Hertzberg, Y. Liu, N. T. Bronn, G. A.
Keefe, M. Brink, J. M. Chow, and B. L. T. Plourde, Tunable
Superconducting Qubits with Flux-Independent Coherence,
Phys. Rev. Applied 8, 044003 (2017).

[34] F. W. Strauch, P.R. Johnson, A.J. Dragt, C.J. Lobb, J.R.
Anderson, and F. C. Wellstood, Quantum Logic Gates for
Coupled Superconducting Phase Qubits, Phys. Rev. Lett.
91, 167005 (2003).

[35] L. DiCarlo, J. M. Chow, J. M. Gambetta, L. S. Bishop, B. R.
Johnson, D. I. Schuster, J. Majer, A. Blais, L. Frunzio, S. M.
Girvin et al., Demonstration of Two-Qubit Algorithms with
a Superconducting Quantum Processor, Nature (London)
460, 240 (2009).

[36] T. Yamamoto, M. Neeley, E. Lucero, R. C. Bialczak, J.
Kelly, M. Lenander, M. Mariantoni, A. D. O’Connell, D.
Sank, H. Wang et al., Quantum Process Tomography of
Two-Qubit Controlled-Z and Controlled-NOT Gates Using
Superconducting Phase Qubits, Phys. Rev. B 82, 184515
(2010).

[37] P. Lambropoulos and D. Petrosyan, Fundamentals of
Quantum Optics and Quantum Information (Springer,
New York, 2007).

[38] J. M. Martinis and M. R. Geller, Fast Adiabatic Qubit Gates
Using Only o, Control, Phys. Rev. A 90, 022307 (2014).

[39] B. Foxen, J. Y. Mutus, E. Lucero, E. Jeffrey, D. Sank, R.
Barends, K. Arya, B. Burkett, Y. Chen, Z. Chen et al., High
Speed Flux Sampling for Tunable Superconducting Qubits
with an Embedded Cryogenic Transducer, Supercond. Sci.
Technol. 32, 015012 (2019).

[40] M. A. Rol, L. Ciorciaro, F. K. Malinowski, B. M. Tarasinski,
R. E. Sagastizabal, C. C. Bultink, Y. Salathe, N. Haandbaek,
J. Sedivy, and L. DiCarlo, Time-Domain Characterization
and Correction of On-Chip Distortion of Control Pulses in
a Quantum Processor, Appl. Phys. Lett. 116, 054001
(2020).

[41] Y. Sung et al., Characterization of Z-Control Pulse Tran-
sients by Using a Qubit Sensor (to be published).

[42] A.D. Cércoles, J. M. Gambetta, J. M. Chow, J. A. Smolin,
M. Ware, J. Strand, B.L.T. Plourde, and M. Steffen,
Process Verification of Two-Qubit Quantum Gates by
Randomized Benchmarking, Phys. Rev. A 87, 030301(R)
(2013).

[43] E. Magesan, J. M. Gambetta, B. R. Johnson, C. A. Ryan,
J. M. Chow, S. T. Merkel, M. P. da Silva, G. A. Keefe, M. B.
Rothwell, T.A. Ohki et al., Efficient Measurement of
Quantum Gate Error by Interleaved Randomized Bench-
marking, Phys. Rev. Lett. 109, 080505 (2012).

[44] R. Barends, J. Kelly, A. Megrant, A. Veitia, D. Sank, E.
Jeffrey, T. C. White, J. Mutus, A. G. Fowler, B. Campbell
et al., Superconducting Quantum Circuits at the Surface
Code Threshold for Fault Tolerance, Nature (London) 508,
500 (2014).

[45] D.C. McKay, C.J. Wood, S. Sheldon, J. M. Chow, and J. M.
Gambetta, Efficient Z Gates for Quantum Computing, Phys.
Rev. A 96, 022330 (2017).

[46] P. Zhao, P. Xu, D. Lan, J. Chu, X. Tan, H. Yu, and Y. Yu,
High-Contrast ZZ Interaction Using Superconducting
Qubits with Opposite-Sign Anharmonicity, Phys. Rev. Lett.
125, 200503 (2020).

[47] J. Ku, X. Xu, M. Brink, D. C. McKay, J. B. Hertzberg, M. H.
Ansari, and B. L. T. Plourde, Suppression of Unwanted ZZ
Interactions in a Hybrid Two-Qubit System, Phys. Rev. Lett.
125, 200504 (2020).

[48] J.M. Epstein, A.W. Cross, E. Magesan, and J.M.
Gambetta, Investigating the Limits of Randomized Bench-
marking Protocols, Phys. Rev. A 89, 062321 (2014).

[49] X. Mi, P. Roushan, C. Quintana, S. Mandra, J. Marshall, C.
Neill, F. Arute, K. Arya, J. Atalaya, R. Babbush et al.,
Information Scrambling in Computationally Complex
Quantum Circuits, arXiv:2101.08870.

[50] S. Sheldon, L. S. Bishop, E. Magesan, S. Filipp, J. M. Chow,
and J. M. Gambetta, Characterizing Errors on Qubit
Operations via Iterative Randomized Benchmarking, Phys.
Rev. A 93, 012301 (2016).

[51] Q. Ficheux, L.B. Nguyen, A. Somoroff, H. Xiong,
K.N. Nesterov, M.G. Vavilov, and V.E. Manucharyan,
Fast Logic with Slow Qubits: Microwave-Activated
Controlled-Z Gate on Low-Frequency Fluxoniums,
arXiv:2011.02634 [Phys. Rev. X (to be published)].

[52] P. Aliferis and B.M. Terhal, Fault-Tolerant Quantum
Computation for Local Leakage Faults, Quantum Inf.
Comput. 7, 139 (2007).

[53] A.G. Fowler, Coping with Qubit Leakage in Topological
Codes, Phys. Rev. A 88, 042308 (2013).

[54] M. Suchara, A.W. Cross, and J. M. Gambetta, Leakage
Suppression in the Toric Code, in Proceedings of the 2015
IEEE International Symposium on Information Theory
(ISIT) (2015), pp. 1119-1123, https://ieeexplore.ieee.org/
document/7282629.

[55] J. Kelly, R. Barends, A. G. Fowler, A. Megrant, E. Jeffrey,
T. C. White, D. Sank, J. Y. Mutus, B. Campbell, Y. Chen
et al., State Preservation by Repetitive Error Detection in a
Superconducting Quantum Circuit, Nature (London) 519,
66 (2015).

[56] C. K. Andersen, A. Remm, S. Lazar, S. Krinner, N. Lacroix,
G.J. Norris, M. Gabureac, C. Eichler, and A. Wallraff,
Repeated Quantum Error Detection in a Surface Code,
Nat. Phys. 16, 875 (2020).

[57] P.K. Barkoutsos, J. F. Gonthier, I. Sokolov, N. Moll, G.
Salis, A. Fuhrer, M. Ganzhorn, D.J. Egger, M. Troyer, A.
Mezzacapo et al., Quantum Algorithms for Electronic
Structure Calculations: Particle-Hole Hamiltonian and
Optimized Wave-Function Expansions, Phys. Rev. A 98,
022322 (2018).

[58] M. Ganzhorn, D.J. Egger, P. Barkoutsos, P. Ollitrault, G.
Salis, N. Moll, M. Roth, A. Fuhrer, P. Mueller, S. Woerner,
1. Tavernelli, and S. Filipp, Gate-Efficient Simulation of

021058-31


https://doi.org/10.1103/PhysRevA.69.062320
https://doi.org/10.1038/nature02851
https://doi.org/10.1103/PhysRevLett.111.080502
https://doi.org/10.1103/PhysRevApplied.8.044003
https://doi.org/10.1103/PhysRevLett.91.167005
https://doi.org/10.1103/PhysRevLett.91.167005
https://doi.org/10.1038/nature08121
https://doi.org/10.1038/nature08121
https://doi.org/10.1103/PhysRevB.82.184515
https://doi.org/10.1103/PhysRevB.82.184515
https://doi.org/10.1103/PhysRevA.90.022307
https://doi.org/10.1088/1361-6668/aaf048
https://doi.org/10.1088/1361-6668/aaf048
https://doi.org/10.1063/1.5133894
https://doi.org/10.1063/1.5133894
https://doi.org/10.1103/PhysRevA.87.030301
https://doi.org/10.1103/PhysRevA.87.030301
https://doi.org/10.1103/PhysRevLett.109.080505
https://doi.org/10.1038/nature13171
https://doi.org/10.1038/nature13171
https://doi.org/10.1103/PhysRevA.96.022330
https://doi.org/10.1103/PhysRevA.96.022330
https://doi.org/10.1103/PhysRevLett.125.200503
https://doi.org/10.1103/PhysRevLett.125.200503
https://doi.org/10.1103/PhysRevLett.125.200504
https://doi.org/10.1103/PhysRevLett.125.200504
https://doi.org/10.1103/PhysRevA.89.062321
https://arXiv.org/abs/2101.08870
https://doi.org/10.1103/PhysRevA.93.012301
https://doi.org/10.1103/PhysRevA.93.012301
https://arXiv.org/abs/2011.02634
https://doi.org/10.26421/QIC7.1-2-9
https://doi.org/10.26421/QIC7.1-2-9
https://doi.org/10.1103/PhysRevA.88.042308
https://ieeexplore.ieee.org/document/7282629
https://ieeexplore.ieee.org/document/7282629
https://ieeexplore.ieee.org/document/7282629
https://ieeexplore.ieee.org/document/7282629
https://doi.org/10.1038/nature14270
https://doi.org/10.1038/nature14270
https://doi.org/10.1038/s41567-020-0920-y
https://doi.org/10.1103/PhysRevA.98.022322
https://doi.org/10.1103/PhysRevA.98.022322

YOUNGKYU SUNG et al.

PHYS. REV. X 11, 021058 (2021)

Molecular Eigenstates on a Quantum Computer, Phys. Rev.
Applied 11, 044092 (2019).

[59] F. Arute, K. Arya, R. Babbush, D. Bacon, J. C. Bardin, R.
Barends, S. Boixo, M. Broughton, B.B. Buckley, D. A.
Buell et al., Hartree-Fock on a Superconducting Qubit
Quantum Computer, Science 369, 1084 (2020).

[60] D. M. Abrams, N. Didier, B. R. Johnson, M. P. da Silva, and
C. A. Ryan, Implementation of XY Entangling Gates with a
Single Calibrated Pulse, National electronics review 3, 744
(2020).

[61] M. P. Harrigan, K.J. Sung, M. Neeley, K. J. Satzinger, F.

Arute, K. Arya, J. Atalaya, J. C. Bardin, R. Barends, S.

Boixo et al., Quantum Approximate Optimization of Non-

planar Graph Problems on a Planar Superconducting

Processor, Nat. Phys. 17, 332 (2021).

Y. Salathé, M. Mondal, M. Oppliger, J. Heinsoo, P.

Kurpiers, A. Poto¢nik, A. Mezzacapo, U. Las Heras, L.

Lamata, E. Solano et al., Digital Quantum Simulation of

Spin Models with Circuit Quantum Electrodynamics, Phys.

Rev. X 5, 021027 (2015).

I. Aleiner, F. Arute, K. Arya, J. Atalaya, R. Babbush, J. C.

Bardin, R. Barends, A. Bengtsson, S. Boixo, A. Bourassa

et al., Accurately Computing Electronic Properties of

Materials Using Eigenenergies, arXiv:2012.00921.

[64] X. Wang, Entanglement in the Quantum Heisenberg XY
Model, Phys. Rev. A 64, 012313 (2001).

[65] C. Macklin, K. O’Brien, D. Hover, M. E. Schwartz, V.
Bolkhovsky, X. Zhang, W.D. Oliver, and I. Siddiqi, A
Near—Quantum-Limited Josephson Traveling-Wave Para-
metric Amplifier, Science 350, 307 (2015).

[66] P. V. Klimov, J. Kelly, Z. Chen, M. Neeley, A. Megrant, B.
Burkett, R. Barends, K. Arya, B. Chiaro, Y. Chen et al.,
Fluctuations of Energy-Relaxation Times in Superconduct-
ing Qubits, Phys. Rev. Lett. 121, 090502 (2018).

[67] C. Miiller, J. H. Cole, and J. Lisenfeld, Towards Under-
standing Two-Level-Systems in Amorphous Solids: Insights
Jfrom Quantum Circuits, Rep. Prog. Phys. 82, 124501
(2019).

[68] J. M. Martinis, K. B. Cooper, R. McDermott, M. Steffen,
M. Ansmann, K. D. Osborn, K. Cicak, S. Oh, D. P. Pappas,
R. W. Simmonds et al., Decoherence in Josephson Qubits
from Dielectric Loss, Phys. Rev. Lett. 95, 210503 (2005).

[69] W.D. Oliver and P. B. Welander, Materials in Supercon-
ducting Quantum Bits, MRS Bull. 38, 816 (2013).

[70] E. Yoshihara, K. Harrabi, A. O. Niskanen, Y. Nakamura, and
J.S. Tsai, Decoherence of Flux Qubits due to 1/f Flux
Noise, Phys. Rev. Lett. 97, 167001 (2006).

[71] J. Braumiiller, L. Ding, A.P. Vepsildinen, Y. Sung, M.
Kjaergaard, T. Menke, R. Winik, D. Kim, B. M. Niedzielski,
A. Melville, J. L. Yoder, C.F. Hirjibehedin, T. P. Orlando,
S. Gustavsson, and W.D. Oliver, Characterizing and

[62

—

[63

—_—

Optimizing Qubit Coherence Based on SQUID Geometry,
Phys. Rev. Applied 13, 054079 (2020).

[72] D. Sank, R. Barends, R. C. Bialczak, Y. Chen, J. Kelly, M.
Lenander, E. Lucero, M. Mariantoni, A. Megrant, M.
Neeley et al., Flux Noise Probed with Real Time Qubit
Tomography in a Josephson Phase Qubit, Phys. Rev. Lett.
109, 067001 (2012).

[73] F. Yan, J. Bylander, S. Gustavsson, F. Yoshihara, K. Harrabi,
D. G. Cory, T. P. Orlando, Y. Nakamura, J.-S. Tsai, and W.
D. Oliver, Spectroscopy of Low-Frequency Noise and Its
Temperature Dependence in a Superconducting Qubit,
Phys. Rev. B 85, 174521 (2012).

[74] E. Magesan, J. M. Gambetta, A.D. Corcoles, and J. M.
Chow, Machine Learning for Discriminating Quantum
Measurement Trajectories and Improving Readout, Phys.
Rev. Lett. 114, 200501 (2015).

[75] G. Zhu, D. G. Ferguson, V. E. Manucharyan, and J. Koch,
Circuit QED with Fluxonium Qubits: Theory of the Dis-
persive Regime, Phys. Rev. B 87, 024510 (2013).

[76] E.L. Hahn, Spin Echoes, Phys. Rev. 80, 580 (1950).

[77] M. Reagor, C.B. Osborn, N. Tezak, A. Staley, G.
Prawiroatmodjo, M. Scheer, N. Alidoust, E. A. Sete, N.
Didier, M. P. da Silva et al., Demonstration of Universal
Parametric Entangling Gates on a Multi-qubit Lattice, Sci.
Adv. 4, eaao3603 (2018).

[78] J. Kelly, R. Barends, B. Campbell, Y. Chen, Z. Chen, B.
Chiaro, A. Dunsworth, A. G. Fowler, 1.-C. Hoi, E. Jeffrey
et al., Optimal Quantum Control Using Randomized Bench-
marking, Phys. Rev. Lett. 112, 240504 (2014).

[79] C.J. Wood and J. M. Gambetta, Quantification and Char-
acterization of Leakage Errors, Phys. Rev. A 97, 032306
(2018).

[80] M. A.Rol, F. Battistel, F. K. Malinowski, C. C. Bultink, B. M.
Tarasinski, R. Vollmer, N. Haider, N. Muthusubramanian, A.
Bruno, B. M. Terhal et al., Fast, High-Fidelity Conditional-
Phase Gate Exploiting Leakage Interference in Weakly
Anharmonic Superconducting Qubits, Phys. Rev. Lett. 123,
120502 (2019).

[81] J. Johansson, P. Nation, and F. Nori, QurlIp 2: A PYTHON
Framework for the Dynamics of Open Quantum Systems,
Comput. Phys. Commun. 184, 1234 (2013).

[82] M. Horodecki, P. Horodecki, and R. Horodecki, General
Teleportation Channel, Singlet Fraction, and Quasidistil-
lation, Phys. Rev. A 60, 1888 (1999).

[83] M. A. Nielsen, A Simple Formula for the Average Gate
Fidelity of a Quantum Dynamical Operation, Phys. Lett. A
303, 249 (2002).

[84] J. M. Martinis, S. Nam, J. Aumentado, K. M. Lang, and C.
Urbina, Decoherence of a Superconducting Qubit due to
Bias Noise, Phys. Rev. B 67, 094510 (2003).

021058-32


https://doi.org/10.1103/PhysRevApplied.11.044092
https://doi.org/10.1103/PhysRevApplied.11.044092
https://doi.org/10.1126/science.abb9811
https://doi.org/10.1038/s41928-020-00498-1
https://doi.org/10.1038/s41928-020-00498-1
https://doi.org/10.1038/s41567-020-01105-y
https://doi.org/10.1103/PhysRevX.5.021027
https://doi.org/10.1103/PhysRevX.5.021027
https://arXiv.org/abs/2012.00921
https://doi.org/10.1103/PhysRevA.64.012313
https://doi.org/10.1126/science.aaa8525
https://doi.org/10.1103/PhysRevLett.121.090502
https://doi.org/10.1088/1361-6633/ab3a7e
https://doi.org/10.1088/1361-6633/ab3a7e
https://doi.org/10.1103/PhysRevLett.95.210503
https://doi.org/10.1557/mrs.2013.229
https://doi.org/10.1103/PhysRevLett.97.167001
https://doi.org/10.1103/PhysRevApplied.13.054079
https://doi.org/10.1103/PhysRevLett.109.067001
https://doi.org/10.1103/PhysRevLett.109.067001
https://doi.org/10.1103/PhysRevB.85.174521
https://doi.org/10.1103/PhysRevLett.114.200501
https://doi.org/10.1103/PhysRevLett.114.200501
https://doi.org/10.1103/PhysRevB.87.024510
https://doi.org/10.1103/PhysRev.80.580
https://doi.org/10.1126/sciadv.aao3603
https://doi.org/10.1126/sciadv.aao3603
https://doi.org/10.1103/PhysRevLett.112.240504
https://doi.org/10.1103/PhysRevA.97.032306
https://doi.org/10.1103/PhysRevA.97.032306
https://doi.org/10.1103/PhysRevLett.123.120502
https://doi.org/10.1103/PhysRevLett.123.120502
https://doi.org/10.1016/j.cpc.2012.11.019
https://doi.org/10.1103/PhysRevA.60.1888
https://doi.org/10.1016/S0375-9601(02)01272-0
https://doi.org/10.1016/S0375-9601(02)01272-0
https://doi.org/10.1103/PhysRevB.67.094510

