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Native approach to controlled-Z gates in inductively coupled fluxonium qubits
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The fluxonium qubits have emerged as a promising platform for gate-based quantum information
processing. However, their extraordinary protection against charge fluctuations comes at a cost:
when coupled capacitively, the qubit-qubit interactions are restricted to XX-interactions. Conse-
quently, effective ZZ- or XZ-interactions are only constructed either by temporarily populating
higher-energy states, or by exploiting perturbative effects under microwave driving. Instead, we
propose and demonstrate an inductive coupling scheme, which offers a wide selection of native
qubit-qubit interactions for fluxonium. In particular, we leverage a built-in, flux-controlled ZZ-
interaction to perform qubit entanglement. To combat the increased flux-noise-induced dephasing
away from the flux-insensitive position, we use a continuous version of the dynamical decoupling
scheme to perform noise filtering. Combining these, we demonstrate a 20 ns controlled-Z (CZ)
gate with a mean fidelity of 99.53%. More than confirming the efficacy of our gate scheme, this
high-fidelity result also reveals a promising but rarely explored parameter space uniquely suitable

for gate operations between fluxonium qubits.

Repeated demonstrations of long coherence times [1-
3] and high-fidelity gate-operations [4-7] over the years
have firmly established the fluxonium qubits as a promis-
ing platform for gate-based quantum computation. Com-
pared to transmons, fluxonium qubits have two obvious
advantages: their low transition energies between the
ground and first excited state allows for better coherence
times by reducing the effect of dielectric loss [2, 8, 9]; and
their large anharmonicity offers a broad spectral range for
qubit operations without leakage to higher (noncomputa-
tional) excited states [4, 5]. Most experiments, therefore,
have treated fluxonium as an improved version of trans-
mon by opting for a capacitive coupling scheme standard
for charge-type qubits [10]. However, the fluxonium’s
complete lack of energy dispersion in charge basis, while
providing an excellent protection against charge-noise-
induced dephasing, means that any interaction mediated
through charge is restricted to the transverse direction
of the qubit. Although such XX-interaction can be used
to perform iISWAP-like gates [4, 6], it precludes easy ac-
cess to a broader range of two-qubit operations such as
CZ or CNOT gates. Instead, an effective ZZ-interaction
needs to be constructed [6, 7, 11-13] by temporarily pop-
ulating the transmon-like higher excited states, whose
short coherence times ultimately limit the fidelity of the
gates. Alternatively, a second-order effect of the driven
dynamics can be exploited [5, 14] to create an effective
XZ-coupling, but such schemes have to balance slow gate
speed with large unwanted interactions.

At its core, fluxonium qubits belong to the family of
flux qubits, and are therefore most naturally coupled in-
ductively (Fig. 1(a)). All flux qubits are essentially su-
perconducting loops interrupted by Josephson junctions.

When an external flux @ close to half-flux quantum ®/2
is applied to the loop, persistent currents %1, circulate
the loop in opposite directions, expelling or pulling addi-
tional external flux to maintain flux quantization. These
persistent current states are coupled via the Josephson
junction at a tunneling energy A (Fig. 1(b)). By con-
trolling the magnetic energy difference between these
states € = 2I,(® — ®(/2), ¢ determines the qubit energy
hwy = Ve2 + A2, More importantly, it also determines
the orientation of the current operator I flowing across
the junction with respect to the energy quantization axis
& of the qubit (Fig. 1(c)):

I=1,(cos05, —sinbs,), (1)

where 6 = arctan(A/e) is the mixing angle between the
tunneling energy and the magnetic energy. At & = @ / 2,
the qubit energy is first order insensitive to ®, and I is
perpendicular to the energy quantization axis ,. Away
from the degeneracy position, fluctuations in the current
not only drives qubit excitation but also alters the qubit
energy. Naturally, when a pair of flux qubits are con-
nected via a mutual inductance M, circulating currents
in one qubit induces current in the other qubit, creating
a coupling of the form M LI ;, where the subscripts index
the qubits.

Indeed, inductive coupling offers a diverse range of
entangling interactions via the control of the external
flux ® applied to the qubits. These interactions are
partly investigated by the early proposals [17-23] con-
cerned with connecting the prototypical flux qubits [17].
However, impeded by their extreme sensitivity to flux
noise, these flux qubits saw limited application in gate-
based quantum computing and have largely pivoted to
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FIG. 1. Inductively coupled fluxonium pair. (a) A pair of fluxonium qubits are coupled inductively though a mutual
inductance M, creating an interaction of the form M 1Al B, where ¢ = A or B indexes the qubit and I; is the qubit’s current
operator. Each qubit can be individually controlled with an external flux ®; applied to its superconducting loop with total
inductance L;. (b) For each qubit, its ground (]g)) and excited (|e)) states are superpositions of two persistent current states
(dashed lines) with equal currents circulating the loop in opposite directions. Defining the average magnetic energy of the two
persistent current states to be zero, their energy difference € is linearly dependent on ® applied to the qubit. The degeneracy
between these states at ® = ®/2 is lifted by the Josephson junction with a tunneling energy A. (c) Such a system resembles [15]

a spin of unit dipole moment subjected to a fictitious magnetic field B =A#+ €?', where 2’ aligns with I (red). By adjusting
€ via ¢, we can access a diverse range of interactions by controlling the orientation of the qubit energy quantization axis &,
aligned along the net magnetic field £ (green) and rotated by an angle @ with respect to the current operator I. (d) False
colored optical image of the inductively coupled fluxonium pair. The white dashed rectangle locates the mutual inductance,
created by a galvanic connection that shares two junctions between the two fluxonium loops. (e) Scanning electron micrograph
showing the two shared overlap [16] junctions.

the field of quantum annealing [24—27]. The few demon- form of the system’s Hamiltonian,
strations [28, 29] of gate-based operations are limited
to the flux-degeneracy position, where the lack of first-

h .
H(®a, ®p) =5 »  wiol+ Jsinf4sin0p6; 55
order flux dispersion alleviates the qubit decoherence 2

i=A,B

but again restricts the qubit interactions to the trans- 7 0. sin 05157

verse directions. By reducing the persistent currents I, - ZCOS iSMU;0;0%
i#]

with the increased loop inductance, fluxonium qubits sig-
nificantly reduce their sensitivity to flux noise [30, 31],
paving the way toward high-fidelity entangling opera-
tions that require temporary excursions away from the
flux-degeneracy position.

In this work, we inductively couple a pair of fluxonium
qubits and demonstrate high-fidelity gate-operations by
leveraging a native ZZ-interaction that is only switched
on when both qubits are biased away from their flux-
degeneracy positions. As shown in Fig. 1(d,e), the in-
ductive coupling is created by a galvanic connection that
shares part of the junction arrays forming the loop induc-
tors. Under external fluxes ® 4 and ® 5 close to ®y/2 (see
Supplementary Material), we can write down the general

+ Jcosfacosp5aB, (2)
where J/h = MI;?II]?/FL ~ 21 x 19 MHz is the induc-
tive coupling strength, and 6; = arctan (A;/e;(P;)) is
the mixing angle of the i-th qubit with cosf; = 0 at
®, = Py/2. In this Hamiltonian, the first line con-
tains the always-on transverse interaction. The second
line describes an XZ-interaction when either qubit is
biased away from its flux-degeneracy position. When
modulated at an appropriate frequency [32, 33], such
a native XZ-coupling provides a promising path to-
ward fast controlled-NOT gate. But for near-static
flux modulations considered in this work, qubit j
merely acquires an i-state-dependent rotation of angle
(2J/hwj) cosB; sin@;6% that has little consequence for
J < hw; (see Supplementary Material). Finally, when
both qubits are biased away from the half-flux posi-
tion, the ZZ-interaction in the last line of Eq. 2 in-
duces qubit frequency shifts dw; = 2g..,(67) dependent
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FIG. 2. A native ZZ-interaction allows for conditional-phase gates. (a) The spectrum of qubit A is measured as a
function of the external flux ®p applied to qubit B, while &4 = 0.458 & is kept as a constant. As a result of the native
ZZ-interaction, qubit A’s resonant frequency is shifted in opposite directions when qubit B is prepared in either |g) or |e).
Here, qubit B is prepared in a mixed state with approximately 24% probability in |e), leading to a double-peaked spectrum
where the more prominent peak corresponds to qubit B in |g). Additionally, level repulsions can be observed when the two
qubits come into resonance at 5 = 0.5 +0.062 ®y. (b) Using a Ramsey-type experiment, we measure the conditional phase ¢
accumulated on qubit A when we bias both qubits away from ®,/2 using square pulse of amplitude §®a g for duration 7. (c)
As a function of the pulse amplitudes, we plot the measured accumulation speed of the conditional phase vy = ¢/7.

on the state of the other qubit, defining the shorthand
hgzz = JCOSHA COSHB.

To confirm this system Hamiltonian, we perform spec-
troscopic measurements on qubit A at a constant ® 4 =
0.458 @, (Fig. 2(a)) while varying the external flux ®p
applied to qubit B. When the two qubits come into res-
onance, the transverse interaction causes a coherent ex-
change of qubit energy, which manifests as level repul-
sions at g = 0.5 +0.062 ®y. Away from the resonant
positions, this coherent exchange is suppressed by the
qubit detuning. Instead, the effect of the ZZ-interaction
dominates. Because qubit B is initialized in a thermal
state with approximately 24% probability of finding |e),
the spectrum of qubit A is double-peaked, where the
more and less prominent peaks respectively correspond
to qubit A’s frequency when qubit B is in state |g) and
le). The distance between these peaks therefore directly
corresponds to g,., adjustable via the control of the ex-
ternal flux.

Leveraging this flux-controlled ZZ-coupling, we im-
plement two-qubit conditional-phase gates by simulta-
neously applying flux pulses on @4 g(t) to both qubits.
Using a Ramsey-type experiment (Fig. 2(b)), we char-
acterize the accumulation speed of the conditional-phase
under flux pulses of length 7,

-
v =7 [ 0. @al0). @00 3)
Fig. 2(c) shows v, as a function of how far the qubits
are biased away from the half-flux position under square
pulses of amplitude d® 4 5 and duration 7 = 200 ns. In
this experiment, we enveloped the square pulses with a
tanh function with a characteristic rise time ¢, = 2 ns,
slow enough to ensure that the flux modulations do not

significantly alter the qubits’ excitation via diabatic pas-
sages (see Supplementary Material). Note that when ei-
ther qubit is kept at the half-flux position (6®; = 0), a
conditional-phase still accumulates slowly. Indeed, this
slow accumulation is the result of a residual ZZ-coupling
g5, caused by transverse interactions between higher-
energy qubit states [11, 14]. Importantly, this residual
ZZ-coupling does not contribute any two-qubit gate er-
rors because it is naturally absorbed into Eq. 3 during
gate calibration. Meanwhile, g15° ~ 27 x 17.4 kHz at the
idle position (see Supplementary Material), where both
qubits are parked at ®y/2 , contributes a negligible error
in the range of 10~° to single-qubit operations. We stress
that, because we leverage a native ZZ-interaction that is
first order to the coupling strength J, we could easily at-
tain a large on-off ratio in g, close to 10% without relying
on demanding cancellation engineering [5-7, 12, 14]. In-
deed, by simply increasing the distance of both qubits
from ®(/2, we can drastically increase the accumulation
speed of the conditional-phase and perform two-qubit CZ
gates (v, = ) as fast as 9 ns. However, this exceptional
gate-speed comes at the cost of increased qubit sensitiv-
ity to flux noise and reduced coherence times.

To combat the effect of flux noise during two-qubit
gate-operations, we embed a continuous version of the
dynamical decoupling scheme [34] to our flux-control
pulses. Specifically, we sinusoidally modulate both flux
pulses at frequency w,, with equal phase, resulting in a
near-sinusoidal modulation on the slope of either qubit’s
flux dispersion, dw;/0®;, which averages to zero over in-
teger periods (Fig. 3(a)). Consequently, the qubit de-
phasing becomes sensitive only to a narrow region of
noises with frequencies close to w,, (see Supplemen-
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FIG. 3. Using dynamical decoupling to combat flux-
noise induced dephasing. (a) The first-order derivative
of qubit A’s frequency dispersion, dwa /0P 4, is plotted as a
function of ® 4. A sinusoidal flux modulation about ®4/2 pro-
duces an approximately-sinusoidal modulation of dw4 /0P 4,
which averages to 0 over integer periods. (b) We measure the
characteristic decoherence times (72) of Qubit A under dif-
ferent flux modulations ®4(t) while Qubit B is kept at ®o/2.
For easy comparison, the amplitude of the flux modulation is
expressed in v, had the same flux modulation been applied to
both qubits (®4(t) = ®r(t)). The shaded region corresponds
to vg large enough to support CZ gates under 50 ns.

tary Material). Compared to a net-zero decoupling
scheme [35, 36], where each flux pulse consists two back-
to-back square pulses of equal duration but opposite am-
plitude, our scheme provides an in-situ selection of noise
frequency while requiring only microwave controls. It is
important to note that, because Ohw;/0P; = QIZ, cos b,
this energy dispersion to external flux is precisely the
source of the native ZZ-interaction we exploit in two-
qubit gates: g,, x (Owa/0P4) (Owp/0Pp). Yet, while
our sinusoidal flux modulations average the energy dis-
persion of either qubit to zero to reduce dephasing,
their correlation nevertheless preserves a nonzero ZZ-
interaction, or vg, averaged over integer periods. In
Fig. 3(b), we demonstrate the efficacy of our dynamical
decoupling scheme by measuring qubit A’s characteris-
tic decoherence time T» under different flux pulses ® 4(¢)
while qubit B is kept at ®q/2. For easy comparison (see
Supplementary Material), the amplitude of ® 4(¢) is ex-
pressed in vg had both qubits been simultaneously mod-
ulated with the same pulse (Pp(t) = P4(t), diagonal
dashed-line in Fig. 2(c)). Because the qubit dephasing
is dominated by 1/f-flux noise, a clear improvement in
T can be observed when the modulation frequency is
increased from 500 kHz to 50 MHz. Compared to the
case without any dynamical decoupling scheme, the si-
nusoidal flux modulation improves the coherence time of
qubit A by more than an order of magnitude at modu-
lation amplitudes large enough to support fast CZ gates
under 50 ns (shaded region).

Employing the sinusoidal dynamical decoupling with
wmy = 27 x 50 MHz, we calibrate a 20 ns CZ gate. The
detailed calibration process can be found in the supple-

100 = +CI.iffordgatt? +CZ?ate +I?|Iegatel
oo} 1 é ; 4 + + +
ser +++++++++++++++++{+* ++++*+H+

994-*

99.2 | +

99 I $-4 '

++++++ bt bt f *

988} 4 $ it
I A B

%85 5 10 15 20 b 30

Time (hours)

F (%)

FIG. 4. Gate performance. The gate performances are
monitored over a period of 30 hours using the standard RB
techniques. The error bars correspond to fitting uncertainties.

mentary material. Unfortunately, we suffer from rela-
tively large flux-pulse distortions that require us to ap-
pend another 20 ns idle time after every CZ gate, effec-
tively doubling our gate time.

Nevertheless, we demonstrate in Fig. 4 our ability
to perform high-fidelity gate-operations using random-
ized benchmarking (RB) [37, 38]. Monitored over 30
hours, we measure a mean Clifford fidelity of Fo =
98.85 4 0.08%, and a mean CZ gate fidelity of Foz =
99.53 + 0.07%, where the uncertainty intervals capture
the time fluctuations in the measured fidelities. Because
our device suffers from serious TLS poisoning whose ef-
fect fluctuates over time (see Supplementary Material),
it is immensely difficult to accurately predict the deco-
herence limit of our CZ gate. Instead, we provide a sense
of the decoherence effect on the gate fidelity by mea-
suring the mean Figle = 99.78 + 0.05% of a 40 ns idle
gate, limited by the coherence times at the idle posi-
tion (see Supplementary Material). In doing so, we find
that approximately half of our CZ gate error comes from
decoherence sources that also suppress our qubit coher-
ence times at the degeneracy positions to below 100 us
(see Supplementary Material), a subpar performance for
fluxonium qubits. Improvements in this performance or
reductions in the idle time after each CZ gate therefore
could significantly improve our gate fidelities.

More than confirming the efficacy of our gate scheme,
our high-fidelity result also reveals a promising but rarely
explored parameter space for gate operations. Whereas
transmons traded away rich interactions similar to those
described in Eq. 2 in favor of an improved coherence time,
prototypical flux qubits simply suffer too much decoher-
ence to effectively leverage them. Because of their re-
duced sensitivity to flux noise, fluxnoium qubits can be
operated away from their degeneracy positions, and are
therefore uniquely suited to exploit the diverse interac-
tions enabled by inductive-coupling for gate operations.

In summary, we demonstrated a particular synergy be-
tween fluxonium qubits and inductive coupling schemes
that leads to a native ZZ-interaction when both qubits




are biased away from the flux-degeneracy positions. By
adjusting the external flux applied to the qubits, we
can tune the ZZ-interaction strength over three orders
of magnitude, enabling fast entangling operations with
minimal adverse effects to single-qubit operations. Fi-
nally, by embedding a sinusoidal dynamical decoupling
scheme into the control sequences, we suppressed the ad-
ditional dephasing introduced by the two-qubit opera-
tions and demonstrated high-fidelity CZ gates that does
not involve higher energy states. Looking forward, tun-
able couplers based on inductively coupled SQUIDs or
fluxonium qubits [39] may be a prerequisite for perform-
ing the quantum operations demonstrated in this work at
a much larger scale. Alternatively, the thus far neglected
native XZ-interactions may also hold a promising path
toward highly-scalable [14] entangling operations.
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I. FULL HAMILTONIAN AND COUPLING STRENGTH

The coupled system investigated in this work is accurately described by the full Hamiltonian,

H= Y Hy®)+H(®a, Pp)
i=A,B

. . . ®; \? P )
= Y {Eii+ Ejcosg;+ Ep (@i —2m— +T(pa—20-2) (o5 —27-2 ),
®, 00 g

i=A,B

(S1)

where B, Bt EJ are respectively the charging, inductive, and Josephson energy of qubit i, described by its Cooper-
pair number operator 7; and the reduced superconductlng phase operator ¢;. The phase operator ¢; relates to the
current operator I; of the main text through the loop inductance L; of the qubit according to ¢;®o/27 = LL;.
Written in the phase basis, the inductive coupling strength is J = M (®/27)?/LaLp, independent of the external
flux observed by the qubits. Table S1 summarizes the measured values of these parameters.

. Ec/h Ep/h Es/h I/h
Qubit
(GHz) (GHz) (GHz) (MHz)
A 1.61 0.45 2.89
3.5
B 1.24 0.45 2.68

TABLE S1. Measured parameters of the coupled system.
Defining the lowest two energy eigenstates of Hi(®;) as qubit i at external flux ®;, we can rewrite the interaction
Hamiltonian of Eq. S1 into a general form,
Hy(®a,Pp)/h = 22667 + 9226267 + 9026367 + 9206267, (S2)

where 6% and 6% are the pauli operators of qubit i, and

Jow = Zi(@/wl ) + (el@alg) ) ( (9l¢sle) 6|s03|g>)
Gz = fh(< [pale) — (glpalg) )( elpple) 9|<p3|9>> .
e = 2 ((a16ale) + (elpale)) (elole) — (oloala)
us ;;(< pale) — (alala) ) (tolomle) + (eloals)
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are the interaction strengths. Using the parameters of Table S1 and taking ® 4 = &5 = ®, Fig. S1 illustrates the
dependence of these coupling strengths as a function of the applied external flux. In comparison, we also plot in dashed
lines the coupling strengths predicted by the simplified model given in Eq. (2) of the main text. Although the simplified
model is only accurate when ®4 and ®p are both close to ®g/2, the physical intuition it provides remains true: by
moving both qubits away from their degeneracy position, a native ZZ-interaction can be adiabatically switched on.

5 _\-/ Full model

~N=

10 Simplified model -- -- --

0 01 02 03 04 05 06 07 08 09 1
(DA(B)((DD)

FIG. S1. Taking &4 = &5 = ® and using the measured parameters of Table S1, we plot the coupling strengths gz, g2, -
and g.,. Solid lines are the coupling strength predicted by the full model (Eq. S3), and dashed lines are the coupling strength
predicted by the simplified model given in Eq. (2) of the main text.

II. THE IDLE POSITION

The idle position, with both qubits parked at ®(/2, is of particular interest to the operation of the coupled system.
With all native interactions except g, switched off, this idle position is ideal for performing qubit readout [3] and
single qubit operations. Fig. S2 shows the coherence times measured at the idle position. Compared to previous
demonstrations of excellent coherence times [1, 4, 5], the performance of our qubits at the flux degeneracy positions
are rather underwhelming. In particular, the 77 measurements show symptoms typical of systems afflicted by quasi-
particle [1, 2] or TLS [6, 7] poisoning, and are not only subjected to abrupt fluctuations in time, but also frequently
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FIG. S2. Characteristic energy decay functions are shown for both qubit A (a) and qubit B (b). These functions fre-
quently display features of double-exponential decay, which we account for by fitting the data according to (P.(t)) o

e’ (exp(_t/Tﬁ)_l)eft/f1 [1, 2]. We also measure the Ramsey decoherence times of both qubit A (c¢) and qubit B (d).
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FIG. S3. (a) The galvanically connected fluxonium pair is described by the full circuit model. All circuit nodes are numbered,
and the two qubit modes A and B are colored blue and red respectively. (b) When qubit B comes into resonance with the X-
mode located at 2.683 GHz, an avoided crossing approximately 27 x 6 MHz wide can be observed. Based on this measurement,
we calculate a dispersive shift 2y g & 27 x 64 kHz per X-mode photon on qubit B when it is kept at ®¢/2 (c) Using the extracted
dispersive shifts, we plot the X-mode induced additional dephasing T(f as a function of X-mode temperature for both qubit A
and B, assuming a X-mode loss rate k ~ 27 x 500 kHz.

display double-exponential decay. Such time-fluctuations of the qubit decoherence posses a challenge for estimating
the decoherence limits of our gate operations, which we address in Sec. VI and Sec. VIIIC.

III. QUBIT DECOHERENCE FROM UNDESIRABLE HARMONIC MODES

Because our floating fluxnoium qubits are connected galvanically, our system contains a series of undesirable har-
monic modes that could cause additional qubit decoherence. These modes and their coupling to the qubits can be
found exactly by analyzing the full circuit model (Fig. S3(a)) according to Ref. [8]. Here, we provide a brief description
on the lowest frequency mode (X-mode), which is most detrimental to the qubit coherence times.

The X-mode is a harmonic mode where currents oscillate up-and-down in the circuit of Fig. S3(a), and can be
easily understood by performing A-Y transformations on the capacitive sub-circuits confined by nodes (0,1,2) and
nodes (0,5,6). Through their shared capacitive networks, this mode could couple strongly to the qubits, where qubit
A corresponds to horizontal oscillations between nodes (1,2) and qubit B that between nodes (5,6). For our qubit
parameters, the X-mode typically resides around 2.7 GHz, a frequency low enough such that its thermal fluctuations
could induce significant qubit decoherence. One way to combat this problem is to eliminate the X-mode altogether
either by breaking the galvanic connection using a geometric inductance or by moving toward a grounded circuit
design.

In this work, we pursue the alternative approach where we suppress the couplings between the X-mode and the
qubits through a carefully designed circuit symmetry. Specifically, we ensure the oscillating current associated with
the X-mode induces approximately equal electrostatic potential on nodes 5 and 6, and thereby reduces the coupling
between qubit B and X-mode. Indeed, Fig. S3(b) shows the avoided crossing when qubit B comes into resonance with
the X-mode at 2.683 GHz, from which we extract a small dispersive shift 2yp = 27 x 64 kHz per X-mode photon on
qubit B when it is kept at ®o/2. Doing the same for nodes 1 and 2, we similarly suppress the coupling between qubit
A and the X-mode, which we bound to 2x4 < 27 x 7 kHz. Assuming an X-mode loss rate x = 27 x 500 kHz based
on our typical junction array loss rate, Fig. S3(c) plots the X-mode induced additional dephasing Tf as a function

of X-mode temperature [9]. For reasonable temperatures below 100 mK, we find Tf to be largely negligible.

IV. EFFECTS OF THE NATIVE XZ-INTERACTION

Analogous to cross-resonance schemes [10], the native XZ-interaction enables fast controlled-NOT gates when the
coupling strength is modulated [11] at the appropriate frequency. To see this, we examine a simplified model with a



time-dependent Hamiltonian in the rotating frame of qubit B,
WA . A A A
H'/h= 70;‘ + gu- ()56 5. (S4)

As we explained in the main text and Sec. I, we can control g, in-situ using the external flux ®; applied to the qubit
loops. When this coupling strength is sinusoidally modulated at the frequency of qubit A, ¢,.(t) = Gz sin (wpt),
Eq. S4 describes qubit A being resonantly driven with a Rabi rate Qr = §,.62 that is dependent on the state of
qubit B. Consequently, a controlled-NOT gate is realized when this interaction is turned on for a duration ¢t = 27/g,..,
inverting qubit A’s population while picking up a sign that is dependent on the state of qubit B.

In this work, however, such single-qubit rotations appear as control errors to our two-qubit CZ gates. While the
precise amount of errors can be found explicitly by solving the Rabi model in Eq. S4, doing so reveals little insight.
Instead, because we modulate the external flux at a frequency that is much smaller than either qubit’s resonant
frequency (w., < wa p), the problem of finding the XZ-error can be recast [12] into how much our sinusoidal
modulations violate the adiabatic limit of the coupled system. Indeed, the adiabatic theorem postulates that our
coupled two-qubit system shall remain in the same instantaneous energy eigenstate under adequately slow modulations
of ® 4 p(t), and therefore accumulate no population error when ® 4 g(t) are returned to their initial values at the end of
the modulation. For this reason, it is important that we modulate our external flux using sin (wy,t) instead of cos (w,,t)
such that we always start and return the qubits adiabatically to their respective flux-degeneracy positions. As we
detail in Sec. VIIT A, we ensure a negligible XZ-error below 10~% on either qubit by choosing a small w,,, = 27 x50 MHz
and keeping the flux modulation amplitude within £0.15 ®.

V. EFFECTS OF THE XX-INTERACTION

In the context of our adiabatic CZ gate, the native XX-interaction could lead to control errors in two ways.

First, when the X X-interaction strength is modulated at a frequency close to the sum or difference frequency of the
two qubits, a parametric interaction [13-16] could lead to undesirable qubit rotations. Similar to the XZ-interactions,
by ensuring w,, < wa(t) + wp(t) for all time, we suppress this error by modulating the coupled system within its
adiabatic limit (see Sec. VIITA).

In addition to the non-adiabatic errors, the X X-interaction between the computational states and higher-energy
qubit states also results in a small residual ZZ-interaction at the idle position [17, 18]. Although it does not cause
errors to the CZ gate, this residual ZZ-interaction causes uncertainties in the qubit frequencies that incur phase
errors during our single-qubit operations. Here, we explicitly measure this residual ZZ-interaction strength using the
accumulation speed of conditional phase on qubit A. Specifically, we keep both qubits at /2 and use the Ramsey-
type experiment described in the main text to measure the difference in the quantum phases accumulated in qubit A
when qubit B is respectively prepared in |g) and |e) state. As shown in Fig. S4, this conditional phase (¢) accumulates

linearly at a constant speed vy ~ —0.438rad/us and is directly related to ¢5%° according to,

zz

g = Y% ~or % 17.4 kKHz. S5
4

For our 15 ns single-qubit operations performed with both qubits placed at ®(/2, we therefore estimate ¢i% to
contribute a negligible error below 107°.
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FIG. S4. The conditional phase (¢) accumulated in qubit A is measured as a function of time. A linear fit (dashed line) through
the origin find the accumulation speed vy ~ —0.438rad/us
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FIG. S5. Using standard RB, we monitor the fidelity of the single-qubit gates over a period of 40 hours. The error bars
correspond to fitting uncertainties.

VI. SINGLE QUBIT GATE

We perform single-qubit operations at the idle position with both qubits parked at ®/2. Using the procedures
discussed in Ref. [3] and a fixed gate duration of 15 ns, we calibrate for each qubit a set of primary gate operations
{I, Xn, Y, Xr/2, Yir 2}, consisting of single-qubit rotations of angle 0, 7, and 7/2 around two independent axes X
and Y.

We characterize the quality of these single-qubit gates using standard RB techniques [19, 20]. Monitored over
40 hours (Fig. S5), we find an average fidelity Fi4 = 99.94(1) & 0.00(5)% across all primary gates on qubit A and
Fp =99.94(7) £ 0.00(7)% on qubit B, where the uncertainty intervals capture the time fluctuations in the measured
fidelities. Because our qubit system suffers from fluctuating coherence times, likely caused by nearby TLS with
fluctuating frequencies, we refrain from estimating the decoherence limit of these gates based on the measured T3
and T, values. Instead, we explicitly characterize the decoherence limit using the fidelity of the identity gates I to
find 4 = 99.95(0) £ 0.01(7)% and Fj = 99.97(9) & 0.01(8)%. The large uncertainties on these decoherence limits
corroborate the fluctuating coherence times observed by the qubits.

VII. DYNAMICAL DECOUPLING

Our CZ gate scheme requires us to bring both qubits away from the flux degeneracy position, which leads to
increased sensitivity to flux noise and reduced coherence times. To combat this, we perform a continuous version
of dynamical decoupling, where we sinusoidally modulate the external flux ® applied to the qubit around ®¢/2. In
Sec. VIT A, we justify our dynamical decoupling scheme for an environment dominated by 1/ f-noise by deriving its
noise-frequency-selection characteristics. We then demonstrate the efficacy of our scheme by measuring the qubit
coherence times in Sec. VII B.

A. Theory

We show how a classical flux noise ®,,(t) leads to qubit dephasing by modelling it as a sum of sinusoidal signals at
equally-spaced frequencies w; with random phase &; uniformly distributed within range [0, 27],

D,(t) = Z D, (w;) sin (wit + &), (S6)

where the noise amplitude ®;(w;) is related to the double-sided noise-power spectral density S¢(w) through an
integration over frequency range 20w = w;+1 — w;,

) N g w; 40w
O (w;) = dwSe(w). (S7)
T Jw;—6w

When the qubit is subjected to a time-dependent flux control ®(t), it observes an overall external flux ®io1(t) =
D(t) + @,,(¢) that leads to a noisy time-dependent qubit frequency. Treating the flux noise as a small perturbation,



this noisy qubit frequency can be expanded up to the first order of ®,,(t),

Owg

wq(q)tot(t)) =Wy (<I>(t)) + ((9(1)

) D,(t) + O (B (t))°. (S8)
O (t)

o(t) = / 0t (B (1))

Consequently, the qubit |e) accumulates a phase ¢(t) relative to |g),
0

. (59)
~ a;qt+/0 dt’ (%ﬁf M/)) (2; ®;(w;) sin (w;t’ +&-)> ;

that depends on the derivative of the flux dispersion Wy = dw,/0®, where @, is the mean qubit frequency under the
flux drive. As a result of the noisy &;, the uncertainties in the qubit phase directly leads to the dephasing of the
qubit according to the decay function [21] e— (807 (®)/ 2 where (-) is an average over statistical ensembles, or different
realizations of the stochastic phase &;.

For a constant flux bias, w,; = « is independent of ¢, and the integration of Eq. S9 reduces to an uncertain phase,

= at Z By () 0 ”72/ 2) gin (wit/2 + &), (S10)

Applying the identity (sin? ;) = 1/2 and replacing the summation over w; with an integration, we find the exponent
of the decay function,

<6('02(t)> 1%2777 dwSg(w)sine? (o;t) . (S11)

— 00

If the qubit is kept at the degeneracy position with @ = 0, the random phase §; does not contribute any noise to
the qubit phase o(t), hence the protection against flux-noise-induced dephasing. Away from ®4/2, the nonzero flux-
dispersion « translates uncertainties in flux to uncertainties in qubit frequency and ultimately leads to dephasing.
In particular, the noise spectral density is weighted by a sinc function centered about w = 0. Because flux noises
are predominantly 1/f-like in their power spectral density, the larger susceptibility to low frequency flux noise is
particularly detrimental to qubit dephasing.

By shifting the center of the weighting function to the modulation frequency w,,, our sinusoidal dynamical decoupling
scheme therefore could significantly reduce the qubit dephasing rate. As we discussed in the main text, a sinusoidal
flux modulation about the degeneracy position, ®(t) = /2 + 6P sin (w,,t), causes a near sinusoidal modulation on
the derivative of the flux dispersion, w,(t) ~ a:sin (wy,t). Inserting this expression into Eq. S9 and following the same
derivation, we arrive at an approximate expression for qubit dephasing under our dynamical decoupling scheme,

W# R~ % /_OO dwSs(w ){511102 {(w +2wm)t] + sinc? {(w —me)t]

+ 2sinc {W] sinc [W%ﬂ} o (Wmt)}, (S12)

2

where the approximation comes from treating w,(t) as a sinusoidal function. Consequently, we could choose which

part of the noise spectral density to sample by choosing the modulation frequency w,,. Fig. S6 further illustrates this

filtering effect by explicitly plotting the frequency domain noise-filtering function g, (w,t) defined according to [22],
(0p%(t)) _ t°a?

5 = ? de.:p(OJ)gn(OJ,t)7 (813)

— 00

with a free evolution time ¢t = 20 ns equal to our CZ gate duration.

Finally, we note that because of their different Sg(w), different sources of flux noise are affected differently by the
dynamical decoupling scheme. In this work, we are mostly concerned about two types of the error sources: those that
behave like white-noise, and those that behave like 1/f noise,

(60°(1)) = (3% (t))white + (69° (£))1/5- (S14)

While our dynamical decoupling scheme can greatly reduce the qubit dephasing due to the 1/f-noise via frequency
selection, it has little effect on that from the white noise.
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FIG. S6. We plot the frequency domain noise-filtering function g, (w,t) for ¢ = 20 ns. Compared to the net-zero pulse, whose
filtering function we adapt from Ref. [21], a sinusoidal modulation with w.,, = 27 x 50 MHz provides better noise filtering.
Importantly, we can choose in situ the position of the peaks in g,(w,t) by altering the sinusoidal modulation frequency wp,.
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FIG. S7. We measure the accumulated conditional phase when both qubits are subjected to the same flux modulation. Averaged
over integer periods of the modulation’s temporal envelope, the accumulation speed v, is plotted as a function of the modulation
amplitude 6P.

B. Comparing qubit coherence times under dynamical decoupling

To demonstrate the efficacy of our dynamical decoupling scheme, we aim to compare the qubit coherence times
under different flux control pulses §®(¢). However, a direct comparison at the same driving amplitude across different
pulse shapes does not provide much insight in terms of gate-operations because they would, in general, lead to different
CZ gate duration. Indeed, the pulse shape of the flux drive relates to the temporal envelope of the ZZ-interaction
strength g..(t) oc wg'(t)w 2 (t) through the time-dependence of w(t). Fig. S7 shows the measured accumulation speed
of the conditional phase, vy, averaged over integer periods when both qubits are subjected to the same flux drive of
amplitude 0®. Compared to square modulations of the same amplitude, a sinusoidal flux modulation applied to both
qubits would require almost twice the duration to perform a CZ gate.

Instead, we compare the qubit coherence times across different pulse shapes while keeping constant the CZ gate
duration, or vg, had both qubits been driven by the same flux pulse. For each qubit, we modulate its external flux
using different amplitudes 6® and pulse shapes, and measure its depolarization time 77 and Ramsey decay profile
P, (t) while the other qubit is kept at a place where the native ZZ-interaction is turned off. In theory, the Ramsey
decay profile [21]

Pu(0) = P.(0) - ox0 (57 ) 0 (5 06 e ) -0 (50600110 (815)

allows for a complete separation of different dephasing sources and their effects. However, to avoid over-fitting our
data and introducing bias, we simply report the characteristic time 75 for the measured Ramsey decay profile to
reduce to 1/e. Because (0¢?(t))white mostly likely arises from photon shot-noise or state measurement /preparation
errors, it should be largely independent of the external flux applied to the qubits. Changes in T, therefore reflect
changes in (0¢*(t))1/y and Ty. Fig. S8 shows the extracted T} and T, with §® converted into vy according to Fig. S7.

Additionally, Fig. S8 reveals a non-negligible dependence of the qubits’ T} on the applied external flux. When the
qubit is statically (square wave and net-zero pulses) biased away from the degeneracy position, a slight improvement
in T} can be observed as a result of disjoint support [23], arising from increasingly localized qubit states in phase
space. Ref. [23] also predicts an increase of Tj for the sinusoidally modulated qubits compared to those parked at
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FIG. S8. Using different modulation pulse shapes, we keep qubit B at ®o/2 and measure, as a function of the modulation
amplitude 6®, qubit A’s (a) Ramsey characteristic times 7> (identical to Fig. 3(b) of the main text) and (b) characteristic
depolarization times 71, both corresponding to the time it takes for the measured decay functions to be reduced to 1/e. 6 is
then converted to v, had the same flux modulation been applied to both qubits according to Fig. S7. Shaded regions correspond
to vy large enough to support CZ gates under 50 ns. Vertical downward arrows in (b) identifies the TLS that exchange energy
with qubit A under static (square wave and net-zero pulse) flux biases and cause fast qubit depolarization. The effects of these
TLS are better illustrated by the double-exponential decay of individual qubit decay curves. (c) We show characteristic decay
curves measured close to the CZ operation position (vs = 157 rad/us) when ®4(t) is either statically biased (dark blue) or
under sinusoidal modulations (red and cyan). For comparison, we also plot the decay curve when the qubit A is kept at its idle

position (green). To account for the double-exponential decay, we fit these data using (Pe(t)) o e (CXP(_t/Tﬂ)_l)e_t/Tl [1, 2],
where a higher value of j reflects a larger damage done by the TLS. In (d,e,f), the same experiments are repeated on qubit
B. However, because qubit B has a smaller frequency at its degeneracy position w% < w9, keeping qubit A at the degeneracy
position would risk decohering qubit B through an iSWAP-like interaction with qubit A when ®p is modulated. In our CZ
gate, this decoherence channel is eliminated by ensuring the adiabatic limit (see Sec. V and VIIIA). Here, we eliminate this
decoherence channel by keeping qubit A at ®4 = 0, where the native g.. is also 0 (see Fig. S1).

the degeneracy position, which we do not observe. This is likely because the qubit crosses many TLS (downward
arrows in Fig. S8(b,e)) while being flux modulated. Indeed, 77 measurements (Fig. S8(c,f)) performed near our CZ
operation position (v, ~ 157 rad/ps) show clear signs of double-exponential decay, symptomatic of qubits afflicted by
TLS poisoning. Consequently, slow modulations with w,, = 27 x 500 kHz and w,, = 27 x 5 MHz result in a higher
probability for the qubit to depolarize via an adiabatic exchange of energy with the TLS. With a fast modulation
frequency w,, = 2w x 50 MHz, however, the qubit 7} remains roughly constant across all modulation amplitudes.

The effectiveness of our dynamical decoupling in combating the 1/f-noise is therefore clearly demonstrated in the
significant improvements in 75 despite the reductions in 7.

VIII. TWO-QUBIT CZ GATE

Embedding the sinusoidal dynamical coupling scheme into our flux control sequences, we calibrate two-qubit CZ
gates. Because the CZ operation relies on an adiabatic process that alters g,, while preserving the qubit excitation,
we first derive in Sec. VIIT A the adiabatic limit that bonds w,,. In Sec. VIII B, we detail the pulse-level calibration
sequences for the CZ gate. We also identify large distortions at the end of each flux control pulse that require us to

append an idle time of 20 ns to every flux pulse we apply to the qubits. Finally, in Sec. VIII C, we discuss the error
sources that limit our CZ gate fidelity.



A. The adiabatic limit

We start by recalling from the main text that each fluxonium qubit is well described by a pair of persistent
current states coupled through a tunneling energy A. Written in the basis of these persistent current states (6%), the
Hamiltonian of our coupled fluxonium system is,

H= Y (H;'&;’ + H;a;’) + JsA5E
i=A,B

=SS { (a + ‘;&gf) o Ai&;’}

i=A,B

(S16)

where the interaction term is absorbed into H! of each qubit, ¢; = IZ, (®; — Do/2) is the magnetic energy difference
between the two persistent current states of qubit 7, and the effect of the flux modulation conveniently enters through
its time dependence €;(t).

For each qubit, the non-adiabatic errors are typically understood using the Landau-Zener transitions [24, 25], where
a linear trajectory H,(t) = ét going from large negative time to large positive time induces a probability of exciting

the qubit [26],
2
P, =exp (— ﬂ-A, > . (S17)
hé

A small error of P, = 10~* implies the condition #é = 0.341A2. In this work, we modulate the external flux of
either qubit within 0.5 4+ 0.15®¢, which, according to our qubit parameters in Table S1, corresponds to a maximum
deviation of +depax &~ 27 X 1.9 GHz in both qubits. The above condition therefore is satisfied when the external flux
is altered by 0® = 0.15®( over a duration longer than 1.2 ns for qubit A or 2.1 ns for qubit B, comparable to our
choice of 2 ns rise time in Fig. 2(c) of the main text. In the case of a sinusoidal modulation with e(t) = desin (w,t),
we could not directly invoke Eq. S17, but instead use the slope of €(t) to bound é < w;,d€max. Again requiring the
non-adiabatic error to be smaller than 10~%, we find a maximum modulation frequency of 27 x 133 MHz for qubit A
and 27 x 76 MHz for qubit B. For our CZ gates, we choose w,, = 27 x 50 MHz, well below these thresholds.

We stress that the errors estimated above accounts for all non-adiabatic errors, including those arising from the
XX- and XZ-interactions. Indeed, the native XX- and XZ- interactions discussed in Sec IV and V both emerge
from the coupling term J62'65" in Eq. S16 by simple rotations to the instantaneous energy eigenbasis. Therefore,
we do not perform additional calibrations or corrections on these unwanted interactions, but instead content that our
two;qubit entangling operations conserve the individual qubit occupation up to a negligible non-adiabatic error below
107=.

B. Tuning up a CZ gate

In the absence of non-adiabatic qubit rotations, the entangling interaction realized by our native ZZ-interaction is
described by a diagonal unitary transformation,

1 0 0 0

. 0 er 0 0

Uzy = _ , (S18)
0 0 e 0

0 0 0 eiCatinte)

that only differs by single qubit phases (4,5 from a CZ gate, which has the two-qubit conditional phase ¢ = 7. In
this section, we detail the procedures used to calibrate these phases.

To start, we calibrate our flux control lines following the techniques outlined in Ref. [3]. In addition, we fine-tune
the crosstalk between these lines using the periodicity of the native ZZ-interaction in external flux (see Fig. S1).
Specifically, with qubit 7 biased away from its flux degeneracy position, we measure and ensure its resonant frequency
remains constant when the other qubit j is biased at integer multiples of ®g/2.

To realize a CZ gate, we simultaneously modulate the external flux of both qubits with,

CI)A7B(LL) = ‘1)0/2 — 6‘I)A,B sin (wmt), (819)
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FIG. S9. (a) For a given modulation amplitude 6®4 on qubit A, we calibrate a CZ gate by varying 0®p applied on qubit
B and measuring the accumulated conditional phase N¢ on qubit A after N consecutive operations. d®p can be accurately
determined by the location where N¢ = 0 for all even N. (b) As an example, we show the measured N¢ as a function of §®p
with 6®4 = 0.120¢, wm = 27 x 50 MHz, tcz = 20 ns, and tigle = 20 ns. Under these conditions, 6®p = 0.0745®¢ (vertical
black arrow) leads to an accurate conditional phase ¢ = 7. (¢) Using the pulse sequence in (a), we can also explicitly measure
the flux-distortion-induced deviations in the conditional phase d¢ as a function of the idle time ¢ig1e. After removing the effects

of ¢:%° during tiqie, we reference d¢ to the average conditional phase measured between tigie = 100 and 150 ns.

for a duration of tgyz such that by the end of the modulation, the conditional phase accumulates to ¢ = . In this
work, we choose a modulation frequency w,, = 27 x 50 MHz. Because the sinusoidal dynamical decoupling scheme is
only effective for gate durations that are integer multiples of the modulation period, we then choose tcz = 20 ns.

For a given modulation amplitude 6® 4 on qubit A, we calibrate the necessary modulation amplitude §® g applied
on qubit B to ensure ¢ = 7. As shown in Fig. S9(a,b), for each value of §®p, we amplify the error on ¢ by applying
a series of N-CZ operations. Because each CZ-gate contributes a conditional phase of 7w, an even number of CZ-gate
should always return the conditional phase to 0, thereby allowing for an accurate determination of é®p.

In this work, we had to append an idle time of ¢;qe = 20 ns after each CZ gate to combat the detrimental effects from
a relatively large flux-pulse distortion. In Fig. S9(c), we explicitly characterize this detrimental effect by measuring
the deviations of the conditional phase d¢ from ¢ = 7 as a function of the idle time tjqe. In this measurement,
we subtract from ¢ the extra conditional phase arising from ¢'%* during #qi. (see Sec. V), and the resulting ¢(¢;d1c)
remains constant for ¢;q, > 100 ns. A reference phase qNS, equal to the statistical mean of ¢(tigle) measured within
tiqle € [100,150] ns, is then subtracted to find dd(tiqle) = d(tidle) — é. While §¢ may appear deterministic in our
experiment with constant separations between adjacent CZ operations, it is transformed to an uncertainty in ¢ in
a realistic quantum circuit, where adjacent CZ operations are interrupted by an unknown number of single-qubit
operations. By choosing tiqie = 20 ns, we therefore sacrifice the overall gate speed in favor of an improved control
over the conditional phase with d¢ ~ 0.02 rad. According to [27], we predict this uncertainty in ¢ corresponds to a
CZ-gate infidelity of 2 x 107°.

The last step to calibrating a CZ gate for any given d®4 is to correct the single-qubit phases (4,5 accumulated
during the CZ operation using virtual-Z gates [28]. For a rough calibration, we can extract (4(p) by measuring the
single-qubit phase accumulated on qubit A(B) versus the number of CZ operations while the other qubit is prepared
in |g). Fine-tuning of the virtual-Z gates is achieved by numerically optimizing [29] the XEB sequence fidelity [30, 31]
at a fixed length of m = 50.

Finally, we explore the parameter space of 6® 4 to find the optimal operating position. For each §® 4, we calibrate
a CZ gate following the procedures outlined above and characterize it using standard RB techniques [19, 20]. Because
our qubit system suffers from fluctuating coherence times (see Sec. I and VI), we perform at least two sets of RB
measurements at each d® 4 to gain a rough sense on the fidelity’s fluctuation in time. Fig. S10 shows, as a function
of 6@ 4, the mean error (and its uncertainty) on the CZ gates and on the corresponding Clifford gates. Likely caused
by significant energy exchanges with some TLS close in frequency to the qubit, we find the CZ gates to perform
particularly poorly around d®4 = 0.06 3. However, away from this position and up to fluctuations in time, we find
the gate errors to remain largely constant between §® 4 = 0.065 ¢y and 0.075 @y, demonstrating both the robustness
of our gate and the robustness of our calibration procedure. In Fig. 4 of the main text, we chose to perform the CZ
gates at 0®4 = 0.0673 Py (black vertical arrow). For reference, the shaded regions correspond to the fidelities’ one
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FIG. S10. For each 0®4, we calibrate a CZ gate and then measure its error (red), as well as the error of the Clifford gate
(blue), using standard RB. Each point corresponds to the mean fidelity measured from at least two separate RB experiments,
and the error bars correspond to the standard deviation of the errors in time. Vertical black arrow points to the 0®4 we used
for Fig. 4 of the main text, and the shaded regions correspond to the one standard deviation about the mean errors reported
in the main text.

standard deviation about the mean reported in the main text.

C. CZ gate error analysis

We start our error analysis on the two-qubit gate errors with a consistency check among the measured gate fidelities.
We follow the same decomposition scheme of Ref. [20], where each two-qubit Clifford gate contains on average %

single-qubit primary gates and 2 CZ gates. Correspondingly, the error rate of a Clifford gate r¢ is given b
gle-q p Yy g 2 g Y gly, g g Y

re = %TSQ + grcz, (520)
where 7gq is the average single-qubit gate error and rcz is the CZ gate error. As shown in the main text and in
Sec. VI, rgq = 0.05(6) £ 0.00(4)% and rcz = 0.47 £ 0.07%. These measured error rates correspond to a predicted
Clifford error rate r¢ ~ 1.53 £ 0.12%, roughly consistent with the measured Clifford error of r@% = 1.15 £ 0.08%.

The CZ gate error rcyz can be further decomposed into decoherence errors and control errors. The nonadiabatic er-
rors discussed in Sec. VIIT A contribute approximately 0.01% per qubit to control errors. Additionally, the uncertainty
in the conditional phase (Sec. VIIIB) leads to a control error of approximately 0.002%.

We attribute the majority of the remaining error r™ ~ 0.45 £ 0.07% to decoherence errors. The decoherence limit
of a two-qubit gate can in general be estimated using [32],

1 2tidle 2t
r=g > { 21 4 (302 (tiate) Ywhite + o2 + (002 (tez) whie + <5¢3(tcz)>1/f}, (S21)
i=A,B 1,idle 1,CZ

where the decoherence of the qubit 4 at its idle position and CZ-operation position are respectively parameterized by
its energy decay time T} ., and Tfyidle, and dephasing effects (§p?(tcz)) and (¢? (tiqie)) for both white- and 1/ f-noise
sources. Because (5¢?(t))white mostly likely arises from photon shot-noise, it should be largely independent of the
external flux applied to the qubits, (6% (tidie))white = (092 (tcz))white- Additionally, by assuming T} oz & Ti idle> WE
can approximately determine the decoherence limit due to the first four terms of Eq. S21 experimentally by measuring
the fidelity of an idle gate of duration ¢ = tcz + tigle = 40 ns, Fige = 99.78 + 0.05%. Based on the measured idle
fidelities of the single-qubit gates (Sec. VI), we predict a decoherence limit for a 40 ns idle gate rigie = 0.18 + 0.07%,
consistent with the measured rf};, = 1 — Figie = 0.22 £ 0.05%. As we mentioned in the main text, half of the total
CZ gate error can be account for by this decoherence error from the idle position. We can also estimate the effect
of the last term in Eq. S21 using our measured 1/f-noise spectrum Sg(f) = A2/2|f| with A ~ 10.6 u®y/v/Hz for
both qubits and Eq. S12 to find a negligible ry,; ~ 0.002%. In contrast, Eq. S11 predicts an order-of-magnitude
larger decoherence error rj T 0.024% when no dynamical decoupling scheme is employed. Finally, we note that the
decoherence effect from the large number of TLS the qubits sample along their flux modulation path have not been
accounted for. Indeed, as discussed in Sec. VII B, these TLS could lead to rapid qubit depolarization, and significantly
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impact the CZ gate fidelity. We therefore attribute the remaining errors to their effect.

[1] I. M. Pop, K. Geerlings, G. Catelani, R. J. Schoelkopf, L. I. Glazman, and M. H. Devoret, Nature 508, 369 (2014).

[2] S. Gustavsson, F. Yan, G. Catelani, J. Bylander, A. Kamal, J. Birenbaum, D. Hover, D. Rosenberg, G. Samach, A. P.
Sears, S. J. Weber, J. L. Yoder, J. Clarke, A. J. Kerman, F. Yoshihara, Y. Nakamura, T. P. Orlando, and W. D. Oliver,
Science 354, 1573 (2016).

[3] F. Bao, H. Deng, D. Ding, R. Gao, X. Gao, C. Huang, X. Jiang, H.-S. Ku, Z. Li, X. Ma, X. Ni, J. Qin, Z. Song, H. Sun,
C. Tang, T. Wang, F. Wu, T. Xia, W. Yu, F. Zhang, G. Zhang, X. Zhang, J. Zhou, X. Zhu, Y. Shi, J. Chen, H.-H. Zhao,
and C. Deng, Phys. Rev. Lett. 129, 010502 (2022).

[4] H. Zhang, S. Chakram, T. Roy, N. Earnest, Y. Lu, Z. Huang, D. K. Weiss, J. Koch, and D. I. Schuster, Phys. Rev. X 11,
011010 (2021).

[5] A. Somoroff, Q. Ficheux, R. A. Mencia, H. Xiong, R. Kuzmin, and V. E. Manucharyan, Phys. Rev. Lett. 130, 267001
(2023).

[6] R. Barends, J. Kelly, A. Megrant, D. Sank, E. Jeffrey, Y. Chen, Y. Yin, B. Chiaro, J. Mutus, C. Neill, P. O’Malley,
P. Roushan, J. Wenner, T. C. White, A. N. Cleland, and J. M. Martinis, Phys. Rev. Lett. 111, 080502 (2013).

[7] P. V. Klimov, J. Kelly, Z. Chen, M. Neeley, A. Megrant, B. Burkett, R. Barends, K. Arya, B. Chiaro, Y. Chen,
A. Dunsworth, A. Fowler, B. Foxen, C. Gidney, M. Giustina, R. Graff, T. Huang, E. Jeffrey, E. Lucero, J. Y. Mutus,
O. Naaman, C. Neill, C. Quintana, P. Roushan, D. Sank, A. Vainsencher, J. Wenner, T. C. White, S. Boixo, R. Babbush,
V. N. Smelyanskiy, H. Neven, and J. M. Martinis, Phys. Rev. Lett. 121, 090502 (2018).
[8] D. Ding, H.-S. Ku, Y. Shi, and H.-H. Zhao, Phys. Rev. B 103, 174501 (2021).
[9] G. Zhang, Y. Liu, J. J. Raftery, and A. A. Houck, npj Quantum Inf 3, 1 (2017).
[10] C. Rigetti and M. Devoret, Phys. Rev. B 81, 1 (2010).
[11] N. Didier, J. Bourassa, and A. Blais, Phys. Rev. Lett. 115, 203601 (2015).
[12] M. H. S. Amin, Phys. Rev. Lett. 102, 220401 (2009).
[13] P. Bertet, C. J. Harmans, and J. E. Mooij, Phys. Rev. B 73, 1 (2006).
[14] A. O. Niskanen, Y. Nakamura, and J. S. Tsai, Phys. Rev. B 73, 1 (2006).
[15] A. O. Niskanen, K. Harrabi, F. Yoshihara, Y. Nakamura, S. Lloyd, and J. S. Tsai, Science 316, 723 (2007).
[16] D. Weiss, H. Zhang, C. Ding, Y. Ma, D. I. Schuster, and J. Koch, PRX Quantum 3, 040336 (2022).
]

[17] Q. Ficheux, L. B. Nguyen, A. Somoroff, H. Xiong, K. N. Nesterov, M. G. Vavilov, andV E. Manucharyan, Phys. Rev. X
11, 021026 (2021).

[18] L. B. Nguyen, G. Koolstra, Y. Kim, A. Morvan, T. Chistolini, S. Singh, K. N. Nesterov, C. Jiinger, L. Chen, Z. Pedramrazi,
B. K. Mitchell, J. M. Kreikebaum, S. Puri, D. I. Santiago, and I. Siddiqi, PRX Quantum 3, 037001 (2022).

[19] 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, M. B. Ketchen, and M. Steffen, Phys. Rev. Lett. 109, 080505 (2012).

[20] R. Barends, J. Kelly, A. Megrant, A. Veitia, D. Sank, E. Jeffrey, T. C. White, J. Mutus, A. G. Fowler, B. Campbell,
Y. Chen, Z. Chen, B. Chiaro, A. Dunsworth, C. Neill, P. O’Malley, P. Roushan, A. Vainsencher, J. Wenner, A. N.
Korotkov, A. N. Cleland, and J. M. Martinis, Nature 508, 500 (2014).

[21] G. Ithier, E. Collin, P. Joyez, P. J. Meeson, D. Vion, D. Esteve, F. Chiarello, A. Shnirman, Y. Makhlin, J. Schriefl, and
G. Schon, Phys. Rev. B 72, 134519 (2005).

[22] J. Bylander, S. Gustavsson, F. Yan, F. Yoshihara, K. Harrabi, G. Fitch, D. G. Cory, Y. Nakamura, J.-s. Tsai, and W. D.
Oliver, Nature Phys 7, 565 (2011).

[23] Z. Huang, P. S. Mundada A. Gyenis, D. I. Schuster, A. A. Houck, and J. Koch, Phys. Rev. Appl. 15, 034065 (2021).

[24] L. Landau, Physikalische Zeitschrift der Sowjetunion 2, 46 (1932).

| C. Zener, Proc. R. Soc. London A 137, 696 (1932).

] J. M. Martlms and M. R. Geller, Phys. Rev. A 90, 022307 (2014).

[27] J. Ghosh, A. Galiautdinov, Z. Zhou, A. N. Korotkov, J. M. Martinis, and M. R. Geller, Phys. Rev. A 87, 022309 (2013).

[28] D. C. McKay, C. J. Wood, S. Sheldon J. M. Chow, andJ M. Gambetta Phys. Rev. A 96, 022330 (2017)

[29] J. Kelly, R. Barends, B. Campbell, Y. Chen, Z. Chen, B. Chiaro, A. Dunsworth, A. G. Fowler, I.-C. Hoi, E. Jeffrey,
A. Megrant, J. Mutus, C. Neill, P. J. J. O’Malley, C. Quintana, P. Roushan, D. Sank A. Valnsencher, J. Wenner, T. C.
White, A. N. Cleland, and J. M. Martinis, Phys. Rev. Lett. 112, 240504 (2014).

[30] C. Neill, P. Roushan, K. Kechedzhi, S. Boixo, S. V. Isakov, V. Smelyanskiy, A. Megrant, B. Chiaro, A. Dunsworth, K. Arya,
R. Barends, B. Burkett, Y. Chen, Z. Chen, A. Fowler, B. Foxen, M. Giustina, R. Graff, E. Jeffrey, T. Huang, J. Kelly,
P. Klimov, E. Lucero, J. Mutus, M. Neeley, C. Quintana, D. Sank, A. Vainsencher, J. Wenner, T. C. White, H. Neven,
and J. M. Martinis, Science 360, 195 (2018).

[31] 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, B. Burkett, Y. Chen, Z. Chen, B. Chiaro, R. Collins, W. Courtney, A. Dunsworth, E. Farhi, B. Foxen, A. Fowler,
C. Gidney, M. Giustina, R. Graff, K. Guerin, S. Habegger, M. P. Harrigan, M. J. Hartmann, A. Ho, M. Hoffmann, T. Huang,
T. S. Humble, S. V. Isakov, E. Jeffrey, Z. Jiang, D. Kafri, K. Kechedzhi, J. Kelly, P. V. Klimov, S. Knysh, A. Korotkov,
F. Kostritsa, D. Landhuis, M. Lindmark, E. Lucero, D. Lyakh, S. Mandra, J. R. McClean, M. McEwen, A. Megrant,
X. Mi, K. Michielsen, M. Mohseni, J. Mutus, O. Naaman, M. Neeley, C. Neill, M. Y. Niu, E. Ostby, A. Petukhov, J. C.



13

Platt, C. Quintana, E. G. Rieffel, P. Roushan, N. C. Rubin, D. Sank, K. J. Satzinger, V. Smelyanskiy, K. J. Sung, M. D.
Trevithick, A. Vainsencher, B. Villalonga, T. White, Z. J. Yao, P. Yeh, A. Zalcman, H. Neven, and J. M. Martinis, Nature
574, 505 (2019).

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



