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Suppression of Unwanted ZZ Interactions in a Hybrid Two-Qubit System
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Mitigating crosstalk errors, whether classical or quantum mechanical, is critically important for
achieving high-fidelity entangling gates in multiqubit circuits. For weakly anharmonic superconducting
qubits, unwanted ZZ interactions can be suppressed by combining qubits with opposite anharmonicity. We
present experimental measurements and theoretical modeling of two-qubit gate error for gates based on the
cross resonance interaction between a capacitively shunted flux qubit and a transmon, and demonstrate the

elimination of the ZZ interaction.
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Building a fault-tolerant quantum computer requires not
only highly coherent qubits but also tailored interactions
between qubits for implementing high-fidelity two-qubit
entangling gates. Superconducting qubits are a promising
candidate [1-4], however, the gate errors in current devices
are not definitively below the threshold required for fault
tolerance. Despite tremendous improvements in qubit
coherence, circuit design, and control, two-qubit gate errors
remain in the range of 4-9 x 1073 [5,6]. This is worse than
what would be naively expected based on current device
coherences [7]. One limiting factor to these errors is
crosstalk in the device corresponding to unwanted terms
in the Hamiltonian. This is a particular concern for one of
the more common superconducting qubit architectures,
fixed-frequency transmons [8] coupled to nearest neighbors
via a static exchange term J. In this architecture, the two-
qubit gate is enabled by activating the cross-resonance
(CR) effect [9-11], where a ZX interaction term is
generated by driving one qubit (the control) at the fre-
quency of the neighboring qubit (the target).

The strength of the CR effect is proportional to J [12],
and this J also produces an always-on ZZ coupling term.
The static ZZ coupling originates from level repulsion
between the energy level with both qubits in the first
excited state and some noncomputational energy levels and
is a consequence of two competing qubit-qubit interactions.
Such a ZZ interaction, whether static or driven during the
CR gate [12], is an ever-present source of error. Unlike
classical crosstalk, which can be canceled by the applica-
tion of compensation tones [6,12], the ZZ term leads to
unwanted entanglement between pairs and so is not easily
mitigated unless, for example, additional circuitry, such as a
tunable coupler, is added [13,14].
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For a transmon-transmon system, which has a negative
value of the anharmonicity—the difference between the
primary transition out of the qubit subspace and the qubit
transition itself—there is no symmetry in the competing
interactions and so ZZ is always nonzero. As an alternative
approach, if the transmon can be combined with a qubit
design where the anharmonicity is positive, the symmetry
in the two competing interactions can cause the ZZ term to
be canceled at specific qubit-qubit detunings. In this way,
the CR effect between two opposite-anharmonicity qubits
can be utilized to form a high-fidelity gate. Fortunately,
such a qubit exists—the capacitively shunted flux qubit
(CSFQ) [15]. Recently, the CSFQ has regained attention, in
part, due to its greatly improved coherence time [16].
Although the CSFQ is a flux-tunable device, it can be
operated at a flux sweet spot (flux bias f = ®/®; = 0.5,
where ®, = h/2e, h is Planck’s constant, and e is the
electron charge), where it is first-order insensitive to flux
noise. The anharmonicity at the sweet spot can be positive
and large (> +500 MHz), which provides a parameter
regime that is otherwise inaccessible in all-transmon
devices.

In this Letter we present measurements of the first such
hybrid CSFQ-transmon device and theoretical modeling to
investigate its performance. First, we experimentally dem-
onstrate and theoretically model the suppression of the
static ZZ interaction for a particular detuning of the CSFQ
and transmon. Second, we investigate the characteristic
behavior of the CR effect as a function of CSFQ-transmon
detuning. Third, we explore the dependence of two-qubit
gate error on both flux and gate length. Finally, we use our
model to describe the requirements for a future device
capable of achieving a two-qubit gate error of 1 x 1073,
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FIG. 1. (a) Simplified circuit diagram of CSFQ-transmon
system coupled via a bus cavity. (b) Frequency diagram of
transmon and CSFQ at flux sweet spot. (c) CSFQ qubit frequency
spectrum vs external magnetic flux. Orange dots indicate flux
points where static ZZ becomes zero. (Inset) Anticrossing of
transmon and CSFQ with fit (red solid line).

The device consists of a fixed-frequency transmon and
CSFQ coupled via a bus cavity resonator [Fig. 1(a)]. Each
qubit has its own readout cavity with a microwave port for
input and output. Details on sample fabrication, measure-
ment setup, and device parameters can be found in the
Supplemental Material [17]. This coupled two-qubit sys-
tem can be described by the Hamiltonian

H = ZZQ)

q=12 n,

+ v/ (ny + 1)(ny + 1)

X Jnl’nz(|n1 + l,n2><n1,n2 + 1| +H.C.), (1)

o)lng +1)(n, +1|

where w,(n,) is the bare transition frequency between
energy levels n, and n, + 1 for qubit g. The primary qubit
transition is thus w,(0) and we define w, = w,(0). The
coupling strength J,, , provides an indirect two-photon
interaction via a bus cavity between energy levels n; and
n; + 1 in qubit 1 and levels n, and 1, + 1 in qubit 2 (see
Supplemental Material [17] for details). We take 7 =1
throughout.

The qubits were measured using conventional circuit-
QED techniques in the dispersive regime [35]. At the sweet
spot, the measured primary qubit frequency and anharmo-
nicity are (5.051 GHz, +593 MHz) for the CSFQ, and
(5.286 GHz, —327 MHz) for the transmon, and thus the
qubit-qubit detuning is 235 MHz [Fig. 1(b)]. The bus cavity
and readout cavity frequencies for the CSFQ and transmon
are (6.322, 6.805, 6.907) GHz, respectively [Fig. 1(a)].

The tunability of the CSFQ spectrum as a function of flux
[Fig. 1(c)] allows us to explore a range of qubit-qubit
detuning in the following experiments. We fit the anti-
crossing between the CSFQ and transmon [Fig. 1(c) inset]
to obtain the zeroth-order exchange coupling strength
Joo/2m = 6.3 MHz. The average single-qubit gate fidelity
was measured with the standard randomized benchmarking
(RB) protocol (details in the Supplemental Material [17]),
giving the average gate error lower than 1 x 1073, For CR
operation, the fastest CR rates occur when the 0-1 transition
frequency for the target qubit falls between the 0-1 and 1-2
transition frequencies of the control qubit [12]. For our
system, we achieve this condition by choosing the CSFQ as
the control qubit with its 0-1 frequency below that of the
transmon, which is the target qubit. With such an arrange-
ment, the much larger anharmonicity of the CSFQ results in
a larger frequency window for fast CR rates, which can help
to alleviate frequency crowding issues in systems with
many qubits.

We investigate how the static ZZ interaction of the
system varies with the flux bias of the CSFQ. The effective
Hamiltonian that is diagonal in the dressed frame is

ZI 1Z Z7Z
HeH:_@17_5)27+§T’ (2)
where @; and @, are the dressed qubit frequencies. { is the
frequency shift of one qubit when the other qubit is excited
from the ground state: { = (E\; — Eyo) — (Eg1 — Eqo),
where Ej; is the energy eigenvalue of the Hamiltonian
for qubit 1 at |i) and qubit 2 at | ). The static ZZ interaction
arises when higher energy levels are involved in the two-
qubit Hamiltonian. ZZ interaction results in an additional
phase rotation depending on the state of either qubit, thus
contributing to the two-qubit gate error. ZZ-free qubit pairs
can be obtained if ¢ vanishes in Eq. (2). A detailed
analysis involving block diagonalization of the multilevel
Hamiltonian [Eq. (1)] into the qubit subspace shows that {
can be expressed as (see Supplemental Material [17])
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(3)

where A = @, — w; is the qubit-qubit detuning, and o; =
w;(1) — w; is the anharmonicity of qubit i. Within the limit
|A| < |8|, where the CR effect is strongest [37], for a
transmon-transmon device, both terms of Eq. (3) are
positive, and thus ZZ interactions will always be present
in all-transmon circuits with fixed couplings. However, in a
CSFQ-transmon circuit the second term in Eq. (3) can be
negative, due to the large and positive anharmonicity of the
CSFQ. Note that for a hybrid CSFQ-transmon device, J; is
not necessarily equal to J;, in contrast to a transmon-
transmon system where they are almost the same. This
allows the hybrid CSFQ-transmon system to be static
ZZ-free. For our device, the static ZZ strength has a
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FIG. 2. Static ZZ measured as a function of flux via joint
amplification of ZZ (JAZZ) protocol [36]. Error bars are
comparable with or smaller than the size of the data symbols.
Red solid line represents a theory calculation using Eq. (3). Static
ZZ becomes zero at two flux points (0.496, 0.504), and the
corresponding device parameters are shown in the plot.

maximum value of 140 kHz at the flux sweet spot, but away
from this point it decreases and eventually crosses zero near
O/d, = 0.496 and 0.504 (Fig. 2). Equation (3) was used to
compute the flux dependence of the static ZZ strength
using separately extracted device parameters, including the
flux-dependent anharmonicity and transition frequencies of
the CSFQ (red solid line in Fig. 2). The agreement between
theory and experiment is quite good except near the zero-
crossing points, where the experimental ZZ data exhibits a
kink. We speculate that this could be due to the breakdown
of our perturbative treatment of the effective Hamiltonian,
and thus Eq. (3). Away from the flux sweet spot, the qubit-
qubit detuning decreases, while J, increases, thus pushing
the ratio J/A beyond the dispersive limit. A framework for
treating such situations is discussed in Ref. [38].
Although we have engineered a ZZ suppression in the
two-qubit system, it is necessary that we can still perform a
fast two-qubit gate using the CR effect. To perform a CR
gate, we apply to the control qubit (CSFQ) a tone at the
frequency of the target qubit (transmon). This CR drive
causes the target qubit state to rotate in a direction that
depends on the control qubit state, and thus corresponds to
a ZX term in the two-qubit effective Hamiltonian [12]. To
suppress undesired Z/ and /X terms, we employ an echoed
CR pulse (ECR) that consists of two Gaussian flat-top CR
pulses with z phase difference, and a z pulse on the control
qubit after each CR pulse (Fig. 3 inset) [10]. Thus we define
the two-qubit gate length to be z, = 27 + 160 ns, where 7,
is the flat-top length of each CR pulse; the constant 160 ns
corresponds to the sum of the rising and falling edges on
the CR pulses and the z pulses applied to the control qubit.
In Fig. 3, we present the ensuing oscillation frequency fgcr
of the transmon as a function of the CR amplitude at
different flux bias points. We measure the CR oscillations
of the transmon as a function of 7z, for a range of CR
amplitudes [Fig. 3 inset (ii)], where the CR amplitude was
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FIG. 3. Echoed CR rate vs CR amplitude at four representative

flux points. The corresponding qubit-qubit detunings are (234,
217, 199, 166) in MHz. Solid lines correspond to theoretical
model. Inset (i): Computed energy levels of E;; and Ey, vs CR
amplitude. Inset (ii): Color density plot of the oscillation of target
qubit driven with various CR amplitudes at sweet spot with CSFQ
(control) in ground state. Color bar represents first excited state
probability of target qubit. Echoed CR pulse sequence illustrated
above inset plots.

calibrated in terms of the Rabi frequency of the CSFQ at the
flux sweet spot. In order to extract fgcr, we perform two
separate measurements, with the CSFQ in the ground
(excited) state initially. Because of the echo sequence
and the fact that we measure the z component of the target
qubit state vector, the oscillations should be identical in
both cases [6], which we confirm by performing both
measurements. We then average the two oscillations
together and compute fgcr. At low CR amplitude, fgcr
increases almost linearly, as expected from first-order
perturbation theory. For intermediate drives, fgcr deviates
from linearity as the CSFQ is driven off-resonantly [9].
For even larger CR amplitude, fgcr approaches a maxi-
mum, which occurs when the energy levels E|; and Ey,
are ac-Stark shifted into resonance [Fig. 3 inset (i)].
Applying a nonperturbative diagonalization scheme to
the effective Hamiltonian [Eq. (2)] together with a CR
driving Hamiltonian, we simulated frcr vs CR amplitude
(details in the Supplemental Material [17]). The resulting
theoretical curves for fgcr vs CR amplitude agree well
with the experimental points (Fig. 3).

The average two-qubit error per gate was measured via
standard RB [39] at various flux points and gate lengths 7,
of the ZX ¢, which serves as the pulse primitive for the two-
qubit entangling gate [10] (Fig. 4). For each flux point, the
primitive single-qubit gate (Xqy) and two-qubit gate (ZXg)
were recalibrated. No active cancellation pulse for remov-
ing classical crosstalk [6] was used. The RB data was fit to
the standard fidelity decay curve Aa™ + B, where m is the
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FIG. 4. Average error per two-qubit gate plotted vs flux for four
representative gate lengths. Dashed lines indicate theoretical
coherence-limited two-qubit gate errors with no ZZ interactions;
full theory simulations shown by solid lines.

number of Clifford gates and « the depolarization para-
meter [39]. The average two-qubit error per gate ¢ was then
calculated using the expression, e = (3/4) (1 —a'/V),
where N is the average number of ZX,, gates per two-
qubit Clifford gate [40,41].

By increasing the gate length, a characteristic “W”-
shaped pattern develops with respect to flux, corresponding
to larger errors at the sweet spot with minima to either side,
followed by increasing error for further flux biasing away
from 0.5. The smallest gate error, 1.6 x 1072, occurs for
t, = 200 ns and f = 0.496, 0.504 (Fig. 4), where the static
ZZ becomes zero. This behavior can be described by the
interplay between fidelity loss from the ZZ interaction and
classical crosstalk on the one hand, and fidelity gain from
longer coherence times near the sweet spot on the other
hand. Away from the sweet spot, the ZZ interaction and
classical crosstalk decrease and the gate fidelity approaches
the coherence limit. Including the ZZ interaction and
classical crosstalk in our simulation was sufficient to
reproduce the flux-dependence of the experimental gate
errors.

The coherence-limited gate error (dashed lines in Fig. 4)
is mainly dominated by 7', of the CSFQ, which is 15 us at
the sweet spot but quickly decreases with flux due to flux
noise (see plot of 7 vs flux in the Supplemental Material
[17]). This is shorter than 7'y, which is 18 us (40 us) for the
CSFQ (transmon) and 7', for the transmon, which is 45 us.
As is clear from Fig. 4, the coherence-limit curves alone are
not sufficient to reproduce the measured flux-dependence
of the gate error. The static ZZ strength (Fig. 2) has a
significant impact on the gate error, and was included in the
simulation. Moreover, we model classical crosstalk in a
similar manner to Ref. [12], by including in the CR driving

Hamiltonian a modified amplitude R(f,#,)Q and shifted
phase, where R(f,1,) is a scaling factor. R was modeled
using a CR tomography measurement [6] (more details in
the Supplemental Material [17]). Q is the CR amplitude
that can be obtained from the experimental ZXq, pulse
calibrations for each flux and gate length. Simulations
agree well with data (Fig. 4). Based on the success of our
theoretical model in describing the measured flux- and
gate-length dependence of the two-qubit gate error, we
consider target parameters for a future device to achieve
further reductions in gate error. In Fig. 5, we simulate the
two-qubit gate error vs 7, for three sets of coherence times

in us: (T(ll), Té”, T<12), ng)), where the superscripts indicate
the qubit, are (18, 15, 40, 45), (40, 54, 43, 67), and (200,
200, 200, 200), corresponding respectively to the present
device, the two-transmon device in Ref. [6], and a hypo-
thetical, but within reach, device. We note that leakage
effects out of the 0-1 subspace for each qubit due to the CR
drive are negligible for the gate times considered in Fig. 5
since the energy difference between E;; and Ey, [e.g.,
Fig. 3 inset (i)] is relatively large for CR amplitudes below
100 MHz. From the discussion above, we know that one of
the most prominent advantages of a CSFQ-transmon device
over a transmon-transmon device is that the static ZZ
interaction can be canceled by carefully choosing qubit
parameters. To realize such an idealized static ZZ-free
device, one could use a weakly tunable asymmetric trans-
mon [42] coupled to a CSFQ held at its sweet spot. Such a
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FIG. 5. Experimental data and theory simulation for two-qubit
gate error vs gate length for our present CSFQ-transmon (a),
static ZZ-free CSFQ-transmon (b), and a transmon-transmon
device with nonzero ZZ (thick lines). The CSFQ was placed at
sweet spot. Square CR pulses were used in theory simulation.
Three sets of coherence times used in simulation were color-
coded in blue, black, and red, and numbered by n = {1,2,3}.
“Limit (n)” represents the coherence-limited gate error. Classical
crosstalk is not included except (1a)*. Blue squares and black
diamond are experimental data points from present device and
Ref. [6], respectively.
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device should achieve coherence times at least as long as
our present experimental device, while maximizing 7, of
the CSFQ at the ZZ = 0 point, thus enabling a gate error
(1b) comparable to the best transmon-transmon results (2).
For the projected longer coherence times (200 us) [43,44],
the gate error (3b) of such a device subject to elimination of
classical crosstalk can reach 1 x 1073, This level is inac-
cessible for a transmon-transmon device, even with the
projected longer coherence times (3). While coherence-
limited gate errors (dashed lines in Fig. 5) decrease
monotonically with gate length, the total error reaches a
minimum at an optimum gate length. This is a universal
behavior, even in the absence of static ZZ or classical
crosstalk [e.g., (3b) in Fig. 5]. It can be explained by the
dynamic ZZ that arises from strong CR drive [45,46]. Since
larger CR amplitude is required for shorter gate length and
the dynamic ZZ scales quadratically with CR amplitude
[45,46], at short gate times a large ZZ interaction can still
occur, which thus limits the minimum gate error.

In conclusion, we have characterized the CR gate on a
CSFQ-transmon device. This hybrid system with opposite
anharmonicity between the qubits allows for the complete
suppression of the static ZZ interaction, which becomes
essential for achieving a high-fidelity CR gate. Our
theoretical analysis shows that suppressing the ZZ inter-
action is just as important as enhancing coherence times.
By eliminating the spurious ZZ interaction, a CSFQ-
transmon gate can achieve comparable fidelities to a
transmon-transmon gate despite having shorter coherence
times. With longer coherence times that are not too far
beyond current experimental capabilities (200 us), two-
qubit gate errors of 1 x 1073 are feasible.
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FIG. S1. SEM micrographs of CSFQ similar to the one used in this work. (a) Image shows relative size of shunt capacitors
and SQUID loop in gap within opening in chip ground plane. The specific device used in this experiment included coupling
capacitors similar in size to the ones depicted here, but coupled to opposite shunt-capacitor pads rather than to the same pad.
(b) Close-up of SQUID loop. Image of full chip of this type may be found in Ref. 1. J; and J> indicate two large Josephson
junctions, and J3 is a smaller Josephson junction.
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FIG. S2. (a) Room-temperature microwave control electronics. (b) Cryogenic wiring for one of the two qubits.
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DEVICE AND MEASUREMENT SETUP

Wiring for

The device was fabricated at IBM. The 4 x 8 mm? chip contains one fixed-frequency transmon, one bus resonator,

one CSFQ, and readout resonators for each qubit.

A photo of a similar chip appears in Ref. 1.

We fabricated

the device in a manner described in Ref. 1 and 2. We sputter-deposited a ~ 200 nm niobium film on a 730 pm-
thick silicon substrate, followed by photolithography and plasma-etch to define the microwave structures. Bus and
readout resonators comprise half-wave sections of coplanar waveguide terminated by metal pads that define coupling
capacitors. We formed Al/AlOx/Al tunnel junctions and the CSFQ loop using e-beam lithography, Manhattan-style
double-angle shadow-evaporation [3], and lift-off. The CSFQ contains three junctions in a 30 x 20 ym? loop (Fig. S1).
We formed the aluminum elements of the transmon and CSFQ simultaneously into identical shunting capacitors. We
diced the chip, installed it into a package comprising a circuit board, a copper backing-plate, coaxial connectors and
a superconducting bobbin coil. Similar packaging is described in Ref. 4, with the exception that the package is not
potted into epoxy, but is mounted inside a light-tight magnetically shielded sample can.

The device was measured on a dry dilution refrigerator with a base temperature below 10 mK and heavily filtered
cryogenic microwave lines. We show our room-temperature microwave electronics setup in Fig. S2(a) and cryogenic
wiring in Fig. S2(b). Qubit and readout pulses are created with single side band (SSB) modulation. An Arbitrary
Pulse Sequencer 2 (APS2) from BBN Technologies creates I/Q signals for pulse modulation. The readout pulse is
demodulated down to 10 MHz and digitized by an Alazar card. For the flux-bias, we used a battery-operated voltage
source (SRS SIM928) and a 10 k2 room-temperature standard resistor in series for a current-bias. The flux line is



filtered through a w-filter at the 3 K stage and an Eccosorb filter at the mixing chamber stage before it reaches the

superconducting bobbin coil inside the Cryoperm magnetic shield.

DEVICE PARAMETERS

In Table S.I, S.II, S.III, and S.IV, we list device parameters.

TABLE S.I. Frequency scales on device with CSFQ at the sweet spot.

| Description [ Symbol [ Frequency [ Method

CSFQ bare frequency wP(0)/27[5.0616 GHz |Calculated by solving 5 simultaneous equations [5]
CSFQ dressed frequency @1(0)/27|5.0511 GHz |Low-power qubit spectroscopy

CSFQ anharmonicity 01/2m +592.7 MHz|Low- and high-power qubit spectroscopy

CSFQ bare readout frequency wr /27 |6.9065 GHz |High-power resonator measurement

CSFQ dressed readout frequency wr /27 |6.9074 GHz |Low-power resonator measurement

CSFQ-readout coupling ghm /27 |34 MHz Calculated [5]

CSFQ-readout dispersive shift Xhm/27 |550 kHz Resonator measurement with CSFQ at |0) and |1)
Transmon bare frequency w5(0)/27[5.2920 GHz |Calculated by solving 5 simultaneous equations [5]
Transmon dressed frequency @2(0)/27|5.2855 GHz |Low-power qubit spectroscopy

Transmon anharmonicity 02 /2w -326.6 MHz |Low- and high-power qubit spectroscopy
Transmon bare readout frequency Wa /2T 6.8050 GHz |High-power resonator measurement

Transmon dressed readout frequency |@w, /27 6.8059 GHz |Low-power resonator measurement
Transmon-readout coupling gar /27 |36.2 MHz |Calculated [5, 6]

Transmon-readout dispersive shift |xa.r/27 [200 kHz Resonator measurement with transmon at |0) and |1)
Bus bare frequency wr /27 6.3062 GHz |Calculated by solving 5 simultaneous equations [5]
Bus dressed frequency wr /2 6.3226 GHz |Bus cavity spectroscopy [7

Bus-Transmon dispersive shift xrr/27 |-2.2 MHz Bus cavity spectroscopy [7

Bus-CSFQ dispersive shift Xrm /27 5.9 MHz Bus cavity spectroscopy [7

Bus-CSFQ coupling grm/2m |111.7 MHz |Calculated by solving 5 simultaneous equations [5
Bus-Transmon coupling grr/2m |76.4 MHz Calculated by solving 5 simultaneous equations [5
Transmon-CSFQ exchange coupling |Joo/27 [6.3 MHz CSFQ spectroscopy and fit

Transmon-CSFQ direct coupling gmT /27 |-2.7 MHz Estimated from direct capacitance between two qubits

TABLE S.II. Junction parameters and charging energy of the CSFQ and transmon. CSFQ Josephson energy is for the larger
junctions. The two transmon parameters were calculated using the measured dressed qubit frequency. Meanwhile, the three
CSFQ parameters were obtained by fitting spectroscopy data of the dressed qubit frequencies, @1 (0)/2m and &1 (1)/27 vs. flux
with 1D potential approximation [8].

| Description [ Symbol [ Value ‘
Transmon Josephson energy | E 1 13.7 GHz
Transmon charging energy |Ecr 0.286 GHz
CSFQ Josephson energy Eim 123.1 GHz
CSFQ charging energy FEcm 0.268 GHz
CSFQ critical current ratio |« 0.43

TABLE S.III. Coherence times for the transmon and CSFQ at the sweet spot.

] Transmon ] CSFQ ‘
T1 TQ* T2 T1 Tg* T2
(us) |(ps) |(ps) |[(ps) [(ps) |(us)
40 25 45 18 13 18

TABLE S.IV. Two-photon virtual exchange coupling strength (Jo1 and Jig), qubit-qubit detuning (A), and anharmonicities
(6;) at ®/Pg = 0.504, where ZZ = 0.

Jo1 J1o A o1 02
(MHz) |(MHz) |(MHz) | (MHz) |(MHz)
4.9 8.1 192 560 -327




THEORY

Circuit Hamiltonian

Transmon Bus cavity CSFQ
a JT c d e EJ] f EJZ o h
Lo X :: :: XX
Cq C. Cye C
: Ly : : H Ly .
Cr C G G
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FIG. S3. Circuit model for CSFQ-transmon device. Each qubit has its own readout resonator and they are coupled via a bus
resonator.

Capacitance (fF) Josephson energy (GHz)
Crr 452* CrcsrqQ 439* Eji=FEjo 109*
Cap 6.6 Cyn 6.6 FEj3 =aFE 46.8%
Cho | 66 Cyo 66 Eor 3.7
Csnr 26 Cshesro 26 a 0.43™
Cr [05—-1"| C1 =C; |1.2—-23" Inductance (nH)
Ceo 63 Ceo 63 Ly 1.3*
Cea 16 Cle 16 L.r 1.2*
Cr 469* |C3 =aC1| 0.5 — 17 L.csrq 1.2*

TABLE S.V. Circuit parameters corresponding to each circuit element in Fig. S3. The parameters with * symbol were calculated
based on experimental data, while the parameters without * are design values that were extracted using ANSYS Q3D Extractor
simulation of the qubit layout in Fig. S1(a).

We built a full-circuit Hamiltonian from a lumped-element circuit model for our CSFQ-transmon device in Fig. S3,
and the corresponding design parameters in Table S.V. We write the Lagrangian £ = T — U with T being the
electrostatic energy and U the potential energy of the Josephson junctions, where we define ¢, = (¢ — ¢4)/2 and
©p = (e + g)/2 — @y in order to simplify the Lagrangian into the following form:

1 (®)° . o . .
L= 3 (2;> [Crr$a’ + Cav(Ba — ¥)° + Coop” + Cealy — 1 — Ba)?

+ (Conr + Cr) o1 + Ceo (65 — 1) + Crpa® + Cacl(Pe — $a)? + Ceo e’

+ Cyn (Ge — 20m — ¢n)” + 20 (o + 6p°) + 4(C5 + Csnesro) Pm” (S1)
+ Cyo (Pe — 20m)° + C'TCSFQsﬁ'hQ] + Ej7 cos ot + 2E 5 cos v, COS o,

D\’ [ ¥2 | P 03
+aFEjcos(2nf — 2¢0m) — o 2LT+2LR+2LCSFQ ,

where f = ®/® is the normalized magnetic flux, @9 = h/2e the flux quantum, h is Planck’s constant, e is the electron
charge, C = Cy = (s, and Ey = Ej; = Ej3. The Hamiltonian is calculated using the usual definition of H as the
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FIG. S4. Potential profiles. (a) Readout resonator for transmon. (b) Bus resonator. (c) Readout resonator for CSFQ. (d)
Transmon. (e¢) CSFQ along the ¢, direction at f = 0.5. (f) CSFQ along the ¢,, direction at f = 0.

Legendre transformation of the Lagrangian L,

oL
H= i —— — L=T+1U, 52
IR . s2)
ro (2 2oz (3)
=3\ o ¥ Ly,
U= Epe¢2 + Eraps + Epnes, + Eyr cos or (54)

— 2E; cos @p €os oy, — aEycos (2nf — 2¢.,) ,

where the phase vector in the circuit is defined as g;T = (Gbs Pes Par Py Bdy, P> Pps Pn), and the energies stored
in the readout resonators for the transmon, the CSFQ, and the bus resonator are Er, = ®2/872L, 1, Ercsrg =
D2 /87°L,csrg, and Erg = ®%/87?Lp, respectively. Fig. S4 indicates the potential energies associated with the
readout resonator coupled to the transmon (a), the bus resonator (b), the readout resonator coupled to the CSFQ
(c), the fixed frequency transmon (d), and the CSFQ at the sweet spot (e), and away from the sweet spot (f). In
particular, the shape of the CSFQ potential in Fig. S4(e) and S4(f) shows a single well for a < 0.5 and a double
well for a > 0.5. In this experiment, the ratio is designed to be less than 0.5 to be in the CSFQ regime. Since the
potential does not depend on ¢, and ¢., and also the kinetic energy of ¢, in the CSFQ is superior to its contribution
in the qubit potential which leads to the fast oscillation behavior in that direction, we use standard methods to safely
remove these three phases, and thus reduce the matrix size of the circuit Hamiltonian from 8 x 8 to the following 5 x 5
matrix:

2
H =477 ;C,ﬁ 1, (S5)

where 7 = (Na, T, Mg, Ny, M) 1s the canonical term of #, and

Cl, —CapCar/Cro —CapCea/Cro 0 0
—CaCar/Cro Cr Ca0Cea/Cro 0 0
C' = | —CuwCea/Cro CaoCei/Cro Cl —2C4cCho/Cmo —CaeCyn/Cmo | - (S6)
0 0 —2C4.Cho/Cro cr 2CimCyn/Cmo

0 0 _Cdecgh/CmO 2Cdm0gh/cm0 C}/l
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FIG. S5. Bare CSFQ frequency and anharmonicity versus flux. (a) Bare transition frequency w?(n) between levels n and n + 1.
(b) Bare CSFQ anharmonicity 6%(n) = wi(n + 1) — wb(n).

The relevant capacitances are the following combinations of capacitances defined in the circuit model from Fig. S3:

Cro=Cap+ Cro+ Ceo + Ced, Cho = Cyo + Cyn
Crmo = Cge + Ceo + Cyo + Cyp, Cam, = Cae + Ceo
Car = Cea + Ceo, Cap = Cap + Cho

Ch = Car + Cspr + O — Ci7/Cro

C!, =20+ 4(C3 + Csnesrg) — 4Cho/Cmo + 4Cho

Cl =—C2/Cro+ Ceqg + Cge + Cr. — C3./Crno

C, =-C2%/Cro+ Cap + Crr

Ch, = =C2,/Cmo + Cgn + Cresra-

(S7)

Analytical expressions for the transmon frequency and anharmonicity can be obtained using the systematic perturba-
tion theory to large orders [5]. Similarly, the quantization of the CSFQ requires that we define the following operators
in the Fock space [9]:

1

= %(mJf —m), (S8)

pm = Em+mh), ny,

where £ is a device-dependent parameter. Fig. S5 shows the theoretical flux dependence of the bare frequency and
anharmonicity in our experimental device. After quantizing the circuit, we simplify its Hamiltonian by taking it to a
rotating frame and applying the Rotating Wave Approximation (RWA), which results in:

Heivenit = waala + gar (a'T + aT1) + wphh + g (KT + him')
+wertr +3 " wr(i) 15) Gl 4+ D wm (k) k) (] + gem (rim +rm?) (89)
J K
+ gor (77T +7T7) + grur (mIT +mT7)

where a and h represent the readout resonators, r is the bus resonator, and we use m =y, vk +1|k) (k+ 1| and
T =3%,;vji+1lj){j+1] for the CSFQ and transmon, respectively. We use the notation wY(j) to denote the bare
transition frequency between the energy levels, j + 1 and j in the transmon; similarly, w$(k), the bare transition
frequency between the energy levels, £ + 1 and k in the CSFQ. The relationships between the various coupling



strengths g;; and the relevant capacitances are given by the following expressions:

2C1nCam
I X (Cqn + Cresrq) (CouCmo — ACT,)
~ 2C4.Cho
I Cder (ACZ — CysCrmo)
CabCar
9T X (G + Crr) (CyrCro — C2) (10)
CeaCao
I * Clder (C% — CyrCro)
2C:qCeCaoCho
gmT X —

Ccder (CgTCTO - 030) (CgsCmO - 40}210) ’

where Cgs = 2610 +4CgO +4Cgh +4(C3 +CshCSFQ); CgT = Ccd+CcO +CshT +CT3 and Ccder = Ccd+Cde +CR In the
limit that the qubit-resonator detuning is much larger than the coupling between the qubits and resonators, we can
use the Schrieffer-Wolff transformation to simplify the Hamiltonian. Here we first eliminate the readout resonators
and then the bus, and obtain the multilevel version of the qubit-qubit effective Hamiltonian:

Hy,=H,+H;,= (I),«T’T’l” + Z qu(”q) |”q> <nq|
a1 mn (S11)

+ Vv (n1+ 1)(n2 + 1)Jn, iy (In1 + 1n2) (na,m2 + 1| + |01, n2 + 1) (n1 + 1,n2])
where the dressed bus frequency is @, = w, + qu‘jlq [ng) (ngl, and x is the dispersive shift of the resonator frequency,

which can be solved using Eq. (9) in Ref. 5, J,,, », is the two-photon virtual coupling rate defined as J; , = J dir+in.f‘,§ir
with the direct coupling being J* = g¢,,7, and the indirect coupling J;?];iir:

indir ghmtlgli ! 1 1 ! L
T = - 5 (Am(k) T AG) TSl T ET(J')> 512
A (k) = wr — wi (k) (S13)
Ar(j) = wr —wr(4) (S14)
S (k) = wy 4 wpn (k) (S15)
Sr(i) = wr +wr(j) (516)
(S17)

In the limit of |A| > J, the Hamiltonian [Eq. (S11)] can be diagonalized into the Hamiltonian in the dressed frame,
using a unitary operator U:

ﬁq = UTHqU = Z Z‘Dq(”q) Ing) (nq] . (S18)
q=1,2 n4

The dressed qubit frequencies, anharmonicity, bare bus frequency, coupling strength, and two-photon exchange rate
are presented in Table S.I, where we define @, = 0,(0) and gap = goj-

Cross-Resonance Gate

A cross-resonance gate is enabled by driving the control qubit at the frequency of the target qubit and this allows
for a two-qubit entangling gate between two qubits, where additional single-qubit rotations can implement a CNOT
operation. In the dressed frame, the CR driving Hamiltonian is,

Hy=UTHaU = Qcos(wat) Y _ Ut(|n1) (n1 + 1| + |ny + 1) (na|)U. (S19)

ny

Moving into the rotating frame by RWA,

H,=R'(H + Hy)R — iR'R, (S20)



where R = )" exp(—iwqgtn)|n) (n|. For our device, we consider the total number of excitations to be limited to 4,
therefore we consider the states {00, 01, 10, 11, 02, 20, 03, 12, 21, 30, 04, 13, 22, 31, 40}. Next, we block-diagonalize
it into two individual qubit blocks and a block for all higher excited levels — 2x2, 2x2, and 11x11 — to decouple
the higher levels from the computational subspace under the principle of least action [10]. This method aims to find
a unitary operator T', which is closest to the identity operation. The least action unitary operator T that satisfies
Hpp = TTH,T is given by [1, 11]

T=XX},X5?, (S21)

where X is the nonsingular eigenvector matrix of H,., Xpp is the block-diagonal matrix of X, and Xp = Xp DXL D
Finally, the driven Hamiltonian in the computational subspace can be written as
Z1I X ZX Z7

Hcp = — — — ) —. 22
CR CYZI2 +arx 9 +azx 5 +¢(Q) 4 (S22)

The CR gate is accompanied with some unwanted interactions such as ZZ, I X, and ZI. The latter two can be
cancelled out by echoed CR sequences [12], while the ZX term remains and results in the rotation of the target
qubit on the Bloch sphere. On top of the static ZZ interaction ¢, which solely comes from the contribution of higher
excitations in the qubit-qubit interaction, the CR drive with the amplitude €2 introduces an additional ZZ interaction
that depends quadratically on Q. The two together produce the total ZZ interaction, ¢(€2) = ¢(0) + 792, where ¢(0)
is the static ZZ interaction, and n§)? is what we refer to as the dynamic ZZ interaction. In this manuscript, we look
into schemes for eliminating the static ZZ interaction, while in Ref. 9, we demonstrate a scheme for eliminating the
total ZZ interaction — ¢(£2).

Classical Crosstalk

In the presence of classical crosstalk, the normal driving Hamiltonian can be modified to have a drive term on the
target qubit,

HS' = Qcos(wqt + ¢o) Z(|n1> (n1 + 1] 4 |n1 + 1) (n4])

ni

+ RQ cos(wat + ¢1) Z(|n2> (no + 1| + |na + 1) (nal),

na2

(S23)

where R is a scaling factor for classical crosstalk amplitude, and depends on both two-qubit gate length and flux. ¢q
is the phase of the CR drive to the control qubit and ¢; is the phase lag on the target qubit. When the Hamiltonian
is taken to the dressed frame and block diagonalized, one can find the terms Y and ZY in the effective driving
Hamiltonian below:

Z1 ZX 7Y IX 1Y YA
HE, = Bz1— + Bzx— + Bzy — + Bix— + Bry — + Bzz—, (S24)
2 2 2 2 2 4
3 — X
— 1y
N 2 —iz
s ! —2x
€0 zY
% o IX
32 v
S 3 * 1Z
g x ZX
4 X X% zY
5 X x x X 77

0 50 100 150
CR Amplitude (MHz)
FIG. S6. Pauli coefficients vs. CR amplitude at the sweet spot for 200-ns gate: experimental tomographic measurements

(points) and theoretical curves (solid lines). The parameters used for simulation are R = 0.0125, ¢o = 7 and ¢1 = 7+ 0.4 in
Eq. (S23).



where the Pauli coefficients are
Bzx =~ (BfQ+ CfQ3) cos ¢g
Bzy =~ (BfQ + CfQS) sin ¢g
Brx ~ (D2 + E,cQg) cos ¢g + RK {2 cos ¢4
Bry = (DsQ + EfQ3) sin ¢g + RK;{)sin ¢1

Bzr = azr

Bzz = (),

(S25)

where By, Cy¢, Dy, Ey and Ky are flux-dependent quantities that can be evaluated numerically. Here we show one
example of active cancellation measurement using CR tomography [1], where the driving phase was calibrated as
¢o = 7 and ¢ = 7w+ 0.4. All experimental and theoretical Pauli coefficients at the sweet spot are plotted in Fig. S6.
One can see that the unwanted ZY vanishes in the device, and the 1Y component can be classically removed by
applying the compensation tone with a negative phase to the target qubit (see Ref. 1 for more details),although this
was not done in our measurements.

Echoed CR Frequency

After eliminating all unwanted components, the CR gate will effectively behave like a two-qubit gate corresponding
to ZX9 [13]

cos(0/2) —isin(6/2) 0 0
_ _ | —isin(6/2) cos(6/2) 0 0
ZXo = exp[—i6 (2X/2)] = 0 0 cos(6/2) isin(8/2) (526)
0 0 isin(0/2) cos(0/2)
For our particular entangling gate, we choose § = —7/2. Following the echoed CR gate shown in Fig. 3 inset in the

main text, one can find that in the presence of a ZZ interaction as well as all other unwanted terms, the frequency

(a) (b)
10.4 : : : : 10.4
— En
10.35} For 1035 ]
S T o )
S 03] \ g 103} \ 1
[sa] m
10.25 N 10.25] N
10.2 : : : : 10.2 : : : :
0 50 100 150 200 0 50 100 150 200
CR Amp. (MHz) CR Amp. (MHz)
(c) (d)
10.4 : : : : 10.4 —— :
10.35} TN : 10.35}
3 o
S 103 1 3 103}
s3] N m
10.25} : 1025}
10.2 : : : : 10.2 : : : :
50 100 150 200 0 50 100 150 200
CR Amp. (MHz) CR Amp. (MHz)

FIG. S7. Energy levels, E11 and Eop2, evolving with CR amplitude for different flux bias points: (a) f = 0.5, (b) f = 0.5026,
(c) f = 0.5036, and (d) f = 0.505.
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of the echoed CR oscillation, frcr, can be determined from the following relation (see Ref. 9 for more details):

27 fecr = \/(/BZX +B1x)* + (Bzy + Bry)* + (Bzz/2)* + \/(BZX — Bix)*+ (Bzy — Bry)* + (Bzz/2)°.  (S27)

If both the classical crosstalk and ZZ interaction are eliminated, Eq. (S27) reduces to 28zx. As shown in Fig. 3 in
the main text, there is an upper limit to the echoed CR frequency, which arises when the two energy levels, F11 and
Eyo, get closer together for increasing CR drive amplitude and leakage begins to play a role. The energy eigenvalues
of the F11 and FEyo levels in the lab frame are shown in Fig. S7. The maximum value of fgcr occurs at the CR
amplitude where the F1; and Fos levels have an anti-crossing.

For a Z Xy, rotation, the length of each CR pulse in the echoed CR pulse sequence and frequency of the echoed
CR gate satisfy (27 frcr)T = 7/2, where 7 is the length of CR pulses in the echoed CR pulse when the CR pulses
are assumed to be square pulses. In practice, we use Gaussian flat-top CR pulses with Gaussian rising and falling
edges, where 7 is defined to be the length of the flat-top part of each CR pulse. Due to the finite rise and fall time,
we have 7 > 79, e.g., for 79 = 0, 7 is non-zero. The gate length is defined as t, = 279 + 120 ns with average 20-ns
rise/fall time of each of the two CR pulses and 40-ns 7-pulses, leading to the 160-ns constant term at the end of the
ty expression. Fig. 3 in the main text shows that for a weak driving regime, frcr ~ v(f)Q with a flux-dependent
coefficient (f), e.g., ¥(0.5) =~ 0.1. The exact flux-dependent v(f) can be found from Eq. (S27). Eliminating frcr
from the expression earlier in this paragraph, we obtain the following expression for the CR amplitude for a Z Xgq
gate with CR pulse length 7 and flux bias f:

Qf,m) =1/ ()] (528)

Two-qubit Gate Error

We simulate an echoed CR pulse sequence for implementing a Z Xy gate in order to compute the two-qubit error
per gate by considering the density matrix starting in the ground state in the Pauli basis. Here, the ZZ interaction
is a global error, and for each time step we apply corresponding operators and decoherence terms. The total map is,

pt = Ari,12,01 0 Arir2,02 0 Azz 0 Axr o Acr— o Axr o Acr+|pil, (529)
where each map is defined by,

Azzlp)=Uzz - p- U},
Axilpl = XT-p- XTI

Acra|p] = Ucrs - p-Ulgpy

1 —ete/T2 1+et/T2
R R A
1—ets/Tr 1—et/T
0 g o - TS Al al,
where the unitary operators, Uzz and Ucgr+, are defined as Uzz = e~ 2mC(Wte 22/ and Ucpy = e~ 12nTHER (£0) ,

where t, is the gate length as defined at the end of the previous section.

To explore the impact of unwanted interactions, we plot the simulated gate error of echoed CR pulses at different
CSFQ flux points for ¢, = 560 ns in Fig. S8. We plot the flux-dependent gate error for three cases: coherence-limited
error only (thick dashed line), ZZ but no classical crosstalk included (thin dashed line), and both ZZ and classical
crosstalk included (solid line). Both classical crosstalk and ZZ interaction add to the gate error the most at the
flux sweet spot since, despite the longest coherence time, the ZZ interaction and classical crosstalk are maximal at
this point. Away from the sweet spot, all unwanted interactions become suppressed, and therefore the gate fidelity
approaches its coherence limit. For this plot, we take all parameters from the present device; for the static ZZ
interaction, we use experimental data shown in Fig. 2 in the main text; for the flux dependence of T5 in the CSFQ),
we use the effective T» shown in Fig. S9(c) and discussed below.

To simulate the gate error for different flux bias points, we must model the appropriate flux-dependent dephasing
of the CSFQ. Simply taking 75 to be the value obtained by a Ramsey measurement with a single echo refocusing
pulse is insufficient and overestimates the gate errors away from the sweet spot [see Fig. S9(a)]. Such overestimation
suggests that the effective Ty used to compute the two-qubit gate error must be longer than what is measured with
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FIG. S8. Error per gate for ¢, = 560 ns with three different cases of error sources. Thick dashed line corresponds to coherence-
limited gate error, which sets the lower bound for error per gate. Thin dashed line shows the gate error when ZZ contribution
is added in the simulation. Solid line shows the case where both ZZ and classical crosstalk are included.

the standard Hahn-echo protocol using a single echo (Yig9) pulse. Single-qubit randomized benchmarking in the
presence of 1/f dephasing noise was studied theoretically in Ref. 14. In this case, the fidelity decay for a simulated
randomized benchmarking measurement with 1/f dephasing noise was significantly slower compared to a simulated
sequence with non-1/f dephasing noise for the same T Ramsey decay time. The authors of Ref. 14 suggest that
this behavior may be due to the depolarizing effect from twirling the 1/f noise with random Clifford gates for a
randomized benchmarking sequence. In the case of flux-tunable qubits, such as CSFQs or transmons, flux noise with
a 1/ f spectrum is typically the dominant contribution to dephasing for bias points away from a sweet spot [2, 15, 16].

The effect of 1/ f flux noise on two-qubit gate errors with flux-tunable qubits has been discussed previously [17, 18].
However, we are not aware of prior studies of the effect of 1/ f noise on two-qubit gate errors measured with randomized
benchmarking. Thus, we follow an approach to determine an effective T for our gate error measurements with
randomized benchmarking in the presence of 1/f flux noise. We first characterize the pure dephasing of our CSFQ as
a function of flux with a standard echo sequence at each flux bias point. Near the sweet spot, the echo data follows
an exponential decay, while away from the sweet spot the decay is Gaussian, characteristic of dephasing due to 1/f
noise [15]. To find the pure dephasing rate I',, we fit the Hahn-echo decay data at each flux bias point with a Gaussian
decay model, I', = A+ Bexp(—t/(2T1) — (t/T,)?) [15, 19], where T} = 18 ps is fixed based on a separate relaxation
measurement and {A, B,T,} are fitting parameters. The dephasing rate is calculated by I', = 1/T,, and plotted as
a function of the derivative of the qubit transition frequency with respect to flux Dg = 0fp1/0®. In Fig. S9(b), T,
is linear with respect to Dg over nearly the full range of Dg, which is consistent with dephasing dominated with
flux noise. The offset of 'y at Dy = 0 is due to a flux-independent non-1/f noise source, such as photon-number
fluctuations in the CSFQ readout resonator [20]; the slight deviation from linearity near Dg = 0 is likely due to some
other unknown high-frequency noise source and we do not account for it in our model. Using the slope from a linear
fit to the data away from Dg = 0, we are able to apply the expression I', = 27v/Ag In2Dg [15] to extract a flux noise

amplitude at 1 Hz, A<11>/ =15 1®g. In order to model the reduced effective dephasing for randomized benchmarking
measurements of gate errors in the presence of 1/f dephasing noise, we reduce this slope by a factor of 2.7, such that
the calculated coherence-limited gate error from the resulting effective T5 remains lower than the experimental gate
error data. At the same time, we leave the offset of I', at Dy = 0 unchanged, as the effects of dephasing from the
non-1/f noise at the sweet spot are unlikely to be mitigated by the application of random Clifford sequences. The
black dashed line in Fig. S9(b) shows the modeled pure dephasing rate, I', = (0.00288 m®()Dg + 0.039 ps~* for
Dg > 0. Using this modified I'y,, we calculate the effective T vs. flux for RB as shown in Fig. S9(c). This approach
to accounting for gate error measurements with RB sequences in the presence of 1/f noise results in calculated
coherence-limited gate error vs. flux curves that agree reasonably well with our experimental data for 4 different
two-qubit gate lengths in Fig. 4 of the main text.

Classical crosstalk is caused by stray microwave coupling to the target qubit when driving the control qubit for a
cross resonance gate. Thus, such crosstalk induces additional on-resonance rotation of the target qubit on the Bloch
sphere during a CR drive. We can model the effect of this crosstalk in our experimental system as an additional
term in Eq. (S23): a classical crosstalk with amplitude R(f,7)Q(f,7), where R(f,7) is a scaling factor for modeling
flux- and gate-length dependent classical crosstalk. Our experiment on the CSFQ-transmon device revealed that for
shorter CR gates, e.g., ~ 200 ns, the corresponding classical crosstalk on the target qubit is much less significant
than for the longer gate lengths. This implies that R(f,7) is an increasing function of the gate length. For simplicity,
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FIG. S9. (a) Two-qubit gate error vs. flux. Dashed lines represent coherence-limited gate errors computed with measured T
and T values, with T extracted from a Hahn-echo measurement. (b) Pure dephasing rate I'y, of the CSFQ vs. qubit frequency
gradient De. Red solid line is a linear fit to the linear portion of data. Black dashed line is the modified pure dephasing rate to
account for the reduction in gate errors measured with randomized benchmarking when dephasing is dominated by 1/f noise,
as discussed in text. (¢) Hahn-echo T5 vs. flux and the effective T5 calculated using our modified dephasing model.

we consider that R(f,7) is separable, and we find R(f,7) ~ a(f)7?/? to give good agreement with the experimental
data over the full flux range. The nonlinearity with respect to 7 was introduced since otherwise the IY Pauli
coefficient at the corresponding CR amplitude for short gates is consistently larger than the result from measured
CR tomography, for example, in Fig. S6. In order to extract the flux-dependence of «(f), we performed separate CR
tomography measurements [1] for active cancellation of classical crosstalk. We performed such an active cancellation
experiment for a fixed gate length at three different flux points and found that away from the sweet spot, the
classical crosstalk amplitude followed a nearly linear decrease with respect to flux, described by the fitting function:
R = (0.07 — 40|f — 0.5|%2)72/3. For the simulation of two-qubit gate error at the flux sweet spot, we used R =
(0.0123,0.0220,0.0322,0.0383) and /27 = {70,30,17,12} MHz for the gate length t, = (200,300,440, 560) ns,
respectively.

To make a comparison of the gate error between a CSFQ-transmon hybrid device and an all-transmon device in Fig.
5 of the main text, we considered a state-of-the-art transmon-transmon device [1] and also an ideal CSFQ-transmon
device. For the ideal CSFQ-transmon device, we set the static ZZ = 0 at the sweet spot for which we use the current
circuit parameters and only change the Josephson energy F;. By changing the gate length, we determine the gate
fidelity F and plot the gate error, defined as 1 — F, in Fig. S10. The analysis shows that the error rate of 1 x 1073
can be achieved in a CSFQ-transmon device with no static ZZ term, no classical crosstalk, and enhanced coherence
(Th, T2 =200 ps). The corresponding coherence times are listed in Table S.VI.

(a) static ZZ+0 .- 0.2+ (b) static ZZ+0 T 0.004 - (c) static ZZ=0 B
0.05- T
2 2 005 = 0.002-
O 0.02 O &)
& & &
= . 0.02 -
g 001 g S 0.001
o = 0.01 o /
----- Crosstalk included
R 0.005
Crosstalk excluded 0.00051- |
— — Coherence Limit
200 300 400 500 600 200 300 400 500 600 200 300 400 500 600
Gate Length (ns) Gate Length (ns) Gate Length (ns)

FIG. S10. Two-qubit gate error for three sets of coherence times. (T1(1>,T2(1),T1(2),T2(2))7 where the superscripts indicate the
qubit, are (18, 15, 40, 45) for the present device, (40, 54, 43, 67) for the two-transmon device in Ref. 1, and (200, 200, 200, 200)
for an ideal CSFQ-transmon device (all times in ps). (a) Present CSFQ-transmon device. (b) Transmon-transmon device. (c)
Ideal CSFQ-transmon device. Note that all three figures share the same legend as in (a). CSFQ is assumed to be at the sweet
spot in the simulation.
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Device TOITINTOTD] @ | @2 | 61 | 62 n
us | ps | ps | ws | GHz | GHz | MHz | MHz| 1/MHz
Present CSFQ-transmon| 18 | 15 | 40 | 45 [5.051[5.286|+593|—327]6.0 x 10~°
transmon-transmon 40 [ 54 | 43 | 67 [5.114]4.914]—330]—330[1.6 x 10~ °
Ideal CSFQ-transmon | 200 | 200 | 200 | 200 [5.094[5.286] 4593 —327] 8 x 10 °

TABLE S.VI. Coherence time, transition frequency, anharmonicity and nonlinear ZZ interaction rate for the current device,
transmon-transmon and ideal CSFQ-transmon device, respectively.

EXPERIMENT

Characterizing Static ZZ Interaction

The static ZZ interaction was measured at different flux points by the JAZZ (Joint Amplification of ZZ) proto-
col [21, 22]. This measurement protocol involves a Ramsey measurement on one qubit with an echo w-pulse inserted
to both qubits. The pulse sequence is executed twice — once with the qubit that is not manipulated by the Ramsey
measurement in the ground state, then again in the excited state. The frequency difference between the two resultant
Ramsey fringes then corresponds to the static ZZ strength. It is necessary to vary the phase of the second 7/2-pulse
to observe fringes, since the m/2-pulses are on resonance for each qubit. The oscillation frequency of the fringes,
and hence the extracted ZZ strength, is independent of the choice of qubit for the Ramsey sequence. Because the
transmon has better coherence, we chose it for the Ramsey measurement.

CSFQ Coherence Versus Flux
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FIG. S11. CSFQ coherence measured versus flux. (a) 71. (b) 75 measured with standard Ramsey sequence. (c) 7> measured
with Hahn-echo sequence with a single echo pulse.

In Fig. S11, we show the Ty, Ty, and T5 vs. flux for the CSFQ. During the measurements, the 7/2-pulse was
recalibrated at each flux point. The 7-pulse was composed of two 7/2 pulses.

Single-qubit RB

All the gate pulses were generated with single-side-band (SSB) modulation. For single-qubit pulses (Xg9 and Yyo),
we used 20 ns (= 40) Gaussian pulses including the derivative removal via adiabatic gate (DRAG) corrections [23],
where o is a standard deviation. We use two Xgo (Yoo) pulses back-to-back for a X (V') pulse, i.e., m-pulse. For a
pulse calibration of the Xgg gate, we first performed a Ramsey measurement to find the qubit transition frequency.
We then calibrated the amplitude for the Xgo pulse via phase estimation [24], followed by the DRAG calibration.
The pulse amplitude and DRAG calibration were executed twice to make sure both converged. The Yyy pulse was
not separately calibrated, but was assumed to have the same amplitude as Xgg.
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FIG. S12. Representative RB measurements. (a) single-qubit RB of transmon. (b) single qubit RB of CSFQ at the sweet spot.
The single-qubit error per gate is 4.2 x 107* (7.3 x 10™*) for the transmon (CSFQ). (c) Two-qubit RB for 200 ns gate length
with the CSFQ at the sweet spot. Py is the ground state population of the target qubit (transmon). The two-qubit gate error
is 1.8 x 1072, Red solid lines are fit with a fidelity decay function, Aa™ + B, where m is the number of Clifford gates, p the
depolarizing parameter, and A and B the constants that absorb the state preparation and measurement (SPAM) errors. Error
bars represent 20 confidence intervals.

For single-qubit RB [25, 26], we used the pulse primitives {I,+Xgo,+Yg0} to create a group of 24 single-qubit
Clifford gates. In RB measurements, we created 30 randomly chosen Clifford sequences for each number of Clifford
gates and averaged 2000 times for each pulse sequence to obtain reasonable error bars. By fitting the data to a fidelity
decay function of the form Aa™ + B, we calculated the single-qubit error per gate € = 1/2 - (1 — o), where N is
the average number of the pulse primitives in the 24 single-qubit Clifford gates [27]: N = 2.205 [14].

In Fig. S12(a) and S12(b), we show two representative RB measurements for the transmon and CSFQ at the sweet
spot, and their gate errors. The typical error per gate was lower than 1 x 1073 for the transmon and CSFQ over
the entire flux range of our experiments. Away from the flux sweet spot, we find that applying the measured T
and T, vs. flux significantly overestimates the coherence-limited gate error, consistent with our observations of the
flux dependence of the two-qubit gate errors in Fig. S9(a). Again, we attribute this behavior to the nature of RB
measurements in the presence of dephasing dominated by 1/f noise [14], as discussed earlier.

Two-qubit RB

The pulse primitive for each two-qubit gate is the Z Xy, which is an echoed CR pulse. CR pulses consist of a
flat-top waveform with 20 ns Gaussian rise and fall times (= 20). The pulse calibration for the ZXgg was performed
in two steps: first, we calibrated the phase of the CR pulse so that the rotation axis of the target on the Bloch sphere
matches the z-axis; next, we calibrated the amplitude of the Z Xy, gate via phase estimation [24].

To create the set of two-qubit Clifford gates, we followed Ref. 12. Each two-qubit Clifford gate was generated from
single-qubit primitive gates {I, £Xogg, £Ygo} for the transmon and CSFQ, and the two-qubit primitive gate ZXyj.
The ground state probability of the target qubit was measured as a function of the number of randomly chosen
two-qubit Clifford gates for each Clifford sequence. We used 20 different random Clifford sequences for each gate
length in the RB measurement. For every Clifford sequence, each measurement was averaged 2000 times for obtaining
reasonable statistics. As explained in the main text, the gate error e was calculated by € = 3/4 - (1 — a/V), where
is the depolarization parameter from the same fidelity decay function as in the single-qubit RB, and N is the average
number of two-qubit primitive gates (ZXgo); N = 1.5 [12, 27]. In Fig. S12(c) we show a representative two-qubit RB
for a 200-ns gate length.

Simultaneous RB

In this section, we show simultaneous single-qubit randomized benchmarking data for the transmon and CSFQ as
a function of CSFQ flux bias. The simultaneous RB was performed by applying two different sets of single-qubit
RB sequences to the CSFQ and transmon simultaneously. Next, we measured each single-qubit RB individually,
which, combined with the previous simultaneous RB, allows us to measure the addressability for each qubit. For the
transmon, which, again is a fixed-frequency non-tunable qubit, the gate error decreases for CSFQ flux bias points
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FIG. S13. Simultaneous, standard single-qubit RB and addressability for transmon as a function of CSFQ flux bias. An
additional error is induced during simultaneous RB. Error bars represent 20 confidence intervals.

f ~ 0.496 and 0.504, where ZZ = 0. This is attributed to the static ZZ interaction, which has a maximum at the
CSFQ flux sweet spot. The addressability [28] — a measure of how much the average error per Clifford gate changes
— is defined by d7|c = 77 — r7|c, Where rr is the error per Clifford gate of the transmon without simultaneous RB,
and 77 ¢ is the error per Clifford gate of the transmon with simultaneous RB performed on the CSFQ. Clearly, the
addressability shows the same dependence on flux as the gate error for the transmon. These results are consistent
with the static ZZ measurement and show that the ZZ interaction is a source of error when the two qubits are driven
simultaneously, even without performing a two-qubit entangling gate.
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