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Quantum computers built with superconducting artificial atoms already stretch the limits of their
classical counterparts. While the lowest energy states of these artificial atoms serve as the qubit basis, the
higher levels are responsible for both a host of attractive gate schemes as well as generating undesired
interactions. In particular, when coupling these atoms to generate entanglement, the higher levels cause
shifts in the computational levels that lead to unwanted ZZ quantum crosstalk. Here, we present a novel
technique to manipulate the energy levels and mitigate this crosstalk with simultaneous off-resonant drives
on coupled qubits. This breaks a fundamental deadlock between qubit-qubit coupling and crosstalk. In a
fixed-frequency transmon architecture with strong coupling and crosstalk cancellation, additional cross-
resonance drives enable a 90 ns CNOT with a gate error of (0.19 4 0.02)%, while a second set of off-
resonant drives enables a novel CZ gate. Furthermore, we show a definitive improvement in circuit
performance with crosstalk cancellation over seven qubits, demonstrating the scalability of the technique.
This Letter paves the way for superconducting hardware with faster gates and greatly improved multiqubit

circuit fidelities.
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Existing quantum processors [1,2] based on supercon-
ducting transmon qubits are pushing the limits of classical
simulability. However, the realization of quantum advantage
requires these processors to scale up in both size and
operational fidelity. Reaching a suitable threshold on both
counts would further enable the realization of a fault tolerant
quantum computer. These objectives require overcoming
several technical challenges, notably, two-qubit gate fidelity,
crosstalk, system stability, and qubit coherence. One
common architecture, based on fixed-frequency transmon
qubits with fixed couplings, has a distinct advantage in terms
of stability and coherence, but has limitations on gate speed
and minimizing crosstalk due to always on interactions, and
their relation to the exchange coupling strength, J. While a
larger J enables a faster entangling gate, the coupling leads
to state dependent frequency shifts of neighboring coupled
qubits, which is a source of quantum crosstalk that takes the
form of a ZZ interaction in the system Hamiltonian. This is
formally seen from the standard circuit quantum electro-
dynamics Hamiltonian for a pair of coupled transmons
(i= {0, 1}), modeled as Duffing oscillators,
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with bare qubit frequencies v;, bare anharmonicities «;, and
coupling strength J. The coupling dresses the energy levels,
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and the crosstalk arising from state dependent frequency
shifts is expressed as

vzz = (Vi1 = v1o) — (Vo1 — Vo). (2)

For fixed couplings, this is an always-on source of crosstalk,
referred to as a static ZZ interaction, with the following
perturbative form:

27 (g + o)
(a1 = Ag1) (a0 + A1)’

(3)

Vzzs = —

where A | represents the qubit-qubit detuning. This cross-
talk has been seen to be an important limitation to multiqubit
circuit performance in tests of quantum volume [3], ran-
domized benchmarking [4], and error correction codes [5],
and may prevent device scaling [6]. Several hardware
strategies have been employed to mitigate this crosstalk.
The simplest approach, as seen from Eq. (3), is to lower J,
however, this comes at the expense of gate speed and lowers
the overall gate fidelity due to finite qubit coherence. More
involved strategies include the introduction of tunable J
coupling [2,7,8]; coupling different flavors of qubits with
opposite signs of anharmonicity [9-11] [see Eq. (3)]; and the
use of engineered multipath coupling elements [11-15]. An
alternative approach employs the ac Stark effect, using off-
resonant radiation to selectively tune the energy levels,
and modulate ZZ, as seen from Eq. (2). This has been
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demonstrated with a single near-resonant, continuous wave
(CW) drive in flux-tunable superconducting qubit architec-
tures [16,17]. However, this requires being close to a
resonant transition outside the computational space, and
is susceptible to charge noise in transmon qubits.

In this Letter we show that the ZZ interaction for a pair of
coupled transmon qubits can be tuned over several orders of
magnitude by far-off resonant driving on both qubits, an
effect that we designate siZZle—Stark induced ZZ by level
excursions. To describe the physics of siZZle, we consider
the Hamiltonian of Eq. (1) and add off-resonant drives on
both qubits,

Hgzzie/h = Ho/h + Z Q; cos (2mv t + ¢;) (&) + &),
i={0.1}

4)

with amplitudes Q;, phases ¢;, and a common frequency v,;.
The device schematic in Fig. 1(a) depicts a simple
direct capacitive coupling between the qubits that produces
the Hamiltonian model of Eq. (4). In the limit of
Q;/|vy —vi] < 1, we can write the dressed Hamiltonian
after the rotating wave approximation (RWA) as

Heff/h:I?ZIZI/4+17[ZIZ/4+T/ZZZZ/4, (5)
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FIG. 1. (a) Modulation of the ZZ interaction strength 7, as the
Rabi amplitude of the Stark tones is swept (ratio Q,/Q, = 0.5)
for fixed frequency v, = 5.075 GHz and phase difference ¢ = 7.
The inset shows a circuit representation of the primary two-qubit
device discussed in this Letter. (b) The corresponding excursions
of the computational levels, calculated numerically, to generate
the 7, shown in (a). (c) Modulation of the ZZ interaction
strength 77, as the phase difference between the Stark tones is
swept, for fixed frequency v, =5.075 GHz and and drive
amplitudes Q; = 0.5Q, = 20 MHz. Experimental data (black
circles) is compared to numerical (blue line) and perturbative (red
line) calculations using the device parameters of Table I in (a) and
(c). (d) The corresponding excursions of the computational levels,
calculated numerically, to generate the 7, shown in (c).

where the tilde notation refers to being in the doubly
dressed frame with respect to the exchange coupling and
Stark tones. To second order in Q; and first order in J, the
ZZ coefficient is

2Jaga; Q0L cos (g — ¢y )
Aoy a(Dog+ ag)(Ay g+ ar)’

(6)

Uzz =Vzz

where the static term is given by Eq. (3). In the above
equations, A,; = (v; —v;) denotes detunings where
i,j €{0,1,d}. The most significant contribution to the
Stark shifts comes from the term associated with a single,
isolated drive

Q%ao
Ao a(Bog+ap)

(7)

Uzl single =

which will be of significance in later discussions for
the impact of the Stark tones on qubit coherence. A
formal derivation of these expressions is discussed in
the Supplemental Material [18]. Equation (6) reveals
the various control knobs to manipulate the strength of
the Stark induced ZZ interaction: the amplitudes of the two
tones, the drive-qubit detunings, the anharmonicities, and
the phase differences between the two drive tones.

Figure 1 discusses the physics of siZZle, employing the
parameters of the primary two-qubit device studied in this
Letter, device A. The parameters are given in Table I.
We perform numerical diagonalization of Eq. (4) after
moving into the frame of the drive. We see good agreement
between the numerical calculations and the experimentally
measured ZZ values. Figure 1 also reveals two interesting
regimes of operation. At fairly modest drives, we observe
that we can cancel the ZZ interaction to operate at o, ~ 0.
At stronger drive amplitudes, one can generate large ZZ
rates for two qubit entangling gates. These regimes of
operation are discussed in Figs. 2 and 3.

In the first regime of operation, siZZle is used to cancel
ZZ, which can be utilized to increase the speed of
entangling gates, such as cross-resonance (CR) [19,20],
which are set by the coupling strength J. As discussed
previously in Eq. (3), increasing J typically leads to large
values of static ZZ crosstalk. Recent work [14] with
multipath couplers demonstrated a way to break the
standard relationship between J and vz .. (operating

TABLE I. Qubit frequencies for device A depicted in Fig. 1(a)
before and after ZZ cancellation. All the numbers are in units of
GHz. We note that these numbers represent the experimentally
measured frequencies, dressed by the coupling J = 7.745 MHz.

170 I?] [N ap
No siZZle 4.960 5.016 —0.283 —0.287
siZZle 4.953 5.014 —0.276 —0.286
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(a) Simultaneous randomized benchmarking (RB) of 50 ns single qubit gates in the absence of static ZZ cancellation (blue)

leads to an average EPG of 6.6 x 1073, After static ZZ cancellation with a pair of CW Stark tones at v, = 5.1 GHz, the EPG
dramatically improves to 7.1 x 10 (red). Bold symbols represent mean of the individual seeds (represented by light symbols), and
dotted lines are exponential fits to the decay of the excited state probability P;. (b) Phase calibration of the CW Stark tones to 7, ~ 0.
(c) Strength of ZX interaction Dzy versus cross-resonance drive amplitude Qcg with (red) and without (blue) static ZZ cancellation.
Here, Q1 is the control qubit and QO is the target qubit. Bold circles represent experimentally measured rates, using Hamiltonian
tomography. Dotted lines are perturbative estimates, see Supplemental Material. (d) EPG measured by interleaved RB, for direct CNOT
gates constructed from cross-resonance, after ZZ cancellation, as a function of CNOT gate time. The blue dotted line represent the
coherence limit to gate error from estimated using standard 7', and T, measurements before every RB run. (e) Post-ZZ cancellation
interleaved RB of a 90 ns direct CNOT gate reveals a best EPG of 1.86 x 1073, with an EPG upper bound of 4.0 x 1073.

at J/vzz qaic ~ 130), leading to state-of-the art CR gate
fidelities. A drawback of the multipath coupler approach is
that v . depends strongly on the qubit frequencies, and
full ZZ cancellation is nontrivial in fixed frequency
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FIG. 3. (a) Post ZZ cancellation 2D sweep of v, with pulsed
Stark frequency v,y and amplitude, with the ratio of the two
amplitudes fixed to , = Q;, and phase calibrated to maximum
contrast. The CW tones to cancel ZZ use the same parameters
discussed in Fig 2, with v; = 5.1 GHz. (b) Interleaved RB of a
calibrated CZ gate based on siZZle reveals an EPG of 5 x 1073,
with an EPG upper bound of 7.6 x 1073,

architectures given current precision over qubit frequency
allocation [1]. Our quantum control approach to ZZ
cancellation introduced here enables tuning to 7, ~0
over a range of parameters since we have several degrees
of freedom in our control space. Importantly, this allows for
a decoupling of J and 7z, so that fast, high-fidelity
entangling gates are possible with minimal static crosstalk
in an architecture consisting of standard single path
couplers and nominally fixed-frequency qubits.

To test this, device A has a large coupling strength of
J ~7.745 MHz, leading to a very large static ZZ inter-
action of vy i = 875 kHz. Without any further miti-
gation of ZZ, this prevents high-fidelity simultaneous
single qubit operation due to strongly state-dependent qubit
frequencies. This is seen in the decay and variance of
simultaneous single qubit randomized benchmarking
sequences shown in Fig. 2(a) with an estimated average
error per gate (EPG) of 6.6 x 1073, In order to mitigate this
crosstalk, we add continuous wave (CW) Stark drives to
cancel ZZ and operate in a basis dressed by these off-
resonant drives. The large choice of operating parameters
for the ZZ cancellation tones makes identifying an optimal
set of working parameters a complex task. First, we limit
leakage out of the computational subspace by placing the
ZZ cancellation tone above both qubits. Next, we optimize
the detuning of the cancellation tone. Smaller detuning
reduces the drive amplitude required for ZZ cancellation.
There is a practical limit to the amount of amplitude that
can delivered to the qubits before there is heating of system
components. However, if the detuning is too small then the
cancellation tone may start to interfere with the gate drive
and time-dependent terms in the effective Hamiltonian in
the frame of the drive can no longer be ignored.
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FIG. 4. (Top) A device schematic of the line of 7 qubits, with a
combination of hardware and control approaches to ZZ modu-
lation. The device employs multipath couplers composed of a
direct capacitive coupling and a 1/4 bus resonator. (Bottom)
Average heavy output probability (HOP) for the same set of 200
random quantum volume (QV) circuits, at different levels of 7.
We observe an improvement in HOP from 0.5810 &+ 0.0027 to
0.5996 + 0.0023 as the average 7, is tuned from the bare value
~40 kHz to ~0 kHz. Error bars represent standard error of the
mean. The maximum and minimum 7, data points are tuned by
setting the pairwise phase difference between the siZZle tones to
¢ ~0and ¢ ~ x, respectively. The middle data point is measured
in the absence of siZZle. (Inset) Scatter of individual circuit HOPs
for the native (bare) device versus post-ZZ cancellation.

For these reasons, we select v; = 5.1 GHz, for device A.
The CW amplitudes are chosen to be sufficient to just
approach 7, ~ O after phase calibration (i.e., at ) = x), see
Fig. 2(b). We estimate the CW amplitudes from the
independent qubit Stark shifts to be Q) =59 MHz and
Q, =22 MHz. After tuning to D, ~ 0, the single qubit
gates are recalibrated with the cancellation drives on.
Reducing the ZZ in this way results in remarkable improve-
ments in simultaneous single qubit operation for 50 ns
gates, with an estimated EPG of 7.1 x 10~* from random-
ized benchmarking, see Fig. 2(a). We note that there are
several operating points for achieving v,, ~ 0, but operat-
ing at stronger CW amplitudes with larger Stark shifts can
to lead to additional dephasing.

With ZZ canceled and single-qubit gates calibrated, we
now calibrate a two-qubit gate with cross-resonance. This
entails additional drives on the control qubit (Q1) at the
dressed target qubit (Q0) frequency. In Fig. 2(c), we
measure the generated ZX rates versus CR drive amplitude
from tomography of the CR drive Hamiltonian, with and
without ZZ cancellation. The ZX rate is modified due to the
presence of the cancellation tones, and the experimental
data show good agreement with a perturbative model for
the ZX rate (see Supplemental Material). However, as a
consequence of the large J coupling, one can access fairly
large ZX rates at modest CR drive amplitudes.

The large J coupling is also of consequence for the
reduced control qubit Stark shift, discussed previously in
[14], and the resulting stability of unechoed direct CNOT
gates constructed using CR. We construct and calibrate
direct CNOT gates, similar to [14], and study the gate error
obtained from interleaved randomized benchmarking (RB)
as a function of CNOT gate time in Fig. 2(d). The
calibration sequences and pulse shapes are detailed in
the Supplemental Material. At the optimal gate time of
90 ns, we depict results from interleaved RB sequences in
Fig. 2(e), that we use to estimate an EPG of 1.86 x 1073,
with an error per Clifford (EPC) of 6.0 x 10~ from
standard RB. Our decomposition has 1.5 CNOT gates
per Clifford and 2.56 non-Z single qubit gates per Clifford
on average and this places a worst case upper bound on
the EPG of EPC/1.5 ~4.0 x 1073. However, we express
confidence that the bounds are in practice a lot tighter,
based on the ratio of EPG/EPC (see the analysis
in [21]) and bootstrapped simulations discussed in the
Supplemental Material. We also note that our gate errors
fluctuate with changes in coherence and the defect
environment [22] in the vicinity of the qubit frequencies.
At the time of the displayed benchmarking, our measured
coherence times for Q0 (Q1) were 7| = 66 (66) us and
T, =49(84) us

In the second regime of operation, siZZle can be used as
a stand-alone method for performing a two-qubit gate due
to the large ZZ rates that can be generated as shown in
Fig. 1. In order to mitigate the static ZZ, we continue to use
CW tones at v, =5.1 GHz, but, additionally pulse a
second set of off-resonant tones at a different frequency
Vgate t0 generate large U77. This is shown in Fig. 3(a), where
we sweep the pulsed tone frequency and amplitudes
(€ gaie = Qi gate) to generate Uy, exceeding a few MHz.
We provide a proof-of-concept example of siZZle gate
operation at vy, = 4.9 GHz, with maximum amplitudes
Q0 gate» 21 gare ~ 26 MHz. We calibrate the phase difference
between the phase tones for maximum 7,,, and employ
frame changes on the control and target qubits to construct
a novel direct CZ gate of length 200 ns. Interleaved RB,
shown in Fig. 3(b) reveals an EPG of 5 x 1073, with an
EPG upper bound of 7.6 x 1073,

Finally, we study the impact of siZZle on multiqubit
circuit fidelity, using a line of 7 qubits from a 27 qubit
device with a heavy-hex architecture [3], that we shall refer
to as device B. The device properties are detailed in the
Supplemental Material. For the considered line of qubits,
we choose a common Stark frequency set to 5.1 GHz,
above all the qubit frequencies, leaving the individual
amplitudes and phases as the free control parameters.
For chosen amplitudes, we can operate the device at
varying 7, levels merely by adjusting the pairwise phase
difference, and recalibrating the single and two qubit gates
at the new dressed frequencies. We then use cross-
resonance to calibrate an echo CNOT with rotary target
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drives, as in [23]. No large changes are observed in the
CNOT gate fidelities, at the different 7, levels, which
highlights the need for circuit-level benchmarks such as
quantum volume (QV) [24] that are sensitive to accumu-
lated ZZ errors from qubit idle times. In order to bench-
mark multiqubit performance, we employ seven-qubit QV
circuits and observe a systematic improvement in the heavy
output probability (HOP) as 7, is suppressed, as shown in
Fig. 4. This highlights why ZZ cancellation will be crucial
for improving the performance of superconducting quan-
tum processors. The technique also opens up the path to
more targeted studies of the impact of the ZZ interaction on
spectator interactions and parallel gate operation, all in a
single device.

In conclusion, we demonstrate an all microwave
technique—siZZle—for arbitrary control of the ZZ inter-
action rate in coupled transmon devices. We use siZZle to
demonstrate a novel high-fidelity CZ gate that could enable
hardware-efficient implementations of near-term algo-
rithms on existing fixed-frequency quantum processors.
Furthermore, static ZZ cancellation with siZZle enables
us to take cross-resonance past the 100 ns milestone for
two-qubit gate time, with state-of-the-art fidelity. Finally,
combining siZZle with hardware approaches to ZZ
cancellation is leveraged to definitively improve multiqubit
circuit fidelity, and highlights the scalability of our tech-
nique. These results reveal quantum control with multicolor
drive tones to be an attractive approach to extend the reach
of fixed frequency superconducting quantum architectures.
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Note added.—We note recent independent work [25]
reporting siZZle and a CZ gate based on the effect.
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