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Enhancing the capabilities of superconducting quantum hardware, requires higher gate fidelities and
lower crosstalk, particularly in larger-scale devices, in which qubits are coupled to multiple neighbors.
Progress towards both of these objectives would highly benefit from the ability to fully control all inter-
actions between pairs of qubits. Here we propose an alternative coupler model that allows dispersively
detuned transmon qubits to be fully decoupled from each other, i.e., ZZ crosstalk is completely suppressed
while maintaining a maximal localization of the qubits’ computational basis states. We further reason that,
for a dispersively detuned transmon system, this can only be the case if the anharmonicity of the coupler
is positive at the idling point. A simulation of a 40-ns CZ gate for a lumped-element model suggests that
achievable process infidelity can be pushed below the limit imposed by state-of-the-art coherence times
of transmon qubits. On the other hand, idle gates between qubits are no longer limited by parasitic inter-
actions. We show that our scheme can be applied to large integrated qubit grids, where it allows a pair of
qubits to be fully isolated, that undergoes a gate operation, from the rest of the chip while simultaneously
pushing the fidelity of gates to the limit set by the coherence time of the individual qubits.
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I. INTRODUCTION

Quantum computers are seen as a promising way to push
the boundaries of computing power. In particular, quantum
chips based on superconducting qubits have proven to be
a highly versatile platform and thus triggered significant
efforts towards improving their performance [1–4]. Experi-
ments indicate that quantum computers can already outper-
form conventional supercomputers in specific benchmark
tasks [5,6]. Current devices are still limited by errors and
noise [7], such that currently achievable gate fidelities do
not allow the solution of practical problems of interest on
a quantum device that cannot be computed on a classical
computer. To break this barrier towards quantum advan-
tage, two bottlenecks of current superconducting quantum
hardware need to be improved upon: (i) the error rate of
individual single- and two-qubit gates must be significantly
reduced and (ii) interactions between idling qubits need to
be further suppressed [8–12]. Indeed, such parasitic inter-
actions can lead to uncontrollable quantum fluctuations,
sometimes even to chaotic phases [13] for larger system
sizes. To control interactions between qubits, tunable cou-
pler circuits have proven to be useful (cf. Fig. 1) [14–20],
since they allow suppression of the exchange of excitations
between the circuit parts that form the qubits by destructive
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interference between the coupling mediated by the cou-
pler and the direct capacitive coupling. An applied external
magnetic flux allows one to tune between regimes of strong
and vanishing excitation exchange, where in the latter case
the qubits are in idle. In many devices featuring transmons,
transmon-type circuits are also used as couplers [5,6,14–
20]. However, this has the disadvantage that longitudinal
interactions (ZZ crosstalk) remain present, even when the
qubits are dispersively detuned and excitation exchange
between them is strongly suppressed.

Since ZZ crosstalk causes phase errors [21–23], there
has been considerable effort to suppress such parasitic
interactions [24–35]. One approach is to couple two qubits
with different sign anharmonicities [25–27], which how-
ever requires integrating two types of qubits into the same
quantum processor in a staggered fashion. One could of
course always suppress ZZ crosstalk by detuning the qubits
very strongly from each other at the idle point. To also be
able to execute two-qubit gates, this strategy would how-
ever imply that the qubit transition frequencies need to be
tuned over large ranges, and thus significantly enhances
the risk to couple to two-level system defects [36].

While previous circuit architectures either achieve a
suppression of excitation exchange at idle times by using
a tunable coupler, or suppress ZZ crosstalk, we propose
a concept that can simultaneously optimize both effects.
We achieve this functionality by setting the idle point of
the system at a point where the coupler has a different
sign for its anharmonicity as compared to the transmon
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FIG. 1. (a) In large processors, qubits are often arranged in a
square lattice and connected via tunable couplers for better con-
trol of the interactions between them. (b) Sketch of such a tunable
coupler circuit linking two qubits. Green, blue, and red clouds
indicate the wave functions of the two qubits (green and blue)
and the coupler (red). The coupler scheme proposed in this work
can achieve maximal localization of the computational basis and
full suppression of this residual ZZ crosstalk at the same time.

qubits. We further show that by tuning a magnetic flux
bias applied to the coupler, the device also generates strong
interactions between the qubits, where numerical
simulations for a lumped-element model suggest that it
allows execution of fast, high-fidelity two-qubit gates.

The coupling circuits we propose can lead to a sig-
nificant improvement of the performance of multiqubit
superconducting circuit processors since they allow isola-
tion of individual qubits that undergo a gate operation from
the remaining qubits. The same, of course, holds when
all qubits should be in idle. The benefits of being able to
isolate qubits are also apparent from the fact that signifi-
cantly higher gate fidelities can be achieved for individual
qubit pairs than for qubits within a large integrated chip
[5,8,11,12]. Such switchable isolation of qubits is achieved
by our design.

The remainder of the paper is organized as follows. We
first show how the coupler we propose can be employed to
turn all interactions between a pair of qubits on and off. The
quantities that we investigate for this purpose together with
analytical approximations to them are presented in Sec. II,
whereas the detailed proposed circuit for the coupler and
numerically exact results for the decoupling are presented
in Sec. III. Then we present simulations for a fast, high-
fidelity two-qubit CZ gate in Sec. IV, and finally show that
the coupler can also achieve this functionality when it is
part of a larger qubit lattice in Sec. V, before closing with
conclusions.

II. CROSSTALK ANALYSIS

In the following, we consider a two-qubit system
coupled by a tunable coupler. For our analysis, we describe
the system by the Hamiltonian,

H =
∑

i=1,c,2

ωib
†
i bi + Ui

2
b†

i b†
i bibi

+ g12
(
b†

1b2 + b†
2b1
)+

∑

i=1,2

gic
(
b†

i bc + b†
cbi
)
, (1)

where the qubits and couplers are described by anharmonic
oscillators. The operators bi(b

†
i ) for i = 1, 2, c denote

bosonic annihilation (creation) operators for the qubits
(i = 1, 2) and the coupler (i = c).

To precisely determine the crosstalk between two qubits,
it is necessary to specify the experimentally relevant com-
putational basis states. Denoting by |jkl〉 a local basis
state of the chosen representation with b†

1b1 |jkl〉 = j |jkl〉,
b†

cbc |jkl〉 = k |jkl〉, and b†
2b2 |jkl〉 = l |jkl〉 for the ladder

operators of Eq. (1), the corresponding experimentally rel-
evant computational basis state is the eigenstate of the
Hamiltonian H in Eq. (1), for which the overlap with
|jkl〉 is largest at the idle point, i.e., when the qubits are
decoupled. We denote this state by |j̃kl〉.

We perform both, a full numerical and an analytical per-
turbative analysis of the model in Eq. (1), to investigate
under which conditions we can reach a cancellation of
residual ZZ-coupling while maintaining maximally local-
ized states. From the analytical perturbative analysis, we
derive a generic condition under which such a desirable
operating point can be found. The numerically exact anal-
ysis provides us with precise values that are obtained
without invoking approximations for the considered model
and are plotted in the figures we present.

A. Localization of computational basis

One expects a maximal decoupling of neighboring
qubits when the states |1̃00〉 and |0̃01〉 are maximally local-
ized in their respective circuits. To determine the parameter
point at which this maximal localization occurs, one can
compute overlaps between computational basis states |j̃kl〉
and local basis states |jkl〉 and minimize the delocalization
paramter

ε = max
(∣∣〈1̃00|001〉∣∣2 ,

∣∣〈0̃01|100〉∣∣2
)

. (2)

An approximate but analytical condition for the parameter
point of minimal delocalization, min(ε), can be found via a
standard time-independent perturbation expansion, see Eq.
(C2) in Appendix C. Using a rotating-wave approximation
one finds that the perturbative approximation to ε becomes
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minimal for

g12 = −g1cg2c

2

(
1

�1c
+ 1

�2c

)
, (3)

where �ij := ωi − ωj denotes the difference between the
qubit frequencies. This condition (3) can also be obtained
via a Schrieffer-Wolff transformation [37] to a dressed-
mode picture, see Appendix B. The Schrieffer-Wolff trans-
formation yields an effective coupling geff between the
two qubits, that is mediated by the coupler. Requiring that
geff = 0 one recovers condition (3). Our approach of seek-
ing maximal localization of the computational basis is thus
in agreement with works that aim to suppress geff [15].

B. Longitudinal coupling

Since the computational basis is composed of eigen-
states of the Hamiltonian H at the idle point, the only
residual coupling between the qubits at this point can be
described as a ZZ coupling. Such longitudinal couplings
describe the dispersive shifts of the qubit energies result-
ing from the hybridization of the qubit wave functions due
to the coupling capacitances. These can be quantified with
the help of

ζ = E101 − E100 − E001 + E000, (4)

where Ejkl is the energy eigenvalue of the state |j̃kl〉. ζ

can be calculated by truncating the Hamiltonian at exci-
tation level number N � √

2qZPF/2e and diagonalizing it
numerically, where qZPF describe the charge zero point
fluctuations of the Hamiltonian modes.

To gain additional insights, an analytic but perturba-
tive approach can be used to approximate ζ as defined in
Eq. (4). This analytic approach considers the qubit level
spacing as an unperturbed Hamiltonian H0, which is per-
turbed by the small interaction terms. Since |g12/�12| �
|g1c/�1c|, |g2c/�2c|, we keep up to second-order terms
in g12/�12 and up to fourth-order terms in g1c/�1c and
g2c/�2c [38], to approximate ζ as a sum of the relevant
energy corrections of leading order, i.e., ζ ≈ ∑4

i=1 ζ (i)

with ζ (i) = E(i)
101 − E(i)

100 − E(i)
001 + E(i)

000. Hence the analyt-
ical approximate condition for vanishing ZZ crosstalk
reads

0 =
4∑

i=1

ζ (i). (5)

We find that ζ (0) = ζ (1) = 0 and provide the explicit
expressions for ζ (2), ζ (3), and ζ (4), which are all of the same
magnitude, in Appendix D.

C. Maximal qubit-qubit decoupling

We now show that both conditions, maximal localiza-
tion of computational basis states as well as full sup-
pression of ZZ crosstalk can be satisfied simultaneously.
We first investigate the approximate expressions to find
an analytical condition for the parameters of this optimal
idle point, before showing the full decoupling between the
qubits numerically for a specific coupler model.

We find an analytical condition for maximal qubit-qubit
decoupling by expressing the direct qubit-qubit coupling
g12 in Eq. (5) via the condition (3). All remaining terms
are proportional to g2

1cg2
2c and can be made to mutually can-

cel each other for a suitable parameter choice. Solving the
resulting equation for the coupler anharmonicity Uc yields,

Uc = −U
2

(
1 − U2

�2
12

− U
2(�1c + �2c)

)−1

, (6)

where we assumed U1 = U2 ≡ U for simplicity. A more
general formula that accounts also for asymmetries of the
qubit anharmonicities can be found in Appendix E. As one
can see, ZZ crosstalk can be completely suppressed within
the accuracy of this perturbative treatment for qubits in the
straddling regime (U > �12) if the coupler anharmonic-
ity has the same sign as the anharmonicity of the qubits,
cf. Ref. [17]. However, if the qubit detuning becomes
sufficiently large, ZZ crosstalk can only be suppressed if
the coupler has the opposite sign anharmonicity compared
with the qubits.

We note that, similar expressions for crosstalk suppres-
sion have been obtained via second-order Schrieffer-Wolf
transformations in Ref. [35]. Due to the necessary circuitry
for connecting qubits, the delocalization of the compu-
tational basis is however a stronger effect than residual
crosstalk and appears in higher order of perturbation theory
than the latter. Whereas residual crosstalk directly leads
to gate infidelities, including for idle gates, delocalized
computational basis modes can largely be accounted for
in calibration. Our approach achieves full suppression of
the detrimental crosstalk and minimization of the more
tolerable delocalization at the same time.

Since �12 = �1c − �2c there are two independent
parameters �1c and �2c, which can be adjusted such that
Eqs. (6) and (3) are simultaneously satisfied. However, in
reality the choice of qubit transition frequencies may be
restricted, such that the coupler frequency remains the only
free adjustable parameter. To nonetheless be able to satisfy
Eqs. (6) and (3), the anharmonicity of the coupler needs to
be implemented appropriately, which could be challeng-
ing due to the finite precision of the fabrication process. In
Sec. III B we therefore estimated the effect of imprecisions
in the coupler fabrication and find that this leads only to
very small residual ZZ coupling.
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The results of the perturbative calculations at the order
employed here, i.e., Eqs. (3), (5), and (6), remain valid if
the considered qubits couple to further spectator qubits, as
they would if they are part of a larger qubit grid. We further
investigate this property via exact numerics in Sec. V.

In the following section, we will build on these findings
to propose a design for a coupler for two transmons that
satisfy Eq. (6).

III. C-SHUNT FLUX COUPLER

We consider a setup, in which two tunable transmons
are coupled via a tunable coupler formed by a C-shunt flux
qubit [39–41]. This circuit design is intended to achieve
that two transmons outside of the straddling regime can
be completely decoupled due to the positive anharmonic-
ity of the coupler. The diagram for this circuit, which we
describe on the level of lumped elements [42], is shown in
Fig. 2. The coupling element is grounded via the capaci-
tances Cg . The qubits are directly coupled via capacitance
C12 and connected to the coupler via the capacitances
C1c and C2c. The capacitance C12 was chosen to be an
order of magnitude smaller than Cic, which carries over
to the coupling constants g12 � g1c, g2c, which describe
direct coupling between the qubits and coupler-mediated
interaction, respectively.

The effective interaction between the qubits is deter-
mined by the coupler, whose potential can be described
using the fluxoid quantization condition by

V = −2EJ ,c cos
(

φc√
2

)
− αEJ ,c cos

(√
2φc + φext

)
, (7)

where the parameter α denotes the ratio of the Joseph-
son energies EJ ,c of the junctions in the upper branch
and the junction in the lower branch of the coupler. The
phase variable φc ≡ φ− = 1/

√
2 · (φc1 − φc2) is the dif-

ference of the active nodes φ1c and φ2c. With the choice
1/8 < α < 1/2 the potential lies in its single-well regime,
so that it can be approximated for small zero point fluctua-
tions of ϕc = φc − φmin with the help of a Taylor expansion
in ϕc around the potential minimum φmin. The full deriva-
tion of the resulting Hamiltonian and explicit expressions
of its parameters are provided in Appendix A. After a
rotating-wave approximation, which we did not apply in
our numerical analysis, this circuit can be described by a
Hamiltonian as in Eq. (1).

By varying the control parameter φext = 2π
ext/
0, the
potential and thus the level structure of the coupler can be
manipulated as shown in Fig. 2. Note that positive anhar-
monicities always occur along with low frequencies in the
coupler, motivating the choice of a floating C-shunt flux
qubit as the coupling element, see Fig. 2. Since the cou-
pler mode can be identified with the physical φ− mode, the
constants g1c and g2c have different signs. Thus, the idle

ϕext,2

C1c C2c

C12

Cg Cg

ϕext

ϕext,1

ωc

ωc + Uc
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FIG. 2. (a) Circuit diagram of the investigated system. Two
tunable transmons are coupled via a C-shunt flux coupler. The
positive anharmonicity of the C-shunt flux coupler can lead to
simultaneous cancellation of transverse and longitudinal cou-
plings if the parameters are chosen appropriately. To enable com-
pensation of fabrication inaccuracies in calibration, the smaller
junction in the bottom branch of the coupling circuit can be fab-
ricated as a parallel pair of junctions (dashed) to make it tunable
via an additional magnetic flux bias φcor. (b)–(d) Energy spec-
trum of the coupler. Tuning the magnetic flux φext provides not
only a change in the coupler frequency ωc but also a change
in the anharmonicity Uc. For the simulation, the parameters in
Appendix F were used.

point of the coupler is below the qubit frequencies, which
makes it possible to exploit the positive anharmonicity at a
small coupler frequency, while one can also simply switch
on effective interactions to execute gates by increasing the
coupler frequency.

The dynamics of the proposed circuit architecture is gen-
erated by its Hamiltonian as derived in Appendix A, cf. Eq.
(1).

A. Parameter choice for the simulation

To achieve perfect cancellation of ZZ crosstalk at
the point of maximum state localization, suitable circuit
parameters need to be determined. We set the qubit tran-
sition frequencies to ω1/2π = 6.6 GHz and ω2/2π =
6.1 GHz. The coupler level should be below the qubit lev-
els at the idling point, where its positive anharmonicity can
cause the cancelation of ZZ crosstalk.
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For the C-shunt flux coupler, we assume identical
Josephson junctions in the upper branch, while the junc-
tion in the lower branch is smaller by a factor α. Since
we want to fix both frequency and anharmonicity of the
coupler at the idle point of the system, α and EJ ,c must
be chosen suitably. This either needs to be achieved in
the fabrication process or the small junction can be fabri-
cated as a dc superconducting quantum interference device
(SQUID) to make it tunable via an additional magnetic flux
bias, see Fig. 2. We determined possible parameter choices
numerically, see Fig. 3. As can be seen in the top panel,
there is a sizable parameter range for the junction param-
eters of the Josephson junctions in the coupler, where the
qubit states are maximally localized and ZZ crosstalk can
be fully suppressed, see blue line in the plot. For parame-
ter sets on this line, it is possible to have a crosstalk-free
idle point in the system by adapting the external flux. By
varying the external flux away from the idle point, inter-
actions between the qubits can be switched on. For the
simulation in the following sections, we have chosen a
small Josephson energy of EJ /h = 41.2 GHz, because for
such a parameter choice the slope of ωc(φext) is small and
allows the robustness of the coupler against flux noise to
be increased at the Z-drive line. Figure 3(b) shows that ZZ
crosstalk and qubit-state delocalization can be minimized
simultaneously for this parameter choice. For a coupler
frequency of ωc/2π ≈ 5.092 GHz the qubits can be com-
pletely decoupled. Increasing the coupler frequency leads
to effective couplings, which can be used to perform high-
fidelity two-qubit gates as we will show in Sec. IV. A
detailed compilation of all circuit parameters can be found
in Appendix F.

B. Robustness against deviations in circuit parameters

In this section we investigate the robustness of this
regime of full decoupling against imperfections in the fab-
rication process of the circuits. To estimate the effects,
parameter fluctuations on residual crosstalk and delocal-
ization, we numerically explored these for the above pre-
sented example. We are interested in the requirements
for the coupling circuit and consider relative errors in its
charging and Josephson energies. In other words, denot-
ing their optimal values by EC,opt and EJC,opt, we con-

sider δEC and δEJ = sgn(δEJC)
√

δE2
JC

+ δ(αEJC)2, where
δEν = 1 − Eν/Eν,opt for ν = C, JC. Here, the quantity δEJC
was chosen to estimate the effects of fabrication errors in
the junction in the lower branch as well as the two junc-
tions of the upper branch via a single quantity. The sign of
the errors for the smaller junction in the lower branch of the
coupler δ(αEJC) and the two junctions in the upper branch
δEJC was thereby chosen differently in order to obtain an
upper limit for the extent of the fabrication errors. The opti-
mal values are thereby given by the values found in Sec.
III A.

( )

(
) ( )

(b)

(a)

FIG. 3. (a) Residual ZZ-coupling ζ in kHz at the point of
maximally localized states for various parameter constellations
of the presented tunable coupler scheme. The dark blue line
shows the area where ZZ coupling can be completely suppressed
without accepting a higher delocalization of eigenstates at the
idle point. (b) Effective longitudinal coupling ζ and qubit wave-
function delocalization ε numerically computed from Eqs. (2)
and (4), as a function of coupler frequency. For the parameter
choice EJ /h = 41.2 GHz and α = 0.2347 used here, it is possi-
ble to switch off longitudinal interactions at the point of maximal
qubit wave-function localization tuning the coupler frequency to
ωc/2π ≈ 5.092 GHz. Since φext = 0.5 belongs to point of the
lowest possible coupler frequency, the idling point can be seen at
the far right edge of the plot.

We explore the effect of these fabrication inaccuracies
on residual crosstalk and delocalization in Fig. 4, where
the magnetic flux is adjusted such that ZZ crosstalk is min-
imal. As Fig. 4 shows, there is a broad regime, in which
ZZ crosstalk can be completely suppressed while delocal-
ization remains at a comparable level as in the ideal case,
i.e., quadratic overlap approximately 10−4 (cf. Fig. 3). This
illustrates the robustness of the proposed scheme against
fabrication errors.
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FIG. 4. Numerical simulation of the ZZ crosstalk (left) and state delocalization (right) in the presence of fabrication inaccuracies
δEC and δEJ . The magnetic flux 
ext

c was initialized such that the ZZ crosstalk is minimized. A broad regime can be seen in which ZZ
crosstalk can be completely suppressed while accepting just a small state delocalization.

Additionally, one could compensate fabrication inac-
curacies in calibration, by replacing the smaller junction
in the coupling circuit by a flux-tunable SQUID loop.
Controlling the magnetic flux allows for tuning the effec-
tive Josephson energy of the SQUID. The susceptibility
to flux noise of this element can furthermore be reduced
by using two junctions with different Josephson energies,
since the effective Josephson energy of the element then
only weakly depends on the external flux.

IV. SIMULATION OF A CZ GATE

We simulated a CZ gate [43] on the circuit model pre-
sented in Sec. III, using the QuTip tool [44,45] for python
and the C3 tool [46] to optimize the pulse shapes. The CZ
gate can be implemented by tuning the coupler to higher
frequencies. This switches on a ZZ interaction between the
qubits as shown in Fig. 3(b), which gives rise to a phase
π for the |1̃01〉 state. Holding the coupler frequency for
a sufficiently large time at the point of strong ZZ inter-
actions, the target unitary UCZ = diag(1, 1, 1, −1) can be
achieved up to single-qubit phases, which can be com-
pensated virtually. We chose this gate scheme because it
allows the qubit frequencies to be kept constant up to dis-
persive shifts due to the ZZ interaction. This approach
therefore allows neighboring spectator qubits, coupled by
further C-shunt flux couplers, to remain fully decoupled
during the gate operation. This mechanism thus avoids
possible deterioration of gate fidelities caused by spectator
qubits.

For our simulation we use Gaussian flattop pulses for
frequency tuning in order to suppress leakage state popula-
tion at the end of the gate. While the rounded pulse shapes
cause the population of the leakage states to decrease at
the end of the gate, the leakage population during the gate
is determined by the detuning of the neighboring energy
levels. In total, we simulate a CZ gate with a length of

40 ns. Its process infidelity is defined by

ε = 1 − f = 1 − 1
4

∣∣∣Tr U†
CZUsimulation

∣∣∣ (8)

and can be suppressed in this simulation for the optimal
control pulses to 2.2 × 10−4. To quantify leakage we have
computed the occupation probabilities of leakage states
after the gate and found that, for computational basis states
as inputs, this never exceeds 6 × 10−4. Thus, the system-
atic error of the gate under the approximations that were
made in this simulation is lower than the error due to deco-
herence. The latter can be estimated for state-of-the-art
transmons with a coherence time of about τ ≈ 50 µs [17]
to εdecoh. = 1 − exp(−tgate/τ) ≈ 8 · 10−4. Similar coher-
ence times have been reported for C-shunted flux qubit
circuits [41], similar to the coupler circuit we consider.

We note that our coupler model would also be suited for
other strategies to implement CZ gates, e.g., by bringing
the states |1̃01〉 and |2̃00〉 into resonance, where the phase
π is generated by a full Rabi oscillation between the two
states. We analyze this method in Appendix G.

V. LARGER CLUSTERS OF QUBITS

To show that our strategy also allows selected qubits to
be fully decoupled in larger grids, we study a chain of four
qubits as shown in Fig. 1. Our aim here is to show that
design parameters, such as the Josephson energies of the
junctions, which enable an optimal idle point in an isolated
qubit dimer, cf. Fig. 3, can be used in a large qubit grid
to fully decouple selected qubit pairs via a suitable choice
of the transition frequency or flux bias for the coupler
between them.

We thus investigate localization of computational basis
wave functions and ZZ crosstalk for the four-qubit chain
in Fig. 1, where the coupler parameters (Josephson
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( ) ( ) ( )

(
)

FIG. 5. Qubit decoupling in a four-qubit chain. The dark blue lines represent ZZ crosstalk between Q0 and Q1, Q1 and Q2, and Q2
and Q3, respectively, the black dashed line represents qubit-state delocalization. For comparison, the light blue line shows ZZ crosstalk
and the gray dashed line qubit-state delocalization for the respective qubit pairs when investigating them in isolation.

energies and capacitances) are chosen such that two adja-
cent qubits fully decouple if isolated from the remaining
qubits. While for Q1 and Q2 we took the parameters found
in Sec. III A, the frequencies ω0 and ω3 were fixed to 5.9
and 6.5 GHz, respectively. Since Q1 and Q2 have here
two neighboring qubits each, their shunt capacitances were
adjusted such that their charging energies EC remained the
same as for the isolated dimer despite the increased number
of coupling capacitances connected to them. This ensures
that the results for the four-qubit chain are comparable with
those of the isolated dimers.

As mentioned already in Sec. II, the perturbative esti-
mates indicate that full decoupling of neighboring qubits
occurs in the grid for the same parameters as in the iso-
lated dimer. In a numerically exact analysis we find that
slight modifications of the flux biases at the couplers are
needed to precisely hit the optimal idle points. Figure
5 shows ZZ crosstalk (dark blue) and state localization
(black dashed) in the presence of spectator qubits for the
qubit pairs Q0-Q1, Q1-Q2, and Q2-Q3. For comparison,
the same quantities have been plotted for the case where
the qubits are considered in isolation from their spectators
(light blue, ZZ crosstalk; gray dashed, state localization).
As can be seen, the points of maximal basis localization
and full ZZ-crosstalk suppression coincide very accurately
for both cases, while the presence of spectator qubits only
cause a slight shift of the optimal idle points to slightly
different coupler frequencies.

Our investigation thus shows that interactions beyond
neighboring qubits, which strongly decay with the dis-
tance between qubits but are nonetheless present, as well
as interactions between couplers have a small effect on
the parameters for optimal idle points, where neighbor-
ing qubits fully decouple. The slight shifts of the opti-
mal idle points, that are caused by spectator qubits, can
be compensated for by a minor adjustment of the cou-
pler frequency. We conclude from these results that our
approach to fully decouple neighboring qubits can also
be applied to large qubit grids and should thus enable

improved performance of large superconducting quantum
processors.

VI. CONCLUSIONS

In this work, we have determined criteria, which tunable
couplers should fulfill to enable a full decoupling of neigh-
boring qubits in superconducting processors. Whereas the
computational basis states can be maximally localized in
the respective qubit circuits by a suitable choice of the cou-
pler frequency, we find that the remaining ZZ interactions
can be simultaneously suppressed if the sign of the coupler
anharmonicity is chosen oppositely to that of the qubits.
We showed that this concept applies to both, isolated qubit
dimers as well as qubit pairs within larger grids.

For transmon-type qubits, this arrangement can be
achieved with C-shunt flux coupling circuits. For this
architecture, we showed via simulations of a lumped-
element model that CZ gates, which are only limited by
decoherence should be achievable. Alternatively our strat-
egy can also be applied to C-shunt flux qubits that are
coupled by transmon-type tunable couplers.

Our work suggests that using coupling circuits with
suitable, opposite sign nonlinearities as compared to the
qubits should enable significant improvements in the per-
formance of quantum processors.
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APPENDIX A: CIRCUIT HAMILTONIAN
DERIVATION

We describe the circuit shown in Fig. 6 on the level of
lumped elements using circuit quantum electrodynamics.
The dynamics of this circuit is determined by the active
nodes, which are marked red. The Lagrangian is given by

L = T − V, (A1)

where the kinetic energy T is given by

T = 1
2

̇TC
̇. (A2)

The vector 
T = (φ1, φ1c, φ2c, φ2) contains all node
fluxes and the capacitance matrix C is
given by

C =

⎛

⎜⎝

C1 + C1c + C12 −C1c 0 −C12
−C1c C1c + Cg + CC −CC 0

0 −CC C2c + CC + Cg −C2c
−C12 0 −C2c C2 + C2c + C12

⎞

⎟⎠ . (A3)

We apply a transformation to our basis of the form

S =

⎛

⎜⎜⎝

1 0 0 0
0 1/

√
2 1/

√
2 0

0 1/
√

2 −1/
√

2 0
0 0 0 1

⎞

⎟⎟⎠ , (A4)

which ensures, on the one hand, that the capacitance matrix
is diagonal dominated for C1, C2, CC, Cg � C1c, C2c �
C12, which allows a proper definition of the qubit energy
spacing and guarantees, on the other hand, that the con-
dition for the canonically conjugate variables φi and qi =
∂L/∂φ̇i

[φi, qi] = i (A5)

is still satisfied. The potential V in Eq. (A1) is given by
the sum of the qubit and coupler potentials. While the
transmon potentials are simply given by

Vi = Eeff
Ji

(φext
i ) cos φi

≈ Eeff
Ji

(φext
i )

(
−1 + φ2

i

2
− φ4

i

24

)
, (A6)

where the effective Josephson energy Eeff
Ji

is given by

Eeff
Ji

(φext
i ) = (EJi,L + EJi,R)

×
√

cos2

(
φext

i

2

)
+ d2

i sin2
(

φext
i

2

)
, (A7)

where di = (EJi,L − EJi,R)/(EJi,L + EJi,R) denotes the junc-
tion asymmetry of the qubit and φext

i = 2π
ext
i /
0 is the

external parameter, which can be controlled by a magnetic
flux.

The coupler potential reads [see Eq. (7)]

V = −2EJC cos
(

φc√
2

)

− αEJC cos
(√

2φc + φext
)

, (A8)

where φc ≡ φ− is the coupler mode coming from the basis
change 
̃ = S
. The self-capacitances of the junctions
were absorbed in C1, C2, and CC, respectively. For small
zero point fluctuations of φc we can expand the potential
around the minimum φmin

V ≈ V(φmin)

+ EJC

2

(
cos

(
φmin√

2

)
+ 2α cos

(√
2φmin + φext

))
ϕ2

c

− EJC

6

(
1√
2

sin
(

φmin√
2

)

+ 2
√

2α sin
(√

2φmin + φext
))

ϕ3
c

− EJC

24

(
1
2

cos
(

φmin√
2

)

+ 4α cos
(√

2φmin + φext

))
ϕ4

c , (A9)

where we defined ϕc ≡ φc − φmin. The prefactors of the
powers of ϕc can only be found numerically, since the
calculation of them requires solving the transcenden-
tal equation sin(φc/

√
2) + α sin(

√
2φc + φext) = 0, which

locates the minimum of the potential as a function of φext.
Finding the Hamiltonian of the system requires finding

the inverse capacitance matrix C−1, since the canonical
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ϕext,2

C1c C2c

C12

Cg Cg

ϕext

ϕext,1

CC

C1 C2
EJ1,L EJ1,R EJ2,L EJ2,R

ϕ1 ϕc1 ϕc2 ϕ2EJc EJc

αEJc

FIG. 6. Circuit diagram of two tunable transmons coupled via
a C-Shunt flux coupler.

conjugate momenta qi = ∂L/∂φi are given by

q = C
̇. (A10)

Performing the Legendre transformation we come up with
the Hamiltonian

H = 1
2

qTC−1q + V

= 4
∑

i,j =
1,+,c,2

EC,ij ninj + V, (A11)

where EC = e2/2 · C−1 denotes the charging energies and
ni = qi/2e are the charge operators normalized by the
charge of a Cooper pair. In a system, where EC/EJ � 1 we
can treat the Hamiltonian as a sum of duffing oscillators,
which can be quantized using

ni = inZPF
i

(
bi − b†

i

)
, (A12)

φi = φZPF
i

(
bi + b†

i

)
, (A13)

perturbed by small interactions. The + mode is fully
decoupled from the system due to the absence of a restrict-
ing potential and can be left out. The Hamiltonian reads

H =
∑

i=1,c,2

ωib
†
i bi + Ui

2
b†

i b†
i bibi + Kc

(
b†

cb†
cbc + b†

cbcbc
)

−
∑

i=1,2

gic
(
bi − b†

i

)(
bc − b†

c

)

− g12
(
b1 − b†

1

)(
b2 − b†

2

)
, (A14)

where the constant Kc comes due to the nonvanishing third-
order contribution in the Taylor expansion of the coupler

potential. The qubit level spacing is defined by

ωi =
√

8EC,iiEeff
Ji

+ Ui, (A15)

Ui = −EC,ii, (A16)

and the coupling constants are given by

gij = 8EC,ij nZPF
i nZPF

j . (A17)

APPENDIX B: SCHRIEFFER-WOLFF
TRANSFORMATION

The goal of the Schrieffer-Wolff transformation is to
transform the Hamiltonian in such a way that the coupling
terms between the qubits and the coupler vanish in leading
order. For this purpose we divide the Hamiltonian into

H0 =
∑

i=1,c,2

ωib
†
i bi + Ui

2
b†

i b†
i bibi − g12

(
b1 − b†

1

)(
b2 − b†

2

)
,

H1 = −
∑

i=1,2

gic
(
bi − b†

i

)(
bc − b†

c

)

(B1)

and transform it via H ′ = eSHe−S, where the antihermitian
operator S needs to fulfill the condition

H1 + [H0, S] = 0, (B2)

which is satisfied by the ansatz

S =
∑

i=1,2

gic

�ic

(
b†

i bc − b†
cbi
)− gic

�ic

(
b†

i b†
c−bcbi

)
, (B3)

when neglecting higher-order terms as well as terms that
do not affect the dynamics in the lowest lying two-level
subsystem. Here �ic = ωi + ωc and S is chosen in such a
way that the coupling processes between the qubits and the
coupler vanish in lowest order. The effective Hamiltonian
is then given by

Heff = H0 + 1
2

[H1, S] . (B4)

One can simplify the last equation by using that the cou-
pler always stays approximately in its ground state. For
gic � �ic and gic � �ic one can expand the transformed
Hamiltonian in orders of gic/�ic and gic/�ic. To leading
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order, this results in the effective two-qubit Hamiltonian

Heff =
∑

i=1,2

ω̃ib
†
i bi + Ui

2
b†

i b†
i bibi − geff

(
b1 − b†

1

)(
b2 − b†

2

)
,

(B5)

with the effective qubit frequencies ω̃i = ωi + g2
ic(1/�ic −

1/�ic) and the effective coupling constant

geff = g12 + g1cg2c

2

(
1

�1c
+ 1

�2c
− 1

�1c
− 1

�2c

)
, (B6)

which can be fully suppressed by tuning the coupler fre-
quency ωc appropriately. Since nevertheless |�1c|, |�2c| �
|�1c|, |�2c|, the coupling is fully suppressed if condition
(3) holds.

APPENDIX C: LOCALIZATION OF THE QUBIT
STATES

In this section we will show, that the qubit delocalization
parameter ε

ε = max
(∣∣〈1̃00|001〉∣∣2 ,

∣∣〈0̃01|100〉∣∣2
)

(C1)

[cf. Eq. (2)] is minimized for the vanishing coupling con-
dition geff = 0 calculated from a Schrieffer-Wolff transfor-
mation.

First, we calculate the state corrections of the qubit
states using perturbation theory, considering the coupling
terms as a small perturbation to the qubit level spacings.
The dressed states at leading order are given by

|1̃00〉 = |100〉 + g1c

�1c
|010〉

+ 1
�12

(
g12 + g1cg2c

�1c

)
|001〉 , (C2)

|0̃01〉 = |001〉 + g2c

�2c
|010〉

+ 1
�21

(
g12 + g1cg2c

�2c

)
|100〉 . (C3)

Thus, the qubit delocalization can be approximated by

ε = 1
�2

12
max

((
g12 + g1cg2c

�1c

)2

,
(

g12 + g1cg2c

�2c

)2
)

:= max (f1, f2) , (C4)

where fi(ωc) = 1/�2
12 × (g12 + g1cg2c/�ic)

2. Since ε is
positive and continuous away from the poles, i.e., where

perturbation theory is valid, the intersections of fi(ωc) can
be associated with local minima

0 != f1(ωc) − f2(ωc),

⇔ 0 = 2g12g1cg2c

(
1

�1c
− 1

�2c

)
+ g2

1cg2
2c

(
1

�2
1c

− 1
�2

2c

)
,

⇔ 0 = g12 + g1cg2c

2

(
1

�1c
+ 1

�2c

)
= geff.

(C5)

In order to identify the global minimum of ε, we first cal-
culate the zeros of geff(ωc) and then put the values we find
into f1(ωc) or f2(ωc). The zeros of geff are given by

ω±
c =1

2

(
�12 + g1cg2c

g12
±
√

�2
12 + g2

1cg2
2c

g2
12

)
. (C6)

We can now calculate ε(ω±
c ) to find the best separation of

the qubit eigenstates:

ε(ω±
c ) =

⎛

⎜⎜⎝
g12

g1cg2c
g12

±
√

�2
12 + g2

1cg2
2c

g2
12

⎞

⎟⎟⎠

2

. (C7)

We set without loss of generality �12 > 0 and distin-
guish the cases sgn(g12g1cg2c) = 1 and sgn(g12g1cg2c) =
−1. For the former ε(ω+

c ) < ε(ω−
c ), and thus the best

qubit localization is reached for ωc above the two-qubit
frequencies:

ωc = 1
2

(
�12 + g1cg2c

g12
+
√

�2
12 + g2

1cg2
2c

g2
12

)

>
1
2

(�12 + �12) = ω1. (C8)

For the latter case, we find the best qubit localization for
ε(ω−

c ) < ε(ω+
c ), so that ωc is below the qubit frequencies:

ωc = 1
2

(
�12 + g1cg2c

g12
−
√

�2
12 + g2

1cg2
2c

g2
12

)

<
1
2

(�12 − �12) = ω2. (C9)

APPENDIX D: PERTURBATIVE CALCULATION
OF THE ZZ COUPLING

The static ZZ coupling can be calculated using pertur-
bation theory as described in Sec. II B. The relevant terms
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TABLE I. Capacitances used for the simulation of the system.
All values are given in fF.

C1 C2 CC Cg C12 C1c C2c

85 85 30 70 0.23 7.9 7.9

are given by

ζ (0) = ζ (1) = 0,

ζ (2) = g2
12

(
2

�12 − U2
+ 2

�21 − U1

)
,

ζ (3) = g12g1cg2c

(
4

(�21 − U1)�2c
+ 4

(�12 − U2)�1c

+ 2
�1c�2c

− 2
�21�2c

− 2
�12�1c

)
,

ζ (4) = g2
1cg2

2c

((
1

�1c
+ 1

�2c

)2 2
�1c + �2c − Uc

−
(

1
�1c

)2 ( 1
�12

+ 1
�2c

− 2
�12 − U2

)

−
(

1
�2c

)2 ( 1
�21

+ 1
�1c

− 2
�21 − U1

))
.

The total ZZ coupling to leading order is then given by the
sum of these terms

ζ =
∑

i

ζ (i). (D1)

APPENDIX E: SUPPRESSION OF RESIDUAL
COUPLINGS WITH AN ANHARMONICITY

ASYMMETRY IN THE QUBITS

Following the procedure in Sec. II we can derive the
sweet spot for the coupler characteristics also for trans-
mons of different anharmonicities. We introduce therefore
the anharmonicity asymmetry parameter δ and define the
qubit anharmonicities to be

U1 = (1 + δ)U,

U2 = (1 − δ)U.
(E1)

Setting Eq. (5) to zero and using condition (3) we come
up with an extended equation for the perfect coupler
anharmonicity at the idling point:

Uc =−U
2

(
1 − U2

�2
12

− U
2(�1c + �2c)

+ 2δU
�12

+ 2δ2U2

�2
12

)−1

.

(E2)

In the limit δ → 0, the formula reduces to the one given in
Eq. (6). Note that the anharmonicity of the C-shunt flux

( )

(
)

FIG. 7. Pulse shapes for the tuning of coupler frequency. Tun-
ing the coupler frequency activates a ZZ interaction between the
qubits during the gate.

coupler in our simulations differs by a few MHz com-
pared to the one which would be expected by Eq. (E2).
This is due to counter-rotating wave terms in the Hamilto-
nian, which are neglected for simplicity in the theoretical
derivation of this formula.

APPENDIX F: FULL SIMULATION PARAMETERS

The parameters for the simulations shown in this paper
are oriented to state-of-the-art quantum hardware, but are
freely chosen. The capacities are listed in Table I. The

( )

FIG. 8. Simulation of a CZ gate on the presented tunable cou-
pler scheme. The curves show the population probability of the
energetically adjacent states of |1̃01〉 during the gate. Population
of these states at t = tgate is responsible for leakage errors.
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)(

)
(

FIG. 9. Pulse shapes for the tuning of the qubit and coupler
frequencies.

qubits were set at the idling point to

ω1/2π = 6.6 GHz,

ω2/2π = 6.1 GHz,

ωc/2π = 5.1 GHz.

(F1)

The two Josephson junctions in the upper branch of the
coupler have an energy of EJ /h = 41.2 GHz measured
in the 1/

√
2(φc1 − φc2) basis and the other Josephson

junction in the lower branch is smaller by a factor α =
0.2347.

The couplings at the idling point are, therefore, given by

g12/2π = 14.32 MHz,

g1c/2π = 142.98 MHz,

g2c/2π = −137.63 MHz.

(F2)

For the CZ gate we use a Gaussian flattop-shaped pulse
described by

ωc(t) = ωc, idle + ωc, int − ωc, idle

4
(
1 + erf ((t − τ)/τ)

)

× (
1 + erf

(
(tgate − t − τ)/τ

))
(F3)

to tune the system away from its idling point ωidle to an
interaction point ωint. We optimized the risefall parame-
ter τ as well as the amplitude of the envelope ωint − ωidle
for the coupler. The pulses for the optimized paramters are
depicted in Fig. 7.

APPENDIX G: FAST ADIABATIC GATE SCHEME

Another way to implement the CZ gate is to bring the
states |1̃01〉 and |2̃00〉 into resonance. If one now activates
an effective coupling between the two states by increasing

the coupler frequency, they start to oscillate. If one waits
for a complete oscillation, the state |1̃01〉 collects the phase
π , which is characteristic for the CZ gate. A plot of the
state populations for such a gate scheme can be seen in
Fig. 8.

For this gate we also use Gaussian flattop curves, which
are shown in Fig. 9. In total we simulate a gate with a
length of 20 ns. The process infidelity can be approximated
to ε ≈ 3 · 10−5, which is an order of magnitude smaller
than the error due to decoherence.

[1] M. Gong et al., Quantum walks on a programmable two-
dimensional 62-qubit superconducting processor, Science
372, 948 (2021).

[2] Z. Chen et al., Exponential suppression of bit or phase
errors with cyclic error correction, Nature 595, 383 (2021).

[3] C. Song, K. Xu, W. Liu, C. p. Yang, S.-B. Zheng, H. Deng,
Q. Xie, K. Huang, Q. Guo, L. Zhang, Pengfei Zhang, Da
Xu, Dongning Zheng, Xiaobo Zhu, H. Wang, Y.-A. Chen,
C.-Y. Lu, Siyuan Han, and Jian-Wei Pan, 10-qubit entangle-
ment and parallel logic operations with a superconducting
circuit, Phys. Rev. Lett. 119, 180511 (2017).

[4] Z. Yan et al., Strongly correlated quantum walks with
a 12-qubit superconducting processor, Science 364, 753
(2019).

[5] F. Arute et al., Quantum supremacy using a programmable
superconducting processor, Nature 574, 505 (2019).

[6] Y. Wu et al., Strong quantum computational advantage
using a superconducting quantum processor, Phys. Rev.
Lett. 127, 180501 (2021).

[7] J. Preskill, Quantum computing in the NISQ era and
beyond, Quantum 2, 79 (2018).

[8] P. Zhao, K. Linghu, Z. Li, P. Xu, R. Wang, G. Xue, Y. Jin,
and H. Yu, Quantum crosstalk analysis for simultaneous
gate operations on superconducting qubits, PRX Quantum
3, 020301 (2022).

[9] J. M. Chow, S. J. Srinivasan, E. Magesan, A. D. Córcoles,
D. W. Abraham, J. M. Gambetta, and M. Steffen, Character-
izing a four-qubit planar lattice for arbitrary error detection,
Proc. SPIE Int. Soc. Opt. Eng., 9500 (2015).

[10] D. M. Zajac, J. Stehlik, D. L. Underwood, T. Phung, J.
Blair, S. Carnevale, D. Klaus, G. A. Keefe, A. Carniol,
and M. Kumph et al., Spectator errors in tunable coupling
architectures, arXiv:2108.11221 (2021).

[11] T.-Q. Cai, X.-Y. Han, Y.-K. Wu, Y.-L. Ma, J.-H. Wang, Z.-
L. Wang, H.-Y. Zhang, H.-Y. Wang, Y.-P. Song, and L.-M.
Duan, Impact of spectators on a two-qubit gate in a tun-
able coupling superconducting circuit, Phys. Rev. Lett. 127,
060505 (2021).

[12] M. Sarovar, T. Proctor, K. Rudinger, K. Young, E. Nielsen,
and R. Blume-Kohout, Detecting crosstalk errors in quan-
tum information processors, Quantum 4, 321 (2020).

[13] C. Berke, E. Varvelis, S. Trebst, A. Altland, and D. P.
DiVincenzo, Transmon platform for quantum computing
challenged by chaotic fluctuations, Nat. Commun. 13, 2495
(2022).

[14] M. C. Collodo, J. Herrmann, N. Lacroix, C. K. Andersen,
A. Remm, S. Lazar, J.-C. Besse, T. Walter, A. Wallraff,

064037-12

https://doi.org/10.1126/science.abg7812
https://doi.org/10.1038/s41586-021-03721-x
https://doi.org/10.1103/PhysRevLett.119.180511
https://doi.org/10.1126/science.aaw1611
https://doi.org/10.1038/s41586-019-1666-5
https://doi.org/10.1103/PhysRevLett.127.180501
https://doi.org/10.22331/q-2018-08-06-79
https://doi.org/10.1103/PRXQuantum.3.020301
https://arxiv.org/abs/2108.11221
https://doi.org/10.1103/PhysRevLett.127.060505
https://doi.org/10.22331/q-2020-09-11-321
https://doi.org/10.1038/s41467-022-29940-y


TUNABLE COUPLER TO FULLY. . . PHYS. REV. APPLIED 20, 064037 (2023)

and C. Eichler, Implementation of conditional phase gates
based on tunable ZZ interactions, Phys. Rev. Lett. 125,
240502 (2020).

[15] F. Yan, P. Krantz, Y. Sung, M. Kjaergaard, D. L. Campbell,
T. P. Orlando, S. Gustavsson, and W. D. Oliver, Tunable
coupling scheme for implementing high-fidelity two-qubit
gates, Phys. Rev. Appl. 10, 054062 (2018).

[16] Y. Xu, J. Chu, J. Yuan, J. Qiu, Y. Zhou, L. Zhang, X. Tan, Y.
Yu, S. Liu, J. Liand, Fei Yan, and Dapeng Yu, High-fidelity,
high-scalability two-qubit gate scheme for superconducting
qubits, Phys. Rev. Lett. 125, 240503 (2020).

[17] Y. Sung, L. Ding, J. Braumüller, A. Vepsäläinen, B. Kan-
nan, M. Kjaergaard, A. Greene, G. O. Samach, C. McNally,
D. Kim, Alexander Melville, Bethany M. Niedzielski,
Mollie E. Schwartz, Jonilyn L. Yoder, Terry P. Orlando,
Simon Gustavsson, and William D. Oliver, Realization of
high-fidelity CZ and ZZ-free iSWAP gates with a tunable
coupler, Phys. Rev. X 11, 021058 (2021).

[18] X. Li, T. Cai, H. Yan, Z. Wang, X. Pan, Y. Ma, W. Cai,
J. Han, Z. Hua, X. Han, Y. Wu, H. Zhang, H. Wang, Yipu
Song, Luming Duan, and Luyan Sun, Tunable coupler for
realizing a controlled-phase gate with dynamically decou-
pled regime in a superconducting circuit, Phys. Rev. Appl.
14, 024070 (2020).

[19] J. Stehlik, D. M. Zajac, D. L. Underwood, T. Phung, J.
Blair, S. Carnevale, D. Klaus, G. A. Keefe, A. Carniol, M.
Kumph, Matthias Steffen, and O. E. Dial, Tunable coupling
architecture for fixed-frequency transmon superconducting
qubits, Phys. Rev. Lett. 127, 080505 (2021).

[20] E. A. Sete, A. Q. Chen, R. Manenti, S. Kulshreshtha,
and S. Poletto, Floating tunable coupler for scalable quan-
tum computing architectures, Phys. Rev. Appl. 15, 064063
(2021).

[21] A. H. Karamlou, W. A. Simon, A. Katabarwa, T. L.
Scholten, B. Peropadre, and Y. Cao, Analyzing the per-
formance of variational quantum factoring on a super-
conducting quantum processor, Npj Quantum Inf. 7, 156
(2021).

[22] R. Barends et al., Digitized adiabatic quantum com-
puting with a superconducting circuit, Nature 534, 222
(2016).

[23] A. Kandala, K. Temme, A. D. Córcoles, A. Mezzacapo, J.
M. Chow1, and J. M. Gambetta, Error mitigation extends
the computational reach of a noisy quantum processor,
Nature 567, 491 (2019).

[24] X. Xu and M. H. Ansari, Parasitic-free gate: An error-
protected cross-resonance switch in weakly tunable archi-
tectures, Phys. Rev. Appl. 19, 024057 (2023).

[25] P. Zhao, P. Xu, D. Lan, J. Chu, X. Tan, H. Yu, and Y. Yu,
High-contrast ZZ interaction using superconducting qubits
with opposite-sign anharmonicity, Phys. Rev. Lett. 125,
200503 (2020).

[26] X. Xu and M. H. Ansari, ZZ freedom in two qubit gates,
Phys. Rev. Appl. 15, 064074 (2021).

[27] J. Ku, X. Xu, M. Brink, D. C. McKay, J. B. Hertzberg, M.
H. Ansari, and B. L. T. Plourde, Suppression of unwanted
ZZ interactions in a hybrid two-qubit system, Phys. Rev.
Lett. 125, 200504 (2020).

[28] H. Goto, Double-transmon coupler: Fast two-qubit gate
with no residual coupling for highly detuned superconduct-
ing qubits, Phys. Rev. Appl. 18, 034038 (2022).

[29] D. L. Campbell, A. Kamal, L. Ranzani, M. Senatore, and M.
D. LaHaye, Modular tunable coupler for superconducting
circuits, Phys. Rev. Appl. 19, 064043 (2023).

[30] L. Ding, M. Hays, Y. Sung, B. Kannan, J. An, A. D. Paolo,
A. H. Karamlou, T. M. Hazard, K. Azar, and D. K. Kim et
al., High-fidelity, frequency-flexible two-qubit fluxonium
gates with a transmon coupler, arXiv:2304.06087 (2023).

[31] P. Zhao, P. Xu, D. Lan, X. Tan, H. Yu, and Y. Yu,
Switchable next-nearest-neighbor coupling for controlled
two-qubit operations, Phys. Rev. Appl. 14, 064016 (2020).

[32] Z. Ni, S. Li, L. Zhang, J. Chu, J. Niu, T. Yan, X. Deng,
L. Hu, J. Li, Y. Zhong, Song Liu, Fei Yan, Yuan Xu,
and Dapeng Yu, Scalable method for eliminating residual
ZZ interaction between superconducting qubits, Phys. Rev.
Lett. 129, 040502 (2022).

[33] P. Zhao, D. Lan, P. Xu, G. Xue, M. Blank, X. Tan, H. Yu,
and Y. Yu, Suppression of static ZZ interaction in an all-
transmon quantum processor, Phys. Rev. Appl. 16, 024037
(2021).

[34] A. Petrescu, C. L. Calonnec, C. Leroux, A. D. Paolo, P.
Mundada, S. Sussman, A. Vrajitoarea, A. A. Houck, and
A. Blais, Accurate methods for the analysis of strong-drive
effects in parametric gates, Phys. Rev. Appl. 19, 044003
(2023).

[35] L. Jin, Implementing high-fidelity two-qubit gates in
superconducting coupler architecture with novel parameter
regions, arXiv:2105.13306 (2021).

[36] C. Müller, J. H. Cole, and J. Lisenfeld, Towards understand-
ing two-level-systems in amorphous solids: insights from
quantum circuits, Rep. Prog. Phys. 82, 124501 (2019).

[37] S. Bravyi, D. P. DiVincenzo, and D. Loss, Schrieffer-
Wolff transformation for quantum many-body systems,
Ann. Phys. 326, 2793 (2011).

[38] G. Zhu, D. G. Ferguson, V. E. Manucharyan, and J. Koch,
Circuit QED with fluxonium qubits: Theory of the disper-
sive regime, Phys. Rev. B 87, 024510 (2013).

[39] J. Q. You, X. Hu, S. Ashhab, J. Birenbaum, A. P. Sears, D.
Hover, T. J. Gudmundsen, D. Rosenberg, G. Samach, and
S. Weber et al., Low-decoherence flux qubit, Phys. Rev. B
75, 140515(R) (2007).

[40] M. Steffen, S. Kumar, D. P. DiVincenzo, J. R. Rozen, G. A.
Keefe, M. B. Rothwell, and M. B. Ketchen, High-coherence
hybrid superconducting qubit, Phys. Rev. Lett. 105, 100502
(2010).

[41] F. Yan, S. Gustavsson, A. Kamal, Jeffrey Birenbaum, Adam
P. Sears, David Hover, Ted J. Gudmundsen, Danna Rosen-
berg, Gabriel Samach, S. Weber, Jonilyn L. Yoder, Terry P.
Orlando, John Clarke, Andrew J. Kerman, and William D.
Oliver, The flux qubit revisited to enhance coherence and
reproducibility, Nat. Commun. 7, 12964 (2016).

[42] J. Koch, T. M. Yu, J. Gambetta, A. A. Houck, D. I. Schuster,
J. Majer, A. Blais, M. H. Devoret, S. M. Girvin, and R. J.
Schoelkopf, Charge-insensitive qubit design derived from
the Cooper pair box, Phys. Rev. A 76, 042319 (2007).

[43] S. Li, A. D. Castellano, S. Wang, Y. Wu, M. Gong, Z. Yan,
H. Rong, H. Deng, C. Zha, C. Guo, Lihua Sun, Chengzhi
Peng, Xiaobo Zhu, and Jian-Wei Pan, Realisation of high-
fidelity nonadiabatic CZ gates with superconducting qubits,
Npj Quantum Inf. 5, 84 (2019).

[44] J. R. Johansson, P. D. Nation, and F. Nori, Qutip: An
open-source python framework for the dynamics of open

064037-13

https://doi.org/10.1103/PhysRevLett.125.240502
https://doi.org/10.1103/PhysRevApplied.10.054062
https://doi.org/10.1103/PhysRevLett.125.240503
https://doi.org/10.1103/PhysRevApplied.14.024070
https://doi.org/10.1103/PhysRevLett.127.080505
https://doi.org/10.1103/PhysRevApplied.15.064063
https://doi.org/10.1038/s41534-021-00478-z
https://doi.org/10.1038/nature17658
https://doi.org/10.1038/s41586-019-1040-7
https://doi.org/10.1103/PhysRevApplied.19.024057
https://doi.org/10.1103/PhysRevLett.125.200503
https://doi.org/10.1103/PhysRevApplied.15.064074
https://doi.org/10.1103/PhysRevLett.125.200504
https://doi.org/10.1103/PhysRevApplied.18.034038
https://doi.org/10.1103/PhysRevApplied.19.064043
https://arxiv.org/abs/2304.06087
https://doi.org/10.1103/PhysRevApplied.14.064016
https://doi.org/10.1103/PhysRevLett.129.040502
https://doi.org/10.1103/PhysRevApplied.16.024037
https://doi.org/10.1103/PhysRevApplied.19.044003
https://arxiv.org/abs/2105.13306
https://doi.org/10.1088/1361-6633/ab3a7e
https://doi.org/10.1016/j.aop.2011.06.004
https://doi.org/10.1103/PhysRevB.87.024510
https://doi.org/10.1103/PhysRevB.75.140515
https://doi.org/10.1103/PhysRevLett.105.100502
https://doi.org/10.1038/ncomms12964
https://doi.org/10.1103/PhysRevA.76.042319
https://doi.org/10.1038/s41534-019-0202-7


HEUNISCH, EICHLER, and HARTMANN PHYS. REV. APPLIED 20, 064037 (2023)

quantum systems, Comput. Phys. Commun. 183, 1760
(2012).

[45] J. R. Johansson, P. D. Nation, and F. Nori, Qutip 2: A
python framework for the dynamics of open quantum
systems, Comput. Phys. Commun. 183, 1234 (2013).

[46] N. Wittler, F. Roy, K. Pack, M. Werninghaus, A. S. Roy,
D. J. Egger, S. Filipp, F. K. Wilhelm, and S. Machnes,
Integrated tool set for control, calibration, and characteriza-
tion of quantum devices applied to superconducting qubits,
Phys. Rev. Appl. 15, 034080 (2021).

064037-14

https://doi.org/10.1016/j.cpc.2012.02.021
https://doi.org/10.1016/j.cpc.2012.11.019
https://doi.org/10.1103/PhysRevApplied.15.034080

	I. INTRODUCTION
	II. CROSSTALK ANALYSIS
	A. Localization of computational basis
	B. Longitudinal coupling
	C. Maximal qubit-qubit decoupling

	III. C-SHUNT FLUX COUPLER
	A. Parameter choice for the simulation
	B. Robustness against deviations in circuit parameters

	IV. SIMULATION OF A CZ GATE
	V. LARGER CLUSTERS OF QUBITS
	VI. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX A: CIRCUIT HAMILTONIAN DERIVATION
	B. APPENDIX B: SCHRIEFFER-WOLFF TRANSFORMATION
	C. APPENDIX C: LOCALIZATION OF THE QUBIT STATES
	D. APPENDIX D: PERTURBATIVE CALCULATION OF THE ZZ COUPLING
	E. APPENDIX E: SUPPRESSION OF RESIDUAL COUPLINGS WITH AN ANHARMONICITY ASYMMETRY IN THE QUBITS
	F. APPENDIX F: FULL SIMULATION PARAMETERS
	G. APPENDIX G: FAST ADIABATIC GATE SCHEME
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


