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Controllable interaction between superconducting qubits is desirable for large-scale quantum computa-
tion and simulation. Here, based on a theoretical proposal by Yan et al. [Phys. Rev. Appl. 10, 054061
(2018)] we experimentally demonstrate a simply designed and flux-controlled tunable coupler with a
continuous tunability by adjusting the coupler frequency, which can completely turn off adjacent supercon-
ducting qubit coupling. Utilizing the tunable interaction between two qubits via the coupler, we implement
a different type of controlled-phase (Cz) gate with “dynamically decoupled regime,” which allows the
qubit-qubit coupling to be only “on” at the usual operating point while dynamically “off” during the tun-
ing process of one qubit frequency into and out of the operating point. This scheme not only efficiently
suppresses the leakage out of the computational subspace, but also allows for the acquired two-qubit phase
being geometric at the operating point. We achieve an average CZ gate fidelity of 98.3 &£ 0.6%, which is
dominantly limited by qubit decoherence. The demonstrated tunable coupler provides a desirable tool to
suppress adjacent qubit coupling and is suitable for large-scale quantum computation and simulation.
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I. INTRODUCTION

As enormous progress has been made towards more
complex networks of qubits [1-8], superconducting quan-
tum circuits have become a promising implementation
for quantum simulation [9—11] and fault-tolerant quan-
tum computation [12,13]. Building large circuits requires
long coherent times of the qubit, strong interqubit inter-
action for fast and high-fidelity two-qubit gates, and
small to zero coupling between qubits when no interac-
tion is needed. For typical planar circuits with transmon
or transmon-type qubits connected through fixed capac-
itors or quantum buses, strong interaction and variable
coupling can be achieved by dynamically adjusting the fre-
quencies of the tunable qubits [4,14—16] or by applying
external microwave drives [17,18]. Parametric modula-
tion of the frequency of the qubit or the bus has also
been used to achieve tunable coupling between qubits [19—
29]. However, these approaches could not fully turn off
the interaction, and thus parasitic ZZ crosstalk coupling is
always present, resulting in a frequency shift of one qubit
depending on the state of another. This unwanted qubit
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interaction could be a limited source to degrade the single-
qubit gate performance and to accumulate the entangle-
ment phase error. In addition, because of the requirement
of the qubit frequency tunability or the relatively small
qubit-qubit detunings, these approaches also suffer from
the frequency-crowding problem.

Inserting an extra circuit element, a tunable coupler,
can offer another degree of freedom, and thus is effi-
cient for helping mitigate the above problems of unwanted
interactions and frequency crowding, while achieving a
controllable qubit interaction without introducing other
nonidealities that limit the gate performance. A variety of
tunable couplers based on a rf superconducting quantum
interference device, a tunable bus, or a tunable inductor
have previously been designed and demonstrated exper-
imentally [30-42]. Tunable couplers are thus desirable
for scalable architectures for quantum computation and
simulation applications.

In this work, following the theoretical proposal in Ref.
[43], we experimentally demonstrate a simply designed
tunable coupler capacitively coupled to two computational
Xmon qubits in a superconducting circuit [12,44—46]. This
tunable coupler is based on only one extra Xmon qubit
and is therefore easy to scale up. By adjusting the cou-
pler frequency, the qubit-qubit coupling strength can be
tuned through a combination of different coupling paths
such that a continuous tunability from positive to negative
values can be realized. Consequently, unwanted qubit
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interactions, such as parasitic ZZ crosstalk, can be com-
pletely turned off as wished. Utilizing the tunable interac-
tion between the two qubits via the coupler, we realize the
entangling gates of iISWAP and +/iSWAP with a fidelity of
96.8% and 95.0%, respectively. In addition, we implement
a different type of controlled-phase (Cz) gate by using a
“dynamically decoupled regime” (DDR) technique, which
allows the qubit-qubit coupling to be only “on” at the usual
operating point (where the two qubit states [11) and |20)
are resonant), while dynamically “off” during the tuning
process of one qubit into and out of the operating point
by simultaneously tuning the coupler frequency. Compared
to the €z gate implemented with a rectangular pulse or a
fast adiabatic pulse [47], this scheme not only efficiently
suppresses the leakage out of the computational subspace,
but also allows for a geometric m-phase accumulation
on [11) state, which is potentially more robust [48]. We
achieve an average Cz gate fidelity of 98.3 &+ 0.6%, which
is dominantly limited by qubit decoherence.

Besides, the demonstrated tunable coupler provides a
straightforward way to suppress adjacent qubit coupling
without degrading the qubit coherence. Theoretically, this
tunable coupler scheme can offer a wide coupling tun-
ability from several MHz in the positive regime to sev-
eral tens MHz in the negative regime, thus allowing for
fast two-qubit gates. The simple design of adding only
one extra Xmon qubit as the coupler is also particularly
compatible and desirable for large-scale superconducting
architectures.

II. RESULTS

A. Experimental system and theory

Our experimental device consists of three flux-tunable
Xmon qubits (Q1, C, 0») [16,49,50] with the middle one
C serving as the tunable coupler (henceforth referred to
as the “coupler”), as shown in Fig. 1(a). Figure 1(b) is
the schematic of the device. The maximum frequencies
of the two qubits and the coupler are w]™ /27w = 4.961
GHz, 0™ /2m = 4.926 GHz, and 0** /2w = 5.977 GHz.
Details of the experimental apparatus and device parame-
ters are presented in Appendix C. We first briefly discuss
the operating principle of the tunable coupler following
Ref. [43]. The system can be described by the Hamiltonian:

1 1 - -
H/h = Z Ea)iaf + za)c,aj + Z gi(o;fo. +0l0,)
i=1.2 =12

+ gi(offo, +o,07), (1)

where w, (e = 1,2,¢) are the frequencies of Oy, 0,, and
the coupler respectively, 0>+ are the corresponding Pauli
Z, raising and lowering operators, g; (i = 1,2) is the cou-
pling strength between each qubit and the coupler, g5 is
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FIG. 1. (a) Optical micrograph of three Xmon qubits with the
middle one C serving as a tunable coupler for the two com-
putational qubits (Q; and ;). Each computational qubit has
independent XY and Z control, and is coupled to a separate A /4
resonator for simultaneous and individual readout. The coupler
also has an individual flux-bias line for a frequency tunabil-
ity. The combination of direct capacitive coupling and indirect
tunable coupling via the coupler constitutes the total coupling
between the two computational qubits. (b) Schematic electrical
circuit of the device.

the direct capacitive coupling strength between the two
qubits.

In the strong dispersive regime (g; < |A;|, where
A; = w; —w.) and assuming that the coupler mode
remains in its ground state, an effective two-qubit
Hamiltonian with the variable coupler decoupled can
be derived by making the unitary transformation U =
exp{d_ i1, gi/Ai(o; o — o o)} [51,52] and keeping
to second order in g;/A;:

1
UHU'[h =} | 0] +&(0f o5 +o7of), ()
i=1,2

where @; = w; + g2/ A, is the dressed frequency and

g=gn+(@g)/A 3)

is the effective coupling strength with 1/A = (1/A; +
1/A)/2. The interaction between the two qubits thus
consists of the direct capacitive coupling and the indi-
rect virtual exchange coupling via the coupler. If A; < 0
(the coupler’s frequency is above both qubits’ frequen-
cies), the virtual exchange interaction term (g,g7)/A < 0.
Therefore, the effective coupling g can be tuned from neg-
ative to positive monotonically with increasing the coupler
frequency. Since this coupling tunability is continuous, a
critical value w7 can always be reached to turn off the
qubit-qubit coupling g(w°T) = 0. When the two qubits are
detuned, the ZZ crosstalk coupling &z can also be turned
off (see below and Appendix A).
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B. Suppressing parasitic ZZ crosstalk

We now demonstrate the tunability of the qubit-qubit
coupling strength g controlled by the coupler’s frequency.
The experimental pulse sequence is illustrated in Fig. 2(a).
Coherent excitation oscillation between Q) and O, as a
function of the flux amplitude of f. on the coupler and
time ¢ is shown in Fig. 2(b), and clearly reveals the
change of the coupling strength depending on the cou-
pler frequency. Remarkably, two flux biases of the cou-
pler, at which the qubit-qubit interaction is completely
turned off, are observed and marked by two dark dashed
lines.

The extracted g indeed varies continuously from pos-
itive to negative values and is in good agreement with
theoretical calculations (red curve), as shown in Fig. 2(d).
The small discrepancy at large negative coupling regime
owes to the deviation of the qubit-coupler coupling from
the strong dispersive condition. Given the extracted cou-
pling strength and the frequency detuning of each qubit
from the coupler, we can estimate the direct capacitive
coupling strength g, & 6.74 MHz using Eq. (3). We note
that a large negative interaction can be reached with the
decrease of the coupler frequency approaching the qubit
frequency. However, when the coupler frequency is fur-
ther reduced to be close to the qubit frequency, the virtual
excitation approximation of the coupler becomes invalid.

We extract &7z when the two qubits are detuned at
their sweet spots using a Ramsey-type experiment, which
involves probing the frequency of O, with Q; in either
its ground or excited state [53,54]. The measured &, also
depends on the coupler frequency and is shown in the inset
of Fig. 2(d). At the critical coupler frequency @° ~ 5.905
GHz, indicated by the red arrow, the measured £z /27 ~ 1
kHz and is limited by the current detection scheme. We
utilize simultaneous randomized benchmarking (RB) to
verify the isolation of two qubits at this configuration. The
simultaneous RB gate fidelities of 99.45% and 99.40%
are nearly the same as the individual RB gate fidelities
of 99.44% and 99.41% for O, and O, respectively, as
shown in Fig. 2(e). For comparison, when the two qubits
are biased in the same configuration as above but with
&77/2m = —0.45 MHz, the simultaneous RB gate fideli-
ties on both qubits are lowered by about 0.54% (Q)) and
0.93% (Q,). This contrast illustrates the importance of the
tunable coupler for precise qubit control.

C. Implementing the CZ gate with dynamically
decoupled regime

With the tunability of the coupling, we now move to
the implementation of two-qubit entangling gates. The
iSWAP and +/iSWAP gates are quite natural based on
the Hamiltonian of Eq. (2) [37]. Their measured xexp
from quantum-process tomography (QPT), which can give
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FIG. 2. (a) Pulse sequence to characterize the tunability of the

coupler. The two qubits are initialized in the ground state at their
sweet spots with a detuning of 35 MHz. The coupler is originally
set at w./2m = 5.905 GHz where the coupling between the two
qubits is nearly off. A 7 pulse is first to excite (,, followed by
two simultaneous fast flux pulses: f; brings Q; into resonance
with O,; f. on the coupler to turn on the coupling. After the
two qubits interact and evolve for time ¢, Q) and the coupler are
pulsed back to the original points for measurements of qubit pop-
ulations. (b) Population of O, as a function of the amplitude of

fc and ¢ clearly reveals the tunability of the coupling strength.

The two dark dashed lines indicate the situation where the cou-
pling is off. (c) Population of Q; as a function of time with the
coupling on (orange dots) or off (black dots). (d) The effective
qubit-qubit coupling strength g/27 (black circles) extracted by
fitting the oscillation of the qubit excitation in (b) as a function
of the flux-bias amplitude on the coupler. The red line is a fit to
the extracted g according to Eq. (3). The coupler frequency (blue
dots) can be measured independently by probing the dispersive
shift of the qubit frequency when pulsing the coupler into the
excited state. Inset: the ZZ crosstalk coupling &7,/2mw measured
in a Ramsey-type experiment when the two qubits are detuned
and at their sweet spots. The red arrow indicates where the cou-
pling is off. (e) Individual and simultaneous RB for Q; and O,
with &77/2m =~ 0 and —0.45 MHz, respectively.

full information about the gate process [55], are pre-
sented in Fig. 3 with a gate fidelity of 96.8% and 95.0%
respectively. Here we focus on the Cz gate. The CZ gate
is implemented by using the usual avoided crossing of the
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(a) Real part

Imaginary part

FIG. 3. (a),(b) Bar charts of the measured x., from a QPT

for iSWAP and /iSWAP with a gate fidelity of 96.8% and 95.0%,
respectively. The solid black outlines are for the ideal gate.

noncomputational state |20) with the |11) state [Fig. 4(a)],
which is only accessible to |11) and thus provides the con-
ditional nature of the gate to flip the phase if and only if
both qubits are excited [15,56—-58].

The fully controllable interaction of the coupler allows
for turning the coupler “on” or “off” as wished. The ideal
scheme of implementing a CZ gate with a coupler is to have
both qubits initialized in the operating point where |11)
and |20) have the same energy with the coupling “off,” and
then slowly turn on the coupler for proper time to imple-
ment the gate. This method can avoid adjusting the qubit
frequency, and thus reduce the leakage error. However, the
unwanted crosstalk of the XY control lines in our device
could degrade single-qubit gate performance because of
the zero detuning between w, of O and wy; of O,. There-
fore, the qubits are initially detuned and at their sweet spots
with the coupling “off.”

The simplest case is to use rectangular fluxes to simul-
taneously pulse the qubits to the avoided-crossing point
and turn on the coupling. Both our measurement and
simulation reveal that the leakage out of |11) can be effec-
tively suppressed in the positive coupling regime rather
than the negative one. This is evidenced by the observa-
tion of high-frequency oscillations [the middle panel in
Fig. 4(e)], which cause unwanted leakage error. However,
due to the weak positive coupling strength, a relatively
long gate time (fz = 222 ns) is required to accomplish the
Cz gate. The average Cz gate fidelity is 95.5% from the
QPT measurement.

To improve the gate fidelity, we use a “dynamically
decoupled regime” scheme to implement the CZ gate. Note
that DDR defined here differs in explication from the term
“dynamical decoupling” used in coherent control pulse
methods to suppress the dephasing error [59]. This scheme
can not only efficiently suppress the leakage out of the
computational subspace but also allow us to perform the
gate in the negative coupling regime with larger interaction
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FIG. 4. (a) Schematic to realize the CZ gate using the usual

[11) and |20) resonance. (b) Flux sequence to realize the Cz gate
with DDR. The Q) frequency is unchanged during the process. A
gradual flux pulse (for a cosine-type frequency adjustment) on O,
is to tune its frequency to the operating point, while a flux pulse
on the coupler with an appropriate pulse shape to dynamically
keep the coupling “off” (the shaded regions). The coupling is then
turned on by applying another gradual flux pulse on the coupler
(for a cosine-type coupler frequency adjustment) for proper two-
qubit interaction time to acquire the required m-phase shift on
[11). (c),(d) Confirmation of the “off” state of the coupling in the
DDR and the corresponding measurement sequences. Top: the
population of |11) state shows purely exponential decay without
any oscillation. Middle: phase accumulation of [01) with respect
to |00). Bottom: phase accumulation of |11) with respect to |10).
The difference between the lower two panels shows zero phase
accumulation of | 11), confirming zero coupling. (e) Population of
|11) in three different schemes to realize the €z gate. Upper: rect-
angular pulses to have a positive coupling strength. tzg = 222 ns
is required for realizing the standard two-qubit Cz gate. Middle:
rectangular pulses to have a negative coupling regime. Obvious
high-frequency oscillations occur and indicate the leakage out of
[11). Lower: DDR pulses to have a large negative coupling but
with a smooth oscillation. A Cz gate can be accomplished with
a gate time 7p=119 ns. (f) Bar chart of the measured real part of
Xexp from a QPT shows a gate fidelity of 98.3 &= 0.6%. The solid
black outlines are for the ideal gate.

strength for a shorter gate time. The DDR scheme can be
understood by mapping the interaction between the states
[11) and |20) onto a Hamiltonian of a qubit H = Hyo, +
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H.o] [47], where H, is the coupling energy between the
states |11) and |20), H, is the frequency detuning of |11)
from the resonance point of the avoided crossing, and o,
and o, are the corresponding Pauli operators, which are
distinguished from those on the computational qubit. For
the typical direct coupling scheme without a coupler where
the coupling energy o term is fixed, the CZ gate is realized
by adjusting only the o/ term, such as the one implemented
with a rectangular pulse, fast adiabatic pulse, or nonadi-
abatic pulse [47,58]. While for the DDR scheme with a
coupler, both the ¢/ term and the ¢, term can be varied as
wished.

The experimental flux sequence is shown in Fig. 4(b).
We use a gradual flux pulse on O, to tune its frequency to
the operating point, while dynamically keeping the cou-
pling “off.” This DDR is achieved by applying a flux
pulse on the coupler with an appropriate pulse shape cal-
culated by Eq. (3) and is further optimized to assure the
zero coupling during the whole qubit frequency-changing
process [the shaded regions where H, = 0,H, = H,(?)].
After that, we slowly turn on the coupling by apply-
ing another gradual flux pulse on the coupler and wait
for proper time for the two-qubit interaction to acquire
the w-phase shift on |11) [H, = H,(f), H, = 0]. The “off”
state of the coupling in the DDR is confirmed by mea-
suring the population change and phase accumulation of
[11) state with the same flux pulses as in Fig. 4(b) (the
DDR and the dashed line in the middle). The experimen-
tal results and sequences are shown in Figs. 4(c) and 4(d),
respectively.

We choose an appropriate negative coupling strength to
perform the Cz gate, balancing the gate time and qubit-
coupler leakage induced by the non-negligible excitation
of the coupler. The larger interaction strength reduces the
Cz gate time to fp = 119 ns [bottom panel in Fig. 4(e)]
and the gate fidelity is improved with an average QPT
fidelity of 98.3 £ 0.6%. The measured Xy, is shown in
Fig. 4(f). Moreover, the observed two-qubit 7r-phase accu-
mulation is geometric, which is potentially noise resilient
to frequency fluctuation during the gate operation. The
coupler frequency can be further lowered for a higher cou-
pling strength such that the Cz gate time can be reduced
to tp = 68 ns. However, due to a larger leakage between
the qubit and the coupler, the gate fidelity is slightly
lower. It is worth mentioning that we also consider a
synchronization optimization strategy to mitigate leakages
from not only the qubit-qubit |01) and |10) swap channel
but also the qubit-coupler real-energy exchange channel
[60].

III. DISCUSSION

Because the tunable coupler provides an extra degree
of freedom and can fully suppress the qubit coupling, the
Cz gate with the DDR scheme should be insensitive to

qubit parameters. Based on a numerical simulation (see
Appendix E), in the absence of qubit decoherence, the
QPT fidelity of the cz gate with the DDR scheme can
be above 99.99% (with “mesolve” in QuTip [61,62]). For
comparison, we also numerically simulate the Cz gate
implemented for the direct coupling case with a fast adia-
batic pulse [47]. We choose the same qubit idle frequencies
and qubit-qubit coupling strength to ensure the same gate
time (approximately 120 ns) as the DDR scheme, and
include the first three coefficients of Fourier basis func-
tions in the pulse optimization with the “fmin” function
in PYTHON. The resulted maximum Cz gate fidelity F' ~
99.60%, with an error significantly larger than that from
the DDR scheme, because the fast adiabatic pulse is more
sensitive to qubit parameters and pulse optimization. We
note that more Fourier coefficients in the fast adiabatic
pulse can be included to improve the Cz gate fidelity,
but at the expense of more optimization parameters and
harder optimization. A high-fidelity, fast adiabatic CZ gate
would be even more challenging because of the unwanted
crosstalk when the qubit system becomes larger. By con-
trast, the Cz gate with the DDR scheme should maintain
its robustness and convenience, and therefore would be
particularly suitable for large-scale superconducting cir-
cuits.

In the current experiment, the measured CZ gate fidelity
is dominantly limited by the qubit decoherence, while the
coupler decoherence has little effect on the gate fidelity
since the coupler remains in the ground state. Optimization
of coupler design for better parameters would be helpful
to achieve a higher coupling strength while decreasing the
leakage error and consequently get a shorter CZ gate time
with an improved gate performance. Besides, other pulse
shapes to turn on the coupling may further suppress the
leakage and need future exploration. In addition, improv-
ing fabrication technology to minimize crosstalk between
XY lines can offer the possibility of realizing a more ideal
Cz gate [63]. Finally, by adopting the Nelder-Mead opti-
mization protocol [64], we could further improve the Cz
gate fidelity to a higher level.

In summary, we experimentally realize a simple proto-
type of a flux-controlled tunable coupler. The competition
between the positive direct and negative indirect coupling
allows for a continuous tunability and for switching off
the coupling completely. With this coupler, we imple-
ment two-qubit entangling iSWAP, +/iSWAP, and CZ gates.
In particular, the Cz gate is realized with fully dynam-
ical control over the qubit-qubit coupling: the coupling
is only on at the operating point to acquire a geometric
two-qubit phase, while being off during the tuning pro-
cess of the qubit frequency. We achieve an average CZ
gate fidelity of 98.3 + 0.6%, characterized via QPT and
dominantly limited by system decoherence. The demon-
strated tunable coupler therefore provides a desirable
tool to suppress adjacent qubit coupling and is suitable
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for large-scale quantum computation and simulation
[9-11,65].
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APPENDIX A: CALCULATION OF THE
EFFECTIVE QUBIT COUPLING g AND ZZ
CROSSTALK COUPLING &z,

To study the tunable coupling strength between Q; and
0>, we consider the system Hamiltonian,

H==H,+7V,
Hy/h = Z a),-a;“ai + Elafa;“aiai,
i=1,2,c
V/h = Z gjc(a]_"—ac +a;al) + gn(afa + aray),
j=12

(AT)

where w; and n; (i = 1, 2, ¢) are the frequencies and anhar-
monicities of Q1, 01, and the coupler respectively, a;” and
a; are the corresponding raising and lowering operators,
gic (7. = 1, 2) is the coupling strength between each qubit
and the coupler, and g, is the direct capacitive coupling
strength between the two qubits.

When we only consider the ground and the first excited
states of the Xmon qubits, based on the Schrieffer-Wolff
transformation [51,52], the effective coupling g between
0; and O, would be [43],

82c81c
2Ny,

82c81c
2A 1,

g = + g2, (A2)

where A;. = w; — w, is the frequency detuning between
the qubit and the coupler.

To calculate the parasitic ZZ crosstalk coupling &,
between Q; and (> when they are detuned, however, it
is not enough to only keep up to the second order in the
Schrieffer-Wolff transformation. Here we use the perturba-
tion approach [66,67] to derive the parasitic ZZ crosstalk
coupling to second, third, and fourth order of the Hamilto-
nian (Al). We define &7 = w1; — wo; — wjp between Q)

and Q5. The corresponding perturbation terms are

@ 2(g12)*(n1 + m2)

= , A3
T (A ) (A — 1) (A3)
5(3)—2g 218 [L <;_L)
“ 1261c52¢ Npe \A21 =11 Apy
n 1 ( 2 1 )] (Ad)
A \Ap—m A/’
@ _ 2@ ( B )2
“ Alc + AZC — e Alc AZC
L 81080’ ( 2 11 )
(A10)? Ap—m A Ay
¢ 2 ¢ 2 2 1 1
+(g1)(g22)< 1 >,(A5)
(Aze) Ay —m Ay Ape

where Ay = w; —w; (i,j =1,2,¢;i #j). Because gi» <«
Zic, we omit the gj, term in the derivation of the fourth-
order perturbation. Finally, £, = Z(? + 52) + “.;‘2) and the
perturbation calculation is compared with the experiment
and the numerical simulation based on QuTip [61,62],
as shown in Fig. 5. The experiment agrees fairly well
with the numerical simulation. The deviation between the
experiment and the perturbation calculation may be due
to the higher-order terms. When the detuning between
the coupler and the qubits decreases, we can see a larger
deviation, indicating the higher-order perturbation terms
become more important. The experiment, simulation, and
perturbation calculation all reveal that £z, can be tuned
from negative to positive continuously, and thus we can
always find a critical point to fully turn off £z between Q,
and Q.

0.0
-0.2
-0.4
N
L 06 Measure ZZ couple
= 7
0 Q
<§ -0.8 ) % 2 01
3 0 2
-1.0 +Coupler
—e— Experiment
1.2 —— Numerical simulation
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-1.4 . . . . . .
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FIG. 5. ZZ crosstalk coupling &7, versus coupler frequency

when the two qubits are detuned and at their sweet spots as in the
inset of Fig. 2 of the main text. Inset: the experimental sequence
for measuring ZZ crosstalk coupling &7, at a specific coupler flux
bias.
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APPENDIX B: QUANTUM-PROCESS
TOMOGRAPHY

The two-qubit quantum gates are characterized with
quantum-process tomography. Generally, the qubits are
initialized to the following 16 states {|g), le), (lg) +
|e>)/\/§, (lg) — 1'|e))/«/§}®2 with the proper single-qubit
rotations. After the gate that needs to be characterized,
the corresponding final two-qubit state is reconstructed
from state tomography measurements with 16 prerota-
tions {/,X /2,Y/2,X}®?, where I is the identity operator,
X,Y,X /2, and Y/2 are single-qubit & and /2 rotations
around X and Y axes, respectively. With the 16 initial states
pi, the experimental process matrix Xy, can be extracted
from the 16 corresponding final states p, through pr =

Zm’n anEmpiEZ [68], where the basis operators E,, and

E, are chosen from the set {/, o, —ioy, 0.}%%.

However, the real experiment is not perfect. For exam-
ple, the generated p; are not ideal due to the initial
state preparation errors; the final state tomography could
also be nonideal due to the readout errors. To solve this
problem, we first use state tomography to characterize
the preparation of the initial states. The measured initial

states p;"** are then used to extract ye, through pr =

1
> o anEmplmeaSE; . The gate-process fidelity is finally
calculated through F' = Tr(Xexp Xideal), Where Xigea is the
ideal process matrix for the corresponding gate.

APPENDIX C: DEVICE FABRICATION,
EXPERIMENTAL SETUP, AND DEVICE
PARAMETERS

Our experimental device consists of three flux-tunable
Xmon qubits (Q1, C, Q>) with the middle one C serv-
ing as the tunable coupler. Fabrication of this sample
includes three main steps: (1) aluminum deposition onto
a c-plane sapphire substrate followed by photolithogra-
phy and inductively coupled-plasma etching to define all
the base wiring and resonators; (2) two photolithography
processes, aluminum deposition, and wet etching to con-
struct airbridges [69]; (3) e-beam lithography with two
layer e-beam resists and double-angle aluminum deposi-
tion to make Josephson junctions. Airbridges are mainly
used to connect segments of ground planes in order to
reduce parasitic slotline modes. We also apply flux trap-
ping holes (square holes of side length of 2 um) to reduce
magnetic vortices loss [70].

The full parameters of the qubits and the coupler are
shown in Table I with the coupling capacitances defined
in Fig. 6. Our sample is measured in a dilution refrigera-
tor with a base temperature about 20 mK, and the details
of our measurement circuit are shown in Fig. 7. We use
two XY control lines to manipulate the qubit states, three
flux lines to modify the qubit and the coupler frequencies,

TABLE I. Device parameters.
Qubit parameter O [0))
Readout resonator frequency (GHz) 6.825 6.864
Qubit maximum frequency (GHz) 4.961 4.926
T\ (sweet point) (us) 14 13.7
T, (sweet point) (us) 8.4 4
T (sweet point) (us) 8.7 4.4
n/2m (MHz) —206 —202
Xqr/2m (MHz) —-0.4 —-0.4
gqr/2m (MHz) 86.6 90.6
Coupler parameter Simulation Experiment
n./2m (MHz) —254
Ci.(i=1,2) (fF) 24
Ci; (fF) 0.13
Coupler frequency (GHz) 6.3 5.977
gic/2m (i =1,2) (MHz) 81.3 76.9
g12/27 (MHz) 3.8 6.74

and one input-output line to readout both qubits simul-
taneously. The XY control pulses are generated from a
signal generator modulated by a four-channel arbitrary
waveform generator (AWG), while flux pulses are directly
generated from AWGs. Finally, a broadband Josephson
parametric amplifier (JPA) [71—74] is used for high-fidelity
simultaneous single-shot readout.

Derivative removal adiabatic gate (DRAG) [75] pulse
is used for single qubit rotation to reduce the leakage to
higher qubit levels. Due to thermal population of the qubits
and the coupler, and nonperfect separation of the ground
and excited states for each qubit, the qubit readout results
are reconstructed by using Bayes’ rule with a calibration

matrix:
_ Fg  1—-F,
Ms; = ( 1-Fy  F, ’

where Fg; and F,; are the readout fidelity for the jth
(j = 1,2) qubit in the initial steady state without and with a
following 7 rotation, respectively. The calibration process
is similar to that in Ref. [26].

Besides, we measure the flux-line-crosstalk matrix M,
among the flux control lines (both qubits and the cou-
pler) in the device. Although there is no readout cavity

%1 [[a 18

FIG. 6. Schematic electrical circuit of the device.
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Measurement setup. Our measurement circuit contains three AWGs (two Tek5014C and one Tek70002A), three signal

generators, and other microwave components. The XY control pulses are generated from a signal generator modulated by the AWG.
Flux pulses are generated directly from Tek5014C (for Q;) and Tek70002A (for O, and the coupler). Readout signal is amplified by
a JPA at the base, a HEMT amplifier at 4 K and two room-temperature amplifiers, and finally down-converted and digitized by an

analog-to-digital converter (ADC).

for the coupler, the coupler frequency can still be mea-
sured through the qubit-coupler dispersive shift (discussed
below). The inverse of M, gives the orthogonalization
matrix M, which allows for independent control of the
only desired qubit or the coupler:

0.9963  0.0096 0.0264
—0.0798 0.9997 0.0094
—0.0116 0.0384 0.9974

M. =M"=

z

The small flux-line-crosstalk is due to the good ground-
plane connection by using airbridges even though the
coupler is geometrically close to the two qubits.

APPENDIX D: MORE MEASUREMENT RESULTS

1. Coupler spectrum and qubit-coupler coupling
strength

In our experiments, due to the lack of the readout
resonator for the coupler, we cannot directly detect the
coupler’s thermal population and spectrum. Here, we just
simply assume a similar thermal population for both the
coupler and the computational qubits. We can, however,
indirectly probe the coupler spectrum via the qubit-coupler
dispersive shift, by driving the coupler with the XY control
line of Q; followed by a population measurement of Q,.
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FIG. 8. Measured coupler spectrum. We drive the coupler
through the XY control line of Q; by applying a microwave pulse
at variable frequency with a rectangular envelope of a duration of
500 ns, followed by a population measurement of O, with a wide
selective Gaussian pulse. Inset: schematic of the measurement.
The two computational qubits (Q; and ;) are shown in blue and
green respectively, and the coupler is shown in purple.

The coupling between each qubit and the coupler causes a
dispersive frequency shift when they are far detuned as

2
i = i) (ni +1me) D1)
2(Aic - nc)(Aic + 'h)
The experimental results of the coupler spectrum are
shown in Fig. 8.

The qubit-coupler dispersive shift may also decrease
the single-qubit gate fidelity when the coupler has a
large thermal population. However, in our experiments,
the single-qubit gate is implemented when the frequency
detuning is large between the qubits and the coupler. Thus,
the coupler’s thermal population has little effect on the
single-qubit gate fidelity and overall system preparation. In
addition, we believe, through carefully designing our sam-
ple and fridge environment, the coupler thermal population
can be suppressed to a very low level.

The coupling strength between each qubit and the cou-
pler can be measured in a swap operation between them.
We perform the qubit spectroscopy measurement while
varying the coupler frequency and biasing the other qubit
far away. The anticrossing in the spectrum can be seen as
shown in Fig. 9 and the qubit-coupler coupling strength g,
can be extracted.

2. Operation range with negative coupling strength

To perform the iSWAP and +/iSWAP gates, we need to
choose an appropriate coupling strength by varying the
coupler frequency when the two qubits are tuned into res-
onance. To tune the qubit and the coupler, we use fast
rectangular flux pulses for the measurements shown in
Fig. 3 in the main text.

5.05 5 3

495t | ————————

Frequency (GHz)

4.85 - s -
~198 -175 -153 -130

Coupler flux amp. (mV)

FIG. 9. Qubit-coupler anticrossing. At the resonance point,
anticrossing of the energy level is observed and the separation
characterizes the coupling strength.

In order to achieve fast two-qubit gate operations, the
coupling strength needs to be large. The positive cou-
pling strength is defined and limited by the geometry of
the device, while the negative value can be varied by tun-
ing the coupler frequency. However, the coupler frequency
cannot be tuned too close to the qubit frequency for a
large negative coupling strength without causing direct
energy exchange between the qubit and the coupler, i.e.,
the leakage out of the computational space. Figure 10(b) is
an enlargement and finer sweep of Fig. 2(b) of the main
text. The red dashed line shows an approximate thresh-
old, a lower threshold for the coupler frequency, below
which small ripples in the population oscillation of O,
start to show up, indicating non-negligible excitation of the
coupler. The leakage out of the computational space can
also be directly measured by monitoring the population of
[11) state when both qubits are excited. The experimental
results are shown in Fig. 10(c). Again, below the thresh-
old of the coupler frequency, the population of |11) state
starts to deviate from the desired exponential decay. The
experimental sequences for the measurements performed
in Figs. 10(b) and 10(c) are shown in Fig. 10(a).

3. Qubit coherence

One of the advantages of this prototype of coupler is
the flexibility and compatibility to a large-scale architec-
ture. The positive coupling strength is defined by the direct
coupling between the two Xmon qubits, while the nega-
tive coupling is provided by the coupler. The competition
between the positive direct and negative indirect coupling
allows for a continuous tunability and for switching off the
coupling completely. The change of sign of the coupling
strength could also provide a valuable degree of freedom
for future quantum simulation applications.

Besides, this coupler scheme can also have little impact
on the qubit coherence through careful design, although

024070-9



X.Lletal

PHYS. REV. APPLIED 14, 024070 (2020)

(a) (b) , (c)
4 ) = -92 556
—_[7 < -60 r S R
‘0> T Qu E 9 g g
o) —ip——— q, ey > o —104 549 3
_ Coupler €120 [ S E S
~ ~ g s X -
=) (0] = [}
e N = &I £
i 5 _180 & 3 G
[o) —ifp— —{FA— o e T 5 E
o
[0) Q 3 8 © S
SR ey !
_ courle) —240 . ,
0 100 200 300 400 500 0 280 560 840 1120 1400
Time (ns) Pop. Time (ns)
0 02 04 06 08

FIG. 10. Lower threshold for the coupler frequency. (a) Pulse sequences to measure the operation range with negative coupling
strength. (b) An enlarged part of Fig. 2(b) in the main text. The swap interaction is completely turned off at the marked dark dashed
line, while the red dashed line indicates the approximate threshold for non-negligible excitation of the coupler. (c) Direct leakage
experiment for finding the approximate threshold of the coupler frequency. The two qubits are initialized in |11), then are tuned into
resonance while varying the coupler frequency, and finally the population of |11) state is measured. The red dashed line shows the

threshold of having leakage out of the computational space.

the coupler is capacitively coupled to both qubits and may
offer an additional decay channel to the qubits. In addi-
tion, the coupler flux-bias line may inductively couple to
the qubits and affect their coherence. We measure the qubit
coherence times at different coupler frequencies, as shown
in Fig. 11. In the operation range above the threshold, the
qubit coherence times remain unaffected regardless of the
coupling strength.

4. Calibration of the Cz gate

We first show the calibration of the standard cz gate
implemented by using rectangular flux pulses. We conduct
the Ramsey measurements to extract the single-qubit phase
¢o1 and the two-qubit conditional phase ¢, as shown in
Fig. 12(b). The solid lines are fits to sinusoidal oscillations.

20 . . — —
| «— Threshold ¢ QubittT, @ Qubitt Ty
\ ¢ Qubit2T, e Qubit2 Ty
15} } 3/27= 6.3 MHz F/2m= 0 MHz 327=1.1MHz ]
} l ' [ ] L] l l
g 8 : ° d ¢ H H
10} | ) ° _
£ ] ‘
= \
5L1 _
\
I ‘o ** ¢ S * ¢ ¢
\
oLl L L L L
5.34 5.63 5.83 5.94 5.98
Coupler frequency (GHz)
FIG. 11. Qubit coherence times versus coupler frequency.

When the coupler frequency is above the threshold for non-
negligible excitation of the coupler, the qubit coherence times
remain nearly unaffected. Three specific coupling strengths are
marked by the black arrows.

A m-phase shift between ¢y; and ¢;; curves is observed
when both qubits are excited. We correct the single-qubit
phases in software to acquire the desired CZ gate with the
unitary matrix as diag{1, 1,1, —1}. The cz gate fidelity is
estimated to be 95.5% on average from the QPT measure-
ment. We use the same method to calibrate the conditional
7 phase of the cz gate with the dynamically decoupled
regime mentioned in the main text.

Q1 Q1

Q2
RN pay S Coupler

(b) . :

Q2
RN pay S Coupler

o1 = 123.94°

Population

@11=303.57° b
0 1 2 3 4
Pulse phase angle ()
FIG. 12. ¢z gate calibration. (a) Experimental sequences to

measure ¢, phase accumulation of |01) with respect to [00),
and ¢;;, phase accumulation of [11) with respect to [10). (b)
Probabilities of measuring [01) and |11) versus the phase of the
second /2 pulse. The sinusoidal oscillations reveal the phases
acquired in the Ramsey measurements for the two-qubit states
[01) — €/®01|01) and |11) — €11]11), respectively. The solid
lines are fits to sinusoidal oscillations. With a standard Ccz gate
time of 7z = 222 ns, a w-phase shift between the orange and
green curves is observed.
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APPENDIX E: SIMULATION OF THE cz GATE

We simulate the €z gates with QuTip in PYTHON [61,62].
First, we confirm the coupler decoherence has little effect
on the €z gates. The coupler frequency can be tuned in a
large range. If the coupler frequency is far detuned from
its sweet spot, the dephasing of the coupler will increase
significantly. We compare the Cz gate fidelities for two
cases in which the coupler dephasing time 7, = 5 us and
T, = 0.5 us, and find there is nearly no difference between
them. This is because the coupler remains almost on the
ground state for the whole process.

We then simulate the standard Cz gate implemented
by the rectangular flux pulse (with “mesolve” in QuTip).
The population evolution of each state with an initial state
|01CQ,) = |4+0+) is shown in Fig. 13(a), where |+) =
(lg) + le))/ V2. In this case, the coupler frequency is tuned
to 5.337 GHz and the total qubit-qubit coupling is neg-
ative. We observe significant high-frequency oscillation

(a) : : : :
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FIG. 13. Simulation of the population evolution of each state

during the €z gate with an initial joint qubit-coupler state
|01CQO,) = |+0+). (a) cz gate with rectangular flux pulses. (b)
Cz gate with DDR.

between |101) and |200). This nonideality comes from the
population exchange between the coupler and the qubit,
evidenced by the oscillation between |010) and |100). The
swap oscillation between |001) and |100) is due to the
anharmonicity of the qubits. After a synchronization opti-
mization strategy [60], we can achieve the fidelity of this
type of cz gate F' =98.75% in 90 ns with no system
coherence.

As a comparison, the population evolution of each state
for the cz gate with the DDR scheme with the same initial
state |01 CQ;) = |+04) and with the same solving meth-
ods is shown in Fig. 13(b). In this simulation, the gate
time is 120 ns including DDR. The oscillation amplitude
between the coupler and O, decreases significantly when
the coupler is turned on. If we use a slower cosine rising
edge, the oscillation amplitude gets even smaller, but at the
cost of a longer operation time. Most importantly, when we
slowly turn off the coupler by tuning up the coupler fre-
quency, the swap oscillation between the coupler and O
gets much weaker, so the population of the coupler would
slowly oscillate back into the computational space.

Based on simulation, this Cz gate fidelity could be
as high as F =99.998% after careful synchronization
optimization strategy [60], provided there is no system
decoherence. Given the experimental coherence times,
a simulated cz gate fidelity F = 98.1% is acquired, in
good agreement with the measured F = 98.3 £ 0.6% in
the main text. In fact, such variations of the experimen-
tal gate fidelity are mainly due to two reasons. First, in our
experiment, the measured histogram threshold between the
ground state and the excited state of each qubit could fluc-
tuate with time due to low-frequency drift in the measure-
ment setup. Following the Bayes rule calibration method
(details can be found in Appendix C), we would acquire a
measurement fluctuation distribution, and thus a variation
of the gate fidelity. Second, the coherence of each qubit
also varies with time. On one hand, this can affect the gate
performance and thus lead to a fluctuating Cz gate fidelity;
on the other hand, the simulated gate fidelity sensitively
depends on the coherence times we use. Our simulation
shows that the Ccz gate fidelity can be improved from F =
98.1% to F' = 98.3% by increasing 75 of each qubit by only
about 10%.

In addition, we also follow the method developed in
Ref. [55] to extract error sources in our experimental CZ
gate. We find that the decoherence error is the main error
source with a contribution of about 1.14%. Other errors,
contributing only 0.56% in total, may come from the state
preparation and measurement errors (details can be found
in Appendix B).

Because of the unwanted transitions, we cannot acquire
a complete geometric w phase for the CzZ gate with DDR.
The simulation shows the geometric contribution to the &
phase is about 98.3%. We have to tune the operation point
slightly away from the resonance between |101) and |200)
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to accumulate a small dynamical phase (about 3 degrees)
to realize the required 7 phase.

With the extra degree of freedom provided by the tun-
able coupler, a more efficient pulse shape can be optimized
to achieve a Cz gate with a higher fidelity and lower
unwanted leakage in future experiments. This deserves
future exploration.
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