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Nonadiabatic geometric quantum computation (NGQC) has attracted a lot of attention for noise-resilient
quantum control. However, previous implementations of NGQC require long evolution paths that make
them more vulnerable to incoherent errors than their dynamical counterparts. In this work, we exper-
imentally realize a universal short-path nonadiabatic geometric gate set (SP NGQC) with a 2-times
shorter evolution path on a superconducting quantum processor. Characterizing with both quantum pro-
cess tomography and randomized benchmarking methods, we report an average single-qubit gate fidelity
of 99.86% and a two-qubit gate fidelity of 97.9%. Additionally, we demonstrate superior robustness of
single-qubit SP NGQC gate to Rabi frequency error in some certain parameter space by comparing their
performance to those of the dynamical gates and the former NGQC gates.
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Quantum computation now is entering the “noisy
intermediate-scale quantum” (NISQ) technology era [1],
with the fact that quantum processors are susceptible to
environmental fluctuations and operational imperfections.
To realize quantum logic surpassing the fault-tolerance
threshold for large-scale quantum computation [2—4], a
universal set of quantum gates, including arbitrary single-
qubit gates and a nontrivial two-qubit gate [5,6], is in great
request with not only high gate fidelity but also robustness
to ambient noise.

Recently, close attention is paid to the geometric phase
due to its intrinsic noise-resilience features [7—10]. Unlike
the dynamical phase that comes from the time integral of
energy, the geometric phase depends only on the evolu-
tion path and is immune to any deviation that does not
change the enclosed area by the path, which suggests it
is noise resilient to certain types of errors [11-18]. With
adiabatic cyclic evolutions, geometric [19,20] and holo-
nomic [21-26] quantum gates using the pure geometric
phases were demonstrated in physical systems. However,
the long run time required by the adiabatic evolution makes
quantum gates vulnerable to considerable environment-
induced decoherence. Although some transitionless quan-
tum driving algorithms have been put forward to speed up
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the adiabatic loops, an almost adiabatic process will also
introduce unwanted control errors [27—34].

To overcome these drawbacks, nonadiabatic holonomic
quantum computation (NHQC) based on the non-Abelian
geometric phase [10,35-50], and further the nonadiabatic
geometric quantum computation (NGQC) based on the
Abelian geometric phase were demonstrated [9,51-53].
For the implementations of NHQC in superconducting
transmon qubits [37—40], they involve the lowest three
energy levels. However, the relatively short coherence time
and the small anharmonicity of the transmon qubits cause
extra decoherence and leakage errors [54,55].

In contrast, for NGQC, the nonadiabatic Abelian geo-
metric phases are generated by the cyclic evolution
of quantum states with the removal of the dynamic
phase. In other words, NGQC involves only two-level
computational space with commonly used manipulations
and retains the merits of robustness to noises. Lately,
NGQC with a so-called orange-slice-shaped evolution path
[labeled as NGQC in Fig. 1(b)] is demonstrated in super-
conducting circuits [52,53]. However, such a long evolu-
tion path is time wasting and exposes the qubit to more
decoherent errors. To resolve this problem, some modified
NGQC schemes such as noncyclic evolutions [56—59] or
optimized evolution paths [60—63] have been put forward
with shorter evolution paths. Nevertheless, these propos-
als require careful design and precise parameter control of

© 2023 American Physical Society
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FIG. 1. (a) Electron microscope image of the six-qubit quan-
tum processor. The first two capacitive-coupled qubits, Q4 and
QO3 (false colored), are used in this work. (b) Bloch-sphere repre-
sentations of the evolutionary trajectories to realize single-qubit
dynamical and geometric gates and example pulse shapes for
Hadamard gate. The dynamical Hadamard gate is implemented
with a dynamical Y/2 rotation followed by a dynamical X
rotation.

the system’s Hamiltonian, which makes the experimental
realization of short-path NGQC gates more challenging.

Here, we experimentally demonstrate a short-path
scheme of NGQC (SP NGQC) in a couple-fixed super-
conducting chip with a half-orange-slice-shaped evolution
loop [labeled as SP NGQC in Fig. 1(b)] that still satisfies
the cyclic evolution and parallel transport conditions [64].
Simple and controllable all-microwave manipulations are
used to realize the universal geometric quantum gates so
that there is no need to consider the versatile pulse dis-
tortions. In our experiment, we demonstrate some specific
single-qubit nonadiabatic geometric gates with an aver-
age fidelity of 99.86(1)% and the two-qubit nonadiabatic
CZ gate with a fidelity of 97.9(3)%, which shows a con-
vincing path to reliable and robust universal geometric
quantum computation. Furthermore, we also investigate
the noise-resilient feature of our short-path geometric gates
in contrast with dynamical gates and previous orange-
slice-shaped NGQC gates. Particularly, our scheme shows
better performance to Rabi frequency error when the rota-
tion angle is large or the rotating axis is close to the z
axis.

Before specifying the experimental details, we first
give an outline of constructing single-qubit SP NGQC
gates. Conventionally, we consider a general setup that a

two-level qubit is driven by a classical microwave field.
Hereafter, h is set equal to 1. In the interaction picture, the
Hamiltonian under the rotating-wave approximations gets

1 At
H@) = 3 (Q(t)(e?q;(r)

where A(f) = w; —(t) is the frequency difference
between the drive w () and the qubit w,, 2(?) is called the
Rabi frequency, which can be tuned by driving amplitude
and ¢(¢) is the phase of the drive. To realize a nonadia-
batic single-qubit gate set through a short single evolution
loop, we divide the evolution period T into four intervals.
In each interval, the microwave field has different ampli-
tude and phases as follows to satisfy the cyclic evolution
condition:
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The final evolution operator can be obtained as
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The operator U(T) represents rotation operations around
the axis n = (sin @ cos ¢, sin 6 sin ¢, cos 6) with an angle
v, where o = (0y,0,,0.) are the Pauli operators. 6, ¢,
y are determined by the drive. Following the evolu-
tion, two orthogonal eigenstates |y ) = cos(6/2)|0) +
sin(6/2) € [1) and |¥_) = sin(0/2) e~ |0) — cos(8/2)
[1) of U(T) undergo a cyclic half-orange-slice-shaped path
with an enclosed solid angle equal to the rotation angle y
[see the Bloch sphere labeled with SP NGQC in Fig. 1(b)],
resulting in a geometric phase —y /2 (y/2) on the quan-
tum state |) (|v_)). (Detailed calculation can be found
in Appendix D.) A comparison of the gate time between
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the conventional dynamical gate (Dyn), the NGQC gate,
and the SP NGQC gate is shown in Fig. 1(b). It can be seen
that the SP NGQC gate has a relatively short evolution path
and the gate time can be further shortened to twice smaller
than the NGQC scheme without the green part by applying
virtual Z gates [65].

Our experiment is performed in a six-transmon-qubit-
chain device [66]. The two adjacent qubits used in this
experiment and their coupling capacitance are shown in
Fig. 1(a). Each qubit equips a microwave line for driv-
ing, a flux-bias line to tune the frequency, and a A/4
resonator for individual and simultaneous readout. The
transition frequency of Q4 and QOp are w,/2m = 5.511
GHz and wg/2m = 5.001 GHz, respectively. Moreover,
the anharmonicities of the qubit are «,/2m = —242.6
MHz and ap/27m = —250.0 MHz, respectively, ensuring a
well-defined two-level system to encode the qubits. The
fixed capacitive-coupling strength g,z/27 between two
qubits is about 10 MHz. More details about the device
parameters and the measuring circuits can be found in
Appendix A.

The single-qubit SP NGQC gates are performed on Q.
To show the ability to construct a universal single-qubit
gate set, we implement Hadamard gate (H), 7, and 7 /2
rotations around both X and Y axes (denoted as X, X /2,
Y, Y/2, respectively). Taking advantage of the virtual Z
gate, the geometric gate is a composite of three rotations
with a rotation angle no more than /2. For simplic-
ity, we fix the single interval’s period t to 20 ns with
5-ns buffer times both before and after it to prevent the
microwave reflection. Then the fixed gate length of a geo-
metric gate is 90 ns, and the magnitude of the microwave
is tuned to control the rotation angle. The envelope of each
pulse is cosine shaped and the derivative removal by adi-
abatic gate (DRAG) correction is also used to suppress
the leakage to the undesired energy levels, especially |2)
state [67].

We first use the quantum process tomography (QPT)
method to characterize the performance of these single-
qubit geometric gates [68—70]. The experimental process
matrix xexp of four specific geometric gates X, X /2, Y/2,
and H are shown in Fig. 2(a) with an average gate fidelity
of 99.3(1)%. Considering that the process fidelities con-
tain the state preparation and measurement (SPAM) errors,
we then utilize another commonly used method, Clifford-
based randomized benchmarking (RB) [70—72], to charac-
terize the geometric gates. The experimentally measured
ground-state probability (the sequence fidelity) decays as
a function of the number of single-qubit Clifford gates m
are shown in Fig. 2(b). The reference RB experiment gives
an average gate fidelity 99.86(1)% for the realized single-
qubit gates in the Clifford group. The measured interleaved
gate fidelities of the four specific gates X', X /2, Y, and Y/2
are 99.83(2)%, 99.79(2)%, 99.80(2)%, and 99.79(1)%,
respectively. All the data are corrected for readout errors
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FIG. 2. Characterization of the single-qubit SP NGQC gates.
(a) Bar charts of the real and imaginary part of x.y,. Four specific
gates—X, X /2, Y/2, and H—are shown with process fidelities
of 99.5(1)%, 99.5(2)%, 98.8(4)%, and 99.0(5)%, respectively.
The solid black outlines are yjgea for the ideal gates. (b) RB of
single-qubit SP NGQC gates. Fitting the reference RB and inter-
leaved RB decay curves gives the gate fidelity of four specific
gates: X, Y, X /2, and Y/2.

and the corresponding readout fidelity matrixes are listed
in Appendix C.

After demonstrating high-fidelity single-qubit SP NGQC
gates, we deliberate on the noise-resilient characteristic of
these gates. All noise can be attributed to the effect on
the axis of rotation and the angle of rotation. Here, we
focus on two typical types of errors: Rabi frequency error
through changing the microwave driving amplitude by an
amount of §4, and frequency shift error by changing the
microwave driving frequency by an amount of §A. The
Rabi frequency error is an intuitive manifestation of rota-
tion angle error and the frequency shift error affects the
rotation angle. As shown in Figs. 3(a)-3(d), we compare
the performance of both X /2 and H gates with three evo-
lution paths, evaluated by the process fidelities from QPT.
These figures show that in the case of Rabi frequency error,
the geometric gates are more robust than the dynamical
gates, and for the H gate, the SP NGQC gate is the most
robust one. However, for the frequency shift error, the SP
NGQC gates are not as good as the other two types of
gates.

To explain the noise-resilient features of different types
of gates, we theoretically calculate the fidelity changing
with an extra Rabi frequency error term 54. For the fre-
quency shift error §A, the process fidelity of the gates
is not as intuitive as Rabi frequency error to formulate,
and theoretical results are obtained using master-equation
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FIG. 3. Noise-resilient feature of SP NGQC single-qubit gates.

X /2 and H gates are chosen for rotating axes in different planes.
(a) and (b) are, respectively, the process fidelities of quantum
gates H and X /2 as a function of Rabi frequency error §4. (c)
and (d) are, respectively, the process fidelities of quantum gates
H and X /2 as a function of qubit-frequency shift error § A. Per-
formances of different evolution paths including the dynamic
(Dyn), the NGQC, and the SP NGQC are shown for comparison.
The experimental results are also consistent with the numerical
simulations (solid lines). (e) The landscape of process fidelity
difference Fspncoec — Fngoe versus 6 and y where §4/4 = 0.2.
Black dots show the working points for (a),(b).

numerical simulation (see the Appendix G for more
details). The calculated fidelities are overlaid on Fig. 3,
which shows our theoretical formulas agree well with the
experimental results. Since the Hamiltonian of SP NGQC
has o, component, the frequency shift error changes the
evolution path of SP NGQC significantly, and our SP
NGQC scheme does not perform well under this error
compared to the other two schemes. For the reason why
our gates perform best for the A gate against the Rabi
frequency error, we then calculate the fidelity difference
FspnGoe — F'ngoe as a function of both 6 and y, which
contains the universal single-qubit gates. As shown in
Fig. 3(e), where 5§4/A is fixed to 0.2, the SP NGQC gates
are better than the traditional NGQC gates when the rotat-
ing axis is close to the z axis (6 is small) or the rotation
angle y is large, which reflects the short-path advantage of
our SP NGQC gates.

In order to achieve a universal SP NGQC, we also
realize the nontrivial two-qubit geometric CZ gate simi-
larly to the single-qubit case. To fully control the rotation
angle and coupling strength between |11) and |20) states,
we utilize the radiofrequency flux-modulation method
without extra z-pulse distortion correction [73,74]. Here,
|AB) denotes the state of |Q4,Op). The frequency of
0,4 is modulated with a cosinoidal form: w,(¥) = w4 +
g cos 2vt + 2d), where @, is the mean operating fre-
quency, &, v, and ® are the modulation amplitude, fre-
quency, and phase, respectively. The factor of 2 arises
because Q, is at the sweet spot, and the frequency under-
goes two cycles for each cycle of flux. Ignoring the higher-
order oscillating terms, the obtained effective Hamiltonian
in the interacting picture can be reduced to

oL A gare”
2 geffei”6

_A/
in the subspace {|11), |20)}, where A’ = |& s — wp| —
ay—2v and B =®+ /2. The effective coupling
strength g.q is equal to 24/2gsJ1 (/2v) and J;(¢/2v) is
the first-order Bessel function of the first kind.

Similar to the single-qubit Z rotation described by the
Hamiltonian in Eq. (1), we can acquire a pure geomet-
ric phase e '/2 on the state of [11). Thus, within the
computational subspace [00),|01),|10),|11), the result-
ing unitary operation corresponding to a controlled-phase
gate with a geometric phase y’ is

4)

1 00 0
01 0 0

UZ(V/): 0 0 1 0 . (5)
0 0 0 /2

By setting ' = 27, we can achieve a CZ gate. According
to Eq. (2), a rotation around z axis requires 6§ = 0 so that
the time of the fourth segment corresponding to Eq. (2d) is
equal to zero.

Accordingly, the two-qubit geometric CZ gate is per-
formed with three cosinoidal modulation drives applied
in series. Each has a flat-topped Gaussian envelope with
20-ns rising and falling edges to suppress the undesired
impact of a sudden phase change of the microwave mod-
ulation. The modulation frequency v/2m = 80 MHz and
the modulation amplitude /27 = 107.8 MHz lead to an
efficient coupling strength g.s/2m =~ 9 MHz. We cannot
realize zero coupling strength required by Eq. (2b) using
parametric driving. But CZ gate is quite special with y’ =
27, which corresponds to the solid angle of a hemisphere.
Therefore, the trajectory on the Bloch sphere formed by
any plane passing through the center of the sphere can
meet that requirement, and g./27 is not restricted to 0 in
the second segment. The modulation amplitude is tuned to
100 MHz at the second part causing A’ /2w = 7 MHz. The
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FIG. 4. Two-qubit SP NGQC CZ gate. (a) Experimental
pulse sequence to acquire conditional phase of the geometric
controlled-phase gate. The conditional phase is the phase dif-
ference in Q4 due to Qp occupying either [0) or |1). (b) The
real part of the experimental process matrix x.x, for the geo-
metric CZ gate. The imaginary part is not shown, theoretically
all its elements are zero and experimentally they are smaller than
0.02. The solid black outlines are for the ideal CZ gate. The pro-
cess fidelity is 94.2(2)% after maximum-likelihood estimation
[69]. (c¢) Randomized benchmarking data for the geometric CZ
gate. Fitting to both reference and interleaved RB curves gives
the gate fidelity 97.9(3)%. Reference and interleaved LRB gives
a leakage error of 0.13%. The purity RB (right axis) shows an
incoherent error of 3.7%.

experimental sequence we use to acquire the conditional
phase is shown in Fig. 4(a). Note that the first and third
intervals are resonant operations with trajectories along the
geodesic. According to the geodesic rule [75], these oper-
ations do not accumulate dynamical phases and thus do
not influence the final conditional phase. We first run the
experiment with only the first and second segments and
sweep the length of the second segment to find the work-
ing region where the conditional phase is close to 7. Then

within that region, we add the third segment and sweep
the microwave’s phase and time to bring the state back to
|11). Consequently, the total effective gate time is 189.375
ns. The detailed evolution path and the conditional phase
against pulse times can be seen in Appendix L.

Likewise, we characterize the CZ gate with both QPT
and RB methods. For QPT, the experimentally recon-
structed process matrix of the CZ gate is shown in Fig. 4(b)
and indicates a process fidelity of 94.2(2)%. Besides, we
extract the CZ gate fidelity Fcz = 97.9(3)% from fitting
both the reference and interleaved RB decay curves. To
further investigate the error budgets, we first quantitatively
extract the particular gate error from the QPT and get the
error rates from decoherence (4.3%), dynamic ZZ cou-
pling (1.3%), and SPAM (0.3%), respectively, following
the error matrix method developed by Korotkov [76]. To
examine the leakage error, we perform leakage RB (LRB)
[see Fig. 4(c)] and extract a leakage rate L% = 0.13% per
CZ gate by fitting the state population in the computa-
tional subspace [00),]01),[10),|11) [77,78]. We find that
most residual leakage is introduced into the second excited
state of Q,4, which indicates it may come from the resid-
ual pulse distortion in Z-control pulses of Q4. We then
perform purity RB [also see Fig. 4(c)] to check the inco-
herent error [79]. The purity RB experiment is done by
performing QST instead of measuring the state probabil-
ity at the end of the sequence and gives the incoherent
error € = 3.7% per CZ gate, which is comparable with the
results obtained from QPT. Taken together, the main error
in the demonstrated two-qubit SP NGQC CZ gate comes
from decoherence in our qubits, which could be further
improved by optimizing the device design and fabrication.
Another way to improve it is to use a more complicated
control optimization scheme (Appendix J). Moreover, a
quantum circuit with tunable couplers may also help to
suppress these errors by reducing operating time [80,81].

In conclusion, we experimentally realize single-qubit
short-path nonadiabatic geometric gates with a 2-times
shorter evolution path and fidelities above 99.86(1)%. We
illustrate the significant advantages of our gates that are
resilient to control amplitude noise, especially when the
rotating axis is close to the z axis or the rotation angle
is large, by comparing the performance with the orange-
slice-shaped geometric gates and the dynamical gates.
Besides, we also demonstrate the two-qubit nonadiabatic
geometric controlled-Z gate with all-microwave controls
to prevent complicated flux pulse distortion calibrations.
The CZ gate has a comparable fidelity of 97.9(3)%, mainly
limited by the qubit decoherence time. Consequently, the
shown universal geometric quantum gate set paves the way
for high-fidelity robust geometric quantum computation
for NISQ-era applications. Other experimental systems,
such as trapped ions [82] and semiconductor quantum dots
[83] can also benefit from the methods utilized here for the
geometric realization of universal gates.
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APPENDIX A: EXPERIMENTAL SETUP

Our experiments are implemented on a six-transmon-
qubit-chain device, which consists of six adjacent cross-
shaped transmon qubits arranged in a linear array
with nearly identical nearest-neighbor coupling strengths
g/2m ~ 10 MHgz, as illustrated in Fig. 1(a). The qubits
in the device are frequency-tunable transmons, of which
the frequencies can be adjusted individually by tuning the
external magnetic field through the Z control line and the
qubits can be driven through the XY control lines. Each
qubit can be read out by the individual A/4 resonators,
where the resonators are coupled to the transmission line.
In the experiments, we perform short-path geometric gates
with the first two adjacent qubits Q4 and Qp, whose main
parameters are summarized and listed in Table I. The
other four qubits are biased far away from these two oper-
ation qubits and thus are nearly completely decoupled.
Both qubits work at the sweet spots to maintain the best
operating performance.

TABLE I. Device parameters of the two operating qubits.
Parameters 04 Op
Readout frequency (GHz) 6.5455 6.4005
Qubit frequency (GHz) 5.5114 5.0010
Anharmonicity («/27) —242.6 —250.0

(MHz)

T (is) (sweet spot) 11.5 22.3
T (us) (sweet spot) 7.5 27.8
T1 (is) (CZ working point) 10.6 22.3
T3 (us) (CZ working point) 5.9 27.8
Readout fidelity |0) (Fy) 97% 96%
Readout fidelity |1) (F) 91% 90%
Readout fidelity |2) (F>) 85% e
Qubit-qubit coupling 9.5

strength g45/27 (MHz)

Qubit-readout dispersive 0.55 0.3

shift Xo1 (MHZ)

The sample is cooled down to 10 mK within a dilu-
tion refrigerator of Oxford Triton XL. The wiring diagram
and circuit components for control and readout of qubits
are shown in Fig. 5. In the dilution refrigerator, attenua-
tors and filters are installed at different stages to reduce
noise. The qubits are controlled by a highly integrated
quantum control system, Quantum AIO from OriginQ Inc.
[84]. For qubit-state readout, the readout signal after dual-
quadrature up-conversion in Quantum AIO passes through
the attenuators and filters and then reaches the quantum

Origin Quantum AIO
Drive Readout Acquisition Voltage AWG
control control control Source
Amplifier x2 300 K
[] 20 dB 20dB HEMT RC filter 20dB
4K
[Ja0a 425-10 GHz[J Cufj 223 Mz
] 6 GHz oo Z Powder
4.25-10 GHz
30dB [ de block 3
—H
bias tee
XY control Z control 10 mK

FIG. 5.

Details of wiring and circuit component. Testing equipments are supported by a highly integrated quantum computer control

system from OriginQ Inc. at room temperature. In the dilution refrigerator, attenuates and filters are installed at different stages to
reduce noise. An IMPA and three amplifiers are used to acquire adequate signal-to-noise ratio.
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processor. The output signal firstly passes through two cir-
culators, then is amplified by an impedance transformer
parametric amplifier (IMPA) [85], of which the noise as
well as the noise from higher-temperature stages has been
blocked by the preceding of two circulators. The IMPA
with an amplification gain of 15 dB and a bandwidth about
500 MHz allows high-fidelity single-shot measurements
of the two qubits individually and simultaneously. Being
magnified by a high electron mobility transistor (HEMT)
amplifier at the 4-K stage and two low-noise amplifiers
at room temperature, respectively, the signal is finally
captured and analyzed by the Quantum AIO.

APPENDIX B: CROSSTALK

Crosstalk between Z control lines of the two qubits is
inevitable due to the ground plane return currents. For dc
flux bias to control the working frequency of the qubits,
we measure the crosstalk between the Z control lines and
qubits to be approximately 10%. The crosstalk can be
compensated by orthonormalizing the Z bias lines through
an inversion of the normalized qubit frequency response
matrix

(B1)

0.1546

10000 —0.1001
M= ( 1.0000 )

For parametric driving of qubits, additional calibration of
the phase difference between two control lines of qubits is
needed. The experimental sequence to measure the phase
difference is shown in Fig. 6 and the phase difference of
the Z control lines of Qp with respect to Q4 is 3.3681 rad
at an 80-MHz parametric driving frequency. The driving
frequency will influence the phase difference and slightly
change the qubit frequency response matrix, as

1.0000 —0.0974
M= (—0.1572 1.0000 ) (B2)
at 80 MHz.
At

qubit \
target. | »—\/\/\/\%ﬁ?\/\/\/\—
qubit B

X2 X2

FIG. 6. Experimental pulse sequence to measure the phase dif-
ference between the two-qubit Z control lines. For each Ag, we
sweep At to acquire the frequency of the target qubit under the
parametric control. The frequency of the target qubit reaches a
modulational maximum when Ag is tuned synchronous with the
bias qubit.

APPENDIX C: READOUT CALIBRATION

Due to the thermal fluctuations and qubit relaxation
during measurements, there are non-negligible readout
infidelities. The intrinsic probabilities for the single qubit
can be inferred from the measured probabilities Py =
(Po,P1)T and the measurement fidelities are gotten by
preparing the system in each computational basis state and
simultaneously measuring the assignment probability of
the qubit for 10000 executions (Table I). The intrinsic
occupation probabilities are computed as P; = F~! - Py,

where
_ F 1-F;
F= (1—F0 F )

For two qubits, the readout fidelity matrix is then given
by Fo, ® Fp,. However, we need to read and calibrate
the second excited state of the qubit in leakage RB so
the fidelity matrix should be expanded to 3 x 3 dimen-
sions. On account of poor control of the |2) state of Op, we
prepare and simultaneously measure the assignment prob-
ability Py, = (Poo, Po1, Pio, P11, Pao, P21)T of the two
qubits, and take the sum probability of state [20) and |21)
as leakage. The measured two-qubit readout fidelity matrix
is shown as

(CDH

[00) j01) [10) [I11)  [20)  |21)

(00| {0912 0.085 0.088 0.008 0.035 0.005
01/ | 0.059 0.888 0.005 0.085 0.002 0.049
(10/ | 0.026 0.002 0.834 0.077 0.107 0.008
(11/ | 0.001 0.023 0.057 0.812 0.004 0.023
20/ | 0.001 0.000 0.013 0.003 0.819 0.145
(211 \0.000 0.002 0.001 0.014 0.031 0.769
(C2)

APPENDIX D: THE GEOMETRY OF SP NGQC

Nonadiabatic Abelian geometric phases are generated
by the cyclic evolution and parallel transport of a state sub-
space in the Hilbert space. Following the evolution path
described by Eq. (2), the two orthogonal bases |, ) and
[1r_) can undergo cyclic evolution,

V) = UMD [y) = e |y
Vo) = UM [y-) = e [y,

(DI)
(D2)

and they, respectively, acquire phases —y /2 and y/2.
Driven by the designed Hamiltonian, the two orthogo-
nal bases can evolve along the geodesic on the Bloch
sphere. Similar to the parallel transport of a vector, no
dynamical phase is accumulated for the state moving along
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the geodesic lines. Quantitatively, the dynamical phase y,
accumulated during the evolution path is calculated by

Ya = / (WO H () |Y£(®)dt =0 (D3)

for each segment of the evolution path, where |1 (7)) =
U(®) |y+) with U(¢) being the evolution operator and H (¢)
is Eq. (1) in the main text. Therefore, only geometric
phases —y /2 and y /2 are accumulated in the process.
Using the Bloch-sphere representation for the evolution of
the basis [/ ), y is proportional to the solid angle enclosed
by the half-orange-slice-shaped loop, shown in Fig. 1(b).
This corresponds to an essential feature of nonadiabatic
Abelian geometric phases, i.e., the geometric phase is
equal to half of the solid angle subtended by a curve traced
on a sphere [9].

APPENDIX E: NGQC WITH ORANGE-SLICE
LOOPS

We present the details in implementing previous NGQC
with orange-slice-shaped loops [52,53]. The evolution path
is divided into three intervals with resonant drive, which
has different amplitudes and phases satisfying

/1Q(t)dt=9, (p=¢—%, te[0,7), (Ela)
0

(7 T
/ QO dt=m, p=¢+v+. teln.mn),
1

(E1b)

T v
/ Q(t)dt:n—@, (P:‘b_z, tE[TZaT]'
" (Elc)

The final evolution operator can be obtained as U(T) =
e”™ which corresponds to a rotation operation around
the axis n by an angle —2y.

The performance of single-qubit gates and its gate
robustness against amplitude error is shown in Figs. 3(a)
and 3(b). And the same-loop two-qubit CZ gate has the
fidelity of 98.1(1)% using the RB method (shown in
Fig. 7). The fidelity is slightly higher than the short-path
CZ gate because the effective gate length of the orange-
slice-shaped CZ gate is 85 ns, which suffers less incoherent
errors.

APPENDIX F: QUANTUM PROCESS
TOMOGRAPHY

Quantum process tomography is used to character-
ize both the single-qubit and two-qubit gates [68—70].
For N-qubit gate, we first prepare a set of initial states
{10), [1), (10) —i[1))//2, (10) + [1))/+/2}®", and mea-
sure with standard quantum state tomography (QST) with

0.8 g
Gate Fidelities

% W Reference 0.952(1)
= 0.6 ® Interleaved CZ  0.981(1)
3
1=}
a
Z04p i
53
©n

02 1 1 1 1

0 10 20 30 40

Number of Clifford gates m

FIG. 7. Reference and interleaved RB results for the two-qubit
NGQC CZ gate. Fitting to both reference and interleaved RB
curves gives the gate fidelity 98.1(1)%.

prerotations {/, X /2, Y/2}®N to get the density matrix
{p;} of input states. Then a specific nonadiabatic geomet-
ric gate is applied following the initial states’ prepara-
tion. Finally, we measure the output states with QST and
reconstruct the output states {p;}. By mapping between
the input states and output states, we can determine the
process matrix x.x, of the geometric gate through pr =
Zm’n XmnEm ,o,-E,I , where the basis operators £, and E,, are
chosen from the set {/, oy, o, 0.}®N with oy, oy, and o,
being Pauli operators.

Based on the fact that the experiments are disturbed by
various noises such as coherent errors due to imperfect
control, decoherence error, state preparation and measure-
ment error, and so on, the experimental process matrix xexp
is different with the corresponding ideal process matrix
Xideal and the difference is evaluated by the process fidelity
F, = Tr(Xexp Xidea). Each QPT experiment for the specific
gate is repeated 4 times for the sake of eliminating the
measurement uncertainty. The error analysis in QPT is
obtained from bootstrap resampling.

For the two-qubit gates, we follow a method developed
by Korotkov [76] to further distinguish the error sources.
First, we extract the SPAM error by comparing the exper-
imentally reconstructed input states {p;} with ideal input
states {09!}, Similarly, we can get a process matrix of
SPAM xSPAM whose corresponding theoretical matrix '
is equal to the perfect identity operation with only one
nonzero element XIII,II = 1. Therefore, the SPAM error is
calculated as 1 — Tr(x5 ™y ") = 0.3%. To facilitate error
analysis, we then take another representation, the error
matrix x°" by factoring out the desired unitary operation,
U = U¢yz in this paper, from the standard process matrix
Xexp- We extract x“" from the standard x.x, matrix with
the relations:

X =TT, Ton = Te(ELE,UN/d,  (F1)
where U = Uz, d = 2 for two-qubit CZ gate. In the ideal
case, the error matrix is equal to x'; otherwise, the only
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one large element xjj; reflects the process fidelity ), =
Tr(Xexp Xideal) = Tr(x*" x') and other nonzero elements
indicate the imperfections of the gate. The imaginary parts
of the elements along the left column and top row cor-
respond to unitary imperfections, while the real parts of
the elements come from decoherence error. We extract the
infidelity induced by the dynamic ZZ coupling with €77 =
(Im()(ﬁfrzz))2 /F, =1.3%. And the decoherence error is
assessed by

1 1 1

1
o — + — +— 4+ — | =43%, 2
€dec G (2T’14 + ZTIIB + 2T£ + 2T5> 0 ( )

where f¢ is the gate duration, 7 is the energy relaxation
time, 7, is the pure dephasing time, and the qubits are
labeled as 4 and B.

APPENDIX G: ROBUSTNESS OF SP NGQC GATES

To explain the noise-resilient features of different types
of gates [86,87], we add a Rabi frequency error term € =
8A4/A satisfying |€| < 1 into the Hamiltonian in Eq. (1) in
the main text as follows:

HZ}( A1)
2

(1 +e)Qe
(1+ ) e ) G

—A(?)

Here, we fix the Rabi frequency to €2¢ because when we
calculate the fidelity, we care about the integration of the
Hamiltonian instead of the Hamiltonian itself. An exam-
ple of fidelity difference between the time-dependent Rabi
frequency and time-independent Rabi frequency is shown
in Fig. 8, where Q (f)max = €20. The process fidelities differ
by a factor of two because the total power of cosine enve-
lope we use is half that of the time independent one by
integration. So we can utilize the constant Rabi frequency
by setting it to half of the maximum 2 ().

1.00 f / \
z
2 095}
= —Q

QU
090
70..30 70..15 0.60 O..15 0.:’»0
0A/A
FIG. 8. Process fidelity of SP NGQC H gate against Rabi fre-

quency error 84/A. ¢ is equal to the Q(f)m.x. The difference
between process fidelities is 2 times.

The fidelity used to characterize the performance is
defined as

(U, U]

=— : (G2)

Tr( l]ideal l]ideal)
where Ujgeas 1s the ideal gate operator and U is cal-
culated through the Hamiltonian in Eq. (G1). We note
that in the case of unitary evolution, the fidelity in
Eq. (G2) is the square root of the process fidelity
defined with x matrix (F, = Tr(XexpXidea)). Then we
get the process fidelity of the SP NGQC as Fspncoc =
[14+cosy — (cosy — 1)cos(€6)]/2 where only up to
the second order of error ¢ is considered. Simi-
larly, the process fidelities of NGQC and Dyn can
be expressed as Fngoc =1 — {(?/4)[1 — cos(y/2)] —
[0(7 — 6)/2]sin*(y /2)}€2, Fpyn = cos(ye/2) for X and
Y gates and Fpy, = |(sinme)/[4sin (we/4)]| for H gate,
respectively. The calculated fidelities are overlaid on
Figs. 3(a) and 3(b) in the main text, which shows our the-
oretical formulas agree well with the experimental results.

In the main text Fig. 3(e), we compare the performance
of SP NGQC and NGQC scheme over the full single-
qubit gate space against Rabi frequency error. Here, we
also compare the performance of SP NGQC and dynam-
ical scheme for some special gates, shown in Fig. 9(a).
The dynamical rotation of any rotation axis can be decom-
posed into Y-X-Y composite pulse sequence and its process
fidelity is affected by three parameters, 6, ¢ for rotation
axis and y for rotation angle. Here we choose ¢ = 0 for an
example to show the superior robustness of the SP NGQC
scheme against Rabi frequency error than the dynamical
scheme. For the sake of completeness, the error robust-
ness of Z rotations against the Rabi frequency error and
frequency shift error are shown in Figs. 9(b) and 9(c).

In the main text, we also investigate the influence of
frequency detuning error §A to the fidelities of single-
qubit SP NGQC gates, NGQC gates, and dynamical gates.
We numerically simulate the system by adding a qubit
frequency shift error term to the Hamiltonian:

Qo e e
—A(f) — §A

and the results match well in Figs. 3(c) and 3(d). Con-
sidering the frequency shift error, dynamical gates work
better because the frequency shifts strongly affect the
global change of the evolution path, especially the inter-
vals in Eq. (2b) of the SP NGQC scheme, thus giving a
limitation to the SP NGQC scheme. In experimental con-
ditions, the frequency can be accurately manipulated in
our superconducting system with fluctuations at kHz level.
In practical experiments, one can choose an appropriate
scheme against the dominant error in the system.

1
H=-

A(t) + A
. ( (G3)

Q() ei“’
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(@) 2« R - ; 0.25
02 8
=
=1
= bS]
= 0.1 2
S
=1
[+
0
(b)
1.00 .
2 2 /
3 ko
= 0.95 = 0.95
@ = NGQC ] = NGQC
5] == SP NGQC 8 == SP NGQC
§ 0.90 Dyn § 0.90 Dyn
(=% (=5
04/4=0.2 JOA =2mx2 MHz
0.85 Rotation axis: Z| 5 Rotation axis: Z

. 0.8
-t a2 0 /2 ks - w2 0 /2 T
Rotation angle (rad) Rotation angle (rad)

FIG. 9. (a) The landscape of process fidelity difference
Fspneoce — Fpyn against Rabi frequency error, where §4/4 =
0.2. The azimuth angle ¢ is 0 when the rotation axis is in the
X -Z plane. The dynamical gates are realized by composite Y-X -
Y sequences. 8 = 0 corresponds to the Z rotation and 6 = /2
is X rotation. The SP NGQC scheme performs much better than
the dynamical scheme. (b) The performance of three schemes’ Z
rotation against Rabi frequency error, where 64/4 = 0.2. (c) The
performance of three schemes’ Z rotation against frequency shift
error, where A = 2w x 2 MHz.

APPENDIX H: RANDOMIZED BENCHMARKING

We also use another conventional method, Clifford-
based randomized benchmarking to characterize the nona-
diabatic geometric quantum gates [70—72]. In the single-
qubit reference RB experiment, the state is prepared in
|0) and follows a series of randomly chosen Clifford gates
from the single-qubit Clifford group. Finally, a reverse
gate is applied to bring the qubit back to |0). We mea-
sure the survival probability of state |0) (the sequence
fidelity) as the number of single-qubit Clifford gates m
increases. The whole experiment is repeated for & = 30
different sequences to get the average sequence fidelity.
The maximum number of Clifford gates is restricted by the
measuring instrument with at most 30-ps driving time. In
the interleaved RB experiment, we insert a specific gate
G after each randomly chosen Clifford gate and a simi-
lar reverse gate is applied to invert the whole sequence.
The transformation of gate errors to a depolarizing channel
leads to an exponential decay of the ground-state popula-
tion towards the maximally mixed state, where the decay
rate is a measure of the average gate fidelity. Therefore, we
fit both reference and interleaved sequence fidelity curves
to F = Ap™ + B with different decay rates prr and piy.
SPAM errors are absorbed in parameters 4 and B and

thus do not affect the extracted fidelities. The average gate
fidelity is given by Fief = 1 — (1 — preg)(d — 1) /d where
d =2V for N qubits. The specific fidelity for gate G can
be calculated by Fgae = 1 — (1 — pint/Prep) (d — 1) /d.

For two-qubit Clifford-based RB, the experiment is sim-
ilar, but with the randomly chosen Clifford gates from the
two-qubit Clifford group instead. We cannot simply esti-
mate the two-qubit gate error per Clifford gates through
the reference RB because two-qubit Clifford gates con-
tain both single- and two-qubit gates. Also, we get the
specific fidelity by interleaved RB and Fgpe =1 — (1 —

pint/pref) (d— 1)/d

1. Leakage RB

We estimate the average leakage error of our short-
path nonadiabatic geometric CZ gate from the reference
and interleaved RB experiment by fitting the population in
the computational subspace P,, = Py + Po1 + Pio + P11
[77,78], instead of the Py, to an exponential model:

le,ref = Aref + Bref()‘vl,ref)ms
le,int = Aim + Bint()\'l,int)m~

(HI)
(H2)

Then, we calculate the average leakage rates Li.r and Liy
per Clifford gate as follows:

Ll,ref = (1 _Aref)(l - )‘«l,ref)’
Lijint = (1 = Ain) (1 = At jng)-

(H3)
(H4)

The average leakage rate per CZ gate is subsequently
obtained by

I — Lint

[67 = LT Bt
1 _Ll,ref

(H5)

The leakage rate Loz per CZ gate is extracted as 0.13%.
Analyzing the residual state populations, we find that most
leakage probabilities are lying on the |20), which indicates
it may come from the residual pulse distortion in Z-control
pulses of Q4.

2. Purity RB

We utilize purity RB to distinguish between coherent
errors due to mistakes in our calibration, versus incoher-
ent error due to noise in the qubit’s environment [79]. The
experiment is done by performing QST to determine the
state of the qubit after the random sequence, instead of just
measuring the state probabilities. The purity of the state
is defined as P = tr(p?). Starting in the ground state, the
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purity satisfies

P=1(1 1 2m+1
- )7 T

after m Clifford gates with a pure depolarizing noise y.
Accordingly, we fit the data to 4y>” 4 B and the incoher-
ent error per CZ gate is estimated as € = %(1 — 23 =
3.7%. This value is comparable with the results obtained
from QPT, demonstrating that our gate is dominated by
incoherent errors.

(Ho)

APPENDIX I: TWO-QUBIT SP NGQC CZ GATE

We use the parametric driving method to change the
coupling strength between the two qubits. For the first
interval, we choose v, ¢ to satisfy the resonance condition
w4 — wp| — ay = 2v, the Hamiltonian in the subspace can

be written as
1 0 eff eiﬁ
H= E <geffe_iﬂ 0 D

under the rotation frame, where 8 = ® 4+ /2. And the
rotation frame is selected. Once we change the parametric
modulation to /,(f) = @/, + &' cos (2v't + 28') in the sec-
ond segment, the Hamiltonian in the same rotating frame
turns into

iB
H= % (geﬁHe”,-ﬁ e ) : (12)
Hy = wy(t) — oy (1)
=& —e+¢&cos(2Vt+28) — ecos vt + 28),
13)
Hy = —H,,. (14)

In the experiment, we choose v’ and B’ to remain con-
stant and change the modulation amplitude €. And the third
interval’s Hamiltonian is the same as the first one. The final
evolution trajectory is shown in Fig. 10(a). The trajectory

U =exp|i wy ® 1

Uy=exp|i

(a) I11) (b) = —o— Two pulses - ‘

< 3.4t I
g Three pulse: J

{ <

d 230

x £ i
S L
s A r
226 4 Y

150 160 170
[20) Pulse width (ns)

FIG. 10. (a) The evolution trajectory of our CZ gate in the
[11) — |20) space. The evolutionary time sequence is marked
by the dots’ color from light blue to dark violet. (b) Condi-
tional phase of the CPHASE gate versus the second segment’s
pulse width with (without) the final half-rr pulse. The final half-
pulse does not influence the conditional phase through geodesic
principle.

approximately forms a hemisphere with subtle oscillation,
which comes from H;; and H,. The greater the modula-
tion amplitude &’ differs from ¢, the corresponding A’/2x
is also larger, which will lead to more severe oscillation
and destroy the geometric phase.

As shown in Fig. 10(b), the conditional phase acquired
by the pulse sequence shown in Fig. 4(a) with (without) the
final half-r pulse remains nearly the same because the final
segment is moving along the geodesic to bring the state
back to |11), which does not change the final geometric
phase.

APPENDIX J: AN ALTERNATIVE SOLUTION FOR
TWO-QUBIT SP NGQC CZ GATE

We theoretically present another solution for the two-
qubit short-path geometric CZ gate that regards the
three intervals of the CZ gate as a whole one. Consid-
ering a typical parametric modulation function F(f) =
A(®) sin[(wp — wy + §(t) + ay)t + B(2)], where A(F), 5(¢),
and B(¢) indicate the strength, frequency detuning, and
phase of the modulated field, respectively, the frequency
of Q4 is modulated as w,(f) = wy + F(¢). Unitary trans-
formation U = U, x U, is carried out with

t+i 1 ® wp t, Jdn
1 2w — ap

(12
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After the unitary transformation and utilizing Jacobi-
Anger expansion, we can get an effective Hamiltonian

0 e BOHBO]
H = V2g4pJi[A(1)] (ei[s(t)t+ﬁ(t)] 0 (J3)

in the subspace {|11), |20)} by applying the rotating-wave
approximation, which ignores the high-frequency oscilla-
tion terms. Here J;[A4(?)] is the first-order Bessel function
of the first kind. Now we apply a second unitary trans-
formation by U; = exp[—i§(f)fo./2]. In this frame, the
Hamiltonian can be rewritten as

o : (5(Z)t+8(t)

—ip(0)
geP® 8¢ ) , J4)

. O 10))

where g = 2+v2g4s/i[A(H)] is the effective coupling
strength between the two qubits. This Hamiltonian is the
same as Eq. (1). By adjusting §(#), A(¢), and B(¢) to follow
the cyclic evolution conditions shown in Eq. (2), we can
realize the geometric phase gate

in the subspace {|11),|20)}. Setting ' = 2, it is a CZ
gate in the two-qubit computational space. The actual flux
pulse applied to the Z control line is calculated by

Vi =fF®], (J5)

where f is the nonlinear frequency response of the trans-
mon qubit.

As an example, we utilize the flat-top Gaussian shape to
smoothly change the §(¢), A(¢), and B(¢) to guarantee the
existence of the derivative of F(f). To satisfy the condi-
tions for nonadiabatic geometric CZ gate, we constrain the
parameters to

e+ () = 20 [erf( ) erf(m>:|
V20 V20 ’
(J6a)
Ay t—tp, —t. t— 1
A = dg — 22 ferf (L0 ) _orp( L22
=4 2 [er ( V2o ) ' (ﬁaﬂ
+ offset, (J6b)
0
b4 t—ty t—1tp — Il
= —|erf fl ———
o =15 () e (505 |
0
(J6c)

(a) (b)

—_
(=)

BeE

[11)

b1+ (MHz)

o

B(0) (rad)

120)

0 40 80 120
Time (ns)

FIG. 11. (a) An example of pulse parameters based on
Eq. (J6). Ay is chosen to be 27 x 10 MHz. 4, and offset make
the on-off ratio of the effective coupling strength to be 10, large
enough for a pure Z rotation. g is changed between 0 and 7 to
make the state back to |11). (b) Evolution of the |11) accord-
ing to the pulse parameters shown in (a).The evolutionary time
sequence is marked by the dots’ color from light blue to dark
violet.

where #, is the rotation time around x-y axes in the
{|11),]20)} subspace which is controlled by Ay, . is the
rotation time around z axis, which is controlled by A, 7y,
and 7., are chosen to make the phase transition happen in
the time interval of z rotation, and ¢ determines the ramp-
ing rate of the parameters. A little offset is added to 4(¢) to
ensure that the pulse amplitude is nonzero and g is small
compared to A. The pulse and the evolution trajectory are
shown in Fig. 11 [88,89].

In principle, this solution can reach a fidelity higher than
99% with shorter gate time than the CZ gate described
in the main text. However, this solution works at a flux
bias far from the sweet spot where the qubit suffers more
from the 1/f noise. Also, the solution changes the para-
metric modulation frequency during the evolution, which
requires a real-time crosstalk correction. To acquire an
ideal value of y’, it requires adjusting 38(¢), A(¢), and
B(¢) with multiple parameters simultaneously, indicating
a quite complicated control optimization scheme, which is
more susceptible to control errors, thus we do not show it
experimentally in the main text.
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