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Geometric phases are noise resilient, and thus provide a robust way towards high-fidelity quantum
manipulation. Here we experimentally demonstrate arbitrary nonadiabatic holonomic single-qubit
quantum gates for both a superconducting transmon qubit and a microwave cavity in a single-loop
way. In both cases, an auxiliary state is utilized, and two resonant microwave drives are simultaneously
applied with well-controlled but varying amplitudes and phases for the arbitrariness of the gate. The
resulting gates on the transmon qubit achieve a fidelity of 0.996 characterized by randomized
benchmarking and the ones on the cavity show an averaged fidelity of 0.978 based on a full quantum
process tomography. In principle, a nontrivial two-qubit holonomic gate between the qubit and the cavity
can also be realized based on our presented experimental scheme. Our experiment thus paves the way
towards practical nonadiabatic holonomic quantum manipulation with both qubits and cavities in a

superconducting circuit.
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High-fidelity quantum manipulation is essential for large
scale quantum computation. However, as quantum systems
are fragile under noises from either the surrounding envi-
ronment or the control fields, error-resilient manipulations
of quantum states are preferable. Geometric phases [1,2]
depend only on the global properties of the evolution
trajectories, and thus have built-in noise-resilient features
against certain local noises [3—7]. Therefore, they can
naturally be used to achieve high-fidelity quantum
gates. Consequently, considerable interest has been paid
to various applications of geometric phases in quantum
computation [8].

Because of the noncommutativity, non-Abelian geomet-
ric phases are natural for the so-called holonomic quantum
computation [9]. Schemes based on the adiabatic evolution
of the non-Abelian geometric phases have been proposed on
a variety of systems for quantum computation [10-15].
However, these schemes are rather difficult for experimental
realization as they rely on complicated control over multi-
level systems. Meanwhile, the gates are based on the rather
slow adiabatic quantum dynamics and thus decoherence can
induce considerable errors. Therefore, it is desirable to
implement quantum gates with nonadiabatic evolutions
[16]. Recently, much attention has been paid to the non-
adiabatic holonomic quantum computation with three-level
systems [17,18]. Compared to the adiabatic ones, this type of
new scheme is fast and easy to realize, and has been
experimentally demonstrated in superconducting circuits
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[19,20], nuclear magnetic resonance (NMR) [21], and
nitrogen-vacancy centers in diamond [22-24].

More importantly, arbitrary single-qubit holonomic gates
can be achieved in a single-loop evolution, i.e., a single
closed loop evolution in parameter space [25-27]. This
simplifies gate sequences in practical quantum information
processing compared with the original proposal [17], where
two sequential gates are required for an arbitrary single-
qubit gate. In the last year, the single-loop scheme has been
experimentally demonstrated in NMR [28] and nitrogen-
vacancy centers in diamond with off-resonance drives [29],
which are basically incompatible with pulse shaping and
experimentally difficult. Therefore, single-loop schemes
with resonant drives are generally required to use shaped
pulses to reduce errors.

Here, with a circuit quantum electrodynamics archi-
tecture [30-34] we experimentally demonstrate arbitrary
nonadiabatic holonomic single-qubit gates for both a
superconducting transmon qubit and a microwave photonic
qubit in a single-loop way. This is realized by varying the
amplitudes and phases of a two-tone resonant microwave
drive [27]. Besides transmon qubits, photonic qubits in a
microwave cavity are also desirable for quantum informa-
tion processing because of their long coherence times
[35,36] and ease of realizing quantum error correction
[37,38]. In our realization, the gates on the transmon qubit
achieve a fidelity of 0.996 characterized by randomized
benchmarking (RB), also consistent with the results from a
full quantum process tomography (QPT); the gates on the
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cavity show an averaged fidelity of 0.978 based on a full
QPT. Besides local noises, the demonstrated holonomic
gates on the qubit are also robust against control amplitude
errors and qubit frequency shifts induced by crosstalk [39],
which become prominent as qubit coherence properties are
improved and the size of the quantum system increases.
The holonomic gates on the cavity provide an alternative
means of arbitrary control over Fock states, which also
could be robust against experimental noises as the ones on
the qubit.

We first address the implementation of arbitrary single-
qubit holonomic gates on a superconducting transmon
qubit in the {|g),|f)} subspace, as shown in Fig. 1(a).
Here, |g), |e), and |f) denote the three lowest energy levels
of the transmon qubit; |e) is an auxiliary state and remains
unoccupied before and after the gate operation. Our scheme
consists of two microwave fields resonantly coupled to the
sequential transitions |g) <> |e) and |e) <> |f) of the
transmon qubit, as described by
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FIG. 1. Single-loop single-qubit holonomic gates. (a) Two
microwave fields are resonantly coupled to the |g) <> |e) and
le) <> |f) transitions of a transmon qubit to generate arbitrary
single-qubit holonomic gates in the {|g), |f)} subspace. The first
excited state |e) is an auxiliary level. (b) Bloch sphere repre-
sentation of the holonomic gate: a combination of two microwave
fields, with two different sets of phases for the first and the second
half of the gate operation, equivalently drives the bright state |b)
to the auxiliary state |e) and then back with an additional phase,
while the dark state |d) remains unchanged. (c) Simplified
experimental setup. Two transmon qubits in two microwave
trenches are coupled to two microwave cavities, one for readout
and the other one for storage. The qubit holonomic gates are
demonstrated with Q,, while the cavity holonomic gates are
realized with the Fock states {|0),|1)} in the storage cavity
facilitated by both qubits (Fig. 4). (d) QPT is used to characterize
the performance of the arbitrary holonomic gates. Arbitrary initial
states are prepared with sequential pulses on |g) <> |e) and |e) <>
|f) transitions. Nine sequential prerotation pulses on the qubit are
performed before the final measurement to obtain the transmon’s
full state tomography with three levels.

Hi = Q. (1)e”|g)(e| + Q. (t)e”|f){e| + H.c.
= Q(1)el ") <sin§ei‘/’|g> - cosg |f)> (e] +H.c.,
(1)

where Q,,(¢) and Q,/(¢) are the time-dependent ampli-
tudes of the two microwave drives with the correspon-
ding initial phases ¢y and ¢; ¢ = ¢o — P + 7, Q1) =
\/ (1) +Q2,(1), and tan(0/2) = Q. (1)/Q,4(1). As
seen in Eq. (1), the quantum dynamics is captured by
the resonant coupling between the bright state |b) =
sin(0/2)e'?|g) — cos(0/2)|f) and the auxiliary state |e),
while the dark state |d) = cos(0/2)|g) + sin(0/2)e~|f)
is decoupled. Under the cyclic evolution condition,
JT'Q(r)dt = =, one can obtain a quantum gate depending
on @ and/or ¢. Meanwhile, since there is no transition
between |d) and |b) states when @ is time independent and
also no dynamical phases due to the on-resonance drives,
the obtained gates are holonomic [17].

To achieve a universal set of single-qubit holonomic
gates in a single-loop way [27], we divide the evolu-
tion time 7 into two equal halves and choose ¢y = ¢,
¢y =nforte[0,T/2] and ¢y’ = +y—n, ¢,/ =y for
t € [T/2,T], such that the Hamiltonians during these
two halves are H, = Q(1)(|b)(e| + |e)(b]) and Hz=
—Q(1)(e|b)(e|+e"|e)(b]), respectively. Geometrically,
the two evolutions coincide at two poles in the Bloch
sphere, and the cyclic geometric phase is illustrated as the
red slice contour in Fig. 1(b). Therefore, in the qubit
subspace {|g),|f)}, the obtained holonomic single-qubit
gate is
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which describes a rotation operation around the axis n =
(sin @ cos ¢, sin O sin ¢, cos @) by an angle y, up to a global
phase factor exp(iy/2).

In our experiment, two superconducting transmon qubits
are dispersively coupled to two three-dimensional cavities
[50-53], as shown in Fig. 1(c). The |g) <> |e) and |e) <> |f)
transition frequencies of the two qubits Q; and O,
are @g/2n =5.036 GHz and w,s /27 = 4.782 GHz,
Wyer/2m = 5.605 GHz,and @, /27 = 5.367 GHz, respec-
tively. One of the cavities with a transition frequency of
w,/2n = 8.540 GHz is connected to a Josephson parametric
amplifier for a fast and high-fidelity joint readout of the two-
qubit states [54-57]. The other cavity with a transition
frequency of w,/2z = 7.614 GHz is utilized for storage
and manipulation of the photonic states and for implementing

—isin}sin e~
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the holonomic gates between Fock states [0) and |1) as is
discussed below. In the following, we ignore the readout
cavity and the cavity refers to the storage cavity. More details
about the device parameters can be found in Ref. [39].

We now demonstrate the realization of the arbitrary
holonomic gates in a single-loop way with transmon qubit
Q; based on the procedure discussed above. The envelopes
of the two drives are truncated Gaussian pulses with a total
width of 46 = 120 ns. We characterize the holonomic
single-qubit gates by a full QPT including all three levels,
lg), |e), and |f) [39-41]. The experimental pulse sequence
is shown in Fig. 1(d). To evaluate the QPT, we have used
both attenuated and unattenuated y matrix fidelities, which

are respectively defined as F = \Tr(){exp;(jhﬂ and F . =

T Grexplth)/ ) T2 enpit b P2 () 121,58.59], where
Xexp 18 the experimental process matrix and yg, is the
corresponding ideal process matrix. The latter fidelity can
ignore the errors due to signal loss, e.g., the errors in state
preparations and measurements. Figure 2(a) shows F',, of
the gates as a function of both 6 and y with ¢ = 0, and the
averaged fidelity F . = 0.994. Energy relaxation and
dephasing of both excited states and nonperfect microwave
drives can cause a population leakage outside the compu-
tation subspace {|g),|f)} to the auxiliary |e) state. This
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FIG. 2. QPT of the single-qubit holonomic gates. (a) Unatte-
nuated y matrix fidelity F ., of the single-qubit holonomic
gates U,(0,7,¢) with different 6 and y while ¢ =0. The
averaged fidelity F,,, = 0.994 while the averaged attenuated
fidelity F, = 0.975. (b) The traces of the reduced process
matrix y, as a function of both € and y with ¢ =0. The
averaged trace is 0.992, indicating small leakage outside the
computation subspace {|g), |f)}. (c) Bar charts of the real and
imaginary parts of y, of four specific gates: X, = U,(x/2, x,0),
Xz =Uy(7/2,7/2,0), H=U(x/4,%,0), and Z,=
U,(0,7,0), where R, denotes a rotation of the qubit by an
angle ¢ along the axis R and H represents the Hadamard gate.
The numbers in the x and y axes correspond to the operators in
the basis set {1, X, —iY, Z} of the {|g), |f)} subspace. The solid
black outlines are for the ideal gates.

leakage can be characterized by the trace of the reduced
process matrix y,, which describes the process only
involving |g) and |f) and ignores any operators acting
on the auxiliary state |e) [39]. Figure 2(b) shows the traces
of y, originated from the measured ., whose fidelities are
shown in Fig. 2(a). The high value (0.992) of the averaged
trace indicates that there is nearly no leakage outside the
computation subspace for the holonomic gates on the
transmon qubit. y, of four example gates are shown in
Fig. 2(c) with F .« = 0.997, 0.996, 0.996, and 0.996
respectively (the corresponding F,; = 0.976, 0.980, 0.963,
and 0.988).

Another regular way to extract gate fidelity only without
relying on perfect state preparations and measurements is
RB [60-64]. An agreement between F,,; and the fidelity
from RB should provide more confidence on the gate
performance. We utilize the Clifford-based RB and the
experimental sequences are shown in Fig. 3(a), where we
perform both a reference RB experiment and an interleaved
RB experiment. The results of the four holonomic gates
presented in Fig. 2(c) are shown in Fig. 3(b). Each Clifford
gate is realized by choosing specific parameters 6, y, and ¢.
The reference RB experiment gives an average gate fidelity
of the single-qubit holonomic gates in the Clifford group
Fay =0.996. The measured gate fidelities of the four
specific holonomic gates X,, X,/,, H, and Z, are 0.998,
0.996, 0.997, and 0.995, respectively. These fidelities are
consistent with the measured F,,, thus validating F,,, as
a good measure of gate performance. The loss of fidelity is
mainly from the decoherence of both |e) and [f) of the
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FIG. 3. RB of the single-qubit holonomic gates. (a) Sequences
of both a reference RB experiment and an interleaved RB
experiment. (b) The sequence fidelity decay as a function of
the gate length m. The fidelity for each sequence length m is
measured for k = 100 different random sequences with the
standard deviation from the mean plotted as the error bars. Both
curves are fitted with F = Ap™ + B with different sequence
decays p = prer and pgye. The average gate fidelity per Clifford
gate is Foye = 1 — (1 = prer)/2 = 0.996. The difference between
the reference and the interleaved RB experiments gives the
specific gate fidelity Fype = 1 = (1 = pgate/ Prer)/2. The red
dashed line indicates the threshold for exceeding gate fidelity
of 0.990.
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transmon qubit, as confirmed by numerical simulations
based on QUTIP in PYTHON [65,66].

In addition to the implementation of holonomic gates on
the transmon qubit, we also realize holonomic operations
on the cavity Fock states following a similar scheme. As
shown in Fig. 4(a), the holonomic gates are implemented
by using a selective two-photon transition drive e/« on
qubit Q; conditional on only zero photon in the cavity and a
cavity-assisted Raman transition drive Q,e’®»’ between
|1g) and |0f) [67,68]. Here the drive frequencies w; =
(@ge1 + Wef1)/2, @) = W41 + @,p1 — @, and Q; and Q,
are the corresponding drive strengths. In the joint state
notation, the numbers represent the Fock states in the cavity
and the letters correspond to the states of qubit Q.

Similarly, the above two drives together generate the
following effective Hamiltonian [27,67]:

Ha = 51109){(0f] + 32[19)(0f] + H.c.

0 . 0
= f]<sin2e"/’|Og> - cos2|lg>> (0f] +H.c., (3)

where, §; and g, are the effective coupling strengthes of the
two drives, and § = \/§; + 33, §/3, = tan(0/2)e'*. To
validate the above Hamiltonian, §; of the two-photon
transition drive should be much smaller than the dispersive
shifts between qubit Q; and the cavity. In the experiment,
both the two-photon transition drive and the Raman
transition drive are set to have the same pulse envelope
(a wide square pulse with sine squared ramp-up and ramp-
down edges) to keep the two drives synchronized and the
ratio of two amplitudes fixed. Both g; and g, are carefully
calibrated with square pulses with different amplitudes
[39]. We have also carefully taken into account the ac-Stark
shifts under the strong external drives to eliminate the
possible dynamical phases [39]. Similarly to the transmon
qubit holonomic gates, by adjusting the ratios of §; and g,
which lead to different @ and ¢, we can realize arbitrary
holonomic gates U,(0,y,¢) on the basis {|0g),|1g)},
i.e., the Fock state basis {|0),[1)}. As a demonstration,
here we fix y =7z and realize the holonomic gate

Ua(0, ) = (g’ Tocp)-

We characterize U, (0, ¢) with full QPT as well, and the
results are shown in Fig. 4(b). To make the preparation and
characterization of the cavity state easier, we instead use
qubit O, to facilitate an encoding and decoding process of
the cavity state. The encoding and decoding processes are
realized with a similar Raman transition drive between
qubit @, and the cavity as illustrated in Fig. 4(a). We
choose four different gates X,, Y,, H;, and H,, and
perform QPT of these gates. The experimental process
matrices y.x, are shown in Fig. 4(c). The averaged
experimental attenuated and unattenuated process fide-
lities of these holonomic gates are F,, = 0.879 and

Fipaw = 0.978, respectively. The infidelities of the
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FIG. 4. Holonomic gates for cavity Fock state subspace
{]0),]1)}. (a) Hlustration of the holonomic gates for Fock states,
as well as the encoding and decoding processes. The holonomic
gates are implemented by using a selective two-photon transition
drive Q, e on qubit Q, and a cavity-assisted Raman transition
drive Q,e»! between |1g) and |0f). The encoding and decoding
processes are realized with a swap operation between qubit Q, and
the cavity mode through a Raman transition drive similar to that for
the gate. (b) Experimental sequence to perform QPT of the
holonomic gates in the Fock {|0),|1)} subspace. (c) Bar charts
of the real and imaginary parts of the process y matrices for the
whole process, including both the encoding and decoding proc-
esses, with the following gates: X, = U,(n/2,0), Y, =
Uy(z/2,7/2), H = U,y(x/4,0), and H, = U,(n/4,7/2). The
attenuated and unattenuated process fidelities for these gates are
0.880, 0.881, 0.877, 0.879 and 0.990, 0.990, 0.970, 0.962,
respectively. The numbers in the x and y axes correspond to the
operators in the basis set {7, X, —iY, Z}. The solid black outlines
are for the ideal gates.

holonomic gates for Fock states are mainly limited by
the encoding and decoding errors (including the initial state
preparation and final measurement errors), decoherence
process during the gate, and imperfections of the control
pulses. As a reference, the process fidelity of the encoding
and decoding processes only without any gate is 0.95 (an
error of 5%). The dissipation and dephasing of the two
excited states |e) and |f) during the gate process can induce
an additional infidelity of 5%—6% due to the long gate
duration time. These two dominant error budgets are
consistent with the measured attenuated fidelities. A higher
fidelity gate can be achieved with a shorter gate operation
time under a larger dispersive shift.

To achieve a universal quantum computation, two-qubit
gates are necessary. A nontrivial two-qubit holonomic gate
between the qubit and the cavity can, in principle, be
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realized in a similar way to the single-qubit gates, i.e., by
using two resonant selective pulses on |g) <> |e) and |e) <>
|f) transitions, respectively, conditional on only zero
photon in the cavity. Then the effective Hamiltonian
is  Hs = Qg (1)e™|0g)(0e| + Q, e (1)|0f)(0e| + H.c..
A nontrivial two-qubit holonomic gate in the subspace
{10g).10f).|1g),|1f)} can then be realized with the form
of Us(8.7.¢) = ("G,

In conclusion, in a circuit quantum electrodynamics
architecture we have experimentally demonstrated high-
fidelity arbitrary nonadiabatic holonomic single-qubit gates
for both a superconducting transmon qubit and a micro-
wave cavity in a single-loop way. Moreover, our method
can be generalized to achieve holonomic gates between the
nearest Fock states |[n) and |n + 1), if the resonant drives
are on |n,g) < |n, f) and [n+ 1, g) <> |n, f) transitions.
Combining these gates, we can realize full holonomic
control of both the transmon qubit and the cavity mode
[42,69-72], which has important applications in cavity-
assisted quantum information processing and high-preci-
sion measurements [73]. Our experiment thus opens the
door to implement holonomic manipulations of both qubits
and cavities in a superconducting circuit. In addition, the
{lg9),|f)} encoding is critical for the recently realized
distributed quantum information processing [68,74] and
fault-tolerant measurement of a quantum error syndrome
[75]; our holonomic gates therefore can be important and
readily used in these two directions.
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Note added.—Recently, we became aware of a similar
implementation in a different system [76], but with a lower
average gate fidelity due to the short coherence times of the
auxiliary excited state.
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