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Three-qubit gates can be constructed using combinations of single-qubit and two-qubit gates, making their
independent realization unnecessary. However, direct implementation of three-qubit gates reduces the depth
of quantum circuits, streamlines quantum programming, and facilitates efficient circuit optimization, thereby
enhancing overall performance in quantum computation. In this work, we propose and experimentally
demonstrate a high-fidelity scheme for implementing a three-qubit controlled-controlled-z (ccz) gate in a
flip-chip superconducting quantum processor with tunable couplers. This direct cCcz gate is implemented by
simultaneously leveraging two tunable couplers interspersed between three qubits to enable three-qubit
interactions, achieving an average final state fidelity of 97.94% and a process fidelity of 93.54%. This high
fidelity cannot be achieved through a simple combination of single- and two-qubit gate sequences from
processors with similar performance levels. Our experiments also verify that multilayer direct implementa-
tion of the cCz gate exhibits lower leakage compared to decomposed gate approaches. As a showcase, we
utilize the ccz gate as an oracle to implement the Grover search algorithm on three qubits, demonstrating high
performance with the target probability amplitude significantly enhanced after two iterations. These results
highlight the advantage of our approach, and facilitate the implementation of complex quantum circuits.
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Typically, a universal set of quantum gates for compu-
tation requires only single-qubit and two-qubit gates, from
which any multiqubit gate, such as three-qubit gates, can be
composed. [1]. However, the direct construction and control
of high-fidelity multiqubit gates remain crucial for advanc-
ing quantum computation [2], particularly, in achieving
quantum error correction [3—5], quantum simulation [6],
and scalable quantum algorithms in the noisy intermediate-
scale quantum (NISQ) era [7]. The ccz gate stands out as a
pivotal three-qubit gate, enabling specific operations that are
challenging to replicate using single- or two-qubit gates
alone. This gate applies a phase shift only when all three
qubits are in the target state, making it indispensable in
applications like Grover’s search algorithm [8,9] and
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quantum error correction codes [10-13]. Direct implemen-
tation of the ccz gate can significantly reduce circuit
complexity and depth, addressing the limitations associated
with decomposing complex operations into sequences of
simpler gates, which introduce cumulative errors and
increase operational overhead.

Despite its significance, achieving a high-fidelity ccz
gate has proven challenging across various quantum plat-
forms, including superconducting qubits [14-20], trapped
ions [21,22], photonic systems [23], and cavity QED
systems [24-27]. Previous attempts have often relied on
synthesizing the three-qubit gate from sequences of con-
trolled-NOT (CNOT) gates and single-qubit rotations [28-36],
leading to complex gate sequences that extend operation
times and introduce additional sources of error. Each
additional gate in such sequences increases the likelihood
of decoherence and operational errors, making direct
implementation of the ccz gate highly desirable for prac-
tical quantum computation. While previous works have
demonstrated engineered three-body interactions through

© 2025 American Physical Society
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(a) The flip-chip quantum processor with 21 superconducting qubits arranged in a 1D chain with multiple legs. Every two

qubits are equipped with a coupler in between. (b) Schematic of flip-chip technique. (c¢) Circuit diagram of the implemented
superconducting circuits framed by the red dotted line in (a), consisting of three qubits (¢, ¢,, ¢3) and two couplers (¢, ¢,). The qubits
have the independent XY and z controls and readout resonators, while the couplers have only z controls. (d) Quantum circuit of the ccz
gate decomposed into a series of single-qubit gates and cX (CNOT) gates. (e) Pulse sequence of the direct ccz gate for superconducting
qubits with tunable couplers. (f) Energy level diagram and time-dependent population transfer in the three-excitation manifold.
(g) Comparison of multilayer leakage between the direct ccz gate and its decomposed implementation.

purpose-designed superconducting circuits [37,38], these
approaches often encounter inherent complexity and scal-
ability challenges.

Experimental demonstrations of three-qubit gates in
superconducting qubit systems have achieved a peak proc-
ess fidelity of 98.26% [16]. However, to accommodate the
continuously expanding scale, the state-of-the-art super-
conducting quantum chips employ flip-chip technology
and tunable coupling architectures [39-41]. To realize
high-fidelity and high-scalablity three-qubit gate operations
on such multiqubit chips, we propose and experimentally
demonstrate an optimized CCz gate scheme using tunable
couplers. Our approach leverages advanced fabrication
techniques to directly implement high-fidelity three-qubit
interactions while addressing common sources of error, such
as residual two-qubit interactions and leakage to higher
energy levels and couplers, through a targeted control
sequence that minimizes nonadiabatic errors.

Our experiment is performed on a 21-qubit flip-
chip quantum processor [Fig. 1(a)], where every two

nearest-neighbor (NN) qubits are coupled through a
tunable coupler. For the purposes of our investigation,
we select a subset consisting of three qubits (g1, ¢», ¢3)
and two interqubit couplers (c;,c;), as schematically
shown in Fig. 1(c). The Hamiltonian of the total system is
(h=1)

H= Z(wibjbi—%bjbjbibi) = gii(bi=b])(b; =),
i ij
(1)

where b; (i€{1,2,3,c;,c,}) is the annihilation operator
and g;; denotes the direct capacitive coupling. Here all
qubit frequencies and anharmonicities are fixed, i.e.,
w/2x = 5.000 GHz, w,/27n =4.896 GHz, w;/27x =
5.040 GHz, «a,/2z = —198 MHz, a,/27z = —200 MHz,
az/2nm = =206 MHz, a, /2x =-340 MHz, and a,, /27 =
—320 MHz. By applying the z pulses to the couplers, one
can dynamically adjust the coupler frequencies to tune
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the effective couplings between computational qubits.
Recent approaches leverage this capability to implement
high-fidelity controlled-z (cz) gates for superconducting
qubits equipped with tunable couplers [42-50].

The routine method for preparing a cCz gate involves
combining a series of single-qubit gates and two-qubit
CNOT gates [51], as illustrated in Fig. 1(d). In addition to
implementing the ccz gate using this conventional
approach, we realize a direct cCz gate with high scalability,
which is composed of two segments [see Fig. 1(e)]. The
first segment U is to achieve the accumulation of the
controlled-controlled phase (CCPhase), in which the three
qubits are unbiased but two couplers are simultaneously
applied z pulses to generating the three-qubit interaction.
Here we set the pulses of these two couplers as flat-top
Gaussian waveforms, parametrized by the same duration 7
and the respective maximal amplitudes V. and V. . The
calibration of pulse parameters primarily aims to optimize
the CCPhase to 4z while minimizing leakage errors
(specific calibration details will be described later).
When the initial state is set to |111), the calibrated U
induces the level repulsion between |111) and all other
three-excitation states (e.g., |[102) and |201)), resulting in a
pronounced effective three-body interaction. This engi-
neered U dynamically suppresses leakage from the com-
putational subspace by driving the population back toward
|111) [Fig. 1(f)], while simultaneously introducing a three-
qubit conditional phase. However, the first segment may
also introduce two conditional phases (CPhases) of two
pairs of NN qubits, namely ¢g,¢g, and ¢,q;. This occurs
because changes in the coupler frequency can alter the
effective ZZ interaction between the NN qubits connected
to the coupler [42,52], leading to an accumulation of the
CPhases over the duration 7. To compensate for these
CPhases accumulated in the first segment, the second
segment Ucp involves applying two-qubit CPhase gates
sequentially to qubit pairs g,¢q, and ¢,¢g5. The total length
of the direct ccz gate thus becomes 7 + 71, + 7,3, where
71, and 7,3 represent the lengths of the respective CPhase
gates. In the experiment, we take 7 = 150, 7, = 62, and
753 = 44 ns, yielding a total length for the direct ccz gate
of 256 ns. This is notably shorter than the typical total
length of 640 ns achieved using the routine decomposition
strategy. Consequently, the direct ccz gate is expected to
exhibit lower multilayer leakage due to decoherence, as
demonstrated in Fig. 1(g).

In the following, we outline several key steps for
calibrating the direct ccz gate (see Fig. 2). The initial step
(1) involves calibrating the individual qubits to ensure that
they operate within optimal parameters at idle points. As
required for subsequent steps, all single-qubit gates must be
calibrated in advance at this stage. Furthermore, the
calibration of the coupler z distortion, including both short-
and long-time distortion calibration [50], is essential for
achieving high-fidelity two- and three-qubit gates. The

second step (ii) focuses on identifying the optimal spot in the
parameter space that yield the best performance for the ccz
gate. This includes optimizing the coupler z pulse ampli-
tudes V. and V. for a fixed 7 = 150 ns to achieve the
desired -7 CCPhase while minimizing leakage errors. To
measure the leakage, we prepare |111) by applying X gates
to the three qubits and measure the population of |111) after
U. To efficiently characterize the CCPhase, we initialize
three qubits in six special states, i.e., [0+ 0), |1+ 1),
|1+ 0), |0+ 1), |104), and |00+). We then measure all
conditional phases, i.e., @12 = @10 — Po+0)s P23 =
P0+1) — Pl0+0)> P13 = P[10+) ~ P)00+)> P123 = P|141) — P|0+0)>
where ¢,, @3, and @3 represent the two-qubit conditional
phases. Here @3 is the three-qubit conditional phases
when both control qubits g; and g3 are excited to |1).
It actually includes the CCPhase of ccz and all the two-
qubit conditional phases. Thus, the CCPhase of ccz is
given by @ec; = @123 — @13 — @12 — @3- As mentioned
before, ¢, and ¢,3 can be compensated by applying
corresponding CPhase gates. However, compensating for
@13 poses a significant challenge, as it necessitates a non-
adjacent CPhase gate between ¢; and ¢3. Although gate
decomposition can be employed to achieve this, it may
introduce additional complexity and noise, potentially
degrading the overall fidelity of ccz. Therefore, it is crucial
to calibrate the system so that ¢3 is as close to zero as
possible, and thus ¢, & @123 — @12 — @23. We try to search
for an operating point where ¢, = +x while simultane-
ously minimizing the leakage and |@3|. As shown in
Fig. 2(b), two relatively symmetrical optimal spots meet
these criteria, indicated by the red circle and red star,
respectively. Since the optimal spot marked by the star
exhibits a smaller @3] &~ 0.0743, we select it as our preferred
operating point. These tune-up measurements are qualita-
tively reproduced by time-dependent Hamiltonian simula-
tions for five interacting transmons with 3 levels [53]. Finally,
we apply virtual z gates [58] to compensate for the
accumulations of single-qubit dynamic phases that accom-
pany the ccz gate. These dynamic phases can be first roughly
characterized through Ramsey experiments on the three
qubits, and then numerically optimized using the Nelder-
Mead algorithm, with the quantum process tomography
(QPT) y-matrix fidelity serving as the objective function.
In our QPT experiments, we construct a comprehensive set of
64 probe states by forming the tensor product of four single-
qubit operations {1, X, X/2, Y /2} for each of the three qubits
(4° = 64). The resulting state fidelities and the y-matrix after
the calibration are shown in Fig. 2(c), where the average
fidelity of these 64 states after (before) applying a CCz gate is
97.06% (99.37%), and the process fidelity, calculated as
F)( = Tr()(exp;(ideal), 18 93.54%.

Under the assumption of negligible decoherence and no
leakage to the environment, our numerical simulation of the
direct ccz gate, utilizing the time-dependent Hamiltonian,
achieves an average state fidelity of 99.45% and a process
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FIG. 2. Experimental measurements and calibrations for ccz gate. (a) Basic calibration of qubits and couplers. (b) Calibration of the z
pulse amplitudes of couplers for the ccz gate. The optimal operating points, where ¢.., = £z while both leakage and ¢ 5 approach zero,

are marked by a dot and a star. Given that the working point marked by the star has a smaller |¢ 5

, we select it as the preferred operating

point. The circuits to measure leakage, CPhase, and CCPhase are illustrated at the middle. (c) Experimental data of quantum process
tomography (QPT) of the ccz gate. From left to right are the QPT circuit, the fidelities of 64 prob states, and y matrix. The average final

state fidelity is 97.06% and the process fidelity is 93.54%.

fidelity of 98.75%. These high fidelities underscore the
exceptional potential of our proposed scheme. However,
the observed discrepancies between the simulation and
experimental results are mainly attributed to the influence
of decoherence (see Supplemental Material [53] for
details). As experimental technology advances and the

quality of quantum devices improves, it is anticipated that
these discrepancies will diminish, further enhancing the
performance of the three-qubit gates on large-scale quan-
tum chips.

To demonstrate the performance of the ccz gate, we
first plot the truth table for computational basis states in

050602-4



PHYSICAL REVIEW LETTERS 135, 050602 (2025)

(b)

(c)

o
o

Fidelity .,

o
O
o

0.90

FIG. 3.

[ Initial State Fidelity 1.0
[ Final State Fidelity

0.0

000 001 010 011 100 101 110 111

Experimental results for the ccz and Toffoli gates. (a) The truth table of the ccz gate. Theoretical probabilities are represented

by transparent cylinders, while experimental probabilities and conditional phases are depicted by the height and color of solid cylinders,
respectively. The average fidelity of the truth table is 96.52%. (b) The state fidelity of the ccz gate. The average final state fidelity is
97.94%. (c) The truth table of the Toffoli gate. Theoretical probabilities appear as hollow cylinders, with experimental probabilities

indicated by the color bar.

Fig. 3(a). The visibility of the measured truth table is
Tr[UexpUideal]/8 = 96.52%, with an average final state
fidelity of 97.94% [Fig. 3(b)], indicating high accuracy
and precision in our measurements. Furthermore, by com-
bining the ccz gate with Hadamard gates, we construct a
Toffoli (ccNOT) gate. As shown in Fig. 3(c), the correspond-
ing truth table exhibits a visibility of 92.83%, underscoring
the versatility and effectiveness of our ccz gate implemen-
tation for advanced multiqubit operations.

In addition, we utilize the calibrated ccz gate to
demonstrate an example of the three-qubit Grover search
algorithm (GA) [8,59]. As a fundamental quantum algo-
rithm, GA leverages quantum coherence as a resource to
speed up the process of searching for a target state. It
requires the system to be initialized to the maximum
superposition state |y,) and repeated by the Grover
operator G = DO, where O = 1-2]s)(s| (|s) is the target

[ Experiment
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FIG. 4. Demonstration of three-qubit Grover search algorithm.
(a) Schematic diagram of Grover algorithm principle. (b) Quan-
tum circuit of three-qubit Grover search algorithm. (c) Probability
data after two Grover operations.

state) serves as the oracle and D = 2Jyq)(po| —1 is
diffusion operator, performing an inversion about average
operation. The general principle of GA is briefly shown in
Fig. 4(a). In this demonstration, we initialize the qubits with
three Hadamard gates to create a superposition of all
possible states. We then use the ccz gate as the oracle
to mark the target state |s) =|111). To implement the
diffusion operator, we combine the ccz gate with three
Hadamard gates and three X gates, as depicted in Fig. 4(b).
Theoretically, GA searches for the target state |111) among
eight computational states. The optimal number of iter-
ations is given by z/4./1/N ~2.22 [2], where N =8
denotes the search space size. Our experimental results
closely align with theoretical predictions, i.e., the proba-
bility amplitude of the target state is significantly higher
than that of other states after two Grover iterations, as
illustrated in Fig. 4(c). This result demonstrates the
effective implementation of the GA using our CCz gate.
In conclusion, we propose a high-fidelity scheme for
implementing a three-qubit ccz gate in superconducting
quantum devices. Our method achieves an average state
fidelity of 97.94% and a process fidelity of 93.54%,
demonstrating its high performance. This method is scal-
able and requires minimal connectivity between qubits and
couplers, offering significant advantages in terms of gate
length and leakage compared to the decomposed ccz gate
schemes. We further validate the efficacy of our approach
by successfully utilizing the ccz gate to construct the
Toffoli gate and implement the Grover search algorithm.
Numerical simulations reveal that our proposed method for
implementing the ccz gate can theoretically attain an
average state fidelity of 99.45% and a process fidelity of
98.75%, underscoring the outstanding potential of our
scheme. Our work is expected to substantially contribute
to the advancement of complex quantum algorithms and the
realization of scalable quantum systems by providing a
reliable and high-fidelity multiqubit gate operation.
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