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Greenberger-Horne-Zeilinger (GHZ) states, also known as two-component

Schrodinger cats, play vital roles in the foundation of quantum physics and the
potential quantum applications. Enlargement in size and coherent control of
GHZ states are both crucial for harnessing entanglement in advanced com-
putational tasks with practical advantages, which unfortunately pose tre-
mendous challenges as GHZ states are vulnerable to noise. Here we propose a
general strategy for creating, preserving, and manipulating large-scale GHZ
entanglement, and demonstrate a series of experiments underlined by high-
fidelity digital quantum circuits. For initialization, we employ a scalable pro-
tocol to create genuinely entangled GHZ states with up to 60 qubits, almost

doubling the previous size record. For protection, we take a different per-
spective on discrete time crystals (DTCs), originally for exploring exotic
nonequilibrium quantum matters, and embed a GHZ state into the eigenstates
of a tailor-made cat scar DTC to extend its lifetime. For manipulation, we
switch the DTC eigenstates with in-situ quantum gates to modify the effec-
tiveness of the GHZ protection. Our findings establish a viable path towards
coherent operations on large-scale entanglement, and further highlight
superconducting processors as a promising platform to explore none-
quilibrium quantum matters and emerging applications.

The ability to generate, preserve, and manipulate highly entangled
quantum states is a long-term goal for building practical quantum
computers that can outperform classical machines'>. Among various
multipartite entangled states, GHZ states* constitute a peculiar class

showing the strongest nonlocal entanglement for N particles’. On the
other hand, they are the most fragile entangled states®’. External
perturbations on any single particle can destroy the entanglement, and
thermalization can arise internally through many-body dynamics if
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interactions exist®. Therefore, creating high-quality GHZ states with
larger size and higher fidelity is a standard benchmark for showing the
performance of quantum hardware’ ™. Although multipartite entan-
glement of tens of particles has been created across different physical
platforms®", the generation of maximally entangled GHZ states,
achieving state fidelity of F>0.5 which can verify N-particle entan-
glement, has so far been limited to N = 30°'>>1*8 Heading towards the
more challenging realm of preserving and manipulating such fragile
states, a fully-fledged experiment is still pending’.

Preserving GHZ states using a discrete time crystal (DTC) is an
uncharted territory. Previously, DTC has attracted broad scientific
interest as an exotic nonequilibrium matter”*, which extends the
fundamental concept of spontaneous symmetry breaking to time
translations”?**. Ergodicity-breaking mechanisms of many-body loca-
lization (MBL)* and prethermalization®®*’ have been employed to
induce time-crystalline dynamics of product states across a wide range
of physical platforms®**. DTCs are also considered as potential can-
didates to accommodate GHZ states by their robust cat eigenstate
pairs'”***, However, this intriguing application has never been
achieved. MBL DTC could generate numerous cat eigenstates, but the
presence of disorders may lead to unpredictable instability*>*,
Meanwhile, prethermal DTC is disorder-free, but the strong diffusion
restricts cats eigenstates to be spatially homogeneous ones?’*>*4¢, By
contrast, the third venue” of weak ergodicity breaking*’ " by a cat scar
DTC, where a few Fock-space localized cat eigenstates (cat scars) are
deterministically engineered to define a subspace with time-crystalline
ordering that is analytically tractable®, has come to the fore as a
potential solution.

In this article, we report a series of experiments evidencing the
possibility of creating, preserving, and manipulating GHZ entangle-
ment on superconducting quantum processors. We first generate up
to 60-qubit GHZ states with fidelities  all far above 0.5, unambigu-
ously verifying genuine global entanglement. Creating this large
entanglement is enabled by the high fidelity of around 0.999 and 0.995
for single- and two-qubit gates, respectively, and an efficient entan-
gling scheme along radial path scalable in two dimensions (2D). We
further digitally implement the cat scar DTC with thousands of
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Fig. 1| Generation and characterization of GHZ states. a lllustration of the
superconducting quantum processor I and that of a general entangling protocol
based on a set of quantum gates, the latter of which is further compiled into
experimentally accessible elementary gates to generate the 60-qubit GHZ state.
b Measured GHZ state fidelity F as functions of qubit number N for Processors I and
II. The higher F for Processor 1 is likely due to its slightly better single-qubit gates.
¢ MQC circuit diagram based on Z(+ ¢) and reversal of Ugyz. X(m) is a spin-echo

quantum gates to protect the created GHZ state and manipulate its
dynamics. To quantify the protection of DTC, we develop a quantum
sensing protocol and observe a subharmonic temporal response for
the macroscopic coherent phase of the GHZ state. Remarkably, the
phase oscillation is observed throughout 30 cycles under generic
perturbation, indicating a DTC lifetime longer than those under non-
interacting Rabi drivings and under free decay. The oscillation ampli-
tudes are unaffected even if we further manipulate both the GHZ state
and cat scars during evolution, accomplishing a smooth in situ switch
of protection between different GHZ states.

Results

Generating GHZ state

We first demonstrate the generation of N-qubit GHZ states
D, 5)y = (Is) +e7I5)) /2, @

where |s) is an N-bit Fock basis, with each bit encoding a qubit in either

ground (0) or excited (1) state, and |s) is that with all bits of |s) flipped.

In this experiment, we choose |s) to be of antiferromagnetic ordering,

i.e., |0101...). The phase factor ® quantifies the coherence between

Fock bases |s) and |s).

To create |®, s),, among qubits in 2D, we design an efficient pro-
tocol based on a set of unitaries including X(rr), Hadamard, and CNOT
gates (see “Methods” and Supplementary Note 2). As illustrated in
Fig. 1a, after a layer of single-qubit gates, this protocol starts with a
CNOT on two qubits around the center of the qubit layout, and then
radially entangles peripherals stepwise by appending layers of CNOTs.
In the realization, we compile the set of unitaries in Fig. 1a into a digital
quantum circuit composed of experimentally accessible single-qubit
rotational and two-qubit controlled m-phase gates, whose combined
effect is denoted with a unitary Ugyz. Running similar digital quantum
circuits, we can entangle up to 60 qubits on Processor I and achieve
genuine multipartite entanglement with 7=0.595+0.008 for N=60
(Fig. 1b). We emphasize that our protocol is universal as it can be
adapted to any particular qubit layout topology in 2D. In a parallel

effort, we entangle all 6x6 qubits on Processor II** with
[x] x(r) gate Hadamard gate ~ (>-e CNOT gate
d 04
oy} )
10) 2Zt0). - =
10)- - - "
I [ : : U 0 ) 2r
|0) — Z(-9) | — 0.2
|0) — X(x) - T
0y @~ <o}
-60 q 60

pulse for preserving the qubit coherence, and virtual Z(¢) [Z(- ¢)] is applied to
individual qubits in O (1) as recorded in basis |s). d Measured K(¢) for the 60-qubit
GHZ state and its Fourier spectrum KC¢(q). Slow sinusoidal envelope results from
sparse sampling®, which does not affect our analysis. Error bars in all figures
throughout the text, if shown, are obtained by repeated measurements. See
Supplementary Note 3 for more details.
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F=0.723+0.010 for N=36. Numerical simulations suggest that the
reported F values are consistent with our calibrated gate fidelities (see
“Methods” and Supplementary Note 3.C).

We attempt to measure major elements of the GHZ density matrix
to obtain F. Two diagonal elements Ps and P;, the probabilities of
finding the qubits in Fock bases |s) and |s) respectively, can be directly
probed. Several methods, such as measuring parity oscillation'>*** and
sliced Wigner function®* can be used to probe off-diagonal elements,
but here we resort to the more scalable multiple quantum coherence
(MQC) protocol*®, With the MQC circuit shown in Fig. 1c, the
appropriate phase gates Z(+ ¢) (see “Methods”) on individual qubits
imprint an enhanced phase of Ng, resulting in | — (® +Ng),s), . Sub-
sequent reversal of Ugyz, referred to as Ugéz, disentangles these N
qubits and steers them back to ground state |0000...) with a prob-
ability K(¢), which displays fast sinusoidal oscillations at a rate o N.
Figure 1d exemplifies such measured K(¢) signal for N= 60 qubits and
the corresponding Fourier amplitude, in which the Fourier peak
K¢(g=N) characterizes the off-diagonal elements. As such, GHZ state
fidelity is given by 7 = (P, +Pg)/2+ , /Kr(N)*® (Fig. 1b). We emphasize
that the MQC protocol tends to underestimate F since the detection is
not instantaneous but involves a long sequence of gates in Ug},, (see
Supplementary Note 3).

Cat scar DTC

For a GHZ state defined in Eq. (1), where |s) can be more generic than
the antiferromagnetic pattern with alternating O and 1, we are able to
design and realize a cat scar DTC model that naturally accommodates
the entanglement. Here and below, we focus on Processor Il with

36 qubits for proof-of-principle experiments. As illustrated in Fig. 2a,
we construct a perturbed Ising chain (N =36) of periodic boundary on
Processor II. Under the periodic driving, the Floquet unitary Ug = U,U;
per cycle is given by

> e—in

where oj."y'z are Pauli matrices on Q;, ¢; and ¢, are introduced to break
the integrability of the model while avoiding fine-tuned echoes, and A,
is the single-qubit perturbing strength. U, characterizes the perturbed
Ising interaction with 6f A= cos(/lz)oj + sin(/lz)oj’.‘ . The strong Ising
interaction | Jj| =/, comparable with Floquet driving frequency 1/7, and

N
X
Huj/z

N . . . N
U = [ T e 0% 260 12 g-i0:205 /2 1912
1
11

Uy=e S0 A5 ()

@

the qubit-flip pulses e are essential ingredients.

In the unperturbed limit A;, A, =0, Ising interaction structures all
eigenstates to be degenerate doublets |s),|s), while spin-flip pulses
further combine them into cat eigenstates. In particular, there are two
pairs of cat eigenstates isolated from all the others by large quasie-
nergy or qubit pattern differences, such that they, as cat scars, remain
robust when all perturbations are turned on”, as illustrated in Fig. 2b.
Here, the inverse participation ratio for a Floquet eigenstate |¢,, ), i.e.,
Ugle,) =€“nle,,), reads IPR(€n)=3l(€,Is)|*. A larger value of IPR
indicates stronger Fock space localization and, therefore, better
quality of a cat eigenstate to store and protect a GHZ state. It is seen

b d t=0T
[&q /T ECL l
051 ] 0.4
x —
S0
2 5 ()7 (%) 000 200Nt Ao 0: J
;i' j\A2)9 512 T quasienergy T -m/36 ((; /36
t=1T
X(m) —{2@) = € |
X(m) F—{2(9) — —(= '
4 —(=] - 02
: : U | S o DTC - thermal
X(m) F—{20) —(= :
Z(0) —(=]
X(m) {26 —(= t=oT
0.3}
UF %nT :
.02
> PENG -D-Np DN “BINg  ®+No odd n T ® g
% L 0.1
(% .\r\ l F\'\ l ?\n +
l ./J ./—/ - T
t=0T t=1T t=2T t=3T t=4T ovenn 1 [T -0-2No -7/36 0 /36
@

Fig. 2 | Cat scar DTC and Schrodinger cat interferometry. a Schematic repre-
sentation of the 36-qubit Ising chain. Neighboring qubits are coupled by a per-
turbed Ising interaction. b Eigenstructure of a cat scar DTC. With strong Ising
interaction, |fj| =/ ~1/T > |Ay], |A,|, two pairs of cat scars (|/®, s), with s=0101... and
0000..., shown as blue and red dots, respectively, with IPR > 0.5) remain localized
in Fock space under generic perturbations, in contrast to the majority thermal
eigenstates (gray dots with IPR - 0). Two cat scars within each pair are separated by
aquasienergy gap n/T. ¢ Schrodinger cat interferometry. The circuit is similar to the
MQC protocol in Fig. 1c but with an extra layer of reversed-phase rotations to detect
the phase oscillations of a GHZ state. In the DTC unitary U, U3 is the single-qubit

rotation with 3 Euler angles and ZZ(—4) = exp(—io} i, ) (see Supplementary
Note 4 for more details). Lower panel: Evolution of a GHZ state viewed on the xy
plane with the poles defined by |s) and |s). The initial GHZ state picks up a phase due
to Z(+ ¢) and becomes |® + N@, s) . Under DTC evolutions inside the gray dashed
box, phase oscillation occurs as the GHZ state alternates between | + (® + Ng), s) N
Afterward, the echo and reversed phase rotation double (or cancel) the coherent
phase Ng for even (or odd) driving cycles. Ug};, disentangles the qubits and K'(¢,t)
in Eq. (3) is measured by the ground state probability. d, e Exemplary measure-
ments of K'(¢,t) at three consecutive instants for an initial GHZ state evolved by
DTC (red circles) or thermal unitaries (green circles).
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that two pairs of cat scars (IPR > 0.5) stand out, based on which we
experimentally choose the homogeneous case J;= +1so that one of the
two pairs naturally accommodates the generated GHZ state.

We implement Ur in the DTC regime with perturbations
A =1,=0.05 and strong detuning from echoes ¢,=-m/2, @,=mn/
2-0.6. This is realized by a digital quantum circuit (Fig. 2c). To
quantify a dynamical GHZ state, we design a quantum sensing protocol
dubbed Schrodinger cat interferometry. As shown in Fig. 2c, only an
extra layer of reversal phase rotation Z(+ ¢) is introduced here, such
that the scalability of the MQC protocol is fully inherited. The ground
state probability measured at the end of the circuit in Fig. 2c corre-
sponds to the physical quantity

K’(¢,t)=’<—(d)+N<p),s U§/T‘®+N¢,s>‘2. 3)

GHZ state oscillations UY” |®+Ng,s) ~ |(~1)/T(®+Ng),s ) are then
sharply revealed by the alternation of K'(¢,t) between constructive
~ cos(2N¢ + @) and total destructive -1 interference for ¢-depen-
dence at consecutive driving periods. As exemplified in Fig. 2d, for an
initial GHZ state (VN =36), the measured K'(¢,t = 0) exhibits an evident
period-i/36 oscillation (Fig. 2d). Under the DTC dynamics, the oscil-
lation vanishes at odd period ¢=1T (the upper panel in Fig. 2e) and
reappears in the subsequent even period t=2T (the lower panel in
Fig. 2e). In contrast, a thermal system modeled by large perturbations
(1:=0.3, A;=0.4) quickly erases the initial global entanglement, leav-
ing a vanishing K'(¢,t) (Fig. 2e) (see “Methods” and Supplementary
Note 5.D).

Preserving GHZ state

To illustrate the long-time dynamics and benchmark the protective
effects of DTC, we perform Fourier transformation of X'(¢,t) on ¢
for ¢ from O to 307, where the Fourier peak [C;(q=2N,t) exhibits a
period-2T oscillation of DTC orders (Fig. 3), corresponding to the
pattern alternations as shown in Fig. 2e. In comparison, we perform a
parallel measurement for K¢(2N,¢) in a non-interacting Rabi model,
which amounts to replacing the two-qubit gates of the DTC with the
same length of idle delay while keeping all single-qubit Rabi drivings
intact, i.e., U = U in Eq. (2). Thus, the real-time of each cycle remains
consistent with T=144 ns for both cases. A qualitative difference
emerges in Fig. 3. In DTC, Kx(2N,¢) is chiefly damped by external
noise effects, leading to an exponential decay -e™. In contrast, the
Rabi driving case suffers from an additional term ~ e~ due to the
fact that A; # 0, which signals the delocalization of a GHZ state from

r . . . . .
107 DTC (1-ep)”" Toonst. 3
Rabi (- ep)N” T N2t/ T
= 1073 3
o
10°F :
0 5 10 15 20 25 30
T

Fig. 3 | GHZ dynamics preserved in cat scar DTC. Measured }C}(ZN,t) dynamics in
DTC (red circles) and the benchmark against that under non-interacting Rabi
drivings (blue circles). Dashed lines are analytical results. Here, the constant in
legend is +/2 - VIPR = 0.92 with the IPR of cat scar given by analytical perturbation
theory, while for the Rabi driving case Aes = 0.0239, the coefficient parametrizing
the combined effect of all perturbative factors, can be rigorously obtained (see
Supplementary Note 5). The effective cycle error per qubit is estimated based on an
apparent match between the analytical results and experimental data, which yields
e,=0.007 in DTC and e, =0.003 for the Rabi driving case.

the original Fock bases. This apparent difference in Fig. 3 indicates
that the cat scar DTC integrates both dynamical decoupling of Rabi
drivings®® and strong Ising interactions, achieving improved pro-
tection on GHZ states. Note for the free-decay case without any
protection, i.e., keeping all qubits idle without any circuits, its
quantum coherence loses approximately three times more quickly
than that in DTC (Supplementary Note 5).

We note that the sensitive GHZ state offers long-sought oppor-
tunities to directly reveal the spectral-paired cat eigenstates, a defining
property of long-range-entangled DTCs****°, We show in Supple-
mentary Note 5 that disentangling each qubit in the eigenstate reduces
the value of K; exponentially, in contrast to a vanishing impact to
conventional probes, like magnetic orders for product states. Thus, Ky
in Fig. 3 opens the door to accurately seeing genuine N-body entan-
glement in individual eigenstates.

Manipulating GHZ dynamics

In previous experiments, we have fixed the antiferromagnetic qubit
pattern in a GHZ state and focused on the dynamics of coherent phase
®. Practically, it is desirable to switch the scarred subspace such that it
becomes compatible with a generic GHZ state, even better if the switch
takes place seamlessly during evolution. To identify the method of
editing scarred subspace, we first note that thermalization in a cat scar
DTC occurs in a structured way. Specifically, under strong and uniform
Ising interaction J;=1, a spin can only be flipped by perturbations if it is
sandwiched by anti-parallel neighbors, i.e., 011 ¢ 001, because such a
process conserves the Ising energy. Contrarily, antiferromagnetic
patterns (i.e., 0101... ) are immune to perturbations, while global anti-
ferromagnetic states constitute scarred subspace. Such a constraint is
revealed by the site-resolved detection of the connected correlation
function

Gu(0)= (G5 O07(0) — (G507 ©)], )
where ajf.’ (t):(Ué/ Tfaj U‘F/ T 1t approaches 1 for a perfect GHZ state,
while Gi(t) > O if the Q-Q pair is disentangled. In Fig. 4a and b, we
initialize a 36-qubit GHZ state |®, s),, and flip Q;o immediately, so that
the 5-qubit chain in s, Q17Q18Q19Q20Q21, changes from “01010” to
“01110”. Then, thermalization is ignited at Qs and Q,¢ according to the
kinetic constraint, as we see in Fig. 4a, a cross-shaped thermal region
centering around Qo occurs for Gu(t=24T). Taking an average
Gi(8) = (1/35)2 4+Gju(t), we observe a light-cone | j - 19| = vgt propagating
from Qs and Q,o in Fig. 4b, with the analytical vz =0.038 approxi-
mately obtained under the kinetic constraint condition. The fact that
thermalization occurs locally strongly indicates that a local dressing
can also hinder such a process.

We exemplify the modification of cat-scarred subspace in anew Uy,
where we locally reverse the sign of Ising interaction at jig=Jio=-1
while keeping all other J;=+1 unchanged. Such a sign reversal is
experimentally realized by inserting a pair of X(ir) gates on the flipped
Qyo, Which are located around the ZZ(-4) gate of the original U
sequence, as illustrated in Fig. 4c. Then, the kinetic constraint is mod-
ified locally for Q5 and Q,, so that each of them is only vulnerable to
perturbative flips if it is sandwiched by parallel neighbors. Contrarily,
processes like “011” ¢ "001” for spin chain Q7Q;5Q;9 Now violate the
conservation of local Ising energy, i.e,, —Ji;+/ig=—2#+J;;-Jig=+2,
with Ji;=-/is=1, and therefore cannot occur. Thus, the source of
thermalization in Fig. 4a and b is extinguished, and the new GHZ state,
|®, s), with Qyo, flipped, now resides inside the new scarred subspace.
Correspondingly, we recover Gg(f) in Fig. 4d for the previous cross-
shaped thermal region.

To demonstrate dynamical switching and benchmark the effi-
ciency of editing scarred subspace with X(rr) gates, we consider the
GHZ state with pattern s’=00110011..., which is obtained by gen-
erating |®, s)y and then flipping qubits with the indices j=4m+2 &4
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Fig. 4 | Manipulating cat scar DTC to protect the switched GHZ states. a Gj«(?)
measured, e.g., at t =24T under the evolution of U for a 36-qubit GHZ state, which
is created by flipping Qo of |®,s) at £=0. b Measured G(t) dynamics for the same
initial GHZ state as in (a), where a light cone emerges around the flipped site Qyo.
Dashed lines are the analytical predictions of the thermalizing light cone with the
mean butterfly velocity vz = 0.038 (see Supplementary Note 5). ¢ Exemplary
quantum circuit diagram of U, which illustrates a scheme to edit the original U for
effectively reversing the sign of local Ising interaction with X(i7) gates. The exact
circuit layout of Uy depends on the spin pattern of the generic GHZ state, which is
produced by the left-most layer of X(m) flip gates acting on |®, s). d G;(f) measured

att=24T under the evolution of a compatible U for the same initial GHZ state as in
(a).In (a, b, and d), experimental results are sample-averaged, including 10 random
@ to exclude the effects of possible single-qubit echoes, and for each ¢; the flipped
spin is sampled over six physical qubits to reduce the detrimental effect of the qubit
non-uniformity. e Measured K¢(2N) dynamics under the evolution of the original
Ur. The GHZ state is switched from the initial |®, s), to |®, s)y by flipping 18 qubits
at¢=5T. f Measured [C¢(2N) dynamics for conditions similar to those in (e), except
that the DTC unitary is switched from Ur to a compatible Uy at ¢ =5T. The cat scar
DTC timely catches up with spin flips, so that protection is kept effective at longer
times compared with that in (e).

m+3, form=0, 1, ..., N/4-1. Such a generic GHZ state thermalizes
most rapidly under the original Ur with J;=+1, because every single
qubit is a source for thermalization. A compatible U involves N/2 pairs
of X(m) gates, with one pair for each flipped qubit. We start with the
36-qubit GHZ state, |®, s),, which oscillates in a compatible cat scar
DTC (Ug) for 5 cycles as in Fig. 3. Then, we flip appropriate qubits to
produce |®,s’)y, and continue the evolution under two conditions:
The GHZ state is evolved in the original U, verifying a rapid decay after
the switch (Fig. 4e); in contrast, the phase oscillation persists resulting
from a simultaneous switching from U to the new Uy (Fig. 4f), wit-
nessing a similar amplitude as in Fig. 3a.

Discussion

Here, a set of concepts and protocols to preserve, control, and detect
macroscopic quantum coherence in nonequilibrium many-body
dynamics is developed, opening a new avenue for exploring large-
scale GHZ states and practical applications of nonequilibrium quan-
tum matters'>*, We not only create a 60-qubit GHZ state with genuine
global entanglement but also push the research front toward preser-
ving its coherence and controlling its dynamics. Meanwhile, for the
studies of DTC, our findings offer the long-sought-after direct evidence
of spectral-paired cat eigenstates, which establishes a new perspective
of using nonequilibrium eigenstructures to steer unconventional
quantum dynamics.

In a broader spectrum, our findings bridge central topics in
quantum computation with those in the emergent nonequilibrium
quantum many-body physics'. A tantalizing direction is to engineer
the eigenstate structure of a wider range of exotic nonequilibrium
matters as control knobs to steer multipartite entanglement*. In
addition to DTC, long-range entangled eigenstates also exist in Floquet
spin liquids®*®?, dynamical scars in fracton matters®, and string-net

models®*, based on which, further development of our platform to
larger size and higher fidelity, provides an ideal testbed to design new
frameworks for versatile applications®®® in quantum information,
quantum metrology, and error correction.

Methods

Experimental Setup

Our experiments are carried out on two superconducting processors
featuring transmon qubits arranged on a square lattice, one with
60 qubits selected (Processor I in Fig. 1a) and the other one with 36
qubits (Processor II). Each qubit can be individually excited by
microwave pulse for rotation of its state around an arbitrary axis in the
xy plane of the Bloch sphere, e.g., x-axis by an angle 8, noted as X(6);
phase gate Z(6) is virtually applied by recording the phase 6 in sub-
sequent microwaves. Single-qubit rotation with 3 Euler angles, referred
to as U3(a, B, 0) in the main text, is effectively a rotation gate plus a
virtual Z(8). Any two neighboring qubits have a tunable coupler, so that
controlled ¢-phase gates can be dynamically implemented, which are
used to assemble controlled r-phase gates for creating GHZ states and
the two-qubit ZZ interaction required in cat scar DTC. For both pro-
cessors, all physical single- and two-qubit gates are calibrated to be of
high precision, with average gate fidelity around 0.999 and 0.995,
respectively. As such, we are able to observe relevant experimental
features even by executing digital quantum circuits with more than
300 layers in depth, which consist of about 7000 quantum gates (see
Supplementary Notes 1 and 2 for more details).

Data availability

The data generated in this study have been deposited in the Zenodo
database under the accession code https://doi.org/10.5281/zenodo.
13785116,
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Code availability

We utilized the quantum platform MindSpore Quantum® to perform
numerical simulations for the quantum circuits in our experiments.
The simulation codes used in this study are available on GitHub at
https://github.com/ZJU-zbao/ghz-60q.
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