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Quantum many-body systems away from equilibrium host a rich variety of exotic phenomena that

are forbidden by equilibrium thermodynamics. A prominent example is that of discrete time crystals

[1–8], where time translational symmetry is spontaneously broken in periodically driven systems. Pio-

neering experiments have observed signatures of time crystalline phases with trapped ions [9, 10], spins

in nitrogen-vacancy centers [11–13], ultracold atoms [14, 15], solid spin ensembles [16, 17], and supercon-

ducting qubits [18–20]. Here, we report the observation of a distinct type of intrinsically non-equilibrium

state of matter, a Floquet symmetry-protected topological phase, which is implemented through digital

quantum simulation with an array of programmable superconducting qubits. Unlike the discrete time

crystals reported in previous experiments, where spontaneous breaking of the discrete time translational

symmetry occurs for local observables throughout the whole system, the Floquet symmetry-protected

topological phase observed in our experiment breaks the time translational symmetry only at the bound-

aries and has trivial dynamics in the bulk. More concretely, we observe robust long-lived temporal corre-

lations and sub-harmonic temporal response for the edge spins over up to 40 driving cycles using a circuit

whose depth exceeds 240. We demonstrate that the sub-harmonic response is independent of whether

the initial states are random product states or symmetry-protected topological states, and experimentally

map out the phase boundary between the time crystalline and thermal phases. Our work paves the way

to exploring novel non-equilibrium phases of matter emerging from the interplay between topology and

localization as well as periodic driving, with current noisy intermediate-scale quantum processors [21].

Symmetry-protected topological (SPT) phases are charac-

terized by non-trivial edge states that are confined near the

boundaries of the system and protected by global symme-

tries [22–26]. In a clean system without disorder, these edge

states typically only occur for the ground states of systems

with a bulk energy gap. At finite temperature, they are typ-

ically destroyed by mobile thermal excitations. However,

adding strong disorder can make the system many-body local-

ized (MBL) [27–31], allowing for a sharply defined topolog-

ical phase and stable edge states even at infinite temperature

[32–36]. Strikingly, the topological phase and corresponding

edge states can even survive external periodic driving, as long

as the driving frequency is large enough so that the localiza-

tion persists [37, 38].

The interplay between symmetry, topology, localization,

and periodic driving gives rise to various peculiar phases of

matter that exist only out of equilibrium [38]. Understanding

and categorizing these unconventional phases poses a notori-

ous scientific challenge. On the theoretical side, topological

classifications of periodically driven (Floquet) systems with

[4, 39–41] and without [42] interactions have already been

obtained through a range of mathematical techniques (such

as group cohomology), revealing a number of “Floquet SPT”

(FSPT) phases with no equilibrium counterparts [38]. Yet, we

still lack powerful analytical tools or numerical algorithms to

thoroughly address these phases and their transitions to other

ones. On the experimental side, signatures of discrete time

crystals (DTCs) [1–8], which are paradigmatic examples of

exotic phases beyond equilibrium [43], have been reported

in a wide range of systems [9–20]. However, none of these

experiments encompass topology as a key ingredient. A re-

cent experiment simulating an FSPT phase on a trapped-ion

quantum computer found that the phase was short-lived due to

the presence of coherent errors in the device [44]. Realizing

a long-lived FSPT phase, which demands a delicate concur-

rence of topology, localization, and periodic driving, thus still

remains a notable experimental challenge.

Here, we report the observation of an intrinsically non-

equilibrium FSPT phase with a programmable array of su-

perconducting qubits (Fig. 1) with high controllability and
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FIG. 1. FSPT phase and schematics of the experimental setup. a, Fourteen qubits used in our experiment are coupled to their neighbors

with capacitive couplers. b, A chain of spins is periodically driven with the time-periodic Hamiltonian H(t), giving rise to an FSPT phase

characterized by time translational symmetry breaking at the boundaries. c, The quasienergy spectrum (ǫ) of the Floquet unitary UF , which

is the time evolution operator over one period. For the FSPT phase, every eigenstate is two-fold degenerate and has a cousin separated by

quasienergy π. Here, | ↑ · · · ↑〉 ± | ↓ · · · ↓〉 and | ↓ · · · ↑〉 ± | ↑ · · · ↓〉 denote the eigenstates of UF , and we use two identitical quasienergy

circles to explicitly show the two-fold degeneracy (Sumplementary Information I. B). d, A schematic illustration of the experimental circuits

used to implement the time dynamics governed by the time-periodic Hamiltonian H(t). We randomly sample the Hamiltonians and prepare

the initial states as random product states or random static SPT states. After running a sequence of quantum gates, we measure the local

magnetization or stabilizer operators at discrete time points. e, Illustration of the quantum processor, with the 14 qubits highlighted in green.

long coherence time. We successfully implement the dynam-

ics of the system under a prototypical time-periodic Hamilto-

nian, which we theoretically predict to exhibit an FSPT phase.

This requires us to digitally simulate a three-body-interacting

Hamiltonian exhibiting an SPT phase via a large-depth quan-

tum circuit obtained using a novel neuroevolution algorithm

[45]. We then measure local spin magnetizations and their

temporal correlations and demonstrate that both quantities

show a subharmonic response at the boundaries but not in

the bulk of the chain. This situation differs drastically from

the case of DTCs, which exhibit subharmonic response ev-

erywhere in the bulk. This contrast stems from a fundamental

distinction between DTC and FSPT phases: the former exhibit

conventional long-range order in the bulk intertwined with the

spontaneous breaking of discrete time-translational symme-

try [43, 46, 47] while the latter exhibit SPT order that can only

be revealed through boundary effects or nonlocal “string oper-

ators” in the bulk [39, 41, 48]. The observed boundary subhar-

monic response persists over an extended range of parameters

and is robust to various experimental imperfections, indepen-

dent of the initial states. We further explore the FSPT phase

experimentally from the perspectives of entanglement dynam-

ics, entanglement spectrum, and the dynamics of stabilizer

operators that underlies its topological nature. By measur-

ing the variance of the subharmonic peak height in the Fourier

spectrum, we also experimentally map out the phase boundary

between the time crystalline and thermal phases. This work

opens the door to harnessing this exotic phase of matter for

practical quantum information processing.

Model Hamiltonian and its implementation

We consider a one-dimensional spin- 1
2

chain governed by the
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following time-periodic Hamiltonian (see Fig. 1b):

H(t) =

{

H1, for 0 ≤ t < T1

H2, for T1 ≤ t < T
, (1)

H1 ≡ (
π

2
− δ)

∑

k

σ̂x
k ,

H2 ≡ −
∑

k

[Jkσ̂
z
k−1σ̂

x
k σ̂

z
k+1 + Vkσ̂

x
k σ̂

x
k+1 + hkσ̂

x
k ],

where σ̂x,z
k is the Pauli matrix acting on the k-th spin; Jk, Vk,

and hk are random parameters drawn independently from uni-

form distributions over [J−∆J , J+∆J ], [V −∆V , V +∆V ],
and [h − ∆h, h + ∆h], respectively. For simplicity, we fix

T = 2T1 = 2 throughout this paper. We note that H(t) has

a Z2 × Z2 symmetry. For a suitable parameter regime, it has

been shown that H2 can be in an MBL phase, where topolog-

ical edge states can survive as coherent degrees of freedom at

arbitrarily high energies [34]. The localization and edge states

carry over to the case of periodic driving with the Hamilto-

nian H(t), giving rise to an FSPT phase. In this FSPT phase,

the time translational symmetry only breaks at the boundary

but not in the bulk. The Floquet unitary that fully character-

izes the FSPT phase reads UF = U2U1, where U1 = e−iH1

and U2 = e−iH2 are the unitary operators generated by the

Hamiltonians H1 and H2, respectively. The quasienergy spec-

turm of UF reveals that every eigenstate is two-fold degener-

ate and has a cousin eigenstate separated by quasienergy π
(see Fig. 1c). The degenerate eigenstates also exhibit long-

range mutual information between the boundary spins; this is

essential for the robustness of the subharmonic response of

the edge spins against local perturbations, including finite δ
and Vk, that respect the protecting Z2 ×Z2 symmetry. We re-

fer to the Methods and Supplementary Information for a more

in-depth discussion about the model.

To implement H(t) with superconducting qubits, the three-

body term in H2, which is crucial for the SPT phase at high

energy, poses an apparent challenge since no three-body in-

teraction appears naturally in the superconducting system.

We thus employ the idea of digital quantum simulation [49]

to implement H(t) with quantum circuits (Fig. 1d). For

Vk = hk = 0, we find optimal circuits in an analytical fash-

ion that can implement H(t) with arbitrary Jk and δ, while for

nonvanishing Vk and hk we utilize a neuroevolution algorithm

[45] to design suitable quantum circuits (see Methods). With

the obtained quantum circuits, we perform our experiment on

a flip-chip superconducting quantum processor (Fig. 1e) with

a chain of L = 14 transmon qubits denoted as Q1 through QL

(Fig. 1a). See the Method and Supplementary Information for

the details of the experimental setup.

Symmetry breaking at boundaries
The characteristic signature of an FSPT phase is the breaking

of the discrete time-translational symmetry at the boundaries

of the chain but not in the bulk. This can be manifested by

the persistent oscillation with period 2T of local magnetiza-

tions at the boundaries. In Fig. 2, we plot the time evolution

of disorder-averaged local magnetizations σz
j (t) for different

phases. From Fig. 2a, it is evident that in the FSPT phase, the

disorder-averaged magnetizations at the two ends of the chain,

namely σz
1(t) and σz

L(t), oscillate with a 2T periodicity, for

up to 20 driving cycles. In stark contrast, the local magneti-

zations in the bulk of the chain (σz
j (t) with 2 ≤ j ≤ L − 1)

decay quickly to zero and do not show period-doubled oscil-

lations. This unconventional behavior is independent of disor-

der averaging. Even for a single random disorder instance, the

magnetizations exhibit similar dynamical features, as shown

in Fig. 2b. The distinction between the dynamics of boundary

and bulk magnetizations can also be clearly seen by examin-

ing σz
j (t) in the frequency domain. As shown in Fig. 2d, the

edge spins lock to the subharmonic frequency of the drive pe-

riod ω/ω0 = 1/2 whereas the bulk spins show no such peak.

We stress that the subharmonic response for the edge spins

obtained in our experiment is notably robust to various pertur-

bations and experimental imperfections (see Supplementary

Information I. B for a more in-depth discussion). For com-

parison, we also experimentally measure the dynamics of the

magnetizations in the thermal phase. Our results are shown

in Fig. 2c and Fig. 2e, where we see that the magnetizations

for both the edge and bulk spins decay quickly to zero and no

subharmonic response appears at all.

The breaking of the discrete time translational symmetry at

the boundaries can also be detected by the disorder-averaged

autocorrelators defined as Aj = 〈Ψ0|σz
j (t)σ

z
j (0)|Ψ0〉. Our

experimental measurements of autocorrelators for up to 40

driving cycles are plotted in Fig. 2f, again showing the break-

ing of time translational symmetry at the boundaries but not

in the bulk. We mention that, in the FSPT phase, the local

magnetizations for the edge spins exhibit a gradually decaying

envelope, which could be attributed to either external circuit

errors or slow internal thermalization. To distinguish these

two mechanisms, we carry out an additional experiment on

the “echo” circuit Uecho ≡ (U †
F )

tU t
F , whose deviation from

the identity operator measures the effect of circuit errors [18].

The square root of the output of Uecho (black solid lines shown

in Fig. 2f) fits well with the decaying envelope of the results

obtained by evolution under UF . This indicates that the decay

of the envelope is due to circuit errors rather than thermal-

ization, which corroborates that the system is indeed in the

localized phase.

Localization-protected topological states

In the above discussion, the initial states are random product

states. To establish the FSPT phase, additional experiments

on other initial states and other local observables are neces-

sary. In this section, we show that the stabilizers in the bulk

do not break the discrete time translational symmetry, but at

the boundaries they do. To understand this, we consider the

idealized cluster-state and spin-flip limit, i.e., Vk = hk = 0
and δ = 0. In this limit, H2 reduces to a summation of sta-

bilizers: H2 = −
∑L−1

k=2
JkSk with Sk ≡ σ̂z

k−1
σ̂x
k σ̂

z
k+1

. To

break the degeneracy of H2, we consider adding two bound-
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FIG. 2. Observation of an FSPT phase. a, Time evolution of disorder-averaged local magnetizations deep in the FSPT phase (J = ∆J = 1,

V = h = ∆V = ∆h = 0, and δ = 0.01). The initial states are |0〉⊗L
and data shown is averaged over 20 random disorder instances.

While the bulk magnetization decays quickly to zero, the edge spins oscillate with a stable subharmonic response for up to 20 cycles. b, The

evolution dynamics of local magnetizations for different random instances. Here, each layer corresponds to a specific random instance. c,

Magnetization dynamics deep in the thermal phase (J = ∆J = 1, V = h = ∆V = ∆h = 0, and δ = 0.8). d, Fourier transform of

experimentally measured 〈σz
j (t)〉 in the FSPT phase. The edge spins lock to the subharmonic frequency, which is in sharp contrast to the bulk

spins. e, Fourier spectra of 〈σz
j (t)〉 in the thermal phase. No robust subharmonic frequency peak appears for either edge spins or bulk spins in

this case. f, Time-dependence of the autocorrelator Aj = 〈Ψ0|σz
j (t)σ

z
j (0)|Ψ0〉 for up to 40 cycles, obtained from averaging over 20 random

instances deep in the FSPT phase, with the initial states prepared as random product states in the computational basis. The black solid lines

show the results of “echo” circuits for two boundary qubits.

ary terms J1S1 (S1 ≡ σ̂x
1 σ̂

z
2) and JLSL (SL ≡ σ̂x

Lσ̂
z
L−1),

which are commuting with all bulk stabilizers, to the Hamil-

tonian H2, forming a new cluster-state Hamiltonian H ′
2 =

H2 + J1S1 + JLSL. We note that the eigenstates of H ′
2 are

also eigenstates of H2 with degeneracy split by the boundary

terms. We choose the initial states to be random eigenstates of

H ′
2 and evolve the system with the time-periodic Hamiltonian

H(t) to measure the time-dependence of local stabilizers.

In Fig. 3a, we show a sketch of the quantum circuit used in

our experiment to prepare the desired random eigenstates of

H ′
2. To manifest the topological nature of these eigenstates,

we study their entanglement spectra [50], which are widely

used as a crucial diagnostic for universal topological proper-

ties of quantum phases [50–53]. In our experiment, we pre-

pare random eigenstates of H2 with both open and periodic

boundary conditions and obtain the reduced density matrices

of half of the system, ρhalf, through quantum state tomography.

Figure 3b displays the entanglement spectra ({− ln v} where

{v} are the eigenvalues of ρhalf) of two experimentally pre-

pared eigenstates for open and periodic boundary conditions,

respectively. From this figure, a clear two-fold degeneracy for

the low-lying Schmidt states is obtained for the open bound-

ary conditions. This degeneracy corresponds to an effectively

decoupled spin-half degree of freedom at the boundary of the

bipartition. For periodic boundary conditions, the spectrum

is four-fold degenerate, corresponding to two effectively de-

coupled spins at the two boundaries of the bipartition. The

degeneracy of the entanglement spectrum and its dependence

on boundary conditions marks a characteristic feature of the

SPT state prepared in our experiment. We remark that the de-

generacy disappears above the entanglement gap. This is due

to finite size effects and experimental imperfections.

In Fig. 3c, we plot the time-dependence of local stabiliz-

ers in the FSPT phase. We observe that the stabilizers at the

boundaries oscillate with a 2T periodicity, indicating again the

breaking of discrete time translational symmetry at the bound-
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FIG. 3. Dynamics of stabilizers with random initial SPT states.

a, Schematic of the experimental circuit for preparing random SPT

states. To prepare the system into the ground state of the cluster

Hamiltonian H ′
2, we apply a Hadamard gate (H) on each qubit and

then run CZ gates in parallel for all neighboring qubit pairs in two

steps. Then we apply Z(π) on some random sites to create excita-

tions and transfer the ground state to a highly excited eigenstate of

H ′
2. This procedure enables the preparation of random SPT states

at high energy. We then evolve these states with the Hamiltonian

H(t) to study the dynamics of stabilizers. b, Entanglement (ab-

breviated as “Ent.”) spectra of random SPT states prepared in our

experiment, with both open and periodic boundary conditions. The

dashed lines indicate the lowest degenerate entanglement energies

obtained by simulation in error-free case. The two- and four-fold

degeneracy (in the case of open and periodic boundary conditions,

respectively) of the low-lying entanglement levels is a characteristic

feature of the topological nature of these states. c, The time depen-

dence of stabilizers in the FSPT phase, averaged over 20 random

circuit instances. The parameters in b and c are chosen as L = 6,

δ = 0.1, J = ∆J = 1, h = ∆h = 0.01, and V = ∆V = 0.01.

aries. In the bulk, the stabilizers oscillate with a T periodic-

ity and are synchronized with the driving frequency, showing

that no symmetry breaking occurs. This is in sharp contrast to

the dynamics of bulk magnetizations, which decay rapidly to

zero and exhibit no oscillation. In fact, in the FSPT phase, the

system is many-body-localized and there exist a set of local

integrals of motion, which are the “dressed” versions of the

stabilizers with exponentially small tails [34]. The persistent

oscillations of the bulk stabilizers observed in our experiment

originate from these local integrals of motion and are a reflec-

tion of the fact that the system is indeed in an MBL phase.

Phase transition

We now turn to the phase transition between the FSPT phase

and the trivial thermal phase. For simplicity and concrete-

ness, we fix other parameters and vary the drive perturbation
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FIG. 4. Phase diagram and detection of phase transition. a, The

numerical δ − V phase diagram obtained by examining the cen-

tral subharmonic peak height for the edge spins in the Fourier spec-

trum, averaged over 1000 disorder instances. The dashed line cor-

responds to the maximal height variances for varying V with each

fixed δ point, which gives a rough estimation of the phase bound-

ary. Here, the parameters are chosen as L = 8, J = ∆J = 1, and

h = ∆h = ∆V = 0.05. b, Experimental result of the subharmonic

peak height as a function of δ with fixed h = V = ∆h = ∆V = 0
and J = ∆J = 1, averaged over 20 disorder instances uniformly

sampling from the interval [J −∆J , J +∆J ] for 14 qubits, with the

shadow outlining the standard deviation. Inset, the standard devia-

tion of the central peak height as a function of δ.

δ and the interaction strength V . Theoretically, the system is

expected to exhibit an FSPT phase for small δ and V . With

increasing δ and V , the strong interaction diminishes localiza-

tion and eventually thermalizes the system. At some critical

values of δ and V , a transition between these two phases oc-

curs. In Fig. 4a, we plot the δ − V phase diagram obtained

from numerical simulations, where the phase boundary, al-

though not very sharp due to finite-size effects, can be located

and visualized approximately.

To experimentally examine this phase transition, we further

fix the interaction strength V = 0. We probe the transition

point by measuring the variance of the subharmonic spectral

peak height, i.e., the amplitude of the Fourier spectrum of 〈σz
1〉

at ω = ω0/2 for the boundary spin. Figure 4b shows the sub-

harmonic peak height as a function of the drive perturbation

δ. At small δ, the system is in the FSPT phase, and the peak

height remains at a value around 0.5. As we increase δ to a

large value, the system transitions out of the topological phase

and the peak height vanishes. This is consistent with the theo-

retical analysis above. The largest variance of the peak height

corresponds to the phase transition point. The inset of Fig. 4b

shows the measured standard deviation as a function of δ, in-
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dicating a phase transition point around δ ≈ 0.2.

Conclusion and outlook
In summary, we have experimentally observed signatures of

an intrinsically non-equilibrium Floquet SPT phase with a

programmable superconducting quantum processor. In con-

trast to previously reported conventional time crystals, for our

observed FSPT phase, the discrete time translational symme-

try only breaks at the boundaries but not in the bulk. We

measured the persistent oscillations of edge spins with a sub-

harmonic frequency and experimentally demonstrated that the

FSPT phase is robust to symmetry-respecting perturbations in

the drive and imperfections in the experiment. In addition, we

also demonstrated that the subharmonic response of boundary

observables is independent of the initial state.

The controllability and scalability of the superconducting

platform demonstrated in our experiment open up several new

avenues for future fundamental studies and potential appli-

cations. In particular, it would be interesting and important

to explore other exotic non-equilibrium phases beyond classi-

cal simulability [54], with superconducting or other near-term

quantum platforms. In practice, the observed FSPT phase may

have applications in some quantum information processing

tasks, such as quantum metrology or implementing a robust

quantum memory with topological protection.

Methods
Characterization of the model Hamiltonian

To understand why time translational symmetry breaks at

the boundary but not in the bulk, we consider the idealized

“cluster-model” limit (Vk = hk = 0) and set δ = 0. We sup-

pose that the system is initially prepared in a random prod-

uct state in the computational basis, and we use the dynam-

ics of local magnetization as a diagnostic. In this simple

scenario, the topologically non-trivial structure of the cluster

states (eigenstates of U2) gives rise to edge modes that behave

as free spins. At each driving period, the unitary operator U1

flips all spins. As a result, the edge spins are reversed after one

period and return to their initial configuration after two, lead-

ing to the period-doubled dynamics of the local magnetization

at the boundaries. For spins in the bulk, however, the unitary

operator U2 plays a role and evolves the random product state

to a state with vanishing magnetization, resulting in no period

doubling. When Vk = 0, the Hamiltonian (1) can be mapped

to free Majorana fermions (see Supplementary Information

I. B and, e.g., Refs. [55, 56]). Further setting δ = hk = 0, we

find that Eq. (1) maps onto two decoupled copies of the fixed-

point model of a Z2 FSPT phase considered in Ref. [39]. The

robustness of the subharmonic responses of the topologically

protected edge spins to perturbations respecting the Z2 × Z2

symmetry is discussed in depth in the Supplementary Infor-

mation I. B.

Logarithmic entanglement growth

For a many-body localized system, the entanglement entropy

will feature a logarithmic growth [57], which is in sharp con-

trast to the case of Anderson localization without interactions.

For the model Hamiltonian H(t) studied in this paper, we also

expect a logarithmic growth of the entanglement entropy in-

side the FSPT phase with Vk 6= 0. We numerically simulate

the entanglement dynamics of the system deep in the FSPT

phase with the time-evolving block decimation algorithm up

to a system size L = 100 (see Supplementary Information

II.). Our results clearly verify the logarithmic entanglement

growth, which again implies that the FSPT phase in indeed

many-body localized with nonvanishing Vk. In our experi-

ment, we also study the entanglement dynamics for a small

system size through quantum tomography (see Supplemen-

tary Information IV.). We find that in the thermal phase, the

entanglement grows much faster than that for the FSPT phase.

However, due to decoherence and other experimental imper-

fections, we are not able to observe the logarithmic entangle-

ment growth.

Quantum circuits for implementing H(t)

Direct implementation of the Floquet Hamiltonian H(t) with

superconducting qubits faces a notable difficulty: the natu-

ral interactions hosted by the superconducting qubits are only

two-body, so the three-body terms in H2 cannot emerge di-

rectly. Fortunately, programmable superconducting qubits are

universal for quantum computation; thus we can explore the

idea of digital quantum simulation to emulate the dynamics of

H(t). However, due to inevitable experimental imperfections,

the depth of the quantum circuits is limited. As a result, ob-

taining well-performing circuits with an optimal depth which

can implement H(t) (or equivalently the Floquet unitary UF )

is of crucial importance for the success of our experiment.

To find the desired quantum circuits, we utilize a neuroevo-

lution method introduced in Ref. [45] which outputs a near-

optimal architecture for a family of variational quantum cir-

cuits that can implement H(t) with different random disorder

instances. For a given instance of Jk, Vk, and hk, we use the

gradient decent method to tune the variational parameters of

the ansatz circuits to minimize the distance between the uni-

tary represented by the circuit and the unitary generated by

H(t) within a samll time interval. In the idealized “cluster-

model” limit (Vk = hk = 0), we can find a simple exact one-

to-one correspondence between Jk and the variational param-

eters, independent of the system size and the values of Jk and

δ. Thus, we are able to construct an analytical quantum circuit

that can implement H(t) precisely, and at the same time are

experimentally friendly and practical. The details of how to

obtain the desired quantum circuits are given in Sec. III of the

Supplementary Information.

Experimental setup

Our experiment is performed on a flip-chip superconducting

quantum processor designed to encapsulate a square array of

6 × 6 transmon qubits with adjustable nearest-neighbor cou-

plings (Fig. 1e), on which a chain of up to L = 14 qubits,

denoted as Q1 through QL, that alternate with L − 1 cou-
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plers, denoted as C1 through CL−1, are selected to observe

the FSPT phase (Fig. 1a). All L qubits can be individually

tuned in frequency with flux biases, excited by microwaves,

and measured using on-chip readout resonators; all couplers

are also of transmon type with characteristic transition fre-

quencies higher than those of the qubits, which can be con-

trolled with flux biases to tune the effective nearest-neighbor

couplings. During an experimental sequence (Fig. 1d), we

first initialize each qubit, Qj , in |0〉 at its idle frequency ωj ,

following which we alternate the single-qubit gates at ωj with

the two-qubit controlled-π (CZ) gates realized by biasing Qj

and its neighboring qubit to the pairwise frequencies listed

in
(

ωA (B)
j , ωA (B)

j+1

)

for a fixed interaction time (see Supple-

mentary Information III. C). Meanwhile, each coupler is dy-

namically switched between two frequencies [58–63]: one is

to turn off the effective coupling where the neighboring two

qubits can be initialized and operated with single-qubit gates;

the other one is to turn on the nearest-neighbor coupling to

around 11 MHz for a CZ gate. After n layers of the alternating

single- and two-qubit gates, we finally tune all qubits to their

respective ωm
j for simultaneous quantum-state measurement.

Qubit energy relaxation times measured around ωj are in the

range of 11 to 37 µs. More characteristic qubit parameters,

including the above mentioned frequencies, anharmonicities,

and readout fidelities, can be found in Supplementary Infor-

mation Tab. S1.

We explore a quantum digital simulation scheme to imple-

ment the dynamics of the system under the driven Hamil-

tonian H(t). More specifically, we decompose the evolu-

tion operators into the experimentally feasible single-qubit

gates [X(θ), Y(θ), and Z(θ)] and two-qubit gates [CRz(±π)],
where X(θ), Y(θ), and Z(θ) are rotations around x-, y-, and z-

axis by the angle θ, respectively, and CRz(±π) are the z-axis

rotations of the target qubit by ±π conditioned on the state

of the control qubit (see Fig. 1d and Supplementary Informa-

tion III. A for the ansatz that generates the gate sequences).

X(θ) and Y(θ) are realized by applying 50 ns-long microwave

pulses with full width half maximum of 25 ns, whose quadra-

ture correction terms are optimized to minimize state leakages

to higher levels [64]. Simultaneous randomized benchmark-

ings indicate that the single-qubit gates used in this experi-

ment have reasonably high fidelities, averaging above 0.99

(see Supplementary Information Tab. S1). Z(θ) is realized

using the virtual-Z gate, which encodes the information θ in

the rotation axes of all subsequent gates [65], and is combined

with CZ to assemble CRz(±π). Here, we adopt the strategy

reported elsewhere [62, 66] to realize the CZ gate, i.e., we di-

abatically tune the coupler frequency while keeping |11〉 and

|02〉 (or |20〉) for the subspace of the two neighboring qubits in

near resonance. The 40 ns-long CZ gate for a pair of neighbor-

ing qubits can be individually optimized to be around 0.99 in

fidelity as calibrated by interleaved randomized benchmark-

ing; when simultaneously running the CZ gates for multiple

pairs of neighboring qubits as required in the experimental se-

quence, the averaged CZ gate fidelities can be around 0.985

as obtained by simultaneous randomized benchmarking (see

Supplementary Information Tab. S1).
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