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Quantum many-body systems away from equilibrium host arich variety of exotic
phenomena that are forbidden by equilibrium thermodynamics. A prominent example

is that of discrete time crystals'®, in which time-translational symmetry is
spontaneously broken in periodically driven systems. Pioneering experiments have
observed signatures of time crystalline phases with trapped ions®™°, solid-state spin

systems'™

,ultracold atoms

1617 and superconducting qubits'®?°. Here we report the

observation of adistinct type of non-equilibrium state of matter, Floquet symmetry-
protected topological phases, which areimplemented through digital quantum
simulation with an array of programmable superconducting qubits. We observe robust
long-lived temporal correlations and subharmonic temporal response for the edge
spins over up to 40 driving cycles using a circuit of depth exceeding 240 and acting on
26 qubits. We demonstrate that the subharmonic response isindependent of the initial
state, and experimentally map out a phase boundary between the Floquet symmetry-
protected topological and thermal phases. Our results establish a versatile digital
simulation approach to exploring exotic non-equilibrium phases of matter with
current noisy intermediate-scale quantum processors?.

Symmetry-protectedtopological (SPT) phases are characterized by non-
trivial edge states that are confined near the boundaries of the system
and protected by global symmetries® . 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 in
general destroyed by mobile thermal excitations. However, adding
strong disorder can make the system many-body localized (MBL)¥*,
allowing for asharply defined topological phase and stable edge states
even atinfinite temperature® 3¢, 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®,

The interplay between symmetry, topology, localization and peri-
odic driving gives rise to various peculiar phases of matter that exist
only out of equilibrium?®. Understanding and categorizing these
unconventional phases poses a well-known scientific challenge. On
the theoretical side, topological classifications of periodically driven
(Floquet) systems with**~*2 and without* interactions have already
been obtained through a range of mathematical techniques (such as
group cohomology), revealing anumber of ‘Floquet SPT’ (FSPT) phases
withno equilibrium counterparts. 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)'®, which are paradigmatic examples
of exotic phases beyond equilibrium**, have been reported in a wide
range of systems®?°, However, none of these experiments encompass
topology asakeyingredient. Arecent experiment simulatingan FSPT
phase on a trapped-ion quantum computer found that the phase was
short-lived owing to the presence of coherent errors in the device®.
Realizing a long-lived FSPT phase, which demands a delicate concur-
rence of topology, localization and periodic driving, thus still remains
anotable experimental challenge.

Here we report the observation of non-equilibrium FSPT phases with
aprogrammable array of 26 superconducting qubits (Fig. 1) with high
controllability and long coherence time. We successfully implement
the dynamics of prototypical time-(quasi)periodic Hamiltonians with
7, % 75,75, OF NO Microscopic symmetries, and observe subharmonic
temporal responses for the edge spins. In particular, we focus on a
one-dimensional (1D) time-periodic Hamiltonian with three-body
interactionsandZ, x Z, symmetry as an example. We digitally simulate
this Hamiltonianthroughalarge-depth quantum circuit obtained using
aneuroevolution algorithm*, We then measure local spin magnetiza-
tions and their temporal correlations and demonstrate that both quan-
tities show a subharmonic response at the boundaries but not in the

'Department of Physics, ZJU-Hangzhou Global Scientific and Technological Innovation Center, Interdisciplinary Center for Quantum Information, and Zhejiang Province Key Laboratory of
Quantum Technology and Device, Zhejiang University, Hangzhou, China. “Center for Quantum Information, IlIS, Tsinghua University, Beijing, China. *Alibaba-Zhejiang University Joint Research
Institute of Frontier Technologies, Hangzhou, China. “Joint Quantum Institute and Joint Center for Quantum Information and Computer Science, University of Maryland and NIST, College Park,
MD, USA. °Department of Physics and Astronomy, lowa State University, Ames, IA, USA. °Ames Laboratory, Ames, IA, USA. "QuEra Computing Inc., Boston, MA, USA. ®Department of Physics,
Colorado School of Mines, Golden, CO, USA. °National Institute of Standards and Technology, Boulder, CO, USA. ®Shanghai Qi Zhi Institute, Shanghai, China. "These authors contributed
equally: Xu Zhang, Wenijie Jiang, Jinfeng Deng. ®¥e-mail: 2010wangzhen@zju.edu.cn; dldeng@tsinghua.edu.cn

468 | Nature | Vol 607 | 21July 2022


https://doi.org/10.1038/s41586-022-04854-3
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-022-04854-3&domain=pdf
mailto:2010wangzhen@zju.edu.cn
mailto:dldeng@tsinghua.edu.cn

a c G, Cs
OO HO—@ -

E+T

Fig.1|FSPT phase and schematics of the experimental setup. a, The 26 qubits
usedinourexperimentare coupled to their neighbours with capacitive couplers.
b, Achainofspinsis periodically driven with the time-periodic Hamiltonian H(t),
givingrisetoan FSPT phase characterized by time-translational symmetry
breaking at theboundaries. ¢, The quasi-energy spectrum of the Floquet unitary
U, whichis the time evolution operator over one period. For the FSPT phase,
every eigenstate with quasi-energy €is two-fold degenerate and hasacousin
(denoted by the same colour) separated from it by quasi-energy m. Here,

|t ty£[Vedyand [V M) £[ V) denote the eigenstates of Up with 6= V= h, = 0

bulk of the chain. This situation differs drastically from the case of
DTCs, which exhibit subharmonic response everywhere in the bulk.
This contrast stems from a fundamental distinctionbetween DTC and
FSPT phases: the former exhibit conventional long-range order inthe
bulk intertwined with the spontaneous breaking of discrete
time-translational symmetry****¢ whereas the latter exhibit SPT order
thatcanonlyberevealed through boundary effects or non-local ‘string
operators’ in the bulk®***°, The observed boundary subharmonic
response persists over an extended range of parameters and is robust
to various experimental imperfections, independent of the initial
states. We further explore the FSPT phase experimentally from the
perspectives of entanglement dynamics, the entanglementspectrum
and the dynamics of stabilizer operators that underliesits topological
nature. By measuring the variance of the subharmonic peak height in
the Fourier spectrum, we experimentally map out the phase boundary
between the FSPT and thermal phases.

Model Hamiltonian and its implementation

We mainly consider a 1D spin-% chain governed by the following
time-periodic Hamiltonian (Fig. Ib):

H, forO<t<T’,
H,, forT’<t<T,

Hy= (g - a) Sol. (1)

Hy=-3) [ 0k-10%0ks1+ ViGiOkir *+ Ay O],
I

H(t)={

where § denotes the drive perturbation; 6;'“is the Paulimatrix acting
on the kth spin;J,, V, and h, are random parameters drawn indepen-
dently from uniform distributions over [/-A,J+ AL [V- A, V+A)]
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(Supplementary Information1.B).d, Aschematicillustration of the experimental
circuits used toimplement the time dynamics governed by H(t). We randomly
sample the Hamiltonians and prepare theinitial states asrandom product states
orrandom static SPT states. After running asequence of quantum gates, we
measure thelocal magnetization or stabilizer operators at discrete time points.
e, lllustration of the quantum processor, withthe 26 qubitsusedin the
experiment highlightedin green. Yellow circles are functional qubits, but not
used owing to limited gate fidelity. The remaining lattice sites (denoted asred
circles) are non-functional qubits.

and[h - A, h+ Al respectively. For simplicity, we fix T=27"=2,which
roughly corresponds to 0.3 ps for running the corresponding quantum
circuit in our experiment. We note that H(t) has a Z, x Z, symmetry.
Forasuitable parameter regime, it has been shown that H,canbeinan
MBL phase, in which topological edge states can survive as coherent
degrees of freedom at arbitrarily high energies®*. The localization
and edge states carry over to the case of periodic driving with the
Hamiltonian H(¢), giving rise to an FSPT phase. In this FSPT phase, the
time-translational symmetry only breaks at the boundary but notin
the bulk. The Floquet unitary that fully characterizes the FSPT phase
reads U = U,U,, where U, = e "1and U, = e ""2are the unitary operators
generated by the Hamiltonians H,and H,, respectively. The quasi-energy
spectrum of U; reveals that every eigenstate is two-fold degenerate
and has a cousin eigenstate separated by the quasi-energy 1 (Fig. 1c).
The degenerate eigenstates also exhibit long-range mutual information
between the boundary spins; thisis essential for the robustness of the
subharmonic response of the edge spins against local perturbations,
including finite §and V,, that respect the Z, x Z, symmetry (Methods
and Supplementary Information I).

Toimplement H(t) with superconducting qubits, the three-body term
inH,, whichis crucial for the SPT phase at high energy, poses an appar-
ent challenge because no three-body interaction appears naturally in
the superconducting system. We thus use the idea of digital quantum
simulation®® to implement H(¢) with quantum circuits (Fig. 1d). For
V.= h,= 0, we find optimal circuits in an analytical fashion that can
implement H(¢t) with arbitrary/, and §, whereas for non-vanishing V;
and h,we use aneuroevolution algorithm*¢ to design suitable quantum
circuits (Methods). With the obtained quantum circuits, we perform
our experiment on a flip-chip superconducting quantum processor
(Fig. 1e) with a chain of L =26 transmon qubits denoted as Q, to Q,
(Fig.1a).See Methods and Supplementary Information for the details
of the experimental setup, and for experimental results from another
processor with a chain of 14 qubits.
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Fig.2|Observation ofan FSPT phase with 26 programmable
superconducting qubits. a, Time evolution of disorder-averaged local
magnetizationsdeepinthe FSPT phase (L =26,/=A,=1,V=h=A,=A,=0and
6=0.01). Theinitial stateis |0)®, and the datashown are averaged over
20randomdisorderinstances. The error barsrepresent the standard error of the
meanover disorder samples. Whereas the bulk magnetization decays quickly to
zero, the edge spins oscillate with astable subharmonicresponse for up to

40 cycles.b, The evolution dynamics of local magnetizations for different
randominstances. Here eachlayer corresponds toaspecificrandominstance.
¢,Magnetizationdynamics deep inthe thermal phase (/=A,=1,V=h=A,=A,=0

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 notinthe bulk. This canbe manifested by the persistent oscillation
with period 2T of local magnetizations at the boundaries. In Fig. 2, we
plot the time evolution of the disorder-averaged local magnetizations
(07(0)) for different phases. From Fig. 2a, itis evident that in the FSPT
phase, the disorder-averaged magnetizations at the two ends of the
chain, namely (o{(¢)) and (g7 (¢)), oscillate with a 2T periodicity, for up
to 40 driving cycles. In stark contrast, the local magnetizations in the
bulk of the chain ((¢%(¢)) with2 <j< [ - 1) decay quickly tozeroand do
notshow period-doubled oscillations. This unconventional behaviour
is independent of disorder averaging. Even for a single random
disorder instance the magnetizations exhibit similar dynamical fea-
tures, as shown in Fig. 2b. The distinction between the dynamics of
boundary and bulk magnetizations canalso be clearly seen by examin-
ing{c’(t))inthe frequency domain. As shown in Fig. 2d, the edge spins
lock to the subharmonic frequency of the drive period w/w,=1/2,
whereas the bulk spins show no such peak. We stress that the subhar-
monicresponse for the edge spins obtained in our experimentis nota-
bly robust to various perturbations (including non-zero 6) and
experimental imperfections (see Supplementary Information I.B for
amorein-depth discussion). For comparison, we also experimentally
measure the dynamics of the magnetizations in the thermal phase. Our
resultsareshowninFig.2c,e, where we see that the magnetizations for
boththe edge and bulk spins decay quickly to zero and no subharmonic
response appears at all.
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and §=0.8).d, Fourier transform of experimentally measured (o§(t)) inthe FSPT
phase. The edge spinslock to the subharmonic frequency, whichis insharp
contrasttothebulkspins. e, Fourier spectraof (o%(¢)) in the thermal phase.
Norobustsubharmonic frequency peak appears for either edge spins or bulk spins
inthis case. f, Time dependence of the autocorrelator 4; = W for
upto40cycles, obtained from averaging over 20 randominstances deep inthe
FSPT phase, with theinitial states prepared asrandom productstatesinthe
computational basis. Theblack solid lines show the results of ‘echo’ circuits for
the twoboundary qubits.

The breaking of the discrete time-translational symmetry at the
boundaries can also be detected by the disorder-averaged autocor-
relators defined as Zj = (w0|0§(t)oj(0)|w0>. Our experimental measure-
ments of autocorrelators for up to 40 driving cycles are plotted in
Fig. 2f, again showing the breaking of time-translational symmetry at
the boundaries but notinthe bulk. We mention that, inthe FSPT phase,
the local magnetizations for the edge spins exhibit a gradually decay-
ing envelope, which could be attributed to either external circuit errors
(thatis, experimentalimperfections such as decoherence, pulse distor-
tions and cross-talk effects) or slow internal thermalization (namely,
anintrinsic tendency towards thermalization in the model). To distin-
guish these two mechanisms, we carry out an additional experiment
on the echo circuit U, = (UDU%, the deviation of which from the
identity operator measures the effect of circuit errors’, The square root
ofthe output of U, (black solid lines shown in Fig. 2f) fits well with the
decaying envelope of the results obtained by evolution under Uy.
This indicates that the decay of the envelope is due to circuit errors
rather than thermalization, 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 otherlocal observables are necessary. In this section, we show
thatthestabilizersin the bulk do not break the discrete time-translational
symmetry, butat the boundaries they do. Tounderstand this, we consider
theidealized cluster-state and spin-flip limit, thatis, V,=h,=0and 6 =0.
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Fig.3|Dynamics of stabilizers withrandominitial SPT states. a, Schematic
ofthe experimental circuit for preparing random SPT states. To prepare the
systeminthe ground state of the stabilizer Hamiltonian H,, we apply a
Hadamard gate (H) on each qubit and thenrun CZ gatesin parallel onall
neighbouring qubit pairsin two steps. Then we apply Zoperators onrandom
sites to create excitations, thus transferring the ground state to a highly excited
eigenstate of H,. This procedure enables the preparation of random SPT states
athighenergy. We then evolve these states with the Hamiltonian H(¢) to study
the dynamics of stabilizers. b, Entanglement spectrum ofarandom SPT state
evolved by onedriving period, with open (left) and periodic (right) boundary
conditions. The ‘Energy value index’labels the eigenvalues of -In(p, ;). Thered
triangles with error bars are the experimental (Exp.) results and the grey dots
show the numerical simulations (Sim.) that take into account experimental
imperfections (Supplementary Information 1V). The two- and four-fold
degeneracy (inthe case of openand periodicboundary conditions, respectively)
ofthelow-lying entanglement levelsis a characteristic feature of the
topological nature of these states. ¢, The time dependence of stabilizersin the
FSPT phase, averaged over 20 random circuitinstances. The parametersinb
andcarechosenas.=10,6=0.1,/=A;=1,h=A,=0.0land V=A,=0.01.

Inthislimit, H,reduces toasummation of stabilizers: H, = —Zi;;]k Siwith
Sy = G%_10%67+1- We choose the initial states to be random eigenstates
of H,;and evolve the system with the time-periodic Hamiltonian H(¢) to
measure the time dependence of local stabilizers.

InFig.3a, weshow asketch of the quantum circuit usedin our exper-
imentto prepare the desired random eigenstates of H,. To manifest the
topological nature of these eigenstates, we study their entanglement
spectra®, which are widely used as a crucial diagnostic for universal
topological properties of quantum phases®*. To show that H(¢)
preservesthetopological nature of the SPT states, we prepare random
eigenstates of H, with both open and periodic boundary conditions,
evolve the system for one driving period with H(¢) and then measure
the reduced density matrix p,, of half of the system through
quantum-state tomography. Figure 3b displays the entanglement spec-
tra (eigenvalues of -In(p, () for open and periodic boundary condi-
tions, respectively. From this figure, a clear two-fold degeneracy for
thelow-lying Schmidt states is obtained for the open boundary condi-
tions. This degeneracy corresponds to an effectively decoupled
spin-half degree of freedom at the boundary of the bipartition. For
periodic boundary conditions, the spectrumis four-fold degenerate,
corresponding to two effectively decoupled spins at the two bounda-
riesof the bipartition. The degeneracy of the entanglement spectrum
and its dependence on boundary conditions marks a characteristic
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Fig.4 |Numerical phase diagram and experimental detection of the phase
transition. a, The numerical 5-Vphase diagram obtained by examining the
central subharmonic peak height for the edge spins in the Fourier spectrum,
averaged over 50,000 disorderinstances. The dashedline corresponds to the
maximal height variances for varying Vwith each fixed 6 point, which gives a
rough estimation of the phase boundary. Here, the parameters are chosen as
L=8,/=A;=1andh=A,=A,=0.b, Experimental result of the subharmonic
peak heightasafunctionof §withfixedh=V=A,=A,=0and/=A;=1,averaged
over 50 disorder instances uniformly sampled fromtheinterval [/- A,/ + A /] for
L =8 qubits, with the shadow outlining the standard deviation. Inset: the
standard deviation of the central peak height as afunction of 6. The purple
vertical dashed line at 6 = 0.34 indicates the numerically determined phase
boundary froma. Thedashedlinesin grey show numerical simulations with
experimental noises takenintoaccount.

feature of the SPT state generated in our experiment. We note that the
degeneracy 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 stabilizers in the
FSPT phase. We observe that the stabilizers at the boundaries oscil-
late with a 2T periodicity, indicating again the breaking of discrete
time-translational symmetry at the boundaries. In the bulk, the stabi-
lizers oscillate with a Tperiodicity and are synchronized with the driving
frequency, showingthat nosymmetry breaking occurs. Thisisinsharp
contrast to the dynamics of bulk magnetizations, which decay rapidly
tozeroand exhibit no oscillation, as showninFig.2a.Infact,in the FSPT
phase, the systemis MBL and there exist a set of local integrals of motion,
which are the ‘dressed’ versions of the stabilizers with exponentially
small tails®. The persistent oscillations of the bulk stabilizers observed
in our experiment originate from these local integrals of motion and
are areflection of the fact that the systemisindeed 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 concreteness, we fix other
parameters and vary the drive perturbation 6 and the interaction
strength V. Theoretically, the system is expected to exhibit an FSPT
phase forsmall §and V. Withincreasing § and V, the stronginteraction
diminisheslocalization and eventually thermalizes the system. At some
critical values of §and V, atransition between these two phases occurs.
In Fig. 4a, we plot the 6 — V phase diagram obtained from numerical
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simulations, in which the phase boundary, although not very sharp
because of finite-size effects (for asmall systemsize L = 8, the coupling
between the two edge modes is not negligible and thus will decrease
the central subharmonic peak height and resultinablurred boundary),
canbelocated and visualized approximately.

To experimentally examine this phase transition, we further fix the
interactionstrength V= 0. We probe the transition point by measuring
the variance of the subharmonicspectral peak height, that s, the ampli-
tude of the Fourier spectrum of (o5 (¢)) at @ = w,/2 for the boundary
spin. Figure 4b shows the subharmonic peak height as afunction of the
drive perturbation 6. At small §, the system is in the FSPT phase, and
the peak height remains atavalue around 0.5. Aswe increase §toalarge
value, the system transitions out of the topological phase and the peak
height vanishes. Thisis consistent with the theoretical analysis above.
Thelargest variance of the peak height corresponds to the phase tran-
sition point. The inset of Fig.4b shows the measured standard deviation
as afunction of 6, indicating a phase transition point around 6 = 0.30,
which is consistent with the numerically predicted value of 0.34. The
small deviation between the numerical prediction and experimental
resultis mainly attributed to finite-size effects, experimental noise and
the limited number of disorder instancesimplementedinthe experiment.

Other non-equilibrium SPT phases

The digital simulation approach used in our experiment is generally
applicable for quantum simulations of various exotic phases of matter.
The model Hamiltonian in equation (1) possesses a Z, x Z, symmetry,
which canalsosupportrobustedge modesin the static equilibrium set-
ting. For driven non-equilibrium systems, however, the edge modes may
be stabilized by emergent dynamical symmetries. To demonstrate this
andillustrate the general applicability of our approach, we also digitally
simulate two other models with our quantum device, namely a periodi-
cally drivenlsing chain with Z,symmetry and a quasiperiodically driven
modelwithout any microscopic symmetry (Methods and Supplementary
Information VI). Our results are summarized in Extended Data Figs. 1
and2,inwhichrobust subharmonic edge oscillations are also observed.

Conclusions

In summary, we have experimentally observed signatures of non-
equilibrium Floquet SPT phases with a programmable supercon-
ducting quantum processor. In contrast to previously reported con-
ventional time crystals, for our observed FSPT phases, the discrete
time-translational symmetry only breaks at the boundaries and notin
the bulk. We measured the persistent oscillations of edge spins with
asubharmonic frequency and experimentally demonstrated that the
FSPT phases are robust to symmetry-respecting perturbations in the
drive and imperfectionsin the experiment. Inaddition, we also demon-
strated that the subharmonic response of boundary observablesisinde-
pendent of the initial state. The digital quantum simulation approach
explored in our experiment is generally applicable to the simulation
of awide range of non-equilibrium systems hosting unconventional
topological phases, including those with multi-body interactions.
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Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

Characterization of the model Hamiltonian

To understand why time-translational symmetry breaks at the bound-
ary but notin the bulk, we consider the idealized ‘cluster-model’ limit
(V= h,=0)andset § = 0. We suppose that the systemis initially prepared
inarandom product state in the computational basis, and we use the
dynamics of local magnetization as a diagnostic. In this simple scenario,
thetopologically non-trivial structure of the cluster states (eigenstates
of U,) givesrise to edge modes that behave as free spins. At each driving
period, the unitary operator U, flips all spins. As aresult, the edge spins
are reversed after one period and return to their initial configuration
after two, leading to the period-doubled dynamics of the local mag-
netization at the boundaries. For spinsin the bulk, however, the unitary
operator U, playsapartand evolves the random product state to a state
with vanishing magnetization, resulting in no period doubling. When
V,=0,the Hamiltonianin equation (1) can be mapped to free Majorana
fermions (Supplementary Informationl.Band, for example, refs. ).
Further setting 6 = h, = 0, we find that equation (1) maps onto two decou-
pled copies of the fixed-point model of aZ, FSPT phase considered in
ref.*. The robustness of the subharmonic responses of the topologically
protected edge spins to perturbationsrespecting the Z, x Z,symmetry
isdiscussed in depth in Supplementary Information I.B.

Logarithmic entanglement growth

ForaMBL system, the entanglement entropy will feature alogarithmic
growth¥, which is in sharp contrast to the case of Anderson localiza-
tion without interactions. For the model Hamiltonian H(¢) studied in
this Article, we also expect a logarithmic growth of the entanglement
entropy inside the FSPT phase with V, # 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 (Supplementary InformationII). Our results clearly verify
the logarithmic entanglement growth, which again implies that the
FSPT phase is indeed MBL with non-vanishing V,. In our experiment,
we also study the entanglement dynamics for a small system size
(L = 6) through quantum tomography (Supplementary Information V).
Wefind thatinthe thermal phase the entanglement grows much faster
thanthatinthe FSPT phase. However, because of the small system size
and experimental imperfections (such as decoherence, pulse distor-
tions and cross-talk effects), we are not able to observe the logarithmic
entanglement growth (Supplementary Information VI).

Quantum circuits forimplementing H(¢)

Directimplementation of the Floquet Hamiltonian H(¢) with supercon-
ducting qubits faces a notable difficulty: the natural interactions hosted
by the superconducting qubits are only two-body, so the three-body
termsin H,cannotemerge directly. Fortunately, programmable super-
conducting qubits are universal for quantum computation; thuswe can
explore theidea of digital quantum simulation to emulate the dynamics
of H(t). However, because of inevitable experimental imperfections,
the depth of the quantum circuits is limited. As a result, obtaining
well-performing circuits with an optimal depth that can implement
H(¢) (or equivalently the Floquet unitary U;) is of crucial importance
for the success of our experiment.

Tofind the desired quantum circuits, we use aneuroevolutionmethod
introduced in ref. *, which outputs a near-optimal architecture for a
family of variational quantum circuits that can implement H(¢) with
different random disorder instances. For agiveninstance of/,, V,and i,
we use the gradient decent method to tune the variational parameters
of the ansatz circuits to minimize the distance between the unitary
represented by the circuit and the unitary generated by H(¢) withina
smalltimeinterval. Intheidealized ‘cluster-model’ limit (V, = h,=0), we
canfind asimple exact one-to-one correspondence between/,and the
variational parameters, independent of the system size and the values

ofJand 6. Thus, we are able to construct ananalytical quantum circuit
(see Supplementary Fig. 4c for an explicit illustration of the circuit for
L = 6) that canimplement H(t) precisely and, at the same time, in away
thatis experimentally friendly and practical. The details of how to obtain
thedesired quantum circuitsare givenin Supplementary Information Ill.

Experimental setup

Our experiment is performed onaflip-chip superconducting quantum
processor designed to encapsulate a square array of 6 x 6 transmon
qubits withadjustable nearest-neighbour couplings (Fig. 1e), on which
achainofuptol =26 qubits, denoted as Q,to Q,, thatalternatewith . -1
couplers, denoted as C, to C, _,, 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 frequencies higher than those of the qubits, which can be
controlled with flux biases to tune the effective nearest-neighbour cou-
plings. During an experimental sequence (Fig.1d), wefirstinitialize each
qubit, Q,, in|0) atitsidle frequency w;, following which we alternate the
single-qubit gates at w; with the two-qubit controlled-mt (CZ) gates real-
ized by biasing Q,and its neighbouring qubit to the pairwise frequencies
of group A(B) listed in (w}®, w/})) for afixed interaction time (Sup-
plementary InformationIIl.C). Meanwhile, each coupleris dynamically
switched between two frequencies®® % one is to turn off the effective
couplingwhere the neighbouring two qubits canbeinitialized and oper-
ated with single-qubit gates; the other one is to turn on the nearest-
neighbour couplingtoaround 11 MHz for a CZ gate. After nlayers of the
alternating single- and two-qubit gates, we finally tune all qubits to their
respective 7 (here, the superscript'm'’ stands for 'measurement’) for
simultaneous quantum-state measurement. Qubit energy relaxation
times measured around w; are in the range of 7-41 s, averaging above
30 ps. More characteristic qubit parameters, including the above men-
tioned frequencies, anharmonicities and readout fidelities, can be found
in Supplementary Table 1. The parameters for another processor with
14 qubits used are displayed in the Supplementary Table 2.

We explore aquantum digital simulation scheme to implement the
dynamics of the system under the driven Hamiltonian H(t). More spe-
cifically, we decompose the evolution operatorsinto the experimentally
feasible single-qubit gates (X(6), Y(6) and Z(0)) and two-qubit gates
(CR,(zm)), where X(6), Y(0) and Z(0) are rotations around the x, y and
zaxes by the angle 6, respectively, and CR,(+1) are the z-axis rotations
of the target qubit by 1t conditioned on the state of the control qubit
(Fig.1d and Supplementary Information Ill.A for the ansatz that gener-
ates the gate sequences). Here X(0) and Y(0) are realized by applying
50-ns-long microwave pulses with a full-width half-maximum of 25 ns,
forwhich the quadrature correction terms are optimized to minimize
stateleakages to higher levels®*. Simultaneous randomized benchmark-
ings indicate that the single-qubit gates used in this experiment have
reasonably high fidelities, averaging above 0.99 (Supplementary
Table1). Then Z(6) is realized using the virtual-Z gate, which encodes
the information @in the rotation axes of all subsequent gates®, and is
combined with CZ to assemble CR,(+1). Here we adopt the strategy
reported elsewhere®*® to realize the CZ gate, that is, we diabatically
tune the coupler frequency while keeping [11) and |02) (or |20)) for the
subspace of the two neighbouring qubits in near resonance. When
simultaneously running the 40-ns-long CZ gates for multiple pairs of
neighbouring qubits as required in the experimental sequence, the
average CZ gate fidelities can be above 0.98, as obtained by simultane-
ous randomized benchmarking (Supplementary Table 1).

Further experiments on non-equilibrium SPT phases

Thedigital simulation strategies of our experiments are capable of sim-
ulating awide range of models hosting unconventional non-equilibrium
topological phases. To illustrate this, we also implement two other
dynamical SPT phases with our superconducting quantum processor:



anFSPT phase ina periodically driven random Ising chain*and an emer-
gentdynamical SPT (EDSPT) phase in a quasiperiodically driven chain®’.

The first model has a Z, (Ising) symmetry. For the FSPT phase (ref. *
and Supplementary Information VI.A), the evolution is realized by
applyingtwo unitariesinanalternating fashion (Extended DataFig. 1a)
torandom initial states. For the parameters chosen in our experi-
ments, the corresponding Floquet unitary Uy = e isinge Hsingte where
Hgngle= L1 8,0% and Hyging =2 4 J; 676%.; With g, and J, being coupling
parameters respectively, maintains a Z, x Z symmetry (where Z
describes discrete time-translation symmetry), despite the fact that
the original static Hamiltonian only possesses a Z, symmetry. This
enlarged dynamical symmetry protects the edge modes of this phase,
one at quasi-energy 0 and the other at quasi-energy 1. This leads to
unusual dynamics of the edge spins. If one applies this evolutionto a
product state in the x basis, the edge spins will return to their initial
statesonly at even periods. In our experiments, we measure the random
disorder-averaged local magnetization (o3 during the evolution
(Extended Data Fig. 1b). Persistent subharmonic oscillations are
observed for the edge spins, whereas the averaged magnetizaitonin
thebulkis synchronized with the driving frequency and shows no break-
ing of the discrete time-translational symmetry.

The EDSPT model has no microscopic symmetry (see refs. ***” and
Supplementary Information VI.B). The evolution of an initial state is
realized by applying onitasequence of evolution unitaries at Fibonacci
times, U" = U(t, = F,), with F, being the vth element of the Fibonacci
sequence. Although the underlying Hamiltonian of this modelincludes
random fields breakingall microscopic symmetries, the evolution unitary
possesses alocally dressed Z, x Z,symmetry emergent from the quasi-
periodic drive**”. The emergent symmetry hosts two non-trivial edge
modes, which can be manifested by the distinct dynamics of the edge
spins. In particular, the edge spins would exhibit 3v-periodic oscillations
whenmeasured at Fibonaccitimes ¢,=F,, whereas the magnetization of
the bulk spins will decay to zero rapidly. In our experiment, we prepare
randominitial states and use the circuits shownin Extended Data Fig.1a,b
toimplement the quasiperiodic driving of the system. We measure the
random disorder-averaged magnetizations (aj) and (0?) at Fibonacci
times. Our experimental results are summarized in Extended Data Fig. 2c,
inwhich persistent quasiperiodic oscillations for edge spins areindeed
observed. Theresults shownin Extended DataFigs.1and 2 were obtained
using 12 qubits on a third device with slightly improved performance.
We note that an experimental implementation of the EDSPT model with
ten trapped-ion qubits has recently also been reported®.

Data availability

The data presented in the figures and that support the other findings
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Code availability

The data analysis and numerical simulation codes are available at
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Extended DataFig.1|FSPT phase protected by aZ,symmetry. aSchematic
ofthe experimental circuits for the Floquet unitary, where the first layer
represents the evolution under the one-body Hamiltonian Hg,., and the
followinglayers represents the evolution under the Ising Hamiltonian Hyg,,.

b The dynamics of the edge and bulk magnetizations. Here, the expectation
values of 67 are multiplied by the signs of those of the random initial product
states prepared in the 6 basis. The edge magnetizations are averaged over
12randomdisorder realizations, and the bulk magnetizations are averaged
over12randomrealizations and all bulk sites. The dashed lines show numerical
simulations withexperimental noises. Here, we set J, = % -0.1,andchooseg;
uniformly from [% SR g] (Supplementary Information VI.A).
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Extended DataFig.2|EDSPT phase protected by emergent dynamical
symmetry. aSchematic of the experimental circuits forimplementing U, and
U,respectively, which are the building blocks of the quasiperiodically-driven
EDSPT model.b Thecircuitimplementations of the evolution unitary

UV =y Dy W that defines the EDSPT model. ¢, d The dynamics of the edge
and bulk magnetizations. Here, the expectation values of 67, 67 aremultiplied
by the signs of those of the random initial states respectively. Theedge
magnetizations are averaged over 12random disorder realizations and

Fibonacci times

10 randominitial states, and the bulk magnetizations are averaged over
12randomdisorder realizations, 10 randominitial states, and all bulk sites.

The dashed lines show numerical simulations taking into account experimental
noise. Theimperfect pulseissetas/=0.99m. The coupling parameters K3, K3
areuniformly chosen from [0, 47r]. The norms of the fields By, B} are uniformly
chosen from[0, 0.3], and their random directions are also chosen uniformly
(Supplementary Information VI.B).
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