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Observation of a prethermal discrete time crystal
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Extending the framework of statistical physics to the nonequilibrium setting has led to the discovery of
previously unidentified phases of matter, often catalyzed by periodic driving. However, preventing the runaway
heating that is associated with driving a strongly interacting quantum system remains a challenge in the
investigation of these newly discovered phases. In this work, we utilize a trapped-ion quantum simulator to
observe the signatures of a nonequilibrium driven phase without disorder—the prethermal discrete time
crystal. Here, the heating problem is circumvented not by disorder-induced many-body localization, but rather
by high-frequency driving, which leads to an expansive time window where nonequilibrium phases can emerge.
Floquet prethermalization is thus presented as a general strategy for creating, stabilizing, and studying

intrinsically out-of-equilibrium phases of matter.

he periodic modulation of a system rep-

resents a versatile technique for con-

trolling its behavior, which enables the

emergence of phenomena ranging from

parametric synchronization to dynamic
stabilization (7). Periodic driving has become
a staple in fields from nuclear magnetic res-
onance spectroscopy to quantum informa-
tion processing (2-4). On a more fundamental
level, the periodic Floquet drive also imbues a
system with a discrete time-translational sym-
metry. Notably, this symmetry can be utilized
to protect newly discovered Floquet topolog-
ical phases or spontaneously broken to form
time-crystalline order (5-15).

The realization of many-body Floquet phases
of matter requires overcoming two crucial chal-
lenges. First, the system must not absorb
energy from the driving field. In the pres-
ence of a periodic drive, dynamics are not
constrained by energy conservation, and Floquet
heating causes a generic many-body system
to approach infinite temperature, which pre-
cludes the existence of any nontrivial order
(16). Second, genuine late-time dynamics must
be clearly differentiated from early-time tran-
sient behavior: A phase of matter can only be
characterized after dynamical processes lead
to the steady state behavior.
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The conventional strategy for addressing the
first (heating) challenge is to utilize strong
disorder to induce many-body localization
(MBL), where the presence of an extensive set
of conserved local quantities prevents Floquet
heating (17). However, requiring MBL leads to
its own set of challenges, including stringent
constraints on both the dimensionality and
the range of interactions (I8, 19). Moreover, the
presence of strong disorder further slows down
equilibration, making it even more difficult to
overcome the second (time scale) challenge and
distinguish between early- and late-time dynam-
ics. Notably, long-lived subharmonic responses,
characteristic of time-crystalline order, have
also been observed in certain superfluid quan-
tum gases without disorder (13, 20-22); the
absence of Floquet heating in such systems is a
result of an effective few-body description of
the quantum dynamics (23).

Recently, an alternate, disorder-free frame-
work for addressing both these challenges has
emerged—Floquet prethermalization (24-28).
For sufficiently high Floquet drive frequencies,
energy absorption by the many-body system
requires multiple correlated local rearrange-
ments, strongly suppressing the heating rate.
The Floquet heating time t* scales exponen-
tially with the drive frequency and can thus be
prolonged beyond experimentally practical
time scales. For time ¢ < t*, the system dyna-
mics are captured by an effective prethermal
Hamiltonian H.g (24, 25). This prethermal
Hamiltonian defines an effective energy for
the Floquet system and also determines
the nature of the prethermal state, which is
reached at the much shorter local equilibra-
tion time 1. Thus, by focusing on times be-
tween 1, and 1%, the dynamics are guaranteed
to reflect the actual thermodynamic properties
of the Floquet phase.

This intermediate prethermal regime need
not be trivial: Additional symmetries, protected
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by the discrete time-translation symmetry of the
drive, can emerge and lead to intrinsically non-
equilibrium phases of matter (29, 30). One ex-
ample of such a phase is the prethermal discrete
time crystal (PDTC), in which the many-body
system spontaneously breaks the discrete time-
translation symmetry of the drive and develops
a robust subharmonic response.

A disorder-free PDTC exhibits a number of
key differences compared with the MBL dis-
crete time crystal, despite the similarity of
their subharmonic responses (23, 31). When
stabilized by MBL, time-crystalline order is
independent of the initial state and persists
to arbitrarily late times but is believed to only
occur in low dimensions with sufficiently short-
range interactions (I8, 19). By contrast, the
PDTC lifetime is limited by t* and depends
on the energy density of the initial state; this
energy density determines the prethermal state
to which the system equilibrates for times ¢ >
Tore- Crucially, if the prethermal state sponta-
neously breaks the emergent symmetry of
H.¢;, the many-body system also exhibits robust
time-crystalline order, corresponding to an os-
cillation between the different symmetry sectors
(29, 30). On the other hand, if the prethermal
state is symmetry-unbroken, the system will be
in a trivial Floquet phase with any signatures
of time-crystalline order decaying by ;.. The
requirement of a symmetry-broken phase fur-
ther distinguishes the PDTC and its MBL
counterpart and highlights the PDTC’s stabil-
ity in higher dimensions. In one dimension,
Landau-Peierls arguments rule out the exis-
tence of a PDTC with short-range interactions
(82), and long-range interactions are necessary
to stabilize a prethermal time crystal (30).

We exploit the controlled long-range spin-
spin interactions of an ion trap quantum sim-
ulator to observe signatures of a one-dimensional
prethermal discrete time crystal. Our main re-
sults are threefold. First, we prepare a variety
of locally inhomogeneous initial states through
the individual addressing of ions within the
one-dimensional chain (Fig. 1A). By character-
izing the quench dynamics starting from these
states, we directly observe the approach to
the prethermal state, which enables the experi-
mental extraction of the prethermal equilibra-
tion time, t,... Second, we measure the time
dynamics of the energy density as a function
of the driving frequency. By preparing states
near both the bottom and the top of the
spectrum (Fig. 1B), we observe either the gain
or loss of energy as the system heats to infinite
temperature (corresponding to zero energy
density). Notably, we find that the heating time
scale, 7%, increases with the driving frequency
(Fig. 2). Finally, to probe the nature of pre-
thermal time-crystalline order, we study the
Floquet dynamics of different initial states that
equilibrate to either a symmetry-broken or a
symmetry-unbroken ensemble. The former
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Fig. 1. Experimental setup and protocol. (A) Schematic of the 25-ion chain
(35). Single-site addressing (top), global Raman beams (middle), and state-
dependent fluorescence (bottom) enable the preparation, evolution, and
detection of the quantum dynamics. (B) For intermediate times (tpre < t < 1),
the system approaches an equilibrium state of the prethermal Hamiltonian Heg.
In the trivial Floquet phase, the magnetization after 1. decays to zero. In the
PDTC phase, the magnetization changes sign every period, which leads to a
robust subharmonic response. At times t > 1*, Floquet heating brings the many-

exhibits robust period-doubling behavior up
until the frequency-controlled heating time
scale, t* (Fig. 3B). In comparison, for the lat-
ter, all signatures of period doubling disappear
by the frequency-independent time scale Ty,
(Fig. 3A). By investigating the lifetime of the
time-crystalline order as a function of the
energy density of the initial state, we identify
the phase boundary for the PDTC.

Our system consists of a one-dimensional
chain of 25 ™Yb* ions. Each ion encodes an ef-
fective spin-1/2 degree of freedom in its hyper-
fine levels |[F = 0,my = 0) and |F = 1,mp =
0) (Fig. 1A). Long-range Ising interactions
are generated through a pair of Raman laser
beams (33, 34). Arbitrary effective magnetic
fields can be applied either locally or globally
and single-site readout can be performed
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7_*

simultaneously across the full chain (35),
enabling the direct measurement of the
Floquet dynamics of both the magnetiza-
tion and the energy density.

The Floquet drive alternates between two
types of Hamiltonian dynamics (Fig. 1B): (i)
a global n-pulse around the g axis and (ii) an
evolution for time 7 under a disorder-free,
long-range, mixed-field Ising model. This is
described by the two evolution operators

N
U, = exp {—2320‘4
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body system to a featureless infinite temperature ensemble. (C) (Top) Phase
diagram of Her. Owing to the antiferromagnetic nature of the Ising interactions
Jij > 0, the ferromagnetic phase occurs at the top of the many-body spectrum.
(Bottom) Schematic of the stroboscopic magnetization dynamics in the trivial
(red) and PDTC (blue) phase (full and dashed curves represent even and odd
driving periods, respectively). When the energy density of the initial state is
above the critical value e, the system is in the PDTC phase, and its lifetime
follows the frequency-dependent heating time t*

where 67 is the v-th component of the spin-1/2
Pauli operator for the 7-th ion, and we adopt
the convention / = 1. Here, J;; > 0 is the long-
range coupling with average nearest-neighbor
interaction strength J, = 2n - 0.33 kHz, whereas
B, =2n-05kHz and B, = 2r - 0.2 kHz are global
effective magnetic fields. The Floquet unitary
Ur = U,U; implements the dynamics over a
period of the drive and has frequency o = 2r/T.

Within the prethermal window in time ;¢ <
t < 1%, the stroboscopic dynamics of the sys-
tem (every other period) are well approximated
by an effective prethermal Hamiltonian, which
to lowest order in 1/ is given by (30)

N N
Ha= Y I +BY (2
i=1

i<j
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A crucial feature of H.g is that long-range Ising
interactions stabilize a ferromagnetic phase along
the 2 axis. However, owing to the antiferromag-
netic nature of the interactions (J;; > 0), this phase
does not occur at low energy density close to the
bottom of the spectrum, but rather at high energy
density near the top of the spectrum (Fig. 1C).
We begin by characterizing the dynamics of
the system as it approaches the prethermal
state of Hg. In particular, we prepare an initial
state with all spins pointing along & (in an
eigenstate of ¢™), except for two central spins,
which are prepared along 2 (Fig. 2D). Quench
dynamics from this initial state show that the
magnetization of the two central spins exhibits
two-step dynamics. The 2 —magnetization (o7 ),
starting at zero, first equilibrates to the value of
the neighboring spins before decaying back to
zero at late times. The convergence of the
initially inhomogeneous £—magnetization
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to a uniform finite value demonstrates that
the system first reaches an intermediate-time
equilibrium (i.e., prethermal) state before ulti-
mately heating to infinite temperature. We find
that this prethermal time scale is approximately
given by JoTpre = 3.

In addition to Ty, the prethermal regime is
also characterized by the time scale associated
with the frequency-dependent Floquet heat-
ing, t*. To experimentally investigate t*, we
measure the dynamics of the prethermal energy
density, (Heg)/(NJo), for two different initial
states on opposite ends of the many-body
spectrum of H.¢: a low-energy Néel state
(Fig. 2A) and a high-energy polarized state
(Fig. 2B). In both cases, we observe the expected
trend—increasing the driving frequency sup-
presses the heating rate (Fig. 2C). However, the
finite decoherence time of the system (induced
by external noise sources) sets an upper bound

11 June 2021

N

. 4
Time t.J,

on the maximum heating time scale; as a result,
at large drive frequency, t* cannot grow expo-
nentially with increasing drive frequency, but
rather approaches a plateau value (34). Even
in the presence of this decoherence dynamics,
the separation between t* and 1, enables ex-
perimental access to the prethermal regime.
The demonstration of the frequency de-
pendence of t* (Fig. 2) directly translates into
our ability to control the lifetime of the pre-
thermal time crystal. As previously mentioned,
the key ingredient underlying time-crystalline
order is the presence of an emergent symmetry,
G, in Hgg, which is not a microscopic sym-
metry present in the Hamiltonian (Eq. 1), but
rather a direct consequence of the periodic
driving protocol (29, 30). In our experi-
ment, this symmetry J\(,:orresponds to a global
spin flip, G = U; o< Hi: o7. Although G is not
a symmetry of the original evolution (Eq. 1),
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Fig. 3. Characterizing the PDTC phase. (A and B) (Top) Magnetization
dynamics, M(t), for the Néel state (A) and the polarized state (B). For the Néel
state, M(t) quickly decays to zero at time 1y (dashed vertical line), independent
of the drive frequency. For the polarized state, the subharmonic response (2T-
periodicity) persists well beyond 1y, and its lifetime is extended upon increasing
the drive frequency. The lifetime of the prethermal time-crystalline order tpprc is
obtained by fitting the magnetization dynamics to an exponential decay (34).
Statistical error bars are of similar size as the point markers. (Bottom)
X—magnetization dynamics across the entire ion chain at w/Jy = 38. (C) Heating

it is present in H.¢ (Eq. 2). When such emer-
gent symmetry is present, the exact Flo-
quet dynamics are approximately generated
by evolving under H., for time 7, followed by
the action of G. This latter part suggests that
the time-crystalline order is naturally captured
by the system’s magnetization dynamics; the
action of G changes the sign of the order
parameter <crf> every period. As a result,
there are two possibilities for the prethermal
dynamics, depending on the system’s energy
density (Fig. 1B). If the prethermal state cor-
responds to the symmetry-respecting para-
magnet, the magnetization is zero and remains
unchanged across a period. Conversely, if the
prethermal state corresponds to the symmetry-
breaking ferromagnet, the magnetization is
nonzero and alternates every period. The re-
sulting 27-periodic, subharmonic dynamics
is the hallmark of a time crystal.

We investigate these two regimes by mea-
suring the autocorrelation of the magnetization

M(t) (3)

3 (@ 0)(et(0)

Starting with a low-energy density Néel state
(Fig. 3A), we observe that M(t) quickly decays to
Z€ro at Ty, in agreement with the expectation
that the system equilibrates to the symmetry-
unbroken, paramagnetic phase. This behavior
is frequency-independent, in direct contrast to
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—_

Time tJ,

the Floquet dynamics of the energy density
(Fig. 2A). This contrast highlights an essential
point: Although t* can be extended by increasing
the driving frequency, no order survives beyond
Tpre When the system is in the trivial Floquet phase.

The Floquet dynamics starting from the
polarized state are markedly distinct (Fig. 3B).
First, M(t) exhibits period doubling, with M >
0 for even periods and M < O for odd periods.
Second, the decay of this period-doubling
behavior is directly controlled by the frequency
of the drive. Third, the lifetime of the time-
crystalline order mirrors the dynamics of the
energy density shown in Fig. 2B, demonstrat-
ing that Floquet heating ultimately melts the
PDTC at late times.

By considering two additional initial states,
we explore the stability of the PDTC phase as a
function of energy density. Figure 3C depicts
both the heating time and the lifetime of the
time-crystalline order. Near the bottom of
the spectrum, where no symmetry-breaking
phase exists, the decay of the magnetization is
frequency-independent and substantially faster
than the heating time scale. By contrast, near
the top of the spectrum, where a symmetry-
breaking ferromagnetic phase exists, the two
time scales are consistent with one another and
thus Floquet heating limits the PDTC lifetime.
Our results are consistent with a phase bound-
ary occurring at energy density (He) /(NJo) = 2,
in agreement with independent numerical
calculations from quantum Monte Carlo (34).
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(") and magnetization decay (tpprc) times for four different initial states at
varying energy densities (34). At low energy densities, tpprc (Orange) are
substantially shorter than t* (magenta) and independent of frequency,
highlighting the trivial Floquet phase. At high energies, tpprc is similar to
highlighting the long-lived, frequency-controlled nature of the PDTC behavior. The
location of the observed crossover in energy density is in agreement with an
independent quantum Monte Carlo calculation (red and blue shaded regions)
(34). Error bars for the decay time correspond to fit errors, whereas error bars
for the energy density correspond to statistical errors.

In this work, we report the experimental
observation of robust prethermal time-crystalline
behavior that persists beyond any early-time
transient dynamics. Our results highlight the
potential of periodic driving, in general, and
prethermalization, in particular, as a framework
for realizing and studying out-of-equilibrium
phenomena. Even in the presence of noise, we
find that the prethermal dynamics remain
stable, which suggests that an external bath
at sufficiently low temperature can stabilize the
prethermal dynamics for infinitely long times
(29). This stands in contrast to localization-
based approaches for stabilizing Floquet phases,
in which the presence of an external bath tends
to destabilize the dynamics. Our work points
to a number of future directions: (i) exploring
generalizations of Floquet prethermalization
to a quasi-periodic drive (36), (i) stabilizing
Floquet topological phases (37, 38), and (iii)
leveraging nonequilibrium many-body dyna-
mics for enhanced metrology (39).
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Prethermal time crystal

Characterizing and understanding different phases of matter in equilibrium is usually associated with the process
of thermalization, where the system equilibrates. Recent efforts probing nonequilibrium systems have revealed that
periodic driving of the system can suppress the natural tendency for equilibration yet still form new, nonequilibrium
phases. Kyprianidis et al. used a quantum simulator composed of 25 trapped ion qubits and spins to observe such a
nonequilibrium phase of matter: the disorder-free prethermal discrete time crystal. The flexibility and tunability of their
guantum simulator provide a powerful platform with which to study the exotic phases of matter.
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