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A time crystal is a state of periodically driven matter which breaks discrete time translation sym-
metry. Time crystals have been demonstrated experimentally in various programmable quantum
simulators and exemplify how non-equilibrium, driven quantum systems can exhibit intriguing and
robust properties absent in systems at equilibrium. These robust driven states need to be stabilized
by some mechanism, with the preeminent candidates being many-body localization and prethermal-
ization. This introduces additional constraints that make it challenging to experimentally observe
time crystallinity in naturally occurring systems. Recent theoretical work has developed the notion
of prethermalization without temperature, expanding the class of time crystal systems to explain time
crystalline observations at (or near) infinite temperature. In this work, we conclusively observe the
emergence of a prethermal U(1) time crystalline state at quasi-infinite temperature in a solid-state
NMR quantum emulator by verifying the requisites of prethermalization without temperature. In
addition to observing the signature period-doubling behavior, we show the existence of a long-lived
prethermal regime whose lifetime is significantly enhanced by strengthening an emergent U(1) con-
servation law. Not only do we measure this enhancement through the global magnetization, but we
also exploit on-site disorder to measure local observables, ruling out the possibility of many-body

localization and confirming the emergence of long-range correlations.

I. INTRODUCTION

The proposal for the existence of time crystals posited that
there exist systems which might break discrete time transla-
tion symmetry [1], in analogy to spatial symmetry breaking
in conventional crystals. However, it was quickly shown that
such a feat is impossible for quantum systems at equilib-
rium [2]. In out-of-equilibrium systems, however, there is
no fundamental restriction forbidding the emergence of time
crystalline order [3].

Specifically, in periodically driven many-body quantum
systems, it has been demonstrated that there exist long-lived
states of matter which break discrete time translation sym-
metry [3]. To engineer such robust driven states, there must
be a mechanism to stop Floquet heating and avoid driving
the system to infinite temperature. For a closed quantum
system with disorder, many-body localization (MBL) is suf-
ficient to prevent Floquet heating [4]. Thus, early experi-
ments sought to use this phenomenon, though doubts have
been cast on initial attempts at observing MBL discrete time
crystals (DTCs) in an ion trap quantum simulator due to
the system’s dimensionality. Recently, there have been more
conclusive observations of discrete time crystals stabilized by
MBL in superconducting qubit processors [4]. However, the
phenomenon of MBL is hard to achieve experimentally as it
requires both strong disorder and short-range interactions.

* astasiuk@mit.edu

Such stringent conditions make the MBL DTC difficult to
realize experimentally [5].

Instead of MBL, a different mechanism to avoid Floquet
heating can be pursued, namely, the phenomenon of prether-
malization [6]. Notably, prethermal quantum systems ex-
hibit lifetimes which are exponential in the Floquet driv-
ing frequency, without the need for any source of disor-
der [7, 8]. However, prethermal time crystals do require long-
range interactions and low temperatures to meaningfully in-
duce spontaneous symmetry breaking (SSB) [3]. Prethermal
discrete time crystals (PDTC) have also been observed exper-
imentally in quantum systems with high purity initial states
due to low temperatures or hyperpolarization [9-11].

As the explorations into out-of-equilibrium quantum sys-
tems have matured, many experimental platforms have
demonstrated the emergence of time crystalline signatures
under periodic driving. In addition to observations in small
scale simulators such as ion traps [9] and superconducting
qubits [11], time crystalline order has been observed in large-
scale devices such as dipolar NV ensembles [10, 12] and solid-
state NMR systems [13, 14] (See [15] for a more complete list
of recent theoretical and experimental progress across various
systems).

In the case of NMR and other high entropy simulators,
there has been some confusion as to the cause of the observed
emergent time crystalline state, as the system was too high
temperature to exhibit the effects of spontaneous symme-
try breaking, and not disordered enough to be stabilized by
MBL [13-15]. However, recent work has shown that a third
type of time crystal is possible, a prethermal U(1) time crys-
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FIG. 1. Crystal structure of fluorapatite, Cas(PO4)sF, with an
emphasis on the spin-full nuclei. Intrachain fluorine (blue) bonds
and nearest neighbor fluorine-phosphorus (blue-red) bonds are
shown. Additionally, the spin-less nuclei of oxygen (yellow) and
calcium (green) are included with no bonds shown. Spin-full iso-
topes of calcium and oxygen are less than 1% natural abundance
and neglected. The vertical crystal c-axis length is 6.805 A(with
2 19F per unit cell), while the horizontal a,b-axes are 9.224
long [20].

tal, allowing for prethermalization without temperature [16].
It is likely that some previous high temperature studies of
time crystallinity have been instances of prethermal U(1)
DTCs. However, verification of this fact requires the mea-
surement of local observables previously thought to be inac-
cessible in NMR and other large-scale systems restricted to
global control [16].

In this work, we drive a macroscopic solid-state NMR sys-
tem [17] to engineer time crystallinity, and verify that we ob-
serve a prethermal U(1) time crystal by comparing local to
global observables. Notably, we utilize a recently developed
technique to leverage on-site disorder to measure spatially
averaged truly local observables in large quantum ensembles
without universal or single site control [18, 19].

II. METHODS

Our system is a quasi-1D nuclear spin ensemble. This is
achieved experimentally using a single crystal sample of flu-
orapatite. The crystal structure of fluorapatite is given in
figure 1.

The crystal is placed in a large (~7.1 T) magnetic field
aligned along the crystal’s c-axis, so that the intrachain cou-

pling is approximately 40 times larger than the interchain
coupling [21]. Within the rotating frame generated by the
magnetic field, our system Hamiltonian has three main com-
ponents: dipolar z, locally disordered z, and collective con-
trol.

H(t) = 7'lDz + Hdis + Hc(t)a (1)
Concretely, each component of the Hamiltonian is:
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where J;; = Jo/ |i — jI?, and we have defined the global mag-
netization operators
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The locally disordered field arises from the heteronuclear in-
teraction of the fluorine and phosphorus spins. Finally, the
collective control drive can be amplitude-modulated via the
function f(¢) to produce square pulses of length 1.02us re-
sulting in 7/2 rotations, with a minimum interpulse delay
of 2.5us. The transverse rotation axis is determined by the
phase ¢, which has a resolution of 1 degree. Then, arbitrary
x- and y-axis rotations are performed using the following de-
composition,

Ry(0) = Ry(—m/2)R-(0) Ry (7/2). (3)

z-axis rotations of an angle 6 are performed by phase shifting
all subsequent pulses by the same angle, 6, called virtual Z-
gate technique [22, 23].

As is standard in NMR, our initial state is well represented
by the reduced density matrix dp(0) = S,. As the main
observable of interest is also the magnetization along the z-
axis, we can write the signal as an infinite temperature two-
point correlator,

ma(t) = tr(p(1)S:) = tr(5(1)S2) = (S-(1)S. ) (4)

B=0
By exploiting the dephasing induced by the disordered field,
we can also generate states and observables that provide ac-
cess to local correlations [18]. These disordered states are of
the form

5= 680 ®)
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FIG. 2. Magnetization of non-interacting spin ensembles under re-
peated kicking. Each Floquet cycle is T' = 120us long, comprising
evolution under the time-suspension sequence followed by a R, ()
unitary, with 8 € {170,180} degrees. Perfect 7 kicking gives triv-
ial period doubling, with a stretched exponential (b = 0.70) decay
with timescale of 7 = 6.573 ms (Eq. 6, a = 1, ¢ = 0). The
0 = (1 — 2¢)w kicking results in beating with a frequency of % +e
decaying on a similar timescale.

such that E[{;€;] ~ 0;;.

In order to demonstrate a U(1) DTC we will engineer the
simplest periodic sequence that can display such behavior.
We will alternate between evolution under a Hamiltonian
‘Hp (which might be obtained via Floquet Hamiltonian en-
gineering, as described below) for a time T and a collective

rotation, R, () = €. We will often refer to the combina-
tion of these two steps as evolution with periodic kicking, in
analogy to pushing a swing.

We utilize the control to perform high-fidelity Floquet en-
gineering sequences such as Weil6 [24], which allows rescal-
ing the spin-spin interactions [25], and the Peng24 time-
suspension sequence [26], which aims at canceling the whole
Hamiltonian. To illustrate this technique, and the fidelity of
our control, we perform repeated 6 = 7w and (1 — 2¢)7 kicking
on an effectively non-interacting ensemble of nuclear spins,
Hp = 0. This is achieved using the Peng24 time-suspension
sequence, which decouples interactions over a T' = 120us Flo-
quet period [26]. As shown in figure 2, the non-interacting
decay envelope closely fits to an exponential with a sub-linear
argument, given in equation 6,

S(t) = <sz(t)éz> = aexp(—(t/7)) +c. (6)

The long-lived signal (7 &~ 6573us, compared to a free in-
duction decay time of ~ 30us) and precise beating frequency
confirms that the compiled pulse technique can perform an

arbitrary high fidelity rotation in conjunction with a Hamil-
tonian engineering sequence.

IIT. RESULTS

We explore our system’s ability to exhibit time crystallinity
using a variety of techniques. First, we vary the effective Flo-
quet period via two physical implementations to evaluate the
robustness of our control scheme. Further, in an effort to dis-
tinguish between trivial and non-trivial period doubling, we
demonstrate our ability to generate robust period doubling
as a function of the deviation from perfect w-kicking, e. To
that end, we show the emergence of a long lived prethermal
regime near the period doubling phase boundary. Finally, we
conclusively diagnose our system as a prethermal U(1) time
crystal by showing its insensitivity to disordered fields and
the rapid decay of local observables without beating. Given
this diagnosis, we enhance U(1) conservation by adding a
stroboscopic z-field and demonstrate a significant lengthen-
ing of the prethermal timescale.

A. Variable Interaction Time

Without loss of generality, to vary the effective kicking
frequency w, we can either vary the interaction time between
kicks or vary the interaction strength of Hp between equally
spaced kicks. To this effect, we consider variations of the
dimensionless interaction magnitude, defined as

v =uToJy, u>0. (7)

In equation 7, we take Ty = 120us and Jy = 32.843 krad s—!
to be fixed, while u is variable (here T} is chosen to match
the 120 ps Floquet period of Weil6 and Peng24.) Then,
JoTp = 3.94 radians, that is, v = 1.257u.

To explore the large v (u > 0.25) regime, we particularize
to # = 170°, and repeatedly drive the system with variable
physical delay T' = uTy between kicks. Hence, we vary u by
physically varying the interaction time, with Hp = Hp, cor-
responding to direct evolution of under the internal Hamilto-
nian. At large u, that is, low driving frequency, we find that
the four-parameter model given in equation 6 remains a good
fit (fitting results for the magnetization are shown in figure 8
of the Appendix.) The decay is close to a simple exponential,
with the exponential parameter b nearly unity, taking values
between 0.92 and 0.94 for select values of u € [0.25,1.0]. We
notice that the decay timescale as a function of v, 7(v), is
linearly increasing (as expected as v becomes more dominant
over m — 6.) However, we find that the non-dimensional de-
cay constant 7 = 7/T is bounded above by ~ 37 Floquet
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FIG. 3. Time traces of the magnetization response for non-crystalline (left) and time crystalline (right) systems under § = 170° driving.
The interaction strength is set by the physical interaction time, T' = uTy. Notice the dramatic order of magnitude improvement in

signal lifetime of the time crystal over the melted crystal.

periods (see fitting details in the Appendix, figure 9.) This
trend confirms that the increase in signal lifetime with in-
creasing < is not a time crystalline effect, since time crystals
have lifetimes which can be generically increased by stronger
interactions. Thus, we determined that the period doubling
signature for u > .25 is trivial, and not time crystalline.

In the small v regime (u € (0,0.25]), we find a transition
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FIG. 4. Fourier transform of the magnetization signal, F(m(t)),
for various interaction magnitudes v = uJoTp under 170° kicking.
The interaction magnitude is set by physically varying the time
between consecutive Ry (f) unitary kicks. For small u, the signals
show beating consistent with the 6 # 7 drive. At large enough u,
the beating is replaced with a single “period doubled” peak, often
used to herald a system’s transformation to a time crystal.

between beating and period-doubled response, and a corre-
sponding breakdown in the fitting of the envelope to a single
exponential. The real-time response of a time crystal and a
melted crystal are shown in figure 3. In figure 4, we demon-
strate our ability to induce period doubling in the magneti-
zation signal by increasing v, an oft-cited hallmark of time
crystallinity. Further, in the small v regime where either
beatings or period doubling occurs, we find that the single
exponential model is a bad fit for the signal’s decay. In fact,
by transforming the observed signal m., () to —log |m.(t)|, it
becomes evident that there are two exponential time scales
present, as shown in figure 9 of the appendix. We see a short
and rapid decay followed by a much slower decay rate — strong
evidence for prethermalization and genuine time crystallinity.
In fact, the slow decay rate of the prethermal state is ex-
pected to be exponentially suppressed by increasing driving
frequency [3, 9, 16, 27].

In the current implementation, the driving frequency is
experimentally limited. Indeed, we note that (1 — 2¢)7r-
pulse takes approximately 4.5 ps to perform. That is, the
effective pulse length is longer than the interaction time
of the smallest considered interaction strength of u = .02
(T = uTy = 2.5us). The interaction Hamiltonian during the
drive can be a possible source of confounding error especially
for small u. We eliminate this source of confounding error in
the next section, by fixing 7" and varying the effective inter-
action strength, J = uJy, directly.
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FIG. 5. Difference in selected Fourier peak magnitudes of the
observed magnetization under variable interaction magnitude (u)
and kicking angle (¢). Blue (red) shaded regions indicate a larger
(smaller) period doubled response than beating. Using cubic
spline interpolations, we estimate the intersection of beating and
period doubling for each instance of €, corresponding to kicking
angles 0 € {160°,165°,170°,175°}. The resulting intersections
lead to the fitted phase boundary, shown as a dashed black line.

B. Variable Interaction Strength

To reduce the effect of finite pulse width, we now utilize
Hamiltonian engineering to fix the interaction time T = Ty
and vary the interaction strength Jeg = uJy. This allows for
higher resolution and control in the interaction magnitude u,
especially for smaller values of u. The range of interaction
magnitudes allowed by Weil6 is limited and cannot achieve
large values of u, namely v > .35 is forbidden. The large u
(7) regime is well analyzed in the previous section, and in
this section we intend to particularize only to the small u
regime.

By varying the interaction magnitude « and the kicking an-
gle 8 = (1—2¢)m, we can estimate the boundary between sig-
nals displaying time translation symmetry breaking (TTSB)
and trivial beating. To do so, we take the discrete Fourier
transform of the measured signal. Given our signal S(nT),
forn=0,1,--- , N — 1, the Fourier signal is given by

N-—1
P(k) = \/—lﬁ S S(nT)e i (8)
n=0

where k € {0,1,--- ,N — 1}. We find the existence of two
main structures in the Fourier signal (figure 4): a peak at
f =3, Py = |P(N/2)|, and a pair of peaks at f = 1 +
e, P. = |P(N/2+ Ne¢)|. Then, to estimate the transition
boundary, we consider the difference P;/5 — P.. The values

of this metric are plotted in figure 5 for various values of u
and e.

Using this metric, we experimentally determine a “phase
boundary” between a TTSB and beating magnetization sig-
nal, as done previously [28, 29]. In light of recent analy-
ses of time crystallinity in NMR systems, this metric is in-
sufficient to conclusively characterize time crystallinity [15].
However, we can conclude that below the fitted boundary
line at P/, — P, = 0, beating is dominant, and thus the ob-
served behavior is not time crystalline. Instead, in the blue
regions above the boundary line, figure 5 simply indicates
that the observed signal might be time crystalline.

As discussed in Section IIT A, an interaction magnitude
which is too large results in a trivial exponential decay, and
thus not genuinely time crystalline. Further, we have care-
fully verified that an interaction magnitude which is too small
also fails to be time crystalline. We expect, then, that gen-
uine long-lived time crystals should emerge just past the
crystallization boundary. In this regime, we expect to see
a prethermal lifetime which is exponential in the driving
frequency [15-17]. Namely, once prethermalization has oc-
curred, we expect to find a significant increase in the in any
present decay timescale.

In figure 7, we consider the magnetization signal for vari-
ous interaction magnitudes in the regime where prethermal-
ization is expected to occur. By fitting the observed signal to
a two-timescale model, we are able to confirm the existence
of a long lived prethermal state which occurs after a period
of rapid prethermalization.

Given the compelling evidence of prethermalization, ro-
bust period doubling, and extended lifetimes, we can con-
clude that these observations are genuinely time crystalline.
It has been previously argued that at infinite temperature,
and in short-range interacting 1D systems, spontaneous sym-
metry breaking (SSB) prethermal discrete time crystals are
forbidden [3, 6, 15]. In this section, we have demonstrated
compelling evidence to support the observation of a prether-
mal U(1) time crystal, which is robust and long lived even in
a quasi-1D systems at an effective infinite temperature [16].
In the following sections, we verify this indeed the case by en-
hancing the prethermal lifetime and conclusively ruling out
MBL.

C. Behavior of Spatiotemporal Correlations

Further verification of time crystallinity and U (1) prether-
malization requires exploration of additional observables. In
particular, the emergent U(1l) conservation law is global.
That is, our prethermal Hamiltonian conserves global, also
called “collective”, magnetization, but not local magnetiza-
tion. This phenomenon has been previously understood in



the context of spin diffusion in solid lattices, wherein ini-
tially local magnetization is transported through the lat-
tice [30, 31]. In contrast, if the emergent time crystalline
behavior was induced via MBL, then instead of global U(1)
conservation we should find an extensive number of local in-
tegrals of motion (LIOMs) [32, 33]. Then, LIOMs will either
conserve local magnetization or the local magnetization will
oscillate between states of overlapping LIOMs [34].

The Weil6 engineering sequence, in addition to provid-
ing variable interaction magnitude in fixed time, allows us
to modulate the strength of the disorder induced by nearby
unpolarized phosphorus spins by varying the efficiency of
refocusing the interaction. We exploited this capability to
find no significant difference in the global magnetization’s
response to periodic driving from no disorder up to the max-
imum allowable disorder under Weil6, (see figure 10 in the
appendix.) Thus, a priori we expect our system to show
no signs of many-body localization. However, there may be
additional sources of disorder, such as drive field inhomo-
geneity outside of our primary model [13]. To conclusively
rule out MBL as the source of time-crystallinity, we utilize
on-site disorder to produce a randomly polarized state (and
observable), given by equation 5. The procedure for creating
such a state and observable were developed on this system
and previously verified [17, 18]. Notably, we measure truly
local magnetization with an observable signal of the form,

Stoelt) = D (60 (0610) . )

%

In figure 6, we illustrate the different behavior of local and
global magnetization signals. Namely, we confirm that the lo-
cal observable does not exhibit long-lived oscillations between
local integrals of motion, and decays much more rapidly rela-
tive to the global signal. Thus, we confidently conclude that
the observed time crystallinity is not induced by MBL. In the
appendix, we show that this decay is due to coherent Hamil-
tonian evolution by demonstrating the long-time persistence
of the state when interactions are turned off. Indeed, with
no interactions the dynamics become trivial, single-spin dy-
namics, and we expect no difference between local and global
correlations. Indeed, the signal persists for long times, with a
similar decay profile to the one observed for the global mag-
netization in the non-interacting case (Fig. 2.) The details
of this fitting are given in figure 11 of the appendix.

The rapid decay of local magnetization further solidifies
the notion that under time crystalline evolution, short-range
correlated states evolve into long-range correlated states.
This is evidenced by the fact that our global magnetization
signal at long times must be dominated by non-local cor-
relations, since Sjoc(t) — 0 faster than S(¢) and thus the
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FIG. 6. Decay of local and global magnetization signals for

6 = 170° kicking with v = 7/8 (u = 0.1.) The locally magne-
tized spin signal decays much more rapidly than the global one,
as local magnetization is not conserved by the prethermal Hamil-
tonian. Further, there is no oscillatory behavior outside of period
doubling, indicating no MBL eigenstates are induced.
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is dominated by non-local correlations.

D. Enhancing U(1) Conservation

_In an ideal closed system under the dipolar Hamiltonian
Hp., the magnetization in the z direction is exactly con-
served. Further, the anti-commutativity of exp(—imS,) with
S, and commutativity of eXp(—iﬂSy) with Hp, leads to the
long lived magnetization toggling response known as period
doubling. This results in the emergent U(1) conservation of
the effective zeroth order two-period Floquet Hamiltonian.
The emergent symmetry can be further enhanced by adding
a field of strength h in the z direction, Hp = Hp, + hS,.
Luitz et. al. [16] have previously shown that the time-
averaged effective Hamiltonian over two periods is given by,

N T o
Heg Ceft

T

= T+€<HDZ+ Sy+heﬂ‘sz> +O0(1/w). (11)
Equivalent to considering the average two-period evolution,
we could have chosen to consider a toggling frame in which
we undo the 7 rotation in each period, leaving only the ¢
rotation. Corrections to the time-averaged Hamiltonian are

of order 1/w ~ T. The parameters heg and e are defined
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which period doubled behavior is dominant and the driving frequency is not too slow. Notably, we see the existence of two exponential
timescales shown via the linear fits in black. A short timescale 71 & 7.2 Floquet cycles (dashed line) present at early experimental times,
shown on the left, gives way to a longer-lived timescale 72 &~ 30.8 Floquet cycles (dot-dashed line) after an initial prethermalization
period, shown on the right. The partition between early and late times is made to optimize the quality of the linear fits in both regimes.

via the transformation into the toggling frame of the effective
two-period Hamiltonian. So long as the effective magnitude
of the S, perturbation e.g is small relative to the other energy

scales of the Hamiltonian, namely heg + JoTp, the S’Z magne-
tization is approximately conserved. The emergent U (1) con-
servation is thus enhanced with decreasing e.g and increasing
hegr. Our phase diagram, figure 5, clearly demonstrates that
the U(1) conservation law is enhanced with decreasing € at
h = 0. It remains to demonstrate the effect of non-zero h.

To this end, we introduce a stroboscopic S, field over the
Floquet period T,

Hp = hS, +ullp., (12)

where the maximum field possible is restricted by periodicity,
so that 0 < ATy < 7.

When the introduced z-field takes a maximal value of
hTy = m, we have that heg = €eg = 0, even with € # 0.
Intuitively, this result can be understood by focusing on the
effects of the rotations on a single spin. During each period,
the z-field results in a R,(m) rotation which inverts the axis
of the applied R, (f) rotation. Thus, to zeroth order, the R,
rotations cancel out, and their effect will only enter to higher
order. In contrast, all other choices of 0 < ATy < 7 leave a
finite rotation around a transverse axis, resulting in magneti-
zation which wraps around the Bloch sphere, only returning
to its origin point when nf = 0 mod 27 (again neglecting
higher-order terms in the Floquet expansion).

We repeatedly perform the experimental and fitting pro-
cedures detailed in figure 7 for variable h7y, = kw/4 with
k = {0,1,2,3,4}, for 8 = 170°. We record the two-

timescale fitting results in table I for each value in ATy, mak-
ing note of the v value at which the fitting was performed.
Specific fitting details are given in the appendix in figure 12.
We note that the two-timescale signature of prethermaliza-
tion is most pronounced near the period-doubling boundary,
where the timescales differ by a factor of 5 or more. This
trend is consistent with the fact that the prethermal lifetime
increases with increasing driving frequency, w o 1/+. Thus,
the addition of the stroboscopic z field increases the prether-
mal lifetime by stabilizing the time crystal at faster driving
frequencies than would otherwise be achievable without the
addition of a z field.

’ hTo ‘ vy HT1 (cycles)‘rg (cycles)‘

0 |= 7.2 30.8
/4| | 46 55.9
T/2|%| 6.3 49.2
3m/a| | 8.7 49.8
™ |5l 106 775

TABLE I. Fitted timescales to prethermal U(1) time crystalline
magnetization signals under variable z-field and fixed § = 170°.

Table I indicates a strong enhancement of the timescale of
the prethermal regime when a z-field is present. As previ-
ously developed, there are three notable regimes. The weak-
est conservation of U(1) symmetry occurs for hTy = 0, cor-
responding to a prethermal timescale of about 31 Floquet



cycles. The introduction of a non-zero sub-maximal field,
0 < hTy < m, causes the transverse field perturbation in
the prethermal Hamiltonian to become increasingly off reso-
nant. In these cases, the prethermal timescale is generically
enhanced to around 50 Floquet cycles. At maximal field,
hTy = m, the transverse field perturbation is averaged out
in the toggling frame and the prethermal timescale is fur-
ther enhanced to 77.5 Floquet cycles. In real time units, this
corresponds to a timescale of about 9.3 ms. The maximum
field timescale is a dramatic improvement over the zero-field
timescale, as expected [16].

IV. CONCLUSION

In this work, we have demonstrated the ability to create
and melt time crystalline order in an infinite effective tem-
perature quasi-1D nuclear spin ensemble.

The DTC behavior leads to a characteristic period-doubling
response, which we analyzed by reconstructing an approxi-
mate phase diagram as a function of perturbation and driv-
ing rate. Noting however that the assumption that period
doubling is a conclusive determinant for time crystallinity
has been recently demonstrated to be false, we sought fur-
ther proofs of time crystalline order. Indeed, we note that
spontaneous symmetry breaking should be forbidden in our
system. First, our experimental system can be considered
quasi-one dimensional and so short-range, as the inter-chain
and intra-chain couplings differ by a factor of about 40. Even
if the assumption that our system is an ensemble of one-
dimensional spin chains fails at longer times, and the dipolar
interaction, 1/73 can then be considered long-range, the high
temperature still precludes time crystallinity due to prether-
malization with temperature necessary for a SSB PDTC.

We argue instead that our system fully demonstrates
“prethermalization without temperature”. Notably, we uti-
lized a new technique to verify the fast decay of local ob-
servables to conclusively rule out stabilization due to many-
body localization, such that we observe a prethermal U(1)
time crystal. Thanks to this insight, we further introduced a
z-field to successfully strengthen U(1) conservation and sig-
nificantly extend the time crystal’s lifetime.

Our results also indicate that the time-crystalline phase
is characterized by long-range correlations. An interesting
future direction would be to try to utilize Hamiltonian en-
gineering to perform time reversal on a time crystalline sys-
tem, as done in previous NMR DTC experiments [13, 14],
and thus explore generated localization lengths. In a time
crystalline system, we expect to measure rapidly growing lo-
calization lengths as the initial state evolves into a long-range
spatiotemporal correlated state, in contrast to the local inte-
grals of motion present in an MBL state.
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Appendix A: Fitting to Period Doubled Decays,
Variable Interaction Time

Here, we detail the fitting procedure to the period doubled
response under time crystalline driving, where the interaction
period is variable. The model of interest is a four-parameter
model,

S(t) = aexp(—(t/7)°) + ¢, (A1)
developed in equation 6. The fitting is performed in
Python wusing SciPy’s curve_fit function [35]. We
consider T € {15,30,45,60,90,120}pus, which corre-
sponds to dimensionless interaction magnitudes u €
{0.125,0.25,0.375,0.5,0.75,1.00}. The results are shown in
figure 8.

In figure 8, there are two points of note. Firstly, the fitting
for T = 15us shows systematic error — the model is a bad
fit for the given data. In this case, the two-timescale fitting
procedure is a better choice and matches the notion that high
driving frequency leads to prethermal time crystallinity. As
T increases, we similarly argue that the two-timescale fitting
procedure is a bad choice. In figure 9, we show the results
of the two-timescale fitting procedure for T' = 15,30us. The
T = 15 fitting demonstrates a strongly resolved transition
between timescales, whereas the T' = 30 plot indicates that
there might be a second timescale, but the transition between
prethermalizing and prethermal timescales is weak. Notably,
the choice of the cutting point between timescales does not
significantly impact the fitting results. Hence, the argument
in favor of prethermalization is quite weak, and so we take the
single stretched exponential fit to be sufficiently explanatory.
Secondly, there is a clear and apparent increase in the signal
lifetime as the kicking period T increases. In real-time units
for the signal lifetime, this trend is linear, and is shown in
figure 8 with a linear fitting.

Indeed, we see that the two-timescale fit well describes the
T = 15us interaction time data, hence providing evidence for
prethermalization, hence genuine time crystallinity. Further,
the linear trend of the physical lifetimes, 7(T") = 37.11T —
453.39 (us), implies that the non-dimensional Floquet pe-
riod lifetime is bounded. Indeed, 7(T") = 37.11 — 453.39/T
(periods) is bounded above by 37.11 Floquet periods.
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FIG. 9. Two-timescale fitting for the 7" = 15us DTC experiment
and the T' = 30us DTC experiment in non-dimensional units of
Floquet periods.

Appendix B: Effects of Disordered Fields

Using Weil6, we can vary the effective disorder strength
over a single Floquet Period. Concretely, we have two tun-
able parameters, u, v, such that our Floquet Hamiltonian is

~ v N aoy oaron L A AN A Ay
Hp = 3 ;riggﬂ_’_g Z Jo <S§Z)S£])—2(SG(EZ)S;])—FSZ(;)S?SJ))).

1<j
(B1)
Above, r; is the locally disordered field induced by the un-
polarized phosphorus spins, and 0 < v < 0.4 is the allowed

parameter range under Weil6. Then, for selected kicking
angles 6, and interaction strengths u, we can investigate the
effect of disorder on the stability of our time crystal. The
results of this investigation are given in figure 10. In summa-
tion, we see no evidence that increasing disorder leads to a
longer-lived signal, hence MBL is likely not the stabilization
mechanism for this time crystal.

Appendix C: Local z Magnetization State Manipulations

In order to further verify our ability to produce a robust lo-
cal state, we consider the case where interactions are turned
off entirely. Indeed, we want to ensure that the rapid decay
observed in figure 6 is due to time crystal inducing inter-
actions, and not due to poor state preparation. In figure
11, we demonstrate that the local magnetization signal per-
sists for long times when interactions are turned off with
Peng24. In fact, the observed decay envelope fits well to the
four-parameter model of 6, with a sub-linear exponential ar-
gument similar to the non-interacting global magnetization
response. The time scale of the decay is much shorter for
the local magnetization than global magnetization (1.5 ms
vs 6.8 ms), but still quite long compared to T5 ~ 30us. In
summation, the results of figure 11 demonstrate our state
preparation procedure and control scheme are not the causes
of the rapid decay seen in figure 6.
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FIG. 10. Effects of increasing disorder on time crystallinity for § = 175°, u = .05, and 6 = 170°, u = 0.08,0.10. On the left, we show
the measured magnetization signal for each disorder instance. On the right, we take the difference between experiments with disorder
to the experiment with no disorder. Notice that the disordered field does not stabilize the signal; increasing disorder simply leads to

increased variability in the measured signal.

Appendix D: Two-timescale Fitting Results, Variable
Interaction Strength

In figure 12, we show the two-timescale fitting results for
stroboscopic z-field strengths of hT = 7 /2, 7. This fitting
procedure is performed for all KT € {w/4,7/2,37/4,7} to
populate table I. The fitting for AT = 0 is shown in figure 7.
Concretely, m gives the decay timescale of the initial state
to the prethermal time crystalline state, and 75 gives the
lifetime of the prethermal time crystalline state.

For each value of hT, an optimal u is selected to maxi-
mize the two-timescale contrast. Generally, for larger values
of AT, smaller values of u are used. Given the theoretical
expectation that 7 depends exponentially on u, the qual-
ity of the fit is increasingly sensitive to large changes in u
with increasing hT. The fitting in figure 7 shows that the
prethermal timescale is robust to changes in w, which can be
attributed the fact that the transition to the time crystalline
phase occurs near v = 0.07. Thus, Au = 0.02 is a small
fraction of the interaction magnitude at the transition point.
Even so, the contrast between timescales is most pronounced

for v = 0.07. However, for hT = m, the transition point to
the time crystalline phase occurs near u = 0.02(y = 7/40).
Given our resolution in u is limited to 0.01, we are limited to
(proportionally) large changes in the interaction magnitude
relative to the transition point. If our timing control allowed
for a higher resolution in u, then we could reconstruct a phase
diagram for each AT similar to figure 5. Qualitatively, we
expect that the transition boundary be pushed down with
increasing AT, thus increasing the phase space area occupied
by the time crystalline state.
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