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We investigate a disorder-free quantum Ising chain subject to a time-periodic drive that rotates each spin
by an angle 7 (1 — ¢;). In case all spins experience the same deviation € and the system is initialized in a
fully polarized state, the dynamics is known to be time crystalline: the magnetization of the system exhibits
period-doubled oscillations for timescales that grow exponentially with the length of the chain. In this work, we
study the effect of a deviation € that differs between spins. We find that reducing € for a single spin drastically
enhances the lifetime of spatiotemporal order, suggesting the name metronome spin. Employing perturbative
arguments in an average Hamiltonian picture, we explain this observation for initial states with macroscopic
bulk magnetization. Furthermore, in the case of random bit-string initial states, we report the enhancement of the
lifetime of a topological edge mode, which can also be understood in the same picture. Finally, we discuss an
altered geometry in which the metronome spin is not directly part of the chain, affecting the dynamics in different
ways in the two scenarios considered. Our findings unveil the intricate dynamics that emerge in Floquet systems
under the influence of a spatially varying drive, thereby uncovering new avenues for Floquet engineering.
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I. INTRODUCTION

For the longest time, stable physical phases of matter were
thought to be a concept exclusive to equilibrium physics.
However, with the pioneering work of Wilczek and Shapere
[1,2], Watanabe and Oshikawa [3,4], and others, it became
clear that out-of-equilibrium phases of matter are not only
possible but also offer features beyond equilibrium phases
[5,6]. One of the most prevalent categories of systems in
which such phases have been demonstrated is Floquet setups,
that is, periodically driven systems. Instead of heating up, they
can display long-lived period-doubled spatiotemporal order
with remarkable stability with respect to perturbations of the
drive. Due to their discrete time-translation symmetry break-
ing, they have been dubbed Floquet time crystals or discrete
time crystals (DTC) and have gained significant attention
among the theoretical and experimental communities over the
last decade [7,8].

Initially, many-body localization (MBL) was considered
to be the main mechanism for stabilizing the long-lived dy-
namics [9-12]. However, over the years, a multitude of other
processes have been shown to lead to time-crystalline behav-
ior in different systems, including weakly broken symmetries
[13], prethermalization [14-16], domain-wall confinement
[17], among others [18-21]. Experimentally, time-crystalline
dynamics has been observed on a variety of platforms, such
as nitrogen vacancy centers [22-24], NMR systems [25-27],
ultracold atoms [28,29], trapped ions [30], Rydberg atoms
[31,32], and also superconducting qubits [33,34], to name a
few. Most of the above time-crystal realizations demonstrate
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long-lasting but finite spatiotemporal order, whereas some,
e.g., the MBL DTC, lay claim to stability up to infinite
times, even though this is controversially discussed by the
community [16,35-38]. Numerical simulations have shown
crystal lifetimes that exceed typical experimental timescales
[5,33], thus it remains difficult to convincingly disprove
infinitely long-lived order. Remarkably, two different realiza-
tions of absolutely stable [39] DTCs were recently reported
[40,41]. These systems promise stability towards arbitrary
perturbations, even if they break the discrete time-translation
symmetry of the drive.

In most Floquet setups, drives are typically realized by
periodically rotating all constituents by a fixed angle. One
of the most striking features of time-crystalline order is the
stability with respect to such a drive. The spatiotemporal
structure is present not only at isolated points in parameter
space (dictated by intrinsic symmetry of the interactions) but
has also been observed for drives that systematically over- or
undershoot the targeted rotation angles for the entire system
by up to € < 15% in every drive period [30,33]. Contrary to
the naive expectation, these errors do not accumulate and lead
to rapid dephasing but are instead compensated for through
the different stabilization mechanisms mentioned above. This
defining characteristic of a DTC motivates the classification
as an out-of-equilibrium phase of matter, as extended areas
of stability can be identified with respect to the parameters
of the system and drive, e.g., the interaction strength and the
deviation of the driving angle [10,11]. Until recently [42],
drives and perturbations have typically been considered to
be spatially uniform, i.e., equal for all constituents of the
system. The question of whether and how the stability of
spatiotemporal order extends to regimes where parts of the
system are driven at different values of € remains largely
unanswered. It is especially unclear whether this structure
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is destabilized by a small subsystem driven at much higher
values of €, or whether a modest amount of particles driven at
small € can stabilize an otherwise unstable system.

To investigate the impact of the spatial dependence of the
drive, we consider a disorder-free spin-1/2 chain with nearest-
neighbor Ising interactions and periodic driving through
numerical simulations. When initialized in a fully magne-
tized state, such a system’s magnetization is known to exhibit
period-doubled oscillations for a time growing exponentially
with system size, which we will call lifetime [14,43—45].
Interestingly, by reducing the rotation angle deviation € for
a single spin of the chain, we find a drastic enhancement of
the magnetization lifetime of the entire chain, as if the single
spin was acting like a metronome that keeps the other spins on
beat. We employ a time-averaged effective description, which
allows us to explain the observed behavior with the help of
symmetry arguments for the bulk of the chain.

Building on these results, we study how generic initial
states behave in the presence of a metronome spin. Again, we
find analogous lifetime enhancements in magnetization auto-
correlators, however, only for the outermost spins stemming
from the existence of a topological edge mode. Finally, we
present a system geometry in which these two mechanisms
can be clearly discerned. Our results offer new insights into
how local perturbations in the chain can have a strong impact
on the overall lifetime of large systems. This opens up new
possibilities in the design and implementation of extended,
(meta)stable phases of matter out of equilibrium, even in
systems without disorder.

Following this introduction, we first give a more detailed
description of the investigated system and the numerical
methods used in Sec. II. The results for bulk and edge sta-
bilization are presented in Sec. III and subsequently discussed
in Sec. IV.

II. MODEL AND METHODS

We study the effects of spatially nonuniform Floquet
driving through numerical simulation of a spin-1/2 chain.
The Floquet sequence investigated in this work consists of
two parts: in a first step, the spins interact through nearest-
neighbor Ising couplings with open boundary conditions, as
shown in Fig. 1(a). Second, the spins are subjected to unitary
rotations by mw (1 — ¢;), with i indicating the site index. We
consider the case where the first spin is driven with €;—; = €’
and all other spins with ¢;.; = € [Fig. 1(b)]. Thus, this con-
figuration represents a uniformly driven chain with a local
perturbation at one boundary site, obeying a spin-flip symme-
try in the absence of z fields. One cycle of this time-periodic
evolution is captured by the Hamiltonian

L-1 L
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Hyp = E Jiivsist + E hist, 0<tr<y
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with s, ., = o[, /2 being the single-spin operators. The
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FIG. 1. An illustration of the two-step Floquet cycle of the one-
dimensional (1D) system considered in this work. (a) The interaction
phase of the cycle given by an Ising Hamiltonian with nearest-
neighbor couplings. (b) The driving phase of the Floquet cycle,
realized through single-spin s, rotations. While the majority of the
spins in the chain (here drawn in blue) is subjected to imperfect flips
around the x axis given by w (1 — €), one spin at site index i = 1
has a differing drive-angle deviation €; = €', resulting in 7 (1 — €’)
rotations.

periodic flipping of the magnetization of the spin chain with
period 2T, which is twice the original period of the Hamil-
tonian. Here, we are especially interested in how decreasing
the deviation of the rotation angle, €’, for a single spin, which
we call the metronome spin, affects the dynamics of spatially
distant spins at late times. While we set 4; = 0 in the main
text, we also study chains with random fields and disordered
couplings in Appendix A and disorder-free chains with the
metronome in the center, €_Lrl = €', in Appendix B.

The stroboscopic evolution of the system, that is, evaluated
only once at the beginning of every cycle, is given by the
Floquet evolution operator Up, which propagates the system
through one cycle of the Floquet sequence. To gain a better
understanding of the stroboscopic dynamics, one would like
to find a time-independent Floquet Hamiltonian Hy that gen-
erates the Floquet time evolution operator, such that

UF — e—szne—zHimtl — e_lHFT. (2)

In most cases, there is no straightforward way to obtain Hp
analytically, but one can expand H in the so-called Magnus
series [46,47]. By construction, Hr is guaranteed to be Hermi-
tian at all orders. We give the first two terms of the expansion,

Hp =HY +H + -, (3a)
1 T
HY = —f dt H(t) (3b)
F 9
T Jo
1 T

1 _
HY = —

271 ), dz“/0 de’ [H(t), H(t)], (3¢c)

with the first term H;O) often being referred to as the
average Hamiltonian.
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By computing the average over one period, one has to
include the large w (1 — ¢;)s;. rotations in H}O),

L-1 L
1 - 4
o) _ i i+l i
Hyip = m[“ ( ?21 Jii1sist + ?21: hisz)
L
+7 E (11— Ei)Sij|, )

i=1

which is detrimental to the convergence of the Magnus series
[47]. As stated earlier, the magnetization-flipping dynamics is
period doubled with respect to the time-dependent Hamilto-
nian. Therefore, if averaged over two periods, one not only
mostly cancels the spin rotations but also averages out any
random y/z fields. The newly obtained two-period averaged
effective Hamiltonian has the form of a transverse-field Ising
model (TFIM),

L1 L
1 - ‘
0 _ S Snsist = Y e
Hrap = h+m (tl i=1 s " i=1 fzsx)’ ®

hereafter only referred to as H;O). Alternatively, this Hamil-
tonian can also be derived by applying a toggling-frame
transformation and subsequently taking the average over one
cycle [8]. This effective description retains the spin-flip sym-
metry present in the original time-dependent model.

III. RESULTS

In this section, we investigate numerically the lifetimes of
various multispin and single-spin observables at stroboscopic
times. We employ exact evolution according to the full Flo-
quet unitary given in Eq. (2) in addition to the effective evolu-
tion with an TFIM as derived in Eq. (5) for comparison. Here,
we study systems with L = 14 spins and set J;; = J =1,
hi=0,e=0.1,1, = 1, and ¢ = 1077, if not otherwise spec-
ified.

A. Bulk lifetime enhancement for polarized initial states

We start by considering the dynamics of the global mag-
netization ()", 07)/L for a polarized initial state |Wiy) =
[ ... 1), as shown on a logarithmic time axis in Fig. 2.
Only even period numbers are probed, so that the underlying
spin-flipping dynamics is hidden in the shown simulation.
The magnetization shows an initial decline that lasts ~10?
periods of the drive, largely independent of the presence of
a metronome spin. Subsequently, for both with and without
metronome spin we observe slow oscillations of the mag-
netization, which manifest themselves as extended plateaus
of nonvanishing magnetization due to the log-linear axes
choice in Fig. 2. The macroscopic magnetization indicates that
large parts of the chain retain some of its initial polarization.
The duration of this plateau is strongly dependent on the angle
deviation of the metronome spin drive €’ and, in the case of an
active metronome spin, lasts ~107 periods instead of ~10°
periods without the metronome. The single-spin magnetiza-
tion of the metronome spin, (azl), as shown on the right axis
of Fig. 2, qualitatively demonstrates the same behavior and
has a lifetime similar to that of ()", ozi /L. For all data taken,

L=14|e=01|¢=10"
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FIG. 2. The global z magnetization of the spin chain of length
L = 14 starting in a fully polarized stated subjected to different driv-
ing schemes. We show the exact stroboscopic dynamics of the chain
at even period numbers with and without a metronome spin at one
boundary site and the average Hamiltonian given in Eq. (5). Configu-
rations that include a metronome spin display a lifetime enhancement
of several orders of magnitude. All data are well described through
numerical cosine fits. On the second axis (in purple font) the single-
spin magnetization of the metronome spin itself is displayed. The
lifetime of the magnetization of the metronome coincides with the
lifetime of the total magnetization. For better visibility, only the first
two oscillation cycles are plotted for each curve.

the evolution under the two-period average of the Floquet
Hamiltonian H}O) is in satisfactory agreement with the full
Floquet evolution (the green line shows this for the case with
metronome spin), indicating that it is a sufficiently good de-
scription of the full stroboscopic evolution. Therefore, we can
safely focus on the simpler time-independent H }0) to better
understand the observed behavior.

Our chosen polarized initial state is the superposition
of the two lowest-energy eigenstates of H}O) which, for
€ < J, are well approximated by the two parity states, |£); =
(1 ... 1) £ 1) ... 1))/+2. At finite €, states with domain-
wall excitations are admixed (domain-wall dressing), leading
to the observed initial fast decay. The energy gap between
the two lowest-lying states is oc €& in the uniform case by
a perturbative argument, considering that all L spins are be-
ing flipped through off-resonant coupling to excited states.
Thus, the gap vanishes in the limit L — oo, making the
two states degenerate. In the case of L = 14 presented here,
the gap is still finite and leads to slow Rabi oscillations of
period T; between the two polarized states, which explains
the observed behavior. The data show good agreement with
the numerical cosine fits o cos (27t /Tg), as also plotted in
Fig. 2, with Tg(e; = €) = (1.641 £ 0.006)10*T and Tz(e; =
€’) = (1.281 £ 0.004)1087T . This difference in the length of
the period of four orders of magnitude is expected in the
average Hamiltonian picture, as the energy gap given above
is inversely proportional to the Rabi-oscillation period Tz o
e~L. By endowment of one spin with reduced ¢, one obtains

T x e L™, (6)
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FIG. 3. The lifetime of the global z magnetlzatlon (3", 0/y/L for
arange of drive deviation parameters € and €’ including a metronome
spin on one boundary site is shown in (a). (b) A horizontal cut
through this plane at fixed ¢’ = 107>, (c) A vertical cut at fixed
€ = 0.1, as indicated by the black and red lines in (a), respectively.
All data points have been obtained through cosine fits, as shown in
Fig. 2. Lifetimes above ¢ = 10'°T and below ¢ = 10°T cannot be
adequately resolved and are therefore exempt from the fit.

which yields the observed difference for the values used of
e=0.1ande =107°.

Next, we systematically investigate the dependence of the
global magnetization lifetime T on the deviations of the drive
angle. For this, we repeat the procedure explained above for a
number of combinations of the values of € and €’. The results
are shown in Fig. 3(a), where we have probed a wide regime of
drive parameters. At small €, we observe lifetimes that exceed
the resolved duration of 10'° Floquet cycles (yellow region).
For fixed € = 0.1, we find that Ty is approximately inversely

proportional to €', Tp « (¢')* with @ = —0.982 + 0.007, as
shown in Fig. 3(b), which is consistent with the reasoning
presented in Eq. (6). For fixed €' = 1073, the recorded life-
times follow a power law with offset, T /T ~ ae? + (3.35+
0.09)10°, with 8 = —12.29 £ 0.03. This value of 8 roughly
agrees with the expectation § = —13 implied by Eq. (6).
However, the observed convergence to a nonzero lifetime in
the limit of large € is not predicted by this perturbative picture
[cf. Eq. (6)].

This behavior can be understood by taking ¢ — 0. In
this limit, the dynamics of the metronome spin effectively
decouple from the bulk of the chain, since the metronome
cannot leave the manifold of {|1), |])}, alternating between
the two states in every Floquet cycle. One can now write down
a Hamiltonian restricted to the bulk of the chain, where the
coupling between the metronome and its neighboring spin,

s!s2, can be replaced by an effective field on the second spin

Z Z’
of the chain,

Hi o = (hs T ZJ, sis, —

L
2{:6ﬁ§>. 7
i=2

The new field term effectively breaks the spin-flip symme-
try of the original Hamiltonian H;O) in the bulk and thus
introduces an energy gap between the two polarized states.
Therefore, the prepared polarized state is no longer the su-
perposition of the two lowest-energy eigenstates but, rather,
very close to the lowest eigenstate of H}%ulk, resulting in
a stable magnetization plateau. For cases where ¢ <« 1 the
metronome spin stays close to the {|1),||)} manifold for
extended periods of time before it and, subsequently, the rest
of the chain dephases. However, in the large € limit, large parts
of the chain farther away from the metronome lose their mag-
netization much earlier due to domain-wall excitations. Still,
since the metronome is largely decoupled in its dynamic from
the rest of the chain, it retains nonvanishing magnetization
even at late times, keeping the magnetization plateau alive,
albeit at a lower value (}";0/)/L ~ O(1/L). This explains
the observed saturation behavior in the lifetime dependence
at large € in Fig. 3(b).

B. Edge-mode enhancement for random bit-string initial states

Next, we investigate how the introduction of a metronome
affects the dynamics of different initial states beyond the fully
polarized case. To this end, we subject an ensemble of random
bit-string states, i.e., states where every spin is either 1) or ||)
chosen randomly, to the Floquet sequence given in Eq. (1).
As the magnetization of these states vanishes on average,
we instead consider local magnetization autocorrelators in
the rotating frame, (0/(0)o/(t/T))(—1)!/T) =: Z;. Three au-
tocorrelators of selected spin sites, averaged over a set of 500
bit-string initial states, are shown in Fig. 4. The three panels
show the autocorrelators of the metronome spin on the site
i = 1 in Fig. 4(a), of a spin in the bulk of the chain on site
i = 8 in Fig. 4(b), and at the other chain boundary on site
i = 14 in Fig. 4(c).

First, the results for the autocorrelator of the metronome
spin itself are in line with the results for the metronome
single-spin magnetization in Fig. 2 (right axis). The
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FIG. 4. The z-magnetization autocorrelators Z; averaged over
500 random initial bit-string states for three different sites in a
chain of L = 14 spins with open boundary conditions. (a) The au-
tocorrelator for the metronome spin at the left boundary of the
chain at site index i = 1. (b) The autocorrelator for a spin in the
middle of the chain at site index i = 8. (¢) The autocorrelator for
the right boundary site with i = 14. We observe a long-lived edge
mode with clear lifetime enhancement through the introduction of a
metronome spin.

autocorrelator oscillates with full amplitude, —1 < Z; < 1,
even at late times. Second, for sites in the bulk, we observe
a rapid decline in the autocorrelator to zero, regardless of
the value of €’. Third, we see a plateau of the autocorrelator
of the opposite boundary site analogous to the dynamics of
the metronome site itself, as presented in Fig. 4(c). These
characteristics are consistent with those of a strong w mode
(SPM) [48]. This phase encompasses rapid bulk heating, but
also robust period-doubled edge modes, and is closely related

LR

[ i
o[ = W
)
[ T

FIG. 5. A visual summary of the different spin-flipping processes
and their associated energy differences. The spins in the bulk are
colored blue, whereas the metronome is colored orange, and the
right edge spin is colored green. Flipped spins are highlighted with
a red background. (a) The creation or annihilation of two domain
walls in the bulk of the chain. If the two adjacent spins are aligned,
flipping the central spin results in an energy difference of [§E| = 4J.
(b) The free propagation of a domain wall. If the two adjacent
spins of a central spin are antialigned, flipping the central spin
is energetically degenerate, i.e., |SE| = 0. Therefore, domain walls
can propagate freely along the chain, utilizing this mechanism to
iteratively flip the next spin at the domain wall. (c) The flipping
of the edge spin. Flipping an edge spin always results in an energy
difference of |SE| = 2J, half of the bulk value, since it is coupled
to only one neighboring spin. Consequently, the edge spins cannot
participate in the domain-wall dynamics shown in (b). The resulting
coupling for the first three processes is o €. (d) The flipping of the
entire chain. Flipping all spins together preserves the domain-wall
structure of the chain and thus does not have an associated energy
difference. This resonant process flips the edge spins at an effective

rate o< €’el .

|513L—

to a symmetry-protected topological (SPT) phase [48-51].
This phase has recently been observed in the system under
investigation [52]. Our data show a clear enhancement of
the lifetime of the autocorrelator at the boundary sites, Z;,
through the introduction of the metronome spin, even though
the two boundaries are separated by L — 2 = 12 spins coupled
only through nearest-neighbor interactions. In particular, it is
not necessary to apply the stabilized drive directly to one of
the two edge modes. Additional simulations of a chain with a
central metronome spin reveal a similar behavior with edge-
mode lifetime enhancement. More details on this additional
investigation can be found in the Appendix B.

This behavior can be understood by considering the spec-
tral structure of the average Hamiltonian H (0), which we
motivate in the following by a dynamical perspective. In the
regime of small transverse field, the spectrum of the TFIM
approximately decomposes into blocks of states with equal
number of domain walls, i.e., adjacent spins pointing in oppo-
site direction. The interaction term yields an energy difference
of 2J per domain wall between these blocks. The action of the
field term is twofold in this view: it causes spin flips, which,
in the bulk of the chain, can either create or annihilate two
adjacent domain walls [see Fig. 5(a)] or move an existing
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domain wall by one site [see Fig. 5(b)]. The former changes
the number of domain walls by £2 and is thus off resonant,
i.e., comes at an energy cost. However, the latter leaves the
total number of domain walls invariant and thus is resonant,
i.e., domain walls can propagate freely within the bulk. At the
edges of the chain, any spin flip always creates or annihilates
a single domain wall. This observation is at the heart of the
topological protection of the edge spins: Flipping an edge spin
is the only process that changes the number of domain walls
by an odd amount, and thus is always off resonant, unless
both edge spins are flipped. This picture is analogous to pre-
vious work [53], in which the authors describe how Majorana
fermions are protected on the boundary sites due to an approx-
imate conservation law. One process that is always resonant
and simultaneously flips both edge spins is flipping all spins
[see Fig. 5(d)] as it corresponds to the global symmetry of
the system. All other processes that alter the edge spins are
strongly suppressed, because after diagonalizing the resonant
domain-wall dynamics in the bulk, the resulting eigenstates
do not feature any other resonant transitions. This leads to the
observed oscillations with frequency oc €’e/~! as in the case
of the fully polarized initial state.

To better illustrate that last point, we translate the dynami-
cal perspective above onto the static eigenstates of the average
Hamiltonian H;O). Starting with the global parity symmetry,
all eigenstates |¢+) o |¢) & |¢) are also eigenstates of the
parity operator and thus are an equal superposition of a state
|¢) and its spin-flipped counterpart |¢). For weak field € < J,
the domain-wall number is approximately conserved, which
means that each eigenstate predominantly consists of states
from the same domain-wall-number sector with only minor
admixtures from adjacent sectors. The observation from the
dynamical viewpoint in the previous paragraph, namely that
domain walls can propagate freely, here means that within
the same domain-wall-number sector, the location of domain
walls is ill-defined and the eigenstates are a superposition of
all possible placements (see Fig. 6).

With this characterization of the eigenstates, the explana-
tion of the observations made above is straightforward (see
sketch Fig. 6). Taking a bit-string initial state and expanding
it in the eigenstate basis, we find it to overlap with many
different eigenstates from the same sector of the domain-wall-
number operator. These eigenstates dephase rapidly o< O(e)
and lead to the decay of autocorrelators in the bulk, as seen
in Fig. 4(b). By contrast, the edge spins can only change due
to the dephasing between the parity sectors, which happens o
O(€'eL=1). Since the splitting is identical for all components,
this leads to the long coherent oscillations seen at late times in
Fig. 4(a) and 4(c). The initial decay of the edge spin opposite
to the metronome [see Fig. 4(c)] is caused by the admixture of
wave-function components with a different number of domain
walls. The observation that a nonzero number of domain walls
will lead to rapid bulk dephasing and thus only a polarized
initial state can show long-range order is in line with an earlier
study [54]. There, the authors describe a prethermal phase,
which they claim can generally only be realized in long-range
interacting systems in one dimension. In short-range interact-
ing systems, only the polarized (zero-temperature) initial state
displays long-lived spatiotemporal order, as it is the only state
with vanishing domain-wall number.

Winit) = 1. T4

Consists of energy eigenstates like

6 = an (IART e £ [
(AT ) £ [Tt
o (R - ) £ [
o (W A £ [N

Edge spins exempt from  Domain walls freely
domain-wall dynamics propagate in bulk

! |

Long lived Bulk autocorrelators
edge states vanish quickly

FIG. 6. An illustration of the topological edge-mode protection
mechanism. The system is initially prepared in a random bit-string
state | Wiy ). Expanded in the energy eigenbasis of the average Hamil-
tonian H}O), the initial state has overlap with many eigenstate pairs
|¢) . with the same number of domain walls. These eigenstate pairs
each comprise a superposition of all possible domain wall place-
ments since domain walls can move freely (highlighted in red). The
dephasing between eigenstate pairs leads to the vanishing autocor-
relators in the bulk. However, since domain walls cannot propagate
through the edges, edge spins (marked in green) are protected from
the domain-wall dynamics. Instead, they show long coherent oscil-
lations due to the exponentially small energy gap between the parity
sectors.

C. Adapted model with external metronome spin

To clearly separate the two described stabilization mech-
anisms introduced in Secs. III A and III B, we modify the
geometry of the model as shown in Fig. 7(a). Instead of attach-
ing the metronome spin to one end of the chain, as previously
shown in Fig. 1, the metronome is coupled to the central spin,
which itself is still coupled to its two neighbors in the chain.
Thus, the two boundary spins are driven in the same way, and
they are connected by a direct line of not actively stabilized
spins in the bulk. By the reasoning outlined in Sec. III A, one
expects similar results for polarized initial states compared
to the standard layout of Fig. 1, as the argument relating
to the effective symmetry breaking in the bulk still holds.
However, the new configuration includes three edges and one
central spin coupled to three neighbors, one of which being the
metronome spin. One important conceptual difference to the
linear configuration is that here the number of domain walls
in the main part of the chain is less strictly conserved. This
results in a much weaker edge protection, as the coupling
between adjacent domain wall sectors is no longer strongly
suppressed.

To test these hypotheses, we compute the z-magnetization
autocorrelators of a boundary site, Z;, and of the new
metronome site, Z,, with the results given in Figs. 7(b),
7(c). The observed lifetime behavior is in full agreement with
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FIG. 7. The setup of the adapted system with L — 1 spins in a
chain with an additional externally coupled metronome spin attached
to the center. (a) A schematic visualization of the adapted geometry.
The lifetimes of the boundary-site z-magnetization autocorrelators
Z; are shown in the next two panels for different initial states. (b) The
autocorrelator of the polarized initial state. The blue and orange lines
show the results for the case without metronome spin and with a
metronome spin in the chain, respectively, for reference. Both config-
urations with a metronome display similar lifetime enhancements of
the autocorrelator. (c) The autocorrelator averaged over 500 random
initial bit-string states. The adapted system shows a much earlier
decay of the autocorrelators compared to the configuration with the
metronome spin in the chain and retains only a remnant of the
original magnetization for the duration of the metronome lifetime.
On the second axis in (b) and (c) (in purple font) the magnetization
autocorrelator Z,, of the metronome spin itself in the adapted setup
is displayed.

the previous predictions. In the fully polarized case, we see
analogous results, whereas for random bit-string states, the

averaged autocorrelator of the edge spin (green curve) de-
creases rapidly to an intermediate plateau before vanishing
completely. The timescale of the larger first decay is compara-
ble to the lifetime of the nonstabilized chain (t/T = 10°), and
the second late-time decay coincides with the dephasing of the
metronome spin. The initial decay stems from the multitude
of different couplings between domain-wall sectors and the
small remaining autocorrelations are protected by the spin-flip
parity that is broken on timescales < ¢’ where the metronome
is still fully polarized.

IV. CONCLUSION

In this work, we have shown that near-resonant driving of
a single spin can significantly increase the lifetime of long-
range order in periodically driven systems. In particular, the
stabilization is not based on disorder-induced MBL; instead,
we have identified two distinct mechanisms that lead to long-
lived bulk and edge spins, respectively. For polarized states, an
argument concerning the breaking of spin-flip symmetry was
found to explain the increased bulk magnetization lifetimes.
Subsequent studies revealed a lifetime enhancement of stable
oscillations on the boundary spins in arbitrary bit-string initial
states. We argued that the reason for the slowed edge-mode
decay is that the metronome spin leads to a suppression of
resonant higher-order processes. Finally, we discussed an-
other setup with external stabilization to the chain and thus no
edge-mode enhancement to clearly highlight the two different
mechanisms identified before.

Thus, our work introduces novel stabilization mechanisms
suitable for ordered and, in particular, finite-size systems. The
bulk-stabilization argument relies on the effective symmetry
breaking introduced through one metronome spin, which is
not affected by the length of the chain. Similarly, the energy
offset of flipping edge spins compared to the bulk is linked to
open boundary conditions, leading to enhancement of stable
oscillation even for short chains. Therefore, both processes
enable arbitrarily long-lived oscillations without taking the
thermodynamic limit.

We point out that the stabilization mechanism of the model
is not based on the Hamiltonian being integrable. The core
concept is linked to the underlying approximate conservation
of the domain-wall number and the spin-flip symmetry, the
latter of which is broken by the metronome in the bulk of the
chain. We expect to find similar results in other spin systems
as long as these conditions are met. To corroborate this state-
ment, we have studied the same model as in Eq. (1), but added
next-nearest-neighbor interactions, ~J; ;42 sés;”, which break
the integrability of the Hamiltonian (cf. Appendix C). As
expected, we find that decreasing ¢ for one of the spins
yields lifetime enhancements analogous to the regular TFIM
model, which encourages further study of applications in other
models.

One potential future extension of this work is the study of
two- and three-dimensional setups. The existence of MBL and
thus disorder-stabilized DTC in these systems has been the
subject of ongoing debate in recent years, which makes the
study of alternative stabilization mechanisms an interesting
direction. Moreover, the search for analogous stabilization
mechanisms in other paradigmatic spin models, such as the
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FIG. 8. The disorder-averaged lifetimes of the global chain z
magnetization with N = 13 spins, starting in the fully polarized
initial state. The data were obtained by numerical sigmoid fits.
Lifetimes above > 10'°T and below < 1027 cannot be adequately
resolved.

Heisenberg XX and XXZ models, could lead to new insights
into out-of-equilibrium dynamics in quantum many-body
systems.
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APPENDIX A: DISORDERED COUPLINGS AND FIELDS

The stabilization mechanism proposed in Sec. III A is not
based on the presence of disorder in the system. To study
the interplay of disorder with the metronome, we repeat the
drive-parameter scan of Fig. 3 for a disordered system. Specif-
ically, we subject a polarized initial state to realizations of
the Hamiltonian of Eq. (1), where the parameters J; ;+; and
h; are uniform iid random variables according to J;;y; ~
U.5,1.5) and h; ~U(—1,1), in analogy to simulations
shown in Ref. [5]. The resulting average over 250 disorder
realizations of the Floquet unitary is shown in Fig. 8. Since the
increase in complexity due to the disorder average required a
reduction in the size of the system to L = 13, we also give the
analogous data set for a disorder-free chain of the same length
in Fig. 9. The averaged time traces approximately follow a
sigmoid shape o 1/(1 4 expat), as different disorder real-
izations have different Rabi oscillation frequencies and cancel
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FIG. 9. The lifetimes of the global ordered-chain z magnetization
with N = 13 spins, starting in the fully polarized initial state. The
data were obtained through numerical cosine fits. Lifetimes above
> 10'°T and below < 10?T cannot be adequately resolved.

out at late times. The times plotted in Fig. 8 correspond to
t = 1/a, so the magnetization has decreased to ~1/(1 + e) =
26.9% of the plateau value. Comparing the two figures reveals
that the behavior is qualitatively the same. However, making
direct quantitative comparisons between the two data sets is
not directly possible due to the differences discussed in the
determination of the lifetime.

APPENDIX B: METRONOME SPIN
AT THE CENTER OF THE CHAIN

Up until now, we have studied systems with the metronome
attached to the end of a linear chain or to the side of it,
coupled to the central spin of the chain. Now, we replace a
central spin on the index i = | (L + 1)/2]| = m, i.e., €, = €.
For odd chain lengths (here L = 13), the spin is exactly in the
middle of the chain, and the system has a spatial inversion
symmetry, reducing the numerical complexity. The global z
magnetization of a polarized initial state is depicted in Fig. 10.
The global magnetization of the centrally stabilized system
has many similarities with that of the original setup with
stabilization at the boundary, as shown in Fig. 2. The system
demonstrates Rabi oscillations with a similar frequency and
initial magnetization amplitude. However, after ~~10° Floquet
drive cycles, the metronome-spin magnetization temporarily
decays to the chain average (right axis) in Fig. 10, before the
subsequent Rabi oscillations set in.

The metronome is coupled to two neighboring spins sub-
jected to the standard drive angle deviation, €, instead of the
previous single spin. Therefore, the observed reduced time
of the initial decay compared to the boundary metronome is
consistent with this difference in chain configuration. Before
that decay, the dynamics of the metronome can, in good ap-
proximation, again be considered to be largely independent
of the rest of the chain. Thus, the metronome effectively
decouples the two half-chains, acting as a rotating field on
its two neighbors. After the decay, the two chains are coupled
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FIG. 10. The global z magnetization of the spin chain of length
L = 13 starting in a fully polarized state subjected to different driving
schemes. We show the exact stroboscopic dynamics of the chain
at even period numbers with and without a metronome spin at the
central site as well as the average Hamiltonian given in Eq. (5).
The configurations that include a metronome spin display lifetime
enhancements by several orders of magnitude. All data are well de-
scribed through numerical cosine fits. On the second axis (in purple
font) we display the single-spin magnetization of the metronome
spin itself. The dephasing of the magnetization of the metronome
coincides with the dephasing of the plateau.

again, leading to the intermediate plateau before the late-time
Rabi oscillations.

APPENDIX C: NNN INTERACTIONS

Here we want to study a modified version of the original
interaction Hamiltonian Hj, given in Eq. (1). We include
additional next-to-nearest-neighbor (NNN) interactions to the
model,

L2
NNN P it2
H " = Hiy + E Jiivasyst o, (C1)
i1

L=12]e=01|¢ =103

1.0 1
0.5 1 ﬂ
e ]
= ]
'sbN 0.0‘_ — € =
Eqi 1—€ =¢€
:_61:
—0.5 77 NNN
1_«&a =¢
1 NNN
—1.0 1 LR B L B L L L L L LR
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FIG. 11. The global z magnetization of the spin chain of length
L =12 starting in a fully polarized stated subjected to different
interaction Hamiltonians. We show the exact stroboscopic dynamics
of the chain at even period numbers with and without a metronome
spin at one boundary site, for both the standard and the integrability-
breaking model (denoted NNN). Configurations that include a
metronome spin display a lifetime enhancement of several orders of
magnitude. For better visibility, only the first two oscillation cycles
are plotted for each curve.

which break the integrability of the new effective Floquet
Hamiltonian. We study the global magnetization of a polar-
ized initial state of L = 12 spins subjected to the modified
Floquet sequence with HN"N replacing the original interaction
Hamiltonian Hi,. We give the results for J;;y» = 0.6 and
€ = 1073 in Fig. 11.

Both the standard model evolved through Hj,; (blue and
orange curves) and the modified model evolved through HXN
(green and red curves) experience qualitatively compara-
ble lifetime enhancements ~1/¢’ through the addition of a
metronome spin.
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