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Figure 4. Prethermalization. (a) Aninitial spin excitation is prepared on one side of a seven-ion chain subject to open boundary
conditions and long-range XY interactions. As the range increases (¢ decreases), the excitation is subject to an emergent
potential barrier. (b) In the case of short-range interactions, either one or two spin flips delocalize to (C) = 0, consistent with
the GGE. (c) For long-range interactions, memory of initial conditions is preserved in a long-lived prethermal state. In both
(b) and (c), the open blue squares or red circles plot (C) for initial states prepared on the left or right side of the spin chain,

respectively, while the filled blue squares or red circles plot the cumulative time average (C) for these data. Adapted from [45].

two spin excitations are prepared in |yo) =| | 111 {{), which is even further from integrability
than the single-spin-flip case, the resulting dynamics are still prethermal in the presence of
long-range interactions (figure 4b,c).

This state should persist in the thermodynamic limit, where the long-range interactions and
open boundary conditions continue to effectively break the translational invariance in the bulk.
We observed that this effect still persisted when we more than tripled the length of the spin chain
to 22 ions. This experiment serves as a good example of non-ergodicity breaking in clean systems
and is a clear demonstration that prethermal behaviour cannot always be described using the
formalism of the GGE.

5. Discrete time crystals

So far, we have considered cases where a quantum quench to a static Hamiltonian leads to
non-ergodic quantum dynamics. Time-dependent or periodic Hamiltonians also support out-
of-equilibrium phases with spin dynamics that are either robustly oscillatory and localized in
frequency space, or dephase from ergodic evolution [72,73]. Take the example of the quantum
kicked rotor, in which the periodic (Floquet) Hamiltonian generates dynamics which can be
tuned between chaotic and temporally localizing regimes [74,75]. Many of the robustly oscillatory
phases of matter in Floquet systems have no direct analogues to phenomena in quenched static
Hamiltonians [76,77].

A discrete (Floquet) time crystal is an example of a non-ergodic time-dependent phase, where
symmetry-breaking spin oscillations show robustness to variations in the system Hamiltonian [76,
78-80]. This effect has a close connection to MBL, which is used here as a mechanism to stabilize
the time crystal dynamics and prevent heating due to the Floquet drive [72,73,81]. While a
static MBL Hamiltonian causes long-lived memory of initial conditions in spin magnetizations, a
Floquet MBL Hamiltonian preserves the memory of the initial phase of the oscillatory dynamics.

In the case of a DTC, this long-lived oscillation is also an example of discrete time translational
symmetry breaking. A discrete symmetry is imposed on the system by the periodicity T of the
Hamiltonian, H(t) = H(t + T). However, the DTC state spontaneously breaks this symmetry by
oscillating at a subharmonic frequency with period 2T. When an MBL Hamiltonian is part of
the Floquet drive cycle, the symmetry-breaking is robust to perturbations in the drive. Both the
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Figure5. Discrete time crystals. (a) Spin dynamics under repeated application of ;. A perturbation that modifies the frequency
response is clearly visible in the Fourier domain by two peaks separated by 2¢. (b) When the MBL terms H, and H; are also
applied, all spins oscillate in phase and with a common frequency of 1/(27). (c) The height of the Fourier peak h at frequency
1/(27) is used as an order parameter to demonstrate how larger & destroys the DTC order at four different values of Jq. (d)
The variance of h diverges at the phase transition boundary for each value of Jy, and exhibits good agreement with numerical
predictions (dashed lines). (e) The critical & at the peak of the data in (d) demonstrates a linear dependence with Jyt;. This
boundary separates DTC from symmetry-unbroken phases in the thermodynamic limit. Adapted from [86].

symmetry-breaking oscillations and their robustness caused by many-body interactions provide
an analogy to spontaneous breaking of spatial symmetry in the formation of solid crystals [82].
The original proposals for observing time crystals in the spontaneous breaking of continuous time
translational symmetry in a ground state were shown to be impossible [83-85], but the DTC is a
generalization of this concept.

We perform an experiment driving a 10-ion spin chain with a periodic Hamiltonian to realize
the DTC [86]. We prepare an initial state polarized in |g) = | | ), then apply a three-component
Floquet Hamiltonian with overall period T =1t + ¢, + 13,

Hi=g1—-¢)>; aiy, time #1,
H={Hy,= ij ],',]‘O'l?co‘jx, time tp, (5.1)
H; = Zi Dio‘ix time t3,

where g is the effective Rabi frequency tuned such that 2 gty = 7 and ¢ is a fractional perturbation
varied between 0 and 15%. We observe the magnetization (o) after each Floquet period T and
evolve the system out to 100 periods. The data are analysed in the frequency domain by applying
a discrete Fourier transform to the time series, where the expected subharmonic oscillations will
occur at a frequency of vic =1/(2T).

The first term H; is a perturbed n pulse which breaks the system’s time translational
symmetry. In the absence of Hp and Hs, the spin magnetizations do not generically oscillate at
the subharmonic frequency, and the system instead tracks the drive at frequency v = T-1(1/2 —¢)
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(figure 5a). Terms Hy and Hj combined generate a Hamiltonian deep in the MBL regime.! The
short-range (o =1.5) interactions are weak, Jof; < 0.04, compared with the disorder, which is
pulled from a uniform distribution of width W set to Wtz = .

The application of Hy and Hz with small ¢ restores the magnetization oscillations to the
subharmonic frequency vy (figure 5b). To quantify the degree of temporal ordering, the amplitude
of the Fourier transform at the subharmonic frequency h(vi) is used as an order parameter
(figure 5¢). By varying ¢ and Jo, we can probe the crossover from DTC to symmetry-unbroken
phases and observe that the temporal order is destroyed when ¢ 2 2Jot>. The variance of h(vic),
taken across 10 disorder instances, peaks at the crossover boundary, as would be indicative of
a phase transition in the thermodynamic limit (figure 5d). The peak of the variance observable
exhibits a linear relationship between ¢ and Jy as expected, revealing the parameter regime in
which the DTC is stable against perturbations (figure 5e).

Discrete time crystals are not specific to 1D spin chains and have also been observed in a three-
dimensional crystal of nitrogen vacancy centre spins in diamond [87]. These experiments point to
the role that Floquet drives can play in generating entirely new phases of matter, which may not
exist in static or equilibrium systems. These states can exhibit a gamut of features like symmetry-
protected topological order or non-ergodicity. Understanding all of these regimes will require new
theoretical tools for treating highly out-of-equilibrium quantum systems, and complementary
experiments on large and strongly interacting systems to verify them.

6. Conclusion and future directions

We have discussed a few contexts where chains of trapped ions, tailored with optical forces to
realize strongly interacting spin models, can be made to exhibit non-ergodic many-body quantum
dynamics [39,45,86]. There is promise in expanding these studies to observe new examples of
non-ergodic phenomena in quench- or Floquet-type experiments. Performing similar experiments
in two-dimensional ion crystals would help answer questions about the viability of MBL in
more than one dimension [88]. Penning traps have been used to confine large rotating two-
dimensional ion crystals with tunable long-range interactions [89,90], but similar crystals created
in Paul traps would benefit from improved spatio-temporal resolution for spin initialization and
readout [91,92].

Along with the potential to study spatially two-dimensional quantum Ising models with a
high degree of spin connectivity, it is also possible to explore how higher-dimensional spins
(§>1/2) would affect the observed examples of non-ergodicity. For example, the DTC has
modified subharmonic ordering for S=1 systems [80,87], and there might be many other
unique effects considering the topological nature of integer-spin Heisenberg chains [93,94].
Integer-spin dynamics have been demonstrated with trapped 171Yp* atoms [95-97], where three
spin states can be encoded if we include additional Zeeman sublevels in the 2g, 2 manifold:
|+)=IF=1,mp=1),|-)=|F=1,mp=—1) and |0) = |F = 0,mr =0). We can generate an effective
Hamiltonian by applying a bichromatic field with beat frequencies w_ + u and wy — u, where
w+ is the frequency splitting between the |0) and |+) states. The Hamiltonian, in this case, is an
XY-interaction between S =1 particles,

Hegr=» ]Z (5787 +575)+ D VimlS; — (5], (6.1)
i<j im

where S?[ are raising and lowering operators and the matrix V; ,, is a local field term proportional

to the phononic excitations in the ion chain. These local field terms can be eliminated by the

addition of two more beat note frequencies at w_ — v and w4 + u, which generate a long-range

Ising interaction H=} ;_; J;;5; S; from a generalization of the Melmer-Sorensen scheme used for

simulating S =1/2 chains [28].

IThese two terms are temporally separated, because additional 7 /2 pulses are necessary to rotate the light-shift-generated o7
disorder into the x-direction [21]. The Floquet evolution is equivalent to their simultaneous application, because [Hy, H3] = 0.
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We have observed both coherent quench dynamics between two interacting S=1 ions and
adiabatic state preparation in chains of two to four spins by ramping down a global (6%)?
term [95]. Using our individual addressing laser, we could generate controllable terms of the
form aS7 + ,B(Sf)2 in order to engineer a disordered S =1 chain. This provides a toolbox for S=1
quantum simulations as complete as that for S =1/2, and opens the door to experiments studying
localization in integer-spin chains [98,99].

So far, all the experiments described here have been performed on relatively small system
sizes of up to 22 spins. Most of the observations can be verified using exact or approximate
numerical techniques, including exact diagonalization or the density matrix renormalization
group. This has provided an excellent opportunity to demonstrate the capability of trapped ion
quantum simulation, while benchmarking their performance on these small systems. However,
once the system sizes are increased beyond approximately 30 spins, exact calculations become
impossible on highly excited and entangled states like MBL. In this case, larger experiments
with well-controlled interactions that scale efficiently with system size are necessary for verifying
the numerical calculations and observing new phenomena in large condensed-matter-like
systems.

Efforts are underway to dramatically increase the number of ions in a linear crystal and
achieve these goals. A current limitation in our experiments is the residual background gas
molecules in the vacuum chamber, which can collide with and destroy our long and fragile
trapped ion chain. One solution is to engineer a cryogenically pumped ion trap chamber,
which promises to have the background pressure and collision rate reduced by orders of
magnitude. We have demonstrated that we can trap up to 120 ions in a linear configuration
for hours at a time, an important step towards simulating long-range spin models in large
systems. By combining this larger system with the techniques for Hamiltonian control developed
thus far, we hope to push into the regime of ‘quantum supremacy’, where our experiments
can help understand complex many-body systems in ways inaccessible to current numerical
techniques.
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