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Tunable space-time crystal in room-temperature magnetodielectrics
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We report the experimental realization of a space-time crystal with tunable periodicity in time and space in
a magnon Bose-Einstein condensate (BEC), formed in a room-temperature yttrium iron garnet (YIG) film by a
microwave space-homogeneous magnetic field. The magnon BEC is prepared to have a well-defined frequency
and nonzero wave vector. We demonstrate how the crystalline “density” as well as the time and space textures
of the resulting crystal may be tuned by varying the experimental parameters: External static magnetic field,
temperature, thickness of the YIG film, and power of the microwave field. The proposed space-time crystals
provide an additional dimension for exploring dynamical phases of matter and can serve as a model nonlinear
Floquet system, that brings in touch the rich fields of classical nonlinear waves, magnonics, and periodically

driven systems.
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Spontaneous symmetry breaking is a fundamental concept
of physics. A well-known example is the breaking of spatial
translational symmetry, which leads to a phase transition
from fluids to solid crystals. By analogy, one can think
about a “time crystal” as the result of breaking translational
symmetry in time. More generally, one expects the appear-
ance of a “space-time crystal” as a consequence of breaking
translational symmetry both in time and in space. If a time
crystal exists it should demonstrate time-periodic motion of
its ground state [1]. In addition to the time periodicity, the
space-time crystals should be periodic in space, similar to an
ordinary crystal.

It was recently argued that time crystals and space-time
crystals cannot be realized in thermodynamic equilibrium
[2,3]. This led to a search for space-time symmetry breaking
phenomena in a wider context, for example, in a system with
flux equilibrium [4]. Such oscillatory nonequilibrium states
are already well known, starting from string and wind musical
instruments, such as violins and organs, through quasiperiodic
instabilities in plasma and semiconductors (e.g., the Gunn
effect [5] used in radar devices) and photon fields in laser
resonators, to a microwave generation by nanosized magnetic
oscillators driven by a spin-polarized DC electric current [6].

To narrow down a group of candidates to the space-time
crystals, that are close to the original idea of the time crystal
[1], a set of requirements was proposed [4,7-10]. These
include the following: (i) the level of complexity in the
interactions merely sufficient to suppress the dissipation of the
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injected energy in order to ensure very long energy relaxation
time relative to other characteristic times of the interaction
processes; (ii) requirement on robustness—independence of
certain features from the perturbations of the physical system
(e.g., the level of disorder); and (iii) spontaneous symmetry
breaking, leading to a long-range order and appearance of soft
modes of the Nambu-Goldstone type [11].

Possibly the first such example was a periodically driven
Floquet quantum system [7], in which the disorder isolates the
energy states one from another, suppressing dissipation of the
externally pumped energy (see also Refs. [12,13]). Needless
to say that none of the previously mentioned examples, such
as a violin or the photon field in a laser resonator, meet these
criteria.

Natural candidates [14] for time crystals are Bose-Einstein
condensates (BECs) in superfluids, trapped cold atoms, and
in overpopulated magnon gases [15-19]. Typically, these
systems have two characteristic times [15]: The lifetime of
the corresponding (quasi)particles 7y and the energy thermal-
ization time 7y near the bottom of the energy (frequency)
spectrum Epin = Awmin. If Ty < TN, the system first quickly
thermalizes toward the local thermodynamic equilibrium with
an effective chemical potential u.s and then slowly relaxes
further to the global thermodynamic equilibrium. During
the time interval ty, < T < 7y and with a sufficiently large
number of (quasi)particles, the system reaches the state with
Ueff = Emin, creating a BEC, which can be considered as a
time crystal with the frequency wpi,. Perhaps the most recent
observation of a time crystal with very long energy relaxation
time is the BEC of magnons in a flexible trap in superfluid
3He-B under periodic driving by an external magnetic field
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FIG. 1. Magnon spectrum of the first 48 thickness modes in a
5.6-um-thick YIG film magnetized in plane by a bias magnetic field
H = 1400 Oe, shown for the wave vector ¢ || H (lower part of the
spectrum, orange curves) and for ¢ 1 H (upper part, blue curves).
The red arrows illustrate the magnon injection process by means of
parallel parametric pumping. Two orange dots indicate the positions
of the frequency minimum wpyi,(+q,,;,) occupied by the BECs of
magnons.

[14]. The problems related to space-time crystals [20] are
more involved and so far were explored mainly theoretically
[21-25].

In this Rapid Communication, we report the experimental
realization of a space-time crystal (STC) with tunable period-
icity in time and space in a magnon BEC formed in a room-
temperature yttrium iron garnet (YIG, Y3FesOq;) film. The
condensate spontaneously arises [17] as a result of scattering
of magnons, parametrically pumped by an intense microwave
field, to the bottom of their spectrum. We show that this
coherent state has the hallmark of nonuniversal relaxation
times, which are much longer than the intrinsic timescales and
the crystallization time. We consider the interacting magnons,
subject to an intensive time-periodic impact, as a model object
for studies of Bose-Einstein condensation process in nonlinear
Floquet wave systems.

The frequency spectrum of magnons in the in-plane mag-
netized ferromagnetic YIG film, shown in Fig. 1, has two
symmetric minima with nonzero frequency and wave vectors
®min = @(£qG ;). The possible BEC has, accordingly, two
components with the wave vectors £q,,;, and the frequency
Wmin, creating a standing wave,

C(r,t) = Co cos(gyin * I') eXp(—iwmint ). (1

In our experiment (see Fig. 2), we create a BEC by pulsed mi-
crowave radiation of frequency w, = 27 x 13.6 GHz, which
can be considered space homogeneous with a wave number
gp ~ 0 [26]. The decay instability of this field with the con-
servation law,

wp = 0(q) +o(—q) =20w(q), o(q) =wy/2, (2)

excites “parametric” magnons with frequency w(q) and wave
vectors +¢q (see Fig. 1). These parametric magnons further
interact mainly via 2 < 2 scattering with the conservation
laws,

w(gq)) +w(q,) = o(q3) + ©(qy), q;+9,=¢q5+q4 (3)
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FIG. 2. Experimental setup. The pumping circuit drives a
50-pum-wide microstrip resonator placed below the YIG film by
microwave pulses of 2 us duration with a repetition rate of 1 kHz.
Probing light from a solid-state laser (A = 532 nm) with a power
of 30 mW is chopped by an acousto-optic modulator (AOM) to
control the energy input into the YIG sample. The frequency-shifted
light, inelastically scattered from magnons, is selected by the tandem
Fabry-Pérot interferometer, detected, and analyzed in time.

that preserve the total number of magnons and their energy.
The theory of weak wave turbulence [27,28] shows that the
scattering process (3) leads to a flux of energy towards large
w(q) and to a flux of magnons toward small w(q), resulting
in an accumulation of magnons near the bottom spectrum
frequency wmin. The same 2 < 2 processes lead to an efficient
thermalization of the bottom magnons during some time
T S 50-70 ns and to the subsequent creation of the BEC
state [17,29].

The processes leading to the creation of BEC are an ex-
perimental manifestation of the STC: A system, driven away
from thermodynamic equilibrium by a space-homogeneous,
time-periodic (with frequency w,) pumping field, sponta-
neously chooses a space-time periodic state (1) with the
frequency wn,, and nonzero wave vectors +¢,;,. Importantly,
the parameters wpin and +q,,, are fully determined by in-
trinsic interactions in the system and are independent of the
pumping frequency in a wide range of their values. Note
that the lifetime 7y of the condensate is much longer than
Tih, enabling the observation of the magnon BEC state and
the study of related effects, such as magnon supercurrents
[18] and Nambu-Goldstone modes—the Bogoliubov waves
[30]. All these meet the presently accepted requirements of
a space-time crystal, listed above.

A more intense pumping process [18,19,31-34] impedes
complete condensation of the scattered magnons by mixing
their frequencies in the near-bottom zone. The resulting two
groups of magnons with a narrow spectral distribution can
be considered as a space-time polycrystal (STPC) with par-
tial coherence. In this case, the interaction-driven magnon
condensation into two coherent spatially extended spin
waves—magnon BECs—is completed after the pumping is
switched off.

Probing the parametrically pumped magnon gas by means
of time-, frequency-, and wave-vector-resolved Brillouin light
scattering (BLS) spectroscopy (see Fig. 2) [35-37], we
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register two density peaks of magnons near the bottom of their
spectra (@Wmin, £¢.,;n)- The frequency and wave-vector resolu-
tions of our experimental setup (approximately 100 MHz and
2000 cm ™!, respectively) do not allow for the direct detection
of the coherence of the magnon BEC [38]. Therefore, we
prove the formation of the magnon BEC in a different way,
by observation of its physical consequences. In particular, we
observe a magnon supercurrent—a macroscopic flow of the
magnon condensate induced by a phase gradient imposed on
the BEC’s wave function [18,39]. In the focal spot heated by
the probing laser beam (see Fig. 2), the saturation magne-
tization Ms decreases compared to the rest of the film due
to its temperature dependence [40,41], inducing a frequency
shift between different parts of the magnon condensate. The
resulting phase gradient in the coherent BEC wave function
creates a magnon supercurrent, flowing out of the hot spot
[18] and leading to a faster decrease of the BLS signal. The
detection of such an enhanced decrease allows us to claim the
space-time coherence of the observed magnon BEC with a
nonzero frequency wpi, and a nonzero wave number Fgm;,
and to identify it as being a space-time crystal.

Now we demonstrate how to control the transition between
the STPC and STC magnon phases and how to change all
three parameters of the STC described by Eq. (1): The BEC
magnon density |Co|* = Nggc, the frequency wp;,, and the
wave number £qn;,. Figure 3(a) shows the time evolution of
the bottom magnon number N, (¢) in the narrow frequency and
wave-number intervals determined by the corresponding setup
resolutions. The temperature in the light spot was controlled
by the duration of the probing laser pulse 7. : The black curve
in Fig. 3(a) corresponds to the short duration tp, = 6 us, when
the light spot can be considered as cold; the colored curves
correspond to 7. = 80 s, with a hot light spot.

Comparing the black and red curves in Fig. 3(a), measured
at the same pumping power of 31 dBm in the cold and hot
laser spots, we see a very similar initial evolution of N, (¢)
during the action of the pump pulse #, = —2000 ns <t < 0.
At the first stage of this evolution (first 100 ns after switching
on of the pumping), N, (¢) rapidly grows due to magnon flux
toward small w(g) as a result of 2 < 2 scattering. For the
rest of the pumping time —1900 ns < ¢ < 0, the number of
bottom magnons remains unchanged both in the cold and
in the hot light spots. This means that the heating-induced
magnetic space inhomogeneity practically does not affect the
evolution of the bottom magnons in this case. The coherent
BEC phase is not created during the pump pulse due to a
particular type of 2 & 2 scattering process (3), in which the
gaseous bottom magnons with w(q,) ~ w(g,) & wmin scatter
on the dense group of parametrically pumped magnons with
w(q;) ~ w(q;) ~ w,/2. This process can be considered as
an effective two-magnon (1 < 1) scattering of the bottom
magnons leading to their frequency intermixing (about the
frequency linewidth of the parametric magnons). As a result,
the frequency spread of the bottom magnon density peak Aw
increases up to 2w x 500 MHz. Nevertheless, it is still much
smaller than wy,,, or, keeping analogy to the crystals, the au-
tocorrelation time of these incoherent magnons significantly
exceeds their wave period, similarly to the autocorrelation
length in polycrystals that spans many unit cell sizes. That
is why we consider this magnon state as a polycrystalline
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FIG. 3. Transition from the polycrystalline magnon phase to
the STC phase and back. (a) Temporal dynamics of the measured
magnon density for several pumping power values Pyypp. For Poymp =
31 dBm two lines are shown measured at different temperatures of
the probing spot. The bias magnetic field is H = 1400 Oe. (b) The
lifetimes of the STC phase, measured in the cold probing spot ({(z,,),
circles) and polycrystalline phase-B (z,, squares) as functions of
Poump. The mean STC lifetimes (z,,) are determined as the decay
times of the exponential curves, connecting the initial and final
moments of the existence of the STC phase [see, e.g., the dashed
black line in (a)].

phase [see the yellow shaded area, marked “Polycrystalline
phase-A” in Fig. 3(a) for r < 0].

After the pump pulse is switched off (+ > 0 ns), the para-
metric magnons quickly disappear, preventing further inter-
mixing of the bottom magnons. For a sufficiently strong
pumping power (Poump 2 20 dBm), a part of the bottom
magnons creates the BEC, the rest of them remain gaseous.
The presence of both BEC and noncoherent magnons is con-
firmed in Fig. 3(a) by a two-stage decay of the bottom magnon
density in the hot light spot (red curve, Poymp = 31 dBm): A
fast decay with the mean lifetime (ryr) & 110 ns for high
Ny (1), followed by a much slower decay with 75 & 250 ns for
No(t) < N =~ 20 BLS counts. The faster decay is associated
with the existence of the magnon BEC for N, > N [see the
blue shaded area in Fig. 3(a) labeled “Space-time crystal”]:
The magnon supercurrent flowing out of the hot spot en-
hances the decay rate in the hot spot region [18]. Later, when
Ny(t) < N, the magnon BEC and its supercurrent disappear.
At this stage, our system returns back to the polycrystalline
phase, with an even smaller frequency linewidth 1/, ~ 27 x
0.7 MHz. This polycrystalline phase-B is shown in Fig. 3(a)
by a yellow shaded area for r > 0.

It is worth noting that the pumping power of 31 dBm used
for the measurement of the black top curve in Fig. 3(a) (cold
spot) is the same as for the red curve (hot spot), therefore
the black curve also corresponds to a well-formed STC at
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FIG. 4. BLS intensity (color code) and frequency measured
during the pump pulse (STPC phase-A) for ¢ = gmin as functions of
the bias magnetic field H. The BLS intensity reflects the efficiency of
the transfer of the parametric magnons to the bottom of the frequency
spectrum [34].

Ny > N.;. However, it shows no enhanced decay of the BEC
state. The same behavior was observed for all other Ppymp
(not shown). These observations preclude an interpretation
of different relaxation rates of the magnon BEC and the
incoherent magnon phase in Ref. [43] as being a result of the
sensitivity of the BLS technique to the degree of coherence of
the scattering magnons. On the other hand, all observed phe-
nomena are well explained by the emergence of a supercurrent
that takes away the coherent magnons from the hot spot.

Important information about the STC-STPC phase transi-
tion was obtained by tuning the pumping power Pyymp below
31 dBm. Weaker pumping creates a smaller number of para-
metrically injected magnons, leading to less effective 2 < 2
magnon scattering and, thus, to an increasing delay in the
appearance of these magnons near the bottom of the energy
spectrum [Fig. 3(a), lines marked 19-26 dBm]. The resulting
density of the bottom magnons decreases as well. Below
the threshold density N, when the majority of condensed
magnons are flown out of the measured region of the BEC,
the observed decay rate approaches the same value for all
different pumping powers. Importantly, Fig. 3(b) shows that
the lifetime of the undisturbed STC in the cold spot is always
longer than the lifetime of the corresponding polycrystalline
phase. We relate this fact with the continued condensation
of gaseous magnons to the BEC phase after the pumping is
switched off. These observations clearly prove that the STC
density is tunable by the parametric pumping power.

The time periodicity 1/wpi, of both the STC and STPC
phases can be easily controlled by variation of the bias
magnetic field. For example, in the micrometer-thick YIG
films, wmin(H) &~ yH, where y is the gyromagnetic ratio (see
Fig. 4).

The spatial periodicity of the STC can be changed in a
wide range from 0.5 to 4 um by a proper choice of the
YIG film thickness (see Fig. 5). The magnon condensa-
tion was already experimentally demonstrated in micrometer-
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FIG. 5. Theoretical dependencies of the energy minimum wave-
length and frequency on the YIG film thickness.

(see Refs. [17-19,29-32,34,43]) and in nanometer-range-
thick YIG films [44,45]. Note that, except for very thin films
[44,45], wmin 1s insensitive to the film thickness.

The tunable magnon space-time crystal and polycrystal,
realized in a periodically driven spin system of a room-
temperature YIG film, represents an example of a nonlinear
Floquet system and therefore serves as a bridge between
magnonics and classical nonlinear wave physics from one side
and the Floquet time-crystal description of the periodically
driven systems from another. Joining these two perspectives
may give birth to emergent fields of physical research, “Flo-
quet (or periodically driven) nonlinear wave physics.”

The advantage of a macroscopic system that may be stud-
ied at room temperature as compared to small samples at
millidegrees Kelvin temperatures is obvious. Moreover, broad
spectral tunability via the magnitude and direction of the bias
magnetic field, strong nonlinearity, nonreciprocity, topology,
ability for local manipulations via external electric and mag-
netic fields, mechanical stress, and sample patterning, being
combined with space-, time-, wave-vector-, and frequency-
resolved BLS measurements, make the suggested system a
good experimental basis for the proposed field. On the other
hand, concepts discussed in the framework of the Floquet
systems such as quasienergy, umklapp scattering, forbidden
bands in quasimomentum space, once applied to magnon
space-time crystals, may give insight into the rich physics
of this system, creating physical ideas and paving a way to
various engineering applications.
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