Non-local synchronization of continuous time crystals in a semiconductor
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Synchronization resulting in unified collective behavior of the individual elements of a system that
are weakly coupled to each other has long fascinated scientists. Examples range from the periodic
oscillation of coupled pendulum clocks to the rhythmic behavior in biological systems. Here we
demonstrate this effect in a solid-state platform: spatially remote, auto-oscillating electron-nuclear
spin systems in a semiconductor. When two such oscillators separated by up to 40 um are optically
pumped, their individually different frequencies lock to a common value, revealing long-range coher-
ent coupling. For larger separations, the synchronization breaks. The interaction distance matches
the electron spin diffusion length, identifying spin transport as the coupling-mediating mechanism
and establishing phase coherence over mesoscopic distances. As a consequence, a wide-area opti-
cal pump drives all oscillators within the illuminated spot into a single synchronized state, despite
their inhomogeneity. This synchronization accounts for the exceptional stability of the resulting
auto-oscillations, enabling collective motion in distributed spin systems and paving the way toward

coherent spin networks in spintronics.

INTRODUCTION

Synchronization is a universal phenomenon in which
auto-oscillators adjust their rhythms to operate in uni-
son. The defining feature is that auto-oscillators, capable
of developing periodic motion, adjust their frequencies
through weak interactions while retaining their individ-
uality. Synchronization can arise mutually, when oscilla-
tors interact with each other, or be driven by an external
periodic force [1, 2]. Huygens’ 17th-century observation
that two pendulum clocks on the same beam swing in
phase demonstrated how mechanical systems can couple
through a common medium to lock their motion [3, 4].
Since then, synchronization has been recognized as a gen-
eral principle across living and non-living systems.

In biology, it underlies fireflies flashing in concert [7],
cardiac pacemaker cells beating in harmony [6], and cir-
cadian clocks aligning to day-night cycles [7, &]. In neu-
roscience, populations of neurons coordinate oscillatory
firing to produce brain rhythms [9]. In the physical
sciences, synchronization is central to micro- and nano-
scale devices: spin-torque nano-oscillators can phase-lock
via electrical coupling, enhancing signal power and spec-
tral purity [10-12]. Josephson junctions [13], laser ar-
rays [14], and optomechanical oscillators [15] similarly
exhibit mutual entrainment, enabling coherent operation
of many units. In atomic physics, synchronization occurs
in driven ensembles where global coupling can overcome
dephasing. As an example, Wadenpfuhl et al. [16] showed
that thermal rubidium atoms excited to Rydberg states
exhibit synchronized oscillations due to mean-field inter-
actions via a shared optical field.

Auto-oscillating systems produce narrow Fourier peaks
in the frequency domain, providing an analogy to spa-
tial crystals. So, in crystallography, sharp peaks in
momentum space, known as Bragg peaks, arise from
constructive interference of waves scattered by atomic

planes, reflecting the underlying periodic lattice struc-
ture in space [17]. By this analogy, we refer to an auto-
oscillator that exhibits spontaneous, persistent oscilla-
tions breaking the continuous time-translation symme-
try as a time crystal [18, 19]. A synchronized ensemble
of such auto-oscillators can then also be regarded as a
time crystal composed of many unit cells. These sys-
tems can be divided into discrete time crystals, which
are non-autonomous systems responding at subharmonic
frequencies under periodic driving [20, 21], and contin-
uous time crystals (CTCs), which are autonomous sys-
tems sustained by constant driving and exhibiting self-
oscillations. The latter have been realized in many-body
systems with long-range interactions, such as Magnon
Bose-Einstein condensates [22], Rubidium Bose-Einstein
condensates [23], photonic nanomaterials [24, 25], Ryd-
berg gas systems [26], and polariton condensates in semi-
conductors [27].

Electron-nuclear spin systems in semiconductors can
also exhibit time crystal dynamics. Recent work has
demonstrated robust auto-oscillations of coupled electron
and nuclear spin polarization under continuous circularly
polarized excitation, a realization of a continuous time
crystal [28]. Furthermore, these oscillations can syn-
chronize to an externally applied modulation when its
frequency approaches their natural resonance [29], also
showing a subharmonic response. Here, we demonstrate
mutual synchronization between autonomous oscillators
in a semiconductor system, persisting even when their
natural frequencies differ by up to 40%. Distinct spin
ensembles (up to 10% auto-oscillators) spontaneously lock
to a common rhythm, revealing the presence of a robust
collective phase. By identifying the underlying mecha-
nism and corroborating it with theoretical modeling, we
establish non-local spin synchronization as the genuine
collective phenomenon. These results open new path-
ways toward building coherent spin networks and explor-
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FIG. 1.

overlapped, and the sample is shifted in the range of —150 um to +150 um along the horizontal direction (x).

Inhomogeneity. a, Examples of time traces measured at different sample positions. Pump and probe spots are

Pump spot

diameter at 1/e? intensity level is equal to 22 um (FWHM of 13um). Probe spot size at 1/e* = 12um (FWHM of 7um).
Pump/Probe powers are 0.15/1 mW, respectively. b, Corresponding fast Fourier transform spectra of the traces from panel
a measured for 10 minutes at the arbitrary position x = 0, the top black trace; to the right side of the previous position at
x = 140 pm, red trace; and to the left side at x = —130 pm, blue trace. The difference in frequencies is related to the intrinsic

sample variation.

ing spatially extended regimes of macroscopic synchro-
nization.

RESULTS

Auto-oscillations

The first step of our study is to establish robust auto-
oscillations of the electron-nuclear spin system. Being
an open system, the nuclei continuously dissipate energy,
yet this loss can be compensated by optical pumping of
the donor-bound electron spins [28]. These electrons, ori-
ented by circularly polarized pump light, transfer their
spin polarization to the surrounding nuclei through the
hyperfine interaction. The resulting nuclear polariza-
tion generates an Overhauser field that feeds back on
the electron spins. This allows one to monitor the nu-
clear spin dynamics through the time evolution of the
electron spin polarization, measured by the Faraday ro-
tation of the linearly polarized probe laser. For appro-
priate sample design and experimental conditions, this
feedback loop develops non-decaying auto-oscillations of
the electron-nuclear spin system (ENSS) - a realization
of the CTC [28]. The main experimental parameters and
sample features are detailed in the Methods and the Sup-
plementary section 1.

Each donor electron, coupling to ~ 10% nuclear spins
within its wavefunction characterized by the Bohr ra-
dius of 11nm [30], defines the volume of a single auto-
oscillator. In effect, the situation is better described by
a flux of electrons through the donor that collectively
polarize the nuclear spin ensemble, so that the experi-
mentally accessible quantity is the average electron spin
polarization at the donor. Finally, the intrinsic varia-
tion of the semiconductor sample, related to fluctuations

in donor density and indium incorporation, is expected
to result in variations of the observed oscillation frequen-
cies. This feature is a significant advantage of our system
due to the systematic variation of the auto-oscillation fre-
quency across the sample.

Figure 1 illustrates such a variation over the sample
position. Here, the pump and probe spots are tightly
focused (see figure caption) and overlapped, while the
sample is shifted in the horizontal direction by up to
4150 um. Figure la demonstrates exemplary time traces
for three different positions on the sample. The fast
Fourier transforms (FFT) for the 10-minute time traces
are shown in Fig. 1b, with the measurement positions
marked in the panel. The frequency variation is pro-
nounced. To highlight, the number of participating
donors in the pump spot focused to a size of 22 um,
is on the order of O(107). Despite that, the observed
linewidth of the FFT is determined by the inverse mea-
surement time of the non-decaying oscillations, without
any dephasing that one could expect for a large number
of participating oscillators. This raises the question of
whether all the individual auto-oscillators, each defined
by a single donor, synchronize and give rise to a macro-
scopic collective behavior?

Single-pump mutual synchronization

To answer the question whether different auto-
oscillations synchronize within a single pump spot, we
designed an experiment in which we fixed the sample po-
sition and shifted the tightly focused probe spot (12 ym)
within the broadened pump (200 pm) for the same range
of sample positions as in the previous setting. The pump
spot was prepared in a flat-top configuration to provide
similar excitation conditions within the excitation spot
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FIG. 2. Mutual synchronization. a, Sketch of experiment: red pump spot is prepared by a wShaper to produce a flat-top
intensity distribution on the sample, as seen in the simulated bottom part of the figure. Pump spot diameter is about 200 pm.
The Gaussian probe beam is focused down to 12 um at 1/e* (FWHM of 7um) and can be shifted horizontally within the
pump beam by the same distances as in the case of Fig. la. The bottom part shows the simulated profiles of the lasers.
Pump/Probe powers = 10/1 mW. b, Examples of the fast Fourier transform spectra of the traces measured for 10 minutes at
the center x = 0, the top black trace; on the right side of the pump center at x = 154 um, red trace; and on the left side at
x = —118 um, blue trace, and at x = —154 pum, light blue trace. The difference in frequencies is now negligible compared to
Fig. 1b, suggesting complete synchronization within the pump-spot excitation. ¢, Summarized data for the FFT peak positions
of the first harmonics for both experimental cases versus shift of the sample for tightly focused pump (blue squares) or the

probe shift within a single widened pump (red circles).

diameter, as shown in Fig. 2a. Figure 2b again demon-
strates exemplary FFTs for several probe positions in-
side the pump spot, showing that all observed frequen-
cies across the pump spot are now equal. Figure 2c re-
flects the difference in the observed FFT frequencies of
the first harmonic for both cases: blue squares demon-
strate the variation of the frequency over the sample mea-
sured with a tightly focused pump spot, while the red
circles show that all frequencies are now equalized and
are independent of the probe spot position within the
single widened pump. These results can be interpreted
as a clear demonstration of the mutual synchronization
of spatially separated oscillators in an excited ensemble
of auto-oscillators. It is essential to note that the rela-
tive deviation in frequencies synchronized within a single
pump can reach up to 40%. The number of the involved
donors in that case can be estimated to be about O(107).
Importantly, the present measurements of synchroniza-
tion within a single pump spot clarify the remarkable ro-
bustness of the auto-oscillations reported previously [28]:
their stability arises from the emergence of a many-body
synchronized state, which protects the dynamics against
fluctuations of external parameters. This last demonstra-
tion is also well captured by a simplified model in which
a single auto-oscillator is used to describe the whole sys-
tem 25, 29, 31].

Two-pump synchronization

To investigate the processes responsible for the ob-
served synchronization between different auto-oscillators,
we modified our experimental setup by adding a second
pump laser with the same photon energy as the first one.

Figure 3c demonstrates the setting. We use two tightly
focused pump beams (shown by the two small red cir-
cles) on the surface of the semiconductor to excite sepa-
rate auto-oscillations, and a wide defocused probe beam
(blue circle) to read out the average electron spin po-
larization dynamics. The spatial position of one of the
pump beams, marked as pump-2, can be precisely shifted
on the sample, while pump-1 is always fixed at the center
of the probe.

The blue time trace in Fig. 3a demonstrates several
minutes of the auto-oscillations at the pump-1 position
(pump-2 is blocked), where non-decaying oscillations are
observed. The corresponding FFT for a ten-minute time
trace is then represented in Fig. 3b by the blue curve,
showing the first harmonic peak at f; = 91 mHz. The red
colored time trace in the middle of Fig. 3a demonstrates
a pump-2-only experiment, where pump-2 is, as an exam-
ple, shifted by —25 um away from the pump-1 position,
and pump-1 is blocked. The signal intensity is shown on
the same scale. It is smaller than that of the top trace
of pump-1, which, in addition to the variation of the pa-
rameters of the sample, is also related to a weaker probe
intensity at this spatial position, see the intensity profile
variation at the bottom part of Fig. 3c. Figure 3b shows
the corresponding FFT with fo = 69 mHz, 22 mHz lower
than at the pump-1 position, by the red-colored spec-
trum. Finally, the green-colored trace at the bottom of
Fig. 3a reflects the case when both pump-1 and pump-2
are open simultaneously. As shown in Fig. 3b, the corre-
sponding FFT exhibits a single peak at foyn. = 80 mHz,
located between f; and fs, demonstrating clear synchro-
nization. In that case, the FFT does not necessarily have
to show the average frequency, but there is clearly only
one peak in the 1st-harmonic range between f; and fs.



a b C 120
pump - 1 only pump - 1 pump - 2
s P R A g
5 207
9 pump - 2 only, =25 um from pump - 1 = >
- o /
© ’\/\/\/\/\/\/\/\/\/\f\/\/\/\/\/\/\/\/\/\/\ w probe
'(3 pump 182 -120
L “—
£
T T T T T — T T T
0 50 100 150 50 60 70 80 90 100
Time (s) Frequency (mHz)
d e f
pump - 1 only
1
S §
g §
8 pump - 2 only, 50 um from pump - 1 c
] <
8 pump 1 &2 8
s @
w =f, f,
pump 1 &2 0
T T T T T LA LA S S L L L UL SN
0 50 100 150 50 60 70 80 90 100 -60 -40 -20 0 20 40 60
Time (s) Frequency (mHz) pump - 2 shift (um)

FIG. 3. Range of synchronization. a, Experimental time traces of auto-oscillations for three different cases: the top
blue one shows the pump-1 only, the red one in the middle is the pump-2 only, shifted horizontally by —25pum away from
the pump-1 position. Finally, the last green time trace at the bottom represents the combined application of pump-1 and
pump-2. See Fig. 3c for the labeling of the pumps. b, First harmonic range of the fast Fourier transform spectrum of the
traces presented in panel a, measured for 10 minutes. As one can see, each separate pump beam at its sample position induces
auto-oscillations with a characteristic frequency. If both pumps are applied together, one can see a single frequency, a hallmark
of synchronization. Laser powers for Pump-1/Pump-2/Pr= 0.1/0.1/1mW. ¢, Sketch of three Gaussian laser spots on the
sample with the wide blue spot representing the probe (1/e2 = 150 pum, FWHM of 88.3um), the central red spot is the pump-1
(1/e* = 17 ym, FWHM of 10um), and the red spot on the right is the pump-2 (1/¢* = 9 um, FWHM of 5.3um) that can be
shifted horizontally. The top sketch shows a frontal view of the sample, and the bottom sketch shows the normalized intensity
profile simulation of the involved beams of 38 um separation. d, Experimental time traces of auto-oscillations for the case of the
pump-2 spot shifted horizontally by 50 yum away from the pump-1 position. e, First harmonic range of the fast Fourier transform
spectrum of the traces presented in panel d, measured for 10 minutes. Each separate pump beam induces auto-oscillations with
different frequencies. When both pumps are applied together (green, bottom), two frequencies are observed at positions close
to those of the single-pump beam cases, indicating no averaging and thus no synchronization. f, The measured synchronization
range presented for a pump-2 shift from —50 ym to +50 pm relative to pump-1 position. The synchronization radius is about
38 + 3 um measured between the pump-spot centers. The precision of the rotation screw determines the error bars.

We emphasize that the green-colored time trace in Fig. 3a difference relative to Fig. 3b: the both-pumps-on case

represents a novel type of oscillation that cannot be com- demonstrates two frequencies close to those of the posi-

posed of a combination of two contributing signals. See tions of the contributing signals, indicating the absence

the Supplementary section 3 for a wider frequency range of synchronization. In that example, one can argue that

than in Fig. 3a. the green-colored trace in Fig. 3d represents the super-
position of both measured signals.

Finally, Fig. 3f summarizes all measurements with the

Range of synchronization pump-2 position scanned across the range of —50 ym to
450 pm of relative shift between the pump spots. Here,
We now continue shifting the pump beams apart. Fig- the synchronization is present (1) if one observes a sin-

ure 3d illustrates the case where the pump-1l-only sig- gle frequency for the case of both pumps being applied
nal is presented again, but the pump-2-only signal is together, and the synchronization is absent (0) if one
shifted 50 um away from the pump-1 position (see the detects both contributing single-pump frequencies under
red-colored time trace). The green-colored bottom trace illumination with two pumps. We conclude that the syn-
shows the signal with both pumps applied together. Fig- chronization range is 38 £ 3 um taken between the cen-
ure 3e shows the corresponding FFT spectra with a main tral positions of the pump spots, or taking the spot sizes



of the pump beams into account (given in the caption
of Fig. 3), the beam separation is 25 + 3 um defined as
the distance between the points where the spot intensi-
ties fall to 1/e? of their maximum value. In Supplemen-
tary section 3, we additionally demonstrate the appear-
ance of intermodulation products in the superposition
signal without synchronization and the FFT spectra for
all pump-to-pump distances shown in Fig. 3f.

ORIGIN OF SYNCHRONIZATION

For two spatially separated, auto-oscillating ENSSs, we
only need a weak interaction that makes the instanta-
neous frequency (or phase) of one depend on the other.
Let’s consider the most likely mechanisms present in an
n-doped GaAs semiconductor that could provide a con-
nection between remote places:

e Nuclear spin diffusion: Slow flip-flop-driven
transport of nuclear polarization spreads Over-
hauser fields between the spots. The diffusion con-
stant for GaAs is tiny (Dy ~ 10713 cm?/s) [32]
and is in the same range as the one determined for
our sample [30], so the coupling is slow (seconds-
minutes) but long-lived. Using the given Dy and
the longest measured value of the nuclear spin re-
laxation time for our sample v = 210s [30], leads
to a diffusion length of Ly = +/Dn7n ~ 46 nm.

e Electron mediated coupling: Hopping electrons
can correlate nuclear baths in separated regions, al-
tering nuclear spin polarization and effectively cou-
pling the ENSS phases. For a given concentration
of about 10'%cm™3 the diffusion coefficient is es-
timated to be about Dy, ~ 1cm?/s [33], which
taken with the spin relaxation time of 7, = 120 ns
leads to the length of Ly, ~ 3.5 pm.

e Electron spin diffusion: Spin-polarized free car-
riers created in one spot diffuse into the other,
affecting the donor-bound electrons by the spin-
exchange coupling [34]; the resulting Overhauser
field feedback pulls the precession frequency and
can lock the two oscillators. The spin-diffusion
length in this case is given by Ls = v/ Dgs7s, where
Dy is the spin diffusion constant and 7 is the elec-
tron spin relaxation time. Taking into account the
known values of Dy = 24 cm?/s [35] and 75 = 120 ns
measured for our sample [30], one arrives at the dif-
fusion length Lg =~ 17 pm.

To summarize, based on the experimentally observed
synchronization range of ~ 40 ym, we can suggest that
the primary mechanism responsible for the synchroniza-
tion is the spin diffusion of free electrons [33, 34]. See
also Supplementary section 4 for another excluded mech-
anism.

To simulate it, we extend the model presented in the
Refs. [28, 31, 36]. The Bloch equation describing the spin

polarization (S) precession in the external field (Bext)
and the Overhauser field (By) is extended by a term
accounting for spin diffusion [37]:

T, oS
IEBLs (B + By) x S+ D22 (1)

S = So(m) + Sa,CEQ .

Here, Dy is the spin diffusion coefficient, So(x) is the aver-
age electron spin polarization in the absence of the mag-
netic field, created by the continuous wave pump with
Gaussian or flat-top spatial profile, ug is the Bohr mag-
neton, and g is the electron g-factor. 7h/upgTs is the
half-width at half-maximum of the electron Hanle curve
that is not influenced by dynamic nuclear polarization.
Ty is the electron spin relaxation time, h is the reduced
Planck constant. For clarity, we restrict the diffusion to
a single spatial direction (z).

The precession of the electron spin polarization about
the total magnetic field changes the Overhauser field in
time according to [36, 38]:

dBy 1 R
W__E(BN_GS)’ (2)

where a is the second-rank tensor describing the process
of dynamic nuclear polarization. The model suggests
that aS is a linear function of S. The tensor has been
simplified in the lowest order approximation (for details,
see Methods section, Ref. [28], and the corresponding
Supplementary section 5).

To account for sample variation, we introduce a spatial
distribution of the hyperfine interaction parameters (see
Supplementary section 5). When the system is excited
by a spatially narrow Gaussian pump, auto-oscillations
emerge, as shown in blue in Fig. 4a, with their frequency
extracted via FFT (blue curve in Fig. 4b). Excitation
by pump-2, positioned 0.5Ls away from pump-1, pro-
duces a modified oscillation pattern due to the inho-
mogeneous hyperfine coupling, with the corresponding
frequency shift illustrated in red in Fig. 4b (Lg is the
spin diffusion length.) When both pump-1 and pump-2
are applied simultaneously, the auto-oscillations occur at
an intermediate frequency between f; and fs, as seen in
Fig. 4b (green). This behavior represents a clear mani-
festation of synchronization of auto-oscillations mediated
by spin diffusion.

Synchronization mediated by spin diffusion is sensitive
to the spatial separation between pump-1 and pump-2.
To illustrate this, pump-2 was placed 2Ls away from the
position of pump-1. The auto-oscillations induced by
pump-2 are shown in red in Fig. 4c, with their corre-
sponding frequency indicated in red in Fig. 4d. When
both pumps are applied simultaneously, the FFT ex-
hibits two distinct peaks close to f; and f5, as shown
in Fig. 4d, with the corresponding time trace also pre-
sented in Fig. 4c. The emergence of two distinct fre-
quencies under simultaneous excitation by pump-1 and
pump-2 is a clear indication of the loss of synchroniza-
tion. Figure 4e shows the synchronization range versus
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FIG. 4. Simulation of synchronization. a, Simulated time traces of auto-oscillations for three cases. The top (blue) trace
corresponds to pump-1 only, the middle (red) trace to pump-2 only, shifted by 0.5Ls from the pump-1 position. The spatial
width (FWHM) of both pump-1 and pump-2 is 0.25Ls. The bottom (green) trace shows the combined excitation by pump-1
and pump-2. See Fig. 3c for pump labeling. Detection is performed with a spatially wide probe covering the range 0 — 10Ls. b,
First harmonic of the fast Fourier transform spectra of the traces in panel a. ¢, Simulated time traces of auto-oscillations for
three cases: the top (blue) trace corresponds to pump-1 only, the middle (red) trace to pump-2 only, shifted by 2Ls from the
pump-1 position, and the bottom (green) trace to their combined excitation. d, First harmonic of the FFT spectra of the traces
in panel c. e, Extracted synchronization range for pump-2 shifts between 0 and 2Ls relative to pump-1. f, Synchronization
in simulation under flat-top pump excitation. The blue curve shows the first harmonic in the FFT for the spatially narrow
pump-1 and narrow probe, the red curve corresponds to pump-2 and probe shifted by 9Ls, and the green curve shows the
resulting signal under flat-top pump excitation spanning 0 — 10Ls. The detection is performed with a spatially narrow probe

at 9Ls.

pump-2 shift. Synchronization persists up to 1.5Lg, con-
sistent with experiment (Fig. 3f). The simulations reveal
that the difference between the maximum and minimum
values of the hyperfine coupling parameter significantly
affects the synchronization threshold (see Supplementary
section 5). So, for more similar initial frequencies, the
synchronization range expands.

For completeness, we also simulated synchronization
under a flat-top pump covering the spatial range from
x =0 to x = 10Ls. To illustrate the spatial variation of
the hyperfine interaction, we show the auto-oscillation
frequencies f; and fy obtained for a spatially narrow
pump placed at © = 0 and x = 9L, respectively (blue
and red curves in Fig. 4f). Under flat-top excitation, the
auto-oscillation frequency locks to an intermediate value
between f1 and fy across the entire range 0 < z < 10Lg
(see Fig. 4f)). Flat-top excitation demonstrates that spin
diffusion promotes global synchronization across an in-
homogeneous sample, consistent with the experimental
observations.

Together with the agreement between experiment and
simulation, the results of simulations establish electron
spin diffusion as the microscopic mechanism underly-
ing the collective synchronization of auto-oscillations.
However, to obtain a more complete picture, we also
determined the diffusion length using the independent
method of time-resolved magneto-optical Kerr rotation
microscopy (see the Method section and the Supplemen-
tary section 6). The obtained spin diffusion value of
Dy = 2841cm? /s is very close to the previously reported
one Dy = 24cm? /s [35] cited above. This corresponds to
a diffusion length of Ly = 18.3 £ 0.3 um in our sample,
confirming the observations.

CONCLUSION

Our results establish that spatially separated elec-
tron—nuclear spin systems in a semiconductor can mutu-
ally synchronize through electron spin diffusion, locking



their oscillations over mesoscopic distances. This collec-
tive coherence persists under wide-area excitation, where
an extended ensemble of auto-oscillators contributes to
a single synchronized state despite the environmental
variation. Importantly, the emergence of such macro-
scopic synchronization is itself the key factor that stabi-
lizes the auto-oscillations, protecting them against fluc-
tuations and disorder that would otherwise disrupt co-
herent dynamics. Demonstrating that diffusive spin cur-
rents can mediate both long-range phase coherence and
enhanced stability highlights a new route for engineering

robust networks of coupled spin oscillators in solid-state
platforms. Furthermore, integrating electrostatic gating
or lateral drift control would convert this passive non-
local link into an actively tunable coupling channel. Such
controllable networks may serve as a basis for analog neu-
romorphic architectures, where information is processed
through collective phase dynamics rather than discrete
logic states. Beyond deepening our understanding of non-
equilibrium collective dynamics, spin-mediated synchro-
nization offers prospects for coherent spintronic architec-
tures and on-chip time-crystal-based devices.
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METHODS
Setup

Ref. [28] and the corresponding Supplementary sec-
tions 1 and 2 describe our sample and experimental setup
in all details. Here, we reiterate the most relevant and
deviating parts. We use the continuous wave laser diode
emitting at 1.579eV (785nm) for the pump laser, which
is then routed through a quarter-wave plate to create cir-
cular polarization. The linearly polarized probe laser is
produced by the continuous wave Ti:Sapphire ring-laser
and is fixed at the 1.426eV (869.4nm). Both lasers are
combined on a non-polarizing beam splitter and are fo-
cused by a single lens at the sample. Depending on the
experiment, we also split a portion of the pump laser to
produce an additional pump beam, which hits the sam-
ple at an angle of approximately 30 degrees. For the
two-pump version presented in Fig. 3, we use an addi-
tional beam as a pump-1, which is fixed at the center
of the probe beam at the sample. The second part of
the pump beam, which is routed through the rotatable
NPBS and combined with the probe, is then referred to
as a pump-2. The NPBS controls the pump-2 position at
the sample by the tip-tilt-rotation stage (TTR001 Thor-
labs). For the experiment, presented in Fig. 1, we use
only one pump beam and shift the whole cryostat by the
micrometer stages. For the experiment in Fig. 2, the
pump-1 beam is going through the mShaper (AdlOptica
Focal-wShaper), which converts the Gaussian beam to a
flat-top profile. The position of that beam is fixed at
the sample, while the probe position is shifted within the
pump.

The sample is mounted in a helium flow cryostat at
T =6 K in the center of two orthogonal pairs of electro-
magnet coils, generating the magnetic field components
B, =—-1mT and B, = 0.176 mT.

The GaAs substrate of the sample completely absorbs
the pump laser, while the probe laser is transmitted and
then analyzed by the polarization bridge, which is built
with a half-wave plate and a Wollaston prism. A bal-
anced photodiode is used to measure the Faraday rota-
tion of the plane of the linearly polarized probe.

We have used the Beam-master scanning multiple
knife-edge device (Coherent) to characterize the beam’s
spot sizes at the sample position. It allows for measuring
beam spot diameters as small as 3 pm with 0.1 gm resolu-
tion and larger beams up to 3mm with 1 gm resolution.

More details and schematics are provided in the Sup-
plementary section 2.

TR-MOKE

For the spatial mapping and extraction of the spin
diffusion coefficient, we use the following experimental
configuration. Initial laser pulses with a temporal width
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of ~ 35fs are derived from a 60-MHz mode-locked Ti-
sapphire oscillator. They are split into pump and probe
paths and tuned by grating-based pulse shapers, result-
ing in pulses with a bandwidth of ~ 0.5 nm and temporal
resolution of ~ 1ps. Pump pulses are modulated be-
tween left and right circular polarizations by an electro-
optic modulator. The linearly polarized probe pulses
are collinear with the pump and focused on the sam-
ple surface through a microscope objective. The FWHM
diameters of pump and probe pulses are 3 £ 0.1 and
1+£0.1 pm, respectively. Kerr rotation is measured using
balanced photodiodes connected to a lock-in amplifier,
referenced to the modulation frequency. The probe po-
larization is resolved using a half-wave plate and a Wol-
laston prism. A mechanical delay stage adjusts the delay
time between the pump and probe. The spatial overlap
of the pump with the fixed and centered probe is adjusted
through a lateral translation of the input lens of the
beam-expanding telescope in the pump path [39, 40]. All
measurements are performed with the pump photon en-
ergy set to By, = 1.459 eV and the peak power density of
4.7MW /cm?. The probe photon energy is Ep, = 1.43eV
with peak power density of 1.2 MW /cm?.

Details on simulation model

The quadrupole unperturbed nuclear spin sublevels
create the Overhauser field BY as in pure, unstressed
GaAs. BY is aligned along the external magnetic field
and compensates for the Zeeman splitting of the elec-
trons in the external magnetic field. Due to the strong
deformation caused by the indium incorporation, the spin
of the i-th nucleus is oriented along the main local axis
n; of the tensor describing the quadrupole interaction
rather than along the external magnetic field. The con-
tribution of these nuclei to the total Overhauser field
is Bq = >_,ai(Sn;)n;, where the summation is car-
ried out over all quadrupole perturbed nuclei within the
electron localization volume around a donor. For an
isotropic distribution of the axes, the field can be written
as Bq = anS. Therefore, & can be reduced to the sim-
plified form: aS = Bq + BY = axS + bx(Sh)h, where
b is the parameter of the hyperfine interaction between
the electrons and the nuclei, and h is the unit vector of
the externally applied magnetic field. The tensor com-
ponents are: dog = andag + Onhohg, with o, =z,y, 2
coordinates.

The solution is integrated over a time window of ~ 375,
since the nuclear spin system has the relaxation time of
Tn > Ty and therefore experiences a stationary electron-
nuclear polarization. This approach avoids numerical
difficulties associated with solving the stationary Bloch
equation directly.

The simulation algorithm consisted of three steps. In
the first step, the electron spin polarization and its diffu-
sion were calculated in the presence of the external mag-
netic field only. The stationary Bloch equation given

by Eq. (1) leads to a divergent solution. To eliminate
this divergence, the time-dependent Bloch equation was
solved, and the resulting steady-state value was obtained
by averaging over a time interval of 37T;. This procedure
is justified because the nuclear spin relaxation time is
much longer than the electron spin lifetime. The result-
ing spatial distribution of electron polarization defined
the spatial profile of the Overhauser field, which exhib-
ited auto-oscillations according to Eq. (2). In the final
step, the diffusion of the electron spin polarization was
computed in the total magnetic field (Eq. (1)), given by
the sum of the external field and the Overhauser field
obtained in the previous step.

All calculations were performed numerically in Matlab
using standard built-in libraries. The Overhauser field
was calculated using the ode23 solver, while spin diffusion
was simulated with the pdepe solver on a 600 x 4000 grid
(space x time), covering a spatial range of 11.5Lg and a
temporal range of 10007y with Neumann boundary con-
ditions. The resulting signal included a transient region
corresponding to the stabilization of auto-oscillations,
containing approximately 250 points in the time series.
The Fourier spectra presented in the main text were cal-
culated after removing these transient points.
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Supplemental Materials for
Mutual synchronization of continuous time crystals in a semiconductor

S1. SAMPLE CHARACTERIZATION

Figure S1 shows the normalized photoluminescence
(PL) of the used sample. In comparison to previous pub-
lications [528, |, we have used the same sample but
etched a majority of the GaAs substrate away to test
its effect on the behavior of the auto-oscillations. It has
caused a shift in the PL emission to a higher wavelength.
The dashed red line demonstrates the position of the PL
in its initial form, while the blue solid line shows the posi-
tion after the etching process. It had no observable effect
on the doping and overall CTC stability and operation,
except that the main frequency of the CTC (and cor-
responding higher harmonics) has been decreased, from
~ 160 mHz to ~ 90 mHz.

S2. EXPERIMENTAL SETUPS

The experimental setup for a two-pump configuration,
presented in Fig. 3 of the main text, is shown in Fig. S2a.

We use the continuous wave laser diode emitting at
1.579eV (785nm) for the pump laser, which is then
routed through the laser power stabilizer (NELO3A Thor-
labs). We split the pump beam into pump-1 and pump-2
using NPBS. For the pump-1 beam, we use a lens with
f = 35mm, a 20 um pinhole, and collimate the beam
with a 150 mm lens. After that, we have beam rout-
ing to A/2—Glan-Taylor (GT)—A\/4 with wide apertures
(15mm) and focus it at the sample using an achromatic
lens with a focal length of f = 100mm. The beam is
directed at an angle of approximately 30° and is focused
to a diameter of 17 ym at a 1/e? intensity roll-off. The
FWHM is the diameter at 1/e? times vIn2/v/2.

The pump-2 is prepared by using 35mm lens, then
20 pm pinhole, and 150 mm collimating lens. It is then
going through GT—\/4 with wide apertures (pupil di-
ameter 15mm) to the NPBS, where it is combined with
the probe beam path.

The linearly polarized probe laser is created by the
continuous wave Ti:Sapphire ring-laser and is fixed at
the energy of 1.426 eV (869.4 nm).

The pump-2 and probe beams are focused by a single
achromatic lens of 60 mm focal length at the sample.

The 10 pm epilayer and the remaining GaAs substrate
of the sample absorb entirely the pump laser. In contrast,
the probe laser is transmitted and then analyzed by the
polarization bridge, which is built with a half-wave plate
and a Wollaston prism. A balanced photodiode is used to
measure the Faraday rotation of the plane of the linearly
polarized probe, see Fig. S2a. The differential signal is
digitized with 4 ms time steps and stored on the PC. All

presented time series in the main text were smoothed
using a 20-point moving average.

For the measurements of sample inhomogeneity (see
Fig. 1), we block the pump-1 beam (keep the pump-2
beam on) and shift the cryostat using the pm stages.

For the flat-top pump experiment (see Fig. 2), we use
the scheme shown in Fig. S2b. Here, the pump-2 beam
is blocked, while the probe is routed in the side entrance
of the NPBS to be shifted at the sample. Pump-1 is
transformed using the wShaper to produce the flat-top
beam at the sample.

To recalculate the shift of the pump by rotating the
stage with NPBS in Fig. S2a, one has to consider the
following: a shift at the sample © = f -2 - tan(f), and
for small 6, tan(f) ~ 0. f - is the focal length of the
lens, in our case 60mm. One full rotation of the pm-
screw at the rotation stage corresponds to 500 um scale
reading and 1.5° of rotation about vertical axis, or 1 um=
3 x 1073 deg. Therefore, a shift at the sample z = f -3 x
1073-27/180-s[um], with s - being the micrometer scale of
the rotation screw. With f = 60 mm it is: & = 27 - s[um)].
The scaling factor was additionally confirmed by placing
the pm scale ruler at the sample position and reading the
spot shift using the camera.

As the probe beam also passes through the same (ro-
tating) NPBS, it is expected to exhibit a weak horizontal
shift with NPBS rotation, which is an order of magni-
tude smaller than that of the reflected pump beam and
is therefore irrelevant in all experiments.

S3. EXTENDED DATA

Depending on the symmetry and strength of coupling,
two auto-oscillators can produce the following response
in the FFT:

e 1:1 synchronization: a single, narrow line at
fsync; harmonics at integer multiples of fgync; inter-
modulation sidebands largely vanish, see Fig. S3a.
The synchronization frequency between two auto-
oscillators is determined by the balance of coupling
strengths [541], nonlinear frequency shifts, dissipa-
tion, and nonreciprocal feedback [542].

K1
K1+ Ko

fsynczfl""_ (fQ_fl)a (SS)

where k; are effective coupling weights. Thus, the
synchronized frequency interpolates between the
two natural frequencies, leaning toward the one
with stronger coupling, higher amplitude, or lower
damping.



e Frequency pulling: the two peaks move toward
each other and broaden. Partially seen in see
Fig. S3b for the fundamental frequencies and higher
harmonics.

e Free-running: two distinct peaks at fi; and fs; in
a combined signal you may also see intermodulation
products (nf; &= mfs) and a time-domain beat at
(If1 — f2|), see Fig. S3c, Fig. S4, and Fig. S5a.

Figure S3a shows the extended frequency range,
demonstrating how the synchronization is seen for the
first three harmonics of the signal. The green colored
trace demonstrates peaks in the middle between the
pump-1-only and pump-2-only harmonics.

Figure S3b shows the extended frequency range in the
case where the synchronization is broken. The green-
colored trace demonstrates a double-peaked structure for
each harmonic, with one peak corresponding to the fre-
quency of pump-1 and the second peak being close to the
pump-2-only position (although slightly shifted).

Figure S3c is the expanded view of Fig. S3b for the case
without synchronization with vertical lines marking the
main harmonics, the beat, and intermodulation products.

Figure S4 demonstrates the FFT peaks positions for all
cases of two-pump beam separations, presented in Fig. 3f
of the main text. The presence of a single peak in the
both-pumps-on case indicates synchronization, although
the peak position does not necessarily coincide with the
exact average of the individual frequencies. In the ab-
sence of synchronization, two distinct peaks correspond-
ing to the contributing frequencies, along with their in-
termodulations, can be observed.

S4. INTERACTION BY CROSS-ILLUMINATION

A pump light scattered from one spot could reach the
other spot and provide a (very) weak common drive. This
regime cannot be distinguished from the others in an ex-
periment with a single pump, as shown in Fig. 2, where
different ENSSs are excited using a single pump spot.
Still, we can be certain of a clear separation between the
spots in experiments with two pumps, as shown in Fig. 3,
excluding this mechanism.

To demonstrate the influence of the cross-illumination,
we have expanded both pump spots as shown in Fig. S5c.
Figure Sha demonstrates exemplary FFT spectra at dif-
ferent pump-separations, while Fig. S5b summarizes the
measurements. In that setting, the observed synchroniza-
tion radius between the pump spot centers has increased
to about 50 + 5 um. Taking the spot sizes into account,
this leads to a beam separation of 19 + 5 um, defined as
the distance between the points where the spot inten-
sities fall to 1/e? of their maximum values. This value
is close to that observed for the spatially narrow pump
spots of 25 + 3 um, and gives additional support for our
observations.

S2
S5. SPIN DIFFUSION CALCULATIONS

Figure S6a shows the spatial profile of the flat-top
pump covering the region from x = 0 to x = 10Ls used
for calculations of Fig. 4f in main text. The correspond-
ing components of the electron spin polarization in the
external magnetic field B, = —1mT tilted by o = 10°
with respect to the sample plane, Sy (black), Sy (blue),
and S, (red), are shown in Fig. S6b.

For calculations of Figs. 4a-e, the excitation of two
Gaussian pumps with a full width at half maximum of
0.25L, separated by a variable distance, is used. Fig-
ure S6c¢ illustrates their spatial profile. The components
of the electron spin polarization, Sx (black), Sy (blue),
and S, (red), are shown in Fig. S6d for excitation by
the two Gaussian pumps in the external magnetic field
B, = —1mT tilted by a = 10° with respect to the sample
plane.

Figure S7a shows the spatial dependence of ax (red)
and by (blue) under flat-top pump excitation (green),
used for calculations of Fig. 4f in the main text. Fig-
ure S7b presents the corresponding spatial dependence
of the first harmonic calculated for the hyperfine inter-
action parameters shown in panel a in the absence of
spin diffusion in the external magnetic field B, = —1mT
tilted by a = 10° with respect to the sample plane. Fig-
ure S7c displays the spatial dependence of ay (red) and
bx (blue) under excitation by two Gaussian pumps sep-
arated by a distance of 2Lg, with the green curve indi-
cating the respective pump profiles. The relative values
of the hyperfine interaction parameters were increased
compared to those used in the calculations with the flat-
top pump. This adjustment was necessary because the
spin polarization generated by a spatially narrow Gaus-
sian pump is smaller than the average polarization pro-
duced by the spatially broad flat-top pump. To ensure
that the resulting frequency of the first harmonic in the
Fourier spectrum remains comparable between the two
calculation types, the hyperfine coupling constants were
adjusted.

To highlight the dependence of the synchronization
range on the hyperfine coupling span, we present an ad-
ditional calculation. Figure S8 shows an example of the
spatial distribution of hyperfine interaction parameters.
The difference between the minimum and maximum val-
ues of ay is now increased up to 50 mT, which is larger
than in the distribution used for the calculations pre-
sented in the main text. In this case, the synchronization
threshold shifts down to 0.65 L.

S6. SPATIAL KERR MICROSCOPY

Figures S9a and S9b demonstrate the spatial maps of
the time-evolution of the excited spin polarization mea-
sured by the pump-probe scanning Kerr microscopy at
time delays of 0.2 and 1.8 ns, exemplary. The images di-
rectly reveal the spatial dependence of spin diffusion after



the excitation pulse of 1 ps duration.

Figure S9c¢ demonstrates the exemplary space-resolved
spin polarization, derived from the measured Kerr rota-
tion at 0.2ns time delay in the spatial Kerr microscopy.
As shown, the space-resolved polarization consists of two
Gaussian profiles: a narrow one is produced by the pump
pulse at zero time delay and becomes broader with in-
creasing time delay. In contrast, the wider profile is re-
lated to the signal coming from the previous-pump-pulse
contributions, similar to Ref. [S43]. We have fitted both
of them separately. The corresponding dependencies of
the FWHM? versus time delay are shown in Figs. S9d
and S9e, yielding similar values of diffusion coefficients:
Dy =284+ 1cm?/s and D, = 35 + 6cm? /s, respectively.

Furthermore, following the discussion in Ref. [S43], one

S3

can estimate the influence of hot electrons. As excitation
occurs at much higher energies than the detection, the
pump excites hot electrons that relax/cool down with an
accelerated diffusion constant. According to Ref. [543],
one expects the electrons to cool down in approximately
400 ps, while the diffusion constant is changing exponen-
tially (decreasing) within that time. So, over the ~ 400 ps
cooling window, the enhanced diffusion increases the ex-
cited spin-packet width by ~ 3 um. The hot-electron
phase provides a slight additional contribution to diffu-
sion, but in the grand scheme, the longer, cooler diffusion
is the dominant length scale.

In the experiments presented in the main text, the ex-
citation energy was chosen to be close to the probe en-
ergy, allowing us to measure the diffusion constant of the
cooled electron spins.
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FIG. S1. PL and Sample. Normalized PL of two samples. The red dashed line shows the PL of the sample on the thick
GaAs substrate. The blue solid line shows the sample with the reduced thickness of the GaAs substrate. The black arrow
shows the position of the probe wavelength. Pump is at Fexc = 1.579€eV (785 nm), and the probe Ep. = 1.426eV (869.4nm).
The insert shows the sample structure with 10 um epilayer and GaAs substrate.
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FIG. S2. Schematics of the experimental setups. a, The setup for the two-pump configuration. The additional pump
beam (pump-1, coming under an angle) is blocked for the measurements presented in the main text Fig. 1, and the pm-stages
move the cryostat. For the two-pump experiments presented in Fig. 3 of the main text, pump-1 is focused on the center of
the probe beam while pump-2 can be shifted at the sample. b, Configuration for a flat-top pump measurements, presented
in main text Fig. 2. The elements are: a non-polarizing beam splitter (NPBS), A/2 and A\/4 are the half- and quarter-wave
plates, a Wollaston prism (WP), and a wShaper to convert the Gaussian profile to a flat-top beam profile. The rotation of the
NPBS in front of the sample was used to shift the spot reflected on the NPBS onto the sample. The energy of the pump laser
is Epy = 1.579eV (785nm), and of the probe Ep = 1.426eV (869.4nm).
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FIG. S3. Extended FFT data. a, Extended frequency range of the Fig. 3b demonstrating the range of the first three
harmonics in the case of synchronization (1:1 synchronization). b, Extended frequency range of the Fig. 3e demonstrating the
range of the first three harmonics in the absence of synchronization (free-running). ¢, Zoomed-in FFT for the case without
synchronization, with the solid lines marking the main frequencies (fi, f2,2f1,2f2), a short-dashed line marking the beat
(difference), and long-dashed lines marking the intermodulation products with n,m < 2.
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FIG. S4. FFT at different pump separations. FFT spectra for pump-1-only (blue), pump-2-only (red), and both pumps
together (green shaded) cases for different pump-spot separations.
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FIG. S5. Synchronization with spatially wide beams. a, FFT spectra for pump-1-only (blue), pump-2-only (red), and
both pumps together (green shaded) cases for different pump-spot separations. b, A summarizing plot with points representing
the central frequency of the first FFT harmonic. Vertical dashed lines at +50 um indicate the approximate synchronization
border. ¢, Simulation of the measured spot sizes with the probe beam diameter 160 um at 1/e? intensity roll off, blue shaded
region. Pump-1 is placed at the center of the probe and has a diameter of 22 pm, while pump-2 is shifted by 50 um away from
pump-1 and has a diameter of 40 ym.
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FIG. S6. Electron spin diffusion in magnetic field. Spatial profiles of the flat-top pump covering the range from x = 0 to
x = 10Ls (a) and two Gaussian pumps having FWHM of 0.25Ls (b) separated by a distance of 2Ls. Electron spin polarization
components: Sx (black), Sy (blue), and S, (red), in a magnetic field of B, = —1mT (a = 10°) under excitation by the flat-top
pump (c) and by two Gaussian pumps (d).
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FIG. S7. Spatial distribution of hyperfine interaction parameters. a, Spatial dependence of ax (red) and bnx (blue)
under flat-top pump excitation; the green curve indicates the pump profile. b, Spatial dependence of the first harmonic for
hyperfine interaction parameters shown in a without spin diffusion. c¢, Spatial dependence of anx (red) and bnx (blue) under
excitation by two Gaussian pumps separated by 2Ls; the green curve indicates the pump profiles.



Nuclear polarization (mT)

o

Synchronization

pump - 2 shift (in units of L)

2

S9

FIG. S8. Spatial distribution of hyperfine interaction parameters. a, Spatial dependence of ax (red) and bx (blue). b,
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Full electron spin diffusion. Contour plots for the time-resolved pump-probe Kerr rotation experiment with

spatial mapping measured at time-delays of 0.2ns (a) and 1.8ns (b), demonstrating the evolution of the spatial profile of the
excited spin polarization. The Kerr rotation amplitude is normalized, and its scale is shown by a color bar on the right. c,
Exemplary double Gaussian fit of the spin polarization at the time delay of 0.2ns. The blue data points are well-fitted by a
narrow (blue line) and a wide (green line) Gaussian profile. The red line is the sum of both fits. d, Extracted time evolution
of the narrow fit components in FWHM? versus time delay. The slope of the linear fit yields the spin diffusion coefficient
D, =28+ 1cm?/s. e, The same for the wide fit component, with D, = 35 + 6 cm?/s.



	Non-local synchronization of continuous time crystals in a semiconductor
	Abstract
	Introduction
	Results
	Auto-oscillations
	Single-pump mutual synchronization
	Two-pump synchronization
	Range of synchronization

	Origin of synchronization
	Conclusion
	References
	Methods
	Setup
	TR-MOKE
	Details on simulation model

	Acknowledgments
	Author contributions
	Competing interests
	Sample characterization
	Experimental setups
	Extended Data
	Interaction by cross-illumination
	Spin diffusion calculations
	Spatial Kerr microscopy


