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Fig. 1. Theoretical model of the time crystal system. (a) Il-
lustration of the many body interactions. Top, all ions in
their ground states (as shown by the green spins). Bottom,
when some ions are optically excited (as illustrated by the
pink spins), they introduce local magnetic field variance AB
to their adjacent atoms. (b) Energy structure of the atoms.
The energy structure consists of two pairs of spin doublets
separated by an optical transition. Due to the magnetic
field induced by neighboring ions, the spin levels are split
out, forming a four-level structure. The blue and red bid-
irectional arrows represent the optical transitions with dif-

ferent coupling strengths coefficients t; and t2, respect-

ively.
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Fig. 2. Populatioin evolution of time crystaline phase. Here we used 2 =0.73 MHz, A =90 MHz, and t1/to =2.28:1:
(a) Populations psq as a function of time; (b) spectrum of p44(t) in the time crystaline phase; (c) linear dependence of the popula-
tions of differnt energy levels (Dark blue, the dependence between pi1 and p33; light blue, the dependence between pao

and paq ); (d) limit cycles formed between the populations of different levels (Dark blue, the dependence between pi1 and pog;

light blue, the dependence between p11 and p4q ).
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Fig. 3. Dependence of the time-crystal period on the driving Rabi frequency. Here we used As =90 MHz, t1/to =2.28:1:
(a) Period of the populations pss4 as a function of Rabi frequency (2; (b) evolution of the populations pss at given Rabi fre-
quency. At 2 = 0.55 MHz, the oscillation of p44(t) rapidly decays, indicating the absence of a time crystal. The sustained period-
ic oscillation of pg4(t) at 2 = 0.74 MHz and (2 = 0.87 MHz indicates the formation of a time crystal, but with different periods.

At 2 = 0.88 MHz, the disappearance of periodic oscillations of pg4(t) indicates the disintegration of the time crystal.
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Fig. 4. The dynamic evolution and the spectra of ps4 . (a) Dynamic response of pssa under the given intensity noise. Left subplot:
Time-domain waveform of the applied white noise (the noise spectrum range is 0-5 kHz). Right subplot: The local dynamic ampli-
fication of pa4(t) in the time window of ¢ = 4.8-5.3 ms. The noise amplitute of the driving field is varying from 2% to 8% as noted.
(b) Spectra of paa(t) at the corresponding noise intensity. Although the spectral analysis shows a linewidth broadening effect as

the noise intensity increases from 2% to 8%, the eigenfrequency of the system stabilizes around 11.2 kHz.
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Fig. 5. Dependence of the time-crystal period on the many-body interaction. Here we used 2 =0.73 MHz, t1/to =2.28:1:
(a) Period of the populations pss as a function of the many-body interaction As; (b) evolution of the populations ps44 at the cor-
responding many-body interaction strength. At Ag = 30 MHz, ps4(t) exhibits rapid Rabi oscillations, indicating the absence of a
time crystal. The sustained periodic oscillation of ps4(t) at As =90 MHz and As = 117 MHz, indicating the formation of a time
crystal, and the period of the formed time crystal is similar. The complex quasi periodic oscillation of p44(t) at As = 130 MHz,

indicating the disintegration of the time crystal and the system entering a chaotic state.
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Fig. 6. Dependence of the time-crystal period on the ratio of optical transition strengths. Here 2 = 0.73 MHz, As =90 MHz:

(a) Period of the populations ps4s as a function of the ratio of optical transition strengths; (b) evolution of ps4s at given ratio ratio

of optical transition strengths. At t;/to = 1.52, the oscillation of p44(t) rapidly decays, indicating the absence of a time crystal.

The sustained periodic oscillation of psq(t) at t1/t2 =1.64, t1/t2 =1.69, and t1/t2 = 1.76 (corresponding to the markings in

Fig. 6(a) respectively), indicating the formation of a time crystal with similar periods.
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Abstract

Continuous time crystals represent a novel state in many-body systems that can self-organize into
timeperiodic oscillations without external periodic driving. Recent experiments have achieved such systems in
dissipative solid-state materials, where persistent temporal order is autonomously sustained. A decisive
characteristic of time crystals is their robustness, meaning that despite various disturbances, including
fluctuations in internal parameters and external noise, they can still maintain rhythmic behavior, which has
scientific value and echnological application potential. Although previous studies have shown that specific
experimental parameters have robustness, thare is a lack of a systematic framework for quantifying and
predicting their resilience to disturbances, and the underlying physics of this robustnessis still not fully
understood. The key unresolved problems include how nonlinear interactions and feedback mechanisms
contribute to stability, and what the critical thresholds are for parameter variations beyond which temporal
order collapses.

This work addresses these gaps by systematically analyzing how internal parameters and external
influences affect the oscillation period and overall stability. Internally, the dynamics are determined by dipole-
dipole interactions and atomic transition strengths, which define the temporal symmetry breaking that occurs in
the system. Externally, the response of the system is controlled by the strength of the optical driving field and
the energy dissipation rate. A key finding is the determination of an intrinsic feedback mechanism for a
dynamically stabile time crystal. This mechanism plays a role in restoring force, correcting deviations caused by
minor disturbances, and maintaining the coherence of oscillatory phase.

Moreover, the system displays nonlinear dynamical behavior, characterized by two different states: one is
stable oscillation continuing under moderate disturbance, and the other is stronger disturbance causing
dynamical phase transition, resulting in switching between disordered or dynamically unstable state and stable
state. These results provide a comprehensive understanding of the various behaviors observed in continuous
time crystals and lay an important theoretical foundation for utilizing their unique properties in advanced
applications such as quantum information processing and precision metrology.

Keywords: continuous-time crystals, many-body systems, erbium-doped crystals, periodic oscillations,
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