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Abstract 

Replica symmetry breaking (RSB), as a featured phase transition between paramagnetic 
and spin glass state in magnetic systems, has been predicted and validated among ran-
dom laser-based complex systems, which involves numerous random modes inter-
played via gain competition and exhibits disorder-induced frustration for glass behav-
ior. However, the dynamics of RSB phase transition involving micro-state evolution 
of a photonic complex system have never been well investigated. Here, we report 
experimental evidence of transient RSB in a Brillouin random fiber laser (BRFL)-based 
photonic system through high-resolution unveiling of random laser mode landscape 
based on heterodyne technique. Thanks to the prolonged lifetime of activated random 
modes in BRFLs, an elaborated mapping of time-dependent statistics of the Parisi over-
lap parameter in both time and frequency domains was timely resolved, attributing 
to a compelling analogy between the transient RSB dynamics and the random mode 
evolution. These findings highlight that BRFL-based systems with the flexible harness 
of a customized photonic complex platform allow a superb opportunity for time-
resolved transient RSB observation, opening new avenues in exploring fundamentals 
and application of complex systems and nonlinear phenomena.

Keywords:  Replica symmetry breaking, Random fiber laser, Brillouin scattering, 
Rayleigh scattering

Introduction
Compared with conventional lasers, random lasers (RLs) replace mirror-based reflection 
by random feedback in disorder scattering medium [1], leading to unique laser proper-
ties with randomly distributed sharp spikes, i.e., random laser modes, over a broadband 
pedestal from spontaneous emission. A large number of energetically equivalent ran-
dom modes introduced in such cavity-free configuration can coexist with strong inter-
modal nonlinear coupling through the gain medium and make the system disorder and 
quenched. The condition in which these separated thermodynamic phases with related 
random modes dominate dynamics is similar to the complicated free  energy  surfaces 
of spin glass with a large number of local minima [2]. Correspondingly, each separated 
thermodynamic phase is called a pure state [3]. Therefore, RLs involving a large number 
of competing random modes induced frustration play a non-trivial role as a new pho-
tonic platform for the study of complex systems such as spin-glasses behavior. According 
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to the spin-glass theory by Parisi [4, 5], the transition to a glassy phase is signaled by rep-
lica symmetry breaking (RSB), that is, the distribution function of similarity q between 
every two pure states is the physical order parameter of the spin glass [6, 7]. This Parisi 
overlap is the order parameter that indicates the transition to an RSB phase dominated 
by an energetic landscape.

During the last two decades, the presence of Lévy-like fluctuations near the laser 
threshold has been established as a hallmark of RL systems [8–11], in which the pump 
power plays the role of inverse temperature in spin glass state in magnetic systems. The 
RSB with a typical Lévy distribution was experimentally reported for the first time in 
a random laser employing a functionalized thiophene-based oligomer (T5OCx) in the 
amorphous solid state with planar geometry [12]. The connection between the pho-
tonic spin-glass phase and the phenomenon of RSB has also been theoretically pre-
dicted and experimentally demonstrated in RL systems [13–15]. The statistical physical 
method is then utilized to analyze the nonlinear dynamic of multimode laser systems 
with open and irregular cavities [16, 17] as well as RL-disordered systems [18], predict-
ing the dependence of the RSB phase transition on the pump power. Furthermore, the 
complete phase diagram of the conversion from closed to open cavity is described from 
the perspective of nonlinearity and disorder, and the RSB phase transition is predicted 
to appear in the RL system with fluorescence quenching defects [19]. By utilizing the 
replica method of spin-glass theory, the Parisi overlap between the pulse-to-pulse fluc-
tuations in RLs within a framework of macroscopical observation was carried out whilst 
its distribution function provides evidence of a transition to a glassy light phase compat-
ible with RSB. Subsequently, the RSB in a variety of RL systems has been discovered, 
including solid-state lasers [12, 20], dye lasers [21], liquid-state lasers [22], liquid crystal 
lasers [23], semiconductor lasers [24], fiber lasers [25–29], etc., albeit with omission of 
any micro-state evolution.

Recently, an elaborated discovery of the correlations between intensity fluctuations 
in an RL system has been proposed to reveal that the RSB transition is accompanied 
by stochastic dynamics of the lasing modes, which dominates the competition for gain 
intertwined with correlation and anti-correlation between random laser modes in this 
complex photonic phase [29]. Although the universal existence of the RSB in the most 
random fiber laser systems was confirmed, the underlying physics of such phenomena 
has never been well investigated. Particularly, random fiber lasers with broadband gain 
spectra result in a superposition of a large number of random modes with a smooth 
envelope over a typical bandwidth of more than 0.1 nm (i.e., ~ 10 GHz), which is usually 
difficult to be precisely and timely resolved due to limited spectral resolution and slow 
scanning time. As a result, the elaborate revealing of intrinsic relevance between random 
laser modes and the display of the RSB is eventually ambiguous, which deserves detailed 
investigation, especially considering the existence of numerous discrete coherent laser 
modes in Raman-based random fiber lasers [30].

Brillouin random fiber lasers (BRFLs) utilize the coupled photon-phonon inter-
action along standard communication silica fibers as gain mechanism with tens of 
megahertz gain bandwidth, at least three orders of magnitudes lower than that of 
other broadband gain profiles (e.g., Raman gain profile), leading to coherent random 
lasing spikes prominently on the top of the Brillouin gain pedestal [31]. The lasing 
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mode landscapes of the BRFL determined by the superposition of a large number of 
Brillouin gain-shared Fabry–Perot resonators formed by numerous Rayleigh scatters 
along optical fibers could fall into a much narrower gain band (e.g.,, < 20 MHz in sil-
ica fibers), which can be readily captured by the off-the-shelf optoelectronic device. 
Thanks to the long-term damping effect among the interplayed acoustic phonons and 
photons as well as phase noise suppression by randomly distributed Rayleigh scat-
tering, random lasing modes in BRFLs exhibit unique characteristics of high tempo-
ral coherence and ultra-narrow linewidth down to tens of hertz [32–34]. Meanwhile, 
BRFLs intrinsically offer abundant spatial–temporal processes and strong stochastic 
characteristics [35]. Energy coupling and gain competition in random lasing reso-
nance intrinsically allow such a disorder photonic system with different mode land-
scapes even under the same pump power. Meanwhile, the barrier among these mode 
landscapes is easy to be broken so that it is uncertain which mode landscape the laser 
system would be subject to. Ultimately, the BRFL system exhibits the characteristics 
of the quenched disordered interaction and frustration, benefiting to the observation 
of the photonic glass behavior [27].

Besides, distributed feedback from a random fiber grating also enables the BRFL with 
distinct RSB phenomena and correlation of laser fluctuation from Rayleigh scattering 
[28]. Ultimately, distinct features in BRFL systems typically with over tens of millisec-
onds long-lifetime random mode landscape not only allow macroscopical observation 
of photonics spin glass at the onset of the lasing threshold akin to other RL systems, but 
also highlight an appealing opportunity for high-precision retrieval of real-time random 
mode dynamics as well as its relevance with the RSB and photonics spin glass above the 
pump threshold. Spin-glass behavior as well as the RSB observation in BRFL have been 
reported by revealing power fluctuations in terms of temporal traces [27] and power 
spectrum density (PSD) of laser radiation [28, 29]. However, all these works conven-
tionally concentrate on the statistics of laser power fluctuations rather than laser modes 
dynamics, which unfortunately lost the opportunity to reveal the transient dynamics 
and the generic signature of the BRFL for the RSB occurrence. To this end, high-fidelity 
retrieval of random laser mode landscapes of the BRFL would be desirable to discover 
the transient RSB phase transition in terms of relatively long lifetime laser mode meta-
stable states.

In this paper, we experimentally demonstrate the phase transition with the RSB by 
unveiling time-resolved statistics of a BRFL by means of the optical heterodyne tech-
nique, for the first time, to the best of our knowledge. In the BRFL with a few kilom-
eter-long gain and Rayleigh fibers, the dynamics of spectral purified random modes 
within the time scale from millisecond to second is exquisitely mapped in both tem-
poral and spectral domains. By statistical analysis (i.e., the Parisi overlap q) of BRFL’s 
intensity fluctuation on a large scale of pump power levels, the occurrence of the RSB 
transition is evidently elaborated with correspondence to random mode landscape evo-
lution. Furthermore, the manipulation of the random mode density by utilization of the 
longer length fiber for Brillouin gain and Rayleigh scattering media eventually mitigate 
the coherent time extension of random modes and release the barriers among numer-
ous competing mode landscapes, accounting for the RSB state with higher probability. 
The findings manifest that BRFLs with striking features of spin-glasses accompanied by 
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versatile transit dynamics, provide a new paradigm towards the next frontiers explora-
tion of fundamental physics in photonic complex systems and nonlinear phenomena.

Results and discussion
Spin‑glass theory of RLs

The concept of RSB was first introduced by G. Parisi to describe disordered magnetic 
systems [36], which can be used to identify different states from identically-prepared 
magnetic spin-glass systems under the same conditions. Afterward, the research on this 
phenomenon was widely extended among plenty of complex photonics systems. Gener-
ally speaking, the RSB phenomenon can be specifically characterized by the replica over-
lap parameter (q), i.e., the statistical distribution of the correlation function of replica 
samples in a complex photonics system. Consequently, the phase transition of photonic 
RSB can be indicated by the statistical distribution of replica overlap parameters (q val-
ues) during observation time, which is calculated among fluctuations of either intensity 
in a specific photonic system. Considering the light beam intensity of a photonic system 
subsequently recorded as Iα , where α = 1,2, …, Ns denote the replica labels, the average 
intensity I(k) at a given optical frequency indexed by k is

The intensity fluctuation of each replica can be deduced by:

Ultimately, the overlap parameter between two replicas (α and β) is defined as [12], 
where α, β = 1,2, …, Ns denote the labels of two replicas and Ns is the total number of 
replicas.

In terms of a photonic system of a BRFL, each laser output spectrum can be consid-
ered a replica under identical experimental conditions. Through the collection of Ns 
spectrums, the overlap parameters between two replicas qαβ can be calculated to deter-
mine their distribution P(q). A photonic spin-glass phase with the emergence of the 
RSB phenomenon is featured by the deviation of the maximum qmax to the origin (i.e., 
|qmax|≠ 0), which is the analogy to an equilibrium spin-glass phase with RSB appearing 
in disordered magnets below the critical freezing temperature. Otherwise, the replica 
remains symmetrical as qmax occurs exclusively at qmax = 0, which reflects that paramag-
netic phase with the temporal and spatial disorder at the high temperature. Therefore, 
the overlap parameter q as well as its distribution is a critical indicator for RSB phenom-
enon observation in disorder complex systems.

In spite of statistical stability in most disorder complex systems, diverse transient 
processes indeed exist in photonic disorder systems, such as random lasers with non-
linear gain mechanisms of either Raman [30] or Brillouin scattering [35]. To elaborate 
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the transient dynamics of such photonic disorder systems, time series analysis of the 
RSB phenomenon can be implemented via the distribution of the overlap parameters 
within sequent observation sub-time windows. Specifically, if the sub-time windows are 
fine enough to be comparable with the characteristic duration of random laser modes 
dynamics, the transient characteristics (i.e., the transient process of RSB on the time 
scale) of such a system are expected to be well resolved. Total observation time T is 
equally divided into Nm groups with sub-time window Tτ, where τ = 1,2, …, Nm. There-
fore, the overlap parameter between two replicas (α and β) within the sub-time window 
Tτ is rewritten as,

Consequently, the temporal evolution of |qmax|(τ) can be hence deduced for further 
investigation of the transient process of RSB in photonic disorder systems, like a RFL 
photonic system.

BRFL emission spectrum and measurement

As a proof-of-concept, we exploit a BRFL photonic system, involving nonlinear gain 
mechanism as well as disorder-induced distributed random feedback in optical fibers, 
to characterize its statistics for observation of the transient RSB. Distinct from other RL 
systems, the BRFL eventually exhibits versatile mode landscapes within much narrower 
gain profiles (e.g., over three orders of magnitudes narrower than that of Raman gain 
profiles), allowing high-precision retrieval via heterodyne technique with low-speed 
photon-electron conversion. Meanwhile, the random mode density of BRFLs can be also 
flexibly manipulated by the implementation of different gain and Rayleigh fiber lengths. 
In this scenario, both intensity and spectra evolution of the BRFL can be instantaneously 
resolved by utilizing the optical heterodyne method, offering a straightforward reflec-
tion between the laser mode dynamics and replica symmetry (RS) phase. To demon-
strate the emergence of RSB in the BRFL system, we analyze the statistical properties of 
the series of spectral data, including the shot-to-shot correlations of intensity fluctua-
tion. The experimental setup is sketched in Fig. 1 and detailed in Methods.

As illustrated in Fig.  2a, the threshold power Pth of the conducted BRFL was meas-
ured as 15.64 mW with a slope efficiency of 20.19%. The central wavelength of the Stokes 
laser is located at 1550.25 nm, showing an optical signal-to-noise ratio of over 35 dB. 
The beat signals of the pump and Stokes waves with the central frequency of a 10.8-GHz 
Brillouin frequency shift were converted by a photodetector (PD) and displayed by an 
electrical signal analyzer (ESA). As shown in Fig.  2b, when the pump power is raised 
slightly, the noise spectrum around 10.8 GHz caused by spontaneous Brillouin scattering 
turned to appear within the natural Brillouin bandwidth of 10 ~ 20 MHz in silica fibers. 
Remarkably, once the pump power surpassed the laser threshold, the narrow-linewidth 
laser spikes occurred on the top of the Brillouin gain pedestal, marking the emergence of 
dominating coherent random laser emission, which coincides with other coherent RLs 
[37]. Compared with conventional lasers, RLs enabled by the combination of distrib-
uted Brillouin gain and Rayleigh scattering disordered feedback unambiguously enrich 
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the diverse physical phenomena and unique statistical characteristics, which offers an 
intriguing photonic platform for RSB observation.

BRFL statistics with low‑spectral resolution metrology

To investigate the thermodynamic behavior of the random lasing modes based on the 
replica approach according to spin-glass theory, 1000 spectra of the BRFL emission 
under a low spectral resolution of 100  kHz at every 2  ms over 2  s total time win-
dow were obtained under different pump power ratios P/Pth, as shown in Fig.  3. It 

Fig. 1  Schematic for the transient RSB observation and statistical analysis in the BRFL. EDFA—Erbium doped 
fiber amplifier, CIR—optical fiber circulator, PD – photodetector, ESA—electrical signal analyzer

Fig. 2  BRFL emission characteristics. a Optical power with respect to the pumping power shows a typical 
laser threshold behavior (Pth = 15.64 mW). b Beat signals for different pump power ratios (P/Pth = 0.1, 0.8, 1.2, 
2.0), its center frequency was normalized to the Brillouin frequency shift of 10.8-GHz in silica fibers
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should be pointed out that the RSB actually describes a relatively slow micro-state 
evolution of a complex system that is observed macroscopically. Thus, the threshold 
power becomes a slowly varying parameter characterizing the overall random mode 
competition in the BRFL, therefore the threshold value Pth is not purely a function of 
the environmental perturbation, but is a function of the mode landscape, akin to spin 
glass. In this scenario, Pth could be approximatively estimated as constant in terms 
of a short observing time window during which the low-frequency environmen-
tal disturbance, as well as mode landscape change, could be negligible. We investi-
gated the regimes below, around, and well above the laser threshold. In Fig.  3a, for 
P/Pth = 0.8, the intrinsic broadband emission from Brillouin scattering is dominated. 
As the excitation pump power is around the threshold (15.64 ± 0.80 mW), as shown 
in Fig.  3b, for P/Pth≈ 1.0 (see Supplement III for details), a compelling bandwidth 
narrowing and salient intensity fluctuations took place, which indicated that an opti-
mum resonance paves in the random medium for lasing was locked at the moment. 
Indeed, when the pump power is above the threshold, strong and narrow-band ran-
dom spikes exist stably along with much weaker intensity fluctuations, as shown 
in Fig.  3c. The probability density functions (PDFs) of the intensity values for each 
pump power are plotted in Fig.  3d-f. The intensity is consistent with Gaussian dis-
tribution when the excitation power is below (P/Pth = 0.8) or above the threshold (P/
Pth = 1.2), which arises as a consequence of the Gaussian-distributed intensity with 
statistical properties governed by the central limit theorem. When the pump power 
is around the threshold (P/Pth = 1.0), the distribution is observed to be in accord with 

Fig. 3  BRFL for each excitation power in the regimes well below [P/Pth = 0.8], around [P/Pth ≈ 1.0], and 
above [P/Pth = 1.2]. a-c Spectra of 1000 consecutive shots for each excitation power. d-f Intensity distribution 
calculated from 1000 spectra. g-i Distribution P(q) of values of the Parisi overlap parameter q for the same 
values of the excitation power ratio P/Pth
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the heavy-tailed “L”-like distribution, which exhibits a much larger variance in the 
distribution of emitted intensities.

Meanwhile, the set of all value q between every two traces of N samples for each dif-
ferent pump power were calculated from the measured spectra, determining their distri-
bution P(q) which is regarded as the theoretical distribution of the overlap between the 
replicas for describing the glassy phases. Figure 3g-i illustrate the PDFs of the value-q as 
increasing the pump power. In Fig. 3g, most values of q muster around zero at low pump 
power, which means the majority of replica samples are independent. By increasing the 
pump power to the threshold nearby, the q-value starts to extend to the whole range of 
values, which manifests the appearance of the replica symmetry breaking. For excitation 
pulse energies well above the RL threshold, the fluctuations of intensities decline leading 
to the PDF P(q) starting to return near zero, as shown in Fig. 3i, with a trend to suppress 
the photonic spin glass phase. In the calculation of the overlap parameter q between the 
spectra replicas under the low spectral resolution, different output mode landscapes 
turn out to be indistinguishable (i.e., qmax = 0), making the RSB phase transition unob-
servable (details can be also found in Method Section and Fig. S9 in the supplemen-
tary). Ultimately, the BRFL statistics revealed at low-spectral resolution exhibit the RSB 
around the pump threshold while preserving the RS phase below or well above the laser 
threshold, which is in accordance with previous literature typically implemented by tra-
ditional optical metrology with the low-spectral resolution (~ 0.01 nm or 10 GHz) such 
as optical spectrum analyzer [28, 38].

BRFL statistics with high‑spectral resolution metrology.

Subsequently, the spectra of beat signals within 1000 ms were collected by the ESA at a 
high-spectral resolution of 10 kHz. Figure 4a shows heatmap plots of the BRFL intensity 
in the domains of time and frequency. The whole observation time window was con-
secutively divided into 20 sub-time windows for the sake of transient dynamic observa-
tion of the BRFL. Distribution P(q) of the Parisi overlap parameter q was calculated from 
the spectra in each sub-time window and the |qmax| were obtained and plotted in Fig. 4b. 
Figures 4c-d show the overlap distribution P(q) in various sub-time windows containing 
both RS and RSB phases. The Gaussian distribution of P(q), as shown in Fig. 4c, indi-
cates that the glassy behavior would be suppressed (q≈0) as the BRFL got trapped in 
one dominating mode that is harder to move out in its neighboring landscape. On the 
contrary, in the glassy phase, as shown in Fig. 4d, random modes are strongly coupled by 
the nonlinearity in the random laser system and the random mode landscape can switch 
to another one which can be thought of as ferromagnetic and anti-ferromagnetic domi-
nated configurations. Each realization tends to fall into one of these two branches so 
that fluctuations from shot to shot appear either completely correlated (q≈1) or anti-
correlated (q≈ − 1). Note that, considering the balanced trade-off between the spectral 
resolution and sweeping time, the utilization of the higher spectral resolution will be 
beneficial to the characterization of the RSB observation in random laser-based complex 
systems.

Two representative states, steady state (200–400  ms) and RSB phase state (300–
500 ms) are selected with an overlap of 100 ms (300–400 ms). Figure 5a displayed the 
representative emission spectrums from selected shots within the time interval (206 ms, 
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300  ms). It can be clearly observed that the shots collected from 200 to 400  ms were 
similar with weak power fluctuation. Distribution P(q) of values of the Parisi overlap 
parameter q calculated from the spectrums of the BRFL shown in Fig. 5c. A replica-sym-
metric phase sets with P(q) distributed around q = 0, which is consistent with Gaussian 
distribution. On the other hand, as shown in the selected shots (406 ms and 418 ms) of 
Fig. 5b, the main random modes do not remain steady during the measurement time, 
instead, change stochastically from the former mode to another one reflected in the 
dynamic alternation of the dominant intensity peak. The energy transfer process from 
one dominating random mode to another causes a remarkable intensity fluctuation at 
the corresponding wavelength, which makes the replicas distinguishable and the RSB 

Fig. 4  Time-domain evolution of RSB in the BRFL under P/Pth = 1.2. a The spectra of the beat signal within 
1000 ms above the laser threshold. b |qmax| in 20 subsequent time windows with a time interval of 50 ms. c 
P(q) within sub-time windows of τ2,τ10 and τ12. d P(q) within sub-time windows of τ8,τ11 and τ18
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observable, as shown in Fig. 5d. The replicas are divided into two pure states, and the 
distributions of their similarity P(q) are also separated.

The distribution P(q) of the correlation between every two pure states q is the physical 
order parameter of the spin glass. The Parisi overlap parameter q calculated by  Eq. (4) 
refers to the correlation between intensity fluctuations. Figures 5e and f show heatmap 
plots of the RBFL with values of the order parameter q representing correlations between 
intensity fluctuations at different time points Ti and Tj. The color code in green essen-
tially depicts the absence of correlations between intensity fluctuations, whereas yellow 
(q = 1) and blue (q = -1) indicate correlated and anti-correlated fluctuations, respectively. 
During the time window from 200 to 400 ms, containing one dominating random mode, 
intensity fluctuations of these shots are nearly statistically independent (i.e., almost no 
correlation), as shown in Fig. 5e. On the contrary, as the time window moved from 300 

Fig. 5  Correlation analysis of trace-to-trace intensity fluctuation in the BRFL under P/Pth = 1.2. a The 
representative emission spectrums in the steady state of the BRFL. b The representative emission spectra in 
the RSB phase state. c P(q) calculated from the spectra in the quasi-steady state within a range of 200–
400 ms. d Distribution P(q) in RSB phase state within the range of 200–400 ms. e The map of Parisi overlap 
parameter q above the laser threshold within a range of 200–400 ms. f The map of Parisi overlap parameter q 
above the laser threshold within the range of 300 -500 ms
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to 500 ms, the BRFL is undergoing the transformation of mode landscapes. In Fig. 5f, it 
could be observed the presence of both correlation (yellow) and anti-correlation (blue) 
in two random modes which intercoupled via gain competition along the Brillouin gain 
media in the nonlinear regime above the threshold. Most interestingly, the correlation 
of the same group of shots contained by different time windows was also distinct. The 
overlap traces (300 ms-400 ms) were uncorrelated (green) with each other in Fig. 5e, but 
correlated (yellow) in Fig. 5f. Strong intensity-means value change is considered to be 
the origin of this phenomenon. It suggests that the occasional appearance of the mode 
hopping in BRFLs inevitably introduces instantaneous drastic intensity changes in aver-
age energy, which highlights the RSB phase transition, even at the pump power well 
above the threshold. In other words, BRFL-based photonic systems not only feature a 
spin glass phase state at the onset of the laser threshold, akin to other RL systems, but 
also discriminatively exhibit dynamic evolution of transient alternation between spin 
glass phase and optical ferromagnetic phase, even above the pump threshold, which is 
traditionally analogy to the glass transition temperature.

Time‑resolved RSB in the BRFL

Figure 6 shows the temporal evolution mapping of qmax with respect to different pump 
power ratios. The quasi-static state dominated over the 400-ms interval when pump 
power was below the BRFL threshold. With the increase of the pump power around the 
laser threshold, random laser modes were motivated sporadically and quenched imme-
diately, attaining multiple random mode landscapes. Consequently, the steady state of 
such a photonic system was broken whilst the RSB phase become the dominant over the 
whole time window, which was illustrated as green blocks in Fig. 6. Meanwhile, the tran-
sition from the RSB to the RS phase around the laser threshold was also observed and 
the probability of such occurrence is related to the mode density (see Supplement III for 
details). As the pump power well exceeded the threshold, some or even one dominating 

Fig. 6  Temporal evolution of |qmax|(400-ms observation time) under different pump power ratios. Three 
typical pump power regimes: (i) P/Pth < 1 (blue curves), (ii) P/Pth ≈ 1 around threshold (green curves) and (iii) 
P/Pth > 1 (red curves)
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random mode would compete and obtain relatively higher gain from photon-phonon 
coupled interplay for sustaining moderate long photon lifetime due to localization of the 
photons by amplified scattering over silica fibers. It hence leads to the mode landscape 
with much-reduced mode density, which is critical to the transient RSB observation of 
simplified random laser complex systems. Note that, the metastable state duration of this 
mode landscape could be flexibly harnessed via the manipulation of the fiber lengths in 
BRFLs, which will be discussed in next section. Typically, thanks to the prolonged coher-
ent time of photons, the mode-switching process between two adjacent mode states in 
BRFLs could sustain within a duration of milliseconds, leading to transient mode land-
scape dynamics in the spectral domain and the strong fluctuation of random laser inten-
sity in the time domain. With respect to the pump power around the laser threshold, the 
presence of the RSB phase with |qmax|= 1 (corresponding to dual-mode landscape) spo-
radically occurred within the observing time windows until the BRFL statistics returned 
to the RS phase with |qmax|= 0, as the pump power was well beyond the laser threshold 
and even the pump power reached three times higher than the laser threshold (see Sup-
plement IV for more measurement in BRFL under high pump power). The transient RSB 
in BRFL-based photonic systems above the laser threshold, albeit with stochastic emer-
gence, intrinsically features the analogy to dynamic characteristics of spin glass nature 
with disorder-induced frustration of the lasing random modes from the nonlinear gain 
of Brillouin scattering and abundant coherent interference of Rayleigh scattered random 
feedback in optical fibers. Note that, high-order Stokes light in the BRFL can be gener-
ated as the pump power is further increased, which is predicted to intentionally produce 
more disorder signature of laser radiation via stimulated Brillouin scattering (SBS) and 
Kerr nonlinearities and hence yield the RSB phenomenon [27].

Transient time scale for RSB observation

From the above-mentioned results, two statistical states of both RSB and RS basically 
coexist in BRFL systems with pump power surpassing the laser threshold in the pres-
ence of high spectral resolution and fast enough observation time with respect to the 
lifetime of the quasi-static mode landscape. To further validate it, two cases of random 
laser mode status were figured out as its lifetime is longer and shorter than the obser-
vation transient time window when the pump power is well-above the threshold (i.e., 
P/Pth = 1.5). As shown in Fig.  7a, when the duration of one dominating laser mode is 

Fig. 7  Distribution of P(q) when P/Pth = 1.5 under the observation time of 50 ms. a Unimodal state b Bimodal 
state. The insets correspond the mode evolutions



Page 13 of 18Zhang et al. PhotoniX            (2023) 4:33 	

longer than the observation time window (i.e. 50 ms), P(q) exhibits a unimodal distri-
bution representing the RS state. While multiple dominating laser modes with random 
mode hopping during the observation window corresponds to P(q) with bimodal dis-
tribution, which featured the RSB phase transition as the observation time covering the 
average duration of discrete random modes, as illustrated in Fig. 7b. Consequently, the 
explicit emergence of the RSB phenomenon in intensity fluctuation of laser above the 
threshold relies on that the transient observation time window is shorter than the mode 
duration. On the contrary, the RS preserving of intensity fluctuations above the lasing 
threshold will only occur when the transient observation time scale is greater than the 
lifetime of a single dominating random laser mode.

Mode density manipulation in BRFLs for RSB observation

For BRFLs, the random cavity length is an important parameter affecting the laser mode 
density and the lifetime of localized laser photons. The random feedback Stokes light 
propagates through several local ring paths in the optical fiber and the superposition of 
these localized ring cavities would determine such unique properties of the laser. With 
the increase of the fiber length, ring paths localization of random modes becomes more 
complex and unpredictable, leading to its vulnerable nature dedicated by both pump 
and environmental perturbations. As a result, the probability of lasing output switch-
ing among different mode landscapes would be increased in the BRFL system, resulting 
in a decrease of the average lifetime of the output mode landscapes. The spectra of beat 
signals within 1000 ms with different fiber lengths in BRFLs are illustrated in Fig. 8a-d 
(see Supplement II for more mode density measurements in BRFLs). When the total 
fiber length (defined as the sum of the gain and feedback fibers) in the BRFL is 1.5 km, 
the stable unimodal landscape can basically maintain during the observation time of up 
to 1000 ms. However, for the BRFL with a fiber length of 9 km, the mode competition 
among four activated random modes was dominant. In Fig. 8c and d, with the further 
increase of the BRFL fiber length, the total number of 12 and 40 random modes were 
excited within the selective observation time scale of 1000 ms, regarding the fiber lengths 
of 16 and 20 km, respectively. In these scenarios, the transient unimodal landscapes of 
the BRFL are expected to be remarkably overlapped, predicting a sustainable RSB over 
the whole observing time scale even at a higher pump power ratio. Correspondingly, the 
histogram of the random mode number and the mode hopping frequency (inverse pro-
portion to the average mode duration) with respect to the fiber length were character-
ized, as shown in Fig. 8e and f. As the fiber length increases from 1.5 km to 20 km, the 
number of random modes increases from 2 to around 40 per unit time. Meanwhile, the 
average lifetime of random modes decreases from 333.0 ms to 1.1 ms.

Furthermore, the impact of random mode density on the RSB observation is investi-
gated. The heat maps of q distributions with multi-mode BRFL radiation with different 
random cavity lengths were illustrated in Fig. 9. Multiple random laser modes within the 
observation time of 1000 ms were used for the calculation of the Parisi overlap param-
eter q. Random modes can divide replicas into N pure states with a total q-value number 
of N(N-1)/2 between every two pure states, which results in the fractal structure of q 
distribution in Fig. 9a-d. Compared with the first-order RSB occurrence with only two 
pure states dominated by two random modes with one q-value, the multi-mode random 
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laser system with a large number of discrete q-values definitely diversifies the complex-
ity of the system as well as the dynamics of the RSB occurrence and even exhibits the 
signature of higher-order RSB with the fractal structure of the distribution of q. Moreo-
ver, it should be noticed that the q-value turns out to be concentrated around the value 
of 0, as shown in Fig. 9d, which is mainly due to the low sampling rate setting in data 
acquisition. When the average lifetime of mode landscapes was hundreds of millisec-
onds in the BRFL system with short fiber (< 10 km), the acquisition with the sampling 
period of 2 ms was sufficient to record the transient switching process among different 
mode landscapes. However, the BRFL system with long fiber (> 20 km) is more sensi-
tive to environmental perturbations, resulting in a decrease of the average lifetime of 
the output mode landscapes, which is even shorter than the sampling time period. In 
this situation, the acquisition of a low sampling rate cannot capture the phase transi-
tion process, leading to the unobservability of transient RSB phenomenon. To address 
this issue, the utilization of a modified optical heterodyne method with the down-con-
verted beat signal frequency can be adopted. For instance, an off-the-shelf electro-opto 

Fig. 8  Mode density manipulation in BRFLs. The spectra of beat signal within 1000 ms with the total fiber 
length of a 1.5 km, b 9 km, c 15 km, and d 20 km; e Histogram of the quantity of random modes; f average 
mode during and mode hopping frequency with respect to the fiber length of the BRFL
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modulator can be used to generate the sideband of the pump as the local reference for 
beating with Stokes laser by down-converting the center frequency from 10.8  GHz to 
even tens of MHz, which can be readily captured by a photodetector (e.g., 100  MHz 
bandwidth) and an oscilloscope (OSC) for replicas data acquisition with a high-enough 
sampling rate. Besides, several factors in spectrum measurement influence the tran-
sient RSB observation in RFL systems, (1) resolution: the spectral resolution needs to 
be at least high enough to distinguish any two or more random modes; (2) time scale: 
the observation time scale should be large to include multiple random modes; (3) pump 
power: the pump power is required to be higher for activation of one or even more order 
of Stokes random lasing emission. It finds that the disordered complexity of BRFL-based 
photonic systems with unambiguous dependence of mode density on the fiber length 
would highlight a compelling opportunity to flexibly harness a customized BRFL-based 
photonic complex platform for underlying physics exploration of time-resolved transient 
RSB observation.

Conclusions
To summarize, the transient RSB is experimentally demonstrated in a BRFL-based 
photonic platform. With the aid of the optical heterodyne technique, the random laser 
modes are accurately retrieved with both temporal and spectral dynamics, attributing to 
the RSB phase transition as the pump powersurpasses the laser threshold. The manipula-
tion of random mode density can be facilitated via the flexible selection of different-scale 
Brillouin gain and Rayleigh feedback fibers, benefiting the explicit analogy between the 
RSB phase transition and the mode dynamic evolution of BRFLs in a time-resolved man-
ner. The BRFL-based photonics systems, involving nonlinear gain mechanism as well as 
disorder-induced stochastics, are believed to manifest typical spin-glass features, which 

Fig. 9  The q distribution of BRFL spectrum with different modes density determined by different fiber 
lengths of a 1.5 km, b 9 km, c 16 km and d 20 km
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opens new avenues in exploring fundamental physics for complex systems and nonlinear 
phenomena, such as turbulent-like behavior [39, 40] and extreme events [41, 42].

Method
Experimental setup

Figure 1 shows the schematic of the real-time observation of replica symmetry breaking 
in a BRFL and the random lasing radiation. A single-frequency laser (Koheras Adjustik 
E15, NKT) with a center wavelength of 1550.183 nm was amplified by an Erbium-doped 
fiber amplifier (EDFA) and then injected into a random fiber laser configuration through 
an optical fiber circulator (CIR 1) as the pump source for the BRFL. With a delayed self-
heterodyne interferometer, the 3-dB linewidth of the pump laser source was character-
ized as 627 Hz. A spool of 3-km single mode fibers (SMFs) was serving as the Brillouin 
gain medium while another spool of 6-km SMFs was utilized to provide distributed Ray-
leigh scattered random feedback, which was recirculated through another optical fiber 
circulator (CIR 2) back to the Brillouin gain fiber. By increasing the pump power, the 
backward Stokes waves were generated and then boosted via longitudinal acoustic wave 
coupled SBS interaction. After passing through the port #2 of the CIR 2, the backscat-
tered Stokes light was launched through the 6-km SMF and then partially reflected by 
Rayleigh scattering from the refractive index inhomogeneity along the long-span silica 
fibers. Such distributed Rayleigh scattered Stokes light as random feedback can be cir-
culated back to the Brillouin gain fiber through the CIR 2 for random lasing resonance.

Laser intensity measurements

The beat RF signals between Stokes and pump light were converted by a high-speed 
photodetector with a bandwidth of 20-GHz, which definitely covers the heterodyne beat 
signals with a typical center frequency of ~ 10.8 GHz (corresponding to the Brillouin fre-
quency shift of the silica fibers). Then, the beat signals were finally digitized by either 
an ESA or an OSC in terms of spectral resolution requirement. The frequency span of 
20 MHz is selected to collect all random modes within the typical Brillouin gain band-
width, which basically guarantees the high-fidelity observation of the RSB in BRFLs. 
The spectrum evolution is subsequently acquired in segments under the drive control 
of designed external trigger signals for further time-series analysis of the overlap param-
eters qmax (τ). As shown in the bottom part of Fig. 1, the evolution of the spectrum was 
initially collected during the whole observation time scale which was then divided into 
Ns segments, and each sub-time segment was successively labeled as T1, T2,…, TNs. In 
each sub-time segment, random lasing spectra with total number of Nm were collected, 
and then the Parisi overlap parameter qαβ (α, β = 1,2, …, Nm) between every two spectra 
can be obtained. Therefore, the total number Nm(Nm-1)/2 of Parisi overlap parameter 
qαβ can be then plotted as the heat maps to visually observe the fluctuation correlation of 
each replica and then be used for q statistics analysis in each sub-segment. Subsequently, 
Ns groups of the q distribution, labeled as qT1

 , qT2
, . . . , qTNs , can be obtained, which 

reflects the time-dependent signature of glassy behavior in photonic systems. Further-
more, each segment corresponds to a tiny time window comparable to the mode switch-
ing period, which is the necessary preprocessing for transient analysis of RSB transition.
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Abbreviations
RL	� Random laser
BRFL	� Brillouin random fiber laser
RSB	� Replica symmetry breaking
RS	� Replica symmetry
PD	� Photodetector
ESA	� Electrical signal analyzer
PDF	� Probability density function
EDFA	� Erbium-doped fiber amplifier
SMF	� Single mode fiber
CIR	� Optical fiber circulator
OSC	� Oscilloscope
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(i), (ii), and (iii). Fig. S8. High-order Stokes monitoring of the BRFL with the 3-km SMF gain fiber and 6-km SMF 
Rayleigh fiber at P/Pth=4.0. (a), (b), (c) represent the spectra monitored at ports (i), (ii) and (iii), respectively. Fig. S9. 
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