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Spin-glass theory has been widely introduced to describe the phase transition and
statistical behaviors in the complex physical systems, such as, condensed matter,
ecological community and even financial market. By the analogy between disorder
photonics and other complex systems, the glassy behavior, especially the replica
symmetry breaking (RSB) phenomenon, has been observed in an unconventional laser
system, i.e. random lasers. However, previous studies only analyzed the statistical
properties of the random laser systems with single gain material. Here we report the
first experimental evidence of the glassy behavior in a random laser with more complex
energy level structure. This novel random laser is demonstrated based on the
electrospun polymer fibers with the assistant of Forster resonance energy resonance
energy transfer (FRET). The electropun technology employed in our experiment
promises high-volume production of random laser devices with multiple types of the
laser dyes, enabling the comprehensive investigation of lasing properties in multi-
energy level random laser system. Clear paramagnetic phase and spin-glass phase have
been observed in the FRET-assisted random laser under different pump energy. The
RSB phase transition is verified to be occurred at the laser threshold, which is robust
among the random lasers with different donor-acceptor ratio. The findings of RSB in
FRET-assisted random laser enriches the physical theories in the research field of the
random laser and provides a new statistical analysis method towards the laser system
with complex energy level, e.g. quantum cascade laser.

1. Introduction
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Since the concept of random lasers (RLs)
was proposed in 199512 they have
drawn widespread attention from the
laser research communities due to their
unique properties (e.g. low spatial
coherent and compact  device
configuration) and various potential
applications.®®!  Different from the
traditional laser system, RLs do not have
well-defined laser cavities and their
lasing feedbacks are simply provided by
the multiple light scattering. This cavity-
less feature enables the easy realization
of RLs based on the various disorder
systems, such as liquid crystal,[’® thin
polymer film,®1 quartz tubet*>*? and
polymer fiber.314 Moreover, due to the
modifiability of RLs, many studies have
been devoted to functionalize the RLs
system with special characteristics such
as multi-color emission and tunable
lasing wavelengths.[>1¢1  Wavelength-
tunable RLs recently have attracted
intense interest, because they show great
promise for various fields, from
spectroscopy to photochemistry and
medicine.[*”] Particularly, in the field of
medicine and biology, long-wavelength
(>650 nm) lasers play an irreplaceable
role due to their high penetrability and
low sample photo-damage.!*®! Generally,
in dye laser systems, the standard pump
source is the frequency-doubled Nd: YAG
light with a emission wavelength of 532
nm. However, the commercial long-
wavelength (>650 nm) laser dyes show
relatively low absorption cross sections
at such pumping wavelength, which
limits the lasing efficiency and hinders
the development of long-wavelength
lasers. One effective way to overcome
this limitation is to construct a laser
system

with the assistant of Forster resonance

energy transfer (FRET) between several
different types of laser dyes (i.e. donor
and acceptor).!1 The FRET process
occurs when the emission of a donor has
a large spectral overlap with the
absorption of a nearby acceptor. The
donor at excited state will non-radiatively
transfer its energy to the acceptor at
ground state and promote the excitation
of the acceptor.?? As a result, a
wavelength-tunable laser system can be
achieved via choosing suitable laser dyes
and controlling their doping ratio. A
number of FRET-assisted RLs have been
established in various systems such as
biopolymeric matrix dye-doped latex
nanoparticles and plasmonic
nanostructures.?*28l  However, these
FRET systems are too complicated to
achieve mass production with low cost.
In 2010, Vohra and co-workers shows
that a FRET system can be easily and
effectively fabricated based on the
polymeric nanofibers via electrospun
technology.?4! This electrospun
technology is particularly promising in
the field of photonics, since it offers a
flexible approach to select the optical
refractive index, gain and absorption of
the fibers. These electrospun polymer
fibers and fiber networks also hold great
promising in the applications of sensing
[2526] and  tissue-growth.?7281 Although
electrospun polymer fiber have been
demonstrated to be an ideal FRET
systems, to the best of our knowledge,
only energy transferred fluorescence
emission has been observed in previously
reports, [2429-301

In the RL systems, one important
feature is the intrinsic spectral intensity
fluctuation. This spectral intensity
fluctuation behavior is rich in the
physical mechanism reflecting the
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interaction between the nonlinearity and
randomness in the RL systems, which
have been lately exploited in several
studies. In these studies, the replica
symmetry breaking (RSB) phenomenon,
an important concept in the spin-glass
theory, has been observed among
different RL systems. Spin-glass theory is
one of the primary physics mechanism in
many research fields, such as biological
systems, ultracold atoms, and random
photonics.®133 Based on the prediction
of the spin-glass theory from the
equilibrium perspective, the identical
systems may reach different states under
identical conditions. The transition to a
glassy state is known as RSB, which is
indicated by the variation of the statistical
distribution of the Parisi overlap (i.e.
order parameter). The first theoretical
models that introduced the term of spin-
glass into the photonic context was
proposed by Angelani and co-workers.
They demonstrated that the light
propagation in nonlinear disordered
media shows complex glassy behavior
and they theoretically predicted that RSB
can be tested in RL systems.34351 |n 2015,
the first experimental evidence of the
RSB in RL was reported by Ghofraniha
et al.,l*l in which the spectral intensity
fluctuation overlap (IFO) is defined to as
an analog to the Parisi overlap parameter.
It was found that the statistical property
of IFO exhibited the spin-glass phase
behavior under high pump energy,
whereas it became paramagnetic phase at
low pump energy. The phase transition
occurred at the laser threshold. In the
same year, a comprehensive disordered
mean-field model was presented by
Antenucci F. et al., describing the
complete phase diagram from close
cavity to open cavity in terms of disorder

strength and nonlinearity within the
replica analysis. They also theoretically
predicted the RSB phase transition can be
found in a RL system with quenched
disorder.®® Thereafter, many studies
reported that the RSB phenomenon can
be observed in different RL system with
different configuration such as Er-doped
fiber laser with random grating,®
Rhodamine B laser dye soliton with ZnO
nanoparticles,*”! and Rhodamine 6G
laser dye soliton with specially designed
TiO2 nanoparticles.[*] Thus, using spin-
glass theory to analysis the statistical
behavior of the RL system provides a
new approach to understand the physical
mechanism inside the RL. For example,
it was found that the spin-glass phase also
corresponds to the previously reported
Levy distribution regime in RL systems.
However, all the previous studies of RSB
phenomenon in RLs were demonstrated
in a single gain system. For the FRET-
assisted RLs, two or more gain materials
(donor and acceptor) co-exist in the
system and form a multiple energy level
configuration. The energy transfer
between the doped dyes might modify the
nonlinearity of the whole systems and
further influence the statistical behavior
of the RL system. However, the
corresponding statistical study has not
been conducted yet. The feasibility of
using spin-glass theory to statistical
investigate the multi-energy level
photonic system like FRET-assisted RL
remains a question.

In this work, an advanced electrospun
technology is employed to prepare
micro-scale polymer fiber, which serves
as the framework of FRET system. The
gain materials in this FRET system is
consist of two laser dyes: pyrromethene
597 (PM597) as the donor and nile blue
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(NB) as the acceptor. Due to the multiple
light scattering provided by the
inhomogenous internal structure of the
electrospun polymer fiber, the random
lasing behavior has been observed in our
FRET system. The lasing wavelengths
are located in two spectral bands,
corresponding to the emission of the
PM597 and NB dyes, respectively. When
the PM597/NB ratio is 0.67/1, only the
random lasing with wavelength centered
at 685 nm appear in the lasing spectra,
which indicates the occurrence of energy
transfer from PM597 to NB. Furthermore,
it is found that the mass ratio of
PM597/NB has an obvious influence on
the relative lasing intensity between two
lasing wavelength bands, reflecting the
variation of the energy transfer degree. In
view of this, FRET-assisted RL is
successfully demonstrated based on
electrospun polymer fiber. To further
analyze the statistical properties of RL,
we calculated the statistical distribution
function P(q) of the IFO parameter g. A
clear transition, that is the RSB, between
a continuous wave paramagnetic regime
and a spin-glass phase has been observed
in the FRET-assisted RL. The statistical
results prove that the spin-glass theory
can be used to describe the multi-energy
level photonic system. The relationship
between the FRET-assisted RL and the
single gain RL regarding to the statistical
properties of the lasing intensity
fluctuation has been discussed, which
helps people to better understand the
inner link between the spin-glass system
and RL in the aspect of statistical physics.

2. Materials and methods

The advanced technology-electrospun is
introduced to fabricate micro-scale
polymer fiber. Firstly, four electrospun
sample solutions with same amount of
host materials and different PM597/NB
mass ratio were prepared. The host
materials were obtained via dissolving
wt. % 33.4 poly(methyl methacrylate)
(PMMA) in wt. % 0.3 PM597/NB-doped
dichloromethane (CH2Cl2). The mass
ratio of PM597/NB for the four samples
was adjusted to be 0.67/1, 1/1, 1.5/1, and
3/1, respectively. Secondly, the as-
prepared four sample solutions were used
to fabricate four micro-scale polymer
fibers samples by the electrospun
method.? A metal needle attached with
a 5 ml syringe containing the spinning
solution worked as the positive electrode
and a high voltage about 10 KV was
applied on it. The inside diameter of the
metal needle is about 0.9 mm. The
grounded electrode was connected to a
metal collector covered with metal wafer
(20x40 cm). The distance between the
needle tip and the collector was fixed at
20 cm. The feed rate of solutions was
controlled at 0.8 mm/min by means of a
single syringe pump. Figure 1 shows the
optical images of two dye doped-
electrospun  polymer  fibers  with
PM597/NB mass ratio of 0.67/1 and 1.5/1
under the pump of 532 nm pulse laser.
The diameters of these two samples are
about 218 pum and 248 pum, respectively.
Moreover, it clearly shows the location of
laser pumping and the fluorescent
emission spot.
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(b)

Figure 1. The optical images of two dye doped-electrospun fibers with the PM597/NB mass ratio
of 0.67/1 (a) and 1.5/1 (b) under the pump of 532 nm pulse laser.

The emission spectra measurement
setup was built based on the microscope
system (ldeaoptics Co. Ltd) to obtain the
detailed experimental data. As shown in
Figure 2, a Q-switched Nd:YAG laser
which outputs a Gaussian profile spot
with a wavelength of 532 nm (pulse
duration 10 ns, repetition rate 10 Hz, spot
diameter 100 um) is used to serve as
pumping source. The pump pulse energy
and polarization are controlled by a Glan
Prism group. Two mirrors are employed
to change the pumping laser path and
guide the pumping laser into the
microscope system. The pumping laser is
totally reflected by a dichroic mirror and

focused onto the samples via an objective.
Samples are excited by 532 nm laser to
generate fluorescence emission/random
lasing. The emitted light is collected by
the same objective and passes through
dichroic mirror with total transmission.
Then the collected light is focused onto a
beam splitter via the concave lens, where
50% of the light is sent to a CCD camera
to obtain the images of the samples. The
remaining 50% of the light is directly
collected with a  fiber-coupled
spectrometer (QE65PRO, Ocean Optics,
Inc., resolution ~0.4 nm, integration time
100 ms).
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Figure 2. Microscope measurement setup. A Q-switched Nd:YAG laser which outputs a round-
shape spot with a wavelength of 532 nm (pulse duration 10 ns, repetition rate 10 Hz, spot diameter
100 pm) is used to serve as pumping source. Fiber spectrometer (QE65PRO, ocean optics,
resolution ~0.4 nm, integration time 100 ms) is be used to collect the emission spectra.

3. Results and discussions

To characterize the basic optical
properties of the selected laser dyes, we
firstly measured the absorption and
fluorescence spectra of the donor dye
(PM597), the acceptor dye (NB), and the
mixed dye (PM597/NB), respectively. As
shown in Figure 3(a), the mixture of
PM597/NB  exhibits two  broad
absorbance peaks with the wavelengths
of 526.5 nm and 646 nm, which
correspond to the absorbance peaks of the
PM597 and NB dye, respectively. The
basic requirement of constructing a
FRET system is that the emission of the
donor should has a good spectral overlap
with the absorption of the acceptor.

Figure 3(b) shows the comparation
between the emission spectrum of the
PM597 and the absorption spectrum of
the NB. It clearly shows that the two
spectra have a good overlap in the
wavelength range between 550 nm and
650 nm, indicating that the donor PM597
at excited state can effectively populate
the acceptor NB at ground state via
energy transfer process. It should be
noticed that the absorption spectrum of
the NB is a little far away from the 532
nm pump wavelength and does not fully
cover the emission spectrum of the
PM597. This is to prevent the acceptor
(NB) from being directly excited by the
pump laser.
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Figure 3. (a) The normalized absorption spectra of the donor dye PM597 (red), the acceptor dye
NB (black), and the mixed dye of PM597/NB (blue), respectively. (b) The comparation between the
normalized emission spectrum of the donor dye PM597 (black) and the normalized absorption
spectrum of the acceptor dye NB (red), respectively. The blue shadow indicates the spectral overlap.

To verify whether the PM597 and NB
dyes are suitable donor and accepter for
FRET process, the emission spectra of
the PM597 dye, the NB dye, and the
mixture of PM597/NB are measured, as
shown in Figure 4(a). It can be seen that
the PM597/NB mixture only contains
one emission peak located at 674.4 nm
matching the emission of the NB dye.
This is because the PM597 dyes (donor)
transfer their energy to the nearby NB
dyes (acceptor) instead of directly
emitting the fluorescence. As a
consequence, the fluorescence from the
excited NB dyes will domain the
emission spectrum of PM597/NB. This
energy transfer process is the so-called
FRET. The results imply that the mixture
of PM597/NB dyes is an ideal gain

material for the construction of FRET
system. In addition, we measure the
fluorescence lifetime of PM597 mixed
with and without NB as shown in Figure
4(b). The value of fluorescence lifetime
L+ can be formulated as L= ( Tn=1.2- To)
/ e, where To, T1 and T, are the time
frames about 56.1 ns, 57.1 ns and 62.4 ns,
respectively. As we can see, the presence
of NB suppresses the lifetime of donor
PM597, because the energy transfer
between the donor and acceptor
introduces additional non-radiative decay
channel to the donor and result in a
reduced lifetime. The lifetime results
further confirmed that the FRET system
has been successfully constructed based
on the PM597 and NB dyes.
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Figure 4. (a) The normalized emission spectra of the donor dye of PM597, the acceptor dye of NB,
and the mixed dye of PM597/NB corresponding to the red, black and blue curve, respectively. (b)
The luminescence decay curves of PM597 with (red curve) and without (black curve) NB.

A comprehensive study was carried out
regarding to the fluorescence emission
and random lasing performance of the
electrospun polymer fibers with different
PM597/NB dye ratio. The optimal FRET-
assisted random lasing action was
observed from the sample with the
PM597/NB ratio of 0.67/1, as shown in
Figure 5(a). The random lasing peaks
centered at 683.5 nm dominant the whole
lasing spectrum. As the ratio of
PM597/NB increased, a new group of
lasing peaks around 570 nm,
corresponding to the emission of PM597,
started to emerge in the emission
spectrum, see in Figures 5(b) and 5(c).
When the ratio of PM597/NB increased
up to 3/1, the original random lasing
peaks located in the emission band of NB
degenerated to a week fluorescence peak,
whereas the random lasing peaks could
be only found in the emission band of the
PM597. This is because the FRET
efficiency became weak as the proportion
of the doped PM597 increased. The
evaluation of the lasing spectra indicates
that the variation of the donor-accepter
ratio would influence the FRET
efficiency and further switch the random

lasing wavelengths. The random lasing
phenomenon observed in the electrospun
polymer fiber results from the light
multiple scattering caused by the
inhomogeneity of the internal structure of
the electrospun polymer fiber. Moreover,
we also prepared a control samplewith
only NB. No random lasing can be
observed in the control sample, because
the absorption of NB is quite low at the
standard pump wavelength (532 nm) and
the NB dye cannot be excited without
FRET process (see Figure S1 in the
Supplemental Material Information). In
view of this, the FRET-assisted
electrospun polymer fiber RLs has been
successfully demonstrated and its laser
properties can be tuned via controlling
the donor/acceptor ratio.
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Figure 5. The energy transfer random lasing
spectra from the samples with the PM597/NB
ratio of 0.67/1 (a), 1/1 (b), 1.5/1 (c) and 3/1 (d).

To further study the optical properties of
the FERT-assisted electrospun polymer
fiber RLs, the emission spectra of the

above-mentioned four samples at
different pump energy are measured, see
results in Figures 6(a), 6(c), 6(¢) and 6(g).
For all the four samples, a broad
spontaneous emission was observed at a
low pump energy. When the pump
energy increased over threshold, the
multi-mode spike peaks began to emerge
with the main peaks at wavelengths of
683.56 nm, 684.57 nm, 679.26 nm, and
572.68 nm, respectively. The dependence
of the integrated peak emission
intensities on the pump energy were
extracted from the corresponding
emission spectra, as shown in Figures
6(b), 6(d), 6(f) and 6(h). The integrating
range are 672.83 nm-693.03 nm for the
cases in Figures 6(b), 6(d) and 6(f) and
584.93 nm-563.84 nm for the case in
Figure 6(h). Laser threshold behavior
was observed in all four samples. Their
laser threshold values were determined to
be 132.5 pJ, 418.2 pJ, 315.5 pJ, and
40.93 pJ, respectively.
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Figure 6. Spectral properties of the FRET-assisted RL. The emission spectra of the four samples
with the PM597/NB ratio of 0.67/1 (a), 1/1 (c), 1.5/1 (e) and 3/1 (g) at different pump energy. The
corresponding integrated emission intensities of the four samples with the PM597/NB ratio of 0.67/1
(b), 1/1 (d), 1.5/1 (f) and 3/1 (h) at different pump energy

In random system, this spectral fluctuation
behavior is rich in the physical mechanism
reflecting the influence of randomness and
nonlinearity. Radnom lasing feedback is
provided by the multiple light scattering,
which may causes the randomness of the
random laser emission direction. To this end,
the lasing spectra of the sample with the

PM597/NB ratio of 0.67/1 were collected
and the collection point is controlled to has a
different distance from the pump region, see
Figure 7. The corresponding collection
configurations are shown in Figure S2 (see
the Supplemental Material Information). The
locations of the spectra detected points are
determined by a probe light source. Figure



S3 (see the Supplemental Material
Information) shows the post-section of the
microscope, in which the emission spectra
are collected by a fiber and analyzed by a
spectrometer. After the spectra measurment,
a halogen lamp is introduced in to the light
path by a fiber coupler, working as a probe
light. According to the reversibility principle
of light path, the halogen lamp light spots
(yellow spots in Figure S2) on the surface of
the sample are the locations of the spectra
detected points. Consequently, the separation
distance between the pumping points and the
spectra detected points can be determined. In
Figure 7, we traced three main lasing peaks
P1-Ps from the collected lasing spectra. It
was found that the wavelengths of the lasing
peaks are slight varied in different lasing
spectra. For the lasing peak P1, a ~0.3 nm
blue-shift (from 682.2 nm to 681.9 nm) has
been observed in the spectrum collected with
a distance of 229 um from the pump region.
Meanwhile, the lasing peak P> has a ~0.21
nm red-shift (from 685.12 nm to 685.33 nm)
in the case of 170 um separation distance.
For the lasing peak Ps, it was absence in
lasing spectra collected with a distance of
170 um and 193 pm from the pump region.
Such spectral variation can be attributed to
the inhomogeneity of the electrospun and
emitting directions of the excited random
lasing modes.® As a result, through
different collection points, the collected
lasing modes are different.
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Figure 7. Characterization of the randomness
in the FRET-assisted electrospun polymer fiber
random lasing. The RL emission spectra for
different reception location the electrospun
polymer fiber with the PM597/NB ratio of
0.67/1.

The traditional RL systems with single
gain materials has been demonstrated to
exhibit an intrinsic feature of intensity
fluctuation.* In our FRET-assisted
electrospun polymer fiber RL, it contains
two gain materials which form a multi-
energy level system with the assistant of
FRET process. To investigate whether
such multi-energy level RL shows the
similar feature, we measured the lasing
properties for several times under the
same experimental condition. Figure 8(a)
shows the random lasing spectra from
pulse to pulse pump for FRET-assisted
electrospun polymer fiber RL with
PM597/NB ratio of 0.67/1 at the same
pump energy ~ 450 pJ. It can be seen that
the random lasing wavelengths remain
unchanged, but their lasing intensities



vary from pulse to pulse. Moreover, we
measured  another  sample  with
PM597/NB ratio of 1/1 and similar
intensity  fluctuation behavior was
observed, as shown in Figure 8(b). There
results indicated that our FRET-assisted
electrospun polymer fiber RL is consisted
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with the single gain RL system regarding
to the intensity fluctuation. The physical
mechanism of this intensity fluctuation
behavior can be attribute to the strong
competition and coupling between the
numerous modes in the RL system.[**]
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Figure 8. Demonstration of random lasing spectra fluctuation. The random lasing with different
times pump with PM597/NB ratio of 0.67/1 (a) and 1/1(b).

Several recent studies have attempted to
describe the dynamic of this intensity
fluctuation phenomenon via the approach
on the basis of spin glass theory.[*>4€1 The
connection between spin-glass and RL is
established on the account of the analogy
between the continuous complex spin
variables and the lasing modes. For a
solid RL system, the scattering
configuration is fixed and the disorder of
the whole system does not change over
time, termed quenched. According to the
spin-glass  theory, the intensity
fluctuation (i.e. non-deterministic and
irreproducible behavior of the laser
modes) results from the frustration
caused by the quenched disordered
interaction, which corresponds to a
glassy light behavior. During the
transition to the glassy light regime, an
important phenomenon, the so-called
RSB has been observed in the single gain
RL system, which reveals the non-trivial

modes organization and correlation.[3+37]
To analyze the glassy behavior and
possible RSB transition in the multi-gain
RL system, we carried a statistical study
based on our FRET-assisted electrospun
polymer fiber RL using the replica
method. The replica in spin-glass system
stands for the identical system
realizations under the same experimental
condition. The RSB transition is
characterized by the variation of the
statistical distribution of Parisi overlap
parameter which is associated with the
system replica and reflects the interaction
of the different states in a spin glass
system. In the case of RL system, the
theoretical replica is related with the
amplitudes of the laser modes from the
same RL system under the same pump
energy in each shot. However, the phase
information of the laser modes is not easy
to be obtained in the experiments, which
hinders the evaluation of the laser modes



amplitudes. The only experimentally
accessible information of the laser modes
is the intensity magnitudes. Thus, the real
replica in RL system is defined as the
lasing spectrum containing the laser

. s 2
modes intensities I; < |a;|”, where g;

is the amplitude of the longitudinal mode
J- Under each pump energy, we measure
N system replicas (i.e. laser spectra).
The intensity fluctuation overlap
parameter g, an analogy to the Parisi
parameter, is introduced and calculated
as

q - > Aa(k)as(k)
BRGNS
where o, =1, 2,..., Ny are the different
replica indexes and A;(k) is the

intensity fluctuation of the i-th replica at
the wavelength index k. A;(k) is given

by the equation A;(k) = I;(k) — I;(k).

The total number of the overlap
parameter g is Ns(Ns-1)/2. Then, the
distribution P(q) of the overlap
parameters is analyzed to determine the
The “gaf” is revised to “gqs” System

regime. We first investigate the RSB
transition in  the  FRET-assisted
electrospun polymer fiber RLs with
PM597/NB ratio of 0.67/1. For each
pump energy, 1100 emission spectra are
collected. The wavelength index k is in
the range between 664.92 nm and 690.11
nm with a spectral resolution of 0.4 nm.
Figure 9 shows the distributions P(q) of
the overlap parameters calculated from
emission spectra at different pump energy.
It was found that the distribution P(q) are
centered around q=0 below the laser
threshold, as shown in Figures 9(a)-9(b).
This indicates that the modes are
independent, corresponding to the RL
system in an uncorrelated paramagnetic
regime. As the pump energyincreases, the
distribution P(q) broadens and finally
reaches the boundary of g=+1 with two
humps (Figures 9(c)-9(d)). This suggests
that the coupling between the laser modes
becomes stronger and results in a non-
trivial overlap distribution with the
increasement of energy, which is referred
as spin-glass phase. The variation from
paramagnetic regime to spin-glass phase
is a typical feature of the RSB transition.
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Figure 9. Distribution function of the overlap parameter q obtained from the FRET-assisted RL
with PM597/NB ratio of 0.67/1 at the pump energy of 50 uJ (a), 100 uJ (b), 300 wJ (c), and 500 pJ

(d).

To determine the relationship between
RSB transition and the pump energy the
dependency of the |g|max, the q value of
the maximum of P(|g]), on the pump
energy is calculated and plot in Figure
10(a). An abrupt increase of the |q|max
occurs at the pump energy of 130 pJ,
denoting the RSB transition from a
continuous wave paramagnetic regime to
a spin-glass regime. It is interesting to
find that this pump energy is just the laser
threshold determined in Figure 6(b).
Moreover, the glassy behavior in another
two FRET-assisted electrospun polymer
fiber RLs with the PM597/NB ratio of
1/1 and 1.5/1 was also studied. The
corresponding results are shown in
Figures S4 and S5 (see the Supplemental
Material Information), respectively. The
trend of the distribution P(q) obtained
from these two samples is qualitatively
the same with the first case, which proves

that RSB is always present in the FRET-
assisted RLs. Based on analyzing the
variation of the |g|max at different pump
energy, it was found that the RSB
transition also occurs at the laser
threshold, as shown in Figures 10(b)-
10(c). This result is in consistent with the
RSB transition in the single gain RL
systems reported in previous studies. It
seems that the existence of the two laser
dyes and FRET process will not influence
the glassy behavior and RSB transition in
the RL system. This is because the
duration time of the energy transfer is
much smaller than the lifetime of the
laser dyes and the total lifetime of the
FRET system is similar as that of a single
laser dye in the 10® s timescale.[*”]
Compared with the total experiments
time 20minutes (2 minutes fot each set of
measurement) in our case, the timescale
of the FRET process is too small to



influence the randomness and the
nonlinearity of the whole system.[*] Thus,
the glassy behavior in the FRET-assisted
RL shows no different with that in the
single gain RL system. In addition, we
conducted the glassy behavior in the
sample with PM597/NB proportion of
3/1 (Figure S6 in the Supplemental
Material Information). As mentioned in
above section, this sample only generates
the random lasing in the emission band of
the PM597 and can be regarded as a
traditional single-gain RL. The emission
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spectra collected from the sample is
selected in the spectral range between
550.8 nm and 575.14 nm. Similarly, the
RSB transition from a continuous wave
paramagnetic regime to a spin-glass
phase is observed at the laser threshold
(Figure 10(d)). In view of this, the RSB
transition is robust in the RL system with
and without FRET process, which can be
regarded as an indicator of the laser
threshold.
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Figure 10. The parameter |q| = gmax as a function of the pump energy for the samples with ratio of

0.67/1 (a), 1/1 (b), 1.5/1 (c) and 3/1 (d).

4.Conclusion

To summary, we introduce an advanced
technology — electrospun to construct a
FRET-assisted RL system, which
achieves efficient long-wavelength (=

650 nm) random lasing at the standard
pump wavelength (532 nm). The donor
(pyrromethene 597) and acceptor (nile
blue) laser dyes are introduced to the as-
fabricated  electrospun  micro-scale
polymer fiber to form a FRET system.



Under the excitation of 532 nm pump
laser, the energy transition from donor to
acceptor is observed and it depends on
the ratio between donor and acceptor.
The optimal FRET random lasing is
obtained from the electrospun polymer
fiber RL with a PM597/NB ratio of
0.67/1. Our work provides a new
approach to realize mass production of
RLs with FRET process, promoting the
development of RL for real application.
Furthermore, based on the statistical
study of the lasing properties in FRET-
assisted electrospun polymer fiber RL,
we observe the phase transition between
a continuous wave paramagnetic regime
(below threshold) and spin-glass regime
(above threshold) representing RSB
phenomenon. Our results prove that spin-
glass theory can be used to describe the
statistical properties of the FRET-assisted
RL system, which open up new
possibilities for the study of other glassy
behaviors in the RL system with complex
energy levels and energy cascaded
process, for example, quantum cascade
laser.
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