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Abstract—We reported on the observation of versatile multi-
soliton patterns in an erbium-doped fiber laser with a microfiber-
based topological insulator (TI) photonic device. Taking advantage
of both the high third-order nonlinear susceptibility and excellent
saturable absorption of TI, various multi-soliton formations, such
as soliton molecules, bound solitons, and soliton rains could be
easily obtained at a low pump power. These results might deepen
the understanding of nonlinear dynamics of multi-soliton patterns,
and further demonstrate that the TI deposited microfiber could
operate as a high-performance photonic device with both highly
nonlinear effect and saturable absorption for the related optics
applications.

Index Terms—Fiber lasers, multi-soliton patterns, passive mode-
locking, saturable absorber, topological insulator.

I. INTRODUCTION

T EMPORAL solitons in single mode fibers (SMFs) have at-
tracted considerable theoretical and experimental studies

in recent decades since they were first observed by Mollenauer
et al. in 1980 [1]. As one of the soliton pulse sources, pas-
sively mode-locked fiber lasers have been demonstrated to be
the excellent platforms to investigate the nonlinear dynamics of
solitons. Up to now, through properly selecting the cavity param-
eters, different types of soliton formations have been observed
in passively mode-locked fiber lasers, such as dissipative soli-
ton [2]–[6], dissipative soliton resonance [7]–[10], vector soli-
ton [11]–[15] and multi-soliton operation [16]–[21]. Different
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from the single-soliton operation, when multiple solitons ap-
pear in the laser cavity, there exist the interactions among soli-
tons, dispersive waves and continuous waves. Therefore, mul-
tiple solitons will evolve dynamically via interactions and fi-
nally form various patterns in fiber lasers [22], [23]. Since the
multi-soliton patterns present more physical features, it would
be meaningful and interesting to investigate the multi-soliton
operation in passively mode-locked fiber lasers.

As we know, according to the soliton area theorem [24],
the peak power of the soliton in a passively fiber laser oper-
ating in anomalous dispersion regime would be limited if the
average nonlinear parameter is high. In this case, the single
pulse operation will break up into multiple solitons. Indeed, the
multi-soliton patterns could be frequently observed if a passively
mode-locked fiber laser contains a saturable absorber (SA) and
highly nonlinear effect. In the fiber lasers constructed by the
SMFs, the highly nonlinear effect experienced by the solitons
could be achieved by increasing the pump power. Thus, in or-
der to effectively generate various multi-soliton patterns in fiber
lasers, the pump power needs to be increased to a high level,
i.e., 450 mW for soliton rains formation [16], which makes
it inconvenient to fully investigate the dynamics and features
of multi-soliton patterns. Enlightened by the formation mecha-
nism of multi-soliton patterns, supposing that a single photonic
device simultaneously possesses both the saturable absorption
and high nonlinearity, it would be beneficial for observing the
dynamics of multi-soliton patterns in a more convenient way.

Recently, topological insulators (TIs), as one of the graphene
analogues, have been demonstrated to be an excellent photonic
material in fields of ultrafast optics and nonlinear photonics.
Since Bernard et al. first revealed the saturable absorption of
TIs in 2012 [25], the passive mode-locking or Q-switching has
been achieved experimentally at different wavebands based on
the TI SA [26]–[38]. The broadband saturable absorption could
be attributed to the combination of the small band gap in its
bulk state and the gapless metallic state in its surface of TIs
[39]. In fact, apart from the saturable absorption effect, Lu et al.
also demonstrated that TIs exhibit a giant nonlinear refractive
index of 10−14 m2/W, almost six orders of magnitude larger
than that of bulk dielectrics [40]. These results indicate that
TIs could be potentially employed as dual-functional photonic
device with the saturable absorption and highly nonlinear ef-
fects. Moreover, by virtue of the unique geometric character-
istic, we demonstrated that the TI-deposited microfiber could
serve as highly nonlinear SA photonic device by increasing the
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Fig. 1. (a) SEM image of Bi2 Se3 nanosheets; (b) Raman spectrum of the
Bi2 Se3 nanosheets.

interaction length between the TI and propagation light, which
could find potential applications of nonlinear pulse shaping
in fiber lasers [41]. Therefore, considering the excellent per-
formance of microfiber-based TI photonic device both on the
saturable absorption and high nonlinearity, a question would
naturally arise as to whether various multi-soliton formations
could be achieved in fiber lasers by using a microfiber-based TI
photonic device.

In this work, by virtue of the highly nonlinear effect and sat-
urable absorption simultaneously provided by the microfiber-
based TI photonic device, we investigated the versatile multi-
soliton formations in an erbium-doped fiber (EDF) laser. At
a low pump power, the multi-soliton patterns such as soli-
ton molecules, bound solitons and soliton rains could be eas-
ily observed. The obtained results further demonstrate that the
microfiber-based TI could be employed as a high-performance
photonic device with both highly nonlinear effect and saturable
absorption, which could find important applications in fields
such as ultrafast nonlinear optics.

II. FABRICATION OF MICROFIBER-BASED TI PHOTONIC DEVICE

In this experiment, the microfiber-based TI photonic device
was fabricated by depositing TI onto the microfiber, similar to
the method of [42]. The TI: Bi2Se3 samples were synthesized
by hydrothermal intercalation and exfoliation method, which
is the same as that we previously used [28]. Fig. 1(a) shows
the scanning electron microscope (SEM) image of the Bi2Se3
nanosheets. The layered structure of Bi2Se3 nanosheets can be
clearly identified. The Raman spectrum is presented in Fig. 1(b),
where we can observe three typical Raman peaks of Bi2Se3 :
A1

1g centered at ∼72 cm−1 , E2
g centered at ∼130 cm−1 and

A2
1g centered at ∼173 cm−1 [43], [44].
Then the TI samples were dispersed in the acetone with a con-

centration of 0.1 mg/ml. Using flame-brushing technique, the
microfiber was drawn from the standard SMF. In this work the

Fig. 2. (a) Scattering evanescent field of microfiber observed by the visible
light; (b) Experimental setup for the fabrication of microfiber-based TISA; (c)
Microscopy image of fabricated microfiber-based TISA.

diameter of the microfiber was ∼8 μm. It should be noted that
the SMF at two ends of the microfiber were still kept during the
fabrication process. Thus, it is convenient to make the microfiber
compatible with SMF in the rest of the cavity. Through launch-
ing the visible light, we could observe the scattering evanescent
field of the microfiber, as shown in Fig. 2(a). The experimental
setup for the fabrication of microfiber-based TISA was shown
in Fig. 2(b). As can be seen here, the pumping source for depo-
sition is an amplified spontaneous emission (ASE) light source
at C band which is further amplified by a commercial EDFA.
The output power after amplification is about 34 mW. First,
we dropped the proper amount of TI solution which covers the
waist region of microfiber. Then we turned on the ASE source
and the optical deposition of TI started. As we know, the de-
posited amount of TI is directly proportional to the deposition
time. Thus, in order to control the deposition amount of TI, the
deposition process was in situ observed by a microscope with
a magnification of 100-folds. When the deposition amount is
appropriate, we turned off the ASE light source and the deposi-
tion process was completed. For this experiment, the deposition
length of TI is estimated to be ∼800μm. Therefore, the nonlin-
earity of the microfiber-based TISA is much larger than that of
a deposition one [45], which is more beneficial for observing
soliton nonlinear dynamics. After the deposition process, the
fabrication of microfiber-based TI photonic device was accom-
plished, as presented in Fig. 2(c). We can see that the TI is well
deposited onto the microfiber. Using the same setup for saturable
absorption measurement reported in [41], the modulation depth
and the non-saturable loss were 5.57% and 68.69%, respec-
tively, indicating that the fabricated TI photonic device could be
used as a mode locker in fiber lasers. No evident polarization
dependent loss of the microfiber-based TISA is observed, which
was measured to be 0.2 dB in our experiment.

III. EXPERIMENTAL SETUP

To check the performance of the microfiber-based TI photonic
device, we incorporated it into a laser cavity. The schematic of
the proposed EDF laser with the microfiber-based TI photonic
device is illustrated in Fig. 3. A ∼5 m EDF with a dispersion
parameter of −7.9 ps/nm/km is served as the gain medium.
All the other fibers are standard SMF. The total cavity length
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Fig. 3. Schematic of the proposed EDF laser with microfiber-based TI pho-
tonic device.

is ∼30 m. Thus, the cavity dispersion is −0.49 ps2, indicating
that the fiber laser operates in the anomalous dispersion regime.
Two polarization controllers (PCs) are employed to adjust the
polarization state of the propagation light, which could be also
used to change the phase relationships of the multiple solitons.
In order to ensure the unidirectional operation of the fiber laser,
a polarization-independent isolator is employed. A 10% fiber
coupler is used to take the laser output, which is monitored
by an optical spectrum analyzer (OSA, Anritsu MS9710C) and
an oscilloscope (LeCroy Wave Runner 104MXi, 1GHz) with a
12.5 GHz high speed photodiode detector (New Focus P818-
BB-35F). In addition, the pulse profile is measured with an
autocorrelator (FR-103XL).

IV. EXPERIMENTAL RESULTS

A. Soliton Molecules

The passive mode-locking could be easily achieved due to the
saturable absorption effect of the microfiber-based TI photonic
device. Note that the fiber laser was always inclining to emit
multiple solitons because of the highly nonlinear effect intro-
duced by the TI [46]. However, by virtue of pump hysteresis
phenomenon [47], the mode-locked pulse at the fundamental
repetition rate could be still obtained at the pump power of
21.3 mW. After achieving single soliton operation, the pump
power was carefully adjusted. When the pump power was in-
creased to 82.4 mW, several stable peaks appeared suddenly on
both sides of the original autocorrelation peak. The appearance
of additional peaks on the autocorrelation trace indicates that
the soliton molecule in the fiber laser was formed [48]. Fig. 4(a)
presents a typical autocorrelation trace of the obtained soliton
molecule. Here, we can see that there are five peaks with ∼560
fs separation on the autocorrelation trace, suggesting that the
soliton molecule was constructed by three solitons. Note that
different time separation and pulse number could be observed
inside the soliton molecule as the PCs and pump power were
slightly tuned. Fig. 4(b) presents the corresponding spectrum
of the soliton molecule. The center wavelength and the 3-dB
bandwidth are 1529.96 and 2.32 nm, respectively. In this case,
no modulations could be observed on the spectrum of soliton
molecule, which is different from the phase locked bound soli-
tons. It might be attributed to the independently evolving or
flipping phases of the soliton molecule [49], [50].

Fig. 4. Soliton molecule. (a) Autocorrelation trace; (b) Spectrum.

B. Bound Solitons

As we know, the phase relationship and the pulse separation
of multiple solitons could evolve when the solitons propagate
in the laser cavity. However, under certain parameter selections
such as pump power and PC settings, the phase relationship and
the pulse separation could be fixed among the multiple solitons.
In this case, the multiple solitons will bound together and form
so-called “bound solitons”. Note that the rotations of PCs could
change the phase relationships of the multiple solitons. Thus,
to enable the fiber laser to operate in bound soliton state, we
fixed the pump power at 82.4 mW and carefully rotated the
PCs. Then an evident change in the mode-locked spectrum is
the appearance of spectral modulations, as shown in Fig. 5(a).
The spectral modulation is a typical characteristic of bound soli-
tons, which is attributed to the interference caused by the fixed
phase relationship in the bound solitons [51]. Here, the period
of the spectral modulation is 0.35 nm, which corresponds to a
pulse separation of ∼22.9 ps inside the bound solitons. Then the
fine structure of the bound solitons in time domain was checked
by an autocorrelator. The measured result is shown in Fig. 5(b).
There are three peaks on the autocorrelation trace, indicating
that two solitons are bounded together. The separation among
the autocorrelation peaks is ∼22.9 ps, which is well consistent
with the 0.35 nm spectral modulation period. In the experiment,
either the slight rotation of PCs or adjustment of pump power
would destroy the phase relationships among the multiple soli-
tons, causing the disappearance of bound states in the fiber laser.
However, since the multiple solitons could be easily achieved
due to the highly nonlinear effect generated by the microfiber-
based TI photonic device, the bound solitons could be frequently
observed as long as the cavity parameters were properly set.
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Fig. 5. Bound solitons. (a) Spectrum; (b) Autocorrelation trace.

C. Soliton Rains

With the increasing pump power, due to the peak power
clamping effect, the soliton number inside the laser cavity would
be also increased. During the process of increasing pump power,
the multiple solitons evolved dramatically and they could be
formed into harmonic mode-locking or chaotic states. How-
ever, when the pump power was adjusted to be 216 mW and
the PCs were properly rotated, another interesting multi-soliton
dynamic pattern, namely soliton rains, could be observed on
the oscilloscope. The case of soliton rains obtained from the
proposed fiber laser is shown in Fig. 6. Fig. 6(a) shows the
spectrum of the soliton rains, whose central wavelength and
the 3-dB spectral bandwidth are 1531.07 and 2.88 nm, respec-
tively. Being different from the above-mentioned static multi-
soliton patterns such as soliton molecules and bound solitons,
here a cw component appeared on the mode-locked spectrum.
It has been demonstrated that the cw component facilitates the
interactions among multiple soliton [52], [53], which is favor-
able for the formation of soliton rains [16]. The corresponding
pulse-train of soliton rains is illustrated in Fig. 6(b). For the
purpose of better clarity, the pulse-train with smaller scan range
is also shown in Fig. 6(c), where we can see that the soliton
rains consist of three field components: a condensed phase, a
set of isolated drifting solitons, and a noisy background [16],
[17]. The full width at half maximum of the condensed phase
is measured to be 2.97 ns. In this case, on the oscilloscope we
could observe that some new solitons arise from the background
fluctuations and then drift to the right of the oscilloscope, until
they finally reach the condensed phase, which is in agreement
with the phenomenon of soliton rains.

Fig. 6. Soliton rains. (a) Spectrum; (b) Pulse-train; (c) Pulse-train with small
measurement range.

V. DISCUSSIONS

In fact, the nonlinear effect could play an important role in
the evolution and dynamics of various soliton formations in pas-
sively mode-locked fiber lasers. Therefore, under the condition
of inserting a microfiber-based highly nonlinear TI photonic de-
vice, the mode-locked soliton would break into multiple solitons
to balance the accumulated cavity nonlinearity. Then the versa-
tile multi-soliton patterns could be formed via the interactions
among the solitons, dispersive waves and continuous waves in-
side the cavity. We should stress that, compared with the mode-
locking techniques such as nonlinear polarization rotation and
nonlinear amplifying loop mirror, the mode-locking operation
could be more efficiently obtained by inserting a real SA (i.e., TI
SA). Thus, by virtue of the excellent saturable absorption abil-
ity of the TI, the multi-soliton patterns could be easily observed
without careful parameter selections such as PC adjustments. In
addition, note that only three types of mutli-soliton operations
were observed. However, since the proposed microfiber-based
TI photonic device strongly facilitates the formation of multi-
soliton patterns, it is believed that other multi-soliton patterns
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such as soliton bunching, soliton flow and soliton crystal could
be also obtained by further selecting the cavity parameters, i.e.,
cavity dispersion, pump power level and PC settings. Finally,
the experimental results further confirmed that the TI-deposited
microfiber could be employed as a highly nonlinear photonic
device for investigation of soliton dynamics. Therefore, it is be-
lieved that the proposed microfiber-based TI photonic device
could also find potential applications in the field of third-order
nonlinear optics such as generation of four-wave-mixing effect
[54] and optical Kerr switch [55].

VI. CONCLUSION

In conclusion, we have demonstrated the formation of versa-
tile multi-soliton patterns from an EDF laser with a microfiber-
based TI photonic device. By utilizing the highly nonlinear ef-
fect and excellent saturable absorption of the microfiber-based
TI photonic device, different multi-soliton states such as soli-
ton molecules, bound solitons and soliton rains could be easily
observed in the fiber laser at a low pump power. The achieved
results indicated that the TI-deposited microfiber could serve
as a dual-functional photonic device with both highly nonlin-
ear effect and saturable absorption, which could find important
applications in related fields of nonlinear photonics.
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