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Observation of Bright-Dark Soliton Pair in a Fiber
Laser With Topological Insulator
Bo Guo, Yong Yao, Jia-Jun Tian, Member, IEEE, Yu-Feng Zhao,
Shuai Liu, Meng Li, and Ming-Ran Quan
Abstract— The bright-dark soliton pair in a passively
mode-locked fiber laser based on the topological insulator:
Bi2 Se3 /polyvinyl alcohol (PVA) film in the proper polarization
state and the pump power is experimentally demonstrated.
By carefully adjusting the pump power and the polarization
state, the bright-dark soliton pair could be easily observed.
Furthermore, it is found experimentally that the formation of
the bright-dark soliton pair is mainly due to the polarization
effect based on the high nonlinear effect of topological insulator:
Bi2 Se3 /PVA film. We also demonstrate that the pulse shape of the
bright-dark soliton pair can be affected by the total net cavity
dispersion in the fiber laser.
Index Terms— Fiber laser, passive mode-locking, topological
insulator, bright-dark soliton pair.

I. I NTRODUCTION
HE soliton formed in single mode fibers, which
was predicted in 1973 and firstly observed in 1981,
attracted considerable attention due to their versatile
applications in optical communication, optical continuum
generation and optical-processing system [1]. Since 1991,
various passive mode-locking schemes, such as the nonlinear
polarization rotation [2], nonlinear amplifying loop mirror [3],
semiconductor saturable absorber mirror [4], carbon
nanotubes [5], graphene [6], [7], topological insulators [8],
and MoS2 [9], [10], have been used to realize the soliton
operation. So far, several kinds of soliton have been observed
in the optical fiber system, such as bright soliton, dark
soliton [11], similariton [12], dissipative soliton [13], and
so on. Interestingly, dark-dark, bright-bright, even darkbright soliton pairs may also exist due to the interactions
between the solitons, according to the soliton theory in [1].
Later, the dark-bright soliton pair was indeed theoretically
demonstrated in Kerr-type nonlinear medium [14], [15] and
was experimentally observed in the optical fiber system [16].
As we know, the bright-dark pulse pair could be generated
by the cross-phase modulation (two or more optical pulses)
or polarization effect (only one optical pulse) [1]. In 2012,
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Ning et al. reported on the bright-dark pulse pair caused
by the cross-phase modulation in a figure-eight dual-cavity
passively mode-locked fiber laser [17]. However, there is rare
paper reporting on the bright-dark soliton pair formed in a
single-cavity passively mode-locked fiber laser based on the
polarization effect until now.
Recently, a rising two-dimensional layer-by-layer material:
topological insulators (TIs), characterized by a robust metallic
edge or surface state and a narrow band-gap bulk topological
insulating state, have gained great scientific and technical
attention in physics, chemistry and material fields [18]. Similar
to the graphene saturable absorber (SA), the TIs have been
found to be another potential and efficient candidate for modelocked [19]–[23] or Q-switched [24]–[27] fiber lasers due to
their excellent saturable absorption nature. In 2012, Zhao et al.
firstly demonstrated the stable soliton pulses with 1.57 ps in
an erbium-doped fiber laser based on the TI: Bi2 Se3 SA [8].
In 2014, Liu et al. reported on the generation of optical pulse
with ∼660 fs in a fiber laser by using a PVA-based TI:Bi2 Se3
SA [23]. It should note that, however, only bright soliton was
obtained in these fiber lasers, there is no bright and dark
soliton were simultaneously observed. Therefore, it would be
interesting to know whether the bright soliton and dark soliton
could coexist in the fiber lasers with a TISA.
In this letter, we propose and demonstrate the generation
of bright-dark soliton pair due to the polarization effect
in a passively mode-locked fiber laser based on the TISA.
By properly adjusting the pump power and the polarization
state, the bright-dark soliton pair could be stably initiated.
We also discuss the effect of the total net cavity dispersion
on the pulse shape of the bright-dark soliton pair. This letter
provides the first example of the simultaneous existence of
both dark soliton and bright soliton based on the polarization
effect in a passively mode-locked fiber laser with a TISA.
II. TISA P REPARATION AND C HARACTERISTICS
Currently, the high-quality TI: Bi2 Se3 /PVA film used in
our experiment was obtained by the liquid-phase exfoliation/
spin-coating method [26], as shown in Fig. 1(a). First, we synthesized the Bi2 Se3 crystal from Bi2 O3 powder and Se powder
through the hydrothermal method. Then, the as-synthesized
Bi2 Se3 powders were added into the N-methyl-2-pyrrolidone
solution and 24 hours by ultrasound to produce the welldispersed TI: Bi2 Se3 suspension. Thereafter, we put some
PVA powder into the TI: Bi2 Se3 solution with ultrasonic
agitation for 2 hours. Finally, we sprayed the TI: Bi2 Se3 /PVA
suspension onto a glass substrate by the spin-coating method
and dried in an oven to obtain the TI: Bi2 Se3 /PVA film.
Before transferring the TI: Bi2 Se3 /PVA film into the
laser cavity, we firstly characterized its thickness (∼25 μm)
and crystalline structure with an alpha-step profiler (Surface
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Fig. 1.
(a) The photograph and (b) the Raman spectrum of the
TI: Bi2 Se3 /PVA film.

Fig. 3. The experimental setup of our proposed fiber laser. Inset: top, the
photograph of the mode-locker; bottom, the photograph of the pigtail with
the TI: Bi2 Se3 /PVA film (gray color).

unidirectional operation of the ring cavity and adjust the
polarization state of the propagation light, respectively.
The optical performance of the pulse was monitored by
an optical spectrum analyzer (ANDO, AQ-6317B) with
spectral resolution of 0.01 nm, a photo-detector (Thorlabs
PDA 2GHz) combined with a 1 GHz mixed oscilloscope
(Tektronix MDO4054-6, 5 GHz/s) and a power meter.

Fig. 2.

The nonlinear transmission characteristic of the TISA.

Profiler P-10, KLA-Tencor) and a Renishaw inVia microRaman system (Renishaw Inc., New Mills, U.K.), respectively.
Fig. 1(b) depicts the Raman spectra of the TI: Bi2 Se3 in the
range of 60-240 cm−1 using the 514 nm excitation line at room
temperature. Three typical Raman peaks, corresponding to
A11g (∼71.2 cm−1 ), E2g (∼130 cm−1 ) and A21g (∼171.6 cm−1 ),
are consistent with the previously reported Raman spectra
of the TI: Bi2 Se3 [23]. Clearly, the TI: Bi2 Se3 nanosheets
keep their crystalline structure well even though they are
embedded into PVA matrix. Next, the TI SA parameters,
such as saturation intensity (∼25 MW/cm2 ) and modulation
depth (∼3.8%) were determined by the open-aperture Z-scan
technique performed in an experimental setup similar to that
in [25], as shown in Fig. 2. Furthermore, the inserting loss of
the mode-locker is about 2.9 dB, was measured by a power
meter.
III. E XPERIMENTAL S ETUP
The experimental setup of our proposed fiber laser is
sketched in Fig. 3. The laser cavity consists of a piece of
∼ 5 m highly doped Erbium-doped fiber (Core active
L-900,
EDF)
with
dispersion
parameter
of
∼−16.3 ps/(km·nm) and peak absorption of 14.5 dB/m
at 1530 nm and ∼185 m single mode fiber (SMF) with
dispersion parameter of 18 ps/(km·nm). The total net cavity
dispersion is ∼−4.15 ps2 . A fiber-pigtailed 976 nm laser
diode (980-500-B-FA, LD) via a fused 980/1550 wavelengthdivision multiplexer (WDM) is used to pump source and a
10:90 optical coupler (OC) is employed to extract the output
of the laser beam. A polarization independent isolator (ISO)
and a polarization controller (PC) were used to force the

IV. E XPERIMENTAL R ESULTS AND D ISCUSSIONS
First, we test the operation characteristics of the fiber laser
without incorporating the TI: Bi2 Se3 /PVA film. By adjusting
the pump strength and the cavity polarization state in a
wide range, there is neither mode-locking nor dual-wavelength
pulses generation, which exclude the possibility of self-modelocking of the laser and the Fabry-Perot cavity effect of the
mode-locker. Next, a small piece of sample (∼1×1 mm2 ),
was cut from the TI: Bi2 Se3 /PVA film, spliced into one of
the two optical connectors in the laser cavity and formed a
mode-locker, as shown inset of the Fig. 3. Continuous wave
operation started at a pump power of about 15 mW and the
self-started mode-locking occurred at about 25 mW. A series
of experiments show that the stable bright-dark soliton pair
can be easily obtained by rotating the PC carefully.
Here, we focus our discussion on the optical characteristics of the bright-dark soliton pair at the pump power of
97.3 mW in our proposed fiber laser. By properly adjusting the PC, the typical optical spectrum of optical pulse
is obtained, as shown in the Fig. 4(a). Clearly, we almost
didn’t observe the Kelly sidebands, this may be attributed to
the spectral filtering effect which caused by the combination
of the polarization of polarization controller and intra-cavity
birefringence of SMF. Interestingly, the spectrum shows an
M-shape profile, which is similar to the previous report [2],
implying that the formation of the pulse may be also associated with the cavity feedback and the gain competition. By
adjusting the oscilloscope triggering level above or below the
noise, bright or dark pulse could be observed, respectively.
Surprisingly, the bright pulse and the dark pulse could be
observed simultaneously by properly adjusting the oscilloscope triggering level, as depicted in Fig. 4(b). Based on the
soliton theory in [1], we call it bright-dark soliton pair, which
exhibits the shape-preserving property of soliton over a long
time. This pulse train has a period of 920.8 ns, which matches
with the cavity roundtrip time, thus verifies the mode-locking
operation of the fiber laser. Fig. 4(c) shows its corresponding
single pulse profile of the bright-dark soliton pair. Clearly, for
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Fig. 5. The RF spectrum of the bright-dark soliton pair measured in wider
frequency range (1GHz).
Fig. 4. Typical optical characteristics of the bright-dark soliton pair at the
pump power of 97.3 mW. (a) the output optical spectrum; (b) the pulse train;
(c) the corresponding single pulse profile of the bright-dark soliton pair and
(d) the corresponding RF spectrum.

the bright soliton and the dark soliton, it shows an asymmetric
profile with different pulse intensity and pulse width, which
is different from the symbiotic solitary-wave pairs in the
previous reports [16], [17]. This may be caused by the highorder nonlinear effect of the TI: Bi2 Se3 /PVA film. Here, the
μm-scale film can be viewed as the high-nonlinear fiber at the
same pump power, benefits from its giant nonlinear refractive
index of 10−14 m2 /W (almost six orders of magnitude larger
than that of bulk dielectrics) [28]. As we know, due to the slow
response time of our photodetector and sampling oscilloscope,
the single oscilloscope trace could not reflect the real pulse
duration for the ultrafast pulses. Therefore, a commercial
optical autocorrelator (FR-103XL) was used to measure the
pulse-width of the bright-dark soliton pair. Surprisingly, no
autocorrelation trace was obtained. Meanwhile, we noticed
that there was no autocorrelation trace observed in [16] either.
So, we think it should be attributed to the inherent feature of
the bright-dark soliton pair in the fiber laser.
To investigate the stability of the bright-dark soliton pair,
we also measured its radio frequency (RF) spectrum, as
depicted in Fig. 4(d). Its fundamental peak, located at the
cavity repetition rate of 1.086 MHz, has a signal-to-noise ratio
of ∼62 dB, indicating good stability and further confirming
the mode-locking operation of the bright-dark soliton pair.
To investigate the long-term stability of the bright-dark soliton
pair, we measured its RF spectrum in wider frequency range,
as shown in Fig. 5. The wide-band RF spectrum shows a
little spectral modulation, the reason could be interpreted as
follows. Unlike single-wavelength mode-locking, the dualwavelength operation exhibits two fundamental repetition rates
corresponding to two mode-locked states. The intensities of
two RF peaks have small fluctuations due to their different
net cavity dispersion, and thus the power of each mode-locked
operation varies slightly.
Notably, for the bright-dark soliton pair in Fig. 4(c), the
shape profile of the bright pulse deviated seriously from
that of conventional soliton, implying that, the dynamics of
the bright-dark soliton pair may be affected by the cavity
dispersion base on the dispersion theory in [1]. Therefore, we
consider the effect of the total net cavity dispersion (β2,cavity)
on the pulse shape profile of the bright-dark soliton pair by
only adjusting the length of the single mode fiber (LSMF )

Fig. 6.
Typical time-domain characteristics of the bright-dark soliton
pair with different length of the single mode fiber (a) the pulse train and
(b) the corresponding single pulse profile of the bright-dark soliton pair
when LSMF = 132.5 m, β2,cavity = ∼−2.94 ps2 ; (c) the pulse train and
(d) the corresponding single pulse profile of the bright-dark soliton pair when
LSMF = 115 m, β2,cavity = ∼−2.54 ps2 .

in the proposed laser cavity. To this end, we shorten LSMF
from ∼185 m to ∼132.5 m, even ∼115 m, the bright-dark
soliton pair still exists, as depicted in Fig. 6. Clearly, the
shape of the bright-dark soliton pair becomes smoother and
more closer the conventional soliton though still asymmetric.
Interestingly, compared with bright pulse, dark pulse shows
better stability and less influence of the cavity dispersion, as
shown in Fig. 4(c), Fig. 6(b) and Fig. 6(d). So, we believe
that the total net cavity dispersion has important effect on
the formation and dynamics of the bright-dark soliton pair.
In experiment, we also test that the damage threshold of
the mode-locker is about 200 mW and observe the harmonic
mode-locking of the bright-dark pair. Finally, we remove the
mode-locker, there is no bright-dark soliton pair observed no
matter how adjust the triggering level, pump strength and the
cavity polarization state in a wide range.
To understand why the bright-dark soliton pair could be
formed in our laser, we notice that Manakov had once theoretically studied the propagation of a single optical pulse in high
birefringent fibers using a set of coupled nonlinear Schrödinger
equations [29]. They pointed that a dark pulse on the slow
axis and a bright pulse on the fast axis could simultaneously
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Fig. 7. Separated measurement of the pulse train of the bright-dark soliton
pair under the external cavity rotatable polarizer. (a) the bright soliton;
(b) the dark soliton when LSMF = 18.3 m, β2,cavity = ∼−0.32 ps2 .

propagate without distortion over long time. As we know,
TI: Bi2 Se3 shows a giant nonlinear refractive index [28], which
can naturally induce a high nonlinear effect to generate the
bright-dark soliton pair in our laser cavity. In order to further
verify the polarization characteristics of the bright–dark soliton
pair, an external cavity rotatable polarizer is used to observe
the alteration of the soliton pair profile. Through rotating the
polarizer from 0° to 90°, the bright and dark soliton could
be eliminated in turn, as shown in Fig. 7, which is similar
to [17]. Therefore, we believe that the passively mode-locked
fiber laser with a TISA can support a pair of solitons which
composed of one dark soliton and one bright soliton in the
proper polarization states and pump power.
Finally, the two-dimensional materials deposited microfibers
were demonstrated to be the good candidates of highlynonlinear photonic device in fiber lasers [20], [30]. We hope
the bright-dark soliton pair could be also observed by them in
the future research.
V. C ONCLUSION
In conclusion, we have experimentally demonstrated a
bright-dark soliton pair in a passively mode-locked fiber
laser based on polarization effect with a topological insulator
saturable absorber. By properly adjusting the pump power and
the polarization state, the bright-dark soliton pair could be
stably initiated. Furthermore, it is found experimentally that
the formation of the bright–dark soliton pair is mainly due
to the polarization effect based on the high nonlinear effect
of TI: Bi2 Se3 . In addition, we also discuss the effect of the
cavity dispersion on the pulse shape of the bright-dark soliton
pair. We hope the propagation and interaction mechanism of
the bright-dark soliton pair will be well discussed in the future
research.
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