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Manganese dioxide (MnO,) is a widely used and well-studied 3-dimensional (3D) transition metal oxide,
which has advantages in ultrafast optics due to large specific surface area, narrow bandgap, multiple
pores, superior electron transfer capability, and a wide range of light absorption. However, few studies have
considered its excellent performance in ultrafast photonics. y-MnO, photonics devices were fabricated
based on a special dual-core, pair-hole fiber (DCPHF) carrier and applied in ultrafast optics fields for the
first time. The results show that the soliton molecule with tunable temporal separation (1.84 to 2.7 ps) and
600-MHz harmonic solitons are achieved in the experiment. The result proves that this kind of photonics
device has good applications in ultrafast lasers, high-performance sensors, fiber optical communications,
etc., which can help expand the prospect of combining 3D materials with novel fiber for ultrafast optics

device technology.

Introduction

Three-dimensional (3D) transition metal oxides have tradi-
tionally functional material of interest, mostly with narrow
energy bandwidths and often as insulators with antiferromag-
netic configurations [1,2]. Therefore, 3D transition metal oxides
have a series of very peculiar physical phenomena that exhibit
properties significantly different from those of conventional
metals and semiconductors. In addition, because of the diver-
sity of valence states of transition metals, it is possible to
synthesize a variety of oxides with different combinations of
different morphologies, so that they have their unique optical,
electrical, and magnetic properties, which make them impor-
tant for applications and research in photodetection [3-5],
saturable absorption [6,7], catalysts [8,9], and sensors [10-12].
The more widely studied and applied ones are Mn,0O,, Fe,O,,
Co,0,, Ni,O,, etc. In 2017, Mao et al. [13] achieved Q-switched
pulse output using Fe,0, as a saturable absorber (SA); in 2020,
Rizman et al. [14] achieved Q-switched pulse output based on
NiO asaSA;in 2021, Liet al. [15] achieved mode-locked pulsed
output based on Co;0, as a saturable absorber. Although many
results have been obtained in the study of transition metal
oxides for ultrafast optics, the research still needs to be further
expanded compared to numerous transition metal oxides. For
example, manganese dioxide (MnO,), the most widely used of
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Mn,O,, has been little studied for ultrafast optics applications;
in 2016, Hattori et al.[16] achieved Q-switched output using
MnO, in an Yb-doped fiber laser, and in 2020, Heng et al. [17]
completed Q-switched operation using MnO, nanosheets in
an Er-doped fiber laser. MnO, can form many different con-
figurations (a-MnO,, B-MnO,, y-MnO,, and §-MnO,) by dif-
ferent common prongs or shared vertices due to its crystal
structure unit of [MnOg] octahedra [18]. Among them, y-MnO,
is a microsphere formed by the self-assembly of nanosheets,
which has the structural characteristics of a narrow bandgap
and high specific surface area common to MnO,, and the irreg-
ularity of cell growth makes defects and vacancies arise, which
makes the structure have many advantages of multipore and
large contact area, good interaction with light, and stable per-
formance structure in air environment [19-22], so it is suitable
for making novel photonics devices.

Most of the current methods of making photonics devices
by combining materials with novel fibers have the problems of
short interaction length between light and materials and diffi-
culty in preservation, which is therefore difficult to mass pro-
duce and preserve for along time. Thus, it is a new exploration
direction to find a carrier that is stable and can interact with
the material at a relatively long distance to make photonics
devices. The fiber with a hollow structure is highly popular in
the fabrication of many photonic devices because of its good
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sealing, special microstructure, and excellent performance in
supporting high power [23-26]. In some works, photonics
devices have been fabricated using fibers with hollow structures
as carriers with good results. In 2015, Gao et al. [27] obtained
dissipative soliton output using photonic crystal fiber (PCF)
filled with Bi,Se, as SA; in 2016, Li et al. [28] obtained mode-
locked pulse output using PCF filled with carbon nanotubes as
SA; and in 2020, Zuo et al. [29] obtained stretched-pulse output
using PCEF filled with MoS, as SA. Until now, researchers are
still exploring the options of combining special fiber with novel
materials to achieve the effect that is similar with artificial SAs
[30]. However, the hollow aperture of conventional PCF fiber
is too small for material filling, while the special fiber with a
large hollow aperture has the structural feature of easy filling,
which is equivalent to a microvessel and can control the action
distance. Compared with D-shaped, tapered fiber, and sand-
wich type, the dual-core, pair-hole fiber (DCPHF) is a good
platform due to without processing and excellent sealing per-
formance [31,32]. Adding the new material as a modulation
medium also allows adding some external control methods to
achieve more parameter modulation.

In this paper, we utilized a DCPHF as a carrier to fill y-MnO,
into the fiber using capillary action to fabricate a novel pho-
tonics device. We applied this device to the Er-doped fiber laser
to achieve the pulse output of 1,561 nm, and the pulse width is
967.5 fs. We also achieved soliton molecules output with center
wavelengths at 1,560.6 and 1,561.4 nm. The corresponding
modulation period is 3 and 4.4 nm, respectively. In addition,
we achieved 37th (600 MHz) harmonic soliton with a pulse
width of 1.18 psin 1,561 nm. The results show that this y-MnO,
DCPHEF has excellent performance and application prospects
in nonlinear fiber optics and ultrafast photonics [33-38].

Materials and Methods

The y-MnO, synthesized by hydrothermal method [39]: First,
4.575 g of (NH,),S,04 and 3.375 g of MnSO ,-H,O were weighed;
then the 2 drugs were dissolved in 400 ml of deionized water;
and after they were fully dissolved, the drugs were transferred
to a polytetrafluoroethylene-sealed autoclave. The hydrother-
mal reaction was continued for 24 hours at 90 °C under atmo-
spheric pressure. Then, the precipitate of the above drug was
filtered and washed with deionized water until the pH value
reached about 7. Last, the product was calcined at 300 °C for
4 hours to synthesize y-MnO, microspheres.

To characterize the properties of y-MnO,, we have per-
formed material characterization of the prepared y-MnO,.
Figure 1A provides the scanning electron microscope (SEM)
images of the y-MnO, material in the scale range of 2 pm.
¥Y-MnO, presents a sea urchin-like structure with a diameter
of about 6 pm in the image self-assembled from strips of nano-
sheets. The elemental mapping of y-MnO, is shown in Fig. 1B
and C. In Fig. 1D to E, TEM images were measured at 2-pm,
500-nm, and 5-nm magnification sizes, respectively. The image
analysis reveals that the sample consists of striped nanosheets
composed of sea urchin-like microspheres, and a (120) crystal
plane with a lattice spacing of 0.396 nm can be detected in its
long striped nanosheets, corresponding to the y-MnO, sample
in orthorhombic phase.

To analyze more accurately the elemental composition,
chemical state, and molecular structure of MnO,, the x-ray
photoelectron spectroscopy (XPS) was characterized. Figure
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1G shows the full spectrum of the sample, demonstrating the
presence of Mn 2s, Mn 2p, O 1s, and C 1s. The XPS spectrum
of Mn at 653.3 and 641.8 eV in Fig. 1H are attributed to the
self-selected orbital splitting of Mn 2p,,, and Mn 2p,,. The
binding energy peaks of O 1s in Fig. 1T are 529.3 and 531.6 eV
from lattice oxygen and surface-adsorbed oxygen, respectively.
To know the crystal structure of MnO, more accurately, we
characterized the sample by x-ray diffraction (XRD), as shown
in Fig. 1], and the obtained results have abundant spectral lines
of (120), (031), (131), (300), and (160), which are agreed with
the standard card (PDF#14-0644). XRD pattern diffraction
peaks are weak, which is related to the ultrathin structure and
the presence of surface amorphous states, as shown by the SEM
and transmission electron microscopy (TEM) results. In addi-
tion, Raman spectra were also measured, and Fig. 1K shows
the characteristic peak at 645 cm™' corresponding to the
Mn-O lattice vibration. Figure 1L also shows the cell structure
of y-MnO,.

Figure 2A shows the basic transverse structure of the DCPHE,
in which there are 2 cores, both 10.7 pm in diameter, and 2 air
holes of 38.9 pm in diameter. The DCPHF is a commercial prod-
uct from Yangtze Optical Electronic Co. Ltd. This structure allows
the core to be fused to a single-mode fiber with low loss and the
2 air holes to be filled with materials. First, the dispersion with a
1:1 volume ratio of y-MnO, nanoparticles and anhydrous eth-
anol was prepared. The y-MnO, nanoparticles were gradually
added to the anhydrous ethanol and shaken well until the dis-
persion showed a relatively colorful dark brown. Then, the dis-
persion was ultrasonicated for 1 h to make the agglomerated
nanomaterials disperse into one small nanoparticle. The fiber
was then stripped of the coating layer at both ends of the fiber
using a pair of wire strippers, and the ends of the fiber were
wiped clean with anhydrous ethanol paper. Figure 2C shows
the schematic of the y-MnO, DCPHEF structure.

The fiber filled with the dispersion was then placed under
a microscope to observe that a large amount of dispersion
had entered the air holes of the fiber and that the particles of
the dispersion were dispersed equally without larger clusters
of large particles. Immediately afterward, the fiber was placed
in a drying oven for 20 min, and the temperature was set to
55 °C. Because of the uniform heating, the y-MnO, nanopar-
ticles will be deposited on the wall of the air hole. The dried
fiber continues to be placed under the microscope, and it is
found that the anhydrous ethanol has completely evaporated
and the y-MnO, nanoparticles are uniformly adsorbed on the
tube walls of the air holes of the fiber without relatively large
agglomerated particles.

It should be noticed that the temperature should not be set
too high when drying the filled fiber because heating too fast
will cause the anhydrous ethanol to evaporate and will affect
the uniform distribution of the material in the air holes. To
make this filling production method with better repeatability,
we summarized the above production process in the produc-
tion process. Figure 2B shows the distribution of the material
in the DCPHF and the air hole under the optical microscope.
Subsequently, the material-filled fiber was removed, and the
residual material was wiped off again with mirror paper
and fused to the single-mode fiber. Thus, the preparation of
y-MnO, DCPHF is completed. When we tested its nonlinear
absorption properties, we found that different filling lengths
and filling concentrations affect its nonlinear absorption results
and that this nonlinear absorption is regular, can be controlled
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Fig.1.(A) Scanning electron microscope (SEM) image of y-MnO,. (B and C) The energy-dispersive x-ray spectroscopy elemental mappings of y-MnO,. (D to F) High-resolution
TEM images of y-MnO, at 2 pm, 500 nm, and 5 nm. (G to I) XPS of y-MnO,. (J) Surface XRD pattern of y-MnO,. (K) Raman spectrum. (L) The lattice structure of y-MnO,.

a.u., arbitrary units.

artificially, and can be repeatedly operated. Too longer fill
lengths and large fill concentrations lead to excessive linear
absorption losses, which are not favorable for the y-MnO,
DCPHF’s application as an SA but benefit the generation of
nonlinear harmonic. y-MnO, DCPHF with different filling
lengths and different fill concentrations are suitable for differ-
ent nonlinear optical applications. The nonlinear optical prop-
erties of the y-MnO, DCPHF SA were measured using the
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same double-equilibrium detection system. The nonlinear
transmission result can be found in Fig. SI.

Results and Discussion

A 10-cm-long y-MnO, DCPHF as an SA is fused to single-mode
fiber (SMF) and then inserted in a fiber laser as shown in Fig. 3A.
A 60-cm-long Lekki EDF110-4/125 is the gain media. The gain
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Fig.2.DCPHF and saturable absorber filled with y-MnO, nanomaterial. (A) Dual-core, pair-hole fiber. (B) Air hole filled with y-MnO, nanomaterial. (C) Filling process schematic.

20

B Ac=1,561 nm c 1.0

E AL =3.4nm -~

o —40- = 0.8

S 30 6

b .

% —601 §2

2 £ 0.4

B 2

= =

= —80- — 0.2

1,540 1,550 1,560 1,570 1,580 400 —200 0 200 400
b Wavelength (nm) Time (ns)
Pl 1624 MHz ___ E 1.0
E -60 ?0 g] =967 v Lss
T -0 &
N’
80 55 dB 20.6
z -9 £ 04
2-100 -
5_1]0 —_ — 0.2
-120 : - 1 }
5 10 15 20 25 - -5 0 5 10
Frequency (MHz) Time (ps)

Fig. 3. (A) Experimental schematic of mode-locked laser with y-MnO, DCPHF. The
spectrum (B), pulse train (C), RF spectrum (D), and autocorrelation trace (E) at
pump power of 57.4 mW.
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media is pumped by a 976-nm laser diode (LD). In this case,
the LD serves as the pump source for the fiber laser, and the
wavelength-division multiplexer (WDM) serves to couple the
pumped light in the resonant cavity, polarization independent
isolator (PI-ISO) controlling the transmission of the laser direc-
tion. The laser cavity length is 12.6 m. All fibers are SMF from
Corning, except for a 0.6-m long erbium-doped fiber (EDF) and
a small section of the DCPHE

Before using y-MnO, DCPHE, we first studied the situation
of the output pulses when DCPHF without filling MnO, was
placed into the cavity. No matter how the pump power and polar-
ization controller (PC) were adjusted, only continuous waves
could be shown in the spectrum. The polarization-dependent loss
was measured at 0.4 dB. Thus, the possibility of mode locking
caused by the nonlinear polarization rotation (NPR) was excluded.

We used an oscilloscope and an autocorrelator to measure the
obtained laser in the time domain, as well as a spectrometer to
make measurements in the frequency domain. Among them, the
digital oscilloscope (Rigol DS6104) at 1 GHz was combined with
a photodetector (Thorlabs DET01CFC) at 2-GHz bandwidth to
record the pulse sequence of the laser, and the autocorrelator
(FR-103XL) was used to record the pulse width, and the spectrum
analyzer (Anritsu MS9710C) recorded the central wavelength
and spectral width of the laser. A spectrum analyzer (Rohde &
Schwarz FSC6) with a bandwidth of 6 GHz and a photodetector
were combined to measure the repetition frequency of the laser.
The y-MnO, DCPHF is placed in the cavity as a photonics device
to achieve the output of mode-locked pulses. A 3:7 fiber optical
coupler (OC) couples 30% of the laser output for use in oscillo-
scopes and spectrum analyzers to detect laser characteristics.
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Fig.4.The spectrum (A) and the autocorrelation trace (B) in 78.5 mW of pump power.
The spectrum (C) and the autocorrelation trace (D) in 164 mW of pump power.

On the basis of the above structure, the pump power was
increased, and we achieved the fundamental soliton in 74.16 mW
of pump power. When the pump power was reduced to 57.4 mW,
the pulse state as shown in Fig. 3. Figure 3B shows a spectrum
with 0.05-nm resolution, the center wavelength is 1,561 nm, and
the spectrum width is 3.4 nm. The real-time pulse sequence is
recorded in Fig. 3C, and the pulse interval is accurately measured
as 62 ns. Figure 3D shows the radio frequency (RF) spectrum
that the repetition rate is 16.24 MHz, in which the resolution
bandwidth (RBW) is 1 kHz. The autocorrelation trace is shown
in Fig. 3E, and the sech” fitting is 967.5 fs.

With the pump power adjusted to 78.5 mW, we successfully
achieved soliton molecules. Subsequently, we adjusted the
pump power to 164 mW to get another soliton molecule to
state recorded the results as shown in Fig. 4. The soliton mol-
ecules spectrum at 78.5 mW was recorded in Fig. 4A. In this
spectrum, the center wavelength is 1,560.6 nm and the mod-
ulation period is 3 nm. Figure 4B is the autocorrelation trace
corresponding to Fig. 4A that the pulse width is 1.04 ps by
hyperbolic secant function fitting and the pulse interval is
2.7 ps. When the pump power increases to 164 mW, another
soliton molecules’ spectrum and autocorrelation trace were
recorded as in Fig. 4C and D, respectively. The spectrum in Fig.
4C demonstrates that the center wavelength is 1,561.4 nm and
the modulation period is 4.4 nm. The corresponding autocor-
relation trace in Fig. 4D shows that the pulse width is 1.01 ps
and the pulse interval is 1.84 ps.

We realized that the high-order harmonic (37th) soliton
with a repetition rate of 600 MHz is in 178 mW of pump power.
Figure 5A to C shows the spectrum, autocorrelation trace, and
RF spectrum, respectively. The 37th-order harmonic soliton’s
center wavelength is 1,561 nm and the spectrum width is 4.8 nm.
In addition, the repetition rate is 600 MHz with the signal-noise
ratio (SNR) being 37 dB in Fig. 5C, in which the RBW is 1 kHz.
We also measured the autocorrelation curve and fitted it with
sech” shown in Fig. 5B, which the pulse width is 1.18 ps. The
600-MHz harmonic soliton is also the result of the highest rep-
etition frequency achieved by similar schemes to the best that
we know. Because of its structural peculiarities, the DHPHF
has a higher nonlinear coefficient than the SME. Moreover, the
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Y-MnO, DCPHF with low saturation absorption intensity will
lead to easier pulse splitting to achieve stable high-order har-
monic soliton. Our scheme validates the possibility of achieving
high-order harmonic soliton. The pulse trains about harmonic
soliton were shown in Fig. S3. Figure 5D shows the correlation
between output power and pump power with a slope efficiency
of 1.675%, which is similar to the slope efficiency of most ring
cavity structures such as NPR structure.

Conclusion

In conclusion, we successfully synthesized y-MnO, DCPHF
with controllable fiber length and filling concentration. Thus,
the nonlinear application, such as the all-fiber mode-locked
laser, has been realized with a combination between strong
light-matter interaction and less loss. The controlling massive
manufacturing filling method and excellent nonlinear optical
phenomenon demonstrate its superiorities compared with sim-
ilar photonics devices. In addition, y-MnO, DCPHF can be
further extended in various optical applications, such as optical
frequency comb, and nonlinear harmonic generation.
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