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All-optical switching and photonic diodes based on spatial self-phase modulation of MgB; nanosheets.
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Abstract

The Kerr nonlinearity in two-dimensional (2D) nanomaterials is emerging as an
appealing research topic owing to their prominent light processing, modulation, and
manipulation abilities. In this contribution, 2D magnesium diboride (MgB2)
nanosheets (NSs) are employed in nonlinear photonic devices based on the spatial
self-phase modulation (SSPM) method. By exploiting the Kerr nonlinearity of 2D
MgB,, an all-optical phase-modulated system is proposed to realize “ON” and “OFF”
states for all-optical switching. Using the same system, an optical logic gate is further
demonstrated, achieving the logical “OR” operation based on 2D MgB> NSs
dispersions. Moreover, a 2D MgB2/BN hybrid structure is fabricated. The results
show that this hybrid structure enables unidirectional nonlinear excitation, leading to
spatial asymmetric light propagation. This behavior is an important prerequisite for
optical diode functionality and may also provide a useful foundation for the design of
optical isolators. These initial investigations suggest that 2D MgB: is a promising
material for designing optical logic devices and represents a meaningful step toward

all-optical information processing.



1. Introduction

All-optical modulation has emerged as a potentially transformative strategy for
photonic information processing. Compared with conventional electronic approaches,
it offers intrinsically faster response times and greater immunity to electromagnetic
interference[1,2]. By avoiding the inherent limitations of traditional electro-optic and
opto-electronic schemes, all-optical modulation enables photon-level signal
processing without intermediate electronic conversion, thereby eliminating associated
speed and bandwidth bottlenecks[3,4]. In this context, nonlinear optical phenomena
such as spatial self-phase modulation (SSPM) and spatial cross-phase modulation
(SXPM) have garnered considerable interest, as they offer promising routes toward
high-performance functional all-optical devices|3,5,6].

As typical Kerr-type nonlinear optical effects, both SSPM and SXPM arise from
the light-matter interactions in nonlinear media, among which two-dimensional (2D)
atomic materials have emerged as particularly promising platforms[7-13]. With the
rapid expansion of the 2D material family and the increasing diversity of
characterization techniques, SSPM has been widely adopted as a reliable method for
evaluating nonlinear optics in emerging material systems. For instance, Ji et al.
investigated the influence of gravitational fields on the SSPM response of carbon
nanotubes| 14], while Wu et al. extended this technique to probe the broadband
nonlinear coherent behavior of graphene[ 15]. In another study, Wang et al.
demonstrated the tunable nonlinear modulation at 632.8 nm in monolayer graphene
using a similar SSPM configuration[16]. Beyond single-beam measurements,
two-color-laser-based SXPM configuration has also been introduced for all-optical
switching applications. A notable advance was reported by Zhao et al., who
demonstrated light-controlled-light operation using monolayer MoS, as the
interaction medium between distinct laser beams, representing an important step
toward practical SXPM-based optical logic devices[5]. Despite these advances, the

implementation of SSPM and SXPM techniques in 2D-material-based platforms



remains at an early stage, and further systematic investigation is required to broaden
their applicability in photonic systems[17-19].

MgB., a prototypical two-band s-wave superconductor with a critical
temperature of approximately 40 K, has attracted sustained interest since its
discovery[20-25]. This remarkably high transition temperature, especially for a
material with a simple hexagonal lattice, has not only revitalized the search for
superconductivity in non-oxide and boron-related systems but has also established
MgB, as a benchmark for studying multi-band superconductivity. Its electronic
structure features two distinct bands crossing the Fermi level: a three-dimensional
n-electron band (~2 meV) and a quasi-two-dimensional c-hole band (~7 meV), which
together govern its unique superconducting dynamics[26-28]. Beyond its fundamental
significance, MgB, is technologically attractive for superconducting electronic
devices, including superconducting quantum interference devices, single-photon
detectors, hot-electron bolometer mixers, and neutron detectors, owing to its long
coherence length, short penetration depth, and simple binary crystal structure[29-32].
More importantly for photonic applications, MgB. exhibits an intrinsic nonlinear
response originating from the backflow of excited quasiparticles under
finite-temperature conditions [26]. It has also been demonstrated that MgB> can
function as a saturable absorber in Yb-doped lasers to enable pulsed laser
operation[33]. Given its proven capability to modulate laser pulse dynamics through
saturable absorption, MgB, emerges as a promising candidate for extending nonlinear
optical functionalities to self-phase modulation (SPM), a third-order nonlinear effect
essential for all-optical signal processing.

In this work, we systematically investigate the nonlinear effect of SSPM in
MgB: nanosheets and demonstrate their applications in all-optical switching and
optical-diode-like asymmetric light propagation. Based on the Kerr nonlinearity of
MgB», both the number and radius of the self-diffraction rings increase with the laser
intensity. By analyzing the dynamic evolution of the self-diffraction ring patterns, we

measure the SSPM ring-formation time and nonlinear refractive index of the



nanosheets. Furthermore, we propose an all-optical switching configuration in which
a visible 532 nm laser beam is controlled by a 629 nm laser beam. By exploiting the
nonlinear properties of hybrid structure formed by MgB> nanosheets and insulating
boron nitride (BN) nanosheets, asymmetric light transmission is achieved. These
results highlight the potential of 2D MgB: for applications in all-optical information

transmission and all-optical switching devices.

2. Preparation and characterization of MgB; nanosheets
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Figure 1 (a, b) Scanning electron microscopy (SEM) image and transmission electron microscopy
(TEM) image of MgB» nanosheets, respectively. (c¢) High-resolution transmission electron microscopy
(HRTEM) image showing the crystalline lattice structure. (d) Selected-area electron diffraction pattern
of the MgB: nanosheets. (¢) AFM image of MgB: nanosheets. Inset: Height profile obtained along the
dashed line. (f) Raman spectrum of MgB» nanosheets. (g, h) XPS spectra of MgB» nanosheets. (i) XRD
patterns of bulk MgB; and MgB: nanosheets.

MgB: nanosheets were prepared by a liquid-phase exfoliation method. As shown
in Figure 1a and 1b, the MgB> nanosheets are successfully exfoliated, exhibiting a
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lateral size of ~200 nm. The lattice fringes with a spacing of 0.27 nm in Figure 1c can
be assigned to the (002) planes of MgB» nanosheets. The selected-area electron
diffraction (SAED) pattern (Figure 1d) indicates that the nanosheets retain good
crystallinity after exfoliation. The atomic force microscopy (AFM) was used to
further characterize the morphology and thickness of the fabricated MgB: nanosheets
(Figure le). The measured thickness is approximately 4.5 nm, suggesting the
formation of few-layer nanosheets. The Raman spectrum displays a characteristic
peak at 550 cm™! (Figure 1f), confirming the successful preparation of MgB,
nanosheets, which agrees well with previously reported results[34]. In addition, X-ray
photoelectron spectroscopy (XPS) was performed to evaluate the elemental
composition and chemical states, as shown in Figure 1g and 1h. The Mg 1s and B 1s
peaks are consistent with those reported in previous studies[35]. The B 1s spectrum
can be deconvoluted into two peaks centered at 186.6 eV and 192 eV, which are
ascribed to B-B and B—O bonds, respectively. Furthermore, the X-ray diffraction
(XRD) pattern of the MgB: nanosheets (Figure 1i) is consistent with that of bulk
MgB,, further confirming the preservation of the MgB: crystal structure after

exfoliation.

3. Experimental results

3.1 SSPM experimental setup

The SSPM experimental setup is illustrated in Figure 2a, which is used to evaluate the
nonlinear optical response of the MgB: nanosheets. Lasers with wavelengths of 532
nm and 629 nm were employed in the experiment as excitation sources to interact
with the dispersed nanosheet sample. After passing through a lens with a focal length
of 200 mm, the laser beam was focused onto the sample. The sample was contained in
a 10 mm optical cuvette and consisted of MgB» nanosheets dispersed in
N,N-Dimethylformamide (DMF). The resulting diffraction ring patterns were
recorded using a CMOS camera. The SSPM-based nonlinear optical response of the
MgB> nanosheets originated from their Kerr nonlinearity.

3.2 Nonlinear Kerr effect



The Kerr effect provides a fundamental basis for investigating the nonlinear optical
properties of 2D materials. Specifically, the intensity-dependent refractive index can
be expressed according to the nonlinear Kerr effect as n = nyp + n2l, where ny is the
linear refractive index of the solvent and #: is the nonlinear refractive index of the 2D
material. When a laser beam propagates through a dispersion containing exfoliated
2D nanosheets, the intensity-dependent refractive index induces a spatially varying
phase shift, which leads to nonlinear modulation of the transverse intensity

distribution of the transmitted beam. This phase shift can be described as[7,10,11],
2 Le
Ap = ”Tnofo " n,1(r,2)dz,

Where A is the wavelength of the incident laser, L.y is the effective optical length of
the dispersion medium, and /(r, z) represents the optical intensity distribution along
the radial coordinate » and propagation direction z. The phase shift Ag is related to the
spatial intensity profile of the incident laser beam. For two radial positions, 71 and 72
on the Gaussian beam profile, the slope (A@/dr):1 and (Ag/dr): are the same. The
emergence of concentric diffraction patterns is dictated by a specific criterion, which
can be expressed as follows in the context of SSPM. A,y — A@(,.,) = 2Nm, where N
is an integer. The dark and bright rings correspond to odd and even values of N,
respectively. Based on this relationship, the nonlinear refractive index n> can be

written as:

A N
n; T

- 2ngLefy
where A, no, and Lesr denote the incident wavelength, linear refractive index, and
effective optical thickness, respectively. The nonlinear optical response R = N/I is

3)

determined from the diffraction ring number. The third nonlinear susceptibility x, .,

can be calculated from the nonlinear refractive index using

2
@ _ T 147
Xoral = TnZlO n, (e.s.uw)
3.3 SSPM diffraction pattern formation

In SSPM, the formation of diffraction ring patterns can be explained by the wind

chime model[5]. In this model, each 2D nanosheet is regarded as an independent unit
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randomly dispersed in the solution. Upon irradiation by the incident laser beam, the
2D nanosheets are polarized and subsequently tend to align in the direction of the
laser-induced electric field. This alignment process is driven by energy relaxation of
the incident laser beam. When all the domains reach a consistent state, nonlocal
electronic coherence is established, leading to the formation of the maximum number
of diffraction rings. Figure 2b and 2c show the temporal evolution of the diffraction
ring patterns under continuous-wave laser excitation at wavelengths of 532 nm and
629 nm, respectively. The diffraction rings remain nearly symmetric within the first
0.2 s and then gradually become asymmetric after 0.2 s. This asymmetry originates
from the non-axisymmetric thermal convection induced by the photothermal effect.
This diffraction-ring collapse phenomenon can be addressed by fabricating the
thin-film structure[ 17], changing the light-material interaction mode[16,36,37], and
exploring new materials[8], which will reduce the influence of photothermal effects
on the diffraction rings. At relatively low input powers, thermal convection and
conduction contribute comparably to heat transport. As the laser power increases,
convection becomes dominant over conduction, resulting in vertically asymmetric
diffraction ring patterns. In liquid media, when heat conduction dominates, the rings
exhibit nearly perfect circular symmetry. In contrast, when vertical convection
becomes stronger than conduction, the rings evolve into asymmetric circular patterns,
with faster horizontal expansion than vertical expansion, leading to compression of
the upper half of each ring relative to the horizontal direction. The formation
dynamics of the diffraction rings can be described by an exponential model, N =
Nunax(1-€”). Here, N is the number of diffraction rings, Ny is the maximum number
of diffraction rings, and 7 is the characteristic rise time for diffraction ring formation.
Based on fitting with this exponential equation, 7 is estimated to be 0.24 s at 532 nm
and 0.38 s at 629 nm under the maximum laser intensity. The SSPM patterns
generated by the MgB:» nanosheets prepared in three different solvents (ethanol,
N-Methyl-2-pyrrolidone, Dimethylformamide) have the following phenomena

(Supporting information Figure S1). In three different solvents, the number of



diffraction rings is the same, but their sharpness differs. The diffraction rings
produced by the nanosheets in DMF and ethanol are clearer than those in NMP. The
blurry fringes may resulted from the light scattering of nanosheets dispersion in NMP
solvents[12]. In DMF solvent, the diffraction rings show good stability within 6 hours

(Supporting information Figure S2).
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Figure 2 (a) Experimental setup for SSPM measurements based on MgB: nanosheet dispersions. (b, c)
Temporal evolution of the diffraction ring patterns under laser excitation at wavelengths of 532 nm and
629 nm, respectively. (d, ¢) Time-dependent variation in the number of diffraction rings under different

laser intensities at wavelengths of 532 nm and 629 nm, respectively.



The diffraction ring patterns are sensitive to the incident laser intensity. As the laser
intensity increases, a stronger nonlinear optical response is induced, leading to the
generation of more diffraction rings. Figure 3a shows the intensity-dependent
evolution of the diffraction ring patterns at wavelengths of 532 nm and 629 nm. With
increasing optical intensity, the number of rings increases approximately linearly. In
addition, higher input power results in an expansion of the ring pattern in both the
horizontal and vertical directions. The nonlinear optical response R is defined as R =
N/I, where I and N are the incident laser intensity and the number of diffraction rings,
respectively. By fitting the experimental results shown in Figure 3c, the slope N// can
be extracted. The calculated R values of the MgB» nanosheet dispersion are 0.78
cm?/W and 0.60 cm?/W at 532 nm and 629 nm, respectively. The larger R value at
532 nm indicates a stronger nonlinear optical response compared with that at 629 nm.
Based on these results, it is observed that the value of dN/dI rises as the wavelength of
the incident laser increases. This wavelength-dependent behavior suggests that
shorter-wavelength excitation, which carries higher photon energy, can induce a more
pronounced SSPM response, consistent with previously reported results. The
nonlinear refractive indices are estimated to be 1.41x10° m?/W and 1.28x10" m*/W
at the wavelengths of 532 nm and 629 nm, respectively. The emergence of SSPM
patterns is also influenced by several other factors, including the concentration of 2D
materials dispersed in the solvent and the optical path length of the incident laser

beam through the cuvette.
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Figure 3. (a) Evolution of diffraction ring patterns with increasing laser intensity at wavelengths of
532 nm and 629 nm, respectively. (b, ¢) Variation in the number of diffraction rings as a function of
incident laser intensity for MgB, nanosheet dispersions with different concentrations (#1 > #2 > #3)

and under different excitation wavelengths of 532 nm and 629 nm, respectively.

3.4 All-optical switching based on MgB> nanosheets

In general, when two light beams intersect in a linear medium, they propagate
independently without affecting each other. However, when the incident light is
sufficiently intense, nanomaterials can absorb the laser energy and modulate the phase
of the incident beam, thereby inducing SSPM. When two laser beams propagate
simultaneously through a nanomaterial dispersion, their optical phases can be
modulated through nonlinear light—matter interactions, giving rise to SXPM. Based
on this effect, an all-optical switching scheme can be realized. Figure 4a illustrates the
experimental setup for all-optical switching based on SXPM. In this configuration, a

532 nm green laser and a 629 nm red laser were used as the signal and control beams,
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respectively. Initially, the control and signal beams were combined using an optical
beam splitter and then focused onto the MgB: nanosheet dispersion through a lens
with a focal length of 200 mm. Initially, the intensities of both the 532 nm and 629
nm lasers were adjusted below the excitation threshold for SSPM, resulting in only
laser spots without diffraction rings, as shown in Figure 4b. When the power of the
control beam increases, diffraction ring patterns are generated by the coupled beams,
as shown in Figure 4c. The number of diffraction rings increases with the improving
control-beam intensity. Figure 4d shows the diffraction ring patterns obtained under
different control-beam intensities. The ring number at 532 nm is larger than that at
629 nm, indicating a stronger nonlinear response at the shorter wavelength. The
dependence of the signal beam diffraction ring number on the control-beam intensity
is summarized in Figure 4(e). The extracted nonlinear optical response R of the signal
beam is larger than that of the control beam, which is consistent with the experimental
results shown in Figure 3c. According to the results in Figures 3 and 4, both
single-wavelength excitation and simultaneous dual-wavelength excitation of the 2D
MgB; can generate diffraction rings when the incident laser power exceeds the spatial
self-phase modulation threshold, indicating that the “OR” logic gate function based
on the diffraction rings is realized. To further demonstrate all-optical switching, an
aperture was placed at the position of the outermost diffraction ring to selectively
transmit light from a specific spatial region. A power meter was then used to measure
the transmitted signal beam power as a function of the control-beam power, as shown
in Figure 4f. As the control-beam power increases, the outermost bright ring first
passes through the aperture, followed by a dark fringe. Consequently, the output
power initially increases to a maximum and then decreases. The detected signal light
power exhibits periodic oscillations with increasing control light power, confirming
effective all-optical modulation. According to the formula (modulation depth =
10log10(Pmax/Pmin)) and time response curve, the maximum modulation depth (Figure
4f) and response time (Figure 2¢) are 7.5 dB and ~0.3s, respectively. This behavior

demonstrates the potential of MgB» nanosheets for all-optical switching applications,
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in which the signal light intensity can be modulated solely by changing the control
light power. The switch is defined as being in the "ON" state when the detected signal
power reaches a maximum and in the "OFF" state when the detected signal light
power reaches a minimum.
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Figure 4. (a) Experimental setup for all-optical switching using MgB: nanosheet dispersions. (b, ¢, d)
Light-field distributions after passing through the dispersion under different intensities of the 532 nm
laser. (e) Variation in the number of diffraction rings as a function of red laser intensity for different
laser wavelengths. (f) Demonstration of all-optical switching, in which the control light modulates the

signal light to achieve ON/OFF switching states.
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Figure 5. (a) Schematic illustration of the all-optical photonic diode based on the MgB2/BN hybrid
structure for achieving spatially asymmetric light propagation. (b) Diffraction ring patterns under
reverse and forward propagation directions at a laser wavelength of 629 nm. (c) Variation in the
number of diffraction rings as a function of laser intensity for different propagation directions and

wavelengths. (d) Experimental schematic of SSPM based on 2D MgB: nanosheet dispersions.
3.5 Spatial asymmetric light propagation

In this section, nonreciprocal light propagation is demonstrated using a BN/MgB»
hybrid structure to achieve spatially asymmetric light propagation. The hybrid
configuration was constructed by placing two quartz cuvettes containing 2D MgB»
and BN dispersions, respectively. When a 629 nm laser propagates in the forward
direction (MgB>—BN), the beam first interacts with the MgB» nanosheets, where the

Kerr effect is excited and diffraction ring patterns are generated. The rings
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subsequently pass through the BN dispersion, where no additional rings are produced.
Clear diffraction rings are observed in the forward propagation direction. In contrast,
when the laser propagates in the reverse direction (BN—MgB»), it first passes through
the BN dispersion, where no diffraction rings are generated and the beam intensity is
attenuated. Consequently, no diffraction rings are formed, and only a simple light spot
is observed at the output. This asymmetric response, in which nonlinear excitation
occurs only in one propagation direction, demonstrates the diode-like behavior of the
2D MgB»/BN hybrid structure and highlights its potential for optical-isolator designs
enabling spatially asymmetric light transmission. Notably, this unidirectional
nonlinear effect is not limited to 629 nm excitation but is also observable at 532 nm,
indicating the broadband capability of the hybrid structure for direction-dependent
light propagation. The detailed evolution of the diffraction rings in the nonlinear
photonic diode under forward and reverse propagation is shown in Figure 5c. The
nonlinear optical response at 532 nm is stronger than that at 629 nm, which is
consistent with the SSPM results.

The experimental setup employs laser sources at 532 nm and 629 nm, both of which
have photon energies sufficient to induce electronic transitions in MgB: nanosheets.
Under laser irradiation, electrons can be excited from the valence band (VB) to the
conduction band (CB), as illustrated in Figure 5d, owing to strong light-matter
interaction within the MgB:> dispersion. As the laser beam propagates through the
dispersion, the Kerr nonlinearity of the 2D MgB: nanosheets is activated. The
incident beam has a Gaussian intensity profile, with the highest intensity at the center
and a gradual decrease toward the periphery. Because the 2D MgB> nanosheets act as
an intensity-dependent nonlinear medium, this spatially varying intensity distribution
across the Gaussian beam induces a corresponding phase-shift (Ag) profile upon
transmission, which itself assumes a Gaussian-like form. Within this phase-shift
distribution, two radial positions, 1 and 7> , can possess identical local slopes,
indicating equal wave vectors ((dA¢/dr) evaluated at ry equals that at r, ). This

condition enables optical interference between light components originating from
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these two positions. The phase difference between these two points satisfies A@(r )
— A@(r> )= Mn, where M is an integer. Even and odd values of M correspond to
constructive and destructive interference, respectively, giving rise to bright and dark
concentric fringes. Consequently, a distinct diffraction ring pattern is formed on a
screen placed behind the sample, corresponding to the well-documented phenomenon
of SSPM. If a Gaussian beam is modulated into other modes, the diffraction ring
pattern will also change (Supporting information Figure S3). Excitation of different
optical field modes will produce different output optical fields. The optical field
patterns are relatively complex and various, which provides a novel view for realizing

optical switching of transverse optical fields.
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Conclusion

This study investigates 2D MgB> as an emerging nonlinear optical material with
promising potential for nonlinear photonic devices. The experimental results reveal
that 2D MgB: nanosheets exhibit a strong nonlinear optical response, making them
attractive candidates for advanced nonlinear optical components, including optical
diodes, all-optical switches, and optical modulators. The nonlinear refractive index (72)
was quantitatively evaluated to be 1.41x10° m?»/W and 1.28%10° m*W at excitation
wavelengths of 532 nm and 629 nm, respectively. By leveraging the strong Kerr
nonlinearity of 2D MgB», a MgB2/BN nanosheet hybrid architecture was developed to
realize nonreciprocal light transmission, demonstrating its functionality as a nonlinear
photonic diode. In addition, a light-controlled light modulation system based on 2D
MgB> was designed for all-optical switching applications. In this system, a
high-power control beam modulates a low-power signal beam through SXPM,
enabling reversible switching between "ON" and "OFF" states. The successful
implementation of 2D MgB: nanosheets in photonic diodes and all-optical modulators
highlights their significant potential for applications in nonlinear optics and integrated

photonic devices.
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Ethanol DMF

Figure S1. Diffraction ring patterns of different solvents: ethanol, N-Methyl-2-pyrrolidone (NMP),
Dimethylformamide (DMF).
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Figure S2. The variation of diffraction rings with time.



Figure S3. Diffraction ring patterns under the different excitation laser mode. Under (a)
Hermite-Gaussian light field and (b) Laguerre-Gaussian light field excitation, the output light
fields (c) and (d) were obtained, respectively. The Hermite-Gaussian and Laguerre-Gaussian were
generated by phase plate.
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