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Abstract: Nonlinear optics, a critical branch of modern optics, presents unique potential
in the study of two-dimensional (2D) magnetic materials. These materials, characterized
by their ultra-thin geometry, long-range magnetic order, and diverse electronic properties,
serve as an exceptional platform for exploring nonlinear optical effects. Under strong light
fields, 2D magnetic materials exhibit significant nonlinear optical responses, enabling ad-
vancements in novel optoelectronic devices. This paper outlines the principles of nonlinear
optics and the magnetic structures of 2D materials, reviews recent progress in nonlinear
optical studies, including magnetic structure detection and nonlinear optical imaging, and
highlights their role in probing magnetic properties by combining second harmonic genera-
tion (SHG) and multispectral integration. Finally, we discuss the prospects and challenges
for applying nonlinear optics to 2D magnetic materials, emphasizing their potential in
next-generation photonic and spintronic devices.

Keywords: two-dimensional magnetic materials; SHG; magnetic order

1. Introduction

In the fields of nanophotonics and quantum materials research, 2D materials have
garnered significant attention in recent years due to their unique layered structures and
quantum confinement effects, which endow them with a host of novel optical proper-
ties [1-7]. Among these, the discovery of 2D magnetic materials, particularly single-layer
or few-layer magnetic materials such as Crlj [8] and Fe;GeTe; [9], has greatly advanced
the intersection of spintronics and photonics [10-12]. These materials not only exhibit
ultra-thin structures but also display rich intra- and interlayer magnetic coupling effects,
which can be significantly modulated by external field, such as electric fields, magnetic
fields, or mechanical strain. This tunability positions 2D magnetic materials as promising
candidates for the development of multifunctional and innovative photonic devices.

Nonlinear optics, as a fundamental branch of modern optics, holds a prominent
position in physics and materials science. In this context, the phenomenon of SHG, a
key nonlinear optical effect, has been widely employed in applications such as frequency-
doubling lasers, optical sensing, and material characterization [13-16]. When applied to
2D magnetic materials, SHG provides a powerful tool to study the interaction between
light and magnetism, enabling the exploration of physical phenomena such as symmetry
breaking and magnetic state transitions [17]. These studies not only provide theoretical
insights but also offer technical support for designing efficient and innovative photonic
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devices. This expands the scope of nonlinear optics research while opening new avenues
for integrating 2D materials into photonic technologies.

This review summarizes the magnetic structures of 2D magnetic materials and the
principles of SHG. It explores the use of SHG to investigate structural and magnetic
properties, including layer-dependent and polarization-resolved studies. Additionally, we
discuss the role of SHG in detecting magnetic dynamics and conclude with an outlook on
future challenges and opportunities for integrating nonlinear optics with 2D materials.

2. Overview of Magnetic Characteristics and the Basic Principles of SHG
2.1. The Magnetic Structure of 2D Magnetic Materials

Two-dimensional (2D) magnetic materials hold great promise for applications in
optoelectronics, magnetic storage, and spintronic devices [12,18-21], making them a focal
point of contemporary research. Early studies on magnetism in 2D materials primarily
introduced magnetic properties through doping, defects, or vacancies [22-25]. However,
these approaches often resulted in weak magnetism that was difficult to control precisely.
Consequently, the discovery of intrinsically magnetic 2D materials has become a priority. In
2017, Xiaodong Xu [8] and Xiang Zhang et al. [26] reported on monolayer Crl; with strong
intrinsic ferromagnetic order and anisotropy, as well as few-layer Cr,Ge, Teg stabilized by
an external exchange field. These pioneering studies marked the beginning of a new era in
the study of monolayer and few-layer 2D magnetic materials, laying the groundwork for
the discovery of stable 2D magnetic materials with high transition temperatures.

These advancements have significantly accelerated the exploration of single-layer
and few-layer magnetic materials, opening up new possibilities for their integration into
real-world applications. Controllable 2D magnetic materials offer immense potential for the
development of high-performance devices across a wide range of technologies, underscor-
ing their importance in both fundamental research and applied science. Two-dimensional
materials are mainly divided into four categories: ferromagnetic, ferrimagnetic, param-
agnetic, and antiferromagnetic materials. Although the four types of magnetic materials
each have their own unique properties, ferromagnetic and antiferromagnetic materials are
more critical from the perspective of magnetic storage [27] and spin electronics applica-
tions [28].The magnetic moment of magnetic materials generally comes from the spin and
orbital angular momentum of the transition metal 3d orbital, and the exchange interaction
between transition metal ions plays a key role, which can form a spin arrangement between
the ions and drive the long-range order inside the magnetic material, so that the material
presents a stable magnetic structure such as ferromagnetic or antiferromagnetic [29]. As
shown in Figure 1a, the magnetic moment between two atoms (i and j) typically produces
exchange energy, which can be described in terms of the Heisenberg spin Hamiltonian
(H), H = };;JSiSj where S is the spin operator and ] is the exchange coefficient [30]. In
the magnetic system, the exchange mechanism mainly includes direct exchange, double
exchange, and hyperexchange [31]. Direct exchange is caused by the direct overlap of
the wave function between the electrons of the transition metal d and is a short-range
interaction, in contrast to the hyperexchange interaction that is prevalent in magnetic mate-
rials [32,33]. A hyperexchange interaction is an indirect exchange that uses non-magnetic
atoms as a medium to extend short-range interactions further [34-36]. The double exchange
interaction generally exists between magnetic ions in different valence states, and generally
exists in metal systems. Neutron scattering (NS), electron spin resonance (ESR), and density
functional theory (DFT) each offer unique insights into magnetic interactions, with comple-
mentary strengths and limitations. NS directly probes spin excitations and is particularly
effective in distinguishing between direct exchange and superexchange interactions, though
it requires large-scale facilities and may struggle with weak or low-energy interactions. For
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example, H. Jacobsen et al. used inelastic NS to investigate spin dynamics in CuQO, finding
that the high-energy spectra matched the dispersion of an ideal S = 1/2 Heisenberg antifer-
romagnetic chain, while the low-energy spectra exhibited three-dimensional characteristics,
providing insight into the exchange constants of the effective spin Hamiltonian [37]. C.L.
Saiz et al. distinguished the contributions of direct exchange and superexchange interac-
tions in Crl3 by analyzing temperature-dependent ESR spectra, where changes in linewidth
and resonance field allowed them to differentiate the magnetic contributions [38]. However,
ESR lacks the precision to quantitatively differentiate between various types of exchange
interactions, making it less suitable for detailed analysis compared to NS or DFT. DFT, on
the other hand, offers the most detailed and quantitative analysis of exchange interactions.
Cheng Gong et al. used first-principles DFT calculations to quantify the contributions of di-
rect exchange and superexchange interactions in 2D ferromagnetic materials like Crl;. Their
study shows that direct exchange, particularly between nearest-neighbor spins, plays a sig-
nificant role in ferromagnetism, while superexchange influences interlayer interactions [26].
However, DFT requires substantial computational resources, and the results are highly de-
pendent on the choice of exchange-correlation functionals. In summary, while NS and ESR
provide valuable experimental insights into the nature of magnetic interactions, DFT offers
a detailed theoretical framework for quantifying these interactions. Each method has its
strengths, and combining them can help overcome their individual limitations, leading to a
more comprehensive understanding of magnetic ordering in complex systems. As shown
in Figure 1b, when ] > 0, the two local magnetic moments tend to be arranged in parallel,
and the material is ferromagnetic, and when J < 0, the two local magnetic moments tend to
be arranged in antiparallel, and the material is antiferromagnetic [39]. The magnetic order
of antiferromagnetic materials can be classified according to the intralayer and interlayer
coupling and the interlayer coupling can be divided into A-type antiferromagnetic [40—42]
(intralayer ferromagnetic coupling, interlayer antiferromagnetic coupling), C-type antifer-
romagnetic [43] (intralayer ferromagnetic coupling, interlayer ferromagnetic coupling), and
G-type antiferromagnetic [44] (intralayer and interlayer antiferromagnetic coupling) can
be divided into Néel, stripy, and zigzag type antiferromagnetism [45-47]. According to
the Mermin-Wagner theorem [48], short-range interactions with continuous symmetries
in 2D systems cannot sustain long-range order at finite temperatures. However, magnetic
anisotropy breaks this rotational symmetry, reducing sensitivity to thermal fluctuations.
As shown in Figure 1c, it introduces a gap in the spin-wave energy spectrum, significantly
raising the activation temperature of low-energy excitations, thus stabilizing long-range
magnetic order [26]. Therefore, magnetic anisotropy is crucial for maintaining magnetic
order in 2D systems. It can be enhanced through strategies such as tuning external fields
(e.g., pressure, magnetic fields) to modify the material’s bandgap or by designing het-
erostructures that combine materials with different magnetic anisotropy characteristics and
induce additional effects via external fields [49,50]. These approaches are key to improving
magnetic anisotropy and the thermal stability of the system.

At present, most spintronic devices use ferromagnetic materials that are easy to un-
derstand and control [33,51,52]. However, the parasitic magnetic fields of ferromagnetic
materials may interfere with each other and affect device performance. A possible so-
lution is to replace ferromagnetic materials with antiferromagnetic materials. Although
antiferromagnetic materials have no macroscopic magnetization, many key phenomena
in ferromagnetic systems, such as spin torque [53], giant magnetoresistance (GMR) [54],
tunneling anisotropic magnetoresistance (TMR) [55], etc., also exist in antiferromagnetic
systems. In addition, antiferromagnetic materials have a richer variety than ferromag-
netic materials [56], and because they have zero or near-zero magnetization, they do not
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produce additional magnetic field interference like ferromagnetic materials. Therefore,
antiferromagnetic materials have shown unique advantages in spintronic applications.

However, due to the lack of macroscopic magnetization in the antiferromagnetic state,
the material system as a whole does not show a net magnetic moment to the outside, which
makes traditional magnetic measurement methods (such as magneto-optical Kerr effect
(MOKE) [57], and magnetic circular dichroism (MCD) [58]) unable to effectively detect
the magnetic characteristics of antiferromagnetic materials. In addition, antiferromagnetic
materials are usually atomically thin, which makes it impossible for them to provide
effective magnetic order signals through traditional detection methods such as neutron
scattering, vibrating sample magnetometer (VSM), and conducting quantum interference
device (SQUID). In response to these challenges, magneto-optical [59,60] SHG as shown
in Figure 1d has become a powerful tool for studying the magnetic characteristics of
two-dimensional magnetic materials [17,61]. Compared with traditional methods, magneto-
optical SHG spectrum is highly sensitive to the structural symmetry of the material and
is not limited by quantum efficiency. Therefore, it can effectively detect the magnetic
properties of magnetic materials, especially in low-dimensional materials.
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Figure 1. (a) Schematic diagram of direct exchange, double exchange, and superexchange between
atomic magnetic moments. (b) Classification of magnetic configurations of ferromagnetic and
antiferromagnetic materials The red circle represents spin up, the blue circle represents spin down, and
the gray circle represents nonmagnetic [62]. (c) Schematic of spin wave excitation in two-dimensional
and three-dimensional systems, with intralayer and interlayer exchange interactions ]| (in green)
and ], (in orange), respectively. The right side illustrating the spin magnon density of states
(DOS) around the low-energy band edges for single-layer, multi-layer, and bulk ferromagnetic
materials [26]. (d) Schematic diagram of the nonlinear magneto-optical effect [63]. panel (a,b)
adapted with permission from Ref. [62], Copyright 2023, Chinese Journal of Lasers; panel (c) adapted
with permission from Ref. [26], Copyright 2017, Nature; panel (d) adapted with permission from
Ref. [63], Copyright 2024, npj computational materials.
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2.2. Basic Principles of SHG

In 1961, Franken et al. [64] discovered that the ruby laser (694.3 nm) produced a new
spectral line with a wavelength of 347.15 nm after passing through the quartz crystal, and
the frequency of the newly generated light was twice the frequency of the incident light,
that is, the frequency doubling phenomenon, also known as the optical SHG, which was
the beginning of nonlinear optics.

Before introducing the SHG, we must first explain the optical sum frequency [59]:
two laser beams with incident frequencies of w;, w; are incident on a nonlinear crystal.
The nonlinear optical effect caused by the two laser beams generates a nonlinear polar-
ization intensity with a frequency of ws = wj + wy. For the second harmonic, when the
incident frequencies of the two laser beams are w; = wy = w, thatis, w3 = 2w, the
second harmonic will be generated, which is the SHG effect. The SHG is a special sum
frequency phenomenon. When strong light interacts with matter, the polarization intensity
P of the medium can be expressed as a power function of the light field intensity E.

P = eo[x'E + x*E> + x°E3 + ... + X"E"]

Among them, n =1 is a linear effect, n > 2 is a nonlinear effect. Generally speaking,
the intensity of nonlinear interaction decreases with the increase in n, so the second-order
nonlinear effect is the most commonly observed nonlinear interaction. According to the
classical nonlinear optics theory, the second-order nonlinear effect is related to electric
dipole (ED) polarization, electric quadrupole (EQ) polarization, magnetic dipole (MD)
polarization, and higher-order polarization, among which electric dipole polarization
contributes the most. In 2D magnetic materials, SHG can usually be divided into I-type
SHG and C-type SHG [61], which can be specifically expressed as:

XZ _ 80(X(i) +X(C))

where x? is a tensor describing the nonlinear response of the material to the incident
field, the time-invariant (I-type) tensor x(i) and the time-noninvariant (C-type) tensor
x(© represent the crystal structure contribution and the magnetic structure contribution,
respectively. The C-type contribution only exists when time reversal symmetry is broken.
In centrosymmetric magnetic materials, even if the SHG provided by the crystal structure is
zero, the non-centrosymmetric magnetic order destroys the spatial inversion symmetry and
time reversal symmetry, so a strong SHG signal can be observed. In asymmetric magnetic
materials [65], the SHG contributed by the crystal structure and the magnetic structure can
exist at the same time. As shown in Figure 1d, when both SHG exist, that is, the spatial
inversion symmetry and the time-reversal symmetry are broken at the same time, due to
the interference of x(!) and x(°) under the time-reversal symmetry operation, a specific type
of nonlinear magneto-optical effect is generated. It can be expressed as:

2 .
:l:Z‘X(I) cos @)E*H(w)

X

I2w) o (‘X(i) ’ + ‘X(C)

Here, ¢ denotes the phase difference between the I-type and C-type susceptibilities. A
time-invariant (I-type) term, sensitive to the spinless crystal lattice, and a time-noninvariant
(C-type) term, sensitive to the spin lattice and magnetic structure, contribute to the SHG
signal. When the spin direction reverses [66], the SHG contribution from the magnetic
structure changes its sign, causing the interference term Z‘X(i) ‘ ‘X(C) ‘cos @ to invert and the
phase @ to shift by 180°. The SHG contributions from the I-type and C-type terms interfere
with each other, resulting in the total SHG signal. Applying the principle of nonlinear optics
to the study of 2D magnetic materials helps to reveal the magnetic structure, electronic state,
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and other properties inside the material, and has potential application value in the fields
of spin electronics, magneto-optical storage, etc. Among them, SHG has attracted great
attention in the study of nonlinear optical properties of 2D magnetic materials, especially for
the unique layered structure and magnetic-related behavior of 2D materials, the intensity,
layer number dependence [67-70], and polarization resolution [71-73] characteristics of the
SHG signal, which can provide important characterization information for the structural
properties of the materials.

3. Layer- and Polarization-Dependent SHG Spectrum of 2D Magnetic Materials
3.1. Layer Dependency

In the study of 2D magnetic materials, the number of layers is a crucial parameter influ-
encing their intrinsic properties, particularly their nonlinear optical responses. Variations
in layer number can lead to significant changes in the SHG intensity. This is because the
SHG response intensity is determined by the second-order nonlinear polarization intensity,
and is affected by the symmetry of the material. The change in the number of layers will
introduce a new symmetry breaking to the original material’s symmetry, which changes
the symmetry and, thus, affects the change in SHG response intensity. The dependence
of SHG signal intensity on the number of layers is a key variable for understanding the
intrinsic characteristics of 2D magnetic materials. Zhuoliang Ni et al. [74] investigated the
layer-dependent SHG intensity of MnPSej as a function of temperature, revealing the Néel
temperature and the nearly quadratic dependence of SHG intensity on the number of layers
in multilayer MnPSe;. As shown in Figure 2a—c, this study extended this investigation
to monolayer MnPSej3, where similar experiments confirmed that direct imaging of Néel
vector switching is feasible in monolayers. This work provides novel insights into domain
imaging in bulk antiferromagnetic (AFM) samples. The SHG intensity response exhibits
strong dependence on the number of layers, with odd and even layers displaying dis-
tinct characteristics due to the material’s structural and magnetic symmetries. Specifically,
certain layers exhibit AFM ordering, while adjacent layers display ferromagnetic (FM)
ordering. These structural distinctions necessitate consideration of odd- and even-layer
contributions in experiments probing the nonlinear optical properties of 2D magnetic mate-
rials. Kihong Lee et al. [75] reported that the SHG intensity from even layers, dominated by
the ED mechanism, was an order of magnitude higher than that from odd layers. As shown
in Figure 2d, this phenomenon arises because the AFM ordering in even layers breaks
both spatial inversion symmetry and time-reversal symmetry, enabling ED-driven SHG.
In contrast, the FM ordering in odd layers breaks only time-reversal symmetry, leaving
spatial inversion symmetry intact and suppressing SHG via the ED mechanism. These
findings demonstrate the selective activation of SHG mechanisms based on layer parity.
Then, by measuring the temperature dependence of the SHG intensity in the CrSBr bilayer,
research proved the disappearance of the central symmetry during the paramagnetic (PM)
to AFM phase transition, which is consistent with theoretical knowledge. However, in
the subsequent measured PM to FM phase transition, this work also found that the SHG
intensity rose rapidly at the critical temperature. This conclusion led them to explore the
source of the SHG signal in FM. Therefore, the work theoretically calculated the polar-
ization dependence of the second-order parallel polarization (PP) and cross-polarization
(CP) magnetic susceptibility of PM and AFM, and it coincided with the experimentally
measured SHG data point diagram of AFM. However, the SHG data point diagram of FM
is similar to the SHG data point diagram of AFM, but the SHG intensity of FM does not
come from the ED mechanism, but the polarization dependence of the second-order PP and
CP magnetic susceptibility of PM and FM under the MD mechanism fits the experimental
data points well. De Hou et al. [65] investigated the SHG intensity in CrPS; as a function
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of layer thickness. As shown in Figure 2e, their results show a monotonic increase in SHG
intensity with layer thickness. However, the experiment results reveal a nuanced behavior:
samples with even layers exhibit a stable I-type SHG response, while odd-layer samples
show a temperature-dependent transition. At 25 K (the critical temperature of CrPSy), the
SHG intensity in odd layers increased sharply, attributed to the phase transition-induced
transfer of C-type SHG responses from the uncancelled FM-ordered layers. In contrast,
C-type SHG responses in even layers were fully suppressed due to complete AFM ordering.
These phenomena underscore the intricate interplay between magnetic ordering, symmetry
breaking, and SHG mechanisms in 2D magnetic materials. The observations highlight
the importance of considering layer parity and phase transitions in understanding and
tailoring the nonlinear optical properties of these systems.
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Figure 2. (a) Temperature-dependent SHG response of MnPSe; samples with different layers.
(b) Layer-dependent Néel temperature. (c) Layer-dependent second harmonic intensity logarithmic
plot [74]. (d) SHG response of odd- and even-numbered CrSBr layers [76]. (e) Temperature-dependent
SHG intensity measured at different thicknesses of CrPSy [65]. panel (a—c) adapted with permission
from Ref. [74], Copyright 2021, Nature nanotechnology; panel (d) adapted with permission from
Ref. [76], Copyright 2021, Nano letters; panel (e) adapted with permission from Ref. [65], Copyright
2024, Advanced Optical Materials.

In addition, by compiling and comparing the second-order nonlinear polarization
susceptibility (x?) of different two-dimensional magnetic materials, as shown in Table 1,
a clearer understanding can be gained. The differences in x? across various materials
are visually apparent and reflect not only the thickness, substrate choice, and excitation
wavelength but also the unique magnetic and structural properties of each material. For
two-dimensional magnetic materials, the SHG intensity is typically closely related to
their magnetic properties, particularly for materials that break inversion symmetry. For
instance, Crl3 exhibits a significant x* value, indicating that magnetic materials with broken
inversion symmetry can generate stronger SHG responses. Its nonlinear response strength
is comparable to that of two-dimensional non-magnetic sulfide materials. The differences
in the second-order nonlinear response strength of these materials provide strong support
for further understanding their potential in practical applications such as photoelectric
detection and nonlinear optical devices.
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Table 1. Comparison of SHG intensity of different 2D materials.

Material Thickness Substrate x* (pm/V) Excitation Wavelength (nm) Ref.
Graphene Monolayer Si0, /Si 90 1300 nm [77]
WS, Monolayer Si0, /Si 4500 (de) 832 nm [78]
MoS, Monolayer Si0, /Si 5000 810 nm [79]
MoS; (3R) Monolayer Si0, /Si 405 1200 nm [70]
ReS, Bilayer Si0, /Si 900 1558 nm [80]
MoSe; Monolayer Si0, /Si 100 1600 nm [81]
MoTe; (2H) Monolayer Si0, /Si 2500 1550 nm [82]
e-InSe 20 nm Si0, /Si 13 800 nm [83]
e-GaSe 20 nm Si0, /Si 11 800 nm [83]
GaSe Monolayer Si0, /Si 700 1600 nm [84]
GaSe 9nm (9 L) Si0, /Si 9.3 1560 nm [85]
GaTe Monolayer Si0, /Si 1.15 1560 nm [86]
GaS Monolayer quartz 47.98 800 nm [87]
h-BN Monolayer quartz 30 900 nm [73]
PdSe, Monolayer Si0, /Si 51.7 880 nm [88]
PbPSe 43nm (6 L) Si0, /Si 64 1300 nm [89]
NbOI, Monolayer Si0, /Si 190 1050 nm [90]
NbsSel; Monolayer Si0, /Si 6.71 1064 nm [91]
Crls 1.4 nm Si0, /Si 2000 900 nm [17]
CrPSy Monolayer Si0, /Si 1 800 nm [65]

3.2. Polarization Resolution

The polarization-resolved SHG signals are closely tied to the symmetry properties of
the material and have proven to be invaluable in revealing the underlying crystal symmetry
and magnetic ordering in 2D materials [92]. For instance, Zeyuan Sun et al. [17] utilized
polarization-resolved SHG measurements to uncover the monoclinic stacking order and
layered antiferromagnetism in bilayer Crls; they used C-type SHG signal to detect the
monoclinic symmetry structure in the bilayer Crl; AFM state., As shown in Figure 3a—c,
they showed polarization-resolved images of a double-layer Crl; at three different excita-
tion wavelengths. Apparently, due to the combined spin and inversion symmetry of the
material itself, the polarization images at different wavelengths are also different, demon-
strating how symmetry-breaking phenomena manifest in SHG signals; this also provides
experimental evidence for the monoclinic structure at low temperatures, which is consistent
with the prediction. Such measurements provide critical insights into the magnetic and
structural properties of the material. Interestingly, polarization studies can sometimes
yield unexpected results, leading to novel conclusions about the underlying physics. For
materials with layered structures, the angular polarized SHG can still provide a better
platform to study the material structure. Given the similarities between perovskite-layered
structures and 2D magnetic materials such as Crl3 and CrSBr, we have included a discus-
sion and comparison of angle-resolved SHG in perovskites and 2D magnetic materials in
our review. Frohna et al. studied the crystal structure of tetragonal MAPbI3 as shown in
Figure 3d,e and compared experimental SHG data with theoretical predictions, finding
that there is no static volume Rashba effect in this type of perovskite [93]. The Rashba
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effect, arising from strong spin-orbit coupling (SOC) in materials with broken inversion
symmetry, leads to a spin-momentum coupling. Based on Frohna’s work, Hardhienata
et al. applied the simplified bond-hyperpolarizability model (SBHM) to study the Rashba
effect in MAPbI;, confirming the absence of static volume Rashba effect, which aligns
with Frohna’s conclusions. They further used SBHW fitting to predict the Rashba effect
in perovskites with different structures, highlighting symmetry breaking caused by MA
ions. Similarly, Sukanya Ghosh et al. studied the Rashba effect in Crl3 and found that the
interlayer Rashba effect causes spin polarization tilts, leading to energy loss. This indicates
that similar Rashba effects occur in both perovskite-layered and 2D magnetic materials,
with a stronger effect observed in 2D materials, especially when reduced to a single layer.
In summary, both perovskite-layered and 2D magnetic materials exhibit SOC effects driven
by symmetry breaking, with observable similarities in the Rashba effect. Zhuoliang Ni
et al. [74] investigated the SHG polarization patterns of MnPSe3 in collinear and cross-
polarization configurations. As shown in Figure 3f,g, while the material’s triple rotational
symmetry was expected to yield a six-state clock ground state, the temperature-dependent
SHG intensity measurements suggested otherwise. The results indicate that, under strain,
the phase transition in the XY model of MnPSejs follows the Ising universality class rather
than the XY class. This finding highlights the role of strain-induced symmetry breaking
and its impact on the physical properties of 2D materials. Not only that, this study also
shows the temperature dependence of the two domains in the same MnPSj3 crystal. The
experiment proves that above the T, temperature, the SHG information is not affected by
temperature, and the generated SHG signal only comes from the EQ property of the lattice
itself. As the temperature decreases, in the temperature range of 200 K to 78 K, both SHG
signals have a slight increase; especially after reaching the critical temperature T, the two
SHG signals produce different trends, which is precisely due to the effect of the ED SHG
signal.

The SHG intensity of 2D magnetic materials also varies with polarization angles,
reflecting the inherent anisotropy of the materials. This relationship between the po-
larization angle and SHG intensity is a direct manifestation of the material’s structural
anisotropy. For instance, De Hou et al. [65] demonstrated that exfoliated CrPSy crys-
tals exhibit a characteristic angle of 67.5° along the Cr diagonal direction. As shown in
Figure 3h,i, from a microscopic perspective, this corresponds to the in-plane anisotropy of
the CrPSy crystal. Further studies of CrPS, at different wavelengths reveal a direct correla-
tion between the SHG intensity and its anisotropic properties. These findings establish a
quantitative link between SHG responses and in-plane anisotropy, offering a powerful tool
for characterizing and understanding the optical and structural features of 2D materials.
Overall, polarization-resolved SHG experiments provide a rich platform for probing the
symmetry, anisotropy, and phase transitions of 2D materials, enabling deeper insights into
their magnetic and structural properties while also uncovering the influence of external
factors such as strain and temperature.

However, in the process of preparing two-dimensional materials, a large number of
samples will inevitably produce structural defects. The manifestation of structural defects
in two-dimensional materials generally includes hole defects [95], electron defects [96],
grain boundaries [97], etc. The lattice distortion caused by structural defects may cause the
anisotropy of the material to change. Generally speaking, structural defects will greatly
reduce the properties of the material itself, but it is necessary to consider whether certain
specific structural defects can make the material more suitable for promoting various
research progress. William Murray et al. studied the effect of structural defects on SHG
signals in two-dimensional materials [98]. By irradiating WS, monolayers with focused ion
beams to obtain WS, monolayers with structural defects, and comparing them with a simple
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quadratic relationship, it was found that the SHG signal generated by the irradiated samples
decayed much faster than the quadratic relationship used, which caused the magnetic
susceptibility of the samples to decrease. However, despite this, the SHG intensity after
irradiation only decreased by one order of magnitude relative to before irradiation, and
the irradiated samples still had a high SHG signal. Additionally, Chuansheng Xia et al.
successfully used SHG imaging to visualize hidden defects in GaN/AIN microdisks by
observing the weakening and darkening of the SHG image [99]. This represents one of the
most practical applications of SHG technology for defect detection. Moreover, there have
been few studies on the impact of defects on SHG in 2D magnetic materials. We believe
that with advancements in technology and research, as our understanding of the intrinsic
properties of 2D magnetic materials becomes more refined, the influence of defects on SHG
will gradually be revealed.
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Figure 3. (a—c) Azimuthal dual-frequency polarization dependence of Crl; irradiated with 900 nm,
970 nm, and 1040 nm lasers at 0 T [17]. (d) Comparison of SHG angle resolution experimental
data under Pj,-Sout polarization (blue dots) to the two predicted types [93]. (e) SBHW fit un-
der Pj,-Sout polarization shows [94]. (f) SHG temperature response diagram of 100 nm MnPSej.
(g) Polarization-resolved SHG spectrum below Ty, the node direction in the cross-polarization mode
also shows that it is close to the Néel vector direction [74]. (h,i) SHG anisotropy spectra of CrPSy
at 800 nm and 780 nm [65]. panel (a—c) adapted with permission from Ref. [17], Copyright 2019,
Nature; panel (d) adapted with permission from Ref. [93], Copyright 2018, Nature communications;
panel (e) adapted with permission from Ref. [94], Copyright 2023, Journal of the Optical Society of
America B. panel (f,g) adapted with permission from Ref. [74], Copyright 2021, Nature nanotechnol-
ogy. (h,i) adapted with permission from Ref. [65], Copyright 2024,Advanced Optical Materials.
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4. Magnetic Structure Detection

A significant challenge in the study of 2D magnetic materials lies in the detection of
long-range magnetic ordering and magnetic fluctuations. Traditional techniques such as
SQUID, vibrating sample magnetometers (VSMs), and neutron scattering have been widely
employed to characterize magnetic properties [100-102]. These methods offer notable
advantages, including high sensitivity and high-resolution measurements of magnetic
ordering. However, their limitations become increasingly evident when applied to thin
layers and low-dimensional materials. For instance, SQUID and VSMs require relatively
large sample volumes and may lack the sensitivity needed to detect weak signals, which
are often inherent in low-dimensional materials. Similarly, while neutron scattering and
VSMs are highly effective for studying magnetic sequences, their stringent requirements
for sample size and uniformity pose challenges for the investigation of 2D materials. These
limitations have driven the search for alternative techniques capable of addressing the
unique demands of 2D magnetic systems. Optical methods have emerged as promising
probes for studying magnetic ordering in 2D materials. Optical techniques provide several
unique advantages, such as high spatial resolution, non-destructive measurements, and
real-time monitoring capabilities. Among these, SHG has proven particularly valuable.
As an optical nonlinear process, SHG is highly sensitive to symmetry breaking and can
detect changes in magnetic structures and dynamics in real time without damaging the
sample. These features make SHG a powerful tool for investigating the magnetic properties
of 2D materials.

In this review, we focus on the application of SHG in the exploration of novel magnetic
materials. Specifically, in Section 4 we discuss the high-resolution detection of magnetic
ordering, the imaging of magnetic domain structures, and the real-time monitoring of
dynamic magnetic processes using SHG. This approach not only overcomes the limitations
of conventional methods but also provides deeper insights into the intricate magnetic
behaviors of 2D systems, paving the way for advancements in the study and application of
2D magnetic materials.

4.1. Detection of Magnetic Sequence

In the study of ferromagnetic materials, a variety of experimental techniques have
been widely used, including magneto-optical Kerr effect [103], Raman spectroscopy [104],
and tunneling magnetoresistance [105]. These methods can effectively detect the magnetic
characteristics, magnetic domain structure and dynamic changes of ferromagnetic materials,
and provide rich data and theoretical support. However, in contrast, the research of single-
layer antiferromagnetic materials is still in its infancy. There are still many challenges in
the detection of long-range magnetic sequences, internal interactions, and related physical
phenomena of antiferromagnetic materials.

In this context, the SHG technology shows great potential due to its sensitivity to the
nonlinear optical response of magnetic materials, especially in the study of the magnetic
characteristics and dynamic behavior of antiferromagnetic materials. The SHG technology
is capable of detecting very weak magnetic signals with extremely high sensitivity, espe-
cially for detecting complex magnetic structures in antiferromagnetic materials [17,106].

In 2019, Shiwei Wu and Xiaodong Xu’s [17] group marked the first use of SHG to in-
vestigate the magnetic structure and related properties of the 2D magnetic material Crl3. In
its monolayer form, Crl; exhibits triple rotational symmetry and central symmetry, which
prohibits SHG signals under the electric dipole approximation. However, when Crl; forms
a bilayer structure in its antiferromagnetic state, the magnetic configuration breaks both
temporal and spatial inversion symmetries. This symmetry breaking results in a remarkably
strong nonreciprocal second harmonic response. As illustrated in Figure 4a—f, the response
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coefficient of this nonreciprocal SHG signal is three orders of magnitude higher than that
of previously known magnetostrictive SHG signals, such as those observed in chromium
oxide (CryO3) [107]. Furthermore, it exceeds by more than ten orders of magnitude the
SHG signals generated by conventional ferromagnetic interfaces. Notably, this SHG signal
is highly sensitive to changes in the magnetic state of bilayer Crl3. When the temperature
rises above the antiferromagnetic-to-ferromagnetic phase transition temperature, or when
an out-of-plane magnetic field is applied to convert the bilayer Crl; into a ferromagnetic
state, the symmetry of the magnetic structure is altered, leading to the disappearance of the
SHG signal. This discovery highlights the exceptional capability of SHG in detecting mag-
netic phase transitions in low-dimensional magnetic systems. The sensitivity and precision
of SHG make it a powerful tool for exploring the unique magnetic properties and phase
dynamics of 2D materials, paving the way for advancements in the field of low-dimensional
magnetism and spintronics [11,12,108]. In addition, two-dimensional antiferromagnetic
materials such as MnPS; and FePSj exhibit excellent optoelectronic responses, making
them ideal candidates for highly sensitive optoelectronic detection, with a spectral range
extending from ultraviolet to near-infrared [109,110]. In the field of nonlinear optics, in
2020, Chu et al. demonstrated that the long-range linear magnetoelectric Néel order in
MnPS; can persist down to a thickness of at least 5.3 nm, based on SHG with rotational
anisotropy [106]. Despite MnPS3, FePS;, and NiPSs belonging to a centrosymmetric crystal
point group, weak but discernible SHG rotational anisotropy signals have been observed
in these materials, even above their Néel transition temperature (Tsfp) (see Figure 4g).
This phenomenon may arise from surface electric dipole SHG or higher-order SHG pro-
cesses, such as EQ SHG, which are generally allowed in centrosymmetric materials. Unlike
the zigzag magnetic order in FePS; and NiPSs, the Néel-type antiferromagnetic order
in MnPS;3 breaks both time-reversal and space-inversion symmetry below the transition
temperature, leading to a significant increase in its second-harmonic signal. By extracting
polarization-resolved second-harmonic signals, the magnetic contribution can be distin-
guished from signals arising solely from lattice inversion symmetry breaking, allowing for
a clear observation of the long-range antiferromagnetic order in multilayer MnPS3.

To further investigate magnetic ordering in 2D materials, researchers have leveraged
the proven capability of SHG to detect antiferromagnetic order and extended its application
to studying monolayer ferromagnetic states. However, in high-symmetry lattice structures,
the SHG effect dominated by the ED mechanism is insufficient for detecting monolayer
ferromagnetism. This limitation arises because inversion symmetry is preserved during
magnetic phase transitions in these systems, suppressing ED contributions to the SHG sig-
nal. To overcome this challenge, higher-order nonlinear response mechanisms, particularly
the MD effect [111], have been introduced as an alternative. The MD mechanism opens
new avenues for detecting ferromagnetic order in monolayers. In 2021, Kihong Li et al. [76]
used SHG to explore the magnetic order and symmetry characteristics of the 2D material
CrSBr. CrSBr, belonging to the orthorhombic crystal system, does not support SHG domi-
nated by the ED mechanism for ferromagnetic monolayers due to its symmetry constraints.
Nevertheless, the SHG signal was significantly enhanced below the critical temperature,
indicating a transition from a paramagnetic state to a ferromagnetic state. By detecting high-
order MD contributions, the researchers identified the ferromagnetic transition temperature
of monolayer CrSBr as approximately 146 K. Interestingly, the study also revealed that mul-
tilayer CrSBr exhibits antiferromagnetic order. Unlike most other 2D magnetic materials,
the Néel temperature of CrSBr increases as the number of layers decreases. This unusual
behavior suggests the presence of a unique intermediate magnetic phase, denoted as iFM
(intermediate ferromagnetic), between the paramagnetic and antiferromagnetic states. In
this phase, the layers exhibit ferromagnetic coupling, while maintaining paramagnetic
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behavior within individual layers. Using SHG techniques, the researchers further charac-
terized the magnetic dipole moment and magnetic toroidal moment as order parameters
for ferromagnetic monolayers and antiferromagnetic bilayers, respectively. As illustrated
in Figure 4h,i, this approach provided new insights into intralayer magnetic order and
interlayer magnetic coupling in CrSBr. This study not only deepens the understanding of
magnetic ordering and phase transition mechanisms in 2D magnets but also underscores
the versatility and potential of SHG technology in probing complex magnetic systems. By
leveraging higher-order nonlinear optical effects, SHG enables the detection of magnetic
states that are inaccessible through conventional ED-dominated processes, paving the way
for advancements in the study of 2D magnetic materials.

(b) (© - (d)

SHG (a.u.)

—_—

0 50 100
Te it K]
(g) emperature (K) (h)

K
N FePSs (Tar = 123 K)
3 NiPSs (Tar = 155 K)
2 MnPS; (Tas = 78 K
. ( )

To~25K

SHG Intensity (a.u.)

10 25 40 55 70
Temperature (K)

Figure 4. (a) Atomic structure of Crl3. (b) Optical micrograph of a double Crlz layer.
(c) Non-reciprocal SHG response induced by lamellar antiferromagnetism in a double Crl; layer.
(d—f) Corresponding SHG intensity images when the double layer is in the nonmagnetic, antiferro-
magnetic, and ferromagnetic states [17]. (g) Temperature dependence of SHG intensity of FePSs,
NiPSs, and MnPS; [106]. (h) Magnetic symmetry of AFM double layers and FM single layers, with the
magnetic toroidal moment T as the AFM order parameter and the net magnetization M as the FM or-
der parameter. (i,j) Polarization-resolved SHG from CrSBr double and single layers at 65 K (dots) [76].
(k) Angle-resolved SHG of a single CrPSy layer, blue is measured at 70 K, orange is measured at
10 K (XX polarization). (1) SHG intensity of a single CrPS, layer as a function of temperature [65].
panel (a—f) adapted with permission from Ref. [17], Copyright 2019, Nature; panel (g) adapted
with permission from Ref. [106], Copyright 2021, Physical Review Letters; panel (h,i) adapted with
permission from Ref. [76], Copyright 2021, Nano Letters. panel (k,1) adapted with permission from
Ref. [65], Copyright 2024, Advanced Optical Materials.

In recent years, significant progress has been made in the detection of magnetic order
in 2D magnetic materials. However, research has predominantly focused on the detection
of antiferromagnetic states via SHG dominated by the ED mechanism and the study of
ferromagnetic monolayers through SHG influenced by higher-order mechanisms such
as MD and EQ. Notably, the detection of ferromagnetic order through SHG under the
ED approximation has remained unreported—until 2024 [65], when Hou et al. made a
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groundbreaking discovery. Their in-depth study of the 2D antiferromagnetic material CrPS4
revealed, for the first time, the presence of a C-type SHG effect induced by ferromagnetic
order under the ED mechanism in a 2D magnetic system. This pivotal finding has infused
new energy into the field of nonlinear optics. The study demonstrated that C-type SHG
signals were absent in bulk CrP54 and even-numbered layer samples. However, in odd-
numbered layers of CrPS4, a strong C-type SHG effect was detected, induced by monolayer
ferromagnetic order. As illustrated in Figure 4k,], this phenomenon is attributed to the
simultaneous breaking of spatial inversion symmetry and time-reversal symmetry within
the material, enabling an SHG response under the ED mechanism. Additionally, the
researchers found that the intensity of the C-type SHG signal induced by ferromagnetic
order is comparable to the I-type SHG signal associated with symmetry breaking of the
crystal structure. This observation is exceedingly rare among known magnetic materials
and suggests the existence of a novel magnetic SHG (MSHG) mechanism.

This discovery provides a transformative perspective on the nonlinear optical re-
sponses of 2D magnetic systems. By uncovering the capability of the ED mechanism to
detect ferromagnetic order, this work broadens the scope of SHG applications and offers
new opportunities for studying magnetic phenomena in low-dimensional materials. The
findings not only enhance the understanding of SHG mechanisms in magnetic systems but
also pave the way for future innovations in nonlinear optics and magnetism.

4.2. Detection of Magnetic Domain Structure and Magnetodynamic Evolution

SHG also enables researchers to visualize magnetic domain distributions, domain
wall structures, and their dynamic evolution with high sensitivity and spatial resolution.
In 2019 [17], Zeyuan Sun et al. used SHG technology to study the dynamics of magnetic
domains near the magnetic transition, and SHG microscopy to image antiferromagnetic
domains in the bilayer Crl5. As shown in the Figure 5a—c, the experiments show that
the spins of the bilayer Crl; are perfectly aligned at a magnetic field of —0.63 T. When
the magnetic field increases to —0.58 T, an SHG signal appears in the lower layer of Crl3,
indicating the transition of the spin from the alignment state to the interlayer antiferro-
magnetic state. At a further increase of —0.52 T, the upper layer of Crlj also produces an
SHG signal, indicating that more domains switch from the aligned state to the multilayer
antiferromagnetic state. The high sensitivity of the SHG makes it possible to monitor
the evolution of domain dynamics in real time. In 2D antiferromagnetic materials, the
difference in the direction of the magnetic moment will lead to the change of the SHG
signal, so that the magnetic domains in different regions can be effectively identified. In
particular, the two-state Ising order characteristics and the displacement of the domain
wall between the antiferromagnetic regions are clearly observed by SHG measurements
at the single-layer limit. In 2021 [112], another study on MnPS; further showed that the
Néel-type antiferromagnetic order can be extended to the bilayer structure, and realized the
direct imaging of antiferromagnetic domains in 180° reversed phase and the observation of
thermally induced domain switching. As shown in the Figure 5d—f, in the same year [74],
Zhuoliang Ni et al. successfully imaged the Néel vector switching behavior in the mono-
layer antiferromagnetic material MnPSez by SHG technique. In this study, they observed
that the SHG signal collapsed into two independent curves during thermal cycling with
the help of strain-regulated Ising-type order parameters. As shown in the Figure 5g—i, this
phenomenon indicates that the Ising-type Néel vector in the material is switched under
the time-inversion operation, and the spatial distribution characteristics of the Néel vector
between samples are revealed by SHG imaging. Through these experiments, SHG not
only proved its detection accuracy at the single-layer and double-layer limits, but also
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provided a key experimental method for understanding the spin dynamics and topological
characteristics of antiferromagnetic materials.

(sdo) o5y

Figure 5. (a—c) Magnetic transition process of the antiferromagnetic state of bilayer Crl; under
magnetic fields of —0.63 T, —0.58 T, and —0.52 T [17]. (d) Optical image of 9 L MnPS3 sample. Scale
bar: 20 um. (e,f) SHG intensity mapping measured at 5 K [112]. (g) Optical image of 1 L MnPSe3
sample. Scale bar: 10 um. (h,i) SHG intensity mapping measured at 5 K after different cycles. The
dark and bright areas represent two different domains, where the Néel vector switches 180° [74].
panel (a—c) adapted with permission from Ref. [17], Copyright 2019, Nature; panel (d—f) adapted
with permission from Ref. [112], Copyright 2021, Physical Review Letters; panel (g-i) adapted with
permission from Ref. [74], Copyright 2021, Nature nanotechnology.

In addition to experimental research, there has also been progress in theoretical foun-
dations. In order to further clearly understand the relationship between magnetism and
SHG effect, Ruichun Xiao and Hui Li [113] recently proposed a new classification method
for the second harmonic of magnetically ordered materials. Compared with the tradi-
tional classification of second harmonic effect into I-type and C-type, the authors proposed
a classification method using isomorphism groups [114,115], which effectively simplified
the symmetry analysis process of the SHG effect tensor characteristics under the magnetic
point group, and can more clearly reveal the relationship between magnetic ordered struc-
ture and SHG. At the same time, a dictionary of SHG effect tensors and a database of
magnetically ordered materials were established to provide theoretical support for further
detection of magnetic ordered structures.
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5. SHG Combined with Other Detection Techniques

The rapid development of 2D magnetic materials has attracted widespread attention
for their unique magnetic and optical properties. As a sensitive nonlinear optical detec-
tion technology, SHG has become an important tool for studying 2D magnetic materials
due to its sensitivity to symmetry and magnetic order. However, relying solely on SHG
technology may not fully reveal the magnetic characteristics of the material. Therefore,
the combination of SHG with other detection techniques, such as MOKE [8,26], Raman
spectroscopy [104,116], MCD [58], angle-resolved photoemission spectroscopy (ARPES),
etc., provides a more comprehensive perspective for studying 2D magnetic materials.

The magneto-optical Kerr effect is an optical detection technique widely used in the
study of magnetic materials. By measuring the change in polarization after the reflection of
polarized light, the magnetization intensity and direction of the sample can be character-
ized. When combined with SHG, the two complement each other in detecting magnetic
information in different dimensions. In Crlz, SHG is used to detect the inversion symmetry
breaking within the layer, revealing the transition of its interlayer magnetism from FM
to AFM [21]. MOKE provides dynamic information on the change in interlayer magnetic
coupling with the external field. Raman spectroscopy is a technique based on the interac-
tion between light and the vibration mode of matter, and is often used to detect the lattice
vibration, electron-phonon coupling, and magnetic vibration mode of materials [117]. The
combination of SHG and Raman spectroscopy provides new possibilities for the study of
the structure and magnetic interaction of 2D magnetic materials. Past studies have shown
that Raman spectroscopy can be successfully used to study the Ising-type antiferromagnet
FePS;. By monitoring a series of new Raman modes that appear due to unit cell doubling
during antiferromagnetic ordering, the Ising-type magnetic order of FePSs; is retained to
the monolayer limit [118]. Kangwon Kim et al. [119] measured the Raman signature of
antiferromagnetic ordering in NiPS; and found that the ordering persists up to two layers
and is significantly suppressed in the monolayer limit. Chaocheng Liu et al. [120] demon-
strated the Néel -type antiferromagnetic order of the out-of-plane spin orientation of VPSs.
As shown in Figure 6a—f, through temperature-dependent spin—phonon coupling and
SHG, Raman spectroscopy analysis shows that the phase transition temperature of VPS3
significantly affects its optical properties. Angle-resolved SHG demonstrates the magnetic
anisotropy of VPS; and that the Néel vector can persist up to 3.7 nm.

MCD spectroscopy is an optically sensitive probe of surface magnetization of 2D
materials. MCD can monitor the magnetic state conversion behavior under the action
of external fields (such as temperature and magnetic field) in real time. Combined with
the optical technology of SHG, the ability to characterize the spin structure and dynamic
behavior of magnetic materials can be further enhanced. In MnBi, Tey [121] materials, MCD
is employed to probe surface magnetic states and confirm intralayer antiferromagnetic
coupling, as well as magnetic phase transitions controlled by external fields. In parallel,
SHG has been utilized to study the coupling between crystal symmetry and magnetic
structure. Remarkably, as shown in Figure 6g/h, studies have revealed that the SHG signal
in MnBi, Tey is unexpectedly independent of magnetic state, temperature, and layer number.
This suggests that the surface SHG response is the dominant contributor to the overall SHG
intensity and is closely aligned with the symmetry of the material. These observations
establish a foundational understanding of the nonlinear optical properties of MnBi, Tey and
highlight its potential in nonlinear optics research. ARPES has proven to be a powerful
tool for studying the electronic band structure and spin splitting in materials [122]. When
combined with SHG, ARPES can uncover the influence of spin—orbit coupling on magnetic
ordering in 2D magnetic systems. ARPES provides detailed insights into the band structure
and electronic states, while SHG reveals the nonlinear optical response of the material,
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creating a complementary approach to studying the interplay between electronic and mag-
netic properties. Transmission electron microscopy [123] (TEM) offers nanoscale structural
information, and its integration with SHG facilitates the correlation between structural
and magnetic order properties. In the case of CrPSy, researchers used TEM to observe
the atomic arrangement in its layered structure [65]. By combining this with SHG data,
they analyzed how spatial inversion symmetry breaking influences magnetic SHG. The
results demonstrate that local lattice defects significantly affect both the intensity and direc-
tionality of the SHG signal. This further verifies the intrinsic connection between lattice
symmetry and magnetism in CrPS4. These studies underscore the synergistic potential of
combining advanced techniques such as SHG, ARPES, and TEM to investigate the intricate
relationships between structure, electronic properties, and magnetism in 2D magnetic
materials. This multidisciplinary approach offers deeper insights into the fundamental
physics of these materials and paves the way for future innovations in spintronics and
nonlinear optics.
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Figure 6. (a) Temperature-dependent Raman spectra of bulk VPS;. (b) Peak position of P4 Raman
peak at different temperatures from 4 to 300 K. (c¢) Changes in polarized Raman intensity of Py, Py,
P4 and Py with temperature. (d) Curves of XY SHG intensity with temperature. The solid red curve
is the best fit of the function |1—(T/Ty)|2# (28 is the critical exponent). (e) Optical image of VPS3
exfoliated on SiO, /Si substrate. Scale bar: 20 um. (f) XX and XY SHG patterns of 80, 10.8, and 3.7 nm
samples at 10 K. (g) SHG of MnBi, Tey related to layer number, magnetic field, and temperature [120].
(h) Reflection magnetic circular dichroism scans of 1 SL, 2 SL, and 3 SL flakes of MnBi, Te; measured
at 4.5 K [121]. panel (a—f) adapted with permission from Ref. [120], Copyright 2023, Advanced
Materials; panel (g,h) adapted with permission from Ref. [121], Copyright 2022, Nano letters.

We have compared the sensitivity, advantages, and limitations of various techniques
for probing 2D magnetic materials, as summarized in the Table 2. Sensitivity is evaluated
based on the detection limit of the signal, typically quantified by the material thickness,
such as a single layer or nanoscale dimension. The combination of SHG and other detection
techniques provides a more comprehensive toolbox for the study of 2D magnetic materials.
The sensitivity of SHG to symmetry and magnetic state detection complements the high
spatial resolution or direct magnetic information characterization offered by other tech-
niques. The joint application of multiple techniques not only enhances the understanding



Nanomaterials 2025, 15, 63

18 of 25

of 2D magnetic materials but also provides a solid theoretical foundation and technical
support for the development of new optoelectronic devices. In the future, with further
advancements and integration of detection technologies, the potential applications of SHG
in the study of 2D materials will become even broader.

Table 2. Comparison of sensitivity, advantages, and limitations of various techniques for probing 2D
magnetic materials.

Technique Sensitivity Advantages Limitations Refs.
. Probes symmetry breaking 4 | "
§ . . Detects AFM /FM order . Limited to nonlinear effects ’
SHG High (sub-monolayer sensitive) . Sensitive to . Challenges with quantification [17,120,121,124,125]
time-reversal symmetry
. = * Non-destructi.ve . . Primarily surface-sensitive
MOKE High (monolayer sensitive) . Maps magnetic domains . Limited sensitivity for AFM [103,126-128]
. High spatial resolution
. Sensitive to
. » spln—'pola.rlzed states ° Less effective for low symmetry
MCD High (surface-sensitive, ~monolayer) e Provides information about or AFM materials [129-131]
electronic transitions
. Non-destructive
X . Requires ultra-high
. Energy resolution down vacuum conditions.
. . tomeV ) . High sample
ARPES High (surface-sensitive, ~monolayer) . Detecting electronic band preparation requirements [132-134]
structures fmd . Restricted in resolving bulk
spin-polarized states electronic structure
. . . Strain and defect mapping . Less direct for
Raman High (monolayer sensitive) . Sensitive to magnetic phonons magnetic ordering [43,118,119,135]
. . Limited to large sample size
Neut teri Low (bulk » . Non-destructive . High sample 136-138
eutron scattering ow (bulk-sensitive) . Direct magnetic probing quality requirement [136-138]
. Expensive setup
Magnetometr i
& Y Low (bulk-sensitive) . Measures bulk magnetization . Requires sample in bulk form [139,140]

(SQUID, VSM)

Although SHG detection technology has been widely applied in the study of
two-dimensional magnetic materials, integrating SHG into practical devices based on
these materials is still an emerging research field. Currently, while there have been no direct
reports of SHG-based devices, SHG has been successfully used to probe the magnetism,
symmetry breaking, and dynamic responses of two-dimensional materials, providing
valuable insights for the development of photonic and spintronic devices [17,65]. As our
understanding of two-dimensional magnetic materials continues to advance, SHG-based
devices are expected to play an increasingly important role in future applications.

6. Summary and Outlook

In this review, we have summarized the principles of SHG and the magnetic properties
of 2D magnetic materials, highlighting its role in material characterization, magnetic
order detection, imaging of magnetic domain structures, and studying magneto-dynamic
evolution. Additionally, the integration of SHG with other characterization techniques
has been explored, showcasing its potential to advance understanding in the field of 2D
magnetism. SHG has proven to be an essential tool for investigating symmetry breaking and
magnetic phase transitions, while also offering insights into surface effects and nonlinear
optical properties. These advantages position SHG as a valuable method for exploring novel
quantum phenomena in low-dimensional systems. Despite its significant contributions,
SHG faces several challenges in the study of 2D magnetic materials. A major limitation
is the weak signal intensity observed in many 2D materials, particularly in monolayer or
sub-nanometer-thick samples, where the nonlinear optical response is further diminished.
This issue complicates the extraction and analysis of experimental data, especially when
examining subtle magnetic state changes. Achieving sufficient sensitivity in detection
systems remains a critical hurdle. Furthermore, the complexity of nonlinear response
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mechanisms adds another layer of difficulty. SHG signals can arise from ED, MD, and
EQ effects, which often overlap and make it challenging to disentangle their individual
contributions. Decoupling these mechanisms and quantifying their respective roles requires
sophisticated experimental and theoretical approaches. Another significant obstacle lies in
conducting SHG experiments under extreme conditions, such as ultra-low temperatures
or ultra-high magnetic fields [141,142]. These conditions are essential for studying critical
magnetic states, including quantum phase transitions and unconventional magnetic orders.
However, the technical difficulties associated with such experiments limit the scope of
current research and restrict the detailed exploration of key phenomena.

To address these challenges, future efforts will likely focus on developing materials
with enhanced SHG responses and improving experimental methodologies. The discovery
of new 2D magnetic materials, particularly those with low symmetry or complex magnetic
states, holds promise for advancing the field. Engineering approaches, such as chemical
doping and strain modulation, offer potential pathways to optimize the magnetic and
nonlinear optical properties of these materials. Additionally, the development of high-
sensitivity detection technologies, including optical cavity-enhanced SHG measurement
systems, will enable researchers to probe even the weakest nonlinear signals with precision.
Combining SHG with complementary characterization techniques, such as ARPES and
transmission electron TEM, will provide a more comprehensive understanding of the inter-
play between structural, magnetic, and optical properties. For instance, the integration of
SHG with TEM has already demonstrated its ability to correlate lattice symmetry breaking
with magnetic order, offering a clearer picture of how structural defects influence nonlin-
ear optical responses. Meanwhile, theoretical advancements are essential for modeling
the complex mechanisms underlying SHG in 2D magnetic materials, providing a robust
framework for interpreting experimental data and guiding future investigations.

Looking ahead, the application of SHG in the study of 2D magnetic materials is
poised for significant growth. The ongoing discovery of new materials, coupled with
advancements in experimental techniques and theoretical models, will expand the scope
and depth of SHG research. These developments will not only deepen our understanding
of the fundamental physics of 2D magnets but also drive their practical applications
in optoelectronics, spintronics, and quantum technologies [141,142]. As a versatile and
powerful tool, SHG is set to remain at the forefront of research into the unique properties
of 2D magnetic systems.

Author Contributions: Z.X. and B.X. contributed equally. Conceptualization, Z.X., B.X., W.C,,
X.Z. and ].S,; Investigation, Z.X. and B.X.; Writing—original draft preparation, Z.X., B.X. and J.S;
Writing—review and editing, Z.X., B.X., W.C., X.Z. and ].S.; Supervision, Z.X., B.X., X.Z. and ].S,;
Project administration, J.S.; Funding acquisition, ].S. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (62305012),
the Beijing Postdoctoral Research Foundation (2023-zz-60), and the China Postdoctoral Science
Foundation (2023M730155).

Conflicts of Interest: The authors declare no conflict of interest.

1. Novoselov, K.S.; Geim, A K.; Morozov, S.V,; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A. Electric Field Effect
in Atomically Thin Carbon Films. Science 2004, 306, 666—669. [CrossRef] [PubMed]

Sangwan, V.K.; Hersam, M.C. Electronic Transport in Two-Dimensional Materials. Annu. Rev. Phys. Chem. 2018, 69, 299-325.
[CrossRef] [PubMed]

3. Koppens, EH.L.; Mueller, T.; Avouris, P.; Ferrari, A.C.; Vitiello, M.S.; Polini, M. Photodetectors based on graphene, other
two-dimensional materials and hybrid systems. Nat. Nanotechnol. 2014, 9, 780-793. [CrossRef] [PubMed]


https://doi.org/10.1126/science.1102896
https://www.ncbi.nlm.nih.gov/pubmed/15499015
https://doi.org/10.1146/annurev-physchem-050317-021353
https://www.ncbi.nlm.nih.gov/pubmed/29463170
https://doi.org/10.1038/nnano.2014.215
https://www.ncbi.nlm.nih.gov/pubmed/25286273

Nanomaterials 2025, 15, 63 20 of 25

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Wang, Q.H.; Kalantar-Zadeh, K.; Kis, A.; Coleman, ].N.; Strano, M.S. Electronics and optoelectronics of two-dimensional transition
metal dichalcogenides. Nat. Nanotechnol. 2012, 7, 699-712. [CrossRef]

Zhang, X.; Hou, L.; Ciesielski, A.; Samori, P. 2D Materials Beyond Graphene for High-Performance Energy Storage Applications.
Adv. Energy Mater. 2016, 6, 1600671. [CrossRef]

Fu, J.; Xu, W,; Chen, X.; Zhang, S.; Zhang, W.; Suo, P; Lin, X.; Wang, J.; Jin, Z; Liu, W,; et al. Thickness-Dependent Ultrafast
Photocarrier Dynamics in Selenizing Platinum Thin Films. J. Phys. Chem. C 2020, 124, 10719-10726. [CrossRef]

Chen, X.; Zhou, Z.; Deng, B.; Wu, Z,; Xia, F,; Cao, Y.; Zhang, L.; Huang, W.; Wang, N.; Wang, L. Electrically tunable physical
properties of two-dimensional materials. Nano Today 2019, 27, 99-119. [CrossRef]

Huang, B.; Clark, G.; Navarro-Moratalla, E.; Klein, D.R.; Cheng, R.; Seyler, K.L.; Zhong, D.; Schmidgall, E.; McGuire, M.A ;
Cobden, D.H.; et al. Layer-dependent ferromagnetism in a van der Waals crystal down to the monolayer limit. Nature
2017, 546, 270-273. [CrossRef]

Deng, Y.; Yu, Y.; Song, Y.; Zhang, J.; Wang, N.Z.; Sun, Z.; Yi, Y.; Wu, Y.Z.; Wu, S.; Zhu, J.; et al. Gate-tunable room-temperature
ferromagnetism in two-dimensional Fe3GeTe,. Nature 2018, 563, 94-99. [CrossRef]

Nakatsuji, S.; Kiyohara, N.; Higo, T. Large anomalous Hall effect in a non-collinear antiferromagnet at room temperature. Nature
2015, 527, 212-215. [CrossRef]

Hirohata, A.; Yamada, K.; Nakatani, Y.; Prejpeanu, L.-L.; Diény, B.; Pirro, P.; Hillebrands, B. Review on spintronics: Principles and
device applications. J. Magn. Magn. Mater. 2020, 509, 166711. [CrossRef]

Mi, M,; Xiao, H.; Yu, L.; Zhang, Y.; Wang, Y.; Cao, Q.; Wang, Y. Two-dimensional magnetic materials for spintronic devices. Mater.
Today Nano 2023, 24, 100408. [CrossRef]

Zuo, Y.; Yu, W,; Liu, C.; Cheng, X; Qiao, R;; Liang, J.; Zhou, X.; Wang, J.; Wu, M.; Zhao, Y.; et al. Optical fibres with embedded
two-dimensional materials for ultrahigh nonlinearity. Nat. Nanotechnol. 2020, 15, 987-991. [CrossRef]

Chang, D.E.; Vuleti¢, V.; Lukin, M.D. Quantum nonlinear optics—Photon by photon. Nat. Photonics 2014, 8, 685-694. [CrossRef]
Wang, Y.; Wang, Y.; Chen, K.; Qi, K.; Xue, T.; Zhang, H.; He, ].; Xiao, S. Niobium Carbide MXenes with Broad-Band Nonlinear
Optical Response and Ultrafast Carrier Dynamics. ACS Nano 2020, 14, 10492-10502. [CrossRef]

Liang, J.; Zhang, J.; Li, Z.; Hong, H.; Wang, ].; Zhang, Z.; Zhou, X,; Qiao, R.; Xu, J.; Gao, P; et al. Monitoring Local Strain Vector in
Atomic-Layered MoSe; by Second-Harmonic Generation. Nano Lett. 2017, 17, 7539-7543. [CrossRef]

Sun, Z; Yi, Y,; Song, T.; Clark, G.; Huang, B.; Shan, Y.; Wu, S.; Huang, D.; Gao, C.; Chen, Z; et al. Giant nonreciprocal
second-harmonic generation from antiferromagnetic bilayer Crl3. Nature 2019, 572, 497-501. [CrossRef]

Kim, WK,; Kim, N.; Park, M.H.; Shin, Y.H.; Cho, G.Y.; Kim, G.; Yu, W.J. High Electrical Conductance in Magnetic Emis-
sion Junction of Fe3GeTe,/ZnO/Ni Heterostructure via Selective Spin Emission through ZnO Ohmic Barrier. Adv. Mater.
2024, 2409822. [CrossRef]

Grollier, J.; Querlioz, D.; Camsari, K.Y.; Everschor-Sitte, K.; Fukami, S.; Stiles, M.D. Neuromorphic spintronics. Nat. Electron.
2020, 3, 360-370. [CrossRef]

Lin, X.; Yang, W.; Wang, K.L.; Zhao, W. Two-dimensional spintronics for low-power electronics. Nat. Electron. 2019, 2, 274-283.
[CrossRef]

Kim, H.H,; Jiang, S.; Yang, B.; Zhong, S.; Tian, S.; Li, C.; Lei, H.; Shan, J.; Mak, K.E,; Tsen, A.W. Magneto-Memristive Switching in
a 2D Layer Antiferromagnet. Adv. Mater. 2020, 32, 1905433. [CrossRef] [PubMed]

Li, B.; Xing, T.; Zhong, M.; Huang, L.; Lei, N.; Zhang, J.; Li, J.; Wei, Z. A two-dimensional Fe-doped SnS; magnetic semiconductor.
Nat. Commun. 2017, 8, 1958. [CrossRef] [PubMed]

Gonzélez-Herrero, H.; Gomez-Rodriguez, ] M.; Mallet, P.; Moaied, M.; Palacios, J.J.; Salgado, C.; Ugeda, M.M.; Veuillen, J.-Y.;
Yndurain, F; Brihuega, I. Atomic-scale control of graphene magnetism by using hydrogen atoms. Science 2016, 352, 437-441.
[CrossRef]

Tong, Y.; Guo, Y;; Mu, K,; Shan, H.; Dai, J.; Liu, Y,; Sun, Z.; Zhao, A.; Zeng, X.C.; Wu, C,; et al. Half-Metallic Behavior in 2D
Transition Metal Dichalcogenides Nanosheets by Dual-Native-Defects Engineering. Adv. Mater. 2017, 29, 1703123. [CrossRef]
[PubMed]

Kou, L.; Tang, C.; Guo, W.; Chen, C. Tunable Magnetism in Strained Graphene with Topological Line Defect. ACS Nano
2011, 5, 1012-1017. [CrossRef]

Gong, C; Li, L.; Li, Z.; Ji, H.; Stern, A.; Xia, Y.; Cao, T.; Bao, W.; Wang, C.; Wang, Y.; et al. Discovery of intrinsic ferromagnetism in
two-dimensional van der Waals crystals. Nature 2017, 546, 265-269. [CrossRef]

Shiroishi, Y.; Fukuda, K.; Tagawa, I.; Iwasaki, H.; Takenoiri, S.; Tanaka, H.; Mutoh, H.; Yoshikawa, N. Future Options for HDD
Storage. IEEE Trans. Magn. 2009, 45, 3816-3822. [CrossRef]

Dieny, B.; Prejbeanu, I.L.; Garello, K.; Gambardella, P; Freitas, P; Lehndorff, R.; Raberg, W.; Ebels, U.; Demokritov, S.0.; Akerman,
J.; et al. Opportunities and challenges for spintronics in the microelectronics industry. Nat. Electron. 2020, 3, 446—459. [CrossRef]
Baltz, V.; Manchon, A.; Tsoi, M.; Moriyama, T.; Ono, T.; Tserkovnyak, Y. Antiferromagnetic spintronics. Rev. Mod. Phys.
2018, 90, 015005. [CrossRef]


https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1002/aenm.201600671
https://doi.org/10.1021/acs.jpcc.0c01509
https://doi.org/10.1016/j.nantod.2019.05.005
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/s41586-018-0626-9
https://doi.org/10.1038/nature15723
https://doi.org/10.1016/j.jmmm.2020.166711
https://doi.org/10.1016/j.mtnano.2023.100408
https://doi.org/10.1038/s41565-020-0770-x
https://doi.org/10.1038/nphoton.2014.192
https://doi.org/10.1021/acsnano.0c04390
https://doi.org/10.1021/acs.nanolett.7b03476
https://doi.org/10.1038/s41586-019-1445-3
https://doi.org/10.1002/adma.202409822
https://doi.org/10.1038/s41928-019-0360-9
https://doi.org/10.1038/s41928-019-0273-7
https://doi.org/10.1002/adma.201905433
https://www.ncbi.nlm.nih.gov/pubmed/31647588
https://doi.org/10.1038/s41467-017-02077-z
https://www.ncbi.nlm.nih.gov/pubmed/29208966
https://doi.org/10.1126/science.aad8038
https://doi.org/10.1002/adma.201703123
https://www.ncbi.nlm.nih.gov/pubmed/28861927
https://doi.org/10.1021/nn1024175
https://doi.org/10.1038/nature22060
https://doi.org/10.1109/TMAG.2009.2024879
https://doi.org/10.1038/s41928-020-0461-5
https://doi.org/10.1103/RevModPhys.90.015005

Nanomaterials 2025, 15, 63 21 of 25

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Mak, K.E; Shan, ].; Ralph, D.C. Probing and controlling magnetic states in 2D layered magnetic materials. Nat. Rev. Phys.
2019, 1, 646-661. [CrossRef]

Liu, N.-S.; Wang, C.; Ji, W. Recent research advances in two-dimensional magnetic materials. Acta Phys. Sin. 2022, 71, 127504.
[CrossRef]

Kurebayashi, H.; Garcia, ].H.; Khan, S.; Sinova, J.; Roche, S. Magnetism, symmetry and spin transport in van der Waals layered
systems. Nat. Rev. Phys. 2022, 4, 150-166. [CrossRef]

Gibertini, M.; Koperski, M.; Morpurgo, A.F.; Novoselov, K.S. Magnetic 2D materials and heterostructures. Nat. Nanotechnol.
2019, 14, 408-419. [CrossRef]

Goodenough, J.B. Theory of the Role of Covalence in the Perovskite-Type Manganites [La,M(II)]MnOs3. Phys. Rev.
1955, 100, 564-573. [CrossRef]

Kanamori, J. Crystal Distortion in Magnetic Compounds. J. Appl. Phys. 1960, 31, S14-523. [CrossRef]

Anderson, PW. New Approach to the Theory of Superexchange Interactions. Phys. Rev. 1959, 115, 2-13. [CrossRef]

Jacobsen, H.; Gaw, S.M.; Princep, A.]J.; Hamilton, E.; Téth, S.; Ewings, R.A.; Enderle, M.; Wheeler, EM.H.; Prabhakaran, D.;
Boothroyd, A.T. Spin dynamics and exchange interactions in CuO measured by neutron scattering. Phys. Rev. B 2018, 97, 144401.
[CrossRef]

Saiz, C.L.; McGuire, M.A.; Hennadige, S.R.J.; van Tol, J.; Singamaneni, S.R. Electron Spin Resonance Properties of Crlz and CrCl;
Single Crystals. MRS Adv. 2019, 4, 2169-2175. [CrossRef]

Rahman, S.; Torres, J.F.; Khan, A.R.; Lu, Y. Recent Developments in van der Waals Antiferromagnetic 2D Materials: Synthesis,
Characterization, and Device Implementation. ACS Nano 2021, 15, 17175-17213. [CrossRef]

Molina-Sanchez, A.; Catarina, G.; Sangalli, D.; Fernandez-Rossier, J. Magneto-optical response of chromium trihalide monolayers:
Chemical trends. . Mater. Chem. C 2020, 8, 8856—-8863. [CrossRef]

Kim, S.; Lee, ].; Lee, C.; Ryu, S. Polarized Raman Spectra and Complex Raman Tensors of Antiferromagnetic Semiconductor
CrPSy. J. Mater. Chem. C 2021, 125, 2691-2698. [CrossRef]

McGuire, M.A. Crystal and Magnetic Structures in Layered, Transition Metal Dihalides and Trihalides. Crystals 2017, 7, 121.
[CrossRef]

Du, K.-z.; Wang, X.-z.; Liu, Y,; Hu, P,; Utama, M.L.B.; Gan, C.K,; Xiong, Q.; Kloc, C. Weak Van der Waals Stacking, Wide-Range Band
Gap, and Raman Study on Ultrathin Layers of Metal Phosphorus Trichalcogenides. ACS Nano 2016, 10, 1738-1743. [CrossRef]
[PubMed]

Gu, M.; Rondinelli, ].M. Nonlinear phononic control and emergent magnetism in Mott insulating titanates. Phys. Rev. B
2018, 98, 024102. [CrossRef]

Bazazzadeh, N.; Hamdi, M.; Haddadi, F; Khavasi, A.; Sadeghi, A.; Mohseni, S.M. Symmetry enhanced spin-Nernst effect in
honeycomb antiferromagnetic transition metal trichalcogenide monolayers. Phys. Rev. B 2021, 103, 014425. [CrossRef]

Zvereva, E.A,; Stratan, M.L.; Ovchenkov, Y.A.; Nalbandyan, V.B.; Lin, J.Y.; Vavilova, E.L.; Iakovleva, M.F.; Abdel-Hafiez, M.;
Silhanek, A.V,; Chen, X.J.; et al. Zigzag antiferromagnetic quantum ground state in monoclinic honeycomb lattice antimonates
A3NipSbOg (A = Li, Na). Phys. Rev. B 2015, 92, 144401. [CrossRef]

Lee, K.H.; Chung, S.B,; Park, K,; Park, J.-G. Magnonic quantum spin Hall state in the zigzag and stripe phases of the antiferro-
magnetic honeycomb lattice. Phys. Rev. B 2018, 97, 180401. [CrossRef]

Mermin, N.D.; Wagner, H. Absence of Ferromagnetism or Antiferromagnetism in One- or Two-Dimensional Isotropic Heisenberg
Models. Phys. Rev. Lett. 1966, 17, 1133-1136. [CrossRef]

Jiang, J.; Wu, K.; Wang, J.; Chai, Q.; Yuan, Z,; Liu, Y.; Zhang, R.; Sang, S.; Ge, Y. Electric Field-Induced Magnetic Anisotropies in
Fe;GeTe,-Based Nanoheterostructures. ACS Appl. Nano Mater. 2024, 7, 2836-2842. [CrossRef]

Zhao, C.; Yan, S.; Gao, S.; Qiao, W.,; Bai, R.; Zhou, T. Strain-Control Magnetic Anisotropy of Antiferromagnetism in
Two-Dimensional MXene V,C(OH);. J. Phys. Chem. C 2024, 128, 20350-20359. [CrossRef]

Gong, C.; Zhang, X. Two-dimensional magnetic crystals and emergent heterostructure devices. Science 2019, 363, eaav4450.
[CrossRef] [PubMed]

Zhang, W.; Wong, PKJ.; Zhu, R.; Wee, A.T.S. Van der Waals magnets: Wonder building blocks for two-dimensional spintronics?
InfoMat 2019, 1, 479-495. [CrossRef]

Zelezn}'r, J.; Wadley, P; Olejnik, K.; Hoffmann, A.; Ohno, H. Spin transport and spin torque in antiferromagnetic devices. Nat.
Phys. 2018, 14, 220-228. [CrossRef]

Wang, H.; Lu, C.; Chen, J.; Liu, Y,; Yuan, S.L.; Cheong, S.-W.; Dong, S.; Liu, J.-M. Giant anisotropic magnetoresistance and
nonvolatile memory in canted antiferromagnet SryIrO4. Nat. Commun. 2019, 10, 2280. [CrossRef] [PubMed]

Wang, K.; Sanderink, ].G.M.; Bolhuis, T.; van der Wiel, W.G.; de Jong, M.P. Tunnelling anisotropic magnetoresistance due to
antiferromagnetic CoO tunnel barriers. Sci. Rep. 2015, 5, 15498. [CrossRef]

Jiang, X.-H.; Qin, S.-C.; Xing, Z.-Y.; Zou, X.-Y.; Deng, Y.-E.; Wang, W.; Wang, L. Study on physical properties and magnetism
controlling of two-dimensional magnetic materials. Acta Phys. Sin. 2021, 70, 127801. [CrossRef]


https://doi.org/10.1038/s42254-019-0110-y
https://doi.org/10.7498/aps.71.20220301
https://doi.org/10.1038/s42254-021-00403-5
https://doi.org/10.1038/s41565-019-0438-6
https://doi.org/10.1103/PhysRev.100.564
https://doi.org/10.1063/1.1984590
https://doi.org/10.1103/PhysRev.115.2
https://doi.org/10.1103/PhysRevB.97.144401
https://doi.org/10.1557/adv.2019.241
https://doi.org/10.1021/acsnano.1c06864
https://doi.org/10.1039/D0TC01322F
https://doi.org/10.1021/acs.jpcc.0c09938
https://doi.org/10.3390/cryst7050121
https://doi.org/10.1021/acsnano.5b05927
https://www.ncbi.nlm.nih.gov/pubmed/26607168
https://doi.org/10.1103/PhysRevB.98.024102
https://doi.org/10.1103/PhysRevB.103.014425
https://doi.org/10.1103/PhysRevB.92.144401
https://doi.org/10.1103/PhysRevB.97.180401
https://doi.org/10.1103/PhysRevLett.17.1133
https://doi.org/10.1021/acsanm.3c05106
https://doi.org/10.1021/acs.jpcc.4c04171
https://doi.org/10.1126/science.aav4450
https://www.ncbi.nlm.nih.gov/pubmed/30765537
https://doi.org/10.1002/inf2.12048
https://doi.org/10.1038/s41567-018-0062-7
https://doi.org/10.1038/s41467-019-10299-6
https://www.ncbi.nlm.nih.gov/pubmed/31123257
https://doi.org/10.1038/srep15498
https://doi.org/10.7498/aps.70.20202146

Nanomaterials 2025, 15, 63 22 of 25

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Wu, H.; Zhang, W.; Yang, L.; Wang, J.; Li, ].; Li, L.; Gao, Y.; Zhang, L.; Du, J.; Shu, H.; et al. Strong intrinsic room-temperature
ferromagnetism in freestanding non-van der Waals ultrathin 2D crystals. Nat. Commun. 2021, 12, 5688. [CrossRef]

Jiang, S.; Li, L.; Wang, Z.; Mak, K.E; Shan, J. Controlling magnetism in 2D CrI3 by electrostatic doping. Nat. Nanotechnol. 2018, 13,
549-553. [CrossRef]

Pantazis, P.; Maloney, J.; Wu, D.; Fraser, S.E. Second harmonic generating (SHG) nanoprobes for in vivo imaging. Proc. Natl. Acad.
Sci. USA 2010, 107, 14535-14540. [CrossRef]

Kirilyuk, A.; Rasing, T. Magnetization-induced-second-harmonic generation from surfaces and interfaces. J. Opt. Soc. Am. 2005,
22,148-167. [CrossRef]

Fiebig, M.; Pavlov, V.V,; Pisarev, R.V. Second-harmonic generation as a tool for studying electronic and magnetic structures of
crystals: Review. J. Opt. Soc. Am. 2005, 22, 96-118. [CrossRef]

Liu, Q.; Tang, Y.; Wei, K; Jiang, T. Progress of Research on Two-dimensional Antiferromagnets with Magneto-optic Properties.
Chin. J. Lasers 2023, 50, 0113007.

Wu, D.; Ye, M.; Chen, H.; Xu, Y.; Duan, W. Giant and controllable nonlinear magneto-optical effects in two-dimensional magnets.
npj Comput. Mater. 2024, 10, 79. [CrossRef]

Franken, PA_; Hill, A E.; Peters, C.W.; Weinreich, G. Generation of Optical Harmonics. Phys. Rev. Lett. 1961, 7, 118-119. [CrossRef]
Hou, D,; Jiang, Z.; Xiao, R.-C.; Liu, C.; Chang, X; Liu, Y,; Wang, Z.; Li, B,; Liu, X.; Hu, X,; et al. Extraordinary Magnetic Second
Harmonic Generation in Monolayer CrPSy. Adv. Opt. Mater. 2024, 12, 2400943. [CrossRef]

Trzeciecki, M.; Hiibner, W. Time-reversal symmetry in nonlinear optics. Phys. Rev. B 2000, 62, 13888-13891. [CrossRef]

Chang, K.; Hai, X.; Pang, H.; Zhang, H.; Shi, L.; Liu, G.; Liu, H.; Zhao, G.; Li, M.; Ye, ]. Targeted Synthesis of 2H- and 1T-Phase
MoS; Monolayers for Catalytic Hydrogen Evolution. Adv. Mater. 2016, 28, 10033—-10041. [CrossRef]

Toh, RJ.; Sofer, Z.; Luxa, J.; Sedmidubsky, D.; Pumera, M. 3R phase of MoS; and WS, outperforms the corresponding 2H phase
for hydrogen evolution. Chem. Commun. 2017, 53, 3054-3057. [CrossRef]

Wang, Y.; Xiao, J.; Yang, S.; Wang, Y.; Zhang, X. Second harmonic generation spectroscopy on two-dimensional materials. Opt.
Mater. Express 2019, 9, 1136-1149. [CrossRef]

Shi, J.; Yu, P; Liu, E; He, P; Wang, R.; Qin, L.; Zhou, ].; Li, X; Zhou, J.; Sui, X,; et al. 3R MoS, with Broken Inversion Symmetry: A
Promising Ultrathin Nonlinear Optical Device. Adv. Mater. 2017, 29, 1701486. [CrossRef]

Malard, L.M.; Alencar, T.V.; Barboza, A.PM.; Mak, K.E,; de Paula, A.M. Observation of intense second harmonic generation from
MoS; atomic crystals. Phys. Rev. B 2013, 87, 201401. [CrossRef]

Rosa, H.G.; Ho, Y.W.; Verzhbitskiy, I.; Rodrigues, M.].E.L.; Taniguchi, T.; Watanabe, K.; Eda, G.; Pereira, V.M.; Gomes, J.C.V.
Characterization of the second- and third-harmonic optical susceptibilities of atomically thin tungsten diselenide. Sci. Rep. 2018,
8,10035. [CrossRef] [PubMed]

Li, Y;; Rao, Y.; Mak, K.F; You, Y.; Wang, S.; Dean, C.R.; Heinz, T.F. Probing symmetry properties of few-layer MoS, and h-BN by
optical second-harmonic generation. Nano Lett. 2013, 13, 3329-3333. [CrossRef] [PubMed]

Ni, Z.; Haglund, A.V,; Wang, H.; Xu, B.; Bernhard, C.; Mandrus, D.G.; Qian, X.; Mele, E.J.; Kane, C.L.; Wu, L. Imaging the Néel
vector switching in the monolayer antiferromagnet MnPSe; with strain-controlled Ising order. Nat. Nanotechnol. 2021, 16, 782-787.
[CrossRef]

Lee, K.; Dismukes, A.; Telford, E.; Wiscons, R.; Wang, J.; Xu, X.; Nuckolls, C.; Dean, C.; Roy, X.; Zhu, X. Magnetic Order and
Symmetry in the 2D Semiconductor CrSBr. Nano Lett. 2021, 21, 3511-3517. [CrossRef]

Shan, Y.; Li, Y;; Huang, D.; Tong, Q.; Yao, W,; Liu, W.-T.; Wu, S. Stacking symmetry governed second harmonic generation in
graphene trilayers. Sci. Adv. 2018, 4, eaat0074. [CrossRef]

Janisch, C.; Wang, Y.; Ma, D.; Mehta, N.; Elias, A.L.; Perea-Lopez, N.; Terrones, M.; Crespi, V.; Liu, Z. Extraordinary Second
Harmonic Generation in Tungsten Disulfide Monolayers. Sci. Rep. 2014, 4, 5530. [CrossRef]

Kumar, N.; Najmaei, S.; Cui, Q.; Ceballos, F.; Ajayan, PM.; Lou, J.; Zhao, H. Second harmonic microscopy of monolayer MoS;.
Phys. Rev. B 2013, 87, 161403. [CrossRef]

Song, Y,; Hu, S.; Lin, M.-L.; Gan, X.; Tan, P-H.; Zhao, J. Extraordinary Second Harmonic Generation in ReS; Atomic Crystals. ACS
Photonics 2018, 5, 3485-3491. [CrossRef]

Le, C.T,; Clark, D.J.; Ullah, E; Jang, ].I.; Senthilkumar, V.; Sim, Y.; Seong, M.-].; Chung, K.-H.; Kim, ].W,; Park, S.; et al. Impact of
Selenium Doping on Resonant Second-Harmonic Generation in Monolayer MoS;,. ACS Photonics 2017, 4, 38—44. [CrossRef]
Song, Y.; Tian, R.; Yang, J.; Yin, R.; Zhao, J.; Gan, X. Second Harmonic Generation in Atomically Thin MoTe,. Adv. Opt. Mater.
2018, 6, 1701334. [CrossRef]

Hao, Q.; Yi, H; Su, H.; Wei, B.; Wang, Z.; Lao, Z.; Chai, Y.; Wang, Z.; Jin, C.; Dai, |.; et al. Phase Identification and Strong Second
Harmonic Generation in Pure ¢-InSe and Its Alloys. Nano Lett. 2019, 19, 2634-2640. [CrossRef] [PubMed]

Zhou, X.; Cheng, J.; Zhou, Y.; Cao, T.; Hong, H.; Liao, Z.; Wu, S.; Peng, H.; Liu, K.; Yu, D. Strong Second-Harmonic Generation in
Atomic Layered GaSe. J. Am. Chem. Soc. 2015, 137, 7994-7997. [CrossRef] [PubMed]


https://doi.org/10.1038/s41467-021-26009-0
https://doi.org/10.1038/s41565-018-0135-x
https://doi.org/10.1073/pnas.1004748107
https://doi.org/10.1364/JOSAB.22.000148
https://doi.org/10.1364/JOSAB.22.000096
https://doi.org/10.1038/s41524-024-01266-x
https://doi.org/10.1103/PhysRevLett.7.118
https://doi.org/10.1002/adom.202400943
https://doi.org/10.1103/PhysRevB.62.13888
https://doi.org/10.1002/adma.201603765
https://doi.org/10.1039/C6CC09952A
https://doi.org/10.1364/OME.9.001136
https://doi.org/10.1002/adma.201701486
https://doi.org/10.1103/PhysRevB.87.201401
https://doi.org/10.1038/s41598-018-28374-1
https://www.ncbi.nlm.nih.gov/pubmed/29968813
https://doi.org/10.1021/nl401561r
https://www.ncbi.nlm.nih.gov/pubmed/23718906
https://doi.org/10.1038/s41565-021-00885-5
https://doi.org/10.1021/acs.nanolett.1c00219
https://doi.org/10.1126/sciadv.aat0074
https://doi.org/10.1038/srep05530
https://doi.org/10.1103/PhysRevB.87.161403
https://doi.org/10.1021/acsphotonics.8b00685
https://doi.org/10.1021/acsphotonics.6b00530
https://doi.org/10.1002/adom.201701334
https://doi.org/10.1021/acs.nanolett.9b00487
https://www.ncbi.nlm.nih.gov/pubmed/30841699
https://doi.org/10.1021/jacs.5b04305
https://www.ncbi.nlm.nih.gov/pubmed/26060875

Nanomaterials 2025, 15, 63 23 of 25

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Karvonen, L.; Sdynatjoki, A.; Mehravar, S.; Rodriguez, R.D.; Hartmann, S.; Zahn, D.R.T.; Honkanen, S.; Norwood, R.A,;
Peyghambarian, N.; Kieu, K.; et al. Investigation of Second- and Third-Harmonic Generation in Few-Layer Gallium Selenide by
Multiphoton Microscopy. Sci. Rep. 2015, 5, 10334. [CrossRef]

Susoma, J.; Karvonen, L.; Sdynitjoki, A.; Mehravar, S.; Norwood, R.A.; Peyghambarian, N.; Kieu, K.; Lipsanen, H.; Riikonen, J.
Second and third harmonic generation in few-layer gallium telluride characterized by multiphoton microscopy. Appl. Phys. Lett.
2016, 108, 073103. [CrossRef]

Ahmed, S.; Cheng, PK,; Qiao, J.; Gao, W.; Saleque, A.M.; Al Subri Ivan, M.N.; Wang, T.; Alam, T.I; Hani, S.U.; Guo, Z.L.; et al.
Nonlinear Optical Activities in Two-Dimensional Gallium Sulfide: A Comprehensive Study. ACS Nano 2022, 16, 12390-12402.
[CrossRef]

Yu, J.; Kuang, X,; Li, J.; Zhong, J.; Zeng, C.; Cao, L,; Liu, Z.; Zeng, Z.; Luo, Z.; He, T,; et al. Giant nonlinear optical activity in
two-dimensional palladium diselenide. Nat. Commun. 2021, 12, 1083. [CrossRef]

Zhu, S.; Duan, R;; Xu, X,; Sun, E; Chen, W.; Wang, F.; Li, S.; Ye, M.; Zhou, X.; Cheng, J.; et al. Strong nonlinear optical processes
with extraordinary polarization anisotropy in inversion-symmetry broken two-dimensional PdPSe. Light Sci. Appl. 2024, 13, 119.
[CrossRef]

Abdelwahab, I.; Tilmann, B.; Wu, Y.; Giovanni, D.; Verzhbitskiy, I.; Zhu, M.; Berté, R.; Xuan, F; Menezes, L.d.S.; Eda, G.; et al.
Giant second-harmonic generation in ferroelectric NbOl,. Nat. Photonics 2022, 16, 644-650. [CrossRef]

Wang, J.-P; Fang, Y.-Q.; He, W.; Liu, Q.; Fu, ].-R.; Li, X.-Y;; Liu, Y.; Gao, B.; Zhen, L.; Xu, C.-Y;; et al. Non-Centrosymmetric 2D
NbsSel; with High In-Plane Anisotropy and Optical Nonlinearity. Adv. Opt. Mater. 2023, 11, 2300031. [CrossRef]

Shi, J.; Feng, S.; He, P; Fu, Y.; Zhang, X. Nonlinear Optical Properties from Engineered 2D Materials. Molecules 2023, 28, 6737.
[CrossRef]

Frohna, K.; Deshpande, T.; Harter, J.; Peng, W.; Barker, B.A.; Neaton, ].B.; Louie, S.G.; Bakr, O.M.; Hsieh, D.; Bernardi, M. Inversion
symmetry and bulk Rashba effect in methylammonium lead iodide perovskite single crystals. Nat. Commun. 2018, 9, 1829.
[CrossRef] [PubMed]

Hardhienata, H.; Al Kharfan, H.; Faci, S.; Birowosuto, M.D.; Alatas, H. Bond model of second harmonic generation in tetragonal
and orthorhombic perovskite structures. . Opt. Soc. Am. B 2023, 40, 2773-2781. [CrossRef]

Zhou, W.; Zou, X.; Najmaei, S.; Liu, Z,; Shi, Y.; Kong, J.; Lou, J.; Ajayan, PM.; Yakobson, B.L; Idrobo, J.-C. Intrinsic Structural
Defects in Monolayer Molybdenum Disulfide. Nano Lett. 2013, 13, 2615-2622. [CrossRef] [PubMed]

Ataca, C.; Ciraci, S. Functionalization of Single-Layer MoS, Honeycomb Structures. . Phys. Chem. C 2011, 115, 13303-13311.
[CrossRef]

Zou, X.; Liu, Y,; Yakobson, B.I. Predicting Dislocations and Grain Boundaries in Two-Dimensional Metal-Disulfides from the First
Principles. Nano Lett. 2013, 13, 253-258. [CrossRef]

Murray, W.; Lucking, M.; Kahn, E.; Zhang, T.; Fujisawa, K.; Perea-Lopez, N.; Laura Elias, A.; Terrones, H.; Terrones, M.; Liu, Z.
Second harmonic generation in two-dimensional transition metal dichalcogenides with growth and post-synthesis defects. 2D
Mater. 2020, 7, 045020. [CrossRef]

Xia, C.; Zhang, H.; Dong, J.; Xu, W.; Zhu, G.; Li, Y;; Gu, B; Yang, X,; Shi, Z.; Xu, C.; et al. Visualizing Structural Defects at Hidden
Interfaces of Micro-Optoelectronic Devices by Second Harmonic Generation Microscopy. AC Appl. Opt. Mater. 2024, 2, 1566-1572.
[CrossRef]

Clarke, J.; Hatridge, M.; Mofile, M. SQUID-Detected Magnetic Resonance Imaging in Microtesla Fields. Annu. Rev. Biomed. Eng.
2007, 9, 389-413. [CrossRef]

Miihlbauer, S.; Honecker, D.; Périgo, E.A,; Bergner, E; Disch, S.; Heinemann, A.; Erokhin, S.; Berkov, D.; Leighton, C.; Eskildsen,
M.R; et al. Magnetic small-angle neutron scattering. Rev. Mod. Phys. 2019, 91, 015004. [CrossRef]

Foner, S. Versatile and Sensitive Vibrating-Sample Magnetometer. Rev. Sci. Instrum. 1959, 30, 548-557. [CrossRef]

Higo, T.; Man, H.; Gopman, D.B.; Wu, L.; Koretsune, T.; van’t Erve, O.M.].; Kabanov, Y.P; Rees, D.; Li, Y,; Suzuki, M.-T.; et al.
Large magneto-optical Kerr effect and imaging of magnetic octupole domains in an antiferromagnetic metal. Nat. Photonics 2018,
12, 73-78. [CrossRef] [PubMed]

McCreary, A.; Mai, T.T.; Utermohlen, EG.; Simpson, J.R.; Garrity, K.F; Feng, X.; Shcherbakov, D.; Zhu, Y.; Hu, J.; Weber, D.; et al.
Distinct magneto-Raman signatures of spin-flip phase transitions in Crlz. Nat. Commun. 2020, 11, 3879. [CrossRef]

Wang, Z.; Gutiérrez-Lezama, I.; Ubrig, N.; Kroner, M.; Gibertini, M.; Taniguchi, T.; Watanabe, K.; Imamoglu, A.; Giannini, E.;
Morpurgo, A.E. Very large tunneling magnetoresistance in layered magnetic semiconductor Crlz. Nat. Commun. 2018, 9, 2516.
[CrossRef]

Chu, H.; Roh, CJ; Island, J.O.; Li, C.; Lee, S.; Chen, ].; Park, J.-G.; Young, A.F; Lee, ].S.; Hsieh, D. Linear Magnetoelectric Phase in
Ultrathin MnPS3 Probed by Optical Second Harmonic Generation. Phys. Rev. Lett. 2020, 124, 027601. [CrossRef]

Fiebig, M.; Frohlich, D.; Krichevtsov, B.B.; Pisarev, R.V. Second Harmonic Generation and Magnetic-Dipole-Electric-Dipole
Interference in Antiferromagnetic CrpO3. Phys. Rev. Lett. 1994, 73, 2127-2130. [CrossRef]

Tong, Q.; Liu, E; Xiao, J.; Yao, W. Skyrmions in the Moiré of van der Waals 2D Magnets. Nano Lett. 2018, 18, 7194-7199. [CrossRef]


https://doi.org/10.1038/srep10334
https://doi.org/10.1063/1.4941998
https://doi.org/10.1021/acsnano.2c03566
https://doi.org/10.1038/s41467-021-21267-4
https://doi.org/10.1038/s41377-024-01474-6
https://doi.org/10.1038/s41566-022-01021-y
https://doi.org/10.1002/adom.202300031
https://doi.org/10.3390/molecules28186737
https://doi.org/10.1038/s41467-018-04212-w
https://www.ncbi.nlm.nih.gov/pubmed/29739939
https://doi.org/10.1364/JOSAB.499753
https://doi.org/10.1021/nl4007479
https://www.ncbi.nlm.nih.gov/pubmed/23659662
https://doi.org/10.1021/jp2000442
https://doi.org/10.1021/nl3040042
https://doi.org/10.1088/2053-1583/aba564
https://doi.org/10.1021/acsaom.4c00195
https://doi.org/10.1146/annurev.bioeng.9.060906.152010
https://doi.org/10.1103/RevModPhys.91.015004
https://doi.org/10.1063/1.1716679
https://doi.org/10.1038/s41566-017-0086-z
https://www.ncbi.nlm.nih.gov/pubmed/29910828
https://doi.org/10.1038/s41467-020-17320-3
https://doi.org/10.1038/s41467-018-04953-8
https://doi.org/10.1103/PhysRevLett.124.027601
https://doi.org/10.1103/PhysRevLett.73.2127
https://doi.org/10.1021/acs.nanolett.8b03315

Nanomaterials 2025, 15, 63 24 of 25

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Kumar, R.; Jenjeti, R.N.; Austeria, M.P.; Sampath, S. Bulk and few-layer MnPS3: A new candidate for field effect transistors and
UV photodetectors. J. Mater. Chem. C 2019, 7, 324-329. [CrossRef]

Xu, T.; Luo, M,; Shen, N.; Yu, Y.; Wang, Z.; Cui, Z.; Qin, J.; Liang, F; Chen, Y.; Zhou, Y,; et al. Ternary 2D Layered Material FePSe;
and Near-Infrared Photodetector. Adv. Electron. Mater. 2021, 7, 2100207. [CrossRef]

Fiebig, M.; Frohlich, D.; Lottermoser, T.; Pavlov, V.V; Pisarev, R.V.; Weber, H.]. Second Harmonic Generation in the Centrosym-
metric Antiferromagnet NiO. Phys. Rev. Lett. 2001, 87, 137202. [CrossRef]

Ni, Z.; Zhang, H.; Hopper, D.A.; Haglund, A.V.; Huang, N.; Jariwala, D.; Bassett, L.C.; Mandrus, D.G.; Mele, E.J.; Kane, C.L.; et al.
Direct Imaging of Antiferromagnetic Domains and Anomalous Layer-Dependent Mirror Symmetry Breaking in Atomically Thin
MnPS;3. Phys. Rev. Lett. 2021, 127, 187201. [CrossRef] [PubMed]

Xiao, R.-C.; Shao, D.-F,; Gan, W.; Wang, H.-W.; Han, H.; Sheng, Z.G.; Zhang, C.; Jiang, H.; Li, H. Classification of second harmonic
generation effect in magnetically ordered materials. npj Quantum Mater. 2023, 8, 62. [CrossRef]

Litvin, S.Y,; Litvin, D.B.J.A.C.S.A. Rank 0, 1, 2 and 3 magnetic and non-magnetic physical-property tensors. Acta Crystallogr. A
1991, 47, 290-292. [CrossRef]

Gallego, S.V.; Etxebarria, J.; Elcoro, L.; Tasci, E.S.; Perez-Mato, ].M. Automatic calculation of symmetry-adapted tensors in
magnetic and non-magnetic materials: A new tool of the Bilbao Crystallographic Server. Acta. Cryst. A 2019, 75, 438-447.
[CrossRef]

Wang, X.; Du, K; Fredrik Liu, Y.Y,; Hu, P; Zhang, J.; Zhang, Q.; Owen, M.H.S,; Lu, X.; Gan, C.K,; Sengupta, P,; et al. Raman
spectroscopy of atomically thin two-dimensional magnetic iron phosphorus trisulfide (FePS3) crystals. 2D Mater. 2016, 3, 031009.
[CrossRef]

Sun, Y.-J.; Pang, S.-M.; Zhang, J. Review of Raman spectroscopy of two-dimensional magnetic van der Waals materials. Chin.
Phys. B 2021, 30, 117104. [CrossRef]

Lee, J.-U,; Lee, S.; Ryoo, ].H.; Kang, S.; Kim, T.Y,; Kim, P,; Park, C.-H.; Park, J.-G.; Cheong, H. Ising-Type Magnetic Ordering in
Atomically Thin FePS3. Nano Lett. 2016, 16, 7433-7438. [CrossRef]

Kim, K.; Lim, S.Y,; Lee, J.-U,; Lee, S.; Kim, T.Y.; Park, K;; Jeon, G.S.; Park, C.-H.; Park, J.-G.; Cheong, H. Suppression of magnetic
ordering in XXZ-type antiferromagnetic monolayer NiPS3. Nat. Commun. 2019, 10, 345. [CrossRef]

Liu, C; Li, Z,; Hu, J.; Duan, H.; Wang, C.; Cai, L.; Feng, S.; Wang, Y.; Liu, R.; Hou, D.; et al. Probing the Néel-Type Antiferromag-
netic Order and Coherent Magnon—Exciton Coupling in Van Der Waals VPS3. Adv. Mater. 2023, 35, 2300247. [CrossRef]
Fonseca, J.; Diederich, G.M.; Ovchinnikov, D.; Cai, J.; Wang, C.; Yan, ].; Xiao, D.; Xu, X. Anomalous Second Harmonic Generation
from Atomically Thin MnBi,Tes. Nano Lett. 2022, 22, 10134-10139. [CrossRef]

Ryu, S.H.; Reichenbach, G.; Jozwiak, C.M.; Bostwick, A.; Richter, P.; Seyller, T.; Rotenberg, E. magnetoARPES: Angle Resolved
Photoemission Spectroscopy with magnetic field control. . Electron Spectrosc. Relat. Phenom. 2023, 266, 147357. [CrossRef]
Shibata, N.; Kohno, Y.; Nakamura, A.; Morishita, S.; Seki, T.; Kumamoto, A.; Sawada, H.; Matsumoto, T.; Findlay, S.D.; Ikuhara, Y.
Atomic resolution electron microscopy in a magnetic field free environment. Nat. Commun. 2019, 10, 2308. [CrossRef] [PubMed]
Ovchinnikov, D.; Huang, X.; Lin, Z.; Fei, Z.; Cai, ].; Song, T.; He, M; Jiang, Q.; Wang, C.; Li, H.; et al. Intertwined Topological and
Magnetic Orders in Atomically Thin Chern Insulator MnBi,Tey. Nano Lett. 2021, 21, 2544-2550. [CrossRef] [PubMed]

Gao, X,; Li, X.-K.; Xin, W.; Chen, X.D.; Liu, Z.-b.; Tian, J.G. Fabrication, optical properties, and applications of twisted two-
dimensional materials. Nanophotonics 2020, 9, 1717-1742. [CrossRef]

Lan, T,; Ding, B.; Liu, B. Magneto-optic effect of two-dimensional materials and related applications. Nano Select 2020, 1, 298-310.
[CrossRef]

Zhang, G.P; Hiibner, W.; Lefkidis, G.; Bai, Y.; George, T.F. Paradigm of the time-resolved magneto-optical Kerr effect for
femtosecond magnetism. Nat. Phys. 2009, 5, 499-502. [CrossRef]

Pathak, S.; Sharma, M. Polar magneto-optical Kerr effect instrument for 1-dimensional magnetic nanostructures. J. Appl. Phys.
2014, 115, 043906. [CrossRef]

Siegrist, F.; Gessner, ].A.; Ossiander, M.; Denker, C.; Chang, Y.-P.; Schréder, M.C.; Guggenmos, A.; Cui, Y.; Walowski, J.; Martens,
U.; et al. Light-wave dynamic control of magnetism. Nature 2019, 571, 240-244. [CrossRef]

Kimura, A.; Matsuno, J.; Okabayashi, J.; Fujimori, A.; Shishidou, T.; Kulatov, E.; Kanomata, T. Soft x-ray magnetic circular
dichroism study of the ferromagnetic spinel-type Cr chalcogenides. Phys. Rev. B 2001, 63, 224420. [CrossRef]

Fei, Z.; Huang, B.; Malinowski, P.; Wang, W.; Song, T.; Sanchez, J.; Yao, W.; Xiao, D.; Zhu, X.; May, A.F,; et al. Two-dimensional
itinerant ferromagnetism in atomically thin Fe3GeTe;,. Nat. Mater. 2018, 17, 778-782. [CrossRef]

Suzuki, T.; Someya, T.; Hashimoto, T.; Michimae, S.; Watanabe, M.; Fujisawa, M.; Kanai, T.; Ishii, N.; Itatani, J.; Kasahara, S.; et al.
Photoinduced possible superconducting state with long-lived disproportionate band filling in FeSe. Commun. Phys. 2019, 2, 115.
[CrossRef]

Huang, J.; Yue, Z.; Baydin, A.; Zhu, H.; Nojiri, H.; Kono, J.; He, Y.; Yi, M. Angle-resolved photoemission spectroscopy with an in
situ tunable magnetic field. Rev. Sci. Instrum. 2023, 94, 093902. [CrossRef] [PubMed]


https://doi.org/10.1039/C8TC05011B
https://doi.org/10.1002/aelm.202100207
https://doi.org/10.1103/PhysRevLett.87.137202
https://doi.org/10.1103/PhysRevLett.127.187201
https://www.ncbi.nlm.nih.gov/pubmed/34767420
https://doi.org/10.1038/s41535-023-00594-3
https://doi.org/10.1107/S0108767390013848
https://doi.org/10.1107/S2053273319001748
https://doi.org/10.1088/2053-1583/3/3/031009
https://doi.org/10.1088/1674-1056/ac1e0f
https://doi.org/10.1021/acs.nanolett.6b03052
https://doi.org/10.1038/s41467-018-08284-6
https://doi.org/10.1002/adma.202300247
https://doi.org/10.1021/acs.nanolett.2c04010
https://doi.org/10.1016/j.elspec.2023.147357
https://doi.org/10.1038/s41467-019-10281-2
https://www.ncbi.nlm.nih.gov/pubmed/31127111
https://doi.org/10.1021/acs.nanolett.0c05117
https://www.ncbi.nlm.nih.gov/pubmed/33710884
https://doi.org/10.1515/nanoph-2020-0024
https://doi.org/10.1002/nano.202000032
https://doi.org/10.1038/nphys1315
https://doi.org/10.1063/1.4862908
https://doi.org/10.1038/s41586-019-1333-x
https://doi.org/10.1103/PhysRevB.63.224420
https://doi.org/10.1038/s41563-018-0149-7
https://doi.org/10.1038/s42005-019-0219-4
https://doi.org/10.1063/5.0157031
https://www.ncbi.nlm.nih.gov/pubmed/37682038

Nanomaterials 2025, 15, 63 25 of 25

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Liu, Z.; Guo, K;; Hu, G.; Shi, Z.; Li, Y,; Zhang, L.; Chen, H.; Zhang, L.; Zhou, P; Lu, H.; et al. Observation of nonreciprocal
magnetophonon effect in nonencapsulated few-layered Crls. Sci. Adv. 2020, 6, eabc7628. [CrossRef]

Bonilla, M.; Kolekar, S.; Ma, Y.; Diaz, H.C.; Kalappattil, V.; Das, R.; Eggers, T.; Gutierrez, H.R.; Phan, M.-H.; Batzill, M. Strong
room-temperature ferromagnetism in VSe, monolayers on van der Waals substrates. Nat. Nanotechnol. 2018, 13, 289-293.
[CrossRef]

Kumar, D.; Galivarapu, ].K.; Banerjee, A.; Nemkovski, K.S.; Su, Y.; Rath, C. Size-dependent magnetic transitions in CoFe( 1 Crj 9Oy
nanoparticles studied by magnetic and neutron-polarization analysis. Nanotechnology 2016, 27, 175702. [CrossRef]

Razpopov, A.; Kaib, D.A.S; Backes, S.; Balents, L.; Wilson, S.D.; Ferrari, F; Riedl, K.; Valenti, R. A jo =1/2 Kitaev material on the
triangular lattice: The case of NaRuO;. Npj Quantum Mater. 2023, 8, 36. [CrossRef]

Lumetzberger, J.; Buchner, M.; Pile, S.; Ney, V.; Gaderbauer, W.; Daffé, N.; Moro, M.V.; Primetzhofer, D.; Lenz, K.; Ney, A.
Influence of structure and cation distribution on magnetic anisotropy and damping in Zn/Al doped nickel ferrites. Phys. Rev. B
2020, 102, 054402. [CrossRef]

Yang, L.; Wysocki, L.; Schopf, J.; Jin, L.; Kovacs, A.; Gunkel, F; Dittmann, R.; van Loosdrecht, PH.M.; Lindfors-Vrejoiu, I. Origin
of the hump anomalies in the Hall resistance loops of ultrathin StRuOj3 /SrIrO3; multilayers. Phys. Rev. Mater. 2021, 5, 014403.
[CrossRef]

Hu, T.; Ma, Y,; Lu, L,; Deng, Y.; Wang, M.; Zhu, K,; Xi, L.; Xiong, Y,; Kan, X.; Wang, G.; et al. Enhanced magnetic tran-
sition temperature through ferromagnetic and antiferromagnetic interaction in cobalt-substituted FesGeTe,. Appl. Phys.
Lett. 2024, 125, 022403. [CrossRef]

Tan, C.; Liao, J.-H.; Zheng, G.; Algarni, M.; Lin, J.-Y.; Ma, X.; Mayes, E.L.H.; Field, M.R.; Albarakati, S.; Panahandeh-Fard,
M.; et al. Room-Temperature Magnetic Phase Transition in an Electrically Tuned van der Waals Ferromagnet. Phys. Rev. Lett.
2023, 131, 166703. [CrossRef]

Jungwirth, T.; Marti, X.; Wadley, P.; Wunderlich, J. Antiferromagnetic spintronics. Nat. Nanotechnol. 2016, 11, 231-241. [CrossRef]
[PubMed]

Némec, P; Fiebig, M.; Kampfrath, T.; Kimel, A.V. Antiferromagnetic opto-spintronics. Nat. Phys. 2018, 14, 229-241. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1126/sciadv.abc7628
https://doi.org/10.1038/s41565-018-0063-9
https://doi.org/10.1088/0957-4484/27/17/175702
https://doi.org/10.1038/s41535-023-00567-6
https://doi.org/10.1103/PhysRevB.102.054402
https://doi.org/10.1103/PhysRevMaterials.5.014403
https://doi.org/10.1063/5.0213046
https://doi.org/10.1103/PhysRevLett.131.166703
https://doi.org/10.1038/nnano.2016.18
https://www.ncbi.nlm.nih.gov/pubmed/26936817
https://doi.org/10.1038/s41567-018-0051-x

	Introduction 
	Overview of Magnetic Characteristics and the Basic Principles of SHG 
	The Magnetic Structure of 2D Magnetic Materials 
	Basic Principles of SHG 

	Layer- and Polarization-Dependent SHG Spectrum of 2D Magnetic Materials 
	Layer Dependency 
	Polarization Resolution 

	Magnetic Structure Detection 
	Detection of Magnetic Sequence 
	Detection of Magnetic Domain Structure and Magnetodynamic Evolution 

	SHG Combined with Other Detection Techniques 
	Summary and Outlook 
	References

