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Giant nonlinear optical wave mixing in a van der Waals

correlated insulator

Li Yue"2*1, Chang Liu't, Shanshan Han*3, Hao Hong", Yijun Wang4, Qiaomei Liu’, Jiajie Qi?,
Yuan Li'?, Dong Wu?, Kaihui Liu*, Enge Wang"s, Tao Dong1*, Nanlin Wang

Optical nonlinearities are one of the most fascinating properties of two-dimensional (2D) materials. While tremen-
dous efforts have been made to find and optimize the second-order optical nonlinearity in enormous 2D materi-
als, opportunities to explore higher-order ones are elusive because of the much lower efficiency. Here, we report
the giant high odd-order optical nonlinearities in centrosymmetric correlated van der Waals insulator manganese
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phosphorus triselenide. When illuminated by two near-infrared femtosecond lasers, the sample generates a series
of profound four- and six-wave mixing outputs. The near-infrared third-order nonlinear susceptibility reaches
near the highest record values of 2D materials. Comparative measurements to other prototypical nonlinear opti-
cal materials [lithium niobate, gallium(ll) selenide, and tungsten disulfide] reveal its extraordinary wave mixing
efficiency. The wave mixing processes are further used for nonlinear optical waveguide with multicolor emission.
Our work highlights the promising prospect for future research of the nonlinear light-matter interactions in the
correlated 2D system and for potential nonlinear photonic applications.

INTRODUCTION
The coherent nonlinear interaction between light and matter gives
rise to intriguing nonlinear optical wave mixing phenomena (I, 2),
such as high harmonic generation (HHG), sum frequency genera-
tion (SFG), and four-wave mixing (FWM). Over the past decades,
nonlinear optical wave mixing has played a crucial role in laser genera-
tion and manipulation, photon detection, and optical sensing
(1-6). Nowadays, nonlinear optical wave mixing has become in-
creasingly important in emerging fields such as quantum photonics,
quantum information, and on-chip nanophotonics (6-8). As non-
linear optical responses are inherently weak, materials with large
nonlinear susceptibility are essential. Traditional nonlinear optical
materials are typically conventional bulk nonlinear crystals (e.g.,
beta barium borate and lithium niobate). They are limited by insuf-
ficiently large susceptibility, weak availability for nanointegration,
and on-chip design due to the three dimensional covalent bonding
(1, 5, 6) and therefore cannot satisfy the demands of next-generation
nonlinear photonic research. Conversely, two-dimensional (2D)
materials with van der Waals (vdW) structure advantageous for
nanofabrication and bond-free integration (9) open up opportuni-
ties for application. In recent years, large nonlinear susceptibilities
have been found in a variety of 2D materials such as graphene and
transition metal dichalcogenides (6, 10), which triggered tremen-
dous research of the nonlinear optical properties of 2D materials
and fabrication of advanced nanophotonic devices.

Despite tremendous research of the nonlinear optical properties
of 2D materials, further exploration should be extended in several
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aspects. First, current studies mostly focus on the second-order
nonlinear processes in noncentrosymmetic materials. The higher
odd-order nonlinear processes, which, in principle, are independent
of inversion symmetry and thus more versatile, are paid less atten-
tion since they are generally much less efficient than second-order
process. In some cases, third-order nonlinear response is still
achieved via cascaded second-order processes (11, 12). As for the
well-studied one with large odd-order susceptibilities (i.e., gra-
phene), the conversion efficiency is highly restricted by the intense
absorption with increasing thickness (13, 14). Second, the widely
studied second harmonic generation (SHG) and HHG are degener-
ate wave mixing processes under monochromatic laser excitation.
Nondegenerate wave mixing processes (e.g., nondegenerate FWM),
which require excitation by multiple wavelengths, are seldom stud-
ied. However, they have unique importance. The nondegeneracy
provides different excitation quantum pathways for nonlinear light-
matter interactions (15, 16). The tunable time delay between differ-
ent laser pulses enables tracking the temporal dynamics of the
interacting system (16). Third, typical 2D nonlinear optical materi-
als are simple systems with weak correlation effects and disentan-
gled degrees of freedom. How the fancier physics, such as the
electronic correlations and interacting subsystems, could affect the
nonlinear light-matter interactions and modify the nonlinear opti-
cal responses remains elusive. To reach a deeper understanding in
this field, one needs an ideal 2D system simultaneously hosting large
optical nonlinearities, correlated degrees of freedom, and many-
body effects.

In this work, our discovery of giant high-order nonlinear optical
wave mixing in MnPSe; offers a great testground for the above
questions. Transition metal phosphorous trichalcogenides MPX;
(M = Mn, Ni, Fe, and Co; X = S and Se) are a family of 2D vdW cor-
related antiferromagnetic (AFM) insulators. In recent years, this
family attracted intense interest for the rich correlations between
charge, spin, and lattice subsystems (17-20), excitonic many-body
quantum states (20-22), and tunable magnetic and optical properties
(21, 23-25). So far, plenty of studies have reported their unique opti-
cal properties [e.g., photoluminescence (19-21) and giant linear
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dichroism (21, 25, 26)] in fascinating association with the multiway
interacting subsystems. In particular, the researches of the nonlinear
optical responses in this family are limited to SHG in the low-
temperature AFM phase with broken inversion symmetry (23, 27-29).

In this work, we report the discovery of profound higher odd-
order optical nonlinearities of this family at room temperature.
When the MnPSe; (and MnPS;, NiPS3) samples are excited by two
femtosecond lasers at 847 and 1280 nm, they generate profound
nonlinear wave mixing outputs ranging from ultraviolet to visible
wavelengths, including third harmonic generation (THG), nonde-
generate four-wave mixing, and six-wave mixing.

RESULTS
We used several MnPSe; samples: an exfoliated bulk of ~20 pm in
thickness glued onto a hollow copper platform to avoid using sub-
strates and two thin films with thickness of ~1 pm and ~100 nm
exfoliated on fused silica. Our experiment was performed at room
temperature. Two near-infrared femtosecond lasers at 847 nm (power
P; =5mW) and 1280 nm (power P, = 10 mW), with 50-kHz repeti-
tion rate, are focused onto a spot about 100 pm in diameter on the
sample in noncollinear geometry by two lenses (see Materials and
Methods and fig. S1). The peak intensities are ~0.03 TW/cm? for 847-nm
laser and 0.06 TW/cm? for 1280-nm laser. The two excitation wave-
lengths are within the optical gap of MnPSes and weakly absorbed
(Fig. 1A). The optical gap of MnPSe; is reported at near 2.5 eV (30).
At lower energies, there are in-gap excitations including d-d transi-
tion (~1.83 eV) and charge transfer transition (~2.27 eV) (31), which
should be related to the fine features in Fig. 1A.

Figure 1B demonstrates the transmitted beams through the ~20-pm
bulk sample directly viewed on a paper card. When the 847- and

1280-nm pulses are temporally separated, only two outgoing beams
are seen (speckles B and E in Fig. 1B). While E is a direct view of the
847-nm laser, the visible beam B contains the THG of the 1280-nm
laser. When the two impinging pulses are temporally overlapped,
the sample emits new outgoing beams (speckles A, C, D, E, and G
in Fig. 1B) arising from nondegenerate nonlinear wave mixing
processes.

The nonlinear wave mixing process, E, ., & X("’)Ellm‘ |Elz’ﬂz', gener-
ates new outgoing photons satisfying energy conservation ®pey =
mo; + mym; (Fig. 1D). Here, E; (E;) and @; (w,) refer to the electric
field and photon energy of the 847-nm (1280-nm) laser. ¥'™ is the
mth-order nonlinear susceptibility, with m = |m;| + |m,| being odd
integer due to inversion symmetry. In noncollinear geometry, new
photons with momentum in the direction between the two excita-
tion beams should be from all-sum processes (region II in Fig. 1, B
and D), and photons emitted in the outside region should involve a
difference process (regions I and III in Fig. 1, B and D). We mea-
sured the spectrum of each outgoing beam with other beams
blocked using a NOVA high sensitive spectrometer, Ideaoptics,
China (Fig. 1C). The measurements cover 300- to 980-nm wave-
length range. The peaks are identified as all four-wave and six-wave
mixing outputs within 300 to 980 nm as listed in Table 1. In particu-
lar, the spectrum at speckle G exhibits a second peak g’ centered at
723 nm (1.72 eV), matching none of the four-wave and six-wave
mixing energies.

We studied the intensity of wave mixing peaks as a function of the
excitation powers (Fig. 2). The power-law fit of data at low excitation
powers gives power exponents consistent with expected || and |my|
values, albeit slightly lower. At high excitation powers, most of the
intensities, except for the P, dependence of signals a to ¢, start to deviate
below the power-law fit and show saturation feature, as visualized
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Fig. 1. Optical wave mixing effects in MnPSes. (A) Absorption spectrum of MnPSe; sample calculated as —In (7), where T is the measured broadband transmission ratio
(see Materials and Methods). (B) View of the nonlinear wave mixing signals of the ~20-um MnPSej; bulk. Beams D (334 nm) and C (373 nm) are in the ultraviolet range but
were seen on the paper because of the fluorescent whitening agents inside the paper. The photo was taken by a cell phone camera. The inset shows the in-plane structure
with green arrows representing the a and b axes. (C) Normalized spectra for beams A to G, vertically shifted for clarity. The signals located at longer than 600 nm contain
split sharp peaks that are likely caused by interference effect from the bulk flake sample (see section S2). a.u., arbitrary units. (D) Schematics of wave mixing processes of
different (my, m) channels, corresponding to the three regions in (B). (E) x* as a function of emission wavelength obtained by measuring wavelength-dependent THG
spectrum (see Materials and Methods and section S4). The dashed line is a guide-to-the-eye. The circle and square markers are measured with the signal and idler output
of an optical parametric amplifier. The black star denotes the ¥ value of GaSe. Inset: Black and magenta lines represent the THG response measured on 80-nm-thick GaSe
(black line) and MnPSe; (magenta line) films, both are normalized by the peak intensity of MnPSes.
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Table 1. Different nonlinear wave mixing channels. Calculated and measured energies for nonlinear wave mixing processes of third order (m = 3) and fifth
order (m = 5). (m;, my) values leading to m;@; + m,w; < 0 are invalid and not listed in the table. See section S3 for more details.

m =3, FWM

'ms, my) channels

Corresponding peaks and measured energy (eV)

3)

Peak b of beam B, 2.91 eV (426 nm)

Peak c of beam C, 3.2 eV (373 nm)

Peak d of beam D, 3.71 eV (334 nm)

(

(0
(1,2)
(21
(

2,=1)

Peak f of beam F, 1.82 eV (680 nm)

Others: (—1,2) and (3,0), of 300- to 980-nm range

m =5, six-wave mixing

(m7, my) channels

Corresponding peaks and measured energy (eV)

(=14

Peak a of beam A, 2.47 eV (502 nm)

B:-2)

Peak g of beam G, 2.2 eV (564 nm)

Others: (0,5), (1,4), (2,3), (2,-3), (3,2), (4,1), (4,—1), and (5,0), of 300- to 980-nm range
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Fig. 2. Excitation power dependence. (A to F) Intensity of different nonlinear wave mixing signals as a function of 847-nm excitation power P; and 1280-nm excitation
power P, measured on the bulk MnPSe; sample. The red and purple markers represent the signal intensities when solely decreasing Py and P, respectively. Solid lines are
fits to the data. Given the nonperturbative behavior, the red lines in all panels are fitted only with data of P; <2 mW, the purple lines in (D) to (F) are fitted only with data

of P, <5 mW.

both in the linear scale plot (Fig. 2) or log-log scale plot (fig. S5). In
addition, the THG intensity of 1280-nm laser, which, in principle,
should be independent of the 847-nm laser power, is reduced nearly
by half at maximum power of 847 nm (Fig. 2B). This reveals a tran-
sient response of the THG to the occurrence of nondegenerate wave
mixing near time zero, which we will discuss later.

In many HHG studies, nonperturbation in harmonic generation
process leads to intensity dependence below the power-law scale of the
harmonic order (32-34), so one may attribute the saturation to the
nonperturbative response. However, our measurement was performed
with quite low excitation intensity (on the order of 0.01 TW/ cm?) and
near-infrared photon energy, leading to low ponderomotive energy
and small nonperturbative intensity parameter (see section S5), which
usually hold for the perturbation regime. If the saturation is related to
nonperturbation, then it may indicate the early-stage crossover from
perturbation to nonperturbation, which happens at low excitation
density owing to the large multiphoton transition cross section. There
are also other possible sources for the saturation feature. One possible

Yue et al., Sci. Adv. 10, eadn6216 (2024) 2 August 2024

source could be nonlinearity of the photoinduced dynamics. In some
pump-probe studies, the nonlinearity in the kinetics of the pump ex-
cited states has led to saturation in transient photoconductivity
(35, 36). In nonlinear spectroscopy, the kinetics of the intermediate
states of the multiphoton transition process may also host nonlinearity
(16, 29). A related example observed in nondegenerate wave mixing
measurement is that photoexcited transient excitonic states have life-
time with nontrivial dependence with excitation powers (16). An-
other source of saturation could be the nonlinearity in the absorption
of excitation photons, which we discuss later in the temporal measure-
ment results.

A typical 2D material with highest third-order susceptibility is
GaSe [see table 1 in (6) and table 4.1.2 in (1) for summaries of non-
linear susceptibilities of various materials], with **) = 1.6 X 107'° m%/
V? at 520-nm emission wavelength. In our experiment, different
FWM processes are related to different ¥ values. We compared the
THG efficiency of GaSe and MnPSejs thin films at 520-nm emission
wavelength and also estimated the wavelength-dependent THG y*)
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of MnPSes as shown in Fig. 1E (see section S4 for details). X(3) in-
creases substantially with decreasing wavelength over a range around
600 nm, near the fine features of absorptlon enhancement in the
spectra of Fig. 1A. Another increase in THG ' appears around 490 nm,

Wthh may be related to the optical gap of MnPSe;. These increases
in X ) near the absorption features hints that the increased density of
intermediate states for the multiphoton transition processes enhances
the conversion efficiency for the nonlinear THG process. Near
470 nm, MnPSe; shows x values near the order of 1 x 107* m%/ V2,

The values reach near the highest record of third-order susceptibili-
ties in 2D materials in the optical range (6).

Note that there are distinct examples of extremely large third-
order susceptibilities of graphene with terahertz excitation. One is
the THG susceptibility of ~107° m*/V* when excited by very-low-
frequency terahertz sources (37). Another is the FWM third-order
susceptibility of ~107'" m*/V? measured specifically in magnetic
fields with higher terahertz frequency in resonance with the 78-meV
Landau levels (38). Nevertheless, these examples do not diminish
the importance of our finding. Nonlinear optical responses in the
optical range or terahertz range, with huge difference in the excita-
tion photon energies and related nonlinear light-matter interacting
mechanisms, can be viewed as two quite distinct fields. Terahertz
nonlinear optics faces much limitation due to the weak strength of
light sources and long wavelength unsuitable for state-of-the-art
nanoapplications, whereas optical-range nonlinear optics have been
playing vast roles in both traditional and next-generation optical re-
search and applications. Besides, the large optical nonlinearity in
graphene and MnPSe; should be from different origins. MnPSe; is
an insulator with quite a large bandgap. Graphene is intrinsically a
semimetal with a zero bandgap. The profound high-order nonlinear
optical responses are closely related to the linear dispersion, which
will also cause inevitably heavy absorption under high-power ex-
citation.

For the bulk sample, beam F [the (2,—1) channel] is the strongest
among all wave mixing beams, with ~2-pW power that can be di-
rectly measured by a power meter. This yields an FWM efficiency
near the order of 107% As for the six-wave mixing outputs, beam G

A B CDE

[the (3,—2) channel] shows the highest efficiency near the order of
107%. We compared the wave mixing efficiency of the bulk sample
with two other films of about 1 pm and 100 nm in thicknesses
(Fig. 3). The difference in wave mixing efficiency is insignificant
between the bulk sample and the 1-pm film. For the 100-nm film,
signals f and g are lowered by one to two orders of magnitude, while
others change slightly. The intensity of nonlinear wave mixing sig-
nals is influenced by material thickness through several possible fac-
tors. One is the enhanced absorption of photons with increasing
thickness (13, 14). Another important factor is phase-matching con-
dition (39). For the thin films within the order of 100 nm that is
much shorter than the coherence length, phase match is usually
automatically satisfied, and the efficiency should grow quadrati-
cally with layer numbers in the absence of absorption. For thicker
films, phase match, if not accidently satisfied, usually requires fine
tuning of the refractive index between the incident and signal puls-
es. Only with phase match will the efficiency continue growing qua-
dratically with thickness (14, 40). Otherwise, phase mismatching,
which is the case for our measurements, will lead to nonmonotoni-
cally oscillating dependence of the conversion efficiency to increas-
ing thickness. There also exist other factors affecting the thickness
dependence of wave mixing efficiency, such as multireflection
due to interfaces (41). Overall, the wave mixing efficiency on sam-
ples with different thicknesses in our study should be a joint out-
come of these multiple factors, as we specifically demonstrated for
the THG signals in section S6. The efficiency could be largely im-
proved in MnPSe; samples in the future by optimizing these factors,
such as fine tuning of phase-matching condition.

We compared the wave mixing efficiency of MnPSe; with other
nonlinear optical materials. LINbOs3 is a typical bulk nonlinear crys-
tal and also commonly used for engineering third-order nonlinear
responses through cascaded second-order processes (11, 12, 42). It
also yields profound second-order SFG signal seen as the green SFG
speckle shown in Fig. 3A. Fused silica is commonly used for optical
elements and, here, used as substrates of all thin films. WS, is a typ-
ical 2D vdW material with large nonlinear susceptibility (6). The
overall efficiency of different wave mixing processes in LINbO3 and
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Fig. 3. Nonlinear wave mixing efficiency in different samples. (A1 to A6) Outgoing beams directly observed on a paper card behind different samples. Note that the
green speckles for WS, and LiNbO3 samples are the SFG of the 847- and 1280-nm lasers. (B1 to B6) Efficiency of different nonlinear wave mixing processes of different
samples. The measurements were performed with excitation powers P; =5 mW and P, = 10 mW.
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silica bulks falls below MnPSe; films by orders of magnitude. For the
100-nm WS, film, the efficiency of signals a to ¢ falls far below the
100-nm MnPSe; film, while the efficiency of other signals differs
slightly between the two samples. Our comparison renders MnPSe;
to be among the set of the most efficient materials for odd-order
nonlinear wave mixing.

The large optical nonlinearity and giant wave mixing effect of
MnPSe; suggest its potential as multicolor nonlinear optical wave-
guide. Currently, nonlinear optical waveguides based on 2D materials
usually operate in single-color mode with monochronic laser excitation
and SHG (41, 43). Figure 4A illustrates a multicolor waveguided
nonlinear optical wave mixing regime under noncollinear geometry.
In our experiment, two laser beams with wavelength of ~800 and
~1300 nm were displaced away from the center of a reflective objective.
To achieve coupling into the waveguide, the two excitation beams
are focused onto the same point on one side of the MnPSe; flake
with slightly different incident angles. The multiple nonlinear wave
mixing processes in MnPSe; generate multicolor outputs simultane-
ously with different momenta, which can propogate seperately
inside the waveguide in the noncollinear geometry.

As shown in Fig. 4D, the FWM outputs of (2,—1) and (0,3) channels
travel over a propagation length of ~60 pm along different pathways
and are collected from the opposite edge with the same objective.
Our results demonstrate the applicational potential of MnPSes as
efficient on-chip nonlinear waveguide, which is essential to generate
new frequencies and quantum states of light. The light of different
channels could travel along distinct pathways by deliberately de-
signed incident angles into the waveguide. The generated frequencies

A B

w1

W3

can be spatially separated easily for signal detection or modulation
without integrated filter, which is promising for future nonlinear
wavelength division multiplexing techniques.

To explore the temporal dynamics of the nonlinear responses, we
performed time-resolved measurements. Figure 5 (Al to A7) shows
the spectra for beams A to G as a function of At = tg4; — t1250. The
nondegenerate wave mixing signals d, ¢, a, g, and f appear only near
At =0. The THG signal b and the 847-nm transmission signal e are
present at all times. The transmission signal peak e is reduced by
about 10% at At = 0 (Fig. 5C), which is much larger than the transient
absorption change in common pump probe experiments. This suggests
that nonlinear wave mixing processes with high conversion efficiency
heavily consume the excitation photons, leading to large transient
absorption. The THG signal b is reduced nearly by half at At = 0,
which indicates that the multiple efficient wave mixing processes
may compete with each other for excitation photons and lead to
mutual suppression. Moreover, the time evolution of signals b and
e shows dissipative behaviors. Here, At > 0 (<0) means that the
1280-nm pulses arrive before (after) the 847-nm pulses. At negative
At, signal b relaxes back to only about 80% of the original intensity.
At positive At, signal e relaxes back to about 95% of the original in-
tensity. While nonlinear wave mixing is usually regarded as a non-
dissipative instantaneous process occurring on the short timescale
of the pulse duration, the dissipative behaviors hint that photoinduced
carriers are generated along with the multiphoton processes of
strong nonlinear wave mixing. The saturation behavior shown in
Fig. 2 could also be caused by the nonlinear photon absorption. As
the nonlinear conversion efficiency grows with increasing excitation
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Fig. 4. Waveguided nonlinear optical wave mixing. (A) Schematic of light coupling and emission of the waveguided nonlinear optical wave mixing in noncollinear
geometry. Two incident excitation beams at ~800 and ~1300 are displaced away from the center of a reflective objective to achieve coupling on a side of the MnPSe; flake
in a noncollinear geometry. (B) Spectra of the nonlinear four- and six-wave mixing in the MnPSe; flake when setting the two excitation beams collinear and at normal
incidence. The different wave mixing channels are denoted at the top of each peak. (C) Optical image of the MnPSejs flake used as the waveguide. (D) Optical images of
the coupling and emission of different wave mixing channels that take place simultaneously in the waveguide. In the noncollinear geometry, the different wave mixing
signals travel along distinct pathways and can be collected at different emission points. The two images are photographed with suitable bandpass filters.
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powers, the absorption may become more intense, leading to a slow
down of the intensity of wave mixing signals. Besides, the competi-
tion and mutual suppression of different wave mixing channels
could also result in saturation.

At positive time delays, two unexpected dynamical signals of
new energies (denoted as a’ and g’ in Fig. 5, A4 and A5) appear with
the two six-wave mixing signals measured at speckles A and G but
with new energies. g’ extends longer in time than the wave mixing
peak g. a’ appears far away from time zero and shows an oscillatory
behavior with 11-THz frequency (Fig. 5, D and E). It is also interest-
ing thata’ and g’ signals vary a lot among different spots on the bulk
sample and are absent in the flat films with thicknesses of 1 pm and
100 nm (section S7). This indicates that a’ and g’ signals are not only
dependent on the material itself but also extremely sensitive to envi-
ronmental perturbation, including the thickness and geometric
structure of the bulk sample with steps or winkles inside. The exact
origin of signals a’ and g’ deserves further investigation, and, here,
we propose a possible qualitative explanation related to the soliton
evolution mechanism. Different from the fundamental soliton whose
shape and amplitude remain unchanged with propagation, the high-
order soliton exhibits periodical evolution of shape and spectra with
time and distance, resulted from the interactions of self-phase
modulation and dispersion (44, 45). Note that even slight perturba-
tions to the materials’ dispersive and nonlinear responses would
break the symmetry of the evolution; hence, the higher-order soliton
will undergo a process called soliton fission (46), where the initial
pulse splits into a train of individual fundamental soliton pulses. As
for the newly formed soliton, the effect of inelastic light scattering
within the bandwidth of each soliton (also known as intrapulse Raman
scattering) generates the long wavelength side of the continuum,

which is also the key to understand the supercontinuum genera-
tion process (45, 46).

DISCUSSION
The MPX; family contains members with different electronic struc-
ture and magnetism. We also observed strong wave mixing respons-
es in two other members (MnPS; and NiPS3; section S8), suggesting
it as a universal property of the MPX3 compounds. It is worth inves-
tigating how the nonlinear wave mixing signals depend on the
material-specific electronic and magnetic properties. This would
also help to theoretically address the exact origin of this large optical
nonlinearity. Given the layered nature of MPX; materials, state-of-the-
art nanofabrication and integration techniques, such as vdW engi-
neering (e.g., heterostructuring and moiré structuring) (9, 47),
optical coupling to cavities, and waveguides (25, 41), would be
promising to enhance the wave mixing efficiency and engineer non-
linear photonic devices. Our findings not only add a member to the
collection of 2D materials hosting large optical nonlinearities but
also inspire future research in the following perspectives.
Magnetism has always been a research focus of MPX3 materials
and greatly modifies the optical properties (17-29). It is worth study-
ing how the nonlinear wave mixing will depend on the magnetic
properties. So far, SHG has become powerful for probing magnetic
symmetries in 2D materials (27-29, 48), but how the high-order
nonlinearities will response to magnetic orders remains elusive. The
study of high-order nonlinearities in the AFM phases of MPX3 mate-
rials will add insights to such knowledge, with respect to this family
and magnetic systems in general. Besides magnetism effects, another
intriguing question is whether the wave mixing processes present
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Fig. 5. Temporal dynamics. (A1 to A7) Time-dependent spectra of outgoing beam D, C, B, A, G, F, and E, respectively, measured on the bulk MnPSe; sample. (B) Time
evolution of integrated intensity of the nondegenerate wave mixing peaks d, ¢, a, g (and g’), and f. Each curve is normalized by the maximum value and vertically shifted
for clarity. (C) Time evolution of integrated intensity of peaks d and e, each normalized by the maximum value. (D) Time evolution of integrated intensity of peak a’. The
integration ranges in (B) to (D) are marked by the colored ticks on top of the axes in (A1) to (A7). (E) Left: Fast Fourier transformation of the time-dependent spectra mea-
sured at speckle A presented in (A4). Right: Integrated fast Fourier transformation intensities in the range of 600 to 625 nm of the left panels, normalized by the maximum
value.
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any excitonic effects when varying excitation laser wavelengths
(49, 50), given the general fact that the many-body excitons strongly
influence the optical properties of MPX3 materials (20-22, 51, 52)
and that resonance to different excitonic states can modify the tem-
poral dynamics of wave mixing processes (16) or activate the preces-
sion of magnons (22). The multiple (1, m,) wave mixing channels
in MPX; compounds offer unique advantages for clarifying the
nonlinear light-matter interactions with different multiphoton exci-
tonic quantum transition paths (16), while the many-body exciton
nature may further enrich the interacting mechanism.

Large odd-order nonlinear susceptibilities in the MPX; materials
can be exploited in other nonlinear optical effects, such as self-
phase modulation, saturable absorption, and coherent photon
conversion, which are all important for nonlinear optical and
nanophotonic applications (53). Besides, one could try to reach
higher-order nonlinear wave mixing effects, such as high-order
sideband generation and HHG, which have become an emerging
field recently for studying band structure properties (33, 54, 55),
field-driven ultrafast electron dynamics (16, 56-58), and optical
band engineering (59). The endeavor toward higher-order wave
mixing responses in correlated magnetic materials MPX3; may give
new insight to this field.

In all, we found giant four-wave and six-wave mixing effects in a
wide spectral range from ultraviolet to visible in MnPSe; (and other
transition metal phosphorous trichalcogenides), rendering it to be a
model 2D system of large odd-order optical nonlinearities. Our work
highlights the great potential of transition metal phosphorous trichal-
cogenide family for exploring nonlinear optical processes from both
fundamental scientific and applicational points of view. Future
research is promising for clarifying the nonlinear light-matter inter-
action mechanisms in the correlated 2D systems, reaching higher
conversion efficiency and engineering new optical devices for nonlin-
ear photonic applications.

MATERIALS AND METHODS
Sample preparation
Single crystals of MnPSe; and MnPS; were prepared by a chemical va-
por transport method. A mixture of Mn (99.9%), P (99%), Se/S (99.9%)
with the molar ratios of Mn:P:Se/S = 1:1:3 and additional iodine as
transport agent. The mixture was subsequently sealed in an evacuated
quartz tube, which was placed in a two-zone furnace. The reaction
zone was heated to 973 K and held for 5 days, with the growth zone
held at 1023 K. Then, we exchanged temperature gradient of the two
zones and kept for 3 weeks. Then, the quartz tube was naturally cooled
down to room temperature. Last, MnPSes; and MnPS; platelet-shaped
crystals in several millimeter sizes were obtained in the growth zone.
The thin MnPSe; films (film 1 and film 2 in Fig. 3 and also shown
in fig. S6) were obtained by mechanical exfoliation on fused silica
substrates. In this study, there are other materials used as compari-
sons to MnPSes samples. LiINbO; and fused silica substrates were
commercially purchased. The 100-nm WS, film was grown by the
chemical vapor deposition method and mechanical exfoliation on
fused silica substrates. The 80-nm GaSe film was obtained by me-
chanical exfoliation on fused silica substrate.

Nonlinear optical wave mixing
The 847- and 1280-nm lasers were generated by a LIGHT CONVERSION
ORPHEUS-F hybrid optical parametric amplifier, pumped by 1024-nm

Yue et al., Sci. Adv. 10, eadn6216 (2024) 2 August 2024

laser generated by a LIGHT CONVERSION PHAROS Yb:KGW
laser system. The repetition rate was 50 kHz. The two lasers were
focused onto the sample in a noncollinear geometry by two optical
lens. The diameter of the laser spot at the focus was about 100 pm.
The time resolution of the setup was ~43 fs. The two incident lasers
were linearly polarized along s direction. The spectra of wave mix-
ing signals were measured by an NOVA high-sensitive spectrometer,
IdeaOptics, China. The spectrometer covers the 200- to 980-nm
range. When measuring signals below 650 nm, short-pass color-
glass filters were placed before the spectrometer to eliminate the
contamination of spectrum by the scattered 847-nm excitation
laser. The short-pass filters do not extend to infinitely short wave-
lengths but show cutoff near 300 nm. Therefore, the overall ac-
cessible wavelength range of the measurement setup was 300 to
980 nm. See fig. S1 for the schematic of the optical setup.

Waveguided nonlinear optical wave mixing

Two laser beams with wavelengths of ~800 and ~1300 nm were dis-
placed away from the center of the reflective objective (40X, numeri-
cal aperture = 0.5) and focused obliquely on the sample (MnPSe;
flake on fused silica substrate) in noncollinear manner. The gener-
ated wave mixing signals traveled to the opposite edge of the flake
and were collected by the same objective. The coupling and emission
images were photographed using suitable filters.

Broadband transmission measurement

The absorption spectrum (shown in Fig. 1A) were obtained from
broadband transmission spectrum measured by a Bruker 80-V Fourier
transform infrared spectrometer. A sample with a thickness of ~100 pm
and a lateral size large than 3 mm was glued on a copper platform
with a hollow hole. We measured the transmitted spectra of the
sample and another hole with the same diameter for comparison.
The transmission ratio T was obtained by dividing the spectra of the
sample and the hole.

Wavelength-dependent THG

The dependence on THG emission wavelengths of X(3) shown in
Fig. 1E was derived from THG measurements at varying excitation
wavelengths. We used a Spectra-Physics TOPAS Prime optical para-
metric amplifier to generate excitation laser from 1200 to 2000 nm
at 1-kHz repetition rate. The excitation laser was focused onto the
MnPSe; 100-nm film sample using an optical lens with 125 mm in
focal length. The THG signals centered at emission wavelengths
shorter (longer) than 550 nm were measured with the signal (idler)
output of the optical parametric amplifier. The power of incident
excitation laser was always kept at 0.4 mW. To evaluate the THG
of MnPSes, we first compare the 520-nm THG signal intensity of
MnPSe; and GaSe films both of 80 nm in thickness and calculate the
x® of MnPSe; at 520 nm using the measured intensity ratio and the
reported refractive index of MnPSe; (60) and GaSe (61, 62). Then,
we can calculate the wavelength-dependent y® through the wavelength-
dependent THG intensities. The detailed calculation process is
shown in section $4.

Thickness dependence of THG

The various MnPSe; films of different thicknesses are fabricated
through mechanical exfoliation on fused silica substrates. The mea-
surements was carried out on a distinct optical setup with 1550-nm
excitation laser and optical focusing with 20X objectives with 0.4
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numerical aperture. The focused laser spot is about 5 pm in diame-
ter. We numerically simulated the THG intensity using a frequency-
domain finite-element method. The real and imaginary part of the
complex refractive index of MnPSe; at different wavelength is ob-
tained from previous report (60).

Supplementary Materials
This PDF file includes:
Supplementary Sections S1 to S8

Figs. S1to S8

Table S1
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