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ABSTRACT: Second-harmonic generation has been applied to
study lattice, electronic, and magnetic proprieties in atomically thin
materials. However, inversion symmetry breaking is usually required
for the materials to generate a large signal. In this work, we report a
giant second-harmonic generation that arises below the Neéel
temperature in few-layer centrosymmetric FePS;. A layer-dependent
study indicates the detected signal is from the second-order
nonlinearity of the surface. The magnetism-induced surface second-
harmonic response is 2 orders of magnitude larger than those
reported in other magnetic systems, with the surface nonlinear
susceptibility reaching 0.08—0.13 nm?/V in 2—S L samples. By

Domain distribution

N\ 165°
-105°

45°

3L

N
5

combing linear dichroism and second-harmonic generation experiments, we further confirm the giant second-harmonic generation is
coupled to nematic orders formed by the three possible Zigzag antiferromagnetic domains. Our study shows that the surface second-
harmonic generation is also a sensitive tool to study antiferromagnetic states in centrosymmetric atomically thin materials.
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B INTRODUCTION

Because of its sensitivity to the symmetry-breaking phases,
second-harmonic generation (SHG) has been applied to study
many properties in van der Waals materials, including layer
numbers, "> crystal orientations,' > ferroelectric orders," ¢
charge-density waves,”® lattice structure,”'’ magnetic or-
ders,"' ™" and multiferroic orders.'*'* The commonly known
SHG response is from a nonzero electric-dipole term from the
bulk states, which requires the inversion symmetry breaking of
the materials. For centrosymmetric materials, the bulk electric-
dipole term is prohibited. However, the inversion symmetry is
naturally broken on the sample surface, which enables SHG
responses from the surface layers.'"’

The surface SHG results from the breaking of inversion
symmetry at an interface. It was detected in various metal'®~>'
and molecular systems,”””* but has seldomly been reported in
ultrathin van der Waals materials. The bulk electric-dipole
contribution is nearly proportional to the sample thickness
when the sample thickness is smaller than the coherence length
of the SHG light, but the surface term remains nearly
independent of the thickness. In principle, a surface SHG
signal could be comparable to the bulk SHG signal in ultrathin
noncentrosymmetric materials. As a result, surface SHG
provides a possible way to detect emergent electronic and
magnetic properties without the requirement of inversion
symmetry breaking.

The transition metal thiophosphates MPS; (M = Mn, Fe, Nj,
Co) provide a good platform to study 2D antiferromagnetism
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with different magnetic anisotropy.”*~*” Here we focus on two
compounds FePS; and MnPS;, with the same lattice structure.
Because of the different magnetic anisotropy, FePS; has
Zigzag-type antiferromagnetism where inversion symmetry is
preserved”®*° (Figure 1a), but MnPS; has Néel-type
antiferromagnetism where the inversion symmetry is bro-
ken”®*" (Figure 1b). According to the previous studies, in the
Neéel-type antiferromagnet MnPS;, an electric-dipole SHG
signal induced by the magnetism is observed down to bilayer
samples.'>** It is usually believed, however, that the second-
harmonic response is insensitive to the Zigzag-type anti-
ferromagnetic orders because of the preserved inversion
symmetry.12

In the monolayer FePS;, the Fe atoms carrying spins form
the honeycomb lattice with 3-fold rotational symmetry. The
space group without magnetism is P31m. In multilayer FePS;,
the monoclinic stacking breaks the 3-fold rotational symmetry
and the space group without magnetism falls into 2/m."” When
the FePS; is below the Néel temperature (118 K for bulk), a
Zigzag-type antiferromagnetic order forms (Figure la),
according to the neutron scattering measurement. 8739 The
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Figure 1. (a, b) Spin structure of FePS; (Zigzag-type) and MnPS;
(Néel-type) in the monolayer. Red and blue circles represent opposite
spin directions on the Fe/Mn atoms. (c, d) Temperature dependence
of SHG intensity of FePS; and MnPS; samples. (e, f) Polarization-
resolved SHG intensity of FePS; and MnPS; samples below and
above Neéel temperature. The polarizations of incident photons and
output photons are kept parallel and rotated simultaneously.

magnetism persists to the monolayer according to the Raman
spectroscopy.””* Nevertheless, there has been some con-
troversy over the Zigzag directions and domains. Some
neutron scattering experiments suggest the Zigzag direction
is along the a-axis,”® whereas others suggest the Zigzag
direction can be 120° from the a-axis.”” A more recent neutron
scattering work reports the coexistence of the three Zigzag
directions in a FePS; crystal, which is argued to be related with
the crystal twinning rather than magnetic domains,”” and also
concluded the structure twinning effect in the earlier work of
ref 29. A most recent linear dichroism (LD) measurement on a
multilayer FePS; shows the coexisting of two different Zigzag
directions on areas with different thickness.***

In this paper, we show that the centrosymmetric Zigzag
orders in FePS; can produce a surprisingly large surface
second-harmonic generation down to the bilayer, which is
coupled to the Zigzag antiferromagnetic orders. To investigate
the origin of the multidomains, we performed spacial scanning
of polarization-dependent SHG and LD measurements
simultaneously on a 3 layer (L) sample with a single structure
domain and observed three magnetic domains with Zigzag
directions 120° to each other. We further showed that the
surface SHG also rotated by 120° between these three
domains. The surface SHG is coupled to the Zigzag direction,
and, therefore, few-layer FePS; samples form the antiferro-
magnetic nematic orders without structure twinning.
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B RESULTS AND DISCUSSION

Figure 1d shows the temperature dependence of the SHG
intensity of 3 and 12 L MnPS; flakes. A sudden rise in SHG
intensity below the Néel temperature of 78 K is observed,
because the Néel-type antiferromagnetism breaks the inversion
symmetry in this system.'>** The SHG response is believed to
have two parts, including the electric-dipole term and the
electric-quadruple term:

d
E(2w) o</0‘ )(,.]ZEj(a))Ek(a))dz

+ f 7 E @)k Ey(w)dz o

where )(D 1o X are the susceptibility tensor of electric-dipole
and electrlc quadruple terms, respectively. E;(w) is the electric
field from the fundamental light, and d is the sample thickness.
Note that the SHG signal scales with the effective thickness as
reported in the previous research.”

The SHG intensity of the 3 L FePS;, to our surprise, is also
coupled to the centrosymmetric Zigzag orders, as it shows a
phase transition at the Néel temperature of 116 K (Figure 1c).
Moreover, the 3 L FePS; generates only a slightly smaller SHG
intensity than the 12 L MnPS; and 10 times larger than 3 L
MnPS;, which is quite surprising considering that the FePS;
sample is centrosymmetric but MnPS; breaks inversion
symmetry. Figure le shows the polarization-dependent SHG
intensity (E,||E,,) of the same FePS; sample measured above
and below the Néel temperature. At S0 K, the SHG pattern has
two lobes, which changes dramatically from the 6-lobe shape
from the lattice at 180 K. Because the second-order
susceptibility is directly coupled to the symmetry of the
system, the arising large 2-fold SHG signal in FePS; indicates
that the SHG comes from the magnetism. Different from
FePS;, the shapes of the SHG polar patterns of the 12 L Neéel-
type MnPS; remain the same above and below Néel
temperature, whereas the SHG intensity changes (Figure 1f).

Because of the presence of the inversion symmetry in FePS;,
the bulk electric-dipole term is not allowed. The magnetism-
coupled SHG change could come from the electric-quadruple
term or/and the surface term. To better understand the origin
of the large SHG response in FePS;, we studied the thickness
dependence. The results of polarization dependence and
temperature dependence are shown in Figure 2. We found
that from a thick flake to a bilayer, the SHG intensity above the
Néel temperature drops dramatically, but the magnetism-
coupled signal below Ty remains in the same order of
magnitude. The former is easy to understand because the SHG
above the Néel temperature is from the electric-quadruple
contribution, which scales quadratically on the sample
thickness when the sample thickness is less than the coherence
length. The latter indicates the magnetism-coupled SHG is
insensitive to the thickness, in sharp contrast to MnPS;** and
MnPSe;"” with noncentrosymmetric magnetic structures. This
feature suggests that the magnetism-coupled SHG response
does not originate from the bulk (such as a bulk quadruple
term or a bulk magnetic dipole term). Therefore, we believe
the large magnetism-coupled signal is dominated by the
nonlinear response of the surface layers. The SHG response is
then written as
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Figure 2. (a) SHG intensity as a function of polarization angle ¢
measured at different sample thickness. The polarizations of incident
photons and output photons are kept parallel and rotated
simultaneously. (b) Temperature-dependent SHG intensity measured
at different sample thicknesses. Both polarizations of incident and
output photons are kept at 0°. For both a and b, an offset of 50 c.p.s.
is applied between different curves.

d
E(2) = fo 73 E (@) E(0)dz + 47 E(0)E ().,
(2)

where )(,%l, Xif are the susceptibility tensor of bulk electric-
quadruple and surface terms, respectively. E,(w) is the electric
field from the fundamental light. The magnetism-induced
surface SHG is surprisingly large. The ratio of the SHG
intensity of a bilayer FePS; and a bilayer MnPS; is around 30:1
at S K, even though the former is centrosymmetric but the
latter breaks the inversion symmetry. By using a GaAs crystal
as a reference (see the Supporting Information, Section S2),
we show the surface nonlinear susceptibility ly;;/ reaches 0.08—
0.13 nm*/V (1.9-3.1 X 10™* esu) in 2—5 L samples, which is
close to the response from a noncentrosymmetric MoS,
monolayer,l whose inversion symmetry is broken by the
lattice. Note that the surface SHG from FePS; is from the
magnetism. When compared to other magnetism-induced
surface SHG on previous reported thin-film materials,”**"*”
the response from FePS; is at least 2 orders of magnitude
larger in terms of the second-order susceptibility |yj;l. Except
from the large surface nonlinear optical response, it is
interesting to note that FePS; also has a giant antiferromag-
netism-coupled linear optical response.”>*®

In a monolayer FePS;, the Fe atoms with out-of-plane spins
form the honeycomb lattice with 3-fold rotational symmetry.
In multilayer FePS;, the monoclinic stacking breaks the 3-fold
rotational symmetry very weakly. As the polarization-depend-
ent SHG polar plots show a 6-fold pattern (see the Supporting
Information, Section S1, for the high-temperature data in a
bulk sample). Also, the negligible polarization-dependent LD
at high temperature®® suggests the system still has an
approximately 3-fold rotational symmetry in its electronic
structure without magnetism, which gives rise to different
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Figure 3. (a) Optical image of a multilayer FePS; flake, including 1 to 3 L. (b, ¢) LD mapping of the same area in panel a at 30 and 150 K. The
direction of small segments on each point represents the polarization direction when the LD is at the valley. The length of the segments represents
the magnitude of the LD. Three colors are used to indicate three nematic domains. (d, e) Polarization-dependent LD and SHG intensity of the
three points chosen from three domains marked by open circles on panel b. (f—h) Schematic diagrams showing three possible nematic domains
formed by Zigzag antiferromagnetic orders. Red and blue circles indicate opposite spin directions on Fe atoms. Only the configuration in panel f

preserves the mirror symmetry of the whole system.
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Zigzag-order states with very close energy. The Zigzag order,
on the other hand, strongly picks up a direction that breaks the
approximate 3-fold rotational symmetry, resulting in aniso-
tropic linear and nonlinear optical properties that are 120° to
each other (see Figure 3 and discussions below).

To address the origin of the multidomains, we perform the
LD and SHG measurements on a large 3 L FePS; sample, as
thick samples often have stacking faults (see the Supporting
Information, Section S3). Figure 3a is the optical image of the
sample, and Figure 3b is the LD mapping at 30 K in the same
region. The direction and the length of each segment at each
point represent the valley location in the angle dependence and
the magnitude of the LD, respectively. Three colors are used to
emphasize three Zigzag directions with an interval of 120°.
Three points in the green, blue, and red regions of the 3 L
sample in Figure 3d are chosen to show the polarization-
dependent LD, which indicates the coexistence of three Zigzag
directions. Note that a homogeneous LD direction distribution
is observed at 150 K (Figure 3c), excluding the influence of the
stacking fault. The polarization-dependent SHG measurement
at the same three points (Figure 3e) also shows the SHG polar
patterns are also rotated by 120° and follow the Zigzag
directions. We also combine the LD and SHG measurements
to show that the valley position of the LD and the peak
position of the SHG indicate the Zigzag direction (see the
Supporting Information, Section S1). It is interesting to note
the intensity of the green curve is larger than the other two,
and the green curve has a mirror symmetry but the red and
blue ones do not. According to the LD measurement at 150 K,
the Zigzag direction of the green region is along the g-axis,
which preserves the mirror symmetry of the system (Figure
3f), whereas the Zigzag orders of the blue (Figure 3g) and red
(Figure 3h) region break the mirror symmetry because the
Zigzag direction is different from the layer-stacking direction.

From the experimental data, it is not clear what causes
different Zigzag order distribution in the FePS; samples. Note
the LD mapping does not change after a thermal cycle (see the
Supporting Information, Section S4). On the basis of the
similar behavior of other materials, we believe strain is likely
responsible for the Zigzag order distribution, as the 3-fold
rotational symmetry is only very weakly broken above Ty. A
strain-tuning measurement as the previous study'’ by a
polymer substrate is not possible because of the large and
randomly distributed LD signal from the uneven polymer
substrate. Similarly, the polymer substrate generates a strong
photoluminescence signal that overwhelms the SHG signal of
the samples. Further experiments, for instance, adding strain
directly on the wafer, are called for to understand the nematic
orders of the materials.

To summarize, we discovered a giant surface SHG signal on
FePS; samples coupled to the centrosymmetric Zigzag-type
antiferromagnetic orders. The surface nonlinear susceptibility
ly;il reaches 0.08—0.13 nm*/V (1.9—3.1 X 10™* esu) in 2—5 L
samples. The direction of the Zigzag order is resolved by
polarization-dependent SHG and LD measurements. Nematic
states with three Zigzag directions coexist in a single crystal,
which points to a new mechanism other than the structure
twinning. The observed giant surface SHG signal coupled to
the centrosymmetric antiferromagnetic orders suggests that
SHG is a good probe for emergent states in atomically thin
materials even without inversion symmetry breaking.
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B METHODS

Sample Preparation. To perform optical measurements in
the cryostat, we mounted the bulk FePS; on copper by a thin
layer of GE varnish. The few-layer samples were directly
exfoliated on the SiO,/Si wafer in air and then transferred into
the vacuum chamber of a cryostat. In our experiment, we did
not see noticeable degradation of the few-layer FePS; in air.
However, we still controlled the exposure time to be less than
20 min.

Second-Harmonic Generation Measurement. In the
SHG experiment, we used an 800 nm Ti-sapphire laser (80
MHz, ~50 fs) as the fundamental light. The beam is focused
by a 50X objective to the beam spot size of around 2 ym. A
typical laser power of 400 uW is applied. No noticeable sample
degradation was observed under the laser exposure and
thermal cycles. The same objective was used to collect the
reflected 400 nm beam, which is then detected by a photon
counter. A half-wave plate and a linear polarizer were used to
control the polarization of the incident and outgoing beams,
respectively. The coherence length of the reflected SHG can be

A , which is the effective thickness of the

4 (i, + fiy,)
sample that can generate the in-phase reflected second-
harmonic photons.

Linear Dichroism Measurement. The polarization-
dependent LD was measured by taking the reflection difference
between two axes that are perpendicular to each other:

_ L(@) - In(¢+90°)
1) = g+ o0
laser as the SHG measurement. A photoelastic modulator was
used to modulate the polarization at 42 kHz. A half-wave plate
was placed right before the objective to control the polarization
of the incident light.

calculated by

under the same 800 nm Ti-sapphire
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