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van der Waals antiferromagnetic insulators are emerging as promising
candidates for spintronics and quantum computing due to their
unique magnetic properties. However, detecting antiferromagnetism
at the atomic scale remains challenging due to compensated spin
order. In this study, we present a novel approach to observe the
antiferromagnetic proximity effect in FePSz/Pt heterostructures. This
effect arises from interfacial magnetic moments, which induce sig-
nificant spin polarization in the Pt layer via strong interlayer exchange
interactions. As a result, a pronounced anomalous Hall effect is
observed in the Pt layer. Fe atom vacancies at the FePS3/Pt interface
play a critical role in creating localized surface magnetic moments and
enhancing exchange interactions. These findings shed light on the
complex interplay between two-dimensional antiferromagnetic insu-
lators and heavy metals with strong spin—orbit coupling, providing a
promising strategy to exploit interfacial effects for creating magneti-
zation in antiferromagnetic materials.

Introduction

van der Waals magnetic materials have attracted attention for their
potential applications in spintronics,' quantum computing,® and
other advanced technologies.” " van der Waals antiferromagnetic
insulators, in particular, possess unique magnetic properties,
such as ultrafast dynamics, zero stray fields, and diverse spin
configurations.”* ™™ As a van der Waals antiferromagnetic
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New concepts

Low-dimensional magnetic materials, particularly antiferromagnetic
insulators, hold great promise for spintronic applications but present
challenges in detecting and manipulating magnetization at the atomic
scale due to their lack of net magnetic moment. To address this, we
studied FePS;/Pt heterostructures and proposed a novel approach to
induce and detect magnetization in antiferromagnetic insulator/heavy
metal systems. Our study demonstrates the antiferromagnetic proximity
effect, where Pt exhibits magnetization despite the net-zero magnetic
moment of FePS; in its bulk state. Besides, we show that Fe atom
vacancies at the interface induce local net magnetic moments and
enhance interfacial exchange interactions, providing a pathway for
magnetization creation. Using a defect model, we elucidate the van der
Waals antiferromagnetic proximity effect, offering insights into the
interplay between magnetic proximity effects, defect engineering, and
interfacial interactions. These findings present universal strategies to
induce net magnetization in metals with strong spin-orbit coupling for
spintronic applications in low-dimensional systems.

insulator, FePS; exhibits robust exchange interactions and strong
magnetic anisotropy,"*'® making it a compelling platform for
studying magnetic phenomena in two-dimensional (2D) systems.
However, detecting and manipulating the magnetization of these
materials at the atomic scale are challenging. Antiferromagnetic
ordering in FePS; leads to a zero net magnetic moment, making
the traditional magnetization detection techniques ineffective.'”
Interfacial magnetic interactions provide opportunities for
advancing the detection and manipulation of magnetism at the
nanoscale. When a magnetic material is in contact with a heavy
metal with strong spin-orbit coupling, a novel magnetic effect
can arise due to interfacial interactions.*®2° This effect, known
as the magnetic proximity effect (MPE),”*">® has attracted sig-
nificant research interest in the field of van der Waals materials
and heterostructures due to its potential to induce various
magneto-transport phenomena such as the spin valve effect,>”
quantum anomalous Hall effect,*® and spin-valley coupling.**
Recent studies of the MPE in 2D materials have revealed a
variety of mechanisms, significantly enhancing our understand-
ing of this phenomenon.*® Zollner et al.*" investigated the MPE
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in graphene/transition-metal phosphorus trichalcogenide
(MPX3; M = Mn, Fe, Ni, Co; X = S, Se) heterostructures. Through
first-principles calculations, they demonstrated the induction of
sizable magnetization in graphene. Zhong et al.*? and Lyons**
et al. in 2020 explored the MPE in transition metal dichalcogen-
ide (TMD)/ferromagnet heterostructures, showing that a strong
exchange field and spin-orbit coupling can be induced in
TMDs such as WSe, and MoSe,. These studies create enhanced
spin-polarized electronic states for novel spintronic devices.

Shi et al.'®*°?**> have made significant contributions to
leveraging the MPE for detecting nanoscale magnetism. Their
studies demonstrated that the magnetic properties of 2D
magnetic insulators could be effectively probed through the
anomalous Hall effect (AHE) of adjacent metals.*>***%3” How-
ever, most existing studies focus on 2D ferromagnetic materials
such as Cr,Ge,Tes>° and CrBr;.>" Investigations into 2D anti-
ferromagnetic insulators using the MPE remain scarce. In this
work, we report the AHE in antiferromagnetic FePS;/Pt hetero-
structures. Despite the absence of net magnetic moment in
FePS;, the AHE was detected in the Pt layer, suggesting the
emergence of net magnetization in the Pt layer. This phenom-
enon is primarily attributed to the MPE; specifically, the anti-
ferromagnetic order in FePS; influences the Pt layer via strong
interlayer exchange coupling.’®'® Supported by first-principles
calculations, we point out the potential role of Fe atom vacan-
cies in introducing local magnetic moments and enhancing the
exchange interactions at the FePS;/Pt interface, thereby ampli-
fying the MPE.>® A series of transport measurements reveal that
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interfacial physics influences the magnetic properties and
transport behaviors in the heterostructures.

Results and discussion

The structural, compositional, and magnetic characterization
of bulk FePS; is presented in Fig. 1. The photograph of the
FePS; bulk crystal is shown in the inset of Fig. 1a. The Raman
spectrum displays the characteristic vibrational modes of FePS;
(Fig. 1a). The Raman peaks correspond to the in-plane phonon
modes of the E; and E,, types and out-of-plane modes of the A,
type, all originating from the vibration of [P,Se]'” units.*”
Elemental analysis via energy-dispersive X-ray spectroscopy
(EDS) (Fig. 1b, top panel) confirms the stoichiometric composi-
tion of FePS;. The atomic percentage of Fe is 19.57%, close to the
theoretical stoichiometry and is within the acceptable error
range of the instrument. The X-ray diffraction (XRD) pattern
(Fig. 1b, bottom panel) validates the crystalline structure of
FePS;, with sharp peaks corresponding to (001), (002), (003),
and (004) crystal planes, confirming the high crystallinity. The
magnetization curves (Fig. 1c and d) clearly demonstrate the
antiferromagnetic nature of FePS;. The magnetization versus
temperature (M-T) curves measured at 1000 Oe show clear
antiferromagnetic-paramagnetic transitions and confirm the
Néel temperature to be around 118 K (Fig. 1d). The magnetiza-
tion versus applied magnetic field (M-H) curves (Fig. 1c) confirm
the characteristics of an antiferromagnet with strong anisotropy.
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Fig. 1 Structural, compositional and magnetic characterization of FePSz bulk crystals. (a) Raman spectrum showing the characteristic peaks of FePSs.
Inset: Photograph of the FePSs bulk crystal. Grid size: 1 mm x 1 mm. (b) Top panel: Elemental analysis of FePSs using EDS and a table listing the weight
percentages and atomic percentages of P, S, and Fe. Bottom panel: XRD pattern of FePSs. (c) Magnetization—field curves of bulk FePSs. (d)
Magnetization—temperature curves of bulk FePSs measured under 1000 Oe. IP and OOP in (c) and (d) refer to in-plane and out-of-plane, respectively.
(e) XPS spectra of Fe 2p peaks for exfoliated few-layer FePSs crystals. (f) XPS of Fe 3p peaks for few-layer FePSs.
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The perfect linear response with the field perpendicular to the
Néel vector persisting up to 7 T indicates the non-canting nature
of the antiferromagnetic alignment of spins with near-zero net
moment. It is also evident that the Néel vector is parallel to the ¢-
axis, i.e., there is a perpendicular magnetic anisotropy.

To investigate the structural and electronic properties of
FePS; in two dimensions, the as-grown bulk crystal was
mechanically exfoliated into few-layer flakes. XPS measure-
ments of freshly exfoliated FePS; flakes reveal the coexistence
of Fe*" and Fe®' valence states (Fig. 1e and f), which are
attributed to vacancies rather than oxidation, as the samples
were transferred to a high-vacuum chamber immediately after
exfoliation to exclude surface oxidation. Quantitative analysis of
XPS data is shown in Tables S1 and S2 (ESIf). Transmission
electron microscopy confirms the existence of Fe vacancies in
exfoliated ultra-thin (6-nm) FePS; samples (Fig. S1, ESIt). The Fe
vacancies could alter coordination environments on the surface
of exfoliated flakes. Such a significant change of the surface
state is also evident from the blue-shifted Raman characteristic
peaks after exfoliation (top panel of Fig. S2, ESIT). The blue shift
of the Raman peaks is a feature of lattice compression because a
small lattice constant corresponds to a higher phonon fre-
quency and a larger Raman shift. The bottom panel of Fig. S2
(ESIY) illustrates how a vacancy induces local lattice distortions.
The neighboring atoms are distorted around the vacancy. Both
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compressive strain and local bond stiffening are reasons for
Raman blue shifts.

The possible effect of these surface states on the nanoscale
magnetic properties cannot be directly detected using a super-
conducting quantum interference device (SQUID) magnet-
ometer. Therefore, to investigate the elusive magnetization in
few-layer FePS;, the exfoliated few-layer flakes were fabricated
into FePS;/Pt Hall bar devices for magneto-transport measure-
ments. Fig. 2 displays the structure of the FePS;/Pt heterostruc-
tures. The 3D schematic and optical microscopy image (Fig. 2a)
display the fabricated Hall bar device constructed from an
FePS; (20 nm)/Pt (6 nm) heterostructure. Fig. 2b depicts the
MPE at the interface between a heavy metal and a magnetic
material.*® Magnetic ordering in the magnetic material induces
spin polarization in the adjacent metal layer. In this study, Pt is
chosen primarily because of its high susceptibility to magnetic
influence. Specifically, it provides strong spin-orbit coupling
and considerable exchange energy, bringing it close to satisfying
the Stoner criterion: (Ilz-DOS(Eg) > 1, where I is the exchange
integral and DOS(Ey) is the density of states at the Fermi level).**
The Stoner criterion indicates the tendency of a material to
become ferromagnetic based on the balance between the
exchange interaction energy and the kinetic energy of the con-
duction electrons. Pt, while not ferromagnetic in bulk form, has
a large DOS(Er) and a large I that bring it close to meeting the
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Fig. 2 Device fabrication and structure details of FePSs/Pt heterostructure. (a) Left panel: schematic of the etched Hall bar composed of exfoliated FePSs
and sputtered Pt. Right panel: optical microscope image of the fabricated Hall bar device based on an FePSs (20 nm)/Pt (6 nm) heterostructure. Scale bar:
10 um. (b) Schematic of the MPE-induced magnetization distribution at the interface of a heavy metal and a magnetic material, with arrows indicating the
direction of spin polarization. (c) Calculated spin DOS as a function of energy for FePSz with Fe vacancies. (d) FePSs crystal structure with an Fe vacancy,
predicted by DFT calculations. (e) Crystal structure of FePSs with antiferromagnetic order (indicated by arrows) along the c-axis. (f) Schematic of DFT-
predicted atomic structure of the FePSs/Pt interface. Interfacial magnetic ordering in FePSs induces spin polarization in the proximate Pt layer.
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Stoner criterion. This implies that even a slight magnetization
from an adjacent magnetic material can convert Pt into a
magnetic state. Proximity-induced spin polarization in Pt is a
key for understanding the magnetic order in few-layer FePS; and
elucidating the origin of the AHE observed in this work.

Fig. 2e shows the layered stacking of FePS; along the c-axis,
with inherent antiferromagnetic ordering reported in previous
studies.”®** The magnetic moments of the Fe atoms are aligned
in antiparallel directions both within the same plane and
between the layers, suggesting both interlayer and intralayer
antiferromagnetic coupling. Removal of an Fe atom can dis-
rupt the periodic lattice arrangement and long-distance mag-
netic exchange interactions, affecting the spin compensation
of Fe atoms (Fig. 2d). This can create magnetic moments,
modify localized magnetic interactions and potentially alter
the type of magnetic order. In FePS;/Pt heterostructures, Fe
vacancies can induce ferromagnetic-like order at the interface,
leading to spin polarization in the Pt layer and pronounced
spin-dependent transport properties through the MPE
(Fig. 2f). Understanding this vacancy-induced magnetization
is crucial for optimizing FePS; and other 2D antiferromagnets
in spintronic applications, because such vacancies can be
exploited to achieve the desired magnetic properties. Fig. 2c
presents the calculated spin density of states in the predicted
defective FePS;. The spin-up and spin-down states are asym-
metric near the Fermi level, indicating net spin polarization.
Fig. S3 (ESIt) presents the spin charge density distribution in
the defective FePS; structure. The noticeable imbalance
between the spin-up and spin-down densities suggests net
magnetization. These first-principles calculations reveal the
electronic structural modifications at the interface, which is a
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prerequisite for explaining the subsequent magneto-transport
measurement results.

The electric measurements of the FePS;/Pt heterostructure
were conducted to elucidate the interfacial coupling through
magneto-transport characteristics (Fig. 3). The decrease in long-
itudinal resistance (R,,) with increasing temperature (Fig. S4,
ESIT) shows a typical characteristic of metallic conductors,
indicating that the Pt layer dominates the transport properties.
The transverse resistance (R,,) versus magnetic field plots at
various temperatures (Fig. 3a) strongly support the presence of
the AHE in the Pt layer. The abrupt change of R, near zero field
indicates the contribution of the anomalous Hall resistance. Ry,
saturating at +2 T indicates the saturation field. The AHE is
most pronounced at 2 K (the lowest investigated temperature).
The anomalous Hall resistance is expressed as Rapp = (Ry+ —
Ry,_)/2, where R,,, and R,,_ are the R, values extrapolated from
the maximum positive and negative magnetic fields to zero
magnetic field.** Fig. 3b and c shows the evolution of the
anomalous Hall resistance with temperature. The AHE resis-
tance decreases with increasing temperature, finally reversing
the sign above 100 K (Fig. 3d). This transition temperature agrees
with the measured Ty in Fig. 1d, showing consistency between
the AHE resistance and magnetization. This consistency sug-
gests that the induced magnetization in the Pt layer is respon-
sible for the observed AHE. The R,ue—H relation approaches
linearity as the temperature rises above 140 K (Fig. S5d, ESIT),
suggesting that the induced magnetization in Pt weakens at
higher temperatures. The temperature sensitivity of the AHE
indicates that the proximity-induced spin polarization in Pt is
associated with the magnetization in FePS;. A contrast experi-
ment was conducted by inserting a 4 nm Cu layer between the
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Fig. 3 Magneto-transport measurements of FePSs/Pt heterostructures. (a) Ry, versus magnetic fields from —9 T to 9 T at various temperatures. The field
is applied OOP. (b) Rane versus magnetic fields at various temperatures. (c) Rane versus magnetic field showing the sign reversal of the Hall resistance near
100 K. (d) Temperature dependence of Rane. (€) Comparison of Rape between FePSz/Pt and FePSs/Cu/Pt heterostructures.
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FePS; and Pt layers. The FePS;/Cu/Pt heterostructure shows an
almost vanished AHE signal compared to FePS;/Pt, confirming
that the observed AHE originates from the proximity effect
(Fig. 3e).

To understand the underlying mechanisms of the observed
AHE, Fig. 4 schematically depicts the MPE and the induced
magnetization in the FePS;/Pt heterostructure. The non-
defective state (Fig. 4a) shows FePS; with its antiferromagnetic
ordering and Pt as a non-magnetic material. The antiferromag-
netic order in pristine FePS; is represented by antiparallel spin
pairs that produce zero net magnetization. As Pt is non-
magnetic, it does not exhibit any intrinsic magnetic order when
it is far away from the magnetic layer. Fig. 4b presents the
induction of net magnetization in the Pt layer caused by the
MPE at the FePS;3/Pt interface, where the thin FePS; flake
contains Fe vacancies. When FePS; and Pt are brought into
close contact, the magnetic order of FePS; influences the Pt
layer, causing a large spin polarization. The spins align toward
the applied magnetic field orientation. This induced spin
polarization is a direct consequence of the interfacial exchange
interactions between the net moments of the vacancies in the
antiferromagnetic FePS; and the adjacent Pt. The contribution
of the vacancy is crucial for understanding the generation of
ferromagnetism in this antiferromagnet/heavy metal system.
The introduction of Fe atom vacancy in FePS; can create local
magnetic moments that disrupt the perfect antiferromagnetic
order, serving as an effective medium for localized short-
distance ferromagnetic exchange coupling. These vacancies
enhance the exchange interactions at the FePS;/Pt interface,
strengthening the induced magnetization in the Pt layer. The
local magnetic moments generated by these vacancies are
estimated as 3.3up per vacancy based on our DFT calculations
and the literature.**™" Fig. 4c depicts the spin orientation in
the heterostructure under a downward magnetic field. The
reversal of magnetic moment alignment in Pt, induced by the
downward field, demonstrates the effective moments of
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vacancies and the switchable polarity of the MPE in response
to an external field.

While the proximity-induced AHE is evident, whether it
can persist at minimized thickness is still an open question.
To explore the size effect, the thickness of FePS; in the hetero-
structure was decreased to 8 nm. At this reduced thickness, the
AHE remains evident. The loops diminish with increasing
temperature, and the inversion of the AHE signal is clearly
observed around 100 K (Fig. S5a and d, ESIt). Moreover, the
variation of AHE resistance with temperature (Fig. S5b and c,
ESIt) shows that AHE resistance exhibits a large value at low
temperature, consistent with the weakening of the MPE at
higher temperatures as the thermal energy overcomes the
exchange interactions at the FePS;/Pt interface, thereby redu-
cing the induced magnetization.

The observed AHE inversion can be attributed to several
possible factors: (1) competing magnetic interactions;”* (2)
competition between spin Hall magnetoresistance (SMR) and
MPE-induced anomalous Hall conductivity;> > (3) thermal activa-
tion of defects;’®”” and (4) spin reorientation transition.® There
could be competition between different magnetic interactions across
the interface or between multiple co-existing magnetic phases in the
heterostructure. As the temperature increases, the balance between
them might shift, leading to a change in the direction of induced
spin polarization. Competition between the SMR-induced AHE and
the proximity-induced AHE provides another explanation for the
observed sign reversal of the AHE. Different from the origin of the
AHE, SMR arises from the interactions between the spin-polarized
currents and the magnetic moments on top surface of FePS;, where
the orientation and magnitude of the magnetization affect the
resistance experienced by spin currents. The dynamic interplay
between these two mechanisms can lead to variations in the sign
of Raup, depending on which mechanism is dominant under
different magnetic field strengths and temperatures.

To investigate SMR and anisotropic magnetoresistance (AMR),
the angular dependence of R,, was obtained (Fig. 5 and Fig. S6,
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Fig. 4 Schematics of magnetic proximity effect and induced magnetization in FePSs/Pt heterostructures. (a) Initial state, in which FePSs is
antiferromagnetically ordered and Pt is non-magnetic. (b) Emergence of net magnetization in the Pt layer due to the MPE at the FePS3/Pt interface,
where the ferromagnetic order mediated by Fe atom vacancy in FePSs influences the Pt layer, causing spin polarization. The net magnetization in FePS3
and Pt aligns toward the external magnetic field orientation. (c) Spin configuration with proximity effect and a downward magnetic field. The net

moments are marked by circles.
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Fig. 5 SMR measurements of FePSs/Pt heterostructure. (a) Schematics of the SMR mechanism, where a spin current is generated in the Pt layer due to
an applied current and spin Hall effect. When the magnetic field aligns the magnetization in FePSs parallel to the spin direction of spin current in Pt, the
spin current is reflected at the interface, resulting in low resistance. (b) When the applied field drives the magnetization in FePSs perpendicular to the spin
direction of spin current in Pt, the spin current is absorbed by FePSs, leading to an increase in resistance. (c) Angular dependence of the longitudinal
resistance R,y as a function of the angle between the external magnetic field and the z-axis. The inset illustrates the experimental setup. The field rotates

in y—z plane.

S7, ESIt). Fig. 5 schematically illustrates how the spin current
behavior in Pt is influenced by the surface magnetic state of
FePS;. Fig. S6a and S7a (ESIt) illustrate the measurement setup,
where the applied magnetic field rotates in the x-z plane and y-z
plane, respectively, with the rotation angle (f and y, respectively)
varying from 0° to 360°. The observed sinusoidal variation in R,
confirms the SMR (Fig. 5¢) and AMR effects (Fig. S7b, ESI) in the
FePS;/Pt heterostructure. Fig. S6b and S7b (ESIT) plot the angular
dependence of R,, at different magnetic field strengths (from 1 T
to 9 T) at a fixed temperature of 2 K. The fitting equations for Ry, is
given by

Rix(B) = Ry + Rgmr 0052(2/3): 1)

Rex(7) = R + Ramr cO5%(2), (2)

where R, and R, are the base resistance, Rgyr and Raur
represent the SMR and AMR contributions, respectively, and y
and f are the field angles. The values of these parameters and
SMR and AMR, which is calculated by (Ryax — Ruin)/Rmin for all
investigated fields are extracted and listed in Table S3 (ESIT).
Fig. S6c and S7c (ESIt) display the angular dependence of R, at

This journal is © The Royal Society of Chemistry 2025

different temperatures (2 K to 80 K) at a fixed magnetic field
strength (7 T). At lower temperatures (2 K and 10 K), R,, exhibits
strong angular dependence, indicating significant AMR. As the
temperature increases, the amplitude of the angular variation
in Ry, decreases, indicating a reduction in SMR and AMR.

In summary, we investigate the magnetic and electrical proper-
ties of FePS;/Pt heterostructures, focusing on the AHE in the Pt
layer. Despite FePS; being an antiferromagnetic insulator with no
net magnetic moment, local magnetic moments are created at the
interface. Facilitated by strong spin-orbit coupling, the MPE
induces significant magnetization in Pt. Comprehensive measure-
ments of the temperature, magnetic field, and angular depen-
dence verify the occurrence of robust interfacial exchange
interactions. The strong magnetization induction is attributed
to Fe atom vacancies, which mediate the coupling and enhances
these interactions. This finding suggests that combining defect
engineering with interfacial phenomena such as the MPE makes
an effective approach to creating net magnetization in non-
magnetic metals in low-dimensional systems, paving the way for
developing 2D heterostructures with both strong spin polarization
and metallic conductivity for advanced spintronic devices.
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Experimental methods
Material growth

High-quality bulk FePS; crystals were synthesized through the
chemical vapor transport (CVT) method. Stoichiometric amounts
of Fe, P, and S powders were mixed with a transport agent (I,) in a
sealed and evacuated quartz tube. The tube was placed for 7 days
in a two-zone furnace with the source zone at 700 °C and the
growth zone at 650 °C. The resulting FePS; crystals were then
mechanically exfoliated into thin flakes using Scotch tape.

Compositional analysis

EDS measurements were performed using a Nova scanning
electron microscope equipped with an EDS detector. The EDS
analysis quantifies the composition ratios and possible Fe
vacancies in the samples.

Device fabrication

The FePS;/Pt heterostructures were fabricated using a mechan-
ical exfoliation technique followed by sputtering deposition.
The exfoliated FePS; flakes were transferred onto a Si/SiO,
substrate using a dry transfer method assisted by polydimethyl-
siloxane (PDMS) stamps. A thin Pt layer was then deposited on
the exfoliated FePS; flakes using magnetron sputtering under
high-vacuum conditions. Optical microscopy and atomic force
microscopy were used to confirm the thickness and quality of
the transferred flakes and deposited Pt layers. Metal electrodes
were patterned using electron beam lithography.

Characterization techniques

The structural characterization of the FePS; crystals was carried
out using XRD with a Bruker D8 Advance diffractometer
equipped with a Cu K, X-ray source (/4 = 1.5406 A). Raman
spectroscopy was performed using a Wetec Raman microscope
with a 532-nm laser to verify the phase purity and crystallinity
of the FePS; flakes. XPS was performed using a Kratos AMICUS
XPS instrument equipped with a non-monochromated Al K,
(hv = 1486.6 eV) X-ray source operated at 100 W with a pass
energy of 75 eV. The base pressure of the analysis chamber was
maintained below 5 x 10~7 Pa during data acquisition. For the
high-resolution scan used to identify the peaks of Fe oxidation
states, a dwell time of 500 ms per point was used. Atomic
resolution HAADF-STEM images were obtained using FEI Titan
Themes Cubed G2 300 (Cs Probe) TEM operated at 300 kV.

Magnetic and electrical measurements

The magnetic properties of the FePS;/Pt heterostructures were
measured using a Quantum Design superconducting quantum
interference device (SQUID) magnetometer. The M-H curves
were obtained at various temperatures ranging from 2 to 300 K.
The magneto-transport behavior was measured using a Quan-
tum Design physical property measurement system (PPMS).
The longitudinal and transverse resistivity (R, and R,,) were
measured simultaneously using PPMS as a function of the
magnetic field at different temperatures. The applied current
was set to 100 pA. The magnetic field was applied perpendicular
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to the sample plane at the initial position (0°) that was rotated
in x-z and y-z planes during angular dependence tests.

First-principles calculations

The first-principles calculations were conducted using the Vienna
ab initio simulation package (VASP), employing the projector-
augmented wave (PAW) method®® along with the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional®® for the
simulations. A plane-wave energy cut-off of 450 eV was set for
all calculations. For structural relaxations, a gamma-centered
k-point grid with ka > 30 A was used to sample the Brillouin
zone, where k is the number of mesh points and a is the lattice
constant. Specifically, a 3 x 3 x 1 k-point grid was employed to
achieve this density. A similar k-point mesh was used for all static
runs. To avoid interactions between periodically repeated layers, a
vacuum spacing of at least 20 A was included along the c-axis.
All atomic structures were relaxed until energy differences were
below 10~° €V, and the forces converged within 5 x 107> eV A™™%.
To accurately account for van der Waals interactions, the DFT-D3
method with Becke-Johnson damping function was utilized.®"*>
Additionally, spin polarization was enabled to account for mag-
netic effects.
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