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ABSTRACT: Materials with a quasi-one-dimensional stripy 1-D Antiferromagnetic Chain 60
magnetic order often exhibit low crystal and magnetic symmetries,

thus allowing the presence of various energy coupling terms and 58
giving rise to macroscopic interplay between spin, charge, and -
phonon. In this work, we performed optical, electrical and %3
magnetic characterizations combined with first-principles calcu- -
lations on a van der Waals antiferromagnetic insulator chromium 5
oxychloride (CrOCl). We detected the subtle phase transition 5

behaviors of exfoliated CrOCI under varying temperature and
magnetic field and clarified its controversial spin structures. We
found that the antiferromagnetism and its air stability persist down
to few-layer samples, making it a promising candidate for future 2D spintronic devices. Additionally, we verified the magnetoelastic
coupling effect in CrOC], allowing for the potential manipulation of the magnetic states via electric field or strain. These virtues of
CrOCl provide us with an ideal platform for fundamental research on spin-charge, spin-phonon coupling, and spin-interactions.
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B INTRODUCTION CrOCI has recently been reported as a promising air-stable
vdW antiferromagnetic (AFM) insulator.*” The neutron
scattering studies'*™** describe the magnetic ground state of
CrOCI as an unconventional SDW along the b-axis with an

Since the discovery of Peierls instability and charge density
wave ground state, one-dimensional (1D) crystals have been
receiving lasting research interest. A series of fantastic physical

properties were realized in 1D or quasi-1D magnetic materials easy axis of the c-axis, that is, a stripy-y AFM order. As the
thereafter, such as the spin density wave (SDW),” spin Peierls temperature decreases, CrOCI first transforms from a para-
effect,” and improper magnetic ferroelectricity.* As 1D systems magnetic state into an incommensurate SDW state at ~27 K
are strongly bonded in only one direction, they are sensitive to (Tmag), then into a commensurate state with an SDW
perturbations in three-dimensional space and result in wavelength of 4b (b is the lattice constant) at the Néel
structural instabilities and degeneracy breaking. Moreover, temperature of ~14 K. Both neutron scattering'”'* and X-ray
the electronic and magnetic ground states of a 1D system diffraction (XRD)" results show that the magnetic phase
usually exhibit wave orders with low symmetry, allowing for transition at Néel temperature is accompanied by a structural
various coupled energy terms. Generally, crystals composed of phase transition from orthorhombic space group Pmmn to
strong exchange-coupled spin chains isolat5e£l7from each other monoclinic space group P2,/m, indicating sizable magnetoe-
can be regarded as quasi-1D spin systems. lastic coupling in CrOCI.

We can expect the 1D magnetic order, stripy antiferromag-
netism, to be present in van der Waals (vdW) materials at the
two-dimensional (2D) limit as the complex competition
between the external field, thermal excitation and spin-
exchange coupling in a 2D magnet will give rise to a variety
of spin configurations beyond the conventional pictures.
Coupling the quasi-1D spin chains with the atomic thickness
not only allows us to tune the magnetic ground states by
means of the electric field, free carrier doping or strain, but also
provide us with an ideal platform to study spin-charge coupling
and spin-phonon coupling.

Despite the above studies, there are still many remaining
questions regarding this complicated material, which are of
great significance for revealing the basic mechanism of 3d
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Figure 1. Basic characterizations and phase transition behaviors of CrOCL. (a) The atomic structure of single-layer CrOCL. (b) Atomic resolution
high-angle annular dark-field STEM (HAADF-STEM) image viewed from the [001] direction. The atoms of a single magnetic unit cell are labeled
by the spherical models. (c) The low-temperature magnetic structure of CrOCl in the commensurate phase. The upper and lower wave displays the
AFM chains along the b-axis in two sublayers with a phase shift of 7. The stripe-ordered magnetic structure is superimposed on the atomic
structure. The blue and purple regions correspond to the Cr moment pointing up or down in the upper sublayer, while the red and orange regions
correspond to that of the lower sublayer. (d) The magnetic exchange interaction of first (J;), second (J,), third (J;), and fourth (J,) nearest
neighbor. (e) Magnetic moment (blue left axis) and heat capacity (red right axis) of the bulk CrOCI on the dependence of temperature. The
transition temperatures are annotated by T*, T, and T. The inset shows the magnetic moment peak near T* and T,,,,,. (f) M—H curves with the
applied field parallel or perpendicular to the c-axis at different temperatures. Each curve is vertically shifted by 0.6 y5/Cr** from the lower one. H;
and H, marks the beginning and the end of the spin-flop transition obtained by linear fitting of different slopes in M—H curve, and Hj labels the
second transition to the 111/ phase, which was obtained from the maximum of the first derivative of the M—H curve. Only the H-up diagram was
demonstrated for clear identification of the transition lines. (g) Phase diagram of bulk CrOCI crystal. The phase boundaries are extracted from the
heat capacity and magnetization measurements. The spin configurations of each phase are illustrated by golden arrows.

electron interactions and determining the possible spintronic of CrOCl consists of two Cr—O sublayers sandwiched between
applications of CrOCI. For example, distinct from other 2D the Cl atom layers stacked along the c-axis (Figure 1a). Thanks
antiferromagnets,lé’17 several unconventional magnetic phase to its stability, scanning transmission electron microscopy
transitions are detected under varying external field,"”" but (STEM) is used to reveal the atomic ordering of exfoliated
the magnetic order of each phase remains unclear. Addition- CrOCl (Figure 1b). The brighter contrast of Cr columns over
ally, the magnetic properties of few-layer samples are also Cl/O columns can be identified, matching well with the
unknown. These issues have been receiving increasing interest simulated results (Figure S1). Energy dispersive spectroscopy
recently and have been studied through theoretical calcu- (EDS) and electron energy loss spectroscopy (EELS) are also
lations."**° However, due to the complexity of the three filled performed to verify the composition of the crystal (Figure S1
3d orbitals, some calculation results are contradictory. and Table S1).

Here, we verified the magnetoelastic coupling effect in The CrOCI crystal changes from an orthorhombic phase at
exfoliated CrOCl by Raman spectroscopy and investigated the room temperature to a monoclinic phase below the Néel
magnetism of few-layer CrOCI by tunneling magnetoresist- temperature due to magnetoelastic coupling and exhibits an
ance. Combining the characterization results with first- sAFM-11]] magnetic ground state.>™"> The sAFM-11/|
principle calculations, we uncovered the multistep magnetic ground state (Figure lc) is verified by density functional
phase transitions under the external field along the easy axis theory (DFT) calculations (Supporting Information (SI) Note
down to 2D limit. We also analyzed the detailed behavior of S1, Figure S2, and Table S2) and proved to be robust to
each transition, which reflects the accompanying structural changes in the on-site Coulomb energy U value in a reasonable
changes due to magnetoelastic coupling. Our findings not only range below 3.9 eV (Figure S3). A ferrimagnetic-like 111]|
advance the understanding of this unexplored promising state (FiM2-111}1) is found to be metastable with an energy
material but also reveal the rich physics and potential for difference (Eqqy;, — Eypy;) of 1.0 meV/Cr (Figure S2 and
spintronic devices of magnetoelastic materials. Table S2). The origin of this behavior can be traced by the

derived spin exchange parameters J; = —0.26 meV, ], = —0.89

B RESULTS AND DISCUSSION meV, J; = 1.29 meV, and J, = 0.44 meV Figure 1d. The large
We synthesized CrOCI single crystals via the chemical vapor positive J; leads to an ferromagnetic (FM) coupled stripe along
transport (CVT) method (see Methods). The crystal structure the g-axis, and the competition between J,, J,, and ], gives rise
1234 https://doi.org/10.1021/acs.nanolett.1c04373
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Figure 2. Optical characterizations of the exfoliated CrOCL. (a,b) Raman spectra of CrOCl as a function of temperature under an external field of 0
T (a) and 9 T (b). The intensities of the three peaks are normalized and the colorbars are shown in the lower right insets. The white arrows
indicate the frequency shift of the peaks at the Néel temperature. The dashed white lines track the evolution of the peak frequencies. (c) Raman
spectra of CrOCI on the dependence of the external field at 4 K. (d) The extracted peak frequencies of panel c. The shaded areas indicate the 11}
phase, the 111/ | phase, and the intermediate phases (including the spin-flop phase and the canting phase) between them. The transition fields H,
H,, and H; are labeled by the dashed lines or arrow. (e) Optical micrographs of an exfoliated CrOCI under external fields.

to the favored sSAFM-11]| order (Figure 1d and Table S4).
According to the calculated band structure, the energy
dispersion along k, is ultraflat, being a possible factor in the
unique ground state along the b-axis (Figure S4).

To visualize the low-temperature phase transitions, we
measured the temperature-dependent magnetic moment and
heat capacity of bulk CrOCI, where a magnetic field yoH = 0.1
T was applied along the c-axis (Figure le). An ambiguous peak
of magnetic moment and two heat capacity peaks at ~28.0 K
indicate the appearance of the incommensurate state, which is
a pure magnetic transition. The magnetic moment increases
following the paramagnetic law in the incommensurate state
due to the weak coupling between the stripes until the Neel
temperature at ~14.0 K, where the magnetic moment
decreases rapidly, and another heat capacity peak appears,
manifesting in the formation of the robust AFM state.
Noticeably, as we measure the heat capacity around the Néel
temperature, the sample temperature rise shows obvious
relaxation process (Figure SS), which can be attributed to
the latent heat of the first-order transition.””

To clearly observe the evolution of the magnetic states, we
measured the magnetic moment with varying magnetic fields
parallel or perpendicular to the easy axis under different
temperatures (Figure 1f). At the lowest temperature (2 K)
with H]|¢, the zero net magnetization platform persists to ~3
T, and then undergoes two successive jumps to reach another
plateau. A large hysteresis loop appears when the applied field
sweeps back to zero. The first magnetic transition marks the
collapse of the AFM order and disappears above the Neel
temperature, while the second transition exists but shifts to a

1235

higher field. After the first magnetic transition under the out-
of-plane magnetic field, the net moment jumps to the
magnetization value under the same in-plane field and begins
to rise analogously, so we attribute it to a typical spin-flop
transition. Meanwhile, the net moment of the plateau after the
second phase transition is ~0.6 py/Cr*, one-fifth of the
saturation magnetic moment of Cr’*, suggesting the appear-
ance of a stable colinear state, the 1111/ state, revealed by our
DFT calculations (Table S2). The calculated energy difference
between the 11/] and 1111} states is 1.0 meV/Cr*, that is,
5.8 T, close to the observed second transition field. We note
that the broadening and hysteresis behaviors of the two
transitions also evidence the first-order nature and magne-
toelastic coupling of CrOCl (see Figure S7 and followed
discussion). On the basis of the M—H curves, we constructed
the phase diagram of bulk CrOCI with magnetic field and
temperature (Figure 1g). H; and H, mark the start and end of
the spin-flop transition obtained by linear fitting of different
slopes in M—H curves, and H; marks the second transition to
the 111/| phase, which was obtained from the maximum of
the first derivative of the M—H curves. The peak positions of
heat capacity are also marked and coincide with the phase
boundaries.

After understanding the transition behaviors of bulk CrOC],
the next question is whether the antiferromagnetism and the
magnetoelastic coupling persist to the exfoliated samples. We
first examined an exfoliated CrOCl by magnetic force
microscopy (MFM) at 2 K (Figure S6). A significant phase
difference between the nanoflake and substrate at 6 T confirms
that the AFM order is still present. Additionally, the two most

https://doi.org/10.1021/acs.nanolett.1c04373
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Figure 3. Tunneling magnetoresistance measurements of exfoliated CrOCI thin flakes. (a) Cartoon illustration of the tunneling device. (b) Optical
image of a tunneling device. The CrOCI flake and graphite stripes are highlighted by red and black dashed lines, respectively. The tunneling

junction is encapsulated by hBN. (c) The measured In — versus 1/V at 2 K. The black line shows linear fitting result at a high voltage range. (d)

I
%

The extracted ¢3/%d by fitting the -V curves at different temperatures. The transition temperatures are annotated by T and T (ef) The
measured tunneling current versus out-of-plane external field curves at different temperatures of a 12-L (e) and a 4-L (f) tunneling sample. Each
curve is vertically shifted by 6 nA (e) and S nA (f) from the lower one. The lower inset in (f) illustrates the hysteresis loop of the transition from
the spin-canting phase to the 111 phase measured at 2 K. (g) The I-T curves at different external fields. Each curve is vertically shifted by 2.5 nA
from the lower one. The red dashed line indicates the transition from the paramagnetic phase to the incommensurate phase, while the blue dashed
line indicates the transition from the incommensurate phase to the 11} at low fields and to the 111} phase at high fields. (h) Color plot of the
tunneling current as a function of out-of-plane magnetic field and temperature. The black spheres and stars mark the transition temperatures

extracted from the downward and upward scans in (g). The spin configuration of each phase is illustrated by golden arrows.

common manifestations of magnetoelastic effect, magneto- observed below the Neéel temperature, possibly due to their
striction and the lowering of the crystal symmetry, will affect weak electron—phonon coupling. Below the Néel temperature,
the lattice vibration modes. As a result, we measured the all three peaks show apparent frequency shifts (Figure 2a,
Raman spectra of the exfoliated sample to reveal the where Aé and Ag modes blue-shift, while Ag red-shifts), and the
magnetoelastic coupling effect. intensities of Aé and Ag are clearly enhanced (Figure S9).
The Raman spectra consist of three main A, modes located Similar effects caused by spin—lattice coupling have been
near 210 cm™ (Aé), 419 cm™! (Ag), and 462 cm™ (Ag), the reported in other 3d-electron magnetic systems.”” >’ The
Raman tensor of which are verified via polarized Raman three calculated characteristic Ag peaks in the T1]| state are
spectroscopy (Figure S8). Although the P2,/m group consists consistent with the experimental observations, with frequency
of 12 representative A, modes,”® no additional peaks were differences less than 2% (Figure S10). The calculated Raman
1236 https://doi.org/10.1021/acs.nanolett.1c04373
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Figure 4. In-plane anisotropic response of the 4-L tunneling device. (a) Tunneling current versus in-plane field at different temperatures. Each
curve is vertically shifted by S nA from the lower one. (b) Angle-dependent tunneling current under different external fields. The external field
rotated along an in-plane axis to the c-axis. 8 is the angle between the external field and the in-plane axis. (c) Illustration of the in-plane and out-of-
plane magnetic transitions of CrOCL (d) The tunneling current on the dependence of the in-plane field direction at different external fields. (e)
Tunneling current versus in-plane field as the field points toward different in-plane directions. The transition field gradually increases as external

field deviates from the a-axis.

tensor matrix elements are also consistent with the
experimental results from the polarized Raman measurements
(Figure S11, Figure S12, Table SS, and Table $6). The
vibration displacements revealed by DFT show that the Aé and
Ag modes correspond to the intralayer breathing mode within
each sublayer vibrating along the c-direction, suggesting their
phonon energies should be highly sensitive to a sudden change
of lattice constant along the c-axis, but less affected by in-plane
distortions. In contrast, the Ag mode contains relative
vibrations between each two adjacent magnetic stripes along
the a-axis through inequivalent O atoms (Figure S13). As a
result, Ag exhibits an opposite frequency shift upon structural
phase transition and possibly reflects the change of magnetic
unit cell.

For more information on the structural changes upon
magnetic phase transitions, we measured temperature-depend-
ent Raman spectra under a 9 T external field along the c-axis
(Figure 2b). The most salient feature is that A; splits into two
peaks below 19 K (Ag_ and Ag*), corresponding to the
transition from the incommensurate phase to the 111]| phase.
No distinct changes of Aé and Aé were observed, implying the
transition free from the sudden change of layer thickness. At 4
K as the external field increases, the splitting of the A; mode
occurs at 4 T (Figure 2c,d), which approximately agrees with
the Hj value of the bulk sample (Figure 1f). Our calculations
also show that, relative to the 111} ground state, the Ag mode
splits into Ag_ and Az+ in the FiM2-111]| state (Figure S10
and Figure S14). These two split peaks exhibit identical
anisotropic pattern in the polarized Raman measurements,
consistent with our calculation results (Figure S11 and Figure
S12). Meanwhile, the spin-flop transition can also be detected
in the field-dependent Raman spectra (Figure 2c), where three
Raman modes show exactly the same energy shifts in the zero-
field heating process (Figure 2d and discussion in SI Note S2),
confirming the sudden decrease of layer thickness."> Uniquely,
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changes in band structure and thus the refractive index are
magnified upon the magnetic and structural transitions, leading
to a significant magnetochromism effect in the crystal (Figure
2e).

In addition to Raman spectroscopy, tunneling magneto-
resistance is another sensitive probe to detect the magnetic
phase transitions for ultrathin magnets'®** (SI Note $3). We
contacted few-layer CrOCl (4-SL and 12-SL, Figure S16) with
cross-structured few-layer graphene strips (see Methods) to
measure the tunneling magnetoresistance of CrOCI (Figure
3a,b). For the case of the 12-L CrOC], insulating behavior was
observed at low voltages and on-current was measurable over 4
V, where the Fowler—Nordheim (FN) tunneling model
applies,*>*® described as®’

(1)

As we can see, at voltages larger than the CrOCI bandgap,

that is, 1/V < 0.4 V7!, the experimental data In % versus 1/V
exhibit an overt linear relationship (Figure 3c). Consequently,
the combined value of ¢3/*d can be determined by fitting the
I-V curves at different temperatures (Figure 3d). The two
transition temperatures, Ty and T,,g can be clearly detected
and the detailed information on magnetic and structural
changes are discussed in SI Note S3. The Néel temperature
here is ~12 K, slightly lower than that of bulk crystal, possibly
due to the enhanced thermal fluctuations of the exfoliated
samples.

Figure 3ef compares the tunneling current versus out-of-
plane field curves at different temperatures of the 12-L (Figure
3e) and the 4-L (Figure 3f) sample. Magnetic phase transitions
are detected in both samples, and the transition fields H,, H,,
and Hj are labeled by black arrows. The depression of the
tunneling current in both samples at low field, signifying the
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existence of AFM state, disappears at ~12 K, which is
consistent with the predicted Néel temperature in Figure 3d.
The magnetoelastic coupling effect and the resulted metastable
states in the 2D limit are also manifested as distinct hysteresis
loops (inset of Figure 3f and discussions following Figure S7).
The persistence of AFM order in the 2D limit can further be
verified in the I—T curves of the 4-L sample (Figure 3g). The
temperature-dependent resistance tendency of the 4-L sample
is slightly different from the 12-L sample (Figure 3d) due to
the thermal expansion effect and interfacial effect in the 2D
limit (discussed in Figure S17). At fields lower than 3 T,
CrOCl enters the sSAFM-11]] state below the Néel temper-
ature (~10 K), manifested as a decrease in tunneling current
and a large hysteresis loop. Above 3 T, CrOCI enters the 111
| state at low temperatures (marked by the blue dashed line),
manifested as a sharp increase in tunneling current and a subtle
hysteresis. Using the data in Figure 3h, we constructed the 4-L
CrOCI magnetic phase diagram in which the downward and
upward transition temperatures extracted from the I-T curves
(marked by the black spheres and stars) are consistent with the
phase boundaries. The evolution of the different magnetic
states precisely accord with the bulk phase diagram (Figure
1d).

Surprisingly, when the external field is applied along an in-
plane axis, we observed another unexpected phase transition in
all measured samples (Figure 4a and Figure S$20). The
transition exhibits a nearly constant transition field at different
temperatures and persists above 12 K, slightly higher than the
Neéel temperature. When the external field is rotated in the ab-
plane of the sample, the tunneling current shows an exactly
180° periodic symmetry (Figure 4d), implying the C, in-plane
symmetry of CrOCl. When the field points to the g-axis, the
tunneling currents jump at ~5.5 T, while points to the b-axis,
the transition can hardly occur (Figure 4e and Figure S18).
Apparently, the common two-sublattice AFM model contain-
ing quadratic anisotropic exchange interactions and single-ion
anisotropy energy cannot cause such a magnetic phase
transition (Figure S7). More complicated higher-order energy
terms must be introduced.

Physically speaking, there are two explanations for such a
transition under the in-plane magnetic field: the in-plane
projection of the spins in the ground state is nonzero, or the
magnetoelastic coupling energy drives the system into a more
energetically favorable state (e.g., in-plane 1171]] state). Our
phenomenological model rules out the possibility that the
ground state Néel vector points in the ac-plane (Figure S19
and followed discussion). Furthermore, when the external field
was rotated from an in-plane axis to the c-axis (Figure 4b and
Figure S20c), the tunneling current shows a 180° periodic
symmetry (Table S7). This indicates that the ground state
Neel vector points to the crystal axis, within the measurement
uncertainty. Our DFT calculations also confirmed that the c-
axis is the easy axis (Table S3), while the single-ion anisotropy
energy makes the g-axis the secondary easy axis, and the b-axis
the hardest magnetization axis. Actually, analogy to the second
transition in the H|c configuration in which the external field
perpendicular to the Néel vector drives the system into the
colinear T11]] phase, it is reasonable to infer that the
magnetic order here is also 111]| with spins pointing toward
the a-axis, as illustrated in Figure 4c. The detailed magnetic
and crystal structures are worthy of further investigation by
neutron scattering under an applied field.
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The remarkable in-plane anisotropic magnetic field response
is compelling evidence for the stripy antiferromagnetic order of
CrOCIL. Moreover, the strong magnetic anisotropy may further
explain the stiffness of the magnetism down to 2D limit.
Reviewing the characterization of all CrOCI samples, we
conclude that the exfoliation process and few-layer flakes of
this vdW material do not have a substantial effects on its
magnetism (Figure S21), except for the slightly enhanced
thermal fluctuations and interfacial effects. This is probably
because the AFM order of CrOCI is determined by the rigid
intralayer exchange interactions, and the strong anisotropy
helps to open a sizable magnon bandgap and stabilizes the 2D
magnetic order. The persistence of magnetic order in the 2D
limit, together with the good air stability and rich physics in
CrOCl, will open the doors both toward fundamental research
and AFM spintronics.

B METHODS

Crystal Synthesis and Characterizations. A mixture of
powdered CrCl; and Cr,O; with a molar ratio of 1:1 and a
total mass of 1.5 g were sealed in an evacuated quartz ampule.
The ampule was then placed in a two-zone furnace, where the
source and sink temperatures for the growth were set to 940
and 800 °C, respectively, and kept for 2 weeks. Subsequently,
the furnace was slowly cooled to room temperature, and high-
quality CrOCI crystals were obtained. Heat capacity and
magnetization measurements were performed by standard
modules of a Quantum Design PPMS. Because of the weak
vdW coupling between adjacent layers, CrOCI crystals can be
easily exfoliated down to few-layer flakes by the typical “Scotch
Tape” method. The nanoflakes also exhibit remarkable stability
and undergo no degeneration in air, so all the basic
characterizations like AFM measurements, Raman measure-
ments, and the device fabrication process of CrOCl are
conducted in air (Figure S22).

Device Fabrication. Multilayer graphene, hBN (10—30
nm) and CrOCl flakes were exfoliated by the “Scotch Tape”
method in ambient conditions. The heterostructures were then
assembled with a conventional pick-up and release technique
based on polypropylene carbonate (PPC)/polydimethylsilox-
ane (PDMS) polymer stacks placed on glass slides. Once
encapsulated, the devices were annealed in a high vacuum with
a flow of mixed H, and Ar to remove the residual PPC. Then
the electron-beam lithography, reactive ion etching (in a
plasma of a CHF;/O, mixture), electron beam evaporation
and lift-oft were then used to define metal electrode contacts of
5/35 nm Cr/Au.

Raman Measurements. Raman spectra were measured
using a Jobin-Yvon HR evolution system equipped with a
liquid-nitrogen-cooled charge-coupled detector (CCD). A high
numerical aperture (0.82) objective and 1800 grooves/mm
grating were used in the Raman measurements. The excitation
wavelength was 477 nm from an Ar" laser. The low-
temperature and magnetic field were provided by an Attocube
closed-cycle cryostat (attoDRY 1100). The angular-resolved
polarized Raman spectra under parallel and perpendicular
configurations were measured by rotating the half-wave plate in
the common optical path of incident laser and scattered
Raman signal to simultaneously change their polarization
directions.

Electrical Measurements. Transport measurements were
performed in a Heliox *He insert system equipped with a 14 T
superconducting magnet. The lowest temperature of the
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system is 1.8 K. To measure the I-V characteristics of the
tunnel barrier and their magnetoresistance, the bias voltage was
applied using a Keithley 2636B source meter and the tunneling
current was measured using the standard two-probe module. In
order to obtain intrinsic signals and exclude any possibilities of
Joule heating effect at the same time, the tunneling current is
restricted to ~50 nA such that the total power is merely ~0.3
UW in a junction of ~1 pm?

First-Principles Calculations. Our DFT calculations were
performed using the generalized gradient approximation for
the exchange-correlation potential. To exclude the influence of
different structure on energy calculations, the energy differ-
ences between different magnetic configurations were calcu-
lated with same structure at the two limits, that is, using the
optimized structures with FM and sSAFM-11]| ordersina 1 X
20 X 1 supercell, respectively. The shape and volume of each
supercell with different magnetic configurations (FM and
sAFM-11})) were fully optimized and all atoms in the
supercell were allowed to relax until the residual force per atom
was less than 1 X 107 eV-A™". More calculation details are
presented in SI Note SI.
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