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Abstract

Van der Waals (vdW) ferromagnetic materials have emerged as a promising platform for the
development of two-dimensional (2D) spintronic devices!'. However, studies to date have
been restricted to vdW ferromagnetic materials with low Curie temperature (7,) and small
magnetic anisotropy'®. Here, we developed a chemical vapor transport (CVT) method to
synthesize a high-quality room-temperature ferromagnet, Fe;GaTe, (c-Fe;GaTe;), which
boasts a high Curie temperature (7.=356 K) and large perpendicular magnetic anisotropy.
Due to the planar symmetry breaking, we firstly observed an unconventional
room-temperature antisymmetric magnetoresistance (MR) in c-Fe;GaTe, devices with step
features, manifesting as three distinctive states of high, intermediate, and low resistance with
the sweeping magnetic field. Moreover, we demonstrated the modulation of the
antisymmetric MR by controlling the height of the surface steps. Our work provides new

routes to achieve magnetic random storage and logic devices by utilizing the
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room-temperature thickness-controlled antisymmetric MR and further design

room-temperature 2D spintronic devices based on the vdW ferromagnet c-Fe;GaTe,.

1. Introduction

The emergence of vdW ferromagnetic materials provides an unprecedented platform for the
study of fundamental 2D magnetism and the manipulation of spin-related phenomena, paving
the way for promising 2D spintronics in low-power electronics!" *. To date, various 2D
ferromagnetic materials have been identified, but the low 7. of most ferromagnetic materials
limits their application in spintronic devices™™ .. Although some room-temperature
ferromagnetic materials, such as Fe5GeTez[5] and CrTez[G], have been reported, their practical
application in 2D spintronics is hindered by issues like instability and small magnetic
anisotropy!”). Therefore, the exploration of new room-temperature 2D ferromagnetic
materials with excellent magnetic properties is crucial for the development of 2D spintronic

devices.

The research of MR in 2D ferromagnetic materials has been an important topic in the
development of 2D spintronics[7'8]. Devices based on 2D Giant Magnetoresistance (GMR)
and Tunnel Magnetoresistance (TMR) have been developed, and their applications have been
actively explored™. These devices operate by leveraging the symmetric high- and
low-resistance states, which result from the parallel and antiparallel arrangement of magnetic
moments in two ferromagnetic layers during sweeping the magnetic field"'®). Unlike these
symmetry MR systems, an unusual antisymmetric MR has been observed in several 2D

systems, including (Bi, Sb),Tes-based topological magnetic heterostructures'' ",

121 and single Fe;GeTe, nanosheets with planar

Fe;GeTe,-based magnetic heterostructures
symmetry breaking[13]. The antisymmetric MR exhibits three states of resistance, -high,
intermediate and low - which can be encoded as “-17, “0”, “1” to achieve magnetic random
storage and logic circuits. However, the maximum temperatures at which antisymmetric MR
appears in these systems can only reach 150 K!'*¥, significantly below the room temperature,

thereby limiting its practical applications in 2D spintronic devices.
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In this paper, we successfully synthesized high-quality ferromagnetic metal c-Fe;GaTe, with
a high T, up to 356 K and strong perpendicular magnetic anisotropy using the CVT method.
We report the observation of room-temperature antisymmetric MR in a c-Fe;GaTe;
nanosheet featuring a step edge that breaks the planar symmetry. This phenomenon is
attributed to the emergence of a circulating current near the boundaries of domain walls,
driven by the unsynchronized magnetic switching in c-Fe;GaTe, nanosheets of varying
thicknesses. Importantly, we demonstrate that the magnitude of the antisymmetric MR can be
modulated by changing the height of the surface steps between regions of different
thicknesses. This room-temperature, thickness-adjustable antisymmetric MR offers new
possibilities to achieve random storage and logic circuits in a simple 2D nanosheet without
the need for complex device structures. Our findings underscore the potential of

room-temperature ferromagnetic c-Fe;GaTe; in the development of 2D spintronic devices.

2. Results and discussion
2.1. High quality of c-Fe;GaTe; crystals

As a vdW metallic ferromagnetic material, Fe;GaTe; crystallizes into P63/mmc space group
with a Fe/FeGa/Fe heterometallic slab sandwiched between two Te layers, forming a
monolayer of FesGaTe,, which is stacked along the c-axis (Figure 1a). Hexagonal-shaped
crystal c-Fe;GaTe, with an average size of 2.8 mm (inset of Figure 1b) is synthesized by a
CVT method. This synthesis method yields crystals of superior quality compared to those
synthesized by the reported flux method (f-Fe;GaTe,)!'*. As shown in Figure 1b, the X-ray
diffraction (XRD) pattern of c-Fe;GaTe, only shows the characteristic diffraction peak of
(001), whose JCPDS patter numbers can refer to that of Fey ¢Ni,4GaTe, (04-024-6574). In
contrast, XRD pattern of f-Fe;GaTe, exhibits not only the characteristic diffraction peak of
(001), but also an additional peak at 26°, attributed to the (111) diffraction of Ga,Te; (JCPDS
No.: 00-057-0364) (Figure S1a). Moreover, the rocking curve of the (002) peak of
c-Fe;GaTe, possesses a FWHM of 0.06, which is significantly smaller than the 0.14 observed
in f-Fe;GaTe; (Figure 1¢). The (0kl) plane diffraction pattern of c-Fe;GaTe, shows much
sharper diffraction spots, without any splitting and deformation, as compared to that of
f-FesGaTe, (Figure S2). These results show c-FesGaTe, has much higher crystal quality than
f-Fe;GaTe,.
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Energy-dispersive X-ray spectroscopy (EDS) analysis of the c-Fe;GaTe, nanosheets reveals
an atomic ratio of Fe, Ga and Te of 3.07:1:2.01, closely aligning with the stoichiometric ratio
of 3:1:2 (Figure S3a). In addition, EDS mappings, depicted in Figure S3b, confirms a
uniform distribution of Fe, Ga and Te elements. The atomic structure and crystal quality of

the as-synthesized c-Fe;GaTe, crystal were further characterized using an

aberration-corrected scanning transmission electron microscope (STEM). The STEM
high-angle annular dark-field (HAADF) images, covering a large field of view, show no
extended lattice defects throughout the entire area (Figure S4). Figures 1d-1g present the
atomic-resolution STEM-HAADF images alongside the simultaneously acquired annular
bright-field (ABF) images of the crystals. These images are taken along the ¢ axis ([001]
zone-axis, Figures 1d, 1e) and the b axis ([110] zone-axis, Figures 1f, 1g), respectively, with
the corresponding Fast Fourier Transformation (FFT) patterns shown in the insets. The
HAADF images, in which the contrast depends approximately on the square of the atomic
number (Z), help in distinguishing the spatial distribution of distinct elements based on the
image intensity. The in-plane structure, observed along the ¢ axis (Figure 1d), clearly shows
that each Fe atomic column is surrounded by six brighter atomic columns, comprising a mix
of Te, Ga and Fe, arranging into a honeycomb lattice, consistent with the overlaid in-plane
atomic structural model (inset of Figure 1d). The HAADF (Figure 1f) and ABF images
(Figure 1g) of the ac plane reveal that each monolayer consists of Fe/FeGa/Fe tri-atomic
layers sandwiched between two atomic layers of Te, again matching well with the atomic
structure projected along the b axis (inset of Figure 1f). Additionally, the core-loss Electron
Energy Loss Spectroscopy (EELS) elemental mapping of the ac plane shows a well-defined
distribution of Fe, Ga, and Te in excellent agreement with the structure revealed by the
HAADF image (Figure 1h). These STEM results further confirm the proposed crystal

structure and demonstrate the high quality of the as-synthesized c-Fe;GaTe, crystal.

2.2. Ferromagnetic properties of c-Fe;GaTe; bulk crystals and nanosheets

The temperature-dependent magnetization (M-T) measurements, conducted using
zero-field-cooling (ZFC) and field-cooling (FC) procedures, show a typical
ferromagnetic-paramagnetic transition at 356 K under an applied field of 0.1 T along the ¢

axis. This transition indicates that the 7¢. of c-Fe;GaTe; is significantly above the room
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temperature (Figure 2a). The magnetic field-dependent magnetization (M-H) curves along
the ¢ axis demonstrate clear hysteresis loops with a saturation field of 0.65 T at 2 K (Figure
2b). In contrast, the M-H curves along the ab plane do not show hysteresis or saturation even
under an applied magnetic field up to 7 T at 2 K (Figure 2¢). This behavior indicates that the
c-Fe;GaTe, possesses a large perpendicular magnetic anisotropy, with the ¢ axis being the
easy magnetization direction. The M-H curves of c-Fe;GaTe, at the various temperatures
under applied magnetic fields along the ¢ axis and ab plane reveal that the saturation
magnetization of FesGaTe, gradually decreases with increasing temperature, yet remains
ferromagnetic behavior up to 350 K, further indicating the high T; of c-Fe;GaTe;.

Electrical transport measurements were carried out to investigate the intrinsic ferromagnetic
properties of c-FesGaTe, nanosheets. As shown in Figure 2d, a piece of c-Fe;GaTe,
nanosheet with a uniform thickness of 12 nm (corresponding to 15 layers) was peeled off and
transferred onto a pre-prepared Hall electrode (device #1), and its longitudinal Hall resistance
Ry« and transverse Hall resistance Ry, were measured separately. The R, in device #1
exhibits a symmetrical butterfly-shaped hysteresis when an external magnetic field is applied
perpendicular to the ab plane (Figure 2e), whereas the R, shows a near square-shaped
hysteresis loop with a large coercivity of 1.7 T (Figure 2f). The measured Hall resistance Ry,
includes both a normal Hall resistance signal and an anomalous Hall resistance (AHR)
signal[15 1 However, in the metallic ferromagnetic material c-Fe;GaTe;,, the normal Hall
resistance is negligible compared to the AHR. Therefore, the R,y can be predominantly
attributed to the AHR, which is proportional to the magnetic moment (M) of the sample. The
R,y 1n device #1 maintains its nonlinear behavior up to 350 K, demonstrating the robust
room-temperature long-range ferromagnetic order in few-layer c-Fe;GaTe; nanosheets.
Additionally, the thickness-dependent R,y in c-Fe;GaTe, devices (Figure 2h) shows that the
coercivity and saturation fields in Ry, decrease with the increasing thicknesses of c-Fe;GaTe,
nanosheets, suggesting the highly thickness-dependent magnetic properties in c-Fe;GaTe,

nanosheets.

To directly observe the thickness-dependent magnetic domain structures in c-Fe;GaTe,, a
nanosheet with varying thickness regions was exfoliated and transferred onto a S10,/Si
substrate (Figure 2i). The thickness-dependent magnetic domain structures of the c-Fe;GaTe,
nanosheet were directly imaged at room temperature using a magnetic force microscope
(MFM), without the applied magnetic field. The strong MFM signals confirm that the
c-Fe;GaTe, nanosheet has strong spontaneous magnetizations at room temperature, further
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reinforcing the evidence of its robust room-temperature ferromagnetic property (Figure 2g).
In addition, the c-Fe;GaTe, nanosheet displays distinct magnetic domain structures across
areas of different thicknesses. In thicker regions, labyrinthian domain structures are observed,
similar to those in ferromagnetic thin films with strong perpendicular magnetization''®’. Such
patterns are proposed to stem from the dominant contribution of dipolar interactions during
the spontaneous magnetization process. However, as the thickness decreases, these
labyrinthian domains gradually become fragmented and evolve into single domain structures
in thinner areas, indicating that the exchange interaction energy and the magneto-crystalline

anisotropy energy gradually become dominant over the dipolar interaction energy.

2.3. Room-temperature antisymmetric magnetoresistance in c-Fe;GaTe; nanosheets

In contrast to device #1, device #2 was constructed by transferring an exfoliated c-Fe;GaTe,
nanosheet with varying thickness onto two sets of Hall electrodes. A step edge separates the
c-Fe;GaTe, nanosheet into a thicker region (29 nm) and a thinner region (12 nm) (device #2)
(Figure 3a). Measurement of the R, and R,y across the step edge were conducted at 300 K,
with an applied magnetic field perpendicular to the ab plane (Figure 3b). The Ry across the
step edge in device #2 shows an unconventional antisymmetric MR, displaying three distinct
resistance states (high, intermediate and low), while the R,y presents a tailed hysteresis loop.
Moreover, the magnetic fields at which the antisymmetric peak appears (Peak,), and
disappears (Peakp) are identified at 210 Oe and 800 Oe, respectively, corresponding to the

magnetic field changes during the magnetization reversal as observed in Ryy.

To further investigate the antisymmetric MR and magnetization switching,
temperature-dependent measurements of Ry, and R,y across the step edge in device #2 was
performed. Over the temperature range of 2 K to 300 K, the Ry exhibits a broad
antisymmetric plateau with sharp transitions (Figure 3c¢), and the corresponding R,, shows
step-like features (Figure 3e). The intensity and the width of antisymmetric plateau extracted
from Figure 3¢ show a monotonic decrease with increasing temperature (Figure 3d).
Additionally, the magnetic fields for the antisymmetric peak in Ry significantly overlap the
magnetic fields for magnetization reversal in the corresponding Ry, at various temperatures,

also showing a monotonic decrease with increasing temperature (Figure 3f).

Additional experiments were conducted to understand the relationship between the observed

antisymmetric MR and the magnetization evolution of c-Fe;GaTe,. Separate measurements
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of Ry« and R,y in the thin, thick, and step-edge regions in device #2 were performed using
different electrode probes during magnetization reversal (Figure S6a). The R,y in the
step-edge region exhibits an antisymmetric behavior, while the Ry in the thick and thin
regions present symmetrical butterfly-shaped loops (Figure S6b). Moreover, the magnetic
fields at which the antisymmetric MR appears and disappears correspond to the magnetic
fields of the highest points of the butterfly curves for the thick and thin regions where the
magnetic moment flipping occurs. The Ry, in the step-edge region shows two sharp
transitions at 0.71 T and 1.31 T, corresponding to the coercive fields of thick and thin
regions, respectively, suggesting the presence of unsynchronized magnetization switching in
device #2 during sweeping the magnetic field (Figure S6c¢). Apart from the magnetic field of
antisymmetric MR coincides with the coercive field where the R,, magnetization reverses,
the magnitude of antisymmetric MR is consistent with the difference of the saturation
magnetic moment between the thick and thin regions. These results suggest that the
appearance of the antisymmetric MR originates from the AHR of the c-Fe;GaTe,, which
results from unsynchronized magnetization switching in the c-Fe;GaTe, devices with a step

structure that breaks the planar symmetry.

There are two possible scenarios for the observed antisymmetric MR, which are as follow:
(1) In magnetic thin films with perpendicular anisotropy, two single magnetic domains
separated by a domain wall are formed. When a current is passed perpendicularly through the
domain wall, AHE generates a circulating current in the vicinity of the domain walls, which
contributes to Ryy. (2) In the magnetic heterostructures, the unsynchronized magnetization
switching has a strong correlation with the spin-momentum locking induced by Rashba spin
orbit coupling at the interface. In this scenario, the current direction determined electron spin
polarization of the spin current may coincide with or be opposite to the direction of the
magnetization in one ferromagnetic layer, which lead to different resistive state. In our
experiment, the Fe;GaTe; exhibits the large perpendicular anisotropy, and the uneven
thickness of Fe;GaTe, nanosheets can lead to the appearance of magnetic domain walls,
consistent with the structural characteristics of the first scenario. Therefore, the
antisymmetric MR observed in our experiment is similar with the phenomenon seen in
magnetic multilayers with perpendicular anisotropy, where unsynchronized magnetization
switching in AHR induces a circulating current across the domain walls, thereby contributing
to Ry . As schematically illustrated in Figure 4a, the c-Fe;GaTe, nanosheet with varying
thicknesses is separated into two parts: a thicker region on the left, and a thinner region on the

right. Correspondingly, the thicker region has a larger saturation magnetization than the
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thinner region. When the magnetic field is swept from -2 T to 2 T (upwards), at high negative
fields exceeding the saturation magnetic field of both the thick and thin Fe;GaTe, nanosheets,
the magnetic moments in both regions align along the direction of the applied negative field.
When the applied magnetic field is altered to reach the positive saturation magnetic field of
the thick region, the magnetization of the thick region reverses due to its perpendicular
magnetic anisotropy, while the magnetization of the thin region remains aligned with the
negative magnetic field. This results in the formation of a magnetic domain wall around the
step edge during magnetization reversal. In this scenario, the opposite magnetizations along
the z axis in the thick and thin regions induce disparate anomalous velocities in the moving
electrons along the x-axis. Consequently, electrons in the two regions, characterized by
different thicknesses, undergo deflection in distinct directions along the y-axis, thereby
generating a circulating current around the step edge to maintain the continuity of the current
field (Figure 4b). The spatial distribution of the circulating current is intricately linked to the
configuration of magnetic moments within the regions of varying thickness. Therefore, as the
magnetic field is swept downwards, the distribution of the circulating current changes
accordingly. This varying current contributes differently to the Ry with the sweeping of the

magnetic field, resulting in the observed antisymmetric behavior in Ryy.

To elucidate the mechanism behind the antisymmetric MR behavior, we quantitatively
analyzed the actual Ry based on the distribution of the circular current (The details of the
calculation process can be found in Note S2). As shown in Figure 4c, the applied current
flows along the x axis. The longitudinal voltage on the upper edge is measured using probes
V1 and V3, while the longitudinal voltage on the lower edge is measured with probes V, and

V4. Taking the lower voltage as an example, the resistance R,.4 can be calculated as:
Ry 4 = Ryx_ine + ny—C + aLny + aRny

Here, the measured R;.4 is composed of three parts: the intrinsic MR Ryy.int, @ component of
Ryy-c, and the perturbation caused by the circulating current near the step edge aqRyyt+arRyy.
After deducting the intrinsic MR Ry.ir; and the contribution from Ryy.c, the remaining

antisymmetric MR can be written as:
AR2_4 = aLny + aRny
When the field is swept upwards, the antisymmetric MR is written as:

AR, _4(+) = aiRyy(+) + agRyy (1)
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In contrast, when the field is reversed, the magnetizations in the thick and thin regions are

reversed accordingly:
AR;_4(=) = —a Ry (+) — agRyy(+) = —AR,_4(+)

This relationship accounts for the antisymmetric behavior of the longitudinal MR. During the
magnetization reversal, the direction of the circulating current in the upper edge is always
opposite to that at the lower step edge, resulting in opposite polarity of antisymmetric MR
between R;_; and R,.4. Consequently, the R;_; in the upper edge and R, 4 in the lower edge of
device #3 were measured utilizing different measurement configurations (Figure 4d). The
opposite sign of antisymmetric MRs in the upper and lower edge confirms that the

antisymmetric MR is caused by a circulating current in the vicinity of the domain walls.

In contrast to other 2D systems where antisymmetric MR is observed only at low

[11-13 ], the room-temperature antisymmetric MR in c-Fe;GaTe, nanosheets shows

temperatures
great potential for application in 2D spintronic devices. Therefore, exploring the factors
influencing this antisymmetric MR 1is crucial for optimizing the device performance and
achieving control over the antisymmetric MR. Originally, models of antisymmetric MR
required that the single domain wall, current, and magnetization direction must be
perpendicular to each other!''*). However, later observations also identified antisymmetric

(132, 19] ‘1, investigate the relationship

MR in structures with tilted magnetic domain walls
between the directions of current, domain wall, and magnetization in the

thickness-inhomogeneous c-Fe;GaTe, devices, we constructed a device (device #4) with an
approximate 60° angle between the current direction and the step edge. As shown in Figure

4e, the observation of antisymmetric MR in device #4 supports the idea that tilted magnetic

domain walls can also give rise to antisymmetric MR.

We further study the effect of step height on antisymmetric MR, considering its relation to
the difference in AHR between thin and thick regions. Several devices with distinct step
height were constructed, while maintaining the thickness of the thin regions at approximately
12 nm. Interestingly, the antisymmetric MR did not show a monotonic variation with step
height (Figure 4f). The intensity of the antisymmetric MR peaked at a step height of 22 nm
and disappeared at a reduced step height of 6 nm, where the difference in AHR between thick

and thin regions become negligible.
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According to the proposed model, the circulating current near the boundary of the domain
walls between regions with various thickness contributes to the longitudinal MR, leading to
the antisymmetric behavior. Therefore, we carried out additional experiments to study the
effect of domain wall dynamics. When the magnetic field sweeps back and forth, a domain
wall between two regions with different thicknesses is formed. The slower field sweep rates
can result the gradual formation and evolution of magnetic domain walls, while the faster
sweep rates lead to magnetic domain walls rapidly forming and annihilating. Because the
circulating current near the boundary of the domain walls gives rise to the antisymmetric
behavior in the longitudinal MR, the faster sweep rates can smooth the shape of the
antisymmetric MR and narrow the width of the peak. As shown in Figure S9, measurements
of the magnetic field-dependent MR at various sweep rates show that slower scanning speeds
led to broader peaks. However, the peak height of the antisymmetric MR is only determined
by the difference of the saturated magnetization between the two regions, and is independent
of the sweep rates. Therefore, the height of the antisymmetric MRs under various sweep rates
remained unchanged. In addition, we also investigated the influence of the applied current on
the antisymmetric MR. As shown in Figure S10, the shape and magnitude of the peak
remained nearly unchanged under the different applied currents, suggesting that the
magnitude of the generated circulating current is determined solely by the intrinsic AHR of
the c-Fe;GaTe, nanosheets, and not by the applied external current. Therefore, the
room-temperature antisymmetric MR in c-Fe;GaTe; nanosheets can be measured with a
small applied current. This characteristic offers tremendous potential for developing
ultralow-power storage and logic devices, providing a significant advantage over devices

based on spin orbit torque and spin transfer torque!*”).

3. Conclusions

In conclusion, we successfully synthesized high-quality, room-temperature ferromagnetic
c-Fe;GaTe, single crystals by the CVT method. Room-temperature antisymmetric MR was
observed in c-Fe;GaTe, devices featuring a step structure that breaks the planar symmetry.
Through comprehensive studies of temperature-, current-, step thickness- and scanning
rate-dependent MR, we reveal the relationship between the magnetization evolution and the
observed antisymmetric MR. Due to the thickness-dependent AHR, the unsynchronized
magnetic switching appears in c-Fes;GaTe, devices with inhomogeneous thickness.

Consequently, the circulating current near the boundary of the domain walls contributes to
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the longitudinal MR, giving rise to the antisymmetric behavior in the longitudinal MR when
the magnetic field sweeps back and forth. The magnitude of the antisymmetric MR is solely
determined by the thickness-dependent AHR and can be regulated and optimized by
controlling the step height between the thin and thick regions. The high-quality,
room-temperature ferromagnetic c-Fe;GaTe, with strong perpendicular magnetic anisotropy
shows immense potential for the application in 2D spintronic devices. Moreover, the
unconventional room-temperature antisymmetric MR demonstrates three resistance states -
high, intermediate and low-, which possess great advantages in low-power random storage

and logic circuits.

4. Methods
Single crystal growth

The FesGaTe; single crystals were grown by two methods: the CVT and self-flux. The CVT
growth process began with a mixture of Fe power (99.95%), Ga pellet (99.9999%), and Te
lump (99.999%) in a stoichiometric molar ratio of 3:1:2, prepared in an Ar-filled glovebox.
Subsequently, the mixture and an amount of the transport agent NH4Cl were sealed together
into an evacuated quartz tube. The sealed quartz tube was then placed in a two-zone tubular
furnace. The temperatures were ramped to 880/780 °C with 2 °C/min, maintained at 880/780
°C for two weeks, and then cooled to room temperature naturally. Finally, a hexagonal

Fe;GaTe; single crystal with a metallic luster was obtained.

The Fe;GaTe; single crystals were also grown by the Te self-flux method as described in Ref.
14. A mixture of Fe power (99.95%), Ga pellet (99.9999%), and Te lump (99.999%) were
prepared in a stoichiometric molar ratio of 1:2:2 in an Ar-filled glovebox. The mixture was
transferred into an alumina crucible, and then the crucible containing the mixture was placed
into an evacuated quartz tube. The quartz tube was sealed, and then placed into a vertical
furnace to react. The temperature was ramped to 1000 °C within 1 h, and kept at 1000 °C for
24 h. Then the mixture was rapidly cooled to 880 °C within 1 h, and then gradually cooled
down to 780 °C within 100 h. Finally, the quartz tube at 780 °C was removed to centrifuge for
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removing the excess flux.

Structural and elemental analysis
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The phase purity of the single crystal was analyzed by powder X-ray diffraction with the Cu
Ka radiation. Single crystal X-ray diffraction (Bruker D8 Venture) was used to examine the
(Okl) plane diffraction pattern of Fe;GaTe, grown by the CVT and self-flux. Scanning
electron spectroscopy (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS)
was utilized to determine the stoichiometric ratio. Specimens for scanning transmission
electron microscopy (STEM) were prepared by the focused ion beam (FIB), and STEM
characterization was performed on an aberration-corrected JEOL GRANDARM?2 operated at
200 kV. The beam convergence semi-angle was 32 mrad, and the collection semi-angle were
68-280 mrad for high-angle annular dark-field (HAADF) images and 17 mrad for annular
bright-field (ABF) images, respectively. For the electron energy-loss spectroscopy (EELS)

analysis, the convergence semi-angle was 32mrad and the collection semi-angle was 45 mrad.

The EELS elemental mapping results were denoised by performing principal component

analysis (PCA) for each element individually.
Magnetic measurement

The magnetization of the single crystal was measured by a SQUID magnetometer (Quantum
Design MPMS-3). A commercial Cypher S AFM (Oxford Instruments, Asylum Research,
Santa Barbara, USA) was used to determine the thickness of Fe;GaTe, nanosheets, and
measure the magnetic domain structures of Fe;GaTe, nanosheets at room temperature under
zero magnetic field by equipped with a commercial magnetic tip (Nanosensors,
PPP-MFMR-10, force constant: 0.5-9.5 N/m, resonance frequency: ~65 kHz). The MFM
images were captured in a two-pass imaging mode, where the topography is recorded in the
first pass for each scanned line, and then the tip is raised 200 nm above the surface to image

the magnetic forces in the second pass.
Device fabrication and magneto-transport measurements
Device fabrication

The contact electrodes with the different configurations were pre-fabricated by the ultraviolet
lithography, magnetron sputtering and lift-off process. The c-Fe;GaTe, single crystal was
mechanically exfoliated by the magic Scotch tape. Then a suitable c-Fe;GaTe, nanosheet was
transferred onto the pre-fabricated Hall bar electrodes using polydimethylsiloxane (PDMS).
To protect the nanosheet, a layer of hBN was transferred to cover it. All the exfoliation and

transfer processes were carried out in an Ar-filled glove box (H,0, O, <0.1 ppm).
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Magneto-transport measurements

The electrical transport measurements were carried out in a physical property measurement
system (PPMS, DynaCool, Quantum Design) with a standard four-terminal configuration.
The temperature could be accurately controlled down to 1.9 K. The magnetic field ranges
from -16 to 16 T.

Data processing

The data processing for antisymmetric MRs can refer to the references!!?® 1%, Typically, the
Hall resistance data can be processed by using R, (+B) — Ry, (—B)/2 to eliminate the
contribution from the longitudinal MR, and the longitudinal MR data can be processed by
using Ry, (+B) + Ry, (—B)/2 to eliminate the contribution from the Hall resistance.
However, because of the antisymmetric features in the longitudinal MR, we cannot process
the measured Ry, by using Ry, (+B) + R, (—B)/2 to eliminate the contribution from the
Hall resistance, the magnetic hysteresis loop observed in the longitudinal MR origins from
the contribution of the Hall resistance. Therefore, we subtract the loop from the Ry, raw data
to eliminate the effect of the Hall resistance. The Ry, raw data is shown in Supporting
Information. Regarding the measured Ry, without antisymmetric features, we processed the
data by using R, (+B) + R, (—B)/2 to eliminate the contribution from the Hall

resistance.
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Figure 1. (a) Crystal atomic structure of the c-FesGaTe, ac plane. (b) X-ray diffraction data
of a single crystal c-Fe;GaTe, grown by CVT. The inset shows an image of the as-grown
c-Fe;GaTe,. (c) Rocking curves of as-grown c-FesGaTe, and f-Fe;GaTe,. (d-e)
STEM-HAADF and STEM-ABF images of the c-Fe;GaTe, in the ab plane. The
corresponding atomic model and FFT pattern are shown in the insets of (d) and (e),
respectively. (f-g) STEM-HAADF and STEM-ABF images of the c-Fe;GaTe; in the ac
plane. The corresponding atomic model and FFT pattern are shown in the insets of (f) and
(g), respectively. (h) STEM-EELS elemental mapping of Fe (blue), Ga (red), Te (green),

presented alongside the concurrent ADF of the ac plane.
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Figure 2. (a) Temperature-dependent magnetization curves of as-grown c-Fe;GaTe, bulk
crystal, measured in a 0.1 T external field along both ¢ axis and ab plane. The Curie
temperature was determined to be 356 K. (b) Field-dependent magnetization plot of
c-FesGaTe, at varying temperatures, under a magnetic field along the c axis of the crystal. (c)
Field-dependent magnetization plot of c-Fe;GaTe, at varying temperatures, under a magnetic
field along the ab plane of the crystal. (d) Optical image of the uniformly thick c-Fe;GaTe,
device (device #1). The green dash outlines the c-Fe;GaTe; layer, and the yellow dash
demarcates the top h-BN layer. (e-f) Magnetic field dependence of the Ry (€) and R,y (f) in
the device #1 at various temperatures, with the magnetic field perpendicular to the surface of
the nanodevice. (h) Thickness-dependent anomalous Hall effect observed in the device #1. (1)
The distinct thicknesses in a c-Fe;GaTe, nanosheet exfoliated onto the SiO,/Si substrate were
measured by AFM. (g) MFM imaging of the magnetic domain structures in the c-Fe;GaTe,
nanosheet with different-thickness areas, conducted at room temperature without an applied

magnetic field.
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Figure 3. (a) Optical image of the c-Fe;GaTe, device (device #2) with two sets of Hall
electrode configurations and varying thickness. The green dash outlines the c-Fe;GaTe, layer,
the red dash separates the thin and thick regions (step edge), the yellow dash defines the top
h-BN layer, and the black lines mark the measured configurations. (b) Field dependence of
the Ry and Ry in device #2 at 300 K. The black arrow indicates the direction of
magnetization flipping, and the red dash marks the corresponding positions of Ry, and Ry.

The positions of the magnetic field where the antisymmetric peak appears and disappears are
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defined as Peak, and Peakp, respectively. The positions of the first coercive field and the
second saturation field are defined as B¢ and Bs,, respectively. (c) Field dependence of Ry at
varying temperatures in device #2 under a magnetic field perpendicular to the ab plane of the
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device. (d) The intensity and width of the peak at different temperatures, extracted from

Figure 3c. (e) Field dependence of R,y at varying temperatures in device #2, under a magnetic

field perpendicular to the ab plane of the device. (f) The positions of the antisymmetric peak
in R, and the positions of magnetization reversal in R,y as a function of temperature

extracted from Figure 3c and e.
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Figure 4. (a) Schematic illustration of the distinct magnetization states corresponding to
different thicknesses. The red arrows indicate the direction of the current, and the applied
magnetic field is along the z axis. Electrons are reflected on one side of the sample. (b) A
circulating current is observed around the step edge between the two regions with different
magnetization states. (c) The model of the circulating current, with red arrows indicating the
direction of the electric fields. (d) The Ry measured at the upper edge across ¥ and V3 and
the lower edge across V> and Vj at 2 K, shows opposite polarity with the same current from 7,
to I, The Ry, measured from the left edge across V; and 7, (green line) and the right edge
across V3 and V4 (red line) (device #3). (e) The Ry of the c-Fe;GaTe, device with a tilting
step edge (device #4) was measured at 2 K, with the optical image shown in the right of the

inset. (f) The step height-dependent intensity of antisymmetric MR in diverse devices at 2 K.
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Summary: A high-quality room-temperature ferromagnetic vdW material Fe;GaTe, was
synthesized by the CVT method. An unconventional room-temperature antisymmetric
magnetoresistance was observed in 2D Fe;GaTe, devices with the planar symmetry breaking,
which manifests as three distinctive states of high, intermediate, and low resistance. This
work provides new routes to achieve magnetic random storage and logic devices by utilizing
the room-temperature thickness-controlled antisymmetric MR.
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