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ABSTRACT: The emergence of intrinsic two-dimensional (2D)
magnetic materials has spurred exploration of exotic physical
phenomena at the atomic limit, while also opening new
avenues for the design of compact, ultra-low-power spintronic
devices. In contrast to the widely studied layered magnets, the
ternary nonlayered magnets with excellent stability remain
relatively unexplored. A key challenge lies in the scalable
fabrication of high-quality, large-area samples. Herein, we
propose a dual-confined chemical vapor deposition strategy for
the first-time synthesis of 2D nonlayered ferrimagnetic
FeCr,Te, nanosheets. The as-grown nanosheets exhibit lateral
dimensions up to 400 ym and outstanding stability under high-
temperature and harsh chemical conditions. The Curie
temperature of the samples is independent of thickness.
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Notably, a temperature-tunable antiferromagnetic state emerges in thicker nanosheets, driven by weak interlayer exchange
coupling. Furthermore, the nanosheets exhibit an extrinsic skew-scattering-dominated anomalous Hall effect, with a high
carrier concentration of 10 cm™ and mobility exceeding 30 cm?-V-'-s™". This work opens up new avenues for the synthesis
of ternary nonlayered 2D magnetic materials and significantly expands the material platform for developing high-

performance spintronic devices.

KEYWORDS: two-dimensional
ferrimagnetism, antiferromagnetic

1 Introduction

Intrinsic two-dimensional (2D) magnetic materials have fueled
investigations into exotic physical phenomena at the atomic scale,
while opening up new avenues for the development of compact,
ultra-low-power spintronic devices [1, 2]. As an emerging frontier,
these materials not only exhibit a diverse range of intriguing
physical properties but also enable precise control over magnetism
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nonlayered materials, FeCr,Te, nanosheets,

at the atomic level through external stimuli [3-8]. 2D magnetic
materials are broadly categorized into layered and nonlayered
magnetic  systems [9]. To date, layered magnetic
materials—including Fe,GaTe, [3, 10], Fe,GeTe, (n = 3, 4, 5)
[11, 12], Cr,Ge;Te, [13], and Crl, [14]—constitute only a small
subset of known crystalline structures. They typically suffer from
poor environmental stability, complex synthesis routes, and limited
crystal sizes, posing significant challenges for large-scale sample
fabrication. In contrast, nonlayered 2D magnetic materials
represent the majority of known crystalline structures. Among
them, Fe-based and Cr-based compounds have attracted
tremendous attention in low-dimensional magnetism research due
to their compositional diversity, rich magnetic properties, and
robust chemical stability. These materials also serve as pivotal
candidates driving the advancement of spintronics and next-
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generation information technologies. Within the family of Fe-based
chalcogenides, several systems have been extensively investigated,
including  collinear antiferromagnetic = (AFM) FeS [15],
ferromagnetic (FM) Fe;Se; [16, 17], and FeTe [18, 19]. Cr-based
magnetic  chalcogenides  include  ferrimagnetic =~ (FIM)
semiconducting Cr,S; [20], AFM semi-metallic Cr,Se; [21], and FM
metallic Cr;Te; [22, 23]. Despite these advances, current research on
nonlayered 2D magnetic materials primarily focuses on binary
systems, whereas their ternary and multinary counterparts remain
in the early exploration stage.

Ternary compounds with the general formula ABX, (where A
and B represent transition metals, and X = S, Se, Te) exhibit distinct
magnetic and electronic properties, such as metallic CuCr,Te, [24],
semi-metallic HgCr,Se, [25], insulating ZnCrS, [26], and
semiconducting CrGeTe; [27]. The diverse magnetic properties of
the ternary FeCr,X, family have garnered considerable research
interest. For instance, cubic FeCr,S, is a thickness-independent p-
type FM semiconductor with a Curie temperature (T) of 170 K
and exhibits a giant magnetoresistance (GMR) effect, whereas
monoclinic  FeCr,S, is a thickness-independent ~AFM
semiconductor with a Néel temperature (T) of 240 K [28, 29].
FeCr,Se, is an AFM insulator with a Ty of 218 K, which undergoes
a transition to a weak FM state below 75 K [30, 31]. Monoclinic
FeCr,Te, exhibits FIM behavior with a T of 120 K, accompanied
by an observable anomalous Hall effect (AHE) [32-34]. To date,
research on ternary FeCr,X, compounds has primarily focused on
bulk single crystals, with 2D FeCr,S, nanosheets being the only ones
successfully synthesized via chemical vapor deposition (CVD). It is
well established that dimensional reduction in 2D materials can give
rise to numerous unique physical properties. However, the low
reactivity of Se and Te, which hinders the formation of stable
chemical bonds with transition metals, poses a significant challenge
for the synthesis of atomically thin FeCr,X, (X = Se, Te) nanosheets
[35]. Therefore, the successful fabrication of 2D FeCr,Te, not only
provides a novel route for the synthesis of multivalent tellurides and
expands the library of 2D magnetic materials, but also advances our
understanding of the interplay between dimensional reduction and
magnetic behavior in nonlayered ternary systems.

In this work, we report the first synthesis of 2D FeCr,Te,
nanosheets on mica substrates using a dual-confined CVD strategy.
The as-grown nanosheets achieve lateral dimensions of up to
400 pm with a uniform thickness distribution. Atomic structure
characterization confirms the high crystalline quality of the as-
prepared FeCr,Te, nanosheets. These nanosheets exhibit out-of-
plane (OP) FIM ordering, with magnetism originating from the
competition between FM exchange interactions along
Cr*-Te"—Cr* bonds and AFM interactions between Cr*-Fe*
pairs. Polar magneto-optical Kerr effect (MOKE) measurements
verify FIM ordering with a T of approximately 130 K, which
remains independent of sample thickness. Notably, an emergent
AFM state is observed in thicker FeCr,Te, nanosheets. The
formation of this AFM state is attributed to weak interlayer
exchange coupling induced by variations in the van der Waals
(vdW) interlayer spacing, and reversible switching between FIM
and AFM states can be achieved through temperature modulation.
In addition, transport measurements reveal that FeCr,Te,
nanosheets exhibit an AHE dominated by an extrinsic skew-
scattering mechanism. This study not only provides critical insights
into the growth of ternary nonlayered tellurides but also advances
the fundamental understanding of magnetism in 2D nonlayered
systems.
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2 Experimental

2.1 CVD synthesis of FeCr,Te, nanosheets

FeCr,Te, nanosheets were grown on freshly cleaved mica substrates
using a dual-confined CVD strategy. The dual confinement refers
to the controlled restriction of both gas flow and precursor
concentration during growth. A 2-inch tube furnace (KLG-12)
equipped with a single independently controlled temperature zone
was employed for the synthesis. A precursor mixture comprising
CrCl, (Alfa Aesar, 99.9%), FeCl, (Alfa Aesar, 99.5%), and KCI (Alfa
Aesar, 99.997%) in a weight ratio of 9:3:1 was placed at the center of
the furnace. Te powder (200 mesh, 99%, Alfa) was positioned
upstream in the same temperature zone, maintained at 500 °C.
Prior to heating, the quartz tube was purged with 500 sccm of high-
purity Ar for 20 min to eliminate residual oxygen and moisture.
Subsequently, a carrier gas mixture of 150 sccm Ar and 10 sccm H,
was introduced for sample growth at various heating temperatures,
with each target temperature held constant for 10 min. Upon
completion of growth, the furnace was slowly cooled to 400 °C,
during which the H, flow was terminated and the Ar flow rate was
adjusted to 200 sccm. The furnace was then fully opened and
rapidly cooled to room temperature.

2.2 Sample transfer

Poly(methyl methacrylate) (PMMA) was employed as a transfer
medium to facilitate subsequent characterization and
measurements, enabling the transfer of FeCr,Te, nanosheets grown
on mica substrates onto both SiO,/Si substrates and Cu grids. First,
the PMMA solution was spin-coated onto the FeCr,Te,/mica
samples at 2000 rpm. The samples were then heated at 150 °C for
7 min. This spin-coating and heating procedure was repeated twice.
The PMMA-coated samples were immersed in deionized (DI)
water for several minutes, after which the film was gently peeled off
using tweezers and transferred onto the target substrates (SiO,/Si or
Cu grids). Finally, the PMMA layer was removed by immersion in
acetone, followed by sequential rinsing with ethanol and DI water
to eliminate residual polymer.

2.3 Device fabrication

FeCr,Te, nanosheets were transferred onto SiO,/Si substrates for
device fabrication. Standard photolithography was performed using
a direct laser writing system (MicroWriter Baby Plus, Durham
Magneto Optical Ltd.) to define Hall bar electrode patterns.
Subsequently, a Cr (~ 5 nm)/Au (~ 50 nm) bilayer was deposited by
thermal evaporation, followed by lift-off in acetone to remove
excess metal and complete the electrode patterning.

24 Sample characterizations

The morphology and thickness of the as-grown FeCr,Te,
nanosheets were characterized using optical microscopy (OM,
CX40M, JinXiang) and atomic force microscopy (Bruker,
Dimension Icon). Raman spectra were recorded with a Raman
spectrometer (Horiba LabRAM HR Evolution) using a 532 nm
excitation wavelength. The crystal structure was characterized by X-
ray diffraction (XRD, Rigaku Ultima IV-185), and the chemical
valence states were analyzed by X-ray photoelectron spectroscopy
(XPS, ThermokFisher Scientific). Elemental composition and
mapping were investigated using a thermal field emission scanning
electron microscope (SEM, JEOL JSM-IT800) equipped with an
energy-dispersive X-ray spectroscopy (EDS) detector. Atomic-scale
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structure analysis was performed via annular dark-field scanning
transmission electron microscopy (ADF-STEM, FEI Tecnai G2
F30). Temperature-dependent magnetotransport properties were
measured using a Physical Property Measurement System (PPMS,
Design Quantum Design DynaCool). Magnetic characteristics were
further probed by magneto-optical Kerr effect (MOKE, Truth
Instruments) and a magnetic property measurement system
(MPMS, Quantum Design).

3 Results and discussion

Intrinsic  submillimeter-scale 2D FeCr,Te, nanosheets were
successfully synthesized via a dual-confined CVD method in a
single-zone tube furnace. The nonlayered FeCr,Te, crystal adopts a
monoclinic structure (space group: 12/m) with lattice parameters
a=6822(2) A, b=3938(1) A, and c = 11.983(5) A [32]. Each Fe
and Cr atom coordinates with six Te atoms in an octahedral
configuration, forming a 2R-stacking structure composed of

CrCl,/FeCl,/KCl
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alternating Fe and CrTe, layers. Figure 1(a) presents a schematic of
the CVD synthesis process, along with an OM image and the
corresponding crystal structure of the as-grown sample on a mica
substrate. Freshly cleaved mica was employed as the growth
substrate, with mica pieces of varying sizes placed at different
positions in the precursor source zone. The dual-confined strategy
enables the in-situ formation of a microreactor in the growth
region, which not only modulates the gas flow rate to promote
thinning of the nanosheets but also suppresses excessive nucleation,
thereby facilitating the preferential formation of the ternary
FeCr,Te, phase. Consequently, the growth mechanism transitions
from a thermodynamically controlled to a kinetically dominated
regime [36]. During the growth process, a powder mixture of FeCl,
and CrCl; served as the metal precursor, with KCI added as a
fluxing agent. The addition of salts lowers the melting point of the
precursors, promotes the formation of CrCl; intermediates, and
suppresses the generation of binary impurity phases (Figs. S1(a) and
S1(b) in the Electronic Supplementary Material (ESM)) [37]. The
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Figure1 Synthesis and fundamental characterization of 2D FeCr,Te, nanosheets. (a) Schematic illustration of the CVD synthesis process and an OM image of the as-
grown samples on mica substrates. Scale bar: 50 ym. (b) and (c) OM and atomic force microscopy images of the largest nanosheets. (d) Temperature-dependent lateral
sizes of the samples. Scale bar: 50 um. (e) Thickness-dependent Raman spectra of the samples. (f) and (g) XPS spectra of Fe, Cr, and Te elements in the FeCr,Te,

nanosheets.
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introduction of H, further facilitates the formation of highly
reductive H,Te. Collectively, these experimental results demonstrate
that the salt-assisted dual-confined strategy enables the controlled
synthesis of ultra-thin, large-area nonlayered FeCr, Te, nanosheets.
The growth of FeCr,Te, crystals is highly sensitive to the growth
temperature. Figure 1(d) plots the lateral sizes of FeCr,Te,
nanosheets as a function of growth temperature. Corresponding
atomic force microscopy and OM images of 2D FeCr,Te,
synthesized at different temperatures are provided in Figs. S2 and
S3 in the ESM. At 860 °C, the synthesized 2D FeCr,Te, nanosheets
achieved a maximum lateral size of ~ 400 pum (Fig. 1(b)), with a
thickness of ~ 6 nm (Fig. 1(c)). The observed surface roughness can
be attributed to island-like features formed via secondary nucleation
(Fig. S6 in the ESM). Figures S1(c) and S1(d) in the ESM show
digital photographs of the large-area FeCr,Te, nanosheets grown on
the mica substrates. In addition to temperature, growth time and H,
flow rate also modulate the lateral dimensions of FeCr,Te,
nanosheets (Figs. S4 and S5 in the ESM). Raman spectroscopy and
XPS were employed to investigate the phonon modes and
elemental composition of the FeCr,Te, nanosheets. As shown in
Fig. 1(e), the Raman spectra of nanosheets with varying thicknesses
exhibit two distinct characteristic peaks at 122.5 and 140.5 cm™,
corresponding to the OP A,, mode and in-plane (IP) E, mode of 2D
tellurides, respectively. The Raman scattering intensity gradually
decreases with decreasing nanosheet thickness. Concurrently, both
the A,, and E, modes undergo a red shift as the thickness increases,
which is primarily ascribed to variations in the covalent bonding

strength among Cr, Fe, and Te atoms. This behavior is consistent
with previously reported results for CVD-synthesized Cr,Te,
nanosheets [38]. XPS characterization confirms the presence of Fe,
Cr, and Te elements in the as-synthesized 2D FeCr,Te, nanosheets.
The Fe 2p, Cr 2p, and Te 3d spectra verify the valence states of Fe*,
Cr*, and Te”, respectively, with a stoichiometric ratio close to 1:2:4
(Figs. 1(f) and 1(g)) [18, 38]. No peaks corresponding to oxidized
species were detected, confirming the high crystallinity, phase
purity, and chemical stability of the synthesized samples.

The crystal microstructure and quality of the FeCr,Te,
nanosheets were further corroborated by ADF-STEM. Typical ADF-
STEM images confirm the presence of a hexagonal close-packed
structure. The absence of detectable defects or twin boundaries
indicates that the nanosheets possess high crystallinity (Fig. 2(a)).
By comparing with the reported crystal structure of monoclinic
FeCr,Te, we confirm that the as-synthesized 2D FeCr,Te,
nanosheets are oriented along the (001) crystal plane. Figure 2(b)
presents an enlarged ADF-STEM image of the blue-marked region
in Fig. 2(a), which is consistent with the simulated atomic model of
the FeCr,Te, crystal. The interplanar spacings of the (002) and (220)
lattice planes are calculated to be 3.87 and 2.56 A, respectively.
Notably, the ADF-STEM image exhibits nearly identical Z-contrast
distribution to that of the simulated FeCr,Te, image along the (001)
plane (Fig. S7 in the ESM). The fast Fourier transform (FFT)
diffraction pattern displays a set of diffraction spots with hexagonal
symmetry, which matches the diffraction characteristics of FeCr,Te,
along the [001] zone axis (Fig. 2(c)). Figure 2(d) shows the intensity

Figure2 Atomic structural characterization of FeCr,Te, nanosheets. (a) Atomic-resolution ADF-STEM image of the samples. (b) Enlarged ADF-STEM image from the
blue-boxed region in (a), which is consistent with the atomic arrangement along the [001] zone axis. (c) Corresponding FFT pattern of the region in (a). (d) Intensity line
profile of the white rectangular region marked in (a). (¢) TEM-EDS spectra. (f) Low-magnification STEM image and corresponding EDS mapping images of Fe, Cr, and

Te elements.
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line profile extracted from the white-marked region in Fig. 2(a),
clearly distinguishing the contrast between bright and dim regions
in the ADF-STEM image. These intensity differences originate
from the multilayer stacked configurations of Fe, Cr, and Te atoms
in the bright regions, whereas the dim regions correspond to areas
with fewer stacked Fe atomic layers. Transmission electron
microscopy-EDS (TEM-EDS) analysis reveals that Fe, Cr, and Te
elements are uniformly distributed within the FeCr,Te, nanosheets,
with an atomic ratio of approximately 1:1.98:4.01 (Figs. 2(e) and
2(f)). Furthermore, XRD and SEM-EDS characterizations confirm
the high crystallinity of the as-synthesized FeCr,Te, nanosheets
(Figs. S8 and S9 in the ESM).

Subsequently, the magnetic properties of the FeCr,Te,
nanosheets were investigated using a superconducting quantum
interference device (SQUID) and MOKE measurements. The as-
grown samples randomly distributed on mica substrates were
measured under field-cooled (FC) and zero-field-cooled (ZFC)
conditions via SQUID. As shown in Fig. 3(a), M-T curves were
measured under an external magnetic field of 500 Oe. A magnetic
phase transition at ~ 122 K was extracted using the first-derivative
method, consistent with the reported T, of bulk samples
(Fig. S10(a) in the ESM) [32, 33]. Moreover, the corresponding

M-H curves in Fig. S10(b) in the ESM reveal the magnetic
anisotropy of the 2D FeCr,Te, nanosheets. To gain deeper insights
into the thickness-dependent magnetic properties, MOKE
measurements were performed. Figure 3(b) displays the MOKE
signals of a 12.4 nm-thick FeCr,Te, nanosheet in the temperature
range of 5-150 K (Fig. S11(a) in the ESM). As the temperature
increases, both the Kerr rotation angle (6¢) and coercivity (H)
gradually decrease, eventually forming overlapping loops at 130 K.
This transition marks the transformation from the FIM phase to
the paramagnetic (PM) phase, where the transition temperature is
defined as Tc. Temperature-dependent hysteresis loops of FeCr,Te,
nanosheets with varying thicknesses were also measured, revealing
a consistent T, of approximately 130 K across different thicknesses
(Figs. S12 and S13 in the ESM). Importantly, the T, of these
nanosheets is higher than that of previously reported 2D magnetic
materials, such as Cr,Ge,Te; (68 K) [13], CrSiTe;, (33 K) [39].
Notably, an AFM state was observed in the MOKE signal of a
60.2 nm-thick FeCr,Te, nanosheet (Fig. 3(c) and Fig. S11(b) in the
ESM). At temperatures below 50 K, a standard hysteresis loop was
observed, consistent with the formation of a FIM ordered state.
Figure 3(d) presents the MOKE signal of the 60.2 nm-thick
FeCr,Te, nanosheet measured at 5 K, where a clear hysteresis
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Figure3 Magnetic properties of FeCr,Te, nanosheets. (a) Temperature-dependent magnetization curves of the nanosheets measured under perpendicular and parallel
magnetic fields of 500 Oe, respectively. (b) and (c) Polar MOKE signals of 12.4 nm-thick and 60.2 nm-thick nanosheets in the temperature range of 5-150 K. (d) and (e)
Polar MOKE signals of a 60.2 nm-thick nanosheet at 5 and 75 K; the inset schematic diagram shows the magnetic states of the nanosheet under an external magnetic field,
where pink and yellow arrows represent spin-up and spin-down states, respectively. (f) Temperature-dependent H. of the nanosheets with different thicknesses. (g)
Magnetic phase diagram extracted from MOKE measurements for thickness-dependent T, of the nanosheets.
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loop—a key signature of FM ordering—was observed. In contrast,
in the temperature range of 50-75 K, the hysteresis loop exhibited
multiple magnetic states. As illustrated in Fig. 3(e), FeCr,Te,
exhibits five distinct collinear magnetic configurations, undergoing
four magnetic ordering transitions: from “[[||]” > “|{1{{” >

UTITL = 110117 2> “M11117, where arrows “1” and “|” denote

spin-up and spin-down states, respectively. At 75 K, the MOKE
signal is strongly suppressed within a magnetic field range of
approximately +735 Oe, with 0 approaching zero. Beyond these
critical fields, 6 gradually recovers to finite values. This behavior is
consistent with emerging A-type AFM interlayer coupling [40].
However, the non-zero net magnetization observed at 75 K
indicates that the sample is not a strictly collinear AFM, which is
likely influenced by the parent compound CrTe, [41]. We have also
systematically investigated the critical thickness range and the
reproducibility of the AFM state. Our results indicate that samples
with thicknesses of approximately 43.4 and 54.7 nm exhibit purely
FIM behavior, with no signature of an AFM state observed. Based
on these observations, we infer that the critical thickness for the
emergence of the AFM state lies approximately between 54.7 and
60.2 nm. Moreover, stable AFM characteristics analogous to those
of the 60.2 nm-thick nanosheet were also observed in nanosheets
with thicknesses of 68.6 and 714 nm, confirming the excellent
reproducibility of this AFM state across multiple nanosheets (Fig.
S14 in the ESM).

Next, the underlying mechanisms governing the magnetic
behaviors were explored in detail. The FIM ordering in FeCr,Te,
arises from the competition between two exchange interactions: FM
exchange coupling within Cr*-Te*-Cr* bonds and AFM
interaction between Cr*-Fe* pairs (Fig. S15 in the ESM). Previous
theoretical calculations on bulk FeCr,Te, with five distinct magnetic
configurations have confirmed that the FIM phase possesses the
lowest formation energy [32]. The mechanism underlying the
emergence of the AFM state in 2D FeCr,Te, remains an open
question. AFM materials are highly sensitive to variations in lattice
constants, especially in structures such as the tilted Cr-Fe-Cr trimer
[32]. FeCr,Te, adopts a 2R-stacked structure, where Fe atoms are
intercalated within the 1T-phase CrTe, framework. This
intercalation reduces the interlayer spacing along the c-axis from
6.10 to 5.75 A [41]. Therefore, we propose that the AFM state may
originate from interlayer exchange coupling induced by variations
in the vdW interlayer spacing, which further enables a reversible
transition between FIM and AFM states upon temperature tuning.
Previous studies have demonstrated that the magnetic properties of
materials such as CrSiTe, [42] and Fe,GeTe, [43] can be tuned by
adjusting interatomic spacing under moderate strain. Pressure has
been shown to reduce the interlayer vdW spacing and modify the
stacking order in atomically thin Crl,, irreversibly driving an
interlayer AFM-to-FM phase transition [8]. Additionally, FM-to-
AFM transitions have been observed in Cr;Te, [44] and Co-doped
Fe,GeTe, [45]. Such modulation of magnetic order originates from
changes in the Ruderman-Kittel-Kasuya-Yoshida (RKKY)
exchange interaction. In Cr,Te; and Co-doped Fe,GeTe,, slight
variations in the c-axis lattice constant enable the tuning of the
RKKY interaction via temperature and doping. Notably, interlayer
AFM coupling has been observed in bulk Cr,Te; (150-180 K) and
in 12 nm-thick Cr.,Te, nanosheets (160-180 K) [22, 44], which is
similar to our observation of AFM behavior in FeCr,Te, within the
50-75 K range. Thus, the reduced interlayer spacing in 2D FeCr,Te,
may enhance interlayer coupling, modulates both the magnitude
and sign of the RKKY interaction, and facilitates the coexistence of
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FIM and AFM phases within the 50-75 K window. Specifically,
interlayer coupling stabilizes the AFM state in thick nanosheets at
specific temperatures, whereas thinner nanosheets retain a stable
FIM state due to enhanced interatomic exchange interactions and
surface termination effects [28].

To gain further insight into the magnetic properties of FeCr,Te,
nanosheets, we systematically investigated the temperature and
thickness dependence of the H. and T.—key parameters of
fundamental interest in condensed matter physics. As shown in
Fig. 3(f), the H. values of nanosheets with different thicknesses
decrease monotonically with increasing temperatures. Moreover, at
a given temperature, H decreases as the thickness is reduced. This
behavior aligns with observations in other FM materials, such as
Fe,GeTe, [11] and Cr.Te; [38]. The T values extracted from the
MOKE curves of nanosheets with varying thicknesses (Fig. 3(g))
remain constant at approximately 130 K, independent of thickness,
and are slightly higher than that of the bulk phase [34]. A similar
thickness-independent T, has been reported in nonlayered
metastable Cr;Te, phases, where T, shows no significant variation
even at the 2D limit [46]. This phenomenon is likely attributed to
surface atomic terminations.

The transport properties of the samples were characterized using
a PPMS. Figure 4(b) presents the OP magnetoresistance (MR)
curves of FeCr,Te, measured at different temperatures, with the
corresponding OM image and thickness of the device shown in Fig.
S16 in the ESM. Notably, at all measured temperatures, the MR is
enhanced under low magnetic fields but suppressed under high
magnetic fields, exhibiting typical negative MR behavior. The low-
field MR enhancement originates from the combined effects of the
Lorentz force and magnetization rotation, whereas the high-field
MR reduction arises from the suppression of spin disorder and spin-
dependent carrier scattering [47]. To elucidate the underlying
mechanism of the AHE in 2D FeCr,Te,, we measured the AHE
curves of a 455 nm-thick FeCr,Te, nanosheet at various
temperatures (Fig. 4(a)). The AHE is generally attributed to three
primary mechanisms: the intrinsic Karplus-Luttinger (KL), skew-
scattering, and side-jump scattering. For all temperatures below
130 K, the Hall resistivity curves exhibit a sharp jump at low fields
and become linear at high fields, confirming the presence of AHE
in the FeCr,Te, nanosheets.

For ferromagnetic materials, the Hall resistivity can be expressed
as the sum of the ordinary and anomalous contributions [48, 49]

P, = Pyt Py =Rpp,H+RM (1)

where p{ and p; are the ordinary and anomalous Hall resistivity,
respectively; R, and R are the corresponding Hall coefficients; H is
the applied magnetic field; and M is the magnetization. By linearly
fitting the high-field region of the p , versus y,H curve, both the
slope (R,) and the intercept ( pfy ) can be obtained. The ordinary
Hall coefficient is given by R, =1/(nq), where n is the carrier
concentration and ¢ is the electronic charge. Additionally, R, can be
determined from the relation pj(‘y = RM,, where M, is the
saturation magnetization extracted from linear fitting of the high-
field M versus p H curves. The electrical conductivity is described
by [50]

0. =1/p=ney (2)

where p is the resistivity, e is the charge quantity, and y is the carrier
mobility. The extracted n and y are shown in Fig. 4(c). The n is
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Figure4 Transport measurements of a 45.5 nm-thick FeCr,Te, Hall device. (a) OP R, hysteresis loops of FeCr,Te, measured at different temperatures. (b) MR-H curves
of FeCr,Te, measured at varied temperatures. (c) and (d) Temperature dependence of carrier density, carrier mobility, and anomalous Hall conductivity. (e) Scaling

behavior of anomalous Hall resistivity.

~ 10” cm™, while the y peaks at a value of ~ 30 cm*>V™"s™—slightly
lower than that of Fe,GaTe, [3] but higher than that of Fe,GeTe,
[51]. The anomalous Hall conductivity o7, is calculated as

3)

Figure 4(d) shows the temperature-dependence of o).
Theoretically, the intrinsic contribution to the anomalous Hall
conductivity o}, is approximately e’/(hd), where e is the electronic
charge, h is the Planck constant, and d is the lattice parameter [52].
For d =~ 43 A, 0y, is estimated to be ~ 900 Q'.cm™—far larger
than the experimentally observed value in Fig. 4(d), thereby ruling
out the intrinsic KL mechanism. The extrinsic side-jump
mechanism follows the scaling relation p;, = fp?, . To identify the
dominant AHE mechanism, we fitted the pJ versus p
relationship using the general scaling form pfy = Bps, (Fig. 4(e)),
yielding « ~ 0.7(1). We further investigated the AHE mechanism in
74.5 nm-thick FeCr,Te, nanosheets. The experimentally measured
anomalous Hall conductivity is lower than the theoretically
calculated intrinsic value. Fitting according to the scaling relation
ps, = PBp;, yields a ~ 0.8(1) (Fig. S17 in the ESM). Since both the
side-jump and intrinsic KL mechanisms exhibit o ~ 2, skew-
scattering is likely the dominant mechanism contributing to the
AHE in FeCr,Te, This mechanism arises from asymmetric
scattering of charge carriers by impurities or defects, giving rise to
the anomalous Hall effect.

Furthermore, comparative studies of as-grown FeCr,Te,
nanosheets with those prepared under different conditions reveal
that the 2D FeCr,Te, nanosheets exhibit excellent stability and
corrosion resistance (Fig. S18 in the ESM). Such robustness
provides a solid foundation for their application under diverse
experimental conditions.

oy = py/(PL+PL)

4 Conclusion

In summary, we report the first synthesis of high-quality,
submillimeter-scale 2D nonlayered FIM FeCr,Te, nanosheets via a
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dual-confined CVD strategy. The as-grown nanosheets exhibit
robust stability under both high-temperature and harsh chemical
conditions. The T of the samples is independent of thickness. The
observed FIM ordering arises from the competition between two
exchange interactions: FM exchange coupling within Cr*-Te*-Cr*
bonds and AFM interaction between Cr*~Fe** pairs. Interestingly, a
distinct AFM state emerges in thicker nanosheets within the
temperature range of 50-75 K. This AFM state is likely attributed to
interlayer exchange coupling induced by variations in vdW
interlayer spacing, while the reversible transition between FIM and
AFM states can be achieved by tuning the temperature.
Furthermore, the nanosheets exhibit an AHE, with n ~ 10* cm™
and p ~ 30 cm*V™s™. Detailed analysis indicates that the AHE is
predominantly governed by an extrinsic skew-scattering
mechanism. Our work provides crucial insights into the growth of
ternary nonlayered tellurides, expands the family of 2D AB,Te,
magnetic materials, and advances the fundamental understanding
of magnetism in 2D nonlayered systems. Importantly, the excellent
stability and tunable magnetic states of 2D FeCr,Te, highlight its
great potential for applications in compact, ultra-low-power
spintronic devices.

Electronic Supplementary Material: Supplementary material
(typical EDS mapping images, atomic force microscopy and OM
images under different experimental conditions, experimental and
simulated ADF-STEM images, XRD patterns, Raman spectra, SEM
images, M-T curves, M-H curves, exchange coupling pathways,
MOKE curves) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908675.
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