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ABSTRACT: Two-dimensional (2D) magnets, as an important member of the 2D material family, have emerged as
a promising platform for spintronic devices. Herein, we report the chemical vapor deposition (CVD) growth of
highly crystalline submillimeter-scale self-intercalated metallic 2D ferromagnetic (FM) trigonal chromium telluride
(CryTeg) flakes on inert mica substrates. Through magneto-optical and magnetotransport measurements, we unveil
the exceptional magnetic properties of these 2D flakes. The trigonal Cr;Teg flakes exhibit a strong anisotropic FM
order with a Curie temperature above 220 K. Notably, an emergent antiferromagnetic (AFM) state is observed in the
MOKE signal from ultrathin Cr;Teg flakes around the Curie temperature. The AFM state has a relatively weak
interlayer exchange coupling, allowing a switching between the interlayer AFM and FM states by tuning the
temperature. Meanwhile, the trigonal Cr;Teg flakes exhibit a giant anomalous Hall effect (AHE), with an anomalous
Hall conductivity of 710 ' cm™ and an anomalous Hall angle of 3.5% at zero magnetic field, surpassing typical
itinerant ferromagnets. Further analysis suggests that the AHE in trigonal Cr;Te; is primarily driven by the skew-
scattering mechanism rather than the intrinsic or extrinsic side-jump mechanism. These findings demonstrate the
potential of CVD-grown ultrathin Cr;Te; flakes as a promising 2D magnetic material with exceptional AHE
properties for future spintronic applications.

KEYWORDS: two-dimensional magnets, chemical vapor deposition, coexisting ferromagnetic—antiferromagnetic state,
giant anomalous Hall effect, chromium telluride

INTRODUCTION

The exploration of two-dimensional (2D) materials has
provided possibilities in the field of semiconductors,' >
superconductivity,” ferroelectricity, magnetism,6 and others,””®
offering potential opportunities for the development of
electronic and spintronic devices. Among such diverse 2D
materials, 2D ferromagnets can have long-range ferromagnetic
(FM) order even at the one atom-thick level,””~"* deepening
our understanding of FM behavior and expanding their
applications in spintronic devices and high-density data
storage. Recently, some works have documented the intrinsic
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long-range FM ordering in atomic-thick (few-layer) metallic
Fe;GeTe, ~'? VSe,,'” CrTe,,'* and Cr/;CrTe,," as well as
insulating Cr,Ge,Tes'® and Crl,,*'" initiating fundamental
research in 2D ferromagnetism.
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Figure 1. Synthesis and atomic structure of Cr;Teg flakes grown by a sublimed salt-assisted ambient pressure CVD method on mica
substrates. (a) Crystal structure of CryTe,. (b) Optical microscopy image of the Cr;Teg flakes on mica. Scale bar, 30 gm. Inset: Cr;Teg flake
with lateral dimensions up to 300 gm. Scale bar, 50 pm. (c) Representative atomic force microscopy image from a 4.5 nm-thick Cr;Te; flake,
with the corresponding cross-sectional height profile along the white line. Scale bar, 2 ym. (d, e) XPS spectrum and XRD pattern of the
CrTe flakes transferred on SiO,/Si substrates. (f) SAED pattern of a CryTe; flake transferred on a TEM grid. Inset: STEM image of the
edge of the Cr Te, flake. (g) Atomic-resolution HAADF-STEM image of a typical Cr;Teg flake along the [001] direction. Orange lines and
arrows demarcate the (100) lattice spacing (0.68 nm). Inset: zoomed-in image showing Te (brighter) and Cr (dimmer) atoms, some false-
colored as orange and blue, respectively. (h) Intensity line profile along the green boxline in the inset of (g). (i) EDS elemental analysis of

the Cr Teg flake.

Self-intercalated layered chromium chalcogenides consisting
of alternating stacks of Cr-intercalary and Cr-full layers along
the c-direction, such as CrTe,,"* Cr1/3CrTe2,15 and
CriTes, "™ have attracted strong interest recently due to
their phases and intriguing magnetic properties. van der Waals
(vdW) FM 1T-phase CrTe, layers crystallize in the CdL,-type
structure with the AA stacking order.'” In the growth process,
a portion of the chromium atoms will intercalate into CrTe,
layers, regarded as Cry,Te, (x = 0-0.33).>*"*" Previous
reports have demonstrated that Cr,,3CrTe, is a magnetic metal
with a high Curie temperature (T.) over 200 K and distinct
magnetocrystalline anisotropy.'>**~*” Notably, CrsTeg with its
geometrically frustrated structure is predicted to give rise to

33382

nontrivial magnetic structures and rich transport properties,
such as the topological Hall effect and a large anomalous Hall
effect (AHE).'® Robust 2D ferromagnetism with a T,
exceeding 400 K was observed in CryTeg/CrTe, hetero-
structures.”® Two distinct types of magnetic domains, magnetic
bubbles and thickness-dependent maze-like magnetic domains,
are observed in CriTeg nanosheets.'” By means of self-doping,
CrsTeg has been reported with the emergence of an interesting
antiferromagnetic (AFM) ordering and a significant giant
magnetoresistance effect.”” The relatively weak interlayer
exchange coupling in the AFM state also allows for field-
induced switching between the AFM and FM states.
Temperature tuning primarily affects the interlayer exchange
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coupling through thermal expansion/contraction of the lattice,
while field-induced switching directly overcomes the coupling
energy with an external magnetic field. Moreover, a colossal
anomalous Hall effect in a distorted monoclinic CriTeg phase
has been documented, showcasing an anomalous Hall
conductivity of 650 Q7' cm™! and an anomalous Hall angle
of 5%.”" This significant AHE is particularly valuable for the
development of energy eflicient spintronic devices with low
Joule heating. Consequently, Cr;Teg emerges as a promising
candidate among self-intercalated chromium chalcogenide
compounds due to its intriguing magnetism and transport
properties, making it ripe for further exploration in
technological applications.

Herein, we realize the chemical vapor deposition (CVD)
growth of submillimeter-scale 2D self-intercalated Cr;Teg
flakes via vdW epitaxy on mica substrates. Importantly, our
samples exhibit strong anisotropic FM order, and a T, above
220 K can be retained down to few-layer atomic thickness.
Notably, an emergent AFM state is observed in the magneto-
optical Kerr effect (MOKE) signal from the ultrathin Cr;Teq
flakes in the temperature window of 160—180 K. The AFM
state has a relatively weak interlayer exchange coupling,
allowing a switching between the interlayer AFM and FM
states by tuning the temperature. Moreover, through
comprehensive magneto-optical and magnetotransport meas-
urements, we unveil the exceptional AHE properties of these
2D FM CrTeg flakes, including a giant anomalous Hall
conductivity of 710 Q™' cm™" and an anomalous Hall angle of
3.5% at zero magnetic field, surpassing those of typical itinerant
ferromagnets. Further analysis suggests that the anomalous
Hall effect in trigonal CrsTeg is primarily driven by the skew-
scattering mechanism, rather than the intrinsic or extrinsic
side-jump mechanism. Our research will contribute to the
controlled CVD synthesis of 2D magnetic materials and
thereby outline a route toward constructing next-generation
spintronic devices.

RESULTS AND DISCUSSION

The CVD method has been adopted to grow multiple
transition metal dichalcogenide (TMDC) com-
pounds.'#'>77*>*® Nevertheless, the CVD growth of atomi-
cally thin tellurides remains challenging due to the low
chemical reactivity of Te powder,">*° such as low sublimation
rates, ineflicient transport, and slow nucleation rates. In order
to realize self-intercalated Cr;Teq flakes with atomic thickness
and high crystallinity, we have adopted a medium-assisted
strategy for epitaxial growth, which can maintain the
continuous evaporation of metal precursors in the whole
growth process. In our case, the metal precursor is Cr powder,
and sodium chloride (NaCl) is used as the auxiliary
evaporation medium (Figure S1). It is worth mentioning
that previous works have reported that NaCl, with its suitable
melting point, can reduce the energy barrier and increase the
crystal growth rate.”® In the growth process, the mixed carrier
gas of hydrogen and argon is utilized to help the crystals grow
rapidly when the temperature is raised to 800 °C.

Figure 1a exhibits the crystal structure of CrsTeg, accounting
for a portion of the chromium atoms (Cr;) being intercalated
into the CrTe, layers. Here, Cr;Teg belongs to the P3m1 space
group with the trigonal phase. The interlayer and intralayer
chromium atoms are identified as Cr; and Cr;, respectively,
distinguished by dark blue and light blue colors. The uniformly
intercalating Cr; atoms have a 50% linear filling rate compared

to the Cr; atoms in the CrTe, layers, forming a 2 X 2 supercell
of CrTe,, doubling the lattice constant.”’">’ The identification
of the atomic structure is detailed later. In our work, freshly
cleaved mica due to its inert nature with no dangling bonds
was used as the substrate for CrsTeg epitaxial growth. Figure
1b displays an optical microscopy image of atomically thin
CrsTeg flakes (mostly triangular-shaped) grown on a mica
substrate, and the largest lateral size can be up to 300 um
(Figure 1b, inset). Since it is a quasi-two-dimensional crystal,
chromium atoms will intercalate into the gaps, leading to an
increase in its thickness as it grows larger. Atomic force
microscopy images presented a typical flake thickness of 4.5
nm (extracted from the step height along the white dotted line
in Figure 1c). X-ray photoelectron spectroscopy (XPS)
characterization was employed to explore the composition
and valence of elements. As shown in Figure 1d, the peaks
located at binding energies of 575.3 and 585.9 eV are ascribed
to the Cr 2p;/, and Cr 2p,, states, and the peaks located at
572.1 and 582.3 eV are attributed to the Te 3d;,, and Te 3d;/,
states, indicating a Cr*?* state and a Te’™ state, respec-
tively."” ™' X-ray diffraction (XRD) was utilized to elucidate
the crystal structure. As indicated in Figure le, the XRD peaks
indicate a single-crystal pattern, corresponding well to the
(002) and (004) crystal planes of the trigonal structured
CrsTeg from PDF#50-1153."77%

To further confirm the crystal structure of the grown flakes,
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) was employed to characterize
the grown flakes placed onto a holey carbon TEM grid. Our
results are consistent with previous STEM measurements,”’”>>
indicating the separation between the interlayer Cr; atoms is
twice that compared to the intralayer Cr; atoms, forming a 2 X
2 supercell of CrTe,. This arrangement manifests in the {200}
and {100} crystal plane families (depicted by orange and green
hexagons), illustrated in the selected area electron diffraction
(SAED) pattern from the [001] zone axis of a Cr;Teg flake in
Figure 1f, with the brightest {200} spot originating from the
CrTe, backbone, while the inner {100} supercell spots arisie
from ordered Cr; atoms between CrTe, layers. The ordered
arrangement of Cr; atoms gives another periodicity in
reciprocal space, with the same orientation but half the
frequency of the CrTe, lattice. This observation aligns with the
XRD structural analysis, providing insights into the unique
atomic arrangement of the trigonal Cr;Teg phase. Through a
high-resolution Z-contrast STEM image, we directly distin-
guished the Cr (dark) and Te (bright) atoms with the (100)
plane lattice spacing at 0.68 nm, as indicated in Figure 1g.
According to the intensity distribution along the green boxline
in the inset of Figure 1g, the Cr—Cr distance of Cr;Te;z was
measured to be 0.70 nm, corresponding to the alternating
bright (Cry on Cr;) and dim (Cr;) contrast of adjacent Cr
columns, consistent with the intercalated Cr; atoms having
double the periodicity of Cr; (Figure 1h). Energy dispersive X-
ray spectroscopy (EDS) analysis of our sample (Figure 1i)
exhibits that our sample contains Cr and Te elements with the
ratio of ~0.61, in good agreement with the atomic ratio of
~5:8.2°7 The elemental mapping images illustrate that the
Cr and Te elements are evenly distributed across the selected
area (Figure S2). The XRD pattern, in-plane STEM Z-contrast
image, and SAED and EDS analyses provide a means to
identify the chemical composition and trigonal phase of the as-
synthesized Cr;Teg.
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Figure 2. Magnetic properties of CrsTes samples on SiO,/Si substrates. (a, c) Temperature-dependent magnetic susceptibility measured at a
field 0.1 T for out-of-plane (H//c) and in-plane (H.c), respectively. T is the freezing temperature, defined as the temperature where the
susceptibility shows a drop in the ZFC curve. T, is the Curie temperature, at which the cooling sample undergoes a phase transition from a
paramagnetic state to a ferromagnetic state. (b, d) Magnetic field-dependent susceptibility (characterizing hysteresis loops) measured from
—2 to 2 T obtained at different temperatures for out-of-plane and in plane applied fields, respectively.
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Figure 3. Coexisting antiferromagnetic—ferromagnetic states of individual Cr;Teg flakes revealed in MOKE measurements. (a) The
schematic of the MOKE measurement of the Cr;Te, flake. (b) Polar MOKE signal of a 12 nm-thick CrTe; flake at 5 K. (¢, d) MOKE curves
(offset for clarity) measured at different temperature for two flakes with thicknesses of 9 and 12 nm, respectively. The 12 nm-thick flake
shows coexisting antiferromagnetic—ferromagnetic states. T, was extracted from the plots of the temperature-dependent MOKE signal at
zero field. (e) The MOKE signal is strongly suppressed between magnetic field values of between around +520 Oe at 175 K in the 12 nm
flake, serving as clear evidence of the emergent A-type AFM state. (f) The switching fields measured at different temperatures from the 9 nm-
thick flake with only the ferromagnetic state and the 12 nm-thick flake with coexisting antiferromagnetic—ferromagnetic states.
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Further magnetic characterizations were carried out by a
superconducting quantum interference device (SQIUD) using
samples transferred on a SiO,/Si substrate to avoid the strong
diamagnetic background signal from mica substrates. The
experimental measurements were conducted in both parallel
(H//c) and perpendicular (H.Lc) magnetic fields, as illustrated
in Figure 2a,c. Initially, the sample underwent a cooling
process under out-of-plane magnetic fields of 1000 Oe (FC) as
well as at zero field (ZFC). The behavior of the averaged
magnetic moment with temperature revealed the presence of
intrinsic ferromagnetism in our CVD-grown CrsTeg samples.
Below 190 K (T,), a net magnetic moment emerged, gradually
reaching a maximum as the temperature decreased further.
Notably, at 25 K (freezing temperature Tj), the ZFC curve
exhibited a decline in magnetic susceptibility, showing a spin-
glass-like behavior. The manifestation of such a spin-glass-like
behavior is common in certain spin-frustrated systems like
Cr,(Se,_,Te,)s compounds,” where a competition between
AFM and FM interactions exists. Further investigation is
needed to clarify this phenomenon such as using AC
magnetization measurements to probe potential glassy
behavior. Moreover, the maximum magnetic moment under
an out-of-plane magnetic field reached 160 yemu, surpassing
that under an in-plane field, indicating an out-of-plane
anisotropy for ferromagnetism. The magnetic field-dependent
susceptibility curves (probing hysteresis loops) depicted in
Figure 2b were obtained at various temperatures ranging from
250 to 1.8 K under an out-of-plane magnetic field. At 1.8 K,
the remnant magnetization, saturated magnetization, and
coercive fields were measured at 210 gemu, 212 pemu, and
7164 Oe, respectively. Even at 220 K under in-plane magnetic
fields (Figure 2d), a hysteresis loop is still observable,
suggesting that the T of our sample extends to 220 K.

To further determine the magnetic order in individual
CrsTey flakes, we performed a polar magneto-optical Kerr
effect (MOKE) measurement with the perpendicular magnetic
field in the Faraday configuration (Figure 3a). A 635 nm
linearly polarized laser beam with normal incidence and an
estimated power of 3 4W on the sample was employed to carry
out the MOKE measurements. The split beams after passing
through a chopper and a Wollaston prism were collected by
two photodiodes in a differential mode whose output results
were received by a current preamplifier. The measured
normalized signals can detect Kerr rotations (rotation of the
polarization angle), 6, after a conversion factor. Since
tellurides are sensitive to air and easy to degrade, particularly
for ultrathin flakes with thicknesses below 10 nm, PMMA was
spin-coated to protect CrsTeg before the MOKE measurement.
Figure 3b shows the MOKE signal from a 12 nm flake of
CrsTeg at S K (Figure S3a). The observed hysteresis curves,
coupled with the magnetization at zero magnetic field, are
distinctive indicators of FM ordering. Figure 3c displays the
temperature dependence of the hysteresis curves in the MOKE
signal for a 9 nm sample (Figure S3b) from 160 to 230 K. The
rising point of the curve measured when the magnetic field was
swept from negative to positive is taken as the switching field.
We observed that the switching field gradually decreases with
increasing temperature for the 9 nm sample (Figure 3c,f). We
defined T, as the midpoint between the two temperatures at
which the switching fields are about to disappear and disappear
completely. A high T, of 225 K was obtained in the 9 nm
sample, which is competitive compared with the values of 210

and 200 K for Fe;GeTe,’ and other CriTey samples in
previous reports,'” "' respectively.

Interestingly, we note the presence of an emergent AFM
state in the temperature-dependent MOKE signals of a 12 nm
Cr;Teg flake (Figure 3d). When the temperature is lower than
150 K, the signal shows a standard rectangular shape,
indicating a state with FM order. However, when the
temperature approaches 160—175 K, the hysteresis loops
exhibit multiple magnetic states. At 175 K, The MOKE signal
is strongly suppressed, with the @y approaching zero, for
magnetic fields between around +520 Oe. Upon increasing the
magnetic fleld amplitudes beyond these critical values, O
shows a sharp jump to finite values. The suppression of the
Kerr signal at zero magnetic field demonstrates that the ground
state of the system has zero out-of-plane magnetization. This is
consistent with an emergent A-type AFM interlayer
coupling,”"”0 suggesting that within one slab of CrTe,, all
spin moments are aligned ferromagnetically, but across the van
der Waals gap, these moments are coupled antiferromagneti-
cally.”” Based on the MOKE signal at 175 K, we can assign the
magnetic order in these three states (Figure 3e) by assuming
an A-type AFM interlayer coupling. At the intermediate state 2
under a magnetic field between +520 Oe, the magnetization of
the two slabs of the CrTe, system is oppositely oriented,
causing the net magnetization to vanish and the system to
behave as an antiferromagnet with an exchange field of about
520 Oe. For states 1 and 3, when the absolute value of the
applied magnetic field exceeds 520 Oe, the magnetization of
one of the slabs that was previously antiparallel with the field
flips sharply to align with the external magnetic field, restoring
the out-of-plane magnetization with a magnetic field-driven
transition from AFM ordering to a fully spin-polarized state.

This outcome indicates that introducing Cr atoms into the
vdW gaps of CrTe, triggers a shift in the magnetic behavior
from FM to AFM states by modifying the interlayer magnetic
interactions. The mechanism of the emergence of an AFM
exchange coupling in 2D CrsTeg remains an open question. It
is noteworthy that similar magnetic transitions from AFM to
EM states in CriTeg”” and upon Co doping in Fe,GeTe,”’
have been documented and attributed to changes in Ruder-
man—Kittel—Kasuya—Yosida (RKKY) interaction dynamics.
The RKKY model suggests that the interlayer magnetic
coupling energy in synthetic AFM multilayers fluctuates as a
function of the nonmagnetic layer thickness. This leads to the
hypothesis that RKKY interactions can be modified with a
minor reduction in the lattice parameter along the c-axis in
Cr;Teg and Co doped Fe,GeTe,, which can be affected by
temperature changes. For bulk Cr;Teg, only in the temperature
range of 150—180 K does AFM interlayer coupling between
the adjacent CrTe, layers show up.”” The striking similarities
to our observations suggest that RKKY coupling is involved in
our observation of emergent AFM ordering. So in our case, the
intercalated Cr atoms can reduce the lattice constant along the
c-axis relative to that of nonintercalated CrTe,, suggesting an
increase of the coupling along the c-axis direction.”” This
change in the lattice constant along the c-axis can modulate the
strength and sign of the RKKY interaction, potentially favoring
a coexistence of FM and AFM ordering within this specific
temperature range between 160 and 180 K.

In addition, as the temperature rises, the switching fields of
the 12 nm flake initially increase and then decrease (blue
curve), distinct from the 9 nm flake with a monotonic linear
decrease in the switching field (orange curve), as depicted in
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Figure 4. Transport measurements of a 12 nm-thick Cr;Teg Hall device. (a) Temperature dependence of the longitudinal resistance R,,
normalized by the value at 300 K measured at zero magnetic field. Inset: corresponding optical microscopy image of the Hall device. Scale
bar, 10 pm. (b) Magnetoresistance (MR) and (c) R,, versus out-of-plane magnetic field at different temperatures for the device. Black arrows
in (b) label the sweep directions of magnetic field for the 4 K MR curves. The orange arrow in (c) shows the spin-flip transition for
subtracting coercive field. (d) Temperature dependence of the extracted negative coercive fields (yellow) from R, hysteresis loops.

4 -
800 ¢ m-CrgTe, Cppe € OO
. 10°F
g 4
° . =MnSi  ourt-Cr,Te,@150K
—~ B 0
€ aMn Sn a ~ 10? NdMoNbO
2 me -y € e CuznCrse
o] 2 S ®t-Cr.Te, S > MnSn
<2400 ~ L ourt-Cr,Te, @4 K - ¢ MnGe
1 o Fe film G 10"k © = MnSi
£ < 2r ) ~ ~N'e LaSrCo0
° LR A CoFeSi ¢ L * + Fefim
Co,FeAl © A
L] + m-Cr,Te,
#SrRuO, 10°F s'®
L LasrCoO  ° Shensise Ok » Cosns,
e = -Cr,Te,
L : C pulk Cr,Te, Gd fim hopping regime  intrinsic regime  clean regime * Ourswor!k
A . . 0 L . 10" . " " "
0 50 100 150 0 500 1000 10° 10° 10* 10° 10°

Temperature (K)

O (Q'cm)

o, (Q'cm™)
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the various AHE regimes.

Figure 3f. This phenomenon suggests that the AFM state has a
relatively weak interlayer exchange coupling, allowing a
switching between the interlayer AFM and FM states by
tuning the temperature. For the AFM—FM coexistence in the
12 nm flake and its absence in the 9 nm flake, we hypothesize
that this behavior is related to the interlayer exchange coupling
and RKKY interactions. In the 12 nm flake, the balance
between these interactions may favor the stabilization of an
AFM state at certain temperatures, while the FM state
dominates in thinner flakes due to stronger surface effects
that stabilize the FM state.

33386

We further proceeded to fabricate Hall devices (shown in
Figure 4a, inset, and Figure S4) and carried out magnetotran-
sport investigations to analyze the out-of-plane magnetic
anisotropy. The temperature-dependent longitudinal resistance
(R,,) of another 12 nm-thick CryTeq flake, normalized by its
value at 300 K, reveals a decrease as the temperature decreases
from 300 to 4 K, indicating metallic behavior (Figure 4a).
Magnetoresistance (MR) measurements display negative MR
under a magnetic field of 1T with distinctive butterfly shaped
loops (Figure 4b), transitioning at spin-flip magnetic fields.
Negative MR is a common characteristic of FM metals, where
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an external magnetic field aligns spins, reduces spin disorder,
and minimizes spin-de;pendent carrier scattering, consequently
reducing resistance.”””” Interestingly, the largest MR value of
2% is observed at 160 K, surpassing that at 4 K. This unusual
temperature dependence of MR is likely linked to the AFM
domains, particularly around T'.. The spin filter effect resultin%
from AFM coupling is expected to amplify the negative MR.”
Other than that, the Hall resistances (R,,) exhibit a distinct
anomalous Hall effect (AHE) with square-shaped hysteresis
loops that diminish with rising temperature (as shown in
Figure 4c). The persistence of AHE at 170 K indicates that the
T, is at least 170 K in this flake. AHE measurements reveal a
consistent trend in the switching field that steadily decreases in
amplitude from —5623 Oe at 4 K to almost 0 Oe at 180 K, as
depicted in Figure 4d.

We subtract the AHE by removing the ordinary Hall effect
(OHE) background from the Hall resistance data. To
accurately determine the anomalous Hall conductivity
(oaur), the OHE background is subtracted to obtain pfyHE,
and subsequently, the o,y is first calculated by inverting the
resistivity matrix [oyyp = —(pj?yH]':)z/(pm2 + (p‘,?yHE)Z)], where
pf}yHE is the anomalous Hall resistivity and p,, is the
longitudinal resistivity.”**® By combining longitudinal and
Hall measurement data, we calculated o, and plotted its
temperature dependence (Figure Sa). Starting with a small
value of around 4 Q™' cm™ at 180 K, 0y rapidly increases
with a steeper slope, reaching a value of around 470 Q™' cm™
at 150 K as the temperature decreases. From 150 K onward,
the slope becomes more gradual as 6,y continues to increase,
ultimately reaching a maximum value of 710 Q™' cm™ at 4 K.
In addition, our Cr;Teg exhibits a large anomalous Hall angle
(Oaup), determined by the ratio of the o,y to the longitudinal
conductivity (o,,). As shown in Figure Sa, Oy starts at 2.87%
at 4 K and then increases with rising temperature, reaching a
maximum of approximately 3.5% at around 150 K, before
decreasing again as the temperature increases above T..
Notably, our 2D Cr;Teg exhibits superior AHE perform-
ance,"*?"**7% achieving a @y of 3.5% (~150 K) and a large
oane of 710 Q7' em™' (~4 K) (Figure 5b), which is three
magnitudes larger in o,y compared to the bulk CriTeg
crystal.'®

To compare the AHE observed in CrsTeg; with other
materials,”"**~** Figure Sc presents a log—log plot of g
versus o, for various materials across different AHE regimes.
The map includes different scaling relationships (Gaup  6,,")
for the localized hopping regime, intrinsic regime, and clean
regime. The distinct scaling relationships reflect the underlying
mechanisms governing the AHE, such as the interplay between
localization, skew scattering, and other intrinsic contributions,
which can vary depending on the material and the specific
transport regime.*"** In the dirty localized hopping regime, the
AHE is suppressed by disorder due to the influence of finite-
lifetime disorder broadening, such as in Cu;_,Zn,Cr,Se, and
La,_,Sr,CoO;, which is well described experimentally by the
scaling relation with a = 1.6.%” In the intrinsic regime, @ = 0 is
observed in Co3Sn,S,,”> which is primarily driven by the
intrinsic Berry-curvature mechanism in momentum space. In
these topological materials, there exists a physical limitation
where the o,yp of the intrinsic Berry-curvature mechanism
remains constant. Consequently, as @,yp increases, o,, must
decrease since oy = G510, = constant. In bulk materials like
Fe film, this paradox seems to be resolved by having a sample
thickness (>1 mm) significantly larger than the typical spin

diffusion length of tens of nanometers, which limits further
advancements in spin current generation within such bulk
materials.”’

Figure Sc exhibits a clear linear relationship between o,y
and o, in our CrsTey, representing a = 1 scaling below 150 K.
Conventionally, @ = 1 is associated with extrinsic skew-type
electron scattering, which is understood as asymmetric
scattering for electrons with up and down spin orienta-
tions.*”** This result can be explained by the Giovannini—
Kondo (GK) model with linear scaling (@ = 1). The crucial
ingredient of the GK model is the coupling between the total
angular momentum of localized magnetic moments and the
orbital motion of mobile electrons, which leads to AHE as the
result of the skew scattering.” The linear relationship observed
in trigonal CrsTeg suggests that the extrinsic skew-scattering
mechanism could be a primary contributor to the AHE in our
Cr;Teg, rather than the intrinsic Berry-curvature (a = 0) or
side-jump (a = 2) mechanisms. Overall, the potential for large
Oxue and o,y suggests exciting prospects for future research
into materials exhibiting such AHE behaviors.

CONCLUSION

To summarize, we realized the CVD growth of submillimeter-
scale 2D self-intercalated CryTeg flakes via vdW epitaxy. The
grown CrTeg flakes exhibit strong anisotropic FM order, and a
T, above 220 K can be retained down to atomic thickness (9
nm). Additionally, an emergent AFM state is observed in the
MOKE signal from ultrathin CrgTeg flakes in a temperature
window of 160—180 K. The AFM state has a relatively weak
interlayer exchange coupling, allowing a switching between the
interlayer AFM and FM states by tuning the temperature.
Notably, through magnetotransport measurements, we unveil
the exceptional AHE properties with a giant anomalous Hall
conductivity of 710 Q' cm™" and an anomalous Hall angle of
3.5%, which surpass those of typical itinerant ferromagnets.
Further analysis suggests that the anomalous Hall effect in
trigonal CrsTeg is primarily driven by the skew-scattering
mechanism, rather than the intrinsic or extrinsic side-jump
mechanism. Our research will contribute greatly to the
controlled CVD synthesis of 2D magnetic materials and
thereby outline a route toward constructing next-generation
low-dissipation electronic and spintronic devices.

METHODS

Growth and Transfer of CrsTeg Flakes. The growth of the
chromium telluride crystals is performed in a three-temperature zone
furnace at ambient pressure. The tellurium powder (Alfa Aesar, purity
99.9%) is placed in the first hot zone with the temperature at 500 °C.
The mica substrate is put 0.5 cm above the mixture of chromium
powder (Alfa Aesar, purity 99.9%), and the sodium chloride powder
(Alfa Aesar, purity 99.9%) is placed in the second temperature zone.
A mixture of argon and helium in a ratio of 100:1S with a flow rate of
100 sccm is used as the carrier gas to deliver the vapor species to the
downstream substrate. The growth temperature is about 800 °C, and
the growth time is 10—30 min. As a result, ultrathin chromium
telluride flakes are obtained on the mica substrate.

The grown chromium telluride flakes can easily transferred to
arbitrary substrates. Chromium telluride flakes on mica are first spin-
coated with polystyrene (PS; SO mg/mL toluene solution) via a spin
coater and baked at 60 °C for 10 min. After cooling, polypropylene
carbonate (PPC) is spin-coated on the PS/Cr;Teg/mica and baked at
110 °C for 10 min. After that, the supporting film with Cr;Teg flakes
is torn from mica using tweezers and transferred to a target substrate
(e.g, TEM grid or SiO,/Si) and baked on a heat plate. Finally, that
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supporting film is removed by dissolution in acetone for about 30 min
and blow-dried under N, gas.

Characterizations. An NT-MDT NTEGRA Prima multifunc-
tional atomic force microscope in tapping mode was employed to
determine the thickness. HR-STEM as well as EDS mapping were
performed with a Thermo Scientific Themis Z instrument at a 300 kV
acceleration voltage.

Device Fabrication. Thin flakes were transferred on top of
standard doped Si substrates with 285 nm SiO,. Then the sample was
transferred immediately into a high-vacuum e-beam evaporator, and a
1.5 nm-thick Al film (that naturally oxidized into a protective AlO,
layer) was deposited under a pressure of 2.0 X 10™® Torr to protect
the sample surface from oxidation. The electrical contacts (Ti/Pd, S/
35 nm) to chromium telluride flakes were patterned by e-beam
lithography. Before the contacts were deposited, the exposed areas
were etched by reactive ion etching (RIE) in a Panasonic E620 ICP
system with BCl; + Ar plasma to remove the thin layer of AlO, so that
ohmic contacts could be achieved. A physical property measurement
system (Quantum Design) at a magnetic field of up to 9 T and at
temperatures from 300 to 2 K was employed to measure the transport
properties. The Hall resistance traces dependent on the magnetic field
were antisymmetrized to eliminate field-even characteristics from the
Hall effect traces. These features arise from the mixing of R,, with R,,
due to device geometry and electrode misalignment.
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