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ABSTRACT: The manipulation of magnetism provides a unique

opportunity for the development of data storage and spintronic ZSOL"\‘

applications. Until now, electrical control, pressure tuning, stacking a0l %

structure dependence, and nanoscale engineering have been by

realized. However, as the dimensions are decreased, the decrease 2001\ Paramagnetism

of the ferromagnetism phase transition temperature (T.) is a 160 0@ ------ % a.,
universal trend in ferromagnets. Here, we make a breakthrough to e ik | Ferromagnetism
realize the synthesis of 1 and 2 unit cell (UC) Cr,Te; and discover [ = 120
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a room-temperature ferromagnetism in two-dimensional Cr,Tes.
The newly observed T, increases strongly from 160 K in the thick
flake (40.3 nm) to 280 K in 6 UC Cr,Te; (7.1 nm). The
magnetization and anomalous Hall effect measurements provided unambiguous evidence for the existence of spontaneous
magnetization at room temperature. The theoretical model revealed that the reconstruction of Cr,Te; could result in anomalous
thickness-dependent T.. This dimension tuning method opens up a new avenue for manipulation of ferromagnetism.

KEYWORDS: Room-temperature ferromagnetism, anomalous Hall effect, 1 unit cell, reconstruction

he 2D ferromagnet, as an essential part of the 2D material

family, has gained attention due to their unique
properties for spintronic devices. However, the thermal
fluctuations will prohibit long-range ferromagnetic order in
2D isotropic Heisenberg models based on the Mermin—
Wagner theorem.' The defect-induced magnetism based on
nonmagnetic graphene has been extensively researched.”’
Recent reports have revealed the intrinsic long-range
ferromagnetic order in atomically thin insulating Cr,Ge, Te,"
Crl;,° and metallic Fe,GeTe,”” and VSe,® which initiated
fundamental studies of 2D ferromagnetism. The manipulation
of ferromagnetism is an attractive topic for exploring
fundamental physics of magnetism and realizing spintronic
applications with low power dissipation. Electric-field-con-
trolled saturation magnetization, coercive force, T, and
antiferromagnet—ferromagnet transitions have been the most
extensively studied in ferromagnetic semiconductors and
metallic ferromagnets (Crl;, Cr,Ge,Tes, (Ga,Mn)As,
Fe;GeTe,).””™" In particular, the T, of Fe;GeTe, increases
to room temperature via an additional ionic gate.6 The
pressure-induced antiferromagnetic-to-ferromagnetic transition
is reported in bilayer Crl;."*"> Moreover, the ferromagnetic or
antiferromagnetic order of bilayer CrBr; can also be
determined with a stacking structure via different interlayer
magnetism.16 The T, of Mn,Ge,_, nanomesh drastically
increases, benefiting from the decreased mesh width, in
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which the quantum confinement effect in low-dimensionality
Mn,Ge,_, nanomesh can strongly enhance the exchange
coupling.'”'® Recent experiments have also revealed that a
local puncture can induce a substantially enhanced magnet-
ization."” Molecular beam epitaxy (MBE)-grown monolayer
VSe, with a small crystal size generates room-temperature
ferromagnetism whereas its bulk counterpart is paramagnetic.”

The magnetic properties of bulk chromium(III) telluride
(Cr,Te,) have been carefully studied; the chemical composi-
tion and crystal structure dominate the ferromagnetic proper-
ties (T is about 195 K).>* The neutron diffraction revealed a
ferromagnetic ordering process of bulk Cr,Te; along the c-axis
and discovered intrinsic contraction of the unit cell as the
temperature decreases.”"”* The average magnetic moment is
only about 2.7 uy in this material, which is smaller than that for
three unpaired electrons in the Cr** ion. Goodenough suggests
that this decrease possibly originated from a spiral anti-
ferromagnetic spin arrangement, and an alternative mechanism
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Figure 1. Morphology and structure of Cr,Te;. (ab) Atomic structure (top and side views) of Cr,Te;. The 1 UC is 1.207 nm. (c) Optical
micrograph images of CVD-grown Cr,Te; show a large size of >190 ym. The inset shows the large-sized Cr,Te; of >0.73 mm. (d) AFM image of 1
UC Cr,Tey (1.6 nm). (e¢) HRTEM image indicates the (300) lattice constant at 0.197 nm. The SAED shows the hexagonal crystal structures of
Cr,Te, in the inset of (e). (f) XRD spectra of Cr,Te, transferred to the SiO,/Si substrate.

proposed by Andresen indicates that this phenomenon may
account for the tilted moment.”"”** 2D materials, with reduced
dimensionality up to the atomically thin level, exhibit
exceptional physical properties, such as the enhancement of
critical temperature in 2H-TaS,,”*** robust room-temperature
ferroelectricity,”**’ and enhanced charge-density-wave tran-
sition temperature.28 However, as the dimension is reduced,
the decrease of T, is a universal trend in ferromagnetic
semiconductors (Cr,Ge,Teg and Crl;)*° and metallic
ferromagnets (Fe;GeTe,, Ni, Fe, Co, and Nb/Gd).””~**

In this work, we realize the synthesis of 1, 2, and 4 unit cell
(UC) Cr,Te, single-crystal and millimeter-scale single crystal
via van der Waals epitaxy on a mica substrate. Interestingly, an
anomalous thickness-dependent T, is discovered where the
thinner Cr,Te; shows a higher T, value. Moreover, with the
reduced thickness up to 7.1 and 5.5 nm, the hall resistance
(R,,) exhibits an obvious hysteresis loop until the temperature
increases to 280 K. The nonzero remanent Hall resistance (R,)
is still observed at 280 K, which provided unambiguous
evidence for the existence of spontaneous magnetization at
room temperature. More importantly, the T, is enhanced
strongly from 160 K in the thick flake (40.3 nm) to 280 K in
the 4 UC Cr,Te; (5.5 nm). When compared with its bulk
counterpart, the Bragg peaks in 2D Cr,Te; shows slight shift
toward a higher degree than bulk, which indicates that the
lattice parameter along the c-axis of 2D Cr,Te; is smaller than
that in the bulk. This result is consistent with our density
functional theory (DFT) calculation and further confirms that
the higher T, observed in ultrathin Cr,Te; (compared to bulk)
probably originates from the decrease in lattice parameter that
resulted from the reconstruction of Cr,Te;.

Result and Discussion. The millimeter-scale Cr,Te; (over
0.93 mm) is prepared by atmospheric pressure chemical vapor
deposition (APCVD) (Figure S1b; see Methods section). Also,
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Cr,Te; that exhibits a large size (greater than 190 ym) and a
thickness approximately 5.1 nm is grown using a similar
technique (see Figure 1c and Figure S2c). The inset of Figure
1c shows the large-sized Cr,Te; of more than 0.73 mm with a
thickness of 19.5 nm. According to the theoretical model
(Figure 1b), the size of the 1 UC is estimated to be 1.207 nm.
Combining the height profile of an atomic force microscopy
(AFM) measurement with the theoretical model, it can be
inferred that the sample with the thicknesses of 1.6, 3.1, and
5.1 nm are 1, 2, and 4 UC, respectively (Figure 1d and Figure
S2b,c). Note that the Cr,Te; with the thickness of 1 UC is
almost invisible via optical microscopy. The high-resolution
transmission electron microscopy (HRTEM) images of Cr,Te;
are shown in Figure le. The distinct lattice constant with a
spacing of 0.197 nm is observed, which matches exactly with
the (300) plane of Cr,Te; according to the PDF card
(PDF#71-2245). Furthermore, the selected area electron
diffraction (SAED) result indicates that the Cr,Te; exhibits
hexagonal crystal structures. The X-ray diffraction (XRD)
pattern of Cr,Te; (Figure 1f), which is transferred to the SiO,/
Si substrate, matches well with the standard PDF card (PDF#
71-2245). In addition, the XRD pattern only shows (00X)
peaks, which suggests that the crystal surface is perpendicular
to the c-axis. According to the HRTEM and SAED analysis
[(hk0) plane], the distinct lattice and a set of diffraction spots
demonstrate that the Cr,Te; is one single domain in these
planes, which shows the labels of the corresponding lattice
indices in Figures S3 and S4. In addition, regular triangular
characters (as shown in Figure S3a) and sharp XRD diffraction
patterns [(001) peaks] further verify the high crystallization
quality of Cr,Te; flakes. Furthermore, we select two Cr,Te,
flakes on a random basis, and then we confirm that the SAED
patterns at the same triangular Cr,Te; in different regions
exhibit nearly identical crystallographic orientations (error
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Figure 2. Magnetic properties and electrical transport measurements of Cr,Te;. (a,b) Temperature-dependent magnetic susceptibility measured on
mica substrates with a field of 0.1 T for out-of-plane and in-plane. The ultrathin and thick Cr,Te; are randomly distributed on the mica substrate.
(c,d) Field-dependent magnetization on mica substrates at some specific temperature with applied field from —7 to +7 T for out-of-plane and in-
plane, respectively. (e) Temperature-dependent electrical transport measurements of longitudinal resistance (R,,) as thicknesses are varied.

within +0.09°), as shown in Figures S3 and S4. Therefore,
with combined regular triangular characters, sharp XRD, and
diffraction patterns, we demonstrate that each triangular crystal
has essentially one single domain in these planes. When the
SAED patterns are captured, the instrument automatically
corrects the brightness. Therefore, the SAED patterns obtained
exhibit variations in the peak intensities at different positions.
In addition, the wrinkle of Cr,Te; also affects the peak
intensities. Further, we selected five Cr,Te; flakes on a random
basis. A set of diffraction spots with hexagonal crystal
structures demonstrates that all Cr,Te; is the same crystal
structure, as shown in Figures SS and S6. The (300) lattice
constant of all samples is about 0.197 nm. The XRD patterns
show consistent (001) peaks. Therefore, we demonstrate that
the triangular Cr,Te; is single crystal, and all Cr,Te; exhibit
the same crystalline phase. From the XRD and TEM analyses,
it can be deduced that only a single phase is present. The
binding energies of two elements (Cr and Te) are very close;
hence, the stoichiometric relation cannot be achieved via X-ray
photoelectron spectroscopy. We can estimate the chemical
composition via transmission electron microscopy and energy-
dispersive X-ray spectroscopy (TEM-EDX), and the stoichio-
metric ratio of Cr and Te is approximately 2:3.04. We identify
the stoichiometric relation by comparing the structural
characteristics between our sample and other Cr—Te
compounds, then, we find that the PDF card (PDF# 71-
2245) of Cr,Te; has the greatest similarity with our sample’s
XRD pattern and TEM analysis. Further, the TEM mapping
indicates the uniform distribution of Cr and Te elements
throughout the whole crystal (Figure S7). There is no
indication that the Cr or Te element is concentrated at the
surface.

The magnetization measurements performed using the as-
synthesized ultrathin and thick Cr,Te; are shown in Figure
2a—d, where ultrathin and thick flakes are randomly distributed
on the mica substrate. The magnetic susceptibility behavior for
both in-plane and out-of-plane is similar, where they show two
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magnetic phase transitions and have similar temperature values
in every transition, as shown in Figure 2a,b and Figure S10a,b.
In the case of the out-of-plane direction, a room-temperature
magnetic phase transition appears at about T_u;, = 300 K
(T'cnin = 301 K for in-plane). Also, decreasing the
temperature to about Ty = 185 K (T' e = 189 K for
in-plane) abruptly increases the magnetic susceptibility.
Furthermore, small hysteresis is observed at 190, 250, and
300 K when the corresponding temperature is below T 4, and
above T ;g as shown in Figure 2¢ and Figure S8a,b. From
the y—T and M—H data, Cr,Te; shows a ferromagnetic-like
behavior. Below T g, a strong magnetization occurs with a
near saturation value of about 0.015 emu at 2 K and 7 T, and
there is a magnetization value of 0.0086 emu at 7 T until 190
K. However, when this temperature exceeds about 300 K,
Cr,Te; has a paramagnetic order with a linear field-dependent
magnetization. However, in the in-plane direction, although
the magnetic properties are similar to those of the out-of-plane
direction, there are still have some differences. First, the value
of magnetic susceptibility within the ab plane (in-plane) is near
7 times lower than that along the c-axis (out-of-plane)
direction with the temperature range from 2 to 350 K.
Additionally, within the temperature range of 280—220 K, the
susceptibility within the ab plane decreased with decreasing
temperature, which is different from that along the c-axis
direction: the susceptibility is monotonically increased with
decreasing temperature. On the other hand, below 1 T, the
moment along the c-axis increases sharper than that in the ab
plane; as the magnetic susceptibility further increases, the
moment along the c-axis becomes nearly saturated, but that in
the ab plane still rapidly increases. According to those
phenomena, Cr,Te; film shows strong magnetocrystalline
anisotropy, and the easy magnetization axis of the magnetic
phase transition near 300 K is probably along the [001] (c-
axis) direction, which means that below T 4, (or T’ ) the
magnetic moment will turn to the [001] direction gradually.
Therefore, along the c-axis direction, the susceptibility
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Figure 3. Magnetic transport measurements. (a) External magnetic field (H) dependence Hall electrical resistivity Pay as thicknesses are varied. (b—
d) H-dependent R,, with thicknesses of 40.3 and 5.5 nm at different temperature; the purple solid line is a guide for the eyes in (c). There is still
hysteresis at 280 K, with a thickness of 5.5 nm, which provided unambiguous evidence for the existence of spontaneous magnetization at room
temperature. (e) T-dependent remanent Hall electrical resistivity (p,) for different thicknesses. (f) Phase diagram of Cr,Te;. We extract remanent
Hall resistance (R,) at zero field, which can be used to estimate the T.. The ferromagnetism phase transition temperature increases when the
thickness of Cr,Te; is decreased and is enhanced strongly when the thickness is less than 7.1 nm.

continuously increases with decreasing temperature, but within
the ab plane, the susceptibility increases at first instantly and
decreases gradually, which is also consistent with the y—T data.
In order to exclude the mechanism of the room-temperature
magnetic transition that might originate from the substrate or
the interaction between the substrate and the sample, different
samples with mica and SiO, substrates were measured. The
field-dependent magnetization is shown in Figure S8a—c,
which shows the ferromagnetic-like behavior. As displayed in
Figure 2a,b, the magnetic susceptibilities show the same order
of magnitude in two transitions for both in-plane and out-of-
plane. The weight of Cr,Te; grown by the CVD method,
including the mica substrates, was about 0.92 mg. Hence, the
saturation moment of Cr,Te; can be roughly estimated to be
about 14.0 and 2.3 emu/g at 50 and 300 K, respectively, and
with 3 T (out-of-plane). This result is similar to the reported
saturation moment of Crj4,Te, which is about 40 emu/g at 5
K.** In MoS, and graphite,””*° the saturation moment is about
1073 to 1072 emu/ g when the temperature is lower than the
magnetic order temperature, T, which is 3 or 2 orders of
magnitude smaller than that in Cr,Te; below T_;,. On the
other hand, the strongly temperature-dependent coercivity also
indicates the defect-induced ferromagnetism is not domi-
nated.*>"’

The electrical transport measurements of longitudinal
resistance (R,,) were performed from 390 to 10 K. The
electrical resistivity, which is defined as p = R,,S/L (where S is
the cross-sectional area and L represents the longitudinal
length of devices) for the thick Cr,Te; with a thickness of 40.3
nm, decreases monotonously with decreasing temperature in
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the whole temperature range (Figure 2e). Furthermore, the
Cr,Te; exhibits obvious metallic behavior when the thickness
is reduced from 40.3 to 16.7 nm. The kinks were observed
around 170 K, matching the ferromagnetism phase transition
temperature (TC). Then, magnetic transport measurements
were carried out for further extracting T via anomalous Hall
effect (AHE). The AHE usually appears in ferromagnetic
materials in which the time-reversal symmetry is broken.*®
Basically, the Hall resistance (R,,) can be ascribed to the
anomalous Hall resistance (R,y) and the normal Hall
resistance (Ryy). Hence, R,, = RoH, + RM,, where R, and
Rg are coeflicients, and H, and M, are perpendicular field and
magnetization, respectively.”*® The anomalous Hall resistance
originates from spontaneous magnetization. Also, the normal
Hall resistance has a proportional relationship with H,, derived
from the Lorentz force. The spontaneous magnetization
arouses a nonzero Hall response at zero magnetic field.
Hence, we extract remanent Hall resistance (R,) at zero field,
which can be used to estimate the T.. The extracted thickness-
dependent Hall electrical resistivity, p,, = R,,S/L,,, is shown in
Figure 3a. The thinner Cr,Te;, including 11.2 and 17.2 nm
thicknesses, exhibit more obvious anomalous Hall effect
compared to that with the thick Cr,Te; (32.8, 36.6, and 40.3
nm). Furthermore, we can estimate the T. according to
nonzero Hall response at zero magnetic field. Interestingly, an
anomalous thickness-dependent T, is discovered. As the
dimensions of the ferromagnet are decreased, a strong decrease
in T, is quite common because of the domination of interlayer
magnetic coupling.”*”*° In our specific case, the thinner
Cr,Te; shows a higher ferromagnetism phase transition
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Figure 4. Theoretical model for anomalous T.. (a) Four kinds of structures with different exposed atoms at the surface. (b) Exposed atoms
dependent on Curie temperature and the energy difference between ferromagnetic state and antiferromagnetic state Epyapy () XRD spectra of
bulk and 2D Cr,Te; on a mica substrate. The (002) and (004) Bragg peaks of 2D Cr,Te; shift to higher degree than bulk, which indicates that the

lattice parameter of 2D Cr,Te; is smaller than that of bulk.

temperature. In our condition, the magnetism of Cr,Te;
behaves as the bulk when the thickness is above 40 nm,
according to the nonzero Hall response at zero magnetic field.
The T, which is extracted via nonzero Hall response at 0
(Oe), is about 180, 170, 16S, and 160 K for corresponding
thickness of 11.2, 17.2, 36.6, and 40.3 nm, respectively (see
Figure 3a,b and Figure S12b,d,e). The T, of Cr,Te; decreases
from 180 to 160 K when the thickness increases from the 2D
limit (approximately 11.2 nm) to bulk (approximately 40.3
nm). In addition, the Hall resistance exhibits classical
rectangular hysteresis loops below 100 K when a perpendicular
magnetic field is applied using a Cr,Te; sample with a
thickness of 40.3 nm (Figure 3b). When the temperature
increases to 160 K, we also observe warp and remanent Hall
resistance at zero magnetic field.

With a reduced thickness up to 5.5 nm, the R,, exhibits
obvious hysteresis loops until the temperature is increased to
280 K (Figure 3c,d). The nonzero R, is still observed at 280 K,
which provides unambiguous evidence for the existence of
spontaneous magnetization at room temperature. Significantly,
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the T, enhances strongly from 160 K in the thick flake (40.3
nm) to 280 K in the 4 UC Cr,Te; (5.5 nm). In addition, this
result exhibits good repeatability. As shown in Figure S14, the
thicker 7.1 nm Cr,Te; also exhibits room-temperature
ferromagnetism with nonzero R, at 280 K. The strongly
temperature-dependent coercivity via an anomalous Hall effect
further demonstrates that the defect-induced ferromagnetism is
not responsible for room-temperature ferromagnetism.'®"’
Figure 3e shows the T-dependent remanent Hall electrical
resistivity (p,) for different thicknesses. Accordingly, the
thinner Cr,Te; exhibit more obvious remanent Hall electrical
resistivity compared to that of the thick Cr,Te;. For the
thinner samples, the remanent Hall resistivity decreases with
the temperature when it is below 170 K. We think that it
probably originates from the reorientation of a magnetic
moment, which is kept away from the [001] direction as the
temperature is decreased to less than 170 K. We extract
remanent Hall resistance (R,) at zero field. The remanent Hall
resistance (R,) can be ascribed to R, = RM,, with coefficients
R, and magnetization M,. Due to the reorientation of the

https://dx.doi.org/10.1021/acs.nanolett.9b05128
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Table 1. Detailed Calculating Data, Including the Calculated Energy of Ferromagnetic State Egy and Antiferromagnetic State
E,pyvy Energy Difference between Ferromagnetic State and Antiferromagnetic State Epyyapy, Formation Energy Eg,., and

Curie Temperature T,

structure thickness (A) Epy (eV) Eupm (eV)
I 50.2 —435.675 —433.822
II 50.3 —447.743 —445.778
1II 53.2 —474.266 —472.867
v 53.3 —454.53S —452.889
bulk [+ —107.482 —107.198

Ernviary (meV/Cr atom) Eform (eV/atom) T. (K)
—56.1 —0.667 379.7
—-56.1 —0.628 379.8
—40.0 —0.672 270.3
—49.9 —0.621 337.5
—-358.5 —0.691 160.0

magnetic moment, the remanent moment along the [001]
direction will also decrease, which will result in the decrease of
the remanent Hall resistivity. Based on the thickness-
dependent T, displayed in Figure 3f, we noticed that the
ferromagnetism phase transition temperature of Cr,Te;
increases when its thickness decreases, and it is strongly
enhanced when the thickness is less than 7.1 nm. The 4 UC
Cr,Te; (5.5 nm) shows obvious hysteresis loops at low
temperature and a strongly temperature-dependent coercive
field, as shown in Figure S12f.

To understand the underlying physical mechanisms of
anomalous thickness-dependent T, we constructed four
models with different surfaces, named I, II, III, and IV. The
thicknesses in these models are approximately S nm, as shown
in Figure 4a. In order to determine the ground state of these
four models, we calculated the total energy of their
ferromagnetic and antiferromagnetic states (see Table 1). We
find the four models and the bulk model present ferromagnetic
ground states, no matter which kind of atom is exposed to the
surface. In other words, the ferromagnetic ground states of the
material are independent of the atomic configuration at the
surface. However, the energy difference between the
ferromagnetic state and the antiferromagnetic state is different
for the four models, which suggests different T. could exist.
The calculated values of T, are shown in Figure 4b and Table
1. The theoretical results are larger than that measured in the
experiment, which can be attributed to the actual complexity
and accuracy of theoretical calculations.*”*’ Thus, we
introduce a heuristic scaling factor of 0.583 to calibrate the
theoretical T. values, and the T values reduce to 379.7, 379.8,
270.3, 337.5, and 160.0 K for models I, II, III, IV, and bulk,
respectively. Intere