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ABSTRACT: The manipulation of magnetism provides a unique
opportunity for the development of data storage and spintronic
applications. Until now, electrical control, pressure tuning, stacking
structure dependence, and nanoscale engineering have been
realized. However, as the dimensions are decreased, the decrease
of the ferromagnetism phase transition temperature (Tc) is a
universal trend in ferromagnets. Here, we make a breakthrough to
realize the synthesis of 1 and 2 unit cell (UC) Cr2Te3 and discover
a room-temperature ferromagnetism in two-dimensional Cr2Te3.
The newly observed Tc increases strongly from 160 K in the thick
flake (40.3 nm) to 280 K in 6 UC Cr2Te3 (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 Cr2Te3 could result in anomalous
thickness-dependent Tc. This dimension tuning method opens up a new avenue for manipulation of ferromagnetism.

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

The 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.1 The defect-induced magnetism based on
nonmagnetic graphene has been extensively researched.2,3

Recent reports have revealed the intrinsic long-range
ferromagnetic order in atomically thin insulating Cr2Ge2Te6,

4

CrI3,
5 and metallic Fe3GeTe2

6,7 and VSe2,
8 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, Tc, and
antiferromagnet−ferromagnet transitions have been the most
extensively studied in ferromagnetic semiconductors and
metallic ferromagnets (CrI3, Cr2Ge2Te6, (Ga,Mn)As,
Fe3GeTe2).

6,9−13 In particular, the Tc of Fe3GeTe2 increases
to room temperature via an additional ionic gate.6 The
pressure-induced antiferromagnetic-to-ferromagnetic transition
is reported in bilayer CrI3.

14,15 Moreover, the ferromagnetic or
antiferromagnetic order of bilayer CrBr3 can also be
determined with a stacking structure via different interlayer
magnetism.16 The Tc of MnxGe1−x nanomesh drastically
increases, benefiting from the decreased mesh width, in

which the quantum confinement effect in low-dimensionality
MnxGe1−x nanomesh can strongly enhance the exchange
coupling.17,18 Recent experiments have also revealed that a
local puncture can induce a substantially enhanced magnet-
ization.19 Molecular beam epitaxy (MBE)-grown monolayer
VSe2 with a small crystal size generates room-temperature
ferromagnetism, whereas its bulk counterpart is paramagnetic.8

The magnetic properties of bulk chromium(III) telluride
(Cr2Te3) have been carefully studied; the chemical composi-
tion and crystal structure dominate the ferromagnetic proper-
ties (Tc is about 195 K).20 The neutron diffraction revealed a
ferromagnetic ordering process of bulk Cr2Te3 along the c-axis
and discovered intrinsic contraction of the unit cell as the
temperature decreases.21,22 The average magnetic moment is
only about 2.7 μB in this material, which is smaller than that for
three unpaired electrons in the Cr3+ ion. Goodenough suggests
that this decrease possibly originated from a spiral anti-
ferromagnetic spin arrangement, and an alternative mechanism
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proposed by Andresen indicates that this phenomenon may
account for the tilted moment.21,23 2D materials, with reduced
dimensionality up to the atomically thin level, exhibit
exceptional physical properties, such as the enhancement of
critical temperature in 2H-TaS2,

24,25 robust room-temperature
ferroelectricity,26,27 and enhanced charge-density-wave tran-
sition temperature.28 However, as the dimension is reduced,
the decrease of Tc is a universal trend in ferromagnetic
semiconductors (Cr2Ge2Te6 and CrI3)

4,5 and metallic
ferromagnets (Fe3GeTe2, Ni, Fe, Co, and Nb/Gd).29−33

In this work, we realize the synthesis of 1, 2, and 4 unit cell
(UC) Cr2Te3 single-crystal and millimeter-scale single crystal
via van der Waals epitaxy on a mica substrate. Interestingly, an
anomalous thickness-dependent Tc is discovered where the
thinner Cr2Te3 shows a higher Tc value. Moreover, with the
reduced thickness up to 7.1 and 5.5 nm, the hall resistance
(Rxy) exhibits an obvious hysteresis loop until the temperature
increases to 280 K. The nonzero remanent Hall resistance (Rr)
is still observed at 280 K, which provided unambiguous
evidence for the existence of spontaneous magnetization at
room temperature. More importantly, the Tc is enhanced
strongly from 160 K in the thick flake (40.3 nm) to 280 K in
the 4 UC Cr2Te3 (5.5 nm). When compared with its bulk
counterpart, the Bragg peaks in 2D Cr2Te3 shows slight shift
toward a higher degree than bulk, which indicates that the
lattice parameter along the c-axis of 2D Cr2Te3 is smaller than
that in the bulk. This result is consistent with our density
functional theory (DFT) calculation and further confirms that
the higher Tc observed in ultrathin Cr2Te3 (compared to bulk)
probably originates from the decrease in lattice parameter that
resulted from the reconstruction of Cr2Te3.
Result and Discussion. The millimeter-scale Cr2Te3 (over

0.93 mm) is prepared by atmospheric pressure chemical vapor
deposition (APCVD) (Figure S1b; see Methods section). Also,

Cr2Te3 that exhibits a large size (greater than 190 μm) 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 Cr2Te3 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 Cr2Te3 with the thickness of 1 UC is
almost invisible via optical microscopy. The high-resolution
transmission electron microscopy (HRTEM) images of Cr2Te3
are shown in Figure 1e. The distinct lattice constant with a
spacing of 0.197 nm is observed, which matches exactly with
the (300) plane of Cr2Te3 according to the PDF card
(PDF#71-2245). Furthermore, the selected area electron
diffraction (SAED) result indicates that the Cr2Te3 exhibits
hexagonal crystal structures. The X-ray diffraction (XRD)
pattern of Cr2Te3 (Figure 1f), which is transferred to the SiO2/
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 Cr2Te3 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 [(00l) peaks] further verify the high crystallization
quality of Cr2Te3 flakes. Furthermore, we select two Cr2Te3
flakes on a random basis, and then we confirm that the SAED
patterns at the same triangular Cr2Te3 in different regions
exhibit nearly identical crystallographic orientations (error

Figure 1. Morphology and structure of Cr2Te3. (a,b) Atomic structure (top and side views) of Cr2Te3. The 1 UC is 1.207 nm. (c) Optical
micrograph images of CVD-grown Cr2Te3 show a large size of >190 μm. The inset shows the large-sized Cr2Te3 of >0.73 mm. (d) AFM image of 1
UC Cr2Te3 (1.6 nm). (e) HRTEM image indicates the (300) lattice constant at 0.197 nm. The SAED shows the hexagonal crystal structures of
Cr2Te3 in the inset of (e). (f) XRD spectra of Cr2Te3 transferred to the SiO2/Si substrate.

Nano Letters pubs.acs.org/NanoLett Letter

https://dx.doi.org/10.1021/acs.nanolett.9b05128
Nano Lett. 2020, 20, 3130−3139

3131

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b05128/suppl_file/nl9b05128_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b05128/suppl_file/nl9b05128_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b05128/suppl_file/nl9b05128_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b05128/suppl_file/nl9b05128_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b05128/suppl_file/nl9b05128_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b05128/suppl_file/nl9b05128_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.9b05128?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.9b05128?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.9b05128?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.9b05128?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.9b05128?ref=pdf


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 Cr2Te3 also affects the peak
intensities. Further, we selected five Cr2Te3 flakes on a random
basis. A set of diffraction spots with hexagonal crystal
structures demonstrates that all Cr2Te3 is the same crystal
structure, as shown in Figures S5 and S6. The (300) lattice
constant of all samples is about 0.197 nm. The XRD patterns
show consistent (00l) peaks. Therefore, we demonstrate that
the triangular Cr2Te3 is single crystal, and all Cr2Te3 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 Cr2Te3 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 Cr2Te3 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

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 Tc‑thin = 300 K
(T′c‑thin = 301 K for in-plane). Also, decreasing the
temperature to about Tc‑thick = 185 K (T′c‑thick = 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 Tc‑thin and
above Tc‑thick, as shown in Figure 2c and Figure S8a,b. From
the χ−T and M−H data, Cr2Te3 shows a ferromagnetic-like
behavior. Below Tc‑thick, 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,
Cr2Te3 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, Cr2Te3 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 Tc‑thin (or T′c‑thin) the
magnetic moment will turn to the [001] direction gradually.
Therefore, along the c-axis direction, the susceptibility

Figure 2.Magnetic properties and electrical transport measurements of Cr2Te3. (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 Cr2Te3 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 (Rxx) as thicknesses are varied.
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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 χ−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 SiO2 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 Cr2Te3 grown by the CVD method,
including the mica substrates, was about 0.92 mg. Hence, the
saturation moment of Cr2Te3 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 Cr0.62Te, which is about 40 emu/g at 5
K.34 In MoS2 and graphite,

35,36 the saturation moment is about
10−3 to 10−2 emu/g when the temperature is lower than the
magnetic order temperature, Tc, which is 3 or 2 orders of
magnitude smaller than that in Cr2Te3 below Tc‑thin. On the
other hand, the strongly temperature-dependent coercivity also
indicates the defect-induced ferromagnetism is not domi-
nated.36,37

The electrical transport measurements of longitudinal
resistance (Rxx) were performed from 390 to 10 K. The
electrical resistivity, which is defined as ρ = RxxS/L (where S is
the cross-sectional area and L represents the longitudinal
length of devices) for the thick Cr2Te3 with a thickness of 40.3
nm, decreases monotonously with decreasing temperature in

the whole temperature range (Figure 2e). Furthermore, the
Cr2Te3 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 Tc via anomalous Hall
effect (AHE). The AHE usually appears in ferromagnetic
materials in which the time-reversal symmetry is broken.38

Basically, the Hall resistance (Rxy) can be ascribed to the
anomalous Hall resistance (RAH) and the normal Hall
resistance (RNH). Hence, Rxy = R0Hz + RsMz, where R0 and
RS are coefficients, and Hz and Mz are perpendicular field and
magnetization, respectively.6,38 The anomalous Hall resistance
originates from spontaneous magnetization. Also, the normal
Hall resistance has a proportional relationship with Hz, derived
from the Lorentz force. The spontaneous magnetization
arouses a nonzero Hall response at zero magnetic field.
Hence, we extract remanent Hall resistance (Rr) at zero field,
which can be used to estimate the Tc. The extracted thickness-
dependent Hall electrical resistivity, ρxy = RxyS/Lxy, is shown in
Figure 3a. The thinner Cr2Te3, including 11.2 and 17.2 nm
thicknesses, exhibit more obvious anomalous Hall effect
compared to that with the thick Cr2Te3 (32.8, 36.6, and 40.3
nm). Furthermore, we can estimate the Tc according to
nonzero Hall response at zero magnetic field. Interestingly, an
anomalous thickness-dependent Tc is discovered. As the
dimensions of the ferromagnet are decreased, a strong decrease
in Tc is quite common because of the domination of interlayer
magnetic coupling.4,29,30 In our specific case, the thinner
Cr2Te3 shows a higher ferromagnetism phase transition

Figure 3.Magnetic transport measurements. (a) External magnetic field (H) dependence Hall electrical resistivity ρxy as thicknesses are varied. (b−
d) H-dependent Rxy 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 (ρr) for different thicknesses. (f) Phase diagram of Cr2Te3. We extract remanent
Hall resistance (Rr) at zero field, which can be used to estimate the Tc. The ferromagnetism phase transition temperature increases when the
thickness of Cr2Te3 is decreased and is enhanced strongly when the thickness is less than 7.1 nm.
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temperature. In our condition, the magnetism of Cr2Te3
behaves as the bulk when the thickness is above 40 nm,
according to the nonzero Hall response at zero magnetic field.
The Tc, which is extracted via nonzero Hall response at 0
(Oe), is about 180, 170, 165, 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 Tc of Cr2Te3 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 Cr2Te3 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 Rxy exhibits

obvious hysteresis loops until the temperature is increased to
280 K (Figure 3c,d). The nonzero Rr is still observed at 280 K,
which provides unambiguous evidence for the existence of
spontaneous magnetization at room temperature. Significantly,

the Tc enhances strongly from 160 K in the thick flake (40.3
nm) to 280 K in the 4 UC Cr2Te3 (5.5 nm). In addition, this
result exhibits good repeatability. As shown in Figure S14, the
thicker 7.1 nm Cr2Te3 also exhibits room-temperature
ferromagnetism with nonzero Rr 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.18,19

Figure 3e shows the T-dependent remanent Hall electrical
resistivity (ρr) for different thicknesses. Accordingly, the
thinner Cr2Te3 exhibit more obvious remanent Hall electrical
resistivity compared to that of the thick Cr2Te3. 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 (Rr) at zero field. The remanent Hall
resistance (Rr) can be ascribed to Rr = RsMz, with coefficients
Rs and magnetization Mz. Due to the reorientation of the

Figure 4. Theoretical model for anomalous Tc. (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 EFM‑AFM. (c) XRD spectra of
bulk and 2D Cr2Te3 on a mica substrate. The (002) and (004) Bragg peaks of 2D Cr2Te3 shift to higher degree than bulk, which indicates that the
lattice parameter of 2D Cr2Te3 is smaller than that of bulk.
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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 Tc displayed in Figure 3f, we noticed that the
ferromagnetism phase transition temperature of Cr2Te3
increases when its thickness decreases, and it is strongly
enhanced when the thickness is less than 7.1 nm. The 4 UC
Cr2Te3 (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 Tc, we constructed four
models with different surfaces, named I, II, III, and IV. The
thicknesses in these models are approximately 5 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 Tc could exist.
The calculated values of Tc 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.39,40 Thus, we
introduce a heuristic scaling factor of 0.583 to calibrate the
theoretical Tc values, and the Tc values reduce to 379.7, 379.8,
270.3, 337.5, and 160.0 K for models I, II, III, IV, and bulk,
respectively. Interestingly, the Tc of ultrathin Cr2Te3 is higher
than the bulk one, which is consistent with the experimental
results.
The mechanism of room-temperature ferromagnetism in 2D

Cr2Te3 is an open question. The possible origin may be
attributed to a doping mechanism or reconstruction of 2D
Cr2Te3. The exposed atoms on the surface can result in slightly
different surface stoichiometries, which could be a mere doping
effect. When Cr2Te3 approaches the 2D limit, the mere doping
effect can tune ferromagnetism, but the mere doping effect is
negligible for bulk Cr2Te3. This is consistent with the seminal
paper by Haraldsen,20 in which the Tc of the Cr−Te system
exhibits an extremely high sensitivity to Te element content.
According to our theoretical calculation, the Te element
content will be changed owing to the exposed atoms on the
surface when Cr2Te3 approaches the 2D limit. However, the
change of Te element content with different exposed atoms on
the bulk Cr2Te3 is negligible. When Cr2Te3 approaches the 2D
limit, the change of Te element content may result in the
change of Tc.

21 In fact, the change of Te element content can
result in the change of Tc indeed, with a thickness similar to

that in our theoretical model. However, we are unable to
access precise element analysis for identifying the stoichio-
metric compound of each thickness at the present stage.
Significantly, the Tc of all samples obeys the law that the Tc of
the Cr2Te3 increases when the thickness decreases from 40.3 to
5.5 nm. An anomalous thickness-dependent Tc is discovered.
The thinner Cr2Te3 shows higher Tc via analysis of all samples.
Therefore, the enhancement of Tc is related to the thickness.
The entire structure was compressed via theoretical calcu-
lations, and the biggest change of nearest Cr atoms along the c-
axis appears on the surface. The distances of surface nearest Cr
atoms along the c-axis are 3.007, 3.173, 3.159, and 3.086 Å in
models I, II, III, and IV, respectively. The distances of center
nearest Cr atoms along the c-axis are 3.215, 3.216, 3.219, and
3.214 Å in models I, II, III, and IV, respectively. The distance
of nearest Cr atoms along the c-axis is 3.220 Å in the bulk. The
weak interaction between substrates and Cr2Te3 in van der
Waals epitaxy does not result in a change of lattice parameters.
However, owing to the nonlayered character of Cr2Te3,
dangling bonds of nonlayered Cr2Te3 possess high energy,
which result in the reconstruction and change of lattice
parameters. The distance of nearest atoms (Cr) in ultrathin
Cr2Te3 becomes nearer owing to reconstruction, especially
surface reconstruction.
According to the Heisenberg’s model

∑= − ≠E J S S i j( )
i j

ij i j
,

where Si and Sj represent the spin of the ions in i and j sites,
respectively. Jij is the exchange integral between the different
ions i and j, which can be written as follows:

∫ ϕ ϕ ϕ ϕ
π

= * * =J r r V r r r r r V r
Ke

r
( ) ( ) ( ) ( ) ( )d d , ( )

4ij i i j j ij i i j j i j ij
ij

2

where rij is the distance between atoms i and j and V(rij) is the
Coulomb interaction potential.
With the exchange integral value of the Jij increasing with the

distance rij decreasing, considering the mean-field approx-
imation, the Curie temperature Tc can be estimated by solving
the following equation:41,42

∑⟨ ⟩ =
+

⟨ ⟩S
S S

k T
J S

( 1)
3i

Z i i

j
ij j

Z

B

Here, kB is the Bolzmann constant. The Tc can be obtained
from the largest eigenvalue of the matrix Θij = Si(Si + 1)Jij/3kB.
In this case, the Tc will increase with the increasing Jij. Hence,
the Curie temperature of ultrathin Cr2Te3 will be higher than
that of the ideal bulk Cr2Te3. The XRD pattern only shows
(00X) peaks, which suggests the crystal surface is perpendic-
ular to the c-axis. From Figure 4c, we can see that the (002)
and (004) Bragg peaks of 2D Cr2Te3 shift to a higher degree

Table 1. Detailed Calculating Data, Including the Calculated Energy of Ferromagnetic State EFM and Antiferromagnetic State
EAFM, Energy Difference between Ferromagnetic State and Antiferromagnetic State EFM‑AFM, Formation Energy Eform, and
Curie Temperature Tc

structure thickness (Å) EFM (eV) EAFM (eV) EFM‑AFM (meV/Cr atom) Eform (eV/atom) Tc (K)

I 50.2 −435.675 −433.822 −56.1 −0.667 379.7
II 50.3 −447.743 −445.778 −56.1 −0.628 379.8
III 53.2 −474.266 −472.867 −40.0 −0.672 270.3
IV 53.3 −454.535 −452.889 −49.9 −0.621 337.5
bulk ∞ −107.482 −107.198 −35.5 −0.691 160.0
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than bulk, which indicates that the lattice parameter along the
c-axis of 2D Cr2Te3 is smaller than that of the bulk. This
experimental result is consistent with the DFT calculation
result and confirms that the higher Tc of 2D Cr2Te3 (compared
to that of the bulk) probably originates from the decrease of
the lattice parameter that resulted from the reconstruction of
2D Cr2Te3. From the calculation of XRD data, the specific
interplanar distances d(001) of 2D and bulk Cr2Te3 are 11.994 ±
0.005 and 12.109 ± 0.001 Å, respectively. The specific
interplanar distance d(001) of 2D Cr2Te3 exhibits a value smaller
than that of bulk Cr2Te3, and the difference between 2D and
bulk Cr2Te3 is about 0.115 Å. According to the DFT
calculation, the d values of 2D and bulk Cr2Te3 are 12.57
and 12.88 Å. The variation tendency is consistent with the
XRD analysis, and the difference between 2D and bulk Cr2Te3
is about 0.310 Å, which is comparable to the results calculated
by the XRD data. Based on those data, we speculate that the
anomalous thickness dependence of Tc probably originates
from the reconstruction, but we cannot rule out the doping
mechanism. The (00l) peak of 2D and bulk Cr2Te3 synthesized
by CVD exhibits similar positions and relative height with
Cr2Te3 PDF card (PDF# 71-2245), so the synthesized Cr2Te3
probably has the same structure with the previous reports as
shown by the PDF card. Because the weight of Cr2Te3 powder
grown by CVD is not enough, it is hard to get the powder
XRD pattern of 2D and bulk Cr2Te3 at the present stage.
In order to compare the stability of these structures, we also

calculate the formation energy. The results show that model III
(Cr1.94Te3) exhibits minimum formation energy, and the Tc
increases strongly from 160.0 K in the bulk to 270.3 K, which
is very close to our experimental result. This can be ascribed to
a larger energy difference between the ferromagnetic state and
the antiferromagnetic state. Therefore, we presume that the
room-temperature ferromagnetism originates from the recon-
struction which brings about a sharp increase in Tc.
Conclusion. In summary, we fabricated 1, 2, and 4 UC

Cr2Te3 single crystals and revealed a room-temperature
ferromagnetism in ultrathin Cr2Te3. An anomalous thickness-
dependent Tc is also discovered. The newly observed Tc
increases strongly from 160 K in the thick flake (40.3 nm)
to 280 K in the 6 UC Cr2Te3 (7.1 nm). The magnetization
measurements and robust Hall effect provide unambiguous
evidence for the existence of spontaneous magnetization at
room temperature. The large saturation moment and strongly
temperature-dependent coercivity indicate that the room-
temperature ferromagnetism is the intrinsic characteristic. The
theoretical model indicates the reconstruction bring about
anomalous thickness-dependent Tc. The dimension tuning
method paves a way for investigating the fundamental studies
in 2D ferromagnetism and designing new van der Waals
spintronic architecture.
Methods. Growth of Large-Sized Cr2Te3. To obtain

Cr2Te3, the atmospheric pressure chemical vapor deposition
(APCVD) method was employed. In the typical synthesis, the
tellurium powder (200 mesh, 99.999%) and chromium(III)
chloride (CrCl3 98%) were used as precursor materials.
Initially, the quartz tube was kept in a two-zone furnace. The
Te was placed in the front zone at 550 °C, and the mixture of
CrCl3 and NaCl was placed behind at 850 °C. The mica
substrate was then kept near the CrCl3 powder. For the
synthesis of this material, a constant flow rate of 150 sccm was
maintained, and H2 and Ar were used as the carrier gas.

Fabrication of Devices. Benefiting from the large size of
Cr2Te3, the atomically flat Au electrodes with a thickness of
150 nm can be transferred to the Cr2Te3 via a probe. The
probe adheres Au electrodes via a Ga−In alloy and then
releases the Au electrodes on target flakes. The atomically flat
Au electrodes were fabricated by thermal evaporation via a
shadow mask on SiO2/Si substrates. The poly(methyl
methacrylate) (PMMA) was spin-coated on target substrates,
which can contribute to tight contact between Au electrodes
and flakes. The Au wires are in contact with Au electrodes with
conductive silver adhesives. According to the HRTEM, XRD,
and SAED analysis, we demonstrate that the regular triangular
Cr2Te3 represents a single-crystal characteristic. When the
transport measurements were executed, the Cr2Te3 with a
regular triangle was used to fabricate the devices.

Characterizations. When the X-ray diffraction measure-
ment was carried out, Cr2Te3 was transferred to the SiO2/Si
substrate from mica (mica showed a large number of XRD
peaks). PMMA was spin-coated on Cr2Te3/mica substrates
and used as the supporting film. Deionized water facilitates the
separation of PMMA/Cr2Te3 and mica substrates. Signifi-
cantly, the transfer of crystals can result in damage to the
sample. Therefore, all electrical transport characterization of
Cr2Te3 was carried out on mica substrates. The microstructure
morphology of the as-synthesized material was examined with
an optical microscope (Leica). The thickness was measured by
atomic force microscopy (Asylum Research MFP-3D Infinity).
The X-ray diffractometer (D8 Focus, Bruker) was used to
identify the crystal structure. Transmission electron micros-
copy (Tecnai G2 F20 FEI) was used for achieving lattice
constant and element distribution.

Magnetic Property Measurements. The magnetic suscept-
ibility and magnetization measurements were carried out using
a superconducting quantum interference device magnetometer
(Quantum Design, MPMS-VSM). Two modes (zero field
cooling and field cooling) were used to measure the magnetic
susceptibility at 0.1 T. In-plane, magnetic susceptibility studies
were carried out within the temperature range from 2 to 390 K,
and the magnetization was measured at temperatures of 2, 50,
190, 250, 300, and 350 K by a magnetic field from −7 to +7 T.
Out-of-plane, the temperature range of magnetic susceptibility
was 2−350 K, and the magnetization was measured at some
selected temperatures (2, 50, 190, 250, 300, and 350 K) by the
magnetic field from −7 to +7 T.

Electrical and Magnetic Transport Measurements. The
resistivity was collected by a pulse relaxation method on a
physical property measurement system calorimeter (Quantum
Design, PPMS-9T) varying from 390 to 10 K for different
samples with varied thickness. The Hall electrical resistivity
(ρxy) was measured by a physical property measurement
system calorimeter (Quantum Design, PPMS-9T) at some
selected temperatures and with varying external magnetic fields
(H) from −5000 to +5000 Oe or −500 to +500 Oe. The
constant current of 100 μA was carried out in those
experiments.

Calculation Methods for Anomalous Thickness-Depend-
ent Tc. Here, in order to verify our experimental results and to
analyze the physical mechanism, we carried out a theoretical
simulation using the VASP (Vienna ab initio simulation)
package based on density functional theory.43,44 The exchange
correlation potential is described with the Perdew−Burke−
Ernzerhof (PBE) of the generalized gradient approximation
(GGA).45 To take into account the correlation effects of Cr 3d
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electrons, the GGA+U method is adopted,46 and the values of
the on-site Coulomb interaction U and exchange interaction J
are set to be 3.0 and 0.9 eV, respectively.47 The electron−ion
potential is modeled with the projector-augmented wave
(PAW) potential.44 The kinetic energy cutoff of the plane
wave is set to be 230 eV for the plane wave expansion. The
Brillouin zone (BZ) integration is carried out using 3 × 3 × 1
Monkhorst−Pack k-point meshes for geometry optimization of
the system.48 The geometry structures are relaxed until the
force on each atom is less than 0.01 eV/Å and the total energy
convergence criteria is chosen as 10−5 eV.
To determine the energetically stable configuration, we

stimulate the formation energy using the following formula:

μ μ= − −E E n n N( )/i i j jform total

where Etotal is the total energy of the structure, ni and nj
represent the number of Te and Cr atoms, respectively, μi and
μj are the chemical potential of Te and Cr atoms, respectively,
and N is the total number of atoms.
Based on the mean-field theory, the Curie temperature is

calculated by the expression49

γ = −k T E E/2B c AFM FM

where γ and kB are the dimension of the system and the
Boltzmann constant,50 respectively.
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G.; Chirolli, L.; Silva-Guilleń, J. A.; Agraït, N.; Steele, G. A.; Guinea,
F.; van der Zant, H. S. J.; Coronado, E. Enhanced superconductivity
in atomically thin TaS2. Nat. Commun. 2016, 7, 11043.
(25) de la Barrera, S. C.; Sinko, M. R.; Gopalan, D. P.; Sivadas, N.;
Seyler, K. L.; Watanabe, K.; Taniguchi, T.; Tsen, A. W.; Xu, X.; Xiao,
D.; Hunt, B. M. Tuning Ising superconductivity with layer and spin−
orbit coupling in two-dimensional transition-metal dichalcogenides.
Nat. Commun. 2018, 9, 1427.
(26) Chang, K.; Liu, J.; Lin, H.; Wang, N.; Zhao, K.; Zhang, A.; Jin,
F.; Zhong, Y.; Hu, X.; Duan, W.; Zhang, Q.; Fu, L.; Xue, Q.-K.; Chen,
X.; Ji, S.-H. Discovery of robust in-plane ferroelectricity in atomic-
thick SnTe. Science 2016, 353, 274−278.
(27) Fei, Z.; Zhao, W.; Palomaki, T. A.; Sun, B.; Miller, M. K.; Zhao,
Z.; Yan, J.; Xu, X.; Cobden, D. H. Ferroelectric switching of a two-
dimensional metal. Nature 2018, 560, 336−339.
(28) Xi, X.; Zhao, L.; Wang, Z.; Berger, H.; Forro,́ L.; Shan, J.; Mak,
K. F. Strongly enhanced charge-density-wave order in monolayer
NbSe2. Nat. Nanotechnol. 2015, 10, 765.
(29) Zhang, R.; Willis, R. F. Thickness-dependent curie temper-
atures of ultrathin magnetic films: Effect of the range of spin-spin
interactions. Phys. Rev. Lett. 2001, 86, 2665−2668.
(30) Li, Y.; Baberschke, K. Dimensional crossover in ultrathin
Ni(111) films on W(110). Phys. Rev. Lett. 1992, 68, 1208−1211.
(31) Qiu, Z. Q.; Pearson, J.; Bader, S. D. Asymmetry of the spin
reorientation transition in ultrathin Fe films and wedges grown on
Ag(100). Phys. Rev. Lett. 1993, 70, 1006−1009.
(32) Schneider, C. M.; Bressler, P.; Schuster, P.; Kirschner, J.; de
Miguel, J. J.; Miranda, R. Curie temperature of ultrathin films of fcc-
cobalt epitaxially grown on atomically flat Cu(100) surfaces. Phys. Rev.
Lett. 1990, 64, 1059−1062.
(33) Jiang, J. S.; Davidovic,́ D.; Reich, D. H.; Chien, C. L. Oscillatory
superconducting transition temperature in Nb/Gd multilayers. Phys.
Rev. Lett. 1995, 74, 314−317.

Nano Letters pubs.acs.org/NanoLett Letter

https://dx.doi.org/10.1021/acs.nanolett.9b05128
Nano Lett. 2020, 20, 3130−3139

3138

https://dx.doi.org/10.1103/PhysRevLett.17.1133
https://dx.doi.org/10.1103/PhysRevLett.17.1133
https://dx.doi.org/10.1103/PhysRevLett.17.1133
https://dx.doi.org/10.1038/nature13831
https://dx.doi.org/10.1038/nature13831
https://dx.doi.org/10.1038/nature13831
https://dx.doi.org/10.1088/0034-4885/73/5/056501
https://dx.doi.org/10.1088/0034-4885/73/5/056501
https://dx.doi.org/10.1038/nature22060
https://dx.doi.org/10.1038/nature22060
https://dx.doi.org/10.1038/nature22391
https://dx.doi.org/10.1038/nature22391
https://dx.doi.org/10.1038/nature22391
https://dx.doi.org/10.1038/s41586-018-0626-9
https://dx.doi.org/10.1038/s41586-018-0626-9
https://dx.doi.org/10.1038/s41586-018-0626-9
https://dx.doi.org/10.1038/s41563-018-0149-7
https://dx.doi.org/10.1038/s41563-018-0149-7
https://dx.doi.org/10.1038/s41565-018-0063-9
https://dx.doi.org/10.1038/s41565-018-0063-9
https://dx.doi.org/10.1038/s41565-018-0063-9
https://dx.doi.org/10.1038/s41563-018-0040-6
https://dx.doi.org/10.1038/s41563-018-0040-6
https://dx.doi.org/10.1038/s41565-018-0135-x
https://dx.doi.org/10.1038/s41565-018-0135-x
https://dx.doi.org/10.1038/s41565-018-0121-3
https://dx.doi.org/10.1038/s41565-018-0121-3
https://dx.doi.org/10.1038/s41565-018-0186-z
https://dx.doi.org/10.1038/s41565-018-0186-z
https://dx.doi.org/10.1038/nnano.2015.22
https://dx.doi.org/10.1038/nnano.2015.22
https://dx.doi.org/10.1038/s41563-019-0505-2
https://dx.doi.org/10.1038/s41563-019-0505-2
https://dx.doi.org/10.1038/s41563-019-0506-1
https://dx.doi.org/10.1038/s41563-019-0506-1
https://dx.doi.org/10.1126/science.aav1937
https://dx.doi.org/10.1126/science.aav1937
https://dx.doi.org/10.1038/ncomms12866
https://dx.doi.org/10.1038/ncomms12866
https://dx.doi.org/10.1038/ncomms12866
https://dx.doi.org/10.1038/nmat2716
https://dx.doi.org/10.1038/nmat2716
https://dx.doi.org/10.1126/science.aav6926
https://dx.doi.org/10.1126/science.aav6926
https://dx.doi.org/10.1002/zaac.19372340407
https://dx.doi.org/10.1002/zaac.19372340407
https://dx.doi.org/10.1002/zaac.19372340407
https://dx.doi.org/10.3891/acta.chem.scand.17-1335
https://dx.doi.org/10.3891/acta.chem.scand.17-1335
https://dx.doi.org/10.1016/0038-1098(75)90888-1
https://dx.doi.org/10.1038/ncomms11043
https://dx.doi.org/10.1038/ncomms11043
https://dx.doi.org/10.1038/s41467-018-03888-4
https://dx.doi.org/10.1038/s41467-018-03888-4
https://dx.doi.org/10.1126/science.aad8609
https://dx.doi.org/10.1126/science.aad8609
https://dx.doi.org/10.1038/s41586-018-0336-3
https://dx.doi.org/10.1038/s41586-018-0336-3
https://dx.doi.org/10.1038/nnano.2015.143
https://dx.doi.org/10.1038/nnano.2015.143
https://dx.doi.org/10.1103/PhysRevLett.86.2665
https://dx.doi.org/10.1103/PhysRevLett.86.2665
https://dx.doi.org/10.1103/PhysRevLett.86.2665
https://dx.doi.org/10.1103/PhysRevLett.68.1208
https://dx.doi.org/10.1103/PhysRevLett.68.1208
https://dx.doi.org/10.1103/PhysRevLett.70.1006
https://dx.doi.org/10.1103/PhysRevLett.70.1006
https://dx.doi.org/10.1103/PhysRevLett.70.1006
https://dx.doi.org/10.1103/PhysRevLett.64.1059
https://dx.doi.org/10.1103/PhysRevLett.64.1059
https://dx.doi.org/10.1103/PhysRevLett.74.314
https://dx.doi.org/10.1103/PhysRevLett.74.314
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.9b05128?ref=pdf


(34) Liu, Y.; Petrovic, C. Critical behavior of the quasi-two-
dimensional weak itinerant ferromagnet trigonal chromium telluride
Cr0.62Te. Phys. Rev. B: Condens. Matter Mater. Phys. 2017, 96, 134410.
(35) Tongay, S.; Varnoosfaderani, S. S.; Appleton, B. R.; Wu, J.;
Hebard, A. F. Magnetic properties of MoS2: Existence of
ferromagnetism. Appl. Phys. Lett. 2012, 101, 123105.
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