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The discovery of atomically thin van der Waals
magnets (e.g., Crl; and Cr,Ge,Te;) has triggered a renaissance
in the study of two-dimensional (2D) magnetism. Most of the
2D magnetic compounds discovered so far host only one single
magnetic phase unless the system is at a phase boundary. In this
work, we report the near degeneracy of magnetic phases in
ultrathin chromium telluride (Cr,Te;) layers with strong
perpendicular magnetic anisotropy highly desired for stabilizing
2D magnetic order. Single-crystalline Cr,Te; nanoplates with a
trigonal structure (space group P31c) were grown by chemical
vapor deposition. The bulk magnetization measurements suggest a ferromagnetic (FM) order with an enhanced perpendicular
magnetic anisotropy, as evidenced by a coercive field as large as ~14 kOe when the field is applied perpendicular to the basal
plane of the thin nanoplates. Magneto-optical Kerr effect studies confirm the intrinsic ferromagnetism and characterize the
magnetic ordering temperature of individual nanoplates. First-principles density functional theory calculations suggest the
near degeneracy of magnetic orderings with a continuously varying canting from the c-axis FM due to their comparable energy
scales, explaining the zero-field kink observed in the magnetic hysteresis loops. Our work highlights Cr,Te; as a promising 2D
Ising system to study magnetic phase coexistence and switches for ultracompact information storage and processing.
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wo-dimensional (2D) magnetism has a long history magnetic fields'” or optically generated pseudomagnetic
from the theoretical prediction of monolayer Ising fields,*® as well as the ordered magnetic phases in Crl; and
magnets in 1944' and experimental realization of Cr,Ge,Tey4 through external electric fields and electrostatic
ferromagnetic metal thin films in the 1980s and 1990s* > to doping.*"**
the recent discovery of van der Waals (vdW) ferromagnets In parallel to the immense efforts on devices, there is great
(eg, Crly and Cr,Ge,Teg).”” The atomically thin vdW interest in discovering 2D magnetic compounds with high
magnets provide an excellent platform to examine well- magnetzig_scz)rdering temperatures and different magnetic

established theories of 2D magnetisml’s_10 and to search for phases. Room-temperature ferromagnetism has been
exotic quantum phases.'' Furthermore, they hold great realized in mol3elcular beam epitaxy (MBE) grown MnSe,
promise for device applications with enhanced functionalities monolayer films™ and mecglganically exfoliated thin Fe;GeTe,
as they can be readily stacked into heterostructures and their flakes under ionic gat.ing.“ Beyond vdW magnets, other
magnetic properties are highly tunable by external stimulus layered non-vdW materials, such as hematene a-Fe,O; layers,

(e.g, strain, electric field)."”™"* For example, giant tunneling

magnetoresistance has been observed at low temperatures in July 4, 2020
some unconventional magnetic tunnel junctions in which October 22, 2020
ultrathin Crl; acts as a spin-filter tunnel barrier between two October 30, 2020

. 15—18
nonmagnetic vdW electrodes. There has also been success

in engineering and manipulating the spin and valley
pseudospin in Crl;/WSe, heterostructures by applying
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Figure 1. Crystal structure of Cr,Te; (space group: P31c) shown from the (a) side view and (b) top view. (c) Optical image of a
representative area on the growth substrate with nanoplates of various contrasts and (d) corresponding thicknesses. (e) AFM image with the

corresponding height profile of an 8 nm Cr,Te; nanoplate.

Figure 2. (a) Bright field TEM image, (b) HRTEM image, (c) SAED pattern, and (d) CBED pattern taken along the {001) zone axis of a
Cr,Te; nanoplate. (e) Simulated CBED pattern of a 10 nm thick Cr,Te; of space group P31c.

have been successfully exfoliated from their bulk crystals, in
which magnetic order at room temperature has been
observed.”® Likewise, room-temperature magnetic order has
been realized in chemical vapor deposition (CVD)-grown
ultrathin e-Fe,O; nanoplates which exhibit vdW-like proper-
ties, enabling the simple transfer and fabrication of non-vdW
heterostructures for spintronic applications.54 However, in
spite of the tremendous success in enhancing the magnetic
ordering temperature, the 2D magnetic compounds reported
so far only host a single magnetic phase unless the system is at
a phase boundary, as found in Crl; at an intermediate
thickness.>>>°

Here we report on intrinsically coexisting magnetic phases in
ultrathin crystals of Cr,Te; a layered chromium telluride

compound with strong perpendicular anisotropy. Although a
non-vdW material, single-crystalline Cr,Te; nanoplates down
to ~7 unit cells thick were successfully grown by CVD, with
the vdW-like bonding between the substrate and nanoplates
facilitating easy transfer via the stamping method. Bulk
magnetization measurements revealed a strong magnetic
anisotropy with the easy axis perpendicular to the basal
plane. The perpendicular magnetic anisotropy is enhanced in a
thin nanoplate sample where a coercive field as large as ~14
kOe is observed. Magneto-optical Kerr effect (MOKE)
measurements confirm the intrinsic ferromagnetism and
determine the magnetic ordering temperature of individual
nanoplates. First-principles density functional theory (DFT)
calculations suggest the near degeneracy of c-axis ferromag-
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Figure 3. Histograms showing the thicknesses of nanoplates for the (a) thick and (d) thin samples. (b, e) FC (solid) and ZFC (dashed) M—T
curves of the thick and thin samples with the magnetic field both parallel (black) and perpendicular (blue) to the c-axis with an applied field
of 1 kOe. The insets are the derivative of M with respect to T to derive the T, of Cr,Te;. (c, f) M—H curves of the thick and thin samples with
the magnetic field aligned perpendicular (blue) and parallel (red) to the c-axis at T = 120 K. The negative magnetization in the H L c cases
are due to the contribution from the diamagnetic SiO,/Si growth substrate which dominates over the weak net magnetization perpendicular

to the easy axis.

netic and canted ferromagnetic phases, explaining the zero-
field kink observed in the magnetic hysteresis. Our work
demonstrates Cr,Te; as a promising platform to study the
magnetic phase coexistence and magnetic switches in 2D
systems.

RESULTS AND DISCUSSIONS

Cr,Te; belongs to the trigonal crystal system and has a
hexagonal lattice system described by the space group P31c
with lattice parameters a = 6.814 A and ¢ = 12.073 A at room
temperature.”” As shown in Figure 1(a) and (b), the unit cell
contains alternating layers of Cr and Te atoms and has Cr,
vacancies in every second metal layer. The Cr; atoms in the
partially occupied layers are sandwiched between the Cry;
layers and have no close-by neighbors in the a—b plane,
whereas the Cry; and Cry; atoms make up the fully occupied
metal layers.”® The CVD-grown, individual Cr,Te; nanoplates
typically have a hexagonal shape [Figure 1(c)], resembling the
hexagonal lattice in the (001) plane and thereby indicating
high crystalline quality. They have varied colors under an
optical microscope, and the optical contrast is directly related
to the thickness of the nanoplates. As shown in Figure 1(d),
the thickest nanoplates have a yellow contrast, and as thickness
decreases, the optical contrast changes through three main
transitions: to green, blue, and finally purple. As each
respective color deepens, the nanoplate thickness decreases
(i, light purple nanoplates are thicker than darker purple
ones). The thinnest nanoplates were grown down to 8 nm (i.e.,
~7 unit cells), as shown in Figure 1(d) and the atomic force
microscopy (AFM) measurement in Figure 1(e). Like vdW
materials, Cr,Te; nanoplates can easily be transferred from the
rigid SiO,/Si growth substrate simply by stamping onto a clean
substrate [Figure S2]. The weak vdW-like bonding between
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the nanoplates and the growth substrate could be taken
advantage of in future fabrication of heterostructure devices.
Cr,Te; shares a similar structure with many other chromium
telluride compounds (i.e., CryTe,, CrsTeg, etc.).”’ °" Depend-
ing on the Cr deficiency in the second metal layers, the
magnetic ordering temperature of the compound varies
between 170 and 340 K.”*%%” Therefore, it is important to
carefully characterize the crystal structure of the nanoplates to
ensure the correct attribution of the magnetic properties. The
c-lattice constant of the various chromium tellurides varies only
slightly between the compounds,””*%%07¢ making it challeng-
ing to distinguish the different phases by X-ray diffraction
characterization of d-spacing in the c-direction [Figure S3]. In
contrast, the a-lattice constant varies considerably among
different compounds. We therefore performed transmission
electron microscopy (TEM) studies along the [001] zone axis
to characterize the lattice structure in the (001) plane (i.e., the
a—b plane) to verify the Cr,Te; phase. Figure 2 shows the
bright field, high-resolution TEM (HRTEM) images, selected-
area electron diffraction (SAED) pattern, and convergent-
beam electron diffraction (CBED) pattern of a representative
Cr,Te; nanoplate. The low-magnification image is nearly
transparent, indicating the nanoplate is ultrathin. The single-
crystalline nature of the nanoplate is evidenced by the SAED,
which can be well indexed by the Cr,Te; trigonal phase with a
space group of P3lc. The diffraction vector k{100} was
determined to be 1.7 nm™!, consistent with the lattice constant
a = 0.6814 nm.”” These {100} diffraction spots are the
characteristic spots distinguishing Cr,Te; from other phases, as
shown in Figures S4 and SS. We indeed ruled out the existence
of other phases of chromium tellurides by comparing the
experimental data to simulations of other diffraction patterns
taken along the [001] zone axis (Figure S5). We note that
while cross-sectional TEM is often used to characterize

https://dx.doi.org/10.1021/acsnano.0c05534
ACS Nano 2020, 14, 15256—15266


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c05534/suppl_file/nn0c05534_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c05534/suppl_file/nn0c05534_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c05534/suppl_file/nn0c05534_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c05534/suppl_file/nn0c05534_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05534?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05534?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05534?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05534?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c05534?ref=pdf

epitaxial thin film samples, such a study is very challenging for
nanoplates/nanosheets that are weakly bounded to the
substrate because they can be easily damaged during the
TEM sample preparation. Instead, top-view TEM has been
widely used to demonstrate hi§h—quality single crystallinity in
2D nanosheets/nanoplates.63_ > The stoichiometric ratio of
Te:Cr was determined from TEM-EDX as approximately 1.43
(Figure S6). Given the EDX is a semiquantitative character-
ization tool, the measured Te:Cr ratio is sufficiently close to
the stoichiometric value of Cr,Te;. Furthermore, the TEM-
EDX mapping of Cr and Te demonstrate the uniform
distribution of the elements throughout the nanoplate (Figure
S6). From the TEM-EDX stoichiometry, together with the
analysis of the diffraction patterns, we conclude that the sample
is indeed Cr,Te;. The HRTEM image shows clear lattice
fringes, further confirming the high crystal quality. An
amorphous background was observed and should be attributed
to the surface oxidation occurring commonly in many
tellurides upon prolonged exposure to air.’°"*® The CBED
pattern is in good agreement with the simulated pattern of
trigonal Cr,Te; with a thickness of ~10 nm, as shown in Figure
2(d) and (e), respectively.

Magnetization measurements of the Cr,Te; nanoplates
suggest ferromagnetic order with enhanced perpendicular
magnetic anisotropy. The measurements were taken on two
samples of different thicknesses referred to as the “thick”
sample and the “thin” sample. The maximum number of
nanoplate thicknesses ranges between ~25—30 nm and 15—-20
nm for the thick and thin samples, respectively, as shown in the
histograms in Figure 3(a) and (d), which have a bin width of §
nm. While surface oxidation commonly observed in metal
tellurides can indeed occur on the surface [Figure 2(b)], a
previous report studied the impact of surface oxidation on the
magnetic properties via X-ray magnetic circular dichroism and
found the surface chromium oxide is most likely antiferro-
magnetic Cr,O;, which does not add to the observed
ferromagnetic signal.69 The total magnetization would decrease
as the surface layer is transformed from ferromagnetic Cr,Te;
to antiferromagnetic Cr,O; due to surface oxidation. To avoid
this effect, we have minimized the samples’ exposure time in air
as described in the Supporting Information. Additionally, the
samples were handled only with plastic tweezers to avoid
possible magnetic contamination.”’ Therefore, the magnetic
studies below probe the intrinsic properties of the Cr,Te;
nanoplates. Magnetization measurements as a function of
temperature (M—T) with the magnetic field H parallel (H || ¢)
and perpendicular (H L c) to the c-axis for both field-cooling
(FC) and zero-field-cooling (ZFC) were performed on the
thick and thin samples with H = 1 kOe, as shown in Figure
3(b) and (e), respectively. The M—T data demonstrate a
paramagnetic to ferromagnetic transition below the Curie
temperature, T.. From the first-order derivative of M—T, the T.
is determined to be ~170 K for the thick sample and ~177 K
for the thin sample, consistent with the T, range reported in
bulk crystals and thin films.”'~”® Since the magnetization
measurement was performed on a bulk of nanoplates, the T,
determined here is an average value over those individual
nanoplates. For both samples, the magnetization is much
greater for H || ¢ than H L1 ¢, indicating the c-axis is the
magnetic easy axis and hence a perpendicular magnetic
anisotropy (i.e., perpendicular to the basal plane).

The ferromagnetism and perpendicular magnetic anisotropy
are further confirmed by the magnetic field dependent

magnetization (M—H) measurements. As shown in Figure
3(c) and (f), both samples yield large magnetic hysteresis
loops when H || ¢ and much smaller loops when H L ¢, again
suggesting that the magnetic easy axis is along the c-axis. The
negative slope of the M—H at high fields is due to the
diamagnetic background from the substrate. By subtracting this
background (Supporting Information), we determined the
temperature-dependent coercive field H. of both samples
[Figure S10]. Notably, the magnetic anisotropy is more
dramatic in the thin sample. The thin sample has the largest
coercive field for H || ¢ (~14 kOe at 2 K, ~6.6 kOe at 120 K).
The thick sample’s H,, when H || ¢, at 3 and 120 K are ~10
and ~4.3 kOe, respectively. The coercive fields of both samples
for H || ¢ are higher than the H.(2 K) ~ 6.5 kOe’* and H.(3
K) = 6.0 kOe*’ reported in the MBE-grown thin films with a
T. ~ 180—183 K. They are also significantly larger than the
H.(2 K) = 2.2 kOe very recently reported in thin nanoflakes
grown via CVD,”® which shows weak anisotropy but has a
transition temperature well above the reported T, ~ 180 K for
bulk Cr,Te;.

The magnetic anisotropy constant K can be estimated using
1 76 77 .
IKI = 2 sarMsat (or zI_IcMsat.)l where Hsat (Hc) is the

saturation field (coercive field) at low temperatures and M, is
the saturation magnetization. Using the M, of 2.48 3/ Cr,”®
IKl is estimated to be ~4—5 X 10° J m™ for the thin Cr,Te,
sample. This anisotropy constant is larger than the
experimental anisotropy constant for other 2D ferromagnetic
materials such as Cr,Ge,Te,”” and CrI3,80 with values of ~1.3
X 10* and ~3 X 10° J m™ at S K, respectively. In general,
magnetic anisotropy comes from different sources, including
magnetocrystalline anisotropy due to the crystal structure and
spin—orbit coupling, shape anisotropy resulting from long-
range dipolar interactions and demagnetization fields, and
surface anisotropy associated with the breaking of symmetry at
the surface or interfaces.” While the magnetocrystalline
anisotropy is intrinsic to the material itself and the shape
anisotropy depends on the shape of the material, the surface
anisotropy is thickness dependent. The leading term in the
anisotropy energy is given by E = KV cos® §, where V is the
volume, @ is the angle between the magnetization M and the
surface normal, and K is the anisotropy constant given by
K= Kgape + Ko + n%.gz Here K,pe is the shape
anisotropy term, K, . is the magnetocrystalline anisotropy, n
is the number of interfaces (n = 1 for structures that are not
multilayered), K, is the surface anisotropy, and t is the
thickness of the film.** In bulk Cr,Te;, it has been shown that
the easy axis is along the c-axis, which means K should be
negative, as well as the K, . term. K, is positive because the
demagnetization fields favor an in-plane magnetization. Since
the perpendicular anisotropy is enhanced in nanoplates in

comparison with the bulk, the K term is negative and the %

term becomes more negative with decreasing thickness. As this
term becomes more negative, it dominates over the shape
anisotropy term and forces the easy axis to be along the c-axis,
ultimately enhancing the anisotropy constant, as observed in
some elemental metal thin films.**~

It is important to note that the strong perpendicular
anisotropy observed here is the key to stabilizing the magnetic
order in the 2D limit.*®” Indeed, as described in the Mermin—
Wagner—Hohenberg theorem, long-range magnetic order is
prohibited in 2D isotropic Heisenberg systems with short-
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Figure 4. (a) AFM image and height profile of a nanoplate measured by MOKE. (b) MOKE hysteresis loops after background subtraction
taken on the nanoplate shown in (a). (c) Amplitude of the Kerr rotation (upper panel) and the coercive field (lower panel) as a function of

temperature for two nanoplates with different thicknesses.
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Figure 5. (a) Magnetization versus magnetic field of the thin sample after background subtraction. (b) M vector in spherical coordinates. (c)
Schematics of the three different magnetic phases: c-axis FM order (left panel), FIM order (middle panel), and canted FM order (right

panel).

range interactions due to strong thermal fluctuations.'’ The
effect of thermal fluctuations can, however, be suppressed by
magnetic anisotropy, which opens a gap in the spin wave
spectrum. The observed perpendicular anisotropy suggests that
the 2D Cr,Te; contains an Ising-like magnetic order.

Beyond bulk magnetization studies, we performed MOKE
measurements to characterize the magnetic ordering temper-
ature T, of individual Cr,Te; nanoplates. The external
magnetic field was applied perpendicular to the surface of
the nanoplate (ie., along the c-axis), and the Kerr rotation
measures mostly out-of-plane magnetization (Supporting

15260

Information). Figure 4(a) shows an AFM image of a nanoplate
about 10 ym laterally and 13.9 nm thick from the depth profile.
Because the field in the MOKE measurement is limited to
+600 Oe, we present only the MOKE loops at 170 K and
above where the full major hysteresis loops are captured
[Figure 4(b)]. The MOKE loops at 180 K have a coercive field
of ~100—260 Oe, agreeing with the coercive field of ~100 Oe
in bulk measurement hysteresis loops at 180 K of samples with
similar thickness [Figure S10]. A small variation in coercive
field is expected because the bulk measurement measures many
nanoplates across a range of thicknesses at once, while MOKE
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Table 1. Initial and Calculated Magnetic Moment M, Polar Angle 6, and Azimuthal Angle @ of the Cr Moments in the Canted-

FM State”
Cr; Cry Cryy
Cr site 1 2 3 4 S 6 7 8
initial state M (ug) 3 3 3 3 3 3 3 3
0 (deg) 90 90 0 0 0 0 0 0
@ (deg) 0 0 / / / / / /
final state M (ug) 3.28 3.28 3.21 3.21 3.14 3.14 3.14 3.14
0 (deg) 45.93 4591 20.57 20.56 16.87 16.87 16.83 16.83
@ (deg) 0.02 0.02 —4.22 4.28 7.95 7.70 —=791 -7.59

“The calculated energy is —122.59822 eV/u.c.

only measures a single nanoplate of one specific thickness. As
the temperature increases, both the magnitude of the Kerr
rotation and the coercive field decrease, and the MOKE loop
turns into a flat line at 200 K. The T. is hence estimated based
on the hysteresis loop to be about 195 K (this value can be
slightly different from the ones determined from the dM/dT
because of the different methods). MOKE measurements on a
thicker nanoplate (17.1 nm) show a higher T, of ~210 K
[Figure 4(c)]. The variation in T. could be due to the
difference in thickness or stoichiometry, or both. Indeed, the
T. of the chromium telluride family of compounds has a strong
dependence on the stoichiometry, and a recent study of single-
crystal samples shows a highly tunable T, of up to ~300 K with
an increase of the Cr content.”® Future studies decoupling the
impact of thickness and stoichiometry would be essential to
understand their relative influence on the T, of 2D chromium
telluride nanoplates.

Lastly, we discuss the possible magnetic structures of Cr,Te;
below T.. Previous neutron scattering studies of a polycrystal-
line sample suggested a ferromagnetic (FM) structure, in
which all of the Cr moments were thought to be aligned along
the c-axis;”” on the other hand, a similar study of single-crystal
samples indicated a ferrimagnetic (FIM) structure where the
magnetic moments in the partially occupied layers (i.e, Cry)
are antiferromagnetically aligned with the ones in the fully
occupied layers (ie, Cry and Cry;).*” In both cases, the z-
components of the moments in the fully occupied layers are
slightly smaller than the spin-only Cr moments (i.e., 3 p3),
while the ones in the partially occupied layers have significantly
smaller values. A closer examination of our M—H curves (after
background subtraction) points to an unusual feature that
cannot be explained by the simple FM or FIM picture. As seen
in the background-subtracted M—H curves of the thin sample
in Figure S(a), a kink appears near the zero field in the
magnetic hysteresis loops, as well as in the M—H curves of the
thicker sample [Figure S11]. A similar kink with varied
strengths was reported in some Cr,Te; nanorods grown via an
organic-solution-phase method,”” as well as in Cr,Te; thin
films grown via MBE.” The kink is unlikely to be due to the
variation in nanoplate thicknesses: (1) Our M—H data were
taken over a range of thicknesses, so one would expect a
smooth drop of magnetization in contrast to a sudden decrease
(i.e,, a kink) in magnetization as a result of thickness variation;
and (2) the films that show a similar feature have a uniform
thickness.”” To understand the experimental results, we carried
out DFT calculations of various magnetic structures with the
Vienna Ab Initio Simulation Package (VASP).*” In this study,
the generalized gradient approximation (GGA) approach was
employed,”” with the pseudopotentials generated using the
projected augmented wave (PAW) method.”" The exchange—
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correlation density functional is that of Perdew—Burke—
Ernzerhof (PBE).””> The HSE06 functional was used to
perform screened hybrid functional calculations.”>”* More
calculation details are provided in the Methods section and the
Supporting Information.

We started with the two simplest magnetic states, i.e., the
FM and FIM [Figure 5(c)]. The calculated energy of the FM
state is 0.42 eV/unit cell (u.c.) lower than that of the FIM,
suggesting that the latter is not an energetically favorable state.
Since magnetic anisotropy is the key to stabilizing 2D magnetic
order, we further computed the magnetocrystalline anisotropy
constant (K,;) for each magnetic structure, where the K, is
defined as the energy difference per volume between the
magnetic structures with magnetic moments along the c-axis
(i.e, [001]) and along the a-axis (i.e., [100]), i.e, K.y = Eoy]
— Efy00)- The K, are found to be —5.3 x 10° J/m? (—1.6 X
1072 eV/u.c.) and 1.9 X 10° J/m? (6 X 1073 eV/u.c.) for the
FM state and the FIM state, respectively. Therefore, the c-axis
is the easy axis for the FM state but the hard axis for the FIM
state. Given the observed perpendicular magnetic anisotropy, it
is reasonable to rule out the possibility of an FIM ground state,
which also has a higher energy than the FM state in our
calculations. The calculated K, is about 1 order of magnitude
higher than the value that is estimated from the M—-H
measurement. Such large differences have also been observed
in some other 2D magnetic materials, e.g., in CrZGeZTe6.79'95’%
The discrepancy likely has several sources. For example, the
DFT calculations were performed at 0 K, while the
experimental data were collected at higher temperatures. In
addition to the effects of thermal fluctuations, quantum
fluctuations would decrease the magnetic anisotropy constant
from the DFT estimate even at zero temperature. Additionally,
the magnetic properties of chromium telluride have a strong
dependence on the Te:Cr stoichiometric ratio, which may not
be exactly 1.5 as the DFT calculation assumes.

The Cr moments in the FM state calculated are 3.47 pg, 3.38
up, and 3.35 pp for Cry, Cry, and Cryy, respectively. These
calculated values are close to previous local density
approximation + U results’® but are higher than the values
extracted from neutron scattering measurements. To resolve
this inconsistency, we further performed noncollinear self-
consistent calculations without fixing the relative orientation of
the magnetic moments. In this calculation, we started with an
initial configuration where the moments in the fully occupied
layers (Cry and Cryy) point along the c-axis (or the z-axis),
while those in the partially occupied layers (Cr;) are in the a—b
plane (or the x—y plane). This configuration was chosen
because the neutron scattering results show the z-components
of the moments in the fully occupied layers to be much larger
than those in the partially occupied layers. In this noncollinear
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calculation, the spinor wave functions were rotated from their
initial orientation and the electronic density was optimized in
each iteration. The magnitude M, polar angle 6, and azimuthal
angle ¢ of the Cr moments in the lowest energy state are listed
in Table 1. All the Cr moments are canted with respect to the
c-axis, leading to a decreased z-component. We therefore call
this state a canted-FM. The energy of the canted-FM is
negligibly lower (by 4 X 107" eV/Cr) than the c-axis FM
calculated using the same method [Table S1]. The polar/
canting angle @ is ~46° for the Cr; in the partially occupied
layers, while it is only 17—21° for the fully occupied layers.
Therefore, the z-moment is smaller in the former than in the
latter, qualitatively consistent with the neutron scattering
results. It is worth noting that even if the initial z-components
of the moments in the two layers (i.e., the partially and fully
occupied layers) are set to be antiparallel, they become parallel
in the final state [Table S2]. Thus, it is reasonable to believe
that the exchange coupling between the two layers is weakly
ferromagnetic.

Furthermore, the two Cr; moments are ferromagnetically
coupled in the x—y plane, which is likely to be an isotropic
plane. Indeed, when the two Cr; atoms are initially set to be
both along the g-axis, their projections in the x—y plane stay in
the same direction [Table 1]; the azimuthal angle ¢ of the two
Cr; atoms becomes nearly the same (~60°) in the final state
even when they are initially set to be 0° (i.c., along a-axis) and
120° (i.e., along b-axis), respectively [Table S3]. The energies
of these two final states are very close (with a negligible
difference of 8 X 107> eV/Cr). We therefore believe that the
x—y plane is likely to be isotropic. Presuming the ground state
energy is independent of the orientation of the spins in the x—y
plane, this state hosts, in addition to an Ising order parameter,
a broken U(1) symmetry, characterized by the azimuthal angle
@. Our calculations indicate that the in-plane component of the
magnetic moment in each unit cell is small compared to the c-
axis moment. This suggests the system has two ordering
temperature scales, one high, at which the component of
magnetization along the c-axis sets in, and one low, at which
order in the x—y plane sets in. Presuming the latter
temperature is below that of the neutron scattering studies,
this can explain the absence of ordered x- and y-components in
them even in bulk crystals.

To study how the system evolves from the c-axis FM into a
canted FM, we performed self-consistent calculations in which
the initial moments were only slightly canted. As shown in
Table S4, the final state arrived at has a canting angle that is
nearly the same as the initial state. Interestingly, the changes in
energy over a range of canting angles are extremely small,
compared to, for example, the difference in energy between the
FM and FIM states. This suggests that the energy surface as a
function of the canting angle 6 has a very small curvature,
making the precise arrangement of spins in the lowest energy
canted state difficult to locate. This behavior, however, offers
an explanation for the kink near zero field in the magnetic
hysteresis loop [Figure S(a)]: with application of an external
magnetic field, the canting angle will evolve rapidly such that
the total magnetic moment in each unit cell moves toward
alignment with the c-axis. Conversely, when sweeping toward
zero field in a hysteresis loop, the magnetization will drop
rapidly very close to a vanishing applied field as the canting
angle sweeps through a continuum of states with only a small
energy dispersion in the field’s absence.

CONCLUSIONS

In summary, we have synthesized single-crystalline Cr,Te;
nanoplates with their thicknesses down to ~7 unit cells by
CVD and have studied their magnetic properties via bulk
magnetization and MOKE measurements, in conjunction with
DFT calculations. The bulk magnetization measurements
suggested FM order with an enhanced perpendicular magnetic
anisotropy, as evidenced by a coercive field as large as ~14
kOe when the field is applied perpendicular to the basal plane.
Magneto-optical Kerr effect studies confirm the intrinsic
ferromagnetism and characterize the magnetic ordering
temperature of individual nanoplates, highlighting the
importance of decoupling the influence of thickness and
stoichiometry. First-principles DFT calculations suggest the
near degeneracy of magnetic orderings with a continuously
varying canting from the c-axis FM because of their comparable
energy scales. The field dependence arising from this weak
energy variation may qualitatively explain the zero-field kink
observed in the magnetic hysteresis loops. In this context, it is
worth mentioning that a large topological Hall effect has
recently been reported in Cr,Te; embedded with Bi atoms”” or
coupled with Bi,Tes,” indicating the existence of magnetic
skyrmions, a topologically nontrivial vortex spin configuration.
The “continuous” spin-canting in the thin layers of undoped
Cr,Te; observed in this work may provide insight into the
nature of these skyrmions, which offer opportunities for
ultracompact information storage and processing applications
based on spintronic devices.

METHODS

Experimental Details. Chromium telluride nanoplates were
synthesized in a three-zone tube furnace via a CVD process. A
schematic of the experimental setup and growth details are provided
in the Supporting Information. The morphology, chemical compo-
sition, and thickness of the chromium telluride nanoplates were
characterized by optical microscopy (Olympus BXS1M), scanning
electron microscopy (SEM, FEI Quanta 600F), and atomic force
microscopy (AFM, Asylum Research MFP-3D). The X-ray diffraction
(XRD) 26—0 patterns of two samples were respectively measured in a
Bruker D8 Discover system. A pair of slits with a width of 0.6 mm
were used to define the beam width in order to improve the
measurement accuracy. The crystalline structure of the nanoplates was
studied by TEM images, and SAED patterns were acquired using a
JEOL 3200FS operated at 300 kV. Magnetization measurements were
carried out using a Quantum Design superconducting quantum
interference diffractometer (SQUID). In the MOKE measurements,
the sample was mounted inside a Montana Instrument Cryostation,
where a single-pole homemade electromagnet provided an out-of-
plane magnetic field in the range of —600 Oe and +600 Oe. The light
source was a He—Ne laser (4 = 633 nm), with a power of 25 4W and
an estimated beam size of 10 ym. The incident beam is p-polarized
with a small incident angle of about 5°. Kerr rotation imparted on the
reflection beam was analyzed with a half waveplate, Wollaston beam
splitter, and a balanced photodiode bridge [Figure S13]. The incident
beam intensity was modulated with a mechanical chopper at a
frequency around 1 kHz, and a lock-in amplifier was locked to the
same frequency in detecting the signal from the balanced photodiode
bridge.

Calculation Details. The magnetic structure of Cr,Te; was
studied by using DFT. The calculations were conducted with VASP.*’
In this study, the GGA approach was employed,”® and the
pseudopotentials were generated with the PAW method.”" The
exchange—-correlation density functional was expressed by the PBE.”
The HSE06 functional was used to perform screened hybrid
functional calculations.”””* The experimental lattice parameters (a
= 6.829 A and ¢ = 11922 A at 42 K*7) were adopted for the
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calculations. The screening parameter y was set to 0.2 E™'. The cutoff
energy of the plane wave basis set was 500 eV. During the hybrid
functional calculations, the first Brillouin zone was sampled by a § X 5
X 3 k point grid generated by a Monkhorst—Pack scheme. For GGA
calculations, a 11 X 11 X S Monkhorst—Pack grid was employed. The
tetrahedron method with Blochl corrections was employed in the
calculations. When calculating the magnetic anisotropy constant and
the energy difference between the FM state and the FIM state, the
convergence criterion for the calculations was 10™% eV. The energies
were calculated using hybrid functional and GGA+U methods with
different U values. By comparing these energies, the value of U was
determined to be 1.7 eV for other calculations. By using GGA+U with
U = 1.7 eV, the noncollinear calculations of canted states were
conducted. They converged when the energy change between steps
was smaller than 10™° €V, and the angle changes and magnitude
changes of each local magnetic moment were smaller than 0.5° and
0.01 4, for five steps.
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