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ABSTRACT ARTICLE HISTORY
To broaden the scope of van der Waals 2D magnets, we report the synthesis and magnetism of cova- Received 11 December 2020
lent 2D magnetic Cr; Tes with a thickness down to one-unit-cell. The 2D Cr,Tes crystals exhibit robust KEYWORDS

ferromagnetism with a Curie temperature of 180 K, a large perpendicular anisotropy of 7 x 10° Jm~3,
and a high coercivity of ~ 4.6 kG at 20 K. First principles calculations further show a transition from
canted to collinear ferromagnetism, a transition from perpendicular to in-plane anisotropy, and
emergent half-metallic behavior in atomically-thin Cr,Tes, suggesting its potential application for
injecting carriers with high spin polarization into spintronic devices.

2D magnets; half-metallicity;
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magnetic anisotropy
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IMPACT STATEMENT
A Tc of 180K, a perpendicular anisotropy of 7 x 10°> Jm—3, and a high coercivity of ~ 4.6 kG were
achieved in covalent Cr,Tes 2D ferromagnets.

1. Introduction They can further be integrated into vdW heterostruc-

The recent discovery of 2D vdW magnets such as Crl3,
CrGeTes, Fe3GeTe,, MnPS; and FePS3 [1-3], has inten-
sified research in 2D magnetism and spurred interests in
searching for 2D magnets with novel properties. 2D mag-
nets have potential technological impact not only because
they represent the ultimate scaling limit in data storage
and computing devices, but also due to their sensitiv-
ity to external perturbations such as electric gating [4,5].

tures, allowing the tuning of magnetic and topological
order [6,7], valley splitting and polarization using prox-
imity effects [8,9].

The vdW 2D magnets exfoliated from bulk crystals
[10] suffer drawbacks such as poorly controlled layer
thickness, size and shape in a single flake, low mag-
netic ordering temperature, and mostly antiferromag-
netic interlayer coupling. To address such limitations,
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it is desirable to explore material systems beyond vdW
crystals. To this end, a class of covalent magnetic tran-
sition metal chalcogenides exemplified by FexSe, and
CrxTey are worth exploring [11,12]. They possess a struc-
ture with monolayers of FeSe, and CrTe, intercalated
by a layer of transition metals with ordered vacancies.
The weakened interlayer bonding due to cation vacancies
thus offers the possibility to obtain 2D magnets. Previ-
ously, we reported a giant coercivity of 4 Tesla and a
transition temperature above 300K in chemically syn-
thesized FezSe4 nanostructures down to a few unit cell
thickness [13]. Chemically synthesized Cr,Te; nanos-
tructures, thin films grown by molecular beam epitaxy,
and 2D layers synthesized by chemical vapor deposition
(CVD) have been reported recently [14-17]. However,
systematic theoretical and experimental studies on the
magnetic behavior of atomically-thin Cr,Te; are so far
lacking.

In this work, we report a concerted theoretical
and experimental investigation of magnetism in 2D
Cr,Tes synthesized by CVD down to a single unit-cell
thickness. Theoretical calculation predicts ferromagnetic
order with an estimated T¢c of ~200K and a large
perpendicular magnetocrystalline anisotropy of up to
1.1 x 10°Jm™3 in the bulk, while making a surpris-
ing transition to in-plane anisotropy for atomically-thin
Cr,Te; from mono- to quad-layers. A collinear ferro-
magnetic spin arrangement is found for atomically-thin
Cr,Tes, despite spin canting in the bulk. A half-metallic
behavior, absent in bulk Cr;Tes, is predicted to emerge
in atomically-thin layers and strengthened by reducing
thicknesses. Experimentally, we found a T¢c of ~ 180K,
a perpendicular anisotropy of 7 x 10° Jm~2 and a coer-
civity of 4.6kG at 20K, from both ensemble magnetic
measurements and magneto-optical Kerr effect (MOKE)
measurements on single 2D crystals. Our work suggests
that expanding beyond vdW materials is promising for
discovering 2D magnets with unconventional properties.

2. Results and discussion

Atomically-thin Cr,Tes crystals were prepared by CVD
incorporating a space-confined strategy [18]. In this
process, the precursors including Te and CrCl; pow-
der mixed with NaCl were heated in separate tem-
perature zones of a tube furnace. A schematic of the
growth process is shown in Figure 1(a) and details of
the growth are provided in the Supporting Information
(SI). To obtain 2D layers of covalent Cr,Tes, the ther-
modynamic 3D growth needs to be suppressed and thus
the growth should be kinetically controlled. The space-
confined strategy deploys two substrates stacked together
to introduce a local environment of precursor vapor in

between (Figure 1(b)) [18]. Comparing with the con-
ventional technique (Figure 1(c)), this method can lead
to more stable and slower gas flow, and thereby sus-
tain a more steady and suppressed growth rate [19,20].
The decreased nucleation density is preferred for lateral
growth as edge sites are more reactive. Meanwhile, new
nucleation on top of 2D layers is discouraged due to weak
inter-layer bonding and vapor concentration below the
nucleation threshold. Moreover, the vdW mica substrate
improves the mobility of the precursor atoms. The com-
bined effects result in atomically-thin flakes as shown
in the optical microscope image (Figure 1(d)). By com-
parison, using the conventional approach, the density
of the crystals obtained is much higher and the thick-
nesses are also larger (Figure 1(e)). Figure 1(f,g) show a
typical atomic force microscope (AFM) image and the
corresponding height profile of a single Cr, Tes flake. The
thickness is found to be ~ 1.4 nm, which corresponds
to a one-unit cell thick CryTes crystal consisting of a
bilayer CrTe; and a Cr layer with vacancies in between
(Figure 2(b)).

Atomically resolved high angle annular dark field
scanning transmission electron microscopy (HAADF-
STEM) measurements and energy dispersive X-ray spec-
troscopy (EDS) mapping were carried out to determine
the crystal structure and elemental composition of the
as-synthesized 2D crystals. Cr, Tes possesses a hexagonal
structure with a P-31c (No. 163) space group (a = 6.8 A,
¢ =12.1A). The Cr atoms classified by different Cr
neighbors within the unit cell are labeled as Crj, Cry
and Cryyy (see Figure 2(a,b)). Cry is located in between
the CrTe, monolayers with ordered vacancies, whereas
Cryr and Cryyp are in the CrTe; layer. Cryp has no Cr
neighbor and Cryyp has only one Crj neighbor along
the ¢ axis. Cry atoms have two Cryy neighbors along
the ¢ axis but no direct Cr neighbor in the ab plane.
In the top view of the crystal structure (Figure 2(a)),
the octahedral sites form a hexagon with two equilat-
eral triangles connecting the three bottom and three top
Te atoms, respectively. Therefore, as manifested in the
HAADEF-STEM image (Figure 2(c)) and corresponding
atom-by-atom EDS mapping (Figure 2(d)), the Cr and
Te columns can be clearly seen to form a hexagonal pat-
tern with alternating dim (Cr columns) and bright spots
(Te columns). This is in accordance with the (100) crystal
planes of hexagonal structured Cr,Te; (PDF#29-0458).
The HAADF-STEM and atomic EDS mapping also syn-
ergistically indicate that there is no Te/Cr intermixing,
consistent with our atomic Cr,Te; model and excluding
the existence of anti-site defects. Furthermore, the cor-
responding Fast Fourier Transform (FFT) pattern (the
upper right inset of Figure 2(c)) reveals a single set of
spots with an in-plane three-fold symmetry, which is in
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Figure 1. a, A schematic diagram of the CVD growth process. Schematic illustrations of the growth processes of Cr,Tes using b, space-
confined and ¢, conventional CVD, respectively. An optical microscope image of Cr,Tes grown on mica utilizing d, the space-confined
CVD and e, conventional CVD process. f, An AFM image and g, The height profile of a single Cr,Tes flake. The thickness is ~ 1.4 nm,
corresponding to a single unit cell.
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Figure 2. a, c-axis projection: unit cell of Cr,Tes is shown in the red box; atoms with green halo are Cr; atoms in the interior Cr/Vacancy
layers; atoms with yellow halo are Crj atoms on the surface Cr/Vacancy layers. b, a-axis projection: braces show the structures used in
calculations of single- to quad-layer. The Cr and Te columns are denoted by blue and brown solid columns, respectively. ¢, Atomically
resolved HAADF-STEM image of single crystal Cr,Tes. Upper right inset: the reciprocal lattice obtained from an FFT of the HAADF-STEM
image, with the lattice planes of Cr,Tes highlighted by red arrows. Lower left inset: an enlarged image of c. d, EDS elemental mapping of
the area shown by the red square in c. Green: Cr, Red: Te.
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agreement with the (120) and (300) lattice periodicity of
Cr,Tes. EDS mapping of Cr and Te of another triangular
crystal is shown in Figure S1. The ratio of Cr and Te is
determined as 0.67, consistent with the stoichiometry of
Cr 2T€3.

To model atomically-thin Cr,Te;, we consider thin
films with mono-, bi-, tri- and quad- layers of CrTe,
intercalated by a layer of Cr with ordered vacancies (a
bi-layer corresponds to a single unit cell in bulk Cr;Te3).
The top and bottom surfaces can be terminated by either
Te or Cr atoms. The calculated thicknesses of 1-4 lay-
ers terminated by either Te or Cr/vacancy are shown
in Figure 2(b). Layers terminated by Te atoms experi-
ence substantial in-plane contraction compared to bulk
Cr,Tes, and are thus not stable in the 2D limit. However,
if these 1-4 layers are terminated with partially filled Cr
layers, the surface tension is substantially smaller, and the
lattice parameters become closer to those of bulk Cr; Tes.
Therefore, in subsequent calculations, these atomically-
thin Cr,Tes layers are modeled as being terminated by
Cr with ordered vacancies.

From the DFT calculations, magnetic moments of
3.045, 3.126 and 3.096 up are found for Cry, Cryp, and
Cryyy respectively in bulk Cr;Tes. The Te atoms are anti-
ferromagnetically polarized with a moment of —0.195
up. The total magnetization per unit cell (8 Cr and 12
Te atoms) is thus 24.23 up, equivalent to 3.03 up per
Cr assuming a co-linear spin orientation. The calculated
magnetization is substantially higher than the experi-
mental value. This can be attributed to spin canting of the
Cr atoms in between the CrTe; layers [21], as discussed
later.

The exchange interactions were evaluated using total
energy calculations for fully relaxed magnetic config-
uration at experimental lattice parameters. The pair
exchange interactions were mapped onto the Heisen-
berg model with two nearest neighbors. The Heisenberg
model total energy is

NN
- —
—E Jij Si - S 1)
i>j

—
where Jjj are pair exchange parameters and S; are
unit vectors representing the direction of local mag-
netic moments. The calculated on-site exchange param-

eters (]0 = —Z;\]N ]0]‘) for different Cr sites of 1-4

layers together with that of bulk Cr,Tes are given in
Table S1. The magnetization and magnetic anisotropy
energy (MAE) are shown in Table 1.

The Heisenberg model considering only the nearest
neighbor and second nearest neighbor exchange inter-
actions predicts a canted spin structure in bulk Cr;Tes,

Table 1. Magnetization and MAE of 1-4 layers together with bulk
CI’2T€3.

Bulk

1-L(FM) 2-L(FM) 3-L(FM)  4-L(FM) (canted)

M 18 30 42 54.15 19.2
(ug unit cell™")

MO0} Am™T) 538 500 488 483 365

MAE —84 —96  —487 ~0 3.5
(meV unit cell™")

MAE (MJm~3) -53 —4.1 —-09 —26x10° 1.1

Notes: The unit cell is shown in the rhombic box in Figure 2(a). For 1-4 lay-
ers, the thickness of the unit cell is the thickness of the layers shown in
Figure 2(b). For bulk Cr; Tes, the thickness of the unit cell corresponds to that
of a bi-layer without the surface Cr atoms.
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Figure 3. Competition of spin exchange, spin canting and spin-
resolved total density of states (DOS). a, Schematic representation
of exchange coupling in Cr;Tes. Competing inter-layer exchange
parameters J12 and Jq3 induce canting angles 6 for Cr; and 6, for
Cryatoms. b, 61 as a function of the ratio of next-nearest to nearest
neighbor exchange parameters Jq,/J13; the black dot represents
01 calculated from Jq,/J13 obtained using the experimental lat-
tice constant. Spin-resolved total DOS of ¢, single, d, bi-, e, tri-layer
and f, quad-layers Cr,Te; calculated for Cr-terminated structures.
Majority DOS is shown in the upper panels while minority DOS is
shown in the lower panels. Er is the Fermi energy.

as shown schematically in Figure 3(a). It is found that
J12 = —3.25meV, J13 = 1.25meV, Jo3 = 2.92meV. The
competing exchange interactions lead to spin frustration
and canting, primarily for Cry atoms in the vacancy layer,
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Figure 4. a, Out-of-plane magnetic hysteresis loops measured at different temperatures. b, Out-of-plane and in-plane magnetic hys-
teresis loops acquired at 10 K. ¢, ZFC and FC magnetization curves. The FC magnetization of a bulk film is also included for comparison.
d, Calculated reduced magnetization as a function of reduced temperature of 2D (blue) compared to its 3D counterpart (J = 3/2, black)

in the mean field approximation.

with much smaller angle for Crypy. As can be seen from
Figure 3(b), canting of Cry occurs at relatively large range
of J13/]12 values. At low J;3, coupling is antiferromag-
netic, which switches to ferromagnetic as /13 increases.
The black dot represents the canting angle ; ~81° of
Cry calculated from the exchange parameters obtained
using the experimental lattice constant. This leads to a
significant reduction of magnetization to 19.2 pp/unit cell
(2.37 pp per Cr), or 365 x 103> Am™3 (Table 1).
Interestingly, spin canting is suppressed in mono- to
quad-layers (i.e. collinear ferromagnetic). More strik-
ingly, the 2D Cr;,Tes layers exhibit half-metallic behavior;
i.e. they possess a metallic density of states (DOS) in one
spin band and are insulating in the other [22], despite
being metallic in bulk Cr,Tes. As shown in Table 1, the
total magnetic moment per unit cell are 18, 30 and 42 pp
for the mono-, bi- and tri-layer, respectively. An integer
spin moment is a hallmark of half-metallic behavior [23].
As can be seen from the spin-resolved total DOS in
Figure 3(c-e), a gap clearly exists in the minority DOS for
mono-, bi- and tri- layer Cr,Tes, confirming their half-
metallicity. In the quad-layer, the gap shrinks to near zero
(Figure 3(f)). In bulk Cr, Tes, such a gap is absent (Figure
S3b); however, the minority DOS is extremely low near
the Fermi level, suggesting a high spin polarization.

Unlike in conventional materials where half-metallic
behavior is weakened or destroyed at the surface or inter-
face, the half-metallic behavior in 2D Cr;Tes is strength-
ened by an increase of the gap with decreasing layer thick-
ness [24]. This is due to the lower coordination number
in atomically-thin layers, which narrows the band dis-
persion. The unique 2D half-metallicity in Cr, Te; makes
it promising as an electrode for magnetic tunnel junc-
tions and spin transistors to realize 100% spin-polarized
carrier transport [25].

MAE (Table 1) is strongly perpendicular for bulk
Cr;,Tes. Its magnitude is about 1 x 10°J m3, of the same
order to those of permanent magnets [26]. The large
MAE originates from the hexagonal structure and strong
spin-orbit coupling due to the presence of heavy element
Te. Strikingly the anisotropy turns in-plane (negative)
for mono- to quad-layer Cr,Te; as shown in Table 1, a
behavior that is not understood at present. The MAE is
negligibly small for the quad-layer, suggesting that it is
close to the critical thickness to a transition from in-plane
to perpendicular anisotropy.

The Curie temperature estimated from the on-site
exchange parameter as T¢ = %is ~306K for bulk
Cr,Tes, which increases slightly in 2D layers. This is
contrary to the behavior of most 2D magnets which
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respectively. e-g were measured at 120 K; h was measured at 20 K. Inset: AFM images of the corresponding Cr,Tes crystals.

show reduced Tc. Note that mean-field results typically
overestimate Tc by 30-40%. Thus the experimental T¢
is expected to be around 200K for both 2D and bulk
Cr 2T€3.

The magnetic hysteresis loops of an ensemble of 2D
Cr,Tes crystals on mica were measured. Figure 4(a)
shows the out-of-plane magnetic hysteresis loops for
Cr;Tes at temperatures from 10 to 150K. A coercivity
(Hc) of 4.6kG at 10K is observed, about 60% smaller
than the 1.3 Tesla of bulk films (see Figure S6, SI). The
smaller Hc can be explained by lower coordination num-
bers at sharp corners and edges of 2D crystals, which
create local anisotropy smaller than that of the inte-
rior and lead to nucleation and propagation of magnetic
domains at fields smaller than the anisotropy field. The
10K loop shows a linear slope persisting to high fields,
similar to that of thick films (Figure S6, SI). This slope is
attributed to spin canting discussed in the theory section
above. With a canting angle of 81°, contribution of the
Cr; moment to the total magnetization is insignificant
at zero field. With increasing field, however, the spins of
Cr atoms tilt slightly towards the z-axis, progressively
increasing the magnetization. To estimate the value of
MAE, both in-plane and out-of-plane hysteresis loops
were measured at 10K and displayed in Figure 4(b).
Clearly the sample shows uniaxial anisotropy with an
easy axis perpendicular to the plane, as evidenced by a
perpendicular loop that is squarer and a parallel loop
with smaller opening and lower remanent magnetiza-
tion. By extrapolating both hysteresis loops to high fields,
the anisotropy field is estimated to be 5.5T. Combining
the saturation magnetization (Mg) of 240 x 10°Am™!
measured from a bulk film (see SI), the uniaxial MAE

is estimated to be 7 x 10° Jm™. This is slightly smaller
than the predicted value, but of the same order to that
of hard magnetic CoPt and NdFeB [27]. The apprecia-
ble MAE plays a crucial role in stabilizing the long-range
magnetic order in 2D Cr;Tes.

Figure 4(c) displays the field-cooled (FC) and zero-
field-cooled (ZFC) magnetization as a function of tem-
perature, which confirms the magnetic transition at
around 180 K. Due to the small interlayer exchange, the
magnetic ordering in the bulk is driven by exchange inter-
actions in the CrTe; layer, and thus T¢ barely changes
from bulk to atomically-thin layers. Comparing the FC
curves of 2D crystals with that of the bulk film, it
can be seen that the magnetization drops faster at low
temperatures but more gradually near T¢. This is con-
firmed by calculations based on mean-field approxima-
tion (Figure 4(d)) showing the transition near T¢ to
be more abrupt for the 3D than the 2D case, mimick-
ing experimental results. At temperatures below 30K, a
sharp rise in magnetization is observed in the FC curve.
This is attributed to edge spins with weaker exchange
coupling than the interior, leading to disorder [28]. The
behavior of the ZFC curve, on the other hand, is quite dif-
ferent from that of conventional ferromagnets. It shows
a plateau in a broad temperature range, and decreases
slightly with further decreasing temperature. This can be
understood as the competition between increasing spin
canting and decreasing spin disorder with decreasing
temperature.

Polar magneto-optical Kerr effect (MOKE)
microscopy was used to extract magnetic properties of
individual 2D crystals. The same 2D crystals were then
imaged by AFM to correlate their hysteresis behaviors



with their morphologies. The MOKE hysteresis at dif-
ferent temperatures on a 2D crystal with a thickness of
11.5nm shown in Figure 5(a) are plotted in Figure 5(c).
The behavior is consistent with ensemble measurements
with similar Hc values. At low temperatures, the sin-
gle crystal shows a square loop, with near unity rema-
nence ratio M, (remanent/saturation magnetization) and
a sharp transition near Hc, resulting from the perpendic-
ular anisotropy. With increasing temperature, the loops
become more rounded, with decreasing M, and Hc.
At 170K, the flake becomes nearly paramagnetic with
negligible Hc. Temperature dependent H¢ plotted in
Figure 5(d) shows a rapid drop of Hc with increasing
temperature. In a material with uniaxial anisotropy, MAE
scales with Mg, which explains the sensitive temperature
dependence of H¢ [27].

Hysteresis loops of representative 2D crystals with dif-
ferent thicknesses were further measured, as shown in
Figure 5(e-h). As the thickness of the flakes decreases
from 25.2 to 7.8 nm, the square hysteresis behavior mea-
sured at 120 K changes only slightly, owing to the robust
perpendicular anisotropy. A small drop in H is observed
with decreasing thickness. However, a change of behavior
is observed for the 2.8 nm crystal (two unit cell thick-
ness). The MOKE signal becomes so weak at 120K that
no clear hysteresis can be detected. At 20 K, while the low
signal-to-noise ratio prevents the exact shape of the hys-
teresis to be resolved, it clearly deviates from the square
loops observed for thicker crystals with negligible M, and
Hc. This seems to be consistent with the theoretical pre-
diction of a transition from the perpendicular to in-plane
anisotropy in the quad-layer Cr;,Tes.

3. Conclusion and outlook

In conclusion, 2D ferromagnetic Cr,Te; crystals were
realized by controlling the kinetic growth in a CVD
process. The resulting 2D crystals demonstrate large
magnetic anisotropy, which helps to stabilize the ferro-
magnetic order in 2D Cr,Tes. First-principles calcula-
tions further predict an unconventional half-metallicity,
existing only in 2D layers and strengthened by reduced
dimensions. Our work represents an important step
towards the applications of 2D Cr,Tes and related com-
pounds for spintronics, and will inspire the search for
new covalent 2D magnets.
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