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Two-dimensional chromium ditelluride (CrTe;) is a promising ferromagnetic layered material that exhibits
long-range ferromagnetic ordering in the monolayer limit. The formation energies of the different possible
structural phases (1T, 1H, 2H) calculated from density functional theory (DFT) show that the 1T phase is the
ground state, and the energetic transition barriers between the phases, calculated by the nudged elastic band
method, are large, on the order of 0.5 eV. The self-consistent Hubbard U correction parameters are calculated for
all the phases of CrTe,. The calculated magnetic moment of 1T-CrTe, with >2 layers lies in the plane, whereas
the magnetic moment of a monolayer is out-of-plane. Band filling and tensile biaxial strain cause the magnetic
moment of a monolayer to switch from out-of-plane to in-plane, and compressive biaxial strain in a bilayer
causes the magnetic moment to switch from in-plane to out-of-plane. The magnetic anisotropy is shown to
originate from the large spin-orbit coupling (SOC) of the Te atoms and the anisotropy of the exchange coupling
constants J,, and J, in an XXZ type Hamiltonian. Renormalized spin wave theory using experimental values
for the magnetic anisotropy energy and Curie temperatures provides a range of values for the nearest neighbor
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I. INTRODUCTION

The recent discovery of monolayer two-dimensional (2D)
ferromagnetic (FM) material [1,2], the compatibility of 2D
FM materials with other 2D materials, and their susceptibility
to external control of their magnetic properties have made
2D FM materials a topic of high current interest. For exam-
ple, the magnetic anisotropy can be controlled by applying
an external electric field [3], strain [4], and band filling [5].
The ground state magnetic ordering can be switched among
ferromagnetic (FM), antiferromagnetic (AFM), collinear, and
noncollinear by stacking pattern [6], strain [7], and electric
field [8,9]. Moreover, the formation of heterostructures with
other 2D materials, breaks time reversal symmetry, which can
be exploited for valleytronics [10] or the creation of a Chern
insulator [11].

A relatively new class of layered magnetic materials such
as CrTe,, Crl,, and CrGeTe; have extended the applicability
of the layered materials in the field of spintronics [12]. One
material of particular interest is CrTe, in which Cr hexagonal
planes are sandwiched by Te layers. Several studies [13,14]
suggested the nonmagnetic 2H phase was the ground state,
whereas recent studies all find the 1T phase to be the ground
state [15-20]. 1T-CrTe, has one of the highest Curie tem-
peratures among the 2D magnetic materials. The discovery
that bulk 1T-CrTe, is a layered metallic ferromagnet with a
Curie temperature of ~310 K [15], led to a number of fur-
ther studies. Mechanical exfoliation of 1T-CrTe, with either
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h-BN or Pt encapsulation in a glove box produced samples
in which easy-plane ferromagnetism was maintained in thin
films down to ~8 nm while maintaining a Curie temperature
above 300 K [16]. This study also showed that CrTe, rapidly
oxidizes in ambient conditions and that the pristine Raman
peaks at 100 and 134 cm™! shift to 125 and 145 cm™' after
a few hours in air [16]. A number of studies of epitaxial
grown material quickly followed. Thin film 1T-CrTe, was
grown by molecular beam epitaxy (MBE) on bilayer graphene
(BLG)/SiC and capped with a 5 nm Te layer to prevent oxi-
dation [17]. Ultrathin films [<7 monolayers (ML)] possessed
perpendicular magnetic anisotropy (PMA) with 7. dropping
from 300 K for thicker films down to 200 K for a monolayer.
A large PMA constant of K, = 5.63 x 10° erg/cm? was mea-
sured for a 7 ML film. In a separate work, this value of K,
was also found for 80 nm thick films of Cr;3Te, [21]. In
thin films of 1T-CrTe, grown by chemical vapor deposition
(CVD) on SiO,, the magnetic easy axis changed from in-
plane to perpendicular as the thickness was reduced below
approximately 10 nm (&17 ML) [18]. Reflectance magne-
tocircular dichroism measurements showed that 7, increased
from approximately 165 to 212 K as the film thickness de-
creased from 48 to 7.5 nm. This last trend of increasing T.
with decreasing film thickness is unique to these samples
and experiments. The majority of the data in this study were
taken from oxidized samples based on the Raman peaks at
123 and 143 cm™!, however a comparison was made between
samples with and without h-BN encapsulation; the values
for T, remained essentially the same, and both sets of films
exhibited strong PMA [18]. The authors theoretically found
that the sign of the magnetic anisotropy energy (MAE) in
ML 1T-CrTe, switches from in-plane to out-of-plane with
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increasing magnitude of the on-site Coulomb potential (U),
with switching occurring at U ~ 3.2 eV; and they discuss the
possibility that thinner samples provide less screening, larger
electrostatic interaction with the substrate, larger values of U,
and thus PMA [18]. MBE grown 1T-CrTe; on (111) GaAs
exhibited a Curie temperature that dropped from 7, = 205 K
for a35 ML filmto 191 K for a 4 ML film, and, unique to these
samples, all thicknesses exhibited PMA [19]. No information
on a capping layer or other protection from oxidation was
provided [19]. A most recent study of MBE grown 1T-CrTe,
on BLG/SiC found that ML 1T-CrTe, had a zigzag AFM
(z-AFM) ground state accompanied by a 2 x 1 reconstruction
of the lattice resulting from relatively large substrate induced
strain (—5% along a; and +3% along a,) [22].

The intense interest in 1T-CrTe, also motivated many
theoretical investigations based on density functional theory
calculations. Calculations using the Perdew-Burke-Emzerhof
(PBE) functional [23] without a Hubbard U correction or
spin-orbit coupling found that 1% compressive strain caused
ML 1T-CrTe; to transition from an FM to an AFM ground
state [24]. Simulations of ML 1T-CrTe, with the all electron
code WIEN2k [25] using the PBE functional, found imag-
inary modes in the phonon spectrum which were removed
in a3 x+3 charge density wave (CDW) state [26]. In
both the normal and CDW phase, tensile strain was required
to obtain PMA, and the magnetic anisotropy switched from
in-plane to out-of-plane for a lattice constant of >3.8 A in the
CDW phase and >3.86 A in the normal phase [26]. PBE + U
calculations, with U = 2 eV, found a stable phonon spectrum
for ML 1T-CrTe; and in-plane FM magnetization [27]. The
finding of in-plane magnetization results from the use of
the value U = 2 eV [18]. PBE level calculations without a
Hubbard U correction found an AFM ground state for ML
1T-CrTe,, and a reduction of the lattice constant from 3.79 A
in the bulk to 3.68 A in ML [28]. The ML AFM ground state
was attributed to the reduction of the lattice constant. The
thickness dependence of the magnetization of 1T-CrTe, was
investigated [29] using the opt-B86b-vdW functional [30] im-
plemented in VASP [31,32]. The ML ground state was found
to be z-AFM with a corresponding reduction of the in-plane
lattice constant from ~3.8 A for bulk to ~3.57 A for ML [29].
The FM ML CDW ground state [26] was found to be higher in
energy than the z-AFM state. The results are qualitatively sim-
ilar to those of Ref. [28]. AFM interlayer coupling was found
in 2 through 4 ML, and FM interlayer coupling for 5 ML or
more [29]. PBE-D3+4(U =2 eV) calculations of bilayer 1T-
CrTe, found a g-type AFM ground state with both intralayer
and interlayer AFM coupling [33]. Compressive strain greater
than 4% caused the interlayer coupling to become FM while
the intralayer coupling remained AFM.

Crl; is another 2D magnetic material with many similar-
ities to CrTe,. The Cr ion is in octahedral coordination with
the I anions resulting in the same eg, f, crystal field splitting
and superexchange coupling through the Cr-I-Cr bonds at near
90° bond angles. The origin of the large out-of-plane magnetic
anisotropy in Crl; has been investigated in detail [34,35]. It
was found that the MAE is primarily from the SOC on the I
atoms, and, therefore, anisotropic superexchange is the source
of the magnetic anisotropy [34]. Further investigation found
that the MAE was very sensitive to the deviation of the dihe-

dral angle 6 between the plane formed by the Cr-I-Cr bonds
and a vertical plane through the Cr-Cr pair [35], which is a
measure of the trigonal distortion of the edge-sharing CrTeg
octahedra. In the undistorted octahedron, the dihedral angle
B0, ~ 35.3°, and the deviation is defined as 50 = 6, — 6p. In
Crls, positive values for §6p resulted in out-of-plane magnetic
anisotropy and negative values resulted in in-plane magnetic
anisotropy.

The variety of different and contradicting experimental
data for 1T-CrTe, originating from different growth condi-
tions and substrates indicates a sensitivity of the thin layer
material to external perturbations such as strain, band fill-
ing, and screening. The variety of different and contradictory
theoretical predictions resulting from different models and,
particularly, from the use of different values of U possibly
indicate a sensitivity to screening, which is affected by dif-
ferent environments as discussed in [18]. In few monolayer
films, both the interlayer magnetic coupling and the sign of
the magnetic anisotropy are affected in incompatible ways by
the value of U. For few layer films, small U values give, what
appears to be at this time, the experimentally correct sign
of the interlayer magnetic coupling coupling (i.e., FM), but
the incorrect sign for the magnetic anisotropy (i.e., predic-
tion of easy-plane magnetic anisotropy). Conversely, larger
values of U predict the correct magnetic anisotropy (PMA),
but the incorrect interlayer magnetic coupling (i.e., AFM).
Thus, to address the question of the magnetic anisotropy in
a monolayer, a value for U must be chosen that reproduces
the observed magnetic anisotropy, which, experimentally, is
found to be out-of-plane.

In this work we first quantify the energy differences and en-
ergy barriers separating the different crystallographic phases:
1T, 1H, and 2H. We then focus on the magnetic anisotropy
of bilayer and monolayer 1T-CrTe, and understand how it is
affected by strain and band filling. We investigate the source
of the magnetic anisotropy originating from the large SOC
of the Te atoms. Based on the insights gained from prior
work on Crlz [34,35], we analyze the SOC matrix elements
and distortion of dihedral angle, and their relationships to
the sign of the MAE. Finite temperature long range magnetic
order in 2D monolayer 1T-CrTe; is subject to the Mermin-
Wagner theorem [36]. As such, an energy gap is required in
the magnon excitation spectrum to prevent the magnetic order
from being destroyed by thermal fluctuations. This energy gap
results from the magnetic anisotropy. The interdependence of
the MAE, exchange coupling, and Curie temperature in ML
IT-CrTe; is analyzed using renormalized spin wave theory
(RSWT) [37]. RSWT provides a mean field self-consistent
calculation of the magnon mode occupation and the average
magnetic moment as a function of temperature. Examples of
RSWT applied to other 2D magnetic materials can be found
in Refs. [2,9,34]. Finally, an inverse calculation is performed
in which the experimentally measured value for T, is used
to determine all pairs of values for the MAE and exchange
coupling constants that result in 7.

II. METHOD

The first-principle calculations use spin-polarized den-
sity functional theory (DFT) with the projector augmented

084004-2



STRUCTURAL, ELECTRONIC, AND MAGNETIC ...

PHYSICAL REVIEW MATERIALS 6, 084004 (2022)

TABLE I. U parameters of the Cr atom in CrTe, calculated from
linear response method.

Phases 1Tbulk 1Hbulk 2Hbulk 1TI1L 1HIL 2H2L

U (eV) 5.80 5.59 5.85 5.92 5.91 5.59

wave (PAW) [38,39] method and a plane-wave basis, as
implemented in the Vienna ab initio simulation package
(VASP) [31,32]. The Perdew-Burke-Enzerhof’s (PBE) [23]
version of the generalized gradient approximation (GGA)
is used for the exchange-correlation density functional. The
vdW corrections are included with the PBE+D3 model [40].
All structural relaxation calculations use the PBE+D3 level of
theory. The lattice is fully relaxed until the force on each atom
is smaller than 0.001 eV/A. For finite thickness slabs, 15 A
vacuum layers are added. Energy barriers between the ground
state and the metastable states of CrTe, are determined using
the nudged elastic band (NEB) method [41,42].

For calculation of the electronic and magnetic properties,
the Hubbard U correction (PBE + U) [43]. and spin-orbit
coupling (SOC) are included. The values of the U parameter
for the different phases of CrTe; are calculated using the linear
response method [44], and the values are given in Table L.
The details of U parameter calculation are provided in the
Supplemental Material (SM) [45]. For all calculations of the
magnetic properties of 1T-CrTe,, the value of U = 5.8 eV is
used. With U = 5.8 eV, the magnetic moment per formula
unit of 1T-CrTe, is 3.05 up for monolayer and 3.08 up for
bulk. A table of calculated magnetic moments as a function of
U is provided in the Supplemental Material (SM) [45]. This
method has been used for other 2D Cr based materials such
as CrX; (X = Cl, Br, I) monolayers [46]. 12 valence electrons
are included for Cr (3 p63d54s1), and 6 valence electrons for
Te (4s>sp*). The cutoff energy is 500 eV. A 24 x 24 x 12
Monkhorst-Pack k-grid mesh [47] for bulk structures and a
28 x 28 x 1 mesh for layered structures are used to ensure
that the magnetic anisotropy energies are well converged.
The Gaussian smearing method is employed with a width
of 0.05 eV for the structure, magnetic, and energy barrier
calculations for insulating systems. For metallic systems, the
Methfessel-Paxton smearing method is employed with a width
of 0.05 eV.

III. RESULTS AND DISCUSSION

A. Ground state and energy barrier in phase transition

CrTe, can potentially crystalize into various layered phases
such as 1T, 1T,;, 1H, and 2H phases [48,49], as illustrated
in Fig. 1. The geometry-optimized in-plane lattice constant
a and the interlayer distance d for each phase is shown in
Table II. Among all of the possible phases, the 1T, phase
of CrTe, in both the bulk and monolayer forms is unstable
during the structure optimization step, and hence is excluded
from this study. Experimental values are only known for the
1T bulk phase, and our calculated values match well with the
experimental ones of a = 3.7887 A and ¢ = 6.0955 A [15].

To determine the energetic stability of each phase, the for-
mation energy Efom is calculated from the energy difference

FIG. 1. Top and lateral views of 1T, 1H, and 2H phases of CrTe,.
The unit cells are shown by the thin lines. Blue and golden balls
represent Cr and Te atoms, respectively. The 1T phase contains one
formula unit (f.u.) per unit cell in a hexagonal lattice belonging to
the P3m1 space group with each Cr atom surrounded by Te atoms
in octahedral coordination. The 1H and 2H phases are hexagonal,
trigonal prismatic, and the difference between the two phases is
in their interlayer stacking. In the 1H structure, layers are stacked
directly on top of each other so that the 1H structure contains
1 fu./unit cell and belongs to the P6m2 space group. The 2H
structure contains 2 f.u./unit cell and belongs to the P6;/mmc space

group.

between the material and isolated atoms per chemical formula,
which is defined as

n
Eform = Etotal - Z Eh (1)

1

where Eiy is the total energy of the material, E; is the energy
of a single constituent atom, and n is the total number of
atoms in the unit cell of the material. A more negative Efomy
corresponds to a more stable system. As shown in Table II,
the 1T phase is the ground state for both the bulk and the
monolayer forms. Quantitatively, the formation energy of the
1T bulk phase is lower than those of the 2H and 1H phases by
0.30 and 0.40 eV, respectively.

The energetic barriers separating the ground state from the
metastable states, calculated from the NEB method, are shown
in Fig. 2 for (a) bulk and (b) monolayer. The energies of the 1T
bulk and monolayer serve as the reference energies and are set
to be 0 eV. The energetic barriers for the bulk phase transitions

TABLE II. Formation energies Eg,, (eV) and relaxed lattice
constants for different phases of CrTe, in bulk, monolayer (1L), and
bilayer (2L) geometries. For the bilayer structure, ¢ corresponds to
the interlayer Cr-Cr distance.

Phases Etom a c
1T bulk —10.44 3.787 5.967
1T 2L —10.18 3.759 -
1T 1L —10.09 3.692 -
1H bulk —10.04 3.491 7.493
1H 1L —-9.75 3.646 -
2H bulk —10.14 3.498 6.951
2H 2L —9.98 3.493 7.001
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FIG. 2. (a) The energy barrier between 1H, 2H, and 1T phases
of bulk CrTe,. (b) The energy barrier between 1T and 1H phases of
monolayer CrTe,.

from 1T to 2H and 1H are 0.99 and 0.95 eV, respectively. The
energetic barrier for the monolayer transition from 1T to 1H
is 0.78 eV. The large magnitudes of energy barriers separating
the 1T phase from the other metastable phases combined
with the large energy differences of the ground states, indicate
that the 1T phase, in both bulk and monolayer forms, should
be very stable, and transitions to other phases difficult to
achieve.

To verify the stability of 1T phase monolayer, the phonon
spectrum is calculated using different U parameters as shown
in the Supplemental Material (SM) [45]. As found previ-
ously [27], the imaginary modes vanish with the inclusion of
a nonzero Hubbard U parameter.

B. The magnetic anisotropy of layered and bulk 1T-CrTe,

The magnetic anisotropy energy plays a crucial role in
the stability of the magnetic ordering in low dimensional
materials, and there is great interest in controlling it with
externally applied fields and strain. We therefore investigate
the sensitivity of the MAE to strain and band filling in both
few layer and bulk 1T-CrTe,. Since the energy differences and
energy barriers between the 1T phase and the other phases
are large, we only consider the magnetic properties of the 1T
phase.

The MAE (Awma) is defined as the energy difference be-
tween the total energies Eiy, when the magnetization m lies
along the x axis or the z axis, i.e.,

Apmp = Elotal(m”)?) - Etolal(mnz)o (2)

As shown in Table III, in the FM ground state, the magneti-
zation easy axis of monolayer 1T-CrTe, is out-of-plane while
the multilayer and bulk 1T-CrTe, have in-plane magnetic easy
axes.

TABLE III. Magnetic anisotropy energies of 1T-CrTe; in layered
and bulk forms.

Structure MAE per f.u. (meV) Easy axis
1L 5.56 out-of-plane
2L —4.15 in-plane
3L —3.61 in-plane
4L —2.88 in-plane
SL —-3.37 in-plane
6L -3.29 in-plane
Bulk —3.22 in-plane
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FIG. 3. The MAE as a function of (a) strain and (b) band filling
of 1L, 2L, and bulk 1T-CrTe,.

Device applications require external control of the MAE,
so we therefore consider the effects of strain and band filling
in monolayer, bilayer, and bulk 1T-CrTe,. Biaxial strain is
simultaneously stretching or compressing the in-plane x axis
and y axis of the crystal. As shown in Fig. 3(a) the MAE of a
monolayer is sensitive to tensile biaxial strain, and the MAE
of a bilayer is sensitive to compressive biaxial strain. The
easy axis of monolayer 1T-CrTe, switches from out-of-plane
(z axis) to in-plane (x axis) at 2.3% biaxial tensile strain.
The easy axis of bilayer 1T-CrTe, switches from in-plane (x
axis) to out-of-plane (z axis) at 3% biaxial compressive strain.
The MAE of the bulk structure is relatively insensitive to the
applied uniaxial or biaxial strain. As shown in Fig. 3(b), band
filling also switches the magnetic moment of monolayer of
1T-CrTe; from out-of-plane (z axis) to in-plane (x axis). The
sign of the MAE switches at a filling of 0.22 electrons per
unit cell, corresponding to a sheet carrier concentration of
ny, = 1.9 x 10 cm—2.

To obtain insight into the source of the magnetic anisotropy
in 1T-CrTe,, we consider the SOC matrix elements of Cr-3d
and Te-5p orbitals. The Cr d-orbitals’ contributions to SOC
matrix elements are negligible in comparison with those of
the Te p orbitals, so they will be ignored. We abbreviate the
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FIG. 4. Magnetic anisotropy energy Ama (per f.u.) and differ-
ence in SOC energies Asoc (per f.u.) of Te-5p orbitals between the
x (in-plane) and z (out-of-plane) magnetization orientations. Te® and
Te” denote the Te atoms on the surface and at the vdW gap of the
bilayer, respectively.

p-orbital matrix elements of the SOC term in the Hamiltonian
as (p;|p;). Similar to the definition of the MAE in Eq. (2), we
define

Asoc = Esoc(m||X) — Esoc(m|2), 3)

where Esoc is the energy associated with the SOC matrix
elements. In Fig. 4, Esoc(m||X, 2) is calculated from the sum
of the SOC matrix elements, i.e., Esoc(m||%, 2) = ({py|p.) +
(pylpz) + (PxIPz))Imysz» and the difference Agoc is plotted.
Figure 4 shows Apa and Agoc for monolayer, bilayer, and
bulk 1T-CrTe,. It is clear that the difference in the SOC energy
Asoc tracks both the magnitude and sign of the MAE, Apa.
In the bilayer structure, the Te atoms on the outer surfaces
(Te®) and the ones adjacent to the vdW gap (Te") are in differ-
ent chemical environments, and thus they contribute different
amounts to the total MAE.

The changes in individual SOC matrix elements with dif-
ferent magnetization directions are shown in Fig. 5. Here
A([h‘\[’/) = (pi|pj>|mH£ — (pi|pj>|m||2- In the FM gI'OllIld state
(zero strain) of monolayer 1T-CrTe,, {(p,|p,) contributes the
most to Agoc, while in the FM ground states of bilayer and
bulk, the dominant matrix element is {p,|p;). A dominant
A(p,|p.) matrix element anisotropy coincides with an out-
of-plane easy axis, and a dominant A, |, matrix element
anisotropy coincides with an in-plane magnetic easy axis.

Figure 5(a) also shows the effect of strain on the dihedral
angle 6p between the Cr-Te-Cr plane and a vertical plane
through the Cr-Cr pair illustrated in Fig. 6. Positive values of
86p = 6p, — Op correspond to the Cr-Te-Cr plane becoming
more vertical. For the monolayer and bilayer, an out-of-plane
easy axis occurs at more positive values of §6p, which is
qualitatively consistent with the results for Crl; described
in Ref. [35], although the dependence is far from linear.
For the monolayer in equilibrium, §6p = 2.6° is relatively
large and positive, the A, |,y matrix element anisotropy is
dominant, and the easy axis is out-of-plane. For the bilayer
in equilibrium, two values of §0p are given, one for the Te
atom at the surface (1.0°) and one for the Te atom at the

@ Monolayer Te - 5p 86,=2.6° 56, = 0.44°
| L
0 ‘
56, = 4.8°
4L
Bilayer Te ® - 5p 690:' 10° 56, = 15°

56,=3.8°
? Bilayer 'ILe V-5p : :
5 2
0

2l  60,=33°

Bulk Te - 5p

4r  50,=33° 50,=0.1° 56, =-3.1°

0

41

4 0 1
Bi-axial Strain (%)
() [ | Appy Monolayer Te - 5p
— 4 i bz
E L_FYY'S L
é 0 Ap ey
2
&G 4
N, =0 N,=0.3
Band Filling

FIG. 5. Difference in SOC matrix elements A, (per atom) of
the Te-5p orbitals. (a) Ay, of 1L, 2L, and bulk 1T-CrTe; versus
strain. At each strain, the values for 86, are also shown. Positive
and negative values of strain correspond to tensile and compressive
strain, respectively. For the bilayer, values for Te atoms at the van
der Waals gap (Te") and Te atoms at the free surface Te’® are shown.
(b) Apyp;) of 1L 1T-CrTe; versus filling. The legend is shown on the
left.

van der Waals gap (0.8°). The angles are similar, §6p ~ 1°,
the matrix element anisotropy is dominated by A, |,,), and
the easy axis is in-plane. As compressive biaxial strain is
applied to the bilayer, 66p becomes more positive, the SOC
matrix element anisotropy A, |,,) becomes dominant, and the
easy plane rotates from in-plane to out-of-plane. For the bulk,
compressive strain increases §6p to 3.3°, however in the bulk,
the anisotropy of the SOC matrix elements and the magnetic
anisotropy are insensitive to strain and the dihedral angle.
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FIG. 6. Illustration of the dihedral angle 6 between the plane
(blue) formed by a Cr-Te-Cr bonds and the perpendicular plane
through the Cr-Cr pair (orange).

In terms of percent change, strain has the largest effect
on the dihedral angle 6p, the second largest effect on the
Cr-Te-Cr bond angles, and minimal effect on the bond lengths.
The distortion produced by in-plane strain or a reduction of
the equilibrium in-plane lattice constant is primarily absorbed
by the dihedral angles and bond angles. The decrease in the
dihedral angle ), is accompanied by a reduction of the Cr-Te-
Cr bond angle. For example, the equilibrium in-plane lattice
constant of a monolayer (3.692 A) is 2.5% smaller than that
of the bulk (3.787 A), the Cr-Te-Cr bond angle of the ML
(86.3°) is 4% smaller than that of the bulk (89.9°), and the
dihedral angle (32.7°) is 7% smaller than that of the bulk
(35.2°). Even though the lattice constants of the ML are 2.5%
smaller than those of the bulk, the Cr-Te bond lengths of the
ML (2.70 A) are 0.7% longer than those of the bulk (2.68 A),
since the Te atoms in the ML are free to move into the vacuum.
The bond angles and bond lengths of the equilibrium bilayer
lie in between those of the monolayer and bulk. The bilayer
Cr-Te'™ bond lengths are 2.68(2.69) A, the Cr-Te"™-Cr bond
angles are 88.9°(88.5°), and the Cr-Te"-Cr dihedral angles
are 34.5°(34.3°). When the bilayer is compressed 4% in-
plane, the Cr-Te"™ bond lengths are reduced by 0.6%(0.09%),
the Cr-Te*®-Cr bond angles are reduced by 4.3%(4.8%), and
the Cr-Te"-Cr dihedral angles are reduced by 9%(10%).

As shown in Fig. 5(b), band filling in the monolayer
switches the (py|py) anisotropy from positive to negative, and
it decreases the magnitudes of the other two terms. The net
result is that the MAE becomes dominated by the A, |,
term, and the easy axis switches from out-of-plane to in-plane.
In the band-filling calculation, the structure is not relaxed after
charging, so all of the dihedral angles and bond angles remain
the same as in the charge neutral state. Thus, this switching is
a purely electronic effect.

C. XXZ spin Hamiltonian

Magnetic anisotropy originating from the nonmagnetic
ligand p electrons is induced by the superexchange mech-
anism [34,35,50] through the Cr-Te-Cr channel. Magnetic

anisotropy of this kind is exchange anisotropy, in which the
exchange coupling constants of the Heisenberg Hamiltonian
depend on the directions of the magnetic moments. A suitable
model is the XXZ Hamiltonian in which the the exchange
coupling constant for the in-plane component of the spins
Jy, differs from the out-of-plane component J, [51]. This
model has been shown to apply to Crl; [34]. Other sources of
anisotropy include single ion anisotropy and dipolar coupling.
The effect of dipolar coupling is known to be small, so below
we consider a XXZ type Hamiltonian for the energy per unit
cell of monolayer 1T-CrTe, and also include a single-ion
anisotropy term and an external magnetic field directed in the
=4z direction (along the c axis),

1 ! 1
i ] i#]

1 1
- Ky 2 (59 + susBey DS, )
J J

Since 1T-CrTe; is ferromagnetic, the exchange coupling con-
stants J,, and J; are positive. For perpendicular magnetic
anisotropy in a monolayer, K, is positive. The spin magnetic
momentMJZ. = —gpLBSj, so that the last term is —]lv Zj M; B
with B directed along the +z direction. Exchange coupling is
included for nearest neighbor Cr ions.

The magnon dispersion is determined by first perform-
ing the Holstein-Primakoff transformation [52] defined by
the operator substitution S; = S — 7, where 2i; = a}a ;j is the
magnon number operator. One can then show that the spin
ladder operators S} = S} +iS} and S} = S} — iS7 are given

by S =+25V1 — % ajand S; = v/2Sa[ V1 — 3. Atlow
temperatures such that (72;) <« S, one expands out the square
root terms to first order in 7; to obtain

§=5—n,

§t ~ /28 1—ﬁ a;

/ 4s )

o . i

S; ~«/2Saj(l—ﬁ). (3)

These are the equations used to transform the Hamiltonian
in Eq. (10). Keeping terms to first order in #;, and sub-
stituting the Fourier representation of the operators a; =

ﬁ Y e ®Rigy (see SM for details), the Hamiltonian gov-
erning the magnon dynamics is
28 8B ;
Hy=2 Zk: -7+ K, - o —JoRel F0) |afa,
(6)

where Z = 6 is the number of nearest neighbor Cr atoms,
and f(k) =), e 3 ¢ R is the form factor resulting from
the sum over the six nearest Cr neighbors located at the ver-
tices of the hexagon given explicitly by f(k) = 2[cos(k.a) +
2cos(k‘7”)cos(“/7§kya)]. In the limit of small ka, the magnon
energy given by Eq. (6) reduces to

En(k) = 128(J,—J,y) + 28K, — B, + 3SJ,k*a*. (7)
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(a) ‘ EFM,Z =0
1

 (b) Earm, = 0.106

0.011 |

(©) | Epnx=

dﬁﬁ»

FIG. 7. Different spin configurations in a 2 x 1 x 1 supercell,
showing only the Cr atoms, used for determining the exchange and
anisotropy parameters in Eq. (4). The 2 x 1 supercell is shown with
the solid black line. Nearest neighbors for the two atoms in the
supercell are shown with the thinner blue lines. The total energy (in
eV) with respect to Egy . is shown for each spin configuration.

The parameters J.y, J;, and K, are extracted from the
DFT calculated total energies of structures with different spin
configurations as shown in Fig. 7. From the Hamiltonian of
Eq. (4), the total energies for each spin configuration for two
unit cells (two Cr atoms) are Epy; = 248%J. + 28K, + E,,
EAFM,Z = —4—S2JZ + ZSZKM + E(), EFM,x = 1252.])0, + E(), and
Eapmx = —4S2ny + Ey. The exchange and anisotropy con-
stants are then

Joy = (Epvx — Earviy)/(165%),
J, = (Erm.; — Earm2)/(1687),
K = (Epm; — Epvy — 124,87 — 127,8%)/(28%).  (8)

The values obtained with U = 5.8 eV are J, = 2.93 meV,
Jyy =2.50 meV, and K, = —0.0959 meV.

Equation (7) shows that the effective anisotropy governing
the spin gap in the magnon dispersion is

Ket = (J; = Jy)Z + K, = 2.49 (meV). ©)

We can confirm the assumption that the dipolar energy can
be neglected, since an estimate for the magnitude of the dipo-
lar energy is 52M? = L2 (gupS)*Vye = 41 peV, where V. is
the volume of one unit cell. This is one order of magnitude
smaller than the effective anisotropy energy. With the defi-
nition of K, the XXZ Hamiltonian of Eq. (4) maps onto a
Heisenberg Hamiltonian with isotropic exchange and single-
ion anisotropy as

H——ZS S; — “ffZ(SZ) + gupB.— ZSZ,
i
] (10)

where J = J,,, and the low energy magnon dispersion be-
comes

E,(k) = 2SK.i — gugB, + 3SJk*a>. (11)

Since the effect of anisotropic exchange and single ion
anisotropy enter the equations governing the observables of
magnetic anisotropy and magnon dispersion in exactly the
same way, experimental measurements of effective anisotropy

Keii = 2.49 meV

E; S
- | J=2.5meV \\ \

Kes/ 1 O\ |Keﬁ/5

~0 100 200 300
T(K)

\

\)
1
L}
I

Ket/2

—_
1

400

FIG. 8. Magnetization versus temperature with J/ = 2.5 meV and
four different values of K. as shown on the plot.

energies, spin wave gaps, and the resulting transition temper-
atures do not help to separate these two effects. However, the
experimental measurements of effective anisotropy and tran-
sition temperature can shed light on the relative magnitudes of
J and K. Two separate experimental investigations extracted
effective anisotropy constants from magnetization versus field
curves of Keypy = 5.6 Merg/cm3 = 0.26 meV/u.c., where, for
the conversion, we use the volume of the bulk unit cell [17,21].
The experimentally measured Curie temperatures of few layer
1T-CrTe, range from 7, ~ 200-300 K [16-19]. From the
value of Kexp and the range of values for T;, we can extract
a range of values for J using renormalized spin wave theory
(RSWT) [9,34,53].

Starting from the operator identity S% = S — /1; and the sat-
uration magnetization per unit cell M; = gugS, the expected
value of the magnetization as a function of temperature is

M) = M, — g 3 (i), (12)

k
where (i) = [ef»®/ksT — 1171 is given by the Bose-Einstein
factor. The renormalization is included by replacing S in
the dispersion relation by S — + Zk A%. With this
substitution, and using the expressmn for the low-energy dis-
persion [Eq. (11)], the equation for M = M(T) in units of ug
becomes

A Kmax k
M=wu, - 52 “°/dk § i o ay
2 o' QKer+37K2a) [ksT _ |

where the sum over the two-dimensional wave vector is con-
verted into an integral, A, = a? V3 /2 is the area of a unit cell,
and k.« 1S chosen to match the area of the first Brillouin zone,
ie., mk2, 4—” )2 V/3/2. Performing the integral gives

M M T 1 _ o~ Emax/ksT
VT | Tl e . (14
1 — e~ Ewin/ksT

g g 24nMJ

where Epip, = 24 Keff and Enax = Emin + ?}M J.

Equation (14) is solved for M, and M (T) is plotted versus
T in Fig. 8 with J = 2.5 meV and four different values of K.
The solid red curve with 7, = 405 K results from the DFT
calculated parameters of Keif = 2.49 meV and J = 2.50 meV.
The other curves show the effect of reducing K. As Kegr is
reduced by factors or 2, 5, and 10, 7; decreases from 405 to
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FIG. 9. Values of J and K. that result in 7. = 300 and 200 K
calculated from Eq. (14). Inset: Enlarged view for small K. To
convert to values for experimentally determined anisotropy, Kexpr =
S?K.; = 2.25K.;r (see the Supplemental Material (SM) [45] and
references [17,54] therein). The vertical dashed line in the inset
designates the experimentally measured Kexpe = 5.6 Merg/cm®.

311, 234, and 197 K, respectively. These curves illustrate the
sensitivity of 7 to the parameters J and K.

The pairs of parameters J and K. that result in a given
value for 7, form a curve in the two dimensional J-K.
parameter space. We solve for that curve by setting 7 = T,
and M = 1.65 up in Eq. (14). The value of M = 1.65 up
is chosen, since we find it to be at the point, or extremely
close to the point, where the maximum temperature occurs
in all of the M(T) versus T curves such as those shown in
Fig. 8. The J-K.¢ curves showing all parameter pairs resulting
in T, =200 K and 7. = 300 K calculated from Eq. (14) are
shown in Fig. 9.

The one experimental value of Kexp = 5.6 Merg/cm3 is
marked by the dashed vertical line on the inset. The experi-
mentally measured range of 7, values between 200 and 300 K
then provides a range of J values between 3.1 and 5.2 meV.
The dashed horizontal line on the main plot shows the DFT
calculated value of J = 2.5 meV, which is slightly below the
minimum extracted value from the experimental data. The
calculated Kef = (J; — J,)Z = 2.5 meV is too large. It is
a result of the large value of magnetic anisotropy energy
Apma = 5.56 meV, and the large coordination number Z = 6.
We note that our values for Ay 4 are similar to and somewhat
less than those calculated in Ref. [18] with similar values
of U.

Care is required when comparing to other values for K
and J in the literature. Some authors define their Heisen-
berg Hamiltonian as %’Zi# S;-S; [34,55], in which case
their values for J must be scaled by a factor of 2 for
comparison with our values. Many authors set S = 1 when
extracting exchange constants from the DFT total energy cal-
culations [27,29] while other authors do not [34,55]. Values
for J' calculated with S = 1 must be scaled by S? to compare
with our values for J, i.e., J = J’/Sz. The same also holds
true for the anisotropy constant K. Below we compare to
other values in the literature appropriately scaled (i.e., by a
factor of % or by a factor of §? = %) to match the definition
of our values, and we also convert to our sign convention in

which positive J and K values correspond to FM coupling and
PMA, respectively. Based on PBE + U = 2 eV total energy
calculations of ML 1T-CrTe, and fitting to a symmetric sec-
ond neighbor Heisenberg model with single-ion anisotropy,
Ref. [27] found a nearest neighbor exchange interaction of
Ji1 = 5.9 meV, a second neighbor interaction of J, = 1.1 meV,
and an anisotropy constant of K = —0.46 meV. We note the
large value of J;, however, since the magnetic anisotropy
is in-plane, RSWT predicts 7, = 0 K. As noted above, ML
Crl; has many similarities to ML CrTe, such as octahedral
coordination, anions with large SOC, and PMA. PBE + U =
2.7 eV calculations of ML Crlz found J = 1.1 meV and
Kt = 0.045 meV [34]. The lower values are consistent with
the lower value of T for Crl; with respect to that of CrTe,.
In general, the exchange constants straddle the ones predicted
from experimental data analyzed with RSWT. The predicted
anisotropy constants tend to have a stronger dependence and
even change sign depending on the value of U.

IV. CONCLUSIONS

In this study we performed a systematic first-principle DFT
calculations of the structural, electronic, and magnetic proper-
ties of various phases of CrTe,. A comparison of the formation
energies of the different phases of CrTe, show that the 1T-
CrTe; phase is the ground state. For the bulk and monolayer,
the formation energy of the 1T phase lies 0.30 and 0.11 eV per
formula unit below the next metastable phase, respectively.
Furthermore, NEB calculations show that the energy barriers
separating the phases are large, on the order of 0.5 eV for
both the bulk and monolayer. Based on the linear response
method, the calculated U value for the Cr atom in 1T-CrTe,
is 5.8 eV. The magnetic anisotropy of 1T-CrTe, originates
from the SOC of the Te atoms and the superexchange cou-
pling between the Cr-3d and Te-5p orbitals. For any number
of layers (n > 2) of 1T-CrTe,, the magnetic moment lies
in-plane, however for a monolayer, the magnetic moment is
out-of-plane. Band filling with a sheet carrier concentration
more than n; = 1.5 x 10" cm~2 or a tensile biaxial strain of
3% can cause the magnetic easy axis of monolayer 1T-CrTe,
switch from out-of-plane to in-plane. Compressive biaxial
strain of —3% causes the magnetic easy axis of bilayer 1T-
CrTe, to switch from in-plane to out-of-plane. PMA is favored
in structures with smaller dihedral angles consistent with the
trend identified previously for Crl;. A RSWT analysis using
experimental values for magnetic anisotropy and 7, provides
a range of expected values for the nearest neighbor exchange
constant lying between 3.1 and 5.2 meV for values of 7, in the
range of 200 and 300 K, respectively.
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