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1T-phase CrTe, (1T-CrTe;) has received considerable interest recently due to its high Curie temperature (7¢),
which is desirable for practical spintronics applications. However, various magnetic behaviors of 17-CrTe, have
been reported in recent experimental and theoretical studies when its thickness reduces to ultrathin limit. In this
work, the magnetic diagram of monolayer (ML) 17-CrTe, with respect to in-plane biaxial strain and on-site
Coulomb repulsion U is obtained based on first-principles calculations. Our results indicate that the magnetic
order of ML 17-CrTe, can vary among ferromagnets and antiferromagnets with strain and electronic correlation.
We show that the large exchange anisotropy and higher-order biquadratic interactions are crucial to accurately
describe the spin energies in ML 17-CrTe,. The perplexing dependencies of the magnetocrystalline anisotropy
on strain and U are then well explained. Our work not only gives insight into the fundamental understanding of
the unusual magnetic properties of ML 17-CrTe,, which is helpful to understand the diverse observations on the
magnetic order in CrTe,, but also sheds light on engineering their performance for spintronic devices.

DOLI: 10.1103/PhysRevB.108.144404

I. INTRODUCTION

Intrinsic long-range magnetic order in recently discovered
van der Waals (vdW) materials [1-4] has opened a brand-
new frontier in novel spin physics. Despite a large number
of two-dimensional (2D) vdW magnets reported, most of
them can function only at low temperatures. For example,
the Curie temperatures (7¢) of the two typical 2D magnetic
materials, Crl; and Cr,Ge,Teg, are 45 K [2] and 61 K [1],
respectively. Tremendous efforts have been devoted to en-
hance the robustness of ferromagnetic (FM) order above room
temperature (RT) in 2D magnets [4-8]. For example, high
magnetic transition temperature can be realized in Fe;GeTe,
thin flakes by applying an ionic gate (~310 K) [4] or focused
ion beam (~370 K) [8]. However, the requirements for par-
ticular device geometry and/or gating impede their practical
applications. Therefore, the achievement of environmentally
stable 2D magnets with their intrinsic 7¢s above RT is of great
technological significance [9,10].

Cr,Te, is another potential family in pursuit of RT vdW
magnets, particularly ferromagnetism. Among them, FM
phase has been observed in layered crystal 17-CrTe, with
magnetic moments aligning parallel to the in-plane direction
and T¢ up to 310 K [11,12]. Recently, intrinsic ferromag-
netism and high 7¢ have been experimentally demonstrated
in CrTe, ultrathin films [12-15]. Most strikingly, the FM

*guizg @sustech.edu.cn
Thuangl @sustech.edu.cn

2469-9950/2023/108(14)/144404(10)

144404-1

order and high critical temperature (~200 K) are preserved
in 17-CrTe, with the thickness down to monolayer (ML)
due to the strong perpendicular magnetic anisotropy (PMA)
[13]. However, a stable zigzag antiferromagnetic (AFM) state
was also observed in ML 17-CrTe, grown on graphene/SiC
substrate with spin-polarized scanning tunneling microscopy
(SPSTM) [16]. Theoretically, varied magnetic orders includ-
ing FM [17,18], zigzag AFM (AFM-Z, with Uy = 2.4eV)
[19], striped AFM AABB (SAFM-AABB, with U = 3.8eV)
[16], charge-density wave phase [20], and noncollinear mag-
netism [21] have been reported for ML 17-CrTe,, implying a
strong dependence of the magnetic order on crystal structure,
electronic correlation (characterized by U), as well as the cut-
off distance of magnetic interactions. Controversies also exist
on the magnetic easy axis of 2D 17-CrTe, [13,16-18,22,23].
In contrast to its bulk counterpart, PMA has been observed
in ultrathin 17-CrTe, films experimentally [13,22,24]. Out-
of-plane spin orientation in the yz plane with 70° off the
z axis was proposed in ML 17-CrTe, with SPSTM [16],
while theoretical studies with U = 2eV [17,18] revealed an
in-plane spin orientation in ML 17-CrTe,. Moreover, density-
functional theory (DFT) calculations [22] found that magnetic
anisotropy energy changes from in plane to out of plane
with increasing U. Other unusual magnetic properties like
anomalous enhancement of 7 with decreasing thickness in
2D 1T-CrTe, are also observed [22]. In addition, the mag-
netic frustration driven by the competing nearest-neighbor FM
direct-exchange interactions and third-nearest-neighbor AFM
superexchange interactions in the triangular net of magnetic
cations usually can lead to noncollinear magnetic ground
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states, as in NiBr, and Nil, [25], and the biquadratic (BQ)
exchange interactions have been found to play an important
role to account for the novel physical phenomena in such 2D
magnets [26,27]. However, for ML 1T -CrTe;, which has the
same triangular lattice of cations with edge-sharing octahedral
coordination as NiBr, and Nil,, only collinear magnetic states
with either FM or AFM order have been proposed. To better
describe the spin energies of ML 17-CrTe;, the higher-order
exchange term of biquadratic interaction may be necessary
when constructing the spin Hamiltonian. Therefore, it is of
great importance to comprehensively investigate the strain
and correlation effects for a fundamental understanding of the
microscopic mechanism of the unusual magnetism exhibited
in this system.

In this work, we systematically investigate the effect of
strain and electronic correlations on the magnetism of ML
1T-CrTe; by using first-principles calculations. The magnetic
interactions and magnetocrystalline anisotropy (MCA) are ex-
plored with different strain and on-site Coulomb repulsion
U. Our results demonstrate that the magnetic order of ML
1T-CrTe; can vary among FM and AFM with strain and
electronic correlations. We show that the high-order BQ ex-
change interactions can be crucial for the intricate magnetic
orders in ML 17-CrTe,, which has been neglected in previous
studies. Our work not only gives insight into understanding
the unusual magnetic properties, but also reconciles some of
the previous conflicting reports on the magnetic order in ML
17-CrTe;.

II. COMPUTATIONAL DETAILS

The first-principles calculations are performed within the
framework of DFT using the projected augmented-wave
method as implemented in the Vienna Ab initio Simula-
tion Package (VASP) [28]. The exchange-correlation term is
treated by the generalized-gradient approximation [29] of
the Perdew-Burke-Ernzerhof functional [30]. The Kohn-Sham
orbitals are expanded in a plane-wave basis set with an en-
ergy cutoff of 500 eV. The DFT+U method is employed
to treat electron correlation among the localized d orbitals
of Cr atoms [31,32]. Structures are fully relaxed until the
forces on each atom are less than 0.01eV /A and the energy
difference between two consecutive self-consistent steps is
less than 1077 eV. A k mesh of 19 x 19 x 1 is used for the
sampling of the Brillouin zone (BZ) of the ML primitive cell
[33]. Meshes for the supercells used for magnetic properties
calculations are chosen according to the mesh density for the
unit cell. A vacuum space of at least 15 A is added between
the layer and its adjacent periodic images along out-of-plane
axis to avoid the spurious interactions. The tight-binding (TB)
analysis based on the maximally localized Wannier functions
(MLWFs) are constructed from VASP ab initio calculations
using the WANNIER90 package [34].

The MCA induced by spin-orbit coupling (SOC) is eval-
uated based on the total energy difference between in-plane
[100] and out-of-plane [001] magnetization directions, i.e.,
Ewmca = Ejo0) — Ejoo1)- Here, the positive (negative) value of
MCA represents out-of-pane (in-plane) magnetic easy axis.
According to the second-order perturbation theory, the contri-
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FIG. 1. (a) Top and side view of ML 17-CrTe,. (b) Spin-
polarized projected band structures of Te p orbitals with U = 3eV.
Green (black) dots represent the spin-up (down) channel. (c) Spin-
polarized projected band structures of Cr d orbitals with U = 3eV.
Magenta (black) dots represent spin-up (down) channel.

bution of each orbital pair to MCA can be written as

AEyca = E°° (x) — E°% (2)
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where £ is the SOC constant; o and u represent the occupied
and unoccupied state, respectively; and o and o are the dif-
ferent spin states.

III. RESULTS AND DISCUSSION

A. Geometrics and electronic structure of ML 17-CrTe,

The bulk 17-CrTe, compound crystallizes in layered CdI,-
type structure with space group P3ml (No. 164) [11]. The
crystal structure of ML 17-CrTe, shares the same symmetry
as the bulk, in which one Cr atomic layer is sandwiched by
two Te atomic layers, as shown in Fig. 1(a). The calculated
lattice constant (appr) with U = 3eV is 3.71 A, which is
2.3% smaller than the experimental value (dexp)~ 3.80A of
2D 1T-CrTe; [15,22], but is quite consistent with other theo-
retical results [17,18]. Since each Cr atom is surrounded by six
Te atoms forming a local octahedral coordination but trigonal
crystal field in the global coordinate system, the triplet 7,
states of Cr split into one singlet a;, and one doublet ¢/, orbital
with the local-symmetry point group of the Cr atoms lowered
from Oj to D34 (see Fig. S1 of the Supplemental Material
(SM) [35]). The ayg, eig, and e, states can be expressed by the
linear combination of the five d orbitals for perfect octahedral
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FIG. 2. Strain and electronic correlation effect on magnetism of ML 17-CrTe,. (a) Top view of four magnetic configurations. Black
arrows denote first-, second-, and third-nearest-neighbor exchange interactions Ji, J,, and J3. Positive (negative) values represent AFM (FM)
interaction. Only Cr atoms are visible here for simplicity. (b) Diagram of DFT-calculated magnetic ground state with varied lattice constant
and U. Red, green, and yellow represent AFM-Z, sAFM-AABB, and FM magnetic ground state, respectively. Phase boundaries indicated by
black solid lines are just for eye guidance. Gray dot lines label lattice constant of appr and ay,. Black stars [1]~ [3] mark lattice constant and
U adopted in Ref. [37], Ref. [13], and Ref. [19], respectively. (c) Exchange parameters as function of biaxial strain with U = 3 eV, and (d)
exchange parameters as function of U with lattice constant of apgr. Dashed black lines are fitted lines. Inset tables list first-order derivatives of

exchange parameters with respect to strain or U.

field [36]:
) eq = Jrdy — Ld.. ) e, = Fdy + Fd.. ) o
8 g) , lg = dz2,
e = Jdo_p — Ld,. ehy = Rdo_yp + J=d,.

where the xyz coordinate is the global axis with x (z) di-
rected along the a (c) crystallographic axis; then, the y axis
is uniquely defined. Our calculated magnetic moment per Cr
atom is ~ 3.3up parallelly occupying the low-energy states
aig and e; as well as slightly partial e, when U = 3¢V [see
Fig. 1(c)], which is in good agreement with both experimental
results [13] and theoretical calculations [18,20]. This suggests
that the Cr atoms in ML 17-CrTe; is in the d° configuration
with ~ 3up magnetic moments. The Fermi level (Er) crosses
the heavily hybridized bands between Cr d orbitals and Te p
orbitals, resulting in the metallic character of ML 17-CrTe,
[see Figs. 1(b) and 1(c)].

B. Strain and U -dependent magnetic interactions
of ML 1T -CrTe,

To determine the magnetic ground state of the ML
1T-CrTe,, we calculate the relative total energies of four

(

different magnetic configurations [i.e., FM, sAFM-AABB,
SAFM-ABAB, and AFM-Z] [see Fig. 2(a)] under different bi-
axial strain with U changing from O to 5 eV. To accommodate
the four magnetic configurations, a 2 x 2+/3 x 1 rectangular
supercell [Fig. 2(a)] is used. The strain dependence of the
relative total energies of the four magnetic configurations for
U =0~ 5eV are shown in Fig. S2 of the SM [35]. It can
be seen that the strain and electronic correlations can strongly
influence the magnetic ground states of ML 17-CrTe,, giving
rise to a complex magnetic diagram with respect to the strain
and electronic correlations [Fig. 2(b)]. We note that our results
give the same magnetic orders with the particular lattice con-
stants and U adopted in previous studies [13,19,37], which
are marked as asterisks in Fig. 2(b). It can be seen that the
ML 1T-CrTe, prefers a FM order in the region with enlarged
lattice constant (>3.8 A) and U is smaller than 4 eV. For the
structure optimized at @eyp, when U is smaller than 2.5 eV,
the magnetic ground is FM; otherwise, the sAFM-AABB
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is the most stable state. While for the structure with apgr,
the magnetic ground state is in the AFM-Z configuration,
which changes to SAFM-AABB order when U is larger than
3.0 eV. The enlarged sAFM-AABB region under an increased
U value is qualitatively consistent with the results reported in
Ref. [19].

We now investigate the role of strain in tunning the mag-
netic properties of ML 17-CrTe,. The phonon dispersions of
ML 1T-CrTe; with both aprr and aex, are checked within
0 ~ 5eV for U (see Fig. S3 of SM [35]). The ML 17-CrTe,
demonstrates dynamic stability for U values ranging from 2
to 4 eV, which is consistent with previous theoretical studies
[16-19]. The magnetic interactions under different in-plane
biaxial strains are analyzed in detail using the value of U =
3eV. We start our analysis from fitting the first-order deriva-
tives of exchange parameters with respect to strain. Magnetic
exchange parameters are obtained using both the energy-
mapping method and four-state method (see Supplemental
Note 1 and Table SI of SM [35] for more details). Both
approaches show that the third-nearest-neighbor exchange pa-
rameter (J3) in ML 17-CrTe; is significant, which is common
in magnetic materials with similar triangle magnetic structure
[27,38]. Interestingly, the first-nearest-neighbor exchange pa-
rameter (J7) is found to be smaller compared to J3, which may
be ascribed to multiple factors, such as itinerant electrons and
the competitions between superexchange and direct exchange.
See Supplemental Note 2 in SM [35] for more detailed ex-
planations. The strain dependence of J; (i = 1, 2, 3) is shown
in Fig. 2(c). It can be seen that the first-order derivatives of
Ji (e, g—;;) and J3 (i.e., %) are negative, indicating that
ferromagnetism in ML 17-CrTe, is enhanced under tensile
strain, and the very small value of - aJ -2 suggests that the J; is

insensitive to in-plane strain. It is also interesting to note that
the magnitude of % is approximately 3 times larger than that
J

of ¢ 8]3
on;

To get further insight into this behavior, we decompose
the total first-order spin-lattice (SL) coupling strength Inl,
into contributions from each atom using the method proposed
in Ref. [39]. We classify all the atoms into three types: the
magnetic Cr-Cr pair, the bridging Te (Te®) of the selected
Cr-Cr pair, and the environmental Te (Tef). As shown in
Table I, for the nearest Cr pair, the contributions to i—jn‘ from Cr

and Tef are negative, which implies the strain-enhanced fer-
romagnetism in ML 17-CrTe,. Strikingly, the overall positive
contribution to the ferromagnetlsm from aa_;; is considerable

but much smaller than that from , which explains why J3 is
less sensitive to strain than J;. More details about this method
and analyses are given in the Supplemental Note 3 of SM [35].

To get a better understanding of the strain sensitivity of
the magnetic exchange parameters, we further perform a tight-
binding analysis. The magnetism of ML 17-CrTe; is a result
of competition between the direct Cr d—d hopping and the
superexchange interactions mediated through the bridging lig-
ands Te. The direct-exchange interaction favors AFM order,
while the superexchange coupling near the 90° bond angles
favors FM order according to the Goodenough-Karamori-
Anderson (GKA) rules [40,41]. The variation of Js with strain
can be characterized by the ratio between the gradients of hop-

TABLE 1. First-order exchange derivatives % (meV/A) and
their contributions to first-order SL coupling strength % (meV/%).

Ion 5%1 g% g% %‘
Cr —3.58 6.21 0.00 —9.98
Te? —7.45 —4.30 —14.50 8.85
Ter! —1.77 5.33 1.47 —14.50
TeF? —3.71 4.19 —1.47 —18.44
Ton :—Z % % %2
Cr 0.00 —-2.75 —0.74 6.30
Ccrf —1.52 0.00 0.00 2.82
Te? 0.00 —1.87 0.31 —1.43
aJ aJ aJ aJ
Cr —2.24 3.88 0.00 12.47
Teb! —3.89 5.50 1.27 —14.10
TeP? —2.82 6.11 —-1.27 —5.84

ping terms (At) and the corresponding hopping parameters in
the absence of strain (¢y), i.e., =-. Here, we mainly focus on
the main hopping channel d z,v —de_y and p; — d.;, which
is found to be responsible for the AFM and FM coupling,
respectively (see Table SII). These hopping parameters as a
function of strain are calculated by constructing the MLWFs,
which are shown in Fig. S6(a) in SM [35], and their derivatives
relative to #p are shown in Fig. 3(a). It can be found that

% (—5.57) is much larger than Atid’d (—1.89), which means

the AFM direct-exchange interactions decrease considerably
faster than the FM superexchange interactions. The possible

reason for the smaller |2 A’”" | could be that the Cr-Te-Cr angle

(Ocr-tecr) gets closer to 900 thus enhancing the FM coupling
to some degree, while the obviously enlarged Cr-Cr distance
(dcr-cr) with strain largely suppresses the AFM direct interac-
tion [see Fig. 3(c)].

The origin of the enhanced FM behavior can be further
understood based on the evolution of electronic properties
with strain near the Er. A schematic representation of the
(near-)90° superexchange interactions is shown in Fig. 3(e).
Assuming that the spin of Crl d is up aligned, then charge
transfer occurs from Te p 1 state to Crl ¢, 1 state. The re-
maining p | state will interact with Cr2 ay, | state, leading
to FM coupling between Crl and Cr2 to ensure the lowest
energy cost. When the in-plane biaxial strain is applied, the
p orbitals of Te atom are elevated and obviously reduce the
energy difference between the p state and the e, 1 (ag )
state of the Cr1 (Cr2) and a subsequence enhancement in FM
interactions.

More comprehensive details regarding geometric changes,
such as alterations in bond lengths and angles, as well as the
modifications of electronic structures impacting the magnetic
exchange interactions, can be found in Supplemental Note 4
in SM [35].

Given the controversial experimental observations [13,16],
it becomes challenging to ascertain a specific U value for ML
1T-CrTe;. On the other hand, the electron correlation effects
are generally more pronounced in 2D limit as the electronic
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FIG. 3. Relative change of hopping term ¢ /fy with (a) strain and
(b) U. Only main dd and pd hopping channels are shown for simplic-
ity. Wannier orbitals of corresponding hopping channels are shown as
insets. Cr-Cr distance (dc;.c;), Cr-Te distance (dc;.1.), and Cr-Te-Cr
angle (Ocr.te.cr) With respect to (c¢) strain and (d) U. (e) Schematic
representation of (near-) 90° Crl d - Te p - Cr2 d superexchange
interaction under 4% compressive strain (left) and 4% tensile strain
(right). Panel (f) is similar to panel (e) but for U = 0eV (left) and
U = 5eV (right).

screening substantially weakens in 2D systems. For some 2D
magnets, the magnetic properties are found to be robust with
electronic correlation [42,43], while for some magnetic metals
(such as in CrTe,), the correlation effect could be tricky. It
is thus necessary and intriguing to perform a systematical
study on the role of electronic correlations in the magnetism
of monolayer 17-CrTe, by Varying the on-site Coulomb re-

pulsion U parameter. Although 3 J‘ is negative, both ‘”2 and

g{} are positive, suggesting the p0531b111ty of enhanced AFM

interactions with increasing U. Similarly, the variation of Js
with U can be characterized by the ratio between the gradients
of hopping terms (Atr) and the corresponding hopping param-
eters. Itis confirmed by the remarkable positive 5 % compared

Atp,
with negative - Slod

deviates from 90° w1th U [see Fig. 3(d)], which is a sign for
weakened FM superexchange interactions. The electronic cor-
relations can also strongly influence the electronic structures
of materials with d orbitals. In Fig. 3(f), we schematically

, as can be seen in Fig. 3(b). The Ocr-Te-cr

display the exchange mechanism with increasing U. The en-
ergy difference between Te p state and Crl e, 1 (Cr2 aj, |)
state increases with increasing U from O to 5 eV. The FM
superexchange interactions are then suppressed, and the AFM
direct-exchange interactions become dominate with a large U
value.

C. The role of biquadratic exchange
interactions in ML 17 -CrTe,

Based on the exchange parameters discussed above, mag-
netic frustration may exist due to the competition between the
FM (negative J;) and AFM (positive J3) coupling in the ML
1T-CrTe,. Therefore, we perform the spin dynamics Monte
Carlo simulations to check the ground state of ML 17 -CrTe;
based on only bilinear exchange interactions. A noncollinear
state is obtained as expected, which is also consistent with
the previous report [21]. To understand the experimentally
observed collinear FM or AFM magnetic ground state in
ML 1T-CrTe,, rather than any noncollinear phase, we carry
out DFT spin spirals calculations using a generalization of
Bloch condition [44] as implemented in VASP and study the
excitations of the given spin Hamiltonian based on the linear
spin-wave theory (LSWT) with different exchange combina-
tions using SPINW package [45]. To better describe the four
magnetic configurations, an orthogonal magnetic cell with
two Cr atoms is used. The diagram of the four magnetic
configurations in the orthogonal cell is shown in Fig. S7 of
SM [35]. Two cases are considered here: (i) the two Cr atoms
are parallel aligned, and the FM, sAFM-AABB, and AFM-Z
order are then labeled as @orth- 11 -I', @orth- 11 -Y, and
@orth- 11 -X, respectively; (ii) the two Cr atoms are antipar-
allel aligned, and the SAFM-AABB and sAFM-ABAB order
are then labeled as @orth- 1| —Y and @orth- 1| -I', respec-
tively. The DFT calculated total energies of the case (i) with
lattice constant appr and U = 3 eV as a function of magnetic
propagation vector g are presented in Fig. 4(a). It can be seen
that the energy minimum located at the Y point in the first BZ,
which indicates that sSAFM-AABB is the ground state.

For comparison, we first employ the LSWT analysis using
a standard bilinear Heisenberg spin Hamiltonian:

H= jIZS 5 +szS - S

+J3ZS S,—l—AZ SZ 3)

where 71, J», and J3 represent the first-, second-, and third-
nearest-neighbor exchange interactions, respectively. A; is the
single-ion anisotropy, and S’f is the z component of the spin
vector. Here, we consider two situations: one is the isotropy
case without inclusion of the SOC (J1»3) and the other one is
the 3 x 3 magnetic exchange tensor with exchange anisotropy
involved (J23). The magnitude of J >3 and A of ML 1T -CrTe,
are collected in Table II. The positive A favors an in-plane
orientation of the spin, in good agreement with existing theo-
retical results [17,18]. The g-dependent spin energies based on
Eq. (3) are shown in Fig. 4(b). A comparison of Figs. 4(a) and
4(b) suggests that the exchange anisotropy in ML 17-CrTe,
is salient since the energy curves from Jjp3 + A fit better
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TABLE II. Exchange-coupling parameters for ML 17-CrTe,. Tensor elements, in global {x, y, z} basis, of first- (J;), second- (J,), and
third-nearest-neighbor (J3) spins. Spin pairs used for calculation of J;, J,, and J; are presented in Fig. S4. Single-ion anisotropy (A), and

first-nearest BQ interaction (Kjp,) are also listed.

Tensile strain J; (meV) J, (meV) J3 (meV) A (meV) Kp (meV)
—1.79 0.19 -0.39 0.62 0.00 0.00 3.03 0.02 0.01

0% 0.19 —-1.99 -0.23 0.00 0.48 —0.02 0.02 3.00 0.01 1.95 —0.64
-0.39 -0.23 —1.56 0.00 —-0.02 -0.10 0.02 0.01 3.10
—-9.21 0.13 —-0.38 0.00 0.09 0.04 2.03 0.09 0.04

5% 0.13 -936 —0.22 0.00 —0.37 0.03 0.09 193 0.03 —0.03 —0.45
—-0.38 —-0.22 —-9.15 —0.37 0.03 —0.49 0.04 0.03 1.81

with the DFT results than that from Jy3 + A. However, such as follows:

a Ji23 + A model is still inadequate to describe the spin S o o a2 N

energies of strain-free ML 17-CrTe, correctly. The mini- H= Z[j‘ Si - Sj+ Kpi(Si-§j) 1+ 7 ZS i+ Sk

mum of E(g) curve occurs at g = (0.17,0.5,0), and the i ik

energy difference between E(0.17,0.5,0) and E(0,0.5,0) 5.5 4 A 5 2 4

is as large as 3.83 (1.90) meV/Cr for Jipz +A (J123 +A) +j3§: iort IZ( e “)

case, suggesting that other additional exchange interactions
may play a part in the magnetism of ML 17-CrTe,. We
thus further consider the BQ exchange interactions in this
system, which have been proposed to be non-negligible when
exploring the magnetic properties in 2D magnets [26], espe-
cially when magnetic frustration is present [27], but has not
been discussed so far for ML 17-CrTe,, to the best of our
knowledge. As shown in Figs. 4(a), 4(b), and Table II, there
is considerable magnetic exchange anisotropy/frustration. Ad-
ditionally, the energy difference between the collinear and
noncollinear states around the Y point [in Fig. 4(b)] is small,
which is comparable to the biquadratic exchange energy.
To demonstrate it, the spin Hamiltonian with the nearest
BQ exchange interactions (Kp;) included is now described
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FIG. 4. Energetics of magnetic states for orthogonal cell of ML
1T-CrTe, with two Cr atoms parallel aligned. Relative total energy
dependence on magnetic propagation vector g at (a) 0% and (c) 5%
tensile strain with U = 3 eV, respectively. Energy of FM state is cho-
sen as reference. Dependence of spin energies on g based on LSWT
at (b) 0% and (d) 5% tensile strain with U = 3 eV, respectively.

As shown in Table II, the magnitude of the calculated Kp;
is larger than that reported for most 2D magnets [26,27].
The inclusion of BQ exchange interactions (Kp; term) adds
a renormalized part to the bilinear exchange interactions
by adding 2S(S—1)Kp; to J; according to LSWT [45].
Strikingly, the negative Kp; is found to contribute to the stabi-
lization of the FM and sAFM-AABB states, and their energies
are largely decreased by 9.32 and 3.11 meV/Cr, respectively,
with the Kp; included, while the AFM-Z and sAFM-ABAB be-
come energetically unfavorable (see Fig. 4(b) and Fig. S8(b)
of SM [35]). To clearly see how the energy difference between
SAFM-AABB and the spin configuration with lowest energy
in the g range of S-Y (AE = Esapm.aaBB-Emin) changes with
Kp1, we artificially change the magnitude of Kz, by mul-
tiplying a factor «. As shown in Fig. S9 of SM [35], the
sAFM-AABB state gets more stable with enhancing Kz, and
finally becomes the magnetic ground state when Kp is 6 times
the original DFT result.

Considering the large SL coupling in ML 17-CrTe,, the
above analyses are also performed for ML 17-CrTe, with
5% tensile strain (see Figs. 4(c) and 4(d) and Figs. S8(c) and
S8(d) of SM [35]). It can be seen that FM is the magnetic
ground state whether Kp; is included or not, which is con-
sistent with the strain effect on the magnetic exchanges in
Sec. III B. Moreover, it is worth noting that the energy differ-
ence between FM and AFM-Z (as well as SAFM-AABB) from
the Ji23 + A + Kp; model fits better with the DFT results,
indicating that the exchange anisotropy and BQ interactions
are important in ML 17-CrTe,. However, we also note that in
contrast to the DFT spiral calculation results, inclusion of Kp;
alone still fails to give the lowest-energy phase SAFM-AABB
in the strain-free situation, which implies other higher-order
exchange interactions or noncollinear phenomena may play
roles in ML 17-CrTe; and is beyond the scope of this work.

D. Strain and U-dependent MCA of ML 17-CrTe,

The sign of magnetic anisotropy of ML 17-CrTe,
is also a controversial issue in both experimental data
[16,22] and theoretical predictions [17,19,20,46], which also
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FIG. 5. (a) MCA diagram of ML 17-CrTe, with respect to lattice constant and U. Black stars [1]~ [6] mark lattice constant and U used in
Ref. [20], Ref. [17], Ref. [19], Ref. [22], Ref. [46], and Ref. [22], respectively. Orbital-resolved MCA of (b) Cr d and (c) Te p orbitals of ML
1T-CrTe, with lattice constant of aprr and U = 3 eV. Orbital-resolved MCA of Te p orbitals as function of (d) strain with U = 3 eV and (e)
U at lattice constant of appr, for which only orbital pairs mostly affected by strain and U are presented.

suggests a sensitivity of the MCA to strain and screening
in ML 1T-CrTe,. To address this question, we now explore
the effect of strain and electronic correlations on the MCA
of this system. Figure 5(a) shows the calculated MCA dia-
gram with respect to lattice constant and U. For comparison,
previous reported data [17,19,20,22,46] are also marked as
stars in Fig. 5(a). It can be clearly seen that the MCA of
ML 1T-CrTe, is indeed very sensitive to U value. When U
is smaller (larger) than 3.0 (3.5) eV, the ML 17-CrTe, prefers
in-plane (out-of-plane) magnetic easy axis in a sizable strain
range. Most notably, the FM order region in the magnetic
diagram of Fig. 2(b) mainly lies in the positive MCA region of
0.0 ~ 2.0meV/Cr in Fig. 5(a), which agrees with the experi-
mental observations of intrinsic ferromagnetism and PMA for
ML 1T-CrTe, [13,22].

To reveal the electronic origin of the calculated MCA, we
resolve the MCA into the SOC energies between each orbital
pair for Cr d and Te p, which are shown in Fig. 5(b). It is
found that the contribution from Cr atoms is much smaller
than that from Te atoms, as expected due to the stronger
SOC strength in Te. The orbital angular momenta L of Cr
and Te atoms are also calculated, which shows that the main
unquenched L around Ey are from Cr L, and Te L., L, (see
Fig. S10 of SM [35]). The projected band structures shown
in Figs. 1(b) and 1(c) indicate that the occupied states and
unoccupied states of Cr d orbitals near the Er are both from
the spin-up channel (8,, = 1, spin-conserving case), while
they are mainly from the opposite spin channel (8,, = 0,
spin-flipping case) for Te p orbitals. Thus, the magnitudes of
the second-order contribution to MCA are given by

: (e L) = 1€ 1Ll e)
AE(eJeZ;):Z L £ £, 5

€yt — €t
ot,ut

_ 2 _ 2
_ Py IL AP = py 1Ll P
AE(py, pH=(=1) ) p—— :
o~ ,ut

(6)

where the superscript 4+ (—) denotes spin-up (down) state.
Therefore, for spin-flipping transition in Te p orbitals, SOC
elements between occupied and unoccupied states through
the L, (L,) operator contribute to negative (positive) MCA.
For spin-conserving case in Cr d orbitals, the contribution to
MCA is reversed. Since the magnitude of Te L, is obviously
larger than Te L, (see Figs. S10(d) and S10(f) of SM [35]),
which thus results in the negative MCA and in-plane magnetic
anisotropy with lattice constant of appr and U = 3eV, as
mentioned above.

We further investigate the strain dependence of MCA with
a fixed value of U = 3 eV. As shown in Figs. 5(a) and S11(a)
of SM [35], the MCA becomes positive under compressive
strain and increases monotonically, while in-plane magnetic
easy axis is stabilized under tensile strain. In order to obtain
insight into the role of strain on MCA in this system, we
plot the projected band structure of Cr d states and density
of states of Te p states under —4 and 4% strain, respectively
(see Fig. S12 of SM [35]). Based on Eq. (5), one can see
that both the positive contribution from spin-conserving tran-
sition |(eig+|LZ|e;)|2 (red arrow in Fig. S12(a) of SM [35])
and the negative contribution from spin-flipping transition
|(e[’§,+|Lz|eig_)|2 (blue arrow in Fig. S12(a) of SM [35]) from
Cr d states are almost unchanged with strain, which is less
likely the origin of the change in MCA. For Te p states,
the negative (positive) contributions from spin-flipping transi-
tion |(py |L| pj[)|2 (I(py |Lx| pj) |2) are enhanced under tensile
strain due to the larger hybridization with Cr d states near
the Er with tensile strain. As can be seen from Fig. 5(d),
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the term of |(p}|L,| p;f)|2 displays more remarkable change

with strain than I{py 1L« pj)|2, which results in an enhanced
in-plane MCA in ML 17-CrTe, under the tensile strains.
The effect of on-site U on the modulation of MCA is also
investigated at the lattice constant of apgr. As shown in Fig.
S11(b) of SM [35], the magnetic easy axis switches from
in-plane (—1.40 meV/Cr) to out-of-plane (4.77 meV/Cr) di-
rection with increasing U from 0 to 5 eV. We also note that for
Cr d orbitals, the main occupied state e/gJr shifts down, while
the main unoccupied state e;f moves up (see Fig. S13(a) of
SM [35]), which significantly suppresses the negative con-

tribution from |(e;,+|LZ|e;7)|2. The electronic features of Te
p orbitals are also affected by U due to the hybridization
with Cr d states despite no on-site U on them. The posi-
tive contribution from |( p;|Lx| p;f)|2 is enhanced due to the
larger weight of p}” near Er and decreased energy difference
between p} and p?. The orbital interaction profile between
py and p, is notably different for U = 0 eV and U = 5eV
cases. The otherwise negative contribution from |( Py 1L ) |2

changes to spin-conserving transition I{py L] p;)|2 owing to
the variation of Te p, with U, which positively contributes
to the MCA when U = 5eV [see Fig. 5(e) and Fig. S13(b)].
The overall out-of-plane MCA is therefore enhanced with
increasing U.

IV. CONCLUSION

In summary, the magnetic properties of ML 17-CrTe, have
been systematically studied from first principles, which is
controversial in previous studies. The magnetic ground of ML
1T-CrTe; is tunable among FM, sAFM-AABB, and AFM-Z
configurations in the range of the applied strain (—4 ~ 4%)
and U values (0 ~ 5 eV). We reveal that the modulation of
the magnetism originates from the different responses of the
AFM Cr-Cr direct exchange interactions and the FM Cr-Te-Cr
superexchange interactions to strain and U. The strain and
U effect on the magnetic exchange interactions have been

thoroughly examined by means of spin-lattice coupling, TB
analysis, structural changes, and GKA model. We show that
the BQ exchange interactions are important to fundamentally
understand the magnetism of ML 17-CrTe,, which plays a
key role in stabilizing the FM and sAFM-AABB states. Our
study elucidates the diverse magnetic ground states observed
in CrTe; and their dependences on strain and electronic corre-
lation, which may be beneficial for the tuning of 2D materials
for spintronic devices through strain or Coulomb engineer-
ing. These insights may guide future research to design and
manipulate the electronic and magnetic properties in similar
materials, and contribute the development of spintronics de-
vices based on these materials.
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