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Mismatched lattice constants at a van der Waals epitaxy interface often introduce in-plane strains to the
lattice of the epitaxial layer, termed epitaxy strain, wherein the strains do not follow the intralayer Poisson’s
relation. In this study, we obtained the magnetic phase diagrams of CrSe, and CrTe, mono- and bilayers under
epitaxy strain up to 8%, as predicted using density functional theory calculations. The magnetic phase diagrams
indicate that the in-plane epitaxy strain manipulates either the intra- or interlayer magnetism. The in-plane
strain varies the interlayer distance, defined using an interlayer Poisson’s ratio, which determines whether the
interlayer magnetism follows a Bethe—Slater curve-like (BSC-like) or a reversed BSC-like behavior, depending
on the in-plane magnetism. The tunability of the intralayer magnetism is a result of competing intralayer Cr—Cr
superexchange interactions. A graphene substrate was introduced to examine the validity of our diagrams in
practice. This study also afforded a tentative explanation on the previously reported magnetizations in CrSe, and

CrTe, epitaxial mono- or bilayers under epitaxy strains, which had given rise to some controversy.
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Magnetism in two-dimensional (2D) van der Waals (vdW)
materials has garnered considerable attention in recent years.
Strain engineering appears to be an effective way to manip-
ulate magnetism in 2D materials, which was experimentally
realized through, e.g., hydrostatic pressure for Crl; [1-3]
and uniaxial strain for Fe;GeTe, [4]. Theoretical calcula-
tions showed that uniform in-plane biaxial strain could tune
the magnetic ground states of CrSe, and CrTe, monolayers,
which is not yet verified experimentally [5]. In those studies,
strain-induced lattice variations are either uniform (biaxial
strain or hydrostatic pressure) or coupled with the Poisson’s
ratio of the material. Few previous studies [6,7] have dealt
with in-plane strains being independently applied along the
two lattice vectors of a 2D magnet, which usually occurs in
epitaxy growth of layered materials.

Epitaxy of heterostructures usually introduces lateral in-
terfacial strains because of lattice mismatch, which is a
long-lasting way to maintain in-plane strain to the adlay-
ers and is thus termed epitaxy strain [8—10]. vdW epitaxy
refers to growth of 2D layers through vdW interactions on
a dangling-bond-free substrate [11,12]. Magnetic 2D lay-
ers in vdW heterostructures show a strong ability to endure
large lattice mismatches and thus significant in-plane strains
[13-15]. A recent illustration of this ability is the epitaxy of
monolayer CrTe, on graphene, where 7% compressive and
4% tensile epitaxy strain were applied along the two lattice
vectors in which zigzag antiferromagnetic (AFM) ordering
was observed [14]. In another study, 6% epitaxy tensile strain
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was applied in both lattice directions of a CrSe, monolayer
through epitaxy growth on WSe,, where a weak ferromagnetic
(FM) state was reported [15]. In comparison with the ABAB
order predicted in the freestanding CrSe, monolayer [14], this
implies a potential ability of epitaxy strain to tune in-plane
magnetism of 2D magnets, which has not yet been fully in-
vestigated. In-plane magnetism aside, an interesting question
subsequently arises as to whether in-plane strain could change
interlayer spin-exchange couplings.

In this study, we comprehensively considered the roles
of epitaxy strain in tuning intra- and interplane magnetic
couplings in CrSe, and CrTe, mono- and bilayers using den-
sity functional theory calculations. The predicted magnetic
phase diagram of the CrSe, (CrTe,) monolayer shows that
its intralayer magnetic ground state is tunable among FM
and three AFM orders within 2.5% (4.5%) in-plane strain.
This tunability is primarily realized by changing Cr—Se—Cr
(Cr-Te—Cr) angles, and thus the strength and type of Se-
(Te-)mediated superexchange interactions between adjacent
Cr atoms. Moreover, the varying in-plane strain also affects
interlayer Se—Se or Te-Te distances, changing the interlayer
magnetism between FM and AFM in two different manners
[16]. A monolayer CrTe,/bilayer graphene heterostructure
model, recently prepared in an epitaxy experiment [14], was
used to verify the reliability and feasibility of the phase dia-
grams.

Both freestanding 1T-CrSe, and -CrTe, monolayers take
a hexagonal crystal structure with the P-3m1 space group
[Fig. 1(a) and 1(b)] in their paramagnetic states. A 2 X
24/3 rectangular supercell was used for considering four
magnetic—i.e., FM [Fig. 1(c)], ABAB [Fig. 1(d)] and AABB
[Fig. 1(e)] striped AFM (sAFM); and zigzag (ZZ) [Fig. 1(f)]
AFM——configurations in our density functional theory
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FIG. 1. Schematic models and magnetic configurations of monolayer CrX,(X = Se, Te). (a) and (b) Side and top views of monolayer
1T-CrX,. The orange and gray balls represent top-layer (solid) and bottom-layer (semitransparent) Se (Te) and Cr atoms, respectively. Three
colored arcs denote three Cr—Se—Cr (Cr-Te—Cr) angles 0y, 6,, and 6, respectively. (c)—(f) Gray dashed rectangles label the 2 x 23 supercell
used for considering four magnetic configurations. The dark-blue (red) balls indicate Cr atoms where spin-up (-down) is the majority spin
component. Lattice constants a and b are labeled using the purple dashed lines in (c). Green and brown dashed arrows in (c) denote intralayer
spin-exchange parameters Jy, and Jy, (nearly) in the a and b directions between the nearest Cr sites, respectively. Distances ry, r,, and 3 in (d)

represent the nearest Cr—Cr distances in three lattice directions.

calculations. Details of the calculations are documented in
Supplemental Material Sec. “Computational Methods” [17]
(see also Refs. [15,16,18-27] therein). Two ZZ-AFM con-
figurations (ZZ1 and ZZ2) were observed and are compared
in Supplemental Material Table S1 [17], which shows the
superior stability of ZZ2 among all considered configurations
of the CrSe, or CrTe, monolayer. The easy axes of CrSe,
and CrTe, are both oriented in the yz plane and 110 ° off the
z-axis (Supplemental Material Fig. S1 [17]). Here, we employ
the CrSe, monolayer as a prototype for discussion while the
results for CrTe, are documented in Supplemental Material
Table S1 [17]. Its fully relaxed FM structure [Fig. 1(c)], shows
the lattice constants ¢ = 6.84 A and b = 11.84 A, the nearest
Cr—Cr distance rj = r, = r3 = 3.42 A, and the correspond-
ing Cr—Se-Cr angle 0; = 6, = 03 = 84.6°, exhibiting a Cj
rotational symmetry, which was chosen to be the unstrained
structure for further comparison.

However, the C; symmetry breaks in those AFM configura-
tions. Introduction of AFM spin-exchange coupling (ABAB)
shortens r, and r3 to 3.32 A, but elongates r; to 3.50 A. The
values of those angles split in accordance with the changes
of Cr—Cr distances such that 6, and 05 decrease to 81.7 °, and
0, increases to 86.8 °. The lattice degeneracy further breaks
in two ZZ configurations (see Supplemental Material Table
S1 [17]). In the ZZ2 configuration, the two AFM coupled
distances r; and r3 split into 3.23 and 3.42 A, respectively,
while the FM coupled distance r, elongates to 3.47 A. As-
sociated angles change to 6; = 79.3°, 6, = 84.4°, and 65 =
85.9°. These results indicate that magnetic configurations in
the CrSe, (CrTe;) monolayer are tightly coupled with their
geometric structures, i.e., lattice constants, r; to r3 and 6; to
03. Therefore, the influence of geometric structures on mag-
netic orders in both monolayers deserve a closer examination.

Figure 2(a) plots a magnetic phase diagram of the CrSe,
monolayer as a function of lattice constants a and b. Ten-
sile and compressive strains up to 8% were applied to the
fully relaxed FM structure, i.e.,a = 6.84 A and b = 11.84 A.
While the FM configuration is favored with expanded lattice
constants, compression in the a (b) direction changes the

ground state to the ZZ (ABAB) configuration. The AABB
state appears to be the most stable in a very narrow window
between the FM and ABAB phases. The phase diagram of
CrTe, [Fig. 2(b)] shows a similar feature, but with a more
pronounced AABB region.

In the CrSe; (CrTe,) monolayer, Se- (Te-)meditated Cr—Cr
superexchange interactions dominate its intralayer mag-
netism, which is highly dependent on the Cr—Se(Te)-Cr angle
[28]. Therefore, we defined spin-exchange parameters J;, and
Jip along the two lattice directions [Fig. 1(b)] to explore
the roles of varying in-plane epitaxy strain in changing 6;
[Fig. 2(0)1, 6> [Fig. 2(e)], Ji, [Fig. 2(d)], and J, [Fig. 2()]
in the CrSe, monolayer as a prototype. Lattice constant a
directly affects angle 6; and spin-exchange parameter J;,, and
consequently the in-plane magnetic configuration. As shown
in Fig. 2(c)-2(f), in the FM region, angles 8; and 6, are close
to 90° and Jy, and Jj;, bear negative signs, which favors the
Cr—Cr FM superexchange. Angle 0; is nearly independent of
lattice parameter b and gradually decreases with shrinking a
values, i.e., from 90° at « = 7.30 A to 76° at a = 6.29 A with
fixedb = 11.84 A [the strain-free constant b value; Fig. 2(c)],
which discredits the Se-meditated Cr—Cr FM superexchange
along the a direction. As a consequence, Jj, reverses its sign
from negative to positive at, e.g., a = 7.04 A (~2.9% ten-
sile strain) with fixed b = 11.84 A, as marked by the purple
dot in Fig. 2(d), suggesting an FM-to-AFM transition. The
sign reversal is the primary origin of the FM-to-ZZ-AFM
transition.

The FM-to-ABAB transition shares a similar mechanism
as lattice constant b becomes shorter. The shortened b lattice,
and thus the decreasing 6, angle [Fig. 2(e)], directly flips the
sign of Jy;, at, e.g., b = 11.96 A (~1.0% tensile strain) with
a = 6.84 A (the strain-free constant ¢ value), as marked by
the purple dot in Fig. 2(f), but has little effect on Jj, except
with strongly compressed b values. The flipped sign leads Jy;
to favor the AFM superexchange at smaller b values. Thus,
the AFM coupling occurs in the b direction, showing the
sAFM-ABAB ground state at the right bottom part of the
diagram. Competition between the FM and AFM couplings
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FIG. 2. Tunability of intralayer magnetism of monolayer CrSe, and CrTe;,. (a) and (b) Phase diagrams of monolayer CrSe, (a) and CrTe,
(b) as a function of lattice constants a and b. Blue, orange, green, and purple components represent intralayer FM, ZZ, ABAB, and AABB,
respectively. Each gray dot represents a theoretical data point to which the energies of those four configurations are compared. Red and
blue (orange and green) balls label fully relaxed lattice constants under the most energetically favorable (metastable ZZ and ABAB; see
Supplemental Material Table S1 [17] for more details) magnetic configurations in mono- and bilayer CrX,(X = Se, Te), respectively. The
black triangle and star mark the lattice constants of experimentally synthesized monolayer CrX,(X = Se, Te) on different substrates. (c) and
(e) Variation of 8, and 6, with the lattice constants in monolayer CrSe;. (d) and (f) Mapping of exchange parameters J;, and Jy, as a function
of lattice constants. Positive (red) and negative (blue) areas represent AFM and FM spin-exchange coupling, respectively. Phase boundaries of

monolayer CrSe, are labeled by black lines in (c)—(f).

along b results in an FM-sAFM transition configuration, i.e.,
SAFM-AABB, appearing in a very small region between
FM and sAFM-ABAB, in which the two types of magnetic
superexchange occur alternately. In terms of the boundary
between ZZ-AFM and sAFM-ABAB, they show competing
magnetic couplings in either J;, (AFM vs. FM) and J;;, (FM
vs. AFM). Thus, they roughly bisect the phase diagram out-
side the FM region. The magnetic ordering temperature is also
largely affected by the in-plane strain owing to varied spin-
change coupling and magnetic anisotropy energy, as discussed
in detail in Supplemental Material Fig. S2 and Table S2 [17].

The phase diagram of monolayer CrTe, [Fig. 2(b)] shows a
qualitatively similar but quantitatively different pattern to that
of the CrSe, monolayer. Moreover, while it is comprised of
those four phases, the ZZ-AFM phase occupies a larger region
and the SAFM-AABB phase is more pronounced. A larger
tensile strain of ~6.5% along the a direction (a = 7.80 A
at strain-free lattice constant b = 12.69 A) is needed to trig-
ger the positive-to-negative transition of J, (Supplemental
Material Fig. S3 [17]), while that for J;;, of ~1.0% along
the b direction (b = 12.81 A at strain-free lattice constant
a =7.33 A) remains comparable with the value for CrSe,.
Here, the robustness of the phase diagrams was verified by
extensive testing and discussion of U dependencies (Supple-
mental Material Table S3 and Fig. S4 [17]) and functional
dependencies (Supplemental Material Tables S4 and S5 [17]),

which are also shared with the comparable transition strain
previously revealed [5] using different functionals and U-J
values (Supplemental Material Fig. S5 [17]).

Recently synthesized 2D CrSe, and CrTe, layers on
various substrates, and their magnetic characterizations
[14,15,29] confirmed the dependence of magnetic orders on
lattice constants. In a CrSe; monolayer grown on WSe, [15],
its lattice constant of 3.63 A [a=7.26 A and b = 12.57 A,
black triangle in Fig. 2(a)] sits in the FM region of our phase
diagram, consistent with the weak FM behavior found in
Ref. [15]. A smaller lattice constant of 3.3 A, correspond-
ing to a=6.6A and b= 11.4 A [black star in Fig. 2(a)],
was reported in another CrSe, monolayer grown on highly
oriented pyrolytic graphite. Its lattice constants reside in the
Z7-AFM region, and thus is responsible for the absence of
ferromagnetic signals in x-ray magnetic circular dichroism
measurements [29]. In terms of CrTe, monolayers, a sam-
ple prepared on a SiC-supporting bilayer graphene substrate
shows lattice constants a = 6.8 A and b = 12.15 A [black star
in Fig. 2(b)], located in the ZZ region of the phase diagram,
which was proved using spin-polarized scanning tunneling
microscopy measurements [14].

Interlayer magnetic coupling introduces additional com-
plexity of magnetism in CrX,(X = Se, Te) bilayers. Tun-
ability of intralayer magnetism aside, it would be a more
interesting and yet-to-be-answered question as to whether
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FIG. 3. Intra- and interlayer magnetisms of CrSe, and CrTe, bilayers. (a) and (b) Top and side views and magnetic ground state of an AA
stacked CrX; bilayer. Gray and orange balls represent Cr and Se (Te) atoms, respectively. Lattice constants a and b are denoted in (a). Interlayer
Se—Se (Te-Te) distance is labeled by the black dashed arrows in (b). Colored solid arrows on Cr represent the majority spin of up (red) and
down (green). (c) Phase diagram of the CrSe, bilayer as a function of lattice constants a and b. While the color scheme and presentation style
of data points are as the same as that used for the diagrams of monolayers, the shadowed and plain colored regions indicate interlayer magnetic
couplings are FM and AFM, respectively. View (d) plots the energy difference between interlayer FM and AFM states of the intralayer FM

configuration at different lattice constants. The blue (positive) region

represents the favored interlayer AFM state, and the red (negative) region

indicates the FM state. (e) Map of the interlayer Se—Se distance with respect to different lattice constants a and b. Panels (f)—(h) are duplicate

panels (c)—(e) for the CrTe, bilayer case.

in-plane strain could tune interlayer magnetism in CrX, bi-
layers or few layers [Fig. 3(a) and 3(b)]. In other words, we
are interested if the varying in-plane lattice constants change
out-of-plane magnetic coupling in CrX, bilayers, which is
discussed in detail as follows.

Figure 3(c) shows the phase diagram for the magnetic
ground state of the CrSe, bilayer over in-plane lattice con-
stants a and b. It is qualitatively comparable with that of the
CrSe, monolayer in terms of intralayer magnetism. Intralayer
FM and interlayer AFM, [FM-AFM, a =7.10 A and b =
12.29 A, see Fig. 3(a) and 3(b)] was used as the strain-free
ground state and thus the reference to calculate exact strain
values in the CrSe; bilayer (see Supplemental Material Fig.
S6, Tables S6 and S7 [17] for more details). The easy axis
in the bilayer rotates 60 ° toward the z-axis from that of the
monolayer (Supplemental Material Fig. S7 [17]). In a stacked
bilayer of CrXj,, the interlayer charge sharing leads to a Cr
e,-to-ty, charge transfer. The induced mixing of Cr*" and
Cr* favors intralayer FM via a double-exchange mechanism
[17]. Meanwhile, the charge sharing also enlarges the in-plane
lattice constants, resulting in increased Cr—Se—Cr angles and
thus the more preferred FM ground state.

The interlayer magnetism in the bi- and thicker layers
shows varied tunability under in-plane strain. As shown in
the phase diagram [Fig. 3(c)], each colored region (intralayer
magnetism), splits into two subregions denoting interlayer
FM (shadowed color) and AFM (plain color) configurations,
respectively. The interlayer AFM-to-FM transition follows

two rules, depending on the intralayer magnetism. The in-
terlayer AFM is more favored with larger in-plane lattice
constants in the case of the intralayer FM configuration.
For example, the FM-AFM state of CrSe, undergoes an
interlayer magnetic transition to the FM-FM state under a
2.8% compressive strain applied in the a direction. Here,
we defined the energy difference between the FM-FM and
FM-AFM states as AEy: = Erpv.rm — Epm-arm, and plotted
its values for CrSe, in Fig. 3(d), where it shows strong
in-plane strain dependence. The AFM interlayer exchange
(positive AEy;) is gradually suppressed by applying compres-
sive strain to either lattice. Here, we define the negative of
ratio of the interlayer strain to the uniaxial in-plane strain
as the interlayer Poisson’s ratio (see Supplemental Material
Fig. S8 [17] for more details). If a finite positive value of
it is presented, the shrank in-plane lattice constants should
enlarge interlayer distance dy_x and thus favor the inter-
layer FM coupling, following the Bethe—Slater curve-like
(BSC-like) behavior and the superorbital-mediated superex-
change mechanism that we previously revealed in MX,
bilayers [16].

Figure 3(e) shows that dg._s could vary from 3.21 to 3.80
A in the range of 6% in-plane strain for the CrSe, bilayer,
which crosses the critical distance of 3.45 A [16] for the inter-
layer FM-to-AFM transition. The interlayer Poisson’s ratio is
0.48 (0.46) under the uniaxial strain along the a (b) direction
for the CrSe, bilayer (Supplemental Material Fig. S8 [17]).
Such a significant response of the interlayer distance to the
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FIG. 4. Structure and magnetism of the epitaxial CrTe, monolayer on bilayer graphene (BLG). (a) Schematic model of a 10 x 3+/3 CrTe,/
16 x 4+/3 BLG heterojunction. Only bottom-layer Te and top-layer C atoms are shown for clarity. (b) Side view of the interlayer differential
charge density contour of the heterojunction with an isosurface level of 2.0 x 10* electrons/Bohr>. Red and green contours represent charge
accumulation and depletion, respectively. (c) Mapping of the nearest Cr—Cr distance (left panel) and magnetic moments (right panel) of Cr

atoms in the heterojunction.

in-plane strain ensures the feasibility of tuning an out-of-plane
interlayer magnetic configuration by applying in-plane stress
fields. An opposite trend of interlayer magnetism and in-plane
strain was found for the ZZ or ABAB intralayer magnetism
in the CrSe, bilayer, termed reversed BSC-like behavior.
This was ascribed to a competition between superorbital-
mediated direct and super exchanges, which will be elucidated
elsewhere.

The phase diagram of CrTe, bilayer [Fig. 3(f)] displays a
comparable pattern to the CrSe, bilayer, except the missing
FM-FM region and the additional intralayer AABB config-
uration. While the interlayer magnetisms of the intralayer
Z7-AFM and sAFM-ABAB configurations follow reversed
BSC-like behavior, the interlayer spin-exchange interaction
in the intralayer AABB configuration obeys BSC-like behav-
ior, i.e., interlayer AFM (FM) for larger tensile (compressive
or smaller tensile) strains. Another distinct difference of the
CrSe; and CrTe; cases lies in the missing FM-FM region in
the CrTe, diagram. The energy AEj, of the CrTe, bilayer
[Fig. 3(g)] flips its sign in regions where the preferred in-plane
magnetism already transforms into ZZ-AFM, sAFM-AABB,
or SAFM-ABAB. Such delayed sign reversal is ascribed to a
much larger transition distance of the CrTe; bilayer. Under the
+6% in-plane strain, interlayer distance dy._1. of the CrTe;
bilayer varies from 3.55to 4.15 A [Fig. 3(h)] and the interlayer
Poisson’s ratio is around 0.61 (0.23) under the uniaxial strain
along the a (b) direction (Supplemental Material Fig. S8 [17]).
This distance range does not include the interlayer FM-to-
AFM transition distance of 4.32 A [16], but other in-plane
magnetic configurations emerge before the interlayer AFM-
to-FM transition occurs.

The phase diagrams imply that inter- and intralayer
magnetic orders could be tuned by in-plane strain engineer-
ing, which usually utilizes slightly lattice-mismatched vdW
substrates—namely, the epitaxy strain. We thus considered
CrTe,/bilayer graphene (BLG) as an example to model how
in-plane epitaxy strain determines its magnetism. Figure 4(a)
depicts a schematic model of a 10 x 3\/§ CrTe,/16 x 4\/5
BLG superlattice, as experimentally determined in a previ-
ous study [14]. While the graphene—CrTe, stacking order
varies from site to site within a domain (red hexagons), no
apparent charge transfer and interlayer wavefunction overlap

[14-16,30] were observed between the CrTe, layer and the
graphene substrate (see Fig. 4(b) and Supplemental Material
Fig. S9 [17]). The in-plane epitaxy strain effect thus plays a
dominant role in tuning the magnetism of the epitaxial layer.
In this particular case, the nearest Cr—Cr distances are 3.42
and 3.70 £ 0.02 A in the a and b directions [Fig. 4(c), left],
respectively, which are within the ZZ region of the phase
diagram and far from the phase boundaries [see black star in
Fig. 2(b)], consistent with the robust ZZ-AFM state depicted
in Fig. 4(c), right.

In summary, we revealed that in-plane epitaxy strain is
capable of tuning both in-plane (intralayer) and out-of-plane
(interlayer) magnetisms in epitaxial CrSe, and CrTe, mono-
and bilayers. In terms of intralayer magnetism, the in-plane
strain primarily changes the Cr—Se—Cr and Cr—Te-Cr angles
that govern the intralayer spin-exchange couplings, giving
rise to the ZZ, ABAB, and FM magnetic configurations. Our
predicted phase diagrams of monolayers were confirmed with
experimentally synthesized 2D CrSe; or CrTe, samples. A
more striking effect is that the in-plane strain, through a
finite Poisson’s ratio, varies the interlayer distance, which
subsequently determines the interlayer magnetism following
a BSC-like or a reversed BSC-like behavior, depending on the
in-plane magnetism. This exceptional effect enables tuning
out-of-plane magnetism using an in-plane strain field. Upon
epitaxy of those 2D magnets on a graphene substrate, epitaxy
strain still dominantly determines their magnetism because of
suppressed interlayer charge transfer. Our calculations suggest
a considerable magnetoelastic effect in 2D CrSe; and CrTe;,
and indicate that their magnetisms can be manipulated in vdW
epitaxy by in-plane strain from appropriately selected vdW
substrates.
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