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ABSTRACT. The recent emergence of two-dimensional (2D) materials with intrinsic long-range
magnetic order opens the avenue of fundamental physics studies and the spintronic application, however,
the mechanism of interlayer magnetic coupling and the feasible way to control magnetic states are yet
to be fully investigated. In the present study, from first principle calculations, we studied the interlayer
magnetic coupling of 2D Crl3/CrGeTes heterostructures and revealed the stacking dependent magnetic
states, it is found that AB and AB; stacking prefers to the ferromagnetic interlayer coupling while other
two stacked configurations are in ferrimagnetic state. The underlying mechanism is contributed to the
competition between nearest neighbour (NN) and second nearest neighbour (SNN) Cr-Cr atoms
between layers. Meanwhile, it is also found the electronic properties are stacking dependent while the
band edge states are separated to the different layers. The magnetic and electronic states can be
effectively tuned by the external strain. Based on the findings, the magnetic domain devices are
proposed in the twisted magnetic heterostructures with the domain size and interlayer coupling being
controlled by the rotation angle. Our study thus provides an approach to achieve the controllable
magnetic/electronic properties which is not only important for the fundamental researches, but also

useful for the practically applications in spintronics.
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1. Introduction

In recent years, two-dimensional (2D) materials' have attracted great attention due to the

unique electronic/mechanical properties®

and the novel electronics and energy conversion
applications. 2D magnet, as a special family, is particularly promising for novel functional
spintronic devices with low energy cost and high storage density.®® Although the existence of
the long-range ferromagnetic (FM) order in 2D size was doubted due to the thermal fluctuation
in low-dimensional scale according to the Mermin-Wagner theorem,” the issue is expected to
be solved as indicated by recent studies. The magnetic anisotropy will help to stabilize the
long-range FM order at finite temperatures and lift the Mermin-Wagner restriction, therefore
starting the research era of 2D magnetic materials. As the examples, the layered Cr.Ge>Tes '
and monolayer Crls !! have been experimentally synthesized and confirmed to be intrinsic 2D
anisotropy FM materials. The FM order can be persisted within each layer due to the
superexchange coupling in perpendicular Cr-I-Cr in monolayer Crl; '2, but the interlayer
magnetic coupling is usually dominated as antiferromagnetic (AFM) or ferromagnetic (FM)
orders depending on the layer number and coupling'?. Moreover, since the tunable magnetic
couplings between 2D magnets layers depend sensitively on the interlayer correlation 3, it has
been discovered that the magnetic couplings between Crlz layers could be switched by various

15-17 or strain '®, rendering the monolayer

external fields such as electric field ', electron doping
magnets favorable candidates for the application in spintronic devices. Those findings revealed
the importance of interlayer coupling for magnetic system, but the systematic understanding is

absent.

With distinct electronic properties, the van der Waals 2D heterostructures which combine
different layers together will lead to novel physics and multi-functionality, rendering more
enormous variability in terms of tuning and controlling properties. For example, the
localization of Dirac electrons and a new set of Dirac fermions were discovered in rotated
graphene bilayers !° and graphene/BN heterostructures®, respectively. Meanwhile, the spin-

orbit interaction of graphene layer in graphene/WS;*!

can be enhanced, leading to strong
quantum spin hall effect, the photoexcited electrons and holes in MoS2/WSe> heterojunctions
22 would be accumulated at the interface, which can find extensive application in photovoltaic
applications. Taking advantage of the intrinsic magnetism of Crlz monolayer, more fascinating
phenomenon have been revealed such as the strong magnetization from graphene of

Crls/graphene heterostructure 2* and the valley manipulation of WSe> by magnetic Crls layer



in Crl3/WSe: heterojunction 2%.. Although substantial research endeavors have been devoted to
the utilization of magnetism of 2D magnets in various heterojunction systems, the magnetic
behaviors in layered heterostructures which combine two magnetic layers together like
Crlz/Cr2GezTes remains unexplored to date. Based on the successful exfoliation of Crlz and
CrGeTes monolayers from bulk crystals, the magnetic heterostructure is expected to be

fabricated with physical transfer and stacking method.

Therefore, in the present study, the magnetic heterostructure based on 2D magnets (Crlz and
Cr2GexTes) is proposed by the density functional theory (DFT) calculations, which is relatively
facilely fabricated due to their similar lattice parameter. The magnetic behaviors of
Crl3/CroGexTeg heterostructures tuned and controlled by stacking orders and external fields are
also discussed. The tunability of magnetic and electronic properties in stacking-dependent
suggests potential new approaches to engineer the magnetic materials structures for possible

future applications.
2. Computational Methods.

The present calculations have been performed by using the VASP simulation package »° with
spin-polarization and the projector augmented-wave (PAW) method 2° to describe the ion-
electron interaction and electron spin effect. General gradient approximation (GGA) in the

Perdew-Burke-Ernzerhof (PBE) implementation %’

is applied as the exchange correlation
functional. As the effective onsite coulomb interaction of 3d electrons of the transition metals
play a significant role in electronic properties, in order to take into account the effect of the
strong localization of the Cr d electron, we also performed PBE+U calculations. The same as
the previous investigations, the Hubbard U value is set to be 3.0 eV, which can well re-produce
the magnetic state. Zero damping DFT-D3 with the Grimme vdW correction 2® (where D stands
for dispersion) method was adopted to account for the interlayer van der Waals forces between
CrX; and CrGeTe; layers. A large vacuum space of at least 30 A thick is included along the
direction that is perpendicular to ab plane to avoid interaction between images. The atomic
positions were fully relaxed until the energy and force differences are converged within 10
eV and 107 eV/A, respectively, to minimize the quantum mechanical stresses and forces. The
energy cutoff was adopted as 400 eV throughout the entire calculations. The Brillouin zone

was represented by Monkhost-Pack special k-point mesh 2° of 11x11x1. The band structures

of Crlz/CrGeTes heterostructures is calculated along the special lines of M (0.0, 0.5, 0.0) — G



(0.0, 0.0, 0.0) — K (-1/3, 1/3, 0.0) — M (0.0, 0.5, 0.0). Gaussian smearing with a smearing

width of 0.1 meV is used in the Brillouin zone integration.

For strain-modified Crlz/CrGeTe; heterostructures system, biaxial strains were applied along
xy-plane by elongating the lattice constants of the equilibrium structure ap to a (a= ap+Aa) and

bo to b (b= bo+Ab). The strain was defined as e= Aa/ao, same as the ratio of Ab/bo.
3. Results and Discussions
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Figure 1. Crystal structures for different stacked Crls/CrGeTe; heterostructures. (a-d) Top and side view of the
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heterostructure under different stacking patterns. For clarity, the Cr atoms in Crls and CrGeTe;s layers are shown
by different colours. Blue (grey) balls represent the Cr atoms in the Crls (CrGeTes) layer. The green arrows have
marked the different position arrangements of Cr positions in Crlz with CrGeTes; unchanged. (e) The formation

energies of the heterostructures.

As the interlayer space is largely determined by stacking patterns, which will affect the strength
of magnetic coupling, we therefore begin our discussion with the stacking configurations of
Crlz/CrGeTes heterostructures. The lattice parameters of Crlz and CrGeTes are very close to
each other (6.905 and 6.913 A, respectively), the heterostructures can thus be constructed
simply using the primitive cells of Crl; and CrGeTes with negligible lattice mismatch. The
hexagonal crystal structures with four different stacking orders are adopted corresponding to
the relatively different geometries, as shown in Figure 1 a-d. Magnetic Cr ions of monolayer
CrGeTes forms a honeycomb lattice, which is labelled as “A”-block and kept unchanged for
all the studied models. Then monolayer Crls labelled as “B”-block is stacked on top of CrGeTe;
layer. Depending on the relative position of Cr atoms, the heterostructures can be classified
into four different stacking orders, namely AB, AB1, AB; and AB>’ as shown in Figure 1. For
AB stacking, in the unit cell one of Cr atoms of Crlz is on top of the Cr from CrGeTes while
another is located at the hexagonal centre of bottom layer. With respect to the AB-stacking, the

AB; and AB; configurations can be obtained by rotating the Crl; layer of 60° and 120° relative
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to bottom layer CrGeTes marked as green arrows in Figure 1 a-c. For AB> stacking, both Cr
atoms from Crls unit-cell are on top of corresponding Cr atoms of CrGeTes. For AB;’ stacking,
the Crls layer is rotated by 300° relative to the Crls layer in AB stacking since the structures
with rotations of 180° and 240° would produce the same stacking orders as AB, AB; due to the
mirror symmetric CrGeTes layer. After the fully structural relaxations, the lattice constant of
the heterostructures is optimized as a =b = 6.91 A. While the interlayer distances are strongly
stacking dependent, which are 3.45, 3.52, 3.57 and 4.03 A for four stacking patterns
respectively, implying the different interlayer vdW strengths and magnetic coupling. To
estimate the structural stabilities of the heterostructures under different stacking patterns, we
calculated the formation energies, which are defined as E=Ft-Ecr3-EciGeTe3, here Eio 1s the
total energy of the heterostructure, Eciis (EcrGete3) 1s the energy of isolated Crls (CrGeTes) layer.
The results shown in Figure 1e indicate that AB stacked heterostructure is the most stable with
the formation energy of -0.73 eV/unitcell, AB; stacking is the second most stable one with -
0.71 eV/unitcell. The AB> and AB>’ structures are obviously less stable; the formation energies
are -0.67 and -0.53 eV/unicell respectively. It’s worthy to point out that the interlayer distances
and the formation energies were calculated based on the magnetic ground state for each
stacking order, namely FM for AB and ABi, ferrimagnetic (FiM) for AB> and AB>’ stacking
which will be discussed in detailed in the following part. Regardless of the stacking patterns,
all the heterostructures have the negative formation energies, indicating that they are
energetically favourable and should be experimentally achievable. Based on the fact that both
2D Crl;3 and CrGeTes monolayers have been experimentally synthesized and all stacking
patterns are energetically preferred, it is feasible to fabricate the magnetic heterostructure in

the near future.
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Figure 2. (a) The stacking configurations of Cr atoms extracted from the Crl3/CrGeTes heterostructures with
various stacking orders. All atoms except Cr are not shown for clarity. The red and black arrows show the nearest
neighbour and the second nearest neighbour Cr-Cr configurations of Crlz and CrGeTe;s layers, respectively. The
green and pink atoms are marked to distinguish the positions of Cr atoms in each layer. The blue and gray balls
present Cr in Crl; and CrGeTes layers, respectively. (b) The energy difference (AJ) between FM and FiM. The
insets in (b) present the differential charge density for AB and AB; stacking orders with FM and FiM spin

configurations. The isosurface value is set to 0.0002 e/A>.

To figure out the magnetic ground state of the heterostructures, the corresponding total energies
for FM and ferrimagnetic (FiM: Cr atoms from different layers have opposite spin direction,
but the corresponding magnitude of magnetic moments are different, leading to non-zero total
magnetic moment) states have been examined by energetic calculations. The interlayer
exchange energy AJ = Erm — Erim were then calculated to determine the magnetic preferred
state. The negative value indicates the lower energy of FM state. Since the intralayer magnetic
coupling of Crl; (CrGeTes) is FM with the nearest two Cr atoms aligning parallel due to the
Cr-I-Cr (Cr-Te-Cr) superexchange coupling,*® we arrange all the Cr atom in one layer with the
same spin direction. The results as summarized at Figure 2 show that the magnetic ground state
strongly depend on the stacking orders, AB- and ABi- stacking configurations prefer FM with
the lower total energy by 3 meV/unit, while AB; and AB>’ stacking prefer FiM. Especially for
AB>’-stacking structures, the FiM magnetic configuration is 12 meV/unit lower than FM state,
indicating strong preference of opposite interlayer spin arrangement. As a result, the total
magnetic moments for AB and AB; are 12.4 4B (3.1 ¢B/Cr atom) while the values for AB2

and AB>’ are -0.2 4B (-0.05 B). Here it is noticed that even opposite interlayer spin coupling
7



is found for AB; and AB:>’ stacked configurations, they still possess the total magnetic moments
due to the different spin electron distribution in Cr atom from different layers (3.47 uB/Cr atom
of Crlz; -3.62 uB/Cr atom of CrGeTes). The interlayer magnetic coupling should directly relate
with the electron transfer. As shown by the insets of Figure 2b with AB and AB: stacking as
typical examples, the electron transfer is also stacking dependent. For AB stacking, about 0.04
e is transferred from CrGeTes to Crlsz, but only 0.026 e is transferred for AB; stacking. Even
for the same stacking, the transfer is also affected by the magnetic coupling as evidenced by
AB configuration (0.041e for FiM vs 0.039¢ for FM). For AB»-stacking, although the total
interlayer charge transfer of FM and FiM orders is the same, the amount on the intermediate I
and Te atoms are different. Similar conclusions can be also obtained for AB; and AB>’ stacking

orders [see Figure S1 in Supporting Information].

The stacking dependent magnetic states can be understood from the interlayer magnetic
exchange (directly and indirectly) of Cr atoms from different layers. As indicated by previous
studies, the intralayer magnetism of Crls or CrGeTes was determined as FM by the
superexchange of Cr-I-Cr '® or Cr-Te-Cr 3! when the bond angles are near to 90°, which makes
the intralyer FM coupling rather robust. In contrast, AFM coupling is driven by Cr-Cr direct
exchange, as explained in previous researches of chromium trihalides and CrXTes (X = Si, Ge)
3234 In terms of the magnetic coupling between layers, the AFM interaction (FiM in our case
here) was ascribed to the interlayer nearest neighbour (NN) exchange of Cr-Cr pairings, while
the FM coupling is mainly contributed to the second nearest neighbour (SNN) Cr-Cr interaction
which is mediated by I or Te atoms '>*3°. The stacking-dependent magnetic ground state in the
heterostructure will be determined by a competition between NN and SNN interlayer Cr-Cr
magnetic couplings. In this sense, we consider the NN and SNN exchanges in Crl;/CrGeTes
heterojunctions as well as the affection of the intermediate atoms in our models to reveal the
mechanism of magnetic stability. Figure 2a show the relative positions of Cr atoms from

different layers for each stacking.

For AB-stacking, there are three SNN (Cr2-Cr3, Cr1-Cr3 and Cr2-Cr4) per unit cell but only
one NN corresponding to Crl-Cr4 pair shown in first panel of Figure 2. Hence, the SNN
interaction exchange dominates the magnetic coupling between layers, rendering AB-stacked
Crl3/CrGeTes heterojunction prefer FM magnetic state with the total energy of 3 meV/unit
lower. For ABi-stacking, which is the same as AB configuration, it still has 3 SNN and 1 NN
Cr-Cr pairs. However due to the relative position shift, the distances of NN and SNN Cr-Cr

8



interactions are increased compared with these of AB stacking, resulting in weaker interactions
of the interlayer magnetic coupling. Therefore, the FM magnetic ground state is still preserved
in AB; stacking, but the stability is reduced as shown in Figure 2b. As for AB»-stacking, the
strong interlayer FiM coupling originates from dominated NN coupling of the system (all Cr
atom of upper layer are on top of these of bottom layer), which makes the competition between
NN and SNN negligible in AB; configuration. For AB>’-stacking, it is similar to AB stacking,
the combined effect of mediation from I and Te atoms is also applicable, however it possesses
2 SNN and 2 NN Cr-Cr pairs while the interlayer distance is much larger. In terms of
magnetism between layers, the competition between NN and SNN super-exchange determines
the final magnetic state, AB,’-stacking prefers FiM alignment derived from the Cr-Cr NN

interaction.

Stacking pattern not only affects the interlayer magnetic coupling, but also leads to the stacking
dependent electronic properties of Crls/CrGeTes heterostructures. Here, we still take AB and
AB: stacking as typical examples with the same reason when discussed the charge transfer
above (the corresponding electronic analysis for other two stacking are in supporting
information, see Figure S2). Figure 3 shows the band structures and the corresponding density
of states (DOS) for Crlz/CrGeTes heterostructures of AB-stacking with FM state and AB»-
stacking with FiM state. Both Crlz and CrGeTes are the magnetic semiconductors as revealed
by previous experimental and theoretical studies. From the electronic calculations, the
semiconducting features are well preserved in the magnetic heterostructures, however the band
gaps are significantly reduced and stacking dependent. The contributions of electronic states
from Crl3 and CrGeTes layers are quite different in the heterostructures. For AB stacked system,
it has an indirect band gap of 0.136 eV. In contrast, the band gap of AB: stacked
heterostructures is only 0.0348 eV. Due to out-of-plane intrinsic polarization which originates
from the different electrostatic potential of Crl; and CrGeTes, the band states from Crlz will be
lifted upward while these from CrGeTes are shifted downwards, leading to the staggered band
alignments near the Fermi level. Therefore, the band-edge states are contributed from the
different layer, where the Conduction band minimum (CBM) is from Crlz layer, while the
Valence band maximum (VBM) is CrGeTes as indicated by the analysis of bandstructure, DOS
and wavefunction distribution in Figure 3. The unique electronic properties in the

heterostructures will facilitate its application in photovoltaics.
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Figure 3. Band structures and density of states (DOS) for Crls/CrGeTes; heterostructures of AB-stacking with FM
spin (a) and AB»-stacking with FiM (b) configuration. The pink and blue lines present the contributions from Crls

and CrGeTe;s, respectively.

Very recently, the external strategies have been verified to be useful to tune the magnetic states
14 Song et al. *® and Li et al. *” have experimentally realized the controlled interlayer magnetism
and the switched magnetic states in layered Crlz by external pressure. In our study, as
investigated above, the interlayer magnetic coupling of the heterostructures is stacking
dependent and determined by the competition of SNN and NN Cr-Cr interaction, it is expected
that external strain can modulate the magnetic state since strengths of NN and SNN are
sensitive to the Cr-Cr distance. We therefore additionally examined the responses under
external biaxial strain which can act as an effective way to control magnetic coupling. The
calculated interlayer magnetic exchange energies (AJ) as a function of strain are plotted in
Figure 4, here we still choose AB and AB; stacking patterns for the same reasons as discussed
above, the results for other two stacking configurations can be found in the supporting

information.
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Figure 4. The interlayer exchange energies (AJ) and magnetic moments for (a) AB and (c) AB: stacking orders
under biaxial strains. The variations of Cr-Cr distances from different layer for (b) AB and (d) AB; stacking are
shown to understanding the changes of interlayer exchange energies. For AB; stacking pattern, only NN Cr1-Cr3

interaction because there is no SNN for the case.

We found that the magnetic ground states for various stacking orders of Crly/CrGeTes
heterostructures are influenced strongly by external strains, as shown in Figure 4. Interestingly,
a magnetic state transition from FM to FiM is observed for the AB-stacking configuration when
strain is larger than a critical value of 6% (Figure 4a), which is reflected by the AJ value
changing from negative to positive. As a result, the linearly increased total magnetic moment
at initial state has a sudden drop from 12.4 4B to -0.27 uB after the critical strain. In contrast,
the energy difference AJ increases with the increasing strain for AB> stacking configuration,
implying the FiM stability is enhanced under biaxial strain deformation. The total magnetic
moment of the system (magnitude) linearly increases with the strain. The variation of AJ value
and magnetic moment of AB; and AB>’ stacking structures are similar to AB> stacking (see
Figure S3), while AB; stacking preserves the FM magnetic state under strain deformation,
which indicates that the biaxial strain can effectively modulated the interlayer magnetic

coupling.

The different responses of magnetic states and moments stem from the interlayer magnetic
coupling mechanism, namely the competition between NN and SNN exchanges affected by
atom distances for Crl3/CrGeTes heterostructures. For AB-stacked configuration, the key to
understand this magnetic transition lies in the change of interlayer interaction caused by

decreased distance of Cr-Cr between layers. The black lines presented in Figure 4c show that
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the Cr1-Cr4 (NN) and Cr2-Cr3 (SNN) distances both decrease linearly with applied tensile
strain. While from the pink lines of Figure 4c, the distance of Cr1-Cr4 atoms declines more
rapidly compared to that of Cr2-Cr3 according to the ratio changes of Ad/do, resulting in a rise
of NN exchange interaction of Cr-Cr between layers. Thus, the AFM coupling caused by Crl-
Cr4 exchange is becoming the dominate factor, and the transition occurred during the increased
external stain. For AB»-stacking, there is only Cr-Cr NN interlayer magnetic exchange as
shown in Figure 2, we focused on the distance variation of Cr1-Cr3 under strain. As shown in
Figure 4d, the bond lengths of Cr1-Cr3 linearly decrease as a function of the applied tensile
strain, leading to an enhanced NN exchange, and thus an enhanced FiM states. The same

magnetic mechanism was also discovered and explained in CrXTe; (X = Si, Ge) systems .

Figure 5: Schematic diagram of the proposed Moiré magnetic domain heterostructures where the magnetic
coupling will be controlled by the twisted angle. All the stacking patterns can coexist in the system. For clarity,
only the magnetic Cr atoms are shown here while the Cr atoms from different layers are shown in grey and blue

balls respectively.

Based on the findings that the magnetic ground state is stacking dependent, we proposed a
magnetic domain device in the twisted magnetic heterostructures as in Figure 5. Similar to the
recent discovered magic angle in twisted bilayer graphene where the superconductivity can be
induced, the Moiré texture will be induced in the heterostructure when Crls is rotated relative
to monolayer CrGeTes, where the all stacking patterns studied above (AB, AB1, AB> and AB>’)
can coexist simultaneously. As investigated above, AB and AB; stacked areas will be in FM
interlayer coupling with large magnetic moments while AB> and AB>’ stacked areas will be in
FiM states with small magnetic moments. The spin directions from different layers at AB and

AB; area are the same, while these at AB> and AB>’ are opposite, as shown in Figure 5, leading
12



to the magnetic domains. The size of each stacking area depends on the magnitude of the

rotated angle 0, where the periodic lattice length of the Moiré texture can be calculated as
A=a/ (2sing) 3840 The interlayer magnetic coupling and domains can be modulated by adjusting

the rotation angles and relative position shift between layers. The proposed magnetic device

may find extensive application in spintronics and electronics.
4. Conclusions

In summary, using first-principles calculations, we investigated the magnetic states of the
heterostructures which combined 2D ferromagnetic semiconductors monolayers Crlz and
CrGeTes with various stacking orders. The magnetic ground states are discovered to depend
on the stacking configurations of Crlz and CrGeTes. The underlying mechanism is contribute
to the competition between NN and SNN Cr-Cr exchanges in different layers. The FM
interlayer coupling is found in AB-, AB-stacking while FiM coupling is revealed in AB:-,
AB2’-stacking configurations, respectively. Besides, the interlayer magnetic coupling, the
electronic properties of the heterostructure are also stacking dependent. Taken AB and AB;
stacking as the examples, it was found that the band gaps are 0.136 and 0.035 eV respectively.
More interestingly, the band-edge states are separated into different layers due to the presence
of out-of-plane intrinsic polarization. Furthermore, the magnetic coupling of Crl;/CrGeTes
heterostructures can be effectively modulated by the biaxial strain, leading to the transition
from FM to FiM in AB-stacking after a critical strain due to different variation response of Cr-
Cr distance. In other stacking patterns, the intrinsic magnetic coupling will be maintained and
enhanced by the strain. Based on the findings of stacking dependent interlayer magnetic
coupling, we proposed a magnetic domain device in twisted heterostructures, where all
stacking patterns coexist, the magnetic coupling at different location can be controlled by
rotation angle and position shift. Our study of 2D magnetic heterostructure unlocks a new
approach to tunning the magnetic properties not only for the fundamental researches, but also

for the practically switched on/off applications in nano-spintronics.
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