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Tunable magnetic anisotropy in two-dimensional CrX;/AIN (X = I, Br, Cl) heterostructures
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Controlling the magnetic anisotropy of two-dimensional (2D) ferromagnets (FMs) is of great importance
for the development of next generation spintronics. Here, by combining the 2D FM chromium trihalides CrXs
(X =1, Br, Cl) monolayer (ML) with the fully hydrogenated bilayer AIN (AIN-2L) together, the electronic
and magnetic properties, especially the magnetic anisotropies, of CrXs/AIN heterostructures (CrX; HSs) are
systematically investigated based on first-principles calculations. When the polarization direction of AIN-2L
reverses, the magnetic easy axis of CrX; MLs can be switched between out-of-plane and in-plane directions.
Particularly the magnetic anisotropic energy is tuned by a maximum of 200% variation in CrI3/AIN. It is shown
that the different effects of AIN-2L on the modulation of the magnetic easy axis of CrX; MLs are related to
their different interfacial charge transfer/redistribution across their interfaces. In addition, a transition from FM
semiconductor to half-metal is found in all CrX; MLs when the polarization direction points toward CrX; MLs.
Our results suggest a feasible avenue for the design of van der Waals HSs to realize the control of magnetic

anisotropy in 2D FMs.

DOLI: 10.1103/PhysRevB.106.134412

I. INTRODUCTION

The discovery of intrinsic ferromagnetism in two-
dimensional (2D) materials, including the currently inten-
sively investigated Crlz [1], Cr,Ge,Teg [2], and Fe;GeTe,
[3], have incited great interest in 2D magnets. According to
the Mermin-Wagner theory [4] based on the isotropic Heisen-
berg model, finite-temperature long-range magnetic order in
2D magnetic materials was believed to be impossible due to
the thermal fluctuation of magnetic moments. To counteract
such thermal fluctuation in 2D magnetic materials, magne-
tocrystalline anisotropy (MCA) is required as one of the most
important properties by opening a magnon gap [2,5]. Com-
pared with the magnetic thin films grown by conventional
methods, 2D van der Waals (vdW) magnets with large MCA
and high Curie temperature (7¢) are desirable for practical
applications in high-density magnetic memories and magnetic
tunnel junctions [6-9].

As a representative type of 2D ferromagnetic (FM) ma-
terials, the magnetic properties of a CrX; (X =1, Br, Cl)
monolayer (ML) have been intensively studied. Experimental
results show a FM ground state with an out-of-plane mag-
netic easy axis for Crl; and CrBr; and an in-plane easy axis
for CrCl; [10,11], and T¢ values decrease as the halogen
element changes from I to Cl, ~45 K for Crlz [1], ~34K
for CrBrs [12], and ~17K for CrCls (bulk) [13]. Signifi-
cant efforts have been devoted to promoting the magnetic
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properties of a CrX; (X = I, Br, Cl) ML. For example, 47%
enhanced magnetic anisotropy in a Crl; ML was reported
when a 5% compressive strain was applied [14]. Furthermore,
alloying Crl; [15] and a CrCl; ML [16] with isovalent W
atoms has been proposed to significantly enhance the FM
coupling in these two 2D semiconductors. Experimentally,
chemical adsorption, electric field, and pressure were also re-
ported to tune their electronic and magnetic properties in CrX3
[17-22]. Among various approaches, vdW heterostructures
(HSs) formed by integrating a 2D magnetic material with a
polar or nonpolar nonmagnetic material are widely considered
as highly promising strategies to substantially enrich their
functionalities and improve their properties for spintronics
applications [23-30]. As reported by Zhao et al. [26], the
semiconducting nature of Crl; changes to half-metallic in
the Crls/Sc,CO, HSs when the polarization direction of the
Sc,CO;, layer points to the Crl; layer. Meanwhile, it has been
shown that electrostatic doping into 2D magnetic materials
can tune their MCA [18,31-34]. Especially the intrinsic po-
larization of 2D polar or ferroelectric (FE) layers in vdW HSs
can give rise to similar effects, and it is switchable as well.
Therefore, it is quite interesting and of practical significance
to examine the possibility of realizing the control/optimization
of the MCA of 2D magnetic materials by proximity with a
polar or FE layer. Although authors of previous works have re-
ported nonvolatile electrical control of 2D FMs by interfacing
with intrinsic polarized substrates in vdW HSs [23,25,28,30],
the detailed physical origin of how MCA of the constituent
2D magnetic layers changes with proximity to the FE/polar
layers requires further exploration. First, which is the key
factor, such as interfacial structural modification and charge
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transfer/redistribution, and how do these factors tune MCA?
More importantly, what are the requirements for the FE/polar
layers in the vdW HSs for an effective tuning of magnetic
properties of the magnetic layer, particularly to enhance its
MCA?

On the other hand, as one of the 2D semiconductors with
potential device applications, atomically thin AIN nanosheets
with both wurtzite (WZ) and graphitic structure have been
extensively studied [35-39]. It is noted that the atomically
thin AIN nanosheets in the WZ phase are stable down to one
or two layers with fully hydrogenated surfaces [40,41], which
present strong intrinsic polarization along the out-of-plane di-
rection due to the lack of inversion symmetry. It has also been
reported that the polarization of ultrathin films with the same
WZ structure (e.g., ZnO) can be switched under moderate
electric field [42]. The 2D AIN with the WZ structure can thus
be a good candidate as the polar layer in a vdW HS to explore
its role in tuning the magnetic properties in CrX3; MLs.

In this paper, we systematically investigate the electronic
and magnetic properties, especially the magnetic anisotropies
of the type of 2D vdW HSs consisting of a CrX; ML and a
hydrogenated bilayer (2L) AIN by using first-principles cal-
culations. Our results show that the MCA of all CrX; MLs
exhibit strong dependence on the polarization direction of
the constituent polar layer. The magnetic easy axis of Crlz
is switchable in the opposite polarization of the AIN layer,
giving rise to a large variation of MCA (up to 2115 ueV/Cr).
The physical origin of the tunable MCA and the enhanced
FM couplings in CrX3; MLs are closely related to the different
interfacial charge transfer and redistribution induced by the
polarization of the AIN layer in these HSs. In this paper, we
not only demonstrate a feasible avenue to reversibly control
the magnetic anisotropy of the 2D FM CrX; MLs but also gain
deep physical insight into understanding the coupling between
FE and magnetic layers in 2D vdW HSs.

In Sec. II, we present the methods used in this paper. In
Sec. III, we report the electronic and magnetic properties of
CrX; MLs and CrX;/AIN HSs and discuss the origin of the
tunable MCA in the HSs. Finally, a summary is given in
Sec. IV.

II. COMPUTATIONAL DETAILS

The first-principles calculations are conducted within the
density functional theory (DFT) framework using the pro-
jected augmented wave method as implemented in the Vienna
Ab initio Simulation Package [43]. The exchange-correlation
term is treated by the generalized-gradient approximation [44]
of the Perdew-Burke-Ernzerhof functional [45]. The Kohn-
Sham orbitals are expanded in a plane-wave basis set with
an energy cutoff of 500 eV. The semicore states of Cr 3p
are treated as valence electrons as well. An effective onsite
Hubbard U adopted to treat the electron correlation for the
localized d orbitals of Cr atoms is tested (see Supplemen-
tal Note 1 in the Supplemental Material [46]), and a value
of 3.0 eV is chosen [16,24,47,48]. The structures are fully
relaxed until the forces on each atom are < 0.01eV/A and
the energy difference between two consecutive self-consistent
steps is < 1077 eV. Monkhorst-Pack meshes [49] with the re-
ciprocal space resolution of 27 x0.025 A~ (27 x0.015 A~")

are used to generate the k-point sampling in structural op-
timizations (the calculations of the electronic and magnetic
properties). A vacuum space of 15 A is adopted in the non-
periodic direction to avoid the interactions between adjacent
images. The vdW interactions between the layers are de-
scribed by the D2 Grimme method [50,51]. Tests have been
done to make sure that all the results are converged with
respect to energy cutoff, system size, and k-points sampling.
The thermal stability of the preferable CrX; HSs is fur-
ther examined by ab initio molecular dynamics simulations
with the NVT canonical ensemble and Nose-Hoover thermo-
stat algorithm. Using the finite difference method [52], the
phonon dispersion spectrum is also obtained to determine the
dynamic stability for CrBrs/AIN and CrCl;/AIN HSs. How-
ever, the supercell modeling of the Crl3/AIN HSs contains
>100 atoms, which makes the first-principles phonon calcu-
lations unfeasible with the limited computing resources.

The MCA energy (Enca) induced by the spin-orbit cou-
pling (SOC) is evaluated based on the total energy difference
between in-plane [100] and out-of-plane [001] magnetiza-
tion directions, i.e., Emca = Eji00] — Ejoo1;. Thus, the positive
(negative) values of Eyjca denote an out-of-plane (in-plane)
magnetic easy axis. The magnetic shape anisotropy (MSA)
energy (Emsa) originating from long-range magnetic dipole-

T N . . Dipol
dipole interactions is also considered via Emsa = Ejjgy —
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Here, S’i is the local magnetic moment, and 7;; is the vector
connecting sites i and j [53]. The calculations of Eq. (1) are
carried out in the range of 7;; < 1000 A to ensure numerical
reliability. It is worthwhile noting that the magnetic anisotropy
energy (Emag) is essentially contributed by the two main
terms, i.e., Emag = Emca + Emsa-

Here, 7. of the considered systems are obtained by Monte
Carlo (MC) simulations based on a 2D Heisenberg model,
which is described by the following Hamiltonian:

H=-5) 5-85-h) 5 -85-5Y 53
ij ik il
—A Y () @)

where Ji, J>, and J3 represent the first-, second-, and third-
nearest-neighbor exchange interactions, respectively, A; is the
onsite single-ion anisotropy (SIA), and 51 is the z compo-
nent of the spin vector. The four spin configurations used
to calculate J; (i = 1, 2, 3) and their corresponding energies
are shown in Fig. S1 in the Supplemental Material [46].
The SIA is evaluated by using the four-state energy mapping
method as described in Ref. [54]. The spin wave gap of the
structures can be obtained based on linear spin wave theory
[55], where the spin wave gap is given by Ay = 2AS (without
the inclusion of other anisotropic terms such as anisotropic
exchange). The MC simulations are carried out on a hexagonal
100 x 100 lattice with periodic boundary conditions. Here, 10°
MC steps are performed to equilibrate the system, and another
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FIG. 1. Atomic structures and electronic properties of CrX; (X = I, Br, Cl) monolayers (MLs) and AIN bilayer (2L). (a) Side view of
the atomic structure of a CrX; ML. (b) Side view of the fully hydrogenated AIN-2L. (c) Spin-polarized partial density of states (PDOS)
of the CrX; ML. (d) The average electrostatic potential distribution of freestanding AIN-2L. A® is the electrostatic potential difference
defined as the energy difference of electrostatic potential between two sides of AIN-2L. (e) Projected band structure of the fully hydrogenated
AIN-2L. Stacking configurations of CrX3/AIN heterostructures (CrX; HS). (f) Side views of the most stable stacking configuration for Crl; HS.

(g) Side views of the most stable stacking configuration for CrBr; HS.

107 MC steps per site are used for statistical averaging at each
temperature.

III. RESULTS AND DISCUSSION

A. Electronic and magnetic properties of CrX; MLs

The CrX; (X =1, Br, Cl) MLs share similar crystal struc-
tures with the D34 point group, in which the Cr layer is
sandwiched by two X layers, and each Cr atom is surrounded
by six X ligand atoms with an octahedral configuration [see
Fig. 1(a)]. The near 90 ° Cr-X-Cr bonding angles lead to the
dominating FM superexchange coupling within each ML, fol-
lowing the Goodenough-Kanamori-Anderson rules [56,57].
The calculated lattice parameters of Crl;, CrBr3, and CrCls
are 7.08, 6.50, and 6.11 10\, respectively, which agree well with
previous reports [16,58,59]. Figure 1(c) displays the partial
projected density of states (PDOS) of CrX; MLs. All CrXj
MLs are semiconductors with bandgaps of 1.20, 1.94, and
2.59 eV for Crls, CrBrj3, and CrCls, respectively. The valence
band maxima (VBM) are mainly contributed by X-p states,
and the conduction band minima (CBM) are dominated by
Cr-d states (also see the band structures in Fig. S2 in the
Supplemental Material [46]), which are in accordance with
previous calculations [16,17,30].

The calculated magnetic moment is ~3 pg in CrX3 MLs,
suggesting that the Cr atom adopts S = % in the ground
state. As expected, the MLs of CrXj3 all show ferromagnetism,
featuring dominating J; (see Table I). Here, J, also prefers
FM ordering, while J; is close to zero and thus negligible.
The exchange parameters of CrX; MLs are comparable with

previous studies [14,16,58]. The calculated SIA and spin wave
gap of CrX; MLs are shown in Table S2 in the Supplemental
Material [46]. The 0.527 meV spin wave gap of a Crl; ML is
comparable with the inelastic neutron scattering observation
(~0.4 meV) [60]. Based on J; and SIA values, our MC simu-
lations find that the resulting T¢ for the pristine CrX3 MLs are
also in good agreement with their corresponding experimental
values (see Table I) [1,12,13].

As presented in Table I, the calculated MCAs for CrX3
MLs are all positive and monotonically decrease from I, Br
to Cl, in good agreement with previous theoretical results
[14,16,17]. In contrast, their MSAs are all negative. As a
combined effect, the net MAE is positive for Crl; and CrBr3
MLs but is negative for the CrCl; ML. This indicates that
Crlz and CrBrz MLs have out-of-plane magnetic easy axes,
while the CrCl; ML has an in-plane magnetic easy axis, which
are perfectly consistent with the experimental observations
[1,10-12]. The puzzling in-plane magnetic easy axis of the
CrCl; ML compared with Crl; and CrBr; MLs can thus be
ascribed to its in-plane MSA that dominates over its weak
out-of-plane MCA [16].

B. Electronic and magnetic properties of CrX;/AIN HSs

The crystal structure of hydrogenated a AIN-2L structure
is shown in Fig. 1(b). The calculated in-plane lattice constant
of AIN-2L is 3.08 A. Due to the lack of inversion symmetry,
the AIN-2L possesses an intrinsic spontaneous out-of-plane
polarization with an electric dipole of 0.37 eA. As shown in
Fig. 1(d), there is a potential drop (A®) of 6.37 eV across
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TABLE 1. Calculated lattice parameters (a) of freestanding CrX; ML, AIN-2L, and CrX;/AIN HS, equilibrium interface distance (d),
bandgap (E,), number of electrons transferred between layers (AQ), magnetocrystalline anisotropy (MCA), magnetic shape anisotropy (MSA),
exchange interaction parameters (J,,), and Curie temperatures (7c).

a d E, AQ MCA MSA Ji J Js Tc
Structures A) A) V) (e) (ueV/Cr) (ueV/Cr) (meV) (meV) (meV) (K)
AIN-2L 3.08 — 1.52 — — — — — — —
Crl; 7.08 — 1.20 — 768.3 —39.44 3.66 0.52 —0.02 45
Crl;-HS-P ¢ 12.29 2.53 0.00 0.82 —1070.8 —39.88 3.92 0.51 0.57 53
Crl;-HS-P | 12.29 2.83 0.08 —0.03 1043.7 —37.36 4.25 0.45 —0.05 43
CrBr; 6.50 — 1.94 — 164.5 —45.09 2.90 0.27 —0.03 24
CrBr;-HS-P 1 6.50 2.38 0.00 0.22 —604.4 —48.77 3.36 0.25 0.53 36
CrBr;-HS-P | 6.50 2.72 0.90 0.02 148.2 —45.25 3.24 0.26 —0.02 28
CrCly 6.11 — 2.59 — 27.0 —50.49 2.26 0.15 —0.03 14
CrCl;-HS-P ¢ 6.11 2.32 0.00 0.25 —450.3 —54.95 2.14 0.16 0.46 22
CrCl;-HS-P | 6.11 2.78 1.60 0.02 34.6 —49.32 2.36 0.12 —0.04 16

the two sides of the AIN-2L. The projected band structure of =~ no imaginary frequency presents in the whole Brillouin zone,
the AIN-2L is shown in Fig. 1(e), indicating that the AIN-2.  indicating that the considered systems are dynamically stable.
is an indirect bandgap semiconductor with the VBM (CBM) The interlayer distances are given in Table I. Here, CrX3-HS-
dominated by H-s (N-p) orbitals. P 7 has relatively smaller interlayer distance compared with
With the asymmetric polar AIN-2L, two types of CrX3/AIN CrX;-HS-P |. This suggests the stronger interfacial interac-
HSs are constructed by placing the CrXj; layer on the AIN-2L. tions when the polarization is pointing toward the CrXj layer,
One is formed with the polarization of the AIN-2L pointing which is also consistent with the fact that the binding energies
away from the magnetic layer (denoted as CrX3;-HS-P |), in CrX3-HS-P 1 are larger than those in the CrX3;-HS-P |
and the other one has the polarization of the AIN-2L point- ones.
ing toward the magnetic layer (denoted as CrX3-HS-P 1). A We now investigate the respective physical origins of the
V3x+/3 Crl; ML and a 4x4 AIN layer are used to con- interfacial interactions in these systems, which are the keys
struct the CrIs/AIN HS with a small lattice mismatch of  for understanding how the electronic and magnetic properties
only 0.3% exerted on AIN. When constructing CrBr3/AIN of CrX; MLs are affected when the HS is formed. Compared
and CrCl3/AIN HSs, a 1x1 CrX3 ML and a 2x2 AIN layer with the electronic states of the isolated CrX3 MLs and the
are adopted, and their corresponding mismatches are 5.4 and  AIN-2L, which all are semiconductors, the Fermi level crosses
0.8%, respectively. To exclude the strain effect on the mag- the spin-up channel of CrX; MLs as well as some valence
netic properties of CrX; MLs, the strain from the lattice = bands of the AIN-2L, resulting in a half-metallic state in
mismatch is completely exerted on the AIN-2L in constructing CrX;-HS-P 1 (see Figs. 2(a), 3(a), and S7(a) in the Supple-
all CrX3/AIN HSs. This is reasonable, as the polarization of mental Material [46]). In contrast, the electronic structures
the AIN-2L changes very little under a biaxial strain. For behave quite differently in the case of CrX3;-HS-P |. They
example, the electric dipole is 0.37 eA under 5% compressive  remain with semiconducting character with reduced bandgaps
strain and 0.35 eA under 5% tensile strain, and the global band of 0.08, 0.90, and 1.60 eV for X = I, Br, and Cl, respectively
structure of the AIN-2L also barely changes under the external (see Figs. 2(d), 3(d), and S7(d) in the Supplemental Material
strain (see Fig. S3 in the Supplemental Material [46]). [46]). Therefore, a transition between semiconductor and half-
Two (three) representative stacking configurations are cal- metal in CrX3/AIN HSs can be induced when the electric
culated to identify the energetically favorable configuration of ~ polarization direction of the AIN-2L is switched from down
Crl; HS (CrBrs HS and CrCl; HS), considering the symmetry to up.
of the CrX; ML and the AIN-2L, as shown in Fig. S4(a) in To understand the distinct electronic behaviors of CrXj
the Supplemental Material [46]. The relative total energies of  with different electric polarization directions of the AIN-2L,
the HSs with different stacking configurations are displayed we first check the band alignments of the CrX; HS to get
in Fig. S4(b) in the Supplemental Material [46] for both the the overall charge transfer trend when forming the HSs. The
up and down electric polarization. The TO configuration has schematic diagrams of relative band edge positions with re-
the lowest energy for both Crl;-HS-P 4 and Crl;-HS-P |, spect to the vacuum level are presented in Figs. 2(b), 2(e),
while for CrBr3-HS-P 1 (CrBr3-HS-P |) and CrCl;-HS-P 1 3(b), 3(e), S7(b), and S7(e) in the Supplemental Material
(CrCI3-HS-P |), the T1 (T2) is the most energetically favor- [46]. Here, we take the Crl; HS as an example. When the
able configuration. The corresponding side views of those  polarization is upward, the bands of Crlz are brought so low
configurations are shown in Figs. 1(f) and 1(g), respectively. that its local CBM lies lower than the local VBM of the
All the results reported below for the HSs are calculated using AIN-2L. Therefore, electrons are allowed to transfer from
the most stable structures. The thermodynamical stability of =~ the AIN-2L to the Crl; layer [see Fig. 2(b)]. Moreover, the
these HSs is demonstrated by our ab initio molecular dy- planar averaged plot of its charge transfer is also shown in
namics simulations (see Fig. S5 in the Supplemental Material Fig. 2(c). Clearly, the transferred charges to the Crlz layer
[46]). As shown in Fig. S6 in the Supplemental Material [46], mostly distribute in the interfacial region, while the charge
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depletion is across the whole AIN layer. The electron doping
of Crl; from the AIN layer leads to the partial occupation
of the upper subset of Cr-3d orbitals, and a half-metallic
state is thus induced in Crl3-HS-P 4. Similar behaviors are
also observed in CrBrs;-HS-P 1 [see Figs. 3(b) and 3(c)] and
CrCl3-HS-P 1 (see Figs. S7(b) and S7(c) in the Supplemental
Material [46]) cases. In contrast, when the polarization is
downward, the band alignment in the HSs changes from the
zero gap type-III to type-1I (see Figs. 2(e), 3(e), and S7(e) in
the Supplemental Material [46]), and the electrons thus cannot
transfer efficiently between CrX; MLs and the AIN-2L and
just slightly redistribute in these HSs (see Figs. 2(f), 3(f), and
S7(f) in the Supplemental Material [46]). Consequently, the
CrX; MLs in CrX3-HS-P | HSs retain their intrinsic semi-
conducting character. The electrons transferred between the
CrX; and AIN layers (AQ) in the HSs are also obtained by the
Bader charge analysis. A positive (negative) value indicates
excess (deficiency) of electrons in the CrX3 layer. As shown in
Table I, the amounts of the transferred charges further confirm
the above statements. The distinctly different band shifts of
CrX; MLs when contacting with opposite sides of the AIN-2L.
arise from the inherent electric polarization of the AIN-2L.
Especially the half-metallicity in CrX3 MLs is highly desir-
able for their practical applications in nanospintronic devices,
such as magnetic tunnel junctions, spin valves, or spin-effect
transistors.

The magnetic properties, such as the exchange interac-
tions and MCA of CrX3/AIN HSs could also be modified

by the distinct change of electronic structures with upward
and downward electric polarization. For instance, in CrX3-HS-
P 7, ferromagnetism is slightly enhanced due to the electron
transferred from the AIN-2L to the CrX; layers. Such an en-
hancement is reflected in the calculated exchange parameters
Ji.2.3 and increased magnetic moments of Cr ions (see Table
S3 and Supplemental Note 2 in the Supplemental Material
[46]). As a result, an increase of Tc by ~10 K is observed
relative to their corresponding pristine MLs (see Table I and
Fig. S16 in the Supplemental Material [46]). The change of
magnetization and T¢ in CrX3-HS-P | is limited compared
with their isolated MLs considering the weak vdW interlayer
interactions. Meanwhile, FM order within the CrXj layers is
preserved in all CrX3/AIN HSs studied here (as seen in the
dominated FM J; in Table I).

C. Origin of the tunable MCA in CrX;/AIN HSs

We now explore how the MAEs of CrX; MLs are mod-
ulated by the interfacial coupling with the asymmetric polar
AIN-2L nanosheets. The MAEs of CrX3;/AIN HSs are also
summarized in Table I. It is interesting to note that, when
stacked on AIN-2L-P |, the MCA of Crl; largely increases
to 1043.7 weV/Cr. However, the MCAs of the FM layers in
CrBr;-HS-P | and CrCl3-HS-P | only change slightly with
respect to their freestanding forms. When the dipole moment
of the AIN-2L is switched to the upward direction, the MCAs
for all the CrX3;-HS-P 1 change to large negative values,
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FIG. 3. Projected band structure of (a) CrBr;-HS-P 1 and (d) CrBr;-HS-P |. Band alignments of (b) CrBr;-HS-P 4 and (e) CrBr;-HS-P |
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—1070.8, —604.4, and —450.3 pneV/Cr for X =1, Br, and Cl,
respectively. This indicates that the CrX; MLs in CrX3-HS-
P 1 favor an in-plane alignment of magnetization, in sharp
contrast with the isolated CrX; MLs. On the other hand, the
MSAs for all the systems remain negative, and the magnitudes
are very close to each other upon polarization reversal. These
results suggest that the MCA of 2D magnetic materials can be
significantly tuned by integration into HSs with suitable polar
layers. The remarkably enhanced out-of-plane MCA of Crls
on AIN-2L-P | and the switchable magnetic easy axis of Crlz
and CrBr; MLs with different electric polarization directions
are important for their potential applications in spintronic
devices.

To further understand the polarization regulation mecha-
nism of the MCA in CrX; MLs on the AIN-2L, we proceed
to inspect the details in their electronic structures, particu-
larly the charge distribution and the accompanied changes of
electron occupation in Cr-3d orbitals and X-p orbitals, which
are expected to play key roles for the modulated magnetic
properties in CrX3 MLs. It is worth mentioning that our cal-
culations indicate that the small structural changes of CrX3
MLs on the AIN-2L have little impact on their MCAs. Here,
we first consider the electronic structures of the isolated ML
counterparts with the same crystal structures as in the corre-
sponding HSs (denoted by CrX3; MLs*-4 and CrX; MLs*-|).
The atomic orbital projected band structure of Crl3; ML*-1

with SOC has been presented in Fig. S8 in the Supplemental
Material [46]. The lowest states that would be occupied by the
excess electrons are mainly related to Cr-dy/y; and dy2_y2 sy,
hybridized with I-p orbitals. We also find that the main un-
quenched orbital angular momenta around the CBM of Crl;
ML*-1 are Cr L, and I L,/,, which are shown in Figs. 4(a)
and 4(b), respectively. The orbital resolved MCAs on Cr and I
atoms in Crlz; ML*-4 and Crl;-HS-P 1 are further compared
in Figs. 4(c) and 4(d), respectively. The largest differences in
the orbital resolved MCA in the two structures are associated
with the orbital pairs of Cr (dy>_y2, dyy), Cr (dy;, dy), I (px,
py), and I (py/y, p:). The larger enhanced negative contribu-
tion from I (p,/y, p.) (manifested by (py/y |L+|p.)) counteracts
the smaller positive contributions from the Cr (d,>_y2, d.,) and
I (px, py), which thus leads to the overall in-plane MCA in
Crl3-HS-P 4. Similar analyses are also performed for CrBrs
and CrCls MLs (see Figs. S9—-S11 in the Supplemental Mate-
rial [46]). It is found that the electron doping when interfacing
with P 1 AIN-2L also contributes to an overall negative MCA
in CrBr3-HS-P 1 and CrCl;-HS-P 4. Note that, in contrast
to Crl; and CrBr; MLs, the MCA changes between CrCls
ML*-4 and CrCl;-HS-P 1 are generally small (see Fig. S11
in the Supplemental Material [46] and Table I), mainly due to
the weakening SOC from I, Br to CIL.

For Crl3-HS-P |, the electron deficiency due to the charge
redistribution across the interface indicates electron removal
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Crl;-HS-P 1.

from the top valence bands of the Crl; layer, which mainly
consist of I-p,/, orbitals (see Fig. S12 in the Supplemen-
tal Material [46]). Since the occupied Cr-3d orbital-derived
states are mostly well below the Fermi level, the MCA dif-
ference between isolated Crl; ML*-| and Crl;-HS-P | is
mainly contributed by I atoms. As shown in Fig. 5(b), the
I-p,/, orbitals at the valence band edge can give sizeable
unquenched orbital momentum L, (manifested by (p|L.| Dy))s
which thus contributes a large positive MCA given the strong
SOC of I atoms. The orbital resolved MCA energy difference
(AMCA) between Crls MLs*-| and Crl;-HS-P | are shown
in Figs. 5(c) and 5(d), respectively. It clearly indicates that the
overall enhanced positive MCA in Crl3-HS-P | mainly results
from the orbital pair of I (p,, py) through L. for the slightly p-
doped Crl; layer, while the MCA contributions of Cr from the
d orbitals are almost unchanged. The situation is different for
CrBr3;-HS-P | and CrCl;-HS-P |, where there is no electron
deficiency due to the large offsets in the band alignments (see
Figs. 3(e) and S7(e) in the Supplemental Material [46]). As a
result, their MCAs are close to that of the isolated CrBr; and
CrCl; MLs (see Figs. S13-S15 in the Supplemental Material
[46]).

Overall, constructing HSs with CrX; (X = I, Br, Cl) MLs
and a polar layer proves to be an effective way to realize
the tuning of their MCAs. However, the choice of the polar
constituent is constrained, as discussed below. To enhance
the out-of-plane MCAs of CrXj, suitable polar layers should

have their CBM extremely close to or even lower than the
VBM of CrXj (i.e., electron deficiency for CrX; MLs). This
is particularly true for Crl; and CrBr3, since their VBM states
are composed of I- and Br-p orbitals with strong SOCs. To
verify this, we calculate the MCA of the isolated CrI; ML with
identical electrons removed as in Crls-HS-P |. As expected,
an obviously enhanced MCA (992.6 ueV/Cr) is obtained.
When the dipole direction of the polar layer is reversed and
pointing toward the CrX3; MLs, the inherent dipole field will
bring down the CBM of CrX3; MLs lower than the VBM of the
polar layer (i.e., electron excess for CrX3 MLs). Accordingly,
the in-plane MCAs of CrXj layers are enhanced. Therefore,
the MCAs of CrX; layers can be switched between in-plane
and out-of-plane directions with suitable polar layers. Such
wide tunable MCA via building 2D vdW HSs make the re-
alization of energy-efficient spintronic devices possible. We
further calculated the interlayer charge transfer and MCAs
in CrX3/AIN HSs with different configurations, as shown in
Table S4 in the Supplemental Material [46]. These results
suggest that the interlayer configuration has limited effect on
the charge transfer and thus magnetic anisotropy.

IV. CONCLUSIONS

In conclusion, we systematically studied the tunability of
electronic and magnetic properties of CrX; (X =1, Br, Cl)
in assembled HSs with the polar AIN layer based on first-
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principles DFT calculations. We find that the magnetic
anisotropy of CrX3 MLs in CrX3/AIN HSs is switched be-
tween out-of-plane and in-plane directions by reversing the
direction of the polar dipole field in the AIN layers. The
underlying origin of the switchable magnetic anisotropy in
these HSs is attributed to the charge transfer and redistribution
between the constituent layers that are governed by the band
alignments between CrX3 and polar AIN layers. Meanwhile,
our results of CrX3;-HP-P 1 HSs suggest a practical approach
to achieve half-metallicity in CrXj; layers and boost their Curie
temperatures. In this paper, we demonstrate that assembling
2D magnetic materials into HSs with suitable polar layers pro-
vides an efficient and nonvolatile way to tune their electronic
and magnetic properties, which can be of great use in future
spintronics.
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