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Ferroelectric-controlled magnetoelectric effect at the Crl; /Hf O, interface
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The effective manipulation magnetic properties of two-dimensional magnets through electric field presents
profound implications for spintronics. In this study, we investigate the ferroelectric-controlled magnetoelectric
coupling within the Crl;/HfO,(111)/Crl; heterostructure by using first-principles calculations. It is found that
the magnetic moments of Crl; are notably responsive to the polarization orientation—either directed towards
(Py) or away (P,y) from the interface. The polarization of HfO, triggers the accumulation (depletion) of
screening electrons at the Py, (P,,) interface, which affects the relative population of the exchange-split spin
bands at the interface and thus results in the enhanced (reduced) total magnetic moments of the monolayer Crl;.
The easy magnetization axis of Crl; switches from an out-of-plane (7, state) to an in-plane (P, state) direction
by the reversal of ferroelectric polarization of HfO,. Additionally, the Curie temperature (7¢) of monolayer
Crl; is enhanced by 78% in the P, state. This work provides useful guidelines for the study of interfacial
magnetoelectric coupling and design of multiferroic devices.
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I. INTRODUCTION

Multiferroic materials provide numerous opportunities for
the advancement of electronic devices, due to the fasci-
nating phenomenon of manipulating one ferroic property
through another ferroic conjugate field [1,2]. In particu-
lar, utilizing an electric field to control magnetic properties
requires less energy in comparison to utilizing a mag-
netic field or spin-polarized current [3-5], which presents a
promising opportunity for the development of next-generation
devices with low-dissipation electric writing and fast mag-
netic reading functions [6-9]. Multiferroic materials can be
divided into single-phase multiferroics and layered multi-
ferroics composed of ferroelectric (FE) and ferromagnetic
(FM) components. The latter exhibits a higher opera-
tional temperature (above room temperature) and superior
magnetoelectric coupling due to the pronounced interfa-
cial magnetoelectric effect, which arises from the strain-
mediated [10-13] and charge-mediated [14—17] coupling
mechanisms. The layered multiferroic materials have been de-
signed with various combinations of ferroelectric candidates
such as perovskite-structured Pb(FesNbgs)Os, BaTiOs,
Ba;_,Sr, TiO3, BiFeO3, Pb(Zr;_,Ti, )O3, and PbTiO3 as well
as magnetic counterparts such as La;_,Sr,MnQOj3, Fe;0y,
COF6204, NiF6204, Nil_xanFe204, and Col_xanFe204
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[2,18-20]. However, due to the incompatibility with com-
plementary metal oxide semiconductor (CMOS) technology
and the deterioration of ferroelectric behavior at reduced film
thickness, the application of layered multiferroic structures is
severely restricted at the nanoscale.

Recently, the ferroelectricity has been discovered in the
HfO, film and its derivatives, for which the ferroelectric be-
havior originates from the noncentrosymmetric orthorhombic
phase of HfO, with space group symmetry Pca2; [21-24].
Owing to the robust ferroelectricity at the nanoscale [25]
and great compatibility with the CMOS technology [26],
numerous researches have been dedicated to exploring the
HfO,-based nonvolatile memory devices [27-31], which in-
dicates that ferroelectric HfO, might be promising to serve
as a ferroelectric component in composite multiferroic struc-
tures. By using density functional theory (DFT) calculations,
a strong charge-mediated magnetoelectric coupling at the
Ni/HfO, interface driven by FE HfO, polarization reversal
has been demonstrated in our previous work [32,33], which is
verified by subsequent experiments [34]. Vermeulen et al. [35]
also found that the polarization of the HfO, layer has a great
effect on the magnetic properties such as magnetocrystalline
anisotropy (MAE) and coercive field of the Co layer in Al-
doped-HfO, /Co/Pt heterostructures. However, the presence
of dangling bonds at the interface leads to a strong interface
interaction between the ferroelectric oxide and magnetic ma-
terial, which often results in the irreversible modification of
the magnetization surface of the magnetic component.

The recent synthesized two-dimensional (2D) magnets,
such as Crl; [36], CrGeTes; [37], and Fe,GeTes [38], offer
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FIG. 1. (a) Side and (b) top views of the monolayer Crl;. The unit cell is denoted by a solid rhombus. (c) Side view of [001]-oriented
Pca2, HfO, unit cell with upward ferroelectric polarization (P). (d) Top view of one Hf-O, layer of (111)-oriented Pca2; HfO,. (e) Side view
of Crl;/HfO,/Crl; vdW heterostructure with upward ferroelectric polarization.

an alternative avenue for exploring multiferroics and mag-
netoelectric coupling by constructing heterostructures of 2D
magnets and ferroelectric materials. Due to the atomically
clean interface, such heterostructure can preserve their orig-
inal magnetic structure and is particularly suitable for the
infinite cycle life spintronic devices. For example, Li et al.
[39] reported that bilayer Crl; is switchable between the FM
and antiferromagnetic (AFM) phases by reversing the ferro-
electric polarization direction of BiFeOs film, which affects
the interaction between the second-nearest neighbor Cr-Cr
atoms (interlayer Cr-Cr interaction). Similarly, the interlayer
magnetism of bilayer Crl; was demonstrated to be switch-
able between the FM and AFM phases by the control of the
ferroelectric polarization direction of a-In;Se; [40]. More-
over, it is found that the polarization reversal of In;Se; can
change the orientation of the easy magnetization axis for Crls
[41].

In this paper, based on the first-principles density func-
tional theory calculation, we studied the interfacial mag-
netoelectric effect between the ferromagnetic monolayer
Crl; (ML Crl3) and ferroelectric HfO, in the constructed
Crl3/HfO,(111)/Crl5 heterostructure. It is found that the
magnetic moments of Crl; monolayer are increased (reduced)
at the P, (Poy) interface. By analyzing the density of states
(DOS) of the interface atoms and the charge transfer, it is
seen that the accumulation (depletion) of screening electrons
at the P, (Poy) interface due to the polarization of HfO,
affects the population of the majority (Cr atom) or minority
(I and O) spin DOS, which lead to the charge-mediated in-
terface magnetoelectric coupling. The reversal of ferroelectric
polarization can effectively control the switching of the easy
magnetization axis of Crls between out-of-plane and in-plane
directions, and it can also increase the Curie temperature of
Crlz. Our work will inspire further study to achieving non-
volatile electrical control of atomic-thin van der Waals (vdW)
ferromagnets.

II. COMPUTATIONAL DETAILS

Monolayer Crly with the P31m space group [Figs. 1(a)
and 1(b)] and ferroelectric HfO, layer with the Pca2; space
group [Figs. 1(c) and 1(d)] are chosen as the 2D FM and
ferroelectric components, respectively. To minimize the inter-
facial strong interaction caused by surficial dangling bonds,
the (111)-oriented ferroelectric HfFO,, which has the lowest
surface energy and is easy to be epitaxially grown on a series
of substrates [42—44], is considered in the present work. We
constructed Crl;/HfO,/Crl; multiferroic heterostructures by
stacking six Hf-O; layers (each Hf-O, layer includes four Hf
and eight O atoms as in our previous studies [45,46]) of HfO,
and two monolayers of Crls at both surfaces, which allows
us to examine the magnetoelectric effect of the Crl;/HfO,
interface for polarization pointing into (P,) or away (Poy)
from the Crl; layer using the same structural model with
unidirectional polarization of HfO,, as shown in Fig. 1(e).
The in-plane lattice constant of the heterostructure is fixed to
the value of ML Crl; to avoid the influence of strain to the
ML Crl; and the central two Hf-O, layers are also fixed as the
bulk structure to mimic the interior of the Hf O, film, while the
out-of-plane lattice constant and the other internal coordinates
are fully relaxed. The thickness of the vacuum gap is at least
20 A, which is large enough to avoid the possible interaction
between the top and bottom surfaces.

DFT calculations are performed in the Vienna ab initio
simulation package (VASP) with the projector augmented-
wave method [47]. The exchange and correlation functional
is described by the generalized gradient approximation of
the Perdew-Burke-Ernzerhof functional [48]. The plane-wave
cutoff energy is set to 450 eV. We adopt the spin-orbital cou-
pling (SOC) for the calculation of magnetic properties. The
DFT-D3 approach is used to account for the vdW interactions
between layers. The first Brillouin zone is sampled by using
a 3 x 3 x 1 Monkhorst-Pack grid for the Crl;/HfO,/Crls
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heterostructure. The energy and force convergence criteria are
set to 107° eV and 0.01 eV/A. Moreover, to describe the
strongly correlated 3d orbitals of the Cr atom, the effective
Hubbard U = 1 eV is added to the Cr d orbitals according
to Dudarev’s method [49]. The MAE is calculated by using
an energy mapping method [50] with the details shown in
Sec. III of the Supplemental Material [51]. The Curie temper-
ature (T¢) is calculated based on the Metropolis Monte Carlo
(MC) simulations. MC simulation is performed on a 60 x 60
supercell (that contains 7200 Cr ions) with periodic boundary
conditions, which is sufficiently large. At each temperature,
we used 10° MC steps for thermalization and 10° MC steps
for statistical averaging.

III. RESULTS AND DISCUSSION

As shown in Fig. 1, each ML Crl; consists of six I atoms
and two Cr atoms, and each Cr is bonded to six neighbor-
ing I atoms with Cr located in the center of a hexahedron
composed of six I atoms. The optimized lattice constant of
freestanding (FS) ML Crl; is 7.00 A without considering
the spin-orbit coupling. The magnetic moment of each Cr
atom is calculated to be 3.10uz (without considering the
effective Hubbard U, ), and its band gap is 1.13 eV. The FS
ML Crl; has an FM ground state with a large perpendicular
magnetic anisotropy, which is consistent with the previous
studies [52,53]. The optimized lattice parameters a, b, and ¢
of HfO, (Pca2; space group) are 5.25, 5.04, and 5.06 A, in
good agreement with the previous results [32], which lead to
the in-plane lattice constants of 7.27 and 7.14 A, respectively,
for the [111]-oriented HfO, unit cell. The lattice mismatches
between [111]-oriented HfO, and ML Crlj; are less than 3.8%.
The calculated band gap of the bulk HfO, is 4.39 eV (see
Sec. I in the Supplemental Material [51]), which is reasonably
consistent with the experimental value (5.60 eV) [54] and
previous calculations (4.36 eV) [32]. The atomic configu-
ration of the Crl;/HfO,/Crl; heterostructure is determined
by translating the top and bottom Crls layers, respectively,
along the interface plane relative to the HfO, layer and then
fully relaxing the atomic structures to find the heterostructure
with global energy minimum (see Sec. II in the Supplemental
Material [51]).

We study the magnetization at both Crl;/HfO, inter-
faces of the heterostructure. The magnetic moments (u) of
the Cr, I, and O atoms at both interfaces are calculated as
listed in Table I (with considering the effective Hubbard
Ut =1 eV). It is seen that two Cr atoms at the P, in-
terface exhibit a total magnetic moment of 6.653 ug, larger
than that of the Cr atoms at the P, interface (6.386 up).
However, the magnetic moments of I atoms (including Iinsige
and Iousige) at the Py interface are much larger than those
at the P, interface in absolute value. Moreover, the four
interfacial O atoms at the P, and P,, interfaces also ex-
hibit a total magnetic moment of —0.008 and —0.092 py,
respectively. Therefore, the total magnetic moment of the
P (Pyy) interface is increased (decreased) by the ferro-
electric polarization relative to that of ML Crls, leading
to a polarization-induced magnetic moment difference of
0.595 ug (1.402 x 1072 uz/A?), which is close to that at the
Fe/BaTiOs interfaces (1.900 x 10~ 2ug /A?) [55] and much

TABLE 1. The magnetic moments (u, in ug) of two Cr, six I,
and four O atoms at both interfaces of the Crl;/HfO,/Crl; vdW
heterostructure, respectively, with those of freestanding (FS) ML
Crl; for comparison. The three I atoms at the interface (surface) side
are denoted by Iipsige (Iousside)- Total magnetic moments in the last row
are counted in an interface unit cell, which includes two Cr, six I, and
four O atoms at each interface.

Atoms n(FS ML Crls) #(Pout) w(Pn)
Two Cr 6.422 6.386 6.653
Three lingige —0.296 —0.421 —0.245
Three Lyyside —0.295 —0.336 —0.268
Four O —0.092 —0.008
Total 5.831 5.537 6.132

larger than those at the interface systems with 2D compo-
nents, such as CrBry/GaN (0.330 x 1072 MB/Az) [56] and
Cry,Ge;Teg/Sc,CO, interfaces (0.490 x 1072 Ug /10\2) [57].
The interfacial magnetization in the Crl;/HfO,/Crl; het-
erostructures with the relative position of Crlz layers to the
HfO,; layer not at the global energy minimum are also calcu-
lated for comparison, and we also calculated the interfacial
magnetization when the polarization of HfO, reverses (see
Tables S2 and S3 in the Supplemental Material [51]). The
results show that polarization reversal-induced magnetization
variations of other heterostructures are consistent with those
in Table I, which indicates that the magnetoelectric effect at
the HfO, /Crl; interface is robust and not limited to the most
stable interfacial atomic structure. Moreover, the interfacial
magnetizations are also calculated by adopting different van
der Waals correction methods and SOC (see Tables S4 and
S5 in the Supplemental Material [51]), which shows that the
ferroelectric-controlled interfacial magnetization variation is
independent on the van der Waals correction method and
SOC.

To understand the origin of the polarization-induced mag-
netization variation at the Crl;/HfO, interface, we further
analyze the interfacial electronic structures in terms of the
local density of states (LDOS). Figure 2 shows the LDOS
projected onto the Cr-d, I-p, Hf-d, and O-p electronic states
of the interfacial atoms. The overall trend is that the DOS
of the interfacial Cr and I atoms at P,y (P,,) interfaces move
to the higher (lower) energy relative to that of FS ML Crl;
due to the polarization-induced potential incline. Since the
majority spin DOS of Cr atoms dominates at the Fermi energy,
the rightward (leftward) shift of the DOS at the P,y (Pn)
interface leads to the depletion (accumulation) of majority
spin electrons, resulting in a decrease (increase) of the Cr
magnetic moment. On the contrary, because the minority-spin
DOS is larger than the majority spin DOS of I atoms at
Fermi energy, the polarization-induced DOS shift results in
an increase (decrease) of the I magnetic moment at the Py
(P,,) interface. Moreover, it is seen that the DOS of O atoms
at the P, interface becomes asymmetric due to the interfa-
cial I5p O 2p hybridization [see the DOS in Fig. 2(a)] and,
therefore, the rightward shift of the DOS leads to a —0.092 uy
total magnetic moment of O, which has the same sign with the
magnetic moment of 1. Because I and O atoms have opposite
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FIG. 2. The DOS projected on each atom at (a) P, and (b) P,, interfaces. DOS of Cr, L;,sqe, Hf, and O atoms under the considered energy
range are mainly contributed by the Cr 3d, I 5p, Hf 5d, and O 2p orbitals, respectively. Each curve represents the average DOS per atom at
the interface. The majority- and minority-spin DOS are plotted on the top (positive) and bottom (negative) panels, respectively. The gray filled
curves correspond to the DOS of Cr and I atoms in FS ML Crl;, and Hf and O atoms in bulk HfO,, respectively. The vertical dashed line

indicates the position of Fermi energy (Er).

direction of the magnetic moment compared with Cr atoms,
the total magnetic moment of the interfacial two Cr, six I, and
four O atoms decrease (increase) at the P, (P.,) interface.

To clarify the polarization-controlled potential distribution
and interfacial interaction in the Crl; /Hf O, /Crl; heterostruc-
tures, the layer-resolved LDOS and interfacial charge transfer
are then studied. From the LDOS as shown in Fig. 3(a), it
is seen that the potential drops monotonously along the po-
larization direction, making the Fermi level enter the valence
(conduction) band of the Crl; layer at the P,y (Py,) interface,
as has been illustrated in Fig. 2. This may cause the charge
transfer at the Crl;/HfO, interfaces. To reveal the charge
transfer and the induced interfacial interaction, the differential
charge densities at the Crl;/Hf O, interfaces are calculated as
shown in Fig. 3(b) according to Ap = phetero — PHFO, — OCrl5
where phetero, PHIO,> aNd pcy1, are the charge densities of the
heterostructures, HfO, layer, and Crls layers, respectively.
From Fig. 3(b), we can see that charges are transferred from
Crl; to HfO, at the P, interface and from HfO, to Crls
at the P, interface, respectively. Based on a Bader analysis
[58], Crl; layers at P,y and P, interfaces are positively and
negatively charged by losing and gaining 0.260 and 0.200e,
respectively, which is the classical charge screening of the
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FIG. 3. (a) Layer DOS of the Crl;/HfO,/Crl; heterostructure.
Red and blue are for the Crl; and HfO, layers, respectively. (b) The
charge transfer at both interfaces of the heterostructure. The yellow
and cyan represent electron gain and loss, respectively. The blue
line indicates the planar-averaged differential charge density cal-
culated as Ap(2) = [ phetero(¥, ¥, 2)dx dy — [ puso, (x, y, 2)dx dy —
f pas (X, y, 2)dx dy.

ferroelectric polarization. Therefore, the potential incline-
induced DOS shift and the corresponding interfacial charge
transfer at two interfaces led to a charge-mediated magne-
toelectric effect as controlled by the polarization reversal of
HfO,.

The electric field control of magnetic anisotropy and
Curie temperature is also important for the application of
layered multiferroelectric film. To study the ferroelectric
polarization-mediated magnetic anisotropy of the Crl; layer
at the Crl3/HfO, interface, we adopt the following classical
spin Hamiltonian:

J N 2
H:—E;Si-Si/—Xi:K(Sf) , 1)

where S; is the unit vector of a Cr atom at site i (§ = 3/2
for Crl3). The isotropic Heisenberg exchange coupling, de-
noted by J, spans all first nearest neighbor Cr pairs, while
K represents the single ion anisotropy. The values of J and
K are obtained by comparing the total energy between the
ferromagnetic and antiferromagnetic structures within a single
unit cell. The calculated J of the Crl;/HfO, heterostructure
with P,y and Py, states are 4.949 and 4.016 meV, respectively,
both larger than that of the FS ML Crl; (2.771 meV), due
to the interface interaction between the Crl; and HfO,. For
the 2D ferromagnetism, it is necessary to study their magnetic
anisotropy because it represents a critical parameter to stabi-
lize the long-range magnetic order. To this end, we calculate
the total energy for magnetization directions along the [001],
[010], and [100] directions with taking into account the spin-
orbit coupling. Our results reveal distinct energy differences
in the x, y, and z directions of the heterostructure. Specifically,
the relative energy differences between the x (y) and z axes are
0.713 (0.548) meV for the P, state and 0.560 (—1.952) meV
for the P;, state. The previous study [50] demonstrated that the
easy magnetization axis of monolayer Crlj is perpendicular
to the atomic planes, with in-plane [100] and [010] directions
equivalent. Thus, our results show a ferroelectric-controlled
reorientation of the easy axis in Crlz within the heterostruc-
ture, which is aligning along the [001] direction for the Py
state and the [010] direction for the P, state.
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FIG. 4. Calculated specific heat as a function of temperature
from Monte Carlo simulations. Black is for the FS ML Crl;. P,,; and
Pout (Pp and Pyyp) represent taking into consideration the magnetic
anisotropy energy between the [100] ([010]) and [001] directions for
P, and P, interfaces, respectively.

Then, by using MC simulations, we calculate the Curie
temperature of the heterostructure and FS ML Crl;, by look-
ing at the specific heat versus temperature. For simplicity,
we estimate the Curie temperature by assuming uniaxial
anisotropy. As shown in Fig. 4, the Curie temperature of the
FS ML Crl; is estimated to be 37 K, which is in accordance
with the previous studies [50]. For the heterostructure with
the Py states, the Curie temperature is estimated to be 67 K
(65 K) by taking into consideration of magnetic anisotropy
energy between the [010] ([100]) and [001] directions. For
the heterostructure with the P, states, the Curie temperature
is estimated to be 55 K, regardless of the specific in-plane di-
rections considered. It is found that the Curie temperatures for
the two polarization states of the heterostructure both increase
as compared with that of FS ML Crl; due to the enhanced
exchange interaction J. And the Curie temperature at the Py
interface is higher than that at the P, interface, corresponding
well to the larger J at the P, interface, which indicates a
ferroelectric control of Curie temperature of Crl;.

IV. CONCLUSIONS

In summary, based on first-principles calculations, we
systematically investigated the ferroelectric-controlled mag-
netoelectric effect of layered multiferroic heterostructure
composed of ferroelectric HfO, and 2D ferromagnetic Crl;.
It is found that, when the polarization of HfO, points away
from (into) the Crl;/HfO, interface, the electrons depletion
(accumulation) occurs on the Crl; to screen the ferroelectric
polarization. Since the majority of the spin states of Crl; dom-
inate the Fermi level, this ferroelectric polarization—induced
electrons depletion (accumulation) leads to a significant de-
crease (increase) of total magnetic moments of Crls, resulting
in a charge-mediated interfacial magnetoelectric effect. In-
triguingly, it is demonstrated that the easy magnetization axis
of Crl; is reoriented aligning the [010] and [001] directions,
respectively, by the ferroelectric polarization of the HfO,
layer pointing into and away from the interface. Moreover,
the Curie temperature of Crlj is notably increased due to the
larger exchange interaction when the polarization of the HfO,
layer points away from the interface, compared to the opposite
polarization state. We predict that other HfO,/2D ferromag-
net heterostructures will also exhibit similar magnetoelectric
effects as the HfO, /Crl; interface. This work is meaningful
for the understanding of magnetic coupling between the at-
tractive HfO,-based ferroelectrics and 2D ferromagnets and
offers a promising scheme for the industrialization of voltage-
controlled magnetoelectric memory and logic devices.

The atomic structures were plotted using VESTA software
[59].
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