University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln

Evgeny Tsymbal Publications Research Papers in Physics and Astronomy

2021

Reversal of the magnetoelectric effect at a ferromagnetic metal/
ferroelectric HfO2 interface induced by metal oxidation

Z.Chen, Q. Yang, L. L. Tao,and E. Y. Tsymbal

Follow this and additional works at: https://digitalcommons.unl.edu/physicstsymbal

b Part of the Condensed Matter Physics Commons

This Article is brought to you for free and open access by the Research Papers in Physics and Astronomy at
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Evgeny Tsymbal
Publications by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln.


https://digitalcommons.unl.edu/
https://digitalcommons.unl.edu/physicstsymbal
https://digitalcommons.unl.edu/physicsresearch
https://digitalcommons.unl.edu/physicstsymbal?utm_source=digitalcommons.unl.edu%2Fphysicstsymbal%2F130&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/197?utm_source=digitalcommons.unl.edu%2Fphysicstsymbal%2F130&utm_medium=PDF&utm_campaign=PDFCoverPages

an Computational Materials

ARTICLE

www.nature.com/npjcompumats

W) Check for updates

Reversal of the magnetoelectric effect at a ferromagnetic metal/
ferroelectric interface induced by metal oxidation

2

Zhaojin Chen', Qiong Yang(®'™, Lingling Tao

™ and Evgeny Y. Tsymbal

204

Multiferroic materials composed of ferromagnetic and ferroelectric components are interesting for technological applications due
to sizable magnetoelectric coupling allowing the control of magnetic properties by electric fields. Due to being compatible with the
silicon-based technology, HfO,-based ferroelectrics could serve as a promising component in the composite multiferroics. Recently,
a strong charge-mediated magnetoelectric coupling has been predicted for a Ni/HfO, multiferroic heterostructure. Here, using
density functional theory calculations, we systematically study the effects of the interfacial oxygen stoichiometry relevant to
experiments on the magnetoelectric effect at the Ni/HfO, interface. We demonstrate that the magnetoelectric effect is very
sensitive to the interface stoichiometry and is reversed if an oxidized Ni monolayer is formed at the interface. The reversal of the
magnetoelectric effect is driven by a strong Ni—O bonding producing exchange-split polarization-sensitive antibonding states at
the Fermi energy. We argue that the predicted reversal of the magnetoelectric effect is typical for other 3d ferromagnetic metals,
such as Co and Fe, where the metal-oxide antibonding states have an opposite spin polarization compared to that in the pristine
ferromagnetic metals. Our results provide an important insight into the mechanism of the interfacial magnetoelectric coupling,
which is essential for the physics and application of multiferroic heterostructures.
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INTRODUCTION

Multiferroic materials have drawn much attention due to the
magnetoelectric coupling providing new paradigms for electronic
devices'?. The control of magnetic properties by an applied
electric field rather than a magnetic field or a spin-polarized
current requires much less energy®>~>, making multiferroics
promising for non-volatile memory and logic applications®”.
Layered multiferroic structures comprising ferroelectric and
ferromagnetic components are most favorable in this regard
owing to the significant interfacial magnetoelectric coupling
strength, which can be a few orders of magnitude larger than
that in the single-phase multiferroics®'", as a result of the strain-
mediated'?"'® and charge-mediated'”~23 coupling mechanisms. In
addition, the magnetoelectric effect in the ferromagnet/ferro-
electric heterostructures can be employed in multiferroic tunnel
junctions—non-volatile multilevel electronic devices?*2°,

Over the last years, a wide range of multiferroic materials and
structures have been assessed for technological applications?.
Within these efforts, the challenge was the compatibility of these
materials with silicon-based technologies®°. Most of the traditional
perovskite ferroelectrics are incompatible with the complemen-
tary metal-oxide-semiconductor (CMOS) technology. In addition,
ferroelectric properties of perovskites oxides often deteriorate
with reduced film thickness that makes a composite structure
impractical at the nanoscale.

Recently, ferroelectricity has been discovered in doped hafnia
(HfO,) films3'32, which may help to address the abovementioned
challenges. The origin of ferroelectric behavior was attributed to a
non-centrosymmetric orthorhombic phase of HfO, with the space
group symmetry Pca2,>>3* Due to robust ferroelectricity at the
nanometer scale and good compatibility with the CMOS
technology, HfO,-based ferroelectrics have attracted significant
attention®>=7, Considerable efforts have been invested in

studying relevant properties to explore their applicability to
non-volatile memory devices, such as ferroelectric random-access
memories  (FERAM)*8,  ferroelectric  field-effect transistors
(FEFET)3940,  ferroelectric tunnel junctions (FTJs)*'=%5, and
negative-capacitance field-effect transistors (NCFET)*72,

The HfO,-based ferroelectric thin films are also promising as a
ferroelectric component in multiferroic heterostructures for the
high-density memory applications**->2. Based on density func-
tional theory (DFT) calculations, a strong polarization-controlled
magnetoelectric coupling has been predicted at the interface
between ferromagnetic metal Ni and ferroelectric HfO,*.
Stimulated by this prediction, experimental studies of the
magnetoelectric coupling at the Ni/Hfy5Zrys0, (HZO) interface
have been conducted and revealed a sizable effect®?. The
ferroelectric polarization control of magnetocrystalline anisotropy
and a coercive field have been demonstrated in ultrathin Al-
doped-Hf0,/Co/Pt heterostructures°. A sizable tunneling magne-
toresistance (TMR) has been observed in Lag;SrosMnOs (LSMO)/
Hfy5Zr50, (HZO)/Co magnetic tunnel junctions (MTJs)>'. Inter-
estingly, the TMR effect in these studies was reversed (i.e., the TMR
changed from positive to negative) after a few tens of electric field
cycling under the same DC bias. In addition, in a separate study, it
was found that a CoO, layer formed at the Co/Hfys5Zrg50,
interface after ~100 times of electric field cycling, leading to a
high-resistance state in LSMO/HZO/Co multiferroic tunnel
junctions®3,

The latter results indicate that the effects of ferromagnetic
metal oxidation play an important role in functional multiferroic
devices. It is well known that oxygen ions in oxide materials can
easily diffuse into the adjacent metal film under applied voltage
causing oxidation of metal surface at the metal/oxide interfaces.
The formation of an oxide layer produces a significant effect on
magnetic properties, such as the interface magnetization, the
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magnetocrystalline anisotropy, the spin-orbit torque, and the TMR
effect®®>°. For example, it has been shown that the oxidation of
the Co metal surface results in the formation of the Co—O
bonding or antibonding states, which modifies the electronic and
magnetic structure and leads to the reversal of the TMR effect®®®.

Since oxidation of a ferromagnetic metal is expected to occur in
realistic devices based on ferromagnet/ferroelectric HfO, inter-
faces®?, in this work, we systematically explore the effects of
interfacial oxygen stoichiometry on magnetoelectric properties.
We consider a Ni/HfO, heterostructure as a prototype model and,
using first-principles DFT calculations, study the influence of metal
oxidation and oxygen deficiency in HfO, on the magnetoelectric
coupling. Consistent with our previous work*®, we find that the
pristine Ni/HfO, interface exhibits a “conventional” magneto-
electric effect driven by the depletion (accumulation) of the
screening electronic charges, where the interfacial magnetization
is enhanced (reduced) for ferroelectric polarization of HfO,
pointing away from (into) the ferromagnetic Ni layer (Fig. 1a, b).
When the oxygen deficiency at the interface increases, the
reduced charge transfer between Ni and O atoms reduces the
magnetoelectric coupling due to a smaller contribution to it from
the Ni—O hybridization at the interface. Surprisingly, we find that
the polarization-induced interfacial magnetoelectric effect is
reversed when the interfacial Ni layer is oxidized by diffused
oxygen ions from HfO, (Fig. 1¢, d). We demonstrate that the
reversed interface magnetoelectric effect is driven by the
formation of the exchange-split Ni—O antibonding states, which
are sensitive to ferroelectric polarization.

RESULTS
Interface structures and magnetic properties

To explore magnetoelectric properties of the Ni/HfO, interfaces,
we follow our previous work*® and consider Ni/HfO,/Ni hetero-
structures by stacking 5.75 unit cell layers of HfO, and 9

monolayers of Ni along the (001) direction. Here, one unit cell
layer of HfO, consists of 2 Hf monolayers and 2 O monolayers. We
assume symmetric Ni/O interface terminations, which allows us to
examine magnetic properties of the Ni/HfO, (001) interface for
polarization pointing into the Ni layer or away from the Ni layer,
using the same structural model with unidirectional polarization of
HfO, (Fig. 2a). The in-plane lattice constant of the Ni/HfO,/Ni
heterostructure is fixed to the experimental value of yttrium-
stabilized zirconia (a=5.185 A) which is a common substrate to
grow HfO,-based ferroelectric thin films®%%3,

The atomic structure of the defect-free (SDF) Ni/HfO,/Ni
heterostructure is optimized with the two interfaces shown in
Fig. 2a. The ferroelectric polarization of HfO, is pointing into (P;,)
and away from (P,,) the Ni layer for the top and bottom
interfaces, respectively. The average magnetic moments of the
interfacial Ni atoms for the P;, and P, interfaces are calculated
to be 097 ug (M;yy) and 1.24 ug (Mey), respectively (Table 1).
Therefore, the magnetization difference Am at the Ni/HfO,
interface caused by ferroelectric polarization switching is 0.27 ug
(0.04 pg/A?).

First, we study the effect of oxygen deficiency on the
magnetoelectric coupling at the Ni/HfO, interface. Figure 2b
shows the Ni/HfO, atomic structure with one oxygen vacancy at
each interface (labeled SV-1). Another structure with one oxygen
vacancy (labeled SV-1’) at the interface is shown in Supplementary
Fig. Tb. We find that the SV-1/ interface is 0.42 eV higher in the
total energy than the SV-1 interface. The average magnetic
moments for the SV-1 and SV-1/ structures are 0.71 ug and 0.93 g
for the P, and P, interfaces, respectively, resulting in a Am of
0.22 ug (Table 1). Figure 2c shows the Ni/HfO, atomic structure
with two oxygen vacancies at each interface (labeled SV-2), and
another structure with two oxygen vacancies (labeled SV-2') is
shown in Supplementary Fig. 1c. The SV-2’ interface has the total
energy of 0.31eV higher than the SV-2 interface. As seen from
Table 1, the magnetization change driven by polarization reversal

Fig. 1

Magnetoelectric effect reversal induced by interfacial metal oxidation. The ferroelectric-induced interfacial magnetoelectric effect at

the pristine defect-free (a, b) and oxidized-metal (c, d) Ni/HfO, interface. The vertical arrows represent ferroelectric polarization of the HfO,
layer. Red and green colors at the Ni/HfO, interfaces denote an increase or decrease of the interface magnetization induced by the
ferroelectric polarization, respectively. Red solid and open spheres at the Ni/HfO, interfaces in c and d indicate the diffused oxygen atoms and
the remaining oxygen vacancies (Vo), respectively, which are amplified in the insert.
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Fig.2 Atomic structures of the Ni/HfO, interfaces with different stoichiometries. The interfaces with polarization pointing away from (into)
the Ni layer are displayed on bottom (top) panels and derived from respective Ni/HfO,/Ni heterostructures with polarization pointing up
(indicated by black arrow). a The defect-free Ni/HfO, interfaces (SDF). The oxygen atoms at the two interfaces are labeled by 01—-08. O1, O3,
05, and O7 belong to the O atoms which are three-fold coordinated in HfO, bulk and responsible for the ferroelectric displacements. 02, O4,
06, and 08 belong to the O atoms which are four-fold coordinated in HfO, bulk. b—e The most stable structures with one oxygen vacancy at
each interface (SV-1), with two oxygen vacancies at each interface (SV-2), with one interfacial oxygen atom diffused into Ni (SD-1) and with
two interfacial oxygen atoms diffused into Ni (SD-2), respectively. Red dashed circles indicate the sites of oxygen vacancies.

Table 1. The average magnetic moments (in ug) for P, (m;,) and Pg.
(moyy) interfaces with different Ni/HfO, interface stoichiometries
shown in Fig. 2 and Supplementary Fig. 1°.

SDF SV-1 Sv-1" Sv-2 Sv-22 SD-1 SD-1 SD-2  SD-2
Moy 1.24 093 093 066 062 090 0.70 0.03 0.17
my, 097 0.71 071 054 044 058 0.59 0.38 0.29
Am 027 022 022 012 018 032 011 -035 -0.12

®The average magnetic moment is calculated by summing up the
magnetic moments of the four Ni atoms and available O atoms (including
the diffused O atoms) at the interface and dividing the total interfacial
magnetic moment by four.

is slightly reduced for the SV-2 (Am =0.12 ug) and SV-2' (Am =
0.18 ) structures as compared to that for the SDF, SV-1, and SV-1/
structures.

Next, we explore the effect of Ni surface oxidation on the
magnetoelectric coupling by constructing the structures, where
the O atoms are moved inside the interfacial Ni layers forming a
NiO layer. SD-1 (Fig. 2d) and SD-1’ (Supplementary Fig. 1d)
structures are formed by moving one O atom inside the interfacial
Ni layers. For the SD-1 interface, we find m;, = 0.58 g and myy; =
0.90 ug, resulting in Am = 0.32 ug. For the SD-1/ interface, which is
0.2 eV higher in energy than the SD-1 interface, m;, and mg, are
0.59 and 0.70 g, respectively, resulting in Am of 0.11 g (Table 1).
SD-2 (Fig. 2e) and SD-2' (Supplementary Fig. 1e) structures are
obtained by moving two O atoms inside the interfacial Ni layers.
We find that the SD-2 interface is 0.17 eV lower in energy than the
SD-2' interface. From Table 1, it is seen that the interfacial
magnetic moments for the SD-2 and SD-2’ structures are
significantly reduced with mg, for the SD-2 interface being
diminished nearly to zero. The calculated Am for the SD-2 or SD-2’
structures is negative, indicating the reversal of the magneto-
electric effect with oxidation of Ni.

Interface electronic properties

The difference in the magnetoelectric effect depending on the
interfacial oxygen stoichiometry can be understood from the
analysis of the electronic structure. Figure 3 shows the spin-
resolved density of states (DOS) projected onto the interfacial Ni

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

atoms and diffused O for the Ni/HfO,/Ni heterostructures shown
in Fig. 2. For the pristine defect-free structure (Fig. 3a), ferroelectric
polarization of HfO, shifts the DOS of the interfacial Ni atoms at
the P, (P;,) interface to high (low) energies (compare red and
blue lines in Fig. 3a). Since around the Fermi energy the minority-
spin DOS of Ni is much larger than the majority-spin DOS
(compare top and bottom panels in Fig. 3a), this shift of the Ni
DOS results in the depletion (accumulation) of the minority-spin
electrons and hence an enhanced (reduced) magnetic moment of
the Ni atoms at the P, (P;,) interface.

In addition to the electrostatic doping, there is another
contribution to the magnetoelectric effect resulting from the
electronic hybridization between the interfacial Ni and O atoms
dependent on polarization orientation. As was explained in our
previous work®®, the weaker (stronger) hybridization between the
O 2p and Ni 3d orbitals at the Py, (P, interface, due to the longer
(shorter) Ni—O bonds induced by polar displacements of oxygen
atoms at the interface, reduces (enhances) the electron charge
transfer from Ni to O atoms resulting in the reduced (enhanced)
magnetic moments of the interfacial Ni atoms (Supplementary Fig.
2). This effect is largely responsible for the change in the
magnetoelectric coupling at the interfaces with one (SV-1 and
SV-1') or two oxygen vacancies (SV-2 and SV-2’) compared to the
defect-free (SDF) interface. As seen from Table 1 and Supplemen-
tary Table 1, removing one or two O atoms from the interface,
gradually decreases the magnetic moments of the Ni atoms at
both P;, and P, interfaces. This decrease is due to the reduced
electron charge transfer from the interfacial Ni to O atoms (not
related to ferroelectricity) reflected in the diminished overall
rightward energy shift of the interfacial Ni DOS relative to the bulk
Ni DOS (compare Fig. 3a and b, ¢ which elevates the minority-spin
population. The reduced charge transfer between Ni and O atoms
with the decreased number of interfacial O atoms reduces the
magnitude of the magnetoelectric coupling due to a smaller
contribution to it from the Ni—O hybridization at the interface.

Diffusion of O atoms into the Ni layer affects differently the
magnetoelectric coupling depending on the degree of the Ni layer
oxidation. For the SD-1 and SD-1’ structures, where only one O
atom per unit cell is diffused underneath the top Ni monolayer
(Fig. 2d and Supplementary Fig. 1d), the interfacial Ni DOS (Fig. 3d
and Supplementary Fig. 3d) are like those for the structures with
one oxygen vacancy at the interface (Fig. 3b and Supplementary
Fig. 3b), resulting in qualitatively similar magnetoelectric effects.

npj Computational Materials (2021) 204
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Fig. 3 Spin-resolved density of states of interfacial Ni and
diffused O. a—e Spin-resolved density of states (DOS) of the
interfacial Ni atoms at the Ni/HfO, interfaces for polarization
pointing into the Ni layer (P;,) or away from it (P,,) for a SDF, b
SV-1, ¢ SV-2, d SD-1, and e SD-2 structures. f DOS of diffused O
atoms at the SD-2 interfaces for P;, and Pg,:. DOS of Ni and O atoms
under the considered energy range are mainly contributed by the Ni
3d and O 2p orbitals, respectively. Each curve represents an
averaged DOS per atom. The majority- and minority-spin DOS are
plotted on top (positive) and bottom (negative) panels, respectively.
The red and blue lines denote DOS at the P, and P;, interfaces,
respectively. The gray-filled curves correspond to the bulk-like DOS
of Ni atoms at the central Ni layer a—e or O atoms at the central
HfO, layer (f). The vertical dashed line indicates the position of Fermi
energy (Eg).

However, the interfacial Ni DOS changes dramatically for the SD-2
and SD-2' structures where two O atoms are diffused into the Ni
layer resulting in the formation of the NiO interfacial monolayer.
As seen from Fig. 3e and Supplementary Fig. 3e, the minority-spin
DOS around the Fermi energy is significantly reduced for the
interfacial Ni monolayer as compared to the bulk Ni (gray
background in Fig. 3e and Supplementary Fig. 3e) and the
pristine interface (Fig. 3a). This effect stems from the broken
bonds between the interfacial and bulk Ni atoms and the
formation of the Ni—O antibonding states near the Fermi energy.
The antibonding states are clearly seen from the DOS projected

npj Computational Materials (2021) 204

onto the diffused O atoms shown in Fig. 3f. While the bonding
states are located at energies around and below E= —5¢V, the
exchange-split antibonding states appear in the energy window
—1eV < E< +1eVaround the Fermi energy. The reduced minority-
spin DOS is responsible for the sizable reduction of the magnetic
moment of the Ni atoms at the interface compared to the pristine
SDF structure (Table 1).

The effect of Ni oxidation resulting in the formation of the Ni—O
antibonding states leads to the reversal of the magnetoelectric
effect. This is due to the exchange-split Ni—O antibonding states
which cross the Fermi energy with reversal of the ferroelectric
polarization of HfO,. The effect is clearly seen from Fig. 3f
displaying the portion of the antibonding states near the Fermi
energy projected onto the diffused O atoms. While the minority-
spin DOS corresponding to the Ni—O antibonding states is largely
located above the Fermi energy independent of ferroelectric
polarization orientation, the antibonding peak in the majority-spin
DOS crosses the Fermi energy when the polarization is reversed.
The same effect can be seen from the DOS projected onto the
interfacial Ni atoms (Fig. 3e), though less pronounced due to the
overlap in DOS between the antibonding and non-bonding Ni
states. As a result, when the ferroelectric polarization of HfO, is
pointing into the Ni layer (P;,), the accumulation of the majority-
spin electrons (blue line) in the Ni—O antibonding states enhances
the magnetic moments of the interfacial Ni and O atoms. Whereas,
when the polarization of HfO, layer is pointing away from the Ni
layer (Po.t), the depletion of the majority-spin antibonding states
(red line) reduces the magnetic moments of the interfacial Ni and
O atoms. Therefore, the magnetoelectric effect of the oxidized Ni/
HfO, interface is reversed compared to the pristine defect-free Ni/
HfO, interface.

The effects of the interface stoichiometry on the interface
magnetoelectric effect are visualized using spin-density plots
shown in Fig. 4 (see also Supplementary Fig. 4). For the SDF
structure (Fig. 4a), the depletion (accumulation) of the minority-
spin electrons due to the polarization screening charge and the
stronger (weaker) hybridization between the interfacial O and Ni
atoms induced by O polar displacements at the P, (P;,) interface
leads to a larger spin density on the interfacial Ni and O atoms at
the P, interface than at the P, interface. For the SV-2 structure
(Fig. 4b), the electron charge transfer from the interfacial Ni to O
atoms is reduced due to the reduced number of O atoms at the
interface, raising the minority-spin population and thus lowering
the spin density as compared to the SDF structure. At the same
time, the decreased number of the interfacial O atoms reduces the
contribution to the magnetoelectric coupling from the Ni—O
hybridization at the interface, although the spin density and thus
the magnetization at the P, interface still remain larger than
those at the Py, interface. For the SD-2 structure (Fig. 4c), the spin
density at both interfaces decreases significantly due to the
formation of the NiO layer at the interface. It is seen that the spin
density and thus the magnetization are larger at the P;, interface
than at the P, interface, implying that the magnetoelectric effect
is reversed at the SD-2 interface compared to the SDF and SV-2
interfaces. The spin densities of the interfaces with other interface
stoichiometries demonstrate similar trends (see Supplementary
Fig. 4).

DISCUSSION

We would like to note that the predicted effects of the interface
stoichiometry on the magnetoelectric effect at the interfaces
between a ferromagnetic metal and an oxide ferroelectric are
expected to be not only limited to the considered Ni/HfO,
interface but may have more general occurrence. In particular, the
conventional magnetoelectric effect, where depletion (accumula-
tion) of the screening electronic charges induced by ferroelectric
polarization pointing away from (into) the ferromagnetic metal

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences
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Fig. 4 Spin densities. The spin densities of the Ni/HfO, interfaces defined as the difference between the majority- and minority-spin charge
densities, at the P;, (top panels) and P, (bottom panels) interfaces for a SDF, b SV-2, and ¢ SD-2 interfaces. The spin densities are shown

within the yz-plane and averaged along the x-direction.

(a) Conventional magnetoelectric effect
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(b) Reversed magnetoelectric effect
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Fig. 5 Schematic of the magnetoelectric effect. a Conventional magnetoelectric effect, where accumulation (depletion) of the screening
minority-spin electronic charges induced by ferroelectric polarization pointing into, P;,, (away from, P, the ferromagnetic metal (M) layer
leads to reduction (enhancement) of the interfacial magnetic moment (m); b Reversed magnetoelectric effect due to the interface metal
oxidation forming M-3d/O-2p bonding and antibonding states, with the latter being positioned at the Fermi energy and controlling the
polarization charge screening through accumulation or depletion of the antibonding majority-spin electrons. DOS stays for the density of
states and Er for the Fermi energy. Arrows denote majority (spin-up) and minority (spin-down) DOS.

layer leads to enhancement (reduction) of the interfacial
magnetization, is expected to be typical for all elemental 3d
metals, such as Fe, Co, and Ni, where the majority 3d bands are
fully populated resulting in higher minority-spin DOS at the Fermi
energy (Fig. 5a). On the other hand, oxidation of these metals at
the interface in a metal/ferroelectric heterostructure due to the
diffusion of oxygen atoms from the oxide ferroelectric into the
ferromagnetic metal forms metal-oxygen bonding and antibond-
ing states with the latter being positioned at the Fermi energy.
This may lead to the reversal of the magnetoelectric effect at the
interfaces between 3d ferromagnetic metals and ferroelectric
oxides due to majority-spin antibonding states controlling the
polarization charge screening (Fig. 5b). For example, it has been
shown that at the Co surface, the exchange-split Co—O
antibonding states reverse the spin polarization compared to that
in bulk Co®%®", The effects discussed here may be responsible for

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

the reversal of TMR in LSMO/HZO/Co MTJs after electric field
cycling®'.

From the experimental perspective, the determination of the
interface stoichiometry is not a simple problem, especially for the
interfaces which are not epitaxial (see, e.g., ref. >2). In this regard, a
comparison with the results of DFT calculations, such as those
presented here, may be challenging. A valuable approach (though
not direct) is to measure a band alignment between a
ferromagnetic metal and a ferroelectric oxide using, e.g. X-ray
photoelectron spectroscopy®® and compare the results with the
DFT calculations. Since the valence band offset is very sensitive to
the interface termination it can provide valuable information
about the interface structure. Valence band offsets for different
interface structures are calculated in Supplementary Fig. 5 and
Table 2, which may be useful for the experimentalists working in
this field.

npj Computational Materials (2021) 204
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In conclusion, the magnetoelectric effects at the Ni/HfO, interfaces
where ferroelectric polarization of HfO, controls the interfacial
magnetization of ferromagnetic Ni have been studied based on the
DFT calculations for different interface stoichiometries. Consistent
with the previous studies, it was found that for the ideal fully oxygen
terminated Ni/HfO, interface, the interfacial magnetization is
increased (decreased) when the ferroelectric polarization of HfO,
points away from (into) the Ni layer by resulting in depletion
(accumulation) of the minority-spin electrons of Ni. This conventional
interfacial magnetoelectric effect is maintained with reducing the
oxygen concentration at the Ni/HfO, interface, although its
magnitude is diminished. However, when a NiO monolayer is formed
at the Ni/HfO, interface due to diffusion of oxygen atoms from the
HfO, surface into the Ni layer, the ferroelectric-induced magneto-
electric effect is reversed. This reversal is driven by the formation of
the exchange-split Ni—O antibonding states resulting from the Ni
oxidation. Due to the majority-spin Ni—O antibonding states
controlling the ferroelectric polarization charge screening, the
electron accumulation (depletion) enhances (reduces) the interface
magnetization, leading to the reversed magnetoelectric effect as
compared with that at the unoxidized Ni/HfO, interface. The
predicted effect of the ferromagnetic metal oxidation on the
interfacial magnetoelectric coupling is of general significance, and
therefore we expect similar behaviors occurring at other ferromag-
netic metal/ferroelectric oxide interfaces. We, therefore, hope that our
theoretical predictions will stimulate further experimental studies of
the ferroelectrically-induced interfacial magnetoelectric effect and will
improve the understanding of this phenomenon.

METHODS
DFT calculations

DFT calculations are performed using the Vienna Ab Initio Simulation
Package (VASP) using the projector-enhanced wave (PAW) method®”. The
generalized gradient approximation (GGA) within the Perdew-Burke-
Ernzerhof (PBE) functional®® is used to describe the exchange and
correlation effects. A 450eV plane-wave cutoff and a 6x6x1
Monkhorst-Pack k-point mesh®” are used for structural relaxations of the
Ni/HfO,/Ni heterostructures and a 10x 10x 1 Monkhorst-Pack k-point
mesh is then used in the self-consistent electronic structure calculation.
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