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The generation and manipulation of spin-polarized current are critical for spintronic devices. In this work, we propose a mechanism
to generate and switch spin-polarized current by an electric field in multiferroic tunnel junctions (MFTJs), with symmetric interface
terminations in an antiparallel magnetic state. In such devices, different spin tunneling barriers are realized by the magnetoelectric
coupling effect, resulting in a spin-polarized current. By reversing the electric polarization of the ferroelectric layer, the spin
polarization of current is efficiently switched for the exchange of spin tunneling barriers. By first-principles quantum transport
calculations, we show that a highly spin-polarized current is obtained and manipulated by the electric field in hafnia-based MFTJs
based on the proposed mechanism. We also demonstrate that four resistance states are realized in Co/HfO,/Co junctions with
asymmetric interface terminations. This work provides a promising approach for realizing the electrical control of spin current for

spintronic applications.
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INTRODUCTION

Spintronic devices are promising for next-generation energy
efficient computing, which utilize the spin degree of freedom of
the electron for information storage and processing'™. The
generation of a pure spin-polarized current is one of the
core technical challenges in developing spintronic applications'™.
The most common method to generate spin-polarized current is the
application of magnetic fields or ferromagnetic (FM) materials®'°.
Various spin-related fascinating effects, such as spin-optical
effects’'~', spin-orbital effects'®'7, and spin-caloritronic effects'®20,
are applied to generate spin-polarized current. Manipulation of spin
current is another fundamental challenge in spintronics'™. The spin
polarization is usually switched by a local magnetic field induced by
a large current. However, such a conventional method is
energetically unfavorable. It is necessary to realize a voltage control
of spin currents for low power switching. The spin-orbit coupling
provides additional possibilities to electrically control the spin-
polarized current?'2*, while it is a great challenge to realize a long
spin coherence lifetime and strong spin-orbit coupling.

Strong magnetoelectric couplings can be achieved by engineer-
ing interfacial structures in multiferroic heterojunctions®>=S,
Therefore, there is a possibility of obtaining electrical control of
magnetism by switching the direction of ferroelectric (FE)
polarization at the interface between FM and FE layers?’—1, The
lattice strain or charge modulation induced by FE polarization
switching can affect ferromagnetic moments at the interface of
multiferroic heterostructures®>3, The ferroelectric control of
interfacial magnetization can further change the tunnel magne-
toresistance (TMR) in artificial MFTJs, such as Fe/BaTiOs/
La;,SrMnO; (LSMO)** and Co/Hfy5Zre50,/LSMO*. Moreover,
multi-state storage can be achieved in MFTJs with a combination
of FE and FM switching36>°,

In this work, we propose a mechanism to generate and switch
the spin-polarized current in MFTJs. Symmetric interface termina-
tions and antiparallel magnetic electrodes in MFTJs are applied to
manipulate the spin-polarized tunnel current. Specifically, FE

hafnium oxide (HfO,) compatible with modern CMOS technology
is applied as the tunneling barrier between the FM electrodes.
First-principles quantum transport simulations show that highly
spin-polarized currents can be generated and switched in Co/
HfO,/Co junctions in an antiparallel state. We further explore
interfacial effects on transport properties and demonstrate four
resistance states in Co/HfO,/Co junctions.

RESULTS
The theory for ferroelectric control of spin current

An MFTJ has an ultrathin layer of FE insulator sandwiched
between the two FM electrodes as shown in Fig. 1a, b. The FE
polarization direction of the insulator can be switched from the
right in Fig. 1a to the left in Fig. 1b by an electric field. The spin
tunneling current through the device can be described by
Julliere’s model*®;

J(E) o« T;DOS!DOS), + T,DOS} DOS} Q)

where, T/, is the tunneling probability of spin up/down state, and
DOS; and DOS, indicate the density of states for the left and right
electrodes, respectively. According to this model, spin tunneling
probabilities should be switched to get an electrical control of spin
current when the FE polarization direction is reversed in MFTJs. So,
we propose MFTJs with symmetric interface terminations to
switch the spin-polarization direction without changing the
magnitude. There are four possible states depending on the
electrodes’ magnetic alignment (M;; or M;) and the FE
polarization direction (P_, or P_) of the insulator. Figure 1c shows
the schematic band profile of MFTJs at M;; and P_. Spin states at
the two interfaces of FE layers are split and the magnetization
directions are the same due to the magnetic proximity effect with
the parallel electrodes. Therefore, there are different spin tunnel
barriers in Fig. 1c. In the reversal of FE polarization, spin tunnel
barriers do not change, as shown Fig. 1d, and the spin-
polarization direction of the tunneling current remains the same.

'School of Integrated Circuits, Peking University, 100871 Beijing, China. 2Beijing Advanced Innovation Center for Integrated Circuits, 100871 Beijing, China.

HMemail: feiliu@pku.edu.cn

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

npj


http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-022-00886-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-022-00886-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-022-00886-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-022-00886-5&domain=pdf
http://orcid.org/0000-0001-5358-5442
http://orcid.org/0000-0001-5358-5442
http://orcid.org/0000-0001-5358-5442
http://orcid.org/0000-0001-5358-5442
http://orcid.org/0000-0001-5358-5442
http://orcid.org/0000-0003-3212-7594
http://orcid.org/0000-0003-3212-7594
http://orcid.org/0000-0003-3212-7594
http://orcid.org/0000-0003-3212-7594
http://orcid.org/0000-0003-3212-7594
https://doi.org/10.1038/s41524-022-00886-5
mailto:feiliu@pku.edu.cn
www.nature.com/npjcompumats

npj

L. Zhang et al.

(@)

DOS DOS

—-== Spin-up —— Spin-down

Fig. 1

(b)

FM FE FM

(d)

DOS

—-== Spin-up —— Spin-down

() P &M

then
Jy>J,

DOS DOS

The schematic mechanism for generating and switching spin-polarized current in MFTJs. Device structures of MFTJs with a

ferroelectric (FE) layer sandwiched between two ferromagnetic (FM) leads: (a) right and (b) left FE polarization. MFTJs with symmetric interface
terminations and interfacial magnetization: (c) P_, and (d) P_ in a parallel magnetic state (M;,), (e) P_, and (f) P in an antiparallel magnetic
state (M;,). The spin current polarization at M;; does not change with the FE switching. If the current at P_, and M is spin-down polarized
with J; <J|, the spin polarization direction of the tunnel current is switched with the reversal of FE polarization: J; > J, at P and M;,.

Therefore, spin polarization cannot be switched in MFTJs in a
parallel state.

Next, we discuss the manipulation of the spin-polarized current
in MFTJs in an antiparallel state. The magnetization directions at
the two interfaces of FE layers are opposite due to the antiparallel
magnetization of the two electrodes. The schematic band profile
with oppositely magnetized interfaces is shown in Fig. Te.
Magnetization sequences and FE polarization result in different
spin tunneling barriers with T,=T7, while DOS|DOS} and
DOS%DOS% in Eq. (1) are the same in the antiparallel state. So,
spin-polarized transport is realized in such junctions. The reverse
of FE polarization can switch the spin tunnel barriers and change
the spin-polarization direction of the tunnel current as shown in
Fig. 1f. If the current is spin-down polarized at P_, and M;, as
schematically shown in Fig. 1e, it gets spin-up polarized at P_ and
M;,. Therefore, electrical control of spin-polarized current is
realized in the proposed structure in an antiparallel state. In the
following, MFTJs using FE HfO, as the tunneling layer are
constructed to realize electrical control of spin-polarized current
according to the proposed mechanism.

First-principles calculations

The FE phase of doped HfO, thin films has recently been
discovered**2, Because of their compatibility with CMOS
processes and their outstanding ferroelectricity at nanoscale
thickness**~*>, HfO, has been the focus of extensive study. To
realize the electrical control of spin current as discussed above,
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MFTJs with cobalt electrodes and an HfO, FE layer are constructed,
as shown in Fig. 2a, b). The FE phase of orthorhombic structure
Pca2, is used as the insulator layer’®=*°, The in-plane lattice
constants of the heterostructure are constrained to those of
O-phase HfO,, which corresponds to a strain of —2% on cobalt
electrodes. The relaxed lattice constants of O-phase HfO, are
5.08 A, 5.05 A, and 5.27 A in the unit vector directions, which agree
with the experimental®®®' and DFT°%>3 results.

The atomistic geometries of HfO,-Co hetero-structures are
optimized by the first-principles calculations using the Vienna Ab
Initio Simulation Package (VASP)>*~>, The distances between HfO,
and the cobalt electrodes are optimized, and central region
atomistic structures are fully relaxed. The interfaces of Co/HfO,/Co
junctions terminated with Hf and O atoms are studied as shown in
Fig. 2a, b. Hollow and top sites of Hf/O atoms on Co atoms are
calculated. The atomistic structure with Hf/O atoms on the hollow
sites has lower energy, consistent with the Ni/HfO, interface®’. The
distances between Hf/O and Co atoms at the two interfaces are
different due to oxygen displacement: about 2.2/0.9 A and 1.9/
1.3 A for the left and right interfaces of the HfO, thin film at D_
(D_ indicates the O atoms are displaced to the left), respectively.
Robust ferroelectricity has been experimentally demonstrated in
1 nm HZO films grown on silicon®>. So, 1 nm and 2 nm HfO, films
are considered in our calculations.

Oxygen atoms in Pca2; HfO, can be classified into two types:
one type of Osp belonging to the spacer layer and the other type
of O belonging to the FE layer*®. The movement of O atoms
results in the FE switching of hafnia thin films. Hf-O displacements

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



<

2

5

£

3

s .

802 % Hf-termination —o—J]) ]

° " -

o004t O—— = o 4

2 0.6 e ]
1 2 3 4

Number of O layer

0r Hf-termination
(C)1 . . , . . ‘
0 0.5 1 1.5 2 2.5 3

Length (nm)

L. Zhang et al.

npj

)\ /\

“He, He, HE, HE

: AR

v X

L \M\%&u&%\ﬁ,\

Hf, Hf2 Hf Hf Hf

ot O-termination

0 0.5 1 1.5 2 2.5 3
Length (nm)

3.5

Fig. 2 Atomistic structures, Hf-O displacements and Hartree potential energies of Co/HfO,/Co junctions. Atomistic structures of Co/HfO,/
Co junctions in an antiparallel state with symmetric interfaces terminated by (a) Hf and (b) O atoms. The oxygen layers (Ogg) responsible for
the ferroelectricity are indicated in a. The Hf-O displacements across HfO, layers: (c) Hf-termination and (d) O-termination. The Hf-O
displacement is calculated as the difference between the Org/Hf coordinates along the x axis and the averaged x coordinate of the two
adjacent Hf/Oge layers in the Hf/O-terminated case. The dashed line indicates the Hf-O displacement in bulk Pca2; HfO,. The calculated
Hartree potential energies of Co/HfO,/Co junctions averaged in atomistic layers for D._ and D_, oxygen displacements: (e) Hf-terminated and

(f) O-terminated cases.

in Hf/O terminated HfO, thin films are given by the difference
between the x coordinate of the Oge/Hf plane and the averaged x
coordinate of the two adjacent Hf/Oge planes. The relative
displacements between Hf and Og atoms in the junctions are
shown in Fig. 2¢, d. Displacement magnitudes in the two HfO, thin
films are smaller than that (0.54A) of bulk FE HfO,, and are
reduced more significantly close to the interfaces of the Hf-
terminated structure in Fig. 2c. Differently, only one side
displacements are significantly reduced in the O-terminated
structure in Fig. 2d.

Figure 2e, f show the calculated Hartree potential energies
across junctions averaged within atomistic layers at the two FE
polarization states. The electrostatic potentials are switched
symmetrically due to the movement of oxygen atoms, which
confirms the existence of ferroelectricity in HfO, thin film
scaled to 1 nm*>. When the HfO, layer is contacted with Co
electrodes, additional screening charges appear at the inter-
faces. Because surface charges induced by the FE polarization
cannot be fully screened, a sizeable depolarizing field exists in
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Co/Hf0O,/Co junctions as shown in Fig. 2e, f. The magnitudes of
the electric fields across the FE layer are about 2.9 MV-cm~' and
5.6 MV-cm~! for Hf and O terminated structures, respectively,
which are more significant than that in BTO®® and comparable
with those experimental values in Hfy5Zro s0,°° thin films and
Y-doped bulk HfO,°°.

Quantum transport simulations

Next, we study spin transport properties of Co/HfO,/Co junctions
by first-principles quantum transport simulations®'. Here, devices
with symmetric interface terminations in Fig. 2a, b are investigated
to obtain spin-polarized currents. Figure 3 shows transmissions as
a function of energy for Hf-terminated and O-terminated cases.
When the two electrodes are in a parallel magnetic state (M4),
spin-polarized states can be realized below the Fermi level
E- =0¢V in Fig. 3a, c. However, the tunnel barriers do not change
for both spin up and down states when the FE polarization is
reversed. Consequently, spin transmissions of D_ and D_, states
are similar, as shown in Fig. 3a, ¢, for both Hf-terminated and
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Fig.3 Spin dependent transmissions of Co/HfO,/Co junctions. Transmission of Co/HfO,/Co junctions with symmetric interface terminations
at different oxygen displacements (D) and ferromagnetic (M) polarization states: (a, b) the Hf-terminated structure, (c, d) the O-terminated

structure.

O-terminated junctions. Therefore, as expected, spin polarization
cannot be changed by the FE switching in Co/HfO,/Co junctions in
a parallel magnetic state.

Figure 3b, d also show spin transmissions of Co/HfO,/Co
junctions in an anti-parallel magnetic state (My,). It can be found
that the tunnel currents through the junction are spin-polarized
around the Fermi level for both Hf-terminated and O-terminated
junctions. The current is mainly composed of spin-down carriers in
the Hf-terminated junction at D_ and M;; as shown in Fig. 3b,
while the current of the O-terminated junction is spin-up polarized
at D._ and My, as shown in Fig. 3d. Spin polarization is defined as
Ps = (G; — G))/(G; + Gy), where G is spin-dependent conductance
and can be calculated in the linear response regime as follows:

e2 +00 af
Gy = F/WTC,(E) (f ﬁ) dE )

npj Computational Materials (2022) 197

Where, T,4(E) is the transmission at a given energy E with spin o, fis
the Fermi-Dirac distribution function, h is the Plank constant, and
e is the elementary charge. P of Co/HfO,/Co junctions at D is
about —30% (spin-down polarized) and 50% (spin-up polarized)
for Hf-terminated and O-terminated cases, respectively. As the
oxygen displacement direction is reversed to D_,, the current gets
spin-up polarized with P around 27% for the Hf-terminated
junction and spin-down polarized with P; around —50% for the
O-terminated junction. Therefore, generation and manipulation of
spin current are realized in Co/HfO,/Co junctions with symmetric
interface terminations. The two electrodes’ magnetization states
are fixed, and the two leads’ spin density of states in Eq. (1) do not
change. Thus, the spin polarization switching can be attributed to
the change of spin tunnel barriers across the FE HfO, layer due to
orbital hybridization at the interfaces.

Figure 4 shows local magnetic moments and spin density
of states (LSDOS) across the Co/HfO,/Co junctions with
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Fig. 4 Local magnetic moments and local density of states of Co/HfO,/Co junctions with Hf-terminated interfaces. Local magnetic
moments of Co/HfO,/Co junctions with Hf-terminated interfaces at an antiparallel state: (a) D._ and (b) D_,. The five atomistic layers at the left
and right interfaces are indicated. Layer dependent spin density of states of five atomistic layers at left and right interfaces of Co/HfO,/Co
junctions with Hf-terminated interfaces: (c) the left interface and (d) the right interface at D_, (e) the left interface and (f) the right interface at D_..

Hf-terminated interfaces. Sizable magnetic moments are induced
on the Hf ions at both interfaces in Fig. 4a, b, indicating
hybridization of the orbitals between Co and Hf atoms3¥%2, Due
to the displacement of oxygen atoms, the distance between Hf
and Co atoms at the left interface is larger than at the right
interface of Co/HfO,/Co junctions at D._. The larger orbital overlap
between Hf and Co atoms enhances the induced moments on the
Hf sites, resulting in different magnetic moments of Hf atoms in
Fig. 4a: 029 pg and 0.37 ug for left and right interfaces,
respectively, where ug is the Bohr magneton. With the reversal
of the FE polarization, magnetic moments of Hf atoms at left
interfaces get larger than those at right interfaces due to the
movement of oxygen atoms as shown in Fig. 4b. Figure 4a, b show
that the local magnetic moments get smaller from the interface to
the center of the FE layer. The calculated magnetic moments of Hf
atoms at the left and right interfaces are opposite to those of the
magnetic electrodes, consistent with the reversed spin polariza-
tion at the Co(001)-HfO,(001) interface®?.

Figure 4 also depicts layer-dependent DOS at interfaces within
five atomistic layers. The Hf atoms at interfaces have different DOS
from those in bulk HfO,. At the left interface in Fig. 4c, there are
more spin-down states around the Fermi level. Deeper into
the center of the HfO, film, the DOS becomes spin degenerate like
bulk HfO,. The HfO, film gets locally metallic within three atomic
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layers at both left and right interfaces, and the rest layers are
insulating (see the LSDOS across the junctions in Supplementary
Fig. 1). While, DOS around the Fermi level are spin-up polarized at
the right interface in Fig. 4d. As the FE polarization is reversed, the
spin polarization directions at the two interfaces do not change as
shown in Fig. 4e, f, which are fixed by the left and right leads. Spin-
dependent transport properties of Co/HfO,/Co junctions with Hf-
terminated interfaces can be understood from the LSDOS along
the junction. From Fig. 4c, the conduction band edge of spin-up
states has lower energy than that of spin-down states at the left
interface when HfO, is at D._. While, the conduction band edge of
spin-down states has lower energy than that of spin-up states at
the right interface in Fig. 4d. Therefore, the conduction band edge
at D_ can be simplified as shown in Fig. Te. Due to different spin
tunneling barriers, the current through Co/HfO,/Co is spin-down
polarized with T, < T, at Er=0¢eV as shown in Fig. 3a. When the
oxygen displacement is reversed to D_,, the tunnel barriers for
spin-up and spin-down states are exchanged as shown in Fig. 4e, f,
which is simplified in Fig. 1f. The spin-polarization of the tunneling
current is switched with T, > T, at E =0eV as shown in Fig. 3b. A
similar discussion can also be performed for the spin current
switching in O-terminated MFTJs in Fig. 3d.

We also study the transmission map in the 2D Brillouin zone
and the real-space distribution of spin scattering states at

npj Computational Materials (2022) 197
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Fig. 5 Spin dependent transmission maps, spin scattering states of the Co/HfO,/Co junction with Hf-terminated interfaces. Spin
dependent transmission maps in the 2D Brillouin zone of the Co/HfO,/Co junction with Hf-terminated interfaces at an antiparallel state at the

Fermilevel E=0eV: (a) D and (b) D_.. S; (S,) indicates spin-up (spin-down) state. Real space distribution of spin scattering states |¥(x, z)|2 and
projected distribution of spin scattering states|W(x)|at k, = (ky, k;) =1(0, 0): (c) D_ and (d) D_..

Er=0¢eV in Fig. 5. Figure 53, b shows the transverse wave vector
k; = (ky, k) resolved transmission for spin-up and spin-down states
at the Fermi level Er=0¢€V in the 2D Brillouin zone for two
ferroelectric polarization orientations. It can be directly found that
there are more spin-down tunnel channels at D, in Fig. 5a. With
the reversal of ferroelectric polarization, there are more pro-
nounced spin-up tunnel channels in Fig. 5b. Figure 5¢, d plots spin
scattering states in real space at k.= (k,, k,) = (0, 0). Scattering
states are eigenstates of the device structure®', which come from
the left lead, tunnel through the insulator layer, and transmit into
the right lead. Injected spin scattering states are the same and
decay exponentially through the HfO, barrier for both FE
polarization states as shown in Fig. 5¢, d. It can be found that
there is a longer decay length for the spin-up state at D_ in
Fig. 5¢, while spin-down incoming states decay faster than spin-up
states at D_, in Fig. 5d. Therefore, spin polarization directions of
out-coming scattering states are different due to the different
interfacial properties: spin-down polarized at D, and spin-up
polarized at D_,. All these results manifest that generation and
manipulation of spin current are realized in the proposed MFTJs.

In the proposed devices, the spin-polarized current is generated
and switched by manipulating spin-dependent tunneling barriers
due to interfacial magnetoelectric coupling. Therefore, it is critical
to induce strong magnetoelectric coupling at interfaces to realize
a high spin polarization. So, we study device structures with Hf
atoms on top of Co atoms (see Supplementary Fig. 2a). The spin
polarization ratio can be as high as —94% at D._ and is switched to
94% at D_, (see Supplementary Fig. 2b), which manifests that the
spin polarization properties of the proposed devices can be
optimized by interfacial engineering.

npj Computational Materials (2022) 197

Spin detection

Figure 6 shows two device structures to detect the spin-polarized
current generated by the proposed MFTJs. Each device structure
consists of a spin generating part and a spin detecting part. The
three layers on the left in Fig. 6a constitute an MFTJ to inject and
manipulate the spin current. The whole device is in a low-
resistance state when the spin-polarization direction of the
injected current is parallel with the FM layer on the right, and
transitions into a high-resistance state with the reversal of the FE
polarization. The MFTJ in Fig. 6a works as a free FM layer in
conventional MTJs, and the whole device is an FE-switching MTJ
(FE-MT)J). It should be noted that the third layer on the left should
be thinner than the spin diffusion length of cobalt because the
spin current may decay due to momentum scattering in the FM
layer. Figure 6b describes a nonlocal spin-valve device capable of
detecting the spin current generated by the MFTJ. The spin
current is injected from the two electrodes on the left and tunnels
through the insulator to the normal metal. A nonlocal voltage
would be detected between the two electrodes on the right due
to the spin diffusion and accumulation. Such a device structure is
beneficial for the detection of pure spin signals. In the two
devices, no external magnetic field is required to switch the spin
current polarization.

Multistate properties

MFTJs combine the switching mechanisms of an MTJ and an FT)J
and are promising for realizing multistate storage. Asymmetric
interfaces are beneficial for enhancing tunneling electroresistance
(TER)®>5%, So, we construct MFTJs with one interface terminated

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences
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Fig. 7 Atomistic structures and transmissions of the Co/HfO,/Co junction with asymmetric interface terminations. a Atomistic structures
and (b) transmissions of the Co/HfO,/Co junction with 2 nm HfO, and asymmetric interface terminations.

with Co-Hf and the other interface terminated with O-Co as shown
in Fig. 7a. Due to the asymmetric interfaces, spin polarization is
degraded and cannot be effectively modulated by switching the
ferroelectric polarization direction of HfO, as shown in Fig. 7b.
Spin polarization is 26% at D_, and M;;, and becomes —10% at
D._ and M;,. Multistate properties of the Co/HfO,/Co MFTJs are

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

summarized in Table 1. The TMR and TER ratios are defined as
follows:

(6~ G.)|

[(Gp — Gpe)|
TMR = ————— e
min(G_,G_,)

- 100%, TER =
min(Ge, Ga,) %,

x 100% (3)
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Table 1. Spin dependent conductance, TMR, TER and spin
polarization ratio (Ps) of the Co/HfO,/Co junction with 2 nm
ferroelectric layer and asymmetric interface terminations at different
oxygen displacements (D) and ferromagnetic (M) polarization states.

G (uS-pm™?) My My, TMR (%)
G P G Py

D 253 31% 320 26% 26%

D_ 12.8 —12% 153 —10% 20%

TER (%) 98% 109%

Where, Gp and Gpp are the conductances for parallel and
antiparallel magnetization alignments, respectively. G_ and G_,
are the conductances for the left and right oxygen displacements
of the HfO, FE layer, respectively. Table 1 shows that the
conductances of the Co/HfO,/Co junctions are modulated by
electric and magnetic fields, which indicates the possibility of
realizing multilevel information storage. TER can be over 98% for
both parallel and antiparallel magnetization states by reversing
the FE polarization, while TMR is 20% and 26% for the left and
right oxygen displacements, respectively.

DISCUSSION

In conclusion, we have proposed a mechanism to generate and
switch spin-polarized current in multiferroic tunnel junctions with
symmetric interface terminations. Different spin tunneling
barriers in the FE layer are induced by interfacial magnetoelectric
coupling with leads at antiparallel magnetization and can be
exchanged by the FE switching. Specifically, spin current
generation and manipulation are explored in Co/HfO,/Co
junctions by quantum transport simulations. It is demonstrated
that a highly spin-polarized current can be achieved and switched
in Co/HfO,/Co junctions. Furthermore, four states can be realized
by constructing asymmetric interfaces. The proposed mechanism
is general and can be applied to generate and manipulate spin
current using other materials, such as emerging two-dimensional
materials. Our work offers design principles for realizing electric
field switchable spin current in multiferroic heterostructures for
spintronic applications.

METHODS
First-principles simulations

Atomic structures of Co/HfO,/Co junctions are calculated with the
projector augmented wave (PAW) method as implemented in the
Vienna Ab Initio Simulation Package (VASP)**~%. The generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)
type® is used for the exchange correlation functional in all
calculations. An energy cutoff of the plane wave basis is set at
550eV. The interface distances between the two Co leads and
ferroelectric HfO, layer are first optimized. Then, the hafnium
oxide layer and over six atomic layers of the left and right Co leads
are fully relaxed. Atomic relaxations are performed using a
1x6 X6 k-point mesh for the Brillouin zone sampling until the
forces were smaller than 0.02eV-A~". In the constructed hetero-
junctions, the in-plane lattice constants are fixed as the calculated
value of O-phase HfO,, and stain is applied on cobalt electrodes.

Quantum transport calculations

First-principles quantum transport calculations are based on real-
space density functional theory (DFT) within the Keldysh none-
quilibrium Green'’s functions (NEGF) formalism, as implemented in
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the nanodcal package®’. A double zeta polarized (DZP) atomic
orbital basis set is applied to expand all the physical quantities.
The exchange and correlation potential are treated with PBE-GGA.
An equivalent energy cutoff of 200Ry (1 Ry =13.6eV). A1Xx6X6
k-point mesh is used for self-consistent calculations of Co/HfO,/Co
junctions. K-point mesh of 1x40 x40 is used for calculating the
transmission coefficient.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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