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Taking into account size effect of the ferroelectric tunnel barrier and interface effect determined by

two dissimilar magnetic electrodes, the ferroelectric stability and magnetoelectric effect of

asymmetric multiferroic tunnel junctions have been comprehensively calculated. Results of the stable

structure, polarization, electrostatic potential, charge density, spin density, and magnetic moments

demonstrated a series of the great hidden features in asymmetric multiferroic tunnel junctions and

showed significant differences between two polarization states. The potential and magnetic moment

are strongly affected by electric and magnetic polarizations, suggesting the possibility of ferroelectric

control of magnetization and coexistence of tunnel magnetoresistance and giant electroresistance

effects. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4801306]

Multiferroic tunnel junctions (MFTJs) have attracted

much scientific interests for their possible applications in mul-

tifunctional electronic devices.1–12 As a combination of mag-

netic tunnel junctions (MTJs) and ferroelectric tunnel

junctions (FTJs), MFTJs inherit novel electronic properties

originally existing severally in MTJs and FTJs, including tun-

neling magnetoresistance,8,9 giant electroresistance,6,7 giant

piezoelectric resistance,11,12 and non-destructive read out

effects.2 In addition, the interaction between ferromagnetism

and ferroelectricity in MFTJs gives rise to magnetoelectric

effect,3,5,13–18 allowing magnetic (electric) controls of ferro-

electric (magnetic) properties. The control and utilization of

the charge and spin degrees of freedom in spintronic devices

has been an attractive issue in recent years, and tremendous

endeavors were made to explore the mechanism of controlling

the magnetic and electric properties in MTFJs.

It has been realized that magnetoelectric properties of

the nanoscale MFTJs can be significantly affected by many

factors, such as thickness, misfit strain, surface, and inter-

face.1,7,12,13 Particularly, the size effect of MFTJs posts a

difficulty in developing nanoscale spintronic devices based

on MFTJ units, for the reason that it is intractable to have

remarkable ferroelectricity to affect the transport in an

extremely small scale.14–21 It is well known that the sponta-

neous polarization disappears as the thickness of a ferroelec-

tric barrier is below a critical thickness,22–26 while electrons

can tunnel through a insulating barrier of only a few nano-

meters and will damp exponentially as the thickness

increases. Various means have been worked out to maintain

ferroelectricity as well as conductivity in ferroelectric tunnel

junctions, such as imposing misfit strain by lattice mis-

match,22 improving screening of electrodes,24 and employing

appropriate compound materials to make use of the interface

effect. A typical MFTJ consists of two metal electrodes

separated by a ferroelectric/multiferroic thin film as a barrier

where at least two of the three components have switchable

magnetization. For example, a MFTJ with a multiferroic

La0.1Bi0.9MnO3 barrier sandwiched by a magnetic electrode

and a nonmagnetic electrode has been reported to show four

resistance states.17 Considering the scarcity of single phase

multiferroic materials,20 a promising alternative is the hetero-

junction with two magnetic electrodes and a ferroelectric bar-

rier.10,21 Moreover, exploiting dissimilar magnetic electrodes

can further introduce an asymmetry and cause a built-in field,

which can be originated from various sources such as work

functions difference, the dipolar imhomogenesities,27–30 and

mismatch effect.29 The built-in field has been predicted to

show various influence on the phase transition in ferroelectric

thin films such as smearing the phase transition28,30 and elimi-

nating non-polar paraelectric phase.27

In this paper, we perform first-principle simulations to

investigate the Fe/BaTiO3/Co MFTJs. We demonstrate how

the ferroelectric stability is affected by the asymmetric interfa-

ces introduced by polarization and dissimilar electrodes, and

how the magnetic properties at the ferroelectric-electrode inter-

faces are coupled with ferroelectric polarization switching. Our

simulations also suggest the possibility of ferroelectric control

of magnetization and coexistence of tunnel magnetoresistance

and giant electroresistance effects in MFTJs.

All calculations are performed within the spin-polarized

density-functional theory (DFT) as implemented in Vienna

ab initio Simulation Package31,32 (VASP) using the projector

augmented wave (PAW) method. The exchange-correlation

potential is treated in the local density approximation (LDA).

The plane wave functions are expanded with the energy cutoff

of 500 eV. All the atoms are relaxed using a 6� 6� 1

Monkhorst Pack grid for k-point sampling until the Hellmann-

Feynman force on each atom is less than 10 meV/Å. The

MFTJ under the short-circuit boundary condition is created by

constructing a superlattice under periodic boundary condi-

tions.33 The Fe/BaTiO3/Co layers are stacked along the [001]

direction (z direction) of the bulk BaTiO3 with BaTiO3 layers
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terminated by TiO2, as depicted in Figure 1 and Figure S1.

For convenience, in the following, P! corresponds to the

polarization pointing from Fe/BaTiO3 interface to Co/BaTiO3

interface, and P is the opposite. Similarly, M"" and M"#
denote parallel and antiparallel magnetization of the two elec-

trodes, respectively. The in-plane lattice constant of the super-

cell is constrained to the bulk lattice constant of SrTiO3, i.e.,

3.866 Å, to simulate a junction grown on SrTiO3 substrate.

The distances between the BaTiO3 layers and the electrodes at

the equilibrium conditions are obtained by minimizing the

total energy of the entire heterostructure, which are deter-

mined to be 1.57 Å and 1.70 Å for the Fe/BaTiO3 interface

and the Co/BaTiO3 interface, respectively. BaTiO3 layers

with different thicknesses are employed to study the impact of

barrier thickness on properties of the MFTJs. The Fe electrode

and Co electrode are fixed to be 9 monolayers of atoms and 8

monolayers of atoms, respectively. Thus, the supercell is con-

structed as Fe18/TiO2-(BaO-TiO2)m/Co16, where m¼ 2, 3, 4,

5, 6, 8, 10. To obtain the ferroelectric displacements, we

impose an initial displacement of Ti atoms along [001] direc-

tion with respect to the O atoms in the same x-y plane and

then fully relax all of the atoms in the supercell.

To investigate the ferroelectric instability, Figure 2

presents the layer-resolved relative Ti-O displacements in the

BaTiO3 multilayer for different BaTiO3 film thicknesses. As

the film thickness increases, it can be seen that the Ti-O dis-

placements become larger and gradually approach the bulk

value 0.167 Å. The Ti-O displacements are smaller near the

interfaces, implying a depressing effect of interface on the fer-

roelectricity of BaTiO3 film. In contrast to the results of FTJs

with symmetric electrodes,15,22 our result shows that the criti-

cal thickness of ferroelectricity vanishes in Fe/BaTiO3/Co sys-

tem. Particularly, the displacements throughout the entire

BaTiO3 film are of the same sign even for the BaTiO3 layer

containing only two unit cells (m¼ 2). When the BaTiO3 film

is less than four unit cells, the Ti-O relative displacements are

all negative for either positive or negative initial Ti-O dis-

placements. Thus, it shows that the P! state is unstable and

will spontaneously reverse to the P state. Comparing

Figures 2(a) and 2(b), the difference caused by magnetization

configuration of the electrodes is negligible.

Using the Berry phase method,34,35 the polarization P of

MFTJ is evaluated according to the formula P ¼ e
X

P
i Z�i ui,

where Zi* is the Born effective charge and ui is the

FIG. 1. (a) Atomic structures of Fe/BaTiO3/

Co MFTJ. (b)–(e) Schematics of the four

magnetoelectric states of P!M"",
P M"", P!M"#, and P M"#, respec-

tively. The lighter color of atoms indicates

deeper positions.

FIG. 2. The relative Ti-O displacement

along the z-axis direction of the supercell

for different thicknesses of BaTiO3 films

with the magnetization of electrodes

being parallel (a) and anti-parallel (b).

The legend indicates the initial states.
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displacement of the ion i in the ferroelectric state with

respect to the paraelectric state. The calculated Born effec-

tive charges are 2.71 and 6.62 for Ba and Ti, respectively,

and �5.02 and �2.08 for O in the BaO and TiO2 planes,

respectively. As shown in Figure 3, the average polarization

of the BaTiO3 thin film is nonzero for all thicknesses and

approaches to bulk value as the thickness increases. It is

interesting to note that, consistent with the result derived

from Figure 2, for BaTiO3 films with m� 4, the average

polarization necessarily points from Co electrode to Fe elec-

trode in spite of the signs of initial relative Ti-O displace-

ments, indicating the polarization bistability vanished.

To clarify the mechanism of the vanishing of the polar-

ization bistability, we further calculate the macroscopic elec-

trostatic potential energy of the junction. Figure 4 shows the

results for four initial magnetoelectric states for m¼ 3, 4, 5, 6,

respectively. All the subfigures show a discrepancy in the Co

electrode area for two magnetic states. Although switching

the magnetization configuration leads to distinct changing of

the electrostatic potential of the electrodes, it makes negligi-

ble difference in the barrier region. For m¼ 3 and m¼ 4,

the potential profiles across the ferroelectric barrier are

almost the same with higher potential on the right side of

the barrier. For m¼ 5 and m¼ 6, reversing the initial polar-

ization results in an opposite tendency of the potential profile

across the barrier, which indicates that the polarization of

ferroelectric film becomes bistable in the system. More

importantly, for m¼ 5 and m¼ 6, a slight but discernible dif-

ference can be found in the absolute of the slope of the

potential profiles, indicating the existence of a built-in field.

For m¼ 5, by linearly fitting the potential energy within

the ferroelectric barrier, we obtain the total electric field to

be �3.8� 108 V/cm and 2.7� 108 V/cm corresponding to

P! state and P state, respectively.

The origin of the built-in field is the introduction of

asymmetric interfaces, which leads to quite different screen-

ing and bonding environments at the interfaces. To estimate

the built-in field, we further calculate the electrostatic poten-

tial energy of Fe/BaTiO3/Co systems for m¼ 5 with zero ini-

tial Ti-O displacement so as to exclude the influence of the

screening field resulting from the polarization. We obtained

a built-in field purely produced by the dissimilar electrodes

as about �0.3� 108 V/cm, which points from Co/BaTiO3

interface to Fe/BaTiO3 interface. Due to this field, there will

be nonzero polarization even the film is only two unit cells

thick. As the ferroelectric film becomes thicker, the built-in

field decreasing with thickness makes relatively small differ-

ence between two polarization directions so that the system

becomes bistable. More essentially, the built-in field across

the film should be driven by the contact potential difference

between the two insulator-electrode interfaces. Therefore,

we estimate the built-in field by E
*

bi ¼ ðD/2 � D/1ÞðedÞ�1n
*
,

where D/1 and D/2 are the Schottky barrier heights at the

Fe/BaTiO3 and Co/BaTiO3 interfaces, respectively, e is the

elementary positive charge, d is the thickness of the ferro-

electric film, and n
*

is the unit normal vector of x-y plane.

The Schottky barrier is calculated using the method

described in a recent work by Umeno et al.36 Because it is

difficult to introduce the impact of magnetization configuration

into such a model and the magnetization shows indistinctive

impact on polarization according to Figure 4, we alternatively

performed nonmagnetic calculation for reference. From the

FIG. 3. Equilibrium average polarization as a function of BaTiO3 thin film

thickness for four magnetoelectric states. Note that the legend corresponds

only to the initial configuration.

FIG. 4. Profile of macroscopic planar

averaged electrostatic potential energy

felt by electrons of the junction for four

magnetoelectric states for m¼ 3, 4, 5, 6.

The interfaces are indicated by vertical

dashed lines.
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calculated Schottky barrier, the built-in field in a nonmagnetic

Fe/BaTiO3/Co tunnel junction is obtained as �0.5� 108 V/cm,

which is close to the value calculated from the slope of poten-

tial profile and further validates the existence of the built-in

field from Co electrode to Fe electrode.

To investigate the magnetic properties of interfaces

affected by the orientations of polarizations, we also calculate

the magnetic moments of the atoms at interfaces as displayed

in Figure 5 and in Table S1 (see supporting information37). Ti

atoms possess net magnetic moments despite their zero initial

spins while magnetic moments of Fe and Co atoms are all less

than the bulk value. In addition, the magnetic moments of Ti

atoms are all antiparallel to those of their neighbor Fe and Co

atoms, indicating charge redistribution between majority and

FIG. 5. Absolute values of magnetic

moments (in unit of lB) of Fe, Co, and

Ti atoms at the interfaces for MFTJs

with different film thicknesses.

FIG. 6. Differential charge density (a)–(d)

and differential spin density (e)–(h) in the

y-middle plane of Fe/BaTiO3/Co supercell

corresponding to four magnetoelectric

states, where red refers to positive value

and blue refers to negative value.
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minority spins at the interfaces.15 Particularly, as the film

is thicker, the induced magnetic moment of Ti atom increases

at the interface which the polarization points to, and decreases

at the interface which the polarization points away. On the

other hand, the magnetic moments of Co atoms are much

larger than Fe atoms, causing the induced magnetic moments

of Ti atoms near Co atoms larger than those near Fe atoms as

well. Figure 6 depicts the differential charge density and dif-

ferential spin density in the y-middle plane of Fe/BaTiO3/Co

supercell corresponding to four magnetoelectric states. From

the differential charge density shown in Figure 6, the charge

transfer at the interface which the polarization points to is

stronger than that at the other interface. This indicates a possi-

bility of controlling tunneling magnetoresistance via modulat-

ing electric polarization, as is achieved experimentally in a

similar MFTJ in a latest work.19

In conclusion, we have investigated the ferroelectric

stability and the interplay of magnetic and electric proper-

ties in Fe/BaTiO3/Co asymmetric multiferroic tunnel junc-

tion using the first-principle calculating method based on

density functional theory. Our results evidence the exis-

tence of a built-in electric field resulting from the contact

potential difference between the two insulator-electrode

interfaces, which leads to the vanishing critical thickness of

ferroelectricity of the perovskite ferroelectric barrier and

makes the system become bistable only beyond a critical

thickness of 5 unit cells. It is revealed that the potential pro-

file is distinctly changed when the ferroelectric polarization

of the barrier is reversed and/or when the magnetic configu-

ration of the two electrodes is switched, indicating the pos-

sibility of switching four resistance states in such MFTJs.

In addition, reversing the ferroelectric polarization also

alters the induced magnetic moments on atoms at the inter-

faces, which predicts that magnetic properties might be

controlled by ferroelectricity. We expect that our work can

stimulate further studies on MFTJs and contribute to the de-

velopment of multifunctional spintronic devices.
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