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Based on the first principle calculations, we predicted the electronic structures and ferroelectric

instability of the asymmetric ferroelectric tunneling junction with the ferroelectric barrier thickness

changing, and found two undiscovered and important behaviors, i.e., absence of the critical

thickness for the positive polarization state and the larger critical thickness for the negative

polarization state. Using nonequilibrium Green function’s approach, the corresponding two-probe

systems and their electronic transport properties at different ferroelectric barrier thickness have

been constructed. It is found that reorienting the polarization direction in the ferroelectric barrier

can dramatically change the internal electric field and macroscopic potential barrier, resulting in

several orders of magnitude change in tunneling electroresistance ratio. Results also found that the

tunneling electroresistance can be distinctly controlled by adjusting thickness of the ferroelectric

barrier, which behavior is defined as the size-dependent giant electroresistance effect. Our results

enable architectures of large density and high sensitivity in the next generation of ferroelectric

random access memories with nondestructive resistive readout. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.3698503]

I. INTRODUCTION

Ferroelectric materials have attracted a lot of attention

during the past few decades, for reasons of both scientific cu-

riosity and prospects of practical industry applications. Of

particular interests are their application in the data storage,

in recent years, the ferroelectric random access memory

(FRAM) have emerged as an alternative to traditional mag-

netic and nonpolar dielectric based memory1,2 for the nonvo-

latile digital information storage. FRAM is a promising

technology for nonvolatile application because it has many

outstanding features: ultralow power consumption (power

usage is about 99% lower than dynamic random access

memory), faster writing performance (the response of polar-

ization to an external field is within 1 ns), and a much greater

maximum number of write-erase cycles. Recently, memory

density of up to a terabit per square inch has been obtained3,4

in the nanoscale ferroelectric tunnel junctions (FTJ)5,6 or

capacitors, the key elements of FRAM. For example, Lee

et al.3 have used a bottom-up patterning approach to fabri-

cate ultrahigh density (about 176 Gb in.�2) ferroelectric

memories in the form of a series of individual FTJ arrays.

However, in the present FRAM, the major difficulties are

still coming from the size limitation. It is not clear how small

the FRAM can be scaled to maintain its polarization and fer-

roelectricity. On the other hand, reducing the basic cell size

may cause the data signal to become too weak to be detecta-

ble. In order to advance the further developments of FRAM,

it is necessary to elucidate the basic physical problems in the

FTJ structures, and look for some new mechanisms to shed

light on the design of new architecture.

As the ferroelectricity is a collective phenomenon, for a

long time it is commonly believed that there is a critical

thickness, below which the ferroelectricity or spontaneous

polarization in FTJ will be suppressed due to effects of the

surfaces, interfaces and uncompensated depolarization field.7

Based on the first principle calculations, Junquera et al.8 used

the frozen phonon methods predicted that ultrathin single do-

main BaTiO3 films between conducting SrRuO3 electrodes

lose ferroelectricity below the thickness of 6 unit cells. Con-

sidering the relaxation of atoms at the interfaces, Tagantsev

et al.9 found that the critical thickness of the SrRuO3/

BaTiO3/SrRuO3 heterostructures is further reduced to 3 unit

cells (12 Å). At the same time, many experimental studies

also found that the ferroelectricity can only be retained above

some critical thickness of about 1–10 nm.10–12 In addition,

Fong et al.13 and Aguado et al.14 indicated that the formation

of domain structures can even stabilize the ferroelectricity in

films with a thickness of 2 unit cells, which is also the mini-

mum bulk ferroelectric environment size (�8 Å). The exis-

tence of ferroelectricity in nanometer-thick FTJ has led to

renewed interest in exploring the ferroelectrics in applications

of the electronic nanodevices.15,16

One of the prominent features in ferroelectrics is the

strong coupling of the spontaneous polarization and external

fields.17–19 Experimentally, it has been observed that the

Curie temperature and polarization state will be greatly

enhanced with the application of the compressive epitaxial

strain.20 It is well known that the spontaneous polarization
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in the ferroelectric barrier can be switched by the applied

electric field, which results in the different charge distribu-

tion at electrode/ferroelectric interfaces. For an asymmetric

FTJ (A-FTJ), it will cause a significant different internal

electrostatic potential profiles across the junction. As pro-

posed by Tsymbal et al. and Kohlstedt et al. in the continual

models based on the thermodynamic and classic quantum

mechanical theories,21–23 the tunneling electroresistance

(TER) across ferroelectric barrier can vary significantly in

A-FTJ when the spontaneous polarization is reversal. Recent

experiments14,15,24 have directly detected evidence for

ferroelectricity-related giant electroresistance (GER) effect

in A-FTJ with a ultrathin ferroelectric barrier.

Since in the ultrathin FTJ structures with a barrier thick-

ness of a few nanometers, the quantum effects are dominant,

and many detailed mechanisms are related to the internal

atomic movements and their thickness. Therefore a micro-

scopic quantum mechanical method is required to further

elucidate the effect of polarization switching on the electron

transport properties of A-FTJ in an atomic scenario. In this

work, we perform Ab-initio density functional theory calcu-

lations on a Pt/BaTiO3/SrRuO3 A-FTJ with variable ferro-

electric barrier thickness. This choice is motivated that

SrRuO3 is a suitable oxide electrode for the epitaxial growth

due to its similar lattice with the substrate and BaTiO3, and

Pt is a well conductive metal electrode. Their combination

will cause greater asymmetric in both interface of the FTJ.

Here, we are particularly interested in the size-dependent

ferroelectric instabilities and their influences on electron

transport properties and GER effect of the A-FTJ.

II. METHODOLOGY

In order to get an accurate relaxed ground state of these

large heterostructures, we perform density functional theory

(DFT) calculations using the Vienna Ab Initio Simulation

Package (VASP).25 Our theoretical calculations are based on

DFT within the local density approximation (LDA). A

plane-wave basis set and projector augmented wave

(PAW)26 potentials as implemented in VASP are employed.

In the energy calculation, we have used a well converged

8� 8� 1 Monkhorst-Pack grid for k-point sampling in the

Brillouin zone of the tetragonal cell, together with a 0.2 eV

Gaussian broadening. The plane-wave energy cutoff was set

to 500 eV. During the structural relaxation, the ion positions

and the out of plane lattice constants were then relaxed with

the constraint that the in-plane lattice constants were fixed to

the theoretical value of SrTiO3 substrate. The configurations

were considered as relaxed until the maximum Hellman-

Feynman force acting on each atom was less than 0.01 eV/Å.

Based on these fully relaxed structures, the electronic and

ferroelectric properties are calculated. The “short-circuit”

boundary conditions, equivalent to a metallic contact of top

and bottom electrode layers, are imposed by the periodically

repeated superlattice structure.7

For the electron transport properties, the conductance of

the FTJ are explored by the Atomistix ToolKit (ATK),27

which is based on nonequilibrium Green’s function (NEGF)

combined with density functional theory (DFT). The above

Pt/BaTiO3/SrRuO3 relaxed structures were used to construct

the scattering region, and the periodicity of the supercell in

the transport directions was replaced by two semi-infinite

electrodes. Thus, the constructed two probe systems are em-

bedded in the Pt and SrRuO3 electrodes. The valence elec-

trons are expanded in a numerical atomic-orbital basis set of

single n plus polarization (SZP) for all atoms. Perdew-

Zunger local density approximation (LDA) is adopted for

exchange-correlation. In order to get converged results of the

conductance, we used a dense k-point mesh of 50� 50 to

sample in the surface two-dimensional Brillouin zone for the

two-probe calculation. All the calculated parameters are

tested to result in good convergence.

The atomic structures, electronic properties and electro-

resistance of the asymmetric Pt/BaTiO3/SrRuO3 tunneling

junction are obtained by the first-principle calculations and

nonequilibrium Green function’s approach.

III. RESULTS AND DISCUSSION

A. Size-dependent ferroelectric stabilization of A-FTJ

In our calculations, the simulation supercell is built up by

aligning the (001) oriented BaTiO3 ferroelectric films with the

Pt (001) and SrRuO3 (001) electrodes. The BaTiO3 has two

different interfacial terminations: with BaO-Pt2 terminated

type for the Pt electrodes and TiO2-SrO terminated type for

the SrRuO3 electrodes. In such asymmetric interfacial struc-

tures, the effective screening lengths keff are estimated to be

0.202 and 0.003 Å for TiO2-SrO and BaO-Pt2 heterointerfa-

ces,28 respectively. The large contrast of the effective screen-

ing lengths at both dissimilar interfaces is a necessary

condition to produce the giant tunneling electroresistance

(TER) due to their dominant influence on the average poten-

tial barrier height.21,22 We consider an example of A-FTJ epi-

taxially grown on a (001) cubic SrTiO3 substrate, which is a

typical substrate to grow atomically well defined ferroelectric

thin film. Therefore, the in-plane lattice constant is fixed to be

a¼ 3.866 Å (the ab initio calculated value of lattice parameter

of the cubic SrTiO3), which is smaller than the theoretical lat-

tice constant of tetragonal BaTiO3 (3.946 Å) and the electro-

des. As a result, the lattice mismatch between A-FTJ and

substrate produce substantial tetragonal distortions in BaTiO3

(c/a¼ 1.064) and electrodes. The imposed compressive strain

of 2.07% for BaTiO3 in the A-FTJ will greatly enhanced the

polarization. In practice, this large misfit strain is available in

very thin films epitaxially grown on substrate.29 For instance,

Garcia et al.14 have experimentally demonstrated that a large

compressive strain of up to 3% can be achieved in ferroelec-

tric thin film with a thickness of 3 nm. On the other hand, the

large in-plane compressive epitaxial strain will also increase

the ferroelectric phase transition temperature12,16 and favor

the polarization in c phase30 (i.e., Px¼Py¼ 0, Pz= 0).

The basic unit cell of the Pt/BaTiO3/SrRuO3 tunneling

junction has a generic formula: (Pt2)6/(BaO-TiO2)m/(SrO-

RuO2)3, where m stands for the number of BaTiO3 unit cell.

The different thickness of the ferroelectric tunnel barriers is

monitored by changing m from 2 to 9 unit cells. In each

thickness, we start with an out of plane ferroelectric dis-

placement obtained from the bulk BaTiO3 ferroelectrics in
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the junction barrier and then fully relaxed. The relaxed

atomic structure of Pt/BaTiO3/SrRuO3 FTJ with m ¼ 5

BaTiO3 barrier layer for the two opposite polarization direc-

tions are shown in the insert of Fig. 1. We designated the

junction with a polarization Pup pointing toward SrRuO3 as

A-FTJ1, and the one with opposite polarization Pdown point-

ing toward Pt electrode is designated as A-FTJ2. Figure 1

shows the relative Ti-O displacements within each TiO2

monolayer in BaTiO3 unit cells for different thickness. It is

found that the A-FTJ1, i.e., the spontaneous polarization

pointing to SRO electrode, is only stable above the thickness

of m ¼ 5 unit cells (�2 nm). For example, with an initial A-

FTJ1 structure in the m ¼ 4 unit cells junction, the polariza-

tion will flip into the A-FTJ2 state after relaxation with the

spontaneous polarization pointing toward the Pt electrode.

When increasing BaTiO3 barrier thickness, the net polariza-

tion of A-FTJ1 is enhanced and approached a stable value at

the thickness of 3.2 nm (m¼ 7). On the other hand, for A-

FTJ2 with 1 nm (m ¼ 2) barrier thickness, there is still a

large displacements between Ti cation and the center of oxy-

gen octahedral cage, indicating a stable ferroelectric phase in

monodomain configuration. The existence of ferroelectricity

in the minimum bulk environment thickness indicates that

the critical thickness is practically absent in the A-FTJ2.

Moreover, it is found that the Ti-O displacements within

each TiO2 monolayer are distributed inhomogeneous across

the barrier. These results mean that the distribution of the

polarization in ferroelectric barrier is also inhomogeneous

due to effect of asymmetric surfaces and interfaces.

For the BaTiO3 bulk material in tetragonal phase, the

energy gain is equivalent when the spontaneous polarization

pointing up or down along the c axis. Therefore, all the odd

ranks of Landau free energy expansion are absent, and the

curves of free energy versus electric displacements exhibit a

symmetric double potential well profile. However, the

appearance of electric field breaks up the symmetric double

well, producing shallow and deep potential well.31 For our

asymmetric ferroelectric tunnel junctions, the A-FTJ1 is

located at the shallow well while A-FTJ2 is in the deep well,

as shown in Fig. 2(a). The behaviors of the two junction

structures can be understood by examining the total internal

electric field, which is composed of the built in electric field

Ebi and the residual depolarizing field Ed in our system. Note

that, the built in electric field is resulted from the different

work function of both the electrodes and termination of the

ferroelectrics. Since the work function of (001) SrRuO3 and

clean Pt surface is found to be 5.2 eV (Ref. 32) and

5.75 eV,33 respectively, there is a large contact potential dif-

ference that contributed to the built in electric field Ebi, as is

indicated by Fig. 2(b). For the ferroelectric state thin film,

the bounded polarized charges will appear at the electrode/

ferroelectric interface and produced the bounded charge

depolarization field Ecd. In response to the Ecd, the free elec-

trons in the electrode will move to the boundary area to

screen the bounded charge, and the redistribution of the

screen charge will induce the screening electric field Esc.

Due to the incomplete screening of electrodes, the final

residual depolarizing field Ed is the combination of the

bounded charge depolarization field Ecd and screening elec-

tric field Esc. The depolarizing field Ed points to the opposite

direction of the spontaneous polarization. The schematic

band diagram of A-FTJ1 structure is illustrated in Fig. 2(c),

where Ebi and Ed have the same directions. Thus, the overall

internal field suppress the polarization in A-FTJ1 below the

thickness of 2 nm (m¼ 5). While for A-FTJ2, the opposite

direction of Ebi and Ed produces a cancel effect in the ferro-

electrics, and results in a smaller internal field [Fig. 2(d)].

That is why the A-FTJ2 structure can maintain the ferroelec-

tricity in the minimum thickness (m¼ 2) of bulk ferroelectric

environment, it also explains the absence of critical thickness

and proves previous discussions about effect of asymmetric

interfaces/electrodes on critical properties of A-FTJ.34,35

FIG. 1. Relative Ti-O rumpling for A-FTJ. The relative Ti-O rumpling in

the ferroelectric BaTiO3 barrier for different thickness. Positive and negative

values correspond to the local electric dipole moment pointing toward

SrRuO3 and Pt, respectively, as shown in the inserted illustration. The

arrows mark the direction of the polarization of BaTiO3.

FIG. 2. Schematic potential and electric fields in A-FTJ. (a) Schematic dou-

ble well potential of the Pt=BaTiO3=SrRuO3 junctions as a function of the

dipole displacements. (b) Charge transfer and the resulting built in electric

field Ebi due to the different work function of the asymmetry electrodes and

interfaces. The simplified band diagram of the asymmetric junction in short

circuit boundary condition for (c) A-FTJ1 and (d) A-FTJ2, v is the electron

affinity of the insulator, and Ed is the depolarizing field.
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Using the density functional perturbation theory,36 the

Born effective charges (Z*), optical dielectric constants, and

piezoelectric tensor are calculated and listed in Table I. The

oxygens are located at the face center in the cubic phase, and

they have two inequivalent directions to move in the tetrago-

nal phase, either perpendicular or along the Ti-O chain. We

designate the oxygen with displacement perpendicular the Ti-

O chain as O?, and those with displacement along the Ti-O

chain as Ok. The results of the Z* in cubic phase are in good

agreement with previous calculations.37,38 However, as the

tetragonal distortion increase, the absolute values of Z* in Ti

and O are decreasing in the ferroelectric phase. It is possible

that the tetragonal distortion of the crystal field induced by

elongation of the TiO6 octahedra along z-direction leads to a

Jann-Teller stabilization of the orbitals. Since the d(z2) orbital

of Ti is further away from the oxygens, the energy is lower as

Ti is repelled less by the oxygen ligands, and the Z* is smaller

as a result of the change in orbital mixing. A similar trend is

also found in the optical electric constants, the polar distor-

tions tend to decrease e1. The experimental value of polariza-

tion Ps¼ 0.26 C/m2 is slightly less than our calculated value

of 0.307 C/m2. Compared to the theoretical value of free bulk

ferroelectrics, the epitaxial strain can greatly enhance the

polarization and reach 0.396 C/m2 for the BaTiO3 on SrTiO3

substrate. From the calculated Z* and the ionic displacements

relative to their ideal positions, we estimate the polarization of

the central unit cell to be 0.34 and 0.37 C/m2 for A-FTJ1 and

A-FTJ2 with the barrier thickness of 2.8 nm (m¼ 7). Particu-

larly, we found that the polarizations are almost constant in A-

FTJ2, while they vary from 0.29 to 0.35 C/m2 in FTJ1 as the

thickness increases from m¼ 5 to m¼ 9 unit cells.

B. Electronic properties and structures in A-FTJ

Presently, the most exciting prospect of FTJ lies in its

electronic application. Thus, we focus on the electronic struc-

tures and electron transport properties of the A-FTJ. Before

proceeding, it is worth noting that the charge transfer between

the electrodes and insulating barrier is exacerbated by the

underestimated bandgap problem in DFT calculation. The

bandgap of the BaTiO3 as computed within LDA (1.6–

1.9 eV) is significantly smaller than the experimental gap of

3.2 eV, as shown in Table I. As pointed out by Junquera and

Ghosez,39 this underestimation of bandgap will produce

unphysical population of the conduction bands in ferroelec-

trics when align the bandstructures in the electrode/ferroelec-

tric interfaces. In order to avoid the pathological situations

where the Schottky barrier /n < 0, we apply a Hubbard U

correction to the Ti 3d states.40 As a result, the bandgap of

BaTiO3 is open up and reach 2.74 eV for our strained ferro-

electric in the LDAþU method with U¼ 7 eV. In the follow-

ing, we will use this method to investigate the electronic

structure in Pt/BaTiO3/SrRuO3 A-FTJ. Figure 3 shows the

local density of states (LDOS) in the m¼ 6 unit cells tunnel-

ing junctions, where the solid curves is for the A-FTJ1 and

the blue shaded plots correspond to the LDOS in A-FTJ2. The

Fermi level is indicated by the dash lines. It is clear that the

positions of the LDOS in middle ferroelectric layer of A-FTJ2

are almost the same as those in an ideal strained bulk BaTiO3

with a bandgap of 2.7 eV. While those in A-FTJ1 move holis-

tically toward negative energy range compared to their ideal

bulk counterpart, indicating a strong electric field in the ferro-

electric barrier of A-FTJ1. As a result, the conduction band of

A-FTJ1 is lower with a Schottky barrier of /LDAU
n1 ¼ 1:05 eV,

which is smaller than that in FTJ2 (/LDAU
n2 ¼ 1:95 eV). By

carefully examining the LDOS in each BaTiO3 layer, we

found that there is a strong charge transfer from electrodes to

the oxides due to the metal induced gap states in the oxide,

which is universal in the metal/insulator interface when the

Fermi level is located within the bandgap of the insulator.

Especially in the first BaTiO3 layer adjacent to the Pt elec-

trode of A-FTJ1, the filling of the metal induced gap states

and interfacial Pt-O bonding, producing a smaller bandgap in

the oxide as shown in Fig. 3. Owing to the presence of com-

pensation charge carriers in the ferroelectrics, the traditional

Thomas-Fermi screening model should do some modification

to account for the more efficient screening mechanism41

resulted from the enhanced concentration of free charge car-

riers in the interfacial BaTiO3 layer. From these analyses, it is

anticipated that the tunneling electroresistance in A-FTJ1 will

be significantly smaller than that in A-FTJ2.

C. Size-dependent giant electroresistance of A-FTJ

To obtain the electronic transport properties of the

strained A-FTJ, we use the fully self-consistent nonequili-

brium Green’s function (NEGF) method combined with the

DFT calculations. The tunneling conductance of the above

TABLE I. Calculated lattice constants, Born effective charges (|e|), electronic dielectric constant, band gap, and spontaneous polarization in BaTiO3 perov-

skite for the three structures.

BaTiO3 Lattice constants (Å) Z*(A) Z*(B) Z*(O\) Z*(Ok) e1 Eg (eV) Polar (C=m2)

Cubic a¼ 3.954 þ2.76 þ7.42 �2.16 �5.84 6.84 LDA¼ 1.65 LDAþU¼ 2.52 0

Tetragonal a¼ 3.946, c=a¼ 1.011 þ2.80 þ6.37 �2.03 �5.10 6.49 LDA¼ 1.80 LDAþU¼ 2.61 0.307

Tetragonal (strained) A¼ 3.866, c=a¼ 1.064 þ2.85 þ5.27 �1.91 �4.26 6.21 LDA¼ 1.86 LDAþU¼ 2.74 0.396

Experimental Cubic:b a¼ 3.996 Tetragonal:c

a¼ 3.991, c=a¼ 1.011

5.86a 3.2d 0.26e

aReference 44, measured in ferroelectric phase.
bReference 45, measured at a temperature of 474 K.
cReference 46, measured at the room temperature of 300 K.
dReference 47, obtained from the cubic structure.
eReference 48, measured for the tetragonal structure at the temperature of 297 K.
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A-FTJ can be expressed by the classical Büttiker formula

as,42,43

G ¼ G0

X

kjj

TðEF; kjjÞ; (1)

where G0 is the conductance quantum, T(EF, kjj) is the trans-

mission coefficient at the Fermi energy EF for a given value

of the transverse wave vector kjj. In general, the overall

potential profile U(z) in FTJ can be determined by the prop-

erties of two electrodes and the direction of the depolariza-

tion field Ed in the polar ferroelectrics.21,22

Based on the first principles NEGF-DFT calculations,

Fig. 4 shows the calculated tunneling electroresistance of the

Pt/BaTiO3/SrRuO3 junction with respect to a wide range of

barrier thickness. It is noted that the resistance is related with

conductance by R¼ 1/G. For the FTJ1, the polarization will

flip into A-FTJ2 state below the thickness of 2 nm (m¼ 5),

thus only the resistance above that thickness is obtained. In

consistent with previous LDOS analyses, the tunneling

electro-resistance in A-FTJ1 is of orders of magnitude

smaller than that in FTJ2. The relative change of the resist-

ance R between the two opposite polarization states in A-

FTJ1 and A-FTJ2 is described by the giant electroresistance

(GER), which is define as

GER ¼
RA�FTJ2

� RA�FTJ1

RA�FTJ1

(2)

in our work, where RA�FTJ1 and RA�FTJ2 are the tunneling

resistances of A-FTJ1 and A-FTJ2, respectively. It is noted

that the GER ratio increases exponentially with barrier thick-

ness, reaching about 140|000% for tBTO¼ 2.8 nm barrier.

These results are in line with the experimental observation of

giant tunnel electroresistance in BaTiO3/La0.66Sr0.33MnO3

bilayers.14,15 It is predicted that the GER ratio will further

enhance with the increase of FTB thickness and is dominated

by the potential barriers. The merit of manipulate the tunnel

electroresistance by reversing the polarization is apparent in

the sensitive readout of FRAM. Since in the traditional

FRAM, reading is a destructive process and requires the cell

to be rewritten to retain its information when it was changed.

The incorporation of the nondestructive readout mechanism

will further reduce its power consumption and enhance the

sensitivity of signal detection.

With decreasing film thickness, the introduction of

metal/ferroelectric interface will produce surface capacitor

effects that deteriorate the performance of microscopic ferro-

electric devices, as well as give rise to substantial depolariz-

ing field in the ferroelectrics. Due to the strong field about

the interface region, both the electrodes and ferroelectrics

will have large mechanical ionic relaxation, which in turn

causes great modification of the boundary conditions and

influence the transport properties.38 To gain more insight of

the interfacial effect on GER, Figs. 5(a) and 5(b) show the

relaxed atomic structures and corresponding charge density

contours of A-FTJ1 and A-FTJ2 with m¼ 6 unit cells. For

both A-FTJ1 and A-FTJ2, comment features are that the Ti

ions are shifted away from the center of their respective O

octahedral cage to produce the spontaneous polarization. In

the A-FTJ1 with the polarization pointing toward SrRuO3

electrode, the ionic relaxations at the BaO/Pt interface show

a strong Pt�O bonding character. From the charge density

contours of vertical Ti-O plane, it is interesting to note that a

compact conductive channel is formed in A-FTJ1 through

the connection of the bonding, making the Pt metallic states

penetrated through the barrier extensively. On the other

hand, for A-FTJ2, the distances between subsurface O ions

FIG. 4. Size dependent giant electro-resistance in A-FTJ. Calculated elec-

troresistances of the Pt=BaTiO3=SrRuO3 junctions at different barrier thick-

ness. The A-FTJ1 and A-FTJ2 correspond to the junctions with polarization

pointing toward SrRuO3 and Pt, respectively. Giant electroresistance (GER)

is the ratio between their resistances.

FIG. 3. LDOS of ferroelectric junctions for each layer in the 6 unit cell

BaTiO3 and for the interfacial Pt and SrRuO3 unit cell. The solid curves corre-

spond to the LDOS of A-FTJ1, and the shaded plots are the LDOS of A-FTJ2.

All the LDOS are calculated within LDAþU (where U¼ 7 eV) method.
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and the outmost Pt electrode change by some amounts,

which in turn modify the electronic structure dramatically.

As is evident in Fig. 5(b), charge density on the interface O

and its neighboring Pt are localized in A-FTJ2, and the inter-

facial separation and rumpling of Pt-O atoms contribute to

the high decay rate in the barrier. Much more about the

screening mechanism can be extracted from the relaxed junc-

tion structures. It is clear that in the first SrRuO3 layer near

the interface, the bounded polarization charges in ferroelec-

trics are penetrated into the oxides electrodes through the

relative Ru-O ionic displacement (about 0.03 and 0.08 Å for

A-FTJ1 and A-FTJ2, respectively). As a result, the polariza-

tions in ferroelectrics continue for some distance into the

metal-oxide electrodes in the form of ionic displacements.

This enhanced screening ability can effectively suppress the

interfacial capacitor effect and supporting the ferroelectricity

in ultrathin ferroelectric films.

Since conductance G of the Pt/BaTiO3/SrRuO3 junction

is determined by the effective potential barrier, we have also

calculated the potential profile to elucidate the effect of

polarization reversal on the GER, as shown in Fig. 6. Based

on the first principle simulations, it is found that the average

potential barrier height of A-FTJ2 is higher than that of A-

FTJ1 due to their different bonding behavior and interfacial

rumpling. The value of the average barrier is 1.1 and 1.9 eV

with respect to the Fermi level for A-FTJ1 and A-FTJ2,

respectively, this result is in consistence with previous

LDOS analysis. The unscreened polarization charges in the

junctions give rise to a depolarizing field Ed pointing oppo-

site to the polarization. In A-FTJ2, the Ed has the opposite

direction with the build in electric field Ebi. Due to the simi-

lar magnitude of both fields, they cancel out each other in A-

FTJ2 as reflected from the flat potential curve. As mentioned

previous, Ed and Ebi have the same direction in A-FTJ1, and

their overall effects produce large internal electric field

that will flip the polarization when the ferroelectric barrier

thickness below 2 nm. The amplitude of internal field can be

deduced from the slope of the macroscopic average potential

in FTJ1. Owing to the presence of the electric fields, one of

the conduction band minimum (CBM) edge is lowered by

0.45 eV. However, the Fermi level is still located inside the

bandgap of BaTiO3. The combined effect of the atomic dis-

placement and internal electric filed behavior give rise to the

different potential barrier and produce large GER ratio in

A-FTJ.

IV. CONCLUSIONS

To conclude, we have examined structural and elec-

tronic transport properties of strained asymmetric Pt/

BaTiO3/SrRuO3 tunnel junction with considering effects of

ferroelectric barrier thickness, asymmetric interfaces and

electrodes. Through the novel design of asymmetric termina-

tion and electrodes in A-FTJ, we have shown that the rever-

sal of the spontaneous polarization can produce a large

tunnel electroresistance ratio, which is also significantly

determined by the ferroelectric barrier thickness. The genera-

tion of a large internal field induced by the different work

functions of asymmetric electrodes and interfaces retains sta-

ble polarization in a BaTiO3 thin film down to the thickness

of 0.8 nm. It is found that the polarization could modify the

effective potential barrier through the depolarizing filed,

indicating that the polarization is possible to control the tun-

neling conductance of A-FTJ. The coupling among the ionic

displacement, spontaneous polarization, and electric field in

ferroelectric barrier provides us with multiple degrees of

freedom to control the electron transport properties in the A-

FTJ. These results reveal the prospective future of the sensi-

tive control of the ferroelectric nanodevices based on A-FTJ.
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