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Ferroelectric size effect of BaTiO3 (BTO) tunnel junctions with metal Pt and/or oxide SrRuO3

(SRO) electrodes has been comprehensively investigated by the first-principle calculations. A

vacuum layer is included in the supercell calculations, so that full-relaxation is achieved without

artificial constraint on the supercell strains. We have constructed all of ten possible types of tunnel

junctions with either symmetric or asymmetric geometries to systematically explore the influence

of electrode/ferroelectric interfaces. The characteristics of atomic structure, polarization, charge

density, and electrostatic potential for different geometries and sizes are revealed. It is found that

the ferroelectric stability of a tunnel junction depends significantly on the details of the two

electrode/ferroelectric interfaces, which present specific short- and long-range properties, e.g.,

local bonding environment, electronic screening, built-in field, etc. Result shows that Pt/BTO

interfaces have strong coupling with ferroelectric distortion and thus play more dominant roles

than the SRO/BTO interfaces in affecting the ferroelectric stability of the tunnel junctions.

Particularly, it is found that Pt2/TiO2 interface can induce collective ferroelectric distortion in the

initially non-distorted barrier. With a full-relaxation of the strains, an abnormal enhancement of

ferroelectricity by Pt2/BaO interface due to Pt-O bonding effect is demonstrated, where a strong

interfacial-bonding-related polarizing field is verified. Also importantly, polarization stability of

asymmetric tunnel junctions is found dependent on direction, manifested with the appearing of a

new critical thickness, below which the tunnel junction loses polarization bistability. Furthermore,

it shows that the local features of a specific electrode/ferroelectric interface (e.g., the interfacial

atomic structure, local polarization, charge transfer, and potential step) are well kept in different

types of tunnel junctions. By analyzing and summarizing the results, our results suggest that

traditional phenomenological models need several modifications in order to quantitatively

reproduce the size effect of ferroelectric tunnel junctions. Our study provides a comprehensive

picture of the ferroelectric size effect in BTO tunnel junctions as a function of electrode/

ferroelectric interfaces and should have valuable implications for future studies and applications.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4817656]

I. INTRODUCTION

Ferroelectrics have been under intensive research for

many decades for their important roles in the field of

advanced materials and technologies.1–3 Driven by the need

of device miniaturization and integration, in recent years

increasing attentions are being paid to ferroelectric nano-

structures (FNs) (see, e.g., reviewed papers4–9), including

nanoscale ferroelectric thin films (FTFs), nanowires, nano-

tubes, nanodisks, nanodots, heterostructures, etc. Compared

with those of the bulk counterparts, properties of FNs show

sensitivity to size, interface, and boundary conditions.10–17

In particular, due to the collective nature of ferroelectricity

and its interplay with surface/interface, ferroelectric size

effect of FNs should be strong and complicated. For a long

time, it has been commonly accepted that ferroelectric size

effect of FNs is dominated by the depolarization field caused

by uncompensated or partially compensated bound

charges,18–20 which depresses the ferroelectricity and leads

to large ferroelectric critical size. However, recent studies

have shown that the details of electromechanical environ-

ments at surface/interface (e.g., interfacial bonding, screen-

ing, surface strains and adsorbates) are important in

determining the overall ferroelectric size effect of FNs.21–42

Mechanisms of ferroelectric enhancement, depression, or

forming novel polarization patterns17,21 in FNs are all possi-

ble. It is thus senseless to discuss the ferroelectric size effect

of FNs without regard to the details of surface/interface.

With the progresses in calculation methods and experi-

mental techniques, recent studies found that ferroelectricity

can be retained in FTFs of several unit-cells thick,25–42
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sparking a huge interest in exploring FTFs in the applications

of nanoscale electronic devices, such as nanoscale ferroelec-

tric capacitors and ferroelectric tunnel junctions (FTJs). In

experiment, using a combination of electric force micros-

copy and piezoelectric microscopy, Tybell et al.25 have

found a stable polarization in a 4-nm thick epitaxial PZT

film on SrTiO3 (STO) substrate at room temperature. Fong

et al.26,27 adopted X-ray scattering and observed ferroelectric

properties in epitaxial PbTiO3 (PTO) films down to 1.2 nm.

Using variable-temperature ultraviolet Raman spectroscopy,

Tenne et al.28 found that one-unit-cell-thick BaTiO3 (BTO)

layers in BTO/STO superlattices are ferroelectric.

Subsequently, they showed the ferroelectric critical thickness

(FCT) of strained BTO films grown on the STO substrate

was about 1.6 nm.29 Theoretically, a large amount of first-

principle calculations have been performed to investigate the

ferroelectric stability of FTFs.30–32,34–40 Particularly,

Junquera and Ghosez30 predicted that the FCT of single do-

main BTO films between SrRuO3 (SRO) electrodes is about

2.4 nm based on the so-called frozen-phonon method. For

the same structure, with considering the relaxation of atoms

at the interfaces, Gerra et al.34 found that the FCT is further

reduced to about 1.2 nm. Using a fixed-D method, Stengel

et al. showed that the stability of ferroelectricity is not only

affected by the electronic screening properties at the inter-

face but also depends crucially on the interfacial chemical

bonding, which can lead to an abnormal enhancement of fer-

roelectricity.36 More recently, Rappe et al.37 demonstrated

that breaking in-plane symmetry of PTO/Pt interface can

strengthen the electrode-oxide bonds and stabilize polariza-

tion with no critical-size limit. Moreover, based on first-

principles calculations, modified phenomenological models

have been proposed to quantitatively describe the short-

range and long-range contributions of surface/interface to

the ferroelectric size effect in FTFs.35,37,38,41,42

As a typical example of applications utilizing FTFs,

FTJs with electrode/FTF/electrode geometry have been

designed to show interesting polarization-related electronic

transport properties.16,43–48 While these properties make

FTJs as promising basic elements in developing nanoscale-

transducers, ultrahigh-density nonvolatile random-access

memories, and other novel functional devices, the existence

of FCT in FTJs can impose stringent limitations on these

wonderful possibilities. On the one hand, to influence the

tunneling resistance across the barrier by polarization

change, polarization stability in the FTF barrier is very cru-

cial. On the other hand, tunneling can only notably happen

in barriers with thickness smaller than several nanometers.

It is thus necessary to make the FCT of FTF barrier even

smaller. In other words, FTJs only works well in a narrow

range of thickness, with an upper bound being the tunneling

critical thickness and a lower bound being the FCT.

Owning to this reason, understanding the ferroelectric size

effect and improving the ferroelectric stability of FTJs

are the important issues of theoretical and experimental

studies.

One worth noting in recent studies of FTJs is the increas-

ing attentions paid to those with asymmetric

geometries,16,37–40,42–46 aiming to find additional asymmetry-

related functionalities. Compared with symmetric FTJs

(S-FTJs), asymmetric FTJs (A-FTJs) have different top

and bottom electrodes or electrode/FTF interfaces.

Consequently, the degeneracy of polarization states with

anti-directions is broken in A-FTJs, leading to distinct size

dependences of the two states. Furthermore, the properties of

A-FTJs described by a scalar quantity (e.g., potential and

conductance) should also have dependence on polarization

direction. Indeed, making use of the inequivalent potential

barrier with respect to polarization direction, Tsymbal

et al.16,43,44 have demonstrated in A-FTJs that orders of mag-

nitude change of tunneling conductance can be obtained in

response to polarization reversal in the barrier, namely giant

electro-resistance (GER) effect. More recently, important

features of A-FTJs, i.e., the built-in field, absence of the

critical thickness for one polarization state and related

effects like smearing of phase transition have been

predicted.16,38–40,42 These new features associated with

A-FTJs should have important implications on the applica-

tion and are all expected to be dependent on the details of

electrode/FTF interfaces.

In literature, first-principle calculations have already

been performed to reveal the ferroelectric size effect in

BTO tunnel junctions.16,30,31,34–36,38,40 Nevertheless, due to

the different focus of these calculations, and the fact that

various supercell models, approximations (e.g., local-

density approximation vs. generalized-gradient approxima-

tion), and method details (e.g., frozen-phonon method vs.

full relaxation method) were adopted among different

groups, the existed results are difficult to compare at the

quantitative level. A complete picture of the ferroelectric

size effect in BTO tunnel junctions as a function of elec-

trode/FTF interfaces is lacking. In this paper, we apply a

systematic ab-initio density functional theory (DFT) investi-

gation on the ferroelectric size effect of BTO tunnel junc-

tions with metal Pt and/or oxide SRO electrodes. With

comprehensively taking into account the details of elec-

trode/FTF interfaces, the characteristics of atomic structure,

polarization, charge density, and electrostatic potential for

up to ten possible types of FTJs are revealed and discussed.

Our study should have valuable implications for further

studies and applications.

II. METHODOLOGY

The calculations are performed based on the DFT as

implemented in Vienna ab initio Simulation Package

(VASP).49 A plane-wave basis set and projector augmented

wave (PAW) potentials are employed.50 The exchange-

correlation potential is treated in the local density approxima-

tion (LDA).51 The plane wave functions are expanded with

the energy cutoff of 500 eV. To obtain the ground states of the

FTJs, all the atoms are relaxed using a 8� 8� 1 Monkhorst

Pack grid for k-point sampling52 until the Hellmann-Feynman

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

In our simulations, the FTJs are modeled to be epitax-

ially grown on a thick STO (001) substrate. The simulation

supercells are built up by aligning the (001) oriented BTO

ferroelectric films with the Pt (001) and SRO (001)
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electrodes. The in-plane lattice constant of the supercells is

constrained to be the theoretical lattice constant of cubic

STO (3.8668 Å).40 Relaxation of bulk Pt, SRO, and BTO lat-

tices are performed under this constraint. The resulting tet-

ragonal unit cells (without ferroelectric distortion) are then

used as the building blocks for the supercells. We include a

vacuum region of �20 Å in the supercell to separate the top

and bottom electrodes of the perovskite films, so that full-

relaxations are achieved without artificial constraint on the

supercell strains. It was demonstrated recently by Kolpak

et al.53 that the isolated-capacitor model can give equivalent

electrical short-circuit conditions with the superlattice

model. For certainty, we have also checked some of the

relaxation results by cutting off the vacuum region and re-

relax the relaxed structure and found that the change in the

atomic displacements is negligible.

To systematically explore the influence of electrode/

ferroelectric interfaces, all of ten possible types of FTJ

geometries are constructed completely. They include the

symmetric ones, i.e., Pt/(TiO2-BaO)m-TiO2/Pt, Pt/BaO-

(TiO2-BaO)m/Pt, SRO/(TiO2-BaO)m-TiO2/SRO and SRO/

BaO-(TiO2-BaO)m/SRO, and the asymmetric ones, i.e., Pt/

(TiO2-BaO)m/Pt, SRO/(TiO2-BaO)m/SRO, Pt/(TiO2-BaO)m-

TiO2/SRO, Pt/BaO-(TiO2-BaO)m/SRO, Pt/(TiO2-BaO)m/

SRO, and Pt/(BaO-TiO2)m/SRO, with the number of perov-

skite unit-cells m ranging from 2 to 8 or 9 for each type of

tunnel junctions. To eliminate the effect of the electrode

thickness on the relevant properties of the system, at least

seven monolayers are included in the Pt and SRO electrodes.

With the investigation on these ten types of FTJs, the effects

of four types of interfaces, i.e., Pt2/TiO2, Pt2/BaO, RuO2/

BaO, and SrO/TiO2, and of their combinations can be com-

prehensively presented. Fig. 1 depicts the schematic atomic

structures of typical S-FTJs, A-FTJs, and the four types of

interfaces. Note that for the Pt2/TiO2 and Pt2/BaO interfaces,

we only consider bonding configurations with the lowest

energy,31 i.e., with Pt atoms situated above the oxygen atoms

on the TiO2 terminated surface and above Ba and O atoms

on the BaO terminated surface.

As the constructed supercells are initially without ferro-

electric distortion, to explore the ferroelectric stability of the

FTJs, the barrier region of the supercells is distorted by an

out of plane ferroelectric distortion obtained from the bulk

strained BTO before a full relaxation of the structures. For

S-FTJs, we also keep the mirror symmetry of the initial struc-

tures (i.e., without ferroelectric distortion) and relax them

into centrosymmetric state so as to have an insight into the

interfacial effect in the absence of bulk ferroelectricity. For

A-FTJs, both of positive and negative ferroelectric distortions

are imposed to reveal the direction dependence of polariza-

tion stability. In following simulations, if not mentioned oth-

erwise, the tunnel junctions are imagined to be horizontally

placed as indicated by their formula. The direction from left

to right (which is also the z direction) is then defined as posi-

tive. As an example, for tunnel junctions in formula Pt/(BaO-

TiO2)m/SRO, the positive direction points from the left Pt2/

BaO interface to the right TiO2/SrO interface. To be clear,

we denote symbols “P0!” and “P0 ” to indicate that the

tunnel junction is initially with positive and negative ferro-

electric distortion, respectively. Moreover, symbols “P!”

and “P ” are also introduced to, respectively, represent the

positive and negative polarization state of the relaxed tunnel

junction. We calculate the local polarization within the BTO

unit-cells using the Berry phase method54 by evaluating

P ¼ ðe=VunitcellÞ
P

iZiUi, where e is the electronic charge,

Vunitcell is the volume of unit-cell, Zi is the Born effective

charge of the ith ion, and Ui is the displacement of the ith ion

from its position in the bulk paraelectric state.

III. RESULTS AND DISCUSSION

A. Symmetric ferroelectric tunnel junctions (S-FTJs)

We first perform calculations on S-FTJs without an ini-

tial ferroelectric distortion, which can provide us an insight

into the interfacial effect in the absence of bulk ferroelectric-

ity due to the constraint of mirror symmetry. The calculated

Ti-O rumpling of [001] TiO2 monolayers (i.e., the relative

displacement between Ti and O layers) and Ba-O rumpling

FIG. 1. (a) Schematic atomic structures

of typical symmetric or asymmetric

FTJs in our investigation. From left to

right is Pt/(TiO2-BaO)2-TiO2/Pt, SRO/

(TiO2-BaO)3/SRO, Pt/(TiO2-BaO)2-

TiO2/SRO, and Pt/(TiO2-BaO)3/SRO

tunnel junction. A vacuum region is

included in the supercell to separate the

top and bottom electrodes. (b) Four

types of interfaces, i.e., (i) Pt2/TiO2

interface, (ii) Pt2/BaO interface, (iii)

RuO2/BaO interface, and (iv) SrO/TiO2

interface.
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of [001] BaO monolayers in the relaxed S-FTJs are, respec-

tively, depicted in the left and right column of Fig. 2. To be

specific, Figs. 2(a)–2(b), 2(c)–2(d), 2(e)–2(f), and 2(g)–2(h)

are the results of Pt/(TiO2-BaO)m-TiO2/Pt, Pt/BaO-(TiO2-

BaO)m/Pt, SRO/(TiO2-BaO)m-TiO2/SRO, and SRO/BaO-

(TiO2-BaO)m/SRO tunnel junctions, respectively, with m
ranging from 2 to 8.

As can be seen from Fig. 2, due to the symmetry con-

straint during relaxation, the relaxed structures are all forced

into centrosymmetric states. Nevertheless, the atomic rum-

plings of the four types of S-FTJs are found quite different,

indicating strong dependence on the details of electrode/FTF

interfaces. First, note that the atomic rumplings of tunnel

junctions with Pt electrodes (Figs. 2(a)–2(d)) are generally

more significant than those of tunnel junctions with SRO

electrodes (Figs. 2(e)–2(f)). For example, a large Ba-O rum-

pling over 0.1 Å exists in the Pt2/BaO interface of Pt/BaO-

(TiO2-BaO)m/Pt tunnel junctions (Fig. 2(d)), which is much

larger than that (�0.03 Å) found at the RuO2/BaO interface

of SRO/BaO-(TiO2-BaO)m/SRO tunnel junctions (Fig. 2(h)).

Second, Figs. 2(a)–2(b) show that the atomic rumpling

profiles of Pt/(TiO2-BaO)m-TiO2/Pt tunnel junctions exhibit

both long-range and short-range features, whereas those of

the latter three types of S-FTJs only exhibit short-range

feature with large rumplings at the near-interfacial layers

(Figs. 2(c)–2(h)). Furthermore, as clearly shown by the latter

three types of S-FTJs, the magnitude of interfacial atomic

rumplings keeps almost the same as the unit-cell number m
changes, which implies that the short-range feature of the

interface effect is size independent. Third, the Ti-O rumpling

profiles are found in an opposite trend to the Ba-O rumpling

profiles for each type of S-FTJs except Pt/(TiO2-BaO)m-

TiO2/Pt tunnel junctions.

Actually, for Pt/(TiO2-BaO)m-TiO2/Pt tunnel junctions

with large thickness (e.g., m¼ 8), two ferroelectric distorted

regions with anti-directions are formed in the barrier, mani-

festing with a sine shape of Ti-O rumpling distribution and a

linear shape of Ba-O rumpling distribution. This result is

interesting as it implies that Pt2/TiO2 interface can induce a

long-range ferroelectric distortion although the barrier is ini-

tially paraelectric and kept in mirror symmetry. Note that the

induced long-range ferroelectric distortion points from the

interface into the barrier. Meanwhile, the Pt2/TiO2 interface

also induces short-range interfacial rumplings, with Ti-O

(Ba-O) rumpling at the interface pointing to (away from) the

electrode, similar with the result of Ref. 47. Due to this

effect, the relaxed structures of Pt/(TiO2-BaO)m-TiO2/Pt tun-

nel junctions with large m are centrosymmetric but not para-

electric. (In the following, nevertheless, we still call this

state as paraelectric state.) Only for tunnel junction with two

unit-cells, i.e., Pt/(TiO2-BaO)2-TiO2/Pt, the long-rang effect

is totally prohibited, and a real paraelectric state is formed.

The above result indicates that the Pt/BTO interfaces

can induce more significant atomic rumplings in the barrier

than the SRO/BTO interfaces, nevertheless, except for the

Pt/(TiO2-BaO)m-TiO2/Pt tunnel junctions, the coupling of

the interface structure with the ferroelectric distortion is

excluded. In the next, to further explore interfacial effects on

the ferroelectric stability of S-FTJs, we relax the four types

of S-FTJs with an initial positive ferroelectric distortion in

the barrier (i.e., P0! state). For example, a ferroelectric dis-

tortion from left Pt2/TiO2 to right TiO2/Pt2 interface is ini-

tially imposed to Pt/(TiO2-BaO)m-TiO2/Pt tunnel junctions.

Fig. 3 shows the calculated results for the four types of S-

FTJs, where (a), (b), (c), and (d) labels the results of Pt/

(TiO2-BaO)m-TiO2/Pt, Pt/BaO-(TiO2-BaO)m/Pt, SRO/(TiO2-

BaO)m-TiO2/SRO, and SRO/BaO-(TiO2-BaO)m/SRO tunnel

junctions, respectively, with m ranging from 2 to 8. Column

from left to right depicts the Ti-O rumpling of [001] TiO2

monolayers, the Ba-O rumpling of [001] BaO monolayers,

the local polarization distribution, and the average polariza-

tion as a function of unit-cell number m, respectively.

For Pt/(TiO2-BaO)m-TiO2/Pt tunnel junctions, as shown

in the left panel of Fig. 3(a), it can be seen that the Ti-O rum-

pling distribution is inhomogeneous across the barrier. When

the unit-cell number m of the barrier is above three, the Ti-O

rumpling distribution is positive and asymmetric, indicating

the appearance of net polarization across the barrier and a

polarization-related asymmetric field. Otherwise, as m is

smaller than three, the Ti-O rumpling distribution becomes

FIG. 2. Distribution of Ti-O rumpling of [001] TiO2 monolayers (left col-

umn) and Ba-O rumpling of [001] BaO monolayers (right column) of the

relaxed S-FTJs without an initial ferroelectric distortion. (a)–(b), (c)–(d),

(e)–(f), and (h)–(g) are the results of Pt/(TiO2–BaO)m-TiO2/Pt, Pt/BaO-

(TiO2-BaO)m/Pt, SRO/(TiO2-BaO)m-TiO2/SRO, and SRO/BaO-(TiO2-

BaO)m/SRO tunnel junctions, respectively. The layer index is set zero at the

middle plane of the barrier.
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centrosymmetric and similar with that shown in Fig. 2(a),

indicating the zero net polarization. Similar trend is found in

the size dependence of the Ba-O rumpling as shown in the

second panel of Fig. 3(a). Therefore, ferroelectric instability

happens when the tunnel junction has less than four unit-

cells. From the calculated local polarization and average

polarization as shown in the last two panels of Fig. 3(a), the

FCT of this type of tunnel junctions is indeed four unit-cells.

As already pointed out (see Figs. 2(a)–2(b)), a combination

of Pt/TiO2 and TiO2/Pt interfaces tends to induce a sine

shape of Ti-O rumpling distribution and a linear shape of

Ba-O rumpling distribution. These features are clearly

reflected in the relaxation result of tunnel junctions with an

initial ferroelectric distortion, demonstrating again the dis-

tinct coupling effect between the ferroelectric distortion and

interfaces for this type of tunnel junctions.

The calculated results of Pt/BaO-(TiO2-BaO)m/Pt tunnel

junctions with an initial positive ferroelectric distortion are

depicted in Fig. 3(b). Compared with previous results of Pt/

(TiO2-BaO)m-TiO2/Pt tunnel junctions (see Fig. 3(a)), they

show quite different features. From the first two panels of

Fig. 3(b), we found that the atomic rumplings remain posi-

tive for all thickness and even increase in magnitude as the

unit-cell number m decreases, indicating an abnormal

enhancement of ferroelectricity. Particularly, for all thick-

ness, a remarkable Ba-O rumpling over 0.4 Å is found at the

left Pt2/BaO interface. Compared this value with that

(�0.1 Å) of the tunnel junctions in centrosymmetric state

(see Figs. 2(c)–2(d)), this remarkable Ba-O rumpling indi-

cates a strong coupling of Pt2/BaO interfacial structure with

ferroelectric distortion. As will be seen in the following, Pt-

O bonding plays an important role in this coupling. The

inequivalent Pt-O bonding at the two interfaces induces a

large polarizing field, which conversely assists the formation

of bulk ferroelectricity. As shown in the last two panels of

Fig. 3(b), FCT is absent in this type of tunnel junctions.

There is a large local polarization at the left Pt2/BaO inter-

face, and the average polarization even increases as the unit-

cell number m decreases. The possible effect of vacuum

region has been checked by removing the vacuum region

and re-relaxing the structures, and no significant difference

is found. Furthermore, the energy of this ferroelectric state is

found indeed smaller than the energy of the paraelectric state

shown in Fig. 2(b). We think that a full relaxation of the

strains of the tunnel junction is important to observe this

abnormal ferroelectric size effect. This abnormal enhance-

ment of ferroelectricity by the Pt/BaO interface was in ac-

cordance with the prediction by Stengel et al.,36 who showed

FIG. 3. Calculated atomic structure

and polarization of the relaxed S-FTJs

with an initial positive ferroelectric

distortion. (a), (b), (c), and (d) labels

are the results of Pt/(TiO2-BaO)m-

TiO2/Pt, Pt/BaO-(TiO2-BaO)m/Pt,

SRO/(TiO2-BaO)m-TiO2/SRO, and

SRO/BaO-(TiO2-BaO)m/SRO, respec-

tively. Column from left to right is the

Ti-O rumpling of [001] TiO2 mono-

layers, the Ba-O rumpling of [001]

BaO monolayers, the local polarization

distribution, and the average polariza-

tion as a function of unit-cell number

m, respectively. The layer index is set

zero at the middle plane of the barrier.
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that the Pt-O bonding at the Pt2/BaO interface can enhance

ferroelectricity. We notice that the absence of critical-size in

S-FTJs is also possible by breaking in-plane symmetry of

metal/FTFs interfaces, which can strengthen the electrode-

oxide bonds and stabilize polarization.37

As depicted in Figs. 3(c) and 3(d), the ferroelectric size

effects of S-FTJs with SRO/BTO interfaces manifest them-

selves in a more conventional way compared with those of

S-FTJs with Pt/BTO interfaces. For both types of S-FTJs, the

calculated atomic rumplings and local polarization distribu-

tions are quite homogeneous within the barrier except at the

interfacial regions, indicating the distinguishable long-range

and short-range features of the interfaces. For SRO/(TiO2-

BaO)m-TiO2/SRO tunnel junctions with more than three

unit-cells (see Fig. 3(c)), the atomic rumplings are positive

and in asymmetric distribution, with the Ti-O rumpling hav-

ing a much smaller magnitude at the right interface and the

Ba-O rumpling having slightly larger magnitude at the inter-

facial regions. As the tunnel junction has three or less unit-

cells, the atomic rumplings become centrosymmetric and

near zero, indicating the instability of ferroelectric phase and

a FCT about four unit-cells. Meanwhile, for SRO/BaO-

(TiO2-BaO)m/SRO tunnel junctions (see Fig. 3(d)), it is

found that the ferroelectric state is stable when the unit-cell

number m is larger than four, i.e., critical thickness is five

unit-cells. In the ferroelectric state of this type of tunnel

junctions, the Ti-O rumpling has smaller magnitude at the

interfacial regions, and a smaller (larger) Ba-O rumpling is

found at the left (right) interfaces than the inner region. For

both types of S-FTJs, the local polarization distribution of

ferroelectric state is found in similar trend with the Ti-O

rumpling. Notice that our calculated atomic rumpling pat-

terns agree well with the reported ones by Tagantsev et al.;35

however, the FCT of each type of tunnel junctions is one

unit-cell larger than their reported value. This difference

may be due to that we have used the local-density approxi-

mation rather than generalized-gradient approximation.

A series of computed structural parameters at different

interfaces of S-FTJs with m¼ 8 are depicted in Table I. The

parameters include the Pt-O bonding length at Pt2/TiO2 and

Pt2/BaO interfaces Lz
Pt-O, the Pt-Ba atomic distance at the Pt2/

BaO interface Lz
Pt-Ba, the Ti-O bonding length at the SrO/

TiO2 interface Lz
Ti-O, the Ru-O bonding length at the RuO2/

BaO interface Lz
Ru-O, and the atomic rumplings of [001]

monolayers at the interfaces dxy
Ti-O, dxy

Ba-O, dxy
Sr-O; and dxy

Ru-O.

With these parameters, the interfacial structures of the tunnel

junctions can be fully characterized. To have a comprehensive

insight into the coupling behavior between interfacial struc-

ture and polarization states of the tunnel junction, we list pa-

rameters at the left interface when the relaxed tunnel junction

is in paraelectric state, positive polarization state (P!), and

negative polarization state (P ).

From Table I, it can be seen that the interfacial structural

parameters of a specific interface depend on the polarization

state of the tunnel junction. The most notable dependence is

found at those of Pt2/BaO interface, especially the Pt-O

bonding length, indicating its important role in determining

the abnormal ferroelectric size effect of Pt/BaO-(TiO2-

BaO)m/Pt tunnel junctions shown in Fig. 3(b). Specifically,

as the tunnel junction is in paraelectric state, the Pt-O bond-

ing length Lz
Pt-O, the Pt-Ba distance Lz

Pt-Ba, and the rumpling

of interfacial BaO layer dxy
Ba�O is 2.286 Å, 2.869 Å, and

0.121 Å, respectively. When the tunnel junction is in P!
(P ) state, these three parameters change to be 2.062 Å

(3.269 Å), 2.912 Å (3.136 Å), and 0.407 Å (�0.217 Å),

respectively. From these parameters, it can be noted that the

interfacial distance between the Pt layer and BaO layer

changes a lot (�1Å) when the polarization reverses.

Besides, a significant rumpling of Pt layer dxy
Pt-Pt exists at the

Pt2/BaO interface, which is about 0.462 Å, 0.443 Å, and

0.084 Å for the three polarization states, respectively, by

noticing that dxy
Pt-Pt ¼ Lz

Pt-Ba � ðLz
Pt-O þ dxy

Ba-OÞ. One of the

obtained parameter 0.462 Å rumpling of Pt layer in the cen-

trosymmetric state is in good agreement with the one given

by Stengel et al.36 List of these parameters also show effect

of interfaces on the ferroelectricity of FTJs.

For the other three types of interfaces, the structural pa-

rameters exhibit much less significant changes as the polar-

ization state of the tunnel junction changes. For example, for

Pt2/TiO2 interface, the Pt-O bonding length changes a little

bit from 2.098 Å to 2.090 Å (2.132 Å) when the tunnel junc-

tion changes from the paraelectric state to P! (P ) state. It

is worth to note that a notable rumpling of the SrO layer

dxy
Sr-O is observed at the SrO/TiO2 interface when the tunnel

junction is in ferroelectric state, which is in the same direc-

tion with the Ti-O rumpling, indicating a penetration of fer-

roelectric distortion into the SRO electrode. Contrarily, as

shown by the rumpling of the RuO2 layer dxy
Ru�O, an interfa-

cial Ru-O dipole directed from the electrode to the barrier is

always found at RuO2/BaO interface, irrespective with the

ferroelectric state of the barrier.

To analyze the charge transfer of atomic bondings at the

interfaces, we further investigated the differential electron

charge density Dqscf-nscf, which denotes the difference

TABLE I. Computed structural parameters (in unit Å) at the left interfaces of relaxed Pt/(TiO2-BaO)8-TiO2/Pt, Pt/BaO-(TiO2-BaO)8/Pt, SRO/(TiO2-BaO)8-

TiO2/SRO, and SRO/BaO-(TiO2-BaO)8/SRO tunnel junctions. The tunnel junctions are in paraelectric, positive polarization (P!), and negative polarization

state (P ).

Pt2-TiO2 Pt2-BaO SrO-TiO2 RuO2-BaO

States Lz
Pt-O dxy

Ti-O Lz
Pt-O Lz

Pt-Ba dxy
Ba-O Lz

Ti-O dxy
Sr-O dxy

Ti-O Lz
Ru-O dxy

Ru-O dxy
Ba-O

paraelectric 2.098 0.012 2.286 2.869 0.121 1.913 0.011 0.025 2.013 0.093 �0.031

P! 2.090 0.054 2.062 2.912 0.407 2.025 0.117 0.127 1.975 0.109 0.064

P 2.132 �0.126 3.269 3.136 �0.217 1.838 �0.092 �0.092 2.055 0.060 �0.107
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between the self-consistent electron charge density and the

non-self-consistent one (i.e., a superposition of atomic elec-

tron charge densities) of the relaxed supercell. Fig. 4 depicts

Dqscf-nscf distribution (cut at the middle [100] or [110] plane

of the supercell) at the interfaces of S-FTJs with m¼ 8,

which are relaxed into ferroelectric state with the polariza-

tion direction as indicted by the arrow. As oxygen atoms

tend to gain electrons from the other atoms after bonding, for

tunnel junctions with Pt electrodes, it is clearly seen that

there is an electron loss (red color) at the electrodes and an

electron gain (blue color) in the ferroelectric barrier (see Figs.

4(a)–4(b)). Actually, although not obvious from the Figs.

4(c)–4(d), similar trend of charge transfer happens in tunnel

junctions with SRO electrodes. Moreover, result shows that

the asymmetric interfacial structure at the left and right inter-

faces due to ferroelectric distortion can lead to dissimilar

interfacial bonding environments and redistributes the interfa-

cial charge density. Particularly as shown in Fig. 4(b), due to

the strong coupling between Pt-O bonding and local ferroelec-

tric distortion, the bonding environment and interfacial charge

density are very different at the two interfaces. As can be

expected, due to this asymmetric structure, electrostatic prop-

erties such as the screen ability, work function, and potential

steps should be varied for the two interfaces.

To see the charge transfer at the interfaces of S-FTJs

more clearly, in Fig. 5, we plot the macroscopic-averaged

differential electron charge density along z direction

D��qscf-nscfðzÞ for S-FTJs with m¼ 8 using a double-

macroscopic-average method.55,56 For comparison, both

paraelectric and ferroelectric states are presented. Consistent

with Fig. 4, for all the tunnel junctions, there is an electron

loss at the electrodes and an electron gain in the ferroelectric

barrier. Particularly, the charge transfer is larger at the

Pt/BTO interfaces than that at the SRO/BTO interfaces.

Comparison between the curves of paraelectric and ferro-

electric states shows that D��qscf-nscfðzÞ becomes asymmetric

when the tunnel junction changes into ferroelectric state,

indicating the appearance of polarization charge in the bar-

rier surface and the screening charge in the electrodes.

Interestingly, the difference in D��qscf-nscfðzÞ between the

paraelectric and ferroelectric states is found more significant

at the SRO/BTO interfaces (see Figs. 5(c)–5(d)) than at the

Pt/BTO interfaces (see Figs. 5(a)–5(b)). This implies that the

coupling between electron transfer and the ferroelectric

distortion at the SRO/BTO interfaces is more sensitive than

the Pt/BTO interfaces.

As can be expected, the distinct interfacial charge trans-

fer and its coupling with ferroelectric distortion at various

interfaces (see Figs. 4 and 5) should affect the potential dis-

tribution in the tunnel junction. This will further impose im-

portant effect on the electronic properties of the tunnel

junction. The macroscopic-averaged electrostatic potential

energy profile along z direction ��VðzÞ for S-FTJs with m¼ 8

in both paraelectric and ferroelectric states is depicted Fig. 6.

It can be seen that the potential profiles converge to constant

levels inside the electrodes. For tunnel junctions in their

paraelectric state (except Pt/(TiO2-BaO)8-TiO2/Pt tunnel

junction), the profiles are also quite flat inside the barrier,

indicating a convergence to the bulk level. Meanwhile, for

Pt/(TiO2-BaO)8-TiO2/Pt tunnel junction in paraelectric state

as shown in Fig. 6(a), there is nonzero electric field distribu-

tion inside the barrier due to the appearance of anti-polarized

regions. As a consequence of larger interfacial charge trans-

fer between the Pt electrode and the barrier, Pt/BTO

FIG. 4. Calculated differential charge

density profile at the relaxed interfaces

of (a) Pt/(TiO2-BaO)8-TiO2/Pt, (b) Pt/

BaO-(TiO2-BaO)8/Pt, (c) SRO/(TiO2-

BaO)8-TiO2/SRO, and (d) SRO/BaO-

(TiO2-BaO)8/SRO tunnel junction. The

tunnel junctions are in ferroelectric

state with the direction of the polariza-

tion as indicated by the arrow.

Electron loss is given by blue color

and electron gain by red color.

FIG. 5. Macroscopic-averaged differential charge density along z direction

of S-FTJs in paraelectric and positive polarization states. e is the charge of

an electron and Vcell is the volume of the supercell. (a) Pt/(TiO2-BaO)8-

TiO2/Pt, (b) Pt/BaO-(TiO2-BaO)8/Pt, (c) SRO/(TiO2-BaO)8-TiO2/SRO, and

(d) SRO/BaO-(TiO2-BaO)8/SRO tunnel junction.
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interfaces have larger potential steps (i.e., the difference

between the potential levels at the inner region of electrode

and barrier) than SRO/BTO interfaces. According to the data

of Pt/BaO-(TiO2-BaO)8/Pt and SRO/(TiO2-BaO)8-TiO2/

SRO tunnel junction as shown in Figs. 6(b) and 6(c), the dif-

ference is estimated to be �2.8 eV.

For tunnel junctions in ferroelectric states, due to the

appearance of net polarization, non-centrosymmetric poten-

tial profiles are expected. Indeed, as shown in Fig. 6(a)), a

depolarizing field of about �2.0� 108 V/m is found in the

barrier of Pt/(TiO2-BaO)8-TiO2/Pt tunnel junction in ferro-

electric state. Meanwhile, Fig. 6(b) implies a large polarizing

field of about 2.2� 108 V/m in the ferroelectric state of Pt/

BaO-(TiO2-BaO)8/Pt tunnel junction. For the SRO/(TiO2-

BaO)8-TiO2/SRO and SRO/BaO-(TiO2-BaO)8/SRO tunnel

junctions (see Figs. 6(c) and 6(d)), the potential distributions

are similar and the depolarization field is about �3.2� 108

V/m and �3.0� 108 V/m, respectively. Note that unlike the

other three types of interfaces, there is a significant potential

peak at the Pt2/BaO interface, due to the large interfacial dis-

tance at this interface (see Table I). From the computed

structural parameters in Table I, we can see that the large

polarizing field originates from the inequal change of the

potential steps at the two Pt/BTO interfaces. Moreover, it is

worth to note that the average height of the potential barrier

is slightly larger in the ferroelectric state for all tunnel junc-

tions. This might indicate a larger electroresistance of the

tunnel junction in the ferroelectric state than the paraelectric

state.

B. Asymmetric ferroelectric tunnel junctions (A-FTJs)

Up to now, all the results presented are about S-FTJs. In

realistic devices, the FTJs are likely in asymmetric geome-

tries, which may bring distinct effects that are absent in

S-FTJs. In the following, we focus on A-FTJs, including

those with similar electrodes but different interfacial bond-

ings, i.e., Pt/(TiO2-BaO)m/Pt and SRO/(BaO-TiO2)m/SRO,

and those with dissimilar electrodes, i.e., Pt/(TiO2-BaO)m-

TiO2/SRO, Pt/BaO-(TiO2-BaO)m/SRO, Pt/(BaO-TiO2)m/

SRO, and Pt/(TiO2-BaO)m/SRO, with the number of unit-

cells m ranging from 2 to 8 or 9. Similar with the previous

study on S-FTJs, we investigate the ferroelectric stability of

the A-FTJs by relaxing the supercells with an initial ferro-

electric distortion in the barrier region. Due to the asymme-

try of these A-FTJs, the polarization states along the positive

and negative directions are no longer equivalent. Therefore,

both positive and negative ferroelectric distortions are ini-

tially imposed to the tunnel junction to reveal the direction

dependence of polarization stability, with the two initial

states denoted as “P0!” and “P0 .”

To show the importance of interfacial bondings in

affecting the ferroelectric size effect, we first investigate the

A-FTJs with similar electrodes but different interfacial bond-

ings. The calculated results of Pt/(TiO2-BaO)m/Pt tunnel

junctions are shown in Fig. 7, including the atomic rum-

plings of [001] TiO2 and BaO monolayers in the barrier, the

local polarization and thickness dependence of the average

polarization. Compared with the results of S-FTJs with Pt

electrodes in the same polarization state (see Figs.

3(a)–3(b)), the atomic rumplings and local polarization near

the specific interface (e.g., Pt2/TiO2 or Pt2/BaO interfaces)

are found similar, which reflects that the local feature of a

specific interface is well kept in different types of tunnel

junctions. For example, the significant depressing effect of

left Pt2/TiO2 interface on the positive Ti-O rumpling can be

clearly seen in Fig. 7. More importantly, despite the similar

top and bottom electrodes, the positive and negative

FIG. 6. Macroscopic-averaged electrostatic potential energy profile along z
direction of S-FTJs in paraelectric and positive polarization states. (a) Pt/

(TiO2-BaO)8-TiO2/Pt, (b) Pt/BaO-(TiO2-BaO)8/Pt, (c) SRO/(TiO2-BaO)8-

TiO2/SRO, and (d) SRO/BaO-(TiO2-BaO)8/SRO tunnel junction.

FIG. 7. Calculated results of Pt/(TiO2-BaO)m/Pt tunnel junctions with initial

positive and negative ferroelectric distortions. (a) Ti-O rumpling of [001]

TiO2 monolayers. (b) Ba-O rumpling of [001] BaO monolayers. (c) Local

polarization distribution. (d) Average polarization as a function of unit-cell

number m. The layer index is set zero at the middle plane of the barrier.
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polarization states are no longer equivalent due to the dissim-

ilar interfacial bondings. Specifically, note that the rumplings

for the two states (e.g., m¼ 8) are qualitatively different.

Furthermore, the polarization stability exhibit dependence on

direction. Specifically, for all thickness (i.e., m from 2 to 8),

tunnel junctions with an initial positive ferroelectric distor-

tion are relaxed into the positive polarization state.

Meanwhile, for tunnel junctions with an initial negative fer-

roelectric distortion, only those with large thickness (i.e.,

m¼ 7, 8) are relaxed into the negative polarization state,

with the others relaxed into the positive polarization state. In

other words, there is no critical thickness for the positive

polarization state and a large critical thickness about seven

unit-cells for the negative polarization state. From the calcu-

lated polarization as depicted in Figs. 7(c)–7(d), we can also

see that the polarization of positive state even increases a lit-

tle bit as the barrier thickness decreases. Comparing with the

result of Fig. 3(b), we consider that Pt2/BaO interface plays

an important role in this polarization enhancement.

For SRO/(BaO-TiO2)m/SRO tunnel junctions with m
ranging from 2 to 8, the calculated results of the atomic rum-

plings of [001] monolayers, the local polarization and the av-

erage polarization as a function of thickness are shown in

Fig. 8. Again, the atomic rumplings and local polarization

near the specific interface (e.g., TiO2/SrO or RuO2/BaO

interfaces) are found similar with those of the S-FTJs (see

Figs. 3(c)–3(d)). Moreover, the polarization states along

different directions are inequivalent with each other.

Particularly, polarization state along the positive direction

(i.e., from the RuO2/BaO to TiO2/SrO interface) is found

more stable for this type of tunnel junctions, consistent with

the work of Gerra et al.38 For tunnel junctions with an initial

negative ferroelectric distortion, those with less than six

unit-cells will relax into a positive polarization state, indicat-

ing a loss of stability for the negative polarization state.

Compared with the result of Pt/(TiO2-BaO)m/Pt tunnel junc-

tions as shown in Fig. 7, the asymmetry of the SRO/(BaO-

TiO2)m/SRO tunnel junctions is less significant, due to the

similarity of TiO2/SrO and RuO2/BaO interfaces. Unlike the

polarization enhancement found in Pt/(TiO2-BaO)m/Pt tunnel

junctions, the polarization of SRO/(BaO-TiO2)m/SRO tunnel

junctions continually deceases as the barrier thickness

decreases and becomes zero when the unit-cell number m is

two as shown in Figs. 8(c)–8(d). From this result, it can be

seen that the more stable polarization state of A-FTJ is not

necessary absence of critical thickness. Note also that at

m¼ 5, the positive polarization state obtained in tunnel junc-

tions with an initial negative ferroelectric distortion has

smaller atomic rumplings and polarization magnitude than

that obtained in tunnel junctions with an initial positive fer-

roelectric distortion. This indicates that the energy surface of

the tunnel junction may have multiple valleys along a given

direction of polarization.

As all the investigated FTJs so far are with similar top

and bottom electrodes, it would be interesting to see whether

adopting dissimilar top and bottom electrodes can brought

new features, such as giant electro-resistance effect

(GER),16,43,44 giant piezoelectric resistance effect

(GPR),45,48 etc. The relaxation results of Pt/(TiO2-BaO)m-

TiO2/SRO tunnel junctions with initial positive and negative

ferroelectric distortion are shown in Fig. 9. It can be seen

that despite the dissimilar electrodes in the A-FTJs, the

FIG. 8. Calculated results of SRO/(BaO-TiO2)m/SRO tunnel junctions with

initial positive and negative ferroelectric distortions. (a) Ti-O rumpling of

[001] TiO2 monolayers. (b) Ba-O rumpling of [001] BaO monolayers. (c)

Local polarization distribution. (d) Average polarization as a function of

unit-cell number m. The layer index is set zero at the middle plane of the

barrier.

FIG. 9. Calculated results of Pt/(TiO2-BaO)m-TiO2/SRO tunnel junctions

with initial positive and negative ferroelectric distortions. (a) Ti-O rumpling

of [001] TiO2 monolayers. (b) Ba-O rumpling of [001] BaO monolayers. (c)

Local polarization distribution. (d) Average polarization as a function of

unit-cell number m. The layer index is set zero at the middle plane of the

barrier.
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atomic rumplings and local polarization near the specific

interface (e.g., TiO2/SrO or RuO2/BaO interfaces) are found

similar with those of the S-FTJs shown in Figs. 3(a) and

3(c). Interestingly, although the tunnel junctions have strong

asymmetry, Fig. 9(c) shows that the local polarization distri-

bution of the positive polarization state is quite symmetric.

For this type of A-FTJs, the more stable polarization state is

the positive polarization state (i.e., pointing from the Pt2/

TiO2 to TiO2/SrO interface), in consistence with the previous

investigation in literature.40 In particular, the negative polar-

ization state is not stable in tunnel junctions with an initial

negative ferroelectric distortion when their thickness is less

than eight unit-cells. Moreover, the polarization gradually

decreases as the barrier thickness decreases, and it maintains

notable (i.e., Pav� 017 C/m2) when m¼ 2. Thus, there is ab-

sence of critical thickness for the positive polarization state.

Similar with SRO/(BaO-TiO2)m/SRO tunnel junctions, we

also found that the positive polarization state obtained in tun-

nel junctions with a negative ferroelectric distortion is not

exactly the same with that obtained in tunnel junctions with

an initial positive ferroelectric distortion, indicating compli-

cated energy surface.

The calculated results of Pt/BaO-(TiO2-BaO)m/SRO tun-

nel junctions with initial positive and negative ferroelectric

distortion are shown in Fig. 10. The local features of atomic

rumplings and local polarization near the Pt2/BaO and BaO/

SRO interfaces are also found similar with those of the

S-FTJs (see Figs. 3(b) and 3(d)). As a consequence of the

distinct features of the two interfaces, the atomic rumplings

and local polarization profiles are asymmetric and quite dif-

ferent for the two polarization state. For this type of A-FTJs,

the more stable polarization state is the negative polarization

state (i.e., pointing from BaO/RuO2 to Pt2/BaO interface), in

contrary with Pt/(TiO2-BaO)m-TiO2/SRO tunnel junctions

shown in Fig. 9. The critical thickness of the positive polar-

ization state is five unit-cells. The negative polarization state

maintains a large magnitude (Pav� 0.33 C/m2) as the film

thickness decreases. Compared with the result of Pt/(TiO2-

BaO)m/Pt tunnel junctions, both the two types of tunnel junc-

tions have more stable polarization state pointing into the

Pt2/BaO interface, indicating a dominant role of Pt2/BaO

interface in determining the polarization stability. It is also

interesting to notice that the critical thickness of the less sta-

ble polarization state of this type of tunnel junctions is

smaller than that of SRO/(BaO-TiO2)m/SRO tunnel junc-

tions, although a large built-in field is found in the former

type of tunnel junctions (see in the following). This may

indicate a deeper valley of the energy surface of the former

type of tunnel junctions.

In Fig. 11, we depict the calculated results of Pt/(BaO-

TiO2)m/SRO tunnel junctions with initial positive and nega-

tive ferroelectric distortion. Similar with the other types

of tunnel junctions involving Pt2/BaO interface (see Figs. 3,

8, and 10), we found the relaxed structures have large Ba-O

rumpling especially when the interfacial ferroelectric distor-

tion is pointing away from the electrode, indicating again the

well-kept local features of the specific interfaces in different

types of tunnel junctions. As a result, the local polarization

always has a larger magnitude at the Pt2/BaO interface than

at the other region. Moreover, compared with the results of

Pt/BaO-(TiO2-BaO)m/SRO tunnel junctions as shown in

Fig. 10, one can note that the atomic rumplings and local

FIG. 10. Calculated results of Pt/BaO-(TiO2-BaO)m/SRO tunnel junctions

with initial positive and negative ferroelectric distortions. (a) Ti-O rumpling

of [001] TiO2 monolayers. (b) Ba-O rumpling of [001] BaO monolayers. (c)

Local polarization distribution. (d) Average polarization as a function of

unit-cell number m. The layer index is set zero at the middle plane of the

barrier.

FIG. 11. Calculated results of Pt/(BaO-TiO2)m/SRO tunnel junctions with

initial positive and negative ferroelectric distortions. (a) Ti-O rumpling of

[001] TiO2 monolayers. (b) Ba-O rumpling of [001] BaO monolayers. (c)

Local polarization distribution. (d) Average polarization as a function of

unit-cell number m. The layer index is set zero at the middle plane of the

barrier.
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polarization profiles are quite similar, except some difference

at the right interfaces due to the different local features of

TiO2/SRO and BaO/SRO. This again provides evidence of

the dominant role of Pt2/BaO interface in determining the

overall ferroelectric size effect of tunnel junctions. In agree-

ment with the result of Luo et al.,16 the critical thickness of

positive polarization state in this type of tunnel junctions is

about five unit-cells, below which it would flip into the nega-

tive polarization state. When decreasing barrier thickness,

the average polarization of negative polarization state is

slightly increased and reaches about 0.35 C/m2 at m¼ 2,

indicating an absence of critical thickness for this polariza-

tion state.

The calculated results of the last type of A-FTJs, i.e.,

Pt/(TiO2-BaO)m/SRO tunnel junctions, are shown in Fig. 12.

It can be seen that the results are quite similar to those of

Pt/(TiO2-BaO)m-TiO2/SRO tunnel junctions, indicating the

more dominant role of Pt2/TiO2 interface than the SRO/BTO

interfaces in determining the performance of the tunnel junc-

tions. The negative polarization state is not stable when

thickness of BTO barrier is less than eight unit-cells.

Moreover, the polarization gradually decreases as the barrier

thickness decreases, and it maintains notable (i.e.,

Pav� 012 C/m2) when m¼ 2, evidencing the absence of criti-

cal thickness for the positive polarization state. We also note

that the positive polarization state obtained in tunnel junc-

tions with a negative ferroelectric distortion is slightly differ-

ent from that obtained in tunnel junctions with an initial

positive ferroelectric distortion when m¼ 5, 6, and 7.

Furthermore, it can be seen that the local polarization profile

of this type of tunnel junctions is mainly in line with the

Ti-O rumpling profile, as the Ba-O rumplings are in moder-

ate magnitude.

To see the charge transfer at the interfaces of A-FTJs,

we plotted the macroscopic-averaged differential electron

charge density D��qscf-nscfðzÞ for A-FTJs with m¼ 8 as shown

in Fig. 13. Due to the asymmetry, both the positive and nega-

tive polarization states are calculated. From the results, it can

be seen that the local feature of the charge transfer at specific

interface is well kept in different types of tunnel junctions.

Specifically, for all the tunnel junctions, there is an electron

loss at the electrodes and an electron gain in the ferroelectric

barrier, with larger charge transfer at the Pt/BTO interfaces

than at the SRO/BTO interfaces. Comparison between the

differential electron charge density at positive and the nega-

tive polarization states shows that the differential electron

charge density would decrease (increase) at the left (right)

interface as the tunnel junction changes from positive polar-

ization state to negative polarization state, indicating the

changed sign of surface polarization charge and screening

charge at the interfaces. Similar with the S-FTJs, the cou-

pling between electron transfer and the ferroelectric distor-

tion at the SRO/BTO interfaces is found more sensitive than

that at the Pt/BTO interfaces.

The calculated macroscopic-averaged electrostatic

potential energy profile along z direction ��VðzÞ of A-FTJs

with m¼ 8 in positive and negative polarization states is

FIG. 12. Calculated results of Pt/(TiO2-BaO)m/SRO tunnel junctions with

initial positive and negative ferroelectric distortions. (a) Ti-O rumpling of

[001] TiO2 monolayers. (b) Ba-O rumpling of [001] BaO monolayers. (c)

Local polarization distribution. (d) Average polarization as a function of

unit-cell number m. The layer index is set zero at the middle plane of the

barrier.

FIG. 13. Macroscopic-averaged differential charge density along z direction

of A-FTJs in positive and negative polarization states. e is the charge of an

electron and Vcell is the volume of the supercell. (a) Pt/(TiO2-BaO)8/Pt, (b)

SRO/(BaO-TiO2)8/SRO, (c) Pt/(TiO2-BaO)8-TiO2/SRO, (d) Pt/BaO-(TiO2-

BaO)8/SRO, (e) Pt/(BaO-TiO2)8/SRO, and (f) Pt/(TiO2-BaO)8/SRO tunnel

junction.
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depicted Fig. 14. It can be seen that Pt/BTO interfaces have

larger potential steps than SRO/BTO interfaces, as a conse-

quence of the more significant interfacial charge transfer

between the Pt electrode and barrier. Particularly, as shown

in Fig. 14(a), the potential profiles of the two states in Pt/

(TiO2-BaO)8/Pt tunnel junction have positive slopes, indicat-

ing the existence of a positive built-in field in the barrier.

The magnitude of this built-in field can be roughly estimated

as half of the sum of the electric field of the two states, which

gives Eb¼�1.95� 108 V/m. This field is in the same direc-

tion of the positive polarization and thus has a strong polariz-

ing effect on this state. One could also note that the average

heights of the potential barrier of the two polarization states

are different by quite an amount, which should have impor-

tant effect on the electronic transport along the two direc-

tions. For SRO/(BaO-TiO2)8/SRO tunnel junction, the slopes

of the potential profiles of the two states have different sign

and are in the similar magnitude (see Fig. 14(b)). As a conse-

quence, the average heights of the potential barrier in the

two polarization state are similar. Actually, there is also a

positive built-in field within the barrier of this tunnel junc-

tion, which is quite small (�2.7� 107 V/m) compared with

the other investigated A-FTJs. Nevertheless, as we have seen

in the above, the small asymmetry of this type of tunnel junc-

tions still leads to distinct size dependences of the two polar-

ization states (see Fig. 8).

For A-FTJs with dissimilar electrodes, their potential

energy profiles are expected to be more complicated. Indeed,

from the potential profiles as shown in Figs. 14(c)–14(f), we

can see that the potential has different levels inside the elec-

trodes, with the average potential in the Pt electrode is about

2.7 eV lower than that in the SRO electrode. This value is

almost the same with the estimated difference (�2.8 eV) of

potential steps between Pt/BTO and SRO/BTO interfaces of

S-FTJs in Sec. III B. For Pt/(TiO2-BaO)8-TiO2/SRO tunnel

junction (see Fig. 14(c)), while the potential slope changes

its sign for the two polarization state, the total electric field

within the barrier is much larger in the negative polarization

state. Actually, a positive built-in field (�0.9� 108 V/m)

exists in the barrier, which makes the negative polarization

state metastable. Interestingly, comparing with the result of

Pt/(TiO2-BaO)8/Pt tunnel junction in Fig. 14(a), we can see

that adopting dissimilar electrodes in the A-FTJ does not

necessary lead to a larger built-in field. The potential profiles

of Pt/BaO-(TiO2-BaO)8/SRO tunnel junction and Pt/(TiO2-

BaO)8/SRO tunnel junction as, respectively, shown in Figs.

14(d) and 14(f) are found similar with that of Pt/(TiO2-

BaO)8/Pt tunnel junction, with a large built-in field pointing

to the Pt/BTO interface, indicating the dominant role of Pt/

BTO interface in determining the potential profile of the tun-

nel junctions.

C. A comprehensive picture of size effect on
ferroelectricity of FTJs as a function of electrode/
ferroelectric interfaces

The presented results clearly show that the details of the

two interfaces have great impacts on the ferroelectric size

effect of FTJs. The thickness dependence of the average

polarization for all the investigated S-FTJs and A-FTJs has

been re-plotted in Fig. 15, which provides us a comprehen-

sive picture of the ferroelectric size effect as a function of

electrode/ferroelectric interfaces. Obviously, with adjusting

the electrodes and interfacial bondings of FTJ, fruitful ferro-

electric size effects can be exhibited.

Summarizing the results of investigated electrostatic

properties of FTJs, e.g., interfacial charge transferring and

potential profiles, we can also see that these properties

depend on the details of the interfaces, which cannot simply

obtained by knowing the bulk properties of electrodes and

ferroelectrics. Particularly, for A-FTJs with the same combi-

nation of top and bottom electrodes, their built-in field can

be significantly different in magnitude and even in sign due

to the different interfacial bondings, indicating that the con-

ventional electrostatic model which assumes that the built-in

field originates from the work function difference between

the bulk electrodes is not plausible.57 Instead, the built-in

field should be calculated by the work functions at the two

interfaces, which are strongly dependent on the interfacial

structures.31,37

Therefore, it is necessary to explore ferroelectricity-

related properties of FTJs with regard to the details of inter-

faces. In general, to quantitatively reproduce the size effect

of FTJs, the short-range and long-range features of specific

interfaces and of their combination should be appropriately

FIG. 14. Macroscopic-averaged electrostatic potential energy profile along z
direction of A-FTJs in positive and negative polarization states. (a) Pt/

(TiO2-BaO)8/Pt, (b) SRO/(BaO-TiO2)8/SRO, (c) Pt/(TiO2-BaO)8-TiO2/SRO,

(d) Pt/BaO-(TiO2-BaO)8/SRO, (e) Pt/(BaO-TiO2)8/SRO, and (f) Pt/(TiO2-

BaO)8/SRO tunnel junction.
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taken into account. These features include the interfacial

structure, local polarization, charge transfer, potential step,

electronic screening, polarizing/built-in fields, etc. With

regard to this issue, several modified phenomenological

models have been proposed in literature,35,37,38,41,42,45 never-

theless, at present a comprehensive model that incorporates

well both the short- and long-range features of the interfaces

is still lacking.

Importantly, the interfacial structures are found coupled

with the polarization state of the barrier. Through this cou-

pling, strong polarizing/built-in field may appear and

enhancement of polarization in FTJs is possible, as clearly

seen in tunnel junctions with Pt/BaO interface. In order to

quantitatively reproduce the size effect of FTJs, this coupling

effect should be also taken into account in traditional phe-

nomenological model, e.g., by introducing new order param-

eters to represent the change of interfacial structures.37

Accordingly, the dynamics of polarization should be solved

in conjunction with the evolution of interfacial structure. As

a result, the aforementioned short- and long-range features

of the interfaces are likely to be varied during dynamics of

polarization, thus cannot be regarded as constants. It would

be also worth to point out that interfacial structure should be

sensitive to the strain state of the tunnel junction. Novel

strain-controlling ferroelectric size effects may hide behind

the coupling between the interfacial structures and strains

and should be interesting to investigate.

The distinct features of A-FTJs from its symmetric

counterparts should have important implications on the

application of A-FTJs, which is also an interesting topic for

future investigation. Actually, the existence of a less stable

polarization state means that below a specific thickness, the

tunnel junction would lose polarization bistability. A critical

thickness of polarization bistability could pose limitation on

applications of A-FTJs based on polarization reversal, such

as the GER effect43 and GPR effect.45 Nevertheless, we

believe that the asymmetry-induced features of A-FTJs (e.g.,

asymmetric polarization states, critical thickness of bistabil-

ity, and the related built-in field) could bring additional

effects, which can be exploited for prospective applications.

Indeed, by making use of the built-in field of A-FTJs, effects

like smearing of the phase transition, induced piezoelectric

response above transition temperature, and reversal of the

polarization asymmetry by application of biaxial strain have

been predicted.38,42

IV. CONCLUSIONS

In summary, we have conducted first-principle calcula-

tions to systematically investigate the ferroelectric size effect

of BTO tunnel junctions with metal Pt and/or oxide SRO

electrodes. Fully relaxations of the supercells are achieved

via including a vacuum region in the supercell calculations.

The characteristics of atomic structure, polarization, charge

density, and electrostatic potential for ten possible types of

tunnel junctions are revealed. Significant dependence of the

ferroelectric stability of a tunnel junction on the type and

combination of the two interfaces has been demonstrated.

Results show that the Pt/BTO interfaces play more dominant

roles than SRO/BTO in affecting the ferroelectric stability of

the tunnel junctions. Particularly, it is found that Pt2/TiO2

interface can induce collective ferroelectric distortion in the

initially non-distorted barrier. An abnormal enhancement of

ferroelectricity by Pt2/BaO interface due to Pt-O bonding

effect is also demonstrated. For asymmetric tunnel junctions,

polarization stability is found dependent on direction,

FIG. 15. The thickness dependence of

the average polarization for all the

investigated S-FTJs and A-FTJs. (a)

Pt/(TiO2-BaO)m-TiO2/Pt, (b) Pt/BaO-

(TiO2-BaO)m/Pt, (c) Pt/(BaO-TiO2)m/

Pt, (d) Pt/(TiO2-BaO)m-TiO2/SRO, (e)

Pt/BaO-(TiO2-BaO)m/SRO, (f) Pt/

(BaO-TiO2)m/SRO, (g) Pt/(TiO2-

BaO)m/SRO, (h) SRO/(TiO2-BaO)m-

TiO2/SRO, (i) SRO/BaO-(TiO2-BaO)m/

SRO, and (j) SRO/(BaO-TiO2)m/SRO

tunnel junctions.
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manifested with the appearing of a critical thickness of polar-

ization bistability. Furthermore, result shows that the local

features of a specific electrode/ferroelectric interface (e.g.,

the interfacial atomic structure, local polarization, charge

transfer, and potential step) are well kept in different types

of tunnel junctions. By analyzing and summarizing the

results, the authors suggest that traditional phenomenological

models need several modifications in order to quantitatively

reproduce the size effect of ferroelectric tunnel junctions.
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