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F
erroelectric materials have broad ap-
plications in the multifunctional elec-
tronic devices, such as transducers,

actuators, sensors, and capacitors, etc. Of
particular interest are nanoscale ferroelectrics
because of the increasingly important role
they play in the development of ultrahigh
density nonvolatile ferroelectric random
access memories (FERAMs). Meanwhile the
properties of a ferroelectric material in
nanoscale, especially the spontaneous po-
larization and Curie temperature are well-
known to depend on many factors, including
sample dimensions, external mechanical
loads, surface, and electrostatic boundary
conditions etc. Therefore, nanoscale ferro-
electric structures are also a popular target
of fundamental investigation.
Recent interest in the concept of ferro-

electric tunnel junction (FTJ) begins to ex-
pand for reasons of both scientific curio-
sity and prospects of practical applications.
Unlike the traditional dielectric tunnel junc-
tions (DTJ) and magnetic tunnel junctions
(MTJ),1,2 which are constructedwith nonpolar
dielectric tunnel barriers, FTJ use ferroelectric
materials as the tunneling barriers.3-5 For a
long time, it was commonly believed that
there is a critical thickness, below which the
ferroelectricity or spontaneous polarization in
FTJwould be suppressed due to effects of the
surface, interface, and depolarization field.6

On the basis of first principle calculations,
Junquera et al.7 predicted that ultrathin single
domain BaTiO3 films between conducting
SrRuO3 electrodes lose ferroelectricity below
the thickness of 6 unit cells (∼26 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.8-10 In addition, Fong et

al.11 and Aguado et al.12 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
minimum size with bulk ferroelectric en-
vironment. The existence of ferroelectri-
city in nanoscale FTJ has led to renewed
interest in exploring applications of ferro-
electrics in the nanoelectronics.13-15

The strong coupling of spontaneous polar-
ization and external field is a prominent fea-
ture of FTJ. Particularly, spontaneous polariza-
tion in the ferroelectric tunnel barriers (FTB)
can be switched by external electric field,
which results in different charge distribution
at electrode/ferroelectric interfaces. Accord-
ingly, the internal electrostatic potential profile
across the junction is different. Asproposedby
Tsymbal et al. and Kohlstedt et al.,16-18 the
tunneling electroresistance (TER) across ferro-
electric barrier can be adjusted significantly in
asymmetry FTJ by the reversal of spontaneous
polarization. Switchable polarization in FTB
adds a new functional property to the junc-
tion. Recent experiments13,19,20 have directly
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ABSTRACT Combining nonequilibrium Green function's approach with density functional

theory, effects of the applied mechanical loads on polarization, electrostatic potential, and

tunneling conductance of a ferroelectric tunneling junction (FTJ) have been investigated. Using

the first principle calculations, we show that compressive strains can induce and enhance the

polarization in ferroelectric tunnel barriers, and practically achieve ferroelectricity in two unit cell

thickness under a-2.2% compressive strain. More importantly, mechanical strains can significantly

change the effective electrostatic potential in FTJ and thus control its tunneling conductance, which

is defined as giant piezoelectric resistance (GPR) effect. Our calculations indicate that GPR effect is

particularly significant near the paraelectric/ferroelectric phase transition, and increases exponen-

tially with the barrier thickness. Furthermore, it is also found that defects of oxygen vacancies and

nitrogen doping have little impact on GPR ratio of strained FTJ. Because of its high-sensitivity to

external mechanical loads, FTJ with GPR effect should be adequate for applications in agile

mechanical sensors, transducers, and other multifunctional devices.

KEYWORDS: ferroelectric tunneling junction . giant piezoelectric resistance .
conductance . strain . phase transition
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detected evidence for ferroelectricity related giant
electroresistance (GER) effect in ultrathin asymmetry
FTJ, where the electroresistance can vary by over an
order of magnitude due to the effect of polarization
reversal.
It is also well-known that the properties of ferro-

electrics are highly sensitive to the mechanical loads,
such as external applied stresses and strains.21-23 In
ferroelectrics, mechanical loads can modify the deli-
cate balance between long-range dipole-dipole elec-
trostatic interactions and short-range repulsive forces.
Their subtle competitions are known as the origin of
ferroelectric instability.24 Therefore, both Curie tem-
perature and polarization state will be sensitively
depended on the external mechanical loads. The
strong strain-polarization coupling can give rise to a
variety of interesting physical properties in ferroelec-
tric materials. For example, Vanderbilt et al.25,26 have
investigated the effects of in-plane epitaxial strain on
the ground-state structure and obtained the misfit-
strain temperature phase diagram of BaTiO3 using a
first-principles based model Hamiltonian approach. In
thin film ferroelectrics, Spaldin et al.27 found that
epitaxial strains can greatly enhance the spontaneous
polarization, and the epitaxial strain dependence of the
polarization varies for different systems due to their
different piezoelectric and elastic constants. On the
basis of the coupling of spin, optical phonon, and
strain, Rabe et al.28,29 have further proposed a design
strategy to achieve multiferroic with stable ferroelec-
tric-ferromagnetic ground state. Although the strain
effects are investigated in detail in the bulk ferro-
electrics and thin film systems, the influences of elec-
trodes are not considered in their studies, thus the
electronic transport properties are missing. On the
other hand, the electron tunneling through unstrained
ferroelectric barriers was studied by Tsymbal et al.30

using first-principles calculations. They found that the
polarization of the BaTiO3 barrier can lead to substan-
tial drop in the tunneling conductance. Subsequent ab
initio studies31 have predicted that four resistance
states exist in multiferroic tunnel junctions, by chan-
ging the magnetization alignment of the electrodes
and the polarization orientation in FTB. However,
in these literatures, the effects of strain on electron
tunneling conductance are still not investigated. In
view of earlier findings that the mechanical loads can
influence the band gap structure and conductance in
nanoscale materials,32-36 the combination of strain
engineering and electron transport in FTJ may lead
to novel, yet undiscovered electronic-mechanical mul-
tifunctional ferroelectric devices.34-36 For example,
Kohlstedt et al.18,37 have described the influence of
converse piezoelectric effect on tunneling current in a
simplified one-band model. Owing to the limitation
of approximation in their model, many mechanisms
related to internal atomic displacement cannot be

revealed in their studies. Therefore, a microscopic
quantum mechanical method is required to elucidate
the effect of mechanical loads on FTJ. Nevertheless, to
the best of our knowledge, there are still not such first-
principle based theoretical studies to investigate the
effects of mechanical loads on the conductance of FTJ.
In this work, we perform ab initio density functional

theory calculations on a traditional FTJ, that is, Pt/PbTiO3/
Pt. The polarization, charge distribution, electrostatic
potential profile and transmission probability of Pt/
PbTiO3/Pt strained FTJ are investigated. Of particular
interest is the possibility of strain tunable resistance in
the strained FTJ. It is found that the conductance of FTJ
can be modulated by the applied mechanical strains,
giving rise to a GER-like effect, which is defined as a giant
piezoelectric resistance (GPR) effect. Moreover, applying
a modest mechanical strain can sufficiently change the
Schottky barrier to produce orders of magnitude change
in the resistance. The high-sensitivity of the GPR effect
shows that strained FTJ will be potentially useful in
applications of high-sensitive electro-mechanical sys-
tems andprovidesmore degree of freedom in thedesign
of high performance microelectronic devices.

RESULTS AND DISCUSSION

Structural and Ferroelectric Properties. We use density
functional theory (DFT) calculations to investigate the
ground state structure of FTJ with external mechanical
loads. The model of Pt/PbTiO3/Pt junction is schema-
tically illustrated in Figure 1, where an ultrathin (001)
oriented PbTiO3 ferroelectric film is sandwiched by two
Pt (001) electrodes. Owing to the lack of detailed
experimental information for the atomic structure of
Pt/PbTiO3 interface, we examined four different inter-
facial structures to look for the energy favored one.
Both PbO- and TiO2- terminated interfaces are consid-
ered in ourmodels, as shown in Figure 1b and 1c. In the
four structures, O atoms in PbO and TiO2 terminations
are located at the top and hollow sites of the outmost
Pt layer. To find the most stable structure among these
models, we calculate their cohesion energy to quantify
the energy required to separate an interface into two
free surfaces. The cohesion energy is calculated by38

Wco ¼ (EPt þ EPbTiO3 - EPt=PbTiO3=Pt)=2A (1)

where EPt/PbTiO3/Pt is the energy of supercell, EPt and EPbTiO3

are the corresponding energies of the same supercell
containing only Pt or PbTiO3 single component slab, and
A is the area of interface. The calculated value of cohesion
energy and relative bond lengths for the four models are
given in Table 1. It is found that the strongest cohesion
energy exists in “2” type interfacial structures, that is, the
outmost Pt atoms situated above O atoms in the TiO2-
terminated surface. Accordingly, the minimum energy
corresponds to a Pt-O bond length of 2.12 Å. Hence,
only the FTJ with “2” type Pt/PbTiO3 configuration is
considered in the following calculations.
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The basic unit cell of the Pt/PbTiO3/Pt junction can
thus has a generic formula [Pt10/TiO2-(TiO2-PbO)m/Pt12],
where m stands for the number of PbTiO3 unit cell. The
different thickness of ferroelectric tunnel barriers is mon-
itored by changing m. Accompanied by an in-plane
compressive strain, there is an increase in the c/a ratio
of PbTiO3, thus enhance the stability of spontaneous
polarization in c phase (P1 = P2 = 0, P3 6¼ 0). In principle,
when the accumulated elastic energy is very large, the
strained thin film will became unstable and defects such
as dislocationswill appear. As a result, the large strain (i.e.,
∼4%) is only available in very thin films.39 For instance,
Garcia et al.13,14 have experimentally demonstrated that a
large compressive strain of up to-3%canbe achieved in
the nanoscale ferroelectric thin film with a thickness of 3
nm, indicating that the GPR effect for FTJ is experimen-
tally feasible. In a real FTJ based device, although the
junction is under “short-circuit” boundary conditions, the
depolarization field is in general nonvanishing if the
barrier is in ferroelectric phase. When a symmetric FTJ is
in ferroelectric state with the short-circuit boundary
conditions, the depolarization field can be approximately
given by34,40-42

Ed ¼ -
Pþ qe
εb

� -
1
εb

1-
h=εb

ls1=εe1 þ ls2=εe2 þ h=εb

� �
P (2)

where qe is the surface screening charge density, εb is the
background dielectric constant of ferroelectrics, h is

thickness of the FTB, εe1 = εe2 = εe and ls1 = ls2 = ls are
thedielectric constant and screening length in symmetric
electrodes, respectively. It is worth mentioning that the
depolarization field Ed in FTB ismainly determined by the
polarization P and barrier thickness h. Therefore, we can
use the strain to control the depolarization field, charge
distribution, and electrostatic potential profile in FTJ due
to the electrostrictive coupling between the polarization
and mechanical strains.

Based on first principle calculations, Figure 2a
shows the energy difference between relaxed para-
electric and ferroelectric states for different thickness.
The bulk value in Figure 2a is obtained from a PbTiO3

unit cell imposed the same in-plane strains. It can be
seen that the ferroelectricity of FTJ disappears for the
thicknesses of m = 2, 3, 4 unit cells without applied
strain. These results are consistent with previous stud-
ies, where a critical thickness of about 6 unit cells is
reported.43 Furthermore, the ferroelectric state in FTJ
began to become stable when larger compressive
strain is applied (as shown in Figure 2b). As expected,
the polarization in FTB can be induced and enhanced
with the increasing compressive strains. For the FTJ

TABLE 1. Calculated Cohesive Energies and Bond Lengths

for Different Pt/PbTiO3 Interfaces

interface Wco (J/m
2) LPt-O (Å) LPt-Ti (Å) LPt-Pb (Å)

TiO2 terminated. 1: Ti on top of Pt 1.48 3.22 2.74
TiO2 terminated. 2: O on top of Pt 4.64 2.12 2.84
PbO terminated. 3: O on top of Pt 3.76 2.10 2.67
PbO terminated. 4: 4-fold hollow 3.97 3.52 2.97

Figure 1. (a) Schematic illustration of the Pt/PbTiO3/Pt system. Four different interface structures are illustrated by “10 0, “20 0, “30 0,
and “4” sites for the (b) TiO2- and (c) PbO- terminated interfaces. (d) Top and (e) side views of themost favorite interface structure.

Figure 2. (a) The energy differences between the relaxed
ferroelectric/paraelectric barriers in ferroelectric tunneling
junction (FTJ) as a function of the applied strain. The
thickness of the barrier is change from m = 2 to m = 4 unit
cells. (b) Spontaneous polarization of the PbTiO3 barrier as a
function of the applied strain.
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with two unit cell or 1.0 nm barriers, it can switch to
stable ferroelectric state inmonodomain configuration
with a compressive strain of -2.2%. These results
indicate that the critical thickness of the FTB is practi-
cally tunable in the highly compressive strained FTJ,
which opens the possibility of strain control of critical
thickness in ferroelectric junctions. Our results are in
line with the phenomenological predictions,37 and
recent experimental observation of monodomain with
large polarization in ultrathin strained PbTiO3 films.44

The relationships of applied strains and induced polar-
izations are given in Figure 2b, it is clear that polariza-
tion and critical thickness of FTJ can be controlled by
adjusting the applied compressive strains. Because of
the restriction of interfacial effect and depolarization
field, the polarization in FTJ is smaller than that in bulk
ferroelectrics.

Up to now, all the results presented here are
performed at zero temperature due to the restriction
of DFT ground state calculation. In realistic devices,
however, they are running at finite temperature. To get
an instructive comparison with experimental observa-
tion, much more should be extracted from Figure 2.
The Curie temperature TC for a given strained FTJ can
be estimated from the energy difference ΔE between
the ferroelectric and paraelectric states.28 To be spe-
cific, we uniformly rescale the energy difference ΔE of
unstrained bulk PbTiO3 ferroelectric to its experimental
Curie temperature of 765 K. With this energy rescaling
method, it is estimated that the Curie temperatures are
470, 990, and 1200 K for them= 2, 3, and 4 unit cells FTJ
under a compressive strain of -2.5%. From Landau
mean field theory (see Supporting Information), the
polarizations of above strained FTJ are speculated to
be 54, 76, and 82 μC/cm2 at room temperature, respec-
tively. These predictions can be detected and verified
by piezoresponse force microscopy (PFM) in experi-
ment. Electron Transport Properties in the FTJ. Presently,
the most exciting prospect of FTJ lies in its electronic
application. Thus, we calculated the electron transport
propertiesof strainedFTJbyusing the fully self-consistent
nonequilibriumGreen's functionmethod combinedwith
first-principles DFT calculation. The tunneling conduc-
tance of the above FTJ can be expressed by the classical
B€uttiker formula45,46

G ¼ G0

X
k )

T(EF, k )) (3)

where G0 is the conductance quantum, T(EF, k )) is the
transmission coefficient at Fermi energy EF for a given
value of transverse wave vector k ). Here the transmission
coefficient T(EF, k )) can be obtained from the solution of
Schr€odinger equation for an electron moving in the
potentialU(z). In general, the overall potential profileU(z)
in FTJ can be determined by the properties of two
electrodes, ferroelectric tunnel barrier, and the depolar-
ization field Ed.

17,18 In the case of symmetric FTJ, the

resulting potential profile U(z) is dominated by the
potential barrier height of FTB, which is also strain-
dependent. Thus, the conductanceof FTJ canbeadjusted
by applied strains.

Figure 3a shows the calculated conductance of
Pt/PbTiO3/Pt junction with respect to a wide range of
applied strains. For the m = 4 unit cells FTJ, there is a
jump in conductance at the critical compressive strain
ηc = -1.1%, below which the barrier switches from
paraelectric state to ferroelectric state. A similar beha-
vior is observed in the m = 3,2 unit cells FTJs with a
critical compressive strain of -1.7% and -2.2%, re-
spectively. The relative change of resistance R between
different strained states is described by giant piezo-
electric resistance (GPR) effect. In this work, the GPR
ratio is calculated by

GPR ¼ Rη - R0
R0

(4)

where R0 is the tunneling resistance of junction under
free bulk condition without any mechanical strain, and
Rη is the corresponding value of junction with an
applied compressive strain. It is noted that the strain-
induced paraelectric/ferroelectric phase transitions
play an important role in the electronic transport
properties of the junction. Within the strain engineer-
ing, we can produce significant large GPR ratios by
going through ferroelectric phase transition in a con-
trollable manner. As shown in Figure 3b, the strain
modulated GPR ratio for the m = 2 unit cells attains
2230% under a compressive strain of -3.62% (see
Supporting Information). The GPR increases dramati-
cally in thicker FTB, reaching about 8500% for them= 4
(1.8 nm) unit cells strained FTJ. It is predicted that the
GPR will further enhance with the increase of FTB
thickness and is dominated by the potential barriers.

In the ferroelectric-based devices, the problems
such as fatigue, aging, and imprinting have hampered
its wider commercialization, and the electrically charge
defects are believed to play an important role.47

Among various defects, oxygen vacancies and nitro-
gen doping are thought to be the most abundant in

Figure 3. (a) The calculated conductance of the Pt/PbTiO3/
Pt junctions under different applied strain field. (b) Giant
piezoelectric resistance (GPR) ratio of the strained FTJ for
PbTiO3 films with thicknesses of 1, 1.4, and 1.8 nm. The
insert shows the GPR ratio in the logarithmic coordinates.
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ferroelectrics. Therefore, we calculated the electronic
transport properties of the m = 4 unit cells FTJ with the
appearance of oxygen vacancies (VO) or nitrogen doping
(ND) (see Supporting Information). It is clear from Figure
S1 that defects in the crystalline lattice generally cause
modification of the local fields, making the defect con-
taining junction behave as a perfect junction biased by
the electric field. As a result, the paraelectric barrier in
unstrained FTJ changed into ferroelectric phase under
the defect induced electric field. As indicated in Support-
ing Information, Table S1, the appearance of VO defect
results in a slightly drop in the GPR ratio, reaching 2310%
in the-2.5% compressive FTJ. A similar result is obtained
for the ND defects containing FTJ with a GPR ratio of
1100%. This value of GPR ratio is still large enough for
commercial application. Therefore, in such a strained FTJ
strategy, the defects are believed to have little influence
on the devices performance. While in the high Curie
temperature and wide band gap PbTiO3 barrier, the
temperature hasminor influence on the potential barrier.
The merit of manipulating the tunneling resistance by
external applied strains is apparent in the future func-
tional devices with high sensitivity and antijamming.

Since the conductance G of Pt/PbTiO3/Pt junction is
determined by transmission probability of the incom-
ing electronic states at the Fermi level EF, we analyze
the k ) resolved transmission for the m = 4 FTJ with
different compressive strains. To illustrate the GPR
effect, we designate the junction with a high compres-
sive strain η = -2.5% binding as FTJη, and the un-
strained junction η = 0% is designated as FTJ0. Figure
4panels a and b show the projection of Fermi level
transmission on the k ) = (kx, ky) Brillouin zone for the
FTJη and FTJ0, respectively. The high compressive
strain induces a ferroelectric phase transition in the
barrier, resulting in a ferroelectric state FTB in FTJη.
Common features seen in the two transmission maps
are that contributions to the transmission probability
mainly come from areas around the center of Brillouin
zone at Γ point (k ) = 0). The transmission probability of

FTJ0 is larger than that of FTJη because of the sym-
metric matching at the electrode/ferroelectric inter-
faces, as reflected in Figure 4 (note the different scales).
The atomic polar displacements that developed along
the transport directions of FTJη scattered the electron
transmission and eliminated some resonant states
from the Fermi level.

To gain more insight of the large GPR effect in an
atomic scenario, Figure 5 shows the charge density
contours of FTJη and FTJ0.

34 The relaxed atomic struc-
tures are also given in Figure 5. In FTJ0, where the FTB is
in paraelectric state, the ionic relaxations induce cen-
tral symmetrical Ti-O rumpling and thus produce
interfacial dipoles pointing toward barrier on both
sides. Interestingly, the charges in FTJ0 are distributed
symmetrically and extensively. The charges form a
connection channel in the barrier, making Pt metallic
states penetrate through the barrier, while for the FTJη,
owning to the elastic effect caused by electrostrictive
coupling and lattice strain,34,37 the depolarization field
is suppressed and the spontaneous polarization exists
in FTB. As a result, all the Ti ions are shifted away from
the center of their respective O cage in FTJη. These
dipole displacements change the distances between
subsurface Ti ions and the outmost Pt electrode by
some amounts, which in turn modify the electronic
structure dramatically. As is evident from Figure 5,
charge density on the interface O and its neighboring
Pt are localized and tightly bounded in FTJη, the rum-
plings of Ti-O atoms also contribute to the high decay
rate in the barrier. Investigation of structural relaxation
also reveals the microscopic interface effect.18 The Ti-O
rumplings in ferroelectric barrier are different at the two
interfaces, with the interfacial Pt-O bonding changing
from 2.05 to 2.60 Å. These asymmetric displacements
modify themicroscopic structure of the interfacial region
and influenced the barrier potential profiles.

Based on first principle calculations, we have also
calculated the effective potential profile to elucidate
the effect of applied strain on the FTJ in Figure 6. It is

Figure 4. Transmission probability projected in the Brillouin zone at Fermi level for (a) the high compressive strain induced
ferroelectric state junction (FTJη) and (b) the unstrained paraelectric state junction (FTJ0).

A
RTIC

LE



LUO ET AL. VOL. 5 ’ NO. 3 ’ 1649–1656 ’ 2011 1654

www.acsnano.org

clear that the average potential barrier height of FTJη is
higher than that of FTJ0. The mean values of barrier
height with respect to the Fermi level of electrode are
1.0 and0.7 eV for FTJηandFTJ0, respectively. The localized
charge density and appearance of microscopic interface
effect in FTJη greatly enhance the mean value of the
electrostatic potential as compared to that in FTJ0. In-
deed, the unscreened polarization charges in FTJη give
rise to a depolarizing field Ed pointing opposite to the
polarization. And the amplitude of Ed can be deduced

from the slope of the macroscopic average potential.
Owing to the presence of residual depolarizing field Ed,
one of the conduction band minimum (CBM) edge is
loweredby 0.4 eV. However, the Fermi level is still located
inside the band gap of PbTiO3. As indicated in Figure S2,
the band gap and Schottky barrier height increase in
higher strained FTJs. Another specific feature of the
strained FTJη is associated with the electrostrictive cou-
pling of strain and polarization. And there will be a step-
like increase in thefilm thicknesswhen the strain induced
polarizations appear. The converse piezoelectric effect
inherent in ferroelectric material is apparent in FTJη,
where the barrier is stretched by an amount of Δh due
to the electrostrictive effect. In our case, the FTB is
elongated by 9.4% in FTJη as compared with that in
FTJ0. The combined effect of atomic displacement and
electrostrictive coupling results in a large tunneling
piezoelectric resistance in FTJη.

CONCLUSIONS

We have examined the structural and electronic
transport properties of Pt/PbTiO3/Pt junction under
external strain. Through the novel design of constraint
FTJ, we have shown that the compressive strains can
produce a significant and stable polarization in FTB
with thicknesses down to two unit-cells (1 nm). The
applied strain could modify the effective potential
barrier as well as induce a paraelectric to ferroelectric
phase transition in FTJ. Thus, we can control the
tunneling conductance of FTJ with strain and produce
large GPR effect. Furthermore, it is found that GPR ratio
maintained a high sensitivity even if a large amount of
VO and ND defects appear in the ferroelectric films. The
coupling among strain and polarization provides an
additional degree of freedom to control the electron
transport properties in FTJ. The ability to further tailor
the properties in FTJ with the mechanical load offers a
tremendously promising future and is still unexplored
thoroughly. These results reveal the prospective appli-
cation of the strain engineering in the design of
nanoscale multifunctional devices.

CALCULATION METHODS
Our theoretical calculations are based on density functional

theorywithin the local density approximation (LDA). A plane-wave
basis set and projector augmented wave (PAW)48 potentials as
implemented in Vienna ab initio simulation package (VASP)49 are
employed. In the energy calculation, we have used a well con-
verged8� 8� 1Monkhorst-Packgrid for k-point sampling in the
Brillouin zone of the tetragonal supercell, together with a 0.2 eV
Gaussian broadening. The plane-wave energy cutoff was set to
480 eV. During the structural relaxation, the ion positions and the
out of plane lattice constants were fully relaxed and the config-
urations were considered as relaxed until the maximum Hell-
man-Feynman force acting on each ions was less than 0.01 eV/
Å. On the basis of these fully relaxed structures, the electronic and
ferroelectric properties are calculated. To obtain the ferroelectric

properties, we first used the Berry phase approach50 to calculate
the Born effective charge Z* of the strained bulk PbTiO3, and then
the polarizations are calculated by evaluating P = ΣZ*u, where u is
the ionic displacements relative to their ideal position in para-
electric reference state. The “short-circuit” boundary conditions,
equivalent to a metallic contact of top and bottom electrode
layers, are imposed by the periodically repeated superlattice
structure.6 To investigate the mechanical loads on the FTJ, we
performed strained bulk calculation, where the applied mechan-
ical strain is defined relative to the computed in-plane lattice
constants for the relax tetragonal ground state. In our calculation,
it is simulated by η = (as- a0)/as,

51 where as is the in-plane lattice
constant of strained junction and a0 = 3.866 Å is the relaxed
in-plane lattice constant of unstrained bulk PbTiO3. In practice,
we start by constraining the in-plane lattice constants of each

Figure 5. Charge density profiles along the transport direc-
tion for the FTJ0 and FTJη. The relaxed atomic structures are
shown above the charge density contour, where the arrows
show the relative displacement of Ti atoms to the O atoms.

Figure 6. Macroscopic averages of the electrostatic poten-
tial energy profile of FTJη and FTJ0. The Fermi level is set to
zero as reference energy.
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superlattice to the fixed as, and then relax all the remaining
structural parameters.
For the electron transport properties, the conductance and

transmission probabilities of the FTJ are explored by the
Atomistix ToolKit (ATK),52 which is based on nonequilibrium
Green's function (NEGF) combined with density functional
theory (DFT). This method can consider the coupling effects
of bulk electrodes through self-energy. The above relaxed
structures were used to construct the scattering region, and
the periodicity of the supercell in the transport directions was
replaced by a matching of two semi-infinite electrodes. As a
result, the scattering region consists of the relaxed capacitor
structure and two surface layers on the left and right Pt
electrodes. The valence electrons are expanded in a numerical
atomic-orbital basis set of double ξplus polarization (DZP) for all
atoms except Pt and Pb, for which single ξ plus polarization
(SZP) basis are used. Perdew-Zunger local density approxima-
tion (LDA) is adopted for exchange-correlation. To get con-
verged results of the conductance, we used a dense k-point
mesh of 30 � 30 to sample in the surface two-dimensional
Brillouin zone for the two-probe system. All the calculated
parameters are tested to result in good convergence.
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