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We report the investigation on the ferroelectricity and tunneling electroresistance (TER) effect in
PbTiO3 (PTO)-based ferroelectric tunnel junctions (FTJs) using first-principles calculations. For
symmetric FTJs, we have calculated the average polarizations of PTO film and effective screening
lengths of different metal electrodes for a number of FTJs, which is useful for experimental
research. For asymmetric FTJs, significant asymmetric ferroelectric displacements in PTO film are
observed, which is attributed to the intrinsic field generated by the two dissimilar electrodes.
Moreover, by performing quantum transport calculations on those asymmetric FTJs, a sizable TER
effect is observed. It is found that the asymmetry of ferroelectric displacements in PTO barrier,
which is determined by the difference of work functions of the electrodes, controls the observed
TER effect. Our results will help unravel the TER mechanism of asymmetric FTJs in most experi-
ments and will be useful for the designing of FTJ-based devices. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4953642]

I. INTRODUCTION

The research on the ferroelectric (FE) materials has
attracted great interest due to the potential technological
applications of FE materials in electronic devices, such as
nonvolatile random access memories, logic devices, sensors,
ete.! Remarkably, the discovery of nanoscale-thick ferroelec-
tric film*™ has aroused the investigations of ferroelectric
tunnel junctions (FTJs).>® A typical FTJ is made of two
metal electrodes sandwiching a thin ferroelectric film main-
taining a macroscopic polarization, which serves to modulate
the electron tunneling probability through the barrier. The
change in resistance caused by polarization reversal is
defined as the well-known tunneling electroresistance (TER)
effect.”® It is generally accepted that the asymmetry of an
FTJ in order to obtain a sizable TER can be achieved either
using asymmetric electrodes’® or through barrier interface
engineering.'®"? Indeed, the giant TER effect has been
reported in BaTiO; (BTO)*'*'%* or PbTiO5 (PTO)" based
asymmetric FTJs by many experimental groups. On the other
hand, it is more interesting to construct the multiferroic tun-
nel junctions (MFTJs), i.e., an FTJ with ferromagnetic elec-
trodes. For an MFT]J, the resistance depends on both the
magnetic configurations of the two electrodes and polariza-
tion orientation of the FE barrier, and consequently, a four-
state resistance can be achieved in an MFTJ element, as has
been reported by experimental studies.'®!”

In most experiments, the asymmetric FTJs (a-FTJs in the
following) are fabricated using asymmetric electrodes, namely,
the bottom electrodes are commonly conductive oxides such
as SrRuO; (SRO)," La,_,Sr,MnO; (LSMO),**!? or Nb-
doped SrTiO5 (STO)'* grown on a thick STO substrate while
the top electrodes are metals such as Pt or Au.’ Thus it is
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inevitable to induce an intrinsic built-in electric field E,;
through FE films due to the difference of work functions
(WFs) of electrodes.'® The free energy contributed by the Ej;
is of the form —Ej - P, suggesting that it is energetically
favorable while the polarization Pis parallel to Ej; and conse-
quently an asymmetric double-well potential is expected.'® As
such E,; can enhance or suppress the average polarization mag-
nitude, which manifests itself in asymmetric displacements in
FE film for two different polarization states. This phenomenon
was confirmed in the model systems of SRO/PTO/Pt*® and Fe/
PTO/Pt*' based on first-principles calculations. If that is indeed
the case, a sizable TER effect is expected in such a-FTJs and
should be explored from parameter-free first-principles simula-
tions. On the other hand, E;; can decrease or even eliminate
the depolarization field E, for a given polarization orientation,
thus resulting in the vanishing critical thickness for ferroelec-
tricity in the a-FTJs, as confirmed by first-principles calcula-
tions.”* Luo e al.” investigated a representative a-FTJ model,
that is, SRO/BTO/Pt based on quantum transport calculations,
and found that the effective potential barrier can be modified
by the polarization, thus giving rise to the giant TER effect. A
similar TER effect was also demonstrated in LSMO/BTO/Au
and LSMO/BTO/Cu a-FTJs experimentally.” Despite these
advances, to date, there are very limited theoretical works
about understanding the ferroelectricity and especially the
TER mechanism in such a-FTJs, which motivates our present
work.

In this work, we systematically studied the ferroelectric-
ity for a number of PTO-based FTJs, including both symmet-
ric FTJs (s-FTJs) with identical left and right electrodes and
a-FTJs with different left and right electrodes by means of
first-principles calculations. Specifically, Au, Pt, Fe, Co, and
SRO electrodes were used to investigate the ferroelectricity
of s-FTJs or a-FTJs. We calculated the metal-oxygen relative
displacements for s-FTJs which are directly related to the
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polarizations and evaluated screening lengths of different
metals by calculating the depolarizing field within the PTO
film. In the case of a-FTJs, that is, Pt/PTO/Fe or SRO/PTO/
Pt, we found significant asymmetric displacements within
PTO film caused by the intrinsic field, which is in line with
previous results.’>?' Using the Pt/PTO/Fe and SRO/PTO/Pt
FTJs as prototypical examples, we predicted an order of
magnitude difference in conductance between two different
polarization states by performing the quantum transport cal-
culations. The microscopic physics of TER mechanism was
identified and understood through the analysis of the real-
space scattering states and complex band structure.

Il. COMPUTATIONAL METHOD AND DETAILS

Our atomic and electronic structures calculations were per-
formed using the projector-augmented wave (PAW) method®*
as implemented in the Vienna ab-initio simulation package
(VASP).”> An energy cutoff of 500eV and local density
approximation (LDA)?® for the exchange and correlation func-
tional were used throughout. Note that Hubbard-U correction
(LDA + U) for the transition element d orbital such as Ti-3d or-
bital was not taken into account in our calculations, because it
was shown that the LDA + U method yields significantly worse
structural parameters for PTO than the LDA method in compa-
rison with the experimental results.”’ The calculated lattice con-
stants are a=3.866A and ¢=4.038A for PTO, in good
agreement with previous results.”® The calculated polarization
is 83.16 uC/cm?. The supercell model for s-FTJs studied in this
work consists of 6.5 unit cells of PTO and 10.5 unit cells for Fe
and Co electrodes, 9.5 unit cells for Pt and Au electrodes, and
6.5 unit cells of SRO due to their different out-of-plane lattice
constants as listed in Table I. Note that the thicknesses of elec-
trodes should be sufficiently large to ensure that: (i) the cou-
pling between the left and right electrode/FE interfaces is
negligible; (ii) the structural parameters of the interior of the
electrode region are close to that of bulk; (iii) the macroscopic
electrostatic potential profile in the interior of the electrode
region is almost flat to ensure that the electric field is com-
pletely screened. The in-plane lattice constant @ of the junction
is fixed at 3.866 A. Atomic relaxations were performed using a
6 x 6 x 1 k-point mesh until the forces on each atom were less
than 0.01 eV/A. To investigate two possible terminated interfa-
ces of PTO(001), both TiO and PbO terminations [see Fig. 1]
were considered for the interface structures.

TABLE I. Fully relaxed bulk tetragonality c¢/a (a = 3.866 A) for a number of
metal electrodes. Calculated average polarization P of PTO film and effec-
tive screening lengths 4, of metal electrodes for the corresponding symmet-
ric FTJs with either TiO or PbO termination.

P (uClem) Loy (A)
Electrode cla TiO term PbO term TiO term PbO term
Au 1.138 65.76 64.09 0.071 0.063
Pt 1.025 71.99 80.15 0.062 0.013
Fe 1.010 71.01 90.52 0.064 0.029
Co 0.998 64.37 85.98 0.070 0.034
SRO 1.003 35.82 56.43 0.125 0.081
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FIG. 1. Fully relaxed atomic structure of s-FTJs for left polarization state as
highlighted by the red arrows. (a, ¢) Pt/PTO/Pt junction. (b, d) SRO/PTO/
SRO junction. Two interface terminations studied: (a, b) TiO-termination
type and (c, d) PbO-termination type. The interface positions are marked by
the dashed lines.

Our quantum transport calculations are based on the
state-of-the-art technique nonequilibrium Green’s function
(NEGF)-density functional theory (DFT) by combining
real-space density functional theory (DFT) with the Keldysh
nonequilibrium Green’s function (NEGF) formalism, as
implemented in Nanodcal package.?” The zero-bias conduct-
ance G is given by Landauer—Biittiker formula

2 2
G =" D T (k) Er), M
k|

where T (K|, Er) is the transmission coefficient of an electron
at the Fermi energy Er with a transverse Bloch wave vector
k| = (ky,ky), e the electron charge, and / the Planck’s con-
stant. A 10 x 10 k| mesh for self-consistent calculations and
a 100 x 100 k; mesh for evaluating conductance were
employed. The LDA?® for the exchange and correlation
potential was used throughout.

lll. RESULTS AND DISCUSSION

First we investigate the ferroelectricity for s-FTJs whose
atomic structures are shown in Fig. 1. Fig. 2 shows the rela-
tive metal-O (M-O) displacements within the PTO film for
both interface terminations. As can be seen, the displace-
ments are uniform throughout the PTO layer in both TiO and
PbO terminations giving rise to a ferroelectric state as
expected. In addition, the Pb-O displacements are larger than
Ti-O displacements, as clearly seen from the zigzag lines.
More importantly, the M-O displacements strongly depend
on the type of metal electrodes and interface terminations,
which is in line with previous calculations; Al-Saidi and
Rappe,®® based on first-principles simulations on Pt/PTO/Pt
and Au/PTO/Au examples, demonstrated that the FE proper-
ties depend on both electrode type and electrode/FE termina-
tion. For example, the M-O displacements for an FTJ with
SRO electrodes are smaller than those with other electrodes
while an FTJ with Fe electrodes has the largest M-O
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FIG. 2. The relative metal-O (M-O) displacements (zyy — zp) within PTO
film with different metal electrodes. (a) TiO termination and (b) PbO
termination.

displacements in both interface terminations. Additionally,
comparing Fig. 2(a) with 2(b), the overall feature is that the
displacements are larger for PbO termination than that for
TiO termination. From those M-O displacements and the
Born effective charges, we evaluated the local polarization
P, by using®'

1 £
P, = o ;Znézn, )

where P, is the polarization of the k-th unit cell whose vol-
ume is £, Z; the Born effective charge of the n-th atom, and
0z, the displacement of the n-th atom. The Born effective
charges Z calculated using density functional perturbation
theory32 for Pb, Ti, O, (TiO plane) and O (PbO plane) ions
of tetragonal PTO (a=3.866 A, c=4.038A) are, respec-
tively, 3.79, 6.69, —2.52, and —5.43 electrons. For example,
the local polarization across PTO film for s-FTJs with Pt and
SRO electrodes are shown in Fig. 3. One can see that the
magnitude of local polarization is well consistent with that
of M-O displacements shown in Fig. 2.

The fact that displacements depend on the type of metal
electrode and interface termination is due to the different
effective screening lengths /.4 of metals. Using the short-
circuit electrostatic boundary conditions, the depolarizing
field E, is given by *33-34

)i P
Eg= -9 3)
€0d

where P is the average polarization obtained by averaging Py
in Eq. (2) and d is the PTO film thickness. We evaluated the

depolarizing field E, from the slope of the macroscopic elec-
trostatic potential within PTO film. Using Eq. (3), we then
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FIG. 3. Local polarization P, mapped onto unit cell evaluated from the Born
effective charges. The dashed line denotes the position of bulk polarization
for reference. Solid and open symbols stand for TiO termination condition
and PbO termination condition, respectively.

obtained the value of Aaﬁc, as summanzed in Table 1. For
example, we found 4.4 to be 0. 062 A and 0.125 A for Pt and
SRO w1th TiO termmatlon and with PbO termination, Ay is
0.013 A for Pt and 0.081 A for SRO. As a comparison, Al-
Saidi and Rappe™ reported a value of 0.045 A for Pt/PTO/Pt
junction with TiO termination and 0.007 A with PbO termi-
nation. Gerra et al.>* reported a value of 0.1A for SRO/
BTO/SRO junction with TiO termination. It is seen that our
results are in good agreement with those reported previously.

We have seen that the FE displacements in PTO film for
s-FTJs depend on both metal type and interface termination.
To achieve a sizable TER effect, it is instructive to construct
a-FTJs with two different electrodes. Without loss of general-
ity, we have constructed two prototypical examples, namely,
Pt/PTO/Fe and SRO/PTO/Pt. Note that both interface termina-
tions of a-FTJs are PbO type, instead of TiO type in some
other calculations.**® However, the analysis and conclusion
in this work are very general and are applicable to TiO termi-
nation condition as well. The a-FTJs can be denoted as Pt/
(PbO-TiO),,PbO/Fe and SRO/(PbO-TiO),PbO/Pt with m
being the number of unit cells for PTO. All the atoms of the a-
FTJs are fully relaxed using the same method and parameters
presented above. We have calculated the FE displacements in
the PTO film for Pt/(PbO-TiO),,PbO/Fe junction with m =6
and for SRO/(PbO-Ti0),,PbO/Pt junction with m =6 —9 as
shown in Figs. 4(b) and 4(c), respectively. The foremost result
is that the displacement magnitudes are strongly asymmetric
in both cases, as evident from the dashed lines which denote
the average Ti-O displacements for m =6 condition. In the
case of Pt/PTO/Fe, the Ti-O displacements in the central TiO
layers are about 0.30 A and 0.24 A for left and right polariza-
tions, respectively. While in the case of SRO/PTO/Pt, the
Ti-O displacements are about 0.25 A and 0.16 A for left and
right polarizations, respectively. Moreover, as shown in Fig.
4(c), the displacements for right polarization states are rather
similar for different barrier thickness, as expected from the
direction of E,;. In contrast, the displacements for left polar-
ization states are enhanced with the increase of m, as expected
from the reduction of E,;. This indicates that the asymmetry
of FE displacements is reduced with increasing barrier thick-
ness, which in turn brings an optimal FE barrier thickness for
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FIG. 4. (a) Schematic band alignment for the SRO/PTO/Pt junction. Wggo
and Wp, are the work functions of SRO and Pt, respectively. Ec and Ey, are
the conduction-band and valence-band edge, respectively. ¢, is the barrier
height. E,,; is the built-in electric field. (b, ¢) The relative metal-O (M-O) dis-
placements in the PTO layer for left (open symbols) and right (solid sym-
bols) polarizations. (b) Pt/PTO/Fe junction for m =6 and (c) SRO/PTO/Pt
junction for m = 6 — 9. The dashed lines that denote the average Ti-O dis-
placements for m = 6 condition are guide to the eyes. Insets: schematic con-
figurations of Ej;, polarization P, and depolarizing field E,,.

the maximum TER ratio, as will be discussed in the following.
Lastly, we find that the displacements are rather homogeneous
within the PTO film and yield a reduced polarization as com-
pared with bulk PTO due to the well-known depolarizing field
resulting from the incomplete screening by the metal
electrodes.

Such asymmetric displacements in a-FTJs are due to the
intrinsic built-in electric field E,; produced by dissimilar
electrodes having different work functions (WEFEs)'® as men-
tioned above. Insets of Figs. 4(b) and 4(c) are the schematic
configurations of E,;, polarization P and depolarizing field
E, for a-FTJs. The direction of E,; is pointing from the elec-
trode having lower WF to that having higher WFE.'® To
understand this, taking the SRO/PTO/Pt junction as an exam-
ple, the band alignment is schematically depicted in
Fig. 4(a). When the SRO/PTO/Pt junction is at equilibrium,
the Fermi level of the system is flat. In contrast, the vacuum
level is not flat due to the work function difference. Thereby,
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there is a potential drop across the PTO barrier from SRO to
Pt. In this work the calculated WFs®’ are about 4.41eV,
6.09eV, and 4.85 eV for Fe, Pt, and SRO, respectively, indi-
cating that E,; is pointing from Fe to Pt for Pt/PTO/Fe junc-
tion and is pointing from SRO to Pt for SRO/PTO/Pt
junction. To further confirm this, Fig. 5 plots the electrostatic
potential profile through the a-FTJ for paraelectric (PE) state
(the PE state can eliminate the effect of E), that is, an artifi-
cial structure without M-O relative displacements in PTO
with the interface distance determined by the total energy
minimization. It can be seen clearly (see the red dashed lines
or blue dotted lines) that there is a potential drop throughout
the PTO film from Fe to Pt or from SRO to Pt, which is the
manifestation of the built-in electric field. We emphasize
that the electrostatic model assuming that the built-in field
originates from the work function difference of electrodes
can be used to qualitatively explain the asymmetric displace-
ments and mono-stable polarization state below a critical
thickness observed in the asymmetric FTJs. The details of
the electrode/FE interfaces should be fully considered in the
actual ferroelectricity calculations and analysis.®

We now investigate the TER effect by performing quantum
transport calculations. The TER ratio is defined as TER
= |G- —G_|/min(G_,,G.), in which G_ (G_) is the total
conductance for the FTJ in left (right) polarization. We have cal-
culated the conductance and TER ratios for Pt/(PbO-TiO),,PbO/
Fe junction with m =6 and for SRO/(PbO-TiO),,PbO/Pt junc-
tion with m = 6 — 9. We find that G_, is about one order of
magnitude larger than G for Pt/PTO/Fe junction and, as a con-
sequence, a giant TER ratio of more than 800% is obtained.
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FIG. 5. Planar (black solid lines) and macroscopic averaged (red dashed
lines) electrostatic potential along the z direction for the two different a-
FTJs in paraelectric (PE) state. (a) Pt/PTO/Fe and (b) SRO/PTO/Pt. The ver-
tical dashed lines denote roughly the positions of interfaces. The blue dotted
lines that mark the potential drop through PTO film are guide to the eyes.
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Fig. 6 shows the barrier thickness dependent conductance and
TER ratios for SRO/PTO/Pt junction with m = 6 — 9. The
conductance for both left and right polarization states
decrease exponentially with increasing barrier thickness,
which agrees well with the physics of quantum tunneling.
More interestingly, it is found that the TER ratio reaches the
largest value at the thickness of m =7, as expected from the
reduction of the asymmetry of FE displacements with
increasing m [see Fig. 4(c)]. As a comparison, the giant TER
effect of as high as 10°% was reported in the asymmetric
Lag 67S19.33MnO3/BTO/Co  junctions experimentally,39
which is one order higher than that of about 10°% in SRO/
PTO/Pt junction in our work. Besides the different systems
investigated, there are possibly several uncontrollable pa-
rameters in experiment, such as atomic deficiencies, atomic
oxidation, lattice misfit and interface quality, etc., which all
play important roles in the structure asymmetry and possibly
enhance the TER effect. Another example is that a giant
TER effect of 5000% was theoretically predicted in the sym-
metric SRO/BTO/SRO junction due to significant barrier
potential change induced by polarization switching.
However, the calculations were based on a phenomeno-
logical quantum tunneling model without consideration the
realistic atomic details.*

To understand the above giant TER effect, it is helpful
to find out the factors that account for the change of con-
ductance caused by polarization reversal. When a barrier is
not too thin, the transmission coefficient can be approxi-

T(kH) =~ IL(/CH)eXp[—ZK(kH)d]tR(k”), (4)

where #, (k) and #z (k) are the interface transmission coef-
ficients characterizing the electron transmission probabil-
ities from electrodes into a barrier across the interface,
i (ky) is the lowest decay rate for an electron with a trans-
verse Bloch wave vector kH, and d is the barrier thickness.
According to Eq. (4), it is helpful to follow the change of
scattering state through the junction to find out the domi-
nant factor. Scattering states i/, are eigen-states of the open
two-probe device structure linking z=— oo to z=+ 00,
which is quite intuitive to analyze transport properties.
Scattering states ,, for example, going from left to right
can be expressed as

10°F
/\_E 41500
o 107F
o =
S . m
s 10°F 41200 M
© X
'§ 10°F =~
o
O L 4900

Barrier thickness (m)

FIG. 6. Barrier thickness dependency of conductance (left axis, in a semilog
scale) and TER ratios (right axis) for SRO/(PbO-TiO),,PbO/Pt junction with
m=6-9.
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where r and ¢ are the reflection and transmission amplitudes,
respectively. The superscript m or n labels the asymptotic
Bloch wave vector k™ or k" in the electrodes and ¢, ¢ are
incoming and outgoing states, respectively. Based on the
converged open device Hamiltonian one can obtain reflec-
tion and transmission amplitudes and then also the scattering
states , by matrix techniques. Taking the SRO/PTO/Pt
junction with m =6 as an example, Fig. 7(a) plots the decay
of the modulus of scattering states [y (z)| at kj = (0,0)
through the junction for different polarization orientations.
Overall feature seen is that | (z)| decays exponentially
through the barrier and decays much faster for a-FTJs in
right polarization state in comparison with that of left

inside left electrode (L),
inside central region(C)

inside right electrode (R),

(a) 1
10"
107
10°
10
10°
10°®

lw, (2)]

(b) X,

Energy (eV)

-0.5 K 0.0 q 05
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FIG. 7. (a) Distribution of the modulus of scattering states [/ (z)| at kj = (0,0)
point through the junction for left (black solid lines) and right (red dashed
lines) polarization states. The two vertical dashed lines denote roughly the
positions of left (L) and right (R) interfaces. (b) Atomic structure of the
SRO/PTO/Pt junction and real-space distribution of [ (z)| through the junc-
tion for left and right polarization states. The side bar represents the color
coding for the |i/,(z)|. (¢) Complex band structure of bulk PTO for displace-
ment magnitudes corresponding to the left and right polarization states with
m =6 in Fig. 4(c). The horizontal axes labeled by ¢ (right panel) and x (left
panel) correspond to the real and imaginary components of wave vector
k. = q + ix, respectively. The horizontal dashed line shows the position of
the Fermi energy of bulk PTO.
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polarization case. Apparently, it reveals a factor of almost
10% difference in the magnitude of |y, (z)| after tunneling
through the barrier, which is well consistent with the con-
ductance difference [see Fig. 6]. Further, Fig. 7(b) plots the
real-space distribution of 1/(z) across the junction. We find
that Ti (Ru)-d orbital and O-p orbital (As symmetry states)
bond efficiently and form the effective transmission chan-
nels. The similar electron transmission channels are also
observed for Pt/BTO/Pt junctions.*® In addition, |y,(z)] is
significantly suppressed within PTO upon turning to right
polarization state. On the other hand, as can be seen from the
region around interfaces in Figs. 7(a) and 7(b), #; is larger
for right polarization than that for left polarization; however,
it looks the other way around for 7. Therefore the change of
frtg is not crucial and the factor exp[—2«d] plays a key role
for the giant TER effect. It is worthwhile to note that the fac-
tor exp[—2xd| dominating the TER effect was also found in
the SRO/BTO/SRO junction.'®

We now investigate the change of decay rate x from the
viewpoint of complex band structure. It is known that the
Bloch states incoming from the electrode will decay as evan-
escent states through the barrier in the absence of the inter-
face resonant states.*'*? Thus the decay rates of evanescent
states determine the tunneling conductance when a barrier is
not too thin. The nature of evanescent states can be described
by the complex band structure, which extends the usual band
structure to include complex Bloch vectors.**** Fig. 7(c)
shows the complex band structure of bulk PTO for displace-
ment magnitudes corresponding to left or right polarization
state [see Fig. 4(c) with m = 6] calculated using the Quantum
Espresso package.*” « is the imaginary component of wave
vector k, and determines the decay rates of evanescent states.
Namely, the wave functions decay as ~e~"* through the bar-
rier and the decay length is given by 1/k. Clearly, the decay
rates (absolute value of k), in particular, As states, are
enhanced significantly upon the polarization reversal from
left to right, which in turn results in the significant transmis-
sion reduction, which is in line with the significant suppres-
sion of |\/,(z)| in right polarization case.

We emphasize that the band gap of 1.4 eV for bulk PTO
calculated within DFT-LDA level is smaller than the experi-
mental value of 3.4eV due to the well-known deficiency of
DFT-LDA. As pointed out already,46 such underestimation
of band gap possibly leads to the charge transfer from metal
into the conduction band of the insulator, thus resulting in
pathological band alignment and metal ferroelectric states.
We checked the Fermi level alignment for SRO/PTO/Pt
junction by investigating the layer-resolved projected density
of states (PDOS) for Ti-d (forming conduction band) and O-
p (forming valance band) orbitals, as shown in Fig. 8. We
see that the Fermi level lies well inside the reduced band gap
for both polarization states, indicating that the interior of
PTO film is insulating. The correction of the band gap for
PTO will change the calculated conductance quantitatively,
but it will not alter our main results qualitatively. We hope
to clarify the issue of the underestimation of band gap in a
future study.

We should also mention that the effect of the spin-
orbit coupling (SOC) on the ferroelectricity and TER for

J. Appl. Phys. 119, 224104 (2016)
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FIG. 8. Layer-resolved projected density of states (PDOS) for Ti-d (red
solid) and O-p (blue dashed) orbitals for left (left panel) and right (right
panel) polarization states as denoted by the arrows. The layer numbers are
marked in Fig. 7(b). The Fermi level has been aligned to zero.

the FTJs was not taken into account in our calculations.
We have calculated the structural parameters for one-unit-
cell PTO by including the SOC and found that there is no
significant difference between the structural parameters
calculated with SOC and that without SOC. Thus the fer-
roelectricity is expected to be affected not much by SOC.
Regarding to the transport calculations for the obtention of
TER, we also neglected the SOC. Besides the realistic
first-principles calculations by including the SOC are com-
putationally very demanding. Regarding to the role of PTO
barrier, the asymmetry of PTO barrier plays a key role for
the TER effects, which will not be affected much by the
SOC in PTO as discussed above. Regarding to the role of
electrodes, actually the electrodes provide the electron
transport channels that go through the junction and the
bands of electrodes will be spin-split induced by the SOC
but the number of channels is not changed. Thus it is
expected that the conductance of FTJ will also not be
affected much by the SOC in electrodes. In a sense, we
may say, that the SOC does not enter the TER physics and
it will change our results quantitatively but not qualita-
tively. This is possibly the reason why most of previous
work neglects the SOC in transport calculations even with
heavy-element electrodes.”>*>3% Even so, the effect of
SOC on the ferroelectric and TER for the FTJs should be
further explored by first-principles calculations by includ-
ing the SOC and we hope to clarify these issues in a future
study.
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IV. CONCLUSIONS

In conclusion, we have studied the ferroelectricity and
TER effect in PTO-based FTJs by means of first-principles
calculations. Our calculations suggest that the ferroelectricity
for s-FTJs depend crucially on both metal electrode type and
PTO interface termination, which is due to different screen-
ing lengths of metal electrodes. Moreover, we find signifi-
cant asymmetric displacements in the a-FTJs resulting from
intrinsic built-in electric field due to the work functions dif-
ference between metal electrodes. Interestingly, through
quantum transport calculations on two prototypical Pt/PTO/
Fe and SRO/PTO/Pt a-FTJs, giant TER effects are predicted.
The physical origin of TER effect is clarified through the
real-space scattering state and complex band structure. Our
results provide some fundamental understandings of ferroe-
lectricity and TER mechanism in FTJs and give some practi-
cal guidelines for the designing of FTJ-based devices.
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