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Motivated by recent experimental observations, we explore electron transport properties of a ferroelectric tunnel

junction (FTJ) with an embedded head-to-head ferroelectric domain wall, using first-principles density-functional
theory calculations. We consider a FTJ with Lay 5SrgsMnOj; electrodes separated by a BaTiO; barrier layer and show

that an in-plane charged domain wall in the ferroelectric BaTiO; can be induced by polar interfaces. The resulting V-
shaped electrostatic potential profile across the BaTiO; layer creates a quantum well and leads to the formation of a

two-dimensional electron gas, which stabilizes the domain wall. The confined electronic states in the barrier are

responsible for resonant tunneling as is evident from our quantum-transport calculations. We find that the resonant
tunneling is an orbital selective process, which leads to sharp spikes in the momentum- and energy-resolved

transmission spectra. Our results indicate that domain walls embedded in FTJs can be used to control the electron

transport.

I. Introduction

Ferroelectric materials are characterized by a spontaneous
electric polarization, which can be reversed by an applied
electric field.' This property is sustained down to the
nanoscale dimensions, 2-% Wwhich makes ferroelectrics
attractive for modern technological applications, such as
non-volatile random access memories and field sensors.’
Nanoscale ferroelectrics found an important application in
ferroelectric tunnel junctions (FTJs).G'8 A FTIJ consists of
two metal or semiconductor electrodes separated by a
nanometer thick ferroelectric barrier layer. The tunneling
resistance of a FTJ is modulated by electric field induced
ferroelectric polarization switching — the effect known as
(TER).
theoretical predictions,”'® there have been a number of

tunneling  electroresistance Following  the

successful experimental demonstrations of the TER effect

H1-16 showing the potential of FTJs for
17,

in trilayer junctions,
non-volatile memory applications. " The structural
and/or electronic asymmetry of the FTJ plays a decisive
role for the TER effect. It can be achieved using dissimilar

9,19-22 . . . 13,23-26
’ through interface engineering, or

electrodes,
applied bias. 7, 28 Additionally, using ferromagnetic
electrodes in a FTJ adds new functionality, forming a
multiferroic tunnel junction (MFTJ). * Such a MFTJ
constitutes a four-state resistance device where the
depends both on the

magnetization of the electrodes and the polarization
30-34

tunneling resistance relative

orientation of the ferroelectric barrier.

In parallel with this endeavor, there has been

significant effort in exploring properties of ferroelectric

domain walls — regions, which separate uniformly polarized
domains in ferroelectric materials.” Normally, the domain
walls carry no net bound charge, i.e. the normal component
of the spontaneous polarization is continuous across the
domain wall. Such a neutral domain wall is energetically
favorable over a charged domain wall, where a bound
charge appears at the wall due to discontinuity of the
normal component of the polarization. In proper
ferroelectrics, the occurrence of charged domain walls is
often associated with availability of free carriers to
compensate the polarization charge.36 This leads to the
electrical conductivity of the domain walls as has recently
been reported for a number of different ferroelectric

. 37-45
materials.

This property of ferroelectric domain walls
can be exploited for developing a new type of nanoscale
electronics.’”*

To date, most of the work on electron transport
properties of the domain walls has been focused on the
electric current along the wall. Exploring the electron
transport across the domain wall is much more challenging
due to the insulating nature of the surrounding ferroelectric
material. Very recently, Sanchez-Santolino et al. 7 were
able to fabricate a MFTJ with ferromagnetic La; ,Sr,MnQOj;
(LSMO) electrodes and ferroelectric BaTiO; (BTO) tunnel
barrier, where ferroelectric polarization of the BTO formed
a head-to-head domain wall. Such a charged domain wall
within the nm-thick barrier layer was stabilized by a
confined electron gas formed at the domain wall. Due to
the discrete electronic states resulting from the electric gas,
signatures of resonant tunneling were observed, giving rise
to quantum oscillations of the tunneling conductance. On



the theoretical side, it has been shown that a head-to-head
domain-wall structure can be created in a ferroelectric
PbTiOs layer through the artificial electron doping at the
interface,” and such a domain wall can lead to spin-
dependent resonant tunneling in a MFTJ.* These results
demonstrate that a ferroelectric domain wall can be used as
the controlling element of the transport properties of a
FTJ.%

Stimulated by these findings, in this work we explore
electron transport properties of LSMO/BTO/LSMO tunnel
junctions focusing on the effects of resonant tunneling
across a ferroelectric domain wall. Using first-principles
density-functional theory calculations, we show that a
head-to-head domain wall can be stabilized within the BTO
thin ferroelectric layer due to the polar LSMO/BTO
interfaces and a two-dimensional electron gas (2DEG)
confined at the domain wall. We find that electron
transmission across the domain-wall FTJ exhibits clear
signatures of resonant tunneling. We analyze the
microscopic origin of the resonant tunneling mechanism
using the calculated energy-dependent transmission, the
transmission spectrum in the momentum space, the orbital-
resolved local density of states, and the scattering states in

real space.

II. Computational methods

First-principles density-functional theory calculations are
performed using the plane-wave pseudopotential method
implemented in the Quantum-ESPRESSO package. !
Exchange and correlations are treated at the level of the
generalized gradient approximation (GGA). An energy
cutoff of 544 eV is used for the plane wave expansion.
Atomic relaxations are performed with a 6x6x1 k-point
mesh until the Hellmann-Feynman forces on each atom
become less than 26 meV/A. A 10x10x1 k-point mesh is
used in the subsequent self-consistent calculations.

We consider a FTJ made of Lag sSrysMnO; electrodes
and a BaTiO; tunnel barrier. First, we build a periodic
supercell which consists of 8.5 unit cells (u.c.) of LSMO

and 11.5 u.c. of BTO stacked along the [001] direction (Fig.

la). Following the experimental result of ref. 47, we
assume LagsSrgsO/Ti0, termination on both interfaces.
The La-Sr substitutional doping is treated within the virtual
crystal approximation (VCA), by modeling each A-site
cation in LSMO with a pseudopotential of fractional
valence.” The in-plane lattice constant a of the supercell is
constrained to the calculated value of cubic SrTiOs;, a

3.931 A, to simulate epitaxial growth on a SrTiO3; (001)

substrate. The out-of-pane lattice constant as well as atomic
coordinates are fully relaxed. The in-plane constraint
produces tetragonal structure of bulk LSMO with c/a =
0.977 and bulk BTO with ¢/a = 1.053. The polarization P
of BTO computed using the Berry phase method™ is P ~ 48
uC/em?, which is in line with the previous results.”>**
Then, the electron transmission is calculated using a
general scattering formalism implemented in Quantum-
ESPRESSO.”>" The supercell described above is used as
the scattering region, ideally attached on both sides to semi-
infinite LSMO leads. This structure represents a FTJ, which
has open boundary conditions in the z-direction but is
periodic in the x-y plane. The latter property makes the

Bloch wave vector k, = (k,.k,) a good quantum number,

so that transmission 7 is a function of K,. For calculating

transmission, the two-dimensional Brillouin zone is

sampled using a uniform 100x100 k; mesh. In addition to
the transmission, we consider the scattering states™ ¢ in

real space to analyze transport properties.

II1. Atomic structure

First, we examine the atomic structure of a
LSMO/BTO/LSMO tunnel junction. We compare the two
possible polarization states in the junction: a uniformly
polarized state and a head-to-head domain-wall state.
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Fig. 1. (a) Relaxed atomic structure (top panel) and relative
displacements between metal (M) and oxygen (O) atoms (bottom
panel): LagsSrys-O, Ba-O (red squares), Ti-O, Mn-O (blue circles)
for a LSMO/BTO/LSMO tunnel junction in a uniformly polarized
state. (b) Same as (a) in a head-to-head domain-wall state. In the
BTO region, positive (negative) displacements correspond to
polarization pointing to right (left), as indicated by arrows in the top
panels.

In order to simulate a uniformly polarized state, we
displace the initial atomic positions of the metal atoms
from their centrosymmetric positions along the z direction
and then fully relax the atomic structure. Fig. 1a shows the
resulting displacements between metal and oxygen atoms
across the FTJ. We see that the displacements are nearly
uniform in the BTO layer giving rise to a uniform-
polarization state as expected. The displacement magnitude
of about 0.18 A for the central BTO layers is nearly the
same as that calculated for bulk BTO. It is notable that the
(LagsSrp5)-O ionic displacement at the right interface is
significantly enhanced. This stems from the electrostatic
force between the positive polarization charge of BTO and
positive ionic charge of interfacial (Lag sSry5)-O ionic layer
consistent with the previous calculation.™

In order to simulate a head-to-head domain-wall state,
we set the initial displacements of the metal atoms from
their centrosymmetric positions to be mirror images with
respect to the middle of the BTO barrier. Normally, such a
wall is energetically unfavorable due to the uncompensated
polarization charge of 2P at the domain wall. However, the
assumed Lag;5SrgsO/TiO;
essentially equivalent to electron doping of the structure,

interface  termination is
resulting in the partial screening of the polarization charge
at the domain wall. This is evident from the nominal ionic
charges across the FTJ. The LSMO consists of nominally
charged (Lao_SSrOASO)O'5+ and (MnOz)O‘S' layers, whereas the
BTO consist of neutral (BaO)0 and (TiOz)0 layers. Thus, the
(Lao‘5Sro_50)0‘5+/(Ti02)0 terminated interfaces are polar and

have an effective interfacial bound charge of o, = +0.25
e/a’. The released negative charge of —0.5 e/a” moves to the
center the junction where it partially screens the positive
polarization charge, thus supporting the formation of the
ferroelectric head-to-head domain wall. The overall charge
balance across the FTJ is summarized in section IV.

The result of the atomic structure optimization of the
FTJ is shown in Fig. 1b. It is seen that the atomic
displacements have opposite sign in the left (positive) and
right (negative) regions of BTO. Close to the interfaces, the
Ba-O and Ti-O displacements are uniform and are about

0.15A. This value is similar to that we find for the
ferroelectric strained bulk BTO. Closer to the middle of the
barrier layer, the magnitude of these displacements varies
rapidly, and the polarization changes sign in the middle of
the barrier. This reveals the presence of a head-to-head
domain wall in the BTO layer. Similar behavior has been
predicted previously, where La doping in the middle of a
SrTiO; barrier induced a tail-to-tail domain wall.”’
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Fig. 2. Spin- and layer-resolved local density of states (LDOS)
projected onto the TiO, monolayers in the BTO region for a uniform
polarization state (a) and a head-to-head domain wall state (b). The
majority-spin and minority-spin LDOS are plotted on left and right,
respectively. The orange lines indicate the variation in CBM and
VBM across the BTO layer. The dashed line shows the Fermi energy.
Inset in (b): Layer-resolved charge density, which is obtained by
integrating the LDOS from the CBM to the Fermi energy.

We note that the calculated total energy for the uniform
polarization state is predicted to be about 50 meV lower
than for the head-to-head domain-wall state. Thus, in the
considered LSMO/BTO/LSMO FTJ the domain-wall state
is metastable. If such a state is destroyed by applying a
sufficiently large electric field, it cannot be restored. This
behavior is similar to what has been observed
experimentally by Sanchez-Santolino et al.*’ It would be
interesting to find conditions where the domain-wall state
represents a global minimum and the system could be



reversibly switched between a uniform polarization state
and a head-to-head domain-wall state.

IV. Electronic structure

Next, we calculate the electronic structure of the FTJ. Fig.
2 shows the calculated layer-resolved local density of states
(LDOS) projected onto the TiO monolayers. For the
uniform polarization state (Fig. 2a), the band edges, i.e. the
conduction band minimum (CBM) and the valence band
maximum (VBM), vary linearly across the BTO layer
(orange lines in Fig. 2a). This is due to the electric field
resulting from the opposite-sign polarization charges at the
two interfaces induced by uniform polarization of BTO.
The electric field is screened in the LSMO electrodes.
Thickness of the BTO layer is sufficiently large so that the
Fermi energy crosses the CBM of BTO near the right
interface (at about 3 unit cells from the interface).

For the ferroelectric polarization state forming the
head-to-head domain wall structure (Fig. 2b), we find a V-
shaped electrostatic potential energy profile with a dip
located at the domain wall. This is reflected in the variation
of the CBM and VBM, across the BTO layer (orange lines
in Fig. 2b). The Fermi energy, Er, is about 0.17 eV above
the CBM for the middle TiO monolayers, whereas it lies
below the CBM for the TiO monolayers adjacent to the
interfaces. This implies electron accumulation in the middle
of the BTO layer, i.e. the formation of a 2DEG at the
ferroelectric domain wall. The real-space charge density of
the 2DEG, obtained by integrating the LDOS from the
CBM up to the Fermi energy, resides mostly on the Ti d,.
and d,.
monotonically away from the domain wall center (see inset
of Fig. 2b). The 2DEG, which is created by the V-shaped
electrostatic potential due to the ferroelectric domain wall,

orbitals and the charge density decreases

is responsible for resonant tunneling, as discussed below.
The resulting charge distribution in the FTJ, extracted

from the calculated charge density, is consistent with the

electrostatic picture discussed in the section II. The 2DEG

charge density is 0, =—0.69 e/a®”® This charge does not
fully screen the polarization charge at the domain wall of
2P =+0.96 e/az, as is estimated from the calculated bulk
value of BTO polarization. The net positive charge at the
domain wall of o, =+0.27 e/a” produces an electric field

E=0,, /2¢, pointing away from the domain wall (here

¢ is the background dielectric permittivity of BTO). The
electric field in BTO (estimated from the potential slope in
Fig. 2) is E~0.033 V/A resulting in ¢~48¢,. The

polarization charge at the interfaces is P~—0.48 e/d’
overrides a positive interface charge o, =+0.25 eld’,

resulting in the net interface charge of —0.23 e/a”. To fully
screen the electric field in LSMO, hole accumulation of
+0.095 e/’ is produced in LSMO at each interface.

We note that our model does not involve oxygen
vacancies, which were put forward by Sanchez-Santolino et
al*’ to explain their experimental observations. The
ferroelectric head-to-head domain wall can be stabilized as
long as there are free electrons available to screen the
polarization charge in the middle of the junction. The polar
discontinuity at the interfaces serves as the source of the
screening charge that stabilizes a head-to-head domain wall.

V. Transmission

Then, we explore the electron transport properties of the
FTIJ. Fig. 3 shows the calculated electron transmission 7 the
junction as a function of electron energy E. For the
uniformly polarized state (red symbols in Fig. 3), the
transmission increases with increasing energy, reflecting a
decrease in the potential barrier height when E is
approaching the CBM, as well as a contribution from a
reduced barrier width due to the bend bending across the
BTO barrier layer (Fig. 2a).
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Fig. 3. Transmission 7 per unit cell area, a°, across the
LSMO/BTO/LSMO tunnel junction as a function of energy E, for the
uniform polarization state (red circles) and the head-to-head domain-
wall state (black squares). The vertical dashed line denotes the CBM.
The inset shows T(E) on a finer scale around the Fermi energy for the
domain-wall state.



For the domain-wall state (black symbols in Fig. 3),
the transmission across the FTJ is significantly higher
than for the uniformly polarized state. For example,
there is almost eight orders of magnitude enhancement
of the transmission at the Fermi energy. Such a dramatic
increase of transmission for the domain-wall state arises
from resonant tunneling through the 2DEG created by
the ferroelectric domain wall, as discussed below.

As seen from Fig. 2, for energies within the gap of the
BTO barrier, E-E, <-0.2 eV, the domain-wall state

transmission is relatively low. For these energies, the
transmission is controlled by direct tunneling across the
BTO barrier and increases with energy as the result of the
reducing barrier height. Note that the domain-wall state
transmission is larger than the uniformly-polarized state
transmission even at these energies due to a lower barrier
height for the former.
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Fig. 4. Kjresolved transmission across the LSMO/BTO/LSMO
tunnel junction calculated at the Fermi energy for a uniformly
polarized state (a) and a domain-wall state (b). High symmetry points
and lines are indicated in the two-dimensional Brillouin zone.

There is a sharp increase in the transmission at
E - E,. =-0.17¢eV (as indicated by the vertical dashed line

in Fig. 3), corresponding to the CBM in the central region
of BTO (Fig. 2b). This jump is a result of resonant
tunneling through localized electronic states in the barrier
layer associated with the 2DEG at the ferroelectric domain
wall. The resonant contributions are evident by the
appearance of new features in the 7 versus E plot, where
the peaks and deeps in T appear in irregular fashion (inset
in Fig. 3). A further increase in energy leads to a non-
monotonic increase in transmission. The upward trend is
due to the fact that there are in general more quantum-well
states which contribute to resonant tunneling at higher

energy. However, the number of such states is not
proportional to energy.

To analyze the resonant tunneling mechanism, we
calculate the transmission probability as a function of the
transverse wave vector K, (which is conserved in the
process of tunneling) in the two-dimensional Brillouin zone
(2DBZ) at the Fermi energy. Fig. 4a shows the result of this
calculation for the uniformly polarized state. It is seen
that there is a circular region around T point (k= 0) and
four arcs around the 2DBZ corners where the transmission
is sizable. This shape of the transmission contour reflects
the Fermi surface of LSMO projected onto the (001) plane
perpendicular to the transport direction, i.e. the region in
the 2DBZ where the propagating Bloch states are available
in the electrodes,
calculations.”

and consistent with the previous

Fig. 4b shows the kj-resolved transmission for the
domain-wall state of the FTJ. It is seen that in addition to
the transmission contours similar to those for the uniformly
polarized state (colored in green and blue in Figs. 4a and
4b), there are a number of hot spots, i.e. areas of high
transmission colored in red in Fig. 4b. These hot spots
dominate the total transmission, despite their relatively
small area in the 2DBZ, and originate from resonant
tunneling through the localized electron states formed at the
head-to-head ferroelectric domain wall.
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Fig. 5. k- and orbital-resolved local density of states (LDOS) at the
Fermi energy: total LDOS (a) and orbital-resolved LDOS at the
central Ti atom: d,.,. (b), d2 (c), dy, (d), and d\2.,2 (e) orbitals. (f)
Combined kj-resolved LDOS (bottom panel, same as in Fig. 5a) and
transmission (top panel, same as in Fig. 4b) in the central part of the
2DBZ. A and B denote the k| points at which the scattering states are
calculated and shown in Figs. 6b and 6¢, respectively.



In order to understand the origin and placement of the
hot spots, we plot in Fig. 5a the kj-resolved LDOS
projected onto the central Ti atom at the Fermi energy. The
LDOS reveals narrow regions of high density associated
with the electronic states forming the 2DEG. To correlate
the kj-resolved LDOS and transmission, we display in two
panels of Fig. 5f the LDOS (bottom) and the transmission
(top) in the central part of the 2DBZ. It is evident that there
is a clear match between the two, in the form and position
of a square-shaped feature and four arcs around the T point.
It is also notable that the states located in a circular region
with high LDOS lying closer to the T point do not
contribute much to transmission.

To understand this behavior, we project the LDOS for
the central Ti atom onto the 3d orbitals, as shown in Figs.
Sb-e. We find that there is a large LDOS in the hot-spot
transmission regions contributed by the Ti-d,.,. orbitals
(Fig. 5c), which are also seen in the charge density shown

in the inset of Fig. 2. States of this symmetry are however
absent in the LSMO electrodes, where the central part the
Fermi surface in the 2DBZ is composed of the states
predominantly of the d.» character.”>” We therefore argue
that the Ti-d..,. states localized at the BTO domain wall
participate in the transmission due to their hybridization
with the Ti-d.» orbitals. Indeed, as the symmetry is lowered
from D, at the T point to C, at point B in Fig. 5f, the Ti-
d..,. doublet splits and it becomes compatible in symmetry
with the Ti-d.> state symmetry enabling hybridization away
from the zone center. This is evident from the shape of the
Ti-d projected LDOS in the central part of the 2DBZ (Fig.
5d) being nearly identical to that seen in the hot-spot
transmission distribution (Fig. 4a). The circular feature in
the kj-resolved LDOS around the T point is due the Ti-d,,
orbitals (Fig. 5e). These orbitals are localized in the xy
plane perpendicular to the transport direction and do not
contribute to the conductance.
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Finally, we exclude a possible contribution from
resonant tunneling associated with the interface states. It is
known that, for a symmetric tunnel junction, resonant
transmission may occur due to two localized interface

60,61 .
’ in our case, the

states matched in energy. However,
transmission hot spots do not match the interface states, as
we find from comparison of the Kkj-resolved LDOS
projected onto the interfacial Mn atom (not shown) and the
kj-resolved transmission.

The resonant nature of tunneling is clearly seen from
the amplitude of the electron transmission function. In Fig.
6 we plot scattering states in real space (a squared wave-
function of the right-moving state) across the

LSMO/BTO/LSMO tunnel junction at several selected k|

“ x . MQCtD mu:}s:}u&:m&-‘

Y FITWAARL o o
IR Y
- m

1

| Fig. 6 (a) Real-space scattering states across
| the LSMO/BTO/LSMO tunnel junction
calculated at the Fermi energy for different
ky points: k= (0, 0) (a), k;= (0.09, 0.15) (b),
and k= (0.1, 0.1) (c), where the values of
kj are given in units of 2m/a. The two latter
kj points are indicated in Fig. 5f as points A

and B, respectively.

points. At the T point, the electron state incident from the
left LSMO electrode decays exponentially when travelling
through the BTO barrier layer (Fig. 6a), indicating the
direct tunneling mechanism for electron transmission. We
find that the scattering state is composed of Mn (Ti)-d2
orbitals and O-p, orbitals. These orbitals constitute the A;-
symmetry band, which dominates the transmission across
the FTJ. In contrast, for kj corresponding to the
transmission hot spots, the behavior is quite different. The
amplitudes of the scattering states corresponding to the k|
points A and B in Fig. 5f are plotted in Figs. 6b and 6¢
respectively. The amplitude is dramatically enhanced
around the central region of the BTO barrier layer where



the 2DEG is present. Such behavior is typical for resonant
tunneling, where the evanescent state creates a node at a
localized state. The shape of the scattering wave amplitude
around the domain wall indicates that the scattering state in
this region is composed of the Ti-d,, and Ti-d,. orbitals,
which is consistent with the previous discussion.

VI. Conclusions

In summary, using first-principles density-functional theory
calculations, we have explored electronic and transport
properties of a LSMO/BTO/LSMO ferroelectric tunnel
junction with a head-to-head ferroelectric domain wall
embedded in the BTO barrier layer. We demonstrated that
such a charged domain wall can be stabilized by the
presence of negative charge in the barrier arising from the
polar (Lao,sSr0,50)0‘5+/(Ti02)0 terminated interfaces. The
resulting V-shaped electrostatic potential profile across the
BTO layer creates a quantum well supporting a 2DEG. Our
transport calculations show that the confined electronic
states in the tunneling barrier lead to resonant transmission
across the FTJ. The resonant tunneling occurs in the
specific k; points of the two-dimensional Brillouin zone,
when the incoming electron energy matches a quantum-
well state. These conductance hot spots are responsible for
the experimentally observed resonant spikes in the
differential conductance as a function Voltage.47 We also
find that this resonant tunneling is highly selective of the
orbital symmetry of the tunneling states due to the orbital
polarization of the 2DEG. The tunneling
mechanism enhances the conductance of the FTJ by many

resonant

orders of magnitude as compared to the single domain state.

This phenomenon serves as the foundation of a new type of
electroresistance effect if the energy of the domain-wall
state could be lowered below that of the single-domain
state and the device can be switched between the two states
by an electric field. We hope that our results will further
stimulate experimental efforts in the understanding of the
electron transport across ferroelectric domain walls and
provide some guidelines for designing multifunctional
electronic devices.
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