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Toward the ferroelectric field-effect transistor
on BaTiOs;/LaMnO3; heterostructure: DFT investigation
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We investigated the possibilities of switchable two-dimensional electron gas

(2DEG) at the interface of antiferromagnetic and ferroelectric perovskites,
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LaMnO;/BaTiO; (LMO/BTO) superlattice, by means of ab initio calculations.
We show that in the LMO/BTO heterostructure the two-dimensional conduct-
ing state may be induced by applying external electrical field. Defects in the
form of oxygen vacancies on the surface stimulate that phenomenon. The

density of states at the Fermi-level can be tuned by ferroelectric polarization
reversal. The conducting state is mainly localized within the interfacial MnO
layer and it coexists with magnetic state, which arises mainly from Mn atoms.

Introduction

The ferroelectric films were already used in modern
complementary metal-oxide semiconductor and
other microelectronics processes as a gate material. It
is therefore appealing to use ferroelectric materials in
nonvolatile memory devices, such as ferroelectric
random access memory (FeRAM) or ferroelectric
field-effect transistors (FeFET). The presence of fer-
roelectric as a component of heterostructure gives us
new outstanding functionality which can be used in
possible electronic devises based on it. In particular,
thanks to the presence of spontaneous polarization in
the ferroelectric thin film, the two-dimensional gas
(2DEG) [1] can occur at the interface. The electronic
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properties of arising state can be tuned by an external
field through the ferroelectric dipoles direction
change. Investigations of heterostructures made it
possible to combine incompatible mutually exclusive
properties in one material, for instance, supercon-
ductivity [2-4] and magnetism [5] at the LaAlO;/
SrTiOj3 interface.

Most previous works on 2DEG at oxide interfaces
were based mainly on SrTiOj3, in which the interfacial
magnetism is very weak since of the nonmagnetic
nature of their parent material. It was also shown that
magnetism in such systems is induced by
defects [6-11]. For instance, maximal magnetic
moment induced by oxygen vacancy at the interface
equals 0.2 pB per Ti atoms neighboring to the
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defect [12]. In such heterostructure the 2DEG arises
due to the polar properties of LaAlO;. In contrast, the
spontaneous electrical polarization of ferroelectric
films, for instance BaTiO;, perpendicular to the
interface can cause the accumulation of electrons in
the interface area, and stimulate new non-trivial
effects [13-15].

Despite a great interest to conducting heterostruc-
tures during last two decades and a huge number of
research, this field is still fascinating and draws the
attention discovering new phenomena [13-28]. To
enhance interfacial magnetism, it is essential to use
magnetic insulators as a component of heterostruc-
tures to support spin-polarized 2DEG. Even more
promising here is the manipulation of its conducting
state with the help of an electric field using ferro-
electric materials [19-21]. Additional interest to such
a heterostructures is associated with the possibility of
controlling the ferromagnetic ordering at the inter-
face due to interactions of spins through conduction
electrons and with arising of multiferroic properties
of all heterostructure. Multiferroic materials are
compounds where at least two order parameters
coexist in the same phase. One very important but
extremely rare group is ferroelectric ferromagnets,
which have recently stimulated an increasing number
of research activities for their scientific uniqueness
and application in the novel multifunctional devi-
ces [29-31]. Magnetoelectric materials are mainly
interesting due to the possibility to control magnetic
properties by an external electric field [32, 33]. Due to
the extraordinary challenge of creating multiferroic
compounds, it was essential to create superlattice
multicomponent materials as more efficient. More-
over, the discovery of a quasi-two-dimensional elec-
tron gas properties in LaAlO;/SrTiOs
heterostructures has stimulated intense research
activity in the last twenty years and provided new
functionality for electronic devices [1, 2]. At the case
of heterostructures we will have multiferroic material
with spatially distributed properties. And thus, a
converse magnetoelectric (ME) effect is realized,
when magnetization can be changed by an electric
field. For the purpose of ME coupling a great amount
of various heterostructures have been investigated,
most of which contain BaTiO; as a component such
as Fe/BaTiO; [22], Co,MnSi/BaTiO; [23], Fe;O./
BaTiO; [24], Fe(Ni, Co, CrO,)/BaTiOs/normal
metal [25], La;_, A, MnO3/BaTiO3 (A = Ba, Sr, and
Ca) [13], LaMnO3/BaTiO3/SrMnQOs [26], La;_, Sry
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MnOj3/BaTiOj; [27]. The possibility to control both
conductivity and magnetism by an electric field in the
interface of heterostructures in the BaTiOz/LaMnO;
was discussed recently in Ref. [34, 35]. More recently
the spin-dependent switching effect was demon-
strated on a similar system based on perovskites
YTiO5;/PbTiO;, where antiferromagnet (AFM) YTiO3
was used as a source of magnetism, and ferroelectric
(FE) PbTiO; was used to manipulate the interfacial
states [28]. The use of A-type AFM material was
supported by the fact that the A-type AFM order is
better coupled with the field effect, since the FE field
effect and the A-type AFM order are layer
dependent.

When 2DEG occurs, the issue of switching such
states by external influence is acute. To achieve this
goal, in the present work, the LaMnO;/BaTiO;
(LMO/BTO) heterostructure along the [001] direction
is studied as a model system. Based on density
functional theory (DFT) calculations, we investigate
the possibilities of the spin-polarized 2DEG appear-
ing in the LMO/BTO heterostructure. In particular,
the essential issue is understanding the influence of
polarization inside the BTO slab on the interfacial
electronic states. To do this, we compare the elec-
tronic properties of the BTO/LMO heterostructure
with the same heterostructure with a simulated
additional polarization. We consider two cases:
polarization directed toward the interface (Pgown)
and the surface (P,p). Finally, the impact of oxygen
vacancies located on the surface on the electronic and
magnetic properties is analyzed.

Methodology

The present research were performed by using the
ab initio calculations as based on density functional
theory (DFT) [36, 37] as implemented in the Vienna
Ab-Initio Simulation Package (VASP) [38—40], which
is part of the MedeA® software of Materials
Design [41]. All computational parameters and
supercells are in consistence with our previous
researches [35, 42], where an impact of ferroelectric
thickness onto the electronic states was analyzed.
Here, the polarization direction was changed in the
LMO/BTO heterostructure with 2 BTO overlayers,
the right half of the fully optimized unit supercell is
presented in Fig. 1.
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We have checked the influence of different com-
putation and geometry parameters: the size of the
cell, thickness of ferroelectric layer, thickness of LMO
substrate, termination types. Obvious, more accurate
calculations would change the numbers, but here, we
used a big supercell with 114 atoms, so we used
highest possible accuracy within the reasonable
computation time. The cell parameters a and b were
chosen to be the same as the optimized bulk LMO cell
parameters reflecting the substrate conditions.
Besides, we checked slightly bigger cell parameters
and got that the properties of interest do not change.
The ¢ parameter was chosen to be big enough in
order to prevent the interaction between periodic
copies, all the atoms were allowed to relax in z-di-
rection. The size of ferroelectric film thickness has
been investigated in our previous research [42].
There, we have obtained that system remains a
semiconductor up to 6 BTO overlayers. The band gap
decreases with increasing the thickness and system
most probably becomes a conductor with sufficient
thickness, but that does not affect quantitative con-
clusions made in the current paper. Concerning LMO
thickness and terminations we found that the
stable heterostructures exist only with a particular
LMO termination. The supercell used here consists of
11 alternating layers and MnO, terminating layers.
Another termination was found to be not stable. The
less layered heterostructures are too thin to make any
conclusion, and more layers require significant
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computational resources we do not possess, unfor-
tunately. However, we could assume, that the thick-
ness of LMO does not significantly affect the overall
electronic properties since the properties of interest
mostly depend on the external ferroelectric
overlayers.

Results and discussion

In the beginning, we have checked the parent mate-
rials of the heterointerface separately in the bulk and
thin-film geometries to ensure the reproducibility of
the results obtained by the method and calculation
parameters used. Those results are listed in our
resent research [42]. There we confirmed that both
materials in bulk and thin film geometries remain
insulating, BTO is non-magnetic, LMO was chosen to
be in the A-AFM ordering in accordance with pre-
vious research, where it was suggested to replace
ferromagnetic material by antiferromagnetic to real-
ize the spin-dependent switching effect [28, 35].
BaTiO; is a well-known ferroelectric, which has a
ferroelectric spontaneous polarization based on the
shift of the Ti atom in the O6 octahedra in different
directions depending on the phase.

An important note here concerning the choice of
BTO ferroelectric phase. Barium titanate (BTO) crys-
tals exhibit phase transitions from the cubic para-
electric phase Pm-3m to the tetragonal ferroelectric
phase P4mm at about 403 K, then to the
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Figure 2 The layer and atom-
resolved density of states
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orthorhombic Amm?2 phase at about 278 K, and to the
rhombohedral R3m phase at about 183 K [43].
Therefore, below 170 K, the stable structure of BTO
single crystals is rhombohedral. And this is true for
bulk samples only. In the case of films, the picture
changes radically. Films of BTO and its solid com-
positions of the Bag g Srp» TiO5 (BST) type, depending
on the magnitude and sign of deformation, experi-
ence ferroelectric phase transitions from the cubic
phase to the tetragonal phase with polarization per-
pendicular to the substrate, or to the orthorhombic
phase with polarization parallel to the substrate (see
for example Bag g Srg» TiO3 (BST) films on (001) MgO
substrates [44]). In the case of BTO on LMO, in the
configuration when the axis with LMO is perpen-
dicular to the surface (this is the case we are con-
sidering), a sufficiently significant compressing
deformation arises, which “supports” the tetragonal

@ Springer

- -
v~ L'y - = WP~ oo
Central layer of the slab Voo
W Y
0 1 2 3 4

Energy, eV

phase. This compressing strain causes the unit cell to
shrink in the a4 and b directions, and therefore
“elongate” in the c direction, which effectively stim-
ulates the phase transition to the ferroelectric state. In
this case, firstly, the tetragonal phase appears at
much higher temperatures (for example, for BST
films on (001) MgO substrates Tc 540 K), and sec-
ondly, the tetragonal phase remains stable up to the
lowest temperatures. Our preliminary studies of BST
films on (001) LMO substrates have shown that the
tetragonal phase is stable from room temperature to
at least liquid nitrogen temperature (~ 77.4 K).
Therefore, we assume that tetragonal phase in the
thin film BTO might conserve up to 0 K.

In order to merge BTO with LMO with polarization
of BTO being parallel to the c-axis of LMO, the BTO
unit cell has to be rotated by 45° along z-axis. In this

geometry the agro X V2 is very close to the a;yo and
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Figure 3 a Upper half structures of LMO/2BTO supercells with
simulated imposed polarization, i.e., dipoles directed toward the
surface (P,p) and toward the interface (Pgown), as indicated by blue
arrows. Corresponding density of states spectra for two
polarization directions Py, (b) and Pgown (¢). The same atoms
designation was used as shown in Fig. 1.

brmo cell parameters. The resulted supercell with two
BTO overlayers is presented in Fig. 1a, where the
right half of the unit cell is presented without pre-
senting the full vacuum region. The structure was
fully optimized.

Performed structural optimization resulted in a
slight displacement of Ti atoms out of oxygen planes.
Except for the one, all Ti atoms shift toward the
surface. As a result the total polarization is directed
predominantly toward the surface. We denote that
polarization as Py. Such a structural reconstruction
leads to an electronic rearrangement as reflected in
the atom-resolved DOS (Fig. 1b). A larger number of
BTO overlayers was checked as well, and we got that,
quantitatively, all heterostructures with up to 6 BTO
overlayers represent similar DOS, but with decreas-
ing band gaps as reflected in Ref. [42]. The layer-re-
solved DOS spectrum for the bare LMO/BTO
heterostructure with 2 BTO overlayers is shown in
Fig. 2 for further comparison.
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Figure 4 The layer-resolved density of states spectra for the
LMO/BTO heterostructure with polarization directed toward the
surface. Note that the spectra are shown only for the half slab,
whereas the other half has the same spectra.

Polarization impact

To simulate the application of an external electric
field and, as consequence, the occurrence of addi-
tional polarization in the positive or negative direc-
tions with respect to the z-axis we chose the LMO/
BTO heterostructure with two BTO overlayers. There,
all Ti atoms were moved out of the oxygen planes up
or down by Azr o ~ 0.2 A with respect to the
position found in full optimization, and the TiO,
layers within the BTO slabs were kept frozen during
the optimization, whereas the central atoms of LMO
were all fully relaxed. This shift value was chosen
close to the Ti shift due to spontaneous ferroelectric
polarization in the bulk tetragonal BTO. The two
considered supercells are shown in Fig. 3a with cor-
responding DOS (b is for polarization directed
toward the surface (P,p) and c-directed toward the
interface (Pqown)). It is clearly observed from DOS
plots that polarization direction affects the electronic
properties of the considered LMO/BTO heterostruc-
ture. In particular, polarization toward the surface of

@ Springer



Figure 5 a Top view onto the (a)
surface BaO layer of LMO/

BTO heterostructure with three

BTO overlayers and one

oxygen vacancy (b) and

corresponding atom-resolved (b)
density of states.

DOS, 1/eV

the heterostructure reduces the band gap and leads to
a semiconductor—conductor transition, whereas the
second case of polarization directed toward the
interface increases the band gap from 0.25 up to
0.31 eV.

At the next step, magnetic states have been exam-
ined, and we found that the distribution of magnetic
moments within the MnO layers does not change
significantly. However, the total magnetization is the
lowest for Pgown and the highest for Py. So, the
magnetoelectric coupling takes place, but as not as
pure as in Ref. [28] for YTiO;/PbTiO;, where the
interfacial magnetic moments turn to zero for Py.
The possible reason could well be the usage of dif-
ferent supercells, in particular, in the mentioned
research, there is even number of MnO layers and,
consequently, the pure A-AFM ordering in the YTiO3
slab. In contrast, in our case the total magnetization is
not zero due to presence of the even number of MnO,
layers. Besides, the slab is not symmetrical, and no
vacuum was added in contrast to our supercell.
Similar system was also investigated previously by
Ciucivara et al. [34], where (LaMnOQOs),5/(BaTiOs3)45
superlattice was considered with the vacuum region.
They reported that starting with A-AFM LaMnO; the
optimization of the superlattice converged to the
ferromagnetic order. The study concluded that
interfaces increase the magnetization and may favor
ferromagnetic ordering.

Finally, for a conducting heterostructure with
polarization toward the surface (P,,) we present the
layer-resolved DOS (shown in Fig. 4). It reveals that
the Fermi-level is mainly crossed by states filled with
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electrons of interfacial Mn atoms of LMO, implying
an interfacial 2DEG. The DOS at the Fermi level for
the second and third layers inside the LMO slab are
equal to zero. Compared to the case without addi-
tional polarization (Py) demonstrated above (Fig. 2),
polarization toward the surface leads to a downshift
of the Ti states in the ferroelectric slab. As a conse-
quence, that leads to the surface conductivity, and,
more importantly, to the interfacial conductivity with
Mn 3d contribution. The mechanism of the appear-
ance of conductivity might well be as follows: the
ferroelectric polarization toward the surface of the
slab leads to the electric field strength being directed
from LMO to the surface of the BTO. Therefore, all
electrons will be attracted by the lowest interfacial
layer and confined close to the interface.

Oxygen vacancies impact

To check other possibilities for conducting state cre-
ation the oxygen vacancies were created at the sur-
face layers of the slab of the LMO/BTO
heterostructure with 3 BTO overlayers. Oxygen
vacancies were introduced on both sides while pre-
serving the inversion symmetry of the slabs. The top
view of the surface layer and corresponding atom-
resolved DOS for the LMO/BTO heterostructure with
a vacancy in the surface layer is presented in Fig.5a.

Depicted situation results in a Ba,O surface layer
with a formal charge +2 and occupation of the lowest
part of the conduction band, which is of Ti, Mn
3d and O 2p characters as shown in DOS (Fig. 5b). For
this configuration, the layer-resolved DOS was
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Figure 6 The layer-resolved density of states spectra for the
LMO/BTO heterostructure with one oxygen vacancy per the 1 x 1
surface. Note that the spectra are shown only for the half slab,
whereas the other half has the same spectra.

calculated as well (Fig. 6). Since a positive charge is
created on the surface, the occurrence of the con-
ducting state on the surface is not surprising. Besides,
the charge reconstruction takes place leading to the
downshift of Mn and O states in the LMO slab and
crossing the Fermi-level. Therefore, the situation with
vacancies is similar to the case of applying an elec-
trical field toward the surface, which was discussed
in the previous section.

Discussion

In the bare LMO/BTO heterostructure (Fig. 7a), the
structural optimization resulted in the shift of Ti
atoms out of the oxygen planes toward the surface of
the slab. This shift corresponds to the polarization
and, hence, to the electrical field directed toward the
surface (as denoted by arrows). Such a structural
reconstruction leads to an electronic reconstruction
and corresponding downshift of the states located
above the Fermi-level, to the closing of the band gap
with more than 6 ferroelectric layers [42]. The distri-
bution of charges during arising the electrical field
toward the surface is shown in (Fig. 7a), in particular,
electrons move against the field to the interface, and
holes—with the field to the surface of the slab. Simi-
larly, if additional polarization takes place (Fig. 7b),
the number of charges increases and a significant
contribution arises at the interface. This is also seen in
the layer-resolved DOS spectra (Figs. 2 and 4), where
the Mn interface and Ti surface states cross the Fermi-
level. On the contrary, the situation in Fig. 7c with
polarization directed toward the interface leads to the
counter motion of charges and opposite motion of
electronic states upward (Fig. 3b). In this case, the
number of holes at the interface is small because a
higher value of electrical field is required in order to
move more charges and move electronic states higher
in order to contribute significantly to the Fermi-level.
The last considered here case of heterostructure with
oxygen vacancy on the surface (Fig. 7d) is similar to
the case with upward directed polarization (Fig. 7b).
Here, the presence of a vacancy leads to the appear-
ance of an extra positive charge on the surface.
Therefore, this increases the electrical field through
the ferroelectric film and the flow of electrons down
to the interface and holes up to the surface (this is
also seen in the layer-resolved DOS (Fig. 6).

Summary

In summary, by means of ab initio calculations, we
have demonstrated that the combination of FE
polarization and antiferromagnetism at the interface
can affect the electronic and magnetic properties. In
particular, the additional polarization imposed by the
external electric field directed toward the surface of
the LMO/BTO heterostructure with two BTO over-
layers can change the conducting state from
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Figure 7 A schematic of the effect of polarization direction and

oxygen vacancy on the conductivity of a ferroelectric/

antiferromagnet  heterostructure. a  For an  optimized
heterostructure, the intrinsic polarization is directed toward the
surfaces. The majority of charge is redistributed by the electrostatic
field. Electrons and holes are mainly located near the interface and

surface layers, respectively. b When the polarization is enhanced

semiconductor to a conductor due to the additional
polarization. Similarly, oxygen vacancies located on
the surface of a ferroelectric film can change the
charges distribution in the slab, which leads to a
downshift of the Mn and O states in the LMO slab
and appearance of nonzero DOS at the Fermi-level
and, as a consequence, conductivity with an interface
contribution.
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by an external field, the charier density mainly at the interface
increases. ¢ When the polarization direction is reversed, the
majority charge carriers are pushed away from the interface,
reducing the conductivity and switching the system to the off state.
d Similar to the (b) case, a surface vacancy results in a positively
charged surface and consequent polarization directed toward the
surface and an increase in the density of states at the Fermi-level.
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