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An effective regulation of the magnetism and interface of ferromagnetic materials is not only of great scientific sig-
nificance, but also has an urgent need in modern industry. In this work, by using the first-principles calculations, we
demonstrate an effective approach to achieve non-volatile electrical control of ferromagnets, which proves this idea in
multiferroic heterostructures of ferromagnetic LaTiO3 and ferroelectric BiFeO3. The results show that the magnetic prop-
erties and two-dimensional electron gas concentrations of LaTiO3 films can be controlled by changing the polarization
directions of BiFeO3. The destroyed symmetry being introduced by ferroelectric polarization of the system leads to the
transfer and reconstruction of the Ti-3d electrons, which is the fundamental reason for the changing of magnetic properties.
This multiferroic heterostructures will pave the way for non-volatile electrical control of ferromagnets and have potential
applications.

Keywords: first-principles calculations, BiFeO3/LaTiO3 heterostructures, magnetoelectric coupling effect,
polarization regulation
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1. Introduction
Traditional perovskite-type multiferroic compounds are a

class of materials with general formula ABO3, A-site deviates
from the center of symmetry of the crystal to achieve spon-
taneous polarization and B-sites with unpaired electrons pro-
vides for spontaneous magnetic order, so they can accommo-
date various electronic and magnetic ground states.[1,2] These
materials exhibit simultaneous ferromagnetism (FM) and fer-
roelectricity (FE), and the two ferric properties change with an
external magnetic field and electric field. The novel magne-
toelectric (ME) coupling effect enables multiferroics applica-
tion in information storage, spintronic devices, magnetic sen-
sors, and capacitor and inductor integrated devices.[3–8] How-
ever, single-phase multiferroics are quite rare at room temper-
ature, because the ferromagnetic requires unpaired electrons
in partially occupied d-orbitals or f-orbitals and ferroelectric-
ity requires empty d-orbitals which is mutually exclusive in
nature.[9–11] The ME coefficient is usually weak because there
is associated with different ions, which is far from the appli-
cation. Therefore, many researchers make a concerted effort
to find the multiferroic composite materials and a study of the
ME coefficient improvement at room temperature has become
a research hotspot.

Heterogeneous multiferroics combining ferromagnetic
and ferroelectric materials together can produce a strong mag-
netoelectric coupling effect.[9] Based on the heterostructures
(HSs) of perovskite oxides, the FE and FM phases at the in-
terface have been designed through advanced thin film ma-
terial preparation technology to achieve the magnetoelectric
coupling at the atomic scale.[12–14] Due to the strong corre-
lation effect of d-orbital electrons,[15,16] the surface/interface
of the HSs has lattice reorganization and electron reorganiza-
tion which can produce a multi-degree-of-freedom interaction
of “spin–orbit–charge–lattice”,[1,6,17–19] such as, transition be-
tween metal and insulator, magnetism, two-dimensional elec-
tron gas (2DEG), etc.[17,20–22] 2DEG with high electron mo-
bility has important applications in spintronic devices, and
its existence strongly depends on the composition of the
interface.[23] Once the material is synthesized, the characteris-
tics of its interface are fixed, it is difficult to grow the system
that can regulate 2DEG and magnetoelectric coupling.[24,25]

Therefore, it is necessary to control the polarization direction
of the ferroelectric material by applying electric field and then
realize the control of properties at the interface.[2,26–28]

In the typical Mott–Hubbard insulator perovskite ox-
ide RTiO3 (R represents the trivalent rare-earth ions),[29–31]
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LaTiO3 (LTO) exhibits G-type antiferromagnetic (G-
AFM),[32,33] and its band gap is small (∼ 0.2 eV). At low
carrier doping levels, LTO can easily become a metal, and
thus lead to a metal-to-insulation transition occurs.[34,35]

The 2DEG was found at the interface of two insulators
SrTiO3/LaTiO3 and SrTiO3/LaAlO3.[36,37] In LaAlO3/LTO
HSs, the spin orbits in LTO could be effectively controlled
by introducing LaAlO3,[38,39] which is particularly impor-
tant in magnetoelectric coupling devices. The BiFeO3 (BFO)
is the only room temperature single-phase multiferroic mate-
rial with significant spontaneous polarization.[40,41] Compared
with the rhombohedral phase BFO, the tetragonal phase BFO
possesses larger spontaneous polarization and charge transfer
excitation.[42–44] Due to the strong magnetoelectric coupling,
the tetragonal BFO is often chosen as the substrate.[28] For
instance, the study by Yin et al. showed that Fe4N/BFO
was anisotropy under the condition of adjustable electric
field.[44,45] Yin et al. also found that the BFO/LTO superlat-
tices had metal-insulation transition and 2DEG with different
terminations.[19] It is well known, in artificially prepared su-
perlattices, that the application of an external electric field
can only affect the magnetic properties of the superlattice sur-
face (it has little internal impact). However, the method of
ferroelectric polarization control can effectively regulate the
overall magnetic properties of the superlattice. Therefore,
the BFO/LTO HSs are constructed, not only to introduce the
surface/interface effect into the structure (we hope that the sur-
face/interface effects can bring new characteristics to the HS),
but also to control the spontaneous polarization of the mate-
rial by applying electric field. This may achieve the purpose
of controlling magnetism with polarization simultaneously.
In addition, it is worthy of attention that the influence of the
same interface and different polarization configurations on
the electronic structure and magnetic properties for LTO thin
films.

In our work, by using density functional theory (DFT)
method, we mainly investigate the effect of the magnetic or-
der and magnetic moment of the LTO film by changing the
polarization direction of the BFO. The ideal interface without
any defects and adsorption in the heterogeneous structure has
been fully considered in our calculation model. In depth anal-
ysis shows that the difference of magnetic properties attributes
to charge transfer from Ti-t2g orbital to O-px,y orbital and the
electronic rearrangement inside Ti-t2g. Besides, the 2DEG is
also found in BFO/LTO HSs, and the inversion of the polariza-
tion direction gives rise to the change in the density of 2DEG.
This work will be of great significance in the practical appli-
cation of magnetoelectric storage materials.

2. Methods
Our first-principles calculations are carried out within

the Perdew–Burke–Ernzerhof functional revised for solids

(PBEsol).[46] The generalized gradient approximation (GGA)
and projector-augmented wave (PAW) method are employed
for the core-valance interaction and the exchange–correlations
function,[5,47] which implemented in the Vienna ab initio sim-
ulation package (VASP).[46,48] The valance electrons config-
urations had been employed for Bi-5d106s26p3, Fe-3d74s1,
O-2s22p4, La-5s25p65d16s2, and Ti-3p63d24s2, respectively.
The energy cut off for plane wave is chosen to be 500 eV
and Γ -centered 7× 7× 1 Monkhorst–Pack k-points meshes
are performed in the Brillouin zones integration for the
BFO/LTO HSs. Structural relaxation is performed until the
Hellmann–Feynman force on each ion converged to be less
than 0.03 eV/Å. The thickness of the vacuum layer is set to
be 15 Å to avoid the interaction between periodic images of
the z axis. In addition, to partially correct the Coulomb inter-
action on d orbitals, we adopt Hubbard Ueff = 4 eV of Fe 3d
orbitals and Ueff = 3 eV for Ti 3d orbitals by the GGA+U
method of Dudarev et al.’s approach.[10,19,28] Previous studies
have shown that spin orbit coupling (SOC) has small influence
on BFO and LTO.[19,28,49] Therefore, the SOC effect is not
considered in this work.

The LTO thins grown along the [001] direction are widely
studied.[19,32] Therefore, we constructed the BFO/LTO HSs
along the [001] direction. While the lattice constants of BFO
are matched on that of SrTiO3 (STO) in the xy-plane, it can
be simulated the growth of the multiferroics heterojunction
on the STO substrate in experimentally.[19,28,49–51] And BFO
can be grown on STO substrate to obtain tetragonal phase
BFO. Thus, the BFO (001) slab is expanded into

√
2×
√

2
as the substrate to support LTO (001) slab with the 1× 1 unit
cell. In the xy-plane, the lattice constants of BFO (a = b =√

2aBFO = 5.5217 Å) are approach to the lattice constants
of LTO (a = 5.633 Å, b = 5.615 Å). The lattice mismatch
rates are only about 2.0% and 2.6% in the x and y directions,
respectively. Objective to explore the magnetoelectric cou-
pling effect of polarization regulation in the BFO/LTO HSs,
we construct the BFO/LTO HSs model containing a minimum
LTO unit of the intra-layer and inter-layer magnetic structure.
Namely, every BFO/LTO HS model consists of 4 monolayers
(ML) of the BFO part and 2 MLs of the LTO part. The bottom
2 MLs BFO ions are fixed to simulate a thin substrate, while
the rest of the ion coordinates are completely relaxed, and fi-
nally make it reach a state of equilibrium. Four different in-
terfaces (BiO/TiO2, FeO2/LaO, BiO/LaO, FeO2/TiO2) can be
formed when constructing the BFO/LTO HS models. Among,
the BiO/LaO and FeO2/TiO2 interfaces destroys the crystal
symmetry of the perovskite structure, while the BiO/TiO2 and
FeO2/LaO interfaces are better for crystal growth because they
maintain perovskite structure. Moreover, previous calcula-
tions of the cohesive energy shown that the BiO/TiO2 and
FeO2/LaO interfaces are more stable structures than the other
two.[19] Therefore, only two interface BiO/TiO2 (abbreviated
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as BT-type) and the FeO2/LaO (abbreviated as FL-type) HSs
models are further considered in this work. Simultaneously,
in order to investigate the effect of BFO polarization on the
system, the net FE polarization of BFO along the +z direction
(+P) or the −z direction (−P) is set. Four kinds of BFO/LTO
models are set up here (Fig. 1).

Ti
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Bi 
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z

y

II-LTO

I-LTO

I-BFO

II-BFO

IV-BFO

III-BFO

(d)(a) (b) (c)

Fig. 1. (a)–(d) Side view along c axis of the BFO/LTO HSs for different ter-
minals. Panels (a) and (b) are BiO/TiO2 interface; (c) and (d) are FeO2/LaO
interface. The grey arrows represent the FE polarization of BFO, the up and
down arrows mean respectively +P and −P states. The part enclosed by the
yellow solid line is the interface part of the BFO/LTO HSs.

3. Results and discussion
In order to determine the stability of our established HSs

models, the interfacial formation energy is calculated, which is
defined as Eform = (EBFO/LTO−EBFO−ELTO)/A, where Eform

is the formation energy of per unit area; EBFO/LTO , EBFO, and
ELTO are the total energy of the BFO/LTO HS, the BFO sur-
face, and the LTO surface, respectively. A (30.264 Å2) is the
interface area of the BFO/LTO HS. The adsorption energies of
the all BFO/LTO HSs models are listed in Table 1. The FL-
type HSs have lower formation energies (Eform) than the BT-
type HSs, indicating the FL-type HSs are more stable than the
BT-type HSs. For the BT-type HSs, whether in the case of +P
or −P, the overall behaviour is a metallic state, meanwhile,
the calculated magnetic order of BFO and LTO parts are all
the G-AFM order and ferrimagnetic (FiM) order respectively
(Table 1 and Table S1), which means that the physical proper-
ties of the BT-type HSs are not regulated by FE polarization.
However, for the FL-type HSs, the magnetic order of LTO part
changes FiM order from A-AFM when the polarization direc-
tion of BFO changes −P from +P, which is also confirmed
by the calculated exchange constants (Fig. S1 and Table S2).
Thus, it is successfully realized the local FM order switched
by the FE polarization at the I-LTO layer. More interestingly,
changing the directions of polarization, the direction of the
easy magnetization axis (EMA) also changes from [001] to
[100]. By switching the different states of the easy magnetiza-
tion axis, it is expected to be applied to logic devices. Based
on the above analysis, it shows that the FL-type HSs are more
energetically favourable and their magnetic order as well as
magnetic anisotropy can be effectively controlled by FE po-

larization. Therefore, we only focus on the properties of the
FL-type HSs in the below.

Table 1. Physical properties of the BFO/LTO HSs in the case of +P and
−P.

BT-type FL-type

PBFO +P −P +P −P
Eform (eV/Å2) −0.147 −0.403 −0.423 −0.464
Conductivity metal metal metal metal

2DEG Yes Yes Yes Yes

Magnetic ordera FiM FiM A-AFM FiM

(LTO part)
↑↑ ↑↑ ↑↑ ↑↑
↑↓ ↑↓ ↓↓ ↑↓

EMA [100] [100] [001] [100]

aBecause the magnetic order of the BFO part always indicates G-AFM,
the table only shows the magnetic order of the LTO part.

It is well known that the anion and cation displacement
of the system reflects the change of its structure and interlayer
electric dipole moment. The average displacements between
anions and cations for the FL-type HSs are given in Fig. 2(a),
the two vertical dotted portion represents the interface por-
tion of the HSs. Firstly, we found that the central positions
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Fig. 2. (a) The average displacements between anions and cations (D) in the
interlayer for FL-type HSs. (b) The deformation of the LTO part is described
by the Jahn–Teller model of oxygen octahedra (Q2 and Q3). Panels (c), (d),
(e) are the schematic diagrams of the tilting and rotation of the oxygen octa-
hedron, Q2 distortion, and Q3 distortion, respectively.
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of the anion could not overlap with that of the cation in each
layer at the interface of the LTO parts under the BFO polar-
ization, which indicates that the LTO parts are polarized and
the oxygen octahedra of the LTO parts appear ferroelectric dis-
tortion and built-in electric field. Secondly, the change trend
of the displacements between cations and anions under polar-
ized states +P is just the same as that of −P in the LTO parts,
which implies the LTO part is not sensitive to the BFO po-
larization direction. However, the average displacements be-
tween anions and cations near the interface in the case of −P
are larger than that of in the case of +P, owing that the direc-
tion of the built-in electric field due to ferroelectric distortion
in the LTO part is the same as the direction of the polarized
electric field of the BFO.[52] This qualitatively shows that the
amount of charge transfer in the case of −P is greater than
that of in the case of +P. The transferred electrons caused
by this kind of ferroelectric distortion ultimately lead to the
emergence of 2DEG in the HSs.

The magnetic moments of the FL-type HSs and net mag-
netization of Fe and Ti atoms are further investigated as listed
in Table 2. Combined with Tables 1 and 2, we find out that the
BFO part always maintains the G-AFM order (in-plane an-
tiparallel magnetic order and out-plane antiparallel magnetic

order) for all the studied systems. This shows that the built-in
electric field in the LTO part and interface reconstruction only
affect the magnetic moment of the Fe atoms, but not alter the
magnetic order of the BFO part. However, due to the reversal
of polarization, the magnetic order of the LTO part changes
from A-AFM to FiM, and the magnetic moment of Ti atoms
decreases significantly. In addition, when LTO (space group
Pbnm) and BFO (space group P4mm) form a heterostruction,
BFO will suppress the GdFeO3-type distortion of LTO. More-
over, in the process of structural relaxation, the symmetry of
the system is broken due to the joint action of interface re-
construction, substrate fixation and FE polarization. This will
cause the magnetic moments of the same layer of magnetic
atoms to be slightly different, but this will not affect the qual-
itative analysis of magnetism. We also measured the average
bond lengths of oxygen octahedra at the interface under the
case of +P and −P, which were 1.988 Å and 1.985 Å, re-
spectively. The bond length under these two cases is slightly
smaller than that of the bulk LTO value (2.002 Å), indicating
that the polarization did not significantly influence the Ti–O
bond length and the Ti–O bond length is not the main reason
of the magnetic order change.

Table 2. Magnetic moments (Mag) and net magnetization (M) of Fe and Ti atoms in the FL-type HSs, as well as rotation angles (ϕ) and tilting
angles (θ ) for Jahn–Teller distortion of the LTO part in the case of +P and −P.

+P −P

Layer Mag (µB) ϕ (◦) θ (◦) Layer Mag (µB) ϕ (◦) θ (◦)
II-LTO 0.599 0.601 −0.254 6.762 II-LTO 0.166 0.167 −0.961 5.813
I-LTO −0.478 −0.497 9.326 8.534 I-LTO −0.135 0.133 9.771 5.990
I-BFO −4.497 4.475 – – I-BFO −4.439 4.438 – –
II-BFO 4.508 −4.508 – – II-BFO 4.436 −4.436 – –

M – 0.197 – – M – 0.145 – –

In order to explore the influence of the oxygen octahe-
dra in the LTO part on the magnetic order, we further inves-
tigated the Jahn–Teller (JT) distortion mode Q2/Q3 (break-
ing the symmetry, thereby splitting the t2g orbit).[53] The
schematic diagrams of the tilting and rotation of the oxy-
gen octahedron, Q2 distortion, and Q3 distortion are shown
in Figs. 2(b)–2(e). The JT distortion mainly includes Q2

and Q3 modes.[54] The changes of the two modes are ex-
pressed as: Q2 = (1/

√
2)(X1 − X4 − Y2 + Y5) and Q3 =

(1/
√

6)(2Z3−2Z6−X1+X4−Y2+Y5), where X , Y , and Z are
expressed as the coordinates of O atoms around the Ti atom,
and the subscripts represent different O atoms around the oxy-
gen octahedra. As shown in Fig. 2(b), the Q3 distortion of the
oxygen octahedra is slightly more obvious than the Q2 distor-
tion. However, whether under the case of +P or −P, there is
no significant difference in the effects of polarization on Q2

and Q3 distortions in general. Whereas, Q3 is always distorted
to a negative value whether +P or −P, indicating that the
oxygen octahedra are compressed along the z-axis direction,

which inhibits the electron occupation of Ti-dyz/dzx orbit and
makes electrons more inclined to occupy Ti-dxy orbit. In ad-
dition to the JT distortion of the oxygen octahedra mentioned
above, there are two important physical quantities that must
be considered, namely the rotation angle (ϕ) and the tilt angle
(θ ) of the oxygen octahedra,[2] which affect the properties of
the perovskite HSs to some extent. As can be seen from ϕ and
θ in Table 2, the rotation angle and tilting angle change con-
sistently when the polarization direction inverse. According
to the above analysis of the rotation angles, tilting angles, and
Q2/Q3 distortion, it can be concluded that the polarization has
little effect on the oxygen octahedra rotation and JT distortion
in this system, which are not also the reason for magnetic order
changes. In order to discuss whether the magnetic change of
the system is caused by d-electron transfer, next the electronic
structure of HSs was analysed.

In order to qualitatively explain the physical mechanism
of magnetic regulation, we analysed the density of states
(DOS) of the FL-type HSs (Fig. 3). No matter in the case
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of +P or −P, the total density of state (TDOS) at the Fermi
level is not zero, indicating that HSs exhibit the characteris-
tics of metal. As can be seen from the layered density of state
(LDOS), the DOS at Fermi level is attributed dominantly by
the Ti-3d states. The BFO part is insulated, while the LTO
part is conductive, indicating that the electron can only move
in the xy-plane to form a 2DEG. The concentration of 2DEG
in the case of +P is higher than that of in the −P case, which
further reflects that the conductivity of the HSs in the case +P

is stronger than that of in the case −P. Simultaneously, with
the reversal of polarization, the Ti-3d state moves to the high
energy region and the occupancy of Ti-3d near the Fermi level
is getting smaller gradually, the interface I-LTO layer changes
from metal to insulating state. In addition, in the case of +P,
the 2DEG exhibits ferromagnetism in I-LTO and II-LTO parts
respectively owing to the dominance of same spin polarized
(spin-up or spin-down) states, while the whole system exhibits
A-AFM.
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Fig. 3. For FL-type HS, panels (a) and (b) are expressed as TDOS and LDOS in the case of +P and −P, respectively. The solid grey line indicates
TDOS; The solid blue line represents the Fe-3d states. The solid green line represents the Ti-3d states. The solid red line represents the O-2p states. The
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Table 3. The average transferred electron numbers for the Ti-t2g (dxy, dyz,
dzx) orbitals in the FL-type HSs relative to that of the bulk LTO under the
+P and −P cases.

dxy dyz dzx Total

+P −0.214 −0.159 0.282 −0.091

−P −0.426 −0.540 −0.096 −1.062

For perovskite transition metal oxides, the arrangement
of 3d orbitals usually determines its electronic structure and
physical properties. Due to the effect of the octahedral sym-
metry field, the 3d orbitals will split into t2g and eg. To better
elucidate the microscopic mechanism of the change of mag-
netic order and magnetic moment, we perform an elaborate
DOS analysis of Ti-3d and O-2p in LTO parts, as shown in
Fig. 4. It can be clearly seen the states at the Fermi level and
the magnetic moments of the LTO parts are substantially as-
cribed to the partially occupied Ti-t2g orbital. When the polar-
ization is reversed, there is a strong hybrid between the Ti-t2g

orbital and the O-px,y orbital, so that the electrons in the t2g

orbital move toward O-px,y orbit transfer and the occupation
of electrons in the Ti-t2g orbital at the Fermi level decreases.
Therefore, the magnetic moment of Ti atoms at the II-LTO
layer changes from 0.6 µB to 0.166 µB, and the magnetic mo-

ment of Ti atom at the I-LTO layer changes from 0.487 µB to
0.134 µB. It can be seen from Figs. 4(c) and 4(d) that, in the
case of +P and −P, the shape and trend of the PDOS are sig-
nificantly different for the I-LTO layer.Therefore, we further
draw PDOS of dxy, dyz, and dzx orbits for the I-LTO layer Ti
atoms as shown in Figs. 4(e) and 4(f). We can see that the en-
ergy of the dxy orbit is lower than the dzx and dyz orbits, which
is consistent with the tendency of electrons to occupy dxy or-
bitals due to the Q3 distortion induced compression of oxygen
octahedron along z direction. We also integrate the state den-
sity of the dxy, dyz, and dzx orbitals to obtain the corresponding
transferred electron numbers for Ti-dxy, Ti-dyz, and Ti-dzx or-
bits in the FL-type HSs relative to that of in the bulk LTO, as
presented in Table 3. When the FE polarization is +P, the Ti-
dxy/yz orbital loses electrons relative to the bulk LTO, and the
dzx orbital gains electrons, which is likely to change the mag-
netic order of the LTO part from G-AFM to A-AFM. When
the FE polarization is changed to −P, the main dxy/yz orbital
loses electrons, and the overall Ti-t2g orbital loses electrons
more. This leads to the emergence of net magnetic moment
in the system, which in turn changes the magnetic order of
the LTO part from G-AFM to FiM. As simple summary of
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the above, FL-type HSs exhibits different properties from the
bulk LTO. The FE polarization state of the substrate changes
the magnetism of the LTO part at the interface. Due to the

combined effect of the electron transfer between the Ti-3d and
O-2p orbitals and the electron transfer inside the Ti-t2g orbital,
the magnetic order of the system changes.
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Fig. 4. The projected-DOS (PDOS) are shown for the FL-type HSs in the +P and −P cases. Where panels (a) and (b) are the PDOS of the
II-LTO layer; panels (c) and (d) are the PDOS of the I-LTO layer; panels (e) and (f) are the PDOS of Ti-dxy, Ti-dyz, and Ti-dzx orbitals for the
I-LTO layer. The up and down grey arrows represent +P and −P states, respectively.

4. Conclusion
In summary, we calculated the magnetic and electronic

structure of the multiferroic BFO/LTO HSs. This performance
can be adjusted by changing the FE polarization direction in
the BFO/LTO HSs. We found that for the BT-type heterostruc-
ture, the polarization reversal has no effect on the magnetic
and electronic structure. For the FL-type heterostructure, in
the case of +P, the magnetic order of the LTO part is A-AFM,
and the heterojunction as a whole is metallic. The appearance
of 2DEG can be clearly observed at the interface, indicating
that it has strong conductivity. In the case of−P, the LTO part
is FiM ordered and shows metallicity and appears 2DEG as
well, but the concentration of 2DEG is lower than that of in
the case of +P, which means that the conductivity is reduced.
According to the analysis of crystal structure and electronic
structure, the change of the magnetic order is mainly caused
by the charge transfer inside Ti-t2g orbitals. Our work pro-
vides theoretical guidance for the control of physical proper-
ties through the re-orientation of FE polarization. This method
of using polarization reversal to control conductivity and mag-
netic properties can be applied in future electronic devices.
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