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First-principles calculations predict the emergence of magnetoelectric coupling mediated by two-dimensional
electron gas (2DEG) at the ferroelectric PbTiO3 /SrTiO3 heterostructure. Free electrons endowed by naturally
existing oxygen vacancies in SrTiO3 are driven to the heterostructure interface under the polarizing field of
ferroelectric PbTiO3 to form a 2DEG. The electrons are captured by interfacial Ti atoms, which surprisingly
exhibits ferromagnetism even at room temperature with a small critical density of ∼15.5 μC/cm2 . The
ferroelectricity-controlled ferromagnetism mediated by interfacial 2DEG shows strong magnetoelectric coupling
strength, enabling convenient control of magnetism by electric field and vice versa. The PbTiO3 /SrTiO3
heterostructure is cheap, easily grown, and controllable, promising future applications in low-cost spintronics
and information storage at ambient condition.
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Traditional magnetic recording media have disadvantages
of instability, slow switching speed, and high energy consumption [1]. The emergence of multiferroic materials can solve
these problems to a large extent. Magnetoelectric coupling
in multiferroic materials enables ferromagnetism controlled
by electric field, largely reducing energy consumption and
accelerating storage velocity [2]. However, ferroelectricity and
ferromagnetism are always difficult to coexist, because the
empty d-electron configurations (e.g., Ti4+ ) needed in ferroelectric phases obviously contradict with the partially filled
d states required for ferromagnetism [3,4]. A single-phase
ferromagnet that is also ferroelectric at room temperature has
not yet been found [5]. On the other hand, one can obtain
magnetoelectric coupling in heterostructures and composite
materials. In recent years extensive research activities have
been focused on oxide heterostructures in the hope that onehalf of the interface can provide ferroelectricity and the other
half provide ferromagnetism. For example, in BaTiO3 /SrRuO3
heterostructures [6], ferroelectricity couples with magnetism
in the ferromagnetic metal SrRuO3 at the interface. In
PbTiO3 /LaAlO3 heterostructures [7], ferromagnetism could
occur at ferroelectric domain walls.
The emergence of ferromagnetism in BaTiO3 /SrRuO3
and PbTiO3 /LaAlO3 comes from electrons trapped at the
interfaces or domain walls, but whether there exists nonlocal
two-dimensional electron gas (2DEG) therein is unknown.
The 2DEG at low temperature is always accompanied with
superconductivity, quantum Hall effect, and other complex
emergent quantum behaviors. Consequently, the conductive
heterointerfaces have attracted wide attention. Since the discovery of 2DEG at the interface of two insulators LaAlO3 and
SrTiO3 [8–10], other systems that can host 2DEG have been revealed, including KNbO3 /SrTiO3 [11], BiFeO3 /SrTiO3 [12],
etc. However, whether the 2DEG is magnetic or not, and moreover, whether there exists 2DEG-mediated magnetoelectric
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coupling, are still under heavy debate for LaAlO3 /SrTiO3
[13–15], or largely unnoticed for KNbO3 /SrTiO3 and
BiFeO3 /SrTiO3 . In addition, the interfaces of these systems are
charged (e.g., in the form of LaO+ , NbO+
2 ), and the existence
of 2DEG is strongly interface composition dependent [10];
hence it is arduous to grow such samples and to control the
2DEG as well as the magnetoelectric coupling (if it exists).
Here we explore the emergence of 2DEG-mediated magnetoelectric coupling in the PbTiO3 /SrTiO3 heterostructure.
We choose this system for several reasons: (i) PbTiO3 is a
typical ferroelectric material with a strong bulk spontaneous
polarization calculated to be 109.8 μC/cm2 , which is 3
times larger than that of another commonly used ferroelectric
material BaTiO3 . (ii) The oxygen vacancy (VO ) is ubiquitous
and controllable in SrTiO3 , which can provide a high density
of free electrons. (iii) PbTiO3 and SrTiO3 both have perovskite
structures with the same, continuous crystal framework built
by TiO6 octahedra. The crystalline structure of the heterostructure is nondisruptive, and there is only a neutral Ti-O plane
at the interface. (iv) Meanwhile, the lattice mismatch between
the (001) facets of PbTiO3 and SrTiO3 is as small as 0.1%. It
would be easy to grow a PbTiO3 /SrTiO3 heterostructure, and
the resulting heterostructure is very stable. (v) The elements
in PbTiO3 /SrTiO3 are all earth abundant; thus it is readily
available and of low cost, opposite to popular systems such
as LaAlO3 /SrTiO3 and BaTiO3 /SrRuO3 previously studied.
To our surprise, we found that a 2DEG is formed at the
interface of ferroelectric PbTiO3 /SrTiO3 heterostructure upon
the presence of natural defects such as VO . The 2DEG exhibits
ferromagnetism, even at room temperature, with a small
critical density of ∼15.5 μC/cm2 . Due to the presence of
2DEG, the calculated magnetoelectric coupling is stronger
than that of BaTiO3 /SrRuO3 , and can be further modulated
to larger values by increasing the density of 2DEG through
increasing the density of VO , applying tensile strain and/or
external electric field in practice, enabling effective control
of magnetism by electric field and vice versa, and facilitating
future applications in low-cost spintronics and information
storage at room temperature.

184102-1

©2017 American Physical Society

LAN-YING WEI, CHAO LIAN, AND SHENG MENG

PHYSICAL REVIEW B 95, 184102 (2017)

First-principles calculations within the framework of
density functional theory (DFT) are performed with VASP
package [16]. We use the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE) [17]
for the exchange-correlation functional. A projector augmented wave (PAW) [18] with electronic configurations of
Pb 6s 2 6p2 , Sr 4s 2 4p6 5s 2 , Ti 3d 4 , O 2p6 is employed.
The energy cutoff for plane waves is 500 eV. Because of
the effects of the depolarization field, the two-dimensional
PbTiO3 thin film cannot maintain ferroelectricity [19–25],
and hence we adopt PbTiO3 /SrTiO3 superlattices [26] to
ensure the presence of ferroelectricity at the heterointerface
in the present study. The -centered 2 × 2 × 1 k points for
(PbTiO3 )2×2×5 /(SrTiO3 )2×2×5 heterostructure (periodic 2 × 2
supercell in the X-Y plane parallel to the interface and 5-unitcell thickness in the perpendicular Z axis for both PbTiO3
and SrTiO3 ) and Monkhorst-Pack 5 × 5 × 1 k points for
(PbTiO3 )1×1×7 /(SrTiO3 )1×1×7 heterostructure (periodic 1 × 1
supercell in the X-Y plane and 7-unit-cell thickness in the
Z axis for both PbTiO3 and SrTiO3 ) are used to sample the
Brillouin zone. The tolerance for total energy convergence is
10−4 eV. Structure relaxation is converged until the forces on
all atoms are less than 0.04 eV/Å. Different lattice constants of
intact neutral PbTiO3 /SrTiO3 superlattice are used to simulate
a strained heterostructure at the interface region with the strain
0
ε = a−a
, where the unconstrained (ε = 0%) in-plane lattice
a0
constant is a0 = 3.87 Å.
The atomic structure of the (PbTiO3 )2×2×5 /(SrTiO3 )2×2×5
superlattice is shown in Fig. 1(a). Bulk PbTiO3 and SrTiO3
both have a cubic perovskite structure. The TiO6 octahedra
build up the crystal framework with Ti atoms located at the
center of octahedra. When PbTiO3 is deposited on the SrTiO3
substrate, polarization of ferroelectric PbTiO3 breaks the
space-reversal symmetry of the system, driving the interfacial
SrTiO3 layers partially polarized [the case of intact structure
in Fig. 1(b)]. As a result, there is a positively polarized Ti-O
interface P+ and a negatively polarized Ti-O interface P− at the
two ends of the PbTiO3 segment: the former is the layer with
polarization pointing from PbTiO3 to SrTiO3 , while the latter
has polarization pointing from SrTiO3 to PbTiO3 . The two
interfaces are naturally different. Here we assume the initial
polarization of the system is leftward in Fig. 1.
A 2DEG arises at the P+ interface when oxygen vacancies
are present in SrTiO3 . In experimental conditions, SrTiO3
substrate inevitably introduces a certain amount (usually a few
percent: 0.4%–10%) of oxygen vacancies in its lattice [27].
In bulk SrTiO3 , two extra electrons introduced by each VO
localize at the vacant anionic sites; hence the adjacent Ti atoms
develop a local magnetic moment of 1 μB [28–30]. However, in
the PbTiO3 /SrTiO3 heterostructure, two extra electrons from
a VO in polarized SrTiO3 are no longer localized around the
local VO site; instead, they are transferred from VO to the
positively polarized interface P+ and become accumulated
at the P+ interface. As shown in Fig. 2(a), analysis on the
partial density of states (PDOS) of Ti 3d orbitals shows that
the conduction bands below the Fermi energy level at the
sixth (P+ ) and eighth atomic layers are now occupied mainly
by spin-up electrons (here the spin-up charge density σ↑ is
about 8 times larger than that of spin-down σ↓ ); therefore VO
provides abundant electron doping to the interface. The free

FIG. 1. (a) Atomic structure of (PbTiO3 )2×2×5 /(SrTiO3 )2×2×5
superlattice. PbTiO3 is sandwiched between SrTiO3 layers. Vertical
dashed lines denote the Ti-O interfaces. (b) The average local
out-of-plane displacements between cations and anions in the same
layer. (c) Layer-averaged magnetic moments per Ti atom in each Ti-O
layer. VO3 and VO4 are the oxygen vacancies located at the third and
fourth atomic layer (the Ti-O layer and Sr-O layer), respectively.

electrons are accumulated at the P+ interface to form a 2DEG,
and the interface becomes metallic. The 2DEG resides at the
interface of the heterostructure with a small thickness of 1–2
unit cells.
In Fig. 1(c), we find that there is no magnetism present
in the intact structure, but Ti atoms at the P+ interface
become ferromagnetic when VO are added into the SrTiO3
lattice. The ferromagnetism of Ti atoms at the P+ interface
is energetically favorable than other magnetic orderings
(e.g., antiferromagnetic ordering). The shapes of spin density
distribution in Fig. 2(b) indicate that the magnetism mainly
comes from Ti 3dxz and 3dyz orbitals. Consequently, the accumulated electrons captured by interfacial Ti atoms produce
ferromagnetism, resulting in magnetoelectric coupling at the
interface. In the presence of VO , the Ti atoms adjacent to
VO in the bulk SrTiO3 and the interface Ti atoms in the
PbTiO3 /SrTiO3 heterostructure both exhibit ferromagnetism,
but they can have different exchange interaction strengths [31].
In addition, oxygen anions around the P+ interface are also
slightly spin polarized, with the value of magnetic moment
being about 1/10 of that for Ti, oriented in the opposite
direction.
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FIG. 2. Electronic properties for 2VO3 doped (PbTiO3 )2×2×5 /(SrTiO3 )2×2×5 . (a) The partial density of states (PDOS) of Ti 3d orbitals at
each Ti-O layer. Red and black lines represent the contributions of spin-up and spin-down electrons, respectively. The shaded areas denote the
filled energy range of conduction band bottom. (b) Spatial distribution of spin density (the difference between spin-up and spin-down charge
3
density). The isosurface level is ±0.001 e/Å for spin-up (yellow) and spin-down (blue) electron clouds. The arrows in the left part denote
adjacent oxygen anions moving toward the location of VO .

To quantify the strength of magnetoelectric coupling, we
introduce the following parameter [6]:
η=

σs
,
P

(1)

which is the ratio between the spin density σ s at the P+ layer
and the polarization P of inner unit cell of PbTiO3 . Here σ s
equals to difference between spin-up and spin-down electron
density, i.e., σ s = σ↑ − σ↓ . The 0.058 μB and 0.257 μB
magnetic moments emerge at the P+ interface for the case with
one VO3 and two VO3 (VO3 : oxygen vacancy in the third atomic
layer), corresponding to a spin density of σ s =5.95 μC/cm2
and σ s =26.35 μC/cm2 , respectively. The polarization P is
defined as [32,33]
e  ∗
Z Z ,
 m=1 m m
N

P =

(2)

where  is the volume of unit cell, N is the number of atoms
in the unit cell, and Z ∗ is the Born effective charge [34]
(calculated Z ∗ for Pb: 3.30, Ti: 4.59, OA : −3.99, OB : −1.95
in PbTiO3 ; Sr: 2.54, Ti: 7.82, OA : −6.25, OB : −2.05 in
SrTiO3 , where OA locates at Pb-O/Sr-O layers, and OB locates
at Ti-O layers). Here Zm is the displacement of the mth
atom away from its position in symmetric structure. We
obtain that ηVO3 = 0.12 and η2VO3 = 0.51 for VO densities
of 0.8% and 1.6% (one VO and two VO out of 120 oxygen
atoms) in the PbTiO3 /SrTiO3 heterostructure. The latter is
much larger than the value η = 0.37 for the BaTiO3 /SrRuO3
heterostructure [6]. As the density of VO dominates the
strength of magnetoelectric coupling, we could obtain a
stronger magnetoelectric coupling by increasing the density of
VO . In addition, the distribution of VO within the SrTiO3 layers
and the interactions between adjacent oxygen vacancies [35]
have minor effects on the resulting magnetoelectric coupling.
Only the results of VO near the interface are shown as
representative examples, since in practice only the SrTiO3

layers near the interface are effectively polarized. Electrons
from VO near the interface are more easily driven to the
interface to form 2DEG.
Apart from providing free electrons, however, the local
crystalline distortions induced by VO in SrTiO3 obscure
the analysis on the mechanism of magnetoelectric coupling.
As shown in Figs. 1(b) and 2(b), locations of VO are
positively charged as extra electrons are driven away by the
polarizing field. Due to their mutual Coulombic attraction, the
surrounding negatively charged oxygen anions move toward
the locations of VO . Thus the local displacements between
anions and cations can shrink to zero or even negative values.
(Negative displacement means that the anion is at the left side
of the cation, and the polarization becomes rightward.) As a
result, ferroelectric domain walls are yielded near the interface
of the heterostructure; meanwhile the local TiO6 octahedra are
tilted and rotated [26,36]. Accordingly, it is difficult to rule
out the possibility of a domain-wall mechanism for electron
accumulation which is similar to that in PbTiO3 /LaAlO3
heterostructures [7]. Since the main role of VO is to provide
free electrons, an alternative strategy for increasing the density
of charge carriers is to directly dope electrons into the intact
PbTiO3 /SrTiO3 heterostructure, mimicking the effect brought
by the presence of oxygen vacancies and other donors far away
from the interface. In this way, not only are the side effects of
VO to induce crystalline distortion avoided, but the electronic
control of the system is also more convenient.
To look into the mechanism of magnetoelectric coupling,
we dope 1–4 electrons to the (PbTiO3 )1×1×7 /(SrTiO3 )1×1×7
heterostructure (corresponding to VO concentrations of 1.2%
to 4.8%), as shown in Fig. 3. The neutral case is also shown
for comparison. We see that free electrons are accumulated
at the P+ interface, where the ferroelectric domain wall is
absent. With the doping electrons increasing from 1 to 4, the
interfacial magnetism increases from 0.204 μB to 0.498 μB ,
and the magnetoelectric coupling η defined in Eq. (1) increases
from 0.22 to 0.51. We note that the induced polarization in

184102-3

LAN-YING WEI, CHAO LIAN, AND SHENG MENG

PHYSICAL REVIEW B 95, 184102 (2017)

FIG. 3. (a) The local displacements between in-plane anions and
cations for intact (PbTiO3 )1×1×7 /(SrTiO3 )1×1×7 . Ne is the number of
electrons doped in the system. Polarization is initialized as leftward.
Vertical dashed lines denote the Ti-O interfaces. Red and blue
horizontal dashed lines are the displacements between in-plane anions
and cations in bulk PbTiO3 . (b) Polarization P defined by Eq. (2)
calculated for each unit cell. (c) Layer-averaged magnetic moments
per Ti atom in each Ti-O layer.

SrTiO3 (e.g., the first unit cell) decreases from 48.7 μC/cm2
to 13.1 μC/cm2 , approaching its value in bulk phase (having
no polarization). The ferromagnetism and ferroelectricityinduced polarization show obvious competitive behaviors.
Therefore we conclude that the 2DEG present at the interface
partly screens out the polarization in PbTiO3 and that the
magnetoelectric coupling is 2DEG mediated. With more doped
electrons, more Ti atoms adjacent to the interface become
magnetic, indicating that the thickness of 2DEG becomes
larger [Fig. 3(c)]. Given that the doped electrons accumulate at
the interface and that our system is large enough (the thickness
along z direction is about 60 Å), the interaction between the
charged system and the compensating homogeneous positive
charge background applied automatically by VASP is very small
and does not affect our conclusion.
Combining
the
results
for
doping
VO
in
(PbTiO3 )2×2×5 /(SrTiO3 )2×2×5 and doping electrons in

(PbTiO3 )1×1×7 /(SrTiO3 )1×1×7 , we gain a clear picture about
the 2DEG-mediated magnetoelectric coupling. Paraelectric
SrTiO3 is polarized by ferroelectric PbTiO3 . When there is
no VO or doped electrons, there is no magnetism. Under the
induced electric field in SrTiO3 , extra electrons from VO or
other dopants are driven in the opposite direction of electric
field to the PbTiO3 /SrTiO3 interface and accumulated at the
P+ interface to form a 2DEG. Free electrons are captured
by interfacial Ti atoms, and Ti atoms become ferromagnetic
when the 2DEG density is high. The accumulated charges
at the P+ interface in turn screen and reduce the interface
polarization, making SrTiO3 approach the behavior of bulk
phase. Thus the key reasons for the emergence of 2DEG
and the ferromagnetism at the P+ interface are the strong
polarization field induced by ferroelectric PbTiO3 and free
screening electrons from dopants in SrTiO3 .
The above discussion on the mechanism of a twodimensional ferromagnetic conducting layer between two
nonmagnetic insulators has ignored the least charges needed
to screen polarization and to form ferromagnetism, and
the effects of strain on magnetoelectric coupling [36,37].
The lower boundary of screening charges is determined
by the sharp change in magnetic moment per Ti at the
P+ layer when more electrons are doped. As shown in
Fig. 4(a), a phase transition occurs at the doping level of 0.5
electrons per unit-cell area when epitaxial strain is absent,
equivalent to one VO in (PbTiO3 )2×2×5 /(SrTiO3 )2×2×5 . The
critical number of electrons is slightly decreased (increased)
when the tensile (compressive) strain is applied. The tensile
and compressive strain can be realized experimentally by
depositing PbTiO3 /SrTiO3 thin film on substrates with large
lattice mismatches.
We obtain a phase diagram where the boundary between
the nonmagnetic (NM) and ferromagnetic (FM) phase at the
P+ interface is a function of applied strain ε and accumulated
charge density σ [Fig. 4(b)]. The critical charge density σ for
the emergence of FM ordering is found to be 17.9 μC/cm2 ,
15.5 μC/cm2 , and 14.1 μC/cm2 under the strain of −2%,
0%, and 2%, respectively. When the charge density reaches
the critical value, the magnetic moment of Ti develops, and
the exchange interaction between two adjacent Ti atoms
via the bridging oxygen is strong enough to make Ti3+
forming ferromagnetic alignments. The corresponding spin
density σ s is 8.6 μC/cm2 , 6.5 μC/cm2 , and 5.9 μC/cm2
for −2%, 0%, and 2% strained films, respectively, implying
about 40% of the electrons of the 2DEG is polarized. The
proportion of polarized electrons gradually increases to 80%
when the 2DEG density is further increased. The resulting
magnetic moment per Ti reaches as high as 0.5 μB and
becomes saturated [Fig. 4(a)]. As the 2DEG density increases,
the gradual increase in the fraction of polarized electrons
and the magnetic moment results in a large magnetoelectric
coupling. Comparing with PbTiO3 /LaAlO3 , where ferromagnetism comes from electrons doped by the charged LaO+
interface layer, and BaTiO3 /SrRuO3 , where ferromagnetism
comes from local Ru 4d electrons in ferromagnetic metal
SrRuO3 , PbTiO3 /SrTiO3 possesses a strong magnetoelectric
coupling strength as its magnetoelectric coupling is mediated
by itinerant and high-density 2DEG, triggering its potential
application in spintronics and information storage. The critical
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FIG. 4. Magnetoelectric properties for (PbTiO3 )1×1×7 /(SrTiO3 )1×1×7 . (a) Magnetic moments per Ti atom at the P+ interface as a function of
the number of doped electrons. Arrows denote the critical density for the abrupt emergence of ferromagnetism. (b) Phase diagram of interfacial
nonmagnetism (NM) and ferromagnetism (FM) phases. The boundary is a function of the applied strain ε and the accumulated charge density
σ at the P+ interface. (c) The (M2i , dPzi /dz) distributions with different number of doped electrons and strains. Here i is the unit-cell number;
and Mi , Pz , and z are in units of μB , μC/cm2 , and Å, respectively. The red dashed line is a guide for the eyes. (d) Curie temperatures TC as a
function of σ at the P+ interface.

density to achieve ferromagnetism in strain-free film, σ =
15.5 μC/cm2 , is at least 3 times smaller than the critical
charge density [8] of 52.5 μC/cm2 required to form 2DEG
in LaAlO3 /SrTiO3 . This fact gives rise to the scientific and
technological promise for effective magnetoelectric control.
The type of magnetoelectric coupling revealed in the
present work belongs to the category of carrier driven [6,7]. In
Fig. 3(b), the sharp change of polarization at the P+ interface
indicates a large positive dPz /dz. Here dPz /dz describes a
net charge at position z [derived from Eq. (2)], and hence
the discontinuity of ferroelectric polarization at the interface
controls the interfacial magnetism, and this is the reason why
free electrons are trapped at the P+ layer. As ferromagnetism
breaks the time-reversal symmetry, we consider M 2 (dPz /dz)type magnetoelectric coupling to restore the time- and spacereversal symmetry of energy, shown in Fig. 4(c). We find
that a large M 2 is always accompanied with a large dPz /dz
in a wide range of values for doped electrons and applied
strains. The calculated interfacial ferromagnetism is further
enhanced using the GGA + U method, with U = 6 eV and
J =0.7 eV [38], indicating a possible stronger magnetoelectric
coupling strength in practice.
The PbTiO3 /SrTiO3 heterostructure as a magnetoelectric
material can be operated at room temperature, provided that

sufficiently high anisotropy can be obtained. In the large-N
limit, the Curie temperature TC of two-dimensional magnetic
order is calculated by the following equation [39,40]:


3π T3
,
(3)
TC = T3 / ln
4 K
where K is the anisotropy constant assumed to be 60 K. T3 =
4π J /3 is the Curie temperature of three-dimensional magnetic
order. J is the strength of the exchange coupling given by the
following equation:
J =

EAFM − EFM
,
zNFM

(4)

where EAFM and EFM are the free energies of antiferromagnetic and ferromagnetic phases, NFM is the number
of atoms exhibiting magnetic moment in ferromagnetic
material, and z is the coordination number. Here z = 4
and 6 for two-dimensional and three-dimensional magnetic
order, respectively. In Fig. 4(d), TC reaches room temperature when the accumulated interface charge density reaches
σ ≈ 80 μC/cm2 (corresponding to six doped electrons in
(PbTiO3 )1×1×7 /(SrTiO3 )1×1×7 ; here σ ∼ σ s ). We can acquire
this critical charge density easily by increasing the density
of VO , applying tensile strain and/or external electric field in
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practice, given that the tensile strain can enhance magnetism
and therefore the TC (Fig. 4). The density of 2DEG can
also be enhanced when an external electric field parallel to
the polarizing field of PbTiO3 is applied. On the contrary,
when an antiparallel electric field is applied, the polarizing
field is reversed and eventually P+ changes into P− . Then
electrons will be pushed back into SrTiO3 , and the interface
ferromagnetism and the magnetoelectric coupling diminishes.
We predict from extensive first-principles calculations
the emergence of ferromagnetism at the ferroelectric
PbTiO3 /SrTiO3 heterostructure. The strong magnetoelectric
coupling mediated by 2DEG enables a convenient control
of magnetism by electric field and vice versa. Besides,
the PbTiO3 /SrTiO3 heterostructure is of particular interest

in spintronics and information storage compared to other
magnetoelectric coupling materials, not only because it is
cheaper, easily grown, and controllable, but also because it
can be operated at room temperature with a reasonable doping
level.
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