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Ferroelectric control of a spin-polarized two-dimensional electron gas
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The spin-polarized two-dimensional electron gas (2DEG) at oxide interfaces is an emerging physical phe-
nomenon, which is technologically important for potential device applications. However, most previous relevant
studies only focused on the creation and characterization of the spin-polarized 2DEG. To push forward the device
applications, the control of a spin-polarized 2DEG by electric field is an important step. Here, a model system
based on antiferromagnetic and ferroelectric perovskites, i.e., the YTiO3/PbTiO3 superlattice, is designed to
manipulate the spin-polarized 2DEG. By switching the direction of polarization, the spin-polarized 2DEG can
be effectively tuned for both symmetric interfaces and asymmetric polar interfaces.
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I. INTRODUCTION

As one of the most intriguing physical phenomena of
electronic reconstruction, the metallic interface with high
carrier mobility between two insulating oxides, i.e., the two-
dimensional electron gas (2DEG), provides a unique platform
for exploring fundamental physics and electronic devices
[1–5]. Comparing with conventional 2DEGs in semiconductor
quantum wells which are formed by s- or p-orbital electrons,
the 2DEG at the complex oxide interface originated from
the d-orbital electrons owns more degrees of freedom [6,7],
especially the spin, which leads to the magnetism.

However, most previous works on 2DEGs at oxide in-
terfaces were based on SrTiO3, such as LaAlO3/SrTiO3

(LAO/STO) [8–12] and γ -Al2O3/STO [13–16], in which the
interfacial magnetism is very weak since their parent materi-
als are nonmagnetic. To enhance the interfacial magnetism,
systems with magnetic insulators were studied to support
spin-polarized 2DEGs [17–22]. For example, high-mobility
spin-polarized 2DEGs have been obtained by growing fer-
romagnetic (FM) EuO on KTaO3 [21], while the calculated
magnetic moments of the interfacial Ta atom (∼0.18μB/Ta)
still need to be improved.

A more important issue for a spin-polarized 2DEG is
how to manipulate it using an electric field, i.e., a converse
magnetoelectric (ME) effect. However, reports on this is-
sue are scarce. Although a switchable 2DEG at ferroelectric
(FE) interfaces has been predicted in a few systems, such
as PbTiO3/STO or symmetric KNbO3/ATiO3 (A = Sr, Ba,
Pb) [23,24], the spin polarization has not been mentioned
or emphasized due to the nonmagnetic nature of their parent
materials. Even in previous studies of spin-polarized 2DEGs
containing FM material, it is not easy to obtain a spin-
dependent switching function, since, in the presence of robust
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FM order, the direction of induced spin polarization at the
interface is correspondingly stable and thus difficult to ma-
nipulate.

To realize this spin-dependent switching effect (shown
in Fig. 1), a model system based on antiferromagnetic and
ferroelectric perovskites is proposed here to manipulate the
spin-polarized 2DEG. The key suggestion is to replace FM
material by A-type antiferromagnetic (AFM) material. Be-
cause both the FE field effect (∇ · P) and the A-type AFM
order are layer dependent [25,26], the A-type AFM order
will be better coupled with the field effect. In this case, the
above-mentioned switching function can be achieved by ad-
justing the interfacial spin density. The scheme of this design
is shown in Fig. 1. Within the interfacial AFM coupling, the
spin-polarized 2DEG can be naturally tuned by an electric
field. Even without an electric field, the 2DEG still exists.

For a proof of the concept, the YTiO3/PbTiO3 (YTO/PTO)
interface along the [001] direction will be studied as a model
system. PTO is one of the most studied ferroelectric oxides
with large polarization: ∼75-80 μC/cm2 [27–33]. Although
bulk YTO is FM, the YTO film grown on LAO substrate
can easily become A-type AFM order [34]. Based on density
functional theory (DFT) calculations, we find that the spin-
polarized 2DEGs can be formed between an AFM insulator
and a ferroelectric oxide. Upon the FE switching, the corre-
sponding spin polarization shows significant modulations, a
desired function of spintronics.

II. MODEL AND METHOD

PTO is a d0 band insulator with large band gap of ∼3.4 eV.
At room temperature, it has a tetragonal structure (space
group P4mm) with lattice constants of a = b = 3.905 Å and
c = 4.156 Å, giving a moderate tetragonality (c/a = 1.064)
[35]. The ground state of YTO bulk is a FM Mott insulator
with GdFeO3-type distortion [36]. The space group is Pbnm
and the lattice constants are a = 5.338 Å, b = 5.690 Å, and
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FIG. 1. Schematic function of spin-dependent switching effect.
Narrow arrows (red and white) and wide arrows (orange and blue)
denote the spin and polarization directions, respectively. Electrons
are attracted to the interfaces under the ferroelectric field effect.
Considering the interfacial antiferromagnetic (AFM) coupling, the
sign of interfacial spin density (i.e., spin-polarized 2DEG) is turned
accompanying the switch of polarization (P). Even without an ap-
plied electric field, the 2DEG still exists.

c = 7.613 Å [37], as sketched in Fig. 2(a). In the following,
the YTO/PTO superlattices are assumed to be grown on the
widely used LAO (001) substrate. To match the substrate,
the in-plane lattice constants of YTO and PTO are fixed as
3.794 × √

2 = 5.366 Å.
DFT calculations were performed based on the generalized

gradient approximation (GGA) with Perdew-Burke-Ernzerhof
(PBE) potentials, as implemented in the Vienna Ab init io Sim-
ulation Package (VASP) code [38,39]. The plane-wave cutoff
energy is 520 eV. The Hubbard repulsion Ueff = U − J is
imposed on Ti’s 3d orbitals using the Dudarev implementa-
tion [40]. According to previous literature [41], Ueff (Ti) =
3.2 eV is proper to reproduce the experimental properties
and thus is adopted as a default parameter in the following

FIG. 2. (a) Schematic crystal structures of PTO and YTO. (b–e)
Projected density of states (PDOS) for bulks and films: (b) PTO bulk,
(c) PTO film, (d) YTO bulk, and (e) YTO film. The Fermi level for
each case is set as zero and marked by a (gray) broken line.

calculations. Monkhorst-Pack k-point meshes of 9 × 9 × 1
centered at the � point are adopted for YTO/PTO superlat-
tices stacking along the [001] direction. Both the out-of-plane
lattice constants and atomic positions are fully relaxed un-
til the Hellman-Feynman forces are converged to less than
0.01 eV/Å.

III. RESULTS AND DISCUSSION

First, the parent materials have been checked. Starting from
the experimental structure, the lattice constants and atomic
positions are fully relaxed. To obtain the magnetic ground
state of YTO, the total energies of A-type, C-type, and G-type
AFM and FM states are calculated. Our calculation confirms
that the FM order has the lowest energy. The calculated band
gap and local magnetic moment are 1.6 eV and 0.89μB/Ti,
respectively, slightly larger than experimental values (1.2 eV
and 0.84μB/Ti) [42,43]. For PTO, the calculated polarization
is 86.6 μC/cm2, which is close to the experimental value and
previous theoretical value [27,31]. All these results guarantee
the reliability of the following calculations on superlattices.

Then the strain effects from the LAO substrate have
been studied. The total density of states (DOS) and atomic
projected density of states (PDOS) of bulks and films are
displayed in Figs. 2(b)–2(e). Upon the compressive strain, the
PTO film remains insulating as in the unstrained conditions, as
shown in Figs. 2(b) and 2(c). Similarly, the insulating behavior
and the band gap of YTO are also not significantly affected by
this strain [Figs. 2(d) and 2(e)]. However, due to the lattice
distortions, the YTO film undergoes a phase transition from
the FM state to the A-type AFM state, further confirmed by
the PDOS, in agreement with previous study [34].

For YTO/PTO superlattices, the magnetic and electronic
structures of both symmetric and asymmetric interfaces are
studied, as shown in Figs. 3(a) and 4(a). To keep the PTO
bulk polarization in positive or negative directions, the PTO
layers are fixed, while the lattice length along the c axis and
the atomic positions of YTO are relaxed. In addition, the
calculations with three optimized interfacial layers of PTO
(namely, TiO2/PbO/TiO2) are also tested for comparison, as
shown in the Supplemental Material [44], which do not alter
the physical conclusion.

A. (YTO)2.5/(PTO)5.5 superlattice

The (YTO)2.5/(PTO)5.5 superlattice stacked along the
[001] axis with symmetric interfaces is studied first, as shown
in Fig. 3(a). Here three layers of (YO)+1 with TiO2-YO-TiO2

interfaces (i.e., the double n-type interfaces) are adopted. In
this scenario, one more electron is introduced into the sys-
tem due to the uncompensated ionic charge on the additional
(YO)+1 layer. As the first step, the magnetic ground state
is checked. With the optimized c-axis lattice constant, the
A-type AFM state has a lower energy than FM one, similar
to the YTO film, as expected.

In this superlattice with Y trilayer, the TiO2 layers at the
interfaces and inside YTO are labeled as (1, 4) and (2, 3),
respectively, as shown in Fig. 3(a). Under the FE field effect,
excess electrons are attracted to the interfaces. Then, by virtue
of the restriction of layered AFM coupling between Ti layers,
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FIG. 3. (a) Crystalline structure of (YTO)2.5/(PTO)5.5 superlat-
tice (80 atoms) grown along the [001] direction. The lattice structure
is periodic without vacuum layer. Labels 1, 2, 3, and 4 stand for
the TiO2 layers at the interface. The n-type interfaces are indicated.
(b) Spatial distribution of the spin density for the cases Poff (without
ferroelectric polarization) (left), Pup (middle), and Pdown (right). The
spins are distinguished by colors. (c) The corresponding DOS and
PDOS. The Fermi level for each case is set as zero and marked by a
(gray) broken line. The total magnetization M is indicated.

FIG. 4. (a) Crystalline structure of (YTO)2/(PTO)6 superlattice
(80 atoms) grown along the [001] direction. The lattice structure
is periodic without vacuum layer. Labels 1, 2, 3, and 4 stand for
the TiO2 layers at the interface. The n- and p-type interfaces are
indicated. (b) The interfacial electronic density modulated by asym-
metric interfaces and FE P (pink arrows). (c) The corresponding
DOS and PDOS. The Fermi level for each case is set as zero and
marked by a (gray) broken line.

TABLE I. Local magnetic moments for the case of symmetric
and asymmetric interfaces. m1, m2, m3, and m4 are the local magnetic
moments for the first, second, third, and fourth TiO2 layers, respec-
tively, integrated within the Wigner-Seitz spheres. All moments are
in units of μB.

Superlattice FE m1 m2 m3 m4

(YTO)2.5/(PTO)5.5 Pup 0 −0.895 0.892 −0.639
Poff 0.424 −0.889 0.889 −0.424

Pdown 0.643 −0.892 0.895 0

(YTO)2/(PTO)6 Pup 0 −0.407 0.879 −0.524
Poff 0 −0.812 0.855 0

Pdown 0 −0.878 0.862 0

the local magnetic moments of the interfacial Ti ions show
significant modulations accompanying the switch of P.

As shown in Fig. 3(b) and Table I, without the FE P (i.e.,
Poff ), extra electrons are equally distributed between the first
and fourth Ti layers due to the symmetric interfaces, which
gives rise to a 0μB net moment. When the FE P is parallel
to the c axis (i.e., Pup), extra electrons are collected on the
fourth Ti layer, and the spin direction is opposite to the third
Ti layer due to AFM coupling. The calculated local magnetic
moment of interfacial Ti is ∼ − 0.64μB/Ti, leading to a net
magnetization M ∼ −1.4μB (two Ti ions per layer), larger
than the EuO/KTaO3 one (∼0.18μB/Ta). Similarly, when
the FE P is antiparallel to the c axis (i.e., Pdown), electrons
are collected on the first Ti layer, giving a net magnetization
M ∼ +1.4μB. Therefore, the sign of M is switchable upon
electric switching.

By studying the DOS in Fig. 3(c), we found that the sys-
tem presents metallic behavior in all cases. Considering the
insulating YTO and PTO with relatively large band gaps, the
metal state (conduction charge) is believed to originate from
the interfacial charge reconstruction. In addition, the states at
the Fermi level are mainly contributed by the interfacial Ti
layers of PTO, implying the interfacial 2DEG. Therefore, the
coexistence of magnetism in a 2DEG, i.e., a spin-polarized
2DEG, is presented. Furthermore, this spin-polarized 2DEG
can be switched accompanying the flipping of P, a desired
spin-dependent switching function.

In fact, for such a magnetoelectric system with polariza-
tion and antiferromagnetism, the field-effect ME coupling
can be expressed as (∇ · P)(M · L), as in the BiFeO3/SrTiO3

heterostructure [26], where L is the AFM order parame-
ter. Phenomenologically, under this ME energy term, when
magnetization and polarization are switched together, it is
equivalent to rotating the crystal structure along the axis for
symmetric interfaces. In this sense, the results presented in
Fig. 3 and Table I are expectable.

B. (YTO)2/(PTO)6 superlattice

Subsequently, the calculation is done for the superlat-
tice based on the asymmetric polar interfaces. As shown in
Fig. 4(a), the interfaces with TiO2-YO-TiO2 and TiO2-PbO-
TiO2 are selected as n-type and p-type interfaces, respectively.
Phenomenologically, the n-type interface will attract electrons
to the interface, and conversely, the p-type interface will repel
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electrons away from the interface. Therefore, the interfacial
charge disproportion can be naturally induced by asymmet-
ric interfaces. Even without FE P (i.e., Poff ), the electronic
density and electrostatic potential [see Fig. 4(b)] are already
modulated, completely different from the results in symmetric
interfaces.

Then, let us discuss the situation with an applied electric
field. As sketched in Fig. 4(b), when P is pointing perpendic-
ular to the n-type interface (i.e., Pup), the initial electrostatic
potential difference between the second and third TiO2 layers
will be further enlarged, thus enhancing the charge dispro-
portion. However, when P is pointing perpendicular to the
p-type interface (i.e., Pdown), the initial electrostatic potential
difference from the polar interfaces will be reduced, thus
suppressing the charge disproportion. As a consequence, the
interfacial spin polarization, which is closely related to the
carrier density, can be effectively modulated accompanying
the Pup to Pdown switching.

The above processes are confirmed by the atomic PDOS
and local magnetic moments. As shown in Fig. 4(c) and Ta-
ble I, without FE P (i.e., Poff ), the electron concentration of
the p-type interface (second atomic layer) is lower than that
of the n-type interface (third atomic layer) due to asymmetric
polar interfaces, leading to the charge disproportion. Such
charge disproportion makes the spin-down channel partially
occupied, resulting in the spin-polarized 2DEG. For the Pup

case, the electrostatic potential is the superposition of the
asymmetric polar potential from the YTO and the FE potential
from the PTO, and the original charge disproportion is further
enhanced. In this case, the excessively accumulated charge at
the n-type interface will be transferred from the third atomic
layer to the fourth atomic layer; thus the quantum kinetic en-
ergy makes the superlattice metallic. According to the PDOS,
the states around the Fermi level mainly come from Ti’s 3d
orbitals of the second (interfacial layer of YTO) and fourth
(interfacial layer of PTO) atomic layers.

However, for the Pdown case, the charge accumulation near
the interfaces depends on the competition between the asym-
metric polar interfaces and FE P. If these two effects could be
balanced, both the electrostatic potential and electronic dis-
tribution would become uniform. As summarized in Table I,

the local magnetic moments of Ti ions between the second
and third atomic layers are almost equal, suggesting nearly
full compensation between these two effects, which is also
confirmed by PDOS, obviously different from the results in
the Poff and Pup cases. Therefore, the spin-polarized 2DEG
regulation mentioned above can be extended to asymmetric
interfaces.

Finally, it should be noted that although both symmet-
ric and asymmetric interfaces can realize the control of
a spin-polarized 2DEG, the results involving 2DEGs and
magnetism revealed here are not the same, indicating an un-
usual interface-dependent polarization control. In addition,
although only a few YTO layers are studied here, the ME
function can also be effective in thicker YTO layers, since the
ME coupling is an interface effect [26,45] and the inner YTO
layers will not contribute to magnetization.

IV. CONCLUSION

In summary, using the first-principles calculation, a model
system based on antiferromagnetic and ferroelectric per-
ovskites is proposed to pursue the controllable spin-polarized
2DEG. For both symmetric interfaces and asymmetric polar
interfaces, the combination of FE polarization and antifer-
romagnetism can effectively tune the spin-polarized 2DEG
accompanying the ferroelectric switching. Although the tita-
nium oxides are studied here, the design principle is general
and can be extended to other systems with polarization and
antiferromagnetism. The present findings suggest an efficient
approach for spin-based information control.
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