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The first-principles calculations are employed to investigate the electrical properties of polar MgO/BaTiO3 (110)
interfaces. Both n-type and p-type polar interfaces show a two-dimensional metallic behavior. For the n-type polar interface,
the interface Ti 3d electrons are the origin of the metallic and magnetic properties. Varying the thickness of BaTiO3
may induce an insulator—metal transition, and the critical thickness is 4 unit cells. For the p-type polar interface, holes
preferentially occupy the interface O 2p, state, resulting in a conducting interface. The unbalance of the spin splitting
of the O 2p states in the interface MgO layer leads to a magnetic moment of about 0.25ug per O atom at the interface.
These results further demonstrate that other polar interfaces, besides LaAlO3/SrTiO3, can show a two-dimensional metallic
behavior. It is helpful to fully understand the role of polar discontinuity on the properties of the interface, which widens the

field of polar-nonpolar interfaces.
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1. Introduction

Since a high-mobility electron gas was discovered at the
LaAlO3/SrTiO; interface,[) much effort has been devoted
to reveal its origin. Many researchers have investigated the
roles of many factors, including oxygen vacancies, >3! chem-
ical intermixing, [4] the thickness of the LaAlO3 sheets, 501
the external electric field,/’”™” and the epitaxial strain.!!’]
Besides them, the polarity discontinuity at the interface
has been considered to be the dominant mechanism behind
the phenomenon.!-11=151 In LaA103/SrTiO3(001) heterostruc-
tures, the atomic layers in SrTiO3 are nominally charge neu-
tral, whereas the atomic layers in LaAlO3 can be represented
by alternating (LaO)™ and (AlO, )~ layers in principle. There-
fore, a polar discontinuity is expected at the interface between
SrTiO3 and LaAlOs.
ity, it has been suggested that an extra 0.5 electron per two-

In order to stabilize this discontinu-

dimensional unit cell is transferred from LaAlOs3 (SrTiO3)
to SrTiO3 (LaAlO3) in the n (p)-type interface. This model
has been supported by atomic-scale electron energy-loss spec-
troscopy (EELS) measurements, which show that the n-type
interface can be realized by the mixed valency of Ti, whereas
the p-type interface can be realized by oxygen vacancies.[!®!
In order to examine whether the role of the polar
discontinuity at the interface is general, or unique to the
LaAlO3/StTiO3 interface, researchers have grown other su-

DOI: 10.1088/1674-1056/24/3/037301

perlattices with a mismatch between polar and nonpolar
layers.!!'’-1°1 Hotta and his cooperator!!”l investigated the
transport properties of LaVO3/SrTiO3 heterointerfaces, and
found that the n-type VO,/LaO/TiO; interface is conduct-
ing, while the p-type VO,/SrO/TiO; interface is insulating,
similar to that in LaAlO3/SrTiO3. Wang er al.!'81 stud-
ied the LaAlO3/EuO(001) interface, and demonstrated that
the mechanism responsible for the two-dimensional elec-
tron gas (2DEG) at the interface is similar to that for the
LaAlOs3/StTiO3 interface. Perna et al.l'”) investigated het-
erostructures based on a different overlayer. They replaced
LaAlO3; with LaGaO3 and found a highly conductive inter-
face. All the above results demonstrate that other polar inter-
faces, besides LaAlO3/SrTiOs3, can be metallic and generate a
2DEQG at the interfaces.

In this paper, we investigate the electronic structures
of polar MgO/BaTiO3 (110) interfaces, in which a nonper-
ovskite MgO (110) film is adopted as a capping layer on the
BaTiO3 (110) substrate. Along the [110] direction, BaTiO3
can be represented by planar stacks of [BaTiO]*t and [05]*~
layers, while MgO is composed of neutral layers. Similar
to the LaAlO3/SrTiO3 interface, the polar discontinuity at
the MgO/BaTiO3z (110) interface needs to be compensated
Thus, the MgO/BaTiO3 (110) inter-
face is expected to be conductive. As is well known, both

by electron transfer.
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MgO and BaTiO3 are wide band-gap insulators. The rock-
salt MgO has a lattice constant of 4.21 A,? while the lat-
tice constant of BaTiO3 with the perovskite cubic structure is
4.00 A, 5o there is a little lattice mismatch between MgO
and BaTiO3. Due to its broad applications in capacitors!??!
and electro-optical devices, 2324 BaTiO3/MgO (001) has at-
tracted much attention, and been fabricated using magnetron

[25-27] chemical vapor deposition,!?8! and pulsed

sputtering,
laser deposition.[23’29] However, there are few studies about
the polar MgO/BaTiO3 (110) interfaces. Investigating the re-
laxation and electronic structures of the polar MgO/BaTiO3
(110) interfaces not only is helpful to fully understand the role
of the polarity discontinuity on the properties of the interface
but also adds to the understanding of the MgO/BaTiOj3 inter-

face.

2. Model and method

In this paper, a thin MgO film deposited on the BaTiO3
(110) substrate is modeled by (MgO)s/(BaTiO3)s (110) het-
erostructures, containing 8 unit cells (four layers) of MgO and
5 unit cells of BaTiO3 within the heterostructures. Along the
[110] direction, BaTiO3 can be represented by planar stacks of
[BaTiO]** and [0,]* layers, resulting in two types of termi-
nations: O;-termination and BaTiO-termination. In the case of
MgO, it is composed of [MgO]° charge-neutral stacks along
the [110] direction. Thus, two polar interfaces are possible:
the n-type MgO/BaTiO interface and the p-type MgO/O; in-
terface. As far as the thermodynamic stability is concerned,
we choose the interface structure with the lowest energy. To
model the MgO ultrathin film deposited on the BaTiO3 sub-
strate, atoms in the lowest two layers of the heterostructures
are fixed, and other atoms fully relax. The in-plane lattice
constants of the heterostructures are fixed to those of BaTiO3.
For cubic BaTiO3, we obtain a lattice constant of 3.953 A
within LDA, which is very close to the experimental value
of 4.00 APl and other theoretical results of 3.951 AB% and
3.958 A.BY Thus, the in-plane lattice constants a and b of
the heterostructures are fixed at 3.953 A and 5.59 A, respec-
tively. For cubic MgO, we obtain a lattice constant of 4.15 A
within LDA, which is very close to the experimental value
of 4.21 A.12032] Thus, to modulate the thin layers of BaTiO3
grown on the top of the MgO substrate, the in-plane lattice
constants a and b of the heterostructures are fixed at 4.15 A
and 5.59 A, respectively. A vacuum spacing of 10 A between
adjacent slabs is included in each of the heterostructures to
minimize the interaction between neighboring surfaces.

In this work, the first-principles density functional cal-
culations are performed using the Vienna ab initio simu-
lation package (VASP).[33341 The ion—electron interactions
are described by using the projector augmented wave (PAW)
method,®*! and the local density approximation (LDA) is used

for the exchange—correlation energy of electrons.!*®! Calcu-
lations are performed using a 5x4x 1 Monkhorst—Pack[*"! k-
point mesh and a kinetic energy cutoff of 500 eV. The atoms
except those in the lowest two layers are fully relaxed until the
forces on the ions are less than 0.01 eV/A.

3. Results and discussion
3.1. The n-type interface

We investigate the n-type MgO/BaTiO (110) interface
in the (MgO)g/(BaTiO3)s heterostructures. Figure 1 shows
the relaxed n-type MgO/BaTiO (110) interface.
figure, we can see that the relaxation of the MgO slab is in-

From the

conspicuous. Because the in-plane lattice constant of MgO
is larger than that of BaTiOs, the MgO slab is under com-
pressive strain. It is expected that the lattice constant of the
relaxed MgO slab along the [110] direction would be larger
than that before relaxation. However, the change is not ob-
vious, the lattice constant of MgO along the [110] direction
becomes 1.04 times of that before relaxation. In contrast to the
unconspicuous relaxation in the MgO slab, the displacements
of atoms in the BaTiO3 slab are significant: Ti and Ba atoms
relax away from the interface, while O atoms relax close to
the interface. A more thorough insight can be obtained by an-
alyzing the relative displacements between M (M denotes Ba,
Ti, or Mg) and O atoms, which are listed in Table 1. From the
table, we can see that the relaxations of both Mg and O atoms
in the surface MgO layer are similar, resulting in only a small

[110]

Fig. 1. (color online) Relaxed structure of the (MgO)s/(BaTiO3)s (110)
heterostructure with an n-type (Mg0)?/(BaTiO)** interface, containing
8 unit cells (four layers) of MgO and 5 unit cells of BaTiO3 within the
heterostructure. Index n denotes atomic monolayers and is increasing
with the distance from the surface.
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buckling of 0.03 A. The largest structural relaxation occurs in
the interface BaTiO layer, and the relative displacement be-
tween O and Ba atoms results in a big buckling of 0.60 A.
The relative displacement between O and Ti (Ba) ions results
in a polarization P pointed away from the interface, which can

reduce the built-in potential in the BaTiO3 (110) slab*®! and
the instability of the polar interface. In addition, the distor-
tion of the Ti—O octahedrons can lead to the splitting of the Ti
3d obitals and the electronic reconstruction at the polar n-type
MgO/BaTiO (110) interface.

Table 1. Relative displacements between relaxed M (M denotes Ba, Ti, or Mg) and O atoms, A (M—-0). The relative displace-
ment denotes the displacement of cations (Ba, Ti or Mg) minus that of O anions in each layer along the ¢ axis.

Layer n 1 2 3 4 5 6 7 8 9
A (Ba-O)/A - - - - -0.60 -0.17 -0.22 -0.24 0.00
A (Ti-O)/A - - - - -0.42 -0.19 -0.26 -0.22 0.00
A (Mg-0)/A -0.03 0.10 0.03 0.16 - - - - -
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Fig. 2. (color online) (a) The 3D isovalue surface (yellow contour) of
the local density of states contributing to the peak at the Fermi level. (b)
The partial density of states grouped by layers of the (MgO)g/(BaTiO3)s
(110) heterostructure with an n-type interface. The data (plot of a charge
isosurface and PDOS) for each layer are aligned on the same vertical
position. The Fermi level is highlighted by the black dashed line.

Electronic properties of the n-type MgO/BaTiO (110) in-
terface are calculated by the LDA method, and shown in Fig. 2.
Figure 2(a) is the plot of the 3D isovalue surface (yellow con-
tour) of the local density of states contributing to the peak
at the Fermi level, which describes the spatial distribution of
transferred electrons and holes, respectively. From the figure,
it can be observed that the holes are confined in the bottom
layer, while the free electrons concentrate preferentially at the
interfaces, resulting in a 2DEG formed at the interface BaTiO
layer. In order to gain more insight into the spatial distribu-
tion of electronic states, the partial density of states grouped
by layers of the heterostructure is shown in Fig. 2(b). From
the figure, we can see that there is a band-bending in the par-
tial density of states. The bottom of the conduction band is
determined by the Ti 3d,, band at the interface BaTiO layer,
while the top of the valence band is fixed by the O 2p band
in the bottom layer. Thus, the closing of the gap is due to the
reducing of the interface Ti 3d,, band states at the interface
BaTiO layer as the BaTiOj3 slab gets thicker. With the inter-
face Ti 3d,, electrons dipping below the Fermi level, a 2DEG
emerges at the interface. Similar to the previous theoretical

studies, 3! it can be explained by the electronic reconstruc-
tion resulting from the polar discontinuity at the interface.
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Fig. 3. (color online) (a) The spatial distributions of free electrons (yel-
low contour) of the interface Ti atom; this is the top view of the interface
in Fig. 2(a). (b) The PDOS of the interface Ti 3d states.

To investigate the composition of the interfacial 2DEG,
the spatial distributions of free electrons (yellow contour) of
the interface Ti atom are shown in Fig. 3(a), which is the top
view of the interface in Fig. 2(a). We can see that the 2DEG
formed at the interface is dominantly composed of the inter-
face Ti 3d,, state, and it can be confirmed by the partial density
of states (PDOS) of the interface Ti 3d states, which is shown
in Fig. 3(b). From Fig. 3(b), we can see that there is a large
splitting of the interface Ti 3d states. This could be explained
by the asymmetry at the interface: two O atoms on one side,
and two Mg and two O atoms on the other side of the inter-
face Ti atom. The Ti 3d,, state splits off from other 3d states
by about 0.3 eV. The lowest d, and higher dxz/df orbitals
are partly filled, thereby forming a 2DEG. From Fig. 3(b), it
can also be seen that there is an unbalance between the spin-
up and spin-down states, resulting in a magnetic moment of
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about 0.15up on the Ti atom of the interface. Thus the Ti
3d states, especially the lowest dy, state at the interface, con-
tribute greatly to the metallic and magnetic properties of the
n-type MgO/BaTiO (110) interface.

The polar (Mg0)’/(BaTiO)** interface is similar to
the (LaO)ﬂ(TiOz)0 interface in n-type LaAlO3/SrTiO3 het-
erostructures. This polar discontinuity creates an internal elec-
tric field in BaTiO3 and thus an increased electric potential
across the BaTiOs layers. Itis similar to that which occurred in
the LaAlOj slab of the LaAlO3/SrTiO3 heterostructure. In the
LaAlO3/SrTiO3 heterostructure, the interface becomes metal-
lic when the LaAlOj; slab thickness is above 4 unit cells.[>0]
Here, we vary the thickness of BaTiO3 to search for the critical
thickness of the metallic BaTiO3/MgO (110) interface.

Relaxed 1-4 ML thick BaTiO3 films on MgO (110) are
shown in Fig. 4. From the figure, we can see that the relax-
ation of the MgO slab is unconspicuous in the four models.
In contrast, the displacements of atoms in the BaTiO3 slab
are significant: Ti and Ba atoms relax away from the inter-
face while O atoms relax close to the interface. It is similar to
that in the MgO/BaTiO (110) interface. The total density of

states as a function of the BaTiO3 thickness for 1-4 ML thick
BaTiOs3 films on MgO (110) is shown in Fig. 5(a). With in-
creasing thickness of the BaTiOs film, the band gap decreases
from 1.63 eV for 1 ML BaTiO3 and finally closes for 4 ML
BaTiO/MgO (110). The results predict an insulator-to-metal
transition. In order to gain more insight into the type of elec-
tronic states around the Fermi level and their spatial distri-
bution, the layer-resolved density of states for the 4 ML Ba-
TiO/MgO (110) is calculated, and plotted in Fig. 5(b). From
the figure, a nearly rigid upward shift of the O 2p bands to-
wards the Fermi level is observed as they approach the sur-
face. For the relaxed BaTiO/MgO (110) heterostructure, the
top of the valence band is determined by the O 2p states in the
surface O, layer, while the bottom of the conduction band is
determined by the Ti 3d states at the interface. Thus, the clos-
ing of the gap is due to the raising of the O 2p states in the
surface O, layer and the reducing of the Ti 3d states at the in-
terface as the BaTiOj3 slab gets thicker. Once the BaTiO3 slab
thickness is above 4 unit cells, the BaTiO/MgO (110) interface
becomes metallic, and a 2DEG is formed at the interface.

1 ML BTO/MgO 2 ML BTO/MgO 3 ML BTO/MgO 4 ML BTO/MgO
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[110]

[110]

o
o
o

© 0 ©
© 0 0
© 0 O

Lo @ 0 @ |

Fig. 4. (color online) Relaxed (a) 1 ML, (b) 2 ML, (c) 3 ML, and (d) 4 ML thick BaTiO3 films on MgO (110).

MgO grown on a BaTiOj3 substrate is under compressive
stress, while BaTiO3 grown on a MgO substrate is under ten-
sile stress. The different interface stress may influence the for-
mation of the 2DEG. To investigate the composition of the
2DEG formed at the BaTiO/MgO (110) interface, the 3D iso-
value surface (yellow contour) of the local density of states of
the interface Ti atom for 5 ML BaTiO/MgO (110) is calcu-
lated, and shown in Fig. 6(a). From the figure, we can see that
the 2DEG formed at the interface is dominantly composed of
interface Ti 3d,, and 3d,, orbitals, and it can be confirmed
by the PDOS of the interface Ti 3d states, which is shown

in Fig. 6(b). From the figure, we can see that there is a large
splitting of the interface Ti 3d states: the Ti 3d,, state splits off
from other 3d states by about 0.1 eV. The lowest d,, and higher
dxz/df orbitals are partly filled, thereby forming a 2DEG. In
addition, from Fig. 6(b), it can also be seen that there is an un-
balance between the spin-up and spin-down states, resulting in
a magnetic moment of about 0.20up on the Ti atom of the in-
terface. Comparing Fig. 6 with Fig. 3, it can be found that the
occupation and splitting of the interface Ti 3d states are differ-
ent. It suggests that the interface stress plays an important role
in the composition of the 2DEG.
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Fig. 5. (a) The total density of states as a function of the BaTiO3 thick-
ness for 1-4 ML thick BaTiO3 films on MgO (110). (b) The layer-
resolved density of states for 4 ML BaTiO/MgO (110).
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Fig. 6. (color online) (a) The 3D isovalue surface (yellow contour) of
the local density of states of the interface Ti atom contributing to the
peak at the Fermi level. (b) The partial density of states (PDOS) of the
interface Ti 3d states.

3.2. The p-type interface

Figure 7 shows the relaxed p-type MgO/O; (110) inter-
face. From the figure, we can see that the relaxation of the
BaTiOj slab is more obvious than that of the MgO slab. In ad-
dition, it can be seen that both Ti and Ba atoms relax close to
the interface, while all O atoms relax away from the interface.
A more thorough insight can be obtained by analyzing the rel-
ative displacements between M (M denotes Ba, Ti or Mg) and
O atoms, which are listed in Table 2. From the table, we can
see that the largest structural relaxation occurs in the interface
BaTiO layer. In the layer, the relative displacement between O
and Ba atoms results in a big buckling of 0.40 A. The relative
displacement between O and Ti (Ba) ions results in a polariza-
tion P pointed to the interface, which can reduce the built-in
potential in the BaTiO3 (110) slab and the instability of the

polar interface.

©—0
Q- g
— Ba

Q-1

[110]

Fig. 7. (color online) Relaxed structure of the (MgO)s/(BaTiO3)s (110)
heterostructure with a p-type (Mg0)%/(0,)*" interface, containing 8
unit cells (four layers) of MgO and 5 unit cells of BaTiO3 within the
heterostructure. Index n denotes atomic monolayers and is increasing
with the distance from the surface.

Figure 8 displays the electronic properties of the p-type
MgO/O, (110) interface. Figure 8(a) shows the 3D isovalue
surface (yellow contour) of the local density of states con-
tributing to the peak at the Fermi level, which describes the
spatial distribution of transferred electrons and holes. From
the figure, it can be observed that the electrons are confined in
the bottom layer, while the holes are confined at the interface
MgO layer. In order to gain more insight into the spatial distri-
bution of electronic states, the partial density of states grouped
by layers of the heterostructure is shown in Fig. 8(b). Owing
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to the polar structure of BaTiO3 along the [110] direction, the
electric field through the BaTiOs3 film lifts up the valence band
edge and reduces the band gap. When the interface O 2p, state

surpasses the Fermi level, a conducting interface emerges. It
can also be explained by the electronic reconstruction result-
ing from the polar discontinuity at the interface.

Table 2. Relative displacements between relaxed M (M denotes Ba, Ti or Mg) and O atoms A(M-0O). The relative displace-
ment denotes the displacement of cations (Ba, Ti or Mg) minus that of O anions in each layer along the ¢ axis.

Layer n 1 2 3 4 5 6 7 8 9
A(Ba-O)/A - - - - 0.40 0.18 0.23 0.27 0.00
A(Ti-O)/A - - - - 0.29 0.26 0.26 0.30 0.00
AMg-0)/A -0.10 —-0.06 -0.06 -0.16 - - - - -
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Fig. 8. (color online) (a) The 3D isovalue surface (yellow contour) of
the local density of states contributing to the peak at the Fermi level. (b)
The partial density of states grouped by layers of the (MgO)s/(BaTiO3)s
(110) heterostructure with a p-type interface. The data (plot of a charge
isosurface and PDOS) for each layer are aligned on the same vertical
position. The Fermi level is highlighted by the black dashed line.
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Fig. 9. (color online) (a) The 3D isovalue surface (yellow contour) of

the local density of states of the interface MgO layer contributing to the

peak at the Fermi level, and it is the top view of the interface in Fig. 8(a).

(b) The PDOS of the O 2p states in the interface MgO layer.

To investigate the composition of the interfacial holes, the
3D isovalue surface (yellow contour) of the local density of
states of the interface MgO layer contributing to the peak at

the Fermi level is calculated, and shown in Fig. 9(a). From the
figure, we can see that the interfacial holes dominantly come
from the O 2p, orbital in the interfacial MgO layer, and it can
be confirmed by the PDOS of the O atoms in the interfacial
MgO layer shown in Fig. 9(b). In Fig. 9(b), we can see that
the interface O 2p states split and the O 2p, state splits off
from other O 2p states by 0.55 eV. The partly filled O 2p, state
contributes mainly to the formation of the interface holes. In
addition, there is an unbalance between the spin-up and spin-
down states, resulting in a magnetic moment of about 0.25up
on the O atom of the interface.

4. Conclusion

The results of first-principles calculations clearly demon-
strate that other polar interfaces, besides LaAlO3/StTiO3, can
show a two-dimensional metallic behavior. Based on the anal-
yses of the electronic properties of the n-type polar interfaces,
it can be seen that the interface Ti 3d states contribute greatly
to the metallic and magnetic properties. Varying the thickness
of BaTiO3; may induce a metal-insulator transition. Once the
BaTiOj3 slab thickness is above 4 unit cells, the n-type inter-
face becomes metallic. For the p-type polar interface, holes
preferentially occupy the interface O 2py, state, resulting in a
conducting interface. The unbalance of the spin splitting of
the O 2p states in the interface MgO layer leads to a magnetic
moment of about 0.25up per O atom at the interface. All these
results add to the understanding of these polar interfaces and
further suggest that interface engineering is an attractive and
useful approach to creating novel properties in correlated elec-
tron systems.
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