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Strain-induced insulator–metal transition in ferroelectric BaTiO3
(001) surface: First-principles study∗
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The electronic properties of TiO2-terminated BaTiO3 (001) surface subjected to biaxial strain have been studied using
first-principles calculations based on density functional theory. The Ti ions are always inward shifted either at compressive
or tension strains, while the inward shift of the Ba ions occurs only for high compressive strain, implying an enhanced
electric dipole moment in the case of high compressive strain. In particular, an insulator–metal transition is predicted at
a compressive biaxial strain of 0.0475. These changes present a very interesting possibility for engineering the electronic
properties of ferroelectric BaTiO3 (001) surface.
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1. Introduction
Barium titanate BaTiO3 (BTO) as a typical perovskite fer-

roelectric oxide has attracted a great deal of attention due to
its interesting dielectric, piezoelectric and ferroelectric prop-
erties as a fascinating platform for exploring novel function-
alities and technological potentials.[1,2] In particular, a signif-
icant advance in the film growth technology allows the thick-
ness to reach extremely small dimensions of a few unit cells,
allowing the films to be a substantial ingredient contributing to
the electric properties of ultra-thin BTO films and other BTO-
based heterostructures, such as multiferroic tunneling junc-
tions in the case of combining BTO with other ferromagnetic
layer.[3–12] Without doubt, the surfaces and interfaces in these
ultra-thin structures often exhibit very different behaviors from
their bulk counterparts. It has been demonstrated that the
significantly enhanced polarization properties were observed
in the ultra-thin epitaxial BTO films and asymmetric three-
component BTO-based hetero-structures.[3,4,11] Furthermore,
the ferroelectric field effect enhanced magnetoresistance was
also found in the BTO-based hetero-structures.[5]

Besides, significant advances in the growth and character-
ization of ferroelectric thin films have highlighted the role of
substrate-induced strain in enhancing or even modifying the
functional properties of ferroelectric thin films. For exam-
ple, the enhanced ferroelectric transition temperature (TC) in
∼ 2.4-nm-thick BTO film,[3,13,14] the room-temperature ferro-
electricity in SrTiO3

[15,16] and the phase transition in ferro-

electric heterostructures.[17,18] This is in part because strong
correlations between charges, spins and lattices determine
the functional properties of the films, and these correlations
are affected by structural distortions from substrate-induced
strain effects.[10,14,19–23] Currently, the structure and proper-
ties of BTO ultra-thin films and surfaces were theoretically
addressed,[19,24–27] but the focus has been on the ferroelectric
behaviors. There has not been much work to study the strain-
induced effect on electronic structure and transport of the sur-
face.

In this study, we will perform the ab initio first-principles
calculations on this topic for the TiO2-terminated (001) sur-
face of an ultra-thin BTO layer grown epitaxially on a rigid
substrate. The BTO layer is treated as a uniformly strained
lattice. Detailed investigation will be carried out on the elec-
tronic structure and charge distribution on the surface layer in
response to the in-plane lattice strain. Our calculation results
indicate that a compressive bi-axial strain of ≥ 0.0475 can en-
hance the polarization displacement and induce an insulator–
metal transition.

2. Calculation details

Our first-principles calculation is based on the density
functional theory using the VASP package (Vienna ab ini-
tio simulation package[28]) in its projector augmented wave
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Fig. 1. (color online) Schematic arrangement in TiO2-terminated BTO
(001) surface. The solid boxes indicate the simulation cells.

(PAW) method.[29] The exchange-correlation potential was de-
scribed within the generalized gradient approximation (GGA)
with the Perdew–Burke–Ernzerhof (PBE) gradient correlated
functional.[11] The valence electrons of Ba, Ti, and O are
treated explicitly by Ba 5s25p66s2, Ti 3p64s23d2 and O 2s22p4,
respectively. A kinetic energy cutoff of 650 eV and a
Monkhorst–Pack grid of 10×10×1 k-points are employed to
sample the Brillouin zone. To model a BaTiO3 (001) surface,
we use a 5-unit-cell (∼ 2 nm) thick BTO super cell consist-
ing of alternating TiO2 and BaO layers in the [001] direction,
as shown in Fig. 1. The atoms of the two upper united cells
were allowed to relax, while all other atoms in the super cell
were fixed at bulk-like. A vacuum spacer of 2 nm was used on
the top to avoid undesirable periodic interaction of the surface.
In our calculation only the TiO2-terminated surface is consid-
ered as it is more stable than the BaO-terminated one.[26] Here,
we define nonzero isotropic lateral strain components (εx, εy)

along the x and y axis, i.e., εx = εy 6= 0, corresponding to the
stress condition σx = σy 6= 0, σz = 0 where (σx, σy, σz) are
the stress components. The in-plane strain ε can thus be de-
fined as ε = (a′−a)/a, where a′ and a are the lattice constants
under strained and strain-free conditions, respectively.

For practical computation, an initial TiO2-terminated
BTO (001) surface is fully relaxed adopting experimental lat-
tice constant a = 4.01 Å. Note that our relaxed lattice constant
is about 3.990 Å, which is in excellent agreement with the ex-
perimental value of 3.991 Å,[23] and the relaxation structure
is considered as the strain-free surface layer. Then a strained
surface is established for a given strain ε = εx = εy. Finally,
the strained surface is relaxed and the structural optimization
of the equilibrium ionic positions for each case is evaluated
by a damped Newton dynamics method until the Hellman–
Feynman forces are less than 1.0 meV/Å.

3. Results and discussion
To quantify the process of relaxation, we use the cation–

anion displacements δ = zO− zcation calculated for each BaO
and TiO2 monolayer (ML). Figure 2 shows the calculated δ

as a function of ε for the BTO (001) surfaces, where three
TiO2 layers and two BaO layers are used in the calculation, as
shown in Figs. 2(a) and 2(b), respectively. For the TiO2 layers,
the positive δ at the strain-free (ε = 0) implies that oxygen is
placed above the Ti atom, indicating downward polarization
P↓. In the top TiO2 ML (layer 1), δ = 0.13, which is in qual-
itative agreement with earlier calculations.[11,27] However, δ

decreases rapidly toward the inner of the surfaces. The value
is only 0.02 Å and near zero for the second TiO2 ML (layer 3)
and the third TiO2 ML (layer 5), respectively. On applying the
biaxial strain, the δ values decrease monotonously from com-
pressive to tension strain, but the atom displacement almost
keeps positive under these strain conditions. Once the com-
pressive biaxial strain ε is above 0.0475, the δ values increase
abruptly, which means a phase structure transition or change
of properties. The reason will be discussed in the next section.
For the BaO layers, the δ values are negative at ε=0, indi-
cating an upward polarization P↑ as oxygen is placed below
Ba, which in part neutralizes the Ti–O displacement induced
polarization. One can see that the δ value is −0.087 Å for
the top BaO ML (layer 2), while it is almost zero for the in-
ner BaO ML (such as layer 4). The most interesting feature
is that the δ values change from negative to positive values
once ε < −0.0475, while it still keeps negative in the tension
strain region. It is important to point out that the δ values are
positive both in the TiO2 and BaO layers for ε <−0.0475, in-
dicating a significantly enhanced polarization in the viewpoint
of displacement polarization theory.[11] Moreover, the struc-
ture distortion generally occurs on the top 1–2 unit cells of the
surface in terms of the displacements of BaO and TiO2 MLs,
which is consistent with that of experimental results.[30]
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Fig. 2. (color online) Polarization displacements δ of (a) Ti–O layers
and (b) Ba–O layers as a function of isotropic in-plane strain ε in TiO2-
terminated BTO (001) surface.
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Next, the electronic structures under various strains are
investigated by calculating their density of states (DOS). Fig-
ure 3 presents the total DOS data for several selected strains.
A significant difference is found by comparing our results with
the data for bulk BTO (∼ 2.0 eV band gap).[11,27] The surface
only has a band gap of ∼ 0.78 eV at ε = 0, which is reason-
able when comparing with a 0.8 eV band gap in a 4-unit cell
BTO obtained using the full-potential linearized augmented
plane-wave method[11] and a metallic state predicted by Feth-
ner et al.[27] using the VASP method. It is worth noting that
the band gap increases gradually with increasing tension train.
However, an opposite trend is found when compressive strain
increases until the band gap vanishes roughly at ε =−0.0475,
where the dot circle shows an obvious in-gap state. Besides,
the total DOS in the conduction and valence bands become
more delocalized when increasing compressive strain.
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Fig. 3. (color online) Total density of states of the TiO2-terminated BTO
(001) surfaces for several selected epitaxial strains. (a) ε = −0.05, (b)
ε =−0.0475, (c) ε =−0.03, (d) ε = 0.
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Fig. 4. (color online) Band gap as a function of isotropic strain ε for
TiO2-terminated BTO (001) surface.

A clear relationship between band gap and strain is shown
in Fig. 4, where the band gap refers to the energy difference
between the top of the valence band and the bottom of the con-
duction band of DOSs shown in Fig. 3. From Fig. 4, one can
see clearly that the band gap becomes zero at ε < −0.0475,
implying the occurrence of a metallic state. This result is con-

sistent with that of calculated atom displacement. Similar re-
sults have been extensively reported.[15,16,31,32] Actually, the
strain or stress has also played important roles in engineer-
ing properties in other materials, for example, strain-mediated
electronic properties[32–34] and the mobility of charge carrier
in semiconductors.[35]

To understand the inter-transition of the enhanced polar-
ization and metallic state for this special TiO2-terminated sur-
face modulated by the compressive strain, we plot the partial
DOS data for Ba 5p, O 2p, and Ti 3d orbitals at ε = −0.045,
as shown in Fig. 5. It is clearly seen that the in-gap states are
attributed to Ti, O, and Ba in order of importance. Compared
with the total DOS shown in Fig. 3, the Ti 3d conduction band
is shifted downward by ∼ 0.16 eV into the band gap region,
while the O 2p valence bands are shifted upward in energy by
∼ 0.25 eV into the in-gap states. The present results are in
good agreement with earlier data,[21] and the origin of con-
duction can be identified. The surface conductance of BTO
single crystals in ultra-high vacuum below TC was observed in
experiment, and the reasons have been attributed as the occur-
rence of intrinsic surface electron–hole layer due to the sur-
face rumpling or polar surface. Our results shown in Fig. 2 do
present remarkable surface rumpling in case of highly com-
pressive strain, which is at least qualitatively consistent with
experimental observations.
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Fig. 5. (color online) (a) Total and partial density of states of (b)
Ba 5p, (c) Ti 3d, and (d) O 2p orbitals on the BTO (001) surface at
ε =−0.0475.

For a deeper view of the electronic structure, we also
present the y–z plane projected charge density distributions
along the [100] axis, as shown in Fig. 6, where the data for
ε = −0.0475 and ε = 0 are plotted respectively, and the ar-
rows indicate the polarization directions within each ML. It is
observed that the charges between Ti (or Ba) and its nearest O
ions do not have much hybridization at ε = 0, and only a weak
hybridization between Ti in the layer 1 and O in the layer 2 is
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identifiable as pointed out by the dot circle. This shows a sort
of blockade for the charge transfer in the three directions. As a
consequence, an insulator behavior is expected. However, for
ε = −0.0475 on the y–z plane, the atoms are forced to move
along the z axis. In addition to the induced polarization dis-
placement, this leads to the in-plane hybridizations between
Ti and its nearest O atoms, as shown by the dot circles, while
the blockade is only identifiable along the z axis. Therefore,
one is allowed to claim the charge redistribution and transfer
on the top layer, making electrons delocalized and movable
between the O 2p orbital and Ti 3d orbital. Furthermore, it is
expected that the in-plane conductance should be better than
the out-of-plane one along the z axis, which reasonably ex-
plains the anisotropic conduction on the surface of BTO single
crystal.[27] In case of tension strain, the charge density distri-
bution shows little difference from that at ε = 0, and only the
conduction-band Ti 3d orbital and valence-band O 2p orbital
become more localized.
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Fig. 6. (color online) The charge density contribution along [100] direction
calculated for TiO2-terminated BTO (001) surface and projected on the y–z
plane for two cases: ε =−0.0475 (a), and ε = 0 (b). Dipole directions within
each layer are labeled by the arrows. The contour set size is 0.01 e/Å2.

4. Conclusion
In summary, we have carried out calculations of the elec-

tronic structure and charge distribution of Ti-terminated BTO
(001) surface in response to the in-plane lattice strain by using
first-principle methods. The results have predicted a strain-
induced transition between insulating and metallic states near
ε = −0.0475. The conductance mechanisms have been clari-
fied as the strong hybridization of Ti 3d and O 2p orbitals, es-
pecially in x–y plane, which pushes the Ti 3d conduction band
and O 2p valence band states to shift into the band gap. Our
results indicate a promising way of engineering the electronic
properties of ultra-thin BTO (001) films.
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