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Microscopic Origin of Lattice Instability in Ferroelectric PbTiO3
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We investigated the electronic structure of ferroelectric perovskite PbTiO3 and its ferroelectric
lattice instability through first-principles pseudopotential total-energy calculations. The ferroelectric instability in PbTiO3 is discussed with respect to the pseudo Jahn-Teller effect caused by the
hybridization between Ti 3d and O 2p orbitals. The hybridization at the zone center contributes
most significantly to the stabilization of ferroelectric atomic displacement.
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I. INTRODUCTION
ABO3 -type ferroelectric perovskite oxides have been
extensively investigated recently because of their possible applications in making non-volatile memories [1–5].
In the ideal ABO3 structure, the A cation is usually a
mono- or divalent alkali metal and lies between oxygen
octahedra, and the B cation is a penta- or tetravalent
transition metal atom and is located at the center of
the O octahedra. These oxides usually have a paraelectric cubic perovskite structure at high temperature and
exhibit a structural phase transition to ferroelectric or
anti-ferroelectric states at low temperature through displacements of cations or rotations and distortions of the
O octahedra from their ideal sites.
Even if these compounds have the same chemical formula ABO3 , the sequence of their phase transitions depends on the material. BaTiO3 has been recognized to
have four structural phases through the transitions from
a cubic structure to a tetragonal phase at 393 K, to an
orthorhombic phase at 278 K, and to a rhombohedral
phase at 183 K [6]. KNbO3 has the same sequence of
transitions as a function of temperature from perfect cubic to tetragonal at 691 K, to orthorhombic at 598 K
before becoming rhombohedral at 263 K [6]. On the
other hand, PbTiO3 has only a single structural phase
transition from the cubic to the tetragonal phase at 766
K [6].
To understand the lattice instability of perovskite oxides, many investigations have been performed [7–11].
The driving force toward the ferroelectric lattice distortion is suggested as p-d hybridization in the Ti-O chain.
For the microscopic understanding of such instability of
perovskite oxides, it is important to resolve the role of
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p-d interaction in perovskite crystal. Cohen [7] through
his first-principles study on ferroelectricity of BaTiO3
and PbTiO3 emphasized that the p-d hybrid bonding
between Ti 3d and O 2p orbitals is essential for their ferroelectricity. In addition, he showed that the atomic size
of A cation (e.g., Ba and Pb) and A-O hybridization also
have an effect on the transition, namely, the properties of
the A cation determine the different phase stability between two materials. However, the detail understanding
of the microscopic role of the hybridization in the Ti-O
chain is still limited.
In this work, we compared the electronic structures
of paraelectric and ferroelectric phases of PbTiO3 and
the Ti-O hybridization in detail, through first-principles
pseudopotential calculations to examine the pseudo
Jahn-Teller effect by the lattice-distortion induced coupling of unoccupied Ti 3d and occupied O 2p orbitals
leading to the ferroelectric lattice distortion in PbTiO3 .

II. CALCULATIONAL METHODS
We carried out first-principles pseudopotential calculations based on the density functional theory within the
local density approximation [12–16]. Norm-conserving
nonlocal pseudopotentials were generated by the scheme
of Troullier-Martins [14], and the Kleinmann-Bylander
type of fully separable pseudopotentials [15] was constructed. The exchange-correlation energy of CeperlyAlder type parametrized by Perdew-Zunger [16] is
used. Total-energy minimization was achieved by using an efficient Davidson-type relaxation method [17].
Atomic geometries are fully optimized by minimizing the
Hellmann-Feynman forces [18]. A 70-Ry energy cutoff
and five-atom unit cells of PbTiO3 were used. The kpoints generated from a (6 × 6 × 6) grid through the
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Fig. 1. Electronic structures of the paraelectric cubic
(short-dash line) and the ferroelectric tetragonal (solid line)
structures in PbTiO3 . Solid arrows indicate the change of
the electronic structure.

Monkhorst-Pack method [19], shifted by (1/2, 1/2, 1/2),
were employed for Brillouin-zone (BZ) summations.

III. RESULTS AND DISCUSSION
1.
PbTiO3

Structural and electronic properties of

The lattice constants of PbTiO3 are calculated to be
3.853 Å for cubic and 3.775 Å for tetragonal (with c/aratio fixed at the experimental value of 1.063 [6]). These
results are in good agreement with the experimental data
of 3.969 Å and 3.904 Å, respectively [6]. The total energy of the tetragonal phase is calculated to be the most
stable, as expected. The cubic is less stable than the
tetragonal by 0.097 eV.
The calculated electronic structures of the paraelectric
cubic (short-dash line) and the ferroelectric tetragonal
structure (solid line) in PbTiO3 are shown in Figure 1.
In the paraelectric cubic phase, the energy gap at the Γ
point is calculated to be 2.25 eV, which is underestimated
relative to the experimental data of 3.4 eV [20], and the
energy gap at the Xx point is found to be 0.91 eV. The
valence band and the conduction band are mainly characterized by O 2p and Ti 3d orbitals, respectively (see
Figure 2(a)). In the ferroelectric tetragonal structure,
the band structure is significantly changed, compared to
that in the paraelectric cubic, in particular, around the
points Γ and Xx . At the Γ point, the conduction band
and valence band edges are, respectively, shifted upward
and downward and the energy gap is much larger by
0.58 eV than that in the paraelectric cubic. At the Xx
point, the CB edge moved upward remarkably and the
energy gap is also much larger by 1.31 eV than that in

Fig. 2. Calculated density of states for (a) paraelectric
cubic, and (b) ferroelectric tetragonal structures of PbTiO3 .

the paraelectric cubic phase. Such changes of the electronic states are induced by the hybridization between
Ti 3d and O 2p orbitals. As shown in Figure 2, the valence band levels are generally shifted downward, while
the conduction band levels move upward. It is suggested
that these can be explained by the pseudo-Jahn-Teller
(p-JT) effect. When the lower energy state (O-2p) is occupied by electrons and the upper energy state (Ti-3d)
is empty and when the interaction between the occupied
and unoccupied states can be induced through the lattice
distortion, the electronic energy of the lower occupied
state is reduced, while the energy level of the upper unoccupied state is induced. This results in the reduction
of the total energy and stabilizes the lattice distortion.
The level shift can be estimated by the second-order energy correction of perturbation theory:
∆Ei ∝

X | < Ψi |∆V |Ψj > |2
.
εi − εj
j

(1)

Here, ∆V is an ionic potential on electrons induced by
the lattice distortion, and εi , εj denote the energy levels. Such an interpretation is called the p-JT effect [21].
Cubic PbTiO3 is characterized by unoccupied Ti 3d at
conduction bands and the occupied O 2p states at the
valence band. Through the lattice distortion, the energy levels of the valence bands are overall reduced and
those of the conduction bands are induced. Therefore,
the p-JT effect caused by the coupling between empty
3d and occupied 2p states is suggested to contribute to
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Fig. 4. Contour plots of (a) total electron density, (b)
Ti (3dz2 )-O (2pz ) hybrid states at the Γ and (c) at the Xz
point, and (d) Ti (3dxz )-O (2px ) hybrid state at the Γ point
are shown. The contour spacings are 25 electrons in (a), 7
electrons in (b) and (c), and 2 electrons in (d) per unit cell.
Fig. 3. Schematics of the p-d hybridizations in ferroelectric
PbTiO3 for Ti (3dz2 )-O (2pz ) hybrid states (a) at the Γ point,
and (b) at the Xz point; (c) Ti (3dxz )-O (2px ) hybrid state
at the Γ point. Here, solid dots and triangles denote Ti and
O, respectively.

the stabilization of the ferroelectric lattice instability in
PbTiO3 .
According to Eq. (1), as the energy levels of two states
are more closely located, the energy shift ∆Ei is stronger.
In the paraelectric PbTiO3 , the energy gap at Xx and Xz
points is the closest, and the second closest gap exists
at the Γ point. For that reason, the energy levels of the
ferroelectric tetragonal structure are remarkably changed
around the points Γ, Xx , and Xz . For the other points,
see Figure 1.

2. Hybridization between Ti 3d and O 2p

We describe the possible structure of the hybridization between Ti 3d and O 2p orbitals in PbTiO3 at some
k-points. The periodicity and shape of the p-d hybrid
states depend on the k-point. The hybrid states of Ti
(3dz2 )-O (2pz ) at Γ and Xz points are, respectively, described in Figure 3(a) and (b), and Ti (3dxz )-O (2px )
states at the Γ point are described in Figure 3(c). At the
Γ point, the bonding and antibonding states are formed
alternatively, whereas only the bonding state is formed
at the Xz point, according to the Bloch theorem:
~

Ψk (~x) = Uk (~x)eik·~x .

(2)

The phase factor of Eq. (2) determines the periodicity
of p-d hybrid states. At Γ(0,0,0), the lattice constant
c is the period of Ψk along the z-axis. Since the wave
functions of Ti 3d orbital are even functions and those

of O 2p orbital are odd functions, the p-d hybridization
should induce alternative bonding and antibonding in TiO chains, as described by Figure 3(a). Figure 4(b) shows
the contour graph of the wave function of Ti (3dz2 )-O
(2pz ) hybrid state at the Γ point and clearly indicates
the alternating pdσ-bonding and pdσ ∗ -antibonding state
along the Ti-O chain, as expected in Figure 3(a). The Ti
(3dxz )-O (2px ) hybridization can make alternative pdπbonding and pdπ ∗ -antibonding states along the z-axis
and, along the x-axis, the Ti (3dxz )-O (2px ) hybridization provides only the bonding state (or only the antibonding state), due to the periodicity of lattice constant
a along the x-axis (see Figures 3(c) and 4(d)). Owing to
the geometrical symmetry between the x- and y-axes, the
Ti (3dyz )-O (2py ) hybrid state should be formed along
the y-axis, equivalently to the Ti (3dxz )-O (2px ) hybrid
state along the x-axis. Therefore, we suggest that the pd hybrid states at the Γ point can drive the ferroelectric
lattice distortion.
For the Ti-O hybridization at Xz (0,0,1/2) in the kspace, the period of Ψk is 2c along the z-axis because of
the phase factor π from Eq. (2). Therefore, the interaction between Ti (3dz2 ) and O (2pz ) leads to only the
pdσ-bonding state through the whole of the Ti-O chains
along the z-axis (see Figures 3(b) and 4(c)). Otherwise,
the Ti (3dxz )-O (2px ) and the Ti (3dyz )-O (2py ) hybrid
states appear to occur as the bonding state along the
x- and y-axes because the period of Ψk is the lattice
constant a along the x- and y-axes, similarly to those
at the Γ point. However, along the z-axis only pdπbonding states (or only pdπ ∗ -antibonding state) should
be formed, in contrast to the Γ point, because the period
of Ψk is 2c along the z-axis. Thus, the p-d hybrid states
around the Xz point should prevent the ferroelectric lattice distortion. It is also expected that the effect of p-d
hybridizations on the ferroelectric lattice distortions at
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2p hybridizations in the Ti-O chains and the p-d interaction at the zone center plays a dominant role in making
the ferroelectric lattice. We think that our study should
be helpful in understanding the phase-transition behavior of the ABO3 -type ferroelectrics.
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Fig. 5. Graphs of the energy difference between paraelectric and ferroelectric states for PbTiO3 . Ae negative sign of
∆Etet−cub means that the tetragonal is more favorable than
the cubic phase.

other symmetry points should depend on the periodicity
for each direction. These determine the change of the
electronic levels in the transition from the paraelectric
to the ferroelectric phase.
We examined the contributions of the p-d hybridization at each k-point to the stabilization of the ferroelectric lattice distortion. The differences of the total energies contributed by each k-point between the paraelectric and ferroelectric structures, ∆Etet−cub , are shown
in Figure 5. It is found that the k-region around the Γ
point contributes most greatly to the total energy reduction by the ferroelectric lattice distortion. The ∆Etet−cub
is largest (negative), and the Xx (equivalently Xy ) also
contribute to the stabilization of the distortion. The
∆Etet−cub increases as the k-point moves generally from
(kx ,ky ,0) (kz = 0) in the BZ to the edge points along
the z-direction. The reason is that the p-d hybrid wave
functions at (kx ,ky ,0) points are coherent to the alternative bonding and antibonding coupling and thus the
periodicity of the wave functions is consistent with the
ferroelectic lattice distortion. Through the p-JT distortion, the energy levels of the states around the Γ point
are greatly reduced. These indicate that the p-JT effect caused by the hybridization between Ti 3d and O 2p
orbitals can be a driving force toward the ferroelectric
lattice distortion in PbTiO3 .

IV. CONCLUSIONS
We investigated the microscopic roles of the p-d hybridization for the ferroelectric lattice instability in
PbTiO3 through first-principles pseudopotential totalenergy calculations. We found that the ferroelectric lattice instability and the energetics can be easily explained
by the pseudo-Jahn-Teller effect caused by the Ti 3d-O
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