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In order to understand well the different ferroelectric behaviour of quantum paraelectrics and ferroelectrics and

the origin of the ferroelectricity of the solid solution KTag.5Nbg,503(KTN), we calculated the electronic structure of

CaTiOgz, BaTiO3 and K'TN by first principles calculation. From total energy analysis, it is shown that, with increasing

cell volume, the crystals (CaTiOz, SrTiO3z) will have a ferroelectric instability. For BaTiOg, the ferroelectricity will

disappear as the cell volume is decreased. From the density of states analysis, it is shown that the hybridization between

B d and O p is very important for the ferroelectric stability of ABO3 perovskite ferroelectrics. This is consistent with

the analysis of band structure.
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1. Introduction

Perovskite ABO3 materials have been extensively
studied because of their technical importance and the
fundamental interest in the physics of their phase
CaTiOs, SrTiO3 and BaTiO3 are per-

ovskites with the same B and A cations in the same

transitions.

column of the periodic table. BaTiOjs is a classic ferro-
electric with a Curie temperature 393K. The crystals
SrTiO5 [Y] and CaTiO5 2! are incipient ferroelectrics
They show in their di-

electric constant a Curie—Weiss-like behaviour on ap-

or quantum paraelectrics.

proaching low temperatures, but finally the dielectric
constant saturates and does not exhibit a ferroelec-
tric phase transition. The Curie-Weiss-like behaviour
signifies an incipient ferroelectricity, the actual para-
electricity at low temperatures is stabilized by quan-
tum fluctuations.[t) Most perovskite ferroelectrics that
have been widely used are solid solutions (such as
PbZr; ,Ti,O3 (PZT)) and complex compounds (two
or more kinds of atoms occupy the same crystallo-
graphic positions, such as Pngl/ng2/303). First
principles calculations on these complicated systems

are just beginning.

The origin of the different behaviour of BaTiOg3
on the one hand and SrTiO3 and CaTiOsz on the

other hand has been the subject of some investiga-

tions. Wang et al[® studied the electronic structure of
CaTiOg by first principles calculation and concluded
that it is an incipient ferroelectric. Bersuker et all*
showed that the main contribution to the instability of
the cubic configuration is due to the formation of new
covalent bonds by distortion, and the additional cova-
lence increases in the sequence of CaTiOg, Sr'TiO3 and
BaTiOs. Zhong and Vanderbilt!®! calculated quan-
tum fluctuation effects on cubic SrTiO3 and BaTiOs5.
They found that, for SrTiO3, quantum fluctuations
suppress the ferroelectric transition completely and,
for BaTiOg3, quantum fluctuations reduce the transi-

tion temperature by 35-40K.
Solid solution KTa;_,Nb,O3 (KTN) belongs to

the class of random dipole ferroelectrics./®] The sub-
stitute impurities (such as Nb) reside in off-centre po-
sitions and thus have a dipolar character. They are
randomly distributed in a strongly polarizable host
lattice (KTaOg3). The interaction between the impu-
rity and host lattice results in ferroelectricity. This de-
scription is valid for low impurity (such as Nb) concen-
tration range. Random field theory!”) and the trans-
verse field Ising modell® have been successfully used
For the range of high Nb con-

centration, very little theoretical study has yet been

in this connection.

done. Sepliarsky et all® calculated the phase dia-

gram of KTag.5Nbg 503 using an atomic-level simula-

*Project supported by the State Key Program for Basic Research of China (Grant No 1998061408).
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tion approach that they developed, based on the tra-
ditional Buckingham potential. Peng et all'® deter-
mined the equilibrium configuration of B-site cations
(Ta and Nb) in the tetragonal ferroelectric phase of
KTag.56Nbg 4403 by a total energy calculation in com-
bination with a ’leverage law’ approximation.

For ferroelectricity in perovskites, the hybridiza-
tion between B d and O p states is essential,'}] and
the realization of the hybridization may depend to
some extent on the space available to the B cation.
It is therefore expected that the different tendency to
become ferroelectric in BaTiOg3, SrTiO3 and CaTiOg3
may be connected to their cell volumes. In this pa-
per, we calculate the electronic structure of these per-
ovskites by the full potential linearized augmented
plane wave (FLAPW) method. The total energy as
a function of the displacement of the Ti cation, and
the density of states (DOS) of Ti and O at different
cell volumes are obtained. It is shown that in incipient
ferroelectrics the tendency to become ferroelectric is
checked by their smaller cell volumes. With increasing
cell volume, CaTiO3z and SrTiOs will become ferro-
electric. If the cell volume is decreased, ferroelectricity
in BaTiO3 will disappear. The origin of ferroelectric-
ity of the solid solution KTN is also studied.

2.Method

The calculations presented in this paper were per-
formed within the generalized gradient approximation
to the density functional theory, using the FLAPW
method.
on either potential or the electronic charge density
is made. We use WIEN97!'2 implementation of the

method, which allows the inclusion of local orbits in

In this method no shape approximation

the basis, improving upon linearization and making
possible a consistent treatment of semicore and va-
lence states in one energy window, hence ensuring
proper orthogonality. The generalized gradient ap-
proximation (GGA) has been used.['*] In the FLAPW
method, the unit cell is divided into two parts: (1)
non-overlapping atomic spheres (centred at the atomic
The FLAPW

method expands the potential in the following form

sites) and (2) an interstitial region.

Vir)= Z VimYim(7), inside sphere (1)
Im

V(r) = Z VkeE" outside sphere (2)
K

where Y, (7) is a linear combination of radial func-

tions times spherical harmonics.

In the cubic phase of CaTiOj3, the lattice parame-
ters we used are a=0.38950nm.") The atomic coordi-
nates are Ca(0.5, 0.5, 0.5), Ti(0, 0, 0), O(0, 0.5, 0) (0,
0, 0.5). The atomic sphere radii (Ri) 2.0, 2.2 and 1.1
are used for Ca, Ti and O, respectively, in the calcula-
tions. For the case of BaTiOg3, the lattice parameters
we used are a=0.4000nm. The convergence parameter
RKpax (Rt *Kmax, where K.y is the plane-wave
cut-off and R, is the smallest of all atomic sphere
radii), which controls the size of the basis sets in these
calculations, is set to be 8.0. We have used 5 x 5 x 5
meshes, which represent 200 k-points in the first Bril-
louin zone.

A supercell of K;TaNbOg is constructed by su-
perposing a KTaO3 unit cell on a KNbOj3 one along
the [001] direction. The neutron diffraction crystallo-
graphic data for tetragonal KTag 56Nbg 4403 reported
by Hewat et all'®] is used for the structural param-
eters in the calculation. Along the [001] direction,
the displacement of Ta, Nb is A(Ta, Nb)=—0.012c.
The lattice parameters we used are a=7.5728 a.u.,
b=7.5728 and ¢=15.1456 a.u. The atomic sphere
radii (R;) 2.0, 1.5, 1.8 and 1.6 a.u., are used for K,
Ta, Nb and O, respectively. The atomic coordinates
in the ferroelectric phase are K(0, 0, 0.01105)(0, 0,
0.51105), Ta(0.5, 0.5,0.75505), Nb(0.5, 0.5, 0.75505),
0(1)(0.5, 0.5, 0)(0.5, 0.5, 0.5), O(2)(0.5,0, 0.1793) (0,
0.5, 0.1793)(0.5, 0, 0.6793)(0, 0.5, 0.6793). The con-
vergence parameter RK .., and the meshes used are

the same as above.

3. Results and discussion
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Fig.1. Total energy (E(Ry)+3520)x100 of cubic

CaTiOg3 as a function of the displacement Az of the

Ti atom in the [001] direction for different volumes.
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56.70 From the total energy analysis, it can be seen
& ~60.990F 1-56.80 that the volume effect of II-IV perovskites CaTiOs3,
§ _61.005 1-s6.90 SrTiO3 and BaTiOs is very important for their ferro-
& electricity. The lattice constants of CaTiOs, SrTiOg3

= -61.020f H-57.00 . i )

and BaTiOz (for a 10% volume reduction), at which

. 1-57.10 . .. .
~61.035¢ ? the ferroelectric transition no longer exists, are respec-
—-61.050F 1-57-20 tively a=7.36, 7.38 and 7.32 a.u. respectively. To

- - . . - —57.30 i iti i
000 00l 002 003 o002 00% have a ferroelectric transition, the lattice constants of
Az, CaTiOg, SrTiO3 and BaTiOg3 are respectively 7.598,
7.618 and 7.551 a.u. Generally speaking, in II-IV per-
Fig.2. Total energy (E(Ry)+3520)x100 of cubic ovskites, the lattice constant should be about 7.6 a.u.

BaTiOg3 as a function of the displacement Az of the

Ti atom in the [001] direction for different volumes.

In order to understand the tendency of the
CaTiO3 cubic perovskite to suffer a ferroelectric tran-
sition, we have calculated the electronic properties of
CaTiOj3 for different displacements of the Ti atom in
the [001] direction. The incipient ferroelectricity of
CaTiO3 was studied using the FLAPW method in
a previous paper.[?! Figure 1 shows the total energy
as a function of the Ti atom displacement for differ-
ent volumes. At the experiment, for equilibrium vol-
ume (V/Vp=1.0), CaTiOj3 is not energetically favoured
with the proposed ferroelectric distortion. However,
with a 10% volume expansion (V/Vy=1.1), the same
displacement results in a shallow, but well-defined
double well.

to become ferroelectric in the cubic CaTiOj crystal.

This implies that there is a tendency

This is consistent with the experimental results/? that
point out that CaTiOg is an incipient ferroelectric.
From our calculation, the ferroelectric state can be
induced by a negative pressure. The tendency of
SrTiO3 to suffer a ferroelectric transition was stud-
ied by Fabricius et all'%l For a 5% volume expansion,
SrTiO3 shows an instability and would undergo a fer-
roelectric transition. For a 10% volume expansion, it
has a shallow well. This means that SrTiO3 is an in-
cipient ferroelectric. BaTiOj3 is a typical ferroelectric.
In order to understand the volume effect on BaTiOg3,
we have calculated the electronic properties of BaTiOg3
for a different displacement of the Ti atom in the [001]
direction for different volumes. Figure 2 shows the to-
tal energy as a function of the Ti atom displacement
for different volumes. In the experiment, for equilib-
rium volume (a=7.5 a.u.), BaTiO3 has a double well.
For a 10% volume reduction (about a=7.3 a.u.), the
tendency to ferroelectricity does not exist. In con-

trast to CaTiOz and SrTiOs3, the ferroelectric state of

for a ferroelectric transition to occur. When the lat-
tice constant is about 7.3 a.u., there is no ferroelec-
tric transition. So we can conclude that different cell
volumes will mainly result in different ferroelectric be-
haviours between quantum paraelectrics (CaTiO3 and
SrTiO3) and ferroelectrics (BaTiO3).
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Fig.3. The DOS of Tid and O(2) p in CaTiO3 at Az
=0.03 Ti for V/Vp=1.0.

Figure 3 shows the density of states (DOS) of
Ti d and that of O(2) p of CaTiO3 at Az=0.03 for
V/Vy=1.0. Figure 4 shows the DOS of Ti d and that of
O(2) p of the same crystal at Az=0.03 for V/V,=1.1.
Comparing Figs.3 and 4, we can see that the DOS of

Ti d and O(2) p in different volumes are similar, but
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the DOS of Ti d and O(2) p for V/V,=1.1 are much
higher than that for V/V5=1.0. It can be seen that,
for V/V4=1.0, Ti d and O(2) p do hybridize to some
extent but the hybridization is not as important in the
case of V/Vp=1.1. From the analysis of the DOS of
Ti d and O p, we can conclude that, with a 10% vol-
ume expansion (V/Vp=1.1), CaTiO3 has a tendency
to become ferroelectric. This is consistent with the

conclusion from the total energy analysis.
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Fig.4. The DOS of Ti d and O(2) p in CaTiO3 at
Az=0.03 Ti for V/Vp=1.1.

In order to reveal the roles the atoms Nb, Ta and
O play in the ferroelectricity of KTN, we have calcu-
lated its DOS and the electronic band structure and
valence charge density by first principles calculations.
Figure 5 shows the DOS of Ta d, Nb d and O(1) p of
ferroelectric KTN. In Fig.5, around —5.5eV, there is
a sharp peak for both Ta d and Nb d. This indicates
that the numbers of Ta d and Nb d electrons in the
same energy range (around —5.5¢V) increase greatly,
and thus there is a strong hybridization between B (Ta
and Nb) d and O p (particularly at —5.5eV) in the
ferroelectric KTN. It is this hybridization that weak-
ens the short-range repulsions and stabilizes the fer-

roelectric structure. In short, both atoms Ta and Nb

play similarly important roles in the ferroelectricity of

KTN.
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Fig.5. The DOS (Ta, Nb, O) of ferroelectric KTN.

Concerning the different behaviour of KTaO3 and
KNbO3, Postnikov et all'”l studied their electronic
structure and compared the three DOS of Ta, Nb and
O. For the displacement of atom Nb, there is a DOS
peak arising from the binding between O 2p and Nb
4d, which is absent in the DOS of KTaO3. They
pointed out that this is because the ionic Ta has a
slightly larger size than Nb, the covalent part of the
Ta—O bond is more saturated and practically no en-
ergy lowering results from the symmetry-breaking dis-
placement of the Ta atom towards three of its neigh-
bours in the Og cage.

Comparing our results of KTN with those of
KTaOs3 in Ref.[17], the atom Ta behaves differently in
these two crystals. The difference results mainly from
the different crystal structures of KTaOs and ferro-
electric KTN. As is well known, cell volume is a very
important factor in the ferroelectricity of perovskite
ferroelectrics. The lattice constant for pure KTaOgs
is a=7.53 a.u.'® and that in KTN is 7.5728 a.u. In-
creased cell volumes give the atom Ta more free space
in ferroelectric KTN. In other words, the covalent part
of the Ta—O bond is less saturated than that in pure
KTaOgs, and off-centre displacement of Ta in KTN is

thus energetically favourable.
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Fig.6. The electronic band structure of ferroelec-
tric KTN.

Figure 6 shows the electronic band structure of
ferroelectric KTag 5sNbg 503. In Fig.6, there are many
valence bands in the range from —7eV to —2eV. Com-
paring Figs.5 and 6, we can conclude that they arise
mainly from O p and partly from Ta d and Nb d be-
cause there is a sharp DOS peak of Ta d and Nb d
around —5.5eV. These bands overlap each other and
This implies that the hybridization
between B d and O p in the ferroelectric phase is

are dispersive.

strong. Another characteristic is that the bandgap of
ferroelectric KTN is indirect. The indirect bandgap
of ferroelectric KTN is 1.2eV wide. The conduction
bands (Ta d and Nb d) are very close to the valence
band (O p).

bridization in the ferroelectric KTN. From the exam-

This also implies a stronger d—p hy-

ination of the electronic band structure of KTN, we
can conclude that there is a strong hybridization be-
tween B d and O p in the ferroelectric KTN. This
hybridization is very important for the ferroelectricity
of KTag 5Nbg 505. This is consistent with the anal-
ysis of DOS. Singh!"®! has shown the band structure
of KTaO3 and KNbOj3. The main difference between
the band structures of KNbO3 and KTaO3 is a 0.6 eV
large bandgap in the tantalates and a stronger disper-
sion of one of the bands between M and R points,
which is about 1eV higher in KNbOj than in KTaOs3.
The larger bandgap in KTaOg3 implies the absence of
ferroelectricity in KTaOg. In ferroelectric KTN, the
bandgap is about 1.2eV, which is small, implying fer-
roelectricity in KTN.
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Fig.7. The valence charge density contour of ferro-
electric KTN in the (100) plane.

Figure 7 shows the valence charge density con-
tour of ferroelectric KTN in (100) plane. The atoms
Ta and Nb are at points (75,50), (25,50), while the
atom O(1) is at (50,50). In Fig.4, there is an obvious
sharing of charge between atoms B (Nb and Ta) and
O due to B d and O p hybridization. So we can see
that the interaction between Ta and O, Nb and O is
a very strong covalent interaction. The hybridization
between B (Ta and Nb) d and O p is strong.

4. Conclusion

In summary, we have studied the nature of
the different ferroelectric behaviours of quantum
paraelectrics (CaTiOs, SrTiOs) and ferroelectrics
(BaTiOg3) by a first principles calculation. We have
calculated the total energy as a function of the dis-
placement of the Ti cation, DOS of Ti d and O p,
for different cell volumes. From the calculated to-
tal energy, it is shown that, in perovskites CaTiOs3,
SrTiO3 and BaTiOgs, the ferroelectric phase transi-
tion exists when the lattice constant is about 7.6 a.u.
and it will disappear if the lattice constant is reduced
to about 7.3 a.u.

and CaTiOs, the tendency to become ferroelectric is

In incipient ferroelectrics SrTiOg

checked by their small cell volumes. For KTN, from
the DOS analysis, it is shown that the hybridization
between B (Ta, Nb) d and O p is very important for
the ferroelectric stability of KTag 5Nbg 505. The be-
haviour of Ta is similar to Nb, but is different from
its behaviour in pure KTaOj3. This is consistent with
the result from the analysis of band structure. In
short, for ferroelectricity in perovskites, the hybridiza-
tion between B d and O p states is essential, and the
realization of the hybridization may depend to some

extent on their cell volumes.
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