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Based on the results of total-energy calculations using the full-potential linear muffin-tin orbital
method, the equilibrium ground-state structure is determined in perovskite-type KNbO3 and KTaO3
complex oxides. The first compound is found to have a ferroelectric zero-temperature ground state,
induced by atomic displacements along [111], as is consistent with the experimentally determined
low-temperature crystal structure. The displacements along [001] give rise to another ferroelectric
structure which is stable in the constrained tetragonal symmetry; this structure, however, corre-
sponds to a saddle point on a more general path connecting two adjacent [111]-type displacements.
KTaOg3 was found to be stable in the undistorted cubic phase at zero temperature, exhibiting a soft
phonon mode, but it can be driven to a ferroelectric state by negative pressure.

I. INTRODUCTION

The ferroelectricity in oxidic crystals is generally un-
derstood as being due to a balance of long-range Coulomb
repulsion and short-range chemical bonding. For many
systems there is, however, a controversy concerning
the mechanism by which the ferroelectric ordering is
established—whether it is an order-disorder transition or
a displacive transition, involving freezing out of a partic-
ular optical-phonon mode, as predicted by the Cochran
theory.!

Particularly for KNbOj3 this controversy is not yet def-
initely resolved; experimental evidence in favor of soft-
mode damping?3 as well as of an order-disorder®® char-
acter of the ferroelectric transition has been presented.

Whatever the ferroelectricity-driving mechanism, the
low-temperature ground state of a ferroelectric crystal
is ordered and thus can be subject to a band-structure
calculation, aimed at the optimization of the unit-cell ge-
ometry and the extraction of some energy-related param-
eters (such as the shape and the width of the potential
well related to a ferroelectric distortion), which may be
further fitted into more sophisticated theoretical models
of disordering and alloying.

The first-principles calculations which can really give
some insight into the microscopic interactions and
hybridization-dependent balance of driving forces for a
ferroelectric transition have become feasible only re-
cently, as sufficiently fast band-structure calculation
methods which put essentially no restriction onto the
shape of the potential and charge density have been de-
veloped. Calculations of this kind for perovskite-type
oxides (BaTiO3; and SrTiOj3) have been performed by
Weyrich and Siems,%” followed by an extensive study on
the lattice dynamics in BaTiO3 by Cohen and Krakauer®
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(see also Ref. 9). The full-potential calculation mini-
mizing total energy versus tilting and breathing distor-
tions of oxygen octahedra in another perovskite-type ox-
ide, BaBiO3, has been performed in Ref. 10. Finally, a
full-potential calculation by the full-potential linearized-
augmented-plane-wave method has been reported re-
cently for KNbO3.11 This paper was essentially aimed
at the evaluation of the macroscopic polarization in the
experimentally known crystal structure of the tetragonal
phase, and no search for the lowest-energy ground-state
structure has been done there.

In the present paper, we look for the crystal structures
which minimize the total energy of KNbO3 and KTaOg
crystals, under the constraint that the distortions from
the paraelectric cubic phase occur either in rhombohedral
or in tetragonal symmetry, with one formula unit per fer-
roelectric unit cell. As is experimentally known, the first
of the compounds in question exhibits the same sequence
of phase transformations on cooling as BaTiOs3 (i.e., from
cubic to tetragonal to orthorhombic to thombohedral®?);
the second one remains in the cubic non-ferroelectric
phase down to lowest temperatures. However, KTaOg3
is very close to the ferroelectrical threshold, as follows
from the existence of soft phonon mode at q = 0. Actu-
ally, as we show in this paper, KTaO3 could be driven
into a ferroelectric state by slight expansion of its crystal
lattice. KNbO3 and KTaO3 form an unrestricted solid
solution (KTN), the dielectric properties of which can be
conveniently adjusted by the concentration. The doped
crystals based on KTN have promising applications as
optically active media, and the present study of the mi-
croscopic structure of the pure constituents is the neces-
sary first step in a theoretical understanding of the prop-
erties of this group of materials.

The paper is organized as follows: In Sec. II, we in-
troduce the necessarily simplifying assumption for the
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microscopical structure of the ferroelectric phase. In
Sec. II1, the calculation setup, including the choice of the
basis set, is discussed. In Sec. IV, the equilibrium vol-
umes and other bulk properties for the cubic phase of the
systems in question are calculated. In Sec. V, results of
the total-energy calculations for KNbOg3 are summarized
for two ferroelectric phases and different cell volumes. In
Sec. VI, the tendency towards ferroelectric instability is
discussed for KTaO3.

II. CHOICE OF THE STRUCTURAL MODELS

The primary objective of our study was to simulate,
based on the results of calculations, the correct low-
temperature ferroelectric ground state of KNbOj; and
to understand why the ferroelectric transition does not
occur in the isostructural compound KTaOj3. Although
we did not use any experimentally determined parame-
ters in our calculation, the use of some previous empir-
ical knowledge helped to minimize the necessary com-
putational effort, imposing several experimentally well-
justified constraints which reduced the number of inde-
pendent structure-defining variables.

Thus, we assumed that the Bravais lattice of KNbOg,
as well as that of KTaO3, remain cubic at lowest tem-
peratures, although the displacements of atoms lower the
space group from Pm3m above the Curie temperature to
R3m below the last structure transition. Indeed, the ex-
perimentally determined oo = 3 = « angles of the rhom-
bohedral unit cell differ from 90° by merely 11’;'3 accord-
ing to the calculations of Ref. 8 for BaTiO3, the effect of
such small rhombohedral strain on the total energy is
negligible.

On the other hand, the [001] strain which is known to
be as large as (¢ — a)/a = 1.65% in the tetragonal fer-
roelectric phase,'? cannot be as safely neglected in the
total-energy calculations. Indeed, the tetrahedral strain
included in the calculations for BaTiO3 (Ref. 8) has been
shown to lower the total-energy at fixed atomic displace-
ments by the same order of magnitude as the net atomic
displacements do in the absence of strain. Therefore,
when considering the tetrahedral ferroelectric phase, we
preferred to study the combined effect of atomic displace-
ments and strain on the total-energy surface.

Another assumption was that all oxygen atoms under-
going ferroelectric displacements are shifted as a rigid
sublattice. This is, in principle, justified only within 5%
accuracy—of this size is the difference of displacements
of inequivalent oxygen atoms along [001] in the tetrago-
nal phase, as well as the difference of individual oxygen
atom displacements along [100] and [001] in the rhombo-
hedral phase.'? However, these expected deformations
are known to be substantially smaller than the differences
between the displacements of O and K atoms.

Therefore, the atomic positions of the ferroelectric
phases we studied were defined by just two parameters
within the given space group, namely, by the relative dis-
placements of the potassium atom and of the rigid oxy-
gen cage either along [111] (in the rhombohedral lattice)
or along [001] (in the tetragonal lattice, combined also
with tetragonal strain) in the coordinate system related

to fixed Nb (or Ta) atoms. For each space group corre-
sponding to one or another ferroelectric phase, the total
energy was then mapped as a function of these two pa-
rameters and the equilibrium geometry found from the
global total-energy minimum.

The orthorhombic ferroelectric phase, which is, as ex-
perimentally known, an intermediate one existing in the
temperature range above the rhombohedral and below
the tetragonal phases of KNbQO3, has not been considered
in the present study, because its more complicated crystal
structure with two formula units per unit cell demands
more computational effort. However, full-potential calcu-
lations for orthorhombic structure, if performed, would
be possibly crucial for a better understanding of the
structural mechanism behind the observed sequence of
ferroelectric phase transitions.

III. TECHNICAL ASPECTS OF CALCULATION

The calculations for perovskite-type KNbOjz and
KTaO3 were performed by the full-potential linear
muffin-tin orbital (LMTO) method.'*® As is custom-
ary for an LMTO approach, the basis for the wave func-
tion consists of atom-centered Hankel functions which
are augmented by numerical solutions of the radial
Schrédinger equation within atomic spheres. In our
case the atomic spheres are nonoverlapping. The out-
put charge density as well as the product of two LMTO’s
(needed for constructing the Hamiltonian matrix) are
represented in the interstitial region by fitting a linear
combination of Hankel functions to the values and slopes
on the sphere boundaries.

The interstitial exchange-correlation quantities are
treated in the same way. This procedure makes it possi-
ble to evaluate the involved integrations over the inter-
stitial region with small effort, leading to a high compu-
tational effectiveness. This method has been successfully
applied to the study of a variety of compounds, including
(among nonmetallic systems) simple oxides'® and doped
perovskite BaBiOj3.1°

In order to provide sufficient variational freedom, it
is essential in the calculation method we used to extend
the basis by using LMTOQO’s with various localizations.
The envelope function decays as e~ *", where —x?2 is the
kinetic energy of the Hankel function envelope.

The choice of the basis set we found to be optimal
for describing the valence band of the systems in ques-
tion is presented in Table I. Apart from the states listed
there, Nb 4s and Ta 5s have been explicitly included in
the semicore panel, substituting correspondingly Nb 5s

TABLE I. Basis set and MT-sphere radii used in the cal-
culation.
Atom k2 =-0.01 k2=-10 «k%2=-23 Rumr
Ry Ry Ry (a.u.)
K 4s 3p 3d 4s 3p 3.35
Nb 5s 4p 4d 5s 4p 4d 5s 1.85
Ta 6s 5p 5d 4f 6s 5p 5d 6s 5p 1.85
o 2s 2p 3d 2s 2p 2s 2p 1.55
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and Ta 6s (the size of the secular equation matrix in the
semicore panel has been kept the same as for the valence
band). The effect of further expanding the basis on the
final results (trends in the total energy as function of
volume and atomic displacements) has been tested and
found to be insignificant.

Our choice of the basis is based on the following consid-
erations. The K 3p state, which gives rise to a quite nar-
row band in the gap between O 2s- and O 2p-originating
bands,'” exhibits nevertheless a considerable admixture
to other valence-band states and therefore should not be
treated as a semicore state. Even more unexpectedly,
Nb 4p (and Ta 5p) states, which lie about 1 Ry below
the O 2s band, are not well enough localized and par-
ticipate in the hybridization with other states forming
the valence band. This latest observation is consistent
with the experience of Ref. 6, where in the calculation of
SrTiO3 and BaTiO3; compounds (isostructural to ours)
Ti 3p electrons were included in the band calculation, in
order to ensure that the remaining Ti core fits into the
atomic sphere. The K 3s state, which is situated in the
energy scale some 0.3 Ry above the Nb 4p band, is, on
the contrary, very well localized within the MT sphere
of appropriate size, so that it may be safely treated as a
true core state. Finally, Nb 4s (Ta 5s) is a typical low-
lying semicore, and this is the only state which belongs
to the semicore panel in our calculation.

This division of the participating electronic states into
valence-band ones, semicore and “true core,” is not ob-
vious, but it is based on a thoroughful analysis of the
degree of localization of various states and their contri-
bution to the hybridization within the valence band. Any
other choice does not affect the band structure consider-
ably, but leads to an underestimation of the equilibrium
volume (when the total energy is calculated as a function
of the lattice constant). A neglect of the semicore con-
tribution to the pressure may reduce the calculated equi-
librium volume by 15-20 %. This happens in KNbOj, if
the Nb 4s state is treated as core or Nb 4p (or K 3p)
as semicore (the same is true with respect to Ta 5s and
Ta5p in KTaOg3).

It was not technically possible in the present-day ver-
sion of the computer code we used to include more than
one state with the same orbital momentum per atom in
the valence band (as is typically the case in many other
LMTO-based algorithms as well). Within the setup dis-
cussed above, any high-lying K 4p and Nb 5p (corre-
spondingly Ta 6p) character was completely ignored in
our calculation. Although this shortcoming is primarily
expected to affect the description of the empty states
in the conduction band and not those in the valence
band contributing to the total energy, the possible ef-
fect of hybridization with the mentioned upper states
deserves a special study in the future. As was empha-
sized in Ref. 18, the simultaneous treatment of Ti 3p
and 4p states is essential for producing reasonable esti-
mations of the electric-field gradient in titanium oxide.
Apparently (as follows from our results discussed below)
a similar demand is not crucial for the correct descrip-
tion of the ferroelectric ground-state structures; however,
some quantitative corrections may result from taking the
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hybridization with vacant p states into account.

With the basis set so chosen, the calculated band struc-
ture is essentially nonsensitive to the particular choice of
the MT sphere radii and quite close to that calculated
in Ref. 17 by the LMTO-atomic-sphere-approximation
(ASA) method. The same applies to the total energy-
on-volume dependence (see Sec. IV) which has the same
shape and the position of the minimum within some lim-
its of varying the MT radii. Much finer trends in the to-
tal energy as function of atomic displacements are, how-
ever, more strongly affected by the variations of the MT
sphere sizes. Based on the spatial distribution of self-
consistent charge density over the unit cell (Fig. 1), we
preferred to use the set of radii as shown in Table I,
which clearly attributes charge densities centered at dif-
ferent atoms to their corresponding spheres, leaving only
relatively smooth variations of the charge density over
the interstitial region.

Another minor source of uncertainty concerns the ter-
mination of the spherical harmonic expansions at some
value L. in the decomposition of the charge density
in the interstitial region. In the ideal case, these sums
should be fully converged, which in many other calcula-
tions performed with this formalism had occurred already
at Lyax=4 (see, e.g., Ref. 15). For KNbO3 and KTaOs3,
because of considerable low-symmetry variations of the
potential over the interstitial, this termination was not
sufficient for obtaining correct behavior of the total en-
ergy as function of symmetry-lowering atomic displace-
ments, and L., should be increased up to 5 or 6 on
the K site and can be increased up to 5 on the Nb site.
The charge density inside and around the oxygen sphere
may be still sufficiently well described by L.x=4, but
we used a probably excessive value of 5 in the present
calculation. The calculated equilibrium ferroelectric dis-
placements have been checked to be stable within these
limits of varying Lpyax. It should be noted that the at-
tempt to use bigger Ly.x values on all atoms, e.g., equal
to 6, apart from being unnecessarily time consuming, can
create additional problems with the quality of the fit in
the interstitial region, because of the excessive number of
coefficients to be determined. One possible way to solve
the problem is by introducing some extra empty spheres
in the unit cell, as has been proposed in Ref. 15 for open
structures.

FIG. 1. Charge-density plot in the (110) plane of KNbO3
with tetragonal displacement of Nb atom. The MT-sphere
radii used in the calculation are indicated.
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FIG. 2. Calculated total energy as function of the lattice

constant for cubic KNbO3 and KTaO3s. The experimental
values of the lattice constants (extrapolated to zero tempera-
ture) are indicated by vertical labels.

The integrations in the reciprocal space have been well
converged in the number of k& points, which was found
to happen starting from 8 x 8 x 8 divisions of the full
Brillouin zone, giving 40 &k points in the irreducible wedge
for the tetragonal structure and 60 for the rhombohedral
structure.

IV. BULK PROPERTIES OF THE CUBIC PHASE

The calculated total energy as function of uniform vol-
ume expansion for the cubic phase of both systems is
shown in Fig. 2. The vertical line for each compound
denotes the lattice-constant value obtained from the ex-
trapolation of experimentally measured volumes down to
zero temperature. These values are 7.55 a.u. for KNbO3;
(basing on the unit cell volume data of Ref. 19) and 7.53
a.u. for KTaO3.20

With the choice of the basis set as discussed above,
the total energy calculated as a function of volume has
the minimum at V/Vp = 0.95 (for KNbOj3) and 0.96 (for
KTaOg3). This ~ —5% difference in the evaluation of the
equilibrium volume is typical for a calculation using the
local-density approximation.

The values of the bulk moduli and cohesive energies

as calculated from the energy-lattice-constant curve of
Fig. 2 are listed in Table II. A comparison to earlier
LMTO-ASA calculations!'” reveals a strong similarity.
The only remarkable deviation found is that for the bulk
modulus of KNbOj3, which is now closer to the experi-
mental value. Lattice constants are underestimated by
about 2%; the bulk modulus for KTaO3 fits within the
same quality to experimental data. The cohesive energy
is again as in Ref. 17 overestimated by about 20%; how-
ever some uncertainty in the experimental determination
of cohesive energy in Ref. 21 should be pointed out.

V. FERROELECTRIC GROUND STATE
OF KNbO3

A. Rhombohedral structure

In order to check if various atomic displacements may
further lead to lowering the energy as the cubic symmetry
gets broken, we mapped out the total energy as function
of independent displacements of the K and O sublattices,
with respect to Nb. This helps to visualize the directions
of the “easiest” ferroelectric transformation and clarify
the importance of “coupled” atomic displacements. The
resulting total-energy map (calculated for the theoretical
equilibrium cell volume, which is 95% of the experimental
one) is shown in Fig. 3(a) and for the experimental vol-
ume in Fig. 3(b). The displacements are given in terms
of the lattice constant for each volume. It is seen that in
both figures, there is only one narrow total-energy valley
which indicates the favorability of coupled K and Og dis-
placements with respect to the Nb sublattice. There is
only one pronounced minimum, which is shifted towards
bigger displacements as the volume increases.

The position of equilibrium K and O displace-
ments according to the experimentally determined low-
temperature ferroelectric structure'? is shown by a cross
in Fig. 3. Our calculation therefore slightly underesti-
mates the tendency of oxygen octahedra to displace and
overestimates such tendency for the potassium atom. On
the other hand, since the total-energy valley is essentially
oriented along equal displacements of K and O, our cal-
culation provides a support for a simplified assumption
commonly cited (see, e.g., Refs. 4, 5, and 11) that the
ferroelectric transition in cubic perovskites essentially in-
volves the displacement of Nb (or, generally, of the B

TABLE II. Lattice constant a (A), bulk modulus B (Mbar), and cohesive energy Econ (eV/unit cell).
arp aASA Qexpt Brp Basa Bexpt EEL E&3h EZP
KNbO3 3.93 3.94 ~ 4.0% 2.08 2.47 ~ 1.38 -42.38 -42.19 -34.84°
KTaO3 3.93 3.91 3.99¢ 2.25 2.25 2.30° -44.72 -44.50 -28.84°
2.20F

# Reference 19, extrapolated value on T' = 0 from lattice constants of the cubic high-temperature phase.

b Reference 21, calculated from cubic elastic constants.
¢ Reference 17.
4 Reference 24.
¢ Reference 23, calculated from cubic elastic constants.
f Reference 25.
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(b). The experimentally determined displacement is indi-
cated by a cross. Displacements are given in the units of
the lattice constant, along all three crystallographic axes, i.e.,
dX/a =dY/a =dZ/a.
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atom in the ABOj structure) with respect to the rigid
lattice of all other atoms.

In order to study how stable the total-energy map is
with respect to uniform volume changes and especially
what it looks like at the experimental cell volume, we
plotted the total-energy trends over individual “only-K”
and “only-Og” and combined “K+0g” (i.e., “only-Nb”)
displacements for three different volumes (Fig. 4). One
can see that the potential well of the K ion which is dis-
placed in the rigid lattice of all other ions has an essen-
tially parabolic shape and is the least sensitive to the
variations of the cell volume. The potential well of the
Nb ion would give rise to strongly anharmonic phonon
properties at lower lattice volumes and triggers the fer-
roelectric transition already at V' = 90% of the exper-
imental volume, with the equilibrium displacement and
the relative energy gain increasing with volume.

A suggested explanation of this behavior is the
prononunced tendency of the Nb ion to form bonding
states with at least three nearest oxygen atoms, shift-
ing towards them along [111], as the size of the oxygen
octahedron surrounding Nb increases. In Fig. 5, local
densities of states at O and Nb sites are shown for the
paraelectric cubic structure and for the rhombohedral
structure, at the calculated equilibrium volume and (in
the second case) for the relative Nb displacement as big
as dX = dY = dZ = 0.042a, i.e., 0.073a along [111],
in order to exaggerate the underlying trends. It is seen
that the bonding peak at the bottom of the valence band
which is formed by O 2p and Nb 4d states substantially
grows as the ferroelectric displacement increases, thus
giving the gain in the band energy. A similar observa-
tion has been made in Ref. 9, where the importance of
Ti-O hybridization for the stability of the ferroelectric
phase in BaTiO3 was discussed. At even bigger Nb dis-
placements, the gain in the band energy is overbalanced
by short-range repulsion.

B. Tetragonal structure

Many of these observations are also applicable to tetra-
hedral displacements. That is, when K and O sublattices
are allowed to be displaced independently along [001],
the valley of the most effective energy lowering is situ-
ated along equal displacements of both. In other words,
the ferroelectricity is mostly driven by the displacement
of Nb atoms in an otherwise rigid lattice. The corre-
sponding energy lowering is, as in the case of rhombo-
hedral displacements, quite sensitive to the cell volume,
so that our calculations performed at the theoretically
determined (i.e., underestimated by 5%) volume gave a
minimum only one-third as deep as that at the experi-
mental volume, similarly to the situation shown in Fig. 4.
The total energy as a function of [001] displacement of
the Nb sublattice at the theoretical cell volume is shown
in Fig. 6 (right panel). For comparison, the total energy
as the function of net [111] displacement is reproduced in
the left panel. The rhombohedral displacement results in
a deeper total energy minimum; this is consistent with
the fact that the low-temperature ferroelectric state of
KNbOj; has rhombohedral symmetry.
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by 0.072a along [111].

Since according to Ref. 8 the lattice strain may be
an important contributor to the energy lowering at the
tetrahedral ferroelectric transition in perovskites, we fur-
ther studied its interplay with the Nb displacements. In
Fig. 6, the total-energy dependence on the [001] Nb dis-
placement for fixed strain of (¢ —a)/a = 1.5% is shown as
the dashed line. It is seen that starting with a displace-
ment of 0.02a, the strain becomes energetically favorable
and drives bigger atomic displacements than would be
found in the unstrained lattice. In order to visualize the
mutual effect of displacement and strain, the total-energy
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FIG. 6. Total energy versus rhombohedral displacement

(left panel) and tetragonal displacement (right panel) of Nb
in KNbOs3: solid line, for calculated equilibrium lattice con-
stant without strain; dashed line, with tetragonal strain
c/a 1.015. The dotted line traces the calculated total-
energy values at the equidistant points along the straight path
from minimal-energy tetragonal to minimal-energy rhombo-

hedral structure.
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FIG. 7. Contour lines of the total energy over [001] dis-
placements of Nb and tetragonal strain in KNbOj3. The ex-
perimental value of the experimental strain is indicated by
the dotted line.

surface is shown in Fig. 7 as a function of these two vari-
ables. It is worth noting that the experimental value
of tetrahedral strain in KNbOj; (1.65%, dashed line in
Fig. 7) is fairly well reproduced in the total-energy cal-
culation.

Finally, we would like to establish some relation be-
tween the two lowest-energy structures which were found,
the tetragonal and rhombohedral phases of KNbOj.
Of particular interest is the question of whether the
tetragonal phase corresponds to a saddle point on the
total-energy surface versus various Nb displacements, or
whether there is a local energy minimum associated with
this structure. If the former is true, then the observed
tetragonal ferroelectric structure should be interpreted
as a time average of the process of Nb atoms wandering
over several [111]-directed potential wells, as supposed in
the eight-site model.*5 In order to clarify this point, we
traced the total energy along the straight-line path from
the minimum in the rhombohedral structure to that of
the tetragonal structure, performing a sequence of calcu-
lations on units cells with correspondingly reduced sym-
metry, but with a cubic Bravais lattice, i.e., ignoring the
tetragonal strain. As can be seen from Fig. 6, these calcu-
lations reveal that the energy minimum of the tetragonal
phase is indeed a saddle point, since symmetry-lowering
displacements of Nb from this position along [110] uni-
formly reduce the total energy towards that of rhombo-
hedral phase which is a true ground state.

The presence of tetragonal strain of course complicates
the whole picture—the potential well related to a tetrag-
onal distortion gets considerably deepened, and it is not
obvious along which path the transition from rhombohe-
dral to tetragonal ferroelectric structure may occur. As
follows from the experimentally known sequence of fer-
roelectric phases in KNbOj, such path would most prob-
ably incorporate the orthorombic phase, the analysis of
which is beyond the scope of the present paper.

VI. VOLUME-DEPENDENT TENDENCY
FOR FERROELECTRICITY IN KTaO;

For KTaO3;, we performed a similar analysis of the to-
tal energy behavior under various displacements as for
KNbOj3. As for the latter system, the combined displace-
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ment of coupled K and O sublattices or, equivalently, the
“only-Ta” displacements result in lower total energy than
separate “only-K” and “only-O” displacements. How-
ever, the crucial difference from the case of KNbOj is
that now (under the constraint of constant equilibrium
volume) the cubic structure remains favored over all pos-
sible displaced structures.

The relative changes of the total energy with respect
to that calculated for the cubic phase are, however, quite
sensitive to the variations of volume. Generally, lattice
compression stabilizes the cubic phase, whereas lattice
expansion favors a ferroelectric instability. In Fig. 8, the
set of total-energy curves over independent displacements
of individual atoms along [111] and [001] is presented for
a sequence of volumes.

The volume effect is least pronounced on the position
of the K atom, which is situated in an almost spheri-
cally symmetric parabolic potential well [Fig. 8(a)]. For
the O atoms (Fig. 8), the anharmonic contribution to
their coupled movement is seen to increase considerably
with volume, and the anisotropy of the related poten-
tial well with respect to [111] and [001] directions is now
clearly seen. Finally, the displacement of Ta (Fig. 8) oc-
curs in an even more anisotropic potential well, the shape
of which apparently indicates considerable phonon fre-
quency softening below the experimental volume as well
as the tendency to go off center, forming a ferroelectric
structure for larger volumes. Owur calculation correctly
predicts that the equilibrium ground-state structure, i.e.,
that corresponding to the calculated equilibrium volume,
remains paraelectric in spite of the strong soft-mode in-
stability. The fact that the crystal at experimental vol-
ume, according to calculation, is already slightly behind
the ferroelectric threshold may possibly be revised in fur-
ther studies; appropriately introduced corrections to the
local-density functional result in a more exact estimate
of the equilibrium volume for the system in question,??
and the analysis of the quite sensitive behavior near the
ferroelectric threshold should be, in principle, done on
the same footing.

Some insight into the origin of the different tenden-
cies towards the ferroelectric transition in KNbO3z and
KTaOj3 can be gained from the analysis of their densities
of states in the valence band. In Fig. 9, contributions
from Ta and O are shown for the same conditions as
those from Nb and O in Fig. 5. The most noticeable dif-
ference to Fig. 5 is the absence of the evolution of the
Ta-O bonding peak at the valence-band bottom under
displacement. This is apparently due to the fact that be-
cause of the slightly bigger size of the Ta atom compared
to Nb (as is revealed by the slightly bigger bandwidth of
KTaO3), the covalent part of the Ta—O bond is more sat-
urated, and practically no energy gain results from the
symmetry-breaking displacement of the Ta atom towards
three of its neighbors in the Og cage. This view is con-
sistent with the generally less ionic character of bonding
in KTaO3, as compared to KNbO3.

VII. CONCLUSION

In the present paper, we studied the tendencies for
the phase transition towards the ferroelectric structure
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in KNbO3 and KTaO3 and have determined the ground-
state crystal structures using full-potential LMTO cal-
culation in the local-density approximation. The local-
density approximation, which, as is well known, under-
estimates by several percent the equilibrium cell volume
and hence (for the crystals considered) the tendency to-
wards ferroelectric transition, provides, however, qualita-
tively correct results concerning the ground-state crystal
structures. Thus, the lowest-energy ferroelectric phase
of KNbO3 is found to be a rhombohedral one, in agree-
ment with experimental data, and the magnitude of the
atomic displacements along [111] are in reasonable agree-
ment with the measured structure. KTaOj3 is found to
be paraelectric with the cubic perovskite structure in
its ground state. These qualitative results persist over
experimental and theoretically determined values of the
unit-cell volumes; the quantitative results (atomic dis-
placements, depths of the potential wells) may be subject
to further refinement in the ab initio calculations incor-
porating nonlocal corrections. For KNbO3, the validity
of the eight-site model has been questioned by tracing
the total energy path from lowest-energy tetragonal to
lowest-energy rhombohedral structure, and it has been
found that the structure with tetragonally displaced Nb
atoms actually corresponds to a saddle point of the global
total energy surface. However, tetragonal lattice strain
stabilizes this structure and lowers the total energy to-
wards that of the rhombohedral phase.
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