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Semiempirical Hartree-Fock calculations for pure and Li-doped KTaO3

R. I. Eglitis,* A. V. Postnikov, and G. Borstel
Universität Osnabrück-Fachbereich Physik, D-49069 Osnabru¨ck, Germany

~Received 26 November 1996!

In an extension of our previous study of KNbO3 by the semiempirical Hartree-Fock method we present
parametrization and total-energy results for nonferroelectric KTaO3 as a pure crystal~concentrating on the
frozen phonon calculations! and that with Li impurities. The magnitudes of off-center Li displacements and the
relaxation energies related to reorientation of Li are calculated and compared with experimental estimates and
earlier calculation results. The spatial extent of lattice relaxation around Li impurities and contributions from
different neighbors to the relaxation energy are discussed.@S0163-1829~97!01619-6#
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I. INTRODUCTION

Potassium tantalate is a so-called incipient ferroelec
which develops a high value of the dielectric constant a
considerable softening of a zone-center transverse-op
~TO! phonon, typical to other ferroelectric materials, b
stays in a paraelectric state even at the lowest temperat
This paraelectric state can be modified by doping, wh
may~in case of Nb substituting Ta! bring the system to a true
ferroelectric state, or~for doping with a sufficiently small
amount of Li or Na that enter the K sublattice! gives rise to
a more complicated state, which is often referred to as
entational glass~see, e.g., Refs. 1 and 2 for a review!. As was
discovered by Yacoby and Just,3 a Li ion substituting K in
KTaO3, because of its smaller ionic radius, gets sponta
ously displaced along one of the~six! @100# directions, to-
wards an octahedral interstitial. This effect has been furt
studied in Refs. 4–6. An experimental estimate of the d
placement magnitude possible from7Li NMR measurements
~based on the measured values of the local electric field
dient, interpreted in terms of ionic displacement! is 0.86 Å
according to Borsaet al.4 Another estimate cited by van de
Klink et al.,6 in addition to the former one, is;1.2 Å.
Höchli et al.1 report the displacement magnitude
1.160.1 Å. These values are therefore to some extent de
dent on the model in question that provides the fit to the d
directly measurable by NMR.

van der Klink and Khanna7 calculated the energetics o
the @100# Li displacement in a polarizable point-charg
model, with Coulomb and polarization energy treated
those from point charges~of nominal ionic values!, with a
selected set of polarizabilities. The equilibrium displacem
~1.35 Å! agrees well with the NMR-based estimation
;1.2 Å, but the model is probably too crude for handling
delicate balance between long-range electrostatic forces
short-range effects of chemical bonding in an incipient fer
electric system. Particularly, it became well known sin
then that effective charges in perovskites deviate consi
ably from nominal ionic values, and the lattice relaxation,
instance, in the KTaO3:Li system gives a substantial contr
bution to the energy lowering on a Li displacement.

Several studies on Li in KTaO3 have been done with th
use of the shell model which is more sophisticated than
550163-1829/97/55~19!/12976~6!/$10.00
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models dealing with point charges or point dipoles. Stachi
and Migoni8 calculated equilibrium displacements of Li an
neighboring atoms making use of the static lattice Gre
function method formulated on top of the nonlinear sh
model, with anisotropic core-shell couplings of the oxyg
ion. The drawback of this approach is that the anisotro
~fourth-order! interaction was allowed for the O-Ta bon
only, but otherwise the model was fully harmonic. Th
seems to be hardly satisfactory for quantitative estima
taking into account the large magnitude of the Li displac
ment. Moreover, there was an ambiguity in fitting the Li-
potential of the Born-Mayer type, based either on a study
lattice dynamics in LiKSO4,

9 or on the study of defect ener
gies of Li1 substituting Ba21 in BaTiO3.

10 The results of
Ref. 8, obtained with these two sets of parameters, di
considerably: the first set leads to a nondisplaced positio
Li, whereas the second set provides the@100# displacement
by 1.44 Å that seems to be too large.

Exner et al.11 performed another simulation of dope
KTaO3 within the shell model, with the polarizability of the
oxygen ion treated as isotropic, but, on the other hand, w
anharmonic effects accounted for. Also the choice of sh
range interaction was different in Ref. 11 from that of Ref.
The equilibrium off-center Li displacement was found to
;0.64 Å, and the relaxation pattern of near neighbors to
impurity essentially different from that provided by Stacio
and Migoni.8

First-principles supercell calculations12 by the full-
potential linear muffin-tin orbitals method~FP-LMTO! made
it possible to study the total energy as function of o
center Li displacements from its K-substituting position
KTaO3. This calculation, although not dependent on t
choice of the particular interaction model or the fitting of t
potential, had nevertheless its technical limitations. For o
thing, the computational effort rises quite fast with the s
percell size. The largest supercell treated in Ref. 12 inclu
23232 primitive cells, i.e., only 40 atoms. Another diffi
culty relates to themuffin-tin geometry used in FP-LMTO
calculations~see, e.g., Refs. 13 and 14!. This assumes al
atoms to be circumscribed by nonoverlapping spheres of
sonable size, so that the potential and charge density
expanded in spherical harmonics inside such spheres, an
interstitial region is treated in some different way. The lar
12 976 © 1997 The American Physical Society
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magnitude of the Li off-center displacement and, as a res
of lattice relaxation makes the universal nonoverlapp
packing for all geometries possible only with quite sm
spheres, which is disadvantageous for the numerical a
racy.

The method of our choice in the present study is theref
a tight-binding scheme with the basis of atom-centered or
als, which makes no use ofmuffin-tingeometry whatsoever
At the same time, we do not want the scheme to be com
tationally demanding, in order to keep the calculations
large supercells feasible. What in some aspects closes
gap between empirical models~applicable to very large sys
tems! and accurateab initio schemes~that become very com
putationally demanding unless applied to supercells of q
modest size! are semiempirical methods which are able
produce reliable quantitative predictions, based on a lim
number of basic~system-dependent! tunable parameters. W
use the intermediate neglect of the differential over
~INDO! method,15–17 which has been applied very succes
fully for the study of defects, both in the bulk and on th
surface, in many oxide materials,16–22 as well as
semiconductors.23,24We recently applied this method to th
study of KNbO3.

25 The method is essentially a simplifie
implementation of the Hartree-Fock formalism, with its o
vious drawback of underestimating the correlation effec
The latter seems however to be of little importance when
studies an ionic insulator as KTaO3 and not, say, a metallic
system. Moreover, the appropriate choice of parame
makes it possible to obtain reasonable trends in the t
energy as a function of displacements even if the band st
ture is somehow distorted in the Hartree-Fock calculat
~see Ref. 25 for the discussion to this point for KNbO3). In
tuning the INDO parameters, we primarily use earlier F
LMTO calculations as a benchmark, also with some ref
ence to experimental data~e.g., for phonons in KTaO3).

The objectives of the present study are the total energ
a function of off-center Li displacements in KTaO3, the
90° energy barrier in the hopping motion of displaced Li, a
the lattice relaxation around the Li impurity. As a b
product, we provide the description of pure KTaO3 by the
INDO method, including the calculation ofG phonons. The
paper is organized as follows. In Sec. II, we discuss
choice of INDO parameters for our calculations of pure a
Li-doped KTaO3. In Sec. III, we present the calculate
G-TO phonon frequencies and eigenvectors in KTaO3. In
Sec. IV, we discuss the off-center Li displacement and
lattice relaxation around a Li impurity in KTaO3.

II. INDO PARAMETRIZATION FOR KTaO 3

The description of the INDO approximation to th
Hartree-Fock–Roothaan method is given in Refs. 16 and
The major formulas defining the parameters of the calcu
tion are also cited in Ref. 25, where the choice of parame
relevant for the calculation of KNbO3 is discussed. As in
Ref. 25, we performed the present calculations with
CLUSTERDcomputer code by Stefanovich, Shidlovskaya, a
Shluger.16,17 The parameters obtained there for K and O
oms are retained in the present calculation. In the followi
we refer to Ref. 25 for the description of relevant paramet
lt,
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For KTaO3, we had to specifyzm ~parameter of the Slate
exponent!, Eneg ~central energy position!, bm ~parameter of
the resonance interaction with other states!, andP(0) ~occu-
pation number! for the Ta and Li states. Moreover, the two
center parameteraAB had to be specified for Ta and Li in
combinations with other atoms. The INDO calculations f
Li halides17,26and Li2SiO3 ~Ref. 16! have been done earlier
and some parameters tabulated. In contrast to these ea
works, we preferred to use both Li 2s and 2p states in the
basis set, since the bonding in KTaO3:Li is much less ionic
than in Li halides. Moreover, a very delicate balance of
interactions resulting in a ferroelectric instability favors t
use of a more extended basis set. The recommended va
of one-center Li parameters which are provided in the
scription of the INDO code27 were found to be a reasonab
choice~see below!, and some discussion as for the choice
the two-centeraO-Li parameter is given in Sec. IV. As for th
Ta-related parameters, we tookEneg andP

0 values~with the
exception ofEneg for Ta 5d) the same as for correspondin
(5s, 5p, and 4d) Nb states in KNbO3, based on the similar-
ity of the band structures.~Ab initio calculations of the band
structure of both compounds have been performed ear
e.g., by Neumannet al.28!

The final choice of the INDO parameters for KTaO3 was
done based on a calculation of frozenG-TO phonons. Since
the three phonon modes which belong to theT1u irreducible
representation are different combinations of the vibrations
K, Ta, and O, they provide a good indication of the accura
with which all essential interatomic interactions are treat
The TO phonon frequencies are measured in a numbe
experiments, and their eigenvectors determined inab initio
calculations. This makes the adjustment ofaAB andbm pa-
rameters, which affect the shape of the total-energy hyp
surface as a function of a particular displacement a
changes the frequencies and eigenvectors, a relatively
task. To begin with, we took as a benchmark the total ene
difference as a function of individual displacements, det
mined in the full-potential LMTO calculation.29 However,
finally we aimed at obtaining the phonon eigenvectors w
apparently even better accuracy, as calculated in Ref. 30
the full-potential linear augmented plane wave~LAPW!
method. The values of the INDO parameters we found to
best suited for the study of KTaO3:Li ~in addition to those
published already in Ref. 25! are listed in Table I. The two-
center parametersaAB which account for the nonpoint char
acter of the interaction of a valence orbital at the atomA
with the core of atomB ~see explicit definition in Refs.
17,25! are 0.023, 0.15, 0.39, and 0.58 forA5O andB5Li,
O, K, and Ta, correspondingly, and zero forA5Ta, K, or Li.

TABLE I. One-center INDO parameters for Ta and Li.

Orbital z ~a.u.21) Eneg ~eV! 2b ~eV! P0 ~a.u.!

Ta 6s 2.05 0.0 20.0 0.1
Ta 6p 2.05 22.0 20.0 0.0
Ta 5d 1.70 23.50 16.0 0.6
Li 2s 1.10 5.0 0.6 0.1
Li 2p 0.80 0.9 0.6 0.02
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TABLE II. CalculatedG-TO frequencies and eigenvectors of theT1u modes in cubic KTaO3.

Eigenvectors

K Ta O1 O2,3 v calc. ~cm21) v expt. ~cm21)

0.06 20.46 0.71 0.37 86a

0.11 20.50 0.47 0.51 80b 25–106,c 81,d 85e

20.92 0.31 0.14 0.13 202a

20.91 0.28 0.14 0.17 172b 196–199,c 199,d 198e

20.01 0.13 20.65 0.53 500a

0.01 0.09 20.83 0.39 528b 551–550,c 546,d 556e

aPresent work.
bFull-potential LAPW calculation of Ref. 30.
cInfrared reflectivity measurements at 122463 K, Ref. 36.
dHyper-Raman scattering measurements at room temperature, Ref. 33.
eRaman scattering measurements at room temperature~soft mode! and at 10 K, Ref. 37.
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The band gap in KTaO3 as calculated by the INDO
method is 6.7 eV, which is close to, but larger than, 6.1
as obtained in a similar calculation for KNbO3.

25 The abso-
lute value of the gap in the one-electron energy spectrum
known to come out systematically larger in the Hartree-Fo
formalism as compared with spectroscopic data, because
unscreened Coulomb interaction shifts the unoccupied st
too high in energy. Nevertheless, the difference between
gap values for two compounds is in agreement both with
experimental estimates~3.3 eV for KNbO3 vs 3.8 eV for
KTaO3) and the results of the calculations done in the lo
density approximation@1.4 eV vs 2.1 eV~Refs. 28 and 30!#.
The ~static! effective charges for KTaO3, as estimated from
the INDO calculations based on the Mullikan populati
analysis, are10.62 ~K!, 12.23 ~Ta! and20.95 ~O!. This
reveals a somehow increased ionicity for KTaO3, in com-
parison with KNbO3,

25 in general agreement with the ten
dency pointed out by Singh.30

III. G-TO PHONONS IN KTaO 3

G-TO phonons in the cubic perovskite structure are s
by symmetry into three triple degenerateT1u modes and one
triple degenerateT2u mode.Ab initio calculations of frequen-
cies and eigenvectors have been done by Postnikovet al.31

and by Singh.30 Whereas calculated frequencies are in r
sonable agreement between both calculations and with
experimental data available, there is some disagreeme
the estimations of calculated eigenvectors, especially for
soft mode, as was discussed at length in Ref. 30. The
potential LAPW method is able to provide ultimately bett
accuracy than LMTO, due to a more extended basis
Moreover, the indirect experimental indications of the d
placements within the soft mode of KTaO3 ~Ref. 32! seem to
be in agreement with the LAPW results. Therefore we aim
at reproducing the eigenvectors of Ref. 30 with the pro
choice of our INDO parameters. We performed our froz
phonon calculations at the experimental lattice constant~ex-
trapolated to zero temperature! of 3.983 Å. The elements o
the dynamical matrix were found from the polynomial fit
the total energy as a function of various displacements wi
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the T1u mode. Calculated frequencies and eigenvectors
shown in Table II. O1 stands for the oxygen atom a
( 12

1
20), and O2,3 for two ~equivalent! atoms at (012

1
2) and

( 120
1
2), for the vibrations along@001#. K is at (000) and Ta at

( 12
1
2
1
2) of the cubic perovskite cell.
The agreement with the eigenvectors of Singh30 is good,

especially in what regards the relative displacement of po
sium and tantalum with respect to each other and to the
eraged displacement of the oxygen sublattice. The differe
in the displacement patterns of O1 and O2,3 atoms within the
soft mode seems, however, to be slightly overestimated
our case.

For theT2u mode, our calculation gives the frequency
260 cm21, as compared to 264 cm21 by Singh30 and the
experimental estimations of 264 cm21 ~Ref. 32! to 274
cm21 ~Ref. 33!. This mode involves only the stretchin
within the O2,3 sublattice, therefore the eigenvector
uniquely defined. The excellent agreement of the freque
with the experimental value~s! suggests that our choice of th
INDO parameters that describe the O-O interaction as m
ated by the central Ta atom is sufficiently good.

IV. Li OFF-CENTER DISPLACEMENT
AND LATTICE RELAXATION

With the parameters of the INDO method properly tune
one can obtain better accuracy in describing energy tre
and lattice relaxation in Li-doped KTaO3 than was possible
with the simple polarizable point-charge model7 or within
the shell model.8,11,34On the other hand, the INDO calcula
tion allows us to overcome the problems of previous fir
principles FP-LMTO studies12 in what regards small super
cell size and the problems of themuffin-tin-spheres packing
Since themuffin-tingeometry is not used in a tight-bindin
INDO scheme, the problems of spheres packing do not e
there; at the same time, the method is much less comp
tionally demanding and allows us to treat larger superc
~all results discussed below refer to the 33333 KTaO3
supercell, i.e., with 135 atoms in total, with one substi
tional Li impurity!. It is also possible to search for the opt
mized lattice distortion around the displaced impurity in t
course of INDO calculation, that was not done in Ref. 12

In addition to the parameters relate to the KTaO3 bulk
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and which were tuned on the basis of frozen phonon ca
lations of Sec. II, and the one-site Li parameters borrow
from earlier INDO calculations for Li-containing ioni
crystals,16,17 we had to specify the two-center parame
aO-Li that enters the empirical expression for the interact
of the O valence electrons with the Li core and that eff
tively accounts for the finite size of the Li core and for t
diffuseness of the O-related valence band states~see the defi-
nition of this parameter and the discussion in Ref. 1!.
Whereas already the first choice ofaO-Li50 as proposed in
Ref. 17 provides a qualitatively correct effect on the eq
librium geometry ~Li displaces off center along@100# by
;0.4 Å!, we found that a fine tuning of this parameter ha
considerable effect on the magnitude of the displacem
and especially on the energy gain associated with it.
instance,aO-Li50.02 sets the energy gain at;60 meV at the
;0.6 Å Li displacement, whereasaO-Li50.04 lowers the to-
tal energy by;100 meV at the;0.7 Å displacement. The
best fit to the results of the FP-LMTO calculation12 ~that
were done only for the Li displacement>0.3 Å! occurs at
aO-Li50.023. We attempted to reproduce the FP-LMTO
sults for @100# and @110# Li off-center displacements, th
former being related to the true ground-state configura
and the latter to the saddle point between two adjacent
placed Li positions. The displaced Li ion with its neighbo
ing oxygen atoms is shown schematically in Fig. 1. The to
energy as a function of@100# and @110# Li off-center dis-
placements from FP-LMTO and from our present calcu
tions is shown in Fig. 2.

Another sensitive question is the dependence of the
sults on the supercell size. The INDO method in the imp
mentation we use produces in each iteration the one-elec
energy spectrum in theG point only. The calculation is nor
mally being done with an extended supercell, so that
band dispersion over the correspondingly shrinked Brillo
zone is neglected. The enlargement of a supercell in the

FIG. 1. @100# and @110# Li off-center displacements and th
relaxation pattern of neighboring oxygen atoms.
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culation for a perfect crystal is in a sense analogous to cho
ing a finer mesh for thek-space integration in a convention
band structure calculation. When treating an impurity s
tem, another aspect becomes essential as well, that is
effect of interaction between impurities situated in adjac
supercells should be kept negligible, or at least controlla
For the KTaO3:Li system, it means that the polarizatio
cloud associated with a single off-center displaced Li imp
rity should be, in the ideal case, fully within the superc
chosen. The size of the polarized region associated with
@100#-displaced Li ion was estimated in the shell model c
culation by Stachiotti and Migoni8 to be about five lattice
constants along the direction of displacement, with;99% of
the ‘‘effective dipole’’ polarization being confined to neare
Ta-O chains that are parallel to the displacement. As is
cussed below, the magnitudes of the atomic displacem
and polarization in our present calculation is considera
smaller than those found in Ref. 8, and the relaxed neighb
to the Li impurity are well within the 33333 supercell. In
order to be on the safe side, we performed as well the ca
lations for a supercell doubled in the direction of Li displac
ment, i.e., 63333, with a single@100#-displaced Li atom.
The equilibrium displacement in this case is 0.62 Å, exac
as for the 33333 supercell~see Fig. 2!, with the energy
lowering 57.2 meV. The difference from the result for
33333 supercell~62.0 meV! roughly represents the unce
tainty related to the supercell size in our calculations.

The magnitude of the Li off-center displacement natura
agrees well with the FP-LMTO data@0.61 Å ~Ref. 12!#, since
the latter was an important benchmark in our choice

FIG. 2. Total-energy gain as a function of@100# and @110# Li
displacements calculated by the FP-LMTO method~Ref. 12! and by
the INDO for the 33333 supercell. The curves are shifted so as
match for the 0.3 Å displacement.
TABLE III. Relaxed atomic positions for the@100# Li displacement as calculated by INDO.

Atom Lattice coordinates Displacement

Li Dx 0 0 Dx50.1550
43O~1! 1

21Dx
1
21Dy 0 Dx520.0045,Dy520.0105

43O~2! Dx
1
21Dy

1
21Dy Dx50.0070,Dy520.0026

43O~3! 2
1
21Dx

1
21Dy 0 Dx520.0020,Dy50.0020
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TABLE IV. Relaxed atomic positions for the@110# Li displacement as calculated by INDO.

Atom Lattice coordinates Displacement

Li Dx Dx 0 Dx50.0760
13O~1! 1

21Dx
1
21Dx 0 Dx520.0090

43O~2! 1
21Dx Dy

1
21Dz Dx520.0060,Dy50.0030,Dz520.0080

23O~3! 1
21Dx 2

1
21Dy 0 Dx520.0020,Dy50.0060

43O~4! 2
1
21Dx Dy 2

1
21Dz Dx50.0003,Dy50.0001,Dz50.0003

13O~5! 2
1
21Dx 2

1
21Dx 0 Dx;0
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INDO parameters. We failed however to obtain the id
matching with the FP-LMTO results in what regards both
off-center displacementand the energy gain inboth @100#
and @110# directions, as is seen in Fig. 2. Our equilibriu
@100# off-center displacement is smaller than the estim
~1.35 Å! of the polarizable point-charge model,7 or 1.44 Å as
calculated by Stachiotti and Migoni within the shell mode8

On the other hand, our value is in good agreement wit
more recent, and apparently more elaborately parametri
shell model calculation by Exneret al. ~0.64 Å, Ref. 11!.

The energy gain due to the Li off-center displacemen
not directly measurable in an experiment, but there are e
mations for the 90° energy barrier between, say,@100#- and
@010#-displaced positions to be 86 meV.7 The hoppings be-
tween such adjacent positions may only occur via the@110#
saddle point~see Fig. 2!. Our estimate of the energy differ
ence between@100# and @110# minima is ;30.2 meV,
roughly two times larger than in the FP-LMTO calculation12

but much less than the experimental estimate. The origin
this discrepancy, as has been mentioned in Ref. 12, is m
probably related to the lattice relaxation around the displa
Li ion, which makes the net energy gain from the displa
ment larger, and the 90° activation energy~involving now
the displacement of many atoms! correspondingly higher. In-
deed, the second harmonic generation-based estimates o
activation barrier35 reveal two types of processes, apparen
one involving the lattice relaxation~with the barrier height

FIG. 3. Total-energy gain as a function of@100# and @110# Li
displacements without lattice relaxation~dashed line with open
circles! and the total-energy values after including the relaxation
three groups of nearest oxygen atoms.
l
e

e

a
d,

s
ti-

of
st
d
-

the
y

86.2 meV! and another one that is too fast for the lattice
follow, with the barrier 14.7 meV.

In order to clarify this point, we performed a lattice rela
ation of several shells of neighbors to the displaced Li io
for the cases of@100# and @110# displacements. The relaxe
coordinates of atoms are given in Tables III and IV, whe
the oxygen atoms are numbered consistently with Fig. 1.
total-energy values resulting from the gradual inclusion
neighbor relaxation are shown in Fig. 3. We found the rel
ation of twelve nearest oxygen atoms essential, and the e
of relaxing nearest Ta and more distant atoms to be ne
gible, in what regards the effect on the total energy. T
energy gain in the fully relaxed@100#-displaced configura-
tion, with respect to a nonrelaxed central Li position, is 158
meV; the energy gain in the relaxed@110# configuration is
102.3 meV. Therefore, the enhancement of the excita
barrier due to relaxation effects is by a factor of two, but s
not sufficient to reach experimentally expected;86 meV.
This discrepancy may be due to the fact that in reality
900-reorientation process of the impurity does not neces
ily occur via the fully relaxed saddle-point configuration. D
pending on the actual degree of relaxation around the sad
point Li position, the barrier height is expected from Fig. 3
be between;57 meV~full relaxation at the saddle point! to
;127 meV~no relaxation!.

It should be noted that the spatial range of polarization
not so large in our calculation as follows from the sh
model results of both Refs. 8 and 11, and the displacem
of twelve nearest oxygen atoms around the Li ion are, g
erally, smaller in our case. There are also some qualita
differences in the displacement pattern. The largest strik
the O~2! atoms~as labeled in Table III! follow the Li dis-
placement in our calculation, whereas they move away fr
the displaced Li ion in both shell model calculations cite
This is probably due to an oversimplified parametrization
the interaction potential used in the shell model. In the IND
method, no special approximation is introduced for the
scription of the chemical bonding, therefore our results se
to be more reliable. The numerical values of the displa
ments may, however, be somehow refined in subsequent
culations with larger unit cells.

V. SUMMARY

As an extension of our previous study of ferroelect
KNbO3 with a semiempirical INDO method, we performe
calculations for pure paraelectric KTaO3, concentrating on
TO phonon frequencies as a benchmark for fine tuning of
INDO parametrization. In a series of supercell calculatio
f
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for Li-doped KTaO3, tuned in such a way as to reprodu
the energetics of the Li off-center displacement previou
found in FP-LMTO calculations, we analyze the relaxati
of near neighbors to the Li impurity, and the impact of th
relaxation on the reorientational energy barriers. The re
ation pattern in some aspects differs from that calcula
earlier within the shell model. The study of the interacti
between Li impurities in a polarized lattice seems feasi
with the method used.
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