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Semiempirical Hartree-Fock calculations for pure and Li-doped KTaO;
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In an extension of our previous study of KNB@y the semiempirical Hartree-Fock method we present
parametrization and total-energy results for nonferroelectric KsTa®a pure crystalconcentrating on the
frozen phonon calculatiopnand 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 discudsil 63-18207)01619-4

I. INTRODUCTION models dealing with point charges or point dipoles. Stachiotti
and Migonf calculated equilibrium displacements of Li and
Potassium tantalate is a so-called incipient ferroelectrimeighboring atoms making use of the static lattice Green
which develops a high value of the dielectric constant andunction method formulated on top of the nonlinear shell
considerable softening of a zone-center transverse-opticahodel, with anisotropic core-shell couplings of the oxygen
(TO) phonon, typical to other ferroelectric materials, bution. The drawback of this approach is that the anisotropic
stays in a paraelectric state even at the lowest temperaturg$ourth-ordej interaction was allowed for the O-Ta bond
This paraelectric state can be modified by doping, whictonly, but otherwise the model was fully harmonic. This
may (in case of Nb substituting Jdring the system to atrue seems to be hardly satisfactory for quantitative estimates,
ferroelectric state, offor doping with a sufficiently small taking into account the large magnitude of the Li displace-
amount of Li or Na that enter the K sublattjogives rise to  ment. Moreover, there was an ambiguity in fitting the Li-O
a more complicated state, which is often referred to as oripotential of the Born-Mayer type, based either on a study of
entational glasésee, e.g., Refs. 1 and 2 for arevievkss was  lattice dynamics in LiKSQ,° or on the study of defect ener-
discovered by Yacoby and Jus Li ion substituting K in  gies of Li* substituting B&* in BaTiO3.2° The results of
KTaO3, because of its smaller ionic radius, gets spontaneRef. 8, obtained with these two sets of parameters, differ
ously displaced along one of thsix) [100] directions, to- considerably: the first set leads to a nondisplaced position of
wards an octahedral interstitial. This effect has been furthekLi, whereas the second set provides f&60] displacement
studied in Refs. 4—6. An experimental estimate of the disby 1.44 A that seems to be too large.
placement magnitude possible frofhi NMR measurements Exner et al!! performed another simulation of doped
(based on the measured values of the local electric field gr&kTaO4 within the shell model, with the polarizability of the
dient, interpreted in terms of ionic displacemeist 0.86 A oxygen ion treated as isotropic, but, on the other hand, with
according to Borsat al* Another estimate cited by van der anharmonic effects accounted for. Also the choice of short-
Klink et al.® in addition to the former one, is-1.2 A. range interaction was different in Ref. 11 from that of Ref. 8.
Hochli etall report the displacement magnitude of The equilibrium off-center Li displacement was found to be
1.1+0.1 A. These values are therefore to some extent deper-0.64 A, and the relaxation pattern of near neighbors to Li
dent on the model in question that provides the fit to the datéampurity essentially different from that provided by Staciotti
directly measurable by NMR. and Migoni®
van der Klink and Khanrlacalculated the energetics of First-principles supercell calculatiorfs by the full-
the [100] Li displacement in a polarizable point-charge potential linear muffin-tin orbitals methd&P-LMTO) made
model, with Coulomb and polarization energy treated ast possible to study the total energy as function of off-
those from point charge®f nominal ionic valueg with a  center Li displacements from its K-substituting position in
selected set of polarizabilities. The equilibrium displacemenKTaO5. This calculation, although not dependent on the
(1.35 A agrees well with the NMR-based estimation of choice of the particular interaction model or the fitting of the
~1.2 A, but the model is probably too crude for handling apotential, had nevertheless its technical limitations. For one
delicate balance between long-range electrostatic forces artding, the computational effort rises quite fast with the su-
short-range effects of chemical bonding in an incipient ferropercell size. The largest supercell treated in Ref. 12 included
electric system. Particularly, it became well known since2x2X2 primitive cells, i.e., only 40 atoms. Another diffi-
then that effective charges in perovskites deviate considerulty relates to themuffin-tin geometry used in FP-LMTO
ably from nominal ionic values, and the lattice relaxation, forcalculations(see, e.g., Refs. 13 and )14This assumes all
instance, in the KTa@Li system gives a substantial contri- atoms to be circumscribed by nonoverlapping spheres of rea-
bution to the energy lowering on a Li displacement. sonable size, so that the potential and charge density are
Several studies on Li in KTaQhave been done with the expanded in spherical harmonics inside such spheres, and the
use of the shell model which is more sophisticated than thénterstitial region is treated in some different way. The large
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magnitude of the Li off-center displacement and, as a result, TABLE I. One-center INDO parameters for Ta and Li.
of lattice relaxation makes the universal nonoverlapping

packing for all geometries possible only with quite smallOrbital ¢ (@u"")  Eneg(eV) =B (V)  Po(au)
spheres, which is disadvantageous for the numerical accy- g 2.05 0.0 20.0 0.1
racy. Ta 6p 2.05 -2.0 20.0 0.0
The method of our choice in the present study is thereforg-, 54 1.70 2350 16.0 0.6
a tight-binding scheme with the basis of atom-centered orbitg; 5 ¢ 1.10 5.0 0.6 0.1
als, which makes no use aifuffin-tingeometry whatsoever. |; 2p 0.80 0.9 0.6 0.02

At the same time, we do not want the scheme to be compu-
tationally demanding, in order to keep the calculations for
large supercells feasible. What in some aspects closes t
gap between empirical modelapplicable to very large sys-
temsg and accuratab initio schemegthat become very com- ) . : 0)
putationally demanding unless applied to supercells of quitéhe-resonance interaction with pther statemd P (occu-
modest sizpare semiempirical methods which are able toPtion numberfor the Ta and Li states. Moreover, the two-
produce reliable quantitative predictions, based on a limite®nter parametes,g had to be specified for Ta and Li in
number of basi¢system-dependentunable parameters. We combinations with other atoms. The INDO calculations for
use the intermediate neglect of the differential overlapti halides”*®and Li,SiO; (Ref. 16 have been done earlier,
(INDO) method*®>~*" which has been applied very success-and some parameters tabulated. In contrast to these earlier
fully for the study of defects, both in the bulk and on the works, we preferred to use both Ls2and 2o states in the
surface, in many oxide materidi%?? as well as basis set, since the bonding in KTg®Qi is much less ionic
semiconductoré>?* We recently applied this method to the than in Li halides. Moreover, a very delicate balance of the
study of KNbO,.2° The method is essentially a simplified interactions resulting in a ferroelectric instability favors the
implementation of the Hartree-Fock formalism, with its ob- use of a more extended basis set. The recommended values
vious drawback of underestimating the correlation effectsof one-center Li parameters which are provided in the de-
The latter seems however to be of little importance when onecription of the INDO codd were found to be a reasonable
studies an ionic insulator as KTa@nd not, say, a metallic choice(see below; and some discussion as for the choice of
system. Moreover, the appropriate choice of parameterge two-center. ; parameter is given in Sec. IV. As for the
makes it pOSS|bI§ to ob_taln reasonable tre_nds in the tota},_related parameters, we toBkeq and PO values(with the
energy as a functlon of dlsplgcements even if the band St,r“‘é'xception OfE g fOr Ta 5d) the same as for corresponding
ture is somehow d|st_orted in the H_artre_e-Fock calculatlor'tS& 5p, and 41) Nb states in KNbQ, based on the similar-
(se_e Ref. 25 for the discussion to th'.s point for KN@Q'” ity of the band structuregAb initio calculations of the band
tuning the INDO parameters, we primarily use earlier FP- .
: : structure of both compounds have been performed earlier,
LMTO calculations as a benchmark, also with some refer- 2
ence to experimental dafa.g., for phonons in KTag). e.g., by Neumanet al*)

The objectives of the present study are the total energy a The final choice of the _lNDO parameters for KTgQas
a function of off-center Li displacements in KTaDthe one based on a calculation of frozBEATO phonons. Since

90° energy barrier in the hopping motion of displaced Li, andth® three phonon modes which belong to Thg irreducible
the lattice relaxation around the Li impurity. As a by- 'epresentation are different combinations of the vibrations of

product, we provide the description of pure KTa®y the K. Ta, and O, they provide a good indication of the accuracy
INDO method, including the calculation &f phonons. The With which all essential interatomic interactions are treated.
paper is organized as follows. In Sec. Il, we discuss the/n® TO phonon frequencies are measured in a number of
choice of INDO parameters for our calculations of pure andEXPeriments, and their eigenvectors determinedbrninitio

Li-doped KTaO;. In Sec. Ill, we present the calculated calculations. This makes the adjustmentagfs and 8, pa-

I'-TO phonon frequencies and eigenvectors in Kgah ~ fameters, which affect the shape of the total-energy hyper-
Sec. IV, we discuss the off-center Li displacement and théurface as a function of a particular displacement and

lattice relaxation around a Li impurity in KTaQ changes the_ frequencies and eigenvectors, a relatively easy
task. To begin with, we took as a benchmark the total energy

difference as a function of individual displacements, deter-
mined in the full-potential LMTO calculatiof?. However,
finally we aimed at obtaining the phonon eigenvectors with
The description of the INDO approximation to the apparently even better accuracy, as calculated in Ref. 30 by
Hartree-Fock—Roothaan method is given in Refs. 16 and 1he full-potential linear augmented plane wa@eAPW)
The major formulas defining the parameters of the calculamethod. The values of the INDO parameters we found to be
tion are also cited in Ref. 25, where the choice of parameterest suited for the study of KTagLi (in addition to those
relevant for the calculation of KNbQis discussed. As in published already in Ref. 2%re listed in Table I. The two-
Ref. 25, we performed the present calculations with thecenter parameter@,g Which account for the nonpoint char-
CLUSTERDcomputer code by Stefanovich, Shidlovskaya, andacter of the interaction of a valence orbital at the atdm
Shluger'®!” The parameters obtained there for K and O at-with the core of atomB (see explicit definition in Refs.
oms are retained in the present calculation. In the following17,25 are 0.023, 0.15, 0.39, and 0.58 fa=0 andB=Li,
we refer to Ref. 25 for the description of relevant parametersO, K, and Ta, correspondingly, and zero forTa, K, or Li.

rIl—":‘c;r KTaO;, we had to specify,, (parameter of the Slater
exponenk, Enq (central energy position 8, (parameter of

II. INDO PARAMETRIZATION FOR KTaO 3
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TABLE Il. CalculatedI’-TO frequencies and eigenvectors of fhg, modes in cubic KTa@.

Eigenvectors

K Ta 0, 033 o calc. (cm™1) o expt.(cm™1)
0.06 —0.46 0.71 0.37 b
0.11 —0.50 0.47 0.51 0] 25-106° 819 85°
-0.92 0.31 0.14 0.13 262
-0.91 0.28 0.14 0.17 172 196-19% 1999 19&
—-0.01 0.13 —0.65 0.53 508
0.01 0.09 —-0.83 0.39 528 551-550° 5469 556°

%Present work.

bFuII-potentiaI LAPW calculation of Ref. 30.

“Infrared reflectivity measurements at-1263 K, Ref. 36.

UIHyper-Raman scattering measurements at room temperature, Ref. 33.

®Raman scattering measurements at room temperéafemodeé and at 10 K, Ref. 37.

The band gap in KTa@ as calculated by the INDO the T;, mode. Calculated frequencies and eigenvectors are
method is 6.7 eV, which is close to, but larger than, 6.1 eVshown in Table Il. Q stands for the oxygen atom at
as obtained in a similar calculation for KNRG® The abso-  (330), and Q5 for two (equivalent atoms at (G3) and
lute value of the gap in the one-electron energy spectrum i6;03), for the vibrations alon§001]. K is at (000) and Ta at
known to come out systematically larger in the Hartree-FocK 333) of the cubic perovskite cell.
formalism as compared with spectroscopic data, because the The agreement with the eigenvectors of Siigh good,
unscreened Coulomb interaction shifts the unoccupied stat@specially in what regards the relative displacement of potas-
too high in energy. Nevertheless, the difference between thalum and tantalum with respect to each other and to the av-
gap values for two compounds is in agreement both with th@raged _dlsplacement of the oxygen sublattice. The pllfference
experimental estimate@.3 eV for KNbO; vs 3.8 eV for N the displacement patterns of,@nd O, ; atoms within the

KTaO3) and the results of the calculations done in the Iocalzﬁfrt Crggge seems, however, to be slightly overestimated in
density approximatiofl.4 eV vs 2.1 eMRefs. 28 and 3\. ' . .

The (statig effective charges for KTag as estimated from 26(|): ocrr:,]?T;US Tgrie,a?g(rj c;:;lczuéjtlg%gévessr:eiggegnu deTﬁg of
the INDO calculations based on the Mullikan population . mpa < y g

analysis, aret0.62 (K), +2.23 (Ta) and —0.95 (O). This experimental estimations of 264 ¢m (Ref. 39 to 274

| how i 4 ionicity for KTadn cm~! (Ref. 33. This mode involves only the stretching
reveais a some owzlsn_crease lonicity Tor ®IgHn COM-—— yithin the 0,3 sublattice, therefore the eigenvector is
parison with KNbQ;,™ in general agreement with the ten- g ely defined. The excellent agreement of the frequency

dency pointed out by SingH. with the experimental val§s) suggests that our choice of the
INDO parameters that describe the O-O interaction as medi-
ated by the central Ta atom is sufficiently good.
lll. T'-TO PHONONS IN KTaO ;
IV. Li OFF-CENTER DISPLACEMENT

I'-TO phonons in the cubic perovskite structure are split
AND LATTICE RELAXATION

by symmetry into three triple degenerdtg, modes and one
triple degenerat&,, mode.Ab initio calculations of frequen- With the parameters of the INDO method properly tuned,
cies and eigenvectors have been done by Postrékal®'  one can obtain better accuracy in describing energy trends
and by Singi°® Whereas calculated frequencies are in rea-and lattice relaxation in Li-doped KTa{than was possible
sonable agreement between both calculations and with theith the simple polarizable point-charge moder within
experimental data available, there is some disagreement the shell modef:**3*On the other hand, the INDO calcula-
the estimations of calculated eigenvectors, especially for thgon allows us to overcome the problems of previous first-
soft mode, as was discussed at length in Ref. 30. The fullprinciples FP-LMTO studiéd in what regards small super-
potential LAPW method is able to provide ultimately better cell size and the problems of tmeuffin-tinspheres packing.
accuracy than LMTO, due to a more extended basis seSince themuffin-tingeometry is not used in a tight-binding
Moreover, the indirect experimental indications of the dis-INDO scheme, the problems of spheres packing do not exist
placements within the soft mode of KTa@Ref. 32 seemto there; at the same time, the method is much less computa-
be in agreement with the LAPW results. Therefore we aimedionally demanding and allows us to treat larger supercells
at reproducing the eigenvectors of Ref. 30 with the propefall results discussed below refer to the<3XxX3 KTaOjg
choice of our INDO parameters. We performed our frozensupercell, i.e., with 135 atoms in total, with one substitu-
phonon calculations at the experimental lattice condi@xit  tional Li impurity). It is also possible to search for the opti-
trapolated to zero temperatiiref 3.983 A. The elements of mized lattice distortion around the displaced impurity in the
the dynamical matrix were found from the polynomial fit of course of INDO calculation, that was not done in Ref. 12.
the total energy as a function of various displacements within In addition to the parameters relate to the KTabulk
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FIG. 1. [100] and [110] Li off-center displacements and the . , , X . .
relaxation pattern of neighboring oxygen atoms. 06 04 02 0 02 04 06 038
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and which were tuned on the basis of frozen phonon calcu- giG. 2. Total-energy gain as a function [00] and[110] Li

lations of Sec. I, and the one-site Li parameters borrowegjisplacements calculated by the FP-LMTO metkRéf. 12 and by
from earlier INDO calculations for Li-containing ionic the INDO for the 3< 3x 3 supercell. The curves are shifted so as to
crystalsi®” we had to specify the two-center parametermatch for the 0.3 A displacement.
ao.; that enters the empirical expression for the interaction
of the O valence electrons with the Li core and that effec-
tively accounts for the finite size of the Li core and for the culation for a perfect crystal is in a sense analogous to choos-
diffuseness of the O-related valence band stétes the defi- ing a finer mesh for th&-space integration in a conventional
nition of this parameter and the discussion in Ref).17 band structure calculation. When treating an impurity sys-
Whereas already the first choice @f_ ;=0 as proposed in tem, another aspect becomes essential as well, that is, the
Ref. 17 provides a qualitatively correct effect on the equi-effect of interaction between impurities situated in adjacent
librium geometry(Li displaces off center alon§100] by  supercells should be kept negligible, or at least controllable.
~0.4 A), we found that a fine tuning of this parameter has aFor the KTaQ;:Li system, it means that the polarization
considerable effect on the magnitude of the displacementloud associated with a single off-center displaced Li impu-
and especially on the energy gain associated with it. Fority should be, in the ideal case, fully within the supercell
instance @ ;=0.02 sets the energy gain-at60 meV atthe chosen. The size of the polarized region associated with the
~0.6 A Li displacement, whereag,_;=0.04 lowers the to- [100]-displaced Li ion was estimated in the shell model cal-
tal energy by~100 meV at the~0.7 A displacement. The culation by Stachiotti and Migofito be about five lattice
best fit to the results of the FP-LMTO calculatfér{that  constants along the direction of displacement, witd9% of
were done only for the Li displacemert0.3 A) occurs at the “effective dipole” polarization being confined to nearest
a0.i=0.023. We attempted to reproduce the FP-LMTO re-Ta-O chains that are parallel to the displacement. As is dis-
sults for [100] and [110] Li off-center displacements, the cussed below, the magnitudes of the atomic displacements
former being related to the true ground-state configuratioand polarization in our present calculation is considerably
and the latter to the saddle point between two adjacent dissmaller than those found in Ref. 8, and the relaxed neighbors
placed Li positions. The displaced Li ion with its neighbor- to the Li impurity are well within the X 3X 3 supercell. In
ing oxygen atoms is shown schematically in Fig. 1. The totabrder to be on the safe side, we performed as well the calcu-
energy as a function df100] and [110] Li off-center dis- lations for a supercell doubled in the direction of Li displace-
placements from FP-LMTO and from our present calcula-ment, i.e., 6<3x 3, with a single[100]-displaced Li atom.
tions is shown in Fig. 2. The equilibrium displacement in this case is 0.62 A, exactly
Another sensitive question is the dependence of the reas for the 3<3X 3 supercell(see Fig. 2, with the energy
sults on the supercell size. The INDO method in the impledowering 57.2 meV. The difference from the result for a
mentation we use produces in each iteration the one-electrdhx 3 X 3 supercel(62.0 me\j roughly represents the uncer-
energy spectrum in thE point only. The calculation is nor- tainty related to the supercell size in our calculations.
mally being done with an extended supercell, so that the The magnitude of the Li off-center displacement naturally
band dispersion over the correspondingly shrinked Brillouinagrees well with the FP-LMTO daf@.61 A (Ref. 12], since
zone is neglected. The enlargement of a supercell in the calhe latter was an important benchmark in our choice of

TABLE lll. Relaxed atomic positions for thgL00] Li displacement as calculated by INDO.

Atom Lattice coordinates Displacement

Li A, 0 0 A,=0.1550

4% 0(1) 1+A, 3+A, 0 A,=—0.0045,A,=—0.0105
4% 0(2) Ay 3+A, 3+A, A,=0.0070,A,=—0.0026

4% 0(3) —3+A, 3+A, 0 A,=—0.0020,A,=0.0020
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TABLE IV. Relaxed atomic positions for thgl10] Li displacement as calculated by INDO.

Atom Lattice coordinates Displacement

Li Ay A, 0 A,=0.0760

1x O(1) T+A, I+A, 0 A,=—0.0090

4% 0(2) I+A, Ay I+A, A,=—0.0060,A,=0.0030,A,= —0.0080
2x0(3) I+A, —3+A, 0 A,=—0.0020,A,=0.0060

4% O(4) —3+A, Ay —3+A, A,=0.0003,A,=0.0001,A,=0.0003
1X 0O(5) —3+A, —3+A, 0 A,~0

INDO parameters. We failed however to obtain the ideal86.2 me\f and another one that is too fast for the lattice to
matching with the FP-LMTO results in what regards both thefollow, with the barrier 14.7 meV.

off-center displacemerdind the energy gain irboth [100]

In order to clarify this point, we performed a lattice relax-

and[110] directions, as is seen in Fig. 2. Our equilibrium ation of several shells of neighbors to the displaced Li ion,
[100] off-center displacement is smaller than the estimatdor the cases 0f100] and[110] displacements. The relaxed

(1.35 A) of the polarizable point-charge modedr 1.44 A as

calculated by Stachiotti and Migoni within the shell molel.

coordinates of atoms are given in Tables Ill and IV, where
the oxygen atoms are numbered consistently with Fig. 1. The

On the other hand, our value is in good agreement with Jotal-energy values resulting from the gradual inclusion of

more recent, and apparently more elaborately parametrize

shell model calculation by Exnest al. (0.64 A, Ref. 1).

The energy gain due to the Li off-center displacement i
not directly measurable in an experiment, but there are est

mations for the 90° energy barrier between, §4¥0]- and
[010]-displaced positions to be 86 méVThe hoppings be-
tween such adjacent positions may only occur via[tHE]
saddle point(see Fig. 2 Our estimate of the energy differ-
ence betweern100] and [110] minima is ~30.2 meV,
roughly two times larger than in the FP-LMTO calculation,

S

geighbor relaxation are shown in Fig. 3. We found the relax-
ation of twelve nearest oxygen atoms essential, and the effect
of relaxing nearest Ta and more distant atoms to be negli-
rgible, in what regards the effect on the total energy. The
energy gain in the fully relaxefiL00}-displaced configura-
tion, with respect to a nonrelaxed central Li position, is 158.9
meV; the energy gain in the relax¢d10] configuration is
102.3 meV. Therefore, the enhancement of the excitation
barrier due to relaxation effects is by a factor of two, but still
not sufficient to reach experimentally expecte@6 meV.
This discrepancy may be due to the fact that in reality the

but much less than the experimental estimate. The origin 0§o°-reorientation process of the impurity does not necessar-
this discrepancy, as has been mentioned in Ref. 12, is mog{ occur via the fully relaxed saddle-point configuration. De-
probably related to the lattice relaxation around the displace@ending on the actual degree of relaxation around the saddle-
Li ion, which makes the net energy gain from the displacepoint Li position, the barrier height is expected from Fig. 3 to

ment larger, and the 90° activation ener@yvolving now
the displacement of many atojrrrespondingly higher. In-

be between-57 meV (full relaxation at the saddle pointo
~127 meV(no relaxation.

deed, the second harmonic generation-based estimates of thelt should be noted that the spatial range of polarization is
activation barrie?® reveal two types of processes, apparentlynot so large in our calculation as follows from the shell

one involving the lattice relaxatiofwith the barrier height

or % o4
'@,‘J

< L.
[0)]
£
3
5 00 T~ o
ke
5 0(2)
5 -t
3 -100] + 00 +0(1) ]
2 G
& +0(2)
-150} L k

+ 0(3)

-

06 04 02 O
[110]

02 04 06 08

Li displacement (A)  [100]

FIG. 3. Total-energy gain as a function [@f00] and[110] Li
displacements without lattice relaxatiqgdashed line with open

model results of both Refs. 8 and 11, and the displacements
of twelve nearest oxygen atoms around the Li ion are, gen-
erally, smaller in our case. There are also some qualitative
differences in the displacement pattern. The largest striking,
the 2) atoms(as labeled in Table I}Ifollow the Li dis-
placement in our calculation, whereas they move away from
the displaced Li ion in both shell model calculations cited.
This is probably due to an oversimplified parametrization of
the interaction potential used in the shell model. In the INDO
method, no special approximation is introduced for the de-
scription of the chemical bonding, therefore our results seem
to be more reliable. The numerical values of the displace-
ments may, however, be somehow refined in subsequent cal-
culations with larger unit cells.

V. SUMMARY

As an extension of our previous study of ferroelectric
KNbO; with a semiempirical INDO method, we performed
calculations for pure paraelectric KTa0Oconcentrating on

circles and the total-energy values after including the relaxation of TO phonon frequencies as a benchmark for fine tuning of our

three groups of nearest oxygen atoms.

INDO parametrization. In a series of supercell calculations
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