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Energy structure of KTaO3 and KTaO3:Li
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Ab initio energy structure calculations of pure KTaO3 ~KTO! and KTaO3 doped with Li ~KTL ! were
performed using the CASTEP code@M.C. Payne, M.P. Teter, D.C. Alan, T.A. Arias, and J.D. Joannopoulos,
Rev. Mod. Phys.64, 1045~1992!# based on the density functional theory~DFT! and the intermediate neglect
of the differential overlap INDO method. The optimized lattice parameters of perfect KTO calculated in this
work are in a good agreement with the available experimental data. The population analysis shows that KTO
has a mixed ionic-covalent type of bonds. DFT calculations for the KTL have been performed for a 232
32 supercell of KTO with one Li1 substituting K1. The Li1 off-center ion and nearest oxygen displacements
are defined. It was shown that oxygen displacements around Li1 off-center ions lead to the production of two
local states in the bandgap at 60 meV and 90 meV from the top of the valence band, which in all probability
play an important role in the photostimulated processes.
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I. INTRODUCTION

The most popular model object of ABO3 perovskite-like
ferroelectrics, an incipient ferroelectric potassium tantalat
characterized by a high value of the dielectric constant
creasing with the temperature cool down. At lowest tempe
tures KTO practically loses stability to polarization disto
tions, but remains paraelectric cubic due to quant
fluctuations. However, because of inherent instability, ev
low level of appropriate doping can induce phase transit
with strong changes in physical properties. Doping with
which substitutes K in theA position of the ABO3
perovskite-type lattice and forms Li1 off-center ions with
large (1.2 Å) displacements along^100& direction, is one of
the most interesting and actively studied cases.1–3 Here de-
pending on the Li content, various phases from dipole gla
like to ferroeletric ones can be realized. Because of the la
displacement of the Li1 ions it is reasonable to suspect th
corresponding changes in its electronic structure and ‘‘e
tronic related’’ properties of the KTO. Indeed, as it w
shown in Ref. 4, Li doping of KTO leads to the appearan
of the large photoconductivity at low temperatures, wh
increases sharply at the dipole-glass freezing tempera
Tf . This photoconductivity enhancement atTf , was as-
signed to the presence of hole traps in KTL at lower te
peratures, which hinders the recombination of photocarri
The authors of Ref. 4 suggested that these shallow traps
originating from the perturbation of O22 levels due to oxy-
gen ion displacements under the influence of the Li1 off-
center ions. As a result, Li1 off-center freezing atTf is ac-
companied by the enhancement of the photoconductivity
the dipole glass transition region. Similar effects for impu
ties substituting theA-host ions have been found also
SrTiO3:Ca ~Ref. 5!, where a giant photoconductivity re
0163-1829/2001/64~19!/195111~6!/$20.00 64 1951
is
-
-

n
n
,

s-
e

c-

e

re

-
s.
re

in
-

sponse was observed at lowest temperatures. It seems
enhancement of photoconductivity at low temperatures
ABO3 perovskite-type oxides with freezing of impurity o
centers inA position is rather common phenomena.

There are strong experimental evidences that Li dop
and corresponding appearance of shallow levels lead to
increase of the photoluminescence intensity, the appear
of thermostimulation current and long time photolumine
cence, and photocurrent relaxations in KTL.6–8 These phe-
nomena together with scar or contradictory data of the K
band structure details~see, e.g., Refs. 9–11, and referenc
therein! and the absence of calculations of Li doping effect
energy structure, encouraged us to perform first energy st
ture calculations for KTL with additional comparative calc
lations of the KTO energy structure. Such studies give n
insight to the structure of impurity centers, doping effects
the energy structure, photoinduced properties. Furtherm
they are useful for the development of the microsco
theory of impurity induced structural transformations
KTO and related ionic-covalent materials. We employed
density functional theory~DFT! in the local density approxi-
mation~LDA ! and INDO methods and compared the resu
with previous work.9,10 The optimization of the lattice pa
rameters of KTO and KTL have been performed in the fra
of DFT method. A periodic defect model with a 23232
supercell for the total energy calculations of KTL was use
Since the size of the supercell was not large enough to de
the nature of the local defect states in the gap, the sim
INDO method with 43434 supercell was employed to ca
culate one-electron energies and wave functions of the de
states with the fixed geometry. The parameters of the IN
method were fitted to reproduce the DFT band structure
pure KTO.
©2001 The American Physical Society11-1
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II. METHOD

Two methods were used for the KTO and KTL ba
structure calculations. The first one was the DFT meth
This method is based on the density functional theory
concrete calculations were made with theCASTEP code,
which uses a plane wave basis set for the valence electr
Here a pseudopotential theory was used in order to incl
the effect of the core states. The number of plane wa
included into the basis was determined by a cutoff ene
Ec . Test calculations were performed withEc5560, 600,
and 650 eV . Convergence of calculation parameters for
fect KTO ~total energy, widths of conduction and valen
bands etc.! was reached for a magnitude ofEc5600 eV.

Taking into account the core states, atomic pseudopo
tials were added in our calculations. Pseudopotentials o
Ta, O, and Li were made beforehand by using an optimi
version of Kerker’s scheme.12 These pseudopotentials a
semilocal norm-conserving effective core potentials. The
timized Kerker’s scheme allows the making of ultrasoft p
tentials, in which the Fourier components converge v
quickly with the increasing of the vector of the reciproc
lattice. Because of computational reasons, the semil
pseudopotentials were replaced by separable potentials
ten in Kleinman-Bylander form.13 In order to test the quality
of the Ta pseudopotential obtained, a number of nonemp
cal electronic structure calculations were performed for
TaO molecule using theCASTEPcodes. A large unit cubic cel
was employed to eliminate interaction between the m
ecules in different cells. Various values were used for
cutoff energy which determines the number of plane wa
basis states. Inspection of the results obtained shows tha
cutoff energy of 650 eV is large enough. The calculated eq
librium inter-atomic distance (1.767 Å) is in good agre
ment with the experimental value (1.749 Å), the differen
being less than 0.02 Å for the TaO molecule. The sm
deviation may be caused by the fact that TaO is a sys
with open shells. The ground state of this molecule is2D. It
is a well-known fact that the LDA approximation is not ve
good for open-shell systems.

The second method was the INDO method~a semiempir-
ical variant of the unrestricted Hartree-Fock method!. The
linear combination of atomic orbitals~LCAO! in the basis of
double-z14 Slater type orbitals~STO! is used here in this
method. The double-z basis was used before to perform ele
tronic structure calculations of 3d-oxide crystals~see, for
example, Ref. 15!. The basis of the method is the neglect
differential overlap~NDO! that means the neglect of all two
electron multicentered integrals with multiplication of fun
tions localized in different centers. In our calculations
one-centered integrals~Coulomb-typeFk and exchange-type
Gk), which provide atomic multiplet structure, were calc
latedab initio in the STO basis. As fit parameters were tak
Umm ~core potential parameter!, gaa5F0 ~effective Coulomb
repulsion of two electrons on one center!, and b ~resonant
integral!. For describing the Coulomb interactiongAB of
electrons of different atoms we used the modified Oh
Klopman equation,16 which differs from the standard one b
the correct asymptotic approximations for high interatom
19511
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distances. The Ohno-Klopman equation was suggested
the molecular CNDO and INDO calcultions for not too hig
interatomic distances. In the infinite crystal the nonpoint p
of the Ohno expression has a wrong 1/r 2 asymptotic behav-
ior which leads to unphysical divergencies in the Coulom
potential and Coloumb energy. To overcome this problem
did smooth the Ohno expression with point Coulomb 1r
asymptotic approximation for the distances larger than 7
This procedure is standard for the CNDO and INDO calc
lations of the crystals.

Hartree-Fock equations generally overestimate the
~especially for the ionic crystals!. There are two reasons o
this overestimation. First there are intra-atomic correlatio
The electron-electron one-center Coulomb repulsion is u
ally overestimated in the ab initio Hartree-Fock
calculations.15 In the INDO calculations the value of thi
repulsiongaa is close to the experimental parameter which
equal to the difference between the ionization potential of
atom and its electron affinity. The second reason are b
polarization effects. We used the simple point lattice~Mott-
Littleton! model in the INDO calculations to take into ac
count the polarization effects induced by conduction ba
electron and valence band hole for the description of o
electron excitations.

The population analysis was carried out using the Ko
Sham one-electron orbitals of the crystal~in the plane-wave
basis set!.17 The Kohn-Sham orbitalsfAa of single atoms
calculated with the same pseudopotential as in the cry
were employed. HereA denotes the atom~in the zero el-
ementary cell! anda denotes the orbital. The atomic orbita
are not orthogonal. Using the Bloch sumsfAa(k) and the
projecting technique,17 the density matrix of the crysta
PAa,Bb(k) in the atomic orbital representation was calculat
from the Kohn-Sham crystal orbitals. The standard trans
mation to the Lo¨wdin orthonormal atomic basis

PL~k!5S1/2~k!P~k!S1/2~k! ~1!

with the overlap matrixS(k) was made first and then th
Fourier transformation to the real spacePAa,Bb

L (R) density
matrix was performed. Here the atomA is in the zero el-
ementary cell and the atomB is in the elementary cell trans
lated by the vectorR. Similarly, matrices

PM~k!5P~k!S~k! ~2!

and PAa,Bb
M (R) for the Mulliken population analysis wer

calculated. With these matrices the charge on the atomA is
defined as

QA
L5ZA2 (

aPA
PAa,Aa

L ~0!, Löwdin charge,

QA
M5ZA2 (

aPA
PAa,Aa

M ~0!, Mulliken charge, ~3!

whereZA is the nucleus charge. Another useful quantity a
the Wiberg18 and Mayer19 indexes which are defined as
1-2
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ENERGY STRUCTURE OF KTaO3 AND KTaO3 :Li PHYSICAL REVIEW B 64 195111
WAB~R!5 (
aPA

(
bPB

uPAa,Bb
L ~R!u2. ~4!

The Wiberg index describes the bond order. For a p
covalent single bondc5fAa1fBb the Wiberg index is
equal to 1 and for pure double bonds it is equal to 2 and
on. The magnitudes of atomic covalence allow us to find
order of covalent and ionic bonds in the whole crystal.

For geometry optimization the calculation of perfe
KTaO3 using the DFT method was performed. The total e
ergy was calculated as a function of the lattice constant
the cubic phase. The construction of a self-consistent e
tron density was performed for high-symmetry points of t
Brillouin zone. The density obtained was used for calcu
tions of the band structure and density of states~DOS! of the
perfect KTO. In calculating DOS the zero energy level w
chosen to be at the top of the valence band and the en
levels were broadened by the convolution with a Gauss fu
tion of 0.35 eV width. We used discrete Fourier transform
tion for the interpolation the energiesE(kW ) inside the BZ.
The theoretical predictions are compared with experime
data reported for comparative studies of the optical abs
tion edge in KTO and KTL crystals.20

III. RESULTS AND DISCUSSIONS

Figure 1 shows the band structure of KTO, calculated
the DFT method. The value of the band gap obtained app
to be 2.1 eV, which is consistent with the theoretic
estimations,9,11 which gave also an underestimated band-g
magnitude as is typical in LDA and LMTO methods. How
ever, this value is too small in respect to the values typica
found in experiments of 3.79,21 3.3,22 and 3.64 eV obtained
in our optical absorption measurements for the direct opt
gap of KTO.20 The reason for such a disagreement is
well-known short coming of the local density approximati
~LDA ! for semiconductors and insulators. The top of the V
appears to be very flat and the bandgap of KTO and KTL
indirect with a minimum of the CB at theG point of the
Brillouin zone ~BZ!, and a maximum of the VB at the M
point. The CB is rather flat along theX direction, but the

FIG. 1. Band structure of perfect KTaO3 calculated by DFT
method.
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effective mass of the electrons is lower along theR direction.
The top of the VB is formed byp states of oxygen and
partially by d states of Ta, whereas the bottom of the co
duction band is formed byd states of Ta as can be seen fro
Fig. 2, which presents the total and partial density of stateS
states of K are located high up in the CB~much higher than
thed states of Ta!. The band structure obtained in our calc
lations appears rather similar to data of Refs. 9,10, bu
some important details, the quantitative results appear to
quite different. So, we found that the bottom of the CB
much flatter along the M direction and we obtained the va
of the effective mass of the electron in the lowest CB alo
the M directions;2.3m0, that is larger than in Ref. 23. Th
shape of the top of the VB appears to be rather similar
Ref. 9 but more flat than in Ref. 10. And it is remarkable th
in contrast to Ref. 10, our calculations predict that the ma
mum of the VB is located at the R point of the BZ. The sam
result was obtained in Ref. 9.

The calculated magnitudes of the Mulliken atom
charges are the following:10.91 for K, 1.46 for Ta and
20.79 for oxygen. These values can be compared with
results of the INDO calculations24 @10.62 (K),
12.23 (Ta), and20.95 (O)#. The Wiberg index for the
shortest O-Ta bond is equal to 0.57. The maximum value
the Wiberg index for a single pure covalent bond is equa
1. So we can see that the bond O-Ta in KTaO3 is rather large

FIG. 2. Total and partial density of states of KTaO3.
1-3
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FIG. 3. Li displacements in@100# and @110#
directions.
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and the crystal is essentially covalent.
The band structure of KTO obtained by the INDO meth

appears to be practically the same as in the DFT appro
because of the fitting procedure used to evaluate the IN
parameters. However the INDO calculation gave 3.6 eV
the direct gap~which is close to the experimental value!.
Usually the Hartee-Fock based methods overestimate
value of the optical gap, as one can see, for example, f
INDO calculations9 of KTO (Egap56.7 eV). The accuracy
of our INDO estimation is based on taking into account
polarization effects, which usually decreases the value of
optical gap.

For the system KTaO3:Li the DFT calculations were
made for supercells including 23232 primitive cells of
KTO. In this supercell one K ion was replaced by Li~it
corresponds to a periodical effect of substitution with a
concentration approximately equal to 12.5%). The main f
tures of the zone scheme appear to be the same, but a
same time the magnitude of the band gap in KTL decrea
in respect to the initial perfect KTO, as will be mentione
below.

The equilibrium lattice constantsa for the cubic phase o
KTO and KTL were determined from the total energy calc
lations using DFT method. For KTO it was found thata
53.97 Å, which agrees excellently with the experimen
value 3.998 Å ~Ref. 25! and is more accurate than th
3.96 Å found in LDA calculations.11 No changes have bee
found in the lattice constant for KTL 12% (23232 super-
cell! from DFT calculations, if the relaxation of surroundin
ions is neglected. We also calculated the total energy (Et) of
KTL as function of Li displacement~d! along @100# and
@110# directions. These data are presented in Fig. 3.

The equilibrium off-center Li displacement along@100#
was found to be 1.15 Å with an energy lowering of abo
146 meV. Such a magnitude of the Li displacement agr
quite well with the NMR estimation of 1.26 Å,26 theoretical
prediction of 1.44 Å~Ref. 27! and of 1.35 Å,28 but is suf-
ficiently larger than the theoretical value 0.64 Å~Ref. 29!
and NMR estimations of 0.86 Å.2 Our estimation of the
19511
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energy gain (;146 meV) also appeared to be larger th
the theoretical value of 60 meV obtained in Refs. 24,3
Figure 4 presents the energy profile of Li1 ions in KTL. One
of the most important energy characteristics of KTL is
barrier for 90° flips of the Li1 off-center ions, which deter-
mines, e.g., the dipole relaxation in this material. We cal
lated 64 meV for the barrier for such flips, which is small
respect to experimental values of about 86 meV.28 The origin
of this discrepancy is probably related to the lattice rela
ation around the displaced Li1 ion, which should be taken
into consideration too, to improve the calculation accurac

To clear up the Li effect on the energy structure in t
region of the optical absorption edge, the comparative ca
lations of the electronic structure of KTO and KTL we
performed using the DFT method for 23232 supercells.
For the first step only Li1 displacements for KTL were
taken into account. In this case only K and Li—states lyi
inside of CB are considered, i.e., the energy structure
density of states appear to be identical for KTO and KTL. N
local levels in the band gap of KTL were found and to i
spect the Li effect in the energy structure more deeply, ad
tional calculations with larger supercells were needed.
cause DFT computations are too costly, the IND
calculation for a supercell (43434) of KTO and KTL, i.e.,

FIG. 4. Energy profile of Li1 ions in KTaO3.
1-4
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for 63 atoms of K with one substitutional Li was performe
This calculation was performed only for high symmet
points of the BZ. In this case the possibility of appearance
local states in the band gap can be inspected much m
carefully. For the first step only Li displacements for IND
was taken from DFT 23232 calculations, but no local lev
els in the band gap of KTL were found either. The sa
result follows from INDO 23232 supercell calculations
However this result is not quite convincing, because oxyg
displacements around the Li1 off-center ion were not taken
into account and in our experiment,20 the indirect absorption
edge for pure KTO appeared at higher energy than for K
~3.6 eV for KTO and 3.48 eV for KTL5%). For asecond
step the small displacements of oxygen~see Fig. 5! ions
nearby Li1 off center ions were taken into consideration to
As a result, at least for KTL1.5%, two local states appea
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ture of KTL are presented. The important role of covale
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electron and hole polarization effects have been taken
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and VB states, magnitudes of bandgap and lattice par
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