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Energy structure of KTaO; and KTaO;:Li
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Ab initio energy structure calculations of pure KTa@KTO) and KTaQ doped with Li (KTL) were
performed using the CASTEP codlel.C. Payne, M.P. Teter, D.C. Alan, T.A. Arias, and J.D. Joannopoulos,
Rev. Mod. Phys64, 1045(1992] based on the density functional thed®FT) 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 foRa 2
X 2 supercell of KTO with one Lfi substituting K. The Li* off-center ion and nearest oxygen displacements
are defined. It was shown that oxygen displacements arounafiicenter 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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[. INTRODUCTION sponse was observed at lowest temperatures. It seems, that
enhancement of photoconductivity at low temperatures in
The most popular model object of AB(erovskite-like  ABO; perovskite-type oxides with freezing of impurity off

ferroelectrics, an incipient ferroelectric potassium tantalate i€enters inA position is rather common phenomena.
characterized by a high value of the dielectric constant in- There are strong experimental evidences that Li doping
creasing with the temperature cool down. At lowest temperaand corresponding appearance of shallow levels lead to the
tures KTO practically loses stability to polarization distor- increase of the photoluminescence intensity, the appearance
tions, but remains paraelectric cubic due to quantunbf thermostimulation current and long time photolumines-
fluctuations. HOWeVer, because of inherent InStablllty, eVerbence, and photocurrent relaxations in K6|‘|_8_These phe_
low level of appropriate doping can induce phase transitiothomena together with scar or contradictory data of the KTO
with strong changes in physical properties. Doping with Li,hang structure detailsee, e.g., Refs. 9-11, and references
which substitutes K in theA position of the ABQ  herein and the absence of calculations of Li doping effect in
perovskite-type lattice and forms Lioff-center ions with o orqv structure, encouraged us to perform first energy struc-
large (1.2 A) displacements alokg00) direction, is one of o cajcylations for KTL with additional comparative calcu-

theeng?r?Stoertt(i]rgslfilr::%r?tgﬂta\ig\:iilzssﬁiggsifig;?rglge-lasslgtions of the KTO energy structure. Such studies give new
P 9 . ’ P pole g insight to the structure of impurity centers, doping effects in
like to ferroeletric ones can be realized. Because of the larg

displacement of the Li ions it is reasonable to suspect the € energy structure, photoinduced properties. Furthermore,

corresponding changes in its electronic structure and “elect-hey are useful for the development of the microscopic

tronic related” properties of the KTO. Indeed, as it Wastheory of impurit_y i_nduced structura_ll transformations - in
shown in Ref. 4, Li doping of KTO leads to the appearanceKTO _and relz_;lted |0n|c-covaler_1t materials. We _employed_ the
of the large photoconductivity at low temperatures, whichdensity functional theoryDFT) in the local density approxi-
increases sharply at the dipole-glass freezing temperatuf8ation(LDA) and INDO methods and compared the results
T;. This photoconductivity enhancement &, was as- With previous work?*® The optimization of the lattice pa-
Signed to the presence of hole traps in KTL at lower tem_rameters of KTO and KTL have been performEd in the frame
peratures, which hinders the recombination of photocarrierf DFT method. A periodic defect model with ax2x2

The authors of Ref. 4 suggested that these shallow traps aggipercell for the total energy calculations of KTL was used.
originating from the perturbation of O levels due to oxy- Since the size of the supercell was not large enough to define
gen ion displacements under the influence of thé bif-  the nature of the local defect states in the gap, the simpler
center ions. As a result, Lioff-center freezing al; is ac-  INDO method with 4< 4 x4 supercell was employed to cal-
companied by the enhancement of the photoconductivity irtulate one-electron energies and wave functions of the defect
the dipole glass transition region. Similar effects for impuri- states with the fixed geometry. The parameters of the INDO
ties substituting theA-host ions have been found also in method were fitted to reproduce the DFT band structure of
SrTiO3:Ca (Ref. 5, where a giant photoconductivity re- pure KTO.
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Il. METHOD distances. The Ohno-Klopman equation was suggested for
the molecular CNDO and INDO calcultions for not too high

lculati The fi he DET h dinteratomic distances. In the infinite crystal the nonpoint part
structure calculations. The first one was the Methodst the Ohno expression has a wrong?lasymptotic behav-

This method is based on the density functional theory and,. \vhich leads to unphysical divergencies in the Coulomb

concrete calculations were made with thasSTEP code,  hotential and Coloumb energy. To overcome this problem we
which uses a plane wave basis set for thg valence elgctrongid smooth the Ohno expression with point Coulomb 1/
Here a pseudopotential theory was used in order to includgsymptotic approximation for the distances larger than 7 a.u.
the effect of the core states. The number of plane waveshis procedure is standard for the CNDO and INDO calcu-
included into the basis was determined by a cutoff energy¥ations of the crystals.
E.. Test calculations were performed wit, =560, 600, Hartree-Fock equations generally overestimate the gap
and 650 eV . Convergence of calculation parameters for peiespecially for the ionic crystalsThere are two reasons of
fect KTO (total energy, widths of conduction and valence this overestimation. First there are intra-atomic correlations.
bands etg.was reached for a magnitude Bf=600 eV. The electron-electron one-center Coulomb repulsion is usu-
Taking into account the core states, atomic pseudopoter&lly —overestimated in the ab initio Hartree-Fock
tials were added in our calculations. Pseudopotentials of K¢alculations™ In the INDO calculations the value of this
Ta, O, and Li were made beforehand by using an optimizedepulsiony,, is close to the experimental parameter which is
version of Kerker's schem®. These pseudopotentials are equal to the difference between the ionization potential of the
semilocal norm-conserving effective core potentials. The opatom and its electron affinity. The second reason are bulk
timized Kerker’s scheme allows the making of ultrasoft po-polarization effects. We used the simple point lattitott-
tentials, in which the Fourier components converge venyittleton) model in the INDO calculations to take into ac-
quickly with the increasing of the vector of the reciprocal count the polarization effects induced by conduction band
lattice. Because of computational reasons, the semilocadlectron and valence band hole for the description of one-
pseudopotentials were replaced by separable potentials wriglectron excitations.
ten in Kleinman-Bylander form? In order to test the quality =~ The population analysis was carried out using the Kohn-
of the Ta pseudopotential obtained, a number of nonempiriSham one-electron orbitals of the crystial the plane-wave
cal electronic structure calculations were performed for théasis set'’ The Kohn-Sham orbitalgs, of single atoms
TaO molecule using theasTEPcodes. A large unit cubic cell calculated with the same pseudopotential as in the crystal
was employed to eliminate interaction between the molwere employed. Heré denotes the atonfin the zero el-
ecules in different cells. Various values were used for theementary cejlanda denotes the orbital. The atomic orbitals
cutoff energy which determines the number of plane waveare not orthogonal. Using the Bloch sun#g (k) and the
basis states. Inspection of the results obtained shows that tiojecting techniqué! the density matrix of the crystal
cutoff energy of 650 eV is large enough. The calculated equiPaa gp(K) in the atomic orbital representation was calculated
librium inter-atomic distance (1.767 A) is in good agree-from the Kohn-Sham crystal orbitals. The standard transfor-
ment with the experimental value (1.749 A), the differencemation to the Lavdin orthonormal atomic basis
being less than 0.02 A for the TaO molecule. The small
deviation may be caused by the fact that TaO is a system PL(k)=SY4k)P(k)SYZ(k) 1)
with open shells. The ground state of this molecul@4s It
is a well-known fact that the LDA approximation is not very With the overlap matrixS(k) was made first and then the
good for open-shell systems. Fourier transformation to the real spaEQabe(R) density
The second method was the INDO methadsemiempir- maitrix was performed. Here the atofnis in the zero el-
ical variant of the unrestricted Hartree-Fock methothe  ementary cell and the atoBiis in the elementary cell trans-
linear combination of atomic orbitalE CAO) in the basis of lated by the vectoR. Similarly, matrices
double¢** Slater type orbital§STO) is used here in this
method. The doublé-basis was used before to perform elec- PM(k)=P(k)S(k) 2
tronic structure calculations ofd3oxide crystals(see, for
example, Ref. 1p The basis of the method is the neglect of and P,“('a,Bb(R) for the Mulliken population analysis were
differential overlap(NDO) that means the neglect of all two- calculated. With these matrices the charge on the adm
electron multicentered integrals with multiplication of func- defined as
tions localized in different centers. In our calculations all
one-centered integral€oulomb-typeF, and exchange-type . . L
Gy), which provide atomic multiplet structure, were calcu- Qa=Za— 2. Phaaa(0), Lowdin charge,
latedab initio in the STO basis. As fit parameters were taken ash
U, (core potential parametery,,= F (effective Coulomb
repulsion of two electrons on one centeand 8 (resonant
integra). For describing the Coulomb interactiop,g of
electrons of different atoms we used the modified Ohno-
Klopman equatiort® which differs from the standard one by whereZ, is the nucleus charge. Another useful quantity are
the correct asymptotic approximations for high interatomicthe Wiberd® and Mayet® indexes which are defined as

Two methods were used for the KTO and KTL band

Q¥=z,—> PN ,.(0), Mullikencharge, (3)
aeA '
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FIG. 1. Band structure of perfect KTaQalculated by DFT 0.20 (IJ 10
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The Wiberg index describes the bond order. For a pure 0. — 5 5 0

covalent single bondy= ¢a,+ ¢, the Wiberg index is N
equal to 1 and for pure double bonds it is equal to 2 and sc 44

on. The magnitudes of atomic covalence allow us to find the
order of covalent and ionic bonds in the whole crystal. /J\"‘a' density of states

For geometry optimization the calculation of perfect 04
KTaO; using the DFT method was performed. The total en-
ergy was calculated as a function of the lattice constant for
the cubic phase. The construction of a self-consistent elec 20
tron density was performed for high-symmetry points of the Energy (eV)
Brillouin zone. The density obtained was used for calcula-
tions of the band structure and density of stdi29S) of the
perfect KTO. In calculating DOS the zero energy level waseffective mass of the electrons is lower along Bhéirection.
chosen to be at the top of the valence band and the energshe top of the VB is formed by states of oxygen and
levels were broadened by the convolution with a Gauss funcpartially by d states of Ta, whereas the bottom of the con-
tion of 0.35 eV width. We used discrete Fourier transforma-duction band is formed bt states of Ta as can be seen from

tion for the interpolation the energid(k) inside the Bz.  Fig. 2, which presents the total and partial density of st&es.
The theoretical predictions are compared with experimenta$tates of K are located high up in the @Buch higher than
data reported for comparative studies of the optical absorpthe d states of Ta The band structure obtained in our calcu-
tion edge in KTO and KTL crystaf lations appears rather similar to data of Refs. 9,10, but in
some important details, the quantitative results appear to be
quite different. So, we found that the bottom of the CB is
much flatter along the M direction and we obtained the value
Figure 1 shows the band structure of KTO, calculated byof the effective mass of the electron in the lowest CB along
the DFT method. The value of the band gap obtained appeatbe M directions~2.3m, that is larger than in Ref. 23. The
to be 2.1 eV, which is consistent with the theoreticalshape of the top of the VB appears to be rather similar to
estimations:** which gave also an underestimated band-gagRef. 9 but more flat than in Ref. 10. And it is remarkable that
magnitude as is typical in LDA and LMTO methods. How- in contrast to Ref. 10, our calculations predict that the maxi-
ever, this value is too small in respect to the values typicallymum of the VB is located at the R point of the BZ. The same
found in experiments of 3.78,3.322 and 3.64 eV obtained result was obtained in Ref. 9.
in our optical absorption measurements for the direct optical The calculated magnitudes of the Mulliken atomic
gap of KTO?® The reason for such a disagreement is thecharges are the following+0.91 for K, 1.46 for Ta and
well-known short coming of the local density approximation —0.79 for oxygen. These values can be compared with the
(LDA) for semiconductors and insulators. The top of the VBresults of the INDO calculatioR$ [+0.62 (K),
appears to be very flat and the bandgap of KTO and KTL ist+2.23 (Ta), and—0.95 (O)]. The Wiberg index for the
indirect with a minimum of the CB at th& point of the shortest O-Ta bond is equal to 0.57. The maximum value of
Brillouin zone (BZ), and a maximum of the VB at the M the Wiberg index for a single pure covalent bond is equal to
point. The CB is rather flat along thé direction, but the 1. So we can see that the bond O-Ta in KFa®rather large

M

FIG. 2. Total and partial density of states of KTaO
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and the crystal is essentially covalent. energy gain 146 meV) also appeared to be larger than

The band structure of KTO obtained by the INDO methodthe theoretical value of 60 meV obtained in Refs. 24,30.
appears to be practically the same as in the DFT approaghigure 4 presents the energy profile of Libns in KTL. One
because of the fitting procedure used to evaluate the IND@f the most important energy characteristics of KTL is a
parameters. However the INDO calculation gave 3.6 eV folharrier for 90° flips of the Li off-center ions, which deter-
the direct gap(which is close to the experimental vajue mines, e.g., the dipole relaxation in this material. We calcu-
Usually the Hartee-Fock based methods overestimate thgted 64 meV for the barrier for such flips, which is small in
value of the optical gap, as one can see, for example, frorfespect to experimental values of about 86 M&Vhe origin
INDO calculation$ of KTO (Eg,,=6.7 €V). The accuracy of this discrepancy is probably related to the lattice relax-
of our INDO estimation is based on taking into account theation around the displaced Liion, which should be taken
polarization effects, which usually decreases the value of thgyto consideration too, to improve the calculation accuracy.
optical gap. To clear up the Li effect on the energy structure in the

For the system KTa@Li the DFT calculations were region of the optical absorption edge, the comparative calcu-
made for supercells including>2x2 primitive cells of  |ations of the electronic structure of KTO and KTL were
KTO. In this supercell one K ion was replaced by (i  performed using the DFT method forx2x 2 supercells.
corresponds to a periodical effect of substitution with a LiFor the first step only L+ displacements for KTL were
concentration approximately equal to 12.5%). The main feataken into account. In this case only K and Li—states lying
tures of the zone scheme appear to be the same, but at thgside of CB are considered, i.e., the energy structure and
same time the magnitude of the band gap in KTL decreasegensity of states appear to be identical for KTO and KTL. No
in respect to the initial perfect KTO, as will be mentioned |ocal levels in the band gap of KTL were found and to in-
below. spect the Li effect in the energy structure more deeply, addi-

The equilibrium lattice constantsfor the cubic phase of  tional calculations with larger supercells were needed. Be-
KTO and KTL were determined from the total energy calcu-cause DFT computations are too costly, the INDO
lations using DFT method. For KTO it was found th@t calculation for a supercell (44x 4) of KTO and KTL, i.e.,
=3.97 A, which agrees excellently with the experimental
value 3.998 A (Ref. 25 and is more accurate than the
3.96 A found in LDA calculations! No changes have been
found in the lattice constant for KTL 12% {222 super-
cell) from DFT calculations, if the relaxation of surrounding
ions is neglected. We also calculated the total enekgy ¢f
KTL as function of Li displacementd) along [100] and
[110] directions. These data are presented in Fig. 3. \"‘

The equilibrium off-center Li displacement along00] 116 \\\ ‘

was found to be 1.15 A with an energy lowering of about \\ ‘ .
146 meV. Such a magnitude of the Li displacement agrees P, ‘\,!/
quite well with the NMR estimation of 1.26 A theoretical ”’0/4,-%0/ PP
ace,”e" 3
:

prediction of 1.44 A(Ref. 27 and of 1.35 A28 but is suf-
ficiently larger than the theoretical value 0.64 (Ref. 29
and NMR estimations of 0.86 A.Our estimation of the FIG. 4. Energy profile of Li ions in KTaQ,.

‘\\“&&\\}\\“"llyll’l’lll"'l |
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ol

Energy, meV
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Ja the bandgap at 60 and 90 meV from the top of the valence
y X/ . -Ta ™ band.
NN\ Thus, new details ofb inito calculations of the energy

(Y O .0~ structure of KTO and first calculations of the energy struc-

ture of KTL are presented. The important role of covalent

{) % Lit bonds in KTO and KTL is shown. Our calculations, in which
C s electron and hole polarization effects have been taken into
9\ account too, gave adequate energy structure, density of CB

~ and VB states, magnitudes of bandgap and lattice param-
./Q/. \l/ eters, which agree well with experimental data, without the
JaY

need of additional correction parameters. Special attention is
paid to the structure of Li off-center impurities and the Li
off-center effect in the KTL energy structure. We found that
FIG. 5. lon's displacements in KTacLi. the adjustment of oxygen ions around"Loff c_enter ions
leads to the appearance of two shallow levels in the band-gap
for 63 atoms of K with one substitutional Li was performed. With energy 60 and 90 meV from the top of VB. These
This calculation was performed only for high symmetry shaIIOV\_/ hole trap Ievels,_whose existence at first was pro-
points of the BZ. In this case the possibility of appearance oP?S€d in Ref. 4 and obtained experimentally in Refs. 31,32,
local states in the band gap can be inspected much mo@&" Play an important role in photoconductivity and visible
carefully. For the first step only Li displacements for INDO lUminescence intensity increasing and other photoinduced
was taken from DFT X 2x 2 calculations, but no local lev- Properties of KTL in respect to the initial KTO crystals, in
els in the band gap of KTL were found either. The samelccordance with experimental results.
result follows from INDO 2x2X2 supercell calculations.
However this result is not quite convincing, because oxygen
displacements around the'Lioff-center ion were not taken All calulations usingcasTEP code were performed at the
into account and in our experimefitthe indirect absorption Cavendish Laborator§Cambridge University We are grate-
edge for pure KTO appeared at higher energy than for KTLful to Dr. M.C. Payne and Professor V. Heine for providing
(3.6 eV for KTO and 3.48 eV for KTh%). For asecond thecasTerPcode and for the helpful discussions. This work is
step the small displacements of oxygésee Fig. 5 ions  also supported by Grants No. DFG/SFB 225-C7, LNOOA015
nearby L off center ions were taken into consideration too. (Ministry of Education of the Czech Republiand No. 202/
As a result, at least for KTL1.5%, two local states appear ir00/1425(GACR).
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