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Computational study of self-trapped hole polarons in tetragonal BaTiQ
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We have used a quantum-chemical method developed for crystal calculations to investigate self-trapped hole
polarons in technologically important BaTi@erovskite-type crystal. The tetragonal structure of this material
is considered in the present work. The computations are carried out in a self-consistent-field manner using the
embedded molecular cluster model. The spatial configuration of a hole polaron and displacements of defect-
surrounding atoms are obtained and analyzed. The probability of spontaneous hole self-trapping in a perfect
crystal lattice is estimated by calculating the hole self-trapping energy as a difference of the atomic relaxation
energy and the hole localization energy. This value is found to be negattu87 eV, which demonstrates the
preference of the self-trapped polaron state compared to a free hole state in the valence band. The computed
polaron absorption energy, 0.4 eV is found to be in an excellent agreement with the available experimental data
and independent estimations of the polaron theory.
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I. INTRODUCTION known!?~**Another principal finding is that a fraction of the
holes in the Cu® planes in the HTSC cuprates becomes
In spite of their simple crystallographic structure, localized*® This could form charge- and spin-ordered
perovskite-type crystals are fascinating materials having imphases, which may compete with superconductivity in the
portant optical and ferroelectric properties and a wide rangeuprates® Thus the study of JT hole polarons in a tetragonal
of applications. In the 1940s Slater predictatiat, due to BaTiO; crystal could contribute considerably to the funda-
their simple perovskite-type structure, the main properties omental knowledge of perovskite oxides.
BaTiO; would be understood in the near future. Nowadays, Since the discovery of hole polarons in pure alkali
however, we have a better knowledge about only some of itbalides!’ they have been found in many ionic crystals, in-
physical properties, such as ferroelectricity and phaseluding alkaline-earth fluorides and crystals with KMgihd
transition?~* and this material still remains the focus of ex- PbFCI crystallographic structures, as well as in rare-gas
tensive study by both experimentalists and theoreticians. Therystalsi®=2! Theoretically, this kind of defect is well
reason for such an interest is the fact that the BgTifystal  established? The problem that arises when one studies the
has excellent photorefractive properties due to its largeSTH polarons in the BaTiQcrystal lies in the fact that they
electro-optic coefficients and high photorefractive sensitivi-cannot be monitored directly using the EPR technique due to
ties. These features make BaZgi@ promising material in a the zero nuclear spin on regular O atoms.
number of important technological applicatichscluding The aim of this paper is to clarify whether it is likely that
self-pumped phase conjugation or holographic stofdgés ~ STH polarons occur spontaneously in the tetragonal phase of
well known that photorefractive materials such as BaTiO pure BaTiQ, and, thereafter, to calculate both structural and
are sensitized, involving point defectst was also discov- optical properties of this point defect. For this objective we
ered that the photoconductivity of the BaTEi@rystal does choose to use a quantum-chemical method modified for crys-
not scale linearly with light intensiﬂ(aph~lx,x< 1), andin tal computations. The paper is structured as follows. In Sec.
most cases this effect is caused by the presence of holes ihwe give details of the computational method and some
the valence band. results of pure crystal bulk calculations. In Sec. Il we dis-
The present work is focused on the problem of the selfcuss how to determine the spontaneous formation of the STH
trapped holé¢STH), the so-called hole polaron or Jahn-Teller polarons. Sections IV and V contain results of the micro-
(JT) hole polaron, occurrence in an otherwise pure BaTiO scopic structures of JT polarons in the tetragonal BgTiO
tetragonal lattice. Our computational study suggests thdattice as well as studies of the ground and excited states and
some of the experimentally observed shallow levels in thea calculation of the absorption energy of this point defect. In
tetragonal BaTi@ are related to the presence of the STH orSec. VI we give our conclusions.
JT hole, which could be trapped at regular O sites and can

occur spontar_\epusly in the Ba_TdCa_rystaI under radiation. Il COMPUTATIONAL DETAILS AND CRYSTAL
Our research is important, considering the tremendous efforts
. . BULK PROPERTIES
made by experimentalists toward the fundamental under-
standing of the high-temperature superconductiviif SC) The method used to solve the many-particle electron-ion

in cuprate%0 as well as colossal magnetoresisti{@MR) problem is based on the advanced version of the Hartree-
manganites! which both have perovskite-type structures. Fock theory modified for crystal calculationSLUSTERD
The presence of JT polarons in the HTSC and CMR mangasomputer cod€). Two different models are implemented
nites and their strong coupling to lattice vibrations are wellinto the codefi) the periodic large unit celLUC) model®*
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which calculates both the electronic structure and the total TABLE I. Numerical parameter sets used in the present wrk:
energy of the perfect crystal via molecular orbitd#O’s) as (.U}, Eqeq (eV), P°(€), andg (eV).
a linear combination of atomic orbital[®QO’s), and (ii) the

0

embedded molecular clust€EMC) model?® which is also Atom AO ¢ Eneg P B
based on a strict treatment of the total energy of the whole g4 6s 1.65 11.34 0.2 04
crystal, accounting for the perturbatianlarizatior) that the 5p 28 30.6 20 —4.0
remaining crystal has on the EMC region, thus leading to the

so-called quantum cluster approach. The method of calculat- 4s 1.4 1.4 0.65 -05
ing the polarization of a crystal by a point defect is nothing ~ Ti 4p 11 —-10.0 0.04 -0.5
but a direct generalization of the usual static-lattice method 3d 1.93 -2.9 0.62 -9.0
suggested by Stoneh&hThis method is based on the fol- 2 927 45 1974 -16.0
lowing points:(i) the “classic” ideas of the polarization are 2p 186 126 1.96 _16.0

based on rigorous quantum consideratign,the classic re-
gion comprises only the rest of the crystal, did an exact

consideration of nonlineathigher-ordey crystal response is ] )
done, and a method to avoid a weak convergence of the Boff@ve used an eight-times X2x2) extended LUC. The re-

series for the response function is developed. Although elecduced Brillouin zongBZ) corresponding to the LUC is thus
tronic polarization is not taken into account directly within €ight times smaller than the BZ constructed for the primitive
the EMC approach, the model applies the Tolpygo theory ofnit c_eII, anq eacik_pomt in the reduced BZ corresponds to
polarizing shell& for finding the wave function of the resi- @ family of eight points of the full BZ. Therefore, one can be
due part of the crystal. Such an approach permits one t8Ure that the elght—t|mes—extendeq LUQ reliably <_jescr_|be§ the
describe the polarization of the crystal residue reliably withinPand structure of the perfect barium titanate, since it simu-
the framework of polarizing shells, and to take into accounfat€s eightk points in the full BZ. However, in order to
exchange interaction between the EMC and the rest of thisiStify our choice, charges in atoms and density of the states
crystal. This advantage of the EMC model is especially im-for eight-times-extended and 27-timesX3x3) extended
portant for charged defect calculations, as in our case. In theUC's were calculated, and it was found that their magni-
present work we have used both models: the LUC model tdudes are practically equivalent. Additionally, the.phonczg fre-
study the perfect crystal bulk properties, and the EMC apduencies were calculated for the tetragonal BaTegystal,
proach to calculate a hole and its possible trapping in théhowing the reliability of the eight-times-extended LUC
tetragonal crystalline lattice of barium titanate. model._ Itis important to note that similar studies for dlffﬁrent

It is necessary to point out that our method has proved t&-UC sizes were carried out recently on the KNp@ystal,
be reliable in reproducing spatial and electronic structure of #roving the sufficiency of the eight-times extension of a
wide variety of crystals. Actually it was tested upon more Primitive unit cell for perovskite-type crys}als. The numeri-
than 30 crystals, including oxide crystals. For instance, th&al parameter sets for the Ba, O, and Ti atoms used in the
computer code gave satisfactory results on defect studies fpresent work were taken from Ref. 40. Their values are given
complex oxides such as-Al,05,22% Ti0,,3132 and N Ta_bles | and Il. The resu!ts of our quantum—chemlcal cal-
WO;.3% In the last five years the current method was alscfulations of the perfect BaTiXrystal are presented in Table
successfully applied to study perfect and defective perovsUl. The obtained lattice constanta=4.01A and c
kites. Some examples include calculations of point defects:4-044'§ are in a good agreement with the experimental
and a modeling of phase transition in the KNp@ystal3*3®  values™ The fully reproduced tetragonal structure of the
Nb doping in the KTa@ crystal®® studies of pure and defec- BaT|03, crystal is shown in Fig. 1. The_ widths and composi-
tive SrTiO, crystals®”3®and impurity doping in CaTiQcu-  tions of the valgnce bands are also in accordance with the
bic and orthorhombic lattice€.We also attempted to study available experimental measuremefftahe upper valence
free’® and impurity-trappett hole polarons in the cubic Pandis composed mainly of Gpzstates, with a considerable
phase of the BaTigcrystal, obtaining interesting outcomes. @dmixture of Ti 3 states. This indicates a Td3-O 2p hy-

A full account of the LUC framework is given in Refs. 23 bridization, and thus our model considers the so-called ferro-
and 24, while the parametrization scheme is described iglectric instability as suggested in previous studiefe con-
detail in Ref. 42. The numerical parameters approximate
some one- and two-center integrals in the Hartree-Fock TABLE Il. Numerical two-center parametets, g (a.u” %) opti-
theory, thus remarkably reducing the computational timemized during the calculations; theith AO belongs to atomA,
and making available the investigation of complex systemswhereA+B.

These numerical parameters also compensate for the negleet
of all three- and four-center integrals according to the so- B
called intermediate neglect of differential overlap approxi-

mation. Note that the method has so far reproduced surpris- Ba T ©

ingly well both available experimental data and the results of Ba 0.20 0.52 0.33
otherab initio calculations in many complex systems includ- Ti 0.11 0.13 0.10
ing perovskite materiaf&}3° o) 0.52 0.36 0.15

In order to calculate the tetragonal BaTi@rystal we
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TABLE lll. Basic properties of a tetragonal BaTj@rystal ob- Ba
tained computationally in comparison to the available experimental Ba B
results:AEg, the width of the forbidden energy gaim eV); E,;, ———B’—gza ——— a
the upper valence-band-widttin eV); E,,, the lower valence- \a
band-width(in eV); a andc, lattice constantsgin A); q(Ba), and !
q(Ti), and q(O, ), charges on the Ba, Ti and O aton® e), d
respectively(see Fig. 1 S . %1
o Ti o
Property Our results Expt. déta (o | 0O
AE 6.1° 3.2 Y o oBa\ ‘
a . .
= 4.2 48 <0 0>\ Oz Ba
E,» 3.2 2.8
a 4.01 3.99 <010>
c 4.05 4.03 3 Ba
q(Ba) 1.73
q(Ti) 2.45 FIG. 1. Sketch of the tetragonal structure of a pure BaTiO
q(01) ~1.359 crystal.
q(02) —1.358

Ill. RESULTS AND DISCUSSION

®The experimental values &fE, E,;, andE,, are taken from Ref.
46, the experimental values of lattice constamtnd c are taken
from Ref. 45. A hole is achargedintrinsic defect, and its simulation by
bCalculated as a difference between the highest occupied and loweB€riodic models is problematic without the inclusion of some
unoccupied MO's, i.e., only short-range correlation effects havecOmpensating char§’8.That is why we chose to use the
been taken into account through the computations while the longEMC modef® with a cluster consisting of 135 atoms. The
range effects are not included. size of the[ Bay,Ti,;Og,]° cluster was considered to be suf-
ficient to reproduce satisfactory the defective and the chemi-

sidered it essential to include BpStates as the basis AO's cal bonding of the BaTi@ crystal. Also, by exploiting the
within the valence basis set, since their overlap with AQ’s of135-atom molecular cluster, we preserved the symmetry of
other atoms is not negligible. It is important to underline thatthe crystal, which was important to obtain reliable electronic
our method reproduced differences between the two phaseand structure of defective cluster and to calculate polaron
In particular, comparing with the DOS of the cubic pha&e, absorption energy. _

the corresponding DOS for the tetragonal phase points to the [N order to estimate the hole self-trapping energy one has
considerable Ti @ amount in the upper valence band and Ot0 computeE . andE. A competition between the positive
2p states at the bottom of the conduction band. This impliedocalization energyE,,; and the negative relaxation energy
a hybridization effect between the Tid3and O 2 states, Erel iS decisive to make a final conclusion about the possibil-
which is required for the ferroelectricity phenomenon to oc-ity Of finding stable polarons in a given crystal.

cur in the titanates, as indicated in Refs. 47 and 48. Itis also !t was found that when a hole is inserted into a molecular
important to analyze the effective charges of the atoms fofluster, its spin density is mainly localized on one of the O
both phases. The following charges were obtaing(i) atoms. For a one-site Wanryer-type Iocahzgd state of the hole
=2.6%, q(Ba)=1.73%, and q(O)=—1.46e for the cubic Onecanuse the Fowler estimdtéor E,, being equgl to the _
phase andq(Ti)=2.4%, q(Ba)=1.73%, and q(O)= half?W|d'Fh of the upper valence b_and. However, this approxi-
—1.36e for the tetragonal phase, respectively. As one cafnation is valid only for very diffuse and smooth energy
see, we have considerably more covalent chemical bonding@nds, which is not our case because we have a considerable
for the tetragonal phase in accordance with expectations. [Rdmixture of Ti 3 states in the O @ valence band. In other
order to calculate the effective charges on atoms we hav¥ords, the “center of gravity” of the O @ band is not lo-
used the so-called lvadin population analysi& which, in ~ cated at the exact middle of the band. According to Ref. 52,
our mind, is more precise when compared to the MullikenEioc 2N be found using the expression

method used to calculate static charges on atoms. In the

Lowdin population analysis the effective charge on a given Etoc=2(h)+&;(K) + (Eso+ Ejg), (2
atom is obtained as

A. Prediction of the STH polaron creation

where g(h) is the hole internal energy;(k) is the hole
A) energy in the free or delocalized state, whose value is ob-
Ga=Zp—> > nC, (1) tair!ed using the LUC methodErl,0I anq Ef,o' are two contri-
a butions to the polarization energy discussed below. In order
to estimate the hole energy(h), one can proceed in the
where C,; are coefficients of the hedin AO’s, Z, is the  following manner. If a hole is localized on one atom, it is
number of valence electrons of atgdnandn; are population  convenient to use Wannier functions, which lead to the fol-
numbers of theth MO. lowing form of the hole wave function:
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¢h<r)=§_ cll W (r)=Wo;(r), (3

where the hole is considered in the zeroth ceH=0) of the
LUC in the valence banfl We can denote (h) ase%(h) in
order to describe the hole energy using the Wannier repre
sentation, which gives us the following expression:

e™(h)=—(Wg|F'|Woj)=—2{"(0) (L=0), (4)

HereF' is the Fock matrix of a pure crystal obtained by the
LUC computations. Fot. =0, it is known that

<001>

<010> @ . )
1
e (L=0)= NZ ej(k). (5) aw 15 C an’
i ,
® o$
The second term in Eq5) is related to the DOS of the Ba Ti O O+
energy band in the following manner: FIG. 2. Atomic structure details of the hole polaron surrounding

region in the tetragonal lattice of the BaTi@rystal.(a) Differences
1 2 k) — N d 6 between the radial displacements of the O atoms belonging to the
N4 gj(k)= Bandowidie i(e)de. ©) different planesP1 andP2, respectively(b) A view from the(001)
direction showing the rotation of oxygens in tR& andP2 planes.

Consequently, if one compares E¢4) and (6), ) ) o
atom(see Fig. 2, while the remaining 24% are shared by the

Wb defect—sur(oundi_ng Ti and O atoms. Thél® atom is .situ—.
e (h)=- fBand-widthSNj(S)ds, (") ated practically in the middle of the cluster, and, taking into
account our initial relaxation of the cluster boundary atoms,
which means that the hole energy is the “center of gravity”the artifact introduced by the boundary broken-bonds is to-
of the valence band. Thus we have obtained foE,. tally eliminated. In crystals such as BaEiOthe crystalline
[e(h)+&;(k=0)] a value of 2.01 eV. This value is calcu- lattice is quite rigid, and it seems that the strictness increases
lated in thel’ point (k=0), because the upper valence bandwhen the temperature decreases. Due to this fact and also
has its maximum just at this point. because of the partially covalent character of the Ti-O bond-
In order to estimate the relaxation energy telig, we  ing along th&001) direction, we performed two subsequent
made displacements to 38 atoms situated in the defectiv@eometry relaxations. In the first stage we permitted 38 at-
region. It is necessary to bear in mind that before we relaoms situated within a radius of 2.1 A to move freely from
these 38 atoms, we must optimize the geometry of the atorri§eir regular sites from the @7) atom. Thereafter we al-
situated in the cluster boundary in order to minimize thelowed 64 atoms in total to relax, including the above-
boundary effectsE, was calculated as a difference of the mentioned 38 atoms, and in this way we obtained the best
total energies of the molecular cluster in the relaxed andpossible defect structural configuration. The automated ge-
unrelaxed states, giving a value of 2.88 eV, which is a negadmetry optimization using the downhill simplex method in

tive magnitude as explained above. Then using the simplgultidimension8’ was also used to achieve our goal.
equation Finally it was found that only 16 atoms have non-

negligible displacement as can be seen from Table IV and
AEst=Ejoct Erel, (8)  Fig. 2, while the rest of the atoms in the defective region

btain—0.87 eV | f the hol If-t . practically remain static, i.e.,_their displacgments.do not ex-
we obtain eV as a value of the hole self-trappit®) ceed 0.01 A. The oxygens in the defective region have a

energy. Since\Eg;<0, self-trapping is favored with respect o - ) .
to a free delocalized hole state in the valence band. and \@on trivial relaxation if we compare their movements with

predict the spontaneous occurrence of polarons in the tetra _eTporresp(thdlngtdlls'plac;ﬁmgr_;_tgp Iln Iﬂe cubic fhe}f? of the
onal lattice of a pure barium titanate. It is important to men- aTiO; crystal containing the -In e case ot a tetrag-
tion that recently, using the so-called ‘Elich electron- onal lattice we havg two planes with four O atoms in each
phonon interaction, the polaron self-trapping or bindingplane' In plané?1 (Fig. 2 the O atoms undergo a rotation of

energy was explicitly expressidthrough well-defined ex- 2:05° around the vertic001) axis, which passes through

perimental values, i.e., lattice constants and dielectric cont-he Q17) atom(see Figs. @) and 2b)], without any radial

stants. Using this independent estimat€sy was found to displacements toward the(©¥) atom. On the other hand, the

b | to 0.842 % which ticall tch lcu- O atoms that be_Iong. to plgriéz havgla rotatiqn of 1.83°
Ia?eijq\ljglug. v, which practically matches our caicu around th€001) direction, with an additional radial displace-

ment toward the (A7) atom (see Fig. 2 We believe that
these peculiar rotations could be attributed mainly to the so-
called Jahn-Teller effect. This effect was already observed in

An analysis of the electron-spin-density distribution studies of O holes associated with alkali acceptors in the
shows that 76% of the hole spin is localized on thd®  BaTiO; crystal®

B. Structural properties of a STH polaron
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TABLE IV. Atomic displacementsAr (in A) and rotational laron is as follows: we take an electron from the occupied
anglese (in degreesin the polaron-surrounding defective region state in the upper valence band related to th@7Datom,
obtained by the automated geometry optimization.-/A”sign de-  and excite it to the unoccupied state of the hole located
notes displacements of atoms outwards the defect situatedlah.O \yithin the band gap. Then, according to the Frank-Condon
The r.otation of l_)otrPl andP2 planes are in_ the. same sense. Theprinciple, the absorption energy is a difference between the
atomic numeration corresponds to the one in Fig. 2. self-consistent fieldSCP total energies of the cluster in its
ground and excited states tfi&SCF methodl The excited

Atom Ar @ state of the hole polaron is made up of the, 20 of the
P1 o(1) 0.110 +2.051 O(17) atom with some contribution of thep? AO of the
o) 0.110 O(17) atom as well as ¢ and 3,2 states of the TB) and
o) 0.110 Ti(10) atoms. Thus the calculated absorption energy is found
0(4) 0.110 to be equal to 0.4 eV. This result could be an indirect proof of
the STH polaron presence in the tetragonal BaTagystal
P2 o(5) 0.107 +1.83 when it is exposed to radiation. This suggestion follows from
0(6) 0.107 the agreement between our calculated value and a number of
o(7) 0.107 experimental measuremenfs® of absorption energy made
0o(8) 0.107 on the undoped tetragonal BaH©rystal.
Ti(o) 0.053 It is quite interesting to compare our results with those
, ) obtained previously? where the authors, applying the Frank-
Ti(10 —0.013 Condon principle, found an expression for the smallfioh
Ba(11) 0.013 0.0 polaron absorption energy, in oxides,
Ba(12) 0.013
Ba(13) 0.013 _
Ba(14) 0.013 vp=27Ep. ©
0(15 0.035 where y is the electron-phonon coupling coefficient, afgl
0(16) 0.012 is a value of the hole self-trapping enerdyEs using our

notations. The magnitude of this coefficient depends strongly

on the radius of the interactiofi.In the case of the Ftdich

It is important to stress that the LUC is elongated alongneaction it is knowf that the value ofy is between—0.2
the(002) direction, i.e., the produced dipole moment is along, 4 4. So, if we use Eq9) and values of our calculated

this direction. As follows from our output, it i; possit_JI(_a to self-trapping and absorption energies, the evaluation ofthe

suggest that the defect enhances the electronic hyb”d'zat'%efficient gives us 0.23, in very good agreement with the
between thep-type AO of the @9) andd,-type AO of the 1316 theory. This remarkable result permits us to suggest
Ti(15), and thus augments the covalent character in g more confidence that the presence of STH polarons or

chemical bonding within the defeptive region. The MOVE-gmall polarons is associated with the JT effect in the pure
ments of the two defect-closest Ti atoms are outward fro”letragonal BaTiQ crystal

the Q17) atom[see Fig. 2a)]. This is in accordance with
expectations, since the effective charge of th@2p atom
becomes more positive with respect to the perfect crystal IV. CONCLUSIONS
lattice. Another peculiar result is that the(9) atom moves
five times more than the TW0) atom along th€001) direc-
tion. This can be explained by considering the perfect tetrag
onal lattice symmetry. The hybridization between the
and Ti9) atoms as well as between17) and Ti(10) atoms

In the present work we have studied the possibility of
spontaneous STH occurrence in the tetragonal lattice of pure
BaTiO;. In order to solve the problem, we have modified for
crystals a quantum-chemical method based on the Hartree-

) : . Fock theory. The main result achieved is that we predict a
is considerably stronger than betweeflD and Ti9) atoms spontaneous occurrence of STH polarons localized on regu-

due to the shorter mtgratomlc ghstance. T_h|s leads to th'I%tr oxygen sites in the tetragonal lattice of barium titanate.
observed asymmetry in the lattice relaxation. The move-

ments of the four Ba atoms are quite smiake Fig. )] The ground state of this point defect is mainly due to the O

and reflect the tiny role that Ba atoms play in the chemica Py State, .W'th some COﬂtrIbU.tIOH of the Tdzand 4p states.
bonding of the crystal. n the excited state the hole is composed of anf) &ate,

mainly with some admixture of the Tisdand 3,2 states.
The rotations that undergo two oxygen planeg, and P2
(Fig. 2), could be due to the Jahn-Teller effect. We support
The ground state of the hole polaron is composed of eithethis conclusion by experimental measurements carried out on
the 2p, or 2p, AO’s of the ((17) atom (there is no distinc- O~ holes related with alkali acceptors in barium titanate.
tion between these two stajesnd additionally has a con- Monitoring of the STH polarons is not possible by direct
siderable admixture gf andd states of the TD) and Ti10) EPR measurements, but some experimental®8afacould
atoms. This points to the interesting and rather rare fact thadte understood better if one considers the possibility of STH
the STH in the BaTi@ tetragonal lattice has two ground occurrence in this material. Additionally, our study is in an
states. The manner to calculate the excited state of the pexcellent agreement with other high-precision calculaffons

C. Optical properties of the polaron
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of polaron self-trapping energy in the Bagi@rystal using imply the important role of charge carriers upon different
the so-called Fralich electron-phonon interaction and the properties of these crystals having a perovskite-type struc-
polaron theory. The computed hole self-trapping energyture. Similar studies of charge carriers in the HTSC cuprates
AEgt=—0.87 eV and electron-phonon coupling coefficientand CMR manganite¥;>*>"based on polaron theory, arrive
vy=0.23 agree very well with the polaron theory at the same ideas. This allows us to draw a unified conclu-
calculations>®’ sion concerning deep similarities at the fundamental level
Our present work, and other our group studies on a Labetween the HTSC cuprates, titanates, and other crystals

doped SrTiQ crystaf® and a Nb-doped BaTiQcrystal®®

having a perovskite-type structure.
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