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We present a consistent approach to the study of sifigéated defects in crystals. This has three stages:
(i) band structure calculation of a perfect host crystal is used to define the shape and size of the supercell
adequately modeling a perfect crysi@il) further supercell point defect calculation for unrelaxed lattice defines
a proper cyclic cluster(iii) the latter is used at the third, the most time-consuming stage for the lattice
relaxation and defect property calculations. Using the unrestricted HartreetA&¢kmethod in the linear
combination of atomic orbitals approximation, the calculations of the defect energy level positions in the gap
and atomic structure for a single Feimpurity substituting for a host Ti atom in perovskite Srfi@re
performed. We study a convergence of results to the single defect limit and show that use of 160 atom cyclic
clusters is necessary for the HF calculations and 320 atoms for the density functional theory PWGGA calcu-
lations. The high sping=2) state is predicted to lie much lower in energy than the zero-spin state. The energy
level positions strongly depend on the asymmetric displacement mode of the six nearest O ions which is a
combination of the Jahn-Teller and breathing modes. A considerable covalent bonding between the Fe ion and
four nearest O ions takes place.

DOI: 10.1103/PhysRevB.67.064101 PACS nunider61.72.Ss, 71.15.Ap, 71.20.Be, 74.72.

. INTRODUCTION and Fe-doped SrTiQare analyzed in Secs. IV and V, respec-
tively. Finally, conclusions are summarized in Sec. VI.
Properties of transition metal impurities, especially iron,
in ABO; perovskite ferroelectrics are of considerable interest
due to their photochromic, photorefractive and other
applications:? There were several theoretical calculations
for ion impurities substituting for B atoms in KNhG** Usually defect concentrations in solids are so low that
SrTiO;,>®and BaTiQ (Ref. 7 (see more in Ref.)8Most of  point defects could be treated as single ones. The main prob-
these studies were semi-empirical and/or cluster calculationém is to understand changes induced by a single point defect
The only first-principles calculations were performed re-in the electronic and atomic structure of a host cryétidc-
cently for Fe in KNbQ (Ref. 4 using the linear muffin tin tronic d_enS|ty redlstr_|but|on, ad_dmonal local energy Iev_els in
orbital method in the atomic sphere approximatibMTO- the c_)ptlcal gap, lattice relaxation around defects,) efbis
ASA). However, no lattice relaxation around the impurity requires use of adequate models for both perfect and defec-

was calculated, and the calculated density of states depenH)ée crystals. When a single point defect appears, perfect

considerably on the parameters of the so-called HDA crystallm_e transla_tlon symmetry is Iost_sc_)_that use of a
scheme. k-mesh in the Brilloun zondBZ) and primitive unit cell

commonly used in perfect crystal calculations becomes for-
: T o . erﬁally impossible. The simplest and direct approach in this
fective solids is presented and used dbrinitio calculations  aqe is amolecular clustermodel of the defective crystal.
of the iron impurity in SrTiQ with a focus on detailed treat- s js obtained by cutting out in the crystal some fraction of
ment of lattice relaxation aroundsingledefect. For perfect  atoms consisting of the point defect and several spheres of
crystal we compare results of the periodic Hartree-RétR)  nearest neighbors, followed by an embedding this cluster
and density functional theorfDFT) calculations based on nto the field of the surrounding crystal atat) by saturating
the linear combination of atomic orbitalt CAO) Gaussian cluster dangling bonds with pseudoatoms. There are
basis sets. For defective crystal the supercell model angell-knowr? difficulties of the cluster model connected with
Hartree-Fock approximation are used. Despite the fact thathanges of host crystal symmetry, pseudoatom choice at the
supercell approach is widely used already for two decades ioluster boundaries and the necessity to consider nonstoichio-
defect calculations, very little attention is paid to the superimetric (charged clusters. Nevertheless, a reasonable choice
cell size optimization and the effect of periodically repeatedof cluster is possible when well localized point defects are
defect interaction. A study of the convergence of results ta@onsidered®
the limit of a single defect is one of main emphases of this In recent years, the computer codes for band calculations
paper. of crystals became powerful for calculations of solids with
The paper is organized as follows. In Sec. Il three stageguite a large number of atoms in primitive unit cBit#In
of the suggested approach realization are considered. Corthis connection, two models alternative to the cluster model
putational details are presented in Sec. lll. Results for purbecame popular. These use the translation symmetry not only

II. A CONSISTENT APPROACH FOR A MODELING
OF DEFECTIVE SOLIDS
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for a perfect but also for defective crystals: teapercell cell in a real space, defined by its translation vectors
modet®>18(SCM) and thecyclic clustermodel(CCM). These
two models have both similarites and discrepantits. 3
Similarity is that in both models not a standard primitive unit A= 1 1)
cell but anextendedunit cell is usedthis is why it is called =1
supercelior alsolarge unit cel). Another well-known proce-  u ihe ransiation vectors of the primitive cell, and its
dure to treat localized defects exists which is based on the _ R
Green's functions method and called thmbedded cluster "0 UMeVa=al8Xa], det=L, i, j=1,23. ,
model®® This model considers a finite cluster including de- __1ore->1 means a number of primitive unit cells in the
fects émbedded into the rest of the host crystal, by assuminCorresDondlng supercell. Introducing a supercell, defined by
that the electronic structure in the external regidn remains th g. (1), one receives from the equation below the corre-
. : ; gponding meskk;} of thek points in the BZ
same as in the perfect crystal. The assumption of locality o
the perturbation is exploited differently by different embed- , i
ding techniques, starting from the pioneering studies of Bar- exp—iki-Ap=1 j=1231t=12,.L. @)
aff and Schluter for semiconductors with later extension to
ionic systems® The embedding approach is, in principle, The absolute valu®,, of the smallest; in Eq. (1) de-
more adequate than the SCM, but it is computationally mordines the accuracy of the special points set chosen and might
demanding and also faces convergence problems of the selfe calledcutoff lengthfor any k mesh. EachR,, may be
consistent proceduréfor more details and illustrations see characterized by some number of sphekéof the lattice
Ref. 19-2]. In this paper, we focus on the periodic defecttranslation vectors ordered in such a way that the sphere radii
models. are not decreasimg:?®
In defect calculations there are two criteria to be met: the It is possible to choose the matiixn Eq. (1) both diag-
model used for solving the quantum mechanical problem hasnal and nondiagonal but maintaining the point symmetry of
to describe sufficiently well botk) the extended crystalline the crystalline latticé® By increasingL, one can ensure in-
states andii) the localized states of the isolated defect. Thecrease ok-mesh accuracy and thus the accuracy of the cor-
CCM can be defined from the two points of view: it can beresponding supercell modeling the perfect crystal.
regarded either as the application of the Born-Karman cyclic Using Wannier functions in one-electron density matrix
boundary conditions directly to the large unit o@lpercell,  (DM) definition, it was showh?”?that the convergence of
or as the band structure calculation on SCM w#happly- the self-consistent results with an increase of kamesh
ing the k=0 approximation andb) neglecting interactions accuracy takes place when the diagonal DM elemé@rgsd
beyond the Wigner-Seitz cell corresponding to the supercelin DFT calculation$ decay to zero at the cutoff lengty, .
The SCM have no restrictions such @ and (b), and thus In the HF methoddue to its nonlocal exchangéhe calcu-
CCM could be considered as a special approximation to théated off-diagonal DM elementgbetween the reference
SCM. primitive cell and that centered at the lattice site on the
From the viewpoint of criterior{i), approximation(a) is  sphere of the radiuR,;) must decay to zero.
sufficient, provided the primitivek vectors represented by Thus, one can say that an increas&kafiesh accuracy in
the k=0 point of the narrowed BZ of the supercell form a self-consistent band structure calculations with primitive cell
specialk-point set of sufficient quality. As for the criterion means in fact that the perfect crystal is modeled bgea
(i), the approximatiorib) decouples effectively the interac- quenceof supercells of the increasing size. The convergence
tions between periodically repeated atoms of the supercetif the results(size of the converged supergetlepends on
calculation, provided the change in the charge densitythe system under consideratigior small or zero-band gap
caused by the defect, is negligible at the boundary of therystals convergence is very slow, but for ionic crystals al-
corresponding Wigner-Seitz cell. The problem is, howeveryeady relatively moderat& meshes are sufficient, as we
that there is no direct way of checking how well these twoshow below for the case of a wide-gap SrJi€rysta).
conditions are satisfied, except, of cause, a series of calcula- Use of SCM means, in fact, consideration of a “new crys-
tions for a trivial, direct increase of the SCM size, which istal” with artificially introduced point defect periodicity. The
very time consuming. point defect period is defined by the supercell choice, the
In practical self-consistent HF or DFT band structure cal-space group of a defective crystal in SCM is defined by the
culations with the primitive unit cell in direct space the con-local point symmetry of a defect and the chosen lattice of
vergence of the bulk electronic propertiéstal energy per supercells”?>%The calculation is made in the same way as
unit cell, band gap, and one-electron energies of band edgefr a perfect crystal using thesampling of the BZ note that
the density of states, and electronic charge distribyteam a new, narrowed BZ id-times smaller than the original
be obtained by increasing the number of the us@wints in  (primitive) one and may differ when the type of lattice is
the primitive BZ. The speed of this convergence and a finathanged by the transformation, E@)]. In practical calcula-
number of necessary points depend on the particular sys- tions thosek sets are used which allow to minimize the
tem under consideration, basis set used, etc. When perforndefect-defect interactidii for a fixed supercell size and
ing the BZ summation, theory of so-callegecialk pointsin  shape.
the BZ is widely used? The one-to-one correspondence was Use of thek meshes in SCM allows one to estimate for
demonstrated~?° between any fixedk mesh and the super- each supercell chosen the role of defect-defect interaction
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through the width of the defect energy bands: the narrowek-point Monkhorst-Pack meshconsists of eight points in
these bands are, the closer the results obtained are to thiege BZ and corresponds to the transformati@n with the
single defect limit. When the convergence is reached, SCMollowing diagonal matrix:

gives the same results as CCM for the sdmaatrix choice
in Eq. (1). Unfortunately, SCM faces the following difficul-

2 00
ties: the lattice relaxation around the defect is periodically
repeated which affects the total energy per cell, for charged =10 2 0
point defects artificial periodicity requires use of some 0 0 2

charge compensation. These difficulties are absent in CCM.
. we su_ggest in this paper .th? economic approach to a In the irreducible part of the BZ thik mesh consists of
single point defect study, consisting of three stages. At stage

; 111 11 1 . .
1 the band structure calculation of a perfect crystal is perfoUr POINtST" (000), R(z 7 7), M(3 3 0), X(z 00) (in units

formed, in order to fix the shape and size of the supercelf! the reciprocal lattice basic translationd, and X points
which reasonably models the host crystal, i.e., when thdP'M three-branch stars in the whole BZhe corresponding

above-described conditiof) is met. These calculations are supercell in 'ghe real space c_onsists O.f eight primitive unit
made using primitive unit cell anll sampling in the usual cells, for SrTiQy perovskite this resuits in $8=40 atoms.
(primitive) BZ. Due to abovementioned one-to-one Corre_Nextk meshes based on the diagonal transformation matrix,

spondence betwedn-point sampling and the supercell size (1) correspond to % 4x4=64 and 6<6x6=216k points
SP P sampiing P . in the BZ, with the relevant supercells of 320 and 1080 at-
in a real space, it is possible to find suctk anesh which

s betw its si d bl oms, respectively.
ensures a compromise between Its Siz€ and a réasonablé 18-y, yeyer, the transformatioril) could also be done for

production of the total and one-electron energies, as well 8Sondiagonal matrices
the electron density distribution in the host crystal. At this
stage thek-point sets satisfying Eq2) are used.

At stage? the calculations are made fodafectivecrystal 110
using SCM, in order to check the above-described criterion (1 0 1|, L=2 and| 1 -1 1 |, L=4
(if). It is reasonable to begin from the smallest supercell, 01 1 1 1
chosen at stage 1, i.e., corresponding to the converged results

of the band calculations. In the particular case of the S§TIO i i i

crystal supercell of 80 atoms may be used for a perfect crys\’-\’h_'lf:r:1 result in thglfcc and hce Ir?éttlcss, :je;p;(\:/:lvely.

tal in the HF calculationgsee Sec. IYbut larger supercells . € corresponding sets are the, Randl, , respec-
tively. Further 2<2X2 increase of the unit cells for these

are necessary in the DFT-PWGGA calculations. When est latti ) thix h dina to th
mating at the second stage the defect-defect interaction frofj/0 lattices gives mesnhes corresponding 1o the super-
(;Ils of L=16 andL =32 primitive unit cells(80 and 160

the calculated defect band width, one makes a decision abofi i e
the need of a further increase of the supercell. As it will be20MS, respectivelyAt last, thek mesh withL =108 (3
X 3% 3 extension of the bcc lattice with=4) corresponds

shown below, the iron band width in the HF calculations still
the supercells of 540 atoms.

changes when supercell is increased from 80 to 160 atoms. i )

means that the local states induced by the point defect are 1hus: at the first stage the band calculation of a perfect
sufficiently well localized only in the larger, 160-atom super->T 110 crystal is made for thé meshes received for trans-
cell. That is, at stage 2 the comparison of supercell results fdermations (1) and (2), with L=8, 16, 32, 64, 108these

differentk meshes allows one to decide if it is necessary tg"€shes are easily generated by our small computey) et
further increase a supercell, in order to surpass artificiaihe convergence of the results for_host crystal is investigated.
defect-defect interaction. When energieskat0 and non- The relevant sets of thie meshes in the BZ are as follows:

zerok supercell calculations turn out to be close, this means
that the correspondingyclic clusteris chosen for the iso- 111
lated defect studly. L8(T',R,3M,3X), where F(O,O,O)R(E, X 5),
At the most time-consuming stag¢he CCM is usedi.e.,
performing band structure calculations for the chosen super- 11 1
cell only atk=0) for the relaxation of the crystalline lattice M (5, > 0), X (5, 0,0), ()
around the point defect and calculation of other defective
crystal properties. In particular, different charge states of the
point defect could be also considered without difficulties . 111
since in CCM the charge is not periodically repeated over thé-16(I',R,3M ,3X,8A), i.e., asL8 and A (Z’ 7 Z)’
lattice. The results of CCM calculations of SrE®e with
lattice relaxation are discussed in Sec. V. To our opinion, this
approach guarantees a correct study of the convergence 132 (I",R,3M,3X,12,,12S), i.e., asL8 and
the limit of a single defect.
Let us illustrate what was said above for the simple cubic s (} l 0) S(E 1 E>)
(so lattice of perovskite-typeABO; structure. The 2 4°4°7) T\4°472)7
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TABLE |. Convergence of results for pure SrfQa,=3.905 A) obtained for pure HFa) and DFT-PWGGA(b) band calculations
corresponding to cyclic clusters of an increasing size. All energies in eV, total energies are presented with respect to the reference point of
80 a.u=2176.80 eV.q andV are effective atomic charges and valendiese), respectivelyL, N, are the primitive unit cell extension, a
number of atoms in the cyclic cluster, wherdag andM are defined by Eqgl) and(4), respectively.

(a) HF calculations
L, Na Matrix M Ry(A) Ewt, €V g,, eV ec, eV q(Ti) q(0) q(sr) V(Ti) V(O) V(sn)

8, 40(s0 A 4 7.81 —24.288 —6.838 3.393 239 -141 1.84 3.94 2.07 2.01
16, 80(fcc) B 7 11.04 —24.818 —6.895 3.766 254 -1.46 1.84 3.97 2.06 2.01
32, 160(bco C 11 1353 —24.873 —6.906 3.725 254 -1.46 1.84 3.98 2.06 2.01
64, 320(s0 D 14 15.62 —24.873 —6.906 3.720 254 -1.46 1.84 3.98 2.06 2.01
108, 540(bco) E 24 20.29 —24.883 -6.895 3.744 254 -1.46 1.84 3.98 2.06 2.01

(b) DFT-PWGGA calculations

L, Na Matrix M Ry(A) Ewt, €V g,, €V ec, eV q(Ti) q(0) q(Sr) V(Ti) V(O) V(Sr)

8, 40(s0 A 4 7.81 —73.059 —4.647 4.367 343 -—-1.74 1.79 3.98 2.06 2.04
16, 80(fcc) B 7 11.04 —73.024 —-2.735 2.169 282 -—151 1.71 3.97 2.09 2.04
32, 160(bco C 11 13.53 —-70.874 —2.737 1.219 255 —1.42 1.70 3.99 2.11 2.04
64, 320(s0 D 14 1562 —66.101 -—-2.414 0.027 1.69 -1.13 1.70 4.12 2.18 2.04
108, 540(bco E 24 20.29 —66.134 —2.443 —-1.025 1.69 -1.13 1.70 4.12 2.18 2.04

Transformation matrices, EqL)

200 220 22-2 400 33-3
A=[020| B=| 202| c=| 2-22| D= 040| E=| 3-33

002 022 —222 004 —333

L64(I",R,3M,3X,125,12S,8A ,6A,6T,127), i.e., asL32 stars. The larger the numbaer, the better is the electronic
density approximation for the perfect crystal. The numbers

1 111 11 M (m=0,1,2,..M—1), defining according to Eq4) the
and A|—,0,0/,T|+,5,51],2Z|+,5.0], i iven i
4 4'2'2 4’2 accuracy of the corresponding, sets, Eq(3), are given in
Table I.
A (1 1 1)
4°44)
Ill. COMPUTATIONAL DETAILS
L108(I',3M,6A,6T,12%,12%",8A,127,24B,24C), The ab initio periodic restricted and unrestricted Hartree-
1 111 11 Fock (RHF, UHP calculations were performed for perfect
where A(—, 0, o), T <_, -, _), S (_, - 0), and defective SrTiQcrystals, respectively, using theRrvys-
3 3'2°2 3'3 TAL computer codé! This code has the unique option to
11 111 11 perform both HF and DFT calculations on equal grounds, for
P ( e 0), A (—, =, —), Z (—, =, 0), a large number of implicitly oa posterioriused exchange-
6°6 3'3°3 6°2 correlation functionals which permits one to analyze directly
111 111 the relevant electron correlation effects keeping other com-
B 5'2'3) an (6 ' §) putational conditions the same. The crystalline orbitals used

in HF calculations as the basis set for the wave function
The transformation matrices defined by HG) for these e€xpansion are constructed from a linear combination of
k-point sets are given in Table I. These spekiglpoints sets ~atom-centered Gaussian orbitéF-LCGO approximation
satisfy the well known Chadi-Cohen conditfén The same basis set was used in our DFT calculations with
Perdew-Wang exchange-correlation functioifaiaking into
. account generalized gradient correlation correctiBT-
Kz quRgd expliKg-R))=0m=0,123,..., (4  pwGGA to the electron density.

a e For perfect crystal we compare results for pure HF, HF
where the second lattice sum is over lattice vectors of th&vith a posteriori DFT corrections, using PW-GGA func-
same length equal with theath neighbor distance,,, the tional (hereafter, HF-PWGGAand lastly, Kohn-Sham equa-
first sum is over a set of these spedfa) points, andwv, are  tions as implemented into the DFT-PWGGA scheme. A criti-
weighting factors equal to the number of branches in theical review ofa posteriori DFT corrections to the HF total
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energy calculations was presented in Ref. 33. Note that thehereR,, Rg are vectors defining atom andB positions in

CRYSTAL-98 code was earlier successfully used for a study ofprimitive unit cell.

many oxides, including perovskite crystafs® The atom covalency & in a crystal was defined by us as
We used large cor@.C) Durand-Barthel&f pseudopoten- a sum of all bond orders of this atom

tials for Ti and O atoms and Hay-Wadt small-core pseudo-

potentials for Sr atom¥. The impurity iron atoms were

treated as all electron atoms. The “standard” basis for Ti and

O was taken from previous THOCRYSTAL calculations®

whereas that for Fe and Sr from Refs. 11, 39. We also ma

calculations for a reoptimized basis set. For this purpose w

used the.c.od.e d.eve]oped by Heifets and based on a total (PS)2=2(PS)— (P%S)2 (10)

energy minimization ircRYSTAL code by means of the con-

jugated gradient method. As a result, the Sigband O 4p  So that covalenc{, may be expressed through an electron

basis functions are more delocalizéte orbital exponents populationN, of an atomA and one center matrix elements

are changing from 0.4840 Bohf to 0.4608 and 0.2811 to of density matrix

0.2667, respectivelywhich, however, gives only a small en-

ergy gain per cell of 0.007 eV. Fe basis set optimization _ _ _ AOAO0

resulted in a larger energy gain of 0.07 eV. Ca=2Na=Paoo:Na EA (PSu™ @)
The calculatiorthresholds N(i.e., the calculation of inte-

grals with an accuracy of 10') were chosen as a compro-

mise between the accuracy of the calculations and the large da=Za—Na, (12)

computational time for large cel(see below. They are 6, 6,

6, 6, and 12 for the Coulomb overlap, Coulomb penetrationWhereZ, is the nuclear charge. o

exchange overlap, the first exchange pseudo-overlap, and for Lastly, thetotal valenceof an atont® taking into account

the second exchange pseudo_oveﬂap, respecﬂi}/e|y_ both ionic and covalent components of the chemical bonding
To characterize the chemical bonding and covalency efcould be expressed through the covaleigyand the effec-

fects for both defective and perfect crystals, we used a startive atomic chargej,

dard Mulliken population analysis for the effective atomic 1

chargesq and otherllocal properties of electronic strucoture Va==(Cat m)_ (13

(bond orders, atomic covalencies, and full valencié4 2

Thebond ordershetween atoma in O unit cell andB in the

nth cell

Cao= 2 Wao,80t > > Waogn- 9
BZA A70 ‘B

gesing the idempotency of the spin-density matrié€sand
gﬁ, the following expression could be easily obtained:

The effective charge on the atom is

It was shown, indeed, for titanium crystalline oxidfeghat
the oxidation state of a metal atom correlates well with the
calculated total valence of atoi, .
W _ P S)A0BN p g)BN.AO

AOBN Z’A és [P~ (P, IV. RESULTS FOR PERFECT SITiO 5
AND SUPERCELL CONVERGENCE
+(P58),3°"(PSS) 31, 5

Since the lattice relaxation calculations around a point

where P=P®+ P# is the total electron density matri®>  defect is one of our aims, we start with analysis of the ability
=P%—P# is the spin density matrix3 overlap matrix,u, »  of three calculation schemd$iF, HF-PWGGA, and DFT-
are orbitals on atom#\ and B. In RHF calculationsP*  PWGGA) to reproduce the experimental lattice constagt

=P~ and bulk modulus for a perfect SrTiQ crystal. With “stan-
In calculations with nonzerd vectorsa and g matrix  dard” basis forK, set Eq.(4), we performed band structure
elements are defined as calculations with 6<6X6 points in BZ M =34). We ob-

taineday=23.92, 3.84, and 3.92 A, for HF, HF-PWGGA, and
1 DFT-PWGGA, respectively. The experimental valueaig
@ AO0BNn_ a H ..
(PIL(VB)S)}\,U« n_[; [PPI(K)S(K) ]y, exp(—ik-Ry), =3.905 A. The bulk modulii ar®= 222, 242, and 195 GPa,
(6) respectively, to be compared with the experimental value
(extrapolated to 0 KB=180 GPa*! That is, pure HF gives
oce an error of 0.5% only for the lattice constant, and by 20%
PeB (k)= CaBj (k) CUB) (k). 7 overestimates the bulk modulus. &gosteriorielectron cor-
wr (K) Z w7 () @) relation correction, HF-PWGGA, gives, too small, andB
even larger than the pure HF. Use of our optimized basis set
and results inay=3.93, 3.85, and 3.93 A for HF, HF-PWGGA,
and DFT-PWGGA, respectively. The relevant bulk modulii

] . are B=220, 249, and 191 GPa, respectively. That is, the
Sw(k):zn: exp—ik- Rn)f ¢u(r=Rp) basis optimization only slightly affected calculateglandB
values.
X @, (r—Rg—R,)dr, (8) Tables la and Ib demonstrate the effect of the cyclic
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FIG. 1. (a) Schematic view of the Fe impurity with asymmetric
€, relaxation of six nearest O atom) The relevant energy levels
before and after relaxation.
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TABLE II. The width of the Fe impurity band,, (in eV) cal-
culated for the relevant supercells.

Supercell No. atoms Fe-Fe distande Ew, eV
L8 40 7.81 142
L16 80 11.04 0.23
L32 160 13.53 0.14

analysis. The results of the standard band structure calcula-
tions for the SrTiQ primitive unit cell with Pack-Monkhorst

k set 6x6X 6 and the cyclic cluster of 80 atomk£0) are
very similar. (In the latter case the symmetry points of the
BZ correspond to direct fcc latticelt appears that the most
important features of the electronic structure of a perfect
crystal(valence and conduction band widths, local properties
of electronic structuneare well reproduced at thié point of

the cyclic cluster. The corresponding one-electron energies

do not practically change along all symmetry directions in

cluster increase for both pure HF and DFT-PWGGA meth-the narrowed BZ.
ods, respectively. The main calculated properties are: the to- Analysis of the difference electron density plots, calcu-
tal energy(per primitive unit cel), one-electron band edge lated for the primitive unit cell with thé set 66X 6, and
energies of the valence band top and conduction band bottofor the 80 atom cyclic cluster confirms that the latter well
g, ande., Mulliken effective atomic chargeg and atomic  reproduces the electron density distribution in a perfect crys-
valencies, Eq(13). As is well seen, the result convergence, tal. Lastly, the total and projected density of states for a
as the supercell size increases, is quite different for the Hiperfect crystal show that the upper valence band consists of
and DFT. We explain much slower DFT convergence byO 2p atomic orbitals with admixture of Ti @ orbitals,
more covalent calculated electron charge distribution, asvhereas the Sr states contribute mainly to the energies close
compared to the HF case. For both methods the convergente the conduction band bottom, in agreement with previous
of local properties of the electronic structuggomic charges studies’ However, as follows from Table I, very accurate
and valencies is faster than that for the total and one- modeling of pure SrTi@ by means of DFT-PWGGA needs
electron energies. use of the cyclic clusters as big as 320 atoms-64). Un-

Based on results of Table I, the conclusion can be drawiiortunately, this is beyond of our current computer facilities.
that in the HF calculations of perfect crystal, the electronicTherefore, we performed below only the HF calculations for
structure is reasonably well reproduced by the supercell ofFe impurity using 80 and 160 atom cyclic clustets<16
80 atoms [L=16). This is confirmed by the band structure and 32.

TABLE lIl. Effective chargesy of ions obtained in the HF band structure calculations with Pack-Monkkamst 6< 6 X 6 and different
cyclic clusters modeling perfect and defective SrJidhe lengths in the first colomn are lattice constants of the relevant supercells whereas
the distance® given above the effective charges are calculated with respect to the supercell coordinate origin where the Fe ion is placed.

R A 0.00 1.95 3.38 3.90 4.37 5.52 5.86 6.48 6.76 7.04 7.81
Lattice const. A q(Fe) a(o) a(sr)  a(Ti) a(o) a(Ti) a(o) a(sr)  q(Ti) a(o) q(Ti)

3.90 —1.458 1.837 2.538
band structure,
perfect crystal

15.62 —1.459 1.837 2.540 —1.459 2540 —1.459 1.837 2.540 —1.459 2.540
L64, perfect

crystal

7.81 2.583 —1.464 1.835 2.406

L8

11.04 2571 —1.464 1.840 2536 —1.460 2.543

L16

13.53 2570 —1.464 1.838 2.534 —1.458 2540 —1.459 1.837 2.540

L32

15.62 2570 —1.463 1.838 2.534 —1.458 2.540 —1.459 1.837 2.540 —1.459 2.539

L64
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TABLE 1V. Positions of one-electron Fe levelén eV) with TABLE V. The effective Mulliken charges of atongsand bond
respect to the VB top calculated by means of HF methodLfor ordersW (in e) for the L32 HF cyclic cluster with unrelaxed and
=16 andL =32 cyclic cluster with and without lattice relaxation. relaxed lattices.

Cveli Before relaxation After relaxation SrTiO; g (Ti) a(Oyy) a(0,) W (Ti-O,) W (Ti-0O,)
yclic
Cluster tog €q ag big ey by Pure 2.540 —1.459 —1.459 0.375 0.375
Fe-doped q(Fe (@) (@) W (Fe— W (Fe—
80 atoms 036 231 002 003 05 5.4 ped q(Fe) a(Oxy) a(0) (Fe-Q) W (Fe-0)
160 at 0.25 250 0.02 0.05 05 5.0 Unrelaxed 2.570—-1.464 —1.464 0.164 0.164
atoms : : : : © Y Relaxed 2.594-1.440 —1534  0.235 0.154

V. RESULTS FOR A SINGLE Fe IMPURITY

Figure Xa) shows schematically the iron atom substitut- Mitudes, pure HF and HF-PWGGA calculations with the

ing for a host Ti atom and surrounded by six nearest r]eigh‘_‘standard” basis set give practically the same magnitude of

bor (NN) O ions in face-centered positions. Table | hasth€ Six O dlsplacgment§=0.04A, a quite flat minimum
shown that an increase of the cyclic cluster frad6 toL.32 ~ and an energy gain of 1.40 eV. This means that we fave
does not change the HF-calculated top of the valence bangomPinationof the Jahn-Teller and breathing modes of sur-
However, the calculated width of thiefectimpurity band roundmg O atom dlsplacemgnts._wnh our optimised basis set
E,, found using our standard Monkhorst-Pack set@<6 W€ obtained the energy gain slightly s_maller, 1.33 eV. We
for three different supercell&able Il), demonstrates clearly have checked also whether the magnitudes of the O atom
a considerable dispersion of defect energies across the #iSPlacements along they and thez axes could be different
Indeed, thek,, decreases rapidly, from 1.42 eV §) down
to 0.23 eV (16), and further down to 0.14 e\L.32), when
the Fe-Fe distance increases only by a factor of about 2, from £=*
7.81 to 13.53 A, since an overlap of the impurity atomic
functions decreases exponentially. This is why dnd2 (160
atom cyclic cluster is suitable for a careful modeling of the
single Fe impurity and lattice relaxation around it. This is in
contrast with many previous supercell calculations of defects
where L8 supercells were often used without any conver-
gence analysis.

Mulliken effective charges calculated for ions at different
positions in supercells modeling pure and Fe-doped STiO
are summarized in Table lll. Its first two lines demonstrate
that the standard band structure calculation and_tb# cy-
clic cluster give essentially identical charges. The more so,
charges of the same ions in 320 atom supercell are the same
irrespective of the ion position inside the cyclic cluster. Next,
in the defective crystal calculations, say, for th&2 cyclic
cluster, the effective charges of atoms close to its boundary
are the same as in the perfect crystal. This confirms that the ()
chosen cyclic cluster is large enough.

The L32-UHF supercell calculations for the zero-spin and
high-spin §=2) states show that the latter is much lower in
energy(by 5.4 e\} (after lattice relaxation In the perovskite
crystalline field a five-fold degenerate Fd 3tate splits into
ey and t,y states[Fig. 1(b)] separated by 2.1 eVfor an
undistorted lattice In the high spin state wits=2 the up-
perey level is occupied by one electron and three other
electrons occupy,, states. As is well knowtt in this case
anEy®eq Jahn Teller effect takes place. This means that an
orbital degeneracy is lifted by amsymmetrical g displace- ©

ment of six O ions, as shown in Fig(a: four equatorial O FIG. 2. (a) The electronic density plots for th®10) cross sec-

atoms lying in thex-y plane relax towards the impurity, tion of Fe and nearest ions in Sr@s calculated by means of HF

whereas the two other O ions relax outwards alongzttxéis.  method for the cyclic cluster of 160 atoms. Isodensity curves are

This results in two nondegenerate levels close to the valencgawn from —0.8 to 0.8 e a.i2 with an increment of 0.0022 e

band top:ey level at 0.5 eV above the band, and a virtual a.u."3, (b) the same a&) for the (001) section,(c) the same for the

nondegeneratb,, level lying much highe(Table 1V). (110 section. Left panels are HF difference electron densities, right
If we assume tha, y, z displacements have equal mag- panels spin densities.
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and indeed, found in the latter case a small additional energgxpensive. We have demonstrated that the size of the cyclic
decrease, down to 1.42 eV for the following asymmetricalcluster large enough for a correct reproduction of the perfect
dispacements: 0.028 A along they axis and—0.052 A crystal depends on the particular quantum mechanical
along thez axis, i.e., outward displacements of two O atomsmethod; for SrTiQ this means 80 atom cyclic clusters for
are twice larger than those for four equatorial O atoms. Notéhe HF but 320 atoms for the DFT-PWGGA. In the HF-
that our UHF calculation effectively incorporates the spin-defect calculations for the single e impurity the cyclic
dependent electron correlation effects during the self¢luster should be not smaller than 160 atoms. This is in con-
consistence loops and thus gives nearly the same results @ast with many previous supercell calculations where as
HF with a posteriori (non-self-consistentcorrections for small asL8 supercells were used without convergence analy-
electron correlations. sis.

As follows from Eq.(13), the total valence of the iron It should be mentioned here that HF typically overesti-
impurity Ve.=3.3e correlates much better with the Fe  mates the optical gap whereas DFT underestimates it. This
model than with the calculated Mulliken effective charge ofcan affect the electronic density distributiechemical bond
2.59e. These effective chargesof atoms collected in Table covalency and defect level positions within the gdpven
IV demonstrate considerabtovalency effectsvell known  determined with respect to the valence band).tdp this
for ABO, perovskites’ In particular, in pure SrTiQthe ef-  respect, the so-calledybrid HF-DFT methods widely used
fective charges areq(Ti)=2.54e, q(Sr)=1.84e, and in the molecular chemistry, e.g., B3LYP, seem to be promis-
q(0)=—1.46e. The Ti-O bond order in a pure crystal is ing tools?**3Such the hybrid functionals being based on the
0.37%. When the two O atoms are displaced outwards fromLCAO basis set are incorporated into the recent version of
the Fe impurity along the axis and thus approach the near- the CRysTAL code™
est Ti atoms, the Ti-O bond order increases up to (2489 The present calculations have demonstrated the strong co-

The combination of a large lattice relaxation energy andvalent bonding between unpaired electrons of Fe impurity
relatively small O displacements is not surprising in the lightand four nearest O ions relaxed towards an impurity. Posi-
of a considerable covalent bonding between the unpairetions of Fe energy levels in a SrTi@ap are very sensitive
iron electrons occupying Fed3orbitals and » orbitals of to the lattice relaxation which was neglected in previous
four equatorial oxygen ions: the Fe:Qbond orderdTable  studies. The predicted positions of the Fe energy levels with
V) increase upon mutual approach of these atoms froniespect to the valence band top could be checked by means
0.164 to 0.23%. Analysis of the total electron density and of the UPS spectroscopy whereas the local lattice relaxation
spin density distributior{Fig. 2) shows that in HF calcula- around iron and its spin state—by means of the EXAFS. This
tion four unpaired electrons are well localized on the Fe ionis the more important since the single*Feions so far are

Lastly, a comparison of the band structures for the cyclicnot detected by ESR(only Fé*-V, complexes were
cluster containing Fe impurity with that for a pure crystal studied" and their optical absorption bands at 2.1 and 2.8 eV
clearly demonstrates that Fe impurity induces additional entRef. 2 are tentative. Note that our predicted high-spin state
ergy levels below the valence barih the region around of Fe&'" impurity contradicts to previous semi-empirical and
—20 eV) and above the valence band, at around eV.  simple calculationsX,-FeQ; cluster calculatiohand tight-
These bands have practically no dispersion over the Bdinding calculation® On the other hand, high spin state is

which demonstrates that the defect is almost isolated. indirectly supported by its observation for host Fe ions in
SrFeQ perovskite** Lastly, the proposed total valency of Fe
VI. CONCLUSIONS (3.3e) much better correlates with the Femodel of impu-

) rity than the(standard Mulliken effective charge of 2.6.
In this paper, we suggested a regular method to check on

the convergence of periodic defect calculations to the limit of
the single defect. Any method is not completely universal,
and ours has also its limitations. In particular, it does not The authors are indebted to E. Heifets, R. Eglitis, A. Post-
work when incorporation of the lattice relaxation qualita- nikov, R. Dovesi, and J. Maier for stimulating discussions.
tively changes the electron localizatiGag., for free electron This study was partly supported by the European Center for
and hole polarons On the other hand, it could be very effi- Advanced Materials and Technology in Riga, Lat¢@on-
cient for many impurities in insulators characterized by hightract No. ICA1-CT-2000-7007 to E.Kand DFG(R.E. and
symmetry and when calculating forces is computationallyG.B.).
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