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Ab initio study of SrFe,Ti;_.O5: Jahn-Teller distortion and electronic structure
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We present and discuss first-principles calculations of the Jahn-Teller distortion and the electronic structure
of the strontium titanate ferrite solid solution. It is shown that the use of the hybrid Hartree-Fock density
functional theory approach with B3PW exchange-correlation functional enables a quantitative description of
the experimentally found Jahn-Teller distortion in SrFe Ti;_,O3. The results for various iron concentrations
(50%, 6.25%, 3.70%, 3.125%, and 1.85%) corroborate very recent experimental findings.
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I. INTRODUCTION

The technologically highly important ABO; perovskite
compounds have been a subject of a huge number of experi-
mental and theoretical studies during the past few decades.
One driving force to study ABO; perovskites is the opportu-
nity to control their electronic and ionic defect structures
and, hence, to tailor those properties that determine a wide
spectrum of applications (gas sensors, fuel cell cathodes, ca-
talysis, substrates for growth of high-T, materials, etc.).
There is a large number of work devoted to first-principles
studies of defective perovskites as to investigate atomic
structure, electronic and magnetic properties, defect chemis-
try, etc.'> Much of the reported studies have been based
upon the density functional theory (DFT) formalism con-
nected with plane-wave (PW) basis expansion. Defective
SrTiO5 is a very interesting material in this context as it is
exhibiting both significant ionic and electronic conductivities
due to the presence of mobile point defects (oxygen vacan-
cies, excess electrons, and electronic holes).*

In particular, Fe-doped SrTiOj5 has attracted much experi-
mental attention in view of studying atomic structure, defect
chemistry, and transport properties.’~’ The relation to the
concentration of point defects has been thoroughly eluci-
dated. The first ab initio study of Fe-doped SrTiO; has been
performed in the framework of the unrestricted Hartree-Fock
method in the linear combination of atomic orbitals
approximation.® In that work a single iron impurity has been
considered within the periodic supercell approach and a
Jahn-Teller distortion has been predicted for the first time. A
very recent experimental study’ of the SrFe,Ti,_,O solid
solution with well-defined oxygen stoichiometry by means of
x-ray diffraction, x-ray absorption spectroscopy, and vibra-
tional infrared and Raman spectroscopy has given clear evi-
dence of the presence of a Jahn-Teller distortion around iron
Fe** centers for low iron contents x — 0. The mean square
relative displacements (MSRDs) obtained from fitting the ex-
tended x-ray absorption fine structure (EXAFS) data, reflect-
ing the distortion in the first oxygen shell, decrease mono-
tonically for increasing iron contents. It should be noted that
the Jahn-Teller distortion does not appear for the pure
SrFeOs.

In the present work we restrict our first-principles study to
modeling the ideal composition SrFe, Ti;_,O; with no oxy-
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gen vacancies present. First of all, we consider the two lim-
iting cases of pure SrTiO; and SrFeOj; to probe several com-
putational schemes on a number of bulk quantities and band
structure calculations. As the primary approach we choose
the hybrid HF-DFT methodology with B3PW functional'”
which results in very good agreement with experimental data
on structural and energetic properties including band gap.
Moreover, within the linear combination of atomic orbitals
(LCAO) approximation, a hybrid method also permits one to
analyze crystalline orbitals as well as different properties of a
system in terms of atomic orbitals contributions which is
more relevant from a chemical point of view.

One of the addressed questions is the accurate quantitative
description of the Jahn-Teller distortion around iron Fe**
centers for different iron contents in the SrFe Ti;_,O5 solid
solution which can be compared with the recent experimen-
tal data of Ref. 7. In addition, we explore the trends in
changing the electronic structure for different levels of iron
doping going from pure SrTiO;5 to pure SrFeO; and trying to
compare the results with available experimental and theoret-
ical data. For this purpose, we use both the plane wave and
the LCAO approaches and exploit the different Hamiltonians
in the LCAO method to critically analyze the obtained re-
sults.

The organization of this paper is as follows. Section II
gives a brief overview of studies on the pure parent com-
pounds of SrTiO; and SrFeO; as well as Fe-doped SrTiO;.
In Sec. III the used supercell model and computational de-
tails are discussed. Section IV deals with the calculation of
bulk SrTiO; and SrFeOs;. The Jahn-Teller effect and elec-
tronic properties of SrFe Ti;_,O5 solid solution are analyzed
in Secs. V and VI, respectively.

II. PARENT COMPOUNDS (SrTiOj;
AND SrFeOj3;) AND Fe-DOPED SrTiO;: AN OVERVIEW

SrTiO5 and SrFeO; perovskite crystals have been exten-
sively studied both experimentally and theoretically over the
past few decades. Both materials crystallize in exactly the

same structure with Pm3m space group while exhibiting very
different electronic properties. SrTiO5 is a semiconductor
with an experimental band gap of about 3.3 eV,!! while
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SrFeO; shows a metallic conductivity.'> It is also well
known from experimental data that these crystals do not ex-
hibit a Jahn-Teller distortion.

A number of approaches have been applied to describe the
properties of these systems. One of the useful semiempirical
approaches is to use ligand field theory and cluster model
calculations to interpret experimental spectra.'* This ap-
proach allows one to qualitatively describe the electronic
structure of a ground state by expanding it in terms of single
ionic configurations which can significantly contribute to the
ground state of a crystal. In Ref. 14 this approach has been
applied to the interpretation of x-ray photoemission and ul-
traviolet photoemission spectroscopic data of SrFeOs. It has
been clearly shown that the simulation can reproduce the
experimental spectrum only if several single configurations
have been included in addition to the d4(t§gel) configuration.
By using the configuration interaction (CI§ cluster model
with three adjustable parameters the authors have found that
the ground state is dominated by the 3@°L rather than the 3d*
configuration (where L denotes a ligand hole) and that this
can suppress the Jahn-Teller (JT) distortion of the d* ion. A
large contribution of the 3d°L configuration to the ground
state gives rise to the presence of itinerant d electrons, thus
leading to metallic conductivity in SrFeOs5. This semiempir-
ical model also enables one to discuss the effects of cova-
lency by estimating the occupancies of different configura-
tions. In Ref. 15, using the same approach for the
interpretation of x-ray absorption spectra of SrFeOs, the au-
thors have obtained the following occupancies of different
configurations in percentage terms: 36% 3d*, 58% 3d°L, and
6% 3d°L?. The obtained population of the Fe 3d orbital is
approximately 4.7 and hence larger than the pure ionic value
of 4.0 reflecting the significant degree of covalency in
SI'FCO:;.

The electronic properties of SrTiO; and SrFeO; crystals
have also been calculated by exploiting a number of ab initio
approaches.'®° Band structure calculations of SrTiO; have
confirmed the semiconducting nature of the crystal with the
top of the valence band being predominantly formed by O 2p
atomic orbitals and the bottom of the conduction band
mainly consisting of Ti3d states. The bond population
analysis demonstrates a large overlap between O 2p and
Ti 3d orbitals confirming the covalent nature of the Ti-O
chemical bonding.'® SrFeO; is much less understood. Its
electronic and magnetic properties have been studied by
means of the tight-binding linear muffin-tin orbital method
within the atomic sphere approximation,® the augmented
spherical wave method,”! and pseudopotential LSDA+U
(Ref. 22) band structure calculations. Also known are dis-
crete variational method®® calculations within the cluster
model.?* In Refs. 22 and 25 the ferromagnetic and different
antiferromagnetic spin configurations of SrFeO; have been
examined in DFT plane-wave simulations and the ferromag-
netic state has been found to be the most favorable among
the collinear magnetic phases. The energy bands, density of
electronic states, and some bulk properties have been calcu-
lated. However, to the best of our knowledge, LCAO band
structure calculations of SrFeO; have not been reported.

Owing to the very different properties of the end members
it is of great significance to study the SrFe Ti;_,O;. While
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these compositions have been experimentally investigated
within quite an intensity even as a function of oxygen defi-
ciency, there is still a lack of theoretical investigations. It is
well known that in the perovskite cubic crystalline field the
Fe 3d states split into 7,, and e, levels. In the high-spin state
with the total spin projection of S=2 three spin up electrons
occupy the lower t,, states while the upper e, level is occu-
pied by the fourth spin up electron. As shown in Refs. 8 and
26 there is an E,® e, Jahn-Teller distortion which gives rise
to inward relaxation of four oxygen atoms in the xy plane
near the iron defect and outward relaxation of two oxygen
atoms along the z axis. Such a distortion yields further split-
ting of Fe 3d states according to the final symmetry.

In Ref. 8 the Jahn-Teller distortion in Fe-doped SrTiO;
material has been theoretically predicted by applying the un-
restricted Hartree-Fock (UHF) method within the supercell
approach. For the case of a single iron impurity it has been
found that four Fe—O bonds in the xy plane shorten by
0.028 A (inward relaxation) and two Fe—O bonds along the z
axis lengthen by 0.052 A (outward relaxation) which yields
an energy gain of about 1.42 eV with respect to the undis-
torted geometry. Also, it has been shown that the iron high-
spin (S=2) state rather than the zero-spin (S=0) state is fa-
vored with an energy gain of about 5.4 eV.

The EXAFS study’ mentioned above has permitted a
quantitative estimate of the changes in Fe—O bond lengths
for different iron concentrations in SrFe,Ti,;_,O5 based upon
the MSRD approximation.” A bond length distribution of
0.16 A corresponding to a JT distortion has been assessed for
the dilute limit and it has been also shown that some of the
Fe—O bonds contract while the others expand. This experi-
mental estimate can be compared with 0.08 A, which is the
sum of 0.052 A elongation and 0.028 A contraction obtained
in the UHF method.® It is supposed that the UHF method
underestimates the total magnitude of the oxygen displace-
ments around the iron, nevertheless, giving the correct pic-
ture of the JT distortion and the related electronic structure
changes.

In a very recent first-principles plane-wave DFT [local
density approximation and generalized gradient approxima-
tion (GGA)] study?” devoted to structural and electronic
properties of Fe-doped SrTiO; and BaTiOj; the JT distortion
has not been taken into account in spite of the UHF predic-
tion and the experimental evidence for Fe-doped SrTiO5. As
a result, the properties computed there, e.g., iron impurity
formation energy, have certainly to be refined.

III. SUPERCELL MODEL AND COMPUTATIONAL
DETAILS

In the present study of the SrFe, Ti;_,O5 solid solution we
adopted a periodic supercell approach which is widely used
in defective crystal calculations.”® In such an approach an
extended unit cell (supercell) is defined by a linear transfor-
mation connecting the basis translation vectors of the perfect
crystal a; with the translation vectors A; of the supercell
chosen as follows:

3
A;= 21 lija,
i=

detl|=L. (1)
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In this work we considered supercells of different shapes
and sizes by extending the initial lattice vectors of cubic
SrTiO5 and substituting the titanium atom in the origin of a
cell by iron to create a defective system. The 135-atom
simple cubic (sc), 80- and 270-atom face-centered cubic
(fcc), and 160-atom body-centered cubic (bec) cells were
created by using the transformation matrices defined in Eq.

(1),

n 00 0 non -n n n
0 n Of, |mn O n|, and|n -n n |, (2
0 0 n n n 0 n n -n

respectively, where n is varied between 2 and 4.

The supercell with sc extension of 3 X3 X 3 contains 135
atoms and corresponds to 3.7% of iron concentration in
SrFe Ti;_ rO; sohd solution. The supercells with fcc exten-
sions of 2 X \2>< \2 (10 atoms), 212 %22 %22 (80 at-
oms), and 3y2X3y2 %32 (270 atoms) are rhombohedral
with an angle of 60° between the lattice vectors correspond-
ing to 50%, 6.25%, and 1.85% of iron content, respectively.
The last considered supercell is the 160-atom rhombohedral
bee cell with an angle of 109.47° (extension 23 %23
X2y 3) that corresponds to 3.125% of iron.

It is known?®2? that both HF and DFT yield systematical
errors with opposite sign with respect to the experiment
whereas the formulation of hybrid functionals can improve
the accuracy of the crystal calculations. This is the case for
band gaps, phonon spectra, magnetic coupling constants, and
all properties that depend upon the extent of electronic local-
ization at either perfect, defect, or surface sites. Furthermore,
it is well known that a hybrid HF-DFT method adequately
reproduces the band gaps for insulators, whereas plain DFT
methods underestimate this quantity considerably.?® This
point can be crucial when studying the defect level positions
which often lie within the band gap. In addition, hybrid HF-
DFT functionals usually allow one to reproduce the experi-
mental lattice constants very well, thus being very efficient
for the geometry optimization (see, e.g., the comparison of a
large number of Hamiltonians for the calculation of SrTiOj;,
BaTiO;, and PbTiO; bulk properties in Ref. 16). In this con-
text it should be noted that with existing computer codes the
plane-wave simulations are possible only within the DFT
formalism while the CRYSTAL-2006 LCAO code® allows one
to exploit different Hamiltonians (Hartree-Fock, DFT, and
hybrid HF-DFT). In a recent paper’! it has been shown how
the hybrid HF-DFT approach could be realized using a
plane-wave basis set, but at the moment it is still unimple-
mented in the VASP code.3>¥ Owing to all these facts, we
have chosen the hybrid HF-DFT methodology as the primary
approach for the simulation of Jahn-Teller distortion and the
electronic structure calculations. Nevertheless, to validate
this method we compare it with other approaches and avail-
able experimental data.

In the present study we exploit the hybrid Hamiltonian in
the LCAO basis with B3PW exchange-correlation
functional'® which includes the exchange part as the mixture
of Fock (20%) and Becke’s (80%) exchange while the cor-
relation part is a Perdew-Wang nonlocal correlation func-

PHYSICAL REVIEW B 77, 075111 (2008)

tional. Also, we performed some of the calculations in the
pure DFT-LCAO method with Perdew-Burke-Ernzerhof
(PBE) functional®* within GGA. Both hybrid HF-DFT and
pure DFT LCAO calculations were carried out with the
CRYSTAL-2006 computer code.’® Small core Hay-Wadt
pseudopotentials® are used for core electrons in the case of
Sr and Ti atoms while the outermost shell basis functions
were taken from the previous work'¢ where these functions
have been optimized for SrTiO; bulk crystal. For oxygen
atoms all-electron Gaussian basis sets of type 8-41 1G™ were
taken from the same paper. The iron atom is represented on
an all-electron basis from Ref. 36 where it has been opti-
mized for the case of a-Fe,05 (hematite). Our further opti-
mization of this basis for bulk SrFeO; decreased the total
energy insignificantly.

In all calculations we chose the thresholds of 107, 1079,
10°, 107%, and 10~'? for the Coulomb overlap, Coulomb
penetration, exchange overlap, the first exchange pseudo-
overlap, and the second exchange pseudo-overlap, respec-
tively. For the summation in the Brillouin zone (BZ) we
adopted the Monkhorst-Pack’” mesh of k points. In the cases
of bulk SrTiO; and SrFeO; we studied the convergence of
energy with increasing number of used k points in the BZ
and found 8 X8 X8 for the semiconductor SrTiO; and 16
X 16X 16 for the metallic SrFeO5 to be large enough for
achieving convergence.

In the geometry optimization process we reduced the
symmetry of a supercell under consideration from cubic

Pm3m to tetragonal P4/mmm to be able to obtain Jahn-
Teller distortion. In the CRYSTAL-2006 code atomic equilib-
rium positions are calculated by using the Schlegel conjugate
gradient algorithm.’® Convergence during the geometry op-
timization process is tested on the root mean square (rms)
and the absolute value of the largest component of both the
gradients and the nuclear displacements. The default thresh-
olds for the maximum and the rms forces and the maximum
and the rms atomic displacements on all atoms were set to
0.000 45, 0.000 30 and 0.001 80, 0.001 20 a.u., respectively.
Optimization is considered complete as soon as the four con-
ditions are simultaneously fulfilled.

DFT calculations with the PW basis set and PBE Hamil-
tonian were carried out by using the VASP code.?>3% We used
small core pseudopotentials for all atoms where for Sr atom
4524p°5s* electrons are treated as valence, for Ti and O—
35?3p%45?3d® and 2s5*2p*, respectively. We kept a large cut-
off energy of 520 eV to reduce finite sampling error and the
value of 600 eV was chosen for the fast Fourier transform
grid.

IV. CALCULATION OF SrTiO; AND SrFeO; BULK
PROPERTIES

In this section we present some results on the bulk prop-
erties of perfect SrTiO; and SrFeOj; crystals. In order to
demonstrate the capabilities of the hybrid HF-DFT approach
compared to the pure DFT method both in the LCAO and
PW representations for SrTiOj, in Table I we present the
results of some bulk properties calculated by using three dif-
ferent approaches: the hybrid method with B3PW functional

075111-3



ALEXANDROYV, MAIER, AND EVARESTOV

TABLE 1. Experimental and calculated lattice constant a,, bulk
modulus B, atomization energy E,, and energy band gap Eg,, of
SI'TiO3.

ap (A) B (GPa) E, (eV) E,, (V)
LCAO-B3PW 3.892 193 31.4 3.6
LCAO-PBE 3.921 176 335 2.0
PW-PBE 3.941 172 31.7 1.8
Expt. 3.905° 179° 31.7° 3.3¢

#Reference 39.
PReference 40.
‘Reference 41.
dReference 11.

and two pure DFT methods in LCAO and PW basis sets with
exactly the same PBE-GGA** Hamiltonian. The hybrid ap-
proach delivers very reasonable results both for lattice con-
stant and for atomization energy, thus promising a good de-
scription of structural and energetic properties. The bulk
modulus in the hybrid method is overestimated because the
HF Hamiltonian tends to overestimate the second derivative
of the energy. Also, as well known from the literature, the
hybrid Hamiltonian provides the best agreement with the ex-
perimental optical band gap whereas the DFT methods un-
derestimate this quantity considerably.?® Note, however, that
all approaches used give largely the same picture of the en-
ergy bands in the BZ as clearly seen from the calculated
band structures in Fig. 1.

Table II contains the properties calculated for the case of
ferromagnetic SrFeO;. In this case both hybrid LCAO and
DFT-PBE approaches give lattice constants very close to the
experimental values. As expected the DFT-PBE method
based upon PW basis expansion provides a very good de-
scription for the metallic crystal.

As to magnetic properties StFeO; we first performed a
comparative analysis of collinear ferromagnetic (FM) and
antiferromagnetic (A-, C-, and G-type) states. The deter-

PHYSICAL REVIEW B 77, 075111 (2008)

TABLE II. Experimental and calculated lattice constant a, bulk
modulus B, and atomization energy E,, of ferromagnetic SrFeOs;.

ay (A) B (GPa) E, (eV)
LCAO-B3PW 3.856 29.7
LCAO-PBE 3.875 168 33.0
PW-PBE 3.850 169 (1719)
Expt. 3.850°

4LSDA+U calculation with VASP code from Ref. 22.
bReference 42.

mined sequence of stability obtained from B3PW calculation
is FM<AFM-A < AFM-C < AFM-G, i.e., the ferromagnetic
state is the most favorable. These results agree with the ex-
perimental indication that the ferromagnetic interactions in
SrFeO; are significantly stronger than antiferromagnetic
interactions.?? Then, for the ferromagnetic phase we consid-
ered states with different possible total spin projections and
estimated the energetic sequence of spin states. From Table
IIT we can see that all methods yield the state with S=2 as
the most favorable one.

The calculated band structure and density of electronic
states of SrFeO; in the B3PW approach are discussed in
more detail in Sec. VI and shown below in Fig. 3(d). The
main features of energy bands as well as the metallic nature
of the crystal are compatibly well with the results of the local
spin density functional approximation (LSDA) in the full-
potential linearized-augmented-plane-wave approach.?

V. CALCULATION OF JAHN-TELLER DISTORTION IN
SrFexTil_xO3

It has been already mentioned above that in Ref. 7 a
strong indication of the presence of a Jahn-Teller distortion
around the Fe** impurity in SrFe,Ti,_,O has been found. A
nonthermal broadening in the Fe—O bond length distribution

10 a b c
SN TN RN RS

TN T TN KX =~ N 2= | Xy

. § ~\ § RN X%

FIG. 1. Energy bands calculated by three methods: the hybrid HF-DFT with B3PW functional in LCAO (a), the DFT-PBE in LCAO (b),
and DFT-PBE in PW (c). All bands are shifted at the value of Fermi energy; the dashed lines denote the top of the valence band.
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TABLE III. Energy differences in eV between different mag-
netic spin states of ferromagnetic SrFeO5; with respect to the state
with §=2.

§=0 s=1 §=2 5=3
LCAO-B3PW 3.2 1.6 0.0 13
LCAO-PBE 13 0.6 0.0 22
PW-PBE 1.0 0.4 0.0 1.8

has been determined which corresponds to a splitting of the
bond lengths Ar by about 0.16 A for the dilute system (x
—0). According to the used approach the static disorder
component of mean square relative displacement MSRDy,, is
related to the bond length distribution Ar as follows:

e [mr o =y _
VMSRDy,,, = = |Ar|,
m+n m+n

3)

being about 0.006 A? for x—0. The defined above MSRD,,,,
is linked to the standard deviation for changing lengths of
chemical bonds and can be used for the comparison between
theoretical and experimental results.

In addition, vibrational spectroscopy permitted the study
of phonon modes in the system for different iron concentra-
tions and temperatures. The hallmark of the measured Ra-
man spectra is a pronounced peak at 690 cm™!. Its position
depends only very slightly upon the iron content whereas the
intensity increases from x=0.003 up to a maximum at x
=0.03 and then decreases. It has been supposed’ that this
characteristic peak is caused by a vibration localized around
the Fe** ion. Based on the MSRD estimates from the EXAFS
experiment and on the fact that the Raman peak area de-
creases with increasing iron content the authors concluded
that the Jahn-Teller distortion decreases for high iron concen-
trations as well.

To corroborate these experimental findings we performed
first-principles calculation of the Jahn-Teller effect for the
whole range of iron content starting from pure SrTiO; and
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ending at pure SrFeO; by taking several characteristic iron
concentrations in between.

In the previous Hartree-Fock study® of Fe-doped SrTiOj it
has been shown that at least a 160-atom supercell is needed
to model isolated iron impurities in the material. In Ref. 27
only 40- and 80-atom supercells have been studied. Here we
do not restrict ourselves to isolated iron defects but go be-
yond this dilute regime toward higher iron contents. In order
to inspect the tendency of how the total magnitude of the
distortion changes for different iron contents, we considered
80-, 135-, 160-, and 270-atom supercells in which the tita-
nium atom in the origin is substituted by iron corresponding
to 6.25%, 3.70%, 3.125%, and 1.85% iron concentrations,
respectively. In the case of 50% iron content we considered
two alternative iron configurations with 10-atom and 40-
atom supercells.

First of all, we optimized the lattice constant of the cubic
SrTiO; cell (see Table I) which was then used in our simu-
lations of the defective system. It has been demonstrated
experimentally’ that the deviation of lattice constant in
SrFe,Ti;_,O5 from that of pure SrTiOj; is rather small for low
iron content. Due to this fact, for the small iron concentra-
tions we performed relaxation of atomic positions with fixed
volume using the preliminarily optimized lattice parameter
a=3.892 A for pure SrTiO; whereas the Jahn-Teller distor-
tion for 50% iron was calculated with the reoptimized lattice
constant of 3.874 A.

We carried out full optimization of atomic positions for all
supercells chosen. The oxygen displacements found in the
first shell of the iron defect clearly indicate that Jahn-Teller
distortion takes place according to the Dy, point symmetry.
In Table IV we summarize the information on the supercells
used and the results for the distorted first oxygen shell
around the Fe** impurity. The results correspond to the op-
timization using 2 X2 X2 k mesh for all supercells except
50% contents where the denser meshes were employed. The
magnitude of the total distortion Ar=0.16 A estimated from
the EXAFS experiment’ for the dilute limit is comparable
with the sum of the elongation of the Fe-O bond along the x
or y axis and the contraction along the z axis (see Fig. 2). For
50% of iron content we considered one additional 40-atom
supercell with four iron atoms in which defects are arranged

TABLE IV. The displacements of oxygen atoms in the first shell of the iron impurity for different iron
concentrations. Inward relaxation means displacement toward the iron center. 40-atom supercell with four
iron atoms in the cell simulates the orthogonal -Fe-O-Fe- chains while other supercells correspond to the
distributions of isolated iron atoms (see the text for explanation). dp. . denotes the distance between the

closest isolated iron defects.

Oxygen displacements (A)

Iron content  dp g
Supercell Extension (%) (A) Inward Outward MSRD,,,,,(x 1073 A2)
40-atom 2X2X%2 50.0 2.60
10-atom V2 x\2x42 50.0 5.48 0.0489 0.0665 2.96
80-atom  2\2X2\2x2\2 6.25 11.01  0.0545 0.0681 3.34
135-atom 3X3x%3 3.70 11.68  0.0580 0.0660 3.42
160-atom  2y3x2\3%x243 3.125 1348  0.0570 0.0690 3.53
270-atom  3V2X32x3\2 1.85 1651  0.0495 0.0795 3,70

The estimate of MSRD,,,, from EXAFS experiment (Ref. 7) extrapolated to the dilute limit yields 0.006 A2.
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Osr oFe" @ O

FIG. 2. (Color) Schematic view of the relaxation of six nearest
oxygen atoms around Fe impurity. Four oxygen atoms in the xy
plane relax inward whereas two atoms along the z axis displace
outward the impurity.

in orthogonal -Fe-O-Fe- chains instead of being isolated as in
all other cases. In this case the displacements of oxygen at-
oms exhibit a more complex pattern. While three of four iron
atoms in the supercell have four shortened and two elongated
Fe—O bonds, the distortion is inverted for the last fourth iron

8 6 -4 2 0 2 4 6 8
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TABLE V. Energy differences in eV between different magnetic
spin states in 80-atom supercell after relaxation with respect to the
state with S=2 and energy difference AE between unrelaxed and
relaxed supercell for S=2.

S$=0 S=1 S§=2 §=3 AE
LCAO-B3PW 6.2 35 0.0 22 0.40
PW-PBE 0.9 04 0.0 1.5 0.46

(four elongated and two shortened bonds). In order to com-
pare theory and experiment, we calculated MSRDy,,, for the
whole range of iron concentration according to Eq. (3). From
the last column of Table IV one can see that MSRD,,,, in-
creases with lowering the iron content giving the correct ten-
dency of MSRD,,,, change, known from EXAFS data, and
approaching the experimental estimation for the dilute limit.
We also checked the possibility for JT distortion in pure
SrFeOj in our hybrid HF-DFT computational scheme by per-
forming a full structure optimization starting from the dis-
torted system. The converged geometry has been very close
to the perfect cubic structure indicating that JT distortion is
unfavorable. This result is consistent with the experimentally
8 6 -4 -2
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FIG. 3. Calculated band structures and projected density of electronic states (PDOS) for (a) SrTiOs, (b) SrFeqog25Tip.037503, (¢)
SrFe( 5Tiy 503, and (d) SrFeOs. The vertical dash lines denote Fermi energy level. Solid lines are applied to spin up and dot lines to spin
down electrons. The values for PDOS are in arbitrary units. In all cases only the top of valence band and the bottom of conduction band are

presented.
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observed absence of a JT distortion in pure SrFeOs;.
Different spin states for the 80-atom supercell after relax-
ation were calculated to show that the S=2 state is the most
favorable also for the defective system as well as for pure
SrFeO; (see Table V).
In addition, we estimated the formation energy of substi-
tutional iron defect for all iron concentrations via

E’;ae"" = E(def) — E(Fe) + E(Ti) — E(per), (4)

where E(Fe) [—1263.360313 a.u.] and E(Ti) [—57.983605
a.u.] are the energies of iron and titanium atoms in gas phase,
while E(def) and E(per) are those for defective and perfect
crystals, respectively.

We found that the formation energy of 1.79 eV for the
most dilute system under consideration is only 0.01 eV
higher than in the 6.25% case. This substitution energy de-
creases to 1.59 eV for 50% case and to 1.57 eV for pure
SrFeOs.

VI. ELECTRONIC PROPERTIES OF SrFe,Ti;_O;

In this section we present the results with respect to the
electronic structure of SrFe Ti;_,O5 solid solution. Figure 3
contains the calculated band structures and the projected
density of electronic states (PDOS) for x=0% (a), 6.25% (b),
50% (c), and 100% (d).

Figure 3 shows also the calculated band structure and the
PDOS of pure SrTiO;3. The top of the valence band mainly
consists of O 2p states while predominantly Ti 3d states con-
tribute to the bottom of conduction band. These facts are
reflected in our calculation of the band structure and the
PDOS in Fig. 3(a).

The second limiting case is StFeO5; which exhibits metal-
lic properties without band gap as illustrated in Fig. 3(d).
From the calculated magnetic moments we can conclude that
the magnetization is mostly caused by the iron atom
(3.79u) while the magnetic moments of oxygen atoms in-
duced by Fe-O bonding are very small (0.07wp). It is clearly
seen from the comparison of the PDOS for spin up and spin
down electron densities that the effect of spin polarization is
more pronounced for Fe 3d states. The PDOS [Fig. 3(d)] also
indicates that a strong mixing between Fe 3d and O 2p takes
place near the Fermi level. Furthermore, the major contribu-
tion in the vicinity of the Fermi level originates from the e,
states of iron and the O 2p states. These main features of the
electronic and magnetic properties of ferromagnetic SrFeOj;
agree well with a cluster model (CI) prediction'> and a recent
LSDA simulation in the PW basis set.??

To study the change of the electronic structure between
these two limiting cases of x=0 and x=1 we also calculated
the energy bands and PDOS for two levels of iron doping in
SrTiO5, namely, 6.25% and 50% iron [Figs. 3(b) and 3(c)].
For 6.25% (as in the case of pure SrTiOj) the top of the
valence band is mainly formed by O 2p orbitals, and the
bottom of virtual bands predominantly consists of Ti3d
states. However, there is a noticeable contribution of Fe 3d 2
and 3d,2_2 to the valence band in the pre-Fermi energy re-
gion. The spin down electron densities of Fe 3d states form
narrow sharp bands which are combined into broader peaks

PHYSICAL REVIEW B 77, 075111 (2008)

=g )

FIG. 4. (Color) Two-dimensional difference electron density
map projected onto the (010) plane for 80-atom supercell contain-
ing iron defect and nearest ions. Black, red, and blue solid isolines
correspond to the zero, negative, and positive values of electron
density, respectively. Isodensity curves are drawn from
-1.0 to 1.0 e A3 with increments of 0.01 e A=,

in the case of 50% iron (panel c). We can also notice that
when going to 50% iron the Fermi level is moving to slightly
higher energy, and that 3d,> and 3d,2_,2 energy bands are
merging in the Fermi energy region. These bands are further
broadening when the iron content is increased while the
Fermi energy is nearly the same in the 50%-doped system
and in pure SrFeO;. The same applies to the O 2p states
when going from 6.25% iron via 50% to pure SrFeO;. It is
also seen that the Ti 3d orbitals, still dominating in the bot-
tom of the conducting band for the 6.25% of iron, split into
two subbands and decrease in the 50% case.

In Fig. 4 the difference electron density map for 80-atom
supercell with iron impurity in the center is displayed. This
density is defined as the total density difference of defective
and perfect systems plus the difference between titanium and
iron atoms projected onto the (010) plane. The redistribution
of the electron density around the iron impurity demonstrates
that iron attracts more electron density than titanium at the
same site. This reflects the more ionic Ti-O bond in bulk
SrTiO; compared to Fe-O bond in defective SrFe Ti;_,O5.
The computed atomic magnetic moment of the iron is
3.56u; being slightly less than in bulk SrFeO; (3.79up).
These results show that the four unpaired electrons are rather
localized on the iron atom in bulk SrFeOs.

TABLE VI. The Mulliken effective atomic charges g in perfect
SrTiO3, SrFeOs3, and 80-atom supercell with iron impurity. M de-
notes Ti or Fe atom in bulk crystals and Fe atom in the supercell.

q(M) q(0)
SrTiO3 2.36 -1.41
SrFeO5 2.26 -1.38
SrFeO‘0625Ti0'937503 2.28 —139(0)67),) -1.43 (O:’)
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In Table VI the calculated Mulliken effective charges on
atoms are listed. It is seen that the iron charge in SrFeOs is
slightly less than the titanium charge in SrTiOj; correctly
reflecting the slightly larger covalent character of SrFeO;
bulk crystal. However, it is known that in some cases the
traditional Mulliken population analysis can fail and other
approaches must be applied as demonstrated, e.g., for the
example of the more ionic SrZrO;.*3

VII. CONCLUSIONS

The present calculations have demonstrated that the
hybrid HF-DFT LCAO method with B3PW exchange-
correlation functional allows one to quantitatively describe
the Jahn-Teller distortion in SrFe Ti;_,O5 solid solution. The
calculation of the Jahn-Teller distortion around the Fe** im-
purities for different iron concentrations (50%, 6.25%,

PHYSICAL REVIEW B 77, 075111 (2008)

3.70%, 3.125%, and 1.85%) show that the distortion is the
largest for very dilute iron content, less pronounced for 50%
of iron, and absent in the case of pure SrFeO;. These results
agree with the experimental observation whereas the com-
puted magnitude of the Jahn-Teller distortion for dilute sys-
tem is well comparable with recent experimental estimates
from EXAFS data. The electronic structure calculations in-
dicate that SrFe,Ti;_,O5 with more than 50% iron is metallic,
and that its conductivity is caused by a strong mixing of
O 2p and Fe 3d (e,) states in the pre-Fermi region.
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