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Abstract

®

CrossMark

Here, we have reported the detailed structural analysis in correlation with thermoelectric
properties of Ba doped Sr,TiFeOg (BSTF) double perovskites in the temperature range from
300K to 1100K. BSTF compositions exhibit single phase cubic structure with Pm3m crystal
symmetry from room temperature to 523 K and also at temperature beyond 923K. Rietveld
refinement of high temperature XRD data suggests the coexistence of two cubic phases

with Pm3m space group having same composition in the intermediate temperature region.
Correlation of the phase-fraction with electrical conductivity data posits the possibility of high
temperature cubic phase being conductive compared to the insulator-like cubic phase observed
at room temperature. The experimental analysis alone seems insufficient to explain the
conductivity behavior demonstrating semiconductor (do/dT > 0) to metal like (do/dT < 0)
transition. Hence DFT framework has been adopted for computational analysis coupled with
the Boltzmann transport equations to understand their thermoelectric properties based on the
electronic restructuring occurred due to octahedral arrangements in these double perovskites.
It has been shown that clustering of FeOg octahedra may lead to the formation of a conduction
path in the cubic phase of BSTF, which induces metallic behavior in these double perovskites.

Keywords: thermoelectric, octahedral arrangement, Rietveld refinement,

density functional theory, BoltzTrap
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1. Introduction

Over the last few decades, A;B'B”Og double perovskites dem-
onstrated exotic properties due to their wide range of crystal
symmetry as well as electronic structures ranging from insu-
lating to metal like and even sometimes half metallic with
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spin-polarized electrical conductivity [1-3]. Further, cation
doping in double perovskite offers more flexibility to tailor
the electrical properties of these complex oxides. Such vivid-
ness in properties is largely controlled by structural ordering,
valance state and spin states of B’ and B” cations [4]. In the
recent past, double perovskite oxides showed promises for
high temperature thermoelectric applications [5-10]. The
working principle of thermoelectric power generator relies on
the Seebeck effect to convert thermal energy into electricity

© 2020 IOP Publishing Ltd  Printed in the UK
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and the energy conversion efficiency is determined by a
dimensionless figure of merit, defined as; ZT = SZT", where,
o, S and « are electrical conductivity, Seebeck coefficient and
thermal conductivity, respectively [11]. Double perovskites-
based oxide thermoelectrics have the advantage of low pro-
cessing cost, better stability at high temperature compared to
state-of-the-art materials like chalcogenides and intermetal-
lics although their ZT values need to be improved. Recently,
environmentally friendly, rare-earth free Ba,Sr, TiB’Og
(B’ = Fe, Co, Mo) based double perovskites [6-9] showed
great potentials for thermoelectric applications. Earlier,
authors reported that large thermopower (~800 1V K~!) can
be obtained in Ba,Sr, ,TiB’Og based double perovskites
when B’ site is occupied by ferromagnetic iron [6]. Moreover,
an interesting phenomenon was observed in the temperature
dependent electrical conductivity of Ba,Sr,_,TiFeOg (BSTF)
double perovskites indicating a semiconductor (do/dT > 0)
to metal like (do/dT < O)transition [6, 7]. A similar kind
of semiconductor to metal transition was observed in some
charge-ordered perovskite and double perovskite halides, such
as CspAuy X, CsoIn(I)In(IIT)Clg, AInX 3, etc, but those are pres-
sure driven instead of temperature [12—14]. However, in case
of BSTF system, it could not be termed as metallic, because
the conductivity obtained was on the order of 100 S m™!,
which is too low to predict any metallic behavior. Although
the charge transport mechanism was explained using the small
polaron hopping conduction model, no conclusion was drawn
explaining the electrical conductivity behavior of these BSTF
compounds, which showed insulating, semiconductor and
metal-like behaviors in various temperature ranges. In order
to get a clear insight into such semiconductor to metal-like
transition, in the present work we carried out detailed struc-
tural investigations by high temperature x-ray diffraction anal-
ysis on Ba,Sr,_,TiFeOg (x = 0.0, 0.1) compounds in order to
access its structural changes with temperature in correlation
with the change in thermoelectric parameters. Also, detailed
computational analysis using DFT and BoltzTraP was per-
formed to study the effects of B-cation ordering on the ther-
moelectric properties of these double perovskites. With the
double perovskites showing cubic structure with Pm3m space
group, all possible octahedral configurations were consid-
ered in a finite periodic box and each phase showing variable
properties was accounted for. Local clustering of octahedral
arrangements in these double perovskites was found to be
responsible for inducing a new cubic phase with Pm3m space
group which is metallic in nature, resulting the semiconductor
to metal transition observed in temperature dependent con-
ductivity behavior.

2. Experimental

2.1. Theoretical simulation

Structural optimizations and electronic band structure calcul-
ations were performed using the density functional theory
(DFT), as implemented in the quantum espresso package
[15], using ultra soft pseudopotentials and GGA-PBE

exchange correlation function [16]. A (2 x 2 x 2) unit cell
(consisting of 40 atoms) of perovskite SrTiO; was chosen,
with 50% of the Ti replaced by Fe (STF). This was done to
preserve the cubic symmetry of the material. Furthermore,
Ba doping was introduced in place of Sr with the chemical
formula Bag5Sr; 75TiFeOg (BSTF). A variable cell relaxation
was carried out on both STF and BSTF, using a 10 * 10 =
10 k-mesh Monkhorst pack grid. The lattice parameters were
taken from the XRD data obtained from the experiments. The
kinetic energy cut-off and charge density cut-off were set to
40 Ry and 400 Ry respectively. The convergence criteria were
set to be 107® Ry energy difference between successive steps
and 10~ Ry/Bohr force on each atom. The electronic band
structures were plotted along I'-X—-M-I"'-R-X points [17].
The semi-classical Boltzmann theory, as implemented in the
BoltzTraP [18] package, was used to predict the transport
properties of STF and BSTF in the temperature range from
300K to 1100K. It is to be noted that the BoltzTraP code uses
a constant relaxation time approach and we have used 7 as a
paramter. The temperature dependence of the transport prop-
erties was modelled using the Fermi-Dirac distribution. The
input for the BoltzTrap was provided from DFT, using the
non-self-consistent calculations, using a set of 8000 k-points
to sample the IBZ.

2.1.1. Sample preparation and characterizations. Ba,Sr,_,
TiFeOg (0 < x < 0.25) compositions were synthesized using
conventional solid-state synthesis route. Stoichiometric
amount of BaCOj (Sigma Aldrich > 99%), SrCO; (Sigma
Aldrich > 99.9%), TiO, (Sigma Aldrich > 99.5%) and Fe,0;
(Sigma Aldrich > 99.995%) were mixed and milled in a roller
pot mill for 24h using zirconia balls and acetone as mixing
medium. After that the slurry was dried and obtained powder
was calcined at 1473 °C for 10h in order to achieve single
phase double perovskite. Now the calcined powders were
again milled in Fritsch®, PULVERISETTE 7 premium Line
planetary mill at 600 RPM for 8h using zirconia balls and
ethanol as a medium in order to obtain nanopowders. The
obtained nanopowders were mixed with 2% PVA solution
and pressed in the form of cylindrical pellets. These pellets
were sintered at 1623 K for 10h in order to get dense ceramic
samples.

Sintered pellets were crushed in the form of powder to
perform powder diffraction analysis at room temperature
as well as higher temperature in order to examine structural
behavior of the double perovskites. XRD data was collected
using Rigaku high resolution x-ray diffractometer and the
patterns were recorded in 26 range of 10-100° in temper-
ature range 300-1173 K. Rietveld refinement was carried out
on all the diffraction patterns, using Full prof suit, in order
to examine change in structural behavior with temperature.
Microstructural investigations were carried out on a polished
sintered pellet using Scanning Electron microscope (Carl
Zeiss NTS GmbH, EV050, Germany). The sintered pel-
lets were polished and subjected to ZEM-3M10 apparatus
(ULVAC-RIKO Inc.) to measure their electrical conductivity
and Seebeck coefficient in temperature range 300-1173 K.
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Figure 1. Room temperature x-ray diffraction patterns of (a) STF and (b) BSTF; SEM image of polished surface of (c) STF and (d) BSTF

ceramics.

3. Results and discussion

3.1. Structural and microstructural analysis

Figures 1(a) and (b) depict the room temperature XRD pat-
terns of SrzTiFeO(, (STF) and Baovlsrl‘gTiFCO6 (BSTF),
respectively. All the peaks in diffraction patterns were indexed
as per cubic perovskite structure with Pm3m space group.
Presence of no extra peaks suggests the phase purity of all the
compositions. Microstructural analysis was carried out using
scanning electron microscope in order to check the density
and grain growth of the sintered samples. The SEM micro-
graphs of STF and BSTF are displayed in figures 1(c) and
(d), respectively. Dense microstructure with no such porosity
with uniform grain growth was observed for all the composi-
tions. Grain size was estimated by using ImagelJ software. The
average grain size was increased from 4.82 pm for STF to
7.42 pum for BSTF, suggesting that the inclusion of Ba’>* ion
in the unit cell of STF enhanced the grain growth.

3.2. Variation in structure at elevated temperature range

In order to examine the signature of any high temperature
phase transition of BSTF compositions, high temperature
x-ray diffraction analysis was performed in temperature range
300-1173 K. STF showed cubic double perovskite structure
with cubic Pm3m configuration at room temperature. As
temperature was raised, the diffraction pattern continued to be

cubic phase with same Pm3m configuration with slight shift
in the peak positions which might be the results of lattice elon-
gation due to thermal expansion. Such behavior was observed
in the temperature range from 300K to 573 K. Similar type
of single-phase cubic behavior having Pm3m configuration,
with increasing lattice parameter, was observed beyond 923 K
as well. But in intermediate range of temperature, i.e. from
573K to 923K, diffraction peaks correspond to each plane
started showing splitting suggesting some sort of structural
transition in this temperature range. Similar behavior was
observed for the BSTF composition with the peak splitting
behavior in temperature range of 673 K-973 K. On the basis of
these observations, the study of STF and BSTF compositions
was divided in three zones with different temperature range
namely Zonel, Zone 2 and Zone 3. Rietveld refinement was
carried out on the diffraction patterns observed in zone 1 and
zone 3 temperature range for both STF and BSTF with respect
to Pm3m space group. Now to further resolve the structural
symmetry in zone 2 temperature range, various possibilities
were considered. First it was thought to be sort of structural
transition to orthorhombic since some researchers reported
the orthorhombic structures of similar double perovskites in
recent past [19]. But this consideration was rejected because
it is highly unlikely to get such structural transition from low
temperature cubic phase with higher symmetry to a relatively
lower symmetry orthorhombic phase at higher temperature.
Also, in case of cubic-orthorhombic transition, peaks corre-
sponding to (100) plane should split into (100), (010) and
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Figure 2. Rietveld refinement plots for STF and BSTF sample at 323K, 773K and 1023 K.
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Table 1. Wyckoff positions and thermal parameters for rietveld analysis of STF and BSTF compositions at 323K, 773K and 1023 K

respectively.
Wyckoff positions Biso
323K 13K 1023K
Composition Atoms X Y V4 Phase 1 Phase 1 Phase 2 Phase 2
STF Sr 0.0 0.0 0.0 1.36 1.18 1.68 1.59
Ti 0.5 0.5 0.5 1.11 0.91 1.53 1.09
Fe 0.5 0.5 0.5 1.11 0.91 1.53 1.09
01 0.5 0.0 0.5 1.52 0.37 1.98 0.96
02 0.5 0.5 0.0 1.91 1.99 1.88 1.80
BSTF1 Ba 0.0 0.0 0.0 0.97 1.87 1.57 1.63
Sr 0.0 0.0 0.0 0.97 1.87 1.57 1.63
Ti 0.5 0.5 0.5 0.92 1.81 1.55 1.48
Fe 0.5 0.5 0.5 0.92 1.81 1.55 1.48
(0] 0.5 0.0 0.5 0.74 2.02 0.96 0.63
02 0.5 0.5 0.0 1.73 1.56 0.79 1.06
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Table 2. Cell parameters and other reliable parameters for rietveld analysis of STF and BSTF compositions at 323K, 773K and 1023 K

respectively.
STF BSTF1
773 K 773 K
Factors 323K Phase 1 Phase 2 1023 K 323K Phase 1 Phase 2 1023 K
Cell parameter(,&) 3.9093 3.9209 3.9322 3.9484 3.8973 3.9254 3.9370 3.9559
Rp 5.17 3.15 4.19 3.05 2.60 1.95 2.94 3.79
RF factor 3.38 2.89 3.00 2.31 2.22 1.95 2.37 3.11
x> 3.37 1.98 2.29 2.37 1.88 2.12
323K 623 K 773 K 873 K 973 K
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Figure 3. Result of peak fitting using Rietveld refinement method for STF and BSTF for (11 1) and (200) reflections at various

temperatures.

(001), while the reflection corresponding to (110) should
splitinto (110), (101) and (01 1) since a = b = c; but (111)
peak should remain unaltered. However, in our case, all the
pseudocubic reflections are found to be split into two, which
rules out the possibility of orthorhombic phase. Similarly,
the possibility of cubic-tetragonal transition can also be
eliminated as diffraction peak corresponding to (11 1) should
remain as singlet for such transition, while (100) and (200)
should appear as doublet. Possibilities of rhombohedral and
monoclinic structures were also considered; but clear split-
ting observed in (200) reflection contradicts the possibility of
rhombohedral phase, while peak positions were not obtained
in case of monoclinic phase. Furthermore, another hypoth-
esis was posited that the double perovskite with stoichio-
metric formula Sr,TiFeOg undergoes decomposition into two

single perovskites with stoichiometric formula as SrTiO; and
SrFeOs;. Rietveld refinement was carried out on XRD pattern
under such consideration. But the phase percentage for the two
phases varied with temperature instead of being 50:50. But
as the temperature was raised beyond 923 K, Ti:Fe ratio was
observed to be 1:1, which makes this hypothesis invalid. Other
possibility with oxygen vacancy was also considered where
two phases were taken as SrTiO3; (Pm3m) and oxygen defi-
cient SrFeO, 75 (Cmmm). But for validating the same, XRD
patterns should have few other peaks apart from the obtained
XRD profiles. Hence, the fitting was not conclusive as we
only had peak positions corresponding to cubic perovskite.
But the co-existence of two Pm3m cubic phases in zone
2 temperature range is still the viable explanation for such
diffraction patterns. Therefore, refinement was carried out
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Figure 4. Variation of electrical conductivity, lattice parameters and phase fractions of two co-existing phases with temperature for (a) STF

and (b) BSTF.

considering that two types of cubic (Pm3m) double perovs-
kites with same stoichiometric formula but with different
cell dimensions tend to coexist in this temperature region.
The refinement results for XRD patterns at 300K, 773 K and
1023K are displayed in figure 2 for both the compositions
while the Rietveld parameters and atomic position details
are presented in tables 1 and 2. It can be observed from the
Rietveld plots that for 300K and 1023 K, each peaks corre-
sponds to single peak position while in cased of XRD pattern
at 773K, there is two separate peak positions corresponding
to each reflections.

Further, in order to show the goodness of Rietveld refine-
ment fit as well as the compatibility of proposed theory of
coexisting two Pm3m cubic phases in the intermediate
temperature range, refinement results for (111) and (200)
pseudocubic reflections for both STF and BSTF at various
temperature are shown in figure 3. It is apparent from the
XRD profiles shown in figure 3 that both (111) and (200)
reflections fit perfectly for single cubic structure (Pm3m) of
STF at 323K and 1023 K. While a slight shouldering in the
left side of both the reflections was observed at 623 K. This
smaller reflection on the left side was found to dominate while
the contribution of right-side peak was found to be decreased
in the pattern of 773 K. With further increase in temperature,
the right-side peak appeared as a shoulder in 873 K and finally
merged to single cubic phase at 973 K. The similar kind of

behavior was observed in the case of BSTF composition as
well. On the basis of this observation, it can be inferred that a
new Pm3m cubic phase with different cell parameters started
to grow in the sample alongside the existing cubic phase
beyond a particular temperature, i.e. 573 K for STF and 673K
for BSTF. On further increase in temperature, this newly gen-
erated cubic phase started to dominate and at higher temper-
ature it resulted into a single-phase cubic structure e.g. 923 K
for STF and 973 K for BSTF compositions.

3.3. Phase coexistence and its effect on electrical property

Figure 4 depicts the variation of electrical conductivity of STF
and BSTF double perovskite ceramics along with the variation
of lattice parameters and phase fraction with temperature. As
discussed in the previous section, the whole data set is divided
into three separate zones with different temperature range. For
STF, zone 1 lies in the temperature range from 300K to 523 K
in which the conductivity remained almost constant with very
low value and the structure remained single cubic phase in this
region as shown in figure 4(a). It suggests that the Pm3m phase
was relatively insulating. For BSTF, zone 1 temperature range
varies from 300K to 623 K. Now, at high temperature region,
i.e. zone 3, again a single cubic phase (Pm3m) reappeared and
in this temperature range conductivity was found to be much
higher demonstrating metal like behavior (do/dT < 0). It can
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Figure 5. Four types of octahedral arrangements modelled for STF (a) Type 1-rock-salt ordering, (b) Type 2- random Pm3’m ordering,
(c) Type 3-random Pm3m ordering with local clustering and (d) Type 4- layered ordering.

e

(

=
=

nd
wn

\

Energy (ev)

_
i)
N’

N

Energy (ev)

X

—
b | ]

G X M G R X

S

(d)

Energy (ev)

Figure 6. Band structure for (a) Type 1 STF, (b) Type 2 STF, (c) Type 3 STF and (d) Type 4 STF.

be inferred from the present data that the high temperature
Pm3m cubic phase is relatively highly conducting unlike the
insulating Pm3m cubic phase observed in zone 1. Zone 3
temperature range varies from 923K to 1173K for STF and
from 973K to 1173K for BSTF. It is well known fact that
variation of lattice parameter with temperature for a cubic lat-
tice follows the linear behavior. Although both STF and BSTF
showed linear variation in lattice parameters with temperature
in zone 1 and zone 3; it can be noted that linear plots in both
the regions have different intercepts which rule out the pos-
sibility of having similar type of cubic crystal lattice in both
the temperature zones. Therefore, it can be assumed that the
type of Pm3m cubic phase existing in zone 1, designated as

phase 1, was relatively insulating, while the type of Pm3m
cubic phase existing in zone 3, designated as phase 2, was
conducting and responsible for metal-like behavior in the high
temperature range.

In zone 2, both the cubic phases were found to be co-
existing. It is evident from phase fraction versus temperature
plots that phase fraction of phase 1 was 100% in zone one
while that of phase 2 was 100% in zone 3. As temperature
was increased from zone 1 to zone two, the plot started to
show the appearance of a new type of conducting cubic phase
i.e. phase 2 with Pm3m space group apart from the previously
existing low temperature insulator type cubic phase which is
phase 1. Now as the temperature was raised, phase fraction
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of the conducting cubic phase 2 was found to be increasing
gradually at the expense of previously existing insulator type
cubic phase 1, eventually leading to 100% phase fraction of
the conducting phase 2 in zone 3. Therefore, the co-existence
of a conducting phase 2 alongside non-conducting phase 1
can be attributed for obtaining non-degenerate semicon-
ductor behavior (do/dT > 0) observed in zone 2 compared
to insulating behavior exhibited in zone 1 in the conduc-
tivity graph. These two cubic phases have same symmetry,
Pm3m and also contain same sets of atoms. Therefore, it is
not possible to predict the difference in these two phases on
the basis of XRD analysis. The only possibility causing the
electronic restructuring due to these two phases could be the
arrangement of oxygen octahedra, contain Fe and Ti atoms,
throughout the crystal lattice. Now, the mechanism of separa-
tion of one cubic phase in two cubic phase system can be due
to simple precipitation and growth of secondary phase with
increasing temperature. The simple cubic Pm3m orientation

observed at room temperature can be thought to possess a
particular octahedral arrangement. But as the temperature
was raised, octahedra might have started to reorient them-
selves locally due to increase in thermal energy, leading to
the appearance of another type of cubic phase with same
Pm3m space group but different cell parameters. It is plau-
sible that as the temperature was increased further, this new
high temperature cubic phase started to grow at the expense of
other low temperature cubic phase and became primary phase
beyond a certain temperature. As the structure is observed to
be cubic with Pm3m centrosymmetric space group, any pos-
sibility of octahedral tilting and ferroelectricity can be ruled
out. Furthermore, in order to get better insight on the octa-
hedral arrangement in both the phases and its effect on the
electrical behavior of these compositions, theoretical simula-
tion was carried out using DFT to understand band structure
of these system which is discussed in details in the following
sections.
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Figure 8. Seebeck coefficient for (a) Type 1 STF, (b) Type 2 STF, (c) Type 3 STF, (d) Type 4 STF, showing variation with respect to

chemical potential.

3.4. Octahedral arrangements and Electronic band structure
of STF

Since experimental data showed the existence of an insu-
lating and metallic cubic phase at room temperature and high
temperature, respectively, several possible arrangements of Ti
and Fe octahedra were considered to understand the effect of
their arrangements on the electronic band structure as shown
in figure 5. We started with a rock-salt ordered structure, where
the Ti and Fe octahedra are alternately arranged similar to
rock-salt structure (see figure 5(a)). Then we considered two
structures, where the Ti and Fe octahedra are arranged ran-
domly and somewhat clustered, shown in figures 5(b) and (c),
respectively. Finally, we also considered a layered arrange-
ment of Ti and Fe octahedra (see figure 5(d)), completely sep-
arating them from each other. It is well known that Fe tends to
exist in the +3 oxidation state. Hence, oxygen vacancies are
bound to exist and we took this into account while calculating

the electronic band structure, by creating two oxygen vacan-
cies per super cell. Calculated electronic band structures are
shown in figure 6.

As shown in the figure, in case of STF, the Fermi level either
lies in the valence band (figures 6(a) and (b)) or there exists
no bandgap (figures 6(c) and (d)). In case of figures 6(a) and
(b), there exist a gap of magnitude 0.95 and 0.33 eV, respec-
tively, in the energy spectrum of STF, although the magnitude
of the gap is significantly less compared to the SrTiO3 (LDA
bandgap to be equal to 1.86eV). Note that, Fermi level lying
in the valence band indicates positive charge carriers or holes,
which is consistent with the experimental data of STF.

Further analysis was carried out in terms of atomic orbital
projected density of states (PDOS), which clearly illustrates
the dominance of Fe-3d states near the Fermi level, irrespective
of the crystal structure of STF, as shown in figure 7. As shown
in the diagram, the other orbital having significant contrib-
ution is O-2p, while Ti-3d states have negligible contribution
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Figure 9. Calculated Seebeck coefficient in the temperature range from 300K to 1100K for STF with four different types of octahedral

arrangements.

near the Fermi level. Note that, in case of type-2 and type-3
STF, contributions of Fe-3D orbitals are far more significant
than O-2p states, while the latter has noticeable weightage in
case of type-1 and type-4 STF. In summary, Fe-3d states play
an important role in electronic transport of STF, where con-
duction is mainly via positive charge carriers or holes.

Out of the four possible configurations studied so far, the
rock-salt structure is unlikely to occur because it belongs to the
Fm3m space group [20] while, Pm3m was the experimentally
observed space group. Moreover, no such super lattice peaks
were observed in the XRD data, hence the possibility of having
Fm3m structure can be ignored. The layered configuration is
also less likely based on the same argument that such a struc-
ture cannot have Pm3m space group. Moreover, STF also
does not satisfy the Anderson’s criteria of layering in double
perovskites [4]. Also, simulated XRD patterns for type 2 and
type 3 STF showed Pm3m space group symmetry shown in
figure (S2) (stacks.iop.org/JPhysCM/32/235401/mmedia),
which corroborates well with the experimental results.

However, the possibility of local layering of Ti and Fe octa-
hedra, especially at higher temperatures, cannot be ruled out
completely because the layered configuration relaxed into a
tetragonal structure with a c¢/a ratio of 1.005, which is too low
to be detected in the XRD. Thus, perfectly ordered crystals,
either in the form of a rock-salt structure, or a configuration
with separate Fe and Ti layers, are less likely and what we
observed in experiments are possibly less ordered structures
of Pm3m space group, like type 2 and type 3 configuration, as
illustrated in figures 5(b) and (c). As shown in figures 6(b) and
(c), even for less ordered type 2 and type 3 crystals, electronic
band structure depends significantly on the distribution of
Fe and Ti polyhedra. In order to understand whether oxygen
vacancies play any role, we also compare the electronic band
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structure, with and without O-vacancies, for type 2 and type 3
STF. We have found that, the electronic band structure of type
2 STF weakly depends on the number of oxygen vacancies.
On the other hand, there is hardly any effect of number of
oxygen vacancies on electronic band structure of type 3 STF
(more detailed information is given in the supporting infor-
mation). This further proves that Fe is playing a major role in
the conduction process of STF, while O-vacancies may not be
having any significant role. While O-vacancies can contribute
some electrons, their numbers are not too high, because hole
conduction is experimentally observed in STF as evident from
positive Seebeck coefficient observed in the whole temper-
ature range of measurement, shown in figure S5. Thus, as
Fe-3d states dominate near the Fermi level, a connected frame-
work of Fe polyhedra form a conduction path in case of type 3
structure. Further, we calculated electrical conductivity (using
relaxation time approximation) of Type 2 and Type 3 STF. The
results are shown in the figure S6 in supporting information.
It is evident that Type-3 STF has higher conductivity than that
of Type-2, which corroborates well the experimental observa-
tion. Moreover, we calculated the transport properties for all
the structures for qualitative understanding, as described in
the next section.

3.5. Transport properties of STF

Using the constant relaxation time approximation, as imple-
mented in the BoltzTraP code, we calculated thermoelectric
properties of STFE. The calculated Seebeck coefficient versus
chemical potential is plotted for the temperature range from
300K to 1100K for all the 4 possible configurations as shown
in figure 8. The value at ;. = 0 gives the value for the Seebeck
coefficient at a given temperature. Figure 9 shows the plot for
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calculated Seebeck coefficient varied with temperature for all
the 4 types of configurations. Since Type 2 and Type 3 arrange-
ments are the possible crystal structures of STF, we compared
the calculated Seebeck coefficients for these particular config-
urations with the experimental values. In case of Type 2, cal-
culated value of Seebeck coefficient was found to be around
188 V K~!, which is very close to the experimental value
obtained. In case of Type 3, which showed metal-like behavior
from the band structure calculations, a very low Seebeck coef-
ficient was predicted by our calculations. However, in reality
there are various scattering mechanisms that are not taken into
account by BoltzTraP and hence the sharp rise in the Seebeck
coefficient that was obtained experimentally beyond 923K
could not be predicted theoretically.

Because Ba and Sr belong to the same group and in con-
secutive periods, hence not much change expected in the
properties due to Ba doping. However, we calculated the band
structure by DFT and estimated the Seebeck coefficient by
BoltzTraP for BSTF double perovskite as well. As expected,
we got the similar conclusion as shown in the supporting
information.

4. Conclusion

In conclusion, we investigated the reason behind semicon-
ductor to metal-like transition observed in the temperature
dependent electrical conductivity behavior of Ba;_,Sr, TiFeOg
(BSTF) double perovskites using high temperature XRD
analysis in conjugation with DFT study. Rietveld refinement
of high temperature XRD data shows that BSTF preserves
its room temperature single cubic phase with Pm3m space
group upto 523-632K. Also, beyond 923K, a single cubic
phase (Pm3m) prevails, which is highly conductive in nature
in contrast to the insulator like cubic phase detected at room
temperature. Moreover, Rietveld refinement of XRD data in
correlation with electrical conductivity behavior of BSTF
suggests the co-existence of conducting and insulating phases
having similar cubic structure (Pm3m) in the intermediate
temperature range resulting the semiconductor (do/dT > 0)
to metal like (do/dT < 0) transition observed in these double
perovskites. Further to study the electronic restructuring hap-
pened possibly due to the octahedral re-arrangements, DFT
simulations were performed. Considering 4 possible octa-
hedral arrangements available in a 2 * 2 * 2 periodic box con-
taining 40 atoms, the band gap was found to be reduced as the
clustering of Fe ions increased to the point that the ordering
of Ti and Fe ions showed metallic character. Existence of pre-
dominantly randomly-oriented octahedra (Type 2) configura-
tion is verified computationally in the low temperature region
where there is minimal rise in conductivity with temperature
indicating insulator-like behavior. At high temperature the
decrease in conductivity with temperature was found to be
due to the existence of locally clustered octahedra configu-
ration (Type 3), which showed metallic like band structure.

1

BoltzTraP provided values for the Seebeck coefficient, which
are in good agreement with the experimental values for most
of the temperature range.
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