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1. Replace (Ins) Tool —for replacing text.

%ﬁ Strikes a line through text and opens up a text
box where replacement text can be entered.

How to useiit
« Highlight a word or sentence.

e Click on the Replace (Ins) icon in the Annotations
section.

e Type the replacement text into the blue box that
appears.
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2. Strikethrough (Del) Tool — for deleting text.

Strikes a red line through text that is to be
deleted.

How to useit
« Highlight a word or sentence.

e Click on the Strikethrough (Del) icon in the
Annotations section.
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3. Add note to text Tool —for highlighting a section

to be changed to bold or italic.

'E) Highlights text in yellow and opens up a text
box where comments can be entered.

How to useiit
e Highlight the relevant section of text.

e Click on the Add note to text icon in the
Annotations section.

e Type instruction on what should be changed
regarding the text into the yellow box that
appears.
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4. Add sticky note Tool — for making notes at
specific points in the text.

Marks a point in the proof where a comment
needs to be highlighted.

How to useiit
e Click on the Add sticky note icon in the
Annotations section.
e Click at the point in the proof where the comment
should be inserted.
e Type the comment into the yellow box that
appears.
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5. Attach File Tool —for inserting large amounts of 6. Drawing Markups Tools —for drawing
text or replacement figures. shapes, lines and freeform annotations on
proofs and commenting on these marks.
Allows shapes, lines and freeform annotations to be
drawn on proofs and for comment to be made on
these marks.

é) Inserts an icon linking to the attached file in the
appropriate place in the text.

~ Drawing Markups
How to useit
e Click on the Attach File icon in the Annotations BL—=00
section. Q072 s
e Click on the proof to where you'd like the attached .
. ) How to use it
file to be linked. - . )
. «  Click on one of the shapes in the Drawing Markups
e Select the file to be attached from your computer section.
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or networl «  Click on the proof at the relevant point and draw the
o Select the colour and type of icon that will appear selected shape with the cursor.

in the proof. Click OK. « To add a comment to the drawn shape, move the
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We investigated the effect of annealing temperature on mag-
netic properties of 2% and 10% Fe-doped BaTiOs. To under-
stand the possible structural differences between samples
treated at different annealing temperatures, and to correlate
them with the magnetic properties, several characterization
techniques, such as X-ray diffraction and X-ray absorption
spectroscopic methods (XANES and EXAFS) were employed.
We found that the 2% Fe-doped BaTiO3z pseudocubic perov-
skite is paramagnetic regardless of the heat-treatment condi-
tions. Initially paramagnetic 10% Fe-doped 6H-BaTiO;,
treated at 1250°C, became ferromagnetic after additional
annealing at higher temperature. We have crystalographically
characterized the cation ordering processes in the 6H-BaTiO;
that occurred during the high-temperature annealing. The fer-
romagnetism that is induced in this stage is most probably
associated with the observed diffusion processes but it extrinsic
character still cannot be fully disregarded.

I. Introduction

S IMULTANEOUS presence of semiconducting and ferromag-
netic properties makes dilute magnetic oxide (DMO)
materials attractive for application in spintronic and
magnetoelectronic devices.!™ The room-temperature magne-
tism in the wide bandgap semiconductors would be of
the immense technological importance only if the magnetic
coupling is of intrinsic character and not a consequence
of paramagnetic dopant segregation or any other extrinsic
reason.

Some of the investigated DMO candidates possess room-
temperature ferromagnetism when doped with a small per-
centage of transition metal ions, for example, Mn-doped
Zn0,* Fe-doped SnO,° Even for these well investigated sys-
tems still some disputes over the intrinsic nature of the mag-
netism exists.*’ Another very promising DMO material is
Fe-doped BaTiO;. Due to the observed room-temperature
magnetism it is very intensively investigated material in a
wide range of dopant concentration.®2°

However, the reports on the properties of this material are
extremely controversial. The first source of this controversy
is in the phase transition that occurs with Fe doping and is
often not properly considered. It is known that tetragonal
perovskite BaTiO; can accommodate about 1% of Fe’™ on
the perovskite B site.!*?! Depending on the synthesis condi-
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tions from 6% to 13% of Fe is recluired to fully stabilize the
hexagonal 6H-BaTiO; structure.'”*'>* The intermediate
dopant concentrations yield two phase mixture.!*?! How-
ever, the literature reports claim the intrinsic room-tempera-
ture magnetism for the dopant levels from 2% to 10%,
although no BaTiOj3 phase in its bulk form can contain such
Fe concentration. Of course, with the increase in the nominal
Fe concentration toward 10%, the saturation magnetization
of the biphasic mixture increases as the amount of the para-
magnetic phase reduces. It would also be expected that an
increase in the Fe content in Fe-doped 6H-BaTiO; phase
would enhance the magnetic ordering. Interestingly, it has
been shown the opposite: the saturation magnetization of the
low end-member with 10% of Fe is the highest while any
increase in Fe content causes a gradual decrease in the mag-
netism until the material becomes paramagnetic at doping
level of 70%.'""

Despite intensive research and a number of reports that
claim the room-temperature ferromagnetism in Fe-doped
BaTiO; the origin of the magnetic coupling still remains
unknown.'%131721.24 §ome authors claim that the room-tem-
perature ferromagnetism is attributed to some structural
characteristics, such as ordering of oxygen vacancies® or Fe
pairing on Ti(2) sites'>?® whereas others attribute the ferro-
magnetic behavior to the double exchange interaction, due to
the simultaneous Jpresence of Fe’* and Fe’" or Fe*'
valance states.'>'%?* Also, there are assumptions that Ti**
partially reduces to Ti®", which can contribute to the
ferromagnetic coupling.® In our previous study®® on 20% Fe-
doped 6H-BaTiO; we showed that Fe’" ions undergo an
ordering process with a prolonged high-temperature anneal-
ing, which plays a crucial role in induction of the magnetic
coupling. We showed that the same batch can be paramag-
netic or exhibit some ferromagnetic coupling depending on
the degree of the cation ordering. We have described the
atomistic mechanism of the ordering and identified the driv-
ing force of the ordering to be in reduction in electrostatic
repulsion on the Ti(2) sites.

In the light of the newly discovered diffusion processes in
Fe-doped 6H-BaTiO;, which are of crucial importance for
its functional properties,>>?® we also decided to thoroughly
investigate the low-concentration range of this system, that
is, the range of <10%. First, we made a clear distinction
between properties of the Fe-doped paramagnetic tetragonal
BaTiO; and 6H-BaTiO; phases. We performed a micro-
scopic structural analysis on the 6H low end-member, 10%
Fe-doped 6H-BaTiO;, with intention to understand the pos-
sible structural differences between samples treated at differ-
ent annealing temperatures. We correlated this to magnetic
properties and to the similar diffusion processes in highly
doped Fe-doped 6H-BaTiO; to fully describe the crystal
chemistry of the entire concentration range that is interesting
for the DMO applications.



Here, we have described the ordering processes which are
crucial for the establishing of the long-range ferromagnetic
coupling in Fe-doped 6H-BaTiOs;. Our convincing experi-
mental results bring us closer to understanding the origin of
magnetic coupling in this system.

II.

Fe-doped BaTiO3 samples with nominal composition of
BaTi;_Fe . O;_5 (x = 0.02, 0.1) were synthesized by conven-
tional solid-state reaction method by stoichiometric mixing
of raw oxide materials of Fe,Os, TiO,, and BaCOs;. Before
each heat treatment, the samples were mixed by grinding in
planetary mill at 200 rpm for 1 h in ethanol ambient, dried
at 70°C and pressed into 3—4 g pellets. First, the pellets were
calcined at 1000°C for 5 h. Then, 2% Fe-doped BaTiO3 was
treated at 1200°C for 5 h, whereas 10% Fe-doped BaTiO;
was fired twice at 1250°C for 5 h. After this synthesis step,
the obtained powders were divided into two parts. One of
these parts was additionally annealed at 1400°C for 5 h for
2% Fe-doped BaTiO;, and at 1500°C for 10 h for 10%
Fe-doped BaTiO;. All heat treatments were carried out in
oxygen atmosphere.

The crystal structure of the samples was analyzed by
X-Ray diffractometry (RANalytical X’PRO). The XRD pat-
terns were performed in reflection (Bragg—Brentano) mode
using Cuk, radiation. Data were collected in the range
15926 < 90° with the scan step of 0.008° and with scan step
time of 25 s.

The Fe K-edge X-ray absorption spectroscopy (XAS)
spectra were collected at the beamline C of HASYLAB at
DESY in Hamburg (Germany) simultaneously in fluores-
cence and transmission detection modes. Ti K-edge XANES
spectra were measured at the XAFS beamline of the ELET-
TRA synchrotron radiation facility in Trieste (Italy) in
transmission detection mode. All experimental details are
described in our previous study.?® The Fe and Ti XAS spec-
tra were analyzed with the IFEFFIT program package.”’
Magnetization was measured as function of applied magnetic
field on vibrating sample magnetometer (VSM, LakeShore,
7404) at room temperature.

Experimental Procedure

111.

The crystal structure of the samples was analyzed by
XRD. 2% Fe-doped BaTiO; sample treated at 1200°C has
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tetragonal crystal structure (space group P4mm) with possi-
ble traces of hexagonal phase (space group P63/mmc)
(Fig. 1). The XRD pattern of 2% Fe-doped BaTiO; addi-
tionally annealed at 1400°C for 5 h indicates the presence of
mixture of hexagonal and tetragonal phases. In addition to
prevailing 6H phase the sample with 10% of Fe treated at
1250°C contains minor amount of the tetragonal perovskite
phase. The sample additionally annealed at 1500°C shows a
single-phase composition with only 6H-BaTiO; phase. Our
results confirm the main claims of other authors®'*! that
the solid solubility limit of Fe in the tetragonal BaTiO; is
below 2 at.%, whereas about 10 at.% of Fe is required to
fully stabilize 6H-BaTiO3. In addition, it can be concluded
that the low-end stability range of Fe-doped 6H-BaTiO; is
temperature dependent: more than 10% of Fe are needed for
stabilization of the structure at 1250°C and below 10% at
higher temperature of 1500°C.

First, we have measured the magnetic properties of the
tetragonal perovskite phase with the highest possible Fe con-
centration (i.e., 2%). Regardless the thermal treatment condi-
tions, the paramagnetic behavior has been determined.
Magnetization at room temperature as a function of applied
magnetic field is shown on Fig. 2.

As the tetragonal perovskite phase is paramagnetic the
magnetic properties of the two-phase region between 2% and
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Fig. 2. Room-temperature M(H) loops for 2% and 10% Fe-doped
BaTiO; samples treated at different annealing temperatures.
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(a) X-ray diffraction patterns of BaTi,_,Fe, O; powder samples treated at different annealing temperatures. The peaks of tetragonal

(top) and hexagonal (bottom) BaTiO; are labeled with Miller indices (/k/). (b) Magnification of diffraction peaks in the 20 interval 30°-34°,
which shows the effect of annealing temperature on the phase evolution of Fe-doped BaTiOs.



10% of Fe are dominated by the ferromagnetic properties of
the 6H phase; therefore, this region has not been of our main
interest. We analyzed the sample with 10% of Fe that was
treated at 1250°C, which has predominant 6H-BaTiO; phase
with a miniscule amount of the paramagnetic tetragonal
phase. The sample exhibits pure paramagnetic behavior, so
we can conclude that the dominating 6H matrix phase is also
paramagnetic. The same sample was additionally annealed at
1500°C and the magnetic measurements showed that this
stage of the thermal treatment has induced the ferromagnetic
behavior (Fig. 2). Despite the hysteretic behavior the magne-
tization increases linearly with the increasing magnetic field
above 50 kA/m, indicating that ferromagnetic and paramag-
netic phases coexist in the sample.

To correlate the observed variation in the magnetic prop-
erties with microscopic processes at atomic level, that occur
in the 10% Fe-doped 6H-BaTiO; during thermal treatment,
we performed a detailed analysis of Fe valence state and
local structure around Fe cations in the crystal structure by
Fe K-edge XANES and EXAFS.

To verify the possible changes in the valance state of the
Fe cations in the 10% Fe-doped 6H-BaTiO; samples we
analyzed Fe K-edge XANES spectra (Fig. 3). A decrease in
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Fig. 3. Normalized Fe K-edge XANES spectra measured on the
10% Fe-doped 6H-BaTiO; samples after the different heat
treatments and reference compounds [Fe(I111),03;, NdFe(II1)O;, and
Fe(II)SO4] with known Fe valance state. Two vertical lines are
plotted at the position of the Fe(Il) K-edge (7121 ¢V) and Fe(III) K-
edge (7125.7 V) for comparison of the Fe K-edge positions.
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Fig. 4. Normalized Ti K-edge XANES spectra measured on 10%
Fe-doped 6H-BaTiO; powder samples, treated at different annealing
temperatures (1250°C and 1500°C), and undoped BaTiO; with
tet‘lrigonal (space group P4mm) crystal structure as a standard for
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the oxidation state of the absorbing atom shifts the energy
position of the absorption edge to the lower energies. A shift
of about 4.5 ¢V is observed between Fe’ " and Fe?" in refer-
ence compounds with well-established Fe valance states
(Fe3+ in Fe,05 and NdFeOs, and Fe?" in FeSQ,), in agree-
ment with previous observations.”®? XANES spectra of

(a)

1250 °C, 5 h

FT magn. (a. u.)

Fig. 5. (a) The Fourier-transform magnitudes of 10% Fe-doped
BaTiO; annealed at different temperatures (dashed line — best fit
EXAFS model). (b) and (c) Schematic view of the Fe-distribution
within three unit cells of the Fe-doped 6H-BaTiO; crystal structure
(space group P63/mmc): (b) after treatment at 1250°C for 5 h, (c)
additionally annealed at 1500°C for 10 h. The polyhedra represent
octahedrally coordinated Ti atoms. The Fe atoms incorporated onto
Ti(1) and Ti(2) sites and their coordination octahedra are marked
black. The octahedra with missing faces illustrate the oxygen
vacancy in the corresponding face-sharing plane. The big spheres are
Ba atoms. The dark and light smaller spheres are oxygen atoms on
the O(2) and O(1) crystallographic sites, respectively. The arrow
marks the movements of Fe®' from Ti(l) sites to Ti(2) sites after
additional annealing at 1500°C for 10 h.
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both samples exhibit similar shape and the same energy posi-
tion of Fe K-edge and preedge resonances. Small differences
in the edge profile and intensity of the preedge resonances
can be attributed to changes in average local environment of
Fe cations, detected in the Fe K-edge EXAFS analysis.?®
Comparison of the Fe K-edge energy positions of the sam-
ples and reference compounds reveals that all iron atoms in
the samples are in trivalent form.

Comparison of Ti K-edge XANES spectra of the different
Fe-doped 6H-BaTiO3; samples shows that spectra are identi-
cal (Fig. 4). The Ti K-edge spectrum of the reference und-
oped tetragonal perovskite BaTiOz;, which is a well-
established reference for Ti** valence state, slightly differs in
the shape of the edge and preedge features compared with
spectra of the two samples, due to the difference in the crys-
tal structures. However, the energy position of the Ti K-edge
in the samples coincides well with that in undoped perovskite
BaTiO;, so we can conclude that all titanium in the 6H-Ba-
TiO; samples is in tetravalent state.

We used EXAFS analysis to determine the possible
changes in local environment of Fe atoms incorporated onto
Ti(1) and Ti(2) crystallographic sites. Ti cations in 6H-Ba-
TiO3 have two different crystallographic sites: Ti(1) and Ti(2)
atoms are situated in the corner-sharing and face-sharing
octahedra, respectively. On both crystallographic sites Ti
cations in 6H-BaTiO; are octahedrally coordinated, how-
ever, they have small, but significant differences in the local
surroundings.”®

The EXAFS signal is a superposition of two signals, one
from the Fe(1) atoms located at Ti(1) site and the other, aris-
ing from Fe(2) atoms located at Ti(2) site. Contributions of
individual shells of atoms around Fe atom are visible up to
about 5 A in Fourier-Transform (FT) magnitudes of repre-
sentative EXAFS spectra. Fourier Transform (FT) of Fe
K-edge EXAFS signals consist of contributions from two Fe
coordination shells: first shell is the contribution of the oxy-
gen atoms and one titanium atom, second shell is superim-
posed contribution of the barium and titanium atoms
(Fig. 5). Qualitative EXAFS analysis shows that the local
neighborhood of Fe in all samples of Fe-doped BaTiO; is
similar, with small but significant differences in the first and
second coordination shells.

The quantitative information on Fe local structure around
the Ti(1) and Ti(2), that is, Fe(1) and Fe(2), crystallographic

sites was obtained from quantitative EXAFS analysis.
EXAFS spectra were modeled with an ab initio FEFF*° cal-
culation using simultaneous fit of the Fe EXAFS spectra of
10% Fe-doped BaTiO; sample sintered at 1250°C for 5 h
and 10% Fe-doped BaTiO; sample additionally annealed at
1500°C for 10 h. EXAFS spectra have been fitted using simi-
lar model, as in our previous EXAFS study of 20%
Fe-doped BaTiO;%¢ Two FEFF models with iron atoms
incorporated onto Ti(1) and Ti(2) crystallographic sites were
constructed, based on the 6H-BaTiO; crystal structure with
P63/mmc space group (a = 5.7240 A and ¢ = 13.9650 A)."!
Measured EXAFS spectra were modeled with a linear combi-
nation of both FEFF models, where relative amount of each
model signal (Xgeyand Xgeo))—representing the occupancy
of Fe on each Ti site was allowed to vary in the EXAFS fit.
Models include two neighbor shells, comprising all single-
scattering and significant multiple-scattering paths with
length of up to 4.52 A. The structure parameters (type and
neighbor atoms, distances and Debye-Waller factors) of
nearest neighbor shells around Fe incorporated onto Ti(1l)
and Ti(2) sites in 10% Fe-doped BaTiOj; are listed in the
Table 1. The fit of the both EXAFS spectra was performed
with the background corefinement.?’

In FEFF models we allow to vary separately the common
shift of the energy origin (AE,), occupation probability of Fe
in Ti(2) crystallographic site (Xge2)) the distances and De-
bye—Waller factors for the first four single-scattering [Fe(1)-O
(1/1), Fe(2)-0(2/1), Fe(2)-0(2/2), and Fe(2)-Ti(2/1)] paths.
For the rest of the paths the general linear expansion coeffi-
cient was allowed to vary to compute distances, whereas
correlated Debye model was used to determine the Debye—
Waller factors by varying the Debye temperature parameter.
In addition, Fe(2)-Ba(2/1), Fe(2)-Ba(2/3), and Fe(1)-Ba(1/2)
distances were allowed to vary separately. The site occupa-
tion probabilities of Fe in Ti(1) and Ti(2) sites were con-
strained to a unit sum. The amplitude reduction factor was
kept fixed at 0.75, the value determined in the Fe K-edge
EXAFS fit of Li,FeggMng,SiOy4 in Ref. [29]. The coordina-
tion number of neighboring atoms was kept fixed according
to the crystallographic data. According to electroneutrality,
substituting Ti*" ions by Fe’" ions leads to formation of
oxygen vacancies, which are known to be situated mainly in
the phase-sharing plane of the hexagonal crystal structure of
Fe-doped BaTiO; (O(2/2) site).'”** Thus, to verify the

Table I. Parameters of the Nearest Neighbors Around Fe Atom on Ti(1) and Ti(2) Crystallographic Sites for the 10% Fe-Doped
BaTiO; Samples Treated at Different Annealing Temperatures (1250°C and 1500°C)"

1250°C, 5 h 1500°C, 5 h

AE, 0.7 + 0.5 (V) 0.3 + 0.5 (eV)
Fe(2) Xre), = 0.51(4) ) Xre@) = 0.61(3) ‘

N R (A) o’ (A?) N R (A) o’ (A?)
0O2/1) 2.9 1.88 (1) 0.007 (3) 2.9 1.89 (1) 0.002 (1)
0(2/2) 2.9 2.02 (1) 0.004 (2) 1.8 (8) 2.02 (4) 0.004 (2)
Ti(2/1) 1 2.7 (1) 0.003 (1) 0.9 2.59 (2) 0.008 (1)
Fe(2/1) 0 — — 0.1 2.88 (1) 0.008 (2)
Ba(2/1) 2.9 3.40 (1) 0.005 (1) 2.9 3.31 (1) 0.005 (1)
Ba(2/2) 1 3.50 (1) 0.005 (1) 1 345 (1) 0.005 (1)
Ba(2/3) 3 3.57 (1) 0.005 (1) 3 3.51 (1) 0.005 (1)
Ti(2/2) 3 3.94 (1) 0.008 (1) 3 3.88 (1) 0.008 (1)
0(2/3) 3 4.08 (1) 0.016 (1) 3 4.02 (1) 0.016 (1)
Fe(l) XFe(l) =0.49 (4) Xpe(l) =0.39 (3)
O(1/1) 5.8 1.99 (2) 0.010 (2) 5.8 2.04 (1) 0.003 (1)
Ba(1/1) 2 349 (1) 0.005 (1) 2 3.44 (1) 0.005 (1)
Ba(1/)2) 6 3.65 (1) 0.005 (1) 6 3.70 (1) 0.005 (1)
Ti(1/1) 6 3.94 (1) 0.008 (1) 6 3.88 (2) 0.008 (1)
O(1/2) 12 4.52 (1) 0.016 (1) 12 4.45 (1) 0.016 (1)
O(1/3) 12 4.53 (1) 0.016 (1) 12 4.46 (1) 0.016 (1)

"The neighbor atom annotations are based on Fe atoms at two crystallographic sites [Ti(1) and Ti(2)] and Fe neighbor atoms ordered by distance in 6H-BaTiO3
crystal structure: for example, O(2/1) are oxygen neighbors of Fe(2) atoms located at 1-96 A; O(2/2) are oxygen neighbors of Fe(2) atoms located at 3:99 A.
N, number of neighbor atoms; R, distance from the Fe atom; o2, Debye—Waller factor.



aforementioned statement the O(2/2) coordination number
was allowed to vary separately. Also, the coordination num-
ber of the Fe(2/1) atoms was varied in purpose to verify the
formation of Fe pairs in the Ti,O9 polyhedra (i.e., Fe,Oy).
For Fe(2)-Fe(2/1) and Fe(2)-Ti(2/1) paths the same Debye—
Waller factor was used. Fe(2)-Fe(2/1) distance was allowed
to very separately. Simultaneous fit of the two EXAFS spec-
tra was carried out with intent to stabilize the fit by increas-
ing the number of independent points and decreasing the
number of variables. Thus, to minimize number of variables
some of the parameters in the simultaneous relaxation were
constrained to the common values for the two samples, in
particular, Debye-Waller factor for Fe(2)-O(2/2) path and
Fe(2)-Ba(2/1) distance and Debye temperature parameter.

A very good agreement between the model and the experi-
mental spectrum of 10% Fe- doped BaTiO; was found in the
R- range from 1.1 to 3.9 A and in the k-interval 4.3-12 A~
using k>-weight for sample treated at 1250°C and k>-weight
for sample additionally annealed at 1500°C.

A unit cell of 6H-BaTiO5 contains six octahedrally coordi-
nated Ti*" ions: two at Ti(1) and four at Ti(2) sites. There-
fore, in a case of random distribution 2/3 of Fe ions occupy
Ti(2) sites, whereas other 1/3 occupy Ti(l) crystallographic
sites. In our case, quantitative EXAFS analysis reveals that
after heat treatment at 1250°C about half of all Fe atoms
preferably occupy the Ti(1) crystallographic sites, whereas
the other half of Fe atoms occupy Ti(2) site (Fig. 5). For
sample fired at 1250°C for 5 h the number of oxygen vacan-
cies in O(2/2) crystallographic site was below detection limit,
so the coordination number of O(2/2) atoms was fixed to
2.94, value, which corresponds to the random distribution of
oxygen vacancies around Fe(2) in the sample. No formation
of Fe pairs has been detected (Table I). For the neighboring
atoms we did not find significant distortion, except a slight
relaxation of interatomic distances.

After additional annealing at 1500°C about 10% of iron
atoms redistributed from Ti(1) (Xge) = 40%) to Ti(2) (X
) = 60%) site. The redistribution is most probably driven
by the same driving force as established in Ref. [26]: reduc-
tion in electrostatic repulsion within Ti,Oy face-sharing octa-
hedral. In contrast to 20% Fe-doped BaTiOs, during the fit
procedure the number of Fe(2)-Fe(2/1) pairs in 10% Fe-
doped BaTiO; sample could not be reliably determined by
varying the coordination number of the Fe(2/1) neighbor
atoms. However, it was found that fixing the coordination
number of the Fe(2/1) neighbor atoms to the 0.1 improves
the fit. For this sample ordering of the oxygen vacancies by
varying the coordination number of the O(2/2) atoms was
detected.

Our studies show that very subtle differences exist in the
cation ordering processes of different Fe-doped 6H-BaTiO;
samples. Despite these differences the ordering process is
always associated with induction of the room-temperature
ferromagnetism. Based on our analysis, the ferromagnetism
appears independently from existence of the Fe—Fe pairs or
the oxygen vacancy segregation at O(2/2) site. These two
crystallographic features are most frequently considered as
an origin of the magnetic coupling in this system. Here, we
showed that in the ferromagnetic 10% Fe-doped 6H-BaTiO;
no mgnrﬁcant formation of Fe—Fe pairs exists while previ-
ously®® has already been shown that the ferromagnetlsm can
also exist without the segregation of oxygen vacancies in O
(2/2) site. However, it has been undoubtedly seen that the
induction of the ferromagnetism is in some way associated
with the high-temperature annealing and most probably with
the observed diffusion processes but it extrinsic character still
cannot be fully disregarded.

IV. Conclusions

2% and 10% Fe-doped BaTiO; samples were synthesized
by the solid-state reaction method at different annealing

temperatures. The 2%-doped BaTiO3 samples were found to
be paramagnetic at RT after both annealing temperatures. The
10% Fe-doped BaTiO; sample treated at 1250°C is paramag-
netic, whereas 10% Fe-doped BaTiOz; sample additionally
annealed at 1500°C exhibited ferromagnetic behavior. Fe and
Ti K-edge XANES analysis showed no variations in the
valance state of Fe*" and Ti*" cations in all 10% Fe-doped
BaTiO; samples. A Fe K-edge EXAFS analysis of the 10%
Fe-doped BaTiOs sample treated at 1250°C revealed that Fe®
ions preferably occupied the Ti(1) sites. At this synthesis step
no preferential distribution of oxygen vacancies has been
detected. During the additional annealing at 1500°C for 10 h a
redistribution of the Fe cations from the Ti(l) sites to Ti(2)
sites was detected, resulting in a random distribution of the Fe
cations over these sites. Such redistribution was accompanied
by segregation of oxygen vacancies on the O(2/2) site. The
induction of the ferromagnetism coincides with the appearance
of the observed diffusion processes. However, none of the dif-
fusion processes can be undoubtedly identified as the one that
induces the ferromagnetic spin coupling.
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