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Abstract
Systematic measurements of the magnetic moment in dependence on temperature and
magnetic field of hexagonal 6H-BaTiO3 + 0.04 BaO + x/2 Fe,O3 (0.005 < x < 0.05)
ceramics were performed to study the influence of Fe ions on the magnetic properties. While
the samples show Curie—Weiss paramagnetism for Fe concentrations <1.0 mol%,
antiferromagnetic interactions become manifest for 2.0 and 5.0 mol% iron. With increasing Fe
content the antiferromagnetic interaction, which is assumed to be caused by a superexchange
mechanism Fe%f[l) - Oé{z) — Fe%f[z), becomes stronger. At external magnetic fields smaller
than 1 T a further, ferromagnetic interaction between Fe3t jons is detected below 200 K. The
interactions between Fe** ions in the samples with 2.0 and 5.0 mol% iron are also manifest in
the EPR spectra by numerous lines with low intensity. Q-band EPR investigations of 5.0 mol%
Fe doped single crystals confirm the existence of only one type of Fe3*—Vq associates in the
samples.

Keywords: barium titanate, iron doped, hexagonal, magnetic susceptibility, electron
paramagnetic resonance, optical transmission

(Some figures may appear in colour only in the online journal)

1. Introduction incorporation of Fe is known to stabilize the hexagonal high-

temperature phase of BaTiO3; at room temperature (RT) [5].
Barium titanate (BaTiO3) represents a material of fundamen-  Already rather small amounts of iron in the order of 1 mol%
tal importance for a wide range of technical applications. cause purely hexagonal 6H-BaTiO3 ceramics after sintering
It is in the focus of solid-state research for example in the at 1400 °C in air [6, 7]. On the other hand, the sintering
context of multiferroic materials and the investigation of the  conditions strongly depend on the Sr content of the samples,
new class of dilute magnetic oxides (DMOs) [1-4]. The since already small amounts of Sr (as a common impurity

in the raw material BaCOs3) distinctly shift the phase transi-

* Author to whom any correspondence should be addressed. tion temperature cubic—hexagonal to higher temperatures [8].

® Original content from this work may be used under the terms .
@ . - . Therefore, in some cases no hexagonal phase was found for
BY of the Creative Commons Attribution 3.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title samples doped even up to 2.5 mol% iron and prepared at
of the work, journal citation and DOL 1400 °C in air, see e.g. [9—11] (ceramics) and [12] (single
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crystals). In the 1980s Fe-doped BaTiO3; became prominent
because of its outstanding photorefractive properties [13, 14].
Since the necessary doping concentration for photorefractive
applications is in the range of 0.1 mol%, the Fe-doped sam-
ples remain tetragonal at RT. A new promising application
of iron doped BaTiO3; was opened in 2001 by the finding of
simultaneous ferroelectric and ferrimagnetic properties in thin
films by Maier et al [15]. In the following years numerous
papers on Fe-doped BaTiO3 dealing with its potential multifer-
roic properties were published, see e.g. [2-4, 16-20]. While
magnetic hysteresis loops were usually measured to prove the
ferromagnetic properties of the samples, see e.g. [2, 16], sys-
tematic measurements of the magnetic susceptibility as func-
tions of temperature and magnetic field in dependence on the
Fe content for low concentrations <5 mol% are scarce [2, 19].
Several explanations of the observed ferromagnetism are dis-
cussed in literature. For example, Lin et al [16] considered the
ferromagnetism of Fe doped BaTiO3 as an intrinsic property
originating from superexchange interactions between Fe’*
in different occupational sites associated with oxygen vacan-
cies. Several authors suspected additional antiferromagnetic
(AFM) interactions between the Fe ions, but without direct
experimental evidence. Only Barbier et al reported on AFM
spin-ordering detected by x-ray magnetic absorption circu-
lar dichroic (XMCD) measurements in Fe-doped multiferroic
BaTiOs; thin films [21].

To understand the magnetic properties of hexagonal 6H-
BaTiOs3, detailed knowledge about the incorporation site of
paramagnetic Fe ions in the lattice and their interaction with
oxygen vacancies is of fundamental importance. By means of
local-probe measurements, such as electron paramagnetic res-
onance (EPR) on single crystals, the nature of such iron centers
can be studied comprehensively. In our previous paper [7], we
presented EPR investigations of single crystal and ceramic Fe
doped hexagonal BaTiO3 giving detailed microscopic infor-
mation on the iron defects. We found isolated Fe** located
both at Ti(1) and Ti(2) sites and one Fe’*—V, associate. The
labeling of the atoms follows Burbank and Evans [22]. The
Ti(1) site refers to the 2a position (0, 0, 0) belonging to exclu-
sively corner-sharing oxygen octahedra, while Ti(2) refers to
the 4f position (1/3,2/3, 0.154) belonging to the Ti, Oy units of
two face-sharing oxygen octahedra in the 6H-structure (space
group P63/mmc). The face-sharing oxygen ions are denoted by
O(1) and the others by O(2).

In the present paper we extent the investigations of the
effect of iron on the magnetic properties of hexagonal barium
titanate by systematic measurements of the magnetic moment
in dependence on temperature and magnetic field strength in
the concentration range between 0.5 and 5.0 mol% Fe. These
measurements provide clear evidence of Fe—Fe interactions
which is further supported by EPR measurements.

Optical transmission measurements can yield additional
information about the position of the defect levels in the band
gap. Since no optical transmission data of hexagonal 6H-
BaTiO; were published yet, we present such data in the visible
and near UV range and compare the results with corresponding
data of the tetragonal 3C modification of BaTiO; [12].

Additionally, the paper presents Q-band EPR measure-
ments on single crystals doped with 5.0 mol% Fe. These inves-
tigations were done to verify the position of the earlier detected
Fe**—Vg associate [7]. Theoretical investigations [23, 24] pre-
dict the associate Fej;,,~Vo() to be most stable, in which
the oxygen vacancy is located in the O(1) plane connecting
the face-sharing oxygen octahedra. In contrast, our EPR data
exclude the formation of this defect.

2. Experimental procedure

Ceramic powders with the nominal composition BaTiO; +
0.04 BaO + 1/2 x Fe, 03 (0.005 < x < 0.05) were prepared by
the conventional mixed-oxide powder technique. After mix-
ing (agate balls, water) and calcining (1100 °C, 2 h) of BaCO;
(Solvay, VL600, <0.1 mol% Sr) and TiO, (Merck, no. 808),
Fe, 03 (Merck, p.a.) was added to the obtained BaTiO3; pow-
der. Afterwards, the mixture was fine-milled (agate balls, 2-
propanole) and pressed to disks with a diameter of 6 mm and
a height of approximately 3 mm. The samples were sintered in
air at 1400 °C for 1 h (heating rate 10 K min™").

Magnetic measurements were carried out using the ACMS
magnetometer option of a PPMS 9 (Quantum Design). The
temperature-dependent magnetic moments were measured up
t0 9.0 T in the temperature range 5—300 K using field-cooled
(FC) and zero-field-cooled (ZFC) conditions. The obtained
magnetic moments were corrected for the magnetic moment
of the sample holder and with respect to the magnetic contri-
bution of the BaTiO3 matrix.

Room temperature optical absorption measurements in
the 350—-800 nm region were performed using a microscope
photometer model MPM 800D/UV (Carl Zeiss, Germany).
To achieve sufficient optical transmission the samples were
thinned down to a thickness below 15 pm by mechanical
grinding and polishing. The instrument allows measuring areas
down to 5 x 5 pm?, enabling the investigation of single,
homogeneous grains of the ceramics, which corresponds to
investigations of single crystalline samples.

Single crystals with nominal composition BaTiggsFe 0503
were grown by a floating zone method. Details are described
in [7]. EPR measurements of the single crystals were carried
out in the Q-band with a Bruker spectrometer (for details see

[7D).
3. Results and discussion

3.1. Magnetic measurements

3.1.1. High magnetic field. ~The temperature dependent
molar magnetic susceptibilities xmo; Of the samples in the
concentration range between 0.5 and 5.0 mol% are shown in
figure 1. All samples were as-sintered in air and measured in
a magnetic field of 9.0 T. The obtained data was normalized
to the nominal Fe content (x). Interestingly, the susceptibil-
ity of the samples with low Fe content, namely of 0.5, 0.7
and 1.0 mol% exhibit equal values whereas the susceptibil-
ity of the samples with an increased Fe content of 2.0 and
5.0 mol% decrease with rising Fe content. This behavior is bet-
ter visible in the n.s(T) plot [25, 26] shown as the right scale
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Figure 1. Temperature dependence of molar magnetic
susceptibilities and effective Bohr magnetons of Fe-doped
hexagonal BaTiO3 ceramics with different iron mole fractions x
measured at a magnetic field of 9.0 T. The spin-only-value of neg for
high-spin Fe** (§ = 5/2) is plotted as a dashed line.

in figure 1. The effective number n.g of Bohr magnetons pp of
the paramagnetic ion is defined as

3kgXmol T
egr = (| = Sme )
I

(kg—Boltzmann constant, py—permeability of vacuum,
Na—Avogadro constant).

The high spin 3d’ electron configuration (S = 5/2) with
its ground term A, (resulting from the free ion term °S in
an octahedral crystal field) is one case of the good validity
of the spin-only approach ngg = 21/S(S + 1) [24]. This value
(=5.92, shown as straight line in figure 1) corresponds well
with the n.s data of the samples with [Fe] < 1.0 mol% for
T > 100 K, confirming the presence of isolated Fe** ions (high
spin d°) in hexagonal BaTiOs [7]. It proves that the magnetic
susceptibility of these samples is mainly caused by isolated
paramagnetic iron defects. The decreased molar susceptibil-
ity of the samples with higher Fe concentration points to an
additional effect related to the Fe?* ions, which is assumed as
an antiferromagnetic ordering of Fe** pairs (dimer coupling)
by exchange interaction [27, 28] reducing the total magnetic
moment of the samples. The exchange can be realized either
by direct interaction of Fe** ions at neighboring Ti(2) sites due
to their small distance of 2.75 A [29] or by superexchange via
an intervening O(2) ion [30]. Hence, the total magnetic molar
susceptibility of the samples with 2.0 and 5.0 mol% Fe can be
described by a superposition of a paramagnetic (PM) and an
antiferromagnetic (AFM) contribution according

Ximor = (1= W) Xioh + W Xonol 2)
The weighting factor w of the AFM portion was determined
by fitting of the measuring data with the program CONCORD
[31] using the ligand field approach. Details of the program
can be found e.g. in [32]. The contribution X' was obtained
from a fit of the data of the sample with x = 0.007 again
by CONCORD with the octahedral crystal field parameter
B40 (Wybourne notation [33]) as the refined parameter. An
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Figure 2. Simulated temperature dependent molar magnetic
susceptibilities and effective Bohr magnetons of Fe’+ dimers for
different values of the Heisenberg coupling parameter J.

excellent description of the experimental data was achieved
with the parameters B40 = 44 000 cm ™! and fixed single elec-
tron spin—orbit coupling parameter ¢ = 400 cm ™' and orbital
reduction parameter x = 1.0. With these parameters the AFM
contribution was simulated in the next step assuming a Heisen-
berg coupling and applying different exchange constants J =
-3, —10, =20, —30, —50 cm™". Results are shown in figure 2
together with the calculated values of n.¢. Compared to the iso-
lated Fe?* ion (J = 0), Xmol and g decrease with increasing
AFM interaction strength |J| as expected. The molar magnetic
susceptibilities of the samples with 2.0 and 5.0 mol% were fit-
ted for all five values of J (see figure 2) and the results are listed
in table 1. The best fit according to the minimum of the square
root of the so-called x?/dof value (dof = degree of freedom)
was reached forJ = —10cm~! and J = —20 cm ™! for the sam-
ples with 2.0 mol% and 5.0 mol% iron, respectively. Figure 3
shows the very good agreement between the experimental data
and the fitting curves. With these values the AFM portion of
the samples with 2.0 mol% and 5.0 mol% Fe amounts to about
0.12 and 0.29. As seen in table 1, the results for w show only a
small dependence on J and are therefore quite stable. It can
therefore be concluded that for x = 0.02 about 12% of the
iron ions form antiferromagnetic coupled dimers, whereas the
portion of dimers increase to roughly 30% for x = 0.05.

The nature of the AFM coupling mechanism (direct or
superexchange) cannot be derived from our magnetic mea-
surements. In literature, AFM interactions between transi-
tion metal dopants in oxides are mostly discussed as a super
exchange mechanism via an oxygen ion [27, 34, 35], because
of an insufficient direct overlap between neighboring mag-
netic orbitals of the metal ions. As pointed out above, the
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Table 1. Fit results of xmo(7) at 9.0 T with the model function according
equation (2) for the samples with x = 0.02 und 0.05. RMSD is the
root-mean-square deviation of the experimental and calculated values. Bold
marked values are the best fits (lowest RMSD).

x=0.02 x =0.05
J —1
(em™) RMSD (10 m®* mol") w  RMSD (10-% m? mol~)
-3 0.146 2.85 0.357 6.62
-9 0.126 1.08
—10 0.125 0.99 0.307 1.64
—20 0.119 1.02 0.293 1.17
—-30 0.116 1.26 0.287 1.82
—50 0.114 1.50 0.283 2.49
& T T T T T T 20 T T T T T
3 151 a) - b) &% magnetic field (T)
a magnetic field (T) ° ?-8
' x = 0.02 £y o 9.0 o 8:(1)08 |
N i A % 1. < 0.01
| v measuring data o s Tl oo
S & —fitting curve 35 . o 0.010
£ a3 £ L . & 0.001
e | ¢ x = 0.05 <
© O measuring data =
= | %% 0 e fitting curve £
21
=
0 0 50 100 150 200 250 300 0 50 100 150 200 250 300
0 50 100 150 200 250 300

Temperature (K)

Figure 3. Experimental data and fit results for the molar magnetic
susceptibility of the samples with 2.0 mol% and 5.0 mol% Fe
measured at B=9.0T.

shortest Fe—Fe distance between the centers of the face-
sharing octahedra (neighboring Ti(2) sites) accounts to
approximately 2.75 A. Probably, this distance is too large for
a direct exchange interaction strong enough to explain the
AFM coupling of the samples with 2.0 and 5.0 mol% Fe, see
page 273f of reference [35] and page 76 of reference [27].
Therefore, a super exchange mechanism seems more plausi-
ble. Another argument for the presence of an indirect AFM
interaction arises from the different probabilities of the occur-
rence of configurations with direct (Ferj)—Feri(2)) or indirect
(Feri(1y—O(2)—Feri«)) exchange. Whereas a given Ti(2) site
has only one direct Ti(2) neighbor, it has three Ti(1) neigh-
bors and a given Ti(1) site has even six Ti(2) neighbors. Hence,
assuming a random distribution of the Fe atoms on both dif-
ferent Ti sites, the relative probability of a configuration with
direct interaction is less than 25% of the probability of a
configuration with indirect interaction.

3.1.2. Variation of the magnetic field strength. 1t is well-
known that strong magnetic fields may affect considerably the
susceptibility data leading to magnetic saturation and distor-
tion of weak electronic couplings [26]. Therefore, measure-
ments of the molar magnetic susceptibility were performed at
different magnetic fields of 9.0 T, 1.0 T, 100mT, 10 mT and
1 mT. Figure 4(a) shows the results for the sample with the

Temperature (K)

Temperature (K)

Figure 4. Temperature-dependent molar magnetic susceptibilities
(a) and effective Bohr magnetons (b) of the sample with 5.0 mol%
Fe for different magnetic fields between 9 T and 1 mT. For the
lowest magnetic field of 1 mT the measured magnetic moments
above 200 K are in the range of the absolute measuring sensitivity of
the PPMS and were therefore omitted.

highest iron content of 5.0 mol%. The samples with lower Fe
contents show a similar behavior but the effects discussed in
the following become smaller with decreasing Fe content and
therefore they are not shown.

With decreasing magnetic field, ymo increases system-
atically and for B < 0.1 T distinct deviations from the
Curie—Weiss behavior appear below 200 K. Again, the effec-
tive Bohr magneton number n.¢ shown in figure 4(b) provides
a clearer picture of this effect. Since the susceptibility and ng
values for B < 0.1 T exceed the ones for pure paramagnetism
(shown for the sample with x = 0.007 for ng in figure 4(b)),
this effect points to a ferromagnetic coupling. For B < 0.1 T
the ne(7") curves exhibit a distinct maximum at roughly 90 K.

Hence, the total magnetic moment of the samples can be
described as a superposition of three contributions, namely the
paramagnetic, an antiferromagnetic and a ferromagnetic com-
ponent. The contributions of these effects depend on the Fe
concentration and on the applied magnetic field.

The total molar magnetic susceptibility can be written as

Xinol = Ximol T Xamol + Xmmol 3)
Under the assumption that the ratio between the PM and

AFM contribution does not depend on the magnetic field, the
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Figure 5. Ferromagnetic contribution to the molar magnetic
susceptibility for different magnetic fields strengths between 1 mT
and 1.0 T of the sample doped with 5.0 mol% Fe. See text for
details.

FM portion of the sample with 5.0 mol% Fe can be calculated
as

Xoml(B) = X1 (B) — 0.7 (B) — 0.29xAM(B)  (4)

mol

using the estimated ratio between Y™™ and yATM at

B =9.0 T (see section 3.1.1). The field-dependent PM and
AFM contributions were calculated by CONCORD with the
parameters given above and an AFM exchange constant of
J=-20cm ..

The obtained ferromagnetic contributions to the total mag-
netic susceptibility are shown in figure 5 for the different
magnetic fields. The magnetic moment of the Fe’* clus-
ters probably causing the ferromagnetic effect was calculated
based on the total concentration of Fe** ions in the sample
according

M XmotH

A ®)

This procedure most likely strongly underestimates the real
value of the magnetic moment of the Fe* clusters, whose con-
centration is unknown. The obtained values are presented for
the magnetic fields between 0.001 T and 0.1 T in figure 6. The
onset of the FM effect below 200 K (see figure 4(a)) is not
well reflected in figure 6 due to the very small differences of
the measured data at all applied magnetic fields for 7 > 200
K. For the same reason, the calculation of the curve for B =
1.0 T led to large uncertainties and is therefore not shown in
figure 6.

Nevertheless, it can be stated that the magnetic moment of
the FM species increases with the magnetic field indicating
that there is still no saturation of the magnetic moment of the
clusters until the strong magnetic field >1.0 T destroys this
weak FM interaction.

The origin of the ferromagnetic interaction of Fe** ions can
hardly be determined from the evaluation of the presented data.
Because of the weakness of the FM interaction, which is sup-
pressed both by sufficient high magnetic and thermal energies,
here the direct exchange between Fe** ions at neighboring

0.015 . . . . . .
VWVVVVVV magnetic field (T)
0.010 o, .
v, v 0.100
—_ Yo & 0.010
By A A 0.001
z
€ 0005
0.000

Temperature (K)

Figure 6. Average magnetic moment of the FM Fe3* clusters for
different magnetic fields between 1 mT and 100 mT calculated with
respect to the total Fe content for the sample doped with 5.0 mol%
Fe.

Ti(2) sites could come into play. But there are also reported
weak FM interactions by a super exchange mechanism via an
oxygen ligand if the metal-O—metal angle is nearly 90° [34,
35]. This geometry occurs in hexagonal BaTiO; where the
Fejl, — O(1) — Fej, angle is 85° (undoped BaTiO;3 [29]).
Moreover, also clusters of more than two Fe’t ions might
existin the hexagonal BaTiOj3 structure with oxygen vacancies
involved.

The presence of AFM and FM interactions between neigh-
boring Fe* ions discussed can explain the presence of sev-
eral additional weak lines in the EPR Q-band spectra in single
crystalline samples with 2.0 and 5.0 mol% Fe, which can-
not be related to the defects identified in our recent paper
[7]. Their intensities depend on the Fe-concentration, and are
about 1.6 times larger in the crystal with 5.0 mol% Fe in com-
parison to sample with 2.0 mol% Fe. For the orientation of
the crystal close to B || ¢ up to 22 lines appear in the spec-
trum (see figure 7). These lines show a strong angular depen-
dence. We assume that these EPR lines are caused by interac-
tions between different Fel;™ ions, since the number of ran-
domly neighboring Fe?T ions increases with increasing Fe
concentration. On the other hand, a comprehensive analysis
is not possible because of the complexity of the very weak
spectrum, the strong angular dependence of the lines and the
severe overlapping with the much stronger Fe*-lines marked
in figure 7.

3.2. Optical transmission

It is known from literature that Fe impurities cause an apparent
decrease of the optical band gap of the tetragonal 3C-BaTiO3
single crystals obtained from different crystal growth meth-
ods [12]. Here, we present the results of optical transmission
measurements on single grains of thinned ceramic samples of
the hexagonal 6H modification sintered at 1400 °C. Figure 8
shows the absorbance in the range between 350 and 750 nm
of a sample doped with 2.0 mol% Fe in comparison with an
undoped specimen. A shift of the absorption edge by about
0.3 eV upon iron doping is clearly visible. The absorbance is
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Figure 7. Room temperature Q-band spectrum of a hexagonal
BaTiOj single crystal doped with 5.0 mol% Fe. The direction of the
magnetic field is parallel to the crystallographic c axis.

rather high, therefore it seems unlikely that it is caused by
a d—d transition, which is spin-forbidden in high-spin Fe*
(tae’eq?). The observed optical transition is more likely caused
either by a transition

Fe’t — Fe** + le (conduction band)

with a defect level in the band gap near the valence band edge,
or by a charge transfer transition

Fe*t + le (valence band) — Fe?

with a defect level near the conduction band edge [34]. The
transition

Fe*t + le (valence band) — Fe*

can be ruled out, since the magnetic measurements brought no
indication of significant concentration of Fe** ions in the sam-
ples. According to the literature, the charge transfer transition
is more probable [13]. Unfortunately, both the Fe?* and Fe**
defects are EPR silent. Therefore, EPR measurements under
illumination with UV light did not lead to any additional lines.
Neither did the EPR intensity of the Fe3* centers change sig-
nificantly. A very recent work on first-principles calculations
by density functional theory of 2 mol% Fe-doped hexagonal
BaTiO; [24] showed clear evidence for a strong partial den-
sity of states of Fe’" in the band gap both near the valence
band (Fe*t at Ti(2) site) and the conduction band (Fe’t at
Ti(1) site). Therefore both electron transitions discussed above
seem to be possible.

3.3. Q-band EPR investigations on 6H-BaTiO3 single
crystals

Our previous X-band EPR investigations on single crystals
[7] were extended to Q-band measurements on a sample with
5.0 mol% Fe. The reason for the additional Q-band EPR

Photon energy (eV)

35 30 2.5 2.0 1.7
'§ T T T T
3H .
8 2ri ——2.0 mol% Fe T
° § - Undoped
o r .
c H
©
2
o 1r
0
QO
<
0 " N 1 T 1 4 o 1 id ‘s q
350 400 450 500 550 600 650 700 750

Wavelength (nm)

Figure 8. Room temperature optical transmission spectra in the
UV/Vis range of an undoped and a 2.0 mol% Fe-doped hexagonal
BaTiO; sample.

investigation is the improved separation of the spectra of the
isolated Fe’T centers (Fe%f[l) and Fe%f[z)) from the one of the
associate centers Fe3*—Vq as a consequence of the large dif-
ference in the fine structure tensors (figure 7). Because of the
two different Ti-sites in the 6H-BaTiOj5 lattice there are sev-
eral possibilities for the formation of such associate centers.
If the exclusively corner-sharing octahedron is affected, the
oxygen vacancy can be located at each of the six O(2) sites
surrounding the Ti(1) site. Because the six Fe%f[l)—Vo(z) dis-
tances are equal (and therefore also the total electrical field at
the Fe site in the differently oriented associate centers), only
one kind of associate centers (type 1) is expected. On the basis
of the various orientations of this Feﬁl)—Vo(g) associate with
respect to the crystal axes, type 1 generates several sets of EPR
spectra in single-crystal experiments. However, the number of
sets is reduced to three by the crystal symmetry. Therefore,
upon rotating the crystal around the hexagonal c-axis three
spectra are observed which transform into one another by a
m/3-rotation.

The location of the Fe>*—Vg associate in the face-sharing
octahedra causes a more complex situation. In this case, two
different O—Ti distances exist due to the local 3m symmetry
of the 4f position: three shorter distances Rri2)-0@2) = 1.958
A and three larger ones Rri2)-o(1) = 1.992 A.* Therefore, two
kinds of Fe** -V, associates (types 2 and 3) are expected and
the fine structure tensors for the two types should differ. The
EPR spectra of type 2 and type 3 have the same symmetry
properties with respect to the rotation pattern as that of type 1,
i.e. three sets for each type are expected in the c-rotation pat-
tern so that an assignment to the different types based on the
line numbers is not possible. If structurally different Fe3™ -V
centers with similar fine structure tensors are present in the
crystals, line splitting effects should be easier detectable in the
Q-band spectra than in those in X-band. In our previous X-
band investigations on 2.0 mol% Fe doped crystals only one

4 Data from undoped hexagonal 6H-BaTiO; [29].
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Figure 9. Angular dependence of the Fe3t -V resonance fields
(shown as symbols) in the room temperature Q-band spectra of a
hexagonal BaTiO3 single crystal doped with 5.0 mol% Fe. The
crystal was rotated approximately around the c-axis; rotation angle
of 90° corresponds to B || b. The fitting curves (solid lines) were
calculated using the parameters given in tables 1 and 2 of [3].

kind of Fe>* -V associate centers could be detected. Thus, we
performed additional Q-band measurements to identify possi-
ble other types of associate centers in the higher doped crystal
with 5.0 mol%, which cannot be excluded a priori.

As shown in figure 7, besides the spectra of the isolated Fe
centers (Fe%f[l) and Fe%f(rz)), several lines in the magnetic field
range around 4500 Gauss were observed, which are assigned
to associate centers (figure 7). In figure 9 the rotation pattern
of the resonance fields for strongly angle-dependent lines upon
rotation around the c-axis is depicted. The angular dependence
of the resonance fields was simulated using the experimen-
tally determined spin-Hamiltonian parameters obtained in our
earlier X-band investigations (cf tables 1 and 2 in [7]) and
the results are shown as curves in figure 9. The experimen-
tally observed larger number of resonances indicates a slight
misalignment of the crystal by approximately 3°. A small mis-
orientation was in fact verified by single crystal XRD mea-
surements and accounted to 2.7°. Therefore, during the EPR
investigations the crystal was in fact rotated around [0.0 0.021
1.0]. Because this axis is no symmetry axis of the hexago-
nal crystal the magnetic equivalence of the differently oriented
Fe—Vy centers of this type is broken and consequently more
lines appear in the rotation pattern in comparison to the [001]
pattern as shown in figure 6 of our previous paper [7]. Apart
from the doubling of the known associate center due to the
misalignment no additional resonances were observed. Hence,
probably only one of the three types of associate centers dis-
cussed above occurs in the samples with 2.0 and also with
5.0 mol% Fe. Since no further type of Fe—Vg centers were
detected in the Q-band spectra it can be concluded that the oxy-
gen vacancies adjacent to the Fe’* ions are located on O(2)-
sites in the exclusively corner- or face-sharing octahedra [7].

4. Conclusions

Systematic investigations of the magnetic properties of
iron-doped ceramic hexagonal BaTiO3 samples revealed three

different types of magnetic behavior dependent on Fe content
and strength of the external magnetic field. While for Fe con-
centrations <1.0 mol% the temperature-dependent magnetic
susceptibilities can be very well described by a Curie behav-
ior, samples with 2.0 mol% and 5.0 mol% Fe exhibit AFM
interaction between Fe?" ions whose contribution increases
with rising Fe content. Below 1.0 T, a third effect: weak fer-
romagnetism is detected for the samples with higher Fe con-
centrations. The ferromagnetic interaction of the Fe3T ions
is totally suppressed by a magnetic field of 9.0 T and van-
ishes at temperatures >200 K. These Fe’* —Fe* interactions
are also manifest in EPR Q-band spectra of single crystals
with 2.0 mol% and 5.0 mol% as very numerous low-intensity
lines.

The angular dependence of the resonance fields in room
temperature EPR Q-band spectra of a 5.0 mol% Fe doped sin-
gle crystal upon rotation around the c-axis strengthens the find-
ing of our previous paper [7] (based on X-band measurements
on a 2.0 mol% Fe doped single crystal) that only one type of
associates between Fe*t and oxygen vacancies occur, namely
the complex Fe3;;,~Voo).
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