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Defect-induced magnetism: Test of dilute magnetism in Fe-doped hexagonal BaTiO; single crystals
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Single crystalline Fe-doped hexagonal BaTiO; samples with varying oxygen content are created by specifically
intended post-growth annealing treatments, in order to check the influence of defects on the unusual high
temperature ferromagnetism observed in this system. The various defects have been shown to play a crucial
role in dilute magnetic systems and therefore, it is important to carry out this check for the Fe-doped BaTiOs
system also, in which unusual ferromagnetism was reported even in its bulk single crystalline form. The x-ray
diffraction and dielectric studies carried out here have confirmed that the Fe doping of Ti is intrinsic, while the
high resolution transmission electron microscopy (HRTEM) and x-ray photoemission spectroscopy (XPS) studies
proved the absence of unwanted magnetic metal clusters in the sample. The transport studies show that the oxygen
concentrations could be varied substantially by the thermal treatments. Finally, magnetization measurements on
the samples demonstrated that ferromagnetism is stronger in samples with higher oxygen deficiency, which
could interestingly be retreated under high oxygen atmosphere and reversibly be taken back to a lower magnetic
state. The vacancy-induced ferromagnetism is further confirmed by EPR measurements, which is consistent
with earlier studies and, consequently, put the doped BaTiO; in the list of true dilute magnetic oxide (DMO)

systems.
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I. INTRODUCTION

Dilute magnetism, i.e., the development of ferromagnetic
order with high Curie temperature (7,) in nonmagnetic
semiconducting/insulating materials by the incorporation of
only few atomic percent of magnetic impurities, is attracting
enormous attention in recent times due to their immense
potential in semiconductor based technologies as well as
for the growing understanding of new and exciting basic
physics. In last few years, dilute magnetic oxides (DMO) have
emerged as promising semiconducting/insulating materials
they have been reported to exhibit ferromagnetic behavior
near or above room temperature,'” although the origin of
ferromagnetism in these systems has not been understood and
remains controversial till now. Previously, numerous studies
on one of the most famous dilute magnetic nonoxide systems,
(Ga,Mn)As, have shown that various energetically metastable
defects strongly influence the charge carrier density, amount
of compensation and consequently, the magnetic parameters
like 7. or magnetic susceptibility.® Consistent with this
finding, oxygen vacancies have also been predicted to play
a crucial role in modifying or even inducing ferromagnetism
in dilute magnetic oxide systems in recent times.””'*'> In
fact, ferromagnetism has been reported to be an intrinsic
property of a number of undoped insulating oxide systems,
and is proposed to originate from defect-driven mechanisms
only.'®1” The term d° ferromagnetism was suggested to
cover these cases.”’?! Within this defect-driven magnetism,
electrons trapped in oxygen vacancy sites (so-called F centers)
in DMOs with oxygen deficiencies, have been suggested to
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be the most essential ingredient to mediate the magnetic
coupling,'” and consistent with this prediction, increasing
population of oxygen vacancies have been found to enhance
ferromagnetism in many dilute-doped materials. Theoretically,
a universal magnetic phase diagram for doped oxides within
dilute limit were constructed and it was demonstrated that
different magnetic phases may appear in same material
depending on the density of oxygen vacancy as well as
the concentration of magnetic dopant ions.'® Therefore, the
complete understanding of the ferromagnetic behavior of any
dilute magnetic system demands a deeper insight into the
complex defect physics, which may eventually lead the way
for creating better and novel materials for new applications.
It is extremely important to note here that parallel to this, a
large body of research also continues to pose strong questions
about the nature of ferromagnetism in such dilute magnetic
oxides by simply pointing pointing out various possibilities of
extrinsic magnetism, such as dopant clustering, precipitation
of impurity magnetic phases, etc., that might occur during
synthesis and can possibly be responsible for such unexpected
magnetic signals. One strong reason for such doubts is the
fact that the equilibrium solubility of the magnetic ions in all
the commonly discussed semiconductor/insulator oxides are
invariably low, which enforced the usage of improved thin film
technologies where synthesis is carried out in conditions far
from thermal equilibrium, enabling doping of magnetic ions in
concentrations higher than the corresponding thermodynamic
equilibrium solubility limits. Such doubts have indeed been
substantiated experimentally?? in the case of at least some
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samples, synthesized under certain growth conditions. As a
consequence, the search for new host matrices with high
equilibrium solubility of impurity magnetic ions has gained
momentum in recent years because a successful investigation
in this area may not only reduce the uncertainties about
secondary impurity phase formation during synthesis but
also should encourage further studies with the bulk form of
materials, outside the limited thin film regime. Recently, we
have proposed a new system,?® which is possibly the most
suitable candidate known till date, in this regard. Hexagonal
BaTiO3 is a system known to accommodate a very large
amount of transition metal ions replacing Ti** in the host
matrix>* and we have shown that high temperature ferro-
magnetism indeed appears in single crystalline BaTi;_,Fe, O3
with x < 0.1,>> while homogeneously doped ground states
with x even up to 0.84 can be stabilized according to
the equilibrium phase diagram of this alloy system.?*-2°
Based on a detailed first-principle calculation, the magnetic
structure of this system was also explained and it was clearly
demonstrated that lightly Fe-doped hexagonal BaTiO3 can
indeed possess high temperature ferromagnetism although as a
whole all possible magnetic interactions may accompany this
aspired ferromagnetism, depending on different stabilization
conditions.?? Now, it is expected that oxygen vacancy defects
should play a critical role here too because all the current
understanding of ferromagnetism in DMOs’ categorically
states so. Therefore, a deeper understanding of this system
would require knowledge about the possible effect of oxygen
vacancies on the observed ferromagnetism, and such a study
should also provide us a handle to suitably achieve widely
different magnetic ground states for the same material by
marginally varying experimental conditions.

In this paper, we report detailed magnetic and other physical
property studies on three single crystalline samples of 5% Fe-
doped hexagonal BaTiOs3, possessing grossly different oxygen
stoichiometry. All the experimental results, presented here,
unarguably establish Fe-doped BaTiO; as a true member of
DMO (dilute magnetic oxide) family and consequently take
us one step closer to a complete understanding of this unusual
magnetic phenomenon.

II. EXPERIMENTAL DETAILS

Conventional floating zone technique has been employed
to synthesize large single crystals of 5% Fe-doped hexagonal
BaTiOs;. Firstly, dense ceramic rods of nominal composition
were prepared by conventional solid state synthesis. Stoichio-
metric amounts of BaCOs3, TiO,, and Fe, O3 were weighed and
then thoroughly mixed in agate mortar with ethanol and the
resultant powder was then pressed under hydrostatic pressure
to obtain rods of suitable dimensions, which were then calcined
at 1400 °C in air for 6 h. These hard rods of high material
density were used as seed and feed rods for single crystal
growth in the floating zone furnace equipped with 1500 W
power lamp. Crystal growth was carried out in flowing Ar
gas with a growth rate of 7 mm/hr. Seed and feed rods were
counter-rotated at 42 r.p.m. An uncontrolled diffusion process
during the high temperature containerless growth of a single
crystal often leads to significant loss of oxygen,? affecting
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the physical properties of the grown material rather severely
and therefore, post-growth annealing in O, atmosphere is
commonly employed as an attempt to compensate for such
extrinsic defects. Accordingly, a ~1 mm thick piece was
cut from the as-grown single crystal rod of an approximate
5 mm diameter, using a diamond cutter, and annealed in
oxygen atmosphere at 1000 °C for a period of 12 h. This
sample will be mentioned as OFBTOO5 in the text from now
onwards. Next, two nearly identical pieces were cut from
the same as-grown crystal and were annealed at the same
temperature and duration inside an evacuated quartz tube in
presence of Ti metal (acting as oxygen getter), where the
physical separation between them (sample and Ti metal)
throughout the annealing process was carefully ensured. The
range of vacuum were intentionally kept different for the two
pieces. The sample annealed under ~10~2 mbar pressure is
expected to be mildly oxygen deficient and will be termed as
RFBTOO5M, while the piece annealed under ~10~3 mbar
pressure would certainly possess larger amount of oxygen
vacancy and will consequently be called RFBTOOSL. It is to
be noted here that the only difference between these samples
was the chemical environments (oxidizing or reducing) for
the annealing treatments while every other parameters were
deliberately kept the same.

Powder x-ray diffraction (XRD) measurements were car-
ried out in a Bruker D8 Advance X-Ray Diffractometer using
CuK,, radiation. The diffraction data were analyzed using the
Rietveld method and the refinement of crystal structure was
carried out using the FULLPROF software.?® The ac conductance
(G vs T) and dielectric (¢’ vs T) measurements were carried
out inside a commercial quantum design physical property
measurement system (PPMS) using a LCR meter, spanning a
frequency range between 50 Hz to 1 MHz. The transmission
electron microscopic (TEM) measurements were carried out in
aJEOL2010 microscope. The dc magnetization measurements
were carried out in a quantum design SQUID magnetometer
both as a function of temperature and as a function of
magnetic field, ranging up to 5 Tesla. The EPR spectra were
recorded at 77 K using a JEOL JES-FA200 ESR spectrometer
operating at 9.2 GHz. The core level electron spectroscopic
studies were performed in a commercial spectrometer from
VSW Scientific Instruments Ltd., United Kingdom, equipped
with a monochromatized Al K« photon source for x-ray
photoemission spectroscopy (XPS).

III. RESULTS AND DISCUSSIONS

In Fig. 1, XRD patterns of OFBTOO05, RFBTO05M, and
RFBTOOSL along with the Bragg reflections from pure
hexagonal BaTiO3 are shown. The calculated XRD spectra
are laid over the experimental data points as solid lines.
Evidently, XRD patterns from all the three samples appear very
similar and match well with the pattern of hexagonal BaTiO3,
while no traces of any other impurity phases were observed.
Overall, these experiments provide preliminary indication that
post-growth annealing processes under different annealing
environments (oxidizing and reducing) do not facilitate any
secondary phase formation, at least down to the detection limit
of x-ray diffraction. Therefore, the next important issue would
be to probe the samples by different techniques and to seek
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FIG. 1. (Color online) (a) Powder XRD from the OFBTOO0S,
RFBTOO05M, and RFBTOOS5L samples (open circles) along with the
Bragg reflections of a pure hexagonal BaTiO; sample. The refined
diffraction spectra are shown on the data as solid lines. The physical
appearance of the corresponding powders are shown as insets.

whether there is any effect at all of these different post-growth
treatments, given to the single crystalline FBTOO05. According
to our initial expectation, the RFBTO05M and RFBTOO0SL
sample should contain much larger concentrations of oxygen
vacancies, which should consequently influence many physi-
cal parameters like electrical conductivity and even the color
of the material. Oxygen vacancies are expected to act as double
electron donors in the system and therefore, an enhancement
in charge carrier (electron here) density in the oxygen deficient
sample should enhance electrical conductivity, even if some
of the carriers remain trapped in the vacancy sites (F' centers).
Increased carrier density can also give rise to changes in optical
transitions, resulting changes in material colors. In Fig. 1,
images of OFBTOO0S5 and RFBTOO5M powders are shown.
The dense pieces of crystals were all dark in color even after the
post-growth annealing treatments but showed very different
colors when ground to powder forms. Consistent with our
expectations, the RFBTOO05M (also RFBTOOS5L, not shown
here) appear almost black while the OFBTO0S5 sample was
dark yellow in its powdered form, indicating different optical
transition energies, depending on different concentrations of
charge carriers.

In Fig. 2, more quantitative results are summarized, which
further support our idea of varying the charge carrier density
in the samples by means of different thermal treatments. In
panel (a), three characteristic XRD peaks (324 and 1 1 12) of
the same hexagonal BaTiOj3 structure, but from three different
samples with different oxygen contents, are shown. The
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instrumental shifts were corrected using a Si internal standard.
Evidently, there is a substantial increase in the corresponding
d values for the RFBTOO5SM and further in RFBTOOSL
sample compared with the OFBTOO05 sample, which marks an
extension of lattice with increasing oxygen vacancy. The lattice
parameters of these samples determined from the Rietveld
refinements of the XRD patterns are shown in Fig. 2(b). It
is observed that the lattice parameters, and accordingly, the
total lattice volume increases substantially by the extraction of
oxygen anions from the host matrix. This effect is consistent
with previous reports for pure and Fe-doped BaTiO;?** and
can be easily explained by the increasing Coulomb repulsion
that might arise between the cations in absence of intervening
charge compensating anions. We have also estimated the
oxygen stoichiometry from the refinements of the samples
and it was observed that the RFBTOOSL sample possess a
large oxygen deficiency (BaTig 9sFeg ¢50-.95), while there is no
substantial oxygen vacancy in OFBTOOQS. Due to the poorer
data quality, the oxygen stoichiometry in RFBTOO05M sample
could not be refined satisfactorily though the lattice parameter
variation indicates substantial vacancy concentration in this
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FIG. 2. (Color online) (a) Characteristic XRD peaks from
OFBTOO05, RFBTOO05M, and RFBTOOS5L samples as a function
of d spacing, which indicates clear changes in lattice parameters
between the samples. (b) The lattice parameter variations obtained
from refinement. Panel (c) shows the ac conductivity data from the
two samples, collected with five different frequencies, while the
dielectric constant vs T data from the OFBTOO05 sample is shown
in (d).
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sample as well. In panel (c), the ac conductance data from
the two samples (OFBTOO0S5 and RFBTOO05M) at different
frequencies are shown. These measurements were carried
out across thin disks of the samples, while the electrical
connections were made by sputtering gold on the polished
surfaces, followed by sticking Pt wires to the electrodes
using Ag paste. A wide frequency range of measurements
show that indeed the conductance values of the RFBTO05M
sample could be a few orders of magnitude higher than that
of the OFBTOO05 sample, especially at higher temperatures,
indicating higher charge carrier density in the RFBTO05M
sample. It is important to note here that both the samples show
two characteristic peaks in the conductance curves at around
115 K (red arrows) and 252 K (blue arrows), respectively,
and both of them exhibit frequency dispersions. A clear
correspondence to these transitions can be observed in the
€'vs.T data of the oxygen annealed 5% Fe-doped BaTiO;
sample [Fig. 2(d)]. Interestingly, the dielectric curve of the 5%
Fe-doped BaTiO3; sample is much different from the undoped
hexagonal BaTiOs, or even from 1% Fe-doped sample.?® The
D — E loop measurements (not shown here) indicate that
ferroelectricity is completely destroyed with Fe doping. This
observation very strongly suggests that the Fe ions do replace
the Ti ions of the hexagonal BaTiO3 because otherwise such
large changes in the dielectric/ferroelectric behavior can not be
understood. Overall, the results presented in Fig. 2 establish
two important facts about this system. Firstly, the dielectric
measurements confirm the substitutional replacement of Ti by
Fe and secondly, through the lattice parameter and conductivity
changes, the effectiveness of our protocol to vary charge carrier
density in these samples, without causing any other perceivable
chemical changes is proved.

The high resolution transmission electron microscopy
(HRTEM) technique has become a widely used and important
tool to study these unusual DMO materials, which is primarily
used to search for small magnetic clusters with different
crystalline structure parameters within the host matrix that
might be invisible to XRD measurements but could provide
spurious magnetic signals. HRTEM measurements on the
OFBTOO0S5 sample both in powdered form, spread over carbon
grids, as well as directly on single crystal plates, thinned to
electronic dimension by the use of focused ion beam (FIB)
were discussed earlier in Ref. 23. It was shown that no such
secondary phase clusters could be detected in OFBTOO0S5 by
the HRTEM studies, and only extended, defectless lattice
fringes were noticed.>* In Fig. 3, we show HRTEM images
from the RFBTOO5M sample only. It is understood that such
microscopic studies can never exhaustively cover the whole
sample, however, our extended effort did not reveal presence
of any secondary phase materials in this sample either. Instead
of showing the defect free extended lattice images from this
sample, we show few representative images in Fig. 3, that
might lead to doubts, but a further careful look failed to
establish the presence of secondary phase(s). Clearly, existence
of crystal defects as well as Moiré patterns®’*> could be
detected in a few places, as indicated in the figure. Sometimes
the contrast variations could be deceiving, while expanded
imaging helped to remove doubts, as shown clearly in the
lower two panels of Fig. 3. A selected area electron diffraction
pattern confirmed good crystallinity of the material.
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Moir¢ pattern

FIG. 3. High resolution TEM images from RFBTOO5M sample
at room temperature. Different defect structures are indicated.

The different experimental results described above quite
clearly establishes the fact that it is possible to incorporate
large amounts of oxygen vacancies by simple annealing
treatments and without creating any secondary phases or
metal clusters. However, the central point of this investigation
is to probe whether changing oxygen vacancy does affect
the unusual high temperature ferromagnetism or not and if
yes, whether the change takes place along the expected line.
Therefore, the most crucial experiments are the high quality
dc magnetic measurements, which we have carried out and
the results are summarized in Fig. 4. Firstly, in Fig. 4(a),
we show the temperature dependence of field cooled (FC)
and zero field cooled (ZFC) dc magnetic susceptibility (x)
from all the samples, collected with an applied magnetic
field of 200 Oe. The overall qualitative behavior appears
similar, resembling the mean-field paramagnetic x (7') pattern,
but none of them truly follow a Curie-Weiss dependence.
It is evident from these data that the high temperature
magnetic susceptibility got enhanced by more than an order
of magnitude in the oxygen deficient samples, compared to
the OFBTOO0S5, although the magnetizations at the lowest
temperature appear comparable. Therefore, consistent with
previous reports, here too, the presence of larger vacancy
concentration seems to heighten ferromagnetism in the sample.
The somewhat lower susceptibility of RFBTOO5SL might be an
effect of different M - H dependencies at lower fields. However,
as the nominal Fe-ion concentration in all the samples remains
identical, it can be easily concluded that more number of
Fe ions should be interacting ferromagnetically in the more
oxygen deficient samples, which might have been behaving
like noninteracting paramagnetic spins in the OFBTOO05
sample. Earlier it was shown?® that such doped systems
actually represent a soup of inhomogeneity where only a
fraction of dopant ions participate in ferromagnetic interaction,
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FIG. 4. (Color online) (a) The FC and ZFC magnetic suscep-
tibilities from the OFBTOO0S (circles), RFBTOOSM (up triangle),
RFBTOOSL (down triangle) samples are shown in this panel. (b) and
(c) display the M(H) curves from the samples at 300 K and 2 K,
respectively. The M (H) curve from the ORFBTOOSL (diamonds) is
also included in panel (b). Insets to (b) and (c) show an expanded
version of the same curves that are displayed in the main frame.

while the rest of the dopant ions remain paramagnetic or
even antiferromagnetic, depending on their occupancy sites.
Therefore, the development of ferromagnetism in RFBTO05M
and more so in RFBTOOSL sample should come at the expense
of these paramagnetic/antiferromagnetic spins.

In the lower panels of Fig. 4, we show the results
of magnetization (M) vs applied magnetic field (H) mea-
surements from our samples at room temperature (b) and
2 K (c). Clearly, all the three samples exhibit ferromagnetic
behavior at room temperature although significant qualitative
as well as quantitative differences are observed between
them. Following the expectation, the magnetic moments of
the samples at room temperature increase regularly with
increasing vacancy concentrations. More importantly, the
room temperature M(H) curves of the RFBTOO5SM and
RFBTOOSL samples start to exhibit behavior of conventional
ferromagnet with small loop structure but clear indications of
saturations at higher fields. Interestingly, the 2 K data from
the samples (RFBTOOSL not shown here) appear qualitatively
similar with smaller loop structures but consistent with the
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susceptibility pattern, the high-field moment from the M(H)
curve (resembling more a paramagnetic Brillouin function)
is smaller for RFBTOO5M. In order to probe whether the
influence of oxygen vacancy on the observed ferromagnetism
is reversible or not, the RFBTOOSL sample was reannealed
in oxygen atmosphere at 1400 °C. This sample is named
as ORFBTOOSL. The room temperature M(H) curve from
this sample is displayed in Fig. 4(b), which indicates a
drastic reduction in the magnetic moment for this sample.
Although, the nature of the M (H) loop could not be retraced
(between OFBTOO05 and ORFBTOOS5L), the lower moment
definitely establishes the fact that again the amount of
ferromagnetically interacting Fe dopants has diminished with
reducing concentration of oxygen vacancies. Therefore, the
ferromagnetism in the present sample could be manipulated
by carefully varying the donor defects, i.e., the oxygen
vacancies.

The magnetization measurements clearly indicate that with
increasing oxygen vacancy concentrations more and more Fe
dopants start to interact magnetically, while the contribution
from noninteracting paramagnetic-like Fe spins diminish. In
order to further check this point, we have carried out X-band
EPR measurements on our samples and the results are summa-
rized in Fig. 5. The hexagonal BaTiOs is trigonally distorted
along the ¢ axis and the degree of distortion is different
in the corner-shared and face-shared octahedra (see inset to
Fig. 5). It is expected that there will be fluctuations in local
lattice parameters in the vicinity of paramagnetic Fe** ion
(S = 5/2) and as a result, a distribution of fine structures (FS)
are observed in the EPR spectrum. At the top of Fig. 5, we show
the EPR spectrum from OFBTOO05 sample, which exhibits a
number of FS peaks. This spectrum matches extremely well
with earlier reports on Fe-doped hexagonal BaTiO3,* which
confirms that this sample possesses a large concentration
of uncorrelated Fe spins. However, the EPR spectrum gets
drastically modified with increased oxygen vacancy, where
there is only one EPR signal with large peak-to-peak linewidth
and enhanced intensity (in the plot, normalized intensities
are plotted for the sake of easy visual comparison). Such an
EPR signal is invariably reminiscent of strong Fe-Fe magnetic
interaction as is observed in many strongly magnetic iron
compounds. A representative spectrum from LaMng sFe sO3
having transition metal ions in octahedral coordination is
shown at the bottom, which has been reproduced from Ref. 34.
The striking similarity between the two confirms that indeed
the majority Fe spins are interacting ferromagnetically in
RFBTOOSL, with enhanced oxygen vacancy concentrations,
and as a result, nearly saturated M(H) loops with enhanced
magnetic moment is observed in RFBTOOSL, which was
elusive in OFBTOOS5 [Fig. 4(b)]. Very similar EPR sig-
nal was also observed in Fe-doped ZnO dilute magnetic
oxide.®

We have also attempted to carry out Hall measurements
on these single crystal samples in order to investigate the
variation of carrier concentrations in them. The Hall mea-
surements were performed in a two-dimensional van der
Pauw geometry (see the inset to Fig. 5). However, the
high electrical resistance of all the samples and the lack of
facility to employ a three-dimensional measurement geometry
hindered the measurements and perfect quantitative data
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FIG. 5. (Color online) EPR spectra from OFBTOO05 and
RFBTOOSL, collected at 77 K along with the LaMngsFeys03
spectrum reproduced from Ref. 34. Insets show hexagonal BaTiO;
structure and an image of a crystal piece with four probes attached to
it for transport measurements.

about the carrier concentration could not be obtained. In
Table I, we summarize the dc resistivity values from the
samples as well as rough estimates of carrier concentrations,
obtained from this setup. The results further confirm the effect
of vacancy concentration on the transport property of the
material.

We have also carried out core level photoelectron spec-
troscopy measurements on the RFBTO05M sample, in order
to have a consolidated description about the valency and
chemical states of the material, especially the transition metals
(Ti and Fe). The low concentration of Fe ion in the sample
created difficulty in collecting a proper Fe 2 p spectrum, while

TABLE I. Transport data from the Fe-doped BaTiO; samples.

Sample p (Q-cm) n (cm™3)
OFBTO05 2.2 x 10° 10
RFBTO05M 4 x 10° —
RFBTOO5L 2.6 x 10° 10

PHYSICAL REVIEW B 83, 144407 (2011)

z Satellites Fe2p,,
E |Fe2p,, \ Tia
o LZp
E‘, jﬁg{ﬁ%}% ° 32
i \
g
=
735 730 725 720 715 710 705
g Binding Energy (eV)
g
=
E
&
£ .
w2
= Ti2
] P1/2 °
= Satellites %
N
o
. / 1
o /\o / L) .'.
oo . %%.% o
L/ /
R ‘
L e\ | ©® \..
Ti2p % T
3‘.\'
— T T T T T T T T T T
480 475 470 465 460 455
Binding Energy (eV)

FIG. 6. The Ti 2p core level photoemission spectrum from the
sample RFBTOO5M is shown shown in the main panel, while the
inset displays the Fe 2p spectrum from the same sample.

the “charging” effect due to the highly insulating nature of
sample disturbed the spectral shape as well as the intensity.
However, the most important features are shown in Fig. 6. The
main panel shows the Ti 2p spectrum, where Ti 2p3,, and
2pi1» peaks appear at 457.8 and 463.6 eV binding energies,
with the expected spin-orbit splitting of 5.8 eV for a Ti*+
species. Moreover, it is well known that Ti*t oxides, as in
SrTiO53%%7 or Ti0,,33® show weak satellite features, at about
13 eV away from the main peak in the Ti 2p spectral region,
characteristic of the Ti** state. In the present case, we can see
similar weak satellite features at about 13 eV above the main
peaks (marked by arrows). This confirms that majority of Ti
is in the formally Ti** 34° state in this material. However, a
low intensity shoulder at around 455 eV (marked by a down
arrow) may indicate presence of little Ti** species.* The
Fe 2p spectrum is shown in the inset. The binding energy
of the peaks and the overall spin-orbit split Fe 2p spectrum
with accompanying strong satellite features, clearly resemble
a Fe** like spectrum. Most importantly, no lower binding
energy features, corresponding to possible Fe-metal clusters
are observed. Therefore, the photoemission spectra establish
that the description of Fe’* ions replacing Ti** ions in these
materials is the most fitting one.
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IV. CONCLUSIONS

In summary, a comprehensive study on the room
temperature ferromagnetism has been carried out on the
Fe-doped hexagonal BaTiO; single crystals, grown by
floating zone technique. The oxygen content of the sample
is varied by employing different post growth annealing
treatments. Three samples with varying oxygen contents are
studied using XRD, transport, HRTEM, SQUID, EPR, and
XPS measurement techniques and the experimental results
establish the decisive role of oxygen vacancy on the magnetism
of this system. It is observed that the ferromagnetism gets
substantially enhanced with increasing oxygen vacancy, which
suggests a defect-mediated mechanism. Both the oxygen
vacancies and the Fe dopants play critical and complimentary
roles to alter the electronic band structure of the host and to
modify the long-range ferromagnetic ordering. Furthermore,
it is also observed that the vacancy concentration and the
related ferromagnetism could be manipulated reversibly. It
is to be noted that such dependencies are typical of true
dilute magnetic systems, discussed already in case of other
systems,”>!%-1540 and cannot probably be explained in terms of
conventional magnetic signals arising from any accompanying
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spurious impurity phase. It has already been shown*!"*? that
presence of several competing magnetic interactions is nearly
unavoidable in dilute magnetic systems and different unusual
magnetic signals [e.g., highly concave magnetic susceptibility
x(T)] invariably carry signatures of such complicated
interactions. In our previous report,”*> we have also shown that
the scenario in doped hexagonal BaTiOj3 is not very different
either and actually offers a vast sea of inhomogeneous
magnetic interactions. Here, incorporation of large amount
of oxygen vacancies may strongly influence the relative
concentrations of differently interacting or noninteracting
magnetic species, and consequently, enhance ferromagnetism,
as is clearly manifested in this experimental study.
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