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Fe3* ion doped barium titanate (BT) nanopowders were synthesized by the sol gel route. The average size of
tetragonal bariun titanate (t-BT) powders lies in the range 16—40 nm. The specimens show ultraviolet (UV)
emission (peak at 376 nm) along with emission in violet, blue, green and yellow color. The blue band (peak
at 452 nm) is seen to grow significantly with annealing temperature. This band arises due to Ti3* defects
which are stabilized by Fe3* ions in BT specimens. The samples show two distinct Electron Paramagnetic
Resonance (EPR) bands of g-value around 4.11 and 1.98, which originated from Fe3* ions and Ti3* defects
respectively. A correlation between the photoluminescence (PL) and EPR band intensity, grown from same
species, was found.
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1. Introduction

Pure Barium Titanate (BaTiOs, BT) and transition metal ion-doped BT have impor-
tant applications in electromechanical devices such as capacitors, transducers, thermistors,
actuators, humidity sensors etc [1-4]. BT also has interesting optical properties with po-
tential application in high-density optical data storage, laser power combining and optical
computing [5]. Of all the known defects in BT, iron is easily soluble and has a significant
effect on the optical properties of BT [6-8]. Katyar et al observed a structure-less visible
emission band in BT at 500 nm at low temperature revealing lower emission energy than
its band gap [9]. BT nanocrystals (nc-BT) show relatively enhanced photoluminescence
(PL) emission [9, 10]. Various reports were published to describe the origin of the visible
emission shown by BT [11-13]. It was reported that the emission is related to the charge
transfer between titanium and oxygen atoms. The luminescence from bulk BT was as-
cribed to the presence of seli-trapped excitons (STE) within TiOg octahedra, viz Ti** — O~
STE [10]. Zhang et al established that the PL of BT is due to localized states promoted by
the intrinsic defect distribution (oxygen vacancy) [14]. Those states essentially decrease
the band gap energy of BT. Recently, a group has established that both five-fold and six-
fold oxygen-Ti coordination exist in amorphous BT systems, which is responsible for PL
in disorder materials [15-17]. Therefore, from the above discussions it seems that more
investigations are required in this field to understand the origin of the emission shown
by BT.

PL emission from an acceptor doped or Fe-doped BT system are of particular
interest in this work. Here, we report the emission from Fe3*-doped nc-BT powders. The
emission appears both in ultraviolet and visible range of wavelength. PL emissions have
correlation with electron paramagnetic resonance (EPR) signals shown by the specimens.
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2. Experimental

[ron ion doped BT ultrafine powder were synthesized by the sol-gel hydroxide
method using barium hydroxide [Ba(OH),-8H,O, Merck]|, tetraisopropyl orthotitanate
[Ti(C3H70),, Merck] and iron(IIl) nitrate [Fe(NOj3)3-9H,O, Merck]| as starting materi-
als [18]. Here, the powders were doped with 2 mole% of Fe3*. The concentration of
the dopant was chosen within the solubility limit of Fe3* in BT [19]. Ba(OH),-8H;0
was dissolved in ethanol and glacial acetic acid (1:1 volume ratio) by stirring and heating
the solution at 50-70° C. After cooling the solution to room temperature a stoichiometric
amount of tetraisopropyl orthotitanate was added drop wise. Then, a calculated amount
of iron nitrate, prepared separately, was added to the above solution. The clear solution,
which was obtained after stirring for a few minutes, was allowed to gel at room tempera-
ture. The dried gel-powders were calcined at different temperatures between 400-700° C
for two hours in a tube furnace to obtain doped nc-BT powders. XRD patterns of the
specimens were recorded using Phillips powder Diffractometer. The microstructures of the
samples were investigated by a TEM of JEOL. A Perkin-Elmer luminescence spectrometer
was used to study the light emission from the samples. The EPR spectra were recorded at
an X-band frequency (~9.43 GHz) with a Varian Associates spectrometer.

3. Results and discussions

Figure 1 shows X-ray diffraction patterns of 2 mole % iron ion doped BT powders
obtained by heating the gel-powders at different temperatures. We have calculated inter-
planar spacing (dnk) values, corresponding to each of the diffraction peaks. Specimen
‘a’, gel-powders annealed at 400 ° C, shows a set of djx values that matches with an or-
thorhombic (o-BT-II) crystal structure (P, space group), with average lattice parameters
a=0.6435 nm, b=0.5306 nm, and ¢=0.8854 nm. The observed dj; values are reproduced
with a standard deviation of £0.0005 nm. The orthorhombic phase (o-BT-II) is struc-
turally different from conventional orthorhombic BT. A thorough analysis by the Rietveld
method was given in our previous reports [19, 20]. Specimens ‘b’ and ‘c’, heating the
gel-powders at 600 ° C and 700 ° C respectively, contain two sets of dpy; values. One set is
due to standard tetragonal BT phase and other set of dj;; values arise due to orthorhombic
crystal structure. A large fraction of the o-BT-II is promoted to t-BT at a temperature of
700° C via a surface diffusion limited o—t transformation process. The average diameter
(D) of the grains was determined from the FWHM values in the XRD peaks by using
Debye-Scherrer relation dxgp = kA\/5(0)cos(6), where A is the wavelength of X-ray, 3 the
FWHM of the (200) peak, 6 the diffraction angle and the constant £ 1. The average
sizes of 16 nm and 40 nm were obtained for the t-BT samples annealed at 600 °C and
700 ° C respectively.

The grain size of the nanocrystalline ceramics was also estimated using transmis-
sion electron microscope (TEM). A typical micrograph from specimen ‘¢’ is shown in
Fig. 2a. The corresponding diffraction patterns are shown in Fig. 2b. There is a distribu-
tion of particle sizes in the specimens. The results estimated from TEM reasonably agree
with those obtained from XRD.

Figure 3 shows EPR spectra of the specimens after heating the powders at (a)
400 °C, (b) 600°C, and (c¢) 700°C for 2 h in air. The samples show two distinct EPR
bands (Band I and Band II) of g-value around 4.11 and 1.98. The intensity of Band-II
increases by 55% as the sintering temperature rises from 400 ° C to 700 ° C. The positions
of the signals are not altered significantly. The reverse trend is observed for the Band I
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Fig. 1. XRD patterns for 2% Fe-doped BT nanopowders after heating a sol-
gel precursor at (a) 400°C and (b) 600°C (c¢) 700 °C for 2 hr in air. A
close-up in the inset compares the shift in (101) peak of sample (b) and (c)

100 nm

Fig. 2. A typical (a) TEM image and (b) Diiffraction pattern taken from
specimen ‘¢’ heat-treated at 700 °C for 2hr. The diffraction rings in the
pattern (from center to edge) can be indexed as the (101), (111), and (002)
peaks of a tetragonal (P4nm) BT phase

signal, as its intensity is decreased by 58% with the same change in sintering temperature.
Thus, when the Band I signal is strong, the Band II signal is weak and vise versa. The
O; is a common EPR sensitive species (g ~ 2) in oxides [21, 22]. A peak at g=1.97 was
reported in BT due to localized Ti®* states [23]. In the present case, intensity of the signal
at g = 1.98 have increased with the annealing temperature and the doped specimens show
an extra EPR peak (g = 4.11). EPR studies of Fe3" (3d®, S = 5/2) in the tetragonal phase
have been reported previously [24-26]. In a large number of Fe3*-containing materials, a
symmetric and isotropic line at g ~4.0-4.2 as well as a line at g = 2.0 was observed. In our
case, the g-value at 4.11 indicates that the iron ions are trivalent and the site symmetry
is slightly distorted octahedral. Here, the Fe3* occupies the Ti** sites which produce
distorted octahedral symmetry. This case produces a low symmetry site structure. As the
Fe3T ions occupy the Ti*" sites, EPR response of Fe3* doped BT may be expected to exhibit
changes upon crystallization due to removal of distortion around various ions in the BT.
This argument is supported by our experimental observation where the signal intensity
of Band I decreases with annealing temperature. Band II that grows with annealing
temperature can originate either due to species Fe3* or Ti**. In the absence of Fe3* ions,
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the same signal is eliminated with increased annealing temperatures. The appearance of
a few emission bands from the doped BT specimens, when excited properly, corroborates
the EPR results.
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Fig. 3. EPR spectra for 2% Fe doped BT nanopowders after heating a sol-gel
precursor at (a) 400°C, (b) 600°C, and (c) 700 ° C for 2 hr in air

The emission spectra from the specimens, irradiated at 250 nm by a xenon lamp,
are shown in Fig. 4. The excitation energy was chosen from the excitation spectra of
the specimens which show an intense peak at 250 nm. The spectra are analyzed by
fitting with multiple Gaussian curves. A typical Gaussian fitting of PL spectrum from
the specimen ‘¢’ is shown in Fig. 5. The composite specimens, ‘b’ and ‘¢’, also show
same bands with different intensity level and shifted peak positions. The UV emission
peak shifts significantly to higher wavelengths with increasing annealing temperatures.
Typically the peak at 376 nm in specimen ‘@’ is shifted to 395 nm in specimen ‘c’. It
is evident from Gaussian fitting data that the band intensity of 421 nm and 619 nm line
decreases and other bands grow on annealing the powder at temperature as high as 600 ° C
or above. Among the bands, the growth of 452 nm line is distinct and significant.

The band gap of BT lies between 3-3.2 eV, as obtained from optical absorption edges
[27]. Thus, the energy corresponding to the 250 nm line makes a direct transition and
the UV emission band is assigned to a direct band gap transition. The band gap energy
of nc-BT has increased to 4.9 eV according to the excitation maxima. Luminescence
at ~2.96 eV (421-424 nm) is caused by the transition from the near conduction band
edge to the valance band. It is argued that the electronic band structure of BT has a
low-lying narrow conduction bands resulting from defects [28]. In amorphous materials,
nonbridging oxygens (i.e. ones which are bonded to a single main group atom) participate
in ionic interactions to form a typical network like Ti-O. Crystallization into a single o-
or t-BT polymorph can lead to the elimination of defects or imperfections, particularly
of nonbridging oxygen of a TiOs group, in which Ti is penta-coordinated by oxygen. A
decrease in the intensity of the 421 nm line, as observed experimentally, supports these
statements. The recombination process corresponding to the charge transfer from the
central Ti*™ to adjacent V" states in the TiOs groups leads to a luminescence peak
centered at 452 nm.
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Fig. 4. Photoluminescence spectra for 2% Fe doped BT nanopowders after
heating a sol-gel precursor at (a) 400 ° C, (b) 600°C, and (c) 700°C for 2

hr in air
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Fig. 5. Photoluminescence emission spectra of the specimen heated at
700 ° C for 2 hr fitted with Gaussian curves

The energy interval (~2.75 eV) between Ti*T(3d')- and V' states supports the
emission at a wavelength of 452 nm. Experimentally, the band is observed to grow con-
siderably with annealing at higher temperatures. If it is considered that EPR Band II
originates from Ti*>* species then a correlation between the PL band and EPR band inten-
sity is found. The intensities of both signals increase with higher annealing temperatures.
In that case, Fe3* ions certainly play an important role in stabilizing Ti** defects in BT,
even samples sintered at higher temperatures. In amorphous and composite materials, a
large amount of “broken” surfaces or dangling bonds and color centers intrinsically exist
either in a distorted structure or a highly strained lattice (as in this example of o-/t-BT-
nanocrystals) and involve a series of E.,, levels localized within the forbidden gap. They
very sensitively tailor the light emission in multiple bands at room temperature. The blue
emission at 485 nm (~2.57 eV) is attributed to the intraband transitions from self-trapped
excitons [28, 29]. It is also evident from Gaussian fitting data that a prominent yellow
emission is centered at ~2.38 eV (520-524 nm) and its intensity increases as the sintering
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temperature increases. The electrons’ polarons interact with holes, possibly trapped near
crystal defects or impurities, and form an intermediate state: self-trapped exciton (STE).
These self-trapped excitons contributed to the 485 nm and 520 nm emissions [10, 30].
The band at 620-600 nm is explained in terms of the transition from Fe3* states to the
valence band of BT. The intensity of this band decreases with annealing temperature and
a correlation with EPR band I grown from the same species is found. The existence of
Fe3™ energy states in BT was earlier established from optical absorption data [8]. PL
measurements and optical absorption studies of nc-BT powders that are heat-treated under
different atmospheres would provide much useful information.

4. Conclusions

BT nanopowders doped with 2 mole % Fe3" ions were synthesized by the sol
gel route. The gel-powders annealed at 400 ° C show orthorhombic BT (o-BT-II) crystal
structure. The o-BT-II phase begins to transform to t-BT on heating the specimens at
temperatures as high as 600 ° C. The average size of t-BT powders range from 16-40 nm.
The samples show two distinct EPR bands (Band I and Band II) of g-value around 4.11 and
1.98. The Band I signal (g=4.11) originates due to isolated Fe* ions in low symmetry site
at low temperatures. As the Fe3* ions occupy the Ti** sites, the EPR response exhibits
changes upon crystallization due to removal of distortion around various ions in the BT.
Band II, which grows with annealing temperature, originates due to Ti** defects stabilized
by Fe3*. The specimens show UV emission (peak at 376 nm) along with the emission
in violet, blue, green and yellow color (421, 452, 485, 526, 619 nm). The redshift of the
UV emission band is primarily caused by quantum size effects. The blue band (452 nm)
is seen to grow with annealing temperatures due to Ti** defects which are stabilized by
Fe3* in the doped specimens. A correlation between the PL band and EPR band intensity,
grown from same species, was found.
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