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ARTICLE INFO ABSTRACT

Available online 18 April 2013 Ba(Zr75Tip25)03 (BZT-75/25) powders were synthesized by the polymeric precursor method.
Keywords: Samples were structurally characterized by X-ray diffraction (XRD), Rietveld refinement, X-ray
Defects absorption near-edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS) techniques. Their electronic structures were evaluated by first-principle quantum
mechanical calculations based on density functional theory at the B3LYP level. Their optical
properties were investigated by ultraviolet-visible (UV-Vis) spectroscopy and photolumines-
cence (PL) measurements at room temperature. XRD patterns and Rietveld refinement data
indicate that the samples have a cubic structure. XANES spectra confirm the presence of
pyramidal [TiOs] clusters and octahedral [TiOg] clusters in the disordered BZT-75/25 powders.
EXAFS spectra indicate distortion of Ti-O and Ti—O-Ti bonds the first and second coordination
shells, respectively. UV-Vis absorption spectra confirm the presence of different optical
bandgap values and the band structure indicates an indirect bandgap for this material. The
density of states demonstrates that intermediate energy levels occur between the valence
band (VB) and the conduction band (CB). These electronic levels are due to the predominance
of 4d orbitals of Zr atoms in relation to 3d orbitals of Ti atoms in the CB, while the VB is
dominated by 2p orbitals related to O atoms. There was good correlation between the
experimental and theoretical optical bandgap values. When excited at 482 nm at room
temperature, BZT-75/25 powder treated at 500 °C for 2 h exhibited broad and intense PL
emission with a maximum at 578 nm in the yellow region.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction barium zirconate (BaZrOs) and barium titanate (BaTiO3)
ceramics. BZT ceramics have been used as alternative
dielectric materials to replace barium strontium titanate
[(BaxSri_x)TiO3, BST] ceramics [1-7]. BZT compounds have
two main advantages over BST ceramics, low dielectric loss
and a high dielectric constant [8]. Moreover, BZT ceramics

exhibit excellent microwave dielectric properties at giga-

Solid solutions known as barium zirconate titanate [Ba
(ZryTi;_x)Os ceramics, BZT] are prepared by merging
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hertz frequencies [9,10]. The Zr/Ti ratio is a very important
parameter that tailors the type of ferroelectric—paraelectric
phase transition and its characteristic Curie temperature
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[11]. Several studies on ferroelectric-relaxor properties and
diffuse transition of BZT ceramics with different composi-
tions and dopants have been published [12-17].

In general, this material can easily be synthesized
because Zr** ions are chemically more stable than Ti**
ions [18]. BZT ceramics can be prepared by substitution of
Ti atoms (atomic weight 47.9 g/mol, ionic radius 74.5 pm)
by Zr atoms (atomic weight 91.2 g/mol, atomic radius
86 pm) in the B-sites of this perovskite [19]. Replacement
of Ti by Zr depresses the conduction by small polarons
hopping between Ti** and Ti** ions and decreases the
leakage current [20]. A few studies on the optical proper-
ties of crystalline and non-crystalline BZT powders or thin
films have been reported, including their infrared [21,22],
refractive index [23-25], and photoluminescence (PL)
properties [26-28].

The electronic structure of BZT ceramic powders has only
been addressed in some of the relevant studies. Lauhé et al.
[29] used density functional theory (DFT) as implemented in
the Vienna ab initio simulation package and projection
augmented plane waves with the Perdew-Wang exchange
correlation potential to determine deformations induced by
substitution of octahedral [ZrOg]/[TiOg] clusters in the B-sites
of perovskite BZT ceramics. Chibisov [30] used quantum
mechanical calculations based on electronic DFT and pseu-
dopotential theory to verify the effect of Zr on the atomic and
local distortions of BaTiOs. Yin et al. [31] used first-principle
calculations based on the pseudopotential plane wave
method with the generalized gradient approximation to
calculate the optical bandgap and static dielectric constants
for cubic and tetragonal structures of Ba(Zr,Ti;_,)O3 (x=0,
0.25, 0.5, and 0.75). However, there are few reports on ab
initio theoretical and experimental investigations of the
electronic structure of BZT perovskite [32-34]. In these
studies, the electronic structure was evaluated by first-
principle quantum mechanical calculations based on DFT at
the B3LYP level [35,36]. In recent years, huge computational
advances have been possible because of technological pro-
gress in storage capacity and computer processing. The new
generation of computers with multiple processors can dras-
tically reduce the processing time required to investigate the
electronic structure of complex solids. This study provides
information on the local structure at long and short range by
means of X-ray diffraction (XRD), X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine struc-
ture (EXAFS) techniques. Moreover, first-principle quantum
mechanical calculations of the electronic structure [band
structure and density of state (DOS)] were performed to
determine the optical bandgap values and electronic transi-
tions responsible for the room-temperature PL properties of
Ba(Zrg75Tig25)03 (BZT-75/25) powders synthesized by the
polymeric precursor method (PPM).

2. Experimental details
2.1. Chemical synthesis of BZT-75/25 powders

BZT-75/25 powders were prepared by PPM with barium
nitrate [Ba(NOs),, 99% pure, Sigma-Aldrich], titanium (IV)

isopropoxide [Ti(OC3H5)4, 99%, Aldrich], zirconium n-prop-
oxide [Zr(OCsH7)4, 99%, NOAH Technologies], ethylene glycol

(CoHgO3, 99.8%, Sigma-Aldrich) and citric acid (CgHgO-,
99.5%, Mallinckrodt) were used as raw materials. First Ti
(OC3H7)4 was quickly added to an aqueous solution of citric
acid to avoid hydrolysis of the alkoxide in air. A clear and
homogeneous titanium citrate solution was formed under
constant stirring at 90 °C for 8 h. The TiO, mass contained in
the titanium citrate was determined gravimetrically and
corrected to yield the stoichiometric mass. In the second
stage, Zr(OCsH;)4 was quickly added to an aqueous solution
of citric acid and constantly stirred at 90 °C for 8 h to yield a
clear and homogeneous zirconium citrate solution. The ZrO,
mass contained in the zirconium citrate was determined
gravimetrically. In the third stage, the Zr and Ti citrate
solutions were mixed in a stoichiometric molar ration of
0.75 Zr:0.25 Ti. Then Ba(NOs), was dissolved in the mixed
citrate solution at a stoichiometric molar ratio of 1 Ba:0.75
Zr:0.25 Ti. The solution was adjusted to pH 7 by addition of
ammonium hydroxide (NH4OH, 30% in NHs3, Synth) to
prevent barium citrate precipitation, which is favored in acid
solutions. Then C;HgO, was added to the solution and heated
at 120 °C to promote the citrate polymerization by polyester-
ification [37]. In this system, the citric acid/ethylene glycol
ratio was fixed at 60/40 wt%. After polyesterification, a BZT-
75/25 polymeric resin formed. The resin was placed in a
conventional furnace and heat-treated at 350 °C for 8 h to
decompose organic matter derived from CgHgO; and C;HgO,.
The precursor powders obtained were finally heat-treated at
different temperatures (400, 500, 600 and 700 °C) for 2 h.

2.2. Sample characterization

The samples were structurally characterized using
various techniques. XRD patterns were recorded on a
diffractometer (Rigaku DMax/2500PC, Japan) using Cu K,
radiation in the 26 range 10°-70° (normal routine) or 10°-
110° (Rietveld routine) at a scan rate of 0.02°/min. XANES
spectra were collected using the D04B-XAS1 beamline of
the Brazilian Synchrotron Light Laboratory (LNLS). The
storage ring was operated at 1.36 GeV and ~160 mA.
XANES spectra were collected at the Ti K-edge (4966 eV)
in transmission mode using a Si(111) channel-cut mono-
chromator. For comparison, after removing the back-
ground, all spectra were normalized to obtain the first
extended X-ray absorption fine structure oscillation.
EXAFS measurements at the Ti K-edge were carried out
for each sample between 4850 and 5900 eV (in steps of
2 eV). To provide good energy reproducibility during the
measurements, three EXAFS spectra were collected and
the energy calibration of the monochromator was checked
after each spectrum using a Ti metal foil. The EXAFS
spectra were analyzed using ATHENA software with the
IFEFFIT code [38]. EXAFS analyses were carried out using
the software suite written by Michalowicz [39] according
to procedures recommended by the International Work-
shop on Standards and Criteria in X-Ray Absorption
Spectroscopy [40]. After atomic absorption removal and
normalization, the k3y(k)-weighted EXAFS signal was
Fourier-transformed to R distance space in the range 2-
8 A~1 k, where k is the wavenumber array. Each spectrum
was Fourier-transformed using a Kaiser apodization win-
dow, which is a mathematical process used to obtain
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EXAFS peaks with superior resolution, with r=2.5 [41].
UV-Vis absorption spectra were recorded using a Cary 5G
spectrophotometer (Varian, USA) in diffuse reflection
mode. PL measurements were performed on a Monospec
27 monochromator (Thermal Jarrel Ash, USA) coupled to
an R446 photomultiplier (Hamamatsu, Japan). A krypton
ion laser (Coherent Innova 90K, USA) with a wavelength of
482 nm was used as the excitation source; its maximum
output power was maintained at 500 mW, with a max-
imum power of 40 mW on the BZT-75/25 powders after
laser pass through the optical chopper. UV-Vis and PL
spectra were repeated three times for each sample to
ensure reliable results. All measurements were performed
at room temperature.

2.3. Computational method and periodic model of the BZT-
75/25 lattice

Computational calculations were performed using a
periodic approximation as implemented in the CRYS-
TAL2006 computer code [42]. The computational method
is based on DFT in conjunction with Becke's three-
parameter hybrid nonlocal exchange functional [35] com-
bined with the Lee-Yang-Parr gradient-corrected correla-
tion functional at the B3LYP level [36]. Hybrid DFT
methods have been extensively used for molecules to
provide an accurate description of crystalline or ordered
and amorphous or disordered structures, bond lengths,
binding energies, and bandgap values [43]. The Fock
matrix was diagonalized at adequate k-point grids in the
reciprocal space [44]. The threshold controlling the calcu-
lation accuracy of Coulomb and exchange integrals was set
to 1078 (ITOL1-ITOL4) or 10~'* (ITOL5) and the percentage
of Fock/Kohn-Sham matrix mixing was set to 30 [44]. The
dynamical matrix was computed by numerical evaluation
of the first derivative of the analytical atomic gradients.
The point group symmetry of the system was fully
exploited to reduce the number of points to be considered.
In each numerical step, the residual symmetry was pre-
served during the self-consistent field method (SCF) and
gradient calculations. The atomic centers were described
using the basis sets 9763-311(d631)G, 976-31(d62)G=, 86-
411(d31)G, and 6-31G= for the Ba, Zr, Ti, and O atoms,
respectively [45]. The k-point sampling was chosen as 80
points within the irreducible part of the Brillouin zone.
The XCrySDen program was used to verify the models and
atom distributions in the cubic lattice and to design
diagrams of the band structure and DOS [46]. Based on
the theoretical and experimental results, three models
were constructed: a theoretical model derived from the
optimized structure and two structures with displacement
of Zr and Ti atoms on the z-axis to better describe the
structural disorder arising from the synthesis conditions.

3. Results and discussion
3.1. XRD patterns and refinement analysis
Fig. 1 shows XRD patterns for BZT-75/25 powders

treated at different temperatures for 2 h. The XRD patterns
were analyzed to determine the structural evolution at

long range or lattice periodicity during BZT-75/25 crystal-
lization with increasing treatment temperature. The sam-
ple prepared by PPM and heated at 400 °C did not exhibit
diffraction peaks related to the material, which is char-
acteristic of an amorphous state or a disordered structure
at long range (Fig. 1a). Samples heated at 500 and 600 °C
for 2 h exhibited diffraction peaks related to two different
phases (BZT-75/25 and BaCOs; Figs. 1b,c)] [47], so it was
impossible to determine the precise atomic positions and
lattice parameters for Ba, Ti, Zr, and O atoms in the cubic
lattice. The formation of BaCOs (orthorhombic structure)
as an intermediate phase is caused by the reductive
atmosphere arising from C;HgO, and CgHgO; decomposi-
tion during synthesis by PPM [48].

The sample heated at 700 °C exhibited a single BZT-75/
25 phase (Fig. 1d). All the diffraction peaks are perfectly
indexed to a perovskite-type cubic structure with space
group Pm3m (ICSD No. 241012) [49]. This result suggests
that an increase in treatment temperature promotes
decomposition of the intermediate phase (BaCOss)4
BaOs) + COx(g) ). Moreover, structural rearrangement of bar-
ium clusters occurs in the BZT-75/25 lattice.

Fig. 2 shows the Rietveld refinement plot for BZT-75/25
treated at 700 °C for 2 h. Structural refinement using the
Rietveld method [50] was performed through the general
structure analysis (GSAS) program [51] to confirm the cubic
structure of BZT-75/25 samples. According to the literature,
the BZT-75/25 lattice with Zr content > 25% exhibits a
perovskite-type cubic structure with space group Pm3m at
room temperature [52]. Rietveld refinement was performed
based on the Pm3m space group with a cubic structure
using a better approximation and indexing to Crystallo-
graphic Information File (CIF) No. 241012 [49]. Fig. 2 shows
good agreement between experimentally observed XRD
patterns and theoretically fitted results, confirming the
success of the Rietveld refinement method. The lattice
parameters and atomic positions obtained from structural

*BaCO, s (d) 700°C
< (c) 600°C

ICSD-N°. 241012
| 1cs 0 —— (b) 500°C
(a) 400°C

(200)
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(221)
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Fig. 1. (Color online) XRD patterns for Ba(Zrg 75Tio25)03 powders treated
at (a) 400, (b) 500, (c) 600, and (d) 700 °C for 2 h. The vertical lines
indicate the position and relative intensity of the peaks for ICSD card No.
241012. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 2. (Color online) Rietveld refinement plot for Ba(Zrg75Tio25)03
treated at 700 °C for 2 h. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this
article.)

Table 1

Lattice parameters, unit cell volume, atomic coordinates, site occupancy
factor (SOF) and the isotropic thermal (Ujs,) parameter obtained using
Rietveld refinement data for Ba(Zrp 75Tip25)03 heated at 700 °C for 2 h.

Atom  Wyckoff  Site SOF X y z Uiso

Ba la m-3m 1 0 0 0 0.0341
Zr 1b m-3m 0.737 0.5 05 05 0.0426
Ti 1b m-3m 0.263 0.5 05 05 0.0426
(6] 3c 4/mm.m 1 0.5 05 0 0.0457

Pm3m (221), cubic [a=b=c=4.149(8)A]; Rwp=8.95%; R,=5.96%;
Rpragg=3-21%; y*=15; and S=1.225.

refinement (experimentally refined) and estimated from the
optimized structure (theoretical calculation) are listed in
Table 1.

The fitted parameters weighted-profile R (Rwp) [53], Rp,
Rrage, #°, and S in Table 1 suggest that the refinement
results are very reliable, which is usually assessed in terms
of agreement indices or R values. Moreover, the experi-
mental results (lattice constant a=4.149 A) are in good
agreement with the theoretical results (a=4.219 A)
obtained for the optimized structure.

3.2. XANES analyses

Fig. 3a shows general Ti K-edge XANES spectra for BZT-
75/25 samples heated at 400, 500, and 700 °C for 2 h.
Fig. 3b shows spectra for the pre-edge region (4960-4977
eV). The insets illustrate the Ti cluster coordination types.
Figs. 3c,d compares normalized XANES spectra and the
area for the first peak, which is related to the presence of
[TiOs] or [TiOg] clusters. Fig. 3e shows semi-quantitative
analyses for each cluster from the integral area for the
first peak.

In Figs. 3a,b there is an intense peak at ~4970 eV for
BZT-75/25 samples treated at 400 and 500 °C and a low-

intensity peak at ~4970.5eV for the sample treated at
700 °C. In XANES spectra these peaks are known as pre-
edge peaks and correspond to 1s—3d electronic transitions
[54-57]. Normally there is a probability that this forbidden
electronic transition will allowed because of mixture
between occupied O 2p orbitals and empty Ti 3d orbitals
[58]. The intensity variations for the pre-edge peaks are
caused by the degree of hybridization for the O 2p and Ti
3d states of [TiOg] clusters (Fig. 3b inset). According to the
literature, local Ti displacement (non-centrosymmetric) in
[TiOg] clusters leads to a progressive increase in the pre-
edge peak intensity [58]. Farges et al. [58] and Frenkel
et al. [59] reported that the peak energy and intensity for
titanate-based perovskite oxides can be classified into
three distinct groups, depending on the coordination
number of Ti-O bonds (four, five and six). As observed in
Figs. 3c,d, there are variations in the position and relative
intensity of the pre-edge peaks, which indicates the
presence of two coordination environments for Ti atoms
(penta- and hexacoordinated) in disordered and ordered
BZT-75/25 powders. The intensity of the pre-edge peaks
for BZT-75/25 treated at 500 °C indicates that five- and six-
coordinated titanium are likely to coexist. Moreover, the
square-pyramidal [TiOs] clusters correspond to the Cgy
symmetry group, while the octahedral [TiOg] clusters
exhibit the O, symmetry group. We also performed
semi-quantitative analyses of the XANES spectra using
the integral area of the pre-edge peak for BZT-75/25
samples treated at 400, 500 and 700 °C in relation to
pre-edge peaks for a known standard (TiO, rutile, Fig. 3e).
The results indicate a progressive decrease in the percen-
tage of square-pyramidal [TiOs] clusters with increasing
treatment temperature. This behavior is due to structural
transformation from a disordered lattice with [TiOs]-
[TiOg] clusters to an ordered lattice formed only by
[TiOg]-[ZrOg] clusters.

3.3. EXAFS analyses

The local order of the BZT-75/25 samples was investi-
gated in the EXAFS region of X-ray absorption spectra.
Experimental Ti K-edge EXAFS signals and their Fourier
transforms for the BZT-75/25 samples are shown in Fig. 4.

As expected, EXAFS spectra for disordered BZT-75/25
samples treated at 400 and 500 °C differ significantly from
that for ordered BZT-75/25 treated at 700 °C (Fig. 4a).
Variations in the local structure of Ti atoms are clearly
evident in the EXAFS spectra in Fig. 4b, which exhibit a
radial distribution function for the central absorbing Ti
atom. It should be noted that local structure below ~1 A
may arise from atomic XAFS or multi-electron excitation
processes, and this does not usually correspond to real
coordination spheres [60]. The peak at ~1.25 A in Fig. 4b is
uncorrected for the phase shift and corresponds to the first
coordination shell for interaction between Ti and O atoms
[61]. The peak at ~3 A is mainly due to the second
coordination shell, which is related to interactions among
Ti-O-Ti atoms or interconnections between neighboring
[TiOs5]-[TiOg] or [TiOg]-[ZrOg] clusters. The main differ-
ence in the Fourier-transform EXAFS spectra is related to
the two modes for the first coordination shell for Ti atoms.
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Fig. 3. (Color online) Normalized XANES spectra for Ba(Zro 75Tig25)03 heated at 400, 500, and 700 °C for (a) the Ti K-edge region (4900-5200 eV) and (b)
the Ti K-pre-edge region (4960-4977 eV). The insert illustrates the two types of coordination, square-pyramidal [TiOs] clusters and octahedral [TiOg]
clusters. (c,d) Comparison of normalized XANES spectra for (c) 400 and 700 °C and (d) 500 and 700 °C. (e) Semi-quantitative analysis using the integrated
area for the first pre-edge peak, which was attributed to 100% octahedral [TiOg] clusters in ordered Ba(Zrq 75Tig 25)03 heated at 700 °C. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

As can be observed from Fig. 4b, there is a shorter
interatomic distance between Ti and O for disordered
BZT-75/25 compared to while for the Ti-O distance in
ordered BZT-75/25. These results confirm the presence of
square-pyramidal [TiOs] clusters in disordered BZT-75/25
in which Ti atoms are displaced in the z-axis direction
towards O atoms. Moreover, EXAFS data confirm the
existence of octahedral [TiOg] clusters for ordered BZT-
75/25 in which Ti atoms are not displaced in off-center
symmetry.

3.4. Supercells with clusters for the BZT-75/25 structure

Figs. 5a-c shows a schematic representation of the
cubic BZT-75/25 structure with 1 x 2 x 2 supercells and
[BaO13], [ZrOg], [ZrOs], [TiOg], and [TiOs] clusters.

We calculated the electronic structure for crystalline
ordered BZT-75/25 samples (Fig. 5a) with defects involving
displacement of Zr and Ti atoms by 0.35, 0.5 and 0.7 A
along the z-axis to represent the disordered structure of
BZT-75/25 powders prepared experimentally. The
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Fig. 4. (Color online) (a) Experimental Ti K-edge EXAFS signals k*y(k) and
(b) Fourier-transformed curves for Ba(Zrg 75Tip25)03 powders heated at
400, 500, and 700 °C. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

structural defects related to symmetry breaks between Zr
or Ti clusters in the perovskite-type cubic lattice for
displacement of 0.7 A are shown in Figs. 5b,c. The presence
of pyramidal [TiOs]/[ZrOs] clusters and octahedral [TiOg]/
[ZrOg] clusters (five- and six-coordinated) in titanates,
zirconates, and zirconate-titanates with an ordered or
disordered structure has been observed by XANES [62-
64]. [TiOs] and [ZrOs] clusters may be associated with
neutral (V{) or mono-ionized (Vy) or di-ionized (Vy')
oxygen vacancies. These intermediate clusters can be
transformed into ordered [TiOg] and [ZrOg] clusters as
increasing treatment temperature eliminates structural
defects according to the following equations:

[TiOI* + [TiOs-V§ ] —[TiOg]’ + [TiOs-Vg] (1)
[TiOg]* + [TiOs-V] —[TiOg] + [TiOs -V ] @)
[TiOs-Vg'] +10,—[TiOg] 3
[ZrO6]* + [ZrOs V] —[ZrOg] + [ZrOs-Vg)] (4)

[ZrOgI* + [ZrOs5-V} | »[ZrOg]’ + [Z105-VY | 5)
[Zr0s5-Vg] +102—~[ZrOg]. (6)

This process can be extended to the network modifier:
[BaO12]* + [BaOq1-V§] —[BaO12] + [BaO11 -V 7
[BaO12]X + [BB.OH Vb] —)[B&O]z]/ + [BHOH Vg] (8)
[BaOn VH] +%02—>[Ba012]. 9

However, after displacement of Ba we found great
differences in the experimental optical Eg,, due to the
ionic nature of Ba-O bonds [65]. This behavior can be
attributed to stabilization of the electronic structure (6s
orbitals) by Ba atoms via the formation of second coordi-
nation centers in the cubic BZT-75/25 structure.

3.5. UV-Vis absorption spectroscopy

The optical bandgap energy Eg,, was estimated using
the Kubelka-Munk method [66], which transforms diffuse
reflectance measurements for extraction of Eg,, values
with the best accuracy [67].

In the parabolic band structure, Eg,, and the linear
absorption coefficient (a) of a semiconductor oxide [68]
are related according to

ahv = Cq (hv—Egzp)", (10)

where hv is photon energy, C; is a proportionality constant,
and n denotes the different types of electronic transition
(n=1/2 for direct allowed, n=2 for indirect allowed, n=3/2
for direct forbidden and n=3 for indirect forbidden). The
literature reveals that zirconate-titanates with PL properties
have an optical absorption process governed by an indirect
electronic transition [69]. Photon absorption leads to an
indirect electron transition from maximum energy states in
the VB direction to a minimum energy state in the CB. This
process always occurs at different K-points of the Brillouin
zone. Eg,, values were calculated for BZT-75/25 samples using
n=2 in Eq. (10). Substituting the function in the general
Kubelka-Munk equation and replacing the term k=2«, we
obtain the following modified Kubelka-Munk equation:

[F(Rwo)hv]"/? = Cy (hv—Egap) A1

By obtaining F(R,,) from Eq. (11) and plotting [F(R.,)hv]
1/2 against hv, we can determine Eg,;, values for our BZT-
75/25 samples with greater accuracy by extrapolating the
linear portion of the curves.

Fig. 6 shows UV-Vis spectra for BZT-75/25 samples heated
at 400, 500, 600, and 700 °C for 2 h. It is evident that the
samples have different Eg,, values, possibly related to the
existence of intermediate energy levels between the VB and
(B. The Eg,, value is low for the sample heated at 400 °C
(Fig. 6a), which indicates a high defect concentration and
intermediate levels between the VB and CB for this powder.
For BZT-75/25 samples heated at 500, 600 and 700 °C, we
observed typical absorption spectra for quasi-crystalline and
crystalline materials, or an ordered structure (Figs. 6b—d). The
results indicate that the increase in Eg,p, is associated with a
decrease in intermediate energy levels between the VB and
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Fig. 5. Supercell representation (1 x 2 x 2) of the cubic Ba(Zrg75Tip25)03 structure. (a) Crystalline or ordered structure, and disordered or ordered-
disordered structure with displacement of (b) the Zr and (c) the Ti atoms. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

CB. However, verification of the electronic levels in this
material can only be achieved by theoretical calculations.

3.6. Band structures and DOS for the BZT-75/25 lattice

To analyze differences in the electronic band structure of
ordered and disordered BZT-75/25, we chose an appropriate
path in the Brillouin zone ('-X—M—-A—R; Supplementary
data, Fig. S1). Using the band structure it is possible to model
the behavior of electrons in the VB and CB for the BZT
complex solid [70]. We also calculated the number of states
per energy interval at each electronic level that is available
for occupation by electrons, which is illustrated in the DOS.

Figs. 7(a-g) shows the band structure and total DOS for
ordered and disordered BZT-75/25 lattices, as well as
correlation between experimental and theoretical Eg,p
values after displacement of Zr and Ti atoms to deform
the BZT-75/25 lattice Fig. 7(h).

Fig. 7(a) reveals that the band structures of all ordered
and disordered BZT-75/25 samples are characterized by
indirect electronic transitions. Fundamentally, the top of

the VB and the bottom of the CB are located at different
K-points (I'<X). In Figs. 7(a-g), the top of the VB is at the
X-point, and the bottom of the CB is at the I'-point. The
indirect Eg,;, values between X and I were 3.67, 3.10, 3.00,
2.61, 2.99, 2.85, and 2.55eV. These results show that our
theoretical data are consistent with the experimental optical
bandgap, which controls the electronic structure of BZT-75/
25. Fig. 7h reveals good correlation between theoretical and
experimental Eg,;, values for BZT-75/25 samples treated at
400, 500, 600, and 700 °C for 2 h.

The total DOS projected on the atoms and orbitals for the
optimized model (ordered) and the displaced model (dis-
ordered) indicates that the VB maximum is derived from O
2px, 2py, and 2p; orbitals. By contrast, the CB is composed of
two arrangements of hybrid orbitals, Zr 4dp,,, 4dp,, and
5dp,, orbitals, and Zr 4d,. and 4d,._,. orbitals (Figs. 7a-d). In
this case, Ti 3d orbitals located in the CB are composed of
two arrangements of hybrid orbitals, Ti 3dpy, 3dpy, and
3dp,, orbitals, and Ti 3d,. and 3d,._,. orbitals (Figs. 7e-g).
The Jahn-Teller effect and symmetry breaks between the
clusters promote electron occupation of the top of the VB
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Fig. 6. (Color online) Kubelka-Munk plot of UV-Vis absorbance data for Ba(Zr, 75Tip5)03 samples heated at (a) 400, (b) 500, (c) 600, and (d) 700 °C for 2 h.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

level, which involves electrons originating from O 2p orbitals,
leading to a decrease in Eg,p. The theoretical results confirm
that for disordered BZT-75/25 the oxygen atomic orbitals
cause a decrease in Eg,p. In the solid solution of BZT-75/25, Zr
and Ti atoms occupy B-sites of the ABO3; perovskite structure.
Moreover, structural disorder will lead to breaking of the
ordered state at the microscopic level: in the superlattice, Zr
and Ti atoms are bonded to five and six oxygen atoms,
forming [ZrOs]/[TiOs] clusters (displaces the octahedron
center) and [ZrOg]/[TiOg] clusters (no displacement of the
octahedron center) [71]. The existence of non-polar [ZrOg]
clusters close to polar [TiOg] clusters will cause local order—
disorder in the cubic BZT-75/25 lattice.

3.7. PL emission spectra

Fig. 8 shows PL spectra for BZT-75/25 samples treated
at different temperatures for 2 h and then excited by a
laser (482 nm) at room temperature. The sample treated at
400 °C exhibited low and broad PL emission at room
temperature (Fig. 8a). This behavior can be attributed to
electron transition from Ti 3d and Zr 4d states in the CB to
O 2p levels in the VB (Figs. 7a-h). In addition, XANES
spectra (Figs. 3a,b) revealed the presence of oxygen
vacancies related to oxygen deficiency at low-

temperature heat treatment. These oxygen vacancies can
lead to structural defects that promote the formation of
square-pyramidal [TiOs]/[ZrOs] clusters. For BZT-75/25
heated at 500 °C for 2 h, intense and broad PL emission
with a maximum at ~578 nm (yellow) was observed. This
behavior may possibly be related to the optimum condi-
tion for electron transfer between remaining square-
pyramidal [TiOs] clusters and the predominant octahedral
[TiOg] clusters in the BZT-75/25 lattice (Fig. 3e). Measure-
ments for the secondary phase related to crystalline BaCO3
reveal an absence of PL emission at room temperature, in
agreement with the literature [72]. Polarons are formed
before the electron-hole recombination that favors PL
emission in the visible region by disordered BZT-75/25 at
room temperature. The disordered structure has a struc-
tural asymmetry that leads to a non-zero difference in the
formal charge between clusters, suggesting the presence
of permanent polarization in this lattice (Table 2).

In the first periodic model the atomic charges are
equivalent and therefore have a symmetric structure
designated as [TiOg]-[ZrOg]/[ZrOg]-[Z1Og] clusters with
an individual value of 1.82. The charge of [TiOg] and
[ZrOg] clusters differs (-1.98 and —1.87, respectively). In
the symmetric [ZrOg]-[ZrOg] cluster system, charge trans-
fer from one “cluster” to another is improbable. Moreover,
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Fig. 8. (Color online) PL emission spectra for Ba(Zrg 75Tip25)03 powders
treated at (a) 400, (b) 500, (c¢) 600, and (d) 700 °C for 2h. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Table 2
Charge variation for each cluster and charge differences between clusters
comprising the BZT-75/25 lattice.

BZT [ZrOg] [ZrO¢] [ZrOg]-[ZrOg]
Crystalline -1.82 -1.82 0.0

Zr displacement (A) [ZrOs] [ZrOg] [ZrOs] - [ZrOg]
0.35 -1.06 -2.57 -1.51

0.50 -11 -2.54 -1.44

0.70 -1.09 -2.51 -142

0.5

BZT [TiOg] [ZrOg] [TiOg] - [ZrOg]
Crystalline -1.986 -1.836 -0.150

Ti displacement (A) [TiOs] [ZrOg] [TiOs] - [ZrOg]
0.35 -1.21 -243 -1.22

0.50 -12 -2.44 -1.24

0.70 -12 -2.45 -125

in the other system, small differences in charge between
[TiOg]-[ZrOg] clusters are observed. In these systems, it is
possible to observe that the charge gain is smaller for
[ZrOs] and [TiOs] clusters than for [ZrOg] clusters because
charge compensation is induced by the displacement of Zr
and Ti atoms in each model. The results presented in
Table 2 suggest that holes cause local disorder in BZT-75/
25 with displacement of Ti atoms, than disordered BZT-75/
25 displacement Zr atoms. The orbitals associated with
electronic transition for PL emission are mainly 2p orbitals
of O atoms in the VB and 3d Ti and 4d Zr orbitals in the CB.
This charge density difference between the “clusters”
favors the transfer of charge generation in the system of
hole-electron pairs [73]. Permanent polarization occurs
via recombination of hole-electron pairs present in
perovskite-type compounds with simultaneous structural
order and disorder [74]. This occurs because of charge
transfer from square-pyramidal [ZrOs]/[TiOs] to octahedral
[ZrOg]/[TiOg] clusters, which induces intense PL emission
by BZT-75/25 at room temperature. Increases in heat
treatment to 600 and 700°C for 2h led to drastic
decreases in PL emission intensity due to the presence of

only octahedral [TiOg]-[ZrOg] clusters in the BZT-75/25
lattice. Moreover, we can attribute the decrease in inter-
mediate energy levels to a reduction in oxygen vacancies,
which promotes greater structural order in [TiOg]/[ZrOg]
clusters (Figs. 8c,d).

4. Conclusions

BZT-75/25 powders were synthesized by PPM and heated
at different temperatures (400, 500, 600, and 700 °C) for 2 h.
XRD patterns confirmed that the crystalline powders obtained
at 500 and 600 °C had a small quantity of intermediate phase
related to BaCOs, while the sample heated at 700 °C com-
prised a pure phase with a perovskite-type cubic structure.
Rietveld refinement data were used to evaluate [BaOiy],
[ZrOg], and [TiOg] clusters. XANES spectra at the Ti K-edge
clearly demonstrate the presence of two types of coordination
cluster for Ti atoms, square-pyramidal [TiOs] and octahedral
[TiOg] clusters, in the BZT-75/25 lattice. EXAFS spectra
revealed a local structural order for BZT-75/25 heated at
700 °C. This was attributed to the first coordination shell for
[TiOg] clusters. Local structural disorder was observed in the
first coordination shell for [TiOs] clusters for BZT-75/25 heated
at 400 and 500 °C. UV-Vis absorption spectra indicated that
the increase in Eg,p, is caused by a reduction in the inter-
mediate levels between the VB and CB. These energy levels
were attributed to structural order-disorder in the lattice due
to symmetry breaks between clusters. Theoretical calculations
revealed that the band structure of BZT-75/25 powders is
characterized by indirect electronic transitions. According to
DOS analyses, the energy states in the VB comprise (O 2p,,
2py, and 2pz orbitals, while the states in the CB involve a
contribution from two distinct groups of orbitals for the Ti and
Zr atoms: Ti 3dy, 3dy, and 3d,,, and Zr 4d,,, 4d,,, and 4d,,
orbitals between the axes; and Ti 3d,. and 3d,._y. and Zr 4d
and 4d,._,. orbitals on the axis. The charge transfer from
[ZrOs]/|TiOs] clusters to [ZrOg]/[TiOg] clusters is caused by
differences in the charges between clusters, which reveals the
intrinsic presence of an trapped air. Taken together, the results
suggest that the experimental conditions (treatment tempera-
ture, processing time) used during synthesis are key factors in
the PL behavior of BZT-75/25 powders. The decrease in PL
intensity for BZT-75/25 is related to an increase in structural
organization. In this case, structural defects associated with
oxygen vacancies were minimized in the lattice, as well as the
distribution of intermediate energy levels within the bandgap.
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