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Abstract—This paper reports on a multi-edge X-ray absorption analysis to elucidate how the substitution of Ti*" by Zr** ions acts on the local order
structure and on the O 2p hybridization states of Bay ¢Cag ;Ti;_,Zr,O; (BCZT) lead-free ceramic compounds, inducing a ferroelectric evolution from
a normal to a relaxor character. Ti, Ba, Zr and O X-ray absorption spectra were measured to probe the local and electronic structure of BCZT sam-
ples that exhibit a normal (x <0.18) or relaxor (x > 0.18) ferroelectric character. X-ray absorption near edge structure results show that the local
symmetry and distortion of TiOg, ZrOs and BaO, units are not significantly affected by the Ti/Zr ratio, the ferroelectric character or the long-range
order symmetry. The assignment of the ab initio density of states associated with the O K-edge enabled a correlation between the decrease in the
hybridization between O 2p and Ti 3d states and the ferroelectric character evolution of the BCZT samples. The hybridization states in the ferro-
electric relaxor samples exhibit a more symmetric spatial configuration, as occurs with long-range symmetry.

© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Because of their wide range of applications with regard
to high-performance materials and their exceptional dielec-
tric, electromechanical and pyroelectric properties, relaxor
ferroelectric compounds have been studied in much detail
[1-4]. However, the relaxation mechanisms underlying their
unique dielectric behavior are still far from well under-
stood, and this is an obstacle for the further development
and optimization of their desirable dielectric properties,
such as high dielectric constant, low dielectric loss and high
field tunability [1-7].

Compositional disorder, i.e. the disorder in the arrange-
ment of different ions on crystallographically equivalent
sites, has been pointed out as being a common feature of
relaxors [1-7]. The relaxor behavior was first observed in
perovskites with disorder in non-isovalent ions, including
stoichiometric complex compounds, e.g. Pb(M 1/3Nb2,3)03
and Pb(Sc;;Ta;»)O03 (in which Mg2+ St *and Nb>+
ions are fully or partially disordered in the B sublattice of
the perovskite ABOj structure) and nonstoichiometric solid
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solutions, e.g. Pb;_ 3x/2Laer1,yT1yO3 (PLZT), where the
substitution of Pb>" by La®' ions necessarily leads to
vacancies on the A-site [1-7].

Ceramic samples based on barium titanate (BaTiO; —
BT) are among the most studied lead-free ferroelectric
materials. The ferroelectric nature and the structural and
dielectric phase transition temperatures of BT have been
significantly investigated via a partial substitution of either
Ba ions (A-site substitution) and/or Ti ions (B-site substitu-
tion) [8-13].

If a heterovalent atom substitutes for the Ba atom, a
relaxor state is induced at lower amounts of Ti substitution
[8-13]. In this case, as proposed for lead-containing relax-
ors, the relaxor state should be developed either by charge
disorder or A-site vacancy L()]. On the other hand, in the
substitution of Ti*" by Zr*' ions, which exhibit only a
small difference in their ionic radii, the mechanism involved
in the formation of polar nanoregions in BaTiOs-based
relaxors has not been elucidated.

A few studies have revealed that the polar behavior of
BT-based relaxors is substantially related to displacements
of Ti** ions from the central position in the oxygen octahe-
dra [6,13]. Indeed, the relaxor state in the BaZr,Ti;_,O3
(BZT) system, when x > 0.25, has been attributed to a
breakage in the correlation displacement of B-site cations
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caused by the substitution of Ti*" by Zr*", which hinders
the perfect alignment of all Ti displacements [6,14,15].

As such remarkable materials are invariably chemically
and/or displacively disordered, the study of their local
and electronic structures is an important starting point to
better understand their intrinsic dielectric properties.

Laulhé et al. [14] studied the short-range order structure
around Zr atoms in the BZT system. According to their
results, the local structure around Zr differs considerably
from the average cubic structure determined by X-ray dif-
fraction (XRD) and the distance between Zr atoms and
their first oxygen neighbors is equal to the distance mea-
sured in the BaZrO; compound independently of the Zr
substitution rate. The authors observed that Zr atoms
tended to be segregated in Zr-rich regions and the relaxor
behavior in BZT could be influenced by the random elastic
fields generated by the chemical arrangement of Zr atoms.

The analysis of the neutron pair distribution function
was also used for the study of the local structure in BZT
relaxors [15]. Despite the Ti/Zr substitution and their differ-
ent dielectric properties, Ti displacements in BZT relaxors
are similar to those in the classical BT compound. Laulhé
et al. [15] concluded that the difference in the dielectric
properties of BT and BZT materials lies in the different cor-
relation between the cations displacements.

Laulhé et al. [16] also proposed an explanation for the
relaxor behavior of the BaTij74Zr),605; sample using
first-principles supercell calculations. Based on the calcula-
tions, they asserted that the symmetry of a Ti atom dis-
placement is fully determined by the distribution of the Ti
and Zr atoms in the adjacent unit cells. Unlike what is
observed in the classic BT compound, in the
BaTig 7471 2603 relaxor, the chemical substitution imposes
a random distribution of the Ti displacement symmetries
between the TiOg octahedra, thereby inhibiting the perfect
alignment of all Ti displacements. This degree of freedom
would lead to a partial correlation of the polar displace-
ment, hence the formation of polar nanoregions [16].

Knowledge of the electronic and local structures of fer-
roelectric ceramics is a fundamental step towards under-
standing their dielectric properties. In lead-based
ferroelectric ceramic systems, the ferroelectric character is
directly correlated with the electronic properties of both
A-site (Pb*") and B-site (Ti*") ions [17,18]. Many studies
have shown that the density of states (DOS) of oxygen
and titanium atoms could provide a more direct correlation
with the ferroelectric stability of perovskite-based
compounds [19-28]. They have also reported a significant
modification in the hybridization among O 2p, Pb 6sp
and Ti 3d states when the ferroelectric character changes.

In the PLZT and Pb,_,Ba.Zr;_,Ti, O3 complex ferro-
electric compounds, a reduction in the degree of hybridiza-
tion between O 2p and Pb 6sp (Ti 3d) states as the amount
of La (Ba) increased was directly related to the manifesta-
tion of the relaxor character [23-28].

To the best of our knowledge, no investigation into the
evolution from a normal character to a relaxor one and the
hybridization state of the ions has been conducted in lead-
free systems. Thus, this paper presents a multi-edge X-ray
absorption spectroscopy (XAS) analysis to investigate
how the substitution of Ti** by Zr*" ions acts on the local
structure and hybridization states of BagoCag 1Zr,Ti;_, O3
(BCZT) lead-free ceramic compounds and how the results
could be related to their ferroelectric character. The local

and electronic structures of BCZT ceramic samples
prepared by the solid-state reaction procedure were studied
by measuring the XAS spectra at the Ti K- and L-edges and
the Zr, Ba and O K-edges. Since the Ba L-edge is just above
the Ti K-edge, the latter was studied only by the X-ray
absorption near edge structure (XANES). On the other
hand, precise extended X-ray absorption fine structure
(EXAFS) fitting procedures were used to determine the
local structure around Ba and Zr atoms. Furthermore, we
applied an ab initio method using the FEFF code [29] to
interpret the O K-edge XANES signal of the two most rep-
resentative BCZT samples in terms of hybridization states.

2. Experimental details

Bay, 9Ca0 1Ti;_Zr, O3 ceramic samples, hereafter labeled
BCZT100"x (where x =0.00, 0.05, 0.09, 0.18, 0.20, 0.22,
0.24 and 0.27), were prepared by the solid-state reaction
method. A detailed description of the sample preparation
can be found elsewhere [30].

Titanium K-edge X-ray absorption spectra were col-
lected at the LNLS (National Synchrotron Light Labora-
tory) facility using the D04B-XAS2 beamline. The sample
pellets, obtained after sintering, were ground and XAS data
were measured in transmission mode from 80 to 430 K
using a double crystal Si(111) monochromator. Ionization
chambers were used to detect the incident and transmitted
flux. XANES spectra at the Ti K-edge were recorded for
each sample between 4910 and 5200 eV using energy steps
of 0.5 eV around the edge. For good energy reproducibility
during the XANES data collection, the energy calibration
of the monochromator was checked with a Ti metal foil
at the same time as the sample spectra were collected. Tita-
nium L-edges and oxygen K-edge XANES spectra were
measured by the electron yield mode using the SGM beam-
line at the Canadian Light Source synchrotron facility. The
Zr and Ba K-edge EXAFS spectra were collected at the
SOLEIL Synchrotron facility using SAMBA beamline with
a Si (220) sagittal focusing monochromator.

The XANES normalization and the extraction of
EXAFS spectra were performed using the Multi-Platform
Applications for X-ray absorption (MAX) software pack-
age [31]. Normalized XANES and EXAFS fitting were
obtained with the MAX-Cherokee and MAX-Roundmid-
night codes, respectively. The amplitude and phase shift
data were calculated using the FEFF8 theoretical ab initio
code with the input files issued from MAX-Crystalffrev
[29,32]. The MAX-Crystalffrev code enables substitutions
and vacancies in the input crystal structure obtained from
Rietveld refinements [30]. EXAFS data fitting used the
standard EXAFS formula according to the reports of the
IXS standard and criteria subcommittees [33].

FEFF9 ab initio real-space code was used to model the
O K-edge XANES spectra and determine the oxygen DOS
of BCZT00 and BCZT27 samples [34]. The code employs
full multiple scattering and the muffin-tin approximation
for wave function expansion to determine a periodic poten-
tial and calculate the absorption spectrum for the scattering
atom. XANES FEFF spectra were calculated using a self-
consistent field approximation within a 12 A radius from
the central O atom. The partial DOS spectra were calcu-
lated for the absorbing oxygen atom and all neighboring
atoms (O, Ti, Zr, Ca and Ba) were considered.
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3. Results and discussion

Table 1 shows a summary of previously obtained XRD
refinements and the dielectric response of BCZT samples
[29]. As can be seen, the long-range order changes from
tetragonal (BCZTO00) to cubic (BCZTO05 to BCZT27) sym-
metry, while the dielectric response moves from a ferroelec-
tric to a relaxor character.

3.1. Ti K-edge XANES spectra analysis

Fig. 1 shows the Ti K-edge XANES spectra of the
BCZT samples. No significant variation was observed in
the spectra as the amount of Zr increased, indicating that
the local order structure around titanium atoms did not
undergo any significant change as Ti atoms were replaced
by Zr atoms.

According to the experimental and theoretical study of
Vedrinskii et al. [35], in most ABO; centrosymmetric perov-
skite compounds, such as EuTiOs, SrTiO; and CaTiOs,
three pre-edge peaks, labeled 4, B and C, are observed at
the Ti K-edge XANES spectra. In all ferroelectric titanate
perovskites with a distorted TiOg octahedral site, the quad-
ripolar /s-3d transition labeled A4 is almost totally hidden
by the quite intense peak B [35]. The authors proved that
the dipolar /s-3d (t.,) transition labeled B is related to
the hybridization of p- and d-symmetric states of Ti atom
under the influence of the neighboring oxygen atoms [35].
For perovskites, the off-center displacement (static and/or
dynamic) of the Ti atom in the TiOg octahedron can be
related to the area under the B peak in the /s5-3d transition
region [35-37]. As can be observed in Fig. 1b, the B peak
areas of BCZT00 and BCZT27, characterized as normal
and relaxor ferroelectric samples, respectively, are similar
to that of the BaTiO; (BT) ferroelectric phase. According
to Ravel et al. [38], independently of the BT crystallo-
graphic symmetry, the distortion of Ti atoms calculated
from the analysis of the B peak area is around 0.18.

The pre-edge feature labeled C is related to the Ti Is
electron transition to the unoccupied 3d-originated e,-type
molecular orbital of the TiOg polyhedra neighboring the
absorbing Ti atoms [35-37]. The #,,—¢, energy gap between
peaks B and C is approximately 3 eV (24,200 cm '), which
is in the expected range for TiOg octahedral sites. The area
under peak C does not depend strongly on small displace-
ments of the atoms from their sites, but it changes signifi-
cantly when 4d atoms appear in the vicinity of the
absorbing Ti atom [35]. Fig. Ic shows that the peak C
intensity varies as the amount of Zr increases, confirming
the substitution of Ti nearest neighbors by Zr atoms.

Table 1. Space groups and cell parameter obtained from Rietveld
refinement of BCZT ceramics and their dielectric response at room
temperature [30].

Sample Space group a(A) Dielectric response
BCZT00 P4mm 3.99862 Ferroelectric
BCZTO05 Pm-3m 4.01154 Ferroelectric
BCZT09 Pm-3m 4.02101 Paraelectric
BCZT18 Pm-3m 4.04207 Relaxor

BCZT20 Pm-3m 4.04119 Relaxor

BCZT22 Pm-3m 4.04903 Relaxor

BCZT24 Pm-3m 4.05199 Relaxor

BCZT27 Pm-3m 4.05746 Relaxor
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Fig. 1. (a) Ti K-edge XANES spectra of BCZT samples collected at
room temperature, (b) XANES spectra of BCZT00, BCZT27 and

BaTiO; samples measured at 300 K and (c) details of the pre-edge
region peaks of (b).

In summary, the results obtained at the Ti K-edge
XANES spectra show that, independently of the long-range
order symmetry and ferroelectric character, Ti atoms are
located in an off-center position and their degree of disor-
der is similar to that observed in the BaTiO3 compound.
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3.2. Zr K-edge EXAFS data analysis

Fig. 2 shows the Zr K-edge EXAFS spectra and the
respective Fourier transform (FT) curves of the BaZrO;,
BCZT09 and BCZT27 samples. The first FT peak of the
BCZT samples, which corresponds to the Zr—O distance,
shows a shorter distance in comparison to that in the
BaZrO; compound and its intensity decreases as the
amount of Zr increases. The second shell corresponds to
Zr-Ba(Ca), Zr-Ti(Zr) and Zr—Zr, as well as contributions
from multiple scattering effects. Theoretical calculations
issued from FEFF code (not showed) indicate that the sig-
nificant modification in the intensity of the second shell as
the amount of Zr increases is due to the difference in the
backscattering phases of Ti and Zr atoms. Thus, only the
first Zr-O coordination shell is analyzed quantitatively
because it is more directly correlated to the TiO4 octahedra

il ——Bazro,
054 4 [ —=—BCZT09
[ —— BCZT27

k x(k)

2 4 6 8 10 12
k(AY'
Zr K edge
9 ——BazrO,
144 —— BCZT09
—— BCZT27

Fourier transform (arb. units)

R(A)

Fig. 2. (a) Zr K-edge EXAFS spectra and (b) FT of BZ and BCZT
samples collected at 300 K.

and the evolution from a normal to a relaxor ferroelectric
character.

Table 2 shows the fitting results of Zr K-edge EXAFS
spectra that correspond to the first coordination shell
(Zr-0) and Fig. 3 shows a comparison between the filtered
and theoretical EXAFS spectra of the BCZT27 sample. As
can be observed, the Zr-O mean bond lengths of BCZT
samples are similar, whereas the Debye—Waller factor value
increases as Ti is substituted by Zr atoms. Such results
are similar to those obtained by Laullhé et al. in the analy-
sis of the local order structure around Zr atoms in the
BaTi,_,Zr, O3 samples [15]. As also stated by the authors,
in BZT samples, the structural differences observed around
Zr atoms between the BCZT09 and BCZT27 samples are
too small to explain the modification in their ferroelectric
character.

3.3. Ba K-edge EXAFS data analysis

Fig. 4 shows the Ba K-edge EXAFS spectra and FT
curves of the BCZT09, BCZTI18, BCZT24 and BCZT27
samples. As the amount of Zr increases, the intensity of
the FT peaks decreases and the peak positions are not signif-
icantly affected. The decrease in the intensity of the FT peaks
can be interpreted in terms of either a decrease in the number
of Ba neighbors or an increase in the Debye—Waller factor
value. According to previous XRD studies [30], these
samples exhibit a cubic symmetry at room temperature.
Therefore, at least for the Ba—O first coordination shell, no
variation in the number of neighbors is expected.

In order to identify the origin of the FT intensity
decrease, the peaks between 1.5 and 4 A were isolated
and back-Fourier transformed, and the filtered EXAFS

1 . Il " 1

1 n 1
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o Experimental

0,4

—5 o o © °°

k x(k)

2 4 6 8 10 12 14 16
k(A7)

Fig. 3. Comparison between filtered EXAFS spectra (dots) and
theoretical EXAFS spectra (line) of the BCZT27 sample.

Table 2. Fitting results of the first coordination shell of EXAFS spectra collected at the Zr K-edge at 300 K and the Zr-O mean bond-length

obtained from XRD.

Sample N (Zr-O)" R (Zr-0) A o? (Zr-0) A QF R (Zr-0O) A
XRD
BaZrO; 6 2.113 + 0.004 0.0047 = 0.0003 1.1 2.10
BCZT09 6 2.109 + 0.005 0.0056 = 0.0004 1.8 2.11
BCZT27 6 2.103 + 0.005 0.0065 = 0.0004 1.7 2.11

QF = quality factor.
" Fixed during the fitting procedure.
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Fig. 4. (a) Ba K-edge EXAFS spectra and (b) respective FT of BCZT
samples collected at room temperature.

spectra were fitted. Table 3 shows the fitting results of the
first three FT peaks, which correspond, respectively, to
Ba-O, Ba—(Ti,Zr) and Ba—(Ba,Ca) interactions. Fig. 5
shows the comparison between the filtered EXAFS spectra
of the BCZT27 sample and the theoretical EXAFS spectra
obtained after the fitting procedure. The amounts of Zr and
Ca were taken into account by considering the nominal
sample composition, and the neighbor’s numbers of each
shell was fixed during the fitting procedure. A better quality
factor was attained when the Ba-Zr, Ba-Ti, Ba-Ca and
Ba-Ba contributions were considered separately. Accord-
ing to the fitting results, the_ first Ba-O bond length
increased from 2.82 to 2.85A as the amount of Zr
increased. Concerning the Ba-Ti, Ba—Zr and Ba—(Ba,Ca)
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Fig. 5. Comparison between filtered EXAFS spectra (dots) and
theoretical EXAFS spectra (line) of the BCZT27 sample.

interactions, the bond lengths also increased and the
Debye—Waller factor (o) values remained practically con-
stant as the amount of Zr increased. Therefore, the decrease
in the intensity of the FT peaks with increasing amount of
Zr cannot be attributed to the increase in the disorder
around the Ba atoms. In fact, FEFF theoretical calcula-
tions show a phase opposition between Ti and Zr signals
that could explain the intensity decrease as Ti is substituted
by Zr atoms: a variation in the Ti/Zr number of neighbors,
even with small distance variations, can lead to a significant
interference effect on the EXAFS signal. Due to the super-
position of the three FT peaks, this phase opposition effect
also affects the amplitude of the Ba—O interaction.

The results of barium EXAFS spectra show that the
short-range order structure around Ba atoms is not signif-
icantly affected by the modification in the long-range order
structure of the ferroelectric phase. Moreover, as can be
observed in Fig. 6, the structural results from the analysis
of the Ba EXAFS spectra showed a good agreement with
those from the XRD analysis [30].

3.4. Ti L-edge and O K-edge XANES data analysis

The Ti L-edge XANES spectra of BaTiO; and BCZT
samples (Fig. 7) show two pre-edge peaks, denoted as A
and B, and a usual set of four peaks, denoted as C, D, E
and F. As can be observed, increasing the amount of Zr
promotes no significant changes in the spectra. The Ti L-
edge XANES spectra of the BaTiO; compound have been
studied in detail previously [19-22]. According to these

Table 3. Fitting results of the first three coordination shells of BCZT EXAFS spectra at Ba K-edge collected at 300 K.

Sample x N"‘Ba o Rpao 0Bao N*Bu Ti RpaTi OBaTi NXB'A 7z Rpazr OBazr N*Ba (Ba,Ca) Rp, (Ba,Ca) OBa-(Ba,Ca) QF

0.09 12 2.820 0.0133 7.0 3.480 0.0086 1.0 3.55 0.0045 6.0 4.014 0.0096 4.3
(0.009) (0.0008) (0.006) (0.0007) (0.01)  (0.0008) (0.006) (0.003)

0.18 12 2.837 0.0145 7.0 3.492 0.0075 1.0 3.53 0.0065 6.0 4.030 0.012 3.1
(0.009) (0.009) (0.007) (0.0007) (0.01)  (0.0007) (0.009) (0.001)

0.22 12 2.850 0.0144 6.0 3.520 0.009 2.0 3.550 0.0059 6.0 4.05 0.014 2.0
(0.009) (0.0009) (0.008) (0.001) (0.009) (0.0007) (0.01) (0.001)

0.27 12 2.850 0.0147 5.0 3.52 0.0083 3.0 3.55 0.0075 6.0 4.05 0.014 2.3
(0.01)  (0.0009) (0.01)  (0.0009) (0.01)  (0.0006) (0.01) (0.001)

() error; Npa_1i + Npa_zr = 8, Npapa T Npaca =6, QF = quahty factor.

* Fixed during the fitting procedure.
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Fig. 7. Titanium L-edge XANES spectra of BaTiO; and BCZT
compounds collected at 300 K.

studies, the features labeled 4 and B are related to forbid-
den dipolar transitions in the L-S coupling (spin—orbit cou-
pling) allowed by pd multipolar interactions [19-22].
Features C and D occur because the 3d band splits into
two sub-bands in the Ti Lyj-edge, i.e. 15, (peak C) and e,
(peak D) [19-22]. The other two features, £ and F,
correspond to the Lyj-edge with #,, and e, symmetries,
respectively. In good agreement with the analysis of the
Ti K-edge data, all Ti L-edge XANES spectra of BCZT
samples are similar to that of the BaTiO; compound and
are not affected by the increase in the amount of Zr.

Fig. 8 shows the O K-edge XANES spectra of BaTiO;
and BCZT compounds. As can be observed in Fig. 8a,
increasing the amount of Zr promotes a systematic decrease
in the 4 peak intensity. On the other hand, the changes in
the B and C features are more complex, since they tend to
overlap as the amount of Zr increases above x = 0.09. The
D and E peaks remain quite stable as the amount of Zr
increases. According to the literature, the features observed
in O K-edge XANES spectra are due to transitions from
the O 1s core state to the unoccupied O 2p-derived state
[19-22]. More specifically, the features labeled 4, B or C
are attributable to hybridized states between O 2p and Ti
3d, whereas features D and E are attributable to the O
2p-derived states hybridized with Ca 3d/Ba 5d [19-21]. As
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Fig. 8. (a) O K-edge XANES spectra of BaTiO; and BCZT samples.

(b) Details of the edge region where the modifications are more
significant.

the electronegativity of Zr (1.33) is lower than that of Ti
(1.54), feature A4 shifts slightly to lower energy as the Zr
content increases [20].

In order to correlate the modifications observed at the O
K-edge spectra and the electronic structure of oxygen
atoms, the O K-edge X-ray absorption spectra and the O
2p, Ti 3d, Zr 3d, Ca 3d and Ba 5d-derived density of states
for two representative samples, BCZTO00 (normal ferroelec-
tric) and BCZT27 (relaxor ferroelectric), were calculated.
The O K-edge theoretical XANES spectra and the DOS
of the BCZT00 and BCZT27 samples were calculated using
the FEFF9.0 code and considering an ensemble of atoms
around the central oxygen atom [34]. These ensembles,
which contain 540 atoms and correspond to a 10.14 A clus-
ter radius around the absorbing atom (oxygen), were con-
structed based on the average X-ray diffraction structure
of both compounds previously determined [30]. The ground
state DOS was calculated with the same code parameters.
The total O XANES spectrum was obtained by summing
the contributions of two individual O-atom sites and at
least three XANES spectra calculated and averaged to take
into account the different possible positions of the substi-
tuting atoms (Ca and Zr). The energy scale of the O 2p-pro-
jected DOS calculated by FEFF9.0 code was shifted so that
the peak positions could be compared with the experimen-
tal XANES spectra. The partial DOS has been broadened
with a Lorentzian function of 0.2 eV half-width at half
maximum.
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Fig. 9. O K-edge XANES spectra of: (a) the BCZT00 sample and (b) the
BCZT27 sample, with their respective partial electron energy DOS.

Fig. 9 shows the calculated O K-edge XANES spectra of
the BCZT00 and BCZT27 samples and the local density of
states (s-, p-, d- and f-projected DOS) of oxygen, titanium,
zirconium, barium and calcium. In both cases, the O 2p-
projected DOS resembles the experimental O K-edge
XANES spectra calculated. Moreover, from the position
of the density of the states peaks, it was possible to infer
that feature A4 results mainly from O 2p states hybridized
with the Ti 3d orbital. Features B and C come up largely
from the hybridization between the O 2p and the Ba 5d
and Ca 3d states. Feature D arises predominantly from
the hybridization between the O 2p and the Ba 4f and Ca
2p states, whereas feature E can be assigned mainly to a
hybridization of O 2p with Ti 2p4f and Ca 4f. Fig. 9 shows
the intensity of the Ti 3d, Zr 4d, Ba 4f and Ca 3d DOS
divided by a factor of 2, 5 or 10 so that the projected
DOS can be compared on a common intensity scale.

Thus, the decrease in the feature A4 intensity and the evo-
lution of the ferroelectric character observed experimen-
tally in BCZT samples as the amount of Zr increased can
be directly correlated to the hybridization decrease between
the O 2p and Ti 3d states. Furthermore, as the amount of
Ca and Ba atoms remained constant in the samples studied,
the overlap of the 4 and B peaks can be attributed mainly
to modifications to the degree of hybridization between the
O 2p with Ti 3d states.

It is well accepted that the ferroelectric ordering results
from a balance between the long-range Coulomb interac-
tion and short-range forces [17]. As in other perovskites,
the hybridization between Ti 3d and O 2p weakens the
short-range repulsions in the BCZT samples and enables
the establishment of a ferroelectric order [18,19]. The inten-
sity drops of feature 4 with increasing Zr content indicate a
decrease in the number of unoccupied O 2p-Ti 3d hybrid-
ized states. According to Cohen [17], if the Ti—O hybridiza-
tion is inhibited, the ferroelectric instability disappears and
the cubic phase is more stable. Based on these consider-
ations, we propose that the reduction in the O 2p-Ti 3d
hybridization caused by the substitution of Ti by Zr
decreases the ferroelectric instability, favoring the relaxor
character in samples with x > 0.18.

4. Conclusions

This paper has reported a comprehensive experimental
analysis of the short-range order and electronic structure
of Bago¢Cag Zr,Ti;_,O3 (BCZT) lead-free ferroelectric
ceramic compounds. The local and electronic structure
around all constituent Ba, Ti, O and Zr atoms were studied
as a function of the substitution of Ti by Zr.

The XANES spectra of BCZT and BaTiO3; samples col-
lected at the Ti K- and L-edges showed that the local and
electronic structures of Ti atoms are very similar and
remain distorted, despite their different ferroelectric
responses, especially in the case of relaxor samples which
were assigned as cubic from XRD. From the Ti K-edge
XANES spectra, no different displacement direction of Ti
was identified, which indicates that no structural changes
occur in the TiOg octahedra with increasing amount of Zr.

The fitting results of barium EXAFS spectra show that
the short-range order structure around Ba atoms is in good
agreement with that obtained from the XRD analysis and is
not significantly affected by the modification in the long-
range order structure or the ferroelectric state.

The structural variations observed around Zr atoms are
too small to explain the modification in the ferroelectric
character caused by the increase in the amount of Zr.

The calculation of the DOS of the constituent atoms in a
normal and a relaxor BCZT sample showed that the inten-
sity decrease observed at the O K-edge XANES spectra as
the amount of Zr increases is directly correlated to a
decrease in the hybridization between the O 2p and Ti 3d
states. Such a result has led to the conclusion that this
hybridization reduction favors the relaxor character above
a certain amount of Zr.

The decrease in O 2p hybridization with Ti 3d is similar
to that observed in lead-based ferroelectric ceramic
materials, although in the BCZT samples the substitution
occurs only on the B (Ti) site.

Although the local structure around the Ti atoms of the
BCZT samples is similar to that observed in the BaTiO3
compound, the hybridization states change to a more sym-
metric spatial configuration, as occurs with the long-range
symmetry when Ti is substituted by Zr atoms.
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