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LOCAL STRUCTURE/XANES/BaTIO3s/RELAXOR/FERROELECTRIC

The relationship between local structure and phase information of dielectric
materials has been studied in this thesis for understanding the process of phase
transition. In this work, the materials of interest are BaTiOs-based relaxor
ferroelectrics; i.e., BaTii«ZrO3 (BZT), BaTiixSnOs; (BST) and (1-x)BaTiOs-
XBiTipsZnos03 (BT-BZNnT) systems because they are used widely in electronic
devices, such as capacitor, transistor and actuator.

In BZT system, the phase information was investigated by XRD and XAS.
XRD technique did not clearly show the phase transition in BZT. The Zr Ls-edge
XANES spectra showed that Zr atoms substituted in Ti sites in BaTiO3z and local
structure gradually changed around Zr atoms. The Ti K-edge XANES spectra showed
that an increase of Zr content in BaTiOj3 affected suddenly the phase transition from
relaxor ferroelectrics to polar cluster behavior which corresponded well with
simulated spectrum by FEFF8.2 program and EXAFS fitting. The phase transition
was also confirmed by the dielectric measurements.

In BST system, the phase information was investigated by XRD and XAS.
XRD technique did not clearly show the phase transition in BST. The Sn Ls-edge
XANES spectra indicated that Sn atoms substituted in Ti sites in BaTiO3z and local

structure gradually and linearly changed around Sn. The Ti K-edge XANES spectra
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showed that an increase of Sn content in BaTiO; affected suddenly the phase
transition from relaxor ferroelectrics to polar cluster behavior which corresponded
well with the linear combination fit and simulated spectrum by FEFF8.2 program, and
the phase transition was confirmed by the dielectric measurements.

In BT-BZnT system, the phase information was investigated by X-ray
Diffraction and X-ray Absorption Spectroscopy. The results of X-ray diffraction
technique clearly showed the phase transition from tetragonal to rhombohedral
perovskite structure. The results of Zn K-edge XANES spectra indicated that Zn
atoms substituted in Ti sites in BiTips5Zng503 and the local structure around Zn atoms
changed very little. The Ti K-edge XANES spectra showed that an increase of
BiTip5Zno503 content in BaTiOgz affected gradually the phase transition from normal
to relaxor ferroelectric behavior which corresponded well with the dielectric
measurements.

In conclusion, the 3 systems exhibited the phase transition of dielectric
properties from relaxor to polar cluster and normal ferroelectric behavior, which
corresponded to the local structure of Ti atoms from pseudo-cubic or almost
rhombohedral. In the change to polar cluster behavior, the Ti atoms gradually moved
to central perovskite and the crystal structure changed to almost perfect cubic phase.
Moreover, the change to normal ferroelectric behavior corresponded to the transition

from pseudo-cubic or rhombohedral to tetragonal structure.
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CHAPTERI

INTRODUCTION

1.1 Background

Over the years since the discovery of their dielectric properties, extensive
research works on relaxor ferroelectric behavior of barium titanate materials have
been carried out because they are attractive candidates for dynamic random access
memories, transducers, actuators, capacitors and electronic devices (Maiti et al., 2008;
Maiti et al., 2006). Barium titanate (BaTiO3), discovered in 1941 (Yu et al., 2007),
exhibits ferroelectric behavior with high dielectric constant. It is also an
environmental friendly material to replace the disadvantages of lead-based materials
with volatility and toxicity.

In the recent years, researchers have found that increasing Zr or Sn
substitution into Ti site in BaTiOj3 crystals can change the material to exhibit relaxor
ferroelectric behavior (Maiti et al., 2008; Cerneaw and Manea, 2007). The same
behavior can also happen in BaTiO3-Bi(Ti,Zn)O3; composite (Raengthon and Cann,
2011). The relaxor ferroelectric behavior is classified with strong frequency
dependent dielectric properties. It is of particular interest because barium zirconate
exhibits non polar or paraelectric behavior, which cannot have spontaneous

polarization; i.e. non ferroelectric.
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The structure of relaxor ferroelectric materials is generally known to be rather
complex. Various groups attempted to create models to explain the relaxor behavior
such as, superpalaelectric model, dipolar glass model, compositional heterogeneity
model and ramdom field model. Therefore, phase transition behavior of relaxor

ferroelectric materials has been extensively studied (Mouraa et al., 2008).

1.2 Review of literatures

1.2.1 Background of barium titanate

Barium titanate is a dielectric material with the chemical formula BaTiOs. The
structure of BaTiO;3 is tetragonal perovskite-like structure, which is a network of
corner-linked oxygen octrahedra, with the Ti atoms within the octrahedral hole and
the Ba atoms filling the dodecahedral hole, as shown in Figure 1.1. The BaTiO3; was
first developed as piezoelectric ceramic, and it still is widely studied in the family of
perovskite-like dielectric materials (Wei and Yao, 2007). Moreover, it has been

mostly applied in multilayer ceramic capacitors.
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Figure1.1  Crystal structure of tetragonal perovskite BaTiOs.

Barium titanate is known to exhibit phase transition in bulk forms with various
temperatures (T). At T <-90 °C, the structure of BaTiOs is trigonal or rhombohedral,
between -90 °C to 5 °C, the rhombohedral structure change to orthorhombic. Above
5 °C, the orthorhombic cell changes to tetragonal and then to the cubic cell at Curie
temperature (T¢) about 120 °C(Maiti et al., 2008). In addition, at room temperature
the structure of BaTiOs is tetragonal, the position of the titanium ion becomes off-
center resulting in the distortion of TiOg octrahedra as the temperature is lowered
from the high temperature cubic form. The distorted octrahedra create a very large
spontaneous polarization, and in tune dielectric constant. Moreover, the distorted
octrahedra can be reversed by applying a suitable electric field E.

In addition, researchers have found that doping or element substitution into
titanium site in BaTiOs lattice induces the relaxor ferroelectric behavior or the

relaxation effect in this prototypic ferroelectric material (Yu et al., 2007).
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1.3 Relaxor ferroelectrics of barium titanate-based Materials

1.3.1 Barium Titanium Zirconate

Barium zirconate titanate is a lead-free ferroelectric with the chemical formula
Ba(Ti,Zr)Os3. BaZrO; is known to exhibit paraelectric behavior because of its crystal
symmetry no spontaneous polarization (Figure. 1.2). When Ti suitably substitutes for
Zr, relaxor ferroelectric behavior is observed. Its structure becomes pseudocubic or

the cubic distortion of perovskite.

Figure 1.2  Crystal structure of cubic perovskite BaZrO:s.

Barium zirconate titanate is known to exhibit relaxor behavior in bulk
materials with increasing Zr content. Substitution of Zr** (atomic weight of 91.2, ionic
radius of 0.086 nm) with Ti** (atomic weight of 47.9, ionic radius of 0.0745 nm)
exhibits several interesting features in the dielectric behavior of BaTiOs. It has been

reported that with the incorporation of Zr in BaTiOs; the rhombohedral to
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orthorhombic (T;) and orthorhombic to tetragonal (T,) phase transition temperatures
corresponding to pure BaTiOgs increase. In contrast, the tetragonal to cubic (T¢) phase
transition temperature decreases (Maiti et al., 2008; Yu et al., 2007). Thus when Zr
concentration is less than 10 mol%, these BaZr4Ti;.xO3 systems exhibit pinched phase
transition; i.e., all the above three phase transition temperatures (T1, T2, and Tc¢)
correspond to pure BaTiO; are merged or pinched into a single diffuse phase
transition. At around 27 mol%, Zr-doped BaTiO3z ceramics exhibit typical diffuse
paraelectric to ferroelectric phase transition behavior, whereas Zr-riched
compositions exhibit typical relaxor-like behavior in which T, shifts to higher
temperature with increase of frequency (Moura et al., 2008; Mouraa et al., 2008).
Recently, researchers have found that Ba(Ti1 xZrx)Os with x = 0 and x = 0.005
contained the tetragonal BaTiO3 phase. The x = 0.02 sample contained a mixture of
the tetragonal and orthorhombic structures, whereas the x = 0.04 sample contained
primarily the orthorhombic phase. For x = 0.12, the structure was cubic (Levin et al.,
2010). In that work, the local structure information of Ti in Ba(Tii—Zrx)O3 powders
and its characteristics as a function of Zr concentration were obtained. The results
showed that increasing of Zr content in BaTiO3 affected the local structure of BZT, as

shown in Figure 1.3.
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Phase diagram of Ba(Ti,—Zry)O3 compound as a function of Zr content.

(Maiti et al., 2008).

1.3.2 Barium Titanium Stannate

Barium titanium stannate is lead-free feroelectric with the chemical formula

Ba(Ti,Sn)O3; which can exhibit relaxor ferroelectric behavior when Sn replaces Ti

about 30% or x=0.3 for Ba(Ti1xSnx)Os. By comparison between Zr** (atomic weight

of 91.2, ionic radius of 0.086 nm) and Sn** (atomic weight of 118.7, ionic radius of

0.083 nm), Zr** has larger ionic radius less then Sn** but it has less atomic weight.

However, substitution of either Zr or Sn (or both) into Ti atom in BaTiO3; about 30

mol% exhibits relaxor-like ferroelectric behavior (Wei and Yao, 2007; Cerneaw and

Manea, 2007). In addition, at x > 0.13, Sn-doped BaTiOj structure changes to cubic

phase as shown in Figure 1.5.



Figure 1.4

Crystal structure of cubic perovskite BaSnOs.
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Figure 1.5  The phase diagram of Ba(Ti;—Sny)O3 compound as a function of Sn

cotent/% (Wei and Yao, 2007).

1.3.3 Bismuth Zinc Titanate

Bismuth zinc titanate is a new lead-free polar compound with the chemical
formula Bi(Zn,Ti)Os. The crystal structure is tetragonal perovskite, with Ti and Zn
occupied in B site by ratio 0.5:0.5 (black ball in Figure 1.6) and the highest reported
lattice constant c/a ratio of 1.211. However, Bi(Zn,Ti)O3 is unstable in its pure form
and can only be stabilized under high pressures or in solid solutions with other
perovskite end members (Huang, 2008), but the composite of BaTiOs; with
Bi(Zn,Ti)Og3 is stable and can be exhibit relaxor ferroelectric behavior. At around 10
mol% of Bi(Zny;,Tiy»)03 in BaTiO3-Bi(Zny,2Tiy,)O0s, phase transition from tetragonal
to pseudocubic or rhombohrdral is observed (Huang and Cann, 2008; Raengthon and

Cann, 2011).
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Figure 1.6  The structure of tetragonal perovskite Bi(Zn,Ti)Os.
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Table 1.1 Some properties of BaTiOs-based perovskite structure (Grazulis et
al.,2012).

BaTiO3 BaZrO; BaSnO3 Bi(Zn,Ti)O3

Perovskite type Tetragonal Cubic Cubic Tetragonal

Lattice parameter a=3998A a=4.157A a=4116A ca=1211A
c=4.018A
Dielectric behavior ferroelectric  paraelectric ~ paraelectric ~ unstable in its

pure form

1.4  Scope and Limitations of the Study

This study aims to synthesize Ba(Ti;—xZrx)Os, Ba(Ti;—xSny)O3 and xBaTiOs3-
(1-x)Ba(Ti;—xZny)O3 materials. The standard XRD will be used to determine global
structure of the prepared materials. The local structure of Ba(Tii—xZry)Os,
Ba(Ti;—xSny)O3 and xBaTiO3-(1-x)Ba(Ti1—xZnx)Oz materials will be characterized by
XAS. FEFF 8.2 code will be used to simulate the x-ray absorption near edge structure
(XANES) of Ba(Tii—xZrx)0s, Ba(Ti;Sny)O3 and xBaTiO3-(1-x)Ba(Ti;—«Zny)O3 to
compare with experiment. Athena and Artemis programs will be used for data
analysis and fitting respectively. In addition, dielectric properties of Ba(Ti1—xZry)Os,

Ba(Ti;—xSny)O3 and xBaTiO3-(1-x)Ba(Tii1—xZn)O3 will also be investigated.
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CHAPTER 11

THEORY

2.1 Dielectric properties

2.1.1 Basic theory (Hench and West, 1990; Barsoum, 1997)

According to Gause’s law for two metal parallel plates of area A separated by
a distance d in vacuum, shown in Figure 2.1. Assume the area of two metal parallel A

larger than distance d and electrics field is constant within two metal parallel plates.
g0 E - dA =Q (2.1)

For two metal parallel plates (d < A),

goEA=Q (2.2)
and v =Ed (2.3)
From definitions of capacitance
_Q
C=7 (2.4)

Therefore, the capacitance for two metal parallel plates of area A separated by
a distance d in vacuum, given by

SoA

Coac = R (2-5)

where &, is the permittivity of free space, which is a constant equal to 8.85 x 10

C?/(J -m). The units of capacitance are farads (F), where 1F =1C/V =1C?/].
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In case of within two metal parallel plates is dielectric material, shown in Figure 2.1.

In other words, equation (2.5) is now modified to read
c=2 (2.6)

where ¢ is the dielectric constant of material of between the plates. In addition, the

relative dielectric constant of a material k' is defined as

€ =5 = i, @7

Comparing equation (2.6) to equation (2.7) yields

K== (2.8)

Sine € is always greater than &,, the minimum value for the relative dielectric

constant is 1.

© 0 0|0 O

© @ @

Figure 2.1  Parallel-plate capacitor of area A and separation d in vacuum attached to
a voltage source.
Electromagnetic theory defines the dielectric displacement D as the surface

charge density on the metal plates, in figure 2.2 that is
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D = 0yac + Opor (2.9)
By combining equation (2.3), (2.4) and (2.5), the surface charge density in

vacuum gy, IS

Q

Opac = [Z =—=¢§F (2.10)

Lo ="
where E is the applied electric field. For g, is surface charge density were induced
by dipole moment. Also a,,, is numerically equal to the polarization P of dielectric,
i.e.. Therefore, equation (2.9) can be written is
D=¢gE+P (2.11)
If P =0, D is simply same equation (2.10), which is mean metal parallel plates
in vacuum. Moreover, the dielectric displacement D is still defined by
D = k'gyE (2.12)
If combining equation (2.11) and (2.12), that is
P = (k' —1)eoE = xgie€oE (2.13)
where Xaie = k' —1
and yg;. is the dielectric susceptibility of material, which directly related with

dielectric constant.
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|
| QHOHOHOHD
Dielectric _l_E] E] E] E]
\[ S 5 +
——0
_l_
@E@E@\E@E@

EI Tpai @ Opae E] Dipole
Figure 2.2  Parallel-plate capacitor except that now a dielectric is placed between
the plates and attached to a votage source.
2.1.2 Polarization mechanisms
Consider polarization in microscopic, which can be determine by multiply of
the number of atoms per unit volume N with dipole moment g, that is
P=Nj (2.14)
and U= akE; (2.15)
where « is polarizability, the SI units are C - m?/V or Fm? and E|, is the local electric

field to which the atom is subjected. To estimate the local electric field, which will

stem from four sources :

o E is the free charges due to the applied electric field E.
o E. is the field that arises from the free ends of the dipole chains that

line the cavity.
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o Es is the field due to atoms or molecules in the near vicinity of the
reference molecule.
o E* is the external electric field.
E,=E,+E,+E; +E* (2.16)
E; is depolarization field and related geometry of material for the dielectric

material is infinite slab, that is

B =—(2)P (2.17)

€o
E, is caused from polarize charge of Lorentz cavity. Electric field at center

point on sphere radius R is

E, = fOR (_P cos 9) cos @ (2mR? sin 6 d6)

41egR?

E,=—P (2.18)

380

Es is total dipoles moment of molecule on cavity sphere

E, = ( 1 )[3(ﬁ-f)f—r2ﬁ] (2.19)

4TrE, s
The cubic crystals is highly symmetric crystals, it can be assumed that the

additional individual effect of the surrounding atoms mutually cancel, or
Es=0 (2.20)
Substitution equation (2.17), (2.18) and (2.20) to (2.16)

E,=E —=p (2.21)

380

According to Lorentz relation, given by

E=E —2p (2.22)

€o

Therefore, combining equation (2.22) with (2.23), that is
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E,=E+—P (2.23)
380

If consider polarizability «, it is properties of each atom or molecule. But
dielectric constants depend on atom or molecule in crystals. Therefore, polarization of
crystals is

P =Y N;oEp;y (2.24)
where N; is number of atom i per unit volume.

a; is polarizability of atom i.

Ey ;) is the local electric field at position atom i.

Substitution equation (2.23) to (2.24), that is

P (2.25)
3&0

Combining to equation (2.13), that is

1+£2Ni(li
== (2.26)
I—EZNi(Zi
or kot _ LWy (2.27)
k'+2 380

Equation (2.27) shows relation of dielectric constant with polarizability, it is
called Clausius-Mosotti relation. In addition, the total polarizability is the sum of the

contributions from the various mechanisms, or

k-1 1
k' +2 = a [Neae + Nionaion + Ndipadip + Nspace chg@space chg] (2-28)

where N; represents the number of polarizing species per unit volume. In the

remainder of this section, electronic, ionic and ion jump polarization or dipolar are

discussed in some detail.
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2.1.2.1 Electronic polarization (Barsoum, 1997; Hench and West, 1990)

Zie
+
E
Zime
a) b). c)

Figure 2.3  Electronic polarization of electron cloud surrounding a nucleus. a). At
equilibrium, without an appiled electric field b). In the presence of an
appiled electric field. c). Schematic of model assumed in text. Sp

represent the stiffness of bond between the electrons and the nucleus.

In schematic figure 2.3a and b it is show that electronic polarization occurs
when an applied electric field, exhibit electron is displaced relative to the nucleus it is
surrounding. It is operative at highest frequencies and drops off only at high
frequencies (= 10" Hz). In classical theory assumed model, which electron is
coupling nucleus by stiff bonding Sy, shown in figure 2.3c. If natural frequency of
system is wy, the restoring force can be written that

Frestor = My @28 (2.29)

where M, is the reduce mass of oscillation system, defined as

M, = Zimemn (2.30)

o Zime+Zimy
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where m, and m,, is mass of electron and nucleus respectively, But m, > m,.
Therefore, the reduce mass of oscillation system approximate is
M, = Z;m, (2.31)
If an applied electric field is AC current, a driving force is
F =ZeE = Z,eE,exp(iwt) (2.32)
With a restoring force and a damping constant or friction factor, f. Therefore,

the equation of motion is

azs as ;
Zim, (ﬁ +f—+ w%c?) = Z;eEyexp(iwt) (2.33)

Solution of equation (2.33) is

eE,

6= exti(wt — Q) (2.34)
Me /(w%—w2)2+f2w2
And 5= g exp iwt (2.35)

me{(w3-w?)2+inf}
where @ represents the phase difference between the forced vibration and the resulting

polarization, take the value

— _Jo
tan® = w2ma?

(2.36)

Consider the dipole moment of electronic polarization ., that is u, = Y. N;ed;
to combine equation (2.13), (2.34) and (2.35), the real (k,) and imaginary parts (k.')
of the relative dielectric constant are, respectively,

Zie?N(w3-w?)
goMe{(WE-w?)2+f2w?}

ke(w) =1+

(2.37)

Ziezwa
gome{(wE-w?)2+f2w2}

ke'(w) =

(2.38)

Moreover, for w > w,, the ions no longer follow the applied electric field and

!
ion

drop out, that is k;,,, = 1, as
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k(@) = 1+ Z&2Ne (2.39)

EgMeWe
Therefore, electronic polarization will be sensitive in the high frequencies

(10'® to 10*® Hz).

2.1.2.2  lonic polarization(Barsoum, 1997)

lonic polarization is defined as the displacement of positive and negative ions,
as shown schematically in Figure. 2.4. lonic resonance is sensitive in the infrared
frequency range (10* to 10% Hz). The expansion of ionic polarization can derive
same electronic polarization. Similarity, the positive ions are assumed to be attached
to negative ions by a spring having a natural frequency of vibration wj,, The reduced
mass of the system is given by M, = m:m,/(mc+m,), where m¢ and m, is masses of
cation and anion, respectively. In the structure of materials may be the friction of
motion which was defined as f;,,. The final result is very similar electronic
polarization and is given by

(Ze)zNion(wizon_wz)

2 2
EOMT{(wion_wz)z'l'fionwz}

For real part kipn(w) =1+

(2.40)

And imaginary part k! (w) = (Ze)"Nion®S ion (2.41)

SOMT{(wizon_wz)z +fi%mw2}

where Nion is the number of ion pairs per cubic meter. Moreover, for w > w;,,, the

ions no longer follow the applied electric field and drop out, that is k;,,, — 1, as
(Ze)*Nion

2
EoMrwiyy,

Kion(w) =1+ (2.42)

From Egs. (2.42), lonic polarization will be sensitive in the infrared frequency

range or high frequencies (10*? to 10™ Hz).
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a). b).
Figure 2.4  lonic polarization. a). lon positions at equilibrium E=0. b). When an
applied electric field, the center of positive charge is no longer

coincident with the center of negative charge, i.e., polarization occurs.

2.1.2.3 Dipolar polarization

Dipolar polarization or orientation polarization is important because it occurs
at frequencies lower 10" Hz and greatly affects the capacitive and insulative
properties of glass and ceramics. Difference with in case of electronic polarization
and ionic polarization because it occurs at high frequencies (o > 10™ Hz).

In case of dipolar polarization, the effect of the applied electric fields occurs
the ion jump polarization which is the referential occupation of equivalent or near-
equivalent lattice site. In the absence of an electric field, each site has an equal
probability of being occupied and no net dipolar polarization, as shown in Figure
2.5(a). While, the applied electric field, the two sites are no longer equivalent. The
situation of an ion is localized in deep energy well, within two equivalent sites,

labeled A and B in Figure 2.5(b), exist. With applied electric field, the sites are
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separated from each other by a distance /s and an energy barrier AHy, resulting in a

net polarization.

(a) (k)

Figure 2.5  Dipolar polarization; (a) energy versus distance diagram in absence of
applied field; the two sites are equally populated. (b) The application of

an electric field will bias on site relative to the other (Barsoum, 1997).

The Boltzmann factor can be explained the probability of an ion’s making a

jump in case of no external electric field, as
P = Kexp(— 2m) (2.43)
kT
where P is the probability of an ion’s making a jump, k is Boltzmann constant about

1.38x102 J/K and T is temperature. The potential energy of dipolar depends on the

orientation of dipole moment g, and the applied electric field E, is

—

U= _ﬁdip -F = _.udipE cos @ (244)
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where U is the potential energy of dipolar and @ is the angle between dipole moment
with the applied electric field. The moment aligns with or against the field, the
potential energy is simply +uq;pE at & = 0° or 180 °. Therefore, the potential energy
difference between the two locations is 24, E. Assuming Ngip amount of dipoles per

unit volume, the jump probability A — B is

Pjop = Kexp(— =2 tait (2.45)

For this case, the applied electric fields are small enough that pgipE /KT < 1
and this equation simplifies to

HdlpE

Pig=(1+—)P (2.46)

Similarity, the jump probability B — A is
Pgoy = (1 —4E5)p (2.47)
At steady state,
NyPyp = NpPp4 (2.48)
where Na and Ng are the number of ions in each well. Combining Eq. (2.46)
with (2.47) into (2.48), yield is

UdipE HdipE
Ng — Ny = (Ng + Ny)—— dp = Ndipi_; (2.49)

The static polarization per unit volume Psis defined as

K
Py = (Np = Ny)ptaip = Nayp -2 (2.50)

from the relationship of Eq. (2.13) into (2.50), obtains

H’dlp

kdlp =1+ Ndlp (251)
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2.1.3 Temperature dependent dielectric loss
Eq. (2.27) shows relationship of the dielectrics constant with polarizations
(Khamkongkaeo, 2013). In this section, we consider the effect of temperature. The
experiment results show that dielectric constants are highest at Curie Temperature
(Tc). Therefore, according to Eq. (2.26), dielectric constant will be infinite while at
Y. N;a; = 3¢, (2.52)
In fact, the dielectric constant cannot be infinite, but is highly temperature dependent.

We can assign A << 1, very small.
SNy =1—A (2.53)
380

Substitution Eq. (2.53) into (2.27),

k=2 (2.54)
But A << 1, K~ 2 (2.55)
If consider the region around Curie temperature, A can be assigned as
A~ 20 (2.56)
Therefore,
k' = T_CTC (2.57)

where C is Curie constant and Eq. (2.57) was called “Curie-Weiss law” which
explains the dielectric constant in case of paraelectrics behavior.

In addition, dielectric loss will be increasing while temperature is increasing.
Dielectric loss is caused by leakage currents (Ig). However, dielectric loss is caused
by leakage currents only but all cause as

» Loss from dielectric constant not have infinite.

» Loss from dipole relaxation.
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» Loss from electron polarization.

» Loss from ionic vibration.
Dielectric loss from dielectric constant cannot be infinite and dipole relaxation will be
the effect of various frequencies. Dielectric loss from electron polarization and ionic

vibration will be the effect of high frequencies only.

2.1.4 Frequency dependence and Dielectric loss

The process of polarization will be relaxation when applied electric field with
dielectric materials (Khamkongkaeo, 2013). The relaxation will depend on frequency
of applied electric field which can be described by Debye equation. We consider the
relaxation during frequencies about 10% -10™ Hz or dipolar polarizations. Define the
dielectric constant of dipolar polarization at zero frequency a

k(w) = ke + f(w) (2.58)
where k,, is optical dielectric constant or dielectric constant respond high frequency
(koo = ke + kion)- At zero frequency,

F(0) = kg — ke (2.59)
where k; is static dielectric constant. With applied electric field, dielectric materials
exhibit of polarization relaxation and will be decreasing when applied field is
removed.

P(t) = Pye~t/? (2.60)
where 7 is relaxation time constant. We can use Fourier transform Eq. (2.60) into

frequency space is

flw) = [7P(t)e™tdt
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__bho

flo)==0m (2.61)
at zero frequency,

f(0) =Pyt (2.62)
according to the relationship of Eg. (2.59), (2.61) and (2.62),

— ks_koo

flw) === (2.63)
substitute Eq. (2.63) into (2.58),

k(W) = ko, +222 (2.64)
in electrical AC can be written as

k=k"—ik" (2.65)
Consider Eq. (2.64) and (2.65),

l _— ks_koo
k'(w) = ko + e (2.66)
" _ (ks—koywt
and k' (w) = ———5— (2.67)
definition of dielectric loss is
k”
tand = T (2.68)
tan§ = k)T (2.69)
kst+kow=T

Equation of (2.66), (2.67) and (2.69) are Debye’s equation which k' is related the

dielectric constant and k"’ is related the dielectric loss.
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Figure 2.6  Variation of polarization with frequency (Khamkongkaeo, 2013).

2.2 Relaxor ferroelectrics (Huang, 2008)

In the 1950’s, Smolenskii et al. first discovered relaxor ferroelectrics. The
difference between a normal ferroelectric and a relaxor were discussed by the
behavior around the Curie point which is illustrated in Figure. 2.7.

Considering the dielectric behavior of normal ferroelectric, when the
temperature is above Curie temperature, T, the dielectric constant can be obtained by
Curie-Weiss law which is shown in Eq. (2.64). Normal ferroelectric exhibits the sharp
first order dielectric transition peak as a function of temperature. In relaxor
ferroelectrics exhibit a broad and strong frequency dependent maximum dielectric

permittivity. Moreover, the dielectric constant of relaxor ferroelectrics does not follow
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Curie-Weiss law. But, it can be described by quadratic Curie-Weiss law, as shown in

Eq. (2.65).
Normal Ferroelectric: 1= (2.64)
£ C
P 1 _ i _ (T-T(w))Y
Relaxor Ferroelectric: S T zens? (1=y<2) (2.65)

where emax IS the permittivity at Ty, v is degree of dielectric relaxation, where y = 1
corresponds to a normal first-order ferroelectric phase transition. y > 1 represent
relaxor-ferroelectric behavior transition. The value of o, represents the degree of
diffuseness for transition peaks. Both y and &, are determined from the slope and
intercept In(&pqx/€) versus In(T — T,,) (Cross, 2011).

At the Curie point, the polarization decreases to zero relatively more rapid in
ferroelectric materials compared to relaxor ferroelectric materials. The gradual
decrease of the polarization in relaxors can be extended to the temperature above T,
and decays to zero at temperatures exceed T,. At temperatures below Ty, relaxors can
also show non-linear P-E behavior. However, the remnant polarization is much
smaller than in normal ferroelectrics when the temperature is close to Ty, as shown in
Figure 2.7(b).

Generally, these kinds of materials may undergo transitions between the
following states. (i) when the temperature above T, the paraelectric (PE) state
occurs, and (ii) upon cooling they gradually transform into an ergodic relaxor (ER)
state with a random distribution of polar nano-regions (PNRs). Generally the

transition temperature from PE to ER state is the so-called Burns temperature (TB)
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and is lower than Tp. It must not be confused with a structural transformations
temperature since at TB there is no macroscopic structure change. (iii) an intermediate
non-ergodic state (true relaxor state) with short range ordered polar nano-regions
appeared once the temperature is low enough. (iv) when a strong electric field is
applied to the nonergodic state, the ferroelectric state appears. On the basis of ordered
PNRs, the relaxor ferroelectric shows unique properties from dipolar glasses and

normal ferroelectrics (Huang, 2008).
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Figure 2.7  Comparisons of normal ferroelectric and relaxor ferroelectric (Huang,

2008).
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2.3  Hysteresis

The hysteresis is a result of applied electric field into dielectric material, and it
will generate polarization. For paraelectric materials, the polarization will be linearly
increasing along electric field. But ferroelectric materials have included spontaneous
polarization. The hysteresis loop is due to the presence of crystallographic domains
within which there is complete alignment of electric dipoles. At low field strengths in
unpolarized material, the polarization P is initially reversible and will be linearly
increasing along electric field follow by Eq. (2.66). In addition, the initial dielectric

constant can be found at slope of polarization and electric field, as
P
tana = — (2.66)
tana = (k; — g,
or ki =1+tana /g, (2.67)

where %’ is the initial dielectric constant.

At higher electric field, the polarization increases cause the switching of the
ferroelectric domains which can explain by dipolar polarization or orientation
polarization in section 2.1.2.3. The polarization switches so to align with the applied
field by means of domain boundaries moving through the crystal. At high field
strengths, the polarization will be saturation Ps that means, all the domain orientation
are aligned with the electric field, shown in Figure 2.8(a). The saturation polarization
can be found at the high electric field curve back to E=0 and corresponding to the

spontaneous polarization with all dipoles aligned in parallel.

When the applied electric field decreases gradually until E=0, the polarization

does not go to zero but remains at finite value and called the remnant polarization, Py,
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because the oriented domains being unable to return to their random state. However,
with the backward applied electric field, the dipole will return into random state until

P=0 at the coercive field, E.
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Figure 2.8  Hysteresis loop for polarization. (b) Domain microstructure without
electric field. (c) Domain growth in direction of an applied electric field

(Barsoum, 1997).
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Figure 2.1 (Continued) Hysteresis loop for polarization. (b) Domain
microstructure without electric field. (c) Domain growth in direction

of an applied electric field (Barsoum, 1997).
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2.4  X-ray Diffraction (XRD)

X-ray Diffraction is the standard technique which can identify the crystals
structure and crystalline size of material. However, x-ray diffraction cannot measure
amorphous materials because fundamental treatment of x-ray diffraction is
considering the reflection of x-ray on each plan of crystal. While, the wave nature of
x-ray incident on plan of crystal that occur reflection and the path difference of two
plan equal amount of wavelength of the x-ray beam, as shown in Figure 2.9. The
relationship between d-spacing, the angle of x-ray beam and wavelength of the x-ray

obtained by the Bragg’s law, as
2d sinf = nl (2.68)
where d is the distance between adjacent plans of atoms or called “d-spacing”, 6 is the

angle of x-ray beam, n is order of the diffracted beam and A represents the wavelength

of the incident x-ray beam.

Incident X-rays Diffracted X-rays
with a wavelength of A coherent scattering (A)
from lattice planes A and B

Figure 2.9  Mechanism of X-ray diffraction beam path (Peyronel and Marangoni,

2013).
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In Figure 2.9, the path difference of the incident X-ray beam path 1 and path 2,
is beb’. According to geometry mathematic, bcb’ is 2d sin 8 and correspond with

Bragg’s law.

2.5 X-ray Absorption Spectroscopy (XAS)

X-ray Absorption Spectroscopy is the powerful techniques for identifying
local structure site of element, formal oxidation state, neighbor atoms and investigate
the electronic structure of materials. The XAS experiment is normally carried out at
the synchrotron radiation facility, where the energy of x-ray photon can be modified
and selected (Shanthakumar, 2008). In addition, the synchrotron radiation facility has

high intensity of light sources.

The equation of absorption was explained by the intensity of the beam after
pass through the sample decreases according to exponential equation with the
intensity of the incoming x-ray beam, as

[ =lje " (2.69)
where |y is the intensity of the incoming x-ray beam, | is the intensity of the beam
after pass through the sample, x is the thickness of the sample, u is the absorption

coefficient as shown in Figure 2.10 and the absorption was defined by px

px = In(Y) (2.70)
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Figure 2.10  Schematic view of x-ray absorption measurement in transmission mode.

In case the electrons transition is followed by the selection rules. The Selection
Rules governing transitions between electronic energy levels of transition metal

complexes are

1. AS = 0; The Spin Rule, the electron’s spin must be unchanged from core

shell state to excited state.

2. Al = 41 ; The Orbital Rule, the difference of electron’s orbital angular

momentum must be equal -1 or 1 only.
The total angular momentum was defined as ] = [ + S or have value |l —s| =

J=l+s,wherel=012..n—1and S = —%,

N |-

. Therefore, the spin rule can be

consider by AJ = +1. In addition, the new symbol for electron each shell were
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defined for the electron transition, shown in the Table 2.1, and Figure 2.11, shows the

electron transition in inner shell.

Table2.1  The symbol of the electron transition in function as quantum number.

Shell I J Symbol
K 0 1/2 1s
L1 0 1/2 2s
L2 1 1/2 2p12
L3 1 3/2 2P312
M1 0 1/2 3s
M2 1 1/2 3p1s2
M3 1 3/2 3par
M4 2 3/2 3d3p
M5 2 5/2 3ds,




65

Y Yy

Kq

Figure 2.11  Diagram of the electron transition in inner shells (Thompson et al.,

2001).

When the X-ray energy is incidented through the binding energy of a core
shell, there exhibits a sudden increase in absorption cross-section. This spectum
iscalled absorption edge, with each edge representing a different core-electron bindng
energy. The name of edges is identified by the principle quantum number: K for n=1,
L for n=2, M for n=3, etc. In the x-ray apsorption process, a photon energy was
absorbed by atom, affect to electron in inner shells: K, L or M shell which is transition
to unoccupied valance band above the Fermi level. However, when electron is
excited, energy state will not be stable. Therefore, electron in next state will be
transition to replace exicited electron and fluorescence emission occurs, shown in

Figure 2.12. Although, core energy state is stabled but the next state will not be stable.
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Therefore, another electron in next state will transit to conduction band and it is called

“Auger electron”.

EVAC
Unoccupied valence
band ) E
‘ f
Occupied valence -
band
Lz,a
Ll
(—@ K
(a) x-rayabsorption
EVAC
Unoccupied valence Unoccupied valence %
band ® E band
. S
Occupied valence Occupied valence
band band
—:fj.'I:\—Q—H— L3
—@ Ly
— N\ Fluorescentx-ray
(Kq)
K

(b) Fluorescent x-ray emission

ﬂ Auger emission

EVAC

E

(C) Auger emission

Figure 2.12  Mechanism of the x-ray absorption (a) X-ray absorption (b) Fluorescent

X-ray emission and (c) Auger emission (Adapt from Klysubun, 2006).
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For example, Fe K-edge refers to transition that excited electron from 1s to 3d
orbital but according to the selection rule that is forbidden. However, in the case of
compound FeO, the effect of Fe-O bonding affects d-orbital spitting as t,g and ey,
after then occur the mixing d-p orbital from ligand field theory. Therefore, a
forbidden transition is partially allowed due to mixing of ligand p-character. While
the first line on the main edge is due to the allowed 1s to 4p bound-state transition.
The post edge relates to unoccupied state in conduction band and full multiple
scattering of spherical wave electron with neighbor atom. Moreover, XAS is
classified as XANES, which ends about 80-100 eV above the edge, and EXAFS,

which starts about 50 eV above the edge, as shown in Figure 2.13

XANES

Multiple ™
Scattering 3

Region
Is-4p °g

Main edge -

M PP IR EAPIPEPE
,+77100 7110 7120 7130 7140 7150
I L L L I L L L I 1 ' 'l |

7000 7200 7400 7600 T800
Energy (eV)

Absorbance (Arb. Units)
L] T Ll L] | L L] L L] I LI L] T T I L L] L] L]

b Acommmmm e

Figure 2.13  The absorbance Fe K-edge spectra in compound iron oxide (Larsen et

al., 2014).
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2.5.1 X-ray Absorption Near Edge Structure (XANES)

The total absorption cross-section can be calculated by using the Fermi’s
Golden rule of one electron approximation (Gaussian unit)(Koningsberger and Prins,
1988; Kodre, 2002; Stern et al., 1983; Als-Nielsen and McMorrow, 2001; Newville,

2004; Ravel, 1997; Shanthakumar, 2008),

- 2
w(w) = 4”:6262i,f |(f |F gl i)| 8(E; — E; + ho) (2.71)

where |i), |f), E; and Ef denote the initial and final states and their energies; k is wave
vector, £ is unit polarization, w is frequency of photon energy, c is light velocity, e is
electron charge and &(E) is the Dirac delta function. Generally, this equation can be

write in form the Dipole operator (D) as

u(w) = Lo (D0 (B — Ef + hoo) (2.72)
which can easily understant for electron transition from [i) to next |f) state
corresponding to the photon energy incident in the Dirac delta function and amplitude
relate dipole transition in inner atom. However, when electron was excited by photon
energy greater than binding energy, the electron will be transit to unoccupied valance
band after then the photon energy is higher which carry out from inner atom and
exhibit the propagation of spherical electron wave.

In this case we calculate the spherical electron wave scattering from the
muffin-tin approximation. We discuss scattering from muffin-tin potential which is
several atoms or ions, each of which makes a non-zero contribution only within a
spherically non-overlapping scattering region of finite radius.

V=yv (2.73)



69

Figure 2.14  The muffin-tin potential consist of non-overlapping spherical regions

(Kodre, 2002).

Figure 2.14, shows the muffin-tin potential, which outside the spherical
regions or interstitial region, the potential is set to zero. The scattering parameters,
consisting of the scattering amplitude and phase shifts, are determined separately for
each scatterer and are therefore pure atomic quantities. Propagation of spherical
electron wave in such muffin-tin potential V is described by the Hamiltonian

H=Hy+V (2.74)
where H, is the kinetic-energy operator. According to Schrodinger’s equation is
Hlp) = E|p) (2.79)
substitution Eq. (2.74) into (2.75),
(E — Holg) =Vlgp) (2.76)
However, we cannot solve to exact solution. Therefore, we can consider to separated
terms. The term of (E — Hy)|¢) is free-electron wave function and if (r|@) is the
solution of the “homogeneous” part of free-electron wave function
(E — Ho){r|@) =0 (2.77)
And the free-electron Green’s function G, is defined with relation

(E — Hy)Go(7, 7' E) = (V2 + k2)Go (7,7, E) = 6(F — ') (2.78)
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Therefore, the general solution of Eq. (2.77) can be written as a sum of the solution of

the “homogeneous” part and the Green’s function for the muffin-tin potential part
(Flo) = (F19) + [ &1 Go(7, 7", EX(T'[Vp) (2.79)

It is easily understood, if the spherical electron wave is only weakly scattered by the

potential V, the solution (r|¢) is close to the free-electron solution (r|@). Generally,

the Green’s function can be writen in form

1 exp(xik|F—7'|)
47 T

GEF, 7 E) = (F|GE|F) = - — (7 |m|?) (2.80)

Because of its singularity, an imaginary term is modified in the operator 1/(E — H,)
by +in, where n is infinitesimally small for indentify direction of spherical wave
electron, G4 and G describe how outing and coming spherical waves propagate in
free space, respectively. Therefore, the formal solution of the operator Eq. (2.79) is

given by the Lippman-Schwinger equation

1

(rlp) = (r|0) + Vig) (2.81)

To solve Eqg. (2.81), one needs to define transition operator (T) are
Vig) = T|9) (2.82)
If we define the propagation G of this system as
GE)=(E-Hy=V+im™t= (Gl =-V)*
=(1-VGy) G, (2.83)
According to the Taylor series expression
G(E) = Gy + GoVGoy + GoVGoVGo+...= Gy + GoVG (2.84)
The following important relationships from Eq. (2.82),
GoT = GV;

T =Gy GV =V +VGyV + VGoVGoV+...=V + VG,T (2.85)
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and G=Go+GyTGy;, T=V4+VGV (2.86)
according to the muffin-tin potentials from Eq. (2.73), we can write the transition
operators of individual atoms as

tt = v' + viG,yt! (2.87)
However, the operator T and t* is not obvious in the physical meaning, but we are
able to explain in the weak-scattering expansions by substituting Eq. (2.87) into

(2.85), (2.86), respectively, we obtain

G = Go+Y2Gov'Gy+ X 11 Gov' Gov' Gy +. . (2.88)

= Go+ X;Got'Gy + X Yi12i Got Gt Gy +. .. (2.89)
T = Yith+ X Diwin t " Got" + B Ninwi Linwin t2Got " Got' +...  (2.90)
th = v’ + VGV + VGV Gyt .. (2.91)

Their series equations are called Dyson’s expansion and Eq. (2.90) can explain
the order of scattering process of the spherical electron wave. The first term is an
unscattered wave propagation. The second term is single scattering by free
propagation G, to the ith atom where the wave is scattered once with potential v and
then heads forward again as shown in Figure. 2.15(a)-left. Similarity, the third term
“scatter” describes the incident wave two times as shown in Figure. 2.15(a)-middle
and right.

@’Wm T - Sawime - TF 4G, +zzz%«w

11t R S e C'lo

(a)
Figure 2.15  Single scattering (left), double scattering from different atoms (middle),

and double scattering from the same atom (right). (b) Graphical

representation of the T-operator (Kodre, 2002).
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2.5.2 Extended X-ray Absorption Fine Structure (EXAFS)

The EXAFS is the effect of back scattering of the spherical electron wave by
the neighbors of the central absorbing atom (Groot et al., 1994; Hench and West,
1990), resulting in oscillations in the energy dependence of the absorption coefficient
u(E) after the energy edge (Rehr and Albers, 2000). The normalized experimental
EXAFS signal is obtained by

X(E) = [W(E) — uo(E)]/Duo (E). (2.92)

where u, is the background absorption coefficient, Ay, (E)is the absorptionedge

jump, and k is the photoelectron wave number, given by k = \/Zme (E — Ep)/h* with

m, IS the electron mass and E, is the edge energy. After that, (k) is obtained from
the measured absorption coefficient u(E). Also, the E, is the energy at the first
maximum of the derivative of u(E)at the Ti K-edge (S. Limpijumnong et al., 2007).
According to Fermi-Golden rule Eq. (2.71), the final state will be affected by the
neighboring atom because the photo-electron will be able to see it. If we separate
|f) into two state, one that is the “bare atom” portion (|f,)), and one that is the effect

of the neighboring atom (|Af)) as

1) =1fo) +1Af) (2.93)
Substituting Eq. (2.93) into (2.81),
H(E) o [(HIENf)IP[L + (ilE1af) (8 + C.] (2.94)

where C.C. means complex conjugate. Comparison Eq. (2.93) and (2.94), we can now
assign po(E) = |{i|€|f,)|? as the “bare atom absorption”, which depends on the

absorbing atom only. Therefore, the signal of EXAFS will be proportion as

X(E) o« (i|€|Af) (2.95)
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We can consider (at least roughly) an integral equation easily (at least
roughly). The interaction term H is probably the most complicate part, which
represents the process of changing between two energy, momentum states. In
quantum radiation theory, the interaction term needed is the p-A term, where A is the

quantized vector potential (the A-A term, but this does not contribute to absorption).

Therefore, it can be reduced to a term that is proportional to e~k7 The initial state is
a tightly bound core-level, which we can be approximated by delta function. Finally,

the change in final state is the wave-function of the scattered photo-electron,

@scare (1)
X(E) o« [ dr§(r)e™ @oeae(r) (2.96)
However, the signal of EXAFS scattering occur at r=0,
X(E) X @scare(0) (2.97)
The wave-function of the scattered photo-electron can consider from the

spherical wave electron move out from absorber atoms and expression as

eik|Ri—T|

Po(k, 1) = (2.98)

IRi=7|
traveling a distance R to the neighboring atom, then scattering from a neighbor atom,

and traveling as a spherical wave a distance R back to the absorbing atom.

fieff(k)e ik|R;—7| o 1(8;(K)-1/2)

Ppackscart(k,7) = (2.99)

|R;—T|

where £/ (k) is the scattering amplitude and the term &;(k) — /2 is phase shift
of photoelectron after scattering from neighbor atoms. Therefore, the total

photoelectron wave scattering obtain by

Pscatt (k,7) = Po (k,7) - Pbackscatt (k,7)
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_ fieff(k)e2ik|Ri—T|+6i(k)—T[/2 (2 100)

|R;—7]?

The scattering at absorber atom r=0, the real part of Eq. (2.100) is written as,

£ () sin[2kR+8(F)]

Oscart (K, 7) = RZ (2.101)
giklR—r ( ) ﬁeff(k)e:k R-r e:‘_éiukl—,—‘ 2)
ok, r) = backscars (K, T) = =
“ph( / R—r1] 4 |R_?"
e - @ e - O
Absorber atom Neighbor atom Absorber atom Neighbor atom
(a) (b)

() — £ k)sin [2kR + 6, (k)]
‘p:rcr: K, - R;

Absorber atom Neighbor atom

(c)

Figure 2.16  The EXAFS mechanism of photo electron scattering.

However, we neglect the effect of the thermal and static disorder in the bond
distances will give a range of distances that will affect the XAFS is
e~200K? (2.102)
where ¢/ is the Debye-Waller (DW) factor which is caused by thermal vibration in

subject of the heat capacity, is written as
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h’ 0
O'l-2 (T) = m COth(ﬁ (2.103)

where kg is the Boltzmann constant, My is reduce mass of scattering atoms and 6 is
the Einstein temperature.

Moreover, we still neglect the effect of the lifetime of excited photoelectron
and core hole. Because in order for backscattering wave to interfere with outgoing
wave the two must be coherent as

e~ Ri/A() (2.104)
where A(k) is mean-free part of the photoelectron. In addition, we should be neglect

the relaxation of unexcited electrons in inner atom, defined as
2
Se = (o}~ |0y )| (2.105)
where (Q)? "1| accounts for the relaxation of the other (N —1) electrons relative to

these electrons in the unexcited atom: |@)~1). Typically, S§ is taken as a constant:

0.7 < S < 1.0. Therefore, the EXAFS equation can be modified as

Sé
2
kRj

x () =22 | £ (e, Rp)| sin[2kR; + ¢, (k)]e 27T e RiA®) (2.106)

However, real systems usually have more than one type of neighboring atom
around a particular absorbing atom. This is easily accommodated in the XAFS
formalism, as the measured XAFS will simply be a sum of the contributions from
each scattering atom type (or coordination shell, as it is often called — the terms
coordination sphere and scattering path are also used), In general, y(k) can be

expressed by summation of all path, EXAFS equation is

2
S3N;
2
kR?

x(k) = 32| £ (k, R)| sin[2kR; + @; (k)] e 2% ¥ e Ri/A0 (2.107)
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where N; is the degeneracy of path j. Note that Eq. (2.107) includes both single
scattering (SS) and multiple scattering (MS) processes. For a SS path, N; is simply the
number of chemically identical atoms situated at a given distance R; from the central

atom. However, y (k) can be a Fourier transform (FT) in R-space and expressed by
1 ©o :
X(R) = o= [ k2 x ()W (k)e™ dk (2.108)

To process and enhance the EXAFS with the high k region, the plot k?X(K) is

considered and windowed using a Hanning window W(k).
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CHAPTER 111

RESEARCH METHODOLOGY

3.1 Solid State Solution Synthesis

3.1.1 Ba(Ti,Zr)Os and Ba(Ti,Sn)O3

In these two systems, the solid state reaction or conventional method was
employed to synthesize the materials via chemical reactions, shown as

BaCOs + (1-X)TiO, + XMO, — Ba(TiixM,)03 + CO,  (3.1)

where M is Zr and Sn. The mixing between starting oxide materials was performed by
the zirconium ball milling in ethanol solution. After that, the mixed powders were
dried by hot plate with stirrer or magnetic bar at temperature about 100 °C. Finally,
the yield of powders was calcined in furnace at high temperature suitable for each
material (generally determined by TG-DTA). Although, the yield powders is rather
inhomogeneous and particle size is large in micron size, this method is easy for basic
synthesis.

Ba(Ti,M)O3; (M=Zr and Sn) powders were prepared via methods of the solid
state reaction. The starting materials BaCO3 (99.98%) TiO, (99.98%), SnO, (98.7%)
and ZrO, (98.7%) were weighed according to the stoichiometric composition
Ba(Ti;—xZry)Os with x = 0, 0.2, 0.25, 0.3, 0.35, 0.5, 0.6, 0.7, 0.75 and 0.95. For
Ba(Ti;—xSn,)O3 with x =0, 0.25, 0.3, 0.5, 0.7, 0.75 and 0.95. The raw materials were

weighed and ball milled in ethanol for 24 h. After drying, the powders were calcined
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at 1150-1250 °C for 4h (Yu et al., 2007; Cerneaw and Manea, 2007). The procedures

are shown in Figure. 3.1.

x =0, 0.08, 0.25, 0.28, 0.3, 0.35, 0.5, 0.7, 0.75,
and 0.95 for M = Zr

x =0, 0.02, 0.25, 0.3, 0.5, 0.55, 0.6, 0.7, 0.75,
0.9 and 0.95 for M = Sn

BaCO; + (1-X)Ti02 + XMnO,

Ethanol

Figure 3.1

v

Mixing <

l

Ball milling

|

Drying at 80°C

|

Calcination at 1150 C <T <1250 C for4 h.

|

Ba(Ti;xMx)O3 powders

Flow chart of the synthesis of Ba(Ti;—xM,)Os; powders (M=Zr and Sn).
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Ba(Ti1-xMx)O3z powders Polyvinyl Alcohol

Figure 3.2

A 4

Mixing «—

Pestle

A\ 4

Press on 2 mPa for 30 s

v
Binder burning at 500 °C for 2 h.
Sintering at 1400 C < T < 1550°C for 4 h.

|

Ba(Ti1.xMx)O3 ceramics

Flow chart of the synthesis of Ba(Ti;—xM,)Os ceramics (M=Zr and Sn).
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After that, the Ba(Ti,Zr)O3; powders were mixed with polyvinyl alcohol for
homogeneous powders and made to bulk ceramics by pressed in disks holder about 2
mPa, diameter about 10.2 mm and thickness about 1 mm. The pellets were burned the
polyvinyl alcohol at 500 °C for 2 h and sintered at 1500-1560 °C for 4-15 h (Maiti et

al., 2008). The synthesis flowchart is shown as Figure. 3.2.

3.1.2 BaTiOs3 -Bi(Tiy2Zn12)O3 Synthesis

(1-x)BaTiO3-xBi(ZnosTip5)O3 materials were prepared at Oregon State
University at USA via the solid state reaction or conventional method with chemical
reaction,

(1-x)BaCO3 + TiO, + xZnO + xBi,03 — (1-x)BaTiO3+2xBi(ZnosTip5)O03 +
(1-x)CO; (3.2)
(1-x)BaTiO3-xBi(ZngsTip5)O3 powders were prepared by a conventional solid state
reaction method. The starting BaCO3(>99.9%), Ti0,(>99.9%), ZnO(>99%) and
Bi,03(>99.5%) materials were weighed according to the composition (1-x)BaTiOs-
XBi(ZnosTigs)Os (with x = 0.05, 0.06, 0.07, 0.08, 0.09, 0.10, 0.11 and 0.13) and mixed
in ball mill for 24 h using an ethanol medium. After drying, the mixed powders were
calcined at temperature of 950 °C for 12 h with 5°C/min heating/cooling rates.
Sintering of the pellets was carried out between 1100-1300 °C for 4 h (Huang and

Cann, 2008), as shown in Figure 3.3.



x =0.05, 0.06, 0.07, 0.08, 0.09, 0.10, 0.11,
and 0.13
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(1-x)BaCO3 + TiO, + xZnO + xBi,03

Ethanol

Figure 3.3

A 4

Mixing <

A 4

Ball milling

A\ 4

Drying at 80°C

v

Calcination at 950 C for 12 h.

|

(1-x)BaTiOz-Ba(Tig5Zny5)03 powders

Flow chart of the synthesis of (1-x)BaTiO3-xBi(ZnosTigs5)O3 powders.
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(1-x)BaTiO3-Ba(Tigs5Znx5)O3 powders

|

Pestle

|

Press on 2 mPa for 30 s

|

Sintering at 1100 C < T <1300 for 4 h.

|

(1-x)BaTiO3-Ba(Tig5Zny5)O3 ceramics

Figure 3.4 Flow chart of the synthesis of (1-x)BaTiO3-xBi(ZnosTip5)O3 ceramics.

3.2 Xray diffraction setup

The Bragg condition can be suitable for each planes of crystal. The half
wavelength of the x-ray is smaller than spacing (if A/2 < d, then sin@ > 1, which is
impossible). This condition is a limit on how many orders of diffracted waves can be

obtained from a given crystal using an x-ray beam of a given wavelength. The crystal
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patterns, indicated in three dimensions and denoted (h k I) are required to describe the
order of the diffracted waves or called “the Miller indices”, which are used in
crystallography, denote the orientation of the reflecting sheets with respect to the unit
cell and the path difference in units of wavelength between identical reflecting sheets.
The x-ray diffraction technique is normally carried out by an x-ray
diffractometer. The essential components of x-ray diffractometer (Fultz and Howe,
2008) are:
1) A source of x-ray, usually a sealed x-ray tube
2) A goniometer, which provides precise mechanical motions of the tube
specimen and detector
3) An x-ray detector
4) Electronics for counting detector pulses in synchronization with the positions
of the goniometer
There are four practical approaches for observing diffractions and making
diffraction measurements: Debye-Scherrer Method, Laue Method, Rotating Crystal
Method and 6-26 diffractometer Method. All are designed to ensure that Bragg’s law
is satisfied. The schematic diagram of 6-26 x-ray diffractometer used in this work
(BRUKER X-ray diffractometer model D5005 equipped with Cu K, sealed tube,
wave length 1.54 A) is shown in Figures 3.5 and 3.6. The 6-20 Diffractometer is used
for diffraction measurements of unfixed horizontal sample. For this purpose, sample
will be rotated to 6 and x-ray detector moved to 26. The diffraction angle followed on
Bragg’s equation (2.68). The one-side weight of the tube stand is compensated by a

counter weight. Both tube stand and counter weigh are fixed to the outer ring.
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Figure 3.5  Schematic illustration of 6-20 x-ray diffraction experiment

(Jutimoosik, 2010).
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~
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radiation slit

Figure 3.6  Schematic representation of X-ray diffractometer D5005 (Jutimoosik,

2010).
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3.3  X-ray absorption spectroscopy setup

3.3.1 X-ray absorption spectrum calculation

In thesis, the principle theoretical calculations are performed based on
FEFF 8.2 code. This code is developed to primarily calculate x-ray absorption for the
FEFF (fer) project developed by the Department of Physics, University of
Washington, Seattle. USA. Apart from XAS spectra calculation, FEFF code can also
calculate x-ray natural circular dichroism (XNCD), spin-dependent calculations of x-
ray magnetic dichroism (XMCD), nonresonent x-ray emission (XES) and electronic
structure including local densities of states (LDOS). FEFF code is written in ANSI
FORTRAN 77 with principle investigator John J. Rehr and co-principle investigator
Alexei L. Ankudinov (Rehr and Albers, 2000).
FEFF is ab initio self-consistent real space multiple-scattering (RSMS) code
for simultaneous calculations of x-ray absorption spectra and electronic structure. The
input file “feff.inp” can be created directly from ATOMS code via “atoms.inp” as

shown in Figure 3.7.

title BaTi03, Tetragonal perowvskite structure
rmax=7

a=3.599%9%8 <c=4.108

space P 4 mm

core=Ti

atom

Ba 0.00000 0.00000 0.00000
Ti 0.50000 0.50000 0.49000
o] 0.50000 0.50000 0.01%00
o] 0.50000 0.00000 0.51700

Figure 3.7 Detail of an atoms.inp input file to generate “feff.inp” for FEFF

calculation.
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The suitable commands, parameter and atomic positions for FEFF-XAS
spectrum calculations can be edited within the input file named “feff.inp”, which is
shown in Figure 3.8. This file controlled with some details, for instance the generator
of input file and the number of atom which contains in the cluster. The followed
details describe about various card use to assign the steps of calculation. The type of
atomic potentials and defined atomic symbols are presented in the next part, and
eventually with the locations of the created atoms in the system where the location of

center atom is placed at (0,0,0) in (x,y,z) coordination.



89

TITLE BaTiC3, Tetragonal perovskite structure

EDGE K
502 1.0
= Dot ®*3ph fms paths genfmt £f2chi
CONTROL 1 1 1 1 1 1
PRINT 1 a a 0 0 0
® r =cf [ 1 scf n scf ca ]
5CF 4.3 0 20 0.1
= ixce [ Vr VWi ]
EXCHRNGE O 4 0.3
*EXLFS
*RPLTH 8.50057
= kmax [ delta k delta e ]
XANWES 7.0 0.05 0.3
® r fms [ 1_fms ]
FME 6.5 a
*
RFLTH 0.10000
= emin emax resolution
*LDOS -20 20 0.1
POTENTIALS
= ipot z [ lakel 1 zcmt 1 fm= stoichiometry ]
0 22 Ti -1 -1 0
1 il 4] -1 -1 3
2 56 Ba -1 -1 1
3 22 Ti -1 -1 1
ATCMS
0.00000 0.00000 0.00000 4] Ti 0.00000
0.00000 @.00000 -1.593155 1 ] 1.93155
0.00000 -1.99990 0.11075 1 ] 2.002%6
1.99950 0.00000 0.11075 1 4] 2.002%6
-1.55550 0.00000 0.11075 1 o] 2.002%96
0.00000 1.99930 0.11075 1 o 2.002%96
0.00000 0.00000 2.1698 1 o 2.16985
1.99980 1.99990 -2.00988 2 Ba 3.46970
-1.99330 -1.99990 -2.00988 2 Ba 3.46970
-1.99930 1.99990 -2.00988 2 Ba 3.46970
1.99980 -1.993930 -2.00988 2 Ba 3.46970
-1.%9%%%0 -1.993930 2.0%91%2 2 Ba 3.51786
-1.55550 1.99990 2.08152 2 Ea 3.51786
1.99930 1.99990 2.08152 2 Ea 3.51786
1.99950 -1.99990 2.091%52 2 Ba 3.51786

Figure 3.8  Detail of a “feff.inp” input file of BaTiO3 with Ti as center atom for

FEFF calculation.
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3.3.2 TiK pre-edge XANES analysis
The integrated intensity of Ti K pre-edge, which is associated with both
the quadrupole and the dipole 1s — 3d transition of Ti, reflects the 3d-4p
hybridization for Ti. This hybridzation results from diplacement of the Ti atom from
centro symmetric position within the oxygen octrahedron. Vedrinskii et al. have

shown that a contribution to the area under peak X is given by
a=(L)az (3.3)
In this equation, d is the mean-square displacement of Ti atom from center
and a is the average displacement of the oxygen octrahedral and A is a peak area. An
experimental determination of the constant y, by Ravel resulted (Shanthakumar,

2008) in values of 11.2 eV/A? for BaTiO; and 13.6 eV/A? for EaTiOs, with an error

bar of about +3 eV/A?, as shown in Figure. 3.9.

0.2 1

0.1

Normalizd absorption coefficient

1
i
|
1}
i

|

T T T T T T T T 1
4966 4868 4870 4972 4974

0.0

Energy (eV}

Figure3.9  The Ti K pre-edge XANES of BaTiOs, showing the calculated area

under the spectral peak denoted by X (Shanthakumar, 2008).
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3.3.3 X-ray Absorption Spectroscopy Experimental setup (Jeon et al.,

2010)

The x-ray absorption spectroscopy experiment is commonly
accomplished at a synchrotron radiation source, due to high intensity and energy
alterable competency of generated x-ray photon, and the competency to obtain the
continuous absorption spectrum over extensive energy range. In general, there are
three types of x-ray absorption measurements: transmission-mode XAS, fluorescence-

mode XAS and electron-yield XAS as schematic illustration shown in Figure 3.10.
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Figure 3.10  The three modes of XAS measurement (a) transmission mode, (b)
fluorescence mode and (c) electron yield [adapted from (Kawai,

2000)].
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In transmission mode XAS, after the energy of x-ray photons being changed
by x-ray double crystals monochromator, the intensities of incident x-ray photon
beam (lp) and the transmitted x-ray photon beam (I) are measured by ionization
chambers as shown in Figure 3.11. In this mode, we make sure the x-ray photon beam
is well-aligned on the sample. The x-ray absorption can be extracted based on
equation (2.69). The experimental set up of XAS experimental station at XAS beam

line, Siam Photon Laboratory, SLRI is shown in Figure 3.12.

Double cystal
monochromator

X - ray) lonization lonization

chamber ﬁ chamber

\ 4

La

Sample
chamber

Figure 3.11  Schematic illustration of the experimental setup of transmission-mode

X-ray absorption spectroscopy (Jutimoosik, 2010).
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Figure 3.12  XAS experimental set up at the Siam Photon Laboratory, Synchrotron

Light Research Institute (Jutimoosik, 2010).

Other than the transmission mode, the fluorescence mode and the electron
yield are also competent for the measurement of the absorption coefficient. In the x-
ray absorption phenomena, where x-ray photon knock out an electron from the inner
shell an electron from higher energy level will cascade down to fill in the hole and
discharging radiation of energy, the discharged energy x-ray photon will be released
as demonstrated in Figure 3.10(a) and the fluorescence x-ray can be detected. In
addition, de-excitation can cause the Auger effect, where the electron reduce to lower
energy state, a second electron can be excited to the continuum state and perhaps go
out from the sample as shown in Figure 3.10(b), and then it can be detected by using
the electron-yield XAS detectors.
For fluorescence mode, we measure the intensities of incident x-ray photon

beam and the fluorescence x-ray that are emitted following the x-ray absorption.
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Usually the fluorescence detector is placed at 90° to the incident x-ray photon beam in
the horizontal plane, with the sample at an angle (usually 45° with respect to the
beam. Fluctuations in the number of elastically scattered x-ray are significant source
of noise in fluorescence XAS, so the position of the detector is selected to minimize
the elastically scattered radiation by exploiting the polarization of the x-ray beam. In
case of electron yield, we measure the electrons that are emitted from the surface of
the sample. The relative short path length (~1000 A) makes the technique surface-
sensitive, which can be beneficial if one is interested in near-surface phenomena. It
also can be beneficial for avoiding “self absorption” effect that occurs in fluorescence
mode. However, both modes are instantly equivalent to the absorption ability of the
sample. Hence, the three techniques are alterable for the study of the structure of

material using the absorption ability of the sample.
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Figure 3.13  The excited state (a) x-ray fluorescence and (b) the Auger effect

(Adapt from Jutimoosik, 2010).
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3.4 Dielectric measurement setup

The HP4284 LCR meter at Department of Electrical and Computer
Engineering, College of Engineering, University of Texas at San Antonio, Texas,
USA was employed to measure the dielectric constant and loss tangent on the various
frequencies in the temperature range of 30-425 K. The system consist of 5
complement equipment as

1. Vacuum pump.

2. Chiller pump for cooling in the system from liquid nitrogen.

3. Frequency Generator for applying frequencies into sample.

4. Temperature control for controlling cooling and heating rate in the
system.

5. The HP4284 LCR meter for measuring the dielectric constant and loss

tangent

Figure 3.14  Vacuum pump and sample holder.
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Figure 3.15  Temperature control (A) and Frequency generator (B) (Arrows

indicate the number of equipment).

Figure 3.16  The HP4284 LCR meter for dielectric measurement.



99

3.5  P-E Hysteresis setup

The P-E Hysteresis was provided by the oscilloscope and power supply with
frequency generator as shown in Figure. 3.17(a) and sample holder as shown in
Figure. 3.17(b) at School of Physics, Institute of Science, Suranaree University of
Technology.

1. Power supply with frequency generator was used to the apply electric field
and frequency into the sample.
2. The oscilloscope was used for the voltage measurement and the increasing

polarizations of sample.

(@) (b)

Figure 3.17  The oscilloscope and power supply with frequency generator (b)

sample holder for P-E hystheresis measurement.
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CHAPTER IV

STUDY OF PHASE INFORMATION AND DIELECTRIC

PROPERTIES IN BARIUM ZIRCONATE TITANATE

4.1 Introduction

The prototypic ferroelectric barium titanate (BaTiO3:BT), discovered in 1941
(Thurnaurer and Deaderick, 1941), exhibits ferroelectric behavior with high dielectric
constant. Moreover, BT is lead-free perovskite material. Therefore, BT is
environmental friendly and non-toxic. However, dielectric properties of BT is lower
than Pb(Zr,Ti)O3 (PZT). In the recent years, it has been found that the substitution of
Zr in BT or barium zirconium titanate (Ba(Zr,Ti)O3 or BZT) has become one of the
attractive candidates for various electronic devices.

The ferroelectric behavior is classified with spontaneous polarization
dependent dielectric properties. Particularly, it is of great interest because barium
zirconate (BaZrOj3: BZ) exhibits non-polar or paraelectric behavior, which does not
have spontaneous polarization. It has been found that increasing Zr substitution into
the Ti site in BaTiOj3 lattice can change the material to exhibit relaxor ferroelectric
behavior (Maiti et al., 2008; Mouraa et al., 2008; Maiti et al., 2011; Levin et al.,
2011). If Zr is substituted into the Ti site in BaTiO3 by more than 70 mol%, BZT
exhibits polar clusters like behavior (Maiti et al., 2008; Mouraa et al., 2008; Maiti et

al., 2011). Moreover, the relaxor ferroelectric behavior is characterized with strong
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frequency-dependent dielectric properties. It has been reported that, with the
incorporation of Zr in BT, the rhombohedral to orthorhombic (T;) and orthorhombic
to tetragonal (T2) phase transition temperatures increase, as compared to pure BT
(Maiti et al., 2011; Maiti et al., 2008; Cross, 1987).

Recently, it has been reported that the Ba(ZrxTi;-x)O3 compositions with x = 0
and 0.005 contained the tetragonal BT phase. With x = 0.02, the ceramic contained a
mixture of the tetragonal and orthorhombic structures, whereas the x = 0.04 sample
exhibited primarily the orthorhombic phase. For x = 0.12, the crystal structure then
became cubic (Levin et al., 2011).While it is clearly intuitive to expect the role of
locally arranged lattice structure in determining the phase transition behavior and
relevant properties of BZT material, the prior investigations usually employed only a
global structural determination technique, such as X-ray Diffraction (XRD). In the
present study, we employed the local structure sensitive Synchrotron X-ray
Absorption Spectroscopy (XAS) technique to obtain the local structure information
around the Ti atom in the ferroelectric region of Ba(ZryTi1x)O3 with hope to better
understand how the local structure is related to the properties of ferroelectric

transition.

4.2  Experimental

BaZryTi1xO3 powders were synthesized by a conventional solid state reaction
method. The BaZrTi;-xO3 were weighed according to the composition with x = 0.0,
0.08, 0.2, 0.3, 0.5, 0.6, 0.7, 0.75, 0.95 and 1 from the starting BaCOg3, TiO, and ZrO,

materials. The ball milled in ethanol solution for 24 h and then drying, the mixed
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powders were calcined at temperature of 1250 °C for 2 h with 5°C/min
heating/cooling rates (N.Binhayeeniyi et al., 2010; Yu et al., 2002).

The global structure of Ba(Zr,Ti1x)O3 was investigated by X-ray diffraction
(XRD) patterns which were scanned in 260 range of 20°-60° with 0.02° step and CuK,
radiation was used. In addition, the local structure was investigated by XAS
measurements which were conducted at room temperature at BL-8 of the Siam Photon
Laboratory, Synchrotron Light Research Institute (SLRI), Thailand (electron energy
of 1.2 GeV, beam current 120-80 mA). The synchrotron X-ray beam with energy step
of 0.20 eV provides to excite the electrons in the Ti K-edge were measured by
XANES spectra for all compositions. The data were processed using the ATHENA
program. The simulation was carried out using the FEFF8.2 program and qualitatively
compared with XANES patterns obtained from the experiment. In addition, EXAFS
spectra were obtained for some compositions and processed using the ARTEMIS
program (Chandarak et al., 2012).

The silver electrodes were sputtered on the BZT ceramics for dielectric
measurement. The HP4284 LCR meter was used to measure the dielectric constant
and loss tangent from 100 Hz to 500 kHz in the temperature range of 30-425 K with a

cooling rate of 2 K/min.

4.3 X-ray Diffraction

The XRD patterns of Ba(Zr«Ti;.x)O3 powders are shown in Figure. 4.1. It is
seen that the global crystal structure, as determined by XRD, changes from tetragonal
to cubic perovskite phases with increasing Zr concentration in BaTiOs lattice. The

sample with x = 0 (pure BT) shows the tetragonal perovskite phase, while the samples
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at 0.25 < x < 0.7 exhibit the broad XRD peaks. The compositions with x > 0.75 also
exhibit the broad peaks with the cubic perovskite structure. The standard tetragonal
perovskite BaTiO3 phase and cubic perovskite BaZrO; are also shown (matched with
JCPDS file No. 81-2201 and 74-1299, respectively). The lattice constant of the cubic
phase increases continuously with increasing Zr concentration. The XRD results show
a noticeable change in the global structure across the compositional range studied.
Figure 4.2 displays the change in the lattice parameter with Zr content and
corresponding electrical behavior in each region; i.e., normal ferroelectric (0 < x <
0.27), relaxor ferroelectric (0.27 <x <0.75), and polar clusters (x > 0.75) (Maiti et al.,
2008). In addition, the solid arrow line indicates a region of mixed tetragonal-
orthorhombic perovskite phase (0 < x < 0.12), and a region of cubic perovskite
symmetry (x > 0.12). However, the exact crystal symmetry is not clearly seen from
the XRD study and the cubic structure region could also be identified as “pseudo-

cubic”.
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Figure 4.1 X-ray diffraction patterns of Ba(ZrxTi;-x)O3 powders.
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Figure 4.3  The phase fraction of Ba(Ti,xZrx)O3 from XRD patterns.

In addition, the phase fraction between BaTiO3z and BaZrOs; is obtained from

linear combination of the integrated intensity of mean peak (110) of XRD patterns.
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The results show that the phase fraction suddenly increases around x=0.7-0.75 which
is rather corresponding with the phase transition from relaxor to polar cluster.
However, this result does not provide a complete picture for understanding the phase

transition.

4.4 XANES results

4.4.1 Identification of Zr site in BaTiOs.

Generally, XANES measures the excitation of electrons Ls-levels to
unoccupied bound states and is thus used to obtain information about the local
arrangement of atoms around the absorbing atoms and the density of states of

unoccupied states.

XANES spectra of Zr Ls-edge in Zr on Ti site in BaTiO3 (Ba(Ti,Zr)Ogs), Zr on
Ba site in BaTiO3 ((Ba,Zr)TiOgz) and SnO, were obtained using the FEFF8.2 codes
follow models in Figure 4.3. The FEFF codes is using a full multiple scattering
approach based on ab initio overlapping muffin-tin potentials. The muffin-tin
potentials used in FEFF codes are self-consistent calculations with Hedin-Lundgvist
exchange-correlation function (Hedin and Lundgvist, 1970; Rehr and Albers, 2000).
The results show that the measured XANES is clearly consistent with the calculation
of Zr on Ti site and inconsistent with Zr at other lattice locations as shown in Figure.

44.
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4.4.2 XANES studies of Ti K pre-edge

Generally, XANES measures the excitation of core electrons to unoccupied
bound states and is thus used to obtain information about the local arrangement of
atoms around the absorbing atoms and the density of states of unoccupied states®.
According to the molecular orbital theory and valence band theory, 3d levels of the
octrahedral complex split into toq and eq level. The integrated intensity of pre-edge is
associated with probability of electrons 1s to tyy and ey level. However, trasition of
electrons from 1s to 3d levels are forbidden but, if Ti atoms is off center, it will be
effect to 3d levels spiting lager until eq4 levels overlap 4s levels and electrons 1s can be
occupied on eq levels more. Therefore, the integrated intensity of Ti K pre-edge,
which is associated with both the quadrupole and the dipole 1s — 3d transition of Ti,
reflects the 3d-4p hybridization for Ti and I is directly proportional to the
displacements of Ti off-center of oxygen octahedra and is indirectly proportional to
the lattice constants (Vedrinskii et al., 1998; Levin et al., 2011). The integrated
intensity of peak B is associated with both the quadrupole and the dipole 1s — 3d
transition in molecular orbital related the local Zr/Ti ratio around the absorbing Ti.

The normalized Ti K pre-edge XANES spectra of Ba(Zr«Ti1x)O3 powders are
shown in Figure. 4.6. According to Eg. (3.3), we adopted this value as a reference for
calculating local Ti off-centering from the pre-edge peak intensities in the solid-
solution samples (Figure. 4.7a). Clearly, the local value of J+; in BZT when x content
is increasing, Ia will decrease continuously until x=0.5, which is increasing in the
relaxor ferroelectics region. After then, drop at x=0.75 in polar cluster region and is

also larger than that expected from the relaxor ferroelectrics change to polar cluster,
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local Ti off-centering were decreased. Figure 4.7b show the average local Zr/Ti ratio

around the absorbing Ti atoms.
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Figure 4.6 Normalized X-ray absorption Ti K pre-edge spectra of Ba(ZrxTiix)Os
powders.
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The local Zr/Ti ratio around the absorbing Ti.
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4.4.3 XANES studies of phase transition.

The normalized Ti K-edge XANES spectra of Ba(ZrTii1x)O3 powders are
shown in Figure. 4.8. While XANES spectra only show little difference in features for
compositions with 0 < x < 0.7, at x > 0.75 the spectra exhibit a clear change in
features with the shift in the peak C to the left-hand side; an indication of the change
in local structure around Ti absorbing atom. Moreover, according to Maiti el. Al it
was found that the electrical behavior of Ba(Ti,Zr)Os at x > 0.75 change from
ferroelectric to polar cluster. This means that Ti atoms should locally move toward
central of oxygen octahedra. However, this shift in the location of Ti cannot be
observed by XRD. The XANES spectrum can be simulated using the unoccupied
electronic states of the system, as described below. The x-ray absorbance u(E) is
given by Fermi’s golden rule. Simulated XANES spectra of Ti K-edge in Zr-deficient
Ba(Ti,Zr)O3z and Zr-enriched Ba(Ti,Zr)O3 were obtained using the FEFF8.2 code. The
FEFF code employs a full multiple scattering approach based on ab initio overlapping
muffin-tin potentials. The muffin-tin potentials used in FEFF codes are self-consistent
calculations with Hedin-Lundqvist exchange-correlation function (Hedin and
Lundgvist, 1970; Rehr and Albers, 2000). It should be noted here first that, to
simulate the XANES spectra of Ti, the structural model with Ti-off center in a rather
perfect rhombohedral perovskite structure (a=p=y=89.96) was used for the pseudo-
cubic symmetry, while a nearly perfect cubic structural model (a=p=y=89.99) with Ti
moving towards the center was used in the cubic symmetry case, image models shown
in Figure. 4.9. The perfect rhombohedral (o=p=y=89.5) and tetragonal (a=B=y=90)
perovskite structures were also calculated for comparison. The self-consistent

calculation was performed in sphere radius of 4.2, 4.3, 4.4 and 4.5A, respectively, for
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rhombohedral and cubic structure around the absorber Ti K-edge in the system and
the full multiple scattering calculations include all possible paths within a larger
cluster radius of 6.0 A.

The simulation of the XANES spectra of the BZT phase was subsequently
carried out to investigate the feature around Ti absorbing atoms in BZT solid solution
with the simulated and experimental results compared in Figure 4.10. It is shown that
the simulated spectra of the perfect rhombohedral and tetragonal perovskite structures
are not in good agreement with the measurements. However, the simulated spectral
features from the pseudo-cubic (or the rather perfect rhombohedral) structure
Ba(Ti,Zr)Oz and a nearly perfect-cubic Ba(Ti,Zr)O3 are in good agreement with the
experimental XANES spectra. This agreement between the experimental and
simulated spectra indicates that for Ba(Ti,Zr)O; compositions with lower Zr contents
the local structure around Ti atom is in the pseudo-cubic symmetry (or the rather
perfect rhombohedral model), even though the XRD results exhibit the (global) cubic
perovskite structure. This new result is also consistent with the electrical properties
which for x < 0.7 Ba(Ti1.xZrx)O3z ceramics exhibit ferroelectric characteristics with
spontaneous polarization from local ionic distortion of Ti atoms. On the other hand,
when x > 0.7, Ba(Ti;xZrx)O3 ceramics show a polar cluster behavior with very small
local spontaneous polarization; hence, the structure is close to perfect cubic

perovskite, as observed in both XAS and XRD measurements.
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Figure 410  Comparison of normalized X-ray absorption Ti K-edge spectra of
Ba(ZrsTi1x)O3 (x=0.25 and 0.75) with simulated features of Zr Ls-
edge XANES spectra of Ba(Zr,Ti)Os-rather perfect rhombohedral (red-
line), a nearly perfect cubic (black line), rhombohedral (dash-line),
tetragonal perovskite (dot-line).

The normalized Zr L3 edge XANES spectra of Ba(ZryTi1x)O3 powders are
shown in Figure. 4.11. The intensity of peak A (1a) and B (lg), which are associated
with both the quadruple and the dipole 2ps, — 3d-orbitals transition of Zr, follow
selection rules of electron transition is allowed. Therefore, the intensity of peak A
relates to the electrons 2ps, to 3d-originated unoccupied t,g-type MO of the absorbing
ZrOg polyhedron. The intensity of peaks B which appear above the peaks A by about
3 eV are shown to be caused by Zr 2psz, electron transitions to the unoccupied 3d-
originated eg-type MO of ZrOg polyhedra neighboring the absorbing Zr atom which

are weakly affected by the core hole potential (Groot et al., 1994). The peak B area
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does not depend strongly on small displacements of the atoms from their sites in a
cubic crystal lattice but it changes significantly when 3d-unoccupied atoms appear in
the vicinity of the absorbing Zr atom (for instance, Ti atoms in BZT solid solutions).
However, the results of Zr XANES spectra is not changed the local structure of Zr
atoms in Ba(Ti,Zr)Os. Therefore, The Zr atoms have no effect to the phase transition

from relaxor to polar cluster behavior of Ba(Ti,Zr)O3; materials.
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Figure 4.11 The normalized Zr L; edge XANES spectra of Ba(Zr«Ti;x)O3 powders.

In addition, we assume the mixture phase caused by the phase fraction
between BaTiO3z and BaZrOs. Therefore, the phase fraction is obtained from a linear
combination fit of BaTiOzand BaTig0sZr0.9503 materials, (assumed BaTig05Zr0.9503 IS
pure BaZrOs). However, this assumption is not entirely correct, but the tend of change
in phase fraction may provide a tool to understand better. The results show that the
phase fraction of Zr Ls-edge linear combination increases faster than the phase
fraction of Ti K-edge, meaning Zr atoms attempt to keep nature bonding with oxygen
more than Ti atoms (Figure. 4.12). However, the phase fraction indicated the phase

transition at intercept of phase fraction of Zr and Ti atoms around x=0.7-0.75,
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corresponding with local Ti off-centering from the pre-edge peak intensities and Ti K-

edge XANES simulation spectra.
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Figure 4.12 The phase fraction of Zr Ls-edge XANES spectra and Ti K-edge

EXAFS in k-space of Ba(Zr«Ti;x)O3 crystals.

45 EXAFS results

To process and enhance the EXAFS with the high k region, the plot k*X(k) is
considered and windowed using a Hanning window W(k). The EXAFS spectra were
processed, information on local structure of Ti atom via fitting with perovskite models
of Ba(Ti,Zr)Oz in ARTEMIS program. In this work, the Ti K-edge EXAFS spectra
can only be obtained up to photon energy of 250 eV above the absorption edge, due to
the presence of Ba Ls-edge. Therefore, EXAFS spectral fitting can only be performed
up to the second shell; i.e. the first shell-oxygen octahedral and second shell of 8-fold

coordinate, shown in Figure. 4.13.
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The Ti K-edge EXAFS spectra did not show clearly the phase transition at x =
0.7-0.75. Therefore, the Ti K-edge EXAFS spectra can be changed to the normalized
experimental EXAFS signal () in function k follow by Eg. (2.108), shown in Figure
414, At x = 0.7-0.75, y(k) is shown clearly the phase transition of relaxor
ferroelectric behavior to polar cluster likely XANES spectra. In addition, y(k) can be
a Fourier transform (FT) in R-space (Figure. 4.15). For x= 0.7-0.75, the trend of the
peak B features change and correspond with XANES results and phase transition from
relaxor to polar cluster. Figure 4.16 shows the EXAFS Fourier Transform and fitting
for all the six samples. EXAFS data for x < 0.7 can be fit assuming the Ti ions occupy
octahedrally coordinated B-sites in pseudo-cubic structure, the same condition used in
XANES simulation. Each fit for the compositions with x > 0.7 was performed
assuming the Ti ions occupy octahedrally coordinated B-sites in the perfect cubic
structure. The model included single distances and their associated DW factors for the
Ti-O and (x6), Ti—Ba (x8) coordination shells, respectively. All single and significant
double-scattering paths were also included. The refined structural parameters are
summarized in Table 4.1, showing coordination numbers N, the bond length of Ti
absorbing atoms within oxygen octahedral with 8-fold barium atoms and the Debye-
Waller (DW) factor o°. It is observed that with increasing Zr content in Ba(Ti,Zr)Os
system the local structure is closer to the perfect cubic symmetry, particularly at x >
0.75 with the pseudo-cubic (almost a perfect cubic) structure observed. This phase
transition is likely the effect of temperature dependence in BaTiOs;. While the
temperature is increasing, the tetragonal perovskite structure of BaTiO3; changes to

cubic perovskite (Vedrinskii et al., 1998). Similarly, when Zr content in Ba(Ti,Zr)Os
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IS increased, the structure at room temperature becomes disordered and when x > 0.75

the structure becomes that of BaZrO;.

Normalized Absorption (arb. units)

Figure 4.13

Figure 4.14

x=0
x=0.08
x=0.25
x=0.3
x=0.35
x=0.5
x=0.6
x=0.7
x=0.75
x=0.95

L B B S B B

4950

k*(x)

T
5000

T T T
5050 5100

Energy (ev)

T
5150

1
5200

The Normalized Ti K-edge EXAFS spectra of Ba(Ti,Zr)O3; powders.

The EXAFS Fourier transform in k-space of Ba(Ti,Zr)O3z powders.
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k*x(R)

Figure 4.15  The EXAFS Fourier transform in R-space of Ba(Ti,Zr)O3 powders.
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120

Table4.1  The structural parameters coordination numbers N, interatomic distances
R and DW factors ¢ obtained by fitting the EXAFS data for the BaTiy.

Zr03 (x=0,0.25,0.5 and 0.75).

Sample Shell N R (A) a?
BaTiO; Ti-01 1 1.4809(1) 0.003
Ti-02 1 2.2190(2) 0.003
Ti-03 4 1.8962(2) 0.003
Ti-Bal 4 3.3721(2) 0.005
Ti-Ba2 4 3.4559(2) 0.005
BaTio75Zr0.2503 Ti-01 1 1.4675(2) 0.003
Ti-02 1 2.2403(2) 0.003
Ti-03 4 1.8539(2) 0.003
Ti-Bal 4 3.3630(2) 0.003
Ti-Ba2 4 4.1565(2) 0.003
BaTips5Zrp503 Ti-O1 1 1.9463(2) 0.008
Ti-02 1 1.9707(2) 0.008
Ti-03 4 1.9585(2) 0.008
Ti-Bal 4 3.3533(2) 0.0001
Ti-Ba2 4 3.3675(2) 0.0001
BaTig25Zrg7503 Ti-O 6 1.9718(1) 0.008
Ti-Ba 8 3.4355(1) 0.0001
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4.6  Dielectric permittivity

The dielectric constant and dielectric loss tangent (tan 8) at various frequencies
for Ba(Ti,Zr)O3; compositions, with x=0, 0.08, 0.25, 0.28, 0.30, 0.35, 0.50, 0.75 and
0.95, are shown in Figure 4.17. The compositions with 0 < x < 0.25, exhibit normal
ferroelectric behavior and Ty, is not change as a function of frequencies. At x = 0.28,
it starts showing relaxor behavior and the broad peaks of dielectric constant as a
function temperature. A strong frequency dispersion is observed around the &' and tan
d peaks for x > 0.30 compositions or so called “relaxor” like behavior. However, at x
> 0.75, it exhibits polar cluster behavior and dielectric constant is dropping with weak
frequency dispersion in polar cluster region. With the increase in frequency, &’
decreases and the temperature at which the maximum dielectric constant (Ty,) is
shifted to higher temperatures. In contrast, the dielectric loss tangent is decreasing
while the frequencies decreases and similarly, the temperature where the maximum
dielectric loss is shifted to higher temperatures. Furthermore, the dielectric constants
decrease refer to the composition with x increased. Except at x = 0.35, the dielectric
constants increase compared with x = 0.30.

The Curie-Weiss law can explain a normal ferroelectric in the paraelectric
region follow by Eq. (2.64). Figure 4.18, shows the inverse dielectric constant as a
function of temperature at 100 KHz. The linear fitting as observe in the paraelectric
region or high temperature for all compositions. The fitting parameters Curie-Wiess
constant and Curie temperature as calculation are shown in Table 4.2 (Maiti et al.,
2006). The results show that the Curie temperature decreases while the composition x
increases. It is evident from the value of T, that the compositions x=0.08-0.50,

shows the ferroelectric behavior. However, the values of T, is negative temperature
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for x=0.75-0.95. Therefore, they are not normal ferroelectric behavior. Furthermore,
the relaxor ferroelectric behavior in the high temperature region follows a modified
Curie-Wiess law from Eq. (2.65). The value of §, represents the degree of diffuseness
for transition peaks. Both y and &, are determined from the slope and intercept
In(emax/€") versus In(T — T,,), as shown in Figure. 4.18 for x= 0.08, 0.25, 0.28,
0.30, 0.35, 0.50, 0.75, and 0.95. In the Table 4.3, the value of v is increasing while the
composition x increases, indicate the relaxor behavior. For x > 0.25, the compositions
exhibit the relaxation behavior until x = 0.50, close to the ideal relaxor ferroelectric
(y=2). The value of &, also increases because of the increasing of relaxation. In

addition, the transition temperature T,,, deceases as X increases.

Table 4.2  Calculated Curie constant and measured T, from dielectric properties of

Ba(ZryTi1x)O3 compositions.

Composition C (K) Tc (K)
x=0.08 1.95 x 10° 353.75
x=0.25 7.44 x 10° 181.41
x=0.28 1.71 x 10° 256.58
x=0.30 7.99 x 10* 230.83
x=0.35 261 % 10° 162.80
x=0.50 912 x 10* 59.49
x=0.75 5.92 x 10* -116.66
x=0.95 7.08 x 10* -1095.42
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Figure 4.18

(Continued) The inverse dielectric constant 1/e as a function of

temperature at 100 kHz for Ba(ZrsTiix)Os, symbols denote

experimental data and solid line denotes fitting to the Curie-Weiss
law. The insets show the plot of In(1/e-1/ey) vs In(T-Ty) for

Ba(ZryTi1x)O3 ceramics.
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Table 4.3  Degree of relaxation v, dielectric maxima temperature and diffusivity of

Ba(Zr,Ti1x)O3 compositions.

Composition Y T.(K) 8y
x=0.08 1.47 373 18.63
x=0.25 1.83 249 54.02
x=0.28 1.89 237 44.94
x=0.30 1.74 224 44.23
x=0.35 1.87 186 80.08
x=0.50 1.67 149 67.78
x=0.75 1.14 61 737.53
x=0.95 1.33 30 549.18

4.7 Hysteresis

The polarization hysteresis data at room temperature for Ba(Ti,Zr)O3z are
shown in Figure 4.19. The characteristics of hysteresis loops show the ferroelectric
properties at x = 0.05 and show the slim loop of ferroelectric properties around 0.25 <
x 0.28. When x = 0.30 and 0.35, the hysteresis exhibited normal ferroelectric
properties again. When x = 0.50, the hysteresis exhibited a large dielectric lose.
However, this result of dielectric permittivity showed the relaxor ferroelectric. At x >
0.70, the paraelectric properties was observed which rather corresponded with the
polar cluster behavior. However, the results show the properties related with
microstructure. It means that the characteristics of the hysteresis loops depend on the

synthesis process of the ceramics which is hard to explain with local structure.
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CHAPTER V

STUDY OF PHASE INFORMATION AND DIELECTRIC

PROPERTIES IN BARIUM STANNATE TITANATE

5.1 Introduction

Barium stannate, BaSnOs;, is of interest due to its high performance
applications, such as gas sensors and capacitors. With substitution of Ti, it becomes a
cubic perovskite-like compound and also an environmental friendly material which is
unlike lead-based materials with volatility and toxicity. These are some of the
advantages for the demand of BaSnOs. Moreover, this perovskite-like material is also
ceramic capacitors due to the properties of dielectric constant (Cerneaw and Manea,
2007; Yun Liua et al., 2007; Wei et al., 2004)

The Ba(SnyTi1x)O3 (BST), x=0-0.95, system is most widely studied of such
systems. With increasing Sn content, the tetragonal ferroelectric to pseudo cubic
relaxor phase transition occurs around x=0.2-0.25 (Yun Liua et al., 2007; Cai et al.,
2011). In previous work, x-ray diffraction (XRD) technique was used to investigate
the crystal structure. However, XRD technique did not show clearly the phase
transition from ferroelectric to relaxor behavior. Therefore, we focus on local

structure investigation by x-ray absorption spectroscopy (XAS) technique.
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5.2 Experimental

The starting materials BaCOs;, TiO, and SnO, powders were weighed
according to the composition BaSn,Ti1.xO3 with x = 0.0, 0.05, 0.25, 0.3, 0.5, 0.55,
0.60, 0.75 and 0.95. by a conventional solid state reaction method. The materials were
mixed in ball milled using ethanol for 24 h. After drying, the calcinations of the
mixed powders was carried out at temperature of 1200 °C for 4 h with 5°C/min
heating/cooling rates (Wei and Yao, 2007; Wei et al., 2004).

XRD technique was employed to investigate the phase formation and global
structure of Ba(SnTi1.x)O3. XRD patterns were scanned in 26 range of 20°-60° with
0.02° step and CuK, radiation was used. The phase information of local structure was
investigated by XAS measurements which were conducted at ambient temperature at
BL-5 and BL-8 of the Siam Photon Laboratory, Synchrotron Light Research Institute
(SLRI), Thailand (electron energy of 1.2 GeV, beam current 120-80 mA). The
experiments were performed in fluorescence mode. XANES spectra for the Ti K-edge
were measured for all compaositions.

The silver electrodes were sputtered on the BST ceramics for dielectric
measurement. The HP4284 LCR meter was used to measure the dielectric constant
and loss tangent from 100 Hz to 500 kHz in the temperature range of 30-425 K with a

cooling rate of 2 K/min.
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5.3 X-ray diffraction

In Figure 5.1, XRD patterns of Ba(SnxTi1x)O; powders display the
characteristic global structure. The result showed the second phase of BaCOs starting
material at x=0.95. However, this result has not affected the dielectric properties
because content of BaCO; is very small. When Sn substituted Ti in BaTiOs, the
structure changes from tetragonal to cubic perovskite phases. The composition x =0
(pure BT) shows tetragonal perovskite phase which can be matched with JCPDS file
No. 81-2201, while the samples at compositions x < 0.25 exhibit the broad XRD
peaks which can be matched with JCPDS file No. 74-1299. However, the
compositions between 0.25 < x < 0.95 do not clearly show the phase transition or
significant change of the global structure. The broad XRD peaks indicate that the
cubic structure could also be identified as “pseudo-cubic” or a small distortion of

cubic structure, which also affects the change in the dielectric properties.
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Figure 5.2 The phase fraction of Ba(SnxTi;-x)O3 from XRD patterns.

In addition, the phase fraction between BaTiO3 and BaSnOs is obtained from a
linear combination of the integrated intensity of mean peak (110) of XRD patterns, as
show in Figure. 5.2. The results show that the phase fraction suddenly increases
around x=0.3-0.5 which is not corresponding with the phase transition of normal
ferroelectric to relaxor and relaxor to polar cluster. Therefore, the phase transition

cannot be seen clearly from this result.

5.4 XANES results

5.4.1 Identification of Sn site in BaTiO3;

Generally, XANES measures the excitation of electrons Ls-levels to
unoccupied bound states and is thus used to obtain information about the local
arrangement of atoms around the absorbing atoms and the density of states of

unoccupied states.
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XANES spectra of Sn Lz-edge in Sn on Ti site in BaTiO3 (Ba(Ti,Sn)O3) and
Sn on Ba site in BaTiO3; ((Ba,Sn)TiO3) were obtained using the FEFF8.2 codes
following models in Figure 5.3. The FEFF codes is using a full multiple scattering
approach based on ab initio overlapping muffin-tin potentials (Rehr and Albers,
2000). The muffin-tin potentials used in FEFF codes are self-consistent calculations
with Hedin-Lundqvist exchange-correlation function(Hedin and Lundgvist, 1970).
The results show that the measured XANES is clearly consistent with the calculation
of Sn on Ti site and inconsistent with Sn at other lattice locations, as shown in Figure.

5.4.

a). BaTiO;

Figure5.3 A Model perovskite crystal structure of BaTiOs;. b—c schematic
illustrations of Sn on Ti site, Sn on Ba site, respectively. Regions

shown in c are shifted from that in a).
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site for Sn on Ti site (Snyi-red line), Sn on Ba site (Snga-black line).

5.4.2 XANES studies of Ti K pre-edge

T
4000
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Sn Ls-edge XANES spectra of Ba(TiixSnx)Os and calculation of Sn

Generally, XANES measures the excitation of core electrons to unoccupied

bound states and is thus used to obtain information about the local arrangement of

atoms around the absorbing atoms and the density of states of unoccupied states.

According to the molecular orbital theory and valence band theory, 3d levels of the

octrahedral complex split into toq and eq level. The integrated intensity of pre-edge is

associated with probability of electrons 1s to ty and ey level. However, electrons 1s to

3d levels are forbidden but, if Ti atoms off center will be the effect of 3d levels spiting

lager until ey levels overlap 4s levels and electrons 1s can be occupied on eqy levels

more. Therefore, the integrated intensity of Ti K pre-edge, which is associated with

both the quadruple and the dipole 1s — 3d transition of Ti, reflects the 3d-4p
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hybridization for Ti and 1, is directly proportional to the displacements of Ti off-
center of oxygen octahedra and is indirectly proportional to the lattice constants
(Vedrinskii et al., 1998; Levin et al., 2013; Levin et al., 2011). The integrated
intensity of peak B is associated with both the quadrupole and the dipole 1s — 3d

transition in molecular orbital related the local Zr/Ti ratio around the absorbing Ti.

Normalised Absorption (arb. units)
x
él)
5
[9)]

S
g

T T T T T T T s 1
4966 4968 4970 4972 4974 4976 4978 4980 4982
Energy (ev)

Figure 5.5  Normalized X-ray absorption Ti K pre-edge spectra of Ba(SnxTi;x)O3

powders.

The normalized Ti K pre-edge XANES spectra of Ba(SnyTi1.x)O3 powders are
shown in Figure. 5.5. According to Eg. (3.3), we adopted this value as a reference for
calculating local Ti off-centering from the pre-edge peak intensities in the solid-
solution samples (Figure. 5.6a). Clearly, the local value of o1 in BST when x content
is increasing, Ia will decrease continuously until x=0.5, which is increasing in the
relaxor ferroelectrics region. After then, a drop at x=0.75 in polar cluster region is
observed and is also larger than that expected from the relaxor ferroelectrics change to
polar cluster, hence the local Ti off-centering was decreased. Figure 5.6b shows the

average local Sn/Ti ratio around absorbing Ti atoms.
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Figure 5.6  a) o1 determined from the intensity of the pre-edge peak as a function
of the unit-cell. The value of Jti for Ba(SnxTi;-x)O3 was determined
using the spectrum reported in (Levin et al., 2013). b) The local Sn/Ti

ratio around absorbing Ti.

5.4.3 XANES studies of phase transition.

The normalized Ti K edge XANES spectra of Ba(SnxTi;-x)O3 powders are
shown in Figure. 5.7. While an increases in Sn content affects the average mean-
square displacement of Ti ions, which decreases continuously until x=0.25, the
structure approaches the cubic perovskite, as observed in the XRD results, and there
are a few changes in local structure in the relaxor region. However, when x = 0.55, the
oti decreases again, possibly due to the phase transition of relaxor to polar cluster
like- Ba(ZrcTi1x)O3 behavior (Maiti et al., 2008). In addition, the Ti K pre-edge
spectra is caused by the electron 1s transit to the hybridization of 3d-4p level and
relate to the Ti displacement in oxygen octahedral. While the Sn content increasing,

the integral intensity of peak A is continuously deceased or the Ti displacement
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deceases. But at x=0.95, it increases again. However, the Ti displacement of x=0.95
is in order of polar cluster region. The substitution in B-site affect the phase transition
to relaxor and polar cluster, respectively. On the other hand, the normalized Sn Lj
edge XANES spectra of Ba(SnyTi;x)O3 powders are shown in Figure. 5.8. The results
did not indicate the phase transition around x=0.05-0.25. However, the phase
information changes gradually. But at around x=0.5-0.55, the phase transition like in
the Ti K-edge XANES spectra can be seen. It means that the Ti atom in B-site of

perovskite structure is a significant key to the dielectric properties.
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In addition, we assume the mixture phase which is caused by the phase
fraction between BaTiO3; and BaSnOg3. Therefore, the phase fraction is obtained from
linear combination fit of BaTiO; and BaTigosSnoesO3 materials, (assuming that
BaTig0sSN0.9503 is pure BaSnOs). However, this assumption rather is not entirely
correct but the tend of change in phase fraction may contribute to better understanding.
The results show that the phase fraction of Sn Ls-edge linear combination increases in
the same tend as the phase fraction of Ti K-edge for x < 0.5, and separates when x >
0.5, meaning that Sn atoms occult more lattices in BST. Therefore, Ti atoms were
pressed from Sn atoms, as shown in Figure. 5.9. However, the phase fraction
indicated the phase transformation at changing slope of phase fraction of Sn and Ti
atoms around x = 0.3 and x = 0.5, corresponding to the phase transition of normal

ferroelectric to relaxor, and relaxor to polar cluster, respectively.



147

I i I H I H
BaSn03 10 Normal Ferro. : Relaxor |

Ti

Ié'oiarICIus.ter
0.8 -

0.6

0.4

Phase fraction

0.2

BaTi03 0.0 4

: T .
0.0 0.2 0.4 0.6 0.8 1.0

Sn content (x)

Figure5.9  The phase fraction of Sn Ls-edge XANES spectra and Ti K-edge

EXAFS in k-space of Ba(Ti;_xSny)O3 crystals.

The XANES spectra were calculated by FEFF8.2 program. The Ti K-edge
XANES spectra in Ba(Ti,Sn)O3; pseudo-cubic perovskite and Ba(Ti,Sn)O3; perfect
cubic perovskite. The full multiple scattering were calculated based on ab initio
overlapping muffin-tin potentials. The exchange-correlation functions used in FEFF
codes are Hedin-Lundgvist potential (Hedin and Lundqvist, 1970; Rehr and Albers,
2000). To simulate XANES spectra of Ti K-edge, the structural models consist of Ti-
off center in rhombohedral perovskite structure (0=B=y=89.98) or pseudo-cubic
symmetry, tetragonal perovskite, thombohedral perovskite (a=p=y=89.96) and the
pseudo-cubic with almost perfect cubic symmetry (a=B=y=89.99) structural model
with Ti moving to the center (similar to models in Figure. 4.9). The self-consist field
was calculated in sphere radius of 4.2 A and 4.3 A for pseudo-cubic, tetragonal,

rhombohedral and perfect cubic structure around the absorber Ti K-edge in the
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system, respectively, and the full multiple scattering was preformed within a larger
cluster radius of 7.0 A. The simulated and experimental results can then be compared.
Figure 5.10 shows the comparison between the simulated spectra of Ti K-edge
XANES spectra of BST with the different structural models. The results of calculation
indicate the phase transition between the rhombohedral to perfect cubic which
corresponds with the phase transition from relaxor to polar cluster as shown in the
black line and red line. This result is in good agreement with some peaks because the
electronic transition in Ti atom is complicated. However, we can confirm Sn Ls-edge

simulation XANES spectra with the experimental result.
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Figure 5.10  Comparison of normalized X-ray absorption Ti K-edge spectra of
Ba(Sn,Ti;«)O3 (Xx=0.25 and 0.75), with the simulated features of Ti K-
edge XANES spectra of Ba(Sn,Ti)Os-a nearly perfect cubic (red-line),
a rather perfect rhombohedral (black line), tetragonal (dash-line) and

perfect rhombohedral (dot-line).
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Figure 5.11  Comparison of normalized X-ray absorption Sn Ls-edge spectra of

Ba(SnyTi1«)O3 (x=0.25 and 0.75), with the simulated features of Sn L3-
edge XANES spectra of Ba(Sn,Ti)Os-a nearly perfect cubic (red-line),
a rather perfect rhombohedral (black line), tetragonal (dash-line) and

perfect rhombohedral (dot-line).

To simulate Sn Lz-edge XANES spectra, the structural models were calculated
in all cases, similar to the Ti XANES spectra. The self-consist field was calculated in
sphere radius of 4.2 A and 4.3 A for pseudo-cubic, tetragonal, rhombohedral and
perfect cubic structure around the absorber Ti K-edge in the system, respectively and
the full multiple scattering was preformed within a larger cluster radius of 7.0 A.

Figure 5.11 shows the comparisons of the simulated and experimental results for Sn
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Ls-edge XANES spectra. Ba(Ti,Sn)Os-rather perfect rhombohedral and nearly
perfect-cubic Ba(Ti,Sn)O3 show very good agreement with the experimental XANES
spectra for representative compositions. This excellent agreement between the
experimental and simulated spectra means that in the Ba(Ti,Sn)O3; compositions with
lower Sn contents the local structure around Ti atom is in the pseudo-cubic symmetry
(or almost rhombohedral), even though the XRD results exhibit the broad peaks of
(global) cubic perovskite structure. This is also in good agreement with the electrical
properties because at x < 0.55 Ba(Ti;xSnx)Oz ceramics still exhibit ferroelectric
characteristics with spontaneous polarization from local ionic distortion of Ti atoms.
On the other hand, when x > 0.5, Ba(Ti;xSnx)O3 ceramics show a polar cluster
behavior with very small local spontaneous polarization; hence the structure is close

to perfect cubic perovskite, as observed in both XAS and XRD measurements.

5.5 EXAFS results

The normalized absorption Ti K-edge EXAFS spectra show the phase
transition corresponding with XANES results at x = 0.05-0.25 and x =0.5-0.55, as
shown in Figure. 5.12. To process and enhance the EXAFS with the high k region, the
plot k?X(K) is considered and windowed using a Hanning window W(k). The EXAFS
spectra were processed, information on local structure of Ti atom. In this work, the Ti
K-edge EXAFS spectra can only be obtained up to photon energy of 250 eV above the
absorption edge, due to the presence of Ba Ls-edge. Therefore, the range of Fourier
transform of k space was limited to about k=7.0, after which the signal became very
noisy, as shown in Figure. 5.13. The Fourier transform in R space showed that the

features change suddenly around x=0.5-0.55 (Figure.5.14), where the phase transition



152

between relaxor to polar cluster exists. This result can be confirmed by the XANES

and EXAFS.
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Figure 5.12  The normalized EXAFS signal of Ba(Ti,Sn)O3 powders.
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5.6 Dielectric permittivity

The dielectric constant and dielectric loss tangent (tan 8) at various frequencies
for Ba(Ti,Sn)O3 compositions, with x=0, 0.05, 0.25, 0.30, 0.50, 0.55, 0.60, 0.70, 0.75,
0.90 and 0.95, are shown in Figure 5.15. The composition with x = 0.05 exhibits a
normal ferroelectric behavior and sharp peak of dielectric constant as a function of
temperature is observed. At x=0.25, the relaxor behavior and the broad peaks of
dielectric constant as a function temperature start. A strong frequency dispersion is
observed around the €’ and tan 6 peaks for x > 0.30 compositions or so called “relaxor”
like behavior. However, at x > 0.55, it exhibits polar cluster behavior and the
dielectric constant is dropping with insignificant frequency dispersion in polar cluster
region. With the increase in frequency, €’ decreases and the temperatures at which the
maximum dielectric constant (Ty) shift to higher temperatures. In contrast, the
dielectric loss tangent is decreasing while the frequencies decreases, and similarily,
the temperature where the maximum dielectric loss is shifted to higher temperatures.
Furthermore, the dielectric constants decrease refer to the composition with X
increases. But the dielectric loss tangent increases until x=0.50, after then there are

only a little change.
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The Curie-Weiss law can explain a normal ferroelectric in the paraelectric
region follow by Eq. (2.64). Figure 5.16 shows the inverse dielectric constant as a
function of temperature at 100 KHz. The linear fitting is observed in the paraelectric
region or high temperature for all compositions. The fitting parameters of Curie-
Wiess constant and Curie temperature as calculated are shown in Table 5.1 (Maiti et
al., 2006). The results show that the Curie temperature decreases while the
composition x increases. It is evident from the value of T, that the compositions
x=0.05-0.08 show the normal ferroelectrics behavior. However, the values of T,
indicate nearly the relaxation behavior for x=0.25-0.50. Furthermore, the relaxor
ferroelectric behavior in the high temperature region follows a modified Curie-Wiess
law from Eq. (2.65). The value of &, represents the degree of diffuseness for transition
peaks. Both y and &, are determined from the slope and intercept In(ey,q,/€") versus
In(T — T,,), as shown in Figure 5.16 for x=0, 0.05, 0.25, 0.30, 0.50, 0.55, 0.60, 0.70,
0.75, 0.90 and 0.95 (Huang, 2008). In the Table 5.2, the value of y indicates the
relaxor behavior. For x = 0.25-0.50, the compositions exhibit the relaxation behavior
until x=0.55, close to the ideal relaxor ferroelectric (y=2). For x > 0.55, the value of y
decreases nearly showing the normal ferroelectric behavior. The value of §, also

increases because of the increasing relaxation.
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Figure 5.16  The inverse dielectric constant 1/ as a function of temperature at 100
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denotes fitting to the Curie-Weiss law. The insets show the plot of

In(1/e-1/em) vs In(T-Ty,) for Ba(Ti,Sn)O3 ceramics.
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Table5.1  Calculated Curie constant and measured T, from dielectric properties of

Ba(Ti,Sn)O3; compositions.

Composition C (K) Tc (K)
x=0.05 1.37 x 10° 351.21
x=0.25 1.59 x 10° 197.62
x=0.30 8.20 x 10° 175.75
x=0.50 1.31 x 10° 158.89
x=0.55 5.67 X 104 30.49
x=0.60 4.94 x 104 -15.53
x=0.70 4.08 x 10* -162.64
x=0.75 3.23 x 10* -309.89
x=0.90 4.80 x 10* 113.27
x=0.95 1.33 % 10° -6591.76

Table 5.2 Degree of Relaxation vy, dielectric maxima Temperature and diffusivity

of Ba(Ti,Sn)O3; compositions.

Composition Y T,.(K) 8,
x=0.05 1.24 362 12.05
x=0.25 2.01 181 41.98
x=0.30 1.81 109 99.68
x=0.50 1.90 89 139.27
x=0.55 1.33 34 59.46
x=0.60 1.28 54 302.77
x=0.70 1.15 100 365.68
x=0.75 1.12 68 278.85
x=0.90 0.95 32 4888.72
x=0.95 0.79 38 6491.52
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The polarization hysteresis data at room temperature for Ba(Ti,Sn)O3 are

shown in Figure 5.17. The characteristic of hysteresis loop showed the ferroelectric

properties at x = 0.05. The area of hysteresis loop decreases to the slim loop of

ferroelectric properties around 0.25 < x < 0.70. When 0.25 < x < 0.50, the hysteresis

exhibited relaxor ferroelectric properties. And when 0.75 < x < 0.95, the hysteresis

exhibited a large dielectric loss which is more of the influence from the

microstructure, not the local structure.
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CHAPTER VI

STUDY OF PHASE INFORMATION AND DIELECTRIC

PROPERTIES IN BARIUM TITANATE - BISMUTH

ZINC TITANATE

6.1 Introduction

Recently, it has been found that BaTiO3-Bi(Me)O3 (Me can be either a single
trivalent cation or two cations with an average valence of +3 and occupy the
octahedral sites) perovskites have high Curie transition temperature and excellent
piezoelectric properties (Eitel et al., 2001; Stringer et al., 2006). Moreover, they are
lead-free piezoelectric materials which are attractive due to the environmental
concerns because of their environmental friendly characteristics.

It has been found that the (1-x)BaTiOs-xBi(ZngsTips)O3 (BT-BZnT)
compositions with x = 0 and 0.1 contain the tetragonal BT phase (Huang and Cann,
2008). For x > 0.1, those showed the rhombohedral or pseudo-cubic phase perovsikte
and also exhibit relaxor ferroelectrics like behavior. However, the exact MPB
composition is difficult to determine. Although, the conventional study based on a
typical X-ray Diffraction (XRD) measurement can show a strong global symmetry
change, but cannot relate directly to the drastic change in the electrical properties.
Interestingly, the X-ray Absorption Spectroscopy (XAS) technique can be used to

investigate the local structure in various materials (Ravel et al., 1998). The phase
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transition of local structure can be pointed out which leads to the drastic change in the
dielectric properties.

In this work, we focused our studies on the transition of global structure by
XRD technique and probed the local structure information around the
ferroelectrically-active Ti atom in BT-BZnT as a function of Bi(Ti,Zn)Os
concentration, in hope to provide better understanding of how the local structure is

related to the evolution of relaxor ferroelectric perovskite.

6.2 Experimental

(1-x)BaTiO3-xBi(ZngsTips)O3 powders were prepared by our colleagues at
Oregon State University, at USA via conventional solid state reaction method. The
starting BaC0O3(>99.9%), Ti0»(>99.9%), ZnO(>99%) and Bi,03(>99.5%) materials
were weighed according to the composition (1-x)BaTiOz-XxBi(ZngsTigs)Os with x =
0.05, 0.06, 0.07, 0.08, 0.09, 0.10, 0.11 and 0.13 and mixed in ball mill for 24 h using
an ethanol medium. After drying, the mixed powders were calcined at temperature of
950 °C for 12 h with 5°C/min heating/cooling rates. Sintering of the pellets was
carried out between 1100-1300 °C for 4 h (Huang and Cann, 2008).

The phase formation and global structure of (1-x)BaTiO3-xBi(ZnosTigs)O3
were investigated by XRD patterns scanned in 20 range of 20°-60° with 0.02° step and
CuK, radiation. The local structure was investigated by XAS measurements
conducted at ambient temperature at the BL-8 of the Siam Photon Laboratory,
Synchrotron Light Research Institute (SLRI), Thailand, (electron energy of 1.2 GeV,
beam current 120-80 mA). The double crystal monochromator Ge(220) was used to

monochramatized the X-ray beam for the Ti K-edge. The experiments were performed
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in a fluorescence mode and the signals were collected by using the 13-component Ge-
detector. XANES spectra for the Ti K-edge were measured for all compositions. The
data were processed using the ATHENA program (Chandarak et al., 2012).

The silver electrodes were sputtered on the BT-BZT ceramics for dielectric
measurement. The HP4284 LCR meter was used to measure the dielectric constant
and loss tangent from 100 Hz to 1 MHz in the temperature range of 150-425 K with a

cooling rate of 2 K/min.

6.3 X-ray Diffraction

The XRD patterns of (1-x)BaTiOs- xBi(ZnosTips)O3 ceramics are shown in
Figure. 6.1(a) for various solid solution compositions when Bi(Zng5Tigs)O3 added to
BaTiOs. For x < 0.07, the peak splitting of the (200) reflection is observed and the
tetragonal perovskite (P4mm) structure of the sample concluded. The tetragonal
structure is decreased, as the BZT content increased, as reflected by the (200) peak
splitting shown in Figure. 6.1(b) (Huang and Cann, 2008). For 0.08 < x < 0.13, the
samples exhibited pseudocubic or rhombohedral structure. The phase transition
studies show that at 0.08 < x < 0.09 the structure clearly changes from tetragonal to
rhombohedarl perovskite phases with increasing BZT concentration. The
morphotropic phase boundary (MPB) between the tetragonal and rhombohedral
phases was observed at a composition close to x=0.09. Figure 6.2 shows the lattice
constant (solid line) and volume (dot line) as a function of x mol of Bi(Zn,Ti)Os. The
lattice constant a is increasing and c is decreasing while x mol Bi(Zn,Ti)O3 increases

until x = 0.09, and the lattice constant a = ¢ and phase finally transform into
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rhombohedral structure. The unit cell volume is at the highest at x=0.1, where it starts

showing the real relaxor region.

Figure 6.1
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Figure 6.2  The lattice constant and unit cell volume as a function of x content of

(1-x)BaTiO3-xBi(Zng5Tip5)O3 compositions.
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Figure 6.3 The phase fraction of (1-x)BaTiO3-xBi(ZnosTigs)O3 from XRD

patterns.

In addition, the phase fraction between BaTiOz; and Bi(ZngsTigs)Os is

obtained from linear combination of the integrated intensity of mean peak (110) of

XRD patterns. The results show that the phase fraction suddenly increases around
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x=0.07-0.08 which is corresponding to the phase transition of normal to relaxor
ferroelectric. However, the result obtained here is not complete for determining the

substitution information.

6.4 XANES results

6.4.1 Identification of Zn site in BiTiO3

Generally, XANES measures the excitation of electrons K-levels to
unoccupied bound states and is thus used to obtain information about the local
arrangement of atoms around the absorbing atoms and the density of states of

unoccupied states.

XANES spectra of Zn K-edge for Zn on Ti site in BiTiOs (Bi(Ti,Zn)O3) and
Zn on Bi site in BiTiO3 ((Bi,Zn)TiO3) were obtained using the FEFF8.2 codes follow
models in Figure 6.4. The FEFF codes is using a full multiple scattering approach
based on ab initio overlapping muffin-tin potentials. The muffin-tin potentials used in
FEFF codes are self-consistent calculations with Hedin-Lundgvist exchange-
correlation function (Hedin and Lundgvist, 1990). The results show that the measured
XANES is clearly consistent with the calculation of Zn on Ti site and inconsistent

with Zn at other lattice locations as show in Figure. 6.5.
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a) . BI(TI.ZD)O3

Figure 6.4 Model Perovskite crystal structure of Bi(Ti,Zn)Os. b—c schematic
illustrations of Zn on Ti site, Zn on Bi site, respectively. Regions

shown in c are shifted from that in a).
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6.4.2 XANES study on phase transition

The XANES is caused by the excitation of core electrons to unoccupied bound

states and the spherical electron wave is scattering neighbor atom used to obtain

information about the local arrangement of atoms around the absorbing atoms(Hedin

and Lundgvist, 1970; Rehr and Albers, 2000). The intensity of peak A (I1»), which is

caused by the Ti 1s electron transitions to the absorbing TiOg polyhedron 3d-

originated unoccupied p—d hybrid orbitals of eg-type symmetry. In Figure 6.6, local Ti

off-centering is manifested in the Ti K pre-edge peak in X-ray absorption spectra

(Ravel et al., 1998). The integrated intensity of this peak is directly proportional to the

mean-squared displacements of Ti (Jti) off the instantaneous centers of oxygen
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octahedral and is indirectly proportional to the lattice constants (Vedrinskii et al.,
1998; Levin et al., 2013). The normalized Ti K pre-edge XANES spectra of (1-
X)BaTiOs- xBi(ZnosTip5)O3 ceramics are shown in Figure. 6.7. The integral intensity
of peak A (In) decreases continuously, until the composition x = 0.1, and increases
again because the Ti displacement decreases when close to rhombohedral phase and
increases at real rhombohedral phase. Furthemore, the integral intensity of peak B (Ig)
ralates to the average of ratio Zn/Ti in the third shells which is decreasing while Zn
occupied in the third shells of Ti core (Levin et al., 2013). However, when x > 0.1, Ig
increases because the ratio Zn/Ti is random by occuping in the third shells of Ti core
or is in disorder relaxor region. Furthermore, while XANES spectra show starting
difference in features for compositions x = 0.09, at x > 0.1 the spectra exhibit a clear
change in features with the peak C; an indication of the change in local structure
around Ti absorbing atom, corresponding to the phase transition from tetragonal to
rhombohedral in XRD results.

The normalized Zn K edge XANES spectra of (1-x)BaTiO3z- xBi(Zng5Tips)O3
ceramics are shown in Figure. 6.8. The feature of Zn K edge XANES spectra does not
change significantly hence the local structure. The Zn atoms substitute on B-site of
perovskite structure, which correspond to the paraelectric region of the Zn atoms in
oxygen octrahedrals and indicates a cut off the normal ferroelectric regions. When the
region of paraelectric phase increases, the polar nano region disperses in the
paraelectric region and the interactions show relaxor ferroelectric behavior (Maiti et

al., 2006; Maiti et al., 2008).
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Figure 6.6  The normalized X-ray absorption Ti K-edge spectra of (1-x)BaTiOs-

XBi(ZngsTip5)03, with x= 0.05, 0.07, 0.09, 0.1, 0.11, and 0.13.
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Figure 6.7 The normalized X-ray absorption Ti K pre-edge spectra of (1-
X)BaTiO3- XBi(ZngsTigs)O03, with x = 0.05, 0.06, 0.07, 0.08, 0.09, 0.1,

0.11, and 0.13.
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In addition, we assume the mixture phase which is caused by the phase
fraction between BaTiO; and Bi(ZngsTips)Os. Therefore, the phase fraction is
obtained from a linear combination fit of BaTiO3; and Bi(ZngsTips)O3 materials,
(assuming that x=0.05 is BaTiO; with tetragonal structure and x=0.15 is
Bi(Zng5Tigs5)O3 with rhombohedral structure). As shown the Figure. 6.9, the results
show that the phase fraction clearly separates between Ti and Zn atoms, indication of
a composite material, not a solid solution. However, at around x=0.11 the phase

fraction indicates a system with almost solid solution behavior.

6.5 EXAFS results

To process and enhance the EXAFS with the high k region, the plot k*X(k) is
considered and windowed using a Hanning window W(k). The EXAFS spectra were
processed for information on local structure of Ti atom. In this work, the Ti K-edge
EXAFS spectra can only be obtained up to photon energy of 250 eV above the
absorption edge, due to the presence of Ba Ls-edge. Therefore, EXAFS spectral fitting
can only be performed up to the second shell; i.e. the first shell-oxygen octahedral and
second shell of 8-fold coordinate, shown in Figure. 6.10.

The Ti K-edge EXAFS spectra did not show clearly the phase transition at x =
0.08-0.09. Therefore, the Ti K-edge EXAFS spectra can be changed to the normalized
experimental EXAFS signal () in function k, following Eq. (2.108), shown in Figure
6.11. However, at x = 0.08-0.09, y(k) does not clearly present the phase transition of
normal ferroelectric behavior to relaxor. In addition, y(k) can be a Fourier transform

(FT) in R-space, as shown in Figure 6.12. However, the phase transition cannot be
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seen clearly. Therefore, it means that the local structure changes slightly from

tetragonal to rhombohedral symmetry.

Normalised Absorption (arb. units)

51I00 I 52I00
Energy (eV)

Figure 6.10 = The EXAFS Fourier transform

n E-space of (1-x)BaTiOs-

XBi(Zng5Tips5)O3 ceramics.

Kox(x)

Figure 6.11  The EXAFS Fourier transform in k-space of (1-x)BaTiOs-

XBi(Zno5Ti5)O3 ceramics.
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k*x(R)

Figure 6.12 The EXAFS Fourier transform in R-space of (1-x)BaTiOs-

XBi(Zng5Tip5)O3 ceramics.

6.6 Dielectric permittivity

The dielectric constant and dielectric loss tangent (tan &) at various
frequencies for (1-x)BaTiOs- xBi(Zng5Tigs5)O3 compositions, with x=0.05, 0.06, 0.07,
0.08, 0.09, 0.10, 0.11 and 0.13, are shown in Figure 6.13. The compositions with 0.05
< X < 0.07 exhibit a normal ferroelectric behavior, and sharp peaks of dielectric
constant as a function of temperature are observed. At x=0.08, the relaxor behavior
and the broad peaks of dielectric constant as a function temperature start. A strong
frequency dispersion is observed around the &' and tan & peaks for x > 0.09
compositions or so called “relaxor like” behavior. With the increase in frequency, &’

decreases and the temperature of the maximum dielectric constant (Tn,) shifts to
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higher temperatures. In contrast, the dielectric loss tangent is increasing while the
frequencies decreases, and similarly, the temperature with the maximum dielectric
loss is shifted to higher temperatures. Furthermore, the dielectric constants decrease in
the compositions with increased x. The dielectric loss tangent increases until x=0.08,

but a few changes with frequencies are observed.
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Figure 6.13  Temperature dependence of dielectric constant and loss tangent (tan
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Figure 6.13  (Continued) Temperature dependence of dielectric constant and loss

tangent (tan &) at various frequencies for (1-x)BaTiOs-

XBi(Zn0.5Ti0.5)03.
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Figure 6.13  (Continued) Temperature dependence of dielectric constant and loss

tangent (tan &) at various frequencies for (1-x)BaTiOs-

XBi(Zn0.5Ti0.5)03.
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kHz for Ba(Zr«Ti;-x)Os, symbols denote experimental data and solid
line denotes fitting to the Curie-Weiss law. The insets show the plot
of In(l/e-1/ey) vs In(T-Ty) for (1-x)BaTiOsz- xBi(ZngsTips)O3

ceramics.
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Figure 6.14

(Continued) The inverse dielectric constant 1/¢ as a function of
temperature at 100 kHz for Ba(Zr«Tiix)Os, symbols denote
experimental data and solid line denotes fitting to the Curie-Weiss
law. The insets show the plot of In(1/e-1/eym) vs In(T-Ty) for (1-

X)BaTiO3- xBi(ZngsTig5)O3 ceramics.
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(Continued) The inverse dielectric constant 1/¢ as a function of

temperature at 100 kHz for

Ba(zrxTil.X)O?,,

symbols denote

experimental data and solid line denotes fitting to the Curie-Weiss

law. The insets show the plot of In(1/e-1/eym) vs In(T-Ty) for (1-

X)BaTiO3- xBi(ZnysTigs5)O3 ceramics.
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The Curie-Weiss law can explain a normal ferroelectric in the paraelectric
region, following Eq. (2.64). Figure 6.14 shows the inverse dielectric constant as a
function of temperature at 100 KHz. The linear fitting is observed in the paraelectric
region or high temperature for all compositions. The fitting parameters Curie-Wiess
constant and Curie temperature (as calculated) are shown in Table 6.1 (Maiti et al.,
2006). The results show that the Curie temperature decreases while the composition x
increases. It is evident from the value of T, that the compositions x=0.05-0.08 show
the normal ferroelectric behavior. However, the values of T, indicate nearly the
relaxation behavior for x=0.09-0.13. Furthermore, the relaxor ferroelectric behavior in
the high temperature region follows a modified Curie-Wiess law from Eqg. (2.65). The
value of 6, represents the degree of diffuseness for transition peaks. Both y and 6, are
determined from the slope and intercept In(e;,q,/€") versus In(T — T,,,), as shown in
Figure. 6.14 for all compositions (Huang, 2008). In the Table 6.2, the value of v is
increasing while the composition x increases, indicating the relaxor behavior. For x >
0.07, the compositions exhibit the relaxation behavior until x=0.13, close to the ideal
relaxor ferroelectric (y=2). The value of &, also increases because of the increasing
relaxation. In addition, the transition temperature T,, deceases as X increases until
x=0.08, indicating a destabilization of ferroelectric phase. For x>0.08, the transition
temperature increases continuously within the rhombohedral phase field (Raengthon

and Cann, 2011; Raengthon et al., 2012).
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Table 6.1  Calculated Curie constant and measured T, from dielectric properties of

(1-x)BaTi03- XBi(Zn0.5Tio_5)Og compositions.

Composition C (K) Tc (K)
x=0.05 5.90 x 10° 243.72
x=0.06 7.21 x 10° 196.04
x=0.07 9.41 x 10° 92.99
x=0.08 7.45 x 105 94.62
x=0.09 1.11 x 10° -7.08
x=0.10 1.08 x 105 -95.48
x=0.11 1.91 x 10° -394.79
x=0.13 3.80 x 10° -1333.96
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Table 6.2 Degree of relaxation v, dielectric maxima temperature and diffusivity of

(1-x)BaTi03- XBi(Zn0.5Tio_5)Og Compositions.

Composition Y T.(K) 8y
x=0.05 1.23 375 66.33
x=0.06 1.19 359 87.73
x=0.07 1.51 329 113.40
x=0.08 1.59 319 115.69
x=0.09 1.65 325 148.04
x=0.10 1.56 325 170.36
x=0.11 1.59 340 217.92
x=0.13 1.82 348 249.49

The process of relaxor ferroelectric is believed to be the presence of dynamic
polar nano regions which are ever more active and are of fines scale in the vicinity of
Tm in a classical relaxor system. Generally, the polar nanoregions (PNRs) exhibit a
characteristic relaxation time () in the local field configuration in its characteristic
size. The separation of energy barrier switch to the polarization state decreases as the
size of the PNRs decreases. The direction of a net polarization (Ps) fluctuates or
becomes very dynamic with temperature while the barrier height becomes comparable
to thermal energy (KT). Like the spin glass systems, the short-range interaction
between the polar regions control the fluctuation of Ps, leading to its freezing at a
characteristic temperature for below the T,. The relaxation time () in relaxor can be
decribed by the Vogel-Fulcher relation (Maiti et al., 2006; Maiti et al., 2008; Maiti et

al., 2011),
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T =T0exp[Eq/kp(Tin — Tyr)] (6.1)
where T, is the pre-exponential factor, E, is the activation energy for polarization
flucuations of an isolated cluster, T, is the temperature at the maximum dielectric
constant, kg is the Boltzmann constant, and Ty is the characteristic VVogel-Fulcher
freezing temperature. The relaxation time depends on the temperature and can be well
fitted with Vogel-Fulcher relation for composition x=0.08-0.13 (relaxor behavior
only), as shown in Figure. 6.15. In the Table 6.3, the fitting parameters are
summarized. With the increase in BiZngsTips03 content the freezing temperature is
increased. The realistic increasing values of Tyr indicate the gradual evolution of
polar-nano- egion-like relaxor behavior. Similarly, the activation energy decreases,
with the evolution of the relaxor behavior and the energy corresponding to the thermal
relaxation process also reduced. Therefore, the evolution of polar nano region or
relaxor behavior in (1-x)BaTiO3- XBiZng 5Tigs03 materials enhances with the x in this

system.
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Table 6.3  Vogel-Fulcher temperature, activation energy E, and exponent T, as
calculated from the Arthenius plots of various (1-xX)BT-xBZT

compositions.

Freezing Activation Pre-exponential
Composition temperature energy Factor

(Tvr) (K) (Ea) (eV) (70) (ps)
x=0.08 34 2.04 9.41x10-26
x=0.09 51 1.27 1.90%x10-13
x=0.10 54 1.16 9.14x10-12
x=0.11 65 1.03 6.15%10-9
x=0.13 62 1.17 1.34x10-10

6.7 Hysteresis

The polarization hysteresis data at room temperature for (1-x)BT-xBZnT are
shown in Figure 6.16. The remnant polarization (Py) increased to 10.2 uC/cm and 11.3
kV/cm for 0.05BZnT-0.95BT compared to pure BaTiO3;. However, when more BZnT
was added, the area of hystersis loops decreased dramatically. The absence of clear
hysteresis behavior for higher BZnT contents can be related to a decreased Ty, as
shown in Table 6.2. Although T, increased for x > 0.1, the relaxor behavior due to
rhombohedral symmetry and possibly degree of higher disorder in the structure

resulted in the disappearance of hysteresis loop.
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CHAPTER VII

STRUCTURE-PROPERTY RELATIONSHIP

Recently, extensive research efforts have been conducted on relaxor
ferroelectrics. To describe the physical phenomena of relaxor ferroelectrics, several
models; superparaelectric (Cross, 1987), “dipolar glass”(Viehland et al., 1990),
random field (Westphal et al., 1992), etc, have been discussed.

In this work, the 3 BaTiOs-based BZT, BST and BT-BZnT systems : were
investigated. They all have relaxor properties. However, there are some slight
differences in defect levels. Both BZT and BST have similar defect structure with
substitution on B-site of ABO3 perovskite but with different elements or ionic radii of
substitution. In addition, BT-BZnT composites show similar effect to B-site
substitution. Therefore, all systems can be relaxor ferroelectric materials. In this work,
we investigated the gradual evolution of relaxation behavior in BT-BZT system. As
the amount of BZT increases, the normal ferroelectric behavior of BT regions start
breaking and generate the density of the nano-sized Ti oxygen-octahedral-rich polar
regions in the Zn-rich matrix. In the classic A(BxB1-x)O3 ferroelectric relaxors such as
PbMg1/3Nb,;303 (PMN), the nano-sized cation ordered charged regions are distributed
in a disordered matrix and lead to the well-known relaxor behavior (Maiti et al., 2006).
In this chapter, the relationship between structure and dielectric properties for all

systems is formulated.
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7.1 Global structure

The XRD results showed the global structure information around the phase
transition of BZT, BST and BT-BZnT, as shown in Figure 7.1 for direct comparison.
BZT do not exhibit a clear phase transition of normal ferroelectrics to relaxor and
relaxor to polar cluster for x=0.25-0.30 and x=0.70-0.75. Similarly, XRD results of
BST does not clearly show the phase information for x=0.05-0.25 and x=0.50-0.55, as
shown as Figures 7.1a and 7.1b. However, the XRD results of BT-BZnT showed the
phase transition between tetragonal to rhombohedral symmetry at around x = 0.08 -
0.09, as shown Figure 7.1c. It is possible that in case of BZT and BST the global
structure distorts slightly. Therefore, XRD technique cannot observe such a small
change very clearly. However, in the case of BT-BZnT, XRD technique can be used
to observe clearly the phase transition. Since XRD technique observes overall
structure in the system, if the structure does not change homogeneously in the whole
system, XRD technique will not observe the change clearly. In contrast, it means that

most of the global structures in BT-BZnT change to rhombohedral symmetry.
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7.2 Local structure

The XAS results showed the local structure information around Ti and Zr for
the phase transition of BZT, around Ti and Sn for BST and around Ti and Zn for BT-
BZnT. In contrast to the XRD results, XAS results showed clearly the phase transition
in BZT and BST systems. However, slight change in phase transition of BT-BZnT is
observed, as shown in Figure. 7.2. This is possibly due to the local structure changes
sensitively with bond length, and the bond length change slightly in BT-BZnT system.
However, The phase fraction of Zn and Ti in BT-BZnT shows the presence of the
composite material, not a solid solution. Both BZT and BST systems show clearer the
phase transition than BT-BZnT system. Nevertheless, it is seen that XAS
measurement is a powerful technique that can be used to observe the local site and
surrounding atoms. Moreover, XANES results show electronic transitions which
correspond with oxidation state and energy levels. Therefore, both XRD and XAS

techniques provide a complementaly observation of the crystal structure.
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7.3  Dielectric properties

The dielectric permittivity indicates good capacitor and other electronic
devices. Moreover, the temperature and frequency dependent dielectric permittivity
can be used determine a normal ferroelectric, relaxor, paraelectric, anti-ferroelectric
and anti-paraelectric behaviors. BZT system exhibited the normal ferroelectric with

shape peak of Curie temperature and T, independent of frequencies at x=0, 0.08 and
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0.25. The relaxor ferroelectrics have broad peak of Curie temperature and Tp,
dependent with frequencies around 0.28 < x < 0.70. The polar cluster has a broad peak
of Curie temperature and T, dependent with applied electric field at x < 0.75. The
XAS results corresponded well to dielectric properties. Therefore, we can understand
better the local structure the change that can lead to the phase transition behavior as
measured by dielectric properties. Similarly, BST system exhibited the normal
ferroelectric at x=0-0.05 and relaxor at x=0.25-0.5, after then the polar cluster
behavior exhibited. Since the ionic radii of Sn*" is smaller than Zr**, the local
structure in B-site or hole of oxygen octrahedral is affected. On the other hand, BT-
BZnT system exhibited the normal ferroelectric at x=0-0.08, and relaxor at x > 0.09.
Zn?* and Bi** are large atom in this system, employed to hold the box of unit cell
perovskite in paraelectric phase with impact on unit cell of Ti atoms in central
perovskite, which can change to rhombohedral structure. Moreover, both substitutions
of Zr and Sn have impact on the stability of structure, and affect the decrease of Curie
temperature. However, the substitution of Zn also affects the decrease of Curie
temperature in tetragonal phase, but influences the increase of Curie temperature in

rhombohedral phase.
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CHAPTER VIII

CONCLUSIONS AND SUGGESTION

The global structural information was examined by X-ray Diffraction (XRD)
techniques and Synchrotron X-ray Absorption Spectroscopy (XAS). In this work
XAS technique was employed to investigate the local structure of the BaTiO3-based
relaxor ferroelectrics materials. The synchrotron XANES and EXAFS measurements
were performed at the X-ray absorption spectroscopy beamlines (BL-8 and BL-5.2) of
the Synchrotron Light Research Institute (SLRI, Thailand) for understanding the
phase transition in the dielectric behavior which has a direct impact on
centrosymmetric of perovskite structure.

In BZT system, the XRD results showed the global phase transition from
tetragonal to cubic perovskite structure. However, the experimental and simulated
XAS results, both in XANES and EXAFS regions, showed the local structural
transition around Ti atom from pseudo-cubic to perfect cubic perovskite structure in
Ba(Ti,Zr)O3 or phase transition of relaxor ferroelectric to polar cluster.

In BST system, the global phase transition from tetragonal to cubic perovskite
structure was observed by XRD results. However, the XRD results did not correspond
to the dielectric properties. In addition, the experimental XAS results, both in XANES
and EXAFS regions, showed the local structural transition around Ti atom from

tetragonal to pseudo-cubic and pseudo-cubic to perfect cubic perovskite structure in
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Ba(Ti,Sn)O3 or phase transition of normal to relaxor ferroelectric and relaxor
to polar cluster. Moreover, XANES spectra were confirmed by the simulated spectra.

In BT-BZnT system, the XRD results showed the global phase transition
clearly from tetragonal to rhombohedral perovskite structure. In addition, the
experimental XANES spectra result showed the starting local structural change which
corresponded to phase transition from normal ferroelectric to relaxor behavior as seen
from the dielectric properties.

This study has clearly shown an excellent agreement between the XRD and
XAS techniques and the experimentally observed dilectric properties. It is suggested
that a combination of XAS and other conventional techniques should also provide a
powerful characterization tool for several smart materials, especially smart nano
materials. In the future work, in BST system, we should synthesize the composition
between x=0.3-0.5 because the phase fraction in relaxor region is not seen cleary.
Moreover, we should investigate the local structure under various environments such

as temperature, electric field, frequencies and pressure etc.
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X-ray absorption fine structure studies of perovskite BaTi;ZrO3
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Barium zirconium titanate (BZT) is an important electronic ceramic material used in
capacitors, piezoelectric, transducers and actuators. Recently some researchers have
not observed structural carefully of relaxor behavior in Zr** doped BaTiO3 by XRD
studied, but X-ray Absorption spectroscopy (XAS) can be observed structure of
material in angstrom-scale. The synchrotron XANES and EXAFS measurements were
performed at the X-ray absorption spectroscopy beamline (BL-8) of the Synchrotron
Light Research Institute (SLRI, Thailand). In this work, we investigated the change of
the local atomic structure around titanium and zirconium ions of BaTiyxZr,O3 (x=0.1-
0.5) were prepared via the conventional solid state reaction method using XAS
techniques. XANES and EXAFS spectra at the Ti K-edge and Zr L-edge were
analyzed and compared by first principle calculation, will be explain the increase of
Zr** doped BaTiO3 affect to local structure, while information on the locally
determined structures of the ferroelectric relaxor behavior compositions of BaTis.

21,03 was also obtained.
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X-ray Absorption Fine Structure Study of Phase
Transition in Ba(Ti,Zr)O3; Perovskite
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In this work, BaTii«Zr«O3z (x=0-0.95) were prepared via the conventional solid state
reaction method and the change of the local atomic structure around titanium ions was
investigated using XAS techniques at the X-ray absorption spectroscopy beam line
(BL-8) of the Synchrotron Light Research Institute (SLRI, Thailand). The X-ray
Absorption Near-Edge Structure (XANES) and Extended X-ray Absorption Find
Structure (EXAFS) spectra at the Ti K-edge were measured and compared with
simulation done by FEFF program. The results showed that an increase of Zr content
in BaTiO3 affected the phase transition and local structure of BZT, while information

on the locally determined structures of BaTi;xZr,O3 was also obtained and discussed.
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Spectroscopy

Atipong Bootchanont!”, Pinit Kidkhunthod?, Saroj Rujirawat™*

and Rattikorn Yimnirun®

'School of Physics, Institute of Science, Suranaree University of Technology,
Nakhon Ratchasima, 30000, Thailand
2Synchrotron Light Research Institute, Nakhon Ratchasima, 30000, Thailand

3Thailand Center of Excellence in Physics (ThEP Center) Commission on
Higher Education, Bangkok,10400, Thailand
*Corresponding author. E-mail: a.bootchanont@gmail.com

Abstract

In this work, Sn-doped BaTiO3; (BSnT) samples were prepared via the conventional
solid state reaction method. Synchrotron Xx-ray absorption near-edge structure
(XANES) and extended x-ray absorption fine structure experiments were performed
on Sn Ls-edge of Sn-doped BaTiO3; samples and compared with XANES simulations
by FEFF8.2 program. The results showed the measured Sn Ls-edge XANES were
consistent with the XANES simulations of Sn on the Ti site in BT and inconsistent
with Sn in the other sites. The good agreement between measured and calculated XAS
results clearly indicated the Ti-site substitution of Sn in BaTiOg structure.

Keywords: X-ray absorption, XANES, and BaTiOs.
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Local structure and evolution of relaxor behavior in
BaTiOs-Bi(ZnysTigs5)O3 ceramics
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In this work, we have studied the local structure relate to relaxor ferroelectric
behavior of (1-x)BaTiO3z- xBi(ZngsTips)O3 (Xx=0.05-0.13) ceramics. The evolution of
relaxor behavior of (1-x)BaTiOs- xBi(ZnosTip5)O3 (BT-BZT) solid solution respect to
the increasing Bi(ZnosTips)O3 content in BaTiOs induce to the phase transition of
tetragonal to rhombohedral structure, is analyzed by XRD technique. In addition, the
local atomic structure of Ti atoms in BT-BZT was investigated by synchrotron x-ray
absorption spectroscopy. Investigation of dielectric constant on various temperatures,
exhibit the phase transition from narmal ferroelectric to relaxor. The determination of
evolution of polar regions in relaxor ferroelectricity with a characteristic cooperative
freezing temperature follows VVogel-Fulcher relation on frequency dependence.
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and Extended X-ray Absorption Fine Struchure (EXAFS) spectra at the Ti K-edge were measured and com-
pared with simulated spectra_ The results show that an increase of Zr content in Ba(TLZr )0, lat tice stnuc-
ture affected significantly the phase transition behavior and the local strecture surnounding the Ti
abvsorbing atom. Mare importantly, the information on the locally determined structures and its e lation
1o the phase transition characteristic from relaior fermelectric o polar clesters in Bai TLZOD, system
were obtained and discused.

& 2014 Elsevier BY. All rights reserved.

1. Introduction

The prototypic ferroelecric barium titanate {BaTi0s:BT), dis-
covered in 1941 [1]. exhibits ferroelectric behavior with high
didectric constant. Moreover, BT is lead-free perowskite material.
Therefore, BT is environmental friendly and non-todicity. However,
didectric properties of BT is lower than PR Zr.Ti)0s: (PZT). In the
recent years, It has been found that the substitution of Zrin BT
or harium zirconium titanate (BaZrTi)0: or BZT) has become
one of the attractive candidates for various electronic devices,

The ferroelectric behavior is classified with spontaneous palar-
ization dependent dielectric properties. Farticularly, it is of great
interest becanse barium zironate (BaZ r0s: B2 ) exhibits non-palar
or paraelectric behavior, which does not have spontaneous polari-
zation. It has been found that increasing Zr substitution into the Ti
site in BaTi0; lattice can change the material to exhibit relaxor
ferroelectric behavior [2-5). If Zr is substituted into the Ti site
in BaTid; by more than 70mol%¥, BZT exhibits polar clusters
like behavior [2-4]. Moreover, the relaxor ferroelectric behavior
is chamcterized with strong frequency-dependent dielectric

* Correspanding authar.
E-mail addrece: ahootchanant@®gmail.oom (A Boatchanant L

hittpf febe elericang 1011016 f jalloam. 2071 407 175
925838 8w 2014 Elsevier BV, All rights reserved.

properties. It has been reported that, with the incorporation of Zr
in BT, the rhombohedmal to orthorhombic (T1) and orthorhombic
to tetragonal (Tx) phase transiion temperatures increase, as
compared to pure BT | 2.3 .6].

Recently, it has been reported that the Ba{Zr,Ti;—. )03 compaosi-
tions with x =0 and 0005 contained the tetragonal BT phase |5).
With x =002, the ceramic contained a mixture of the tetragonal
and erthothombic structures, whereas thex = 0.04 sample exhibited
primarily the orthorhombic phase. For x =012, the crystal structure
then became cubic [ 5]. While itis clearly intuitive to expect the role
of locally amanged lattice structure indetermining the phase transi-
tion behavior and relevant properties of BZT material, the prior
investigationsusuallyemployed only aglohal structural determina-
tiontechnigue, such as ¥-my Diffraction ( XRD). Inthe present study,
we employed the local structure sensitive Synchmotron X-ray
Ahbsorption Spectroscopy (XAS) technigue to obtain the local struc-
tume information around the Ti atom in the ferroelectric region of
Ba(Zr,Tiy_,)03 with hope to better understand how the local struc-
ture is related to the properties of ferroelectric transition.

2. Experimental

Balr,Ti ) 0h poweders were synthesived by 2 onventional solid sate reaction
method The materials were weighed acanding o BaZr,Ti- 03 compasition with
a=00 008 02, 0% 05 Q& 07, 075 095 and 1 from the strting Bal0,
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(#9895, Tid ( #99.91) and Zr0z (> 99.5%) powders, then ball milled in ethanal
salution far 24 hfor tharough mixing. The mixed powed ers were caldned at temper-
ature of 1250 °C for 2 h with 5 °C/min heatinghooling rates [7-11]

The glatal structure of BaiZr.Ti 03 was investigated by X-ray diffraction
(MRD) methad in 24 range of 2060 with (L02" step and Cu K radiation. The local
sitructure was mvestigated at room temperature using Synchroton Xeray Albsorp-
tion Spectroscopy (XAS) mezsurements at BL-8 ofthe Siam Phaton Laboraory, Syn-
chratran Light Research Institute (SIRT), Thailand {electron energy of 1.2 Ge' and
beam current #0-120mA)L The synchrotron X-ray beam with energy sep of
020V was provided to exdte the eletrans in Ti K-adge The Ti K-edge Xoray
Ahsorption Near-Bdge Structure (XAMES) spectra for all mmposibons wers
abtained. The data wene procesed using the ATHEMA program The simulation
was carried out using the FEFIE 2 program and qualitatively compared with XANES
patems abtzinsd from the sxperiment. in addition, Exeendsd X-ray Abeorption
Fine Structure (EXAFS) spectra were caollected for some compositions and processed
using the ARTEMIS pragram [7,12,13].

3. Results and discus sion
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3.1. XRD analyss

The XRD patterns of Ba{Zr,Ti;_.)0s powders are shown in Fig. 1.
It is seen that the global crystal structure, as determined by XRD,
changes fromtetragonal to cubic perovs kite phases with increasing
Zrconcentration in BaTilk lattice. The sample with x =0 (pure BT)
shows the tetragonal perovskite phase, while the samples at
0.25 < x = 0.7 exhibit the broad XRD peaks. The compositions with
x 2 0.75 also exhibit the broad peaks with the cubic perovskite
structure, The standard tetragonal peroveskite BaTi0; phase and
cubic perovskite BaZr0; are also shown (matched with JCPDS file
No. 81-2201 and 74-12949, respectively). The lattice constant of
the cubic phase increases continuously with increasing Zr concen-
tration. The XRD results show a noticeable change in the global
structure across the compositional range studied. Fg. 2 displays
the change in the lattice parameter with Zr content and corre-
sponding electrical behavior in each region; ie., normal ferroelec-
tric (0 <x<027), mlaxor fermeectric (027 < x<0.75) and
paolar clusters (x = 0.75). In addition, the solid arrow line indicates
a region of mixed tetragonal-orthorhombic perovskite phase
(D<x<012), and a region of cubic perovskite symmetry
(x = 0.12). However, the ecact crystal symmetry is not clearly seen
from the XRD study and the cubic structure region could also be
identified as *pseudo-cubic”.

32 XANES megsurement and simulation
The normalized Ti K pre-edge XAMES =pecira of Ba{Zr,Ti;_ )0

powders are shown in Fig. ¥a) Genemlly, ¥XAMES measures the
excitation of core electrons to unoccupied bound states and is thus
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Fig 1. Xoray diffraction patterns of Ba{Zr,Ti,_.)00; powders for sach compasition at
Toom bemperatune.

x condent of £r in Ba Tl 20y

Fig. 2 Phase diagram af Ba(Ti; _o2r.)0; mmpound a5 2 fundtion of Zreontent, based
an XRD at room temperatune.

used to obtain information about the local arrangement of atoms
amund the ahsorbing atoms and the density of states of unoocu-
pied states [14). As seen in Fig. 3 a), the intensity of peak A ([a),
which is assocated with both the guadrupole and the dipole
15 — 3d transition of Ti, reflects the 3d-4p hybridization for Ti. In
addition, the intensity of peak B relates to the ratio of ZrjTi in
the third shell. In Fig. 3(b}, local Ti off<entering is manifested in
the Ti K pre-edge peak in X-ray absorption specira [15]. The inte-
grated intensity of this peak (Fig. 3 a)) is directly proportional to
the mean-squared displacements of Ti (ér) off the instantaneous
centers of oxygen octahedral (and is indirectly proportional to
the lattice constants) following Eq. (1)

A=lénl /3 (n

where A is the integrated intensity or area of peak, 7, is an experi-
mentally determined of constant using Rawvel’s method with an
error bar of about +3 eVjA* [15] and éy; is the mean-squared dis-
placement of Ti ions from the center of oxygen octahedral [14-
16]. This value f; is adopted as a reference for caloulating local Ti
off-centering from the pre-edge peak intensities in the solid-solu-
tion samples (Fig. 3{b]). The local value of &y in BZT, when Zr con-
tent is increasing, decreases continuously untl x =05, then
increases in the relaxor ferroelectric region. After that, a drop at
x=075 in pamelectric region i also larger than the expected
change from the relaxor fermelectric to polar cluster, and a local
Ti off-center decreases. Furthermore, while XANES spectra indicate
little difference in features for compositions with 0 <x < 0.7, at
x 2 075 (Fig. 4], the spectra exhibit a significant change in features
with the shift in the peak C to the left-hand side, indicating change
in the local structure around Ti absorbing atom. For x = 095 the fea-
tures are similar to that of x = 0.75 Moreover, according to Maitd
et al |3], it is found that the elecrical behavior of Ba(TiZr)0s at
x> 075 changes from relaxor ferroelecric to polar custers. This
means that Ti atoms should move locally toward the center of oop-
gen octahedral or the isolated BT clusters do not communicate with
each other and cannot switch themselves and respond collectively
with the applied electric field. This shift in the location of Ti cannot
be ohserved by ¥RD and several other conventional technigues for
structural determination

The ¥AMES spectrum can be simulated wsing the wnooccupied
electronic states of the system, as described below. The X-ray
absorbance w(E) is given by Fermi's golden rule as
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r

wheme |i), |\, E.and E; are the initial and final states and their ener-
gies, respectively; E are the photon energy and D dipole operator
|17.18]. Simulated XAMES spectra of Ti K-edge in Zr-deficent
Ba(TiZr)0: and Zr-enriched Ba{TiZr)0: were obiained using the
FEFFE2 code The FEFF code employs a full multiple scattering
approach based on ab inido overlapping muffin-tin potentals. The
muffin-tin potentials used in FEFF codes are self<onsistent caloula-
tions with Hedin-Lundqyist exchange—correlation function | 18,19]).
It should be noted here first that, to simulate the XANES spectra of
Ti, the structural model with Ti-off center in a mther perfect rhom-
bohedml perovskite strudure (2= =7 = BL96) was used for the
pseudo-cubic symmetry, while a nearly perfect cubic structural
model (2= g =7=82.99) with Ti moving toward the center was

used in the cubic symmetry case. The perfect rhombohedml
(agm=f=7=895] and tetragonal (o =§=7=90) perovskite strmc-
tures were also calculated for comparison. The self<consistent cal-
culation was performed in spher mdius of 42, 43, 4.4 and 45 A,
respectively, for rhombohedral and cubic structure around the
absorber Ti K-edge in the system and the full multiple scattering
cakulations include all possible paths within a larger custer radius
of GOA

The simulation of the XANES spectra of the BZT phase was sub-
sequently carried out to investigate the feature around Ti absorb-
ing atoms in BZT solid solutdon with the simulated and
experimental results compared in Ag. 5 It is shown that the sim-
ulated spectra of the perfect rhombohedral and tetragonal perow-
skite structures are not in good agreement with the
measurements. However, the simulated spedml features from
the pseudo<ubic (or the rather perfect rhombohedmal) structure
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Fig 6. The EXAR Fourier transform in kspace of BaiTiZry0,; powders.

Ba[TiZr)0: and a nearly perfect-cubic BalTiZr)0s ame in good
agreement with the experimental XANES spectra. This agreement
between the experimental and simulated spectra indicates that
fior Ba{ Ti Zr)0s com positions with lower Zr contents the local struc-
ture around Ti atom is in the pseudo-cubicsymmetry (ar the @ther
perfect rhombohedral model), even though the XRD results exhibit
the (gobal) cubic perovskite structure. This new result is also con-
sistent with the electrical properties which forxe < 0.7 Ba{Tij_Zr.
0z ceramics exhibit ferroeleciric characteristics with spontaneous
polarization from local jonic distortion of Ti aboms. On the other
hand, when x>0.7, Ba[Tii-»2 50z ceramics show a polar duster
behavior with very small locol spontaneous polarization; hence,
the structure is close to perfect cubic perovskite, as observed in
both XAS and ¥RD measurements.

3.3, EXAFS analysis

EXAFS spectra result from the hack scattering of the spherical
electron wave by the neighbors of the central absorbing atom,
resulting in oscillations in the energy dependence of the absorption

R q.-‘."|
Fig. 7. The EXA Pourier transform in R-space of BalTLZr )0, powders.

coefficient g E) after the energy edge [17.18]. The normalized
experimental EXAFS signal is

HIE) = [1(E) — polE))/ AplE) 13)

where i is the backgmound absorption coefficdent, Ape(E) is the
absorption edge jump, and k is the photoelectron wave number,

given by k= y/2m,(E — Ey)/* with me is the electron mass and

Eg is the edge energy. #(k] Is obtained from the measured absorp-
tion coefficient, i E) by using the ATHENA program. E; is obtained
by talking the first maximum of the derivative of @E) at the Ti K-
edge 20,2117, In general, (k] can be expressed by classical EXAFS
equation as

1ik) = E%pﬂk f¢]| sin [m + :p;[k)]z"“f' Fo-BM (g

where N; is the degeneracy of path j, R;its half-length, and its effec-
twve scattering amplitude. The Debye-Waller (D'W) factor rJ,'I is the
standard deviation of the R; distance distribution, assumed to be
Gaussian. The DW facor takes into acoount both the thermal disor-
der and a possible small structural disorder. g k) are the potentials
of the absorbing site and scattering sites | 17 . The other parameters
are the photoelectron mean-free path 4(k) and an owerall amplitude
factor 5. which is close to 1 and accounts for many-electron effects
in the exdted central atom Mote that Eq. (4] includes both single
(hack-) scattering (85) and multiple scattering (M5) pmcesses. For
a 55 path, N is simply the number of chemically identical atoms sit-
uated at a given distance R; from the central atom. However, ¢ (k)
can be a Fourier transform (FT) in R-space and expressed by

-
1) = —= [ Ryl wWike™*dk (5)

To process and enhance the EXAFS within the high k region, the
plat .kzz(k] is considered and windowed using a Hanning window
Wik). The EXAFS spectra were processed, and information on local
structure of the Ti atom via fitting with pseudo-cubic perovskite
models of BaTiZr)0s in ARTEMIS program were obtained. In this
wark, the Ti K-edge EXAFS spectra can only be obtained up to pho-
ton energy of 250eV above the absomption edge, due to the pres-
ence of Ba [s-edge. Therefore, EXAFS spectral fitting can anly be
performed up to the second shell; ie. the first shell-oxygen octahe-
dral and second shell of 8-fold coordination. Figs. 6 and 7 show the
EXAFS Fourier Transform in k-space and R-space, respectively. Far
x=0.7-0.75, the trend of the peak B features change and corre-
spond with XANES results and phase transition from relaxor to
palar duster.
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Fig. & shows the EXAFS Fourier Transform and fitting for all the
six samples. EXAFS data for x < L7 can be fit assuming the Ti ions
ooupy octahedmlly coomdinated B-sites in pseudo-muhic structure,
the same condition used in XANES simulation. Each fit for the com-
positions with x = 0.7 was performed assuming the Ti ions ocoupy
octahedrally coordinated B-sites in the perfedt cubic structure. The
madel included single distances and their associated DW factors
for the Ti-0 and { =6), Ti-Ba ( «8) coordination shells, respectively.

All single and significant double-scattering paths were also
included. The refined structural pammeters are summarized in
Tahle 1, showing coordination numbers M, the bond length of Ti
absorhing atoms within cooygen octahedml with &-fold barium
atoms and the Debye-Waller (DW) factor . It is observed that
withincreasing Zr content in Ba{Ti Zr)0s systern the local structure
is closer to the perfect cubic symmetry, particularly at x =075
with the pseudo-cubic (almost a perfect cubic) structure obhserved.
This phase transition is likely the effect of temperature dependence
in BaTiCs. While the tempemture is increasing, the tetragonal
perovskite structure of BaTi0s: changes to cubic perowskite
| 14,22]. Similarly, when Zr content in Ba(TiZr)0z: is increased,
the structure at room temperature becomes disordered and when
x>0.75 the structure becomes that of BaZrds.

3.4, Dielectric permittviy

The dielectric constant at 100 kHz on various temperatures for
Ba(Zr,Tij—)0: compositons (with x = 008, 025, 0.28, 030, 0.35,

Table1

The strucural parameters mnsishing of coordination mumbers N, imeraiomic
distances & and DW facwrs o obeained by fitting the EXAFS data of Bali | _ Fr,0,
(x=002505075)

Sample Shell N BiA) o
BaTidy Ti0, 1 1.48091) a3
Ti-0z 1 221902) nm
Ti-0y 4 1H96 X 2) o3
Ti-Ba, 4 A3721(2) 005
Ti-Ba, 4 3.45592) [
BaTiay sEra >h Ti-0, 1 14675 2) a3
Ti-0, 1 2290X2) 0
Ti-y 4 1.85392) 03
Ti-Bay 4 ABEINT) nm
Ti-Baz 4 415642) a3
BaTiasFrashy Ti0, 1 1.84632) 008
Ti-0z 1 19009 2) s
Ti-0y 4 19585 2) LTLiE]
Ti-Ba, 4 EEL=E bl amaoi
Ti-Baz 4 AT 2) ol
BTy 52rg 20 Ti-0 [ 197181) s
Ti-Ba ] 343551) amao

0.50, 0.75 and 045) are shown in Fg. 9. The tempemture at max-
imum dielectric constant (Te) decreases while Zr content increases
in BaTil:, indicating a destabilization of fermelectric phase. In
addition, x = 08 composition exhibits the sharp peak of normal
ferroelectric behavior and shows the phase transidon from
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Fig. 9 The dielectric permittivity an a various emperature 2100 Hz for x = 008,
025 028 030,035 050 035 and 095

rhombohedral to orthorhombic (T,) about T=315K and ortho-
rhombic to tetragonal (T,) about T=340 K, similar to pure BT. The
composition with x =025 exhihits the bmad peak of relaxor
ferroelectric behavior. For the composition with x = 075 very
small dielectric permittivity value indicates that the Ti atoms move
close to the center of oxygen octahedral. Therefore, the dielectric
result confirms the Ti atoms behavior.

4 Conclusion

The structural information of Ba(Zr,Ti;_,)0; materials was
examined by M-my Diffraction (XRD) and Synchrotron X-ray
Ahbsarption Spectmscopy (XAS) technigues. The XRD mesults show
the global phase transition from tetragonal to cubic perovskite
structure. However, the experimental and simulated XAS results,
both in XANES and EXAFS regions, show the locd structural transi-
tion around Ti atom from the pseudo-cubic to the perfect cubic
perovskite structure in Ba(TiZr)0s or phase transidon of relaxor
ferroelectric to polar duster. The results from this study are consis-
tent with the observed electrical properties of the materials.
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Ahbstract

In thiz paper, the local structure in relation to relaxor ferrpelectric behavior of (1 —xiBaTiOy—xBi(Zng s Ti, 500 (with x=005-0.13) ceramics
was studied. The evolution of phase transition from terragonal to rhombohedral strecture st mom temperaiure in the BaTiO:—BiZno sTio 10
{BT-BZT) =zolid solution with increasing Bi(Zng sTig A0y content was analyzed by the conventional X-ray Diffracton (XRD) technigue.
Furthemare, the local atomic position of Ti atoms in the BT-BET was investigated by the synchrotron X-ray Absorption Specroscopy (XAS)
technique. The XAS nesults indicated a change in local structune around the Ti shsorbing atom, which comesponds with the phase transition from
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1. Introdution

In recent years, it has been found that BaTiO—BiMexDs
perovskites (Me can be either a single trivalent cation or two
cations with an average valence of +3 which occupy the
octahedral sites) have high Curie transition tempemture and
excellent piezoelectric properties. Moreover, theseleadree
mezoelectric mater als are atiractive due to their environmental
friendly characters [1,2]. Inmterestingly, (1 —x)BaTiO;—xBi
(Zno sTias)0s (or BT-BZT) compositions with x=0 and 0.1
have been found 10 contain the tetragonal BT phase [3]. For
x= 01, thombohedml or psesdo-cubic phase perovskite and
relaxor ferroelectnic like behavior have been observed How-
ever, the exact morphotmopic phase boundary (MPB) composi-
tion in BT-BZT system is difficultio determine. Although
conventional studies based on X-my Diffraction (XRD) show
strong global symmetry change, such a conventional technigue
s not wseful for mvestigating the miegmte detmls associated
with dramatic changes in the electrical properties of these
materials. Interestingly, the X-my Absorption Spectmscopy
(XAS) technique can be emploved 1o investigate the local
structure in varous matenials [4]. The local structure change
cun be clearly related to the phase tmmsition which leads 10
drastic changes in the dielectric properties.

In this work, we focused owr siudies on the transition of
global structure by the XRD technique and pobed the local
structure information amund  the femoelectrically-active Ti
atom in the BT-BZT system as a function of Bi(Zn, Ti)0s
concentration, in a desire to provide beter understunding of
how the local structume is related 1o the evolution of relaxor
femroelectric behavior in this complex perovskite system

2. Experimental

(1 =x)BaTiQy — xBiZngsTigs)0; powders were prepared
by the comventional solid state reaction method. The str-
ing BaCOs(= 99.9%), Ti0u = 99.9%), ZolM = 9%) and
BizOy( = 99.5%) materials were weighed acconling to the
composition (1 —x)BaTi0; — xBi{Zny 5Ty 5)05 (with x=0035,
0.06, 007, 0.08, 0.09, 0.10, 0.11 and 0.13) and mixed in ball
mill for 24 h using an ethanol medivm. Afier drving, the mixed
powders were calcined at tempemture of 950 °C for 12h with
5 °C/min heatingfeooling rates. Sintering of the pellets was
carfied out between 1100 and 1300 °C for 4h [3].

The phase formation and global structure of (1 <x)
BaTi0s — xBi(Zng sTig £}0; wene investignted by X-ray dif-
fraction (XRD) technigue at room lemperature using a 26 scan
range of 20°-607 with (.02° step and Cuk, mdiation. The
local structure was investigated by synchrotron X-my Absomp-
tion Spectoscopy (XAS) measurements conducted at ambient
temperature at the BL-B of the Siam Photon Laboratory,
Synchmotron Light Research Institute (SLRI), Thailand, with
provided electron energy of 1.2 GeV and beam current 120-
B0 mA. The double crystal monochmmator Ge(220) was used
o select the energy of the X-my beam for the Ti K-edge
mensurements. The experiments were pedormed in a fluo-
rescence mode and the signals wene collected by using the

A Booichanont ef al. / Ceramics Infemational &0 (2004 ) J4555- 14562

13component Ge-detector. The X-my Absorption Near-Edge
Structure (XANES) spectm for the Ti K-edge wene measuned
for all compositions. The datn were processed using the
ATHENA program [4].

MNext, silver electmodes were sputtered on the BT-BET
ceramics for dielectic measurements. A HP4284 LCR meter
wis wsed o measure the dielectric constant and loss tangent
from 100 He to 1 MHz in the temperature mnge of 150425 K
with a cooling mite of 2 K/min.

3. Resulis and discwssjon
3.1. XRD analyis

The XRD patterns of (1 —x)BaTi0y —xBi(Zng sTig 5005
cerymics are shown in Fig. l(a) for varous solid solution
compositions. When Bilfng sTigs)0s: was added to BaTiOs
with x=0.07, the peak splitting of the (3M)) mefection is
observed, an indication of the tetragonal perovskite (Pdmm)
structure in the BT-BZT system. & can also be seen that the
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Fig. 1. Xeray diffraction patiems of {1 —oBaTiCh — xBi{ngs To h coamic.
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tetmgomality of the stucture decreases, as the BET content
increases, as indicated by the reduction in the (2000—020)
peak sepamtion shown in Fig. 1(b) [3]. For 0.08 < x<0.13,
the sumples exhibited psesdo-cubic or rthombohedml structure.
It is also observed that at 008 < x = 0.09the structure clearly
changes from tetragonal o thombohedral perovskite phase
with increasing BET  concentration.  The  possible MPB
between the tetragonal and rhombohedrnl phases is observed
at o composition close to r=009. Fig. 2 shows the lattice
constant (black line) and volume (red line) asa function of Bi
(Zn,Ti)D3 content. The lattice constant a is increasing and ¢ is
decreasing with increasing BilZn, Ti)0y content until xr=0.09,
when the lattice constant a=c where the structure transforms
into rhombohedral symmetry. The unit cell volume is the
highest at x=0.1, where the relaxor region begins,

3.2, X-ray absorption near edge structure (XANES)
measurement

XANES, a local probe technigue that utilizes the processes
of excitation of core electrons o wnoccupied bound states
where the photoelectron wavelength is on the order of the
distance to the nearest neighbor, is used o obtain information
sbout the local amrungement of atoms around the absorbing
atoms [56], The normalized Ti Kedge XANES spectra of
(1 =x)BaTiODy — xBiZng «Tig s W5 ceramics ame shown  in
Fig. 3u). The intensity of pesk A (1) is wssociated with the
Ti 1 s electron tmnsitions 0 the absothing Tidy, polvhedron
3doriginated unoceupied p-d hybrid odbitals of  e-type
symmetry. In Fig. 3(b), local Ti off-centering is associated
with the Ti K pre-edge peak in X-my absorption spectra [7].
The inte grated intensity of this peak is directly proportional o
the mean-squared displacements of Ti (8n) from the instanta-
neous centers of oxygen oclahedral and is indirectly propor-
ticnal 1o the lattice constants [89]. The integral intensity of
peak A (1) decreases continuously, untl the composition
x=0.1, and increases aguin becanse the Ti displacement
decreases when it is close 1o rhombohedml phase and inceases
in the thombohedral phase. Furthermore, the integml ntensity
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of peak B (Jg) relutes o the avemge of Zn/Ti ratio in the thind
shell, which is decreasing as Zn occupation increases in the
third shell of Ti core [9]. However, when x = 0.1, I inaeases
because the Zn/Ti ratio is random by occupied Ti core in the
third shells or is in disonder reluxor region, Furthermore, while
XANES spectra begin to exhibit differant features for compo-
sition x= (.09, at x= 0.1 the spectra exhibit a clear change in
features with the peak C; an indication of the change mn local
structure amund Ti absorbing atom, comesponding 1o the phase
transition from tetragonal o rhombohedml in XRD results.

The nomalized ZnK-edge XANES spectm of (1—x)
BaTiOs — xBi(Zng s Tig )0y cemmics are shown in Fig 4.
The feature of Zn K-edge XANES spectra does not change
significantly, neither does the local structure around Zn atoms,
The Zn atoms substitute on B-site of pemvskite structure with
associated parselectric properties which indicates a cut-off
the normal fermelectric mgions. When the paraelectric phase
region increases, the polar nanc-region disperses in the pam-
electric region and the interactions msult in the relaxor
fermelectric behavior [10,11].

3.3. Dielectric behavior and phase transformarion

The diglectric constant and dielectric loss tangent (tan &) at
various frequencies  for (1 —x)BaTiOs — xBilZng 5Tig 5105
compasitions (with x=005, 0.06, 0.07, 0.08, 0.08, 0.10, OL11
and (L13) are shown in Fig. 5 The compositions with
0.05 < x =< 0,07 exhibit normal femroelectric behavior and a
sharp peak of dielectic constant as a function of lemperature is
observed At x=0.08, the relaxor behavior and the broad peaks
of dielectric constant as the function temperature are shown.
A strong frequency dispersion is observed around £and tan &
peaks for x = 0,08 compositions or so called “relaxor”™ like
behavior. With an increase in frequency, & decreasesand the
maximum dielectric constant tempemture (T,.) shifis 10 higher
temperatumes. In contmst, the didectric loss tangent is increas-
ing while the freguency decreases and the maximum dielectric
loss temperature is shified w higher tempemiores. Further-
more, the dielednc constant decreases with the BET content,
while the dielectric loss tangent increases until x=0.08.

34, Curie—Weiss behavior

The: Curie-Weiss law describes o femoelearic in the parelectric
region, as
1 T-<T¢

0 0

where T is Curie temperture and C is the Curie-Weiss
constant [10]. Fig. 6 shows the inverse dielectric constant as
the function of temperature at 100 KHz, The linear fitting is
ohserved in the paraelectric region or high temperature for all
compesitions. The fitting parameters; e, the Curie-Weiss
constant and Curie temperature are listed in Table 1 [10]. The
results show that the Cune temperature decreases with the
increasing BET content. It is evident from the value of Te that
the compositions x=005-0.08 show the normal fermelectric
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behavior. However, the negative values of T (as would have
been obtained from the graphs, but not shown here as it is
physically impeossible) cleady indicate the relaxation behavior
for compositions x =0L.09-0.13, Furthermore, the mlaxor ferro-
electric behavior in the high tempemture region follows the
modified Curie—Weiss law [10-12],

I 1 (T=T.Y

:_ Em - 25&!5; {2}
when: £, is the permittivity at T, y is the degme of diekectric
relcation, 1<y <2; p=1 coresponds 10 a nomal femekectnc
phise transition. y > 1 Represents relaxor-femoelectric beha-
vior tramsition. The value of 8, mpresents the degree of
diffuseness for tmnsition peaks. Both y and 5, ame determined
from the slope and intercept Inle,  /¢') versus In(T = Tw), as
shown in Fig 6 for all compositions [13]. In Table 2, the value
afl y, which increasesas the BZT content increases, indicates
reluxor behavior, For x> 0007, the compositions exhibit the
mlaxation behavior until x=013, close 1o the ideal relaxor
ferroelectnc (r=2). The value uf-‘i, also increases as a resultofl
the increased relaxation. In addition, the transition lemperatun:
T decenses as v increases until x=0.08 indicating a destabi-
lization of fermelectric phase. For x> 0L08, the tmnsition
lemperature increases continuously within the thombohedml
phase field [14,15].

15, Temperature dependence of the relavation time

The reluxor fermelectric process is believed o be the
presence of dwnamic polar nano-regions which ane ever mone
active and are of fines scale in the vicinity of T, in a classical
relaxor system. Generally, the polar mano-regions (PNRs)
exhibit a chamctenstic relaxation tme (1) in the locl feld
configuration in its charactedstic size. The separation of energy
barrier switch (o the polarization state decreases as the size of
the PNRs decrenses. The direction of a net polarization (P,)
fluctuntes or become very dynamic with temperature while the
harrier height becomes comparable to thermal energy (kT
Like the spin glass svstems, the shortsange interaction
between the polar regions contmol the fluctuation of P, leading
o its freezing at a characteristic tempemture far below the T,
The relaxation time (1) in mlaxor has been described by the
Vogel-Fulcher relation [10-12],

7 = roexp{Ea/ke(Tw—Twr)] (ki)
when: 5 &8 the pre-exponential factor, E, & the adivation energy
for poladzatonfluctuations of an isolated cluser, T, is the
empergure 4t the mudmom didectric conswnt, kg is the
Boltzmmnn constant, mnd Ty & the chaorscerstc Vogel-Fulcher
freezing tempemture. The relaxation tme depends on the
emperaure and is well fit with VogelFulcher mlation for
wmpsition range, 008 << 0013 (meloor behavior only), as
shown in Fig. 7. The fitmg parametes are sunmmarized in
Tablke 3. With the increase in Bing sTiy 505 conient, the Feezing
emperdure s moreased. The moemsmng vales of Ty indicale
the gmdual evolution of poloe nmo-region, the reaxor-like
behavior, Similady, the activation energy decemses with the
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evolution of the mluxor behavior and the energy cormsponding
the thermmal relation process also mreduces. Themefore, the
evolution of polar nano-region or relaxor behavior m BaTi0s—
BilZng 5 Tig 5105 matenals enhmes with BZT content in this
SVSLETTL.

4. Discussion

In recent years, extensive research efforts have been con-
ducted on mlaxor ferroeledrcs. To describe the physical
phenomena of relaxor fermelectrics, seveml models, super-
paraslectric [16], “dipolar glass™ [17], random feld [18], etc.,
have been discussed. In this work, we investigated the gradual
evolution of relaxation behavior in the BT-BZT system. As the
amount of BZT increases, the normal fermelectric behavior of
BT regions start breaking and genemte the density of the nano-
sized Ti oxvgen-octahedml-rich polar regions in the Zn-rich
matrix. In the classic AB B, _ )05 ferroglecinc relaxors such
as PhMg,sNbas Oy (PMN), the nano-sized cation ordersd
charged megions are distributed in a disordersd matrix and
lead to the well-known relaxor behavior [10].

In our work, XRD meassurements show the global stucurne
change, phase ransition from tetragonal 1o thombohedral sym-
metry. Although, XRD results indicate stuctuml changes at
temperaure cormesponding with peak n digdectnic response, XRD
canmt discern the evolution of locl strudure around Bsite Ti
md Zn aoms. Therefore, XAS measurements were utilizsd 1o
determine the lowl structure. From the XANES msults, in
aomposition rnge x < 004, the increase of BZT content affects
the polar regions, but it is oot a disordered matrix on the loal
structure scale. However, the relaxor behavior begins at a critical
wmposition =008, For x=0.1, the local stuctue begins o
exhibit the random occupation in the B-site sharing between BT
md BZT, which comesponds o a disordersd matrix. & cn be
hypothesized from the dislearic behavior that the amount of
BET = (M8 15 sufficient to build up a long-range: polar disordered
region that results in relaxor fermelectric behavior in the BT-BZT
systemn. The fits 1o the x =009 data thmough the Vogel-Fulcher
emperdun: dependent reaxation time suggests the evolution of

mlaation ime o mimic relacors.

5. Conclasion

The structumml information of (1 = x)BaTi0s; — xBilZng «Tig <)
05 (x=005-0.13) cemmics was examined by X-my Dif fraction
(XRD) mnd synchrotron X-my Absorption Spectmscopy ((AS)
echniques. The XRD results show a clear global phase transition,
tetragonal o thombobedral @ x=008. In addition, the experi-
mental XANES spectm resulbls indicale a shght local stuctuml
change around Ti atom at x=009 and a clear change with
=010, which corresponds 10 the phase tmnsition from normal
ferroeladric o rdaxor behavior & observed from the diskectdc
oomstnt vs T and f resuls, This investigation has demonstrated
structural md electrical agreement among data from XRD, XAS
mnd didectric properties.
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Abetract

In this work, the global and local structures of Ba(Zr.Ti - )0 materials were investigated by X-ray Diffraction (XRID) and
Synchrotron X-ray Absorption Spectroscopy (XAS) techmigques, respectively. The Ba(Zr Ti,_.) powders were prepared by a
comventional =olid state reaction method. The XRD study indicated that the global structure of the prepared material changed from
pure tetragonal, to mixed tetragonal and cubic, and finally to pure cubic phase at high Zrcontent. Changes in the local structure around
titanium atom were revealed wing X-ray Absorption Mear-Edge Structure (XANES) measurements, showing three regimes with
different Ti off-center displacements, depending on Zr content in the material A comparison between the measured and simulated
MNAMNES spectra ako revealed the influence of different Zr/Ti ratics on the local structure around Ti atom.

& 2012 Elsevier Ltd and Techna Group Sr.l. All rights reserved.

Kepwards: A, Caldnation; B, Spectroscopy; C. X-ray method, C BET

1. Introduction

Barium zircomium titanate (Bal(Ze, TiOs or BZT) is an
attractive candidateto replace lead-based matermls  for
dynamic random acess memoriss and eledronic devices
because of is environmental friendly constiiuent [1]. Since
its recent widespread interest starting in the 19808, most of
the studies of BZT have focused mainly on the temperature
and frequency dependence of the diekctric properdes, the
nature of phase transitions, and the ferroeledrc relaxor
behavior [2) More specifically, researchers have found that
increasing Zr substtution into Ti site in BaTiOy crysials
can change the materal to exhibit reaxor ferroeledric
behavior [1-3. A similar behavior can also happen in
BaTiOs-Bi(Ti.Zn)0y composite. BZT has been reported 1o
exhibit the relaxor behavior in bulk forms with increasing Zr

"Comesponding author. Tel: +668 49550910,
Eemail addresc a boolchanont(igmail com (A, Boolchanont).

witent 2], The relaxor ferroelectric behavior & dassified
with strong frequency-dependent didectric properties. Tnter-
astingly, barium zirconate (BaZr0s:BZ) possesses non-polar
or paragectric behavior, which cannol have sponianeous
polarization; ie. non frrodectric. Additonally, a substitu-
ion of Ze** (ionic radius of 86 pm) with Ti** (ionic radius
of 74.5pm) exhibis several migresting feamres in the
didectric behavior of BaTiOy or BT [3). It has been reporied
that with the incorporation of Zr in BT, the rhombohedral 1o
orthorthombic (7;) amd orthorhombic (o teragonal (75)
phase transiion lemperatures increase, as compared (o pure
BT [3]. In contrast, the tetragonal to cubic (Curie (empera-
e, T} phase transition temperatire decreases. Thus, when
Zr concentration is less than 10 mol%, the BaZr Ti; _ Oy
system exhibits a pinchal phase transition; ie. all the above
three phase transition temperatmes (7, 75, and T are
merged or pinchal into a single diffuse phase ransition. At
around 27 mol%, Zredoped BT ceramics exhibit a typical
diffise paradectric to ferroelectric phase transition behavior,

0272-8842 /% - see lroml matter & 2012 Ekevier Lid and Techna Group Sol. All fghis reserved.
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whereas Zr-riched compositions exhibit a tvpical relaxor-like
behavior, in which Ty shifts to higher emperaure with
increase of freguency [3].

Recendy, in Ba(Zr,Ti,_ ,00s svstem il has bem found
that the compositions with x=0 and 0.005 contained the
tetragonal BT phase. With x=0.02, the ceramic sample
contained a mixture of the etragonal and orthorhombic
structures, whereas the x=0.04 sample exhibited primarily
the orthorhombic phase. For x=0.12, the crysial structure
became cubic [4). This investigation has also indicated that
with increasing Zr content the electrical properties showed
the transition from normal (o relaxor ferroelectric beha-
vior. However, a structural study based on a tvpical X-ray
Diffraction (XRD) measurement did not show any strong
global symmetry change, in contrast to the drastic change
in the electrical properties. This is believed 1o be attributed
o local (nano-<caled region) symmelry conversion within
the material, undetected by the global<svmmetry-based
XRD measurement. Interestingly, the X-ray Absorption
Spectroscopy (XAS) technique can be used effectively tw
investigate the local structure of materals. Tt is thus
of great interest to employ the XAS technique to investi-
gate the local structure within the Ba(Zr,Ti; _,)0s
system. In this article, we focused on the local structure
information around the ferroelectrically-active Ti atom in
Ba(Zr, Ti; _ )05 and its characteristics as a function of Zr
concentration in hope to provide better understanding of
how the local structure is related to the normal to relaxor
ferroelectric transition.

2. Experimental procedure

BaZr,Ti; -0 powders were prepared by a solid state
reaction method. The starting materials BaCOs, Ti0s
and ZrD; were weighed according to the composition
(1 = x)BaTiOs—xBaZrOy with x=0.0, 0.05, 0.1, 0.15, 0.2,
0.25, 0.3, 0.35, 0.4, 045, 0.5 and 1.0. The raw materials
were ball milled in ethanol for 24 h. After drying, the
mixed powders were calcined at a temperature of 1250°C
for 2h with 5 °C/min heating and cooling rates.

To investigate the phase formation and global structure
of Ba(Zr Ty _ JOs, X-ray diffraction (XRD) paitiems were
scanned in 26 range of 20°-60" with 0.027 step and CuKax
radiation was used. To examine the local structure, X-ray
Absorplion Spectroscopy (XAS) measuremenls were con-
ducted at ambient temperatine at BL-8 of the Siam Photon
Laboratory, Synchrotron Light Research Insimie (SLRI),
Thailand {electron energy of 1.2 GeV, beam current 120
B0 mA). The double-crystal monochromator was operated
with a pair of Ge (220) cryvstals for scanning the energy of
the synchrotron X-ray beam with energy steps of 0.20 eV
to excite the electrons in Ti K-edpe. The experiments were
performed in fluorescence mode and the signals were
collected by using the |3component Ge-detector. The
KMeray Absorption Near-Edge Structure (X ANES) measure-
ments for the Ti K-edge were measured for all compositions.
The data were processed using the ATHENA program. The

A Bootchanont et al § Ceramics Internertional 39 (2003 ) 5579552

simulation was carried outl using the FEFFE.20 program and
compared  with XANES patiens oblaned from the
experiment

3. Result amd discussion

The XRD paiterns of Bal(Zr,Ti; _, )05 powders are
shown in Fig. L It is notced that the crystal structure at
room temperatune changed from tetragonal to a mixture of
tetragonal and cubic perovskite phases as Zr concentralion
increased. The sample with x=0 or pure BT shows
tetragonal perovskite phase, while at x=0.1 (BaZry,
TigeOs). a mixture of etragonal perovskite BaTiOs (BT)
phase and small amount cubic perovskite BaZr(y (BZ)
phase occurred, which can be matched with JCPDS file no.
E1-2201 and 741299, respectively. The cubic phase of BZ
increased continuously with increasing value of x. When
x=02 the small amount of solid solution BZT was
observed and increased with further increase of x value.
The tetragonal phase of BT disappearsd when the Zr
content exceeded 30mol% . A mixture of three different
phases (BT, BZ and BZT) was found at 0.2 < x = 0.35. The
XRD results have shown a clear change in the plobal
structure across the compositional range studied.

The normalized Ti Kedge XANES spectra of Ba(Zr,
Ti; _  )0spowders obtained via XAS measurements are
shown in Fig 2(a). Generally, the XANES spectra show
very similar features for all the compositions, with small
variations observed at several peaks, an indication of
changes in the local structure around Ti absorbing atom.
XANES measures the excitation of core electrons Lo
unoocupied bound states and is thus used to obtain informa-
tion about the local arrangement of atoms around the
absorbing atoms and the density of staies of unoccupied
slaies. As seen in Fig. 2(a), the intensity of peak A (7 4). which
is assodated with both the quadnipole and the dipole Ls— 3d
transition of Ti. reflects the 3d-4p hyvbridization for Ti and is

| ua(_'u_ru:l-'n P

BT PO Sy o S
L

L N n | =]

]

Inensity{ab runit)
:

Fig 1. X-ray dilfraction patlerns of Ba{Zr, 11, _ W0, powders.
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Fig. 2 (a) Normabized X-ray absorption Ti K-edge specira of BaiZr . T7,_ )0s powders, (b) the varmbon of the pre-edge leatunes of peaks A and B with
Fr concentration m Balr 11, _ W0, and () The miensity of peak A (L) of Ba(Zr, Ti, _ 0, a3 a Tunction of £r concentration, showing three di Menent

regmes [, I and ML

directly proportional to the displacements of Ti off<center of
oxyeen ociahedra and is indiredly proportional to the laitice
constants [5] following Eq. (1),

Iy= K{AF) 3a™* (i)

where K is a ooefficient which depends neither on the atom
displacemen s nor on the direction of the electric field, Ar® is
the mean-square displacement of Ti dons from the center of
oxygen odahedra and a is the averape displacement of the
oxyeen octahedra [5].

The intensity of peaks 4 and &, as shown more clearly in
Fig. 2(b), are examined with the local Zr/Ti ratio around
the Ti absorbing atoms [5]. The intensity of peaks 4 and B
were continuously decreased with increasing Fr concentra-
tion. The reduction step was observed at x between 0.05
and 0.1, which is consistent with the results of the X-ray
powder diffraction patterns that showed the sample con-
tained the dominant tetragonal BT phase at x=0.0 and
0.05 then the structures were changed to mixed phase
between tetragonal BT and cubic BZ phases for x =0.1. A
reduction step was again found at x between 0.25 and 0.3,
likely associated with very small amount of BT phase and
coupled with an increase of a new BZT phase, as also

evident from the XRD results in Fig. |. These two
reduction steps were resulis of the difference in Ti off-
center displacement in two ranges. The first range in the
BT-riched compositions was attributed w the cubic BEZ
phase formation which forced the etragonal unit cell of
BT to deform to become more of a cubic unit cell and
caused the decrease in the Ti off-center. The second ranpge
at x betwesn 0.25 and 0.3 was caused by the competition of
Ti off-center between the dominant BZT phase and small
amount of BT phase. The intensity of peak A (I4) is
plotted as a function of Zr concentration in Fig 2(c). The
decrease of I, with increasing Zr content can actually be
divided inte 3 regimes; ie. I 1T and ITL Regime I
comprises of two different phases: BT and BZ, in which
the change of Ti off-center depends on cubic BE phase, as
described above. In Regime II, a combination of thres
different phases BT, BE and BZT plaws a role on Ti off
center displacement. Regime I comprises of a combina-
tion of BEZT and BZ phases, in which [, tends o decrease
continuously. A decrease in Ti off-center in this part s
affected by a unit cell distortion forced by BZ phase and by
a different Zr/Ti ratio around Ti absorbing atoms within
BZT iwsell.
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Fig 3 Simulated pre-edpe leatures of Ti K-edge XANES specia of
Ba(Zr Tiy - )00 with dilferent ZrTi e around the central Ti absorbing
alinm i Lhe local perovikile BET sirwctune.

The simulation of the XANES spectra of BZT phase was
subsequently carned out to mvestipate the Ti off-center
and Zr[Ti ratio around Ti absorbing atoms in BZT solid
solution and the simulated and the experimental resulis
can be compared. Fig. 3 shows the simulated pre-edge
feature of Ti K-edge XANES spectra of BZT with different
Zr/Ti ratios. The simulaton was performed with the
FEFFE20 program using partially nonlocal: Dirac-Fock
for core+HL for valence electron+a constant imagnary
part exchange models.

In this study, only the nearest local Zi/Ti sites around
the absorbing Ti were considered because the atoms that
were further away from the Ti absorber atoms only slightly
affected the amplitude of the scatiering signal. Therefore,
we considered the substitution of Zr into each site of the
local Zr/Ti sites in the third shell, as shown in the inset of
Fig. 3. The calculated resull (shown in Fig. 3) showed the
effect of replacing Ti with Zr on the local sites in the thind
shell. A decrease of the intensity of peak 8 in the pre-edge
peak of Ti K-edge of BZT is observed. The intensity of
peak B (at energy about 4972.5eV) decreases with increas-
ing amount of Zr ions occupyving the nearest local Zr/Ti
sites around the Ti absorbing ion. This caleulated result
shows a very good agreement with the experimenial result.
A direct comparison of the simulated and experimental
resiilts can be used to estimate the average amount of Zr
occupying the nearest local ZrTi sites around the Ti
absorbing atoms within the BZT material. However, it is
also important 1o mention that the experimental XANES
spectra oblained for BET sysiem in this present siudy are
affected by several other factors; such as a contribution
from Ti off<enter from BT phase and different wnit
cell distortions from BT and BZ phases. Therefore, more

detailed investigations on single phase BZT material will
be needed to examine the influence of Zr substitution in the
local nearest Zr(Ti sites on the Ti off-center displacement
in this novel materal system.

4. Conchsion

The swructural information of Ba(Zr,Tiy —.)0s materials
prepared by the solid-sate reaction method was examined
by X-ray Diffracion (XRD) and Synchrotron X-ray
Absorption Spectroscopy (XAS) technigues. The XRD
results showed the mixed phase of tetragonal BaTiQs,
cubic BaZr(Qs, and Ba(Ti Zr)0s. Tetragonal BaTiOy phase
disappeared when x exceed 0.3, Changes in the local
structure around the Ganium aiom were revealed using
Xeray Absorption Mear-Edge Structure (XANES) mea-
surements, showing three regimes with different Ti off-
center displacements. A pood agreement between the
simulated result and the intensity of peaks 4 and & in
the XANES specira was related o the displacement of Ti
off-center and the average amount of Zr/Ti ratio around
the Ti absorbing atoms.
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