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Abstract Barium titanate, which is applied in many fields,
is a kind of very important ferroelectric material because it
is lead free. Its physical properties are changed by
replacement or addition of other ions. Here, barium calcium
titanate ((Ba,Ca)TiO3) ceramics are prepared. The concen-
tration of calcium is up to 20 at.%. The Fourier transfor-
mation infrared spectroscopy (FTIR) measurement is
carried out in order to reveal the vibration of crystal
lattices. The influence of the replacement on the interaction
between Ti and O can be observed by investigating the
absorption peak of the Ti—O bond. The wavenumber of
absorption peak of Ti—O bond becomes larger with increase
of the content of Ca, even though the concentration of Ti is
not changed. The wavenumber of absorption peak in
(Bag.95Cag ¢5)TiO3 is near 525 cm ' while that in
(Bao.50Cag 20)TiO5 is near 550 cm . It is attributed to the
decrease of the cell size. The length of Ti-O bond is
shortened by replacement of Ca. Then the interaction
between Ti and O is enhanced. The similar phenomenon
is observed in (Ba,Mg)TiO; and alkali doped BaTiO;
materials as well, supporting the mechanism. Furthermore,
the aging effect in (Ba,Ca)TiO; and (Ba,Mg)TiO3 systems
is observed. The former exhibits a good stability when the
latter shows unstable FTIR spectra. The influence of point
defects on the aging effect is discussed. These results
indicate that the FTIR measurement is helpful to study the
relationship between the structure and physical properties
of ferroelectric materials.
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1 Introduction

Ferroelectric materials are widely applied in many fields,
such as IT, energy conversion and infrared detection [1]
because they possess excellent piezoelectric, dielectric and
pyroelectric performances [2, 3]. Physical properties in
ferroelectric materials are associated with defects [4],
additives (or replacements), electric dipoles, crystal struc-
tures, ferroelectric domains and so on [5]. The correlation
between them has been widely discussed [6—8]. Among
them, additives modify the microscopic structure of the
material and result in the change of physical properties.
Therefore, they play an important role in improvement of
performances [5, 9, 10]. According to the soft model
theorem, ferroelectricity in perovskite ferroelectric materi-
als depends on the vibration of crystal lattices. Fourier
transformation infrared spectroscopy (FTIR) is an effective
technique to monitor the reaction process of preparation of
materials because it is sensitive to chemical bonds [11, 12].
It can be used to characterize functional materials as well
[13, 14]. The information on interaction forces in crystal
lattices can be received by Fourier transformation infrared
spectroscopy. In the infrared absorption spectra, the
position of the absorption peak is determined by the energy
of molecule vibration. The higher the energy is, the larger
the wavenumber is.

In this paper, a typical ferroelectric material, BaTiO; is
selected to explore the relationship between additives and
FTIR because it possesses a simple perovskite structure.
The cell size, crystal structure and binding energy will
change when ions are doped in the system, resulting in
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Fig. 1 FTIR spectrum of pure barium titanate material

spectral variation. Here, we report the spectra of FTIR in
ferroelectric (Ba,Ca)TiO5, barium titanate doped with
calcium. The wavenumber of the absorption peak shifts to
a larger value when the concentration of Ca increases. It is
attributed to the increase of binding energy resulted from
the decrease of cell size. Furthermore, the similar phenom-
enon is observed in Mg-doped BaTiO; materials. The result
supports the mechanism as well. These experimental results
show that the additives indeed affect t.he vibration of
crystal lattices. When BaTiOs is doped with hetero-valence
ions, e.g., Li", Na’, and K, the situation becomes
complex. The results show that effects of different additives
are different even though all of these ions belong to alkali.
The BaTiO; ceramics doped with K makes the absorption
peak shift to a higher frequency, following the law
mentioned above. But, the sample doped with the other
two ions, respectively, decreases the wavenumber of the
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Fig. 2 FTIR spectrum of Pb(Zrg 95Ty 05)O3 material
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Fig. 3 Vibration mode of Ti-O
bond: (a) bending vibration, (b)
stretching vibration

(b)

absorption peak. The strange phenomenon is discussed in
terms of the distortion of the TiOg octahedron. The aging
effect of the FTIR spectra in (Ba,Ca)TiO5; and (Ba,Mg)TiO;
is observed as well. No significant change is found in (Ba,
Ca)TiO;, indicating the material is stable. An obvious
change is revealed in (Ba,Mg)TiO;. The mechanism is
discussed in terms of the movement of point defects in the
system. The Fourier transformation infrared spectroscopy
(FTIR) provides an effective method to study the relation-
ship between physical properties and microstructures in
ferroelectric materials.

2 Experimental procedures

(Ba,Ca)TiO; and (Ba,Mg)TiO; materials can be prepared
by many kinds of methods, such as solid state reaction [15].
Here, a conventional ceramic process is used to prepare
doped BaTiO; ceramic samples. The chemical formulas of
the materials are (Ba,;(Ca,)TiOs, (Ba;.,Mg,)TiOs3,
(Bag.g9Li 01)TiO3, (Bagg9Nag;)TiO3, and (Bag.99Ko.01)
TiOj3, respectively, Here, x=0, 0.05, 0.10, 0.15, and 0.20;
y=0.10, 0.20, 0.30, and 0.40. In alkali doped samples, the
amount of dopant is small in order to avoid emergence of
other structures because the chemical valence is different.
Following ball-milling for 6 h, the mixed raw powder was
calcined at 1000°C for 5 h. Then, the powder was ball-
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Fig. 4 (a) FTIR spectra of (Ba,Ca)TiO; materials. (b) Magnified
diagram of absorption peak (the vertical position of some curve is
adjusted to avoid overlap of curves)

milled for 8 h. The milled powder was used to form tablets.
Finally, the tablets were sintered in air atmosphere at 1350°C
for 4 h. The XRD measurement was carried out to determine
if the perovskite structure was formed. Transmittance spectra
of FTIR were measured to characterize the vibration of
crystal lattices. The measurement of FTIR spectrum was
carried out by means of Nicolet Avator 370DTGS. The
region of wavenumber is from 400 to 4,000 cm ' in the
measurement. The main absorption peaks appear below
1,500 cm'. The peaks are sharp so that the relationship
between wavenumbers and chemical compositions can be
established clearly. Aging was carried out as the following
sequence: (1) Heat the sample through its curie tempera-
ture (about 130°C) to 150°C; (2) keep the sample at 150°C
for several minutes; (3) cool the sample to 50°C and keep
it at the temperature for different periods of time. After
aging, the FTIR spectrum was measured instantly at room
temperature.

3 Results and discussion

The FTIR spectrum of the pure BaTiO; ceramics is shown
in Fig. 1. A strong absorption peak appears near 540 cm .
This peak characterizes the vibration of Ti—O bond,
according to the previous research about the titanate [16].
The FTIR spectrum of lead zirconate titanate (see Fig. 2)
was measured in order to verify the deduction. In Fig. 2, a
strong absorption peak is observed near 550 cm™'. Because
oxygen octahedrons in these two systems are very similar,
even though some ions are different, the absorption peak in
the vicinity of 540 cm ™" is assigned to the vibration of O-M
(M=ion at B-site) bond. On the other hand, the vibration of
Ti—O bond is complex. Besides the observed absorption
frequency, there are other two absorption bands [16, 17]. A
low frequency band (below 400 cm ™) is assigned to cation-
TiOg vibration. Another frequency band near 400 cm™' is
assigned to the Ti—Op “bending” normal vibration
[Fig. 3(a)]. Neither of them is discussed here because the
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Fig. 5 (a) XRD patterns of (Ba,Ca)TiO; materials. (b) Magnified
diagram of small angle range
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FTIR measurement does not cover the region. The observed
absorption frequency band, near 540 cm ', is assigned to
the Ti—O; “stretching” normal vibration [Fig. (3b)]. This
mode is very important because the direction of “stretch-
ing” normal vibration is along with that of spontaneous
polarization in BaTiO; with tetragonal phase. So, it is
mainly discussed in the paper. A further study about the
other vibration modes will be carried out in future.

Figure 4 shows the FTIR spectra of BaTiO; doped with
different concentration of Ca. It is obvious that the FTIR
patterns of (Ba, Ca)TiO; and pure BaTiO; are similar. But,
the wavenumber of absorption peak in (Baj9sCag os)TiO; is
smaller than that in the pure BaTiO;. The former is 525 cm™!
when the latter is 539 cm . It is explained by the weakness
of coulomb interaction. Figure (5a) shows that the (Ba,Ca)
TiO; materials possess perovskite structure [18]. When Ca**
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Fig. 10 (a) FTIR spectra of (Ba,Mg)TiO; materials during aging at
50°C. (b) Magnified diagram of absorption peak (the vertical position
of some curve is adjusted to avoid overlap of curves)

ions are doped, some of them enter B-site in the perovskite
structure, even though most of them occupy A-site. The
electric charge of Ca®" is less than that of Ti*". Then, the
coulomb force between Ca’" and O* is weaker than that
between Ti*" and O". It results in a decrease of energy of
O-M (M=ion at B-site) bond. When the concentration of Ca
increases, another effect exhibits. The wavenumber of the
absorption peak increases with increase of the concentration
of Ca. When Ca”" ions are doped, most of them replace
Ba?". The radius of Ca*" is 0.099 nm, less than 0.133 nm of
Ba®". So, the volume of the cell is decreased by doping. It is
confirmed by the XRD patterns of (Ba,Ca)TiOs. Figure (5b)
exhibits that the diffraction angle increases with increase of
the amount of Ca, demonstrating that the distance between
the crystal planes becomes shorter. Consequently, the force
constant increases with contraction of the distance between
Ti and O. Then, it can be observed that the absorption

wavenumber of Ti—O bond becomes larger with increase of
the concentration of Ca (Fig. 6). The value of the wave-
number increases from 525 to 548 cm ' when the concen-
tration of Ca changes from 5 to 20 at.%.

The FTIR measurement of (Ba,Mg)TiO5; was carried out
in order to testify if the effect is available in the parallel
system. From Fig. 7, it is clear that the appearance is very
similar. Two effects are included. First, the wavenumber of
absorption peak in (Bag ooMgo 10)TiO; is 523 cm ™', smaller
than 539 cm ' of the pure BaTiO;. Second, the absorption
wavenumber increases with the concentration of Mg. It
changes from 523 to 541 cm™' when the concentration of
Mg changes from 10 to 40 at.% (Fig. 8). They are
consistent with the phenomenon in (Ba,Ca)TiO5 very well,
supporting the mechanism suggested above.

Furthermore, the effect of additives with hetero-valence
is explored. Here, the FTIR spectra of BaTiO3 doped with
alkali are investigated (Fig. 9). Their chemical formulas are
(Bag.9oLi0.01)TiO3, (Bag.g9Nag 01)TiO3, and (Bag.99Ko.01)
TiO;, respectively. The absorption peak of the BaTiO;
doped with K locates at 544 cm '. It is attributed to the
change of lattice parameter. Because the radius of K" is
smaller than that of Ba®", the cell parameter becomes
smaller when K replaces Ba®". The distance between Ti
and O becomes shorter. The strength of Ti—O bond is
enhanced. Then, a larger wavenumber of absorption peak is
observed in the BaTiO; material doped with K. On the
other hand, the mechanism is different when Li or Na is
doped into the system. The wavenumbers of absorption
peak become smaller, even though the radii of these two
ions are smaller than that of K. With consideration about
the small size of Li" and Na', some of them may enter
B-site in perovskite ABO; of BaTiOj;. This case is different
from that of BaTiO; doped with K. Here, the effective
electric charges of defects increase. One negative electric
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Fig. 11 Relationship between wavenumber of absorption peak and
aging time in (Bag.goMgo.10)TiO; material (aging temperature=50°C)
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charge is produced when a K' replaces a Ba*'. Three
negative electric charges are produced when a Li" (or Na")
replaces a Ti*". To keep electric charge balance, the amount
of O-vacancies in the latter is three times as large as that in
the former. Therefore, Ti—O octahedrons are distorted or
damaged more easily. The energy of lattice vibration
becomes less because it is determined by the periodic
structure of the crystal. This is why the BaTiO5 doped with
Li or Na exhibit relatively low absorption frequency.
Comparing the radii of Li", Na', and Ti*', they are 0.06,
0.09, and 0.068 nm, respectively. It is clear that the radius
of Li" is closer to that of Ti*". Therefore, Li" possesses a
larger possibility to replace Ti*" than Na™. Then, the effect
in Li-doped sample is stronger. The wavenumber of
absorption peak is the smallest among these three materials.

The aging effects of FTIR in (Ba,Ca)TiO; and (Ba,Mg)
TiOs systems are observed. These two systems exhibit
different behavior. The FTIR spectra of (Ba,Ca)TiO5 are not
changed significantly by aging. But, the FTIR curves of
(Ba,Mg)TiO; are strongly affected by aging (Fig. 10).
These results indicate that the FTIR spectra are determined
not only by chemical compositions, but also by other
factors. The structures of the two systems are very similar.
But, the point defects in (Ba,Mg)TiO; are more than that in
(Ba,Ca)TiOs. The point defects are produced to keep
electric charge balance. Mg>" has a higher possibility to
enter B-site than Ca®" because the radius of Mg?" is smaller
than that of Ca®". It is close to the radius of Ti*" at B-site as
well. Because the chemical valences of Mg”" and Ti*" are
different, the point defects must be induced. Point defects
may diffuse to more stable positions during aging.
Therefore, the FTIR spectra are changed by aging. The
wavenumber of absorption peak shifts to a higher value
when aging time is longer. From Fig. 11, it is observed that
the wavenumber of (BaggoMgo.10)TiO3 ceramics aged at
50°C moves from 523 to 533 cm ' when aging time
changes from 0 hour (without aging) to 192 h. On the other
hand, no significant variation of FTIR curve is observed in
(Ba,Ca)TiO;. Compare with the experimental results and
structures in the two systems, the aging effect is attributed
to the movement of point defects. It demonstrates that the
FTIR spectrum is probably used to investigate the stability
of the material and distribution of point defects.

4 Conclusion

The additives Ca, Mg, Li, Na and K are doped into BaTiO;
ceramics. The FTIR spectra reveal that they affect the
vibration of crystal lattices. When a smaller ion replaces
Ba”’, the cell becomes smaller, resulting in the distance
between Ti and O becomes shorter. This enhances the
interaction between these ions. The corresponding absorption
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peak in FTIR spectrum shifts to a higher frequency with
increase of the concentration of the additive. When an ion
with less electric charge replaces Ti*", the coulomb
interaction between O~ and the cation in B-site is weakened.
Then, the wavenumber of the corresponding absorption peak
shifts to a lower frequency. When the radii of additives are
very small, these ions have probability to occupy B-site and
induce many O-vacancies. So, the ordinary structure of TiOg
octahedron is distorted or damaged. The wavenumber of
absorption peak decreases.

When the point defects exist, the FTIR spectra are
affected by aging. The (Ba,Ca)TiO; possesses less point
defects than the (Ba,Mg)TiO;. The FTIR spectra of the
latter are affected significantly by aging. On the contrast,
the former exhibits a good stability during aging. The FTIR
is a potential way to characterize the stability of this kind of
functional materials.

Ferroelectricity and piezoelectricity in these systems are
tightly related with the vibration of crystal lattices. Therefore, it
is helpful to study some physical effect by means of the Fourier
transformation infrared spectroscopy. A study about the
correlation between phase transition, spontaneous polarization
and FTIR in doped BaTiO; system is in progress.
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