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Abstract

A-site deficient perovskite compounds, La;—,3Na, TiO3 (0.02 <x <0.5) and Nd(;—3Li, TiO3 (0.1 <x <0.5) microwave ceramics, were inves-
tigated by Raman scattering. Nd_,3Li,TiO3 (0.1 <x<0.5) was also investigated by extended X-ray absorption fine structure (EXAFS)
measurement. The Raman shifts of the E (239cm™") and A; (322cm™") modes of La_y3Na, TiO3; were found to decrease with x. However,
the E (254cm™') and A; (338 cm™!) of Nd—3Li,TiO5 were found to blueshift with x, which was caused by Li substitution. The redshift of the
A; (471 cm™!) phonon of Nd(;_3Li, TiO3 (0.1 < x < 0.3) indicates that O-Ti—O bonding forces lessen with Li concentration, which is consistent
with the EXAFS result that Ti—O bond lengths increase for 0.1 <x <0.3. For x>0.3, the EXAFS result shows that Ti—O bond lengths decrease.

Moreover, Ti—O bond lengths show strong correlation with the microwave dielectric constants of Nd,_y3Li, TiO3.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

In previous years, many perovskite-type structures with a
general formula of ABOj3 have been studied because their supe-
rior optic, magnetic, and electric properties are advantageous to
technical applications such as mobile phones and satellite sys-
tems. The prototype perovskite structure has a cubic structure of
the space group Pm3m (0}1, Z = 1). Many complex perovskite-
like materials are derived from a general ABO3 perovskite
family replacing A or B cations from different compounds such
as A(B12'B12")03, A (B13'B23")03, (A12'A12”)BO3, and
(A12'A12")(B12'B12")03.

Lanthanum titanate (Lap/3TiO3)-based perovskite com-
pounds which have one-third A-site vacancies possess excellent
microwave dielectric properties. However, it is difficult to
obtain pure Lay;3TiO3 because of its high A-site vacancies.
For this reason, the structure can be stabilized by inserting
low-concentration substitutions on the A-site and B-site, or by
compensating for the oxygen deficiency.'©
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It has been reported that the orthorhombic structures of
(Lay/3TiO3)-based perovskite display an ordering arrangement
of A-site cations, and their unit cells transform to double sizes
along each direction.? The A-site cations ordering is comprised
z=0layers fully occupied by La** ions and z = 1/2 layers, which
are in turn occupied by vacancies and La** ions. Kim et al. and
Yoshii revealed that the structure of Lay/;3TiO3 and Nd/3TiO3
systems are of orthorhombic Pmmm symmetry.>’ MacEachern
et al. showed the orthorhombic Pban symmetry of Lay;3TiO3,
which shows +/2a p X V2a p X 2ap cell by neutron diffraction.®
There are many controversial results which were found through
several different techniques such as the use of insertion ions and
the sintered method. More recently, precision measurement was
made to demonstrate that the crystal symmetry of Lay/3TiO3 and
Ndy/3TiO3 is orthorhombic Cmmm. 1469

Doping Li* ion into Lay;3TiO3 and Ndy/3TiO3 compounds
results in high ionic conductivity, which can applied to solid
oxide fuel cells (SOFC) and other electrodevices.'%-!> Mean-
while, substituting Na®™ ions in Lay;3TiO3 has been much
less studied. Ruiz et al. investigated the structure of the
Laj 33_,Na3, TipOg series via neutron diffraction and electron
microscopy techniques.'® Through these measurements, the
x=0.11 sample was found to display Cmmm orthorhombic
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structure, while x=0.16 and x=0.25 display Pbmm and Ibmm
orthorhombic structures on +/2a p X V2a p X 2a, cells, respec-
tively. A-site ordering has been built by one layer of La atoms and
one layer of La/Na/vacancies along the c-axis, while the layer
of La/Na/vacancies is fully occupied or half occupied. Titanium
atoms would move from their ideal sites toward the Na/vacancies
layer in a low sodium concentration. The Ndg 5Lig 5TiO3 struc-
ture shows tetragonal symmetry of the space group P-4b2, which
was refined by X-ray and neutron diffraction.

Inserting different ions to A-site vacancies would affect the
A-site ordering and oxygen octahedra of the B-site. Raman mea-
surement is one of the best tools for this because it is uncontacted,
undestroyed, and sensitive for detecting the local structure of
microwave materials. In this work, the Raman technique will be
utilized to investigate the microstructure of La>—y)3L1,TiO3 and
Lag.s(Li,Na)ysTiO3 compounds.l&19 Based on the analysis of
the group theory, the Raman active phonon modes of two series
compounds could be proven. The BOg local octahedra structure
of Nd(>—y)3Li,TiO3 would be detected by the extended X-ray
absorption fine structure (EXAFS) technique. Furthermore, it
could be predicted that the microstructure has a close correlation
with microwave dielectric properties.

2. Experiment

The polycrystalline of La;;—y)3Na,TiO3 with 0.02 <x <0.5
and Ndp—_,3Li,TiO3 with 0 <x<0.5 samples was studied
by the group of Bian et al. at Shanghai University.'?
Lap—x3Na,TiO3 was prepared using the conventional solid-
state reaction process, which includes the starting materials
TiO3 (99.99%), NaCO3 (99.99%), and La03 (99.99%). These
oxide compounds were weighed and mixed with ZrO, balls
in ethanol for 24 h, then dried and calcined at 1100°C for
2 h in alumina crucible. These calcined powders were ground,
dried, and mixed with 7wt.% PVA. The mixtures were then
pressed into pellets. The compounds were sintered at 1400 °C
for 2h. Similarly, Nd;>—)3Li,TiO3 was prepared from start-
ing materials including TiO, (99.99%), LiCO3 (99.99%), and
NdO3 (99.99%). They were calcined at 1100 °C for 2h and
sintered at 1300 °C for another 2h. The microwave dielectric
properties were measured using HP 8720C network analyzer,
between 7 and 8 GHz, and the TE(; resonant cavity method.
Raman spectra were measured at room temperature and recorded
using JOBIN IVON T6400 triple-grating Raman spectrometer
equipped with liquid-nitrogen-cooled CCD. The 10 mW output
of the 514.5nm line of Ar* laser was used as the excitation
source. The obtained Raman spectra exhibited the resolution
of approximately 0.6 cm™!. The titanium K-edge core EXAFS
experiment of Nd(>—,)3Li,TiO3 was measured via fluorescence
mode in wiggler beamline BL17C at the National Synchrotron
Radiation Research Center of Taiwan. The structural parameters
of TiOg were examined using the FEFF-8 code.

3. Results and discussion

In recent years, Ruiz et al. have made many discover-
ies about the structure identification of Laj33_,M3,TipOg
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Fig. 1. FEFFIT result of the EXAFS signal for Nd(_,)3Li,TiO3. (a) k2 weighted
EXAFS signal of the Ti K-edge in k space and (b) in R space.

(M=Li, Na, K) through neutron powder diffraction, X-ray
powder diffraction, and the Scanning electron microscopy
(SEM) technique. The crystal structure of La_)3Na, TiO3 was
characterized as Cmmm symmetry when x < 0.2, and Ibmm sym-
metry when x>0.2. 16,20 A similar compound, Nd(z_)3Li, TiO3,
was also studied.”!” With Li* ion concentration, the phase of
Nd—3Li,TiO3 can be altered from Cmmm symmetry to P-4b2
(D},) symmetry.

The EXAFS experiment on La(;_,)3Na,TiO3 cannot be con-
ducted because the Lj-edge energy of La (5483 V) is close
to the K-edge (4966 eV) energy of the Ti atom. However, it is
fortunate that the local TiOg structure of Nd—,)3Li,TiO3 can
be investigated by EXAFS experiment. Utilizing the AUTOBK
program to remove the backgrounds of the curves as shown in
Fig. 1(a), the absorbance oscillation caused by the backscattering
of Ti atom’s surrounding atoms can be obtained. Fig. 1(a) shows
the k-weighted [k? x(k)] EXAFS signals of the Ti core atoms at
the range of 2-7.2 A~! in wavenumber space. Fig. 1(b) shows
the Fourier transformation of the k-weighted [k x(k)] EXAFS
signals. To deduce the structural parameters of TiOg, the FEFF-
8.2 program calculates the backscattering interference paths in
the 2-7.2 A region. In Fig. 1, the solid lines represent the exper-
imental data, while the hollow lines represent the fitting curves.
The R-factors of fitting are all below 0.002. From Fig. 1(b), the
first peak is attributed to the six oxygen atoms which form an
oxygen octahedron.

Fig. 2 shows the correlation between the average bond dis-
tance of Ti—O and the dielectric constant with Li concentration.
Apparently, the size of TiOg increases from x=0.1 to 0.3.
Beyond x =0.3 concentration, the size of TiOg becomes smaller.
For a low Li concentration, the result could be interpreted as the
increase in Li* ions. With an increase in Li* ions, the oxygen
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Fig. 2. Correlation of the average Ti—O bond length and dielectric constant.

atoms would be attracted toward the A-site, and thus the Ti—-O
distance would increase. However, at a high Li concentration
(x>0.3), the average polarizability of the A-site diminishes due
to the small polarizability of Li. To maintain the charge balance
of the local structure, three Li* ions are needed to compensate for
one Nd3* ion. The average polarizability of Lai—y,3Na, TiO3
changes from 5.01 to 3.6 (1.2 x 3). This would cause the
decrease in attraction between the A-site and the oxygen atoms,
making the Ti—O distance decrease. The size variation of oxygen
octahedra would affect microwave dielectric performance.

Fig. 3(a) shows the Raman spectra of Lap_y)3Na,TiO3 at
room temperature. The lineshapes around the low-frequency
region obviously show different patterns above x=0.3. Phase
transition exists in two end members of La>—y)3Na, TiO3, which
are determined by XRD and Raman spectra. Similarly, Fig. 3(b)
shows the Raman spectra of the Nd(>—y)3Li,TiO3 samples, as
well as demonstrates the phase transitions found for x > 0.3.

The orthorhombic Lap_,)3Na,TiO3 in the region
0.02 <x<0.2 show the symmetry of Cmmm (Z=4) with
a Glazer notation of ab—c®. The 60 Raman active modes,
“18Ag +14B1g+16Byg + 14B3,,” were obtained from factor
group analysis. The 12, 12, and 36 Raman active modes are
contributed to the vibrations of A-site cations, Ti** ion, and 0>~
ions, respectively. However, these Raman spectra display much
fewer phonons than the calculated ones because various peaks
might overlap with one another. In addition, when the doping
concentration in 0.3 <x <0.5, the group theory deduces that
structures exhibit Ibmm (Z=4) symmetry, a—b%~ of Glazer
notation, and 24 Raman active modes that could be produced
as “6Ag +4B g + 6By +8B3g.”

Similarly, the orthorhombic 0.1 <x<0.3 of the
Nd—3Li,TiO3 samples show the symmetry of Cmmm
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(Z=4) with a Glazer notation of a’b~c”. Sixty Raman active
modes could be calculated, and these modes had the same
result with 0.02 <x <0.2 of the La;;—,)3Na, TiO3 samples. For
x=0.4 and 0.5 of Nd(—)3Li,TiO3, the group theory deduces
that the structures exhibit P-4b2 (Z=4) with a Glazer notation
of a%a%¢—, and 30 Raman active modes could be produced as
“4A1+6B1+7By+17E”

The symmetry of Cmmm, Ibmm, and P-4b2 could be derived
from the undistorted Pm3m structure ABO3 by the distortion of
the BOg oxygen octahedral and the replacement of cations. The
Raman spectra of Lap_y)3Na, TiO3 (x=0.02, 0.04, 0.06, 0.1,
0.2) and Nd(x—y)3Li,TiO3 (x=0.1, 0.2, 0.3) were measured at
room temperature in Fig. 3(a) and (b) and were analyzed using
the 20 and 19 Lorentz-model function to discuss the lineshift
and width of the main phonons, respectively.'® These modes of
two series compounds are analyzed by three parts as follows:
numbers in brackets represent the modes of Nd(>_y)3Li,TiOs.
(i). There are three main phonons in the lowest frequencies: the
113 (105)cm™~! and 143 (141)cm™! peaks are akin to the Ti
displacement in the x—y plane of the E; modes of BaTiO3, and
the 161 (164)cm™! peak corresponds to the A-site displace-
ment of the A; symmetry of BaTiOj3. (ii) The phonons in the
200-400 cm™~! region are all associated with A-site cation dis-
placement: the 239 (254) cm ™! peak resembles the E mode of
PbTiO3, and the 322 (338)cm™! peak corresponds to the A;
mode of PbTiOs. (iii) The phonons in high-frequency regions
contribute to oxygen movement: the 461 (471)cm™! peak cor-
responds to O-Ti—O displacement along the z-axis of the Aj
mode of PbTiO3; the 526 (524) cm™! peak is analogous to the E
mode; 563 and 588 (553 and 592) cm™! belong to the A mode;
and the broad phonons in 650—1000 cm ™! are related to oxygen
octahedral stretching vibration.

Obviously, the phonon widths of Lap_yy3Na,TiO3 are
widened with an increase in sodium concentration. In Fig.
4(a), the width of the E (143cm™!) mode was plotted ver-
sus the sodium concentration for Lap—y)3Na,TiO3z, as well
as the correlation between the widths and Q x f value. The
wider phonon width gives a shorter phonon lifetime, and it
indicates a higher power consumption for microwave propaga-
tion, therefore a smaller Q X f value is expected. Due to A-site
ordering, oxygen octahedral distortion, impurity, and other fac-
tors, the widths of La—y)3Na, TiO3 below x=0.08 cannot fully
match this status. In addition, Fig. 4(b) describes the relation-
ship between the width of E (141 cm™!) mode and the Q x f
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Fig. 3. The Raman Spectra of the La;_,)3Na, TiO3 materials with 0.02 < x < 0.5 and (b) Nd(—,)3Li, TiO3 materials with 0.1 <x <0.5.
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value of Nd(2—)3Li,TiO3 with lithium concentration. The width
and Q x f value exhibit an inverse correlation when the lithium
content increases, which is shown in Fig. 4(b).

Fig. 5(a) and (b) characterizes the properties of the E
(233 and 254cm~!) mode and A; (318 and 339 cm™') mode
of Lap—y;3Na,TiO3 and Ndp—_,3Li,TiO3. The correlation
between the Raman shifts and the dielectric constants can be
observed in Fig. 5(a) and (b). When the Raman shift of the
E (254cm™!) and A; (318cm™!) mode of Lag—y3Na, TiO3
decreases, their dielectric constant tends to become larger. How-
ever, the Raman results of Ndp_y)3Li,TiO3 relatively show
the trend to become larger numbers regardless of the phonon
frequency or their dielectric constant.

Theoretically, one of the predominant factors that influence
Raman shift is the force constant k which is proportional to
vibration frequency. In general, a weaker crystal structure dis-
plays a larger dielectric constant and smaller force constant,
while the Raman shift usually shows redshift phenomenon. The
Raman results of La;_),3Na,TiO3 from Fig. 5 are consistent
with this status. However, the Raman results of Nd>_)3Li, TiO3
do not behave according to this hypothesis. The reason is that
reduced mass is another dominant factor that must be con-
sidered. For the E and A modes of two series samples, the
vibration modes belong to a relative motion between A-site
cations and TiOg octahedra. In the Nd(;_y)3Li,TiO3 case, due
to Li doping, the reduced mass of the A-site declines substan-
tially. The mass of lithium (6.94 amu) is much lighter than that
of neodymium (144 amu). The mass decay rate is so fierce that
the Raman shift of A; and E shows an upward tendency even
though the dielectric constant rises due to Li doping. On the
other hand, for Lap_,)3Na,TiO3, the mass of lanthanum is
139 amu, and that of sodium is 24.0 amu The mass decay slope
of La;>—3Na,TiO3 becomes smoother. To summarize the two
factors that affect frequency, the dominant factor that affects the

frequency of Lax_y)3Na,TiO3 is the force constant k, which
could be reflected by the microwave dielectric constant. In con-
trast, the determinant factor that influences the Raman shift of
Nd—3Li,TiO3 is the decay speed of reduced mass.

The A; (461 cm™!) mode of La@—x3Na, TiO3 cannot been
found for x<0.2, but that (471 cm’]) of Nd—y)3Li,TiO3 can
been obviously seen. Fig. 6 clearly reveals the correlation
between the Raman shift of the A; mode of Nd(;_)3Li, TiO3
and the dielectric constant in the microwave region. The Raman
shift of the A; (471 cm~!) mode decreases with Li concentra-
tion, while the A mode represents O-Ti—O displacement along
the z-axis. It is obvious that the bonding forces between two
oxygen atoms and titanium become smaller, which would cause
the results of the Nd(_y);3Li, TiO3 dielectric constant to increase
along with the lithium concentration. This fact is consistent with
the EXAFS results of Nd—)3Li,TiO3.

The A (563 and 588 cm~ 1) modes of the Lap—y3Na, TiO3
series represent the orbital oxygen movement along the z-
axis. The intensities of the A; (563 and 588 cm~!) modes
in the La_)3Na,TiO3 spectra are not apparent as shown in
Fig. 3(a), but the intensities of the A; (553 and 592cm™!)
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Fig. 6. Correlation between Raman shift and the dielectric constant for A
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modes in the Nd>_)3Li, TiO3 spectra are easy to observe as
shown in Fig. 3(b). Therefore, it shows that lithium doping
has strongly influenced on A; modes’ characteristics of the
Nd—3Li,TiO3. This result is similar to that in a study of
Lag 5(Li,Na) 5TiO3 by Sanjudn et al.!” Sanjuén et al. show the
results that the intensities of A; modes increase with larger
lithium content and with less sodium content. From the 650
to 1000cm™! region, the characteristic of the broad phonon
due to the stretching vibration of TiOg octahedra was found to
have no significant change caused by either lithium and sodium
substitution.

4. Conclusion

In this paper, two series of Lap_y;3Na,TiO3 and
Nd—3Li,TiO3 materials were studied by Raman scattering
and extended X-ray absorption fine structure measurement at
room temperature. The Raman and EXAFS experiments exhibit
high sensitivity to microstructure variation, so the close cor-
relation with microwave dielectric properties, the phonon’s
characteristics, and the microstructure features were corre-
spondingly discussed. The Raman spectra and X-ray diffraction
provide evidence to affirm that the phase transition took place
from Cmmm to Ibmm at 0.2 < x < 0.3 of La,_,)3Na, TiO3, and
from Cmmm to P-4b2 at x=0.3 of Nd—y)3Li,TiO3, respec-
tively. All phonons of the Raman spectra broadened, and the
Oxf values decreased with an increase in the substitution rate
(x>10%) regardless of La_y)3Na, TiO3 or Nd2—)3Li,TiO3.
The E (233, 254cm™ 1) and A; (322, 338 cm™!) modes tend
to redshift for the La_y)3Na, TiO3 series, but these two modes
blueshift for the Nd(>—x)3Li,TiO3 samples due to the insertion of
small size of lithium atom. The dominant factors that cause this
interesting result are the decline rate of the reduced mass and
the increasing dielectric constant. The A; (471 cm~ 1) modes
of Ndp_,3Li,TiO3, which have been identified as O-Ti—O
vibration along the z-axis, show the redshift tendency due to
Li doping. From the EXAFS results for Nd>—x)3Li,TiO3, the
average distances of Ti—O and O-Ti—O along the z-axis both
increase in the x < 0.3 region. It can be shown that the volumes
of TiOg are proportional to their microwave dielectric constant.
The EXAFS results are consistent with the Raman findings
of the A; (471cm™1) phonon of Nd—y)3Li,TiO3. There-
fore, it proves that the microstructures of La(;_,)3Na,TiO3 and
Nd(2—,)3Li,TiO3 show high correlation with microwave dielec-
tric properties.
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