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ABSTRACT

The present work highlights a series of perovskites LaggAg,TiO3z5 (wWhere A= Ba, Ca, Sr), which includes a high dielectric
constant, a low dielectric loss over a wide temperature, in a frequency range of 30 MHZ. Undoped and A-site doped LaTiO3
(with Ba®, Sr** and Ca®") perovskites were synthesised by solid state reaction method (ball milling). The perovskite phase
formation of the milled precursor powders under thermal treatments was investigated by thermogravimetry/differential scanning
calorimetry (TG/DSC). Structural analysis of the phase pure sintered pellets revealed an orthorhombic crystal structure for all
perovskites. Surface morphology of the sintered pellets exposed the presence of nanosized grains. The oxidation states of La>*
and Ti** ions have been confirmed using X-ray Photoelectron Spectroscopy (XPS). The dielectric spectral analysis reveals that
dielectric properties of the perovskites depend on temperature and frequency. Among the dopants Sr is found to be the most
effective in increasing the dielectric properties of LaTiOs 4 This makes it suitable as a high dielectric material for making
capacitors operating at higher frequencies. Copyright © 2015 VBRI Press.
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Introduction

Perovskite oxides have been given great attention because
of their distinctive dielectric, electro optic and other
properties. Researchers have exposed that doping with
suitable elements in the cationic/anionic sites of these
compounds will enhance their properties [1-3]. Perovskite-
type oxides, particularly with rare earth ions such as La on
A site and transition-metal ions on the B site have been
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subjected to substantial research over the past few decades
[4, 5]. Significant improvement in their electrical,
magnetic, optical, and chemical properties can be achieved
by doping in the cationic sites. The achievable applications
for these mixed-conducting oxides are broad, extending
from components in solid oxide fuel cells (SOFC), oxygen
separation membranes, electrochemical reactors, dielectric
materials and catalysts [6]. Materials with high dielectric
permittivity (€) or ferroelectric materials are of enormous

importance as electroceramics for engineering and
electronics. Titanate and niobate based perovskites such as
BaTiO; and LiNbOg, have been intensively studied in the
past [7] for their good dielectric properties. Among such
perovskites lanthanum titanates (LaTiOs;5) are promising
materials in various applications because of their
ferroelectric, dielectric, electrical conductivity and catalytic
properties [8]. According to literature, several authors have
investigated the A-site doped La;,TiO; with different
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stoichiometric compositions [9-13]. Inaguma et al reported
Li doped LaysTiO5 exhibited the highest ionic conductivity
of 10°%(S/cm) at room temperature [14]. Ishida & Liebsch
reported the electron properties of LaTiO3 [15]. Wang et al
reported LaTiOs-Ago, as a non enzymatic glucose
biosensor [16]. Xiong et al studied the thermoelectric
properties of La,sTiO,g; [17]. Balachandran and Error
studied the electrical conductivity of polycrystalline
La,Ti,O; at elevated temperature [18]. The temperature
stability coupled with good piezoelectric properties makes
La,Ti,O; suitable for possible use as a high-temperature
transducer material, while the low-dielectric loss at
microwave frequencies make it a candidate material for
high-frequency applications [19]. A-site doped oxygen
deficient lanthanum titanate perovskites A xLassTiO; (A =
Ba, Ca, Sr) were prepared and studied for dielectric
properties [20]. Recently we have prepared LagsAg,TiOs.;,
(where A= Ba, Ca, Sr) and LaTi(.,ScOs.5 (x =0, 0.2, 0.25,
0.3) by sol-gel method and reported the temperature
dependent total conductivity and dielectric properties of A
and B site doped LaTiOs;s [21, 22, 23]. Based on our
studies we have reported that Ca doped LaTiO3.s showed an
enhancement in total conductivity, Sr doped LaTiOs;
showed the improved dielectric property. To the best of our
knowledge, there is no previous literature available
indicating the dielectric properties of LaTiO3s, synthesized
by ball milling method. By considering the extensive
applications of LaTiOs;; and advantages of ball milling
method of synthesis [24] in the present work undoped and
A-site doped LaTiOs_; were prepared by solid state reaction
method. The perovskite is doped with divalent alkaline
earth metals Ba, Ca and Sr in trivalent La sites. Substitution
of lower valent cations can create more anion vacancies
thereby increasing the crystal anisotropy both due to the
presence of ions with different radii at the cationic site and
defects in the form of vacancies at anionic site. Crystal
anisotropy plays an important role in determining the
dielectric properties of a material. In this paper we present
an overview of the structural and dielectric properties of
undoped LaTiO3; and (doped) LaggAo2TiOs5 (A= Ba, Sr,
Ca) perovskites.

Experimental
Materials

High purity (99.9%) chemicals from Merck India Ltd
(manufactured at Mumbai) La,O;, TiO,, BaCO;, CaCO,
and SrCO; were used as precursors for the synthesis of
undoped and doped LaggA¢,TiOs; (A= Ba, Sr, Ca).
Emplura Toulene from Merck India Ltd was used as a
process controlling agent.

Method

A-site doped (with divalent Ba, Sr and Ca) lanthanum
titanate (LaTiOs;s) nano perovskites were prepared using
solid state reaction method (through ball milling). The
milling was carried out in a Fritsch pulverisette P5
planetary ball mill at room temperature. Wet milling (with
toluene as process control agent) was carried out for 20 h
using tungsten carbide milling media at a speed of 300 rpm
with ball to powder ratio 10:1. After 20 h milling, the

Adv. Mater. Lett. 2015, 6(5), 395-401

Madhavan and Ashok

powder was subjected to thermal analysis to identify the
temperature range of perovskite oxide phase formation.
Based on thermal analysis each powder was calcined
separately at 1000 °C for 4 h. All calcined powders were
ground into fine powders separately in an agate mortar and
then uniaxially pressed into cylindrical pellets of 1.6 mm
thickness and 10 mm diameter using hydraulic press by
applying a pressure of 180 kg/cm?. After that pellets were
sintered at 1200 °C for 10 h and used for further
characterisations and dielectric measurements.

The 20 h milled precursor powder was subjected to
thermogravimetry/differential scanning calorimetry
(TG/DSC) performed using NETZSCH STA 449F3
simultaneous thermal analyser in static air atmosphere from
room temperature to 1100 °C at a heating rate of 10 °C min’
! to determine the temperature range of formation of
perovskite oxide phase. Structural analysis of the sintered
pellets were performed by PHILIPS X-ray Diffractometer

with CuKa radiation ( A= 1.540598 A) with 20 ranging

from 10" to 60" at an acquisition rate of 0.02° per sec. Unit
cell dimensions of the crystal structure were refined by
Rietveld (Le-Bail fitting) method using X-pert high score
plus program. Microstructure of the sintered pellets was
recorded using Carl-Zeiss Auriga scanning electron
microscope (SEM) in secondary emission (SE) mode.
Dielectric behaviours were studied by impedance
measurement using a computer controlled impedance
analyser HIOKI 3532 LCR HITESTER in the frequency
ranging from 50Hz to 10MHz. For better ohmic contact
high temperature curing silver paste was applied on both
faces of the pellets.

Results and discussion

Various compositions of the perovskites LaggAg,TiO5s
where A is Ba, Ca and Sr; and they have been abbreviated
as LBTO, LCTO and LSTO respectively, whereas LTO
represents the undoped perovskite. This convention has
been followed throughout this article.

Thermal analysis

In order to confirm the perovskite phase formation, the 20 h
milled powder was subjected to Thermogravimety/
Differential Scanning Calorimetry (TG/DSC). Fig. 1(a)
shows the TG/DSC curves of the 20 h milled precursors of
undoped perovskites (LTO) in static air from room
temperature to 1100 °C. As can be seen in the figure, the
weight loss occurs in several stages. The first stage in the
range between room temperature to 600 °C results due to
the removal of moisture, loss of organics and carbon
dioxide from the precursors. The second stage between 600
°C — 980 °C is due to the formation of oxides. The third
stage in the range of 980 -1100 °C with weight loss is
attributed to the oxygen loss and formation of perovskite
phase. The DSC curve exposed exothermic thermal effect
for all ball milled samples with their respective peaks
around 600 °C, 810 °C and 980 °C. These exothermic
peaks could be assigned to the oxidation of carbonaceous
remains after milling and the formation of crystalline phase.
The entire thermal effect was accompanied by the evolution
of various gases (such as, CO, CO,, etc).
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Similar thermal behavior was exhibited by all the
samples, but only variation is in the third stage as shown in
Fig. 1(b), Fig. 1(c) and Fig. 1(d). Particularly for LCTO,
the formation of oxide phase started at a lower temperature
(around 850 °C) possibly because calcium has smaller ionic
radius when compared to Ba and Sr. Based on the above
results all samples (LTO, LBTO, LCTO, and LSTO) were
calcined at 1000 °C for 4 h and subsequently pelletised
before using for further characterisations.
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Fig. 1. TG/DSC plots of LagsAg2TiOz5 (A= Ba, Ca, Sr) 20 h milled
precursors (a) LTO, (b) LBTO, (c) LCTO and (d) LSTO.

X-ray diffraction

The powder X-ray diffraction (XRD) patterns of sintered
LTO, LBTO, LCTO and LSTO powders (crushed pellets)
are shown in Fig. 2a. XRD analysis indicates that the
perovskites have an orthorhombic crystal structure with
different space group and cell dimensions between doped
and undoped LaTiO35 as given in Table 1.
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Fig. 2. (a) Powder XRD patterns of sintered LaTiOs.; and LaggAo2TiOs.5
(A=Ba, Ca, Sr).

Intensity (a.u)

X-ray diffractograms of all doped perovskites have
similar peaks. The XRD data of undoped perovskite LTO
can be indexed based on an orthorhombic crystal structure
with space group Pbnm (62) [PDF#841089 of JCPDS
database] as given in Table 1. The XRD data of all doped
perovskites can be indexed based on an orthorhombic
symmetry with a different space group Pna21(33). Cell

dimensions of all the doped perovskites calculated using
Rietveld analysis of the XRD data based on the space group
Pna21(33) [PDF#701690] are given in Table 1. Slight
changes in the peak positions and intensity are observed in
the case of doped perovskites due to the small
modifications of cell parameters due to elements having
different atomic radii used for A site doping. It can be
observed that after doping, the lengths of a and b axes of
the orthorhombic unit cells have almost doubled whereas
the length of the c-axis has reduced by almost half. This
may be due to the ordered substitution of the dopants along
certain preferred crystallographic axes/planes of the unit
cell. Among the doped perovskites a systematic increase in
cell volume is observed with increase in ionic radii of the
dopants as shown in Table 1.

Table 1. Refined lattice parameters for undoped and doped LaggAg2TiO3-
5 (A= Ba, Sr, Ca) perovskites.

Composition lonic radii ~ Space group and Lattice parameters (A) Cell volumes
of the databaseof JCPDS ~ a b c Ay
doped database
elements

&

LT0 Pbnm(62) 5.84 56 77 2550464
PDF#841089

LBTO 161 Pna21(33)(PDFAT016  9.89 92 47 437.2887
90)

LCTO 134 Pna21(33)(PDFAT016  9.91 92 49 4551757
90)

LSTO 144 Pna21(33)(PDFAT016  9.85 92 49 449673

90)

Fig. 3. SEM images of the sintered LaTiOss and LagsAo2TiO3z.5 (A= Ba,
Ca, Sr) (a) LTO, (b) LBTO, (c) LCTO and (d) LSTO.

Scanning electron microscopy

The surface morphological features of the sintered pellets
were examined through SEM. The micrographs of the
sintered pellets are shown in Fig. 3. Fig. 3(a) shows
morphology of the undoped LTO sample. Fig. 3(b), (c) and
(d) show the micrographs of the doped samples-LBTO,
LCTO and LSTO respectively. Insets in each figure show
the magnified image of the same sample. Micrographs
reveal that pellets are sufficiently sintered and have well
defined grains with distinct boundaries. Although the
micrographs show a dense structure after doping, closer
examination reveals the presence of small voids or pores in
the sample. From the inset figures, it can be inferred that
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the surface of each particle is composed of smaller particles
with irregular morphology indicating grain growth due to
high temperature. Prolonged exposure to high temperature
may result in agglomeration and fusion of the particles
resulting in larger grains, which is apparent from the micro
structural images.

X-ray photoelectron spectroscopy

The XPS spectra of La 3d, La 4s, Ti 2p, Ti 2s, Ba 3d, and
O 1s regions were analysed for the sintered pellet of LBTO.
The respective spectra are shown in Fig. 4.
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Fig. 4. XPS spectra of the surface of sintered pellet LBTO, depicting the
La 3d, La 4s, Ba 3d, Ti 2p, Ti2s, O1s peaks and the survey of LBTO.

The core and the satellite peaks of La 3ds,and La 3ds,
components show a clear doublet structure specific for
bearing oxides (with peak around ~853.3 eV & 849.5 eV
for La 3ds, and 836.4 & 832.6 eV for La 3ds;,) Energy
differences between these peaks are ~3.8 eV. Similarly for
La 4s spectrum, the peaks are at 275.2 and 272.7 eV. This
is due to the bonding and antibonding states between the
3d%f° and the 3d°4f" L configurations were L indicates the
O 2p hole [25]. From the data it is clear that La 3d peaks
appeare at 853.3 eV (3dz,) , 836.4 eV (3ds,,) and 275.2 eV
(4s) which correspond to La®*" [26]. It can be noticed that
the binding energy splitting between the components of
both La 3ds, and La 3dsy, lines is ~ 4.1 eV in La,Ti,O,
LaNbO,4 and CasLaO(BO3); crystals and this value is higher

than ~3.5 eV in La,O3[27]. The presence of satellite peak
La 3d and La 4s is due to the monopole excitation arising
from a change in the screening of the valence electrons
upon the removal of a core electron. Similar phenomenon
was reported earlier by Miao et al. [28] for La*. In the
present system, the Ti 2p located at binding energies 463.2
eV and 458.2 eV respectively indicates the presence of
Ti**. Similarly for Ti 2s the peak was observed at 564.1
eV. This is due to the existence of Ti*". This type of
behaviour was observed for Ti 2p and Ti 2s spectra of
TiO, and TiO; as reported by Rao et al. [29]. After
sintering at high temperature there is a possible
transfomation tendency from Ti* to Ti** with a peak shift.
This suggests that the Ti ions on the surface of the sample
are trivalent. Ba 3ds, spectra shows peaks with binding
energy 793.75 eV and 788.73 eV. This can be assigned to
the existence of Ba”" ions. The O1s spectrum shows the
maximum binding energy at 529.5 eV. When lanthanum
and titanium interact with oxygen, valence electrons are
transferred from metals to oxygen atoms with variation of
the electrical screening in their inner shells. Thus the
binding energies of the inner electron metal ions increases
together with synchronous decrease in the binding energy
of the O1 level of oxygen ions [30]. Because of this low tail
was observed at higher binding energy side in the O1s
peak indicating oxygen defficiency.

Dielectric spectral analysis

From the impedance data imaginary part of impedance, real
part of dielectric permittivity, dielectric loss and complex
modulus were analysed. Fig. 5(a) shows change in
imaginary part of impedance Z” with frequency in undoped
sample (LTO) at different temperatures. Z” increases with
frequency, reaches a maximum at a particular frequency,
after which it decreases. The maximum impedance value at
the peak decreases with increase in temperature indicating a
relaxation in the sample. Furthermore, the peak position
also shifts towards higher frequency with increase in
temperature indicating faster relaxation [31, 32].
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Adv. Mater. Lett. 2015, 6(5), 395-401

Copyright © 2015 VBRI Press 398



Research Article

According to Maxwell Wagner model, a dielectric
material consists of many active grains separated by highly
resistive boundaries. The voltage applied across the sample
drops at grain boundaries and space charge is created [33].
The broadening of the peak with increase in temperature
confirms the presence of space charges and temperature
dependent relaxation process in the sample. There is no
significant change in Z” with frequency in LBTO as shown
in Fig 5(b). Furthermore, with increasing temperature the
peak broadens significantly and the peak position shifts
drastically towards higher frequency for LCTO and LSTO
when compared to LTO and LBTO as shown in Fig. 5(a)
and Fig. 5(b). For LCTO and LSTO at 650°C, Z" reaches a
constant value for all frequencies indicating that the
relaxation behavior is related to thermal activation process.
It indicates the faster relaxation by release of space charge
in LCTO and LSTO as compare to LTO and LBTO.

Variation of imaginary part of the dielectric modulus
with frequency at different temperatures is shown in Fig. 6.
It can be observed that for doped and undoped perovskites,
M" peak shifts towards higher frequency side as the
temperature increases. It means the relaxation rate for the
process increases with increase in temperature. This
representation helps to analyse the apparent polarisation by
examination of the magnitude of difference in the peak
position by comparing with Z”. The difference in peak
position conveys the short range conductivity [34].
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Fig. 6. Variation of imaginary part of dielectric modulus of LaggAg2TiOs-
s (A= Ba, Ca, Sr) (a) LTO, (b) LBTO, (c) LCTO and (d) LSTO with
frequency at different temperatures.

Fig. 7 shows the temperature dependent dielectric loss
at various frequencies for all the perovskites. For a
dielectric material the loss factor is important because it
represents the energy loss in a dielectric material. The loss
factor appears to depend strongly on the frequency and
temperature. The dielectric loss for doped and undoped
perovskites decreases with increase in frequency and
temperature. At higher frequency all the curves merge
together indicating relaxation of the materials. At low
temperatures  dielectric loss variation is frequency
independent. The dielectric loss shows maxima at lower
frequencies and minima at higher frequencies at various
temperatures because of thermally generated defects in the
sample. This is a general behavior of ionic solids where the
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loss is attributed to both conduction process and space
charge polarization which decreases with frequency [35,
36].

Fig. 8a, b, ¢ and d show the variation in the dielectric
constant with frequency at different temperatures for LTO,
LBTO, LCTO and LSTO respectively. It can be observed
that for all perovskites the dielectric constant is the highest
at the lowest frequency, decreases with increase in
frequency and attain a stable restrictive value at higher
frequencies for all temperatures. This is because of dipoles
oscillating in an alternating electric field. At very low
frequencies (f << 1/t, 1 is the relaxation time), dipoles are
stable. At very high frequencies (f >> 1/1), dipoles can no
longer be stable since they cannot follow the alternating
electric field. As the frequency increases (f < 1/t), dipoles
begin to decrease following the field, when frequency
reaches the characteristic frequency (f = 1/t), there will be
sudden fall in the dielectric constant [37, 38].
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The observed higher dielectric constant at high
temperature at low frequency for all the doped and undoped
perovskites might be due to the migration of ions for space
charge polarisation. At higher frequencies the space charge
polarization vanishes while ionic and electronic
polarizations begin to dominate [39]. After doping divalent
alkaline earth cations in the La site an increase in dielectric
constants for LCTO and LSTO (at lower frequencies) was
observed. This might be due to the larger extent of crystal
anisotropy brought about by the dopants with smaller ionic
radii (Sr and Ca, also refer Table 1) in larger La (ionic
radius 1.36 A) sites. Whereas substitution of larger Ba®*
ions (ionic radius 1.61 A) in the positions of smaller La*"
ions may not result in required crystallographic anisotropy
so that it can enhance the dielectric properties. In addition
larger Ba ions could also hinder the shorter migration of
charges during the formation of space charge polarization.
Among Ca and Sr, Sr doped perovskite showed higher
dielectric behaviour at all temperatures. Literature indicates
that the perovskite SrTiOj3 (dielectric constant 300) [40] is
a better dielectric material than that of CaTiO; (dielectric
constant 160) [41]. Based on this observation better
dielectric behavior of LSTO may be due to the additional
contribution by the Sr ions to the dielectric property when
compared to Ca. In addition, larger proportion of grain
boundaries (due to smaller grain size, as observed from
SEM analysis) in LSTO than in LCTO could enhance space
charge polarization. This collectively could contribute for
the enhancement of dielectric constant in LSTO.

Conclusion

A-site doped (with Ba®*, Ca** and Sr*") and undoped
LaTiOz ;s perovskites were synthesised by ball milling.
XRD analysis reveals the formation of single phase
orthorhombic perovskite structure. SEM micrographs show
well developed grains with almost similar morphology.
XPS confirmed that after doping divalent alkaline earth
metal cation in the A-site there was no change in the
oxidation state of La** and Ti**. An enhancement in the
dielectric properties was observed after doping in the A site
with Sr** and Ca?®*. The dielectric behavior was observed to
be predominant at lower frequencies. The results also
suggest that ball milling method is appropriate to produce
lanthanum titanate perovskites with superior dielectric
behavior. From our findings it can be concluded that the
materials can be used as ceramic dielectric material having
high dielectric constant and low dielectric loss in a
frequency range of up to 30 MHz applications such as
capacitors.
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