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Phase, microstructure and microwave dielectric properties
of A-site deficient (La, Nd)2/3TiO3 perovskite ceramics
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(La, Nd)2/3TiO3 ceramics were prepared through a conventional solid state mixed oxide route. For phase and microstructure
analysis, XRD and SEM were used, respectively. Microwave dielectric properties were measured using a network analyzer.
XRD patterns revealed the formation of the parent (La, Nd)2/3TiO3 phase along with (La, Nd)4Ti9O24 as a secondary phase.
The microstructure consisted of rectangular and needle shaped grains, which decreased in size from 4 µm to 2 µm with an
increase in sintering temperature from 1300 °C to 1350 °C. Decrease in grain size caused an increase in density of the samples
from 4.81 g/cm3 to 5.17 g/cm3. Microwave dielectric properties of the samples calcined and sintered in air atmosphere were
εr = 40.35, Q × f = 3499 GHz and τ f = 0 ppm/°C, whereas for a sample calcined in nitrogen and sintered in air they were
εr = 40.18, Q × f = 4077 GHz and τ f =+4.9 ppm/°C, respectively.

Keywords: A-site deficient perovskites; dielectrics; phase analysis; ceramics

© Wroclaw University of Technology.

1. Introduction

Rapid advancement in wireless communica-
tion systems became possible due to the advance-
ment in dielectric ceramics used as dielectric res-
onators [1, 2]. A-site deficient perovskite ceram-
ics, like La2/3TiO3, Nd2/3TiO3, La(Nd)1/3NbO3,
Nd1/3NbO3, Ca(1−x)Nd2x/3TiO3 and La1/3NbO3,
provide a basis for ceramics to be used in telecom-
munications due to their good dielectric proper-
ties, i.e. quality factor higher than 10000 GHz,
temperature coefficient of resonant frequency near
±10 ppm/°C and dielectric constant higher than
40 [3–5]. High εr insures miniaturization of size
of a portable device as the resonant frequency of
a resonator is inversely proportional to the square
root of dielectric permittivity. High Q × f deter-
mines the selectivity of the signals and near zero
TCF ensures the temperature stability of the res-
onator [6]. A-site deficient perovskites have been
studied for their ionic conductivity by several re-
searchers; however, less attention has been given
to their dielectric properties [7, 8]. It has been re-
ported that in Li-doped La2/3TiO3 ceramics, ionic
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conductivity is due to Li-ion migration via va-
cancy formation [9]. In Al-doped La2/3TiO3 ce-
ramics, oxide ion conductivity (O−2) is observed
at low temperature [10]. Order-disorder transfor-
mation of A-site cations/vacancies plays an im-
portant role in the determination of electrical
properties of A-site deficient perovskites. Order-
ing in A-site deficient perovskite ceramics can
be increased by increasing the number of vacan-
cies [11]. It has been reported that ordering ar-
rangement of A-site cations/vacancies has a pos-
itive effect on Q × f of A-site deficient per-
ovskite ceramics [12]. La2/3TiO3 and Nd2/3TiO3
are A-site deficient perovskites with one-third of
A-site vacant. In La2/3TiO3, A(1) sites are fully
occupied by La+3 cations, whereas A(2) sites
are partially occupied by vacancies and La+3

ions [7]. La2/3TiO3 has a high dielectric con-
stant of 90 with Q × f greater than 15000 GHZ
but with a positive temperature co-efficient of
resonant frequency ∼190 ppm/°C [4]. On the
other hand, in Nd(2−x)/3LixTiO3 all the compo-
sitions with different values of x possess nega-
tive temperature coefficient of resonant frequency
(−20 ppm/°C to −256 ppm/°C depending on x
within 0.0 6 x 6 0.5) [12]. In this research work a
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solid solution of La2O3, Nd2O3 and TiO3 was pre-
pared in an attempt to get a ceramic material with
τ f close to zero. To the best of our knowledge, no
literature exists regarding this composition.

2. Experimental
(La, Nd)2/3TiO3 (LNT) ceramic powder was

prepared by a solid state mixed oxide route. For
this purpose La2O3 (99.99 %, Alfa Aesar), Nd2O3
(99 %, Alfa Aesar) (where each La and Nd
were 50 mol % of the A-site ratio) and TiO2
(99.9 %, Alfa Aesar) were weighed according to
their stoichiometric ratios. The precursor was wet
milled with Y-toughened zirconia balls (media) and
propanol (lubricant) in polyvinyl jars for 24 h us-
ing a benchtop planetary ball mill. The wet milled
powder was dried overnight in an oven at ∼95 °C
and then sieved using a 300 µm mesh. DTA/TGA
of the as mix-milled sample was carried out to find
the temperature, at which a phase change may oc-
cur and to calculate the mass loss during the heat
treatment. The as mix-milled sample was then cal-
cined at 1150 °C for 4 h at a heating/cooling rate
of 5 °C/min both in air atmosphere and in nitro-
gen atmosphere, followed by 24 h re-milling. The
powder was then pressed into pellets of 10 mm
diameter and 5 to 6 mm thickness at 100 MPa.
The pellets were then sintered in pairs at 1300 °C,
1325 °C and 1350 °C in the furnace at a heat-
ing/cooling rate of 5 °C/min. Densities were mea-
sured using Archimedean method with a MD-300s
high precession densitometer. Phase determination
was performed using a conventional X-ray diffrac-
tometer (XPERT-PRO, MPD) with CuKα radiation
(λ = 1.5406 Å) operating at 40 mA and 40 kV
with a step size 2θ = 0.0170° and scan time of
0.5 sec per step. For scanning electron microscopy
(SEM) the samples were ground and polished us-
ing “BUEHLER EUTOMET 250” grinder and pol-
isher. The polished samples were thermally etched
at temperatures 10 % less than their correspond-
ing sintering temperatures for 30 min at a heat-
ing/cooling rate of 10 °C/min and gold-coated to
avoid charging in SEM. SEM examination of the
samples was performed using a FEI, Quanta, FEG
650 SEM. Energy dispersive spectroscopy was

performed using a INCA, Synergy (Oxford) EDS
detector. Microwave dielectric properties of the
samples calcined both in air and in nitrogen at-
mosphere at 1150 °C, and sintered at 1350 °C in
air, were measured using S-parameter network an-
alyzer (HEWLETT8720ES, 50 MHz to 20 GHz)
employing Hakki and Coleman method [13, 14].
Measurement of Q × f was performed at TE01δ

resonant mode in reflectance, whereas εr was mea-
sured at TE011 resonant mode. τ f was measured in
the temperature range of 20 °C to 80 °C and deter-
mined from equation 1:

τ f =
( f2 − f1)

f1(T2 −T1)
(1)

where f1 and f2 are resonant frequencies at T1 and
T2, respectively.

3. Results and discussion
Thermal gravimetric analysis (TGA) and differ-

ential thermal analysis (DTA) graphs are shown in
Fig. 1. The first portion of the TGA in the tem-
perature range of 30 to 100 °C shows the dehy-
dration of moisture. Major weight loss (4.2 wt.%)
occurring in the temperature range from 300 °C to
380 °C, is expected to be due to the dehydration
of La2O3 [15]. Overall weight loss in the temper-
ature range of 20 °C to 1200 °C was 11.59 wt.%.
The weight loss at different temperatures, given in
Table 1, may be due to the dehydration of the mois-
ture absorbed by the different oxides. Metal oxides
can absorb moisture up to 800 °C, therefore, they
are usually heated at 900 °C for several hours prior
to weighting [2, 3]. The differential thermal anal-
ysis (DTA) showed the beginning of exotherm at
370 °C and a peak at 1132 °C, which may be due
to the crystallization of the relevant phase.

Room temperature XRD pattern from
(La,Nd)2/3TiO3 ceramics sintered at 1350 °C
for 4 h at a heating/cooling rate of 5 °C/min,
is shown in Fig. 2. The pattern is similar and
matched PDF # 49-244 for Nd0.667TiO3 with a
slight shifting of the peak positions towards larger
d-values due to the incorporation of La with larger
ionic radius (1.36Å) for Nd (1.27Å) at A-site
of the perovskite structure, which results in an
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Fig. 1. DTA/TGA graph of LNT as mix-milled sample
showing the temperature, at which exothermic
reaction takes place and the weight loss occurs
during heating process.

Table 1. The weight loss of LNT ceramics at different
temperatures.

S. No. Temperature range Weight loss wt. loss
(°C) (mg) (%)

1 20 – 300 0.099737 1.55%
2 300 – 380 0.26546 4.2%
3 380 – 480 0.103599 1.7%
4 440 – 680 0.074127 1.24%
5 680 – 710 0.097476 1.65%
6 710 – 980 0.087038 1.5%
7 980 – 1200 0.021052 0.37%

expansion of unit cell volume [16]. This indicates
the formation of the parent (La, Nd)0.667TiO3
phase. Some additional peaks marked as “*”
matched PDF # 33-943 for (La, Nd)4Ti9O24
indicating the formation of a secondary phase [11].
Peaks marked as “o” come from superlattice
reflections. Superlattice reflections arise from
A-site cation/vacancy, ordering which results in
the doubling of the perovskite unit cell [12, 17].
The formation of secondary phases in A-site
deficient perovskite ceramics, like La2/3TiO3 and
Nd2/3TiO3 sintered in air, has been reported in the
literature [18].

In the present study maximum density of
5.17 g/cm3 was achieved for the sample sintered

Fig. 2. XRD of the LNT sample sintered at 1350 °C
showing the major phase (La, Nd)0.663TiO3. The
peaks marked as ‘*’ represent secondary phase
(La,Nd)4Ti9O24 and those marked as ‘o’ repre-
sent superlattice reflections.

at 1325 °C, which is close to that observed by
Huang et al. [18] for La containing compound
Ca1−xLa2x/3TiO3. Variation of density with sinter-
ing temperature is shown in Fig. 3. This increase
in density with an increase in temperature is due to
the decrease in grain size as a result of increasing
sintering temperature. Comparative densities of the
samples sintered at different temperatures by dif-
ferent researchers are given in the Table 2.

Fig. 4 shows the secondary electron SEM im-
ages (SEI) of (La, Nd)2/3TiO3 ceramics sintered in
air atmosphere at 1300 °C, 1325 °C and 1350 °C
for 4 h, respectively. The shape of the grains at
the surfaces of all the sintered samples resem-
bles plate-late morphology with casually occurring
elongated grains, which reflects the presence of two
phases. Relatively dense microstructure can be ob-
served for samples sintered at 1350 °C in contrast
to those sintered at the other temperatures, which
is in agreement with the density results. The mi-
crostructure of all the samples is similar to that ob-
served by Bian et al. [11]. Semi-quantitative EDS
(Table 3) for the grains labelled as “A” and “B”
in Fig. 4a and 4b indicates that the composition of
these grains is close to the parent (La, Nd)2/3TiO3
phase. A variation in the grain morphology of
polished, thermally etched and gold coated bulk
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Table 2. Comparative densities of the compounds containing La and Nd.

Theoretical density Apparent density Phase Reference
(g/cm3) (g/cm3)

5.25 5.14 Ca1−xLa2x/3TiO3 [18]
5.64 Ba0.86(Nd1.4Bi0.42La0.3)Ti4O12 [19]

5.66 5.36 Sr1−xCaxLa4Ti5O17 [3]
5.17 (La, Nd)0.667TiO3 and (La, Nd)4Ti9O24 Present work

Fig. 3. The plot of apparent density (ρap) vs. sinter-
ing temperature for (La, Nd)2/3TiO3 ceramics
showing an increase in ρap with increase in sin-
tering temperature from 1300 to 1350 °C.

samples can be observed, indicating the formation
of a mixture of phases. The semi-quantitative EDS
(Table 3) of the grains labeled as “C” indicates
that the composition of these grains is close to
the parent (La, Nd)2/3TiO3 and that of the grains
labeled as “D”, indicates that the composition of
these grains is close to (La, Nd)4Ti9O24, which is
consistent with the XRD finding. A backscattered
electron image of the LNT calcined in nitrogen
and sintered in air atmosphere is shown in Fig. 5.
The figure shows two different types of grains with
cubical and needle shapes, reflecting two different
phases.

Microwave dielectric properties of the sam-
ple calcined at 1150 °C and sintered at 1350 °C
in air atmosphere are εr = 40.35, Q × f =
3499 GHz and τf = 0 ppm/°C. Q × f of microwave

Fig. 4. SEI images of polished and thermally etched
bulk samples (a, c, e) and of unpolished and
etched surface of LNT ceramics (b, d, f) sintered
at 1300 °C, 1325 °C and 1350 °C for 4 h, show-
ing highly dense microstructure and variation in
grain morphology at the surface and bulk.

dielectric ceramics is mainly influenced by grain
size, porosity, and secondary phases, which are
the main causes of energy losses [2]. τf in per-
ovskite ceramics can be related to BO6 octahe-
dra tilting. In A-site deficient perovskite ceram-
ics a number of vacancies exist, which results in
the cations/vacancies ordering. This ordering af-
fects the bond length and bond angle that further af-
fects τf [20]. Microwave dielectric properties of the
sample calcined in nitrogen atmosphere at 1150 °C
and sintered at1350 °C in air atmosphere, are
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Fig. 5. Backscattered electron SEM image of LNT ce-
ramics calcined in N2 at 1100 °C and sintered in
air atmosphere at 1350 °C, showing two phases.

Table 3. EDS of the different grains.

Grains La % Nd % Ti %

A 29.88 37.97 32.15
B 28.72 36.35 34.92
C 30.12 36.62 33.26
D 25.45 33.94 40.61

εr = 40.18, Q × f = 4077 GHz and τf =
+4.9 ppm/°C. Reducing atmosphere causes a de-
crease in porosity and grain boundary, which, in
turn, causes an increase in Q × f. According to
the Clausius-Mossotti equation [21], total dielectric
permittivity is proportional to the sum of ionic po-
larizabilities of the constituent ions, which remains
the same after changing the heating environment,
thus, no change in dielectric permittivity has been
observed.

4. Conclusion
Compositions of (La, Nd)2/3TiO3 (LNT) ce-

ramics were prepared through a conventional solid
state mixed oxide route. The samples were char-
acterized by XRD and SEM for phase and mi-
crostructural analysis. XRD analysis revealed the
formation of (La, Nd)0.667TiO3 as a major phase
along with (La, Nd)4Ti9O24 as a secondary phase.
The microstructure consisted of rectangular and
needle shaped grains with the sizes ranging from

2 µm to 4 µm upon an increase in the sintering
temperature from 1300 °C to 1350 °C. This caused
a increase in the ceramics density from 4.81 g/cm3

to 5.17 g/cm3. Microwave dielectric properties with
εr = 40.35, Q × f = 3499 GHz and τf = 0 ppm/°C
for the samples calcined and sintered in air, were
observed, whereas for those calcined in nitrogen at-
mosphere and sintered in air, εr = 40.18, Q × f =
4077 GHz and τ f = +4.9 ppm/°C were achieved.
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