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Abstract

(1�x)La(Mg0.5Ti0.5)O3 (LMT)–xCaTiO3 (CT) [0<x<1] ceramics were prepared from powder obtained by a nonconventional
chemical route based on the Pechini method. The crystal structure of the microwave dielectric ceramics has been refined by Rietveld
method using X-ray powder diffraction data. LMT and CT were found to form a solid solution over the whole compositional

range. The 0.9LMT–0.1CT composition was refined using P21/n space group, which allows taking into account B-site ordering. The
compounds having x50.3 were found to be disordered and were refined using Pbnm space group. Microstructure evolution was
also analysed. Dielectric characterization at microwave frequencies was performed on the LMT–CT ceramics. The permittivity and

the temperature coefficient of resonant frequency of the solid solutions showed a non-linear variation with composition. The quality
factor demonstrates a considerable decrease with the increase of CT content.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The revolution that occurred in the last decade in
wireless communications and information access stimu-
lated an interest in dielectric materials, which are used
as the basis for resonators and filters for microwave
applications. These applications require a combination
of high dielectric permittivity ("), near-zero temperature
coefficient of resonant frequency (�f) and high quality
factor (Q). A higher permittivity value enables the reso-
nator size to be reduced. A very small temperature
coefficient of resonant frequency (less than �10 ppm/
�C) is necessary for the stability of the device at room
temperature. The quality factor of dielectric resonators
determines their frequency selectivity. These require-
ments are almost always mutually exclusive in dielectric
materials.
Recently, a number of complex perovskites with the

general formula A(B0
1/2B

00
1/2)O3 have been reported as

having moderate permittivities (20–35) combined with
negative �f (<�26 ppm/�C) and high quality factors
(Q.f >30,000 GHz),1�7 which made them candidate
materials for microwave dielectrics. The value of �f of
such materials can be shifted to zero by preparation of
solid solutions with compounds having positive tem-
perature coefficient of resonant frequency.5,6 Factors
affecting the microwave dielectric properties can be
divided into two groups: intrinsic, related with the
characteristics of the lattice (order-disorder phenomena
and anharmonicity of lattice vibrations) and extrinsic,
mainly related with processing (density, phase inhomo-
geneity, etc.).8

There have been some attempts to correlate the struc-
tural characteristics of perovskite compounds with their
dielectric properties.5,6,9�12 It was demonstrated that B-site
cation ordering in complex perovskites A3+B3+O3 and
A2+B4+O3, such as Ba(Zn1/3Ta2/3)O3,

9 (1�x)La(Zn1/2
Ti1/2)O3�xSrTiO3

6 and Ba(Ni1/3Nb2/3)O3,
10 is very

important for achieving high quality factors. The sig-
nificance of the factors affecting �f like tilting of oxygen
octahedra, cation ordering and short-range lattice
modulation has also been reported.5,11,12 Correlation
between �f and octahedra tilting has been established by
the example of (Sr,Ba)(Zn1/3Nb2/3)O3 system.11 Accord-
ing to Colla et al.11 the tilting of oxygen octahedra in per-
ovskite compounds induces negative �f values due to an
increase in lattice anharmonicity. On the other hand, a
short-range modulation of crystal structure rather than a
change in long-range crystal structure was suggested
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as the origin of �f and " anomalies in the (Sr,Ba)(Zn1/3
Nb2/3)O3 system.12 It was also suggested5 in the system
La(Zn1/2Ti1/2)O3–ATiO3 (A=Ca, Sr), that cation
ordering induces a negative �f and can suppress the
increase of ". However, the relation between octahedral
tilting and �f does not apply to CT since this compound
has octahedral tilting but its �f is positive.
As it has been reported, La(Mg0.5Ti0.5)O3 (LMT) is a

promising microwave material having "=27.4–29,
Q.f=63,100–75500 GHz and �f=�65–(�74) ppm/
�C.1,3,4,13 Structurally, LMT is a distorted B-site
ordered perovskite (space group P21/n).

14 In contrast,
CaTiO3 (CT) has no cation ordering and exhibits high
permittivity (145) and very positive �f (+712 ppm/�C).15

A previous study of (1�x)LMT-xCT system was
focused on three compositions in a narrow range of CT
content (x=0.47, 0.54 and 0.62).16 As a part of current
systematic study of microwave complex perovskites,14,17

the objective of this study is further investigating of the
structure and dielectric property relationships in a wide
range of LMT–CT solid solution system.
2. Experimental procedure

(1�x)LMT–xCT ceramics (x=0.1, 0.3, 0.5, 0.7 and
0.9) were prepared using powders obtained by a chemi-
cal route based on the Pechini method, optimised pre-
viously for LMT.13 In this procedure, the precursor
resin was calcined at 750 �C for 3 h in order to obtain
the powders with the required compositions. The pow-
der was isostatically pressed at 200 MPa and sintered
at 1350–1600 �C over 2 h in air with heating and
cooling rates 10 �C/min. For the samples with high CT
contents (x=0.7, 0.9) samples were also sintered in
oxygen with the same sintering conditions in order to
check atmosphere effect on microstructure and dielec-
tric properties.
The sintered pellets were ground in order to obtain

powders for X-ray diffraction (XRD) experiments.
X-ray powder diffraction data were collected at room
temperature using Rigaku D/MAX-B diffractometer
(Bragg–Brentano geometry, CuKa radiation, graphite
monochromator, 2�=15–115, step 0.02, 7 s/step). Riet-
veld refinement was performed using GSAS suite.18

When refining the occupancies of Mg and Ti sites, the
unit cell content was constrained according to the nom-
inal chemical composition.
Relative density of sintered samples was determined

from geometry and weight measurements and their
microstructure was examined by scanning electron
microscopy (SEM) (Hitachi S-4100). The samples for
SEM observations were polished and thermally etched
50 �C below the sintering temperature for 2 min. Che-
mical homogeneity of the samples was analysed by
energy dispersive spectroscopy (EDS). Measurements of
dielectric properties at microwave frequencies were per-
formed by the Hakki–Coleman method19 at room tem-
perature. �f was obtained by measuring the variation in
resonant frequency (fr) in an oxygen-free high-con-
ductivity copper cavity, between 230 and 300 K, while
cooling at a rate of 2 �C min�1 (CTI Cryogenics Model
22 refrigerator and 8200 cryocompressor with a Lake-
shore 330 Temperature Controller).20
3. Results and discussion

Fig. 1 shows the XRD patterns of the (1�x)LMT–
xCT samples for different x values. The refinement
results are summarized in Table 1. The refined atomic
parameters are presented in Tables 2 to 6. No reflections
of impurity phases were observed and therefore the for-
mation of solid solutions in all the range can be con-
cluded. The shift in 2� values observed in this figure is
due to the smaller lattice parameters of CaTiO3. The
extra reflections were indexed on the basis of the
p
2ap�

p
2ap�2ap cell, where ap is the lattice parameter

of cubic perovskite. The relation between the appear-
ance of the peaks with particular (hkl) indices and
Fig. 1. XRD pattern of (1�x)LMT�xCT, x=0 (bottom),14 0.1, 0.3,

0.5, 0.7, 0.9 (top). Inset shows supercell reflections indicating Mg/Ti

ordering (stars), antiparallel La(Ca) displacement (circles), in-phase

octahedra tilting (squares), anti-phase octahedra tilting (triangles).
Table 1

Summary of Rietveld refinement of (1�x)LMT�xCT ceramicsa
X
 Space group
 Rp
 Rwp
 w2
0.1
 P21/n
 6.51
 4.67
 4.865
0.3
 P21/n
 5.06
 6.64
 5.435
Pbnm
 4.81
 6.45
 5.216
0.5
 P21/n
 5.94
 7.57
 5.186
Pbnm
 5.75
 7.34
 5.011
0.7
 Pbnm
 4.63
 5.56
 3.340
0.6
 Pbnm
 5.35
 6.46
 3.847
a The bold font indicates the finally chosen space group.
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structural features like octahedral tilting, ordering, anti-
parallel displacement is explained elsewhere.14,17

In the 0.9LMT–0.1CT sample Mg and Ti cations are
still partially ordered [supercell reflection 1/2(111)], like
it was shown to exist in undoped LMT.14 Therefore, the
same space group P21/n was used for the structure
refinement. However, it should be noted that the degree
of order decreases when increasing the CT content. The
same behaviour was observed in other systems14,17 with
the addition of alkaline earth titanates.
The XRD patterns of the samples with x=0.3 and 0.5

demonstrate no evidence of Mg/Ti chemical ordering
and the refinement quality is higher when using Pbnm
space group (which presupposes complete B-site dis-
order) instead of P21/n (Table 1). The B-site ordering in
complex perovskites is normally very dependent on
composition, being very sensitive to slight deviations.21

However, a similar behaviour of LMT–CT was
observed in other systems (La(Zn0.5Ti0.5)–SrTiO3,
La(Zn0.5Ti0.5)–CT, LMT–BaTiO3, LMT–SrTiO3).

5,14,17

The compositions with x=0.7 and 0.9 also present an
orthorhombic structure. The variation of the cell para-
Table 2

Fractional atomic coordinates, thermal parameters and occupancies of

0.9LMT–0.1CTa
Atom
 X
 y
 z
 U*100, Å2
 Occupancy
La
 0.49347(19)
 0.52762(8)
 0.2498(9)
 0.720(15)
 0.9
Ca
 0.49347(19)
 0.52762(8)
 0.2498(9)
 0.720(15)
 0.1
Ti(1)
 0.5(–)
 0(–)
 0(–)
 0.40(22)
 0.62
Mg(1)
 0.5(–)
 0(–)
 0(–)
 0.40(22)
 0.38
Mg(2)
 0(–)
 0.5(–)
 0(–)
 0.32(23)
 0.52
Ti(2)
 0(–)
 0.5(–)
 0(–)
 0.32(23)
 0.48
O(1)
 0.2869(28)
 0.2541(23)
 0.0453(27)
 0.169(–)
 1
O(2)
 0.233(4)
 0.8196(27)
 0.0375(20)
 0.169(–)
 1
O(3)
 0.5632(23)
 0.9892(8)
 0.237(4)
 0.169(–)
 1
a Cell parameters: a=5.55064(14) Å, b=5.56066(10) Å,

c=7.84884(19) Å, �=90.003(20)�.
Table 3

Fractional atomic coordinates, thermal parameters and occupancies of

0.7LMT–0.3CTa
Atom
 x
 y
 z
 U*100, Å2
 Occupancy
La
 �0.00418(33)
 0.02505(9)
 0.25(–)
 1.091(2)
 0.7
Ca
 �0.00418(33)
 0.02505(9)
 0.25(–)
 1.091(2)
 0.3
Ti
 0.5(–)
 0(–)
 0(–)
 0.779(27)
 0.65
Mg
 0.5(–)
 0(–)
 0(–)
 0.779(27)
 0.35
O(1)
 0.0650(15)
 0.4880(7)
 0.25(–)
 1.00(8)
 1
O(2)
 �0.2765(10)
 0.2820(9)
 0.0398(8)
 1.00(8)
 1
a Cell parameters: a=5.52251(14) Å, b=5.53864(14) Å,

c=7.81451(17) Å.
Table 4

Fractional atomic coordinates, thermal parameters and occupancies of

0.5LMT–0.5CTa
Atom
 x
 y
 z
 U*100, Å2
 Occupancy
La
 �0.0035(4)
 0.02466(11)
 0.25(�)
 1.079(1)
 0.5
Ca
 �0.0035(4)
 0.02466(11)
 0.25(�)
 1.079(1)
 0.5
Ti
 0.5(�)
 0(�)
 0(�)
 0.575(27)
 0.75
Mg
 0.5(�)
 0(�)
 0(�)
 0.575(27)
 0.25
O(1)
 0.0616(14)
 0.4895(7)
 0.25(�)
 0.59(7)
 1
O(2)
 �0.2781(9)
 0.2805(8)
 0.0387(7)
 0.59(7)
 1
a Cell parameters: a=5.49063(16) Å, b=5.51551(16) Å,

c=7.77460(21) Å.
Table 5

Fractional atomic coordinates, thermal parameters and occupancies of

0.3LMT–0.7CTa
Atom
 x
 y
 z
 U*100, Å2
 Occupancy
La
 �0.00617(27)
 0.02705(10)
 0.25(–)
 1.618(20)
 0.3
Ca
 �0.00617(27)
 0.02705(10)
 0.25(–)
 1.618(20)
 0.7
Ti
 0.5(–)
 0(–)
 0(–)
 1.480(25)
 0.85
Mg
 0.5(–)
 0(–)
 0(–)
 1.480(25)
 0.15
O(1)
 0.0720(10)
 0.4820(6)
 0.25(–)
 2.48(6)
 1
O(2)
 �0.2860(27)
 0.2850(6)
 0.0343(5)
 2.48(6)
 1
a Cell parameters: a=5.45517(7) Å, b=5.48981(6) Å,

c=7.72955(12) Å.
Table 6

Fractional atomic coordinates, thermal parameters and occupancies of

0.1LMT–0.9CTa
Atom
 x
 y
 z
 U*100, Å2
 Occupancy
La
 �0.00662(27)
 0.03099(12)
 0.25(–)
 1.940(25)
 0.1
Ca
 �0.00662(27)
 0.03099(12)
 0.25(–)
 1.940(25)
 0.9
Ti
 0.5(–)
 0(–)
 0(–)
 1.487(24)
 0.95
Mg
 0.5(–)
 0(–)
 0(–)
 1.487(24)
 0.05
O(1)
 0.0731(7)
 0.4843(5)
 0.25(–)
 2.56(5)
 1
O(2)
 �0.2870(4)
 0.2881(4)
 0.0358(4)
 2.56(5)
 1
a Cell parameters: a=5.40865(6) Å, b=5.46007(5) Å,

c=7.67519(9) Å.
Fig. 2. Cell parameters as function of CaTiO3 content (a—squares,

b—circles, c—triangles). Filled symbols,16 empty—this work, CaTiO3

from JCPDS-ICDD card No. 22-153. The vertical dashed line is pre-

sented only to guide and do not represent an exact compositional

phase transition.
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meters with respect to the amount of CT shows a linear
decrease with the increase of CT content (Fig. 2). The
parameters were found to be in very good agree-
ment with those reported16 for three other compo-
sitions of LMT–CT system. The cell volume
gradually decreases with x according to the sub-
stitution of La3+ and Mg2+ by the smaller Ca2+

and Ti4+ respectively.
The densification of (1�x)LMT–xCT samples was

attained by sintering them between 1350 and 1600 �C in
air and in oxygen for 2 h depending on the composition
(see Table 7). The samples with high amounts of CT
showed a different colour depending on the sintering
atmosphere. For 0.7 and 0.9 of CT the samples sintered
in air presented a darker colour than the ones sintered
in oxygen and, for the same sintering conditions, a
lower density value.
Polished and thermally etched surface of the sintered

samples are shown in Fig. 3. The ceramics grain size
varies with the concentration of CaTiO3 and presents a
uniform distribution in all cases. For x=0, 0.1, 0.3 and
0.5 the sintering conditions were the same and a
remarkable increase of the grain size was observed, even
for low CT contents (x=0.1). A pronounced difference
in the microstructure is also observed for the samples
sintered in air and oxygen. The samples with x=0.7 and
0.9 sintered in oxygen presents a smaller grain size and
higher density values (Fig. 3 and Table 7).
Table 7 also presents microwave dielectric data on

(1�x)LMT–xCT ceramics, where it is possible to
observe that, regarding the end members, well opti-
mized LMT samples presents a better Q value than the
one previously reported1,3,4,13 while the CT values were
extracted from recent literature.15

Fig. 4 shows porosity corrected dielectric permittivity
values of the (1�x)LMT–xCT ceramic system. With the
increase in x values, the permittivity increases from 29.8
to 165.3. Although the samples were not mixtures of
pure LMT and CT phases, the measured results were
compared with calculated ones obtained from the
empirical relationship for dielectric mixtures22: "n

=�ni"ni , where ni and "i are the volume fraction and
permittivity of each phase i, respectively. Using this rule
it was found that, for n=�1, the relation described well
the measured permittivities (Fig. 4). This means that
permittivity of these samples can be regarded as a frac-
Fig. 3. SEM photographs of (1�x)LMT–xCT sintered (during 2 h) specimens thermally etched polished surface; (a) x=0.1; (b) x=0.5 sintered at

1600 �C in air; x=0.7 sintered at 1500 �C on (c) air and (d) O2.
2406 M.P. Seabra et al. / Journal of the European Ceramic Society 23 (2003) 2403–2408



tional sum of the permittivity of the end members as it
was observed for other perovskite systems which involve
A(B0

1/2B
00
1/2)O3 and either CaTiO3 or SrTiO3.

5,6,15,23,24

In Fig. 4, �f of LMT–CT samples also showed a non-
linear variation with no singularity, analogous to " var-
iation for the same samples. Similar behaviour was
observed in other systems [La(Zn0.5Ti0.5)–SrTiO3,
La(Zn0.5Ti0.5)–CT].

5,6

The quality factor of the samples is expressed in
terms of the Q.f product. As can be seen in Fig. 4, Q.f
of the samples shows a sharp decrease for x=0.1 and
then remains approximately constant. According to
some authors,6,9,10 Q can be related with the cation
ordering, causing its absence often a decrease on Q.
Although it is still present for x=0.1, the degree of
cation ordering is less than in the undoped LMT, and
this could be one of the reasons for the decrease on Q. It
should be noted that Levin et al.15 suggested that Q
might also reflect the influence of other factors besides
the ones related with crystal structure. For high CT
contents (x=0.7 and 0.9) the samples sintered in O2,
although presenting a higher density showed Q.f values
dose to the ones sintered in air. It should be noted that
for the same sintering time the grain is also smaller for
O2 sintered samples.
4. Conclusions

Single-phase, dense ceramics of compositions
(1�x)LMT–xCT (0<x<1) were prepared from pow-
ders obtained by a chemical route. A wide range solu-
tion was confirmed in this system.
For x=0.1 the system still has some Mg/Ti ordering

being the XRD data successfully refined using the P21/n
space group as for LMT. For higher CT contents the B-
site ordering disappeared and Pbnm space group was
assigned. The cell volume gradually decreases with x.
The microstructure is homogeneous for all the com-

positions and the grain size increase with the increase of
CT content. No second phases were detected. Regarding
the microwave dielectric properties e follows a typical
mixture rule as in a two phase composite system. �f also
showed a nonlinear variation with composition. The
presence of CT strongly affected the Q value which
showed a sharp decrease for x=0.1 and then remained
approximately constant. The sintering atmosphere (air
or O2) affects densification, microstructure and dielec-
tric properties of the samples with high CT contents
(x=0.7 and 0.9).
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Table 7

Dielectric properties in the (1–x)LMT�xCT system
x
 Sintering conditions
 Density (%)
 "
 eca
 �f
 Q
 fr (GHz)
 Qf (GHz)
0
 Air/1600 �C
 97.0
 27.6
 29.4
 �81
 16110
 7.10
 114312
0.1
 Air/1600 �C
 95.3
 29.8
 32.6
 �70
 2438
 6.86
 16725
0.3
 Air/1600 �C
 99.1
 37.2
 38.2
 �54
 2426
 6.32
 15322
0.5
 Air/1600 �C
 95.7
 43.2
 46.7
 �13
 2263
 5.50
 12437
0.7
 Air/1500 �C
 88.5
 51.2
 62.4
 –
 7587
 5.78
 43884
O2/1500
�C
 95.8
 58.8
 63.3
 +71
 7266
 5.56
 40395
0.9
 Air/1350 �C
 88.8
 90.4
 109.1
 –
 7048
 4.54
 31963
O2/1350
�C
 94.7
 102.5
 111.9
 +395
 4720
 4.28
 20180
1b
 Air
 92.0
 145
 163.3
 +712
 800
 2.20
 1760
a Corrected for porosity.25

b Data from.15
Fig. 4. Microwave dielectric properties of (1�x)LMT�xCT (dotted

line indicates the calculated values based on the mixture rule). For

x=0.7 and 0.9 (" and Q.f) the open symbols are values for the samples

sintered in O2. Values for CT were taken from the literature.15
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