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Abstract

Powders of (1�x)La(Mg1/2Ti1/2)O3–xSrTiO3 series have been prepared by a non-conventional chemical route based on the
Pechini method. Homogeneous solid solutions allowed the sintering of dense and single-phase ceramics for the full composition
range (04x<1). Crystal structure of the ceramics was investigated by XRD and several compositional driven structural transfor-
mations were observed. The dielectric function of the ceramics was measured at radio, microwave and far infrared (FIR) frequency

ranges to help clarifying the relationship between dielectric properties and structure. The FIR data were found to reflect clearly the
sequence of structural modifications observed. In order to evaluate the importance of intrinsic mechanisms in the dielectric response
at the GHz and MHz ranges, the reflectivity spectra were fit to the Berreman–Unterwald form of dielectric function. The fits

showed that the lower frequency dielectric response seems to be dominated by lattice phonons. Microwave permittivity and tem-
perature coefficient of the resonant frequency were found to obey a hyperbolic-type law.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Wireless telecommunications is perhaps the sector of
electronic industry showing the more dramatic growth
in the past two decades. The use of ceramic materials in
the fabrication of modern high-frequency filters and
resonators has stimulated the search for new low-cost
materials for technological applications. The improve-
ment of dielectric materials has been focused on the
tailoring of systems showing high unloaded quality
factors (Q), high dielectric permittivity ("0) and near zero
temperature coefficients of the resonant frequency (�f),
because these qualities are necessary to decrease the size
of the devices and assure the frequency stability and
selectivity of the components under different atmospheric
conditions.1 Nevertheless to achieve these requirements it
is usually necessary to reach a compromise.
La(Mg1/2Ti1/2)O3 (LMT) is a promising complex

perovskite that displays a high value ofQ�f (114 000 GHz;
f represents the resonance frequency) and a moderate
value of permittivity ("0=27). Its main drawback is the
relatively high magnitude of the temperature coefficient
of resonant frequency �f (�81 ppm/K).

2 In principle,
the tuning of �f to near-zero values may be achieved by
the formation of solid solutions with other compounds
having coefficients �f of opposite sign. Earth alkaline
titanates, that usually present high positive �f and high
permittivity, appear as natural candidates. Among
them, incipient ferroelectric SrTiO3 (ST) seems ade-
quate because has, at the microwave range, a high
dielectric permittivity ("0=290), a moderate Q�f value
(4800 GHz) and a high and positive �f (+1600 ppm/
K).3

The ability of LMT and ST to form homogeneous
solid solutions has been previously investigated.4 The
structure of LMT is monoclinic (P21/n, z=4) and is
characterized by both in-phase and anti-phase tilting of
the oxygen octahedra, La displacement and high degree
of Mg/Ti ordering. The increase of the ST content in the
solid solution induce a sequence of structural transfor-
mations [P21/n)Pbnm)Imma)I4/mcm)Pm3m] that
are related to the loss of B-site cation order, La/Sr anti-
parallel displacement and modifications of the octahe-
dral tilting.4
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This work reports on the dielectric properties of
(1�x)LMT–xST system and aims to help establishing
their relation to the structural modifications observed. To
this purpose, the dielectric response of the material has
been studied as a function of the composition at radio,
microwave and far infrared (FIR) frequency ranges.
2. Experimental

(1�x)LMT–xST ceramics (04x<1) have been pre-
pared by using powders obtained by a chemical route
based on the Pechini method, previously optimized for
LMT.5 In order to achieve the highest possible density,
pellets with 10 mm in diameter and about 1 mm in
thickness were isostatically pressed at 200 MPa into
discs and sintered in air for 2 h at temperatures ranging
between 1770 and 1870 K (depending on composition).
For the compositions with 04x40.5 high densities
(>95%) were attained by sintering the pellets at 1870 K
during 2 h. In the case of x=0.7, a lower sintering tem-
perature (1770 K) was used to achieve the same degree
of densification. For x=0.9 different sintering condi-
tions (temperature and atmosphere) were tried, but the
degree of densification achieved was always close but
lower then 95%. The chemical homogeneity of the
samples was systematically analyzed by energy dis-
persive spectroscopy (EDS). For scanning electron
microscopy (SEM) (Hitachi S-4100) the samples were
polished to a 1 mm finish and thermally etched 50 K
below their optimum sintering temperature for 2 min.
For microwave measurements, the samples were pre-

pared in a cylindrical shape with 10 mm in diameter and
8–10 mm length. The samples for low frequency dielec-
tric measurements were polished to form disks with a
thickness of 0.5–0.7 mm, electroded by deposition of
platinum and annealed at 1100 K. The samples investi-
gated by FIR reflectivity were prepared as thin slabs
with optically polished faces.
The room temperature permittivity, Q-factor and

resonant frequency of the different compositions were
measured at microwave frequency range by the Hakki–
Coleman method,6 using a 10 MHz to 20 GHz Scalar
Analyzer (IFR 6823). The values of �f were evaluated by
measuring the variation of the resonant frequency of the
samples with temperature, on cooling runs between 230
and 300 K (at a rate of 2 K/min). The measurements
were carried out in an oxygen-free cavity of high-con-
ductivity copper, cooled by a CTI Cryogenics model 22
refrigerator with an 8200 compressor, coupled to a
Lakeshore 330 Temperature Controller.7

The infrared reflectivity measurements were per-
formed with a Brüker IFS-66V spectrometer in the
spectral range 40–2000 cm�1. Room temperature pyro-
electric detectors of DTGS with PE or KBr windows
and 6 mM8 Mylar or KBr beam-splitters were used in
the FIR and medium IR ranges, respectively. For each
composition studied, the IR complex dielectric permit-
tivity was evaluated by fitting the spectra to the factor-
ized form of dielectric function.8

The real and imaginary parts of the dielectric function
were also measured with a Hewlett Packard Precision
LCR meter (HP 4884A) as functions of temperature
and frequency in the ranges of 300–550 K (heating rate
of 1.5 K/min) and 102–106 Hz, respectively.
3. Results and discussion

Fig. 1 shows typical secondary electron SEM images
of polished and thermally etched surfaces of samples
with compositions x=0, 0.1, 0.3, 0.5. In all cases, the
microstructure is uniform and no traces of second pha-
ses were detected. Note that the average grain size of the
ceramics increases notably as the content of ST increases.
However, this feature does not affect much the dielectric
response of (1�x)LMT–xST ceramics. Indeed, detailed
studies of grain size effect performed on high-quality
dielectric ceramics have revealed that the variation in
microwave dielectric loss ("00) or permittivity is negligible
when samples are dense.9,10

As previously reported,4 the major peaks in the XRD
spectra of (1�x)LMT–xST could be indexed according
to a simple perovskite structure. However, in all the
samples investigated, several additional weak reflections
were observed at half integer positions, which indicate
that a sequence of tilt transitions occurs as x increases.
Table 1 summarizes the nature of the observed compo-
sition driven structural modifications. The tilt systems
P21/n (monoclinic) and Pbnm (orthorhombic) are iden-
tical (a�a�c+), differing only in the presence (x<0.3) or
absence (x50.3) of B-site order. For composition
x=0.7, the structure is still orthorhombic (Imma) but
the in-phase tilt disappears [tilt system (a�a�c0)]. For
x=0.9 the structure becomes tetragonal (I4/mcm), with
only one anti-phase tilt axis (a0a0c�).
Fig. 2 displays the infrared reflectivity spectra of the

different compositions studied (04x40.7). As can be
seen, the IR spectra reflect the structural transforma-
tions, being clear a progressive reduction of the number
of active modes as the symmetry increases from mono-
clinic (x=0, P21/n) to orthorhombic (x=0.7, Imma).
Consider first the end members, LMT and ST. For LMT
(z=4, P21/n), the factor group analysis

11 indicates that
the �-point normal modes can be decomposed into
(12+3)Ag+(12+3)Bg+17Au+16Bu, where the modes
numbered in italic correspond to those resulting from the
double occupation of the B-site. If the structure of LMT
could be approximately described by a double simple
perovskite unit cell with a long range ordered B-site
occupation (z=2, Fm3m), then one should expect only
five triple degenerated �-point modes [(3+1)F1u+F2u].
2996 M.P. Seabra et al. / Journal of the European Ceramic Society 24 (2004) 2995–3002



For cubic ST (z=1, Pm3m), one should expect four
triple degenerated modes [3F1u+F2u], being obviously
absent the additional R-mode [k=(1/2,1/2,1/2)a*] due to
the folding of the Brillouin zone and related to the B-B0

stretching vibrations. Thus, the number of IR active
modes would be 33 for monoclinic LMT (17Au+16Bu)
or 4 triply degenerated for a A(B1/2B

0
1/2)O3 ordered

perovskite [(3+1)F1u]. A detailed analysis of the LMT
spectrum, both by Kramers–Kronig inversion and by
simulation with the factorized form of the dielectric
function disclosed 15 active modes, which seems in dis-
agreement with both cases considered above. However,
if one takes into account that the anisotropy is effec-
tively averaged out (as is very often the case in ceramic
Fig. 1. SEM photographs of polished and thermally etched surfaces of the (1�x)LMT–xST ceramics sintered at 1870 K for 2 h, where x=0 (a),

0.1 (b), 0.3 (c) and 0.5 (d).
Table 1

Structural changes in the (1�x)LMT–xST system
Composition
 Cation

ordering

1=2 (111)
Cation

displacement

1=2 (210)

1=2 (300)
In-phase

tilting

1=2 (310)

1=2 (321)
Anti-phase

tilting

1=2 (311)
Space

group
x40.1
 x
 x
 x
 x
 P21/n
0.1<x40.3
 x
 x
 x
 Pbnm
0.3<x40.5
 x
 x
 Pbnm
0.5<x40.7
 x
 Imma
0.7<x40.9
 x
 I4/mcm
Fig. 2. Infrared reflectivity spectra of the (1�x)La(Mg1/2Ti1/2)O3–

xSrTiO3 system.
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samples), then the modes Au and Bu cannot be resolved
and the number of effective modes for monoclinic LMT
should be reduced to 17. The number of modes experi-
mentally detected (15) is therefore compatible with the
monoclinic symmetry observed by XRD. In the case of
the solid solutions with a orthorhombic structure (e.g.
x=0.5, z=4, Pbnm), the number of modes detected is
eight and factor group analysis indicates the decomposi-
tion 7Ag+(8+3)Au+7B1g+(8+3)B1u+5B2g+(10+3)-
B2u+5B3g+(10+3)B3u. Hence, if the anisotropy of the
spectra is averaged out and is assumed that the modes
related to the double occupation of the B-site (numbered
in italic) cannot be detected due to the absence of long-
range order, then the number of modes expected should
be 10, in close agreement to the observed number. The
spectra reflect therefore the general trends of the struc-
tural modifications disclosed by XRD.
As referred above, the main Bragg reflections

observed in the solid solution can be indexed according
to a simple perovskite structure. As can be visually
detected, a similar situation is found in the IR reflectiv-
ity spectra, where four stronger reflectivity bands dom-
inate. Fig. 3 depicts the values of the TO modes as
function of the composition x, including the values of
the three IR active modes (F1u) and the silent mode
(F2u) pertaining to pure ST (measured in a single crys-
tal). As can be observed, the four more intense modes
fitted to the composition x=0.7 (�TO1 ¼ 112:8 cm�1;
�TO2 ¼ 149:9 cm�1; �TO3 ¼ 195:3 cm�1 and �TO4 ¼ 253:8
cm�1) can be related to a partial lift of the degeneracy of
the two lower frequency F1u modes of ST (A–BO6
vibration and B-O6 stretching

12) caused by the lowering
of the symmetry in the solid solution. Similarly, the
higher frequency mode (x=0.7; �TO8 ¼ 634:9 cm�1) can
be linked to the B–O6 bending mode of ST. The second-
ary mode detected at �TO7 ¼ 545:8 cm�1 may be tenta-
tively interpreted as due to the activation of the silent F2u
mode (B–O torsion) as a consequence of the symmetry
breakdown. This assignment is consistent with the pro-
gressive suppression of this mode as x decreases down to
x=0.3, which reflects the increase of the structural dis-
order in the lattice. Further decrease of the ST content
induces a monoclinic structure and the splitting of modes
at lower frequencies, as well as the appearance of addi-
tional weak modes. Some of these latter (located
between 400 and 500 cm�1) persist almost residually up
to x=0.7.
Particularly interesting is the mode detected in LMT

at about �TO14 ¼ 543:5 cm�1, the intensity of which
decreases sharply as x increases to 0.1 and vanishes at
x<0.3. As in most A(BmB

0
1�m)O3 compounds with long

range B-site order, the third lowest frequency corre-
sponds to the extra B-B0 stretching mode,13 hence we
assign this mode to the Ti–Mg stretching. The increase
of the intensity of this mode as x! 0 may therefore be
considered as a spectroscopic evidence of the onset of
long-range B-site ordering in LMT.
The fit of the reflectivity spectra to the factorized

form of the dielectric function allows us to evaluate,
for the different compositions studied, the real and
imaginary parts of dielectric function at IR frequency
range (see Fig. 4). The dispersion observed reflects
essentially the intrinsic contributions related to the
dynamics of the lattice. At lower frequencies, other
contributions to the dielectric response may arise due
to extrinsic contributions such as porosity, second
phase, grain boundaries and crystal defects. The para-
meters fitted to the IR spectra can therefore be used to
estimate the relative importance of intrinsic (i.e. lattice
related) contributions to the dielectric response at the
microwave and radio-frequency ranges. The values of
the permittivity of the different samples, evaluated at
0.26 cm�1 (8 GHz) from IR data, are shown in Table 2.
Note that in the fit of IR spectra, TO and LO phonon
frequencies are determined with a certain degree of
accuracy which generally allows a good evaluation
of the dielectric strengths of the polar modes. Hence,
the extrapolated values of the permittivity of well pro-
cessed ceramics are generally found to agree within
errors of the order of 10% with those measured at MW
Fig. 3. Composition dependence of the TO phonon frequencies of the

system (1�x)La(Mg1/2Ti1/2)O3–xSrTiO3. The dielectric strength of

each mode is indicated as strong (s), medium (m) or weak (w).
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range. Contrary, the extrapolated losses are often less
accurate.13

The temperature dependence of the low-frequency
permittivity, measured in the vicinity of ambient tem-
perature, showed no anomalies or dispersion in the
range 102–106 Hz. As "0(T) varies almost linearly, the
thermal coefficient of capacitance (�C) was readily eval-
uated. The values of �f for the different ceramics were
obtained from the low-frequency dielectric data by
using the relation �f=1=2[�C+�L].

3 The linear thermal-
expansion coefficient (�L) was assumed to be 10 ppm/K
because its value is found to be in the range 9–12 ppm/
K for most perovskites.14

The relevant dielectric parameters, obtained by dif-
ferent methods on the (l�x)LMT–xST ceramics, are
also presented in Fig. 5. The "0 values measured at
microwave and radio frequencies exhibit a good agree-
ment with those extrapolated from the FIR spectra
(within an error less than 10%; Fig. 5a).
It has been observed15�17 that the compositional depen-

dence of "0 in two-component dielectric mixture involving
complex perovskites of the type A(BmB

0
1�m)O3 and

CaTiO3 or SrTiO3 obeys to the empirical relationship:
18

1

"0 xð Þ
¼

	1
"01

þ
	2
"02



1� x

"01
þ

x

"02
ð1Þ

where 	i and "i
0 are the volume fraction and permittivity

of the component i. The high relative density of the cera-
mics under study, absence of second phases and the small
difference between unit cell volumes of end members
(less than 2%), allow us to replace the volume fraction,
	, by the molar fraction, x. As shown in Fig. 5a (solid
line), the mixture rule expressed by Eq. (1) can describe
rather well the compositional dependence of the per-
mittivity, even if the ceramics are not simple mixtures
but rather solid solutions with different symmetries.
Consider a solid solution with permittivity ("0), aver-

age unit cell polarizability (�) and unit cell volume (V).
As these quantities depend on the composition x, the
Table 2

Dielectric characteristics of the (1�x)LMT–xST system determined at

microwave range (MW), radio-frequencies (RF) and extrapolated

from infrared (IR) data
x
 MW
 RF
 IR
"0
 "00
 Q
 f (GHz)
 "0
 "00
 "0
 "00
0
 27.6
 0.002
 16110
 7.10
 26.3
 0.009
 28.6
 0.002
0.1
 29.2
 0.014
 2022
 7.33
 27.8
 0.030
 26.1
 0.011
0.3
 38.3
 0.022
 1763
 6.59
 34.0
 0.044
 38.2
 0.014
0.5
 48.1
 0.045
 1079
 5.39
 45.2
 0.144
 48.1
 0.017
0.7
 68.4
 0.011
 9913
 5.41
 62.0
 0.141
 73.3
 0.036
0.9
 118.0
 0.307
Fig. 5. Dielectric properties of the (1�x)LMT–xST system as a func-

tion of x: 
0 (a), �f (b), Q.f value and average TO phonon damping,

<g(TO)> , (c), measured at microwave (&), radio frequencies (*) and
extrapolated from far infrared spectra (r).
Fig. 4. Imaginary (a) and real components (b) of the dielectric func-

tion calculated from infrared reflectivity data for (1�x)LMT–xST

samples. The numbers at the curves denote the x values.
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Clausius–Mossotti equation can be written as ("0 being
the permittivity of vacuum):

"0 xð Þ � 1

"0 xð Þ þ 2
¼

� xð Þ

3"0V xð Þ
ð2Þ

Levin et al.19 used this equation to determine the
compositional dependence of the macroscopic polariz-
ability in the solid solutions (1�x)Ca(Al1/2Nb1/2)O3–
xCaTiO3. Using their experimental data on "0(x) and
V(x), they have shown that the polarizability varies
nearly linearly with x, i.e. �(x)=(1�x)�1+x�2. Note,
that the macroscopic polarizability � is not usually
equal to the sum of the atomic polarizabilities of the
atoms in the unit cell because of the crystalline field.20

However, if the environment of all the atoms in the unit
cell does not change fundamentally with x, as in the case
of single-phase (perovskite) solid solutions, the crystal
field effects do not influence much the dependence of �(x).
The formation of single-phase perovskite solid solutions
is known to be possible only if a difference in size of sub-
stituting atoms is not very large.21 Indeed, in the case of
LMT–ST system, a small relative volume variation
(�V/V<2%) was determined. So, based on this one
may consider V1
V2. Taking into account that the per-
mittivities of the end members are high enough, the
above suppositions on �(x) and V allow to derive
the ‘‘mixture rule’’ (Eq. 1) from the Clausius–Mossotti
equation (Eq. 2).
It should be noted that this hyperbolic-type dependence

(Eq. 1) for permittivity appears to be valid for solid solu-
tions which involve high-permittivity dielectrics like
‘‘quantum paraelectrics’’ (SrTiO3, CaTiO3) or even ferro-
electrics below Curie point (BaTiO3).

2 In this case the
‘‘dilution’’ of polarizability3 is the dominant mechanism
controlling the permittivity and its thermostability coeffi-
cient, �e. If both end members have relatively low "0

(�30), the onset of oxygen octahedral tilt transition
becomes an important factor affecting both "0 and �e.

3,14,22

As Fig. 5b shows, the values of �f measured at micro-
wave and radio frequencies are in very good agreement
for the whole set of LMT-ST samples studied. The
function �f(x) follows a monotonic variation with x
entirely analogous to that found in "0(x). As can be seen,
the value of �f is nearly zero at about x
0.40. Several
authors15,16 called the attention to the fact that the
value �f
0 occurs at compositions x that are similar in
various microwave dielectric solid solutions with SrTiO3
and CaTiO3, despite the large difference observed in the
values of �f. In the case of the (1�x)La(Zn1/2
Ti1/2)O3�xATiO3 (A=Sr, Ca) solid solutions, Cho et
al.16 attributed this fact to the persistence of B-site
ordering until x=0.5, although this ordering was not
obvious both from XRD and FIR data. According to
our results, in the (1�x)LMT�xST system (Table 1,
Figs. 2 and 3), this factor cannot be relevant as the
cation ordering is lost for x<0.3.
Fig. 6 shows the plot of �f vs "
0 obtained from micro-

wave (x<0.9) and radio-frequency (x=0.9) measure-
ments. As shown, the function �f ("

0) is approximately
linear in the full concentration range. According to
Harrop,23 the thermal coefficient of capacitance, �C, of
paraelectric solid is often found to be proportional to
"0 (�C=��L"

0; �L being the linear expansion coeffi-
cient). Since �f=1=2[�C+�L],

3 it turns out that it must
be a linear function of "0, as observed in the LMT-ST
system. Considering this empirical linear relation and
Eq. (1), it can be easily proved that �f(x) must follow
the relation:

1

�f xð Þ
¼

1� xð Þ"02 þ x2"
0
1

1� xð Þ"02�1 þ x"01�2
; ð3Þ

where "01; �1 and "02; �2 represent the values of permit-
tivity and temperature coefficient of the resonant fre-
quency of the end members. Taking into account that
the coefficients �f of the two end members have opposite
sign, one can express the condition �f=0:

x �f ¼ 0ð Þ ¼ 1�
"01
�1

�2
"02

� ��1

ð4Þ

Note that x(�f=0) is only a function of the "
0/�f ratio

of end members. Using microwave dielectric data from
Wise et al.3 for SrTiO3 and CaTiO3, the ratio "0/�f was
found to be 0.176 and 0.188, respectively. According to
Eq. 4, these similar values indicate that �f=0 must cor-
respond to similar concentrations x in systems involving
a negative-�f compounds and CaTiO3 or SrTiO3. In the
case of (1�x)LMT�xST system, Eq. 4 gives the value
x(�f=0)
0.36, which is in good agreement with the
experimental result.
The quality factor of the different samples investi-

gated, expressed by the product Q.f, is shown in Fig. 5c
as function of x. As x increase, Q.f shows a sharp
Fig. 6. �f versus 

0 for the (1�x)LMT–xST system (for composition of

x=1 the data were adopted from Ref. 3). The line slope, ��f/�
0, is
presented on the plot.
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decrease at x=0.1, followed by small variation for
intermediate compositions (0.3<x<0.7) Some
authors16 related the decrease of Q.f in mixed systems
with ordered A(BmB

0
1�m)O3 compounds to the loss of

cation ordering. In the LMT–ST ceramics, the XRD
and IR results show that the degree of ordering is
already strongly reduced at x=0.1.The observed
decrease of Q.f at x=0.1 is therefore consistent with this
hypothesis. Note, however, that either intrinsic (i.e. lat-
tice related24) or extrinsic mechanisms can be at the
origin of such a reduction of the Q.f value. In the case
of LMT–ST system intrinsic mechanisms seem to
dominate. As can be seen in Fig. 5c, the composi-
tional dependence of the weighted sum of TO phonon
damping, � TOð Þ

� �
¼

X
j¼1

n
�j TOð ÞD"j=

X
j¼1

n
D"j (�j and �"j

represent the values of damping and dielectric strength
of j-th mode) correlates well with Q.f(x), suggesting
that Q.f(x) dependence in the (l�x)LMT�xST system
follows essential the average anharmonicity of the
crystal lattice.
4. Conclusion

Dense, homogeneous and single-phase perovskite
ceramics (1�x)La(Mg1/2Ti1/2)O3–xSrTiO3 were pro-
cessed from powders obtained by a nonconventional
chemical route, based on the Pechini method. These
ceramics were dielectrically characterized at radio,
microwave and far infrared (FIR) frequency regions.
The FIR spectra reflect the sequence of structure trans-
formations revealed by X-ray diffraction. The values of
the dielectric permittivity, measured at room tempera-
ture, in the microwave and radio-frequency ranges were
found to agree with the values extrapolated from FIR
data. The dependences of the dielectric permittivity ("0)
and temperature coefficient of the resonant frequency
(�f) on composition follow mixture-like laws. The
composition where �f changes sign has been estimated
to be close to x=0.40. The results of the dielectric
characterization indicate that the dependences of both
"0(x) and �f(x) reflect more the dilution of average
ionic polarizability than the onset of an oxygen octa-
hedra tilt transition. The obtained values of permit-
tivity and quality factor (Q.f) as well as their
compositional dependences testify the microwave
dielectric response of the (1�x)La(Mg1/2Ti1/2)O3–
xSrTiO3 ceramics is dominated by lattice related
mechanisms.
Due to the relatively high permittivity (�45) and the

potential ability to tune the value of �f, the La(Mg1/2Ti1/2)
O3–SrTiO3 mixed system seems to be a promising tech-
nological material for microwave applications. Efforts
are presently being made to improve the values of the
quality factor.
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