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Abstract
(1−x)La(Mg1/2Ti1/2)O3–xNd(Mg1/2Ti1/2)O3 [0 � x � 1] ceramics were pre-
pared from powders obtained by a non-conventional chemical route based on the
Pechini method. La(Mg1/2Ti1/2)O3 and Nd(Mg1/2Ti1/2)O3 were found to form
perovskite solid solutions in the whole compositional range. The structure of
all the compositions was refined using the P21/n space group, which allows
account of B-site ordering. The relative permittivity and temperature coeffi-
cient of the resonant frequency measured in the gigahertz range were analysed
with respect to composition of the system. The non-monotonic dependence of
the microwave quality factor on x was described qualitatively with the damped
classical oscillator model and assuming ‘two-mode’ behaviour of the A ↔ BO6

vibration mode in the solid solutions.

1. Introduction

Rapid growth of the microwave communication system has stimulated a search for new effective
low-cost materials for applications such as resonators and filters. The requirements for these
materials are high dielectric permittivity (ε′) and quality factor (Q) as well as a close to
zero value of temperature coefficient of the resonant frequency (τ f ) [1]. However, their
nature is interrelated and an attempt to improve one of the parameters commonly leads to
worsening the others. Therefore, the task to satisfy all the conditions is mainly to find the
best compromise. A class of perovskite-related non-ferroelectric materials is known to be
appropriate for microwave applications. Owing to their ability to form solid solutions in a
wide range of substituting atoms, perovskites are intensively explored as basic compositions
to obtain materials with controlled properties. Series of low-loss perovskite system have been
investigated and adjusted for microwave applications [1, 2]. However, the most widespread
method for producing new materials is still an empirical one and slow progress is observed
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in discovering and clarifying mechanisms controlling microwave dielectric parameters in
complex systems. Correlations between structure and microwave dielectric characteristics of
perovskite compounds have only been revealed for some particular compositions [3, 4]. Reaney
et al [3] have established a relationship between the temperature coefficient of the related
permittivity (τε) and the structure tolerance factor for Ba- and Sr-based complex perovskites
like A2+(B′

nB′′
1−n)O3 as well as their solid solutions. At the same time, the τε behaviour

in the solid solutions involving simple perovskites (ABO3) does not obey the relationship.
Wise et al [5] have attributed tuning of τ f in microwave dielectrics to dilution of the average
ionic polarizability and to the onset of an octahedral tilt transition above room temperature.
Nevertheless, behaviour of microwave dielectric characteristics in solid solutions is generally
difficult to predict, especially the compositional change of dielectric loss. Microwave loss
in ceramics has known to be caused by both extrinsic factors (porosity, impurities, grain
boundaries etc) and intrinsic ones (lattice absorption due to crystal anharmonicity) [6, 7].
Usually, the extrinsic contribution can be minimized using proper processing conditions.
Change of lattice anharmonicity and associated dielectric loss in solid solutions depends on
any crystal symmetry variation, namely a change of cell distortion, octahedral tilting, cation
ordering etc. Thus there are too many factors affecting the behaviour of the Q-value.

Lanthanide-based complex perovskites were found to be of great interest as prospective
microwave materials owing mainly to their high quality factor [8–12]. These perovskites
have low tolerance factor because of considerable size misfit of constituting atoms
and are characterized by an oxygen octahedral tilt, A-cation displacement and B-cation
ordering [10, 11, 13]. Investigations of the materials suggest that the mentioned Reaney
relationship [3] also seems to be valid for the A3+(B′

mB′′
1−m)O3 compositions, where A3+ is

a lanthanide cation [14, 15]. In this family, the Mg/Ti 1:1 ordered monoclinic perovskites
La(Mg1/2Ti1/2)O3 (LMT) and Nd(Mg1/2Ti1/2)O3 (NMT) have relative permittivity ∼26–27
in the gigahertz range and negative τ f [11, 16]. The fact that the τ f value of LMT is lower
than that of NMT is in disagreement with what might be expected from the relations between
τ f and tolerance factor established by Reaney et al [3]. To clarify this contradiction, it has
been decided to study the evolution of microwave dielectric properties in solid solutions of the
LMT–NMT system. It was also of interest to study the change of the parameters ε′, τ f and Q
in regard to A-site substitution without any other complicating factors.

The present work reports preparation and characterization of the (1−x)LMT–xNMT
ceramics. Basic dielectric parameters (ε′, τ f and Q) were measured as a function of x in
the gigahertz range. Compositional dependence of dielectric loss was analysed using the
model of damped classical oscillators.

2. Experimental procedure

(1−x)LMT–xNMT ceramics (x = 0, 0.25, 0.5, 0.75 and 1) were prepared using powders
obtained by a chemical route based on Pechini method, optimized previously for LMT [16]. In
this procedure, the precursor resin was calcined at 750 ◦C for 3 h in order to obtain the powders
with the required compositions. For all the compositions, the powders were isostatically
pressed at 200 MPa and sintered at 1650 ◦C for 2 h in air with heating and cooling rates of
10 ◦C min−1.

The sintered pellets were ground to obtain powders for x-ray diffraction (XRD)
experiments. X-ray powder diffraction data were collected at room temperature using a Rigaku
D/MAX-B diffractometer (Bragg–Brentano geometry, Cu Kα radiation, 2θ = 15–115◦, step
0.02◦, 7 s/step, graphite monochromator). Rietveld refinement was performed using GSAS
suite [17].
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Figure 1. XRD patterns of (1−x)LMT–xNMT, x = 0 (bottom), 0.25, 0.5, 0.75 and 1.0 (top). The
inset shows supercell reflections indicating Mg/Ti ordering (�), antiparallel (La, Ba) displacement
(◦), in-phase octahedral tilting (�), anti-phase octahedral tilting (�) and traces of Nd2O3 (↓).

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. Chemical homogeneity of the samples was
confirmed by energy dispersive spectroscopy (EDS).

Measurements of dielectric properties at microwave frequencies were performed by the
Hakki–Coleman method [18] at room temperature. τ f was obtained by measuring the variation
of resonant frequency ( f ) in an oxygen-free high-conductivity copper cavity, between −40
and +30 ◦C, while cooling at a rate of 2 ◦C min−1 (CTI Cryogenics model 22 refrigerator and
8200 cryocompressor with a Lakeshore 330 temperature controller) [19].

3. Results and discussion

As expected, since both compounds belong to the same space group, for the whole
compositional range of the (1−x)LMT–xNMT system a solid solution can be formed (figure 1).
XRD spectra of all the prepared compositions were successfully refined using the P21/n space
group. Traces of neodymium oxide (<2 wt%) were observed in the XRD patterns of the
samples with x = 0.5, 0.75 and 1.0 (see arrows in the inset of figure 1).

In perovskite compounds, two mechanisms are commonly responsible for unit-cell
doubling: cation ordering and tilting of oxygen octahedra. According to Glazer [20, 21],
the superlattice reflections, with specific combinations of odd (o) and even (e) Miller indices,
point to definite types of deviation of the structure from the undistorted cubic one, such as
octahedral in-phase tilting (ooe, oeo, eoo), anti-phase tilting (ooo, h + k + l > 3), chemical
ordering (ooo) and anti-parallel displacement of A-cations (eeo, eoe, oee). In the studied
system all these features are present for all the compositions. That can be clearly observed in
the inset of figure 1.
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Figure 2. Cell parameters (A) and cell volume (B) as a function of Nd content (a—squares, b—
circles, c—triangles, β—stars). Empty symbols—this work, filled—[22]. In the case of volume
data error bars are smaller than symbols.

Figure 2(A) shows the cell parameter evolution as a function of neodymium content.
A gradual decrease of a and c with the increase of Nd amount is observed, while the value of
the b parameter is almost constant over the whole range. The parameters for NMT were found
to be in very good agreement with those reported by Groen et al [22].

The cell volume gradually decreases with x according to the substitution of La3+ by
the smaller Nd3+ (figure 2(B)). As seen, the dependence is slightly convex in comparison
with the linear Vegard law (dashed line), supporting a random arrangement of the cations in
the perovskite sublattice A. Actually, there is no driving force for ordering lanthanum and
neodymium in the (1−x)LMT–xNMT system: these cations have equal oxidation state and are
very close in size.

Figure 3 shows typical secondary electron SEM images of polished and thermally etched
surfaces from samples of the (1−x)LMT–xNMT system (x = 0, 0.25, 0.5, 0.75 and 1).
A dense and homogeneous microstructure without grains of secondary phases was observed.
Furthermore, there is not a large variation of the grain size with composition.

Table 1 presents density and some microwave dielectric data for the ceramics of the studied
system. Relative permittivity and temperature coefficient of resonant frequency obtained from
dielectric measurements at microwave frequency range are plotted as a function of composition
x in figures 4(A), (B). A small variation of these properties with the composition is observed.

The quality factor of the ceramics under study is expressed in terms of Q × f . One can
see in figure 4(C) that the Q × f dependence on composition is non-monotonic and exhibits
a minimum value for x = 0.5. Since Q ≡ 1/ tan δ it means that dielectric loss is higher in the
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Figure 3. SEM images of polished and thermally etched surfaces of the (1−x)LMT–xNMT
ceramics, where x = 0 (A), 0.25 (B), 0.5 (C), 0.75 (D) and 1 (E).

Table 1. Dielectric properties of the (1−x)LMT–xNMT ceramics in the microwave range.

x Density (%) ε τ f (ppm ◦C−1) Q f (GHz)

0.00 97.0 27.6 −81 16 110 7.10
0.25 96.3 27.9 −54 10 390 9.28
0.50 98.5 27.6 −48 4 550 9.12
0.75 97.9 26.7 −44 12 447 9.32
1.00 97.0 25.9 −47 16 160 9.36

middle of the system than in the end members. In our case the chemically prepared ceramics
are apparently highly homogeneous in density (table 1) and grain size (figure 3). Hence the
extrinsic contribution to dielectric loss of the (1−x)LMT–xNMT system is supposed to be
independent of the composition x .

Regarding the intrinsic part of the loss, let us consider the responsible phonon absorption
process, based on the widely used model of n damped classical oscillators [23]. According to
the model the real (ε′) and imaginary (ε′′) parts of the complex permittivity (ε∗ = ε′ + iε′′) are
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Figure 4. (A) Relative permittivity, (B) thermal coefficient of the resonant frequency and (C) Q× f
value as a function of x for solid solutions (1−x)LMT–xNMT measured in the GHz range (solid
curve—theoretical fit).

a function of circular frequency (ω = 2π f ) as follows:

ε′(ω) = ε∞ +
n∑

j=1

Sj (ω
2
j − ω2)

(ω2
j − ω2)2 + ω2γ 2

j

(1)

ε′′(ω) = ω

n∑

j=1

Sjγ j

(ω2
j − ω2)2 + ω2γ 2

j

. (2)

Here ε∞ is the permittivity at ‘infinitely high’ frequencies; n is the number of infrared active
polar modes; Sj , ω j and γ j are the strength, eigenfrequency and damping of the j th mode,
respectively.

For monoclinic structure (space group P21/n, Z = 4) the factor group analysis [24] yields
a number of IR active polar modes n = 17. From Kramers–Kronig analysis the existence of 15
active modes in LMT was experimentally estimated; two of them were extremely weak [25]. In
comparison with the phonon spectrum of 1:1 ordered cubic perovskites of the A(B′

1/2B′′
1/2)O3

series (n = 4) [6], the spectrum of any solid solution of the (1−x)LMT–xNMT system is very
complex. However, four strongest modes related to fundamental vibrations also have to be
present in the LMT monoclinic lattice. On increasing frequency these correspond to A ↔ BO6

vibrations, B–O6 stretching, B′–B′′ stretching and BO6 bending, respectively [6].
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In the microwave range ω 	 ω j , and then one can rewrite equations (1) and (2):

ε′ ≈ ε∞ +
n∑

j=1

Sj

ω2
j

(3)

ε′′ ≈ ω

n∑

j=1

Sjγ j

ω4
j

. (4)

It has been generally accepted that the permittivity and loss in the microwave range are
mainly determined by the contributions of the first two (low-frequency) modes [6]. The low-
frequency polar soft mode is known to cause a great part of the intrinsic loss in displacive
ferroelectrics [26]. In our case of non-ferroelectric perovskites the mode, being one
of the strongest and lowest in frequency, should correspond to A ↔ BO6 vibrations [6].
Another significant contributor in microwave loss is the B–O6 stretching mode. In the
system under study, only the La/Nd substitution takes place and one can believe that the
associated contribution is practically the same in each particular solid solution. Thus, the
compositional behaviour of the microwave dielectric loss in the LMT–NMT system appears
to be predominantly determined by the parameters (S, ω and γ ) of the A ↔ BO6 vibration
mode.

As seen from figures 4(C) and (A), the deviation in Q × f with x is about ±40% and only
∼±3% in ε′. The change in eigenfrequency (�ω = ω − ω0) of the vibration mode arising
from substitution of one atom by another might be estimated using the expression for the local
phonon mode [27]:

ω2 = ω2
0

M2

2M M ′ − M ′2 , (5)

where M and M ′ are the weights of the host and substituting atom, respectively. Considering
M ≡ MNd and M ′ ≡ MLa, the relative change (�ω/ω0) is calculated to be less than 1%.
Hence, the difference in the mode eigenfrequency due to the La/Nd substitution appears to be
negligibly small. Taking into account the small variation of ε′ with x one can assume that the
effective strength S of the A ↔ BO6 vibration mode in the system is roughly constant (see
equation (3). It should be recalled that only the first item in the sums of equations (3) and (4)
is supposed to vary with composition. Since Q × f ∼ ω[ε′/ε′′], it follows from equations (3)
and (4) that the compositional variation of effective damping γ is responsible for the observed
dependence of Q × f on x (figure 4(C)). Considering that in the (1−x)LMT–xNMT system
so-called ‘two-mode’ behaviour [28] takes place, in the spectra of such solid solutions the
peaks of both end members have to be present. Then the variable part of ε′′ caused by La/Nd
substitution might be represented according to equation (2) as

ε′′
1(x) = ωSLaγLa

(ω2
La − ω2)2 + ω2γ 2

La

+
ωSNdγNd

(ω2
Nd − ω2)2 + ω2γ 2

Nd

. (6)

Figure 5 shows results of the ε′′
1(x) simulation with equation (6) using the real relative difference

between ωLa and ωNd. Conditions of SLa = (1 − x)S and SNd = x S (S = constant),
γLa = γNd � ωLa, ωNd were also assumed. The width of the resulting peak at half height is
plotted in figure 6 as a function of x for certain γ values of the constituted modes. The ε′′ peak
width is known to be a measure of damping of the associated mode [23]. As the quality factor
is inversely proportional to ε′′, the obtained γ (x) dependence of the effective damping might
lead to Q × f compositional behaviour like that shown in figure 4(C) (solid curve).

The described decrease of Q × f in solid solutions in comparison with their end members
seems to be common. However, other stronger effects usually appear to overlap this one.
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Figure 6. Width at half height of the resulting loss line simulated with equation (6) as a function
of x at different dampings γ .

A number of microwave solid solutions have been formed through substitution of one atom
by a set of others, like A/(A′

mA′′
1−m) or B/(B′

nB′′
1−n) [29]. Such substitutions are known

to result in a noticeable modification of the phonon spectra and therefore the described
effect becomes difficult to extract. Regarding solid solutions between complex perovskites,
it has also been found that the compositional variation of crystal symmetry (as in system
Ba(Zn1/3Nb2/3)O3–Sr(Zn1/3Nb2/3)O3 [30]) as well as a change in degree and/or type of cation
ordering (e.g. Ba(Mg1/3Ta2/3)O3–La(Mg2/3Ta1/3)O3) [15] strongly affect the quality factor. In
the LMT–NMT solid solutions the Q × f compositional behaviour described above could
be more obvious because neither heterovalent atomic substitution nor structure and ordering
change take place simultaneously in the system.
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4. Conclusions

Powder processing by a chemical route allowed preparation of dense and homogeneous
ceramics in the whole compositional range of the system (1−x)La(Mg1/2Ti1/2)O3–
xNd(Mg1/2Ti1/2)O3. Rietveld refinement of all the compositions was performed using the
P21/n space group describing A-cation displacement and both phase and antiphase octahedral
tilt as well as Mg/Ti ordering. No compositional transformation of the structure was observed
in the system. A monotonic change of cell parameters was detected to exist in the whole range
of solid solutions.

The relative permittivity and temperature coefficient of the resonant frequency measured at
microwave frequencies as a function of x showed rather non-linear dependence. Q × f in this
system was found to be a non-monotonic function of x . Its value decreases in solid solutions
in comparison with their end members. Since all the studied ceramics were well processed,
the extrinsic part of the microwave loss has been considered to be minimal and independent of
composition. The main contributor to dielectric loss is therefore one of the first and strongest
modes corresponding to A ↔ BO6 vibrations, which is changed by La/Nd substitution. The
observed compositional dependence of the loss (and, thereby, Q × f ) has been described
qualitatively with the damped classical oscillator model. The ‘two-mode’ behaviour of the
A ↔ BO6 vibration mode in the solid solutions has been assumed. Effective damping of the
resulting mode was calculated to be larger in the middle of the system than in the end members.
As the microwave loss is determined by the damping and the former is inversely proportional
to quality factor, this corresponded to the compositional behaviour of Q × f observed in the
system investigated.
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