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The complex perovskite system �1−x�La�MgSn�0.5O3–xNd�MgSn�0.5O3 with the composition
�x=0–1� was prepared by the solid state reaction method. Structural and spectroscopic studies were
carried out to understand the variation of dielectric properties with x. Rietveld refinement was
carried out with the initial model obtained by using the structure prediction and diagnostic software.
The symmetry of the compositions was determined to be monoclinic with space group P21 /n, which
corresponds to the a−a−c+ tilting system, and the long-range order parameter was found to decrease
with an increase in neodymium concentration. Raman spectra were analyzed by fitting the A1g-like
mode to a Lorentzian peak shape. Intrinsic dielectric parameters were estimated by fitting infrared
reflectance spectra with the four-parameter semiquantum model. Transverse optic phonon mode
strengths and average phonon damping were calculated. The origin of increase in the intrinsic loss
with the composition variation is discussed. Microwave measurements were carried out in the
frequency range of 9–11 GHz. The dielectric constant decreases and the temperature coefficient of
resonant frequency becomes less negative with the increase in neodymium concentration. © 2008
American Institute of Physics. �DOI: 10.1063/1.2902932�

I. INTRODUCTION

The rapid growth of wireless communications and infor-
mation access in the last decade stimulated research on mi-
crowave dielectrics, which are used in handsets and base
station circuits.1 High dielectric constant ����, high quality
factor �Q�, and near zero temperature coefficient of resonant
frequency �� f� are the three prerequisites for a material to be
useful in those applications. In particular, base station manu-
facturer requires moderately high dielectric constant, low
cost, and high Q materials.1 Recently, rare earth �RE�-based
complex perovskites with the chemical formula RE�B�B��O3

have received considerable attention as potential candidates
for dielectric resonators and as an alternative to the expen-
sive tantalum and niobium based perovskites.2–4 The toler-
ance factor �t� of these RE-based perovskites is smaller than
1, which facilitates the tilting of BO6 octahedrons. These
materials are known to exhibit P21 /n symmetry with a−a−c+

tilting. The monoclinic P21 /n symmetry supports the 1:1
chemical ordering, whereas the symmetry becomes ortho-
rhombic Pbnm for the disordered structure.5,6 In ABX3 per-
ovskites, the A-site cation lies on the mirror plane in Pbnm
setting with the position �x, y, 0.25�. The different identities
and sizes of the B-site cations in P21 /n destroy the strict
symmetry of the mirror plane that result in a slight deviation
of the z coordinate of the A-site cation from 0.25.7,8

Chemical structure, cation ordering, microstructure, con-

stituent ions, and phonon characteristics are the various fac-
tors that influence the microwave dielectric properties. In
particular, the dielectric loss in ceramics is known to be
caused by both extrinsic factors �porosity, impurities, etc.�
and intrinsic losses �lattice absorption due to crystal
anharmonicity�.9 Optimization of all the properties is a chal-
lenging task. Reaney et al.10 have shown that a decrease in
the tolerance factor results in a decrease in the temperature
coefficient of the resonant frequency in alkaline earth com-
plex perovskites. However, Nd�MgTi�0.5O3 �NMT� with a
tolerance factor �t� of 0.92 �smaller than that of
La�MgTi�0.5O3 �LMT� with t=0.95� is shown to possess a
less negative temperature coefficient of resonant
frequency.3,11 First principles calculations on CaTiO3 and
Ca�AlNb�0.5O3 reveal that the differences in the properties of
low frequency polar phonons correlate with the temperature
coefficient of resonant frequency and permittivity.12

Spectroscopic techniques give the advantage of studying
phonon modes and thereby enable better understanding of
the dielectric properties. The structural modifications, quali-
tative analysis of long range order �LRO�, and distortions in
the octahedra can be studied by using Raman
spectroscopy.13,14 Runka et al.13 concluded that the cubic F2g

mode splits into doublets and triplets with the lowering of
the symmetry, while the sharpness and intensity of the F2g

and A1g modes varied with the variation in the ordering.
Infrared �IR� reflectivity is highly sensitive to the degree

of order in a material.15 Intrinsic properties and average pho-
non damping can be estimated by fitting the reflectivity data
to the four-parameter semiquantum model.2 IR reflectivity is
not so sensitive to the details of processing and to small
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concentration �of the order of 1 wt %� of dopants.16 The
IR-active modes corresponding to A–BO6 vibration are
shown to be responsible for the main contribution of dielec-
tric properties in the solid solution of LMT-NMT.3 Recently,
a combined study of Raman and Fourier transform infrared
�FTIR� on La�Mg0.5Ti�0.5−x�Snx�O3 concluded that the dielec-
tric loss strongly correlates with the variation in the LRO.2

This work reports on the structure and characterization
of the �1−x�La�MgSn�0.5O3–xNd�MgSn�0.5O3 system. The
structure of the compounds is determined and LRO is esti-
mated by using Rietveld refinement of the x-ray diffraction
data. The initial model for the refinement is obtained by us-
ing the “structure prediction and diagnostic software”
�SPUDS�.8 It was previously shown that SPUDS predicts the
structures of perovskite materials with good accuracy.17 This
paper also investigates the Raman, IR, and microwave di-
electric properties of the ceramics. The variation of the LRO
with the composition is analyzed by using Raman spectros-
copy. Intrinsic dielectric parameters are obtained by extrapo-
lating IR fitting values to microwave frequencies. Correla-
tion of the dielectric properties with the LRO and phonon
characteristics is discussed.

II. EXPERIMENT

The �1−x�La�MgSn�0.5O3–xNd�MgSn�0.5O3 �x=0.0,
0.25, 0.5, 0.75, and 1.0� powders were prepared by the solid
state reaction method by mixing individual high-purity ox-
ides La2O3 �Alfa Aesar, 99.99%�, MgO �Alfa Aesar,
99.95%�, Nd2O3 �Alfa Aesar, 99.9%�, and SnO2 �Alfa Aesar,
99.9%�. The starting materials were stoichiometrically
weighed after drying La2O3 and Nd2O3 at 1000 °C for 24 h
and MgO at 800 °C for 6 h to remove moisture content and
carbonates. The powders were then dry mixed with an agate
mortar and pestle and subsequently wet mixed by using dis-
tilled water. Each wet mixed powder was dried in an oven at
150 °C for 6 h. The calcination temperature was varied be-
tween 1150 and 1200 °C with a duration of 3–5 h. The cal-
cined powder with the organic binder polyvinyl alcohol was
pressed into pellets by using a uniaxial press and the binder
was evaporated at 500 °C for 12 h. Sintering was carried out
at 1600 °C for 5 h.

X-ray diffraction data were collected by using PaNAlyti-
cal X’pert pro MPD in Bragg–Brentano geometry with an
X’celerator detector. The collection conditions were Cu K�
radiation, 40 kV, 30 mA, 0.033° step scan, 1.0° divergence
slit, and 0.02 rad incident and receiving soller slits. Rietveld
refinement was performed by using the GSAS suite with
EXPGUI.18,19 Shifted Chebyschev with nine terms was used to
describe the background. A pseudo-Voigt �profile function 3
in GSAS� was used to model the peak shapes.

The samples were one side polished by using 0.25 �m
diamond paste and subsequently annealed at 500 °C for 8 h
to remove the residual stress for spectroscopic measure-
ments. Raman measurements were carried out by using a
Horiba Jobin Yvon HR 800 UV Raman spectrometer
equipped with a thermoelectrically cooled charge-coupled
device. The 632.8 nm line of the He-Ne laser with an output
of 10 mW was used as the excitation source and an Olympus

BX-41 microscope with a 100� objective was employed for
micro-Raman detection. Far-IR and mid-IR reflectance spec-
tra were obtained by using a Bruker IFS 66v FTIR spectrom-
eter. The modulated light beam from the spectrometer was
focused onto either the sample or an Au-reference mirror,
and the reflected beam was directed onto a 4.2 K bolometer
detector �40–650 cm−1� or a DTGS:KBr pyroelectric detec-
tor �350–5000 cm−1�. The different sources, beam splitters,
and detectors used in these studies provided substantial spec-
tral overlap, and the reflectance mismatch between adjacent
spectral ranges was less than 1%. The FTIR spectra and the
width of the A1g mode of Raman spectra were analyzed by
using the FOCUS software.20 Prior to fitting the A1g mode to
the Lorentzian peak, a base line correction was applied to the
experimental data.

The densities of the sintered samples were measured by
using the Archimedes method. The microwave dielectric
measurements were carried out by using the N5230A vector
network analyzer. The TE011 or TE01� mode was used for the
measurements. The dielectric constant ��r� was measured by
using the Hakki–Coleman21 dielectric resonator method, as
modified and improved by Courtney.22 The quality factor �Q�
was measured by using the reflection mode gold-coated cop-
per cavity. The temperature coefficient of resonant frequency
was measured by using a temperature controlled hot plate
enclosure with an invar cavity in the temperature range of
30–70 °C.

III. RESULTS AND DISCUSSION

A. Structure determination

X-ray diffraction patterns of �1−x�La�MgSn�0.5O3

–xNd�MgSn�0.5O3 �x=0.0, 0.25, 0.5, 0.75, and 1.0� are pre-
sented in Fig. 1. An unidentified impurity peak ��2 wt %� is
observed in the x=0.0 and x=0.25 compositions and a
Nd2Sn2O7 pyrochlore phase ��2 wt %� is observed in the
x=1.0 composition. Superlattice reflections corresponding to

FIG. 1. X-ray diffraction patterns of �1−x�La�MgSn�0.5O3

–xNd�MgSn�0.5O3, x=0.0 �bottom�, 0.25, 0.5, 0.75, and 1.0 �top� ceramics.
The unidentified impurity peak is shown by the arrow mark.
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Mg/Sn ordering �ooo�, in-phase tilting �ooe ,oeo ,eoo�, out-
of-phase tilting �ooo ,h+k+ l	3�, and A-site cation displace-
ment �eoe ,eeo ,oee� are observed in all the compositions.23

All the superlattice reflections are indexed with half integer
Miller indices �Fig. 1�. The presence of 1

2 �111� indicates the
existence of 1:1 B-site cation ordering in all the composi-
tions.

The high x-ray scattering contrast between Mg2+ and
Sn4+ enables an accurate determination of the cation order-
ing. All the compositions exhibit monoclinic P21 /n symme-
try. Fractional atomic coordinates, thermal parameters, and
occupancies are presented in Tables I–V and the refinement
plot for La�MgSn�0.5O3 is shown in Fig. 2. Pyrochlore
Nd2Sn2O7 is also modeled along with Nd�MgSn�0.5O3 and
the fraction of the pyrochlore is determined to be 1 wt %.
When the occupancies of the Mg2+ and Sn4+ sites are refined,
the unit cell content is constrained according to the chemical
composition. In order to avoid the unwanted correlation with
the order parameter, the thermal parameter �Uiso� values for
the octahedral site are constrained to be equal. The Rietveld
discrepancy indices and lattice constants are summarized in
Table VI.

Refinement results reveal that the unit cell volume de-
creases with an increase in neodymium concentration. How-
ever, the lattice parameter b is observed to slightly increase
with the neodymium concentration. A similar behavior of
increase in b is also observed in the �1−x�La�MgTi�0.5O3

–xNd�MgTi�0.5O3 system.3 The degree of cation ordering is
quantified with the LRO,

LRO = �2�occ�B − 1� � 100, �1�

where �occ�B is the fractional occupancy of the B-site cation
on the predominantly occupied octahedral site.24 The LRO of

La�MgSn�0.5O3 �LMS� is determined to be 92% and it gradu-
ally decreases to 88% for Nd�MgSn�0.5O3 �NMS� .

The extent of B-site cation ordering depends on the dif-
ference between the oxidation states of B-site cations, differ-
ence between the radii of B-site cations,7,25 the nature of B�
ion, and the processing conditions.25 The size difference be-
tween Mg2+ and Sn4+ is 0.03 Å, whereas the size difference
between Mg2+ and Ti4+ is 0.11 Å.26 Even though the size
difference between the B-site cations in the tin based com-
pounds is very small, the LRO observed in the present study
is high and is comparable to the LRO observed in
Nd�MgTi�0.5O3 �92%�.27 The high degree of LRO may be
due to the nature of the Sn4+ ion. The main group Sn4+ is
more electronegative with filled d orbitals, whereas the tran-
sition metal Ti4+ is less electronegative with empty d orbit-
als. Barnes25 observed a high degree of LRO with the main
group Sb5+ having a high electronegativity compared to the
transition metal Ta5+ similar to the present work. The high
electronegativity of the ion draws the oxygen’s electron
cloud density toward it effectively compared to the low elec-
tronegative ion.25 The empty d orbitals of Ta5+ enable

-bonds with oxygen that stabilize Ta5+–O–Ta5+ linkage,
whereas Sb5+ has no d orbitals that stabilize Sb5+–O–Sb5+

linkage.25,28 Therefore, Sn4+–O–Sn4+ bonds are less favor-
able compared to Sn4+–O–Mg2+ bonds. Thus, the cation or-
der minimizes the adjacent Sn4+ interactions.

B. Raman spectra

The Raman spectra recorded for the solid solution sys-
tem are presented in Fig. 3. The predicted Raman-active

TABLE III. Fractional atomic coordinates, thermal parameters, and occu-
pancies of La0.5Nd0.5�MgSn�0.5O3.

Site x y z Occupancy Uiso �Å2�

La 4�e� 0.4887�6� 0.5474�2� 0.2503�2� 0.5 0.010�11�
Nd 4�e� 0.4887�6� 0.5474�2� 0.2503�2� 0.5 0.010�11�
Mg 2�c� 0 0.5 0 0.95 0.007�5�
Mg 2�d� 0.5 0 0 0.05 0.007�5�
Sn 2�d� 0.5 0 0 0.95 0.007�1�
Sn 2�c� 0 0.5 0 0.05 0.007�1�
O 4�e� 0.297�3� 0.288�3� 0.040�4� 1 0.009�3�
O 4�e� 0.209�3� 0.800�3� 0.051�3� 1 0.009�3�
O 4�e� 0.607�2� −0.028�2� 0.255�2� 1 0.009�3�

TABLE IV. Fractional atomic coordinates, thermal parameters, and occu-
pancies of La0.25Nd0.75�MgSn�0.5O3.

Site x y z Occupancy Uiso �Å2�

La 4�e� 0.4865�5� 0.5510�2� 0.2500�2� 0.25 0.014�5�
Nd 4�e� 0.4865�5� 0.5510�2� 0.2500�2� 0.75 0.014�5�
Mg 2�c� 0 0.5 0 0.94 0.017�7�
Mg 2�d� 0.5 0 0 0.06 0.017�7�
Sn 2�d� 0.5 0 0 0.94 0.017�3�
Sn 2�c� 0 0.5 0 0.06 0.017�3�
O 4�e� 0.293�3� 0.295�3� 0.045�3� 1 0.014�3�
O 4�e� 0.201�3� 0.802�3� 0.052�3� 1 0.014�3�
O 4�e� 0.607�2� −0.031�2� 0.262�2� 1 0.014�3�

TABLE I. Fractional atomic coordinates, thermal parameters, and occupan-
cies of La�MgSn�0.5O3.

Site x y z Occupancy Uiso �Å2�

La 4�e� 0.4885�6� 0.5406�2� 0.2501�3� 1 0.0074�5�
Mg 2�c� 0 0.5 0 0.96 0.006�4�
Mg 2�d� 0.5 0 0 0.04 0.006�4�
Sn 2�d� 0.5 0 0 0.96 0.006�8�
Sn 2�c� 0 0.5 0 0.04 0.006�8�
O 4�e� 0.280�3� 0.282�3� 0.057�3� 1 0.003�3�
O 4�e� 0.210�3� 0.808�3� 0.040�4� 1 0.003�3�
O 4�e� 0.589�2� −0.024�2� 0.248�3� 1 0.003�3�

TABLE II. Fractional atomic coordinates, thermal parameters, and occupan-
cies of La0.75Nd0.25�MgSn�0.5O3.

Site x y z Occupancy Uiso �Å2�

La 4�e� 0.4883�5� 0.5443�2� 0.2504�2� 0.75 0.0093�1�
Nd 4�e� 0.4883�5� 0.5443�2� 0.2504�2� 0.25 0.0093�1�
Mg 2�c� 0 0.5 0 0.96 0.008�5�
Mg 2�d� 0.5 0 0 0.04 0.008�5�
Sn 2�d� 0.5 0 0 0.96 0.008�1�
Sn 2�c� 0 0.5 0 0.04 0.008�1�
O 4�e� 0.292�3� 0.294�3� 0.049�3� 1 0.018�3�
O 4�e� 0.210�3� 0.795�3� 0.045�4� 1 0.018�3�
O 4�e� 0.599�2� −0.030�2� 0.247�3� 1 0.018�3�
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modes for monoclinic P21 /n space group are 24 �12Ag

+12Bg�.2 The Raman-active modes for cubic Fm3̄m are
�A1g+2F2g+Eg�. It is worth noticing that B-site 1:1 ordered
materials yield structures that proceed from the cubic
elpasolite-type structure, which presents four intense Raman-
active modes with symmetries 2F2g, Eg, and A1g.29 In the
low-symmetry structures derived from this cubic phase, the
most intense modes will proceed from those of the cubic
phase with the pertinent splitting due to the rising of degen-
eracy. The other modes coming from the activation of silent
modes and/or from Brillouin-zone folding due to the increase
of the primitive cell volume are usually less intense. Accord-
ing to our previous analysis on La�Mg0.5Ti�0.5−x�Snx�O3 ce-
ramics that has the same P21 /n symmetry,2 the highest wave
number mode �above 650 cm−1� is attributed to the A1g-like
mode that corresponds to symmetric breathing of oxygen
octahedrons. Modes between 300 and 370 cm−1 and the
other three in the range of 130–140 cm−1 derive from F2g

vibrations �A-site cations�.
With increasing neodymium concentration �x�, the bands

do not present the same behavior for frequencies, widths, and
intensities. This occurs because some bands are more sensi-
tive to the unit cell volume, others to the tolerance factor, and
others to B-site ordering, which have different effects on the

bands. Differently, the F2g-like modes in the vicinity of
330 cm−1 �associated with movements of A or O ions� tend
to merge with increasing x.

Concerning the highest-frequency A1g-like mode �above
650 cm−1�, it corresponds to the displacement of oxygen at-
oms along the B�–O–B� axis. Its frequency is primarily de-
termined by the B�–O and B�–O distances and bonding
forces.30 The full width at half maximum �FWHM� of the
A1g mode gives a measure of B-site cation ordering.2 The
Raman shift and FWHM of the A1g mode are summarized in
Table VII. The Raman shift gradually decreases with an in-
crease in neodymium concentration, which is attributed to
the influence of the A-site ion on the A1g mode and the de-
crease of the tolerance factor. The FWHM increases with
increasing neodymium concentration, which indicates a de-
crease in the LRO, also in agreement with Rietveld refine-
ment.

C. FTIR spectra

According to the factor group analysis,31 the number of
IR-active modes for P21 /n symmetry is 33 �17Au+16Bu�.
Due to anisotropy averaging out in the ceramic samples,
modes Au and Bu cannot be resolved and, therefore, the num-
ber of effective modes would be 17.2 Figure 4 presents the IR
reflectivity spectra of the compositions studied. Modes cor-
responding to A–BO6 translation modes �vicinity of

TABLE V. Fractional atomic coordinates, thermal parameters, and occupan-
cies of Nd�MgSn�0.5O3.

Site x y z Occupancy Uiso �Å2�

Nd 4�e� 0.4859�6� 0.5535�2� 0.2502�3� 1 0.012�5�
Mg 2�c� 0 0.5 0 0.94 0.009�2�
Mg 2�d� 0.5 0 0 0.06 0.009�2�
Sn 2�d� 0.5 0 0 0.94 0.009�4�
Sn 2�c� 0 0.5 0 0.06 0.009�4�
O 4�e� 0.298�3� 0.295�3� 0.050�3� 1 0.013�4�
O 4�e� 0.199�3� 0.808�3� 0.061�3� 1 0.013�4�
O 4�e� 0.606�2� −0.032�2� 0.257�3� 1 0.013�4�

TABLE VI. Lattice parameters, Rietveld discrepancy indices, and LRO of
the �1−x�La�MgSn�0.5O3–xNd�MgSn�0.5O3 system.

x
a

�Å�
b

�Å�
c

�Å�
�

�deg�
Rwp

�%�
RF

2

�%� �2
LRO
�%�

0 5.6387�4� 5.7250�4� 8.0219�6� 90.085�3� 6.8 4.9 1.12 92
0.25 5.6140�4� 5.7255�4� 7.9989�5� 90.096�3� 5.8 4.4 1.05 92
0.5 5.5902�4� 5.7292�4� 7.9776�6� 90.123�2� 5.7 4.3 1.10 90
0.75 5.5652�4� 5.7298�4� 7.9533�6� 90.140�2� 5.4 4.2 1.08 88
1 5.5397�3� 5.7304�3� 7.9281�4� 90.155�2� 4.9 4.4 1.04 88

FIG. 2. Final observed �+ marks�, calculated �solid line�, and difference
�below� patterns along with the calculated positions for La�MgSn�0.5O3.

FIG. 3. Raman spectra of the �1−x�La�MgSn�0.5O3–xNd�MgSn�0.5O3

system.
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150 cm−1�, B–O–B stretching modes �200–500 cm−1�, and
B–O6 bending modes �500–800 cm−1� �Ref. 2� are present
in all the compositions. Modes between 200 and 500 cm−1

reconfirm the existence of cation ordering and tilting in all
the compositions. It is also observed that the mode in the
vicinity of 350 cm−1 broadens with an increase in neody-
mium concentration, suggesting a decrease in LRO.

In order to determine the intrinsic parameters, mode
strengths, and average phonon damping, reflectivity spectra
are fitted to a four-parameter model. All the compositions are
fitted with 17 modes. The estimated intrinsic values of the
dielectric constant and quality factor are listed in Table VII.
Figure 5 presents the TO mode frequencies and strengths and
their variations with neodymium concentration �full squares
denote the strength of the TO modes�. The intrinsic dielectric
constant slightly decreases with the increase in neodymium
concentration. The slight variation is due to the variation in
mode strengths in the range of 150–175 cm−1 and, there-
fore, the modes corresponding to A–BO6 vibrations are re-
sponsible for the decrease in the dielectric constant. Higher
strength of A–BO6 modes and the mode at 350 cm−1 is in
accordance with the previous studies.2,3

Figure 6 presents the variation in average phonon
damping,2 ��TO��, and intrinsic Q as function of tin con-
centration,

��TO�� =
� j=1

n  j�TO��� j

� j=1
n �� j

, �2�

where  j and �� j represent damping and dielectric strength
of the TO mode, respectively. The intrinsic Q decreases with
the increase in neodymium concentration, whereas the aver-
age phonon damping is observed to increase. The increase in
phonon damping and decrease in the intrinsic quality factor
are attributed to a decrease in LRO.

D. Microwave dielectric properties

Microwave dielectric properties and relative density of
�1−x�La�MgSn�0.5O3–xNd�MgSn�0.5O3 are summarized in
Table VII. The dielectric constant slightly decreases with the
increase in neodymium concentration, which suggests that
neodymium polarizability is smaller than that of lanthanum.
The polarizability values ��� reported by Shannon32 for lan-
thanum and neodymium are 6.07 and 5.01 Å3, respectively.
However, later, the polarizability of lanthanum was revised33

to 4.82 Å3. This value is smaller than that of neodymium. It

FIG. 5. The variation in TO mode phonon strength as a function of Nd
concentration x �open circles represent TO modes�.

TABLE VII. Relative densities, dielectric characteristics extrapolated from IR data, Lorentzian fit parameters of
the A1g mode �Raman�, and dielectric parameters determined at microwave �MW� frequencies for the
�1−x�La�MgSn�0.5O3–xNd�MgSn�0.5O3 system. The uncertainties for �� and Q� f are approximately 0.5% and
1%, respectively.

A1g �Raman� IR MW

Nd concentration
�x�

Relative density
�%�

Shift
�cm−1�

FWHM
�cm−1� ��

Q� f
�GHz� ��

Q� f
�GHz�

� f

�ppm / °C�

0.0 98.4 667.7 24.0 19.1 123 600 19.8 75 000 −82
0.25 97.8 665.0 24.4 18.9 105 800 19.5 68 000 −75
0.5 97.6 663.2 24.9 18.5 102 900 19.4 64 000 −66
0.75 98.2 661.1 25.2 18.3 99 700 19.2 70 000 −60
1.0 98.5 658.5 25.4 18.0 93 900 19.1 68 000 −53

FIG. 4. IR reflectivity spectra of the �1−x�La�MgSn�0.5O3

–xNd�MgSn�0.5O3 perovskite system �open circles represent the experimen-
tal data and continuous line represents the fitted model�.
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was shown that in �1−x�La�MgTi�0.5O3–xNd�MgTi�0.5O3,
the dielectric constant also decreases with the increase in
neodymium concentration, which is in agreement with the
tendency shown in the present study. Indeed, if we revise the
ionic polarizabilities for La3+ by performing a linear fit of �
to the r3 law for all the series of lanthanide ions �r=ionic
radius from Ref. 26, for coordination number CN=8, and �
from Ref. 32, except for Ce3+, for which we used 5.47 Å3,
which is also revised after fitting�, we found � �La3+�
=5.71 Å3. Now, if we calculate the Clausius–Mossotti di-
electric constants for our system, we would have a monoto-
nous decrease such as 26.3 for LMS to 21.7 for NMS, which
is in qualitative agreement with our findings and also those
of Ref. 3. The lowest experimental values could partially
result from some microstructural defects, although the most
probable situation is an actual reduction of the ionic effective
charges �or polarizabilities� due to partial RE–O covalent
bonds, which are similar to ReTiTaO6 compounds.34

The microwave quality factors obtained are smaller than
the intrinsic values due to extrinsic losses contributed by
structural defects. It is well known that Q� f values also
depend on the processing conditions. The extrinsic Q� f val-
ues obtained for x=0.25 and 0.5 compositions are smaller
due to the lower relative density of these samples. The tem-
perature coefficient of resonant frequency �� f� becomes less
negative with the increase in neodymium concentration.
However, the tolerance factor decreases with the increase in
neodymium concentration. In �1−x�La�MgTi�0.5O3

–xNd�MgTi�0.5O3, a similar behavior is observed,3 which
suggests that � f correlates with the nature of the A-site ion.
On the other hand, there are very few attempts to relate bond
valences of B site ions,35 covalency of ions with � f,

34 and
correlation of phonon properties with � f by first principles
calculations.12 Detailed studies, viz., first principles calcula-
tions and bond valences obtained from accurate bond lengths
by neutron diffraction studies, are required to understand the
variation in the temperature coefficient of resonant fre-
quency.

IV. CONCLUSIONS

Dense ceramic materials of �1−x�La�MgSn�0.5O3

–xNd�MgSn�0.5O3 are prepared by the solid state reaction
method. The structure of the compounds is determined by
using Rietveld refinement of x-ray diffraction data. All the
compounds exhibit monoclinic P21 /n with high percentage
of B-site cation ordering. Rietveld refinement and FWHM of
the A1g mode reveal that LRO decreases with increase in
neodymium concentration. The IR modes corresponding to
A–BO3 are responsible for the decrease in dielectric constant
and the average phonon damping increases with the increase
in neodymium concentration. The collective study of Ri-
etveld refinement, Raman spectroscopy, and FTIR spectros-
copy reveals that the LRO and intrinsic Q� f correlate with
each other. Microwave dielectric constant and Q� f decrease
with the increase in neodymium concentration. The tempera-
ture coefficient of resonant frequency is found to be less
negative with the high neodymium concentration.
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