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A B S T R A C T

Aeschynite-type La1−xLnxTiNbO6 (Ln=Ce, Sm, x=0–1) ceramics were prepared via a conventional solid state
method. Analysis of X-ray diffraction, Raman, infrared reflectivity spectra and the microstructures revealed a
series of composition-induced phase evolution in sequence: monoclinic→coexistence of monoclinic and
orthorhombic→orthorhombic structure, i.e. M→M+O→O. The critical compositions of distinguishing the
dominant M or O phase were x=0.15 in La1−xCexTiNbO6 and x=0.10 in La1−xSmxTiNbO6 ceramics, exactly
corresponding to the average ionic radius of rare earth ions (IR) ~1.027 Å. The crystal structure and microwave
dielectric properties of RETiNbO6 (RE=rare earth) ceramics strongly depended on IR. Near-zero τf was achieved
in the Ce-sample with x=0.153 (εr=28.9, Q×f=17,275 GHz@6.54 GHz) as well as in the Sm-sample with
x=0.098 (εr=28.2, Q×f=19,186 GHz@6.78 GHz). Eventually, RETiNbO6 would form O euxenite (-τf), O
aeschynite (+τf), and M aeschynite (-τf), as IR < 0.945 Å, 0.945 Å < IR < 1.027 Å, and 1.027 Å < IR < 1.032 Å,
respectively. The infrared reflectivity study also confirmed that the structural phonon oscillations in the infrared
region dominated the dielectric performance in the microwave region for this system.

1. Introduction

A growing requirement for dielectric resonator materials has been
stimulated by the rapid development of wireless communication
systems and microwave integrated circuit technology [1–3]. A series
of microwave dielectric ceramics RETiNbO6 (RE=rare earth) were
firstly reported by Sebastian et al. [4] Interestingly, compounds with
atomic numbers of RE ions in the range 58–63 have an orthorhombic
(O) aeschynite structure with a Pnma space group (Z=4). However,
compounds with atomic numbers of RE ions in the range of 64–71,
have an O euxenite structure with a Pbcn space group (Z=4). The
essential difference between the above two structures is that RE ions lie
in the closely-connected chains for aeschynites but on the closely-
packed parallel planes for euxenites. Ceramics with an aeschynite
structure were reported to possess a positive temperature coefficient of
resonant frequency τf and a high permittivity εr while ones with a
euxenite structure have a negative τf and a relatively low εr. RETiNbO6

ceramic materials with near-zero τf values were investigated system-
atically by Surendran et al. via preparing solid solutions between
aeschynite and euxenite [5].

Among these RETiNbO6 compounds, LaTiNbO6 belongs to a special
one, and generally exhibits a monoclinic (M) aeschynite structure with
a C2/c space group [6]. However, it has received little attention

perhaps due to its moderate microwave dielectric properties of
εr=22.3, Q×f=49,867 GHz, τf=−55 ppm/°C [6]. In our previous work
[7], an M-O phase transition was induced in LaTiNbO6 by an annealing
process, accompanying adjustable microwave dielectric properties. Big
differences in microwave dielectric properties between M and O
aeschynite ceramics, especially their opposite τf values, stimulated us
to explore whether isovalent substitution at La-sites of LaTiNbO6 could
induce a similar phase transition or not, and how it would affect the
final microwave dielectric properties. In this work, Ce3+ and Sm3+ were
chosen as the substitution ions because SmTiNbO6 and CeTiNbO6 were
two typical O aeschynite compounds in RETiNbO6 family.

The sintering behavior, phase composition, microstructure and
microwave dielectric properties of La1−xLnxTiNbO6 (Ln=Ce, Sm,
0≤x≤1) ceramics were studied systematically by means of X-ray
diffraction (XRD), scanning electron microscopy (SEM), Raman,
infrared reflectivity spectra and so on.

2. Experimental procedure

La1−xLnxTiNbO6 (Ln=Ce, Sm, x=0–1) ceramics were prepared by a
routine solid-state reaction process. High-purity ( > 99%) La2O3, CeO2,
Sm2O3, Nb2O5 and TiO2 powders were used as the starting materials.
The La2O3, CeO2 and Sm2O3 powders were pretreated at 800 °C in air
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for 2 h to remove any hydroxides before weighing. The raw powders of
stoichiometric proportion were weighed and then ball milled using
zirconia balls in ethanol medium for 4 h. The resultant slurry was then
dried and calcined at 1250 °C for 4 h, followed by a second grinding
process for 6 h. The reground powders were mixed with 5 wt% PVA
binders, and then pressed into cylinders with 10 mm in diameter and
5–6 mm in height under a uniaxial pressure of 200 MPa. The speci-
mens were first heated at 550 °C for 4 h at 3 °C/min to burn out the
organic binder, and then sintered in the temperature range of 1300–
1450 °C for 4 h at 5 °C/min in ambient atmosphere.

The crystalline structures of the sintered samples were determined
by an X-ray diffractometer (D/Max2500V, Rigaku, Tokyo, Japan) using
Cu Kα radiation. Prior to the examination, the sintered pellets were
crushed into powders with a mortar. The diffraction patterns were
obtained over a 2θ range of 10–90° with a step of 0.02°. The data were
performed by the Rietveld refinement method, using GSAS suite
equipped with EXPGUI software [8,9]. The bulk densities of the
sintered ceramics were measured using the Archimedes method. The
microstructure observation of the post-sintered pellets and the quanti-
tative analysis of elements in different grains were performed using
SEM (JEOL JSM-6490LV, Tokyo, Japan) equipped with an energy
dispersive spectrometer (EDS). Raman spectra were collected at room
temperature using a Raman spectrometer (532 nm, LabRAM HR800,
HJY, Longjumeau Cedex, France). Room-temperature infrared reflec-
tivity spectra were measured by using a Bruker IFS 66v FTIR spectro-
meter (IFS 66v/S Vacuum; Bruker Optik GmbH, German) on Infrared
beamline station (U4) at the National Synchrotron Radiation
Laboratory (NSRL), Hefei, China. A network analyzer (Agilent,
N5230C, Palo Alto, CA) and a temperature chamber (GDW-100,
Saiweisi, Changzhou, China) were used to measure the dielectric
properties of the well-polished ceramic samples by means of a
Hakki-Coleman post resonator method [10,11]. The τf values of the
samples were measured in the temperature range from 20 °C to 80 °C.
It can be calculated as follows: τf=(f2-f1)/f1(T2-T1), where f1 and f2
represent the resonant frequencies at T1 and T2, respectively.

3. Results and discussion

LnTiNbO6 (Ln=Ce, Sm) ceramics have an O aeschynite structure
with a Pbnm space group [4]. They could be well sintered at high
temperatures above 1300 °C. However, LaTiNbO6 is generally in the
form of M phase with a C2/c space group because there is an O-M
phase transition at 1230 °C [12]. Fig. 1 shows normalized XRD
patterns of La1−xLnxTiNbO6 (Ln=Ce, Sm) ceramics. It could be seen
that all peaks of ReTiNbO6 (Re=La, Ce, and Sm) could be well indexed
to the patterns of JCPDS files #15-0872, 15-0864, and 20-1470,
respectively. An obvious structure transformation from M to O could
be observed in Ce- or Sm-substituted LaTiNbO6 ceramics. It occurred
when x > 0.05, and finished at x=0.3 and x=0.2 in La1−xCexTiNbO6 and
La1−xSmxTiNbO6 ceramics, respectively. M-phase and O-phase zones
were respectively highlighted by magenta and yellow. The cyan region
corresponded to the coexistence zone of M and O phases, in which the
relative content of O phase increased with increasing x.

To further study the phase composition and crystal structure,
refinements were carried out using GSAS software. LaTiNbO6 (ICSD
#413439) [13] and CeTiNbO6 (ICSD #20600) [14] were adopted as the
initial models for M and O phase, respectively. The ion occupancy in
the two models was revised according to the nominal composition
before the refinement. Detailed structural parameters, reliability
factors and goodness-of-fit indicator of La1−xLnxTiNbO6 ceramics are
listed in Table 1. The refinement plots of La0.85Ce0.15TiNbO6 and
La0.9Sm0.1TiNbO6 ceramics are also representatively given in Fig. 2. It
could be noted that the observed and calculated diffraction profiles kept
a good consistency, as confirmed by the relatively low amplitudes of the
difference lines (blue lines in Fig. 2). The refinement reliable factors of
Rwp, Rp, and χ2 were found to be in the range of 9–11%, 7–9%, and

1.4–1.7, respectively, indicating that the structural model was valid
and the refinement result was reliable. As can be seen from Table 1, the
relative content of M phase decreased and O phase increased with
increasing x until the matrix was completely full of O phase as x≥0.3 in
La1−xCexTiNbO6 and x≥0.2 in La1−xSmxTiNbO6 ceramics. In addition,
the lattice parameters and cell volumes in M (or O phase) slightly
decreased with increasing the Ce or Sm content, which could be
ascribed to the smaller ionic radius of Ce3+ (1.01 Å) or Sm3+

(0.958 Å) than that of La3+ (1.032 Å) at a coordination number of 6
[15]. Although the starting powder CeO2 was used, yet Ce3+ should
exist in La1−xCexTiNbO6 ceramics according to the literature work [16],
in which only completely reduced Ce3+ cations in CeTiNbO6 and
CeTiTaO6 ceramics after a conventional air sintering was identified
by an X-ray photoelectron spectroscope.

Raman spectroscopy is a powerful tool to provide the information
that correlates vibrational characteristics to microwave dielectric
properties [17]. It is easy to find in Fig. 3(a) that the Raman spectra
of two end compositions LaTiNbO6 and CeTiNbO6 in La1−xCexTiNbO6

ceramics were completely different, which confirmed their different
crystal structures. In fact, LaTiNbO6 and CeTiNbO6 crystals consisted
of identical structural unit (Ti, Nb)2O10 by different ways of connection.
According to previous literatures on similar structure [18–20], it was
possible to separate the spectra of our materials in some regions with
specific modes. The bands with wavenumbers larger than 450 cm−1 can
be associated with several modes involving the stretching of the
(Nb,Ti)–O bonds, and the bands with wavenumbers between 200
and 450 cm−1 are due principally to the bending of O–(Nb,Ti)–O
bonds and the stretching RE-O vibrations. The origin of the bands with
wavenumbers below 200 cm−1 should be lattice vibrations caused by
RE ions. Raman shifts of the x=0.05 sample were similar to those of
pure LaTiNbO6 ceramic, suggesting that a single M-phase solid

Fig. 1. XRD patterns of (a) La1−xCexTiNbO6 and (b) La1−xSmxTiNbO6 ceramics sintered
at optimal temperatures.
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Fig. 2. Rietveld refinement plots of (a) La0.85Ce0.15TiNbO6 and (b) La0.9Sm0.1TiNbO6

ceramics. (For interpretation of the references to color in this figure, the reader is
referred to the web version of this article.)

Fig. 3. Raman spectra of (a) La1−xCexTiNbO6 and (b) La1−xSmxTiNbO6 ceramics
sintered at optimal temperatures.
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solution was formed. When x increased up to 0.10, an obvious
broadening was observed nearly for all Raman peaks. These might be
closely related to the decay of microwave propagation and the large
structural distortion caused by the substitution of ions with different
radii [21–23]. Besides, new Raman peaks at 142 and 657 cm−1

appeared in x=0.15 sample, as marked by arrows. Their intensity
increased gradually with increasing the Ce content. The mode of
657 cm−1 was originated from the stretching of oxygen-bridged bonds
or (Nb,Ti)-O-(Nb,Ti), O-(Nb,Ti)-O chains, which was the feature of O
structure [19,20]. These apparently indicated the coexistence of M and
O phases in the ceramics. With further increasing x to 0.20, Raman
modes of 177 and 203 cm−1 merged into a single one at 204 cm−1

together with the disappearance of modes at 707 and 752 cm−1. These
variations in low wavenumber were primarily attributed to the lattice
vibrations caused by the substitution of Ce3+ for La3+. Although there
was still 5% residual M phase (as shown in Table 1), the x=0.2 ceramic
showed similar Raman shifts to the pure CeTiNbO6 ceramic, indicating
the formation of O-phase solid solution. By comparison, the variation
of the Raman shifts in La1−xSmxTiNbO6 ceramics, is more drastically
than that in La1−xCexTiNbO6 ceramics, as shown in Fig. 3(b). The
reason might be that a larger lattice distortion could accelerate the
phase transition of the matrix composition as a result of larger ion
radius difference between Sm3+ and La3+. Nevertheless, Raman results
kept good consistency with the XRD data, both of which confirmed the
as-mentioned composition induced M-O phase transition process.

The typical SEM images of La1−xLnxTiNbO6 (Ln=Ce, Sm, x=0–1)
ceramics sintered at optimal temperatures are shown in Fig. 4. As can
be seen from Fig. 4(a)–(c), polygonal grains in size of ~10×10 µm2,
short rod-like grains in size of ~5×2 µm2, and slightly cubic-like grains
in size of ~2×2 µm2 could be seen in un-doped LaTiNbO6, CeTiNbO6,
and SmTiNbO6 ceramics, respectively. Although the polygonal grain
morphology of La1−xCexTiNbO6 was maintained till x=0.15, the grain
size abruptly increased to ~120×120 µm2 at x=0.05 and almost
unchanged up to x=0.15, as can be seen from Fig. 4(d)–(f). In this
composition range, all specimens exhibited a dense microstructure
without obvious pores. In addition to the x=0.05 composition, a few
tiny particles were observed to appear at the grain boundary and they
became more and more with increasing x from 0.10 to 0.15. As x≥0.3,
the ceramics kept a short rod-like morphology of undoped CeTiNbO6,
which conformed to the fact that these compositions belong to single
O-phase solid solutions (as discussed in Fig. 1). The grain size slightly
increased with increasing the Ce content. As 0.15 < x < 0.3, the
La1−xCexTiNbO6 sample exhibited extremely non-uniform microstruc-
ture. A small amount of abnormally large grains appeared in the fine
matrix grains. This kind of bimodal grain morphology might be due to
the M-O phase coexistence in the range of 0.1≤x < 0.3. By contrast, the
effect of Sm substitution for La on the microstructure of LaTiNbO6

ceramics was more obvious, as observed from Fig. 4(i–l). After 10% La
was replaced by Sm, extremely large grains started to be observed in
the fine cubic-like matrix grains. This kind of bimodal grain distribu-
tion can be observed till the Sm content is 0.15. As x≥0.2, the
La1−xSmxTiNbO6 ceramics exhibited single cubic-like grains similar
to those of undoped SmTiNbO6, probably because all of them belonged
to a single O-phase structure. For both cases of Sm- or Ce-substituted
LaTiNbO6 ceramics, the formation of this special two-phase grain
morphology can be considered as a result of the abnormal growth of
large La-rich M-phase polygonal grains in fine O-phase Ce-rich short
rod-like grains or Sm-rich cubic-like grains, which conformed to the
Ostwald ripening mechanism. It is a pity that EDS can not be used to
distinguish the above two phases because of almost identical composi-
tions in these samples, similar to the case of previously reported
Bi1−xCexVO4 solid solution ceramics [24].

Microwave dielectric properties and density of La1−xCexTiNbO6

(x=0–1) ceramics as a function of x are shown in Fig. 5(a). There were
three stages of change in εr and τf when x increased, exactly
corresponding to the above-mentioned three phase zones. First,

single-M zone (0≤x≤0.05). εr decreased from 22.5 to 15.9 but τf
remained a constant (~−54 ppm/°C) with 5% Ce substitution. As is
well known, τf mainly depends on intrinsic structure but εr is closely
related to the densification, ionic polarizability, porosity, secondary
phase and structural characteristics such as the distortion, tilting, and/
or rattling spaces of oxygen octahedron in the unit cell. The variation of
εr with increasing x was consistent with that of density in current work.
It is worth noting that the samples are difficult to sinter near the
starting composition of the phase transition (x=0.05) with unknown
reasons, similar to the sharp change near the transition point in
RE1−xRE'xTiNbO6 ceramics [5]. Hence, the poor densification might
be responsible for the decreased εr values, and the identical structure
contributed to the unchanged τf values in this stage. Secondly, M-O
coexistence zone (0.05 < x < 0.30). As x increased, εr and τf respectively
increased to 63.4 and 111.2 ppm/°C in the same pace, which con-
formed to the two-phase mixing rule. This synchronous change in εr
and τf was closely related to their correlated dielectric response
mechanism in the material, similar to the variation reported in
previous work [25,26]. Thirdly, single-O zone (0.30≤x≤1). εr and τf
monotonically decreased to 60 and 83 ppm/°C gently with the incre-
ment of Ce content, respectively. In addition, it can be found from the
inset of Fig. 5(a), the Q×f values of the whole composition abruptly
decreased from 68,000 to 13,000 GHz when x increased to 0.3, then
remained stable, which mainly caused by the formation of high-loss O
phase. Similar variation of microwave properties in La1−xSmxTiNbO6

(x=0–1) is also illustrated in Fig. 5(b). It is noteworthy that the abrupt
changes of microwave dielectric properties were located in 15% Ce-
substituted and 10% Sm-substituted LaTiNbO6 ceramics, which simul-
taneously corresponded to the approximate phase transition point as
discussed in the section of XRD and Raman. It also implied that the
substitution of Sm3+ was easier to induce the phase transition in
LaTiNbO6 than that of Ce3+. Meanwhile, excellent microwave dielectric
properties of εr=28.9, Q×f=17,275 GHz@6.54 GHz and τf=−2 ppm/°C
were achieved in the Ce-sample with x=0.153, and εr=28.2,
Q×f=19,186 GHz@6.78 GHz and τf=−8 ppm/°C in the Sm-sample with
x=0.098.

It is well known that the average ionic radius of RE ions (IR) plays
an important role in the determination of structure and properties for
RE compounds. To explore whether there is a critical radius to identify
the dominant M or O phase, variations of εr and τf in La1−xLnxTiNbO6

ceramics as a function of IR were carefully plotted in Fig. 6. IR in
current work was calculated using the data reported by Shannon et al.
as the coordination number was six [15]. The εr and τf values showed a
sharp and abrupt change when IR was ~1.027 Å, indicating the critical
IR between M and O phase. The results clearly demonstrated that
La1−xLnxTiNbO6 compounds were prior to crystallize in O phase for IR
< 1.027 Å and in M phase for 1.027 Å < IR < 1.032 Å (the ionic radius
of La3+ is 1.032 Å). Moreover, it can also be found from Fig. 6(b) that
the sign of τf strongly depended on IR. For IR < 1.027 Å, the materials
would have positive τf values and for 1.027 Å < IR < 1.032 Å the τf
values would be negative. The results suggested that one could obtain a
near-zero-τf material by adjusting IR to be ~1.027 Å in RETiNbO6

compounds. However, it is regrettable that no cation has such a large
ionic radius up to ~1.027 Å to give a direct proving. Surendran et al. [5]
have also reported that a positive τf with O aeschynite-type RETiNbO6

formed for IR > 0.945 Å and a negative τf with O euxenite-type
RETiNbO6 formed for IR < 0.945 Å. Therefore, it could be summarized
that RETiNbO6 would be in the form of O euxenite (-τf), O aeschynite
(+τf), and M aeschynite (-τf) as IR < 0.945 Å, 1.027 Å < IR < 1.032 Å,
and 0.945 Å < IR < 1.027 Å, respectively. The current work further
enriched and perfected the relationship between phase structure and
IR in RETiNbO6 system.

To better understand the microwave dielectric behavior of
La1−xLnxTiNbO6 ceramics, the infrared reflectivity spectra are demon-
strated in Fig. 7. Obviously, the end compositions x=0 (LaTiNbO6) and
x=1 (CeTiNbO6 or SmTiNbO6) presented completely different spectra
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due to their different phase structures, especially as the wavenumber <
500 cm−1. To put it simple, modes 1 and 3 (as marked in Fig. 7) could
be regarded as the typical modes in O phase, and mode 2 could stand
for M phase. It can be observed in Fig. 7(a) that mode 2 in the x=0.05
sample was almost the same with that of x=0, then became broaden as
x increased to 0.15, and then disappeared while the new modes 1 and 3
appeared when x≥0.20, corresponding to the phase evolution of M→M
+O→O. By contrast, as seen in Fig. 7(b), mode 2 has been broadened at
x=0.05 in La1−xSmxTiNbO6, and disappeared when x=0.10, then modes
1 and 3 increased as x further increased. In addition, modes 4 and 5
also slightly shifted to high wavenumbers with increasing x in both
La1−xCexTiNbO6 and La1−xSmxTiNbO6 ceramics, which might be
attributed to the lattice distortion from ion substitution [27]. The

evolution of infrared reflectivity spectra with increasing x was exactly
the same as that of Raman spectra and in accordance with the
structural changes discussed in the previous sections. It was confirmed
again that Sm3+ substitution was easier to induce the phase transition
in LaTiNbO6 ceramics than Ce3+.

These spectra have been further analyzed by using the four-
parameter semiquantum model [28–31], and a nonlinear least-squares
program [32]. According to this model, the infrared phonon contribu-
tion to the complex dielectric function ε(ω) is given by:

∏ε ω ε
Ω ω iωγ

Ω ω iωγ
( ) =

− +

− +j

N
j LO j LO

j TO j TO
∞

=1

,
2 2

,

,
2 2

, (1)

where ε∞ is the dielectric constant due to the electronic polarization

Fig. 4. SEM images of the La1−xLnxTiNbO6 ceramics sintered at 1375 °C for 4 h: (a) LaTiNbO6; (b) CeTiNbO6; (c) SmTiNbO6; (d) Ce-0.05; (e) Ce-0.10; (f) Ce-0.15; (g) Ce-0.20; (h) Sm-
0.05; (i) Sm-0.10; (j) Sm-0.15; (k) Sm-0.20.
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contribution, Ωj, LO (Ωj, TO) and γj, LO (γj, TO) are the frequency and
damping of the jth longitudinal (transverse) optical modes, respec-
tively, N is the number of polar phonons. At quasinormal incidence, the
dielectric function is related to the optical reflectivity R by the Fresnel
formula

R ω
ε ω
ε ω

( ) =
1 − ( )
1 + ( )

2

(2)

Eqs. (1) and (2) are used to fit the experimental data and the results
are also presented in Fig. 7. It can be clearly seen that the curves fitted
the data of experiments very well, indicating that the model is valid.

Once the infrared modes are determined, the oscillator strengths of
the individual jth TO modes can be obtained by [29–31]

Δε
ε

Ω

Ω Ω

Ω Ω
= ×

∏ ( − )

∏ ( − )j
j TO

k k LO j TO

k j k TO j TO

∞

,
2

,
2

,
2

≠ ,
2

,
2

(3)

The static (infrared) dielectric constant ε0, which corresponds to the
intrinsic microwave dielectric constant, can be then obtained by adding
the oscillator strengths over all modes [29–31], i.e.

∑ε ε Δε= +
j

N

j0 ∞
=1 (4)

Besides, the dielectric loss tangent (tan δ) is given by adding the
individual losses [31], that is,

∑ ∑δ δ
ω ε γ

ε Ω
tan = tan =

△

j
j

j

j j TO

j TO

,

0 ,
2

(5)

The intrinsic (microwave-extrapolated) unloaded quality factor Qu

also can be estimated, which is the reciprocal of the dielectric loss
tangent. As an example, the values of Δεj, ε∞, ε0, tan δ and Qu×f (at
10 GHz) for La0.85Ce0.15TiNbO6 together with the phonon mode
parameters are listed in Table 2. Its dielectric permittivity at optical
frequency was 2.88, and the extrapolated value in the microwave region
was 26.37, which was in reasonable agreement with the measured
value of 25.28. The dielectric polarization contribution from the first
seven modes (120–268 cm−1) was about 18.13, which was 69% of the
total value. The accumulated tan δ value from the first seven modes was
also 91% of the total value. Hence, it could be concluded that the
polarization of current ceramics in the microwave region was due to the
absorptions of phonon oscillations in the infrared region [33,34]. In
addition, the microwave-extrapolated dielectric loss Qu×f was
45,873 GHz, but the measured microwave dielectric loss Q×f of
La0.85Ce0.15TiNbO6 ceramic was 17,911 GHz (Qu×f and Q×f are almost
equivalent). The relative density of La0.85Ce0.15TiNbO6 ceramic was
about 90%. Thus, the difference between the estimated and measured
dielectric loss might be mainly attributed to the extrinsic factor, such as
density, pores, structural defects, etc. Efforts to analyse the vibrational
and structural behaviors of these materials are in progress and it will be
published elsewhere.

4. Conclusions

A series of La1−xLnxTiNbO6 (Ln=Ce, Sm, x=0–1) solid solutions
were prepared via a conventional solid-state ceramic route. An M-O
aeschynite transition occurred as 0.05 < x < 0.3 in La1−xCexTiNbO6 and
0.05 < x < 0.2 in La1−xSmxTiNbO6 ceramics, while a single M or O
phase region was formed at both ends, x=0 and x=1, respectively. M-
phase ceramics generally had a low εr (~23), a negative τf (~−54 ppm/
°C) and a large Q×f (~68,285 GHz), but O-phase ceramics owned a
high εr ( > 45), a positive τf ( > 50 ppm/°C) and a low Q×f ( <
30,000 GHz). An abrupt change of dielectric properties indicated that
the boundary composition of the phase transition was at x=0.15 in
La1−xCexTiNbO6 and x=0.10 in La1−xSmxTiNbO6 ceramics at the

Fig. 5. The microwave dielectric properties and density of (a) La1−xCexTiNbO6 and (b)
La1−xSmxTiNbO6 ceramics sintered at optimal temperatures.

Fig. 6. Variation of (a) εr and (b) τf with average ionic radius of the rare earth in
La1−xLnxTiNbO6 ceramics.
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optimal temperatures. The smaller Sm3+ substitution could induce the
M-O phase transition in the LaTiNbO6 more easily than Ce3+. It was
also found that the crystal structure and microwave dielectric proper-
ties of RETiNbO6 ceramics strongly depended on IR. If 0.945 Å < IR <
1.027 Å, the system would crystallize in O aeschynite with a positive τf.
If 1.027 Å < IR < 1.032 Å, the system would then crystallize in M
aeschynite with a negative τf. This provides a method to design the
materials with required performance by adjusting IR.
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