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Dielectric relaxation method was employed to study the properties of oxygen ion diffusion and phase transition
in the oxide-ion conductors (La1−x Lnx )2 Mo2 O9 (Ln=Nd, Gd, x=0.05-0.25). Two dielectric loss peaks were
observed: peak Pd at about 600 K and peak Ph around 720 K. Peak Pd is a relaxational peak and associated
with the short-range diffusion of oxygen ions, while peak Ph hardly changes its position and dramatically
decreases in height with increasing frequency, exhibiting non-relaxational nature. With increasing Ln3+
concentration, the heights of peak Ph and Pd increase at first and then decrease after passing a maximum
at 15% doping. It is suggested that peak Ph is related to the phase transition of a static disordered state
to a dynamic disordered state in oxygen ions/vacancies distribution. It is found that the 15%Gd or 15%Nd
doped La2 Mo2 O9 samples exhibit the highest conductivity in accordance with the highest height of peak Pd
at this doping content.
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tigated, in which La3+ has been replaced by Ca2+ , K+ ,
Sr2+ , Ba2+ , Bi3+ , Ln3+ (rare earth element), and Mo6+
by Nb5+ , Ta5+ , Re6+ , V5+ , S6+ , Cr6+ , and W6+ [1031]. It is reported that La2 Mo2 O9 samples doped at
La site with lanthanide rare-earth ions such as Y3+ ,
Ce3+ , Nd3+ , Sm3+ , Eu3+ , Gd3+ , Dy3+ , and Er3+ have
higher ionic conductivity than the pure La2 Mo2 O9 sample [13,14,21-23,25]. When the doping content of some
rare earth ions is above a certain value, β phase will
be stabilized in the compound except for Nd3+ doping
[13,14,23]. It is interesting to further study the rare
earth ion doping because it does not change the concentration of total oxygen vacancies while resulting in
a variation of lattice constant and the order (disorder)
distribution of cations at La sites.

I. INTRODUCTION

Oxide-ion conductors are promising materials that
are widely used in solid oxide fuel cells, oxygen pumps,
oxygen sensors, and other solid ionic devices [1-6].
As a novel oxide-ion conductor, lanthanum molybdate
(La2 Mo2 O9 ) has been attracting extensive attention in
recent years since it was reported by Lacorre et al.
in 2000 [7], owing to its novel structural type based
on the lone pair substitution (LPS) concept [8], and
outstanding ionic conduction properties at intermediate temperatures (873-1073 K) [9-12]. The high temperature β phase of La2 Mo2 O9 , a cubic structure with
space group P21 3, exhibits ionic conductivity as high as
0.06 S/cm at 1073 K that is comparable to the conductivity of widely used yttria stabilized zirconia (YSZ) at
1273 K. However, a structural phase transition around
853 K, from the β phase to low-temperature monoclinic
α phase, leads to a drop in conductivity by nearly two
orders of magnitude [7-10]. Moreover, the change of
crystal lattice constant induced by this phase transition would limit the mechanical stability and its potential practical application. In order to improve the conductivity and mechanical stability of La2 Mo2 O9 , various substitutions have been carried out at the La3+
sites or at Mo6+ sites to suppress this phase transition and maintain the high-conduction phase to lower
temperatures. In the past several years, a series of compounds derived from pure La2 Mo2 O9 have been inves-

In previous studies, relaxational internal friction
peaks and dielectric loss peaks associated with oxygenion diffusion were observed and a corresponding atomistic mechanism is suggested based on the crystalline
structure of La2 Mo2 O9 [10,15-19,26-29]. Recently, a
non-relaxational internal friction peak associated with
a phase transition from low-temperature static disordered state to high-temperature dynamic disordered
state in distribution of oxygen ions/vacancies was observed in La2 Mo2−x Wx O9 [18], La2−x Bax Mo2 O9−δ
[24], and La1.95 K0.05 Mo2−x Tx O9−δ (T=Fe, Mn) [30].
Correspondingly, a dielectric loss peak was detected in
La2 Mo2−x Wx O9 [31]. It is worthwhile to investigate
whether such a peak appears in rare-earth ion doped
La2 Mo2 O9 compounds and how such a peak behaves.
In the current research, the effects of Nd3+ and Gd3+
doping on the diffusion properties of oxygen ions and
phase transition in oxide-ion conductor La2 Mo2 O9 were

∗ Author

to whom correspondence should be addressed. E-mail:
qffang@issp.ac.cn, Tel: +86-551-5591459, fax: +86-551-5591434

DOI:10.1088/1674-0068/21/03/270-274

270

c
°2008
Chinese Ph ysical Society

Chin. J. Chem. Phys., Vol. 21, No. 3

Phase Transition in (La1−x Lnx))2 Mo2 O9

271

FIG. 1 (a) The XRD patterns of (La1−x Gdx )2 Mo2 O9 (x=0.05-0.25 ), La2 Mo2 O9 , and (La0.8 Nd0.2 )2 Mo2 O9 samples.
(b) The enlargement of the diffraction patterns of (321) reflection.

systematically investigated by dielectric relaxation technique.
II. EXPERIMENTS

All the compounds (La1−x Lnx )2 Mo2 O9 (Ln=Nd, Gd,
x=0.05-0.25) were prepared by conventional solid state
reaction method. After the stoichiometric starting raw
materials of high purity La2 O3 , Gd2 O3 , Nd2 O3 , and
MoO3 powders were well mixed in an agate mortar, the
initial mixture powders were heated at 823 K for 12 h
in an alumina crucible for pre-reaction to avoid MoO3
sublimation, and then heated at 1223-1273 K for 12 h
with two or three times intermediate grinding. At last,
the powders were uniaxially pressed in a mold to form
pellet samples (about 7 mm in diameter and 1 mm in
thickness) and sintered at 1273-1293 K for 12 h. The
relative density of all samples was about 90%-94%.
The powder X-ray diffraction (XRD) data were collected at room temperature with Cu-Kα radiation and a
2θ scan range from 20◦ to 80◦ with a scan step of 0.0167◦
on a Bragg-Brentano X’Pert MPD PRO diffractometer.
The whole pattern matching refinement of XRD patterns was analyzed using the Fullprof Prog. The silver
paste was pasted on both sides of the pellets and heated
at 923 K for 30 min to form Ag electrodes with a thickness of about 0.1 mm for the dielectric measurements.
The electrical connections to the experimental setup
were achieved through platinum wires. The dielectric
spectra of (La1−x Lnx )2 Mo2 O9 (Ln=Nd, Gd, x=0.050.25) samples were measured using a HIOKI 3531 Z
HITESTER. This setup operates in a frequency range
from 50 Hz to 5 MHz, and the measurable values of the
dielectric loss range from 10−5 to 10.
III. RESULTS AND DISCUSSION

The powder XRD of (La1−x Lnx )2 Mo2 O9 samples
with different substitution concentration are presented
DOI:10.1088/1674-0068/21/03/270-274

in Fig.1. At first glance, the patterns of all samples
are similar, but after careful analysis there are differences in the details of the pattern. As shown in the
Fig.1(b), the pure La2 Mo2 O9 samples exhibit at least
four peaks at 2θ around 47.7◦ , which are the splitting
of Kα1 and Kα2 components of the 123 reflection owing to the monoclinic distortion in α phase. In all the
Nd3+ doped samples, four peaks appear at 2θ around
47.7◦ , indicating the existence of α phase even at doping content as high as 20%Nd, while in the Gd3+ doped
samples only two peaks are detected, indicating that
more than 5%Gd doping can suppress the phase transition and stabilize the β phase to room temperature.
This is in accordance with the previous results [7,9,13].
The lattice constants were computed from the refinements of XRD patterns as 0.7151 nm for La2 Mo2 O9 ,
0.7127 nm for La0.8 Gd0.2 Mo2 O9 , and 0.7138 nm for
La0.8 Nd0.2 Mo2 O9 samples. The decrease in lattice constant illustrates that Ga or Nd ions were introduced into
the lattice since the ionic radius of Nd3+ (1.163 Å) and
Gd3+ (1.107 Å) is smaller than that of La3+ (1.216 Å)
[13].
In order to find the influence of Nd or Gd substitution at La sites in La2 Mo2 O9 on the oxygen-ion diffusion and phase transition, the dielectric relaxation properties of different doping concentrations was studied.
The temperature dependence of dielectric loss (tanδ)
at 1 kHz for (La1−x Gdx )2 Mo2 O9 (x=0.05-0.25) and
(La0.8 Nd0.2 )2 Mo2 O9 samples is shown in Fig.2. In all
the investigated samples, two dielectric loss peaks, labeled as Pd and Ph , are observed. With increasing
Gd concentration, peak Pd obviously shifts first toward
higher temperature and then toward lower temperature,
while for the peak Ph that is located around 720 K,
the peak position is almost independent of the ratio of
Gd/La. Except for peaks Pd and Ph , an obvious stepwise variation around 850 K is observed in the tanδ-T
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FIG. 2 The dielectric loss and dielectric constant as a function of temperature for (La1−x Gdx )2 Mo2 O9 (x=0.05-0.25)
and (La0.8 Nd0.2 )2 Mo2 O9 samples at the frequency of 1 kHz.

curves of the (La0.8 Nd0.2 )2 Mo2 O9 sample, as shown in
Fig.2. This stepwise variation of dielectric loss with
temperature is actually associated with the α/β phase
transition, which is consistent with the results of XRD.
In Gd-doped samples however, the dielectric loss curve
changes smoothly in the range of the phase-transition
temperature owing to the suppression of the α/β transition.
To further understand the characteristic of peaks Pd
and Ph , dielectric loss curves at different frequencies
were illustrated. As a typical example, Figure 3 illustrates the variation of dielectric loss and relative dielectric constant versus temperature for a 10%Gd doped
sample at 0.5, 1, 10, 50, 100, and 500 kHz, where the
curves were well fitted by two Debye peaks. It can
be seen that with increasing frequency peak Pd shifts
towards higher temperature and decreases a little in
height, exhibiting typical relaxational nature. Meanwhile the relative dielectric constant changes dramatically around the peak positions.
It is well known that for a relaxational process the
dielectric loss is a function of frequency f and temperature T and a peak would appear at ωτ =1, where
ω=2πf is the angular frequency and τ is the relaxation
time. As the frequency increases, the peak temperature Tp will increase according to the Arrhenius relation
τ =τ0 exp(E/kT ), where τ0 is the pre-exponential factor
of relaxation time, E is the activation energy of the relaxation process, and k is the Boltzmann constant. The
activation energy and the pre-exponential factor of relaxation time of the Pd peak are deduced as 1.1 eV to
1.4 eV and 10−16 s to 10−14 s, respectively, depending upon the doping contents. These results imply that
peak Pd is related to the short-distance jumps of oxygen
ions via vacancies, analogous to the reported relaxation
peak in other undoped or doped La2 Mo2 O9 members
[10,15-19,26-29].
The doping content dependence of the peak height of
peak Pd is plotted in Fig.4 for both Gd3+ and Nd3+
DOI:10.1088/1674-0068/21/03/270-274
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FIG. 3 Dielectric loss as a function of temperature for a
(La0.9 Gd0.1 )2 Mo2 O9 sample at six different frequencies and
the dielectric constant curve at 500 Hz. The decomposition
of the data at 10 kHz into peak Pd (dot line), peak Ph (dash
line), and background (short dash line), and the total fitting
result (solid line) are also shown.

FIG. 4 Variation of peak height of Pd and Ph at a frequency of 1 kHz as a function of the doping content for
(La1−x Gdx )2 Mo2 O9 (x=0.05-0.25) and (La1−x Ndx )2 Mo2 O9
(x=0.05-0.25) samples.

doped samples. It can be seen from Fig.4 that with
increasing doping content, peak Pd increases in height
at first and then decreases after passing a maximum.
At a comparable doping content, peak Pd in the Gd
doped sample is lower than that in the Nd doped sample, in agreement with the effect of other doping elements that suppress the α/β phase transition [27,28].
It is interesting to note that a maximum of peak height
appears around 15% doping content, which implies that
the highest ionic conductivity at low temperatures may
be exhibited in 15%Gd or 15%Nd doped samples because the peak height of Pd is proportional to the content of movable oxygen vacancies. This prediction is
confirmed by the conductivity measurement.
However, as shown in Fig.3, peak Ph located around
720 K hardly changes its position but decreases in
height rapidly with increasing frequency.
Therefore peak Ph can be ascribed to a phase transition
from low-temperature static disordered state to highc
°2008
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temperature dynamic disordered state in distribution
of oxygen ions/vacancies, analogous to the reported results in other undoped or doped La2 Mo2 O9 members
[18,24,30,31].
In the oxygen sublattice of cubic La2 Mo2 O9 compounds, the high atomic displacement parameters deduced from X-ray and neutron diffraction measurements suggest that the oxygen ions are delocalized, especially at the oxygen sites of O(2) and O(3) [9,13].
The extent of delocalization will increase with increasing temperature, and at a given temperature a random
distribution of oxygen ions is formed when the zones of
delocalization of two neighboring oxygen ions overlap
with each other. This is the so-called dynamic disordered state in the oxygen sublattice where the oxygen
ions and the vacancies can exchange their position easily
and rapidly owing to the thermally assisting mechanism
as suggested in Ref.[32]. With decreasing temperature,
the dynamic disordered state will be frozen, becoming a
static disordered state where the thermally assisted exchanging rate between oxygen ions and vacancies is very
low. Therefore at a given temperature the phase transition from the static disordered state to the dynamic
disordered state of oxygen ion/vacancy distribution occurred, which is similar to the glass transition process in
amorphous compounds and polymers as well as to the
formation process of spin glass in ferromagnetic materials.
The doping content dependence of the peak height
of peak Ph is plotted in Fig.4 for both Gd3+ and Nd3+
doped samples. It can be seen that with increasing doping content, peak Ph increases in height at first and then
decreases after passing a maximum. At a comparable
doping content, peak Ph in the Gd doped sample is
much higher than that in the Nd doped sample. Keeping in mind that the crystal structure is cubic β phase
in the Gd doped sample while it is monoclinic α phase
in the Nd doped samples, it can be concluded that peak
Ph is only pronounced in doped La2 Mo2 O9 samples in
which the β phase is stabilized down to the room temperature. This is reasonable because only in the β phase
is the distribution of oxygen ions/vacancies disordered,
while in α phase it is mainly ordered. However, the fact
that peak Ph with low intensity appears in Nd doped
α-La2 Mo2 O9 illustrates the existence of a small amount
of disordered states in α-La2 Mo2 O9 , as pointed out in
Ref.[33], which also undergoes the transition from the
dynamic disordered state to the static disordered state.
The variance of peak height of Ph with doping content of Gd and Nd illustrates that the transition from
the static disordered state to the dynamic disordered
state of oxygen ion/vacancy distribution depends upon
the disordered degrees at cation sites (for example, La
sites).
To simulate the complex AC impedance spectra, the
bulk resistance, grain boundary resistance and electrode
interface resistance were fitted by a serial circuit of three
parallel RC equivalent circuits in the frequency range
DOI:10.1088/1674-0068/21/03/270-274
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FIG. 5 Complex AC impedance spectra at 793 K for a
La0.9 Gd0.1 Mo2 O9 sample. The serial circuit of three parallel RC equivalent circuits in the frequency range simulated
the bulk resistance, grain boundary resistance and electrode
interface resistance.

analyzed, where R represents the bulk resistance and C
the bulk or geometric capacitance of the samples. The
bulk or geometric capacitance C is always replaced by
CPE (constant phase angle element), when the curve
of complex impedance data plotted in complex plane
is not an ideal semicircle. As an example, Figure 5
presents the complex AC impedance spectra at 793 K
and its serial equivalent circuit for a 5%Gd doped sample, where the semicircle at high frequency is composed
of bulk resistance and grain boundary resistance. Based
on this method, crystal grain resistance and intergranular resistance were computed, and the sum of the two
resistances was used as total resistance of the sample,
Rt. The electric resistivity, ρ, is deduced by the rule
Rt=ρL/S, where L is the length of the sample and the
S is the area of the sample. The conductivity, σ=1/ρ,
is presented in Fig.6 for (La1−x Gdx )2 Mo2 O9 samples
as an example. At a comparable temperature, the conductivity increases at first and then decreases with the
increasing Gd doping concentration. The highest conductivity was obtained in the 15%Gd doped sample,
where the highest Pd peak is observed as mentioned
above. The co-appearance of the highest dielectric relaxation peak and the highest ionic conductivity in the
doped La2 Mo2 O9 samples is not just coincidental but
has a physical meaning. This indicates that the 15%Gd
doped sample has the highest concentration of the movable oxygen vacancies, because the height of the dielectric relaxation peak is proportional to the concentration
of movable oxygen vacancies and the ionic conductivity
is proportional to the products of this concentration
with the mobility of vacancies. Dielectric relaxation
peak and ionic conduction are realized by the shortrange diffusion and long-distance migration of oxygen
vacancies, respectively. They are so correlated that the
long-distance migration of oxygen vacancies consists of
a series of short-range diffusions. In this sense, a high
relaxation peak associated with oxygen vacancies is consistent with high oxygen-ion conductivity.
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FIG. 6 Variation of conductivity with the reciprocal of temperature for (La1−x Gdx )2 Mo2 O9 samples.

IV. CONCLUSION

Two dielectric loss peaks (Pd peak at lower temperature and Ph peak at higher temperature) were observed
in Nd and Gd doped La2 Mo2 O9 samples. Peak Pd is of
relaxation type and related to the short-distance jumps
of oxygen vacancies, while peak Ph is associated with a
phase transition from the static disordered state to the
dynamic disordered state of oxygen ion/vacancy distribution. Especially in Nd-doped La2 Mo2 O9 , the appearance of small peak Ph indicates the existence of a small
number of disordered states in α-La2 Mo2 O9 , which also
undergoes a transition from the dynamic disordered
state to the static disordered state. With increasing
Gd or Nd concentration, the heights of both peaks (Ph
and Pd ) increase at first and then decrease after passing
a maximum at 15% doping content. Correspondingly,
the conductivity of Gd doped samples increases at first
and then decreases after passing a maximum at 15%
doping content.
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