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Abstract Conductivity measurement on alkaline earth-
doped La2Mo2O9 is well documented, but the ion dynamic
study of this material is scarcely reported. Alternating
current impedance measurement of Ba-, Sr-, and Ca-doped
La2Mo2O9 in the light of ion dynamics has been discussed.
The low-temperature regime, 250 °C to 500 °C, has been
selected for study on the basis of frequency dispersion of
conductivity as well as in terms of modulus formalism. The
values of exponential parameter, s, of universal dielectric
response and the stretching exponent, β, of Kohlrausch–
Williams–Watts relation are evaluated from curve fitting.
Scaling behavior of the doped materials has also been
investigated. Temperature dependence of such parameters is
checked and is interpreted for the plausible mechanism of
ionic motion in the material at low temperature.
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Introduction

Electrical relaxation in liquids and glasses with high
concentration of mobile ions is well manifested [1]. The
power law analyses of alternating current (ac) conductivity
data are proven to be a highly informative approach. Such
study has also been extended to different crystalline
materials which are predominantly ionic in nature [2–10].

In recent years, an oxygen ionic conductor, reported by
Lacorre et al. [11, 12], namely, lanthanum molybdate

La2Mo2O9, has attracted much attention due to its high
ionic conductivity at medium temperature (0.06 S/cm at
800 °C). Although a large number of work has already been
published on pure and doped La2Mo2O9 [13–22], little
work [23, 24] has been done on the conductivity relaxation
in La2Mo2O9.

Due to the ionic radii, alkaline earth substitutions (Ba,
Sr, and Ca) are found to be appropriate for La+3 site. The
effect of such aliovalent substitutions has already been
reported in our earlier work [18]. Although ionic conduc-
tivity of these materials is well documented, the ion
dynamics of these materials are scarcely reported [23]. It
has been reported that Ca and Sr doping results in the
formation of secondary impurity phases like (Ca,Sr)MoO4

[19] which may influence the conductivity of La2Mo2O9.
Our compositions are free from such impurities phases;
therefore, conductivity of substituted La2Mo2O9 reported
here do not have any contribution from impurity phases. In
this work, we have extended the ion dynamics study on
alkaline earth substituted (Ba, Sr, and Ca) La2Mo2O9 by
means of different representations of ac impedance data
such as frequency dispersion of real part of conductivity,
modulus formalism, and scaling behavior. Scaling behavior
has also been studied to find out whether the mechanism of
ion conduction depends on different parameters such as
temperature and composition.

Experimental

The substituted La2Mo2O9 compositions were prepared by
citrate nitrate auto-combustion technique. Lanthanum ni-
trate hexahydrate [La(NO3)3⋅6H2O,99%], ammonium
heptamolybdate [(NH4)6Mo7O24⋅4H2O,99%], citric acid
monohydrate, distilled water, and nitrates of corresponding
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dopants (Ba, Ca, and Sr) were used for the synthesis. The
synthesis procedure is described in details elsewhere [25].

The calcined powders were subjected to uniaxial
compaction and then sintered between 1,000 °C and
1,150 °C depending on the compositions to achieve
densities more than 96% of theoretical density. X-ray
diffraction pattern of these sintered materials has proven
the non-existence of impurity phases such as CaMoO4 or
SrMoO4.

Two probe ac impedance measurements were con-
ducted on sintered, electroded samples in the frequency
range 0.1 Hz to 10 MHz using a Solartron frequency
response analyzer (FRA 1260) in the temperature range
200–500 °C. The impedance data were analyzed using Z-
VIEW software.

The value of exponential parameter, s, were evaluated by
nonlinear curve fitting using Origin® software. The
goodness of the fitting for each cases was greater than
0.95. Stretching exponent β was evaluated using the
method described by Sidebottom et al. [9].

Results and discussion

Measurement of the ac conductivity, σ, generally shows a
frequency dispersion, i.e., the real part of ac conductivity
σ/(ω) depends on the angular frequency ω. Large span of
conductivity spectroscopy over decades on the frequency
scale, ranging from 10−2 Hz to more than 1014 Hz, reveals
an opportunity to study the motion of charged particles ions
taking place at very different timescales; moreover, their
elementary hopping mechanism can also be resolved.
Therefore, Funke and Cramer [26] logically denoted ac
conductivity as an extremely powerful “microscope in
time.”

The frequency dispersion of real part of ac conductivity
in air for the composition La1.94Ba0.06Mo2O9 − δ is shown
in Fig. 1. Since grain boundary effects are not of interest
here, such low frequency data points are omitted [27]. Each
curve shown in the Fig. 1 consists of a low-frequency
plateau which corresponds to the direct current (dc)
conductivity and a high-frequency dispersive region, which
corresponds to the ac conductivity. The low-frequency
plateau is a distinct nature of hopping models. At high
frequencies, the electric field changes its sign so fast that
the consecutive hops do not fit into a timescale.

The conductivity spectrum of ionic conductors has been
found to exhibit universal power law behavior [28], i.e.,

s= ¼ sð0Þ þ A wð Þs ð1Þ
where σ(0) is termed as the dc conductivity and s is the
power law exponent. Such behavior was denoted as
universal dielectric response (UDR) by Jonscher [28].

Almond and West [29] have suggested that ac conduc-
tivity data such as the power law exponent reveal important
information on the ion dynamics. Thus, Eq. 1 is fitted on
the above curves to evaluate the exponential constant s.

The nature of the curves for frequency dispersion of
conductivity of 3 mol% Ca- and Sr-substituted La2Mo2O9

composition at 400 °C is very similar to that of 3 mol% Ba-
substituted composition as described in Fig. 1. Other
alkaline earth-doped compositions show similar nature
of frequency dispersion of conductivity, and their
corresponding s values are evaluated. Table 1 describes
the exponential parameter s for different alkaline earth-
doped compositions at different temperatures, and it is
found to vary from 0.32 to 0.51. It is evident that there is no
systematic dependence of s on temperature, but with
increase of Ba content, the value of s increases, indicating
interaction of mobile ions which increases as their density
increases with the increase of dopant concentration. Such
observation is also evident for its Ca and Sr counterparts.
Conductivity values at 400 °C, obtained from the complex
plane impedance plot, are compared (Table 1) with σ(0)
obtained from the fitting of Eq. 1. Proximity of these values
validates fitting.

The electrical modulus formalism was introduced in
1972 by Macedo et al. [30] in an effort to simplify
analysis of impedance data. The electrical modulus is the
quantity formed from reciprocating the complex dielectric
permittivity:

M* ¼ 1="* ¼ M = þ iM ==: ð2Þ
If the charges of the opposite sign are instantaneously

placed on opposite faces of an ion conductor at time 0 and
then maintained at a constant value, then there will arise
inside an electrical field E that in time will decay to 0 due
to migration of the mobile ions.

Fig. 1 Temperature dependence of frequency dispersion of real part
of conductivity of (La0.97Ba0.03)2Mo2O9
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The decay may be described in the time domain by:

EðtÞ ¼ Eð0ÞfðtÞ ð3Þ
where φ(t) is a decay function which can be written in
general from as described by Kohlrausch–Williams–Watts
(KWW):

fðtÞ ¼ exp �ðt=tÞb
h i

ð4Þ

where τ is temperature-dependent relaxation time constant
and β is Kohlrausch exponent. φ(t) can be interpreted as
resulting from the sum of many exponential decays
weighted by a distribution of individual relaxation times
for which the small value of β expresses larger distribution
of relaxation times [30]. Moynihan et al. [1] introduced the
KWW relaxation function in an empirical manner to
characterize the width of the M// peaks in terms of
stretching component β. The smaller the value of β, the
broader is the peak and the larger is the deviation of the
relaxation with respect to a Debye-type relaxation.

Modulus formalism is used to analyze the dielectric
behavior of different doped La2Mo2O9. Temperature and
frequency dependence of imaginary part of modulus in air
for the composition La1.94Ba0.06Mo2O9 − δ is shown in
Fig. 2. The M// peak shifts toward the high frequency with
increase in temperature. The shift of frequency maxima
may be due to the distribution of attempt frequencies for the
barrier crossover or flight distances following the crossover
or a distribution of attempt frequency. The full width half
height, i.e., the shape of the curves, does not change
considerably with temperature; thus, distribution of relax-
ation times for ions in the La1.94Ba0.06Mo2O9 − δ remains
independent of temperature.

The results of these two very useful methods of
presenting ion dynamics, namely, the complex electrical
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Fig. 2 Temperature dependence of imaginary part of modulus of
(La0.97Ba0.03)2Mo2O9
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modulus formalism and analysis in terms of the complex
conductivity, seem to contradict when explaining ion
transport [30]. The apparent contradiction between the
M//- and σ/-based methods can be resolved when scaling
method is introduced in the system [31]. Scaling ac
conductivities into a single master curve has been tried by
several researchers. It is a common practice to scale
ordinate of temperature- and composition-dependent curves
of σ(ω) by σ(ω)/σdc. Roling [32] scaled abscissa by f/(σdcT)
or by fx/(σdcT), x being the composition. Sidebottom [33]
and Schroeder and Dyre [34] scaled abscissa by fε0Δε/σdc.
However, it is found to be best to scale the ac data by the
plot of logarithmic σ(ω)/σdc as a function of logarithmic
f =fr ¼ 2pf 20Δ 2 =sdcð Þ [35] because normalized log–log
curves of σ(ω) of various ionic conductors upturn from zero
of the ordinate near zero of the abscissa with increasing
frequencies. Patel and Martain [36] plotted σ(ω)/σdc as a
function of logarithmic f/fp (fp being the frequency of M//

peak maximum, which is similar to fr).
Scaling study has been made on the different substituted

La2Mo2O9 compositions. Figure 3 shows the scaling
behavior of frequency dispersion of conductivity with
different Ba-substituted compositions in air atmosphere at
400°C. The single master curve is observed.

At different temperatures, the scaling behavior remains
the same. Real part of conductivity data when scaled for
3 mol% Ba-substituted La2Mo2O9 at different temper-
atures obtained single master curve as shown in Fig. 4. All
the curves collapsed into a single master curve. Thus,
the mechanism of ion conduction does not alter with
temperature [17]. Similar nature is observed for Sr- and
Ca-substituted compositions also. These observations
suggest that the conductivity relaxation mechanism is
temperature-independent.

In Fig. 5, modulus scaling of different dopant composi-
tions are compared, and it is noticeable that single master
curve can describe all the compositions irrespective of the
dopant cation and their concentrations. This indicates that
the mechanism of ionic motion remains the same with
change of alkaline earth dopant cation and their concen-
trations under the experimental limit. Even the pure high-
temperature β form and its mixture with low-temperature α
form do not show any alteration, as all the Ba-substituted
compositions fully stabilize the high-temperature β form at
room temperature, whereas for its Ca and Sr counterparts,
only partial stabilization is observed for low to moderate
concentration [18].

The non-symmetric behavior of the M///Mmax
// curves

can be described by the KWW function Ф(t), which
represents the relaxation time distribution in the ionic

Fig. 3 Scaled real part of conductivity of different mol% Ba-
substituted as well as pure La2Mo2O9 at 400°C

Fig. 5 Scaled imaginary part of electrical modulus of different
alkaline earth cation-substituted as well as pure La2Mo2O9 at 400°C

Fig. 4 Scaled real part of conductivity in 3 mol% Ba-substituted
La2Mo2O9 at different temperatures
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conduction [8]. From the M// versus log ω curves (Fig. 2),
the value of β is evaluated using the method described by
Sidebottom et al. [9]. The Kohlrausch exponent β is
calculated for different compositions for different temper-
atures and is shown in Table 1. From Table 1, it can be
observed that the stretch exponent β decreases with an
increase of substitution concentration, implying gradual
deviation from the Debye-like behavior. Energetically three
different structural oxygen positions in the pure La2Mo2O9

itself [12] may influence the transportation from one O site
to the other; hence, the ionic transport is not an isolated
event but rather a time-dependent motion. With the
introduction of aliovalent substitutions, interaction of
mobile ions increases and thus results in a larger distribu-
tion of relaxation time.

It is noticeable that values of β are not dependent on
temperatures. We have already discussed earlier that the
value of s is also temperature-independent. Thus, we may
conclude that s and β are related. According to coupling
model introduced by Ngai et al. [37], stretch parameter β
and power law component s of conductivity spectra
correlated by the relation β=1 − s. In proposition to this
model, correlation between ions might take place after a
critical time, tc; the relaxation rate would be a constant at
very short time. After the critical time, the relaxation would
slow down and the time-dependent relaxation is a KWW
function. The calculated βcal(=1 − s) is found to decrease
gradually with an increase of substitution concentration (as
s increases with substitution, it is oblivious) as the β
obtained from the experimental data fitting (Table 1) also
shows a similar trend, but are little higher than βcal, which
is a recognized fact in various ionic conductors [9, 38].

Conclusions

Ion dynamics of alkaline earth-substituted La2Mo2O9 have
been discussed in terms of modulus formalism and
frequency dispersion of conductivity. The value of expo-
nential constant s was evaluated and found to vary from
0.32 to 0.51. There is no systematic dependence of s on
temperature. Increase of Ba content increases the value of s
and indicates a growing interaction of mobile ions as their
density increases with increase of dopant. Such observation
also appears for Ca- and Sr-doped compositions. The β
parameter and the power law exponent s were found to
satisfy the relation β=1 − s. The plot of scaled power law
spectra of log(σ//σ0

/) versus log(ω/ωmax) at different temper-
atures suggested that the conductivity relaxation mechanism
is temperature-independent, while superposition of the plot
of scaled modulus spectra M///Mmax

// versus log(ω/ωmax) for
various substituted compositions indicates composition
independence of the substituted La2Mo2O9.
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