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Abstract: In-situ neutron diffraction combined with AC impedance spectroscopy was
applied successfully to investigate the correlation between crystal structure and
electrical properties of the La2Mo2O9 oxide ion conducting electrolyte material.
Neutron diffraction patterns were collected as a function of temperature while the AC
impedance spectra were recorded simultaneously using a modified sample
environment to monitor the conductivity change of the sample. A close relationship
between unit cell parameters and the bulk conductivity was observed, confirming that
the oxygen transport is dependent on the lattice structure. With the transition from the
low temperature alpha to the high temperature beta phase, the crystal structure
released more space for oxygen transport, leading to a dramatic increase of the ionic
conductivity. The successful application of this technique provides a new method to
simultaneously investigate crystal structure and electrical properties in electroceramics in the future.
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1. Introduction
La2Mo2O9 has been studied extensively as a promising electrolyte material for
Solid Oxide Fuel Cells (SOFCs) [1-3]. It is well known that the material undergoes a
phase transition at 580˚C from α-La2Mo2O9 at low temperature to β-La2Mo2O9 at high
temperature, with a conductivity increase of about two orders of magnitude [1].
Studies of the crystal structure have shown that the nature of the phase transition is a
change of the distribution of oxygen defects, from long-range order to dynamic, shortrange order [4, 5]. The high temperature phase can be indexed as a cubic structure,
and it is indicated to be a time-averaged version of the low temperature phase, the
monoclinic structure. The oxygen transport mechanism changes with the phase
transition from a thermally activated Arrhenius type at low temperature to a thermally
assisted VTF (Vogel-Tamman-Fulcher) type [2]. The increase of the ionic
conductivity is believed to be due to a volume expansion in the unit cell. The released
extra free volume is likely to favour the mobility of oxygen ions, which is the
explanation for the Arrhenius-VTF transition [6].
Neutron diffraction is widely employed to study complex oxide crystal structures,
compared to the conventional laboratory X-ray diffraction, especially when a full
pattern refinement is required to obtain high quality crystallographic data. For in-situ
studies of structural changes using neutron diffraction there are two main modes of
operation possible: constant wavelength or time-of-flight (TOF). Each has distinct
advantages/disadvantages, and of course the individual instrument design dictates
many of the key parameters for high quality structure determination. TOF neutron
diffraction has been adopted in this work due to its rapid characterization of structures,
rapid collection of data and allowance of complex sample environment. In-situ
neutron diffraction has been applied to investigate the crystal structure change of
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La2Mo2O9 during the phase transition, especially the expansion of lattice parameters
and unit cell volume [6, 7]. Based upon the structure analysis, it is important to relate
the crystalline structure to the electrical properties, in order to understand the oxygen
transport mechanism. However to date there have been no studies that correlate the
phase transition with functional properties through combined in-situ structural and
conductivity measurements. Indeed there are only limited examples of this concept
having been applied to conducting samples.
The purpose of this work was to develop a new experimental technique which can
combine in-situ neutron diffraction with simultaneous AC impedance spectroscopy
for electrical conductivity measurement. Therefore, both crystal structure and
conductivity can be obtained simultaneously, from which a direct correlation between
the two can be acquired.

2. Experimental
La2Mo2O9 powder was synthesized by the solid state route, which has been detailed
in a previous report [8]. To measure AC impedance spectra a dense pellet sample is
needed and to ensure that the neutron beam can penetrate the entire sample with good
data statistics a larger sample is required. Therefore in this work, a sample with a
diameter of 10.8 mm and a thickness of 5.0 mm was prepared by cold uni-axial and
iso-static pressing followed by sintering at 1100˚C. As electrodes, platinum paste was
applied to both sides of the sample which was then heated at 800˚C for 1 hour to
ensure good adherence of the electrical contact.
The instrument used to collect neutron diffraction data was the POLARIS
diffractometer at the ISIS facility (Rutherford Appleton Laboratory, UK). Data from
the backscattering detectors were used in this work (130~160˚, 2θ) [9]. The
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measurements were performed at variable temperatures (ranging from 500˚C to 640˚C,
covering the phase transition region), using a vanadium furnace with the sample held
under a static air atmosphere in the closed sample environment.
In-situ AC impedance measurements were carried out in static air in the frequency
range of 5 MHz~0.1 Hz with an AC amplitude of 100 mV using a Solartron 1260
Frequency Response Analyser (FRA). The impedance measurement rig, as illustrated
in Fig. 1, designed and built at ISIS, was mounted vertically in the furnace which was
put in the sample tank. The neutron diffraction data were recorded on the middle of
the sample to avoid collecting additional diffraction data from the platinum electrodes
on both sides of the pellet.
The sample was held at each temperature for 2 hours for thermal equilibration,
during which period neutron diffraction data collection was conducted and several
impedance spectra were collected to observe any change of the resistance during the
equilibration. 2 hours was also the minimum time required to obtain good quality
neutron diffraction data.
After the in-situ diffraction and conductivity measurement, an AC impedance
measurement was also conducted on the same sample in the laboratory at Imperial
College London under a static air atmosphere using the same AC impedance
instrument with an applied potential of 50 mV in the frequency range of 13 MHz ~
0.1 Hz, in order to verify the conductivity obtained from the in-situ experiment.
In the current study, the correlation between lattice parameters and the
conductivities during the phase transition region was investigated. As the structure of
both a and b La2Mo2O9 has previously been reported, only the Le Bail method [10]
was applied to extract lattice parameters from neutron diffraction patterns. Without
refining the structure factors Fhkl of all atoms in the unit cell which includes atom
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positions, scattering factors, atomic site occupation and thermal factors, the Le Bail
method estimates reflection intensities by refining unit cell parameters, background,
peak shape and diffractometer parameters. It yields the best possible intensity values
and optimal experimental parameters (background, unit cell etc). The Le Bail
extraction was performed using GSAS (General Structure Analysis System) +
EXPGUI software [11, 12]. Diffraction patterns were analysed by comparison with
the previously reported structural models for α-La2Mo2O9 and β-La2Mo2O9 [4, 13].
The extracted unit cell parameters were correlated with the conductivity variations
during the heating and cooling stages.

3. Results and Discussion
Fig. 2 presents two neutron diffraction patterns of La2Mo2O9 recorded at 560˚C and
580˚C when the material exists as the two different phases. The pattern collected at
580˚C is indexed as a cubic structure in agreement with literature reports [13]. Clearly,
at 560˚C the diffraction data for α-La2Mo2O9 indicates a lower symmetry than that for
β-La2Mo2O9 recorded at 580˚C. The disappearance of the small extra peaks (as
indicated by * in Fig. 2) and the sharpening of peaks labelled as (123), (122) and (112)
when the temperature is increased to 580˚C suggests a transformation from the
monoclinic superstructure to a cubic phase, as expected from the literature reports [1].
A typical impedance spectrum from the in-situ measurement is displayed in Fig. 3.
As can be seen in the figure, the high-frequency arc, normally attributed to the grain
bulk, is not present in the spectrum. Each data set recorded has been fitted to an
equivalent circuit model, attributing capacitance and resistance to each of the spectral
components. Detailed discussion of the analysis of impedance spectra is given
elsewhere [14]. In the fitted equivalent circuit in Fig 3 (inset) the value of R1 is taken
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as the bulk resistance, while R2 is the grain boundary resistance. R3 and R4 are
resistances from interface and electrode components respectively. A full analysis of
the impedance spectra is reported elsewhere [15] and from these data it is a simple
process to extract the conductivity values for the sample. Fig. 4 presents the
conductivities obtained from both the simultaneous in-situ diffraction and
conductivity measurements and the ex-situ impedance measurement. The data from
the simultaneous in-situ measurements are consistent with the conductivity results
obtained during both heating and cooling stages recorded ex-situ at Imperial College,
implying that the conductivity results obtained simultaneously with the collection of
neutron diffraction patterns are reliable despite the complex experimental
environment.
A Le Bail extraction was performed on each of the diffraction patterns and the
obtained lattice parameters at different temperatures are listed in Table 1. The
goodness-of-fit (χ2) for each diffraction pattern is below 5 and the Rwp values are
around 5.0%, even for the alpha phase which is indexed as a monoclinic
superstructure, which indicates that the fitting results are good. The thermal evolution
of the lattice parameters are presented in Fig. 5. As can be observed, the unit cell
parameters increase nearly linearly when the temperature is increased. For the alpha
phase, the increases of lattice parameters a and b follow the same trend line, while
the parameter c is smaller than a and b, showing less dramatic increase with the
temperature. The reason is probably that during the increase of the temperature, the
unit cell is transforming to a cubic structure with the tilting of the monoclinic angle,
which leads to a slower change in c axis direction. The β angle for the alpha phase
remains constant in the low temperature range which is roughly 90.4˚, consistent with
the published crystallographic details for α-La2Mo2O9 [4].
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The correlation between the unit cell volume and the conductivity is demonstrated
in Fig. 6. An important increase of the unit cell volume (about 0.4%) is observed
when the structure transforms to the cubic phase, which corresponds with the increase
of the conductivity. Note that the bulk conductivity is presented here in order to show
the correlation between the unit cell volume and the electrical property more clearly
because the grain boundary contribution plays a dominant role in the total
conductivity which is probably caused by impurity segregation along the grain
boundaries. This observation supports the previous hypothesis that the extra volume
expansion which originates from a unit cell tilting mechanism induces an increase of
oxygen mobility in the structure. The relationship between the structural framework
with the anionic conduction properties has been studied by a mathematical analysis
[6]. However, the direct experimental observation of the correlation is made for the
first time in the current work.
The structural change and electrical properties of La2Mo2O9 were studied in detail
for the phase transition. A cycle of cooling and heating in the temperature range of
580-560˚C was carried out with a step size of 10˚C for cooling and 5˚C for heating
respectively. The Arrhenius plot of the bulk conductivity and the unit cell volume
change during different temperature stages are displayed in Fig. 7 (a) and (b). Both
the electrical property and the unit cell structure are fully reversible during cooling.
However, a hysteresis phenomenon has been observed in both of the plots, which
again testified the correlation between unit cell volume and electrical property. The
hysteresis loop in La2Mo2O9 has been previously reported in thermal analysis [1] and
temperature dependence of dielectric permittivity [16], demonstrating that the phase
transition in La2Mo2O9 is a first-order transition. However, in this work, the hysteretic
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behaviour in bulk conductivity and unit cell evolution as a function of temperature has
been presented for the first time.

4. Conclusions
In this work, in-situ neutron diffraction and AC impedance measurements were
successfully conducted. The AC impedance rig was designed to fit in the neutron
diffractometer, and by comparing the obtained conductivity from the in-situ
diffraction and conductivity measurement to the data from AC impedance
measurement afterwards, the consistency between the two sets of data demonstrates
the feasibility of applying in-situ neutron diffraction and conductivity measurement to
solid state ionic materials.
The neutron diffraction patterns clearly demonstrate the change of the crystal
structure of La2Mo2O9 between alpha and beta phases, as shown by splitting and
broadening of several peaks such as (123) (122) and (112). The close relationship
between unit cell parameters and the bulk conductivity of La2Mo2O9 suggests the fast
oxygen transport is dependent on the opening of the unit cell.
Further work is required to optimize the in-situ diffraction and conductivity
experimental system. Time resolved measurements are also required to record neutron
diffraction data in order to detect the rapid structure change in a relatively short time
period. The technique can be used to investigate the correlation between crystal
structure and electrical properties in electro-ceramics in the future.
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Figure Captions

Fig. 1 Schematic diagram of the designed AC impedance rig for the in-situ neutron
diffraction environment
Fig. 2 Time-of-flight neutron diffraction patterns of α- and β-La2Mo2O9 at 560˚C and
580˚C. *indicates additional peaks attributed to the monoclinic phase
Fig. 3 A typical AC impedance spectrum from the in-situ diffraction and conductivity
measurement collected at 600˚C
Fig. 4 Comparison of total conductivities between the in-situ diffraction and
conductivity measurement and the impedance measurement in the lab of the
same La2Mo2O9 sample
Fig. 5 Thermal evolution of the lattice parameters of La2Mo2O9 during heating
Fig. 6 The correlation between the unit cell volume and the bulk conductivity
Fig. 7 Arrhenius plot of the bulk conductivity (a) the unit cell volume change (b) of
the La2Mo2O9 sample during different temperature stages.
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Table Caption

Table 1 Lattice parameters of La2Mo2O9 indexed as monoclinic superstructure and
cubic below and above the phase transition temperature, respectively.
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Table 1

Temp(˚C)

Phase

RT

Lattice parameters (Å)

β (˚)

V (Å3)

χ2

Rwp

a

b

c

alpha

14.311(2)

21.461(1)

28.577(2)

90.364(4)

8776.4(1)

3.99

5.1%

500

alpha

14.406(2)

21.613(2)

28.784(4)

90.362(5)

8962.1(2)

5.21

6.0%

520

alpha

14.412(2)

21.620(2)

28.790(4)

90.361(5)

8970.2(2)

5.07

5.9%

540

alpha

14.423(1)

21.627(1)

28.790(2)

90.397(3)

8980.3(1)

2.26

3.9%

560

alpha

14.426(1)

4.1%

7.220(3)

90.385(3)
90

2.44

beta

28.798(2)
-

8993.6(1)

580

21.650(1)
-

376.37(3)

2.04

3.7%

600

beta

7.223(4)

-

-

90

376.82(4)

3.30

4.7%

620

beta

7.227(3)

-

-

90

377.44(3)

2.12

3.8%

640

beta

7.230 (4)

-

-

90

377.96(3)

2.45

4.1%
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