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We have performed a first principle study of structural and phase stabilization of β-La2− xLxMo2O9 (L=Gd,
Sm, Nd and Bi) and β-La2Mo2− yMyO9 (M=Cr, W). The substitutional-site properties were discussed in
terms of the empirical parameter, bond valence sums (BVS), which characterizes the interactions between
atoms and its nearest-neighbor atoms and correlates well with the stability of the structure. We found that
Gd, Sm and Nd atoms prefer the crystallographic sites with largest BVS values. The nonlinear dependence of
cell parameter on W content in W-doped systems results from the nonlinear change in Mo/W–O bond length
with W content. The decrease of cohesive energy and the deviation of BVS values from the expected values
upon the Gd, Sm, Nd and W-doped concentration help us understand the experimentally observed
stabilization of the β phase to lower temperatures in these doped system. The O ion diffusion properties in
W-doped systems have been studied using the nudged elastic band method and the dimer method. We
found that, W-doping leads to the obvious increase in the energy barriers of O ion concerted diffusion. In
addition, there is a remarkable decrease in the difference of energy barriers between two diffusion channels
involving O(1) ion, which sheds light on only one relaxation peak in the mechanical relaxation measurement
in W-doped system, compared to undoped system.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Fast oxide ionic conductors have been attracting much theoretical
and practical interest because of their potential application in many
different fields such as solid fuel cells, oxygen pumps and membranes
for oxygen separation [1,2]. As an oxide-ion conductor originally
reported by Lacorre et al. [3], La2Mo2O9 has been extensively in-
vestigated in the recent years for its excellent anionic conductivity at
intermediate temperatures (600–800 °C) and the interesting forma-
tion mechanism of oxygen vacancies based on lone-pair substitution
concept. However, it undergoes a reversible phase transition from a
high-temperature disorder phase β-La2Mo2O9 to low-temperature
order phase α-La2Mo2O9 at 580 °C with an abrupt decrease in ionic
conductivity. According to the work by Goutenoire et al. [4], La2Mo2O9

has amonoclinic structure (space group P21) at low temperatures and
a cubic structure (space group P213) at high temperatures. Based on
the neutron atomic pair distribution function analysis, Malavasi et al.
[5] provided evidence that the local structure of β phase is identical
with that of α phase, because the structural phase transition α→β is
actually a transition from static to dynamic distribution of the oxygen
ll rights reserved.
defects without any shift of heavy atoms. This phase transition greatly
limits the potential application of La2Mo2O9 as an oxide-ion con-
ductor. In addition, hexavalent molybdenum oxides usually suffer
degradation in a highly reducing atmosphere [6], which questions the
aging behavior of this compound under the stringent conditions. A
number of experimental reports have shown that [7–20] , many
dopants substituting for La by L (L=K, Ca, Sr, Ba, Bi, Y, Sm, Nd, Gd,
Dy, Er) or Mo by M (M=V, W, Cr) can suppress the β→α phase
transition and thus enable the cubic phase to persist metastably at
lower temperature. For example, for the substitution of La by Nd the
phase transition temperature decreases about 100 °C when the
substitution concentration is above 40%. For the substitutions of La by
Gd and Y, above a certain doping level, the suppression of the phase
transition and stabilization at room temperature of the cubic β form
are achieved. These elements give both chemical and steric possibi-
lities for a large substitution, namely up to 50 and 25% for Nd and Gd
[14]. Marrero-López et al. found that the substitution of Mo by W
preserving the La2Mo2O9 structure is possible up to 75%, whereas the
La can be substituted by Nd up to 87.5% [15]. Georges et al. [16] found
that Mo substitution byW has a beneficial effect on the stability of the
compound in reducing conditions, and the substitution range is wide
(up to around 80%) and moreover W suppresses the phase transition
by stabilizing the β form at room temperature. In addition, Goutenoire
et al. [18] observed an unusual evolution of the cubic cell parameter in
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Fig. 1. Local O ion arrangements around La andMo cations in β-La2Mo2O9 to distinguish
their differences. The O(1), O(2), and O(3) atoms are marked in white, red(dark gray),
and green(gray) balls, respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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the series La2Mo2−yWyO9, which was confirmed by Georgers et al.
[16]. Corbel et al. [21] presented a study of the influence of Cr and W
substitutions on the structural arrangement of La2Mo2O9 by employ-
ing neutron scattering. They found that, the substitution by Cr appears
to have little incidence on the structural arrangement apart from a
regular shrinkage of the cell volume due to substitution by a smaller
cation; the substitution by W has a more complex nonlinear effect:
first, a slight regular increase (W:Mob1) and then a more abrupt
decrease (W:MoN1) of the cell volume as a function of W content. In
our preceding works [22,23], we have theoretically investigated the
oxygen-ion arrangements in β-La2Mo2O9 and revealed the structure
features of β-La2Mo2O9. Now we want to extend our study of the
structure features and stabilization of high-temperature phase in
substituted La2Mo2O9.

In addition, the mechanical and dielectric relaxation studies sug-
gested that the oxygen-ion migration path involves all of the three
oxygen sites, including the fully occupied O(1) site [24]. However, the
large anisotropic thermal parameters and partial site occupancies
which characterize the O(2) and O(3) sites of this structure,
associated with the short oxygen–oxygen distances between these
two atoms, makes the conduction path between O(2) and O(3) more
likely [14,25,18,26]. By the ab initio MD simulation [22], we supported
two diffusion channels: one involves the migration of O(2) ion with
low activation energy and short migration length assisted by O(3),
and another is the migration of O(3) with large activation energy and
long migration length assisted by O(1) and O(2) ions. But the low
activation energy (0.5 eV) of the migration of O(2) assisted by O(3)
suggests the collective diffusion of O(2) and O(3) ions should not be
responsible for the experimentally observedmechanical and dielectric
relaxation peaks. So only one of these two diffusion channels is re-
lated to two relaxation peaks observed in the mechanical relaxation
measurement, which questions the correlation between the collective
diffusion of O(1) and O(2) and O(3) ions and two relaxation peaks.
Recently, the W-substituted La2Mo2O9 have been systematically in-
vestigated using the internal friction technique and the dielectric
relaxation method [27,28]. Only one relaxation peak has been
observed. The activation energy of this peak increases first with W
concentration and then saturates at a value of about 1.45 eV above
a certain substitution range. Therefore the study of the diffusion
properties in W-substituted La2Mo2O9, which is our second goal of
this work, may help us understand the mechanism for two relaxation
peaks.

Pauling put forward the classic rule on ion-crystal stability in 1929
[29]. This rule can be put in a more useful form by using the extension
suggested by Brown and Altermatt [30]. The valence Vi of the ith atom
is given by the sum of the individual bond valences sij between it and
its nearest-neighbor atoms j:

Vi =
X
j

sij: ð1Þ

The individual bond valences can be calculated from the observed
bond lengths Rij:

sij = exp
R0 − Rij

B

� �
; ð2Þ

where R0 is a constant dependent upon the nature of the ij pair, and
B=0.37. The bond valence sums (BVS) characterizes the interactions
between atoms and its nearest-neighbor atoms and correlates well
with the stability of the structure. Hence they are usually used to
explain some perplexing problem of stability of structure. For ex-
ample, Harrington et al. have used the evolution of BVS with sub-
stitution concentration to provide an explanation for the stabilization
of high-temperature phase Zn7Sb2O12 to lower temperature by means
of cations doping [31]. In addition, Yashima et al. recently found that
there is a close relationship between the site preference of doping
atom and BVS values in the undoped system: the site with relatively
smaller BVS values indicate the preference site for larger-sized doping
atom [32]. Our third goal of this paper is to validate the correlation of
the site preference of doping atom and BVS in β-La2Mo2O9 based on
first principle results.

In the present work, we use first-principles total energy calcula-
tions to study the structure properties of substituted La2Mo2O9 and
employ nudged elastic band (NEB) method and the dimer method to
investigate diffusion properties of O ions in W-substituted La2Mo2O9.
The paper is organized as follows: in Section 2, we describe the
method of our simulation; the results of our simulations and the
corresponding discussion are reported in Section 3; a short summary
is given in Section 4.

2. Computational methods

Our calculations are performed within the framework of the
density-functional theory, with the PBE generalized gradient approx-
imation to the exchange correlation energy, and the valence electron-
ion interaction was modeled by the projector augmented wave
potential [33,34], as implemented in the Vienna ab initio simulation
package [35]. The atoms of systemwere put in a simple cubic box with
periodical boundary condition. The plane wave cutoff and k-point
density, obtained using the Monkhorst–Pack method [36], were both
checked for convergence for each system to be within 0.001 eV per
atom. Following a series of test calculations a plane wave cutoff of
700 eV was used and a k-point grid density of 2×2×2 was employed.
The structural optimization is truncated when the forces converge to
less than 0.01 eV/Å.

In our early work, we have 12 different local or inherent structural
configurations of β-La2Mo2O9, which can be regarded as snapshots
representing small regions of the disorder material and correspond to
separate local minima on the potential energy hypersurface of the
system [22]. We randomly selected one of these different configura-
tions as the structure to be doped, because these different configura-
tions are connected to each other by one of 12 point operations of P213
space group. There are eight unique cation positions (shown in Fig. 1,
named a, b, c, and d for La and e, f, g, and h for Mo respectively) in β-
La2Mo2O9 due to the ordered arrangement of the oxygen-ion. So the
site preference for doping atom should be firstly detected. And then,
the lattice parameters of the doped β-La2Mo2O9 are determined by
performing a series of total energy calculation using different lattice
parameters. Because of some dopant concentrations less than 25%, we
made a 52-atom supercell β-La8Mo8O36 by enlarging the 26-atom
supercell with the lattice vectors A=(ai+aj), B=(ai−a j), C=ak,
where a is the cell parameter. So a series of structural configurations



Fig. 2. Evolution upon substitution rate of the cell parameters of different doped
systems. Lines are presented as guides of the eye.

Table 2
Coordination number (CN), bond valence sums (BVS) of cations at different sites before
doping, and the total energy (E(M), in unit of eV) of the doped surpercell La8Mo7M1O36

(M=Cr, W).

Site CN BVS (Mo) E (Cr) E (W)

(e) 4(1O(1)+3O(2)) 5.707 −438.22 −442.87
(f) 4(1O(1)+2O(2)+1O(3)) 5.731 −438.24 −442.88
(g) 5(1O(1)+3O(2)+1O(3)) 5.645 −436.90 −443.21
(h) 5(1O(1)+3O(2)+1O(3)) 5.571 −436.84 −443.18
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of the doped β-La2Mo2O9 were obtained for analyzing the structures
evolution with substitution concentration and the β phase stability.

Based on the above calculation of structure ofW-doped β-La2Mo2O9

and our previous study of the diffusion of O ion in pure β-La2Mo2O9, we
optimized some inherent structural configurations (shown in Fig. 2 in
our previous work [22]) with W-doped system, which are used as
the input structures for studying the diffusion properties of O ions by
the nudged elastic band (NEB) [37,38]. Here we consider those possible
diffusion paths which include one O ion moving from MoO5

hexahedra to MoO4 tetrahedra and accompany by other O ions moving
inside MoO5 hexahedra or MoO4 tetrahedra. The NEB method is a
reliable way to find the minimum-energy paths, when the initial
and final states of a process are known. An interpolated chain of con-
figurations (images) between the initial and final positions is connected
by springs and relaxed simultaneously to the minimum-energy path.
With the climbing image scheme, the highest-energy image climbs
uphill to the saddle point. The dimer method [39], which is designed to
deal with this problem by searching for saddle points corresponding to
unknown reaction mechanisms, is used to accurately converge upon a
saddle point, starting from an NEB calculation. In our present work, the
transition state obtained by NEB is used as the input structure of the
dimer method to accurately converge upon a saddle point. In addition,
we fixed the positions of all cations in all the calculations (i.e., oxygen
ions are only relaxed) on the basis of the experimental results that the
cation positions are located exactly and, compared to the pure system
the changes in cation positions in doped systems are very small
[4,15,18,20,14].

3. Results and discussions

In Tables 1 and 2 we summarize the coordination number of
cations at different sites, the results of the optimized total energies
and bond valence sumswhich are calculated by Eqs. (1) and (2) (here,
R0=2.172 Å and 1.907 Å for La3+ and Mo6+ respectively [40]). As
Table 1
Coordination number (CN), bond valence sums (BVS) of cations at different sites before
doping, and the total energy (E(L), in unit of eV) of the doped surpercell La7L1Mo8O36

(L=Gd, Sm, Nd and Bi).

Site CN BVS (La) E (Gd) E (Sm) E (Nd) E (Bi)

(a) 7(3O(1)+2O(2)+
2O(3))

3.059 −439.43 −439.40 −439.63 −432.61

(b) 8(3O(1)+4O(2)+
1O(3))

3.337 −439.57 −439.53 −439.74 −432.68

(c) 8(3O(1)+5O(2)) 2.992 −439.30 −439.33 −439.62 −432.70
(d) 8(2O(1)+6O(2)) 3.132 −439.35 −439.37 −439.64 −432.77

The total energy of pure La8Mo8O36 is −440.06 eV.
shown in Table 1, a comparison of total energies of the doped systems
among four different substitution sites indicates that, Gd, Sm and Nd
atoms, whose ionic radii are smaller than that of La, prefer the
crystallographic sites with largest BVS values, whereas Bi atom, whose
ionic radius is slightly larger than that of La, prefers the crystal-
lographic site with second largest BVS values. Table 2 indicates that, Cr
prefers to occupy the site with a coordination number of 4, while W
prefers the site with a coordination number of 5. These are ratio-
nalized in terms of the smaller-sized Cr atom and the slightly-larger-
sizedWatom as compared with the Mo atom. We can also see that, Cr
prefers the site with the largest BVS value and W prefers the site with
lower BVS value. This suggested that the BVS values in undoped
system could be used as an indicator for the site preference of dopant
cations: the dopant cations with relatively large ionic radius prefer to
sites with smaller BVS values; while small dopant cations preferen-
tially occupy crystallographic sites with larger BVS values. This cor-
relation of the site preference of doping atom and BVS values is similar
to that reported by Yashima and Kawaike [32]. It should be noted that
the case of Bi3+ substitution on La3+ is not consistent with this
regulation. We guess that it may be related to the lone-pair electrons
of Bi3+ ion and need to be further studied in the future work.

Based on the above results of the site preference for different
doping atoms, the cell parameters of doped systems by Gd, Sm and Nd
for La and by Cr and W for Mo are calculated at their respective
preference sites. The evolution of calculated cell parameters with
substitution concentration is shown in Fig. 2. Trivalent Gd, Sm and Nd
being smaller than trivalent La and hexavalent Cr being much smaller
than hexavalent Mo, as expected the crystal cell volume is decreased
upon substitution of La by Gd, Sm and Nd and substitution of Mo by Cr.
The cell parameter evolution in Gd-, Sm-, Nd- and Cr-doped systems
shows a linear decreasing dependence on the substitution concentra-
tion, thus following the usual Vegard's law. This is in good agreement
with the experimental results [15,14,21]. In sharp contrast with the
above-discussed substitution series, the cell parameter evolution
upon W substitution shows a nonlinear dependence, making this
series unique in the whole doped family. Since W ionic radius is
slightly larger than that of Mo, it is expected that the cell parameter to
slightly increase upon W substitution. It is true when the substitution
content is lower than 50%. Above this value, the cell parameter sur-
prisingly decreases. Our obtained nonlinear dependence of the cell
parameter on W substitution concentration is in complete agreement
with the experimental result [21]. This nonlinear dependence of cell
parameter may arise from the following reasons. As have presented in
Table 2, W-doping atom prefers those sites with coordination number
of 5. When the substitution concentration is 50%, the sites with
coordination number of 5 have all been substituted by W, any more
W-doping thus makes W occupy the sites of 4 coordination. These
would result in the change in the Mo/W–O bond length, so the
average Mo/W–O bond length were calculated and presented as a
function of the percentage of substitution in Fig. 3. From this figure, we
can clearly see that Mo/W–O bond length first increases and then
decrease with W content, exhibiting the similar dependence on W
content as the cell parameter.

We now turn our attention to the phase stability of doped systems
in terms of the cohesive energy. Fig. 4 shows the evolution upon



Fig. 3. Average Mo/W–O(1)/O(2)/O(3) bond length as a function of the percentage of
substitution Mo by W. Lines are guide for the eye.
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substitution of calculated cohesive energies in Gd-, Sm-, Nd-, Cr- and
W-doped systems. From Fig. 4, we can clearly see that the cohesive
energy of Gd-, Sm-, Nd- and W-doped system decreases steadily with
increasing substitution concentration, indicating that the introduction
of Gd, Sm, Nd andWatoms may stabilize the high-temperature phase.
This is consistent with the experiment result. In contrast with the
above-discussed substitution series, the cohesive energy evolution
upon Cr substitution shows a linear increase with substitution con-
centration, which may be the reason of the experimentally observed
impurity-phase LaCrO3 [21].

BVS represent an extension to more complex structures of the
original electrostatic valence rule of Pauling which essentially
required local electroneutrality to be preserved in order for a structure
to be stable, and thus correlate with the stability of the different
structures. Here, in our high-temperature disorder phase of La2Mo2O9,
the expected value of BVS of La and Mo is 3 and 6, respectively. As
listed in Tables 1 and 2, the BVS values of La and Mo in the high-
temperature phase are 2.992–3.337 and 5.645–5.731, which are
greatly larger or lower than their expected values, respectively. Note
that a significant deviation of BVS values from expected values
represent departure from local electroneutrality and potential
instability in the structure, and this destabilization could be offset
by an increase in entropy associated with structural disorder, resulting
in stabilization of the structure above a certain temperature, as found
here in the β phase. Hence the β phase is entropically stabilized.

We also calculated the BVS value for all cation sites in the above-
discussed doped systems using Eqs. (1) and (2) (here, R0=2.172 Å,
2.065 Å, 2.088 Å, 2.117 Å, 1.907 Å, 1.724 Å, and 1.921 Å, for La3+, Gd3+,
Sm3+, Nd3+, Mo6+, Cr6+ and W6+respectively [40]). For convenient
Fig. 4. Evolution upon substitution rate of the cohesive energy of different doped
systems. Lines are presented as guides of the eye.
measure of the deviation of BVS values over the whole structure, we
calculated the R1, which is the root-mean-square average of the
discrepancy between expected values and calculated values of BVS [41]:

R1 = h Vc
i −Vi

� �2i1=2; ð3Þ

where Vi
c is the expected value of cation i, Vi is the calculated values of

cation i. Any decrease of the R1 values by means of doping would
effectively reduce the extent of departure from electroneutrality and
the temperature at which the entropic stabilizationwas required [31].
The evolution of R1 values with substitution concentration are shown
in Fig. 5. From the figure, we can clearly see that the R1 values
decrease with the substitution concentration in Gd-, Sm-, Nd- andW-
doped system. This implies that the extent of departure from
electroneutrality and the temperature required for entropic stabiliza-
tion are reduced by doping with Gd, Sm, Nd and W. Hence the high-
temperature β phase can be observed at lower temperature in these
doped systems. For Cr-doped system, the R1 value increases upon
substitution. This indicates that the substitution of Mo by Cr does not
stabilize the high-temperature. These results are consistent with
both our previous analysis based on the cohesive energy and the
experimental results. It should be noted that the R1 values decrease
rapidly in Gd- and Sm-doped system, while the R1 value decreases
very slowly in Nd-doped system. This different behavior help us
understand the experimental observation that different doped
systems stabilize the β phase at different temperature as mentioned
in Section 1.

To further understand the observed relaxation peaks in the me-
chanical and dielectric measurement, we systematically investigated
the oxygen-ion diffusion property in W-doped system. The oxygen-
ion transition paths can be obtained theoretically using the NEB
method. The accurate energy barriers are obtained using the dimer
method. Three minimum-energy transition paths are found and
presented in Fig. 6. Note that two of three transition paths as shown in
Fig. 6(a) and (c) are the same as Fig. 4(b) and (c) of the previous work
[22], one new transition path as shown in Fig. 6(b) has been found. It
should be pointed out here we do not consider the minimum path
shown in Fig. 4(a) of our previous work [22], because O ions do not
diffuse along theMoO-polyhedron network. As shown in Fig. 6(a), one
O(2) ion moves to the unoccupied nearest-neighboring O(3) site in
anotherMoO polyhedron [here, for convenience this motion process is
simply marked with O(2)anotherO(3)] and simultaneously one O(3)
ion jumps to the unoccupied nearest-neighboring O(2) site inside the
sameMoO polyhedron [O(3)sameO(2)]. This diffusion path is referred
to as path A. Using the similar mark, we can denote the diffusion
process (path B) in Fig. 6(b) by two subprocesses: O(1)sameO(2),
O(2)anotherO(1). Note that here two referred O(1) sites are the
same site and this site is occupied both in initial and finial states
but by different O ions. The diffusion path C involves the collective
Fig. 5. Evolution upon substitution rate of R1 in different doped systems. Lines are
presented as guides of the eye.



Fig. 7. The energy barrier (Eb) of transition paths B and C and their difference (ΔEb) as a
function of W content.

Fig. 6. Schematic diagram of typical minimum-energy transition paths connecting the
local structures ofW-doped systems. The O(1), O(2), O(3) andMo/Watoms aremarked
in white, red (dark gray), green (gray), and small cyan (small gray) balls, respectively,
and the unoccupied positions of O(2) and O(3) sites are marked in red (dark gray) and
green (gray) squares, respectively. The arrows I, II, and III denote the subprocesses in the
transition paths, and the start and end points of the arrow denote initial and final
positions of the migration path, respectively. 25% W-doped: there exists two cases, one
case is all small cyan balls are Mo atoms (O atoms move near Mo), another case is the
small cyan balls denoted by (1), (4) and (6) areW atoms. 50% W-doped: the small cyan
balls denoted by (1), (4) and (6) are W atoms. 75% W-doped: the small cyan balls
denoted by (1)–(4), (6) and (7) are W atoms. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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motion of O(1) and O(2) and O(3) ions shown in Fig. 6(c). The
path C includes three subprocesses: O(1)sameO(2), O(3)anotherO
(1), O(2)sameO(3). The two referred O(1) sites here is the same
with that in the path B. Only one Mo/W–O bond is broken.

The obtained migration distance of oxygen-ion and energy barrier
of paths A, B and C in undoped and W-doped systems with different
concentration are summarized in Table 3. The migration distance of
oxygen-ion is the distance between the initial location and the final
location in the subprocesses. For the pure system, we can see that,
(i) the energy barrier (0.5 eV) of path A is small, suggesting the
corresponding relaxation process would be activated at much lower
temperature, so this case is not discussed in the following. (ii) The
energy barriers of path B (1.05 eV) and C (1.24 eV) are close to the
experimental results (0.9 and 1.1 eV) in the mechanical relaxation
measurement, suggesting that the collective diffusion channels of B
and C may be responsible for the two mechanical relaxation subpeaks
P1 and P2, respectively. Therefore, though O(1) sites are fully occupied
and O(2) and O(3) are partially occupied, O(1) ions aremobile such as
O(2) and O(3) ions in both transition paths A and B. There exists a
small difference in the energy barriers between these two transition
paths. From Table 3, we can clear see that, W-doping leads to the
obvious increase in the energy barriers for transition paths B and C,
suggesting the experimentally observed relaxation peaks due to
W-doping should move towards to high temperatures, which is in
agreement with the experimental result [27,28]. In order to clearly
display the W-content dependence of energy barrier in W-doped
systems and make a comparison with the experiment, we replot in
Table 3
Migration distance Dm (Å) of oxygen ion in subprocesses and energy barriers Eb (eV) of
three diffusion paths A, B and C (shown in Fig. 6) in La4Mo4− yWyO18 (y=0, 1, 2, 3).

Path A Path B Path C

Dm

(I)
Dm

(II)
Eb Dm

(I)
Dm

(II)
Eb Dm

(I)
Dm

(II)
Dm

(III)
Eb

La4Mo4O18 1.82 1.18 0.50 2.05 2.60 1.05 2.37 2.73 1.08 1.24
La4Mo3W1O18 1.90 1.11 0.81 2.07 2.68 1.22 2.41 3.16 1.02 1.36
La4Mo2W2O18 1.90 1.10 0.84 2.08 2.68 1.38 2.41 3.14 1.01 1.43
La4Mo1W3O18 1.90 1.10 0.71 2.06 2.67 1.35 2.41 3.13 1.01 1.37

Note that, for the case of 25% W-doped (La4Mo3W1O18), the barrier energy is the
average value of two diffusion cases (for details see the caption of Fig. 6).
I, II and III denote the subprocesses in the transition paths.
Fig. 7 the change tread of energy barriers in transition paths B and C
in Table 3 and their difference as a function the percentage of W
substitution.With increasingW content, the energy barriers of paths
B and C first increase obviously then become insensitive to W
content. But the difference of energy barrier between paths B and C
decreases with W content, and almost disappears for the W-doped
system with 75%. This evolution behavior of energy barrier with W
concentration is also in accordance with the experimental result
[28]. This remarkable decrease in the difference of energy barrier
between B and C may be the reason that only one relaxation peak is
observed in the mechanical relaxation measurement in doped
system, compared to undoped system.

4. Conclusion

We have performed ab initio simulations to study the influences of
Gd, Sm, Nd, Bi, Cr and W substitutions on the structure and phase
stability of the β phase. The diffusion properties of W-doped system
are also investigated using the nudged elastic band method and the
dimermethod. It is found that Gd, Sm and Nd atoms, whose ionic radii
are smaller than that of La, prefer the crystallographic sites with
largest BVS values, whereas Bi atom, whose radius is are slightly larger
than that of La, prefers the crystallographic site with second largest
BVS values. The results of Cr and W substitution for Mo show that Cr
prefers to occupy the site with coordination number of 4, while W
prefers the site with coordination number of 5. In contrast with
the linear dependence in other doped systems, the cell parameter
of W-doped systems shows a nonlinear dependence on W content,
which results from the nonlinear change in Mo/W–O bond length
with W content. The evolution of cohesive energy upon the
substitution concentration indicate that the introduction of Gd, Sm,
Nd and W atoms stabilize the high-temperature phase. From BVS
calculations, the BVS values for all cations in the β phase are
significantly deviation from the expected values, suggesting the
β-La2Mo2O9 is entropically stabilized. Substitutions of Gd, Sm,NdandW
in La2Mo2O9 reduce the deviation of BVS values leading to stabilization
of the β phase to lower temperature. Threeminimum-energy transition
paths inW-doped systemhave been studied in details. It is found: (i)W-
doping leads to the obvious increase in the energy barriers for transition
paths B and C, suggesting the experimentally observed relaxation peaks
due toW-doping should move towards to high temperatures. (ii) There
is a remarkable decrease in the difference of energy barrier between B
and C, which may be the reason that only one relaxation peak is
observed in the mechanical relaxation measurement in doped system,
compared to undoped system.
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