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ABSTRACT: Solid-state synthesis and phase transitions of RE2(MoO4)3 (RE ≡ Nd, Sm, Eu, and Gd) samples have been monitored
by X-ray thermodiffraction with synchrotron radiation. The experiment was divided in two stages. In the first heating, different non-
stoichiometric molybdates (Eu4Mo7O27, Eu2Mo4O15, and Pr2Mo4O15 structure types) emerged from the RE2O3 and MoO3 oxides
before the expected phases (with α-Eu2(WO4)3 and La2(MoO4)3 structure types and the β-Gd2(MoO4)3 phase). The formation and
coexistence of intermediate phases have been explained by common structural motifs with unit cell volumes per atom among those
with the formula RE2(MoO4)3. Subsequent heating−cooling cycles showed the occurrence of the reversible and reconstructive α
[La2(MoO4)3] ↔ β phase transition, including the less common transition β → α [La2(MoO4)3] obtained by heating the β′-
Gd2(MoO4)3 phase from room temperature and clarifying much of the controversy in the literature. The transition mechanisms were
studied by proposing a common supercell and comparing the RE and vacancy ordering within similar layers of MoO42− tetrahedra.
The possible formation of stacking faults in Nd2(MoO4)3 was explained as a mixture of modulated scheelite phases. This research
supports the importance of a directed and rational synthesis analyzing the intermediate products and their phase transitions for the
enrichment of materials with new or improved properties.

1. INTRODUCTION
Rare earth molybdates produced from the binary system
nREd2Od3

−mMoOd3
(RE ≡ La−Lu, Bi, Sc, and Y) constitute a large

group of inorganic compounds of much interest due to their
multifunctional properties (optical, dielectric, electronic,
magnetic, catalytic, ferroic, etc.) with consequent technological
applications (scintillators, solid-state lasers, Raman shifters,
phosphors, electronic and ionic conductors, thermal or
luminescent sensors, fuel cells, energy storage, photocatalysts,
etc.).1−5 Molybdates with composition n/m = 1:1 and
chemical formula RE2MoO6 and those with n/m = 1:3 with
the formula RE2(MoO4)3 are the most studied. Very recent
work has also been done on combined compounds with both
compositions.6

Compounds with the chemical formula RE2MoO6 (1:1),
also called oxymolybdates, yield two polymorphs depending on
the ionic radius of the lanthanide.7 They are known for their

luminescent characteristics and for their potential as dielectrics
under microwaves;8,9 lately, they have been studied as proton
conductors and as good conducting networks and ion diffusion
pathways, offering sufficient active sites for catalytic con-
version.10−12 On the other hand, compounds with the formula
RE2(MoO4)3 (1:3) are of great interest in fundamental science
because of the great flexibility of their crystal structures that
makes possible negative thermal expansion, negative compres-
sion, phase transitions (e.g., ferroelectric−paraelectric), and
other thermal and pressure-related anomalies.13−15 At least 10
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different structures are known from ambient conditions to
their respective melting points and amorphization pres-
sures;1,15 and this great structural variety explains many of
their multifunctional properties. In addition to those already
mentioned, more recent and combined properties are the
morphology control with biological applications and the
negative thermal expansion combined with upconversion
emission.16,17

Rare earth molybdates are conventionally prepared by solid-
state reaction from stoichiometric mixtures of the oxides
RE2O3 and MoO3. The highest heating temperature is usually
limited to approximately 923 K to avoid the vaporization of the
MoO3. Although there is information on the preparation of
RE2(MoO4)3 samples, there is still no unequivocal opinion on
the conditions that favor the growth of the different crystal
structures of various polymorphs. The generation of specific,
sometimes metastable, phases is essentially controlled by
kinetic factors.18,19 Compounds with the same chemical
composition but obtained by different preparation methods
(solid-phase synthesis, growth in melt, co-precipitation from
solutions, sol−gel method, hydrothermal synthesis) can show
significant changes in structure under other conditions.20

However, since Bixner in 1979 until today, there has been
quite a consensus on the assumption of the phase diagram
showing the thermal stability zones versus the ionic radii of the
trivalent metals.1 All known crystalline structures in this family
of compounds belong to three polytypes with no symmetry
relationship.18 Various isomorphs are distinguished and related
by crystalline symmetry within each polytype. The three
polytypes are:

1.1. Modulated Scheelites. The monoclinic phases are
La2(MoO4)3 (which we will refer to as the LaMo-phase)

21 and
α-Eu2(WO4)3 (which we will refer to as the α-phase).22 These
phases are derived from the CaWO4 scheelite in which the
cationic vacancy (□), which appears in the complete formula
RE2□(MoO4)3, is ordered in the RE (or Ca) position.23 Other
modulated structures that do not appear in the Brixner diagram
have been investigated, for example, the formation of an
incommensurable phase for Pr2(MoO4)3.

24 Similar compounds
have also been studied under pressure, in which a “pre-
amorphous” phase appears. This is explained by the formation
of stacking defects associated with the rearrangement of the
rare earth and its associated vacancies.25

1.2. Ferroelectric−Ferroelastic. Ferroelectric−ferroelas-
tic phases with the polar orthorhombic β′-Gd2(MoO4)3
structure type (we will call it the β′-phase).26 The
corresponding paraelectric−paraelastic phase possesses a
tetragonal β-Gd2(MoO4)3 structure type (we will refer to it
as the β-phase).27 Before the amorphization of the β′-phase
under high pressure, one or several more distorted phases have
been detected, some of them referred to as the δ phase.28

1.3. Negative Thermal Expansion. Negative thermal
expansion (NTE) phases with the orthorhombic γ-Sc2(WO4)3
structure type (hereafter γ-phase).29 Recently, a new
polymorph that does not appear in the Brixner diagram has
been reported, with the monoclinic structure of the
Fe2(MoO4)3 in compounds belonging to the solid solution
(Lu1−xEux)2(MoO4)3 (0 ≤ x < 0.2).30

The dependence on the types and conditions of synthesis
coupled with the changes introduced by the lanthanide ionic
radius complicates the study of phase transformations in these
systems under temperature and pressure. The transitions, with
increasing temperature, LaMo-β, α−β, and β′−β of

RE2(MoO4)3 (RE = La−Dy) compounds are known and are
also reported in the review by Brixner and co-workers in 1979.1

The β′−β transitions, the most studied, take place between
413 and 513 K, and the α−β and LaMo-β transitions occur
between 1073 and 1273 K. In both cases, the transition
temperature increases with the ionic radius. There is much
more controversy in the literature about the β−α (or β-LaMo)
transition, recalling that the α- (or LaMo-) and β-phases are
not related by symmetry and are first-order reconstructive
transitions. Already, Nassau and co-authors have observed that
single crystals of the ferroelectric phase (RE = Gd, Tb, Dy, Ho,
and Y) were wholly transformed to the α-form in 3 days at
1073 K.31 They observed much more stability in the
ferroelectric phase of powdered Tb2(MoO4)3, which does
not completely transform to the α-phase even after 7 days at
873 K. At higher temperatures, this transition is indeed
confirmed. Also, in the same work, they propose the possible
appearance of the γ-phase at high temperature (at 1323 K) for
Tb2(MoO4)3. More recently, Autchin and co-authors per-
formed a complete characterization of the α-Eu2(MoO4)3
compound.32 They obtained the α-phase by solid-state
synthesis and detected two endothermic signals on the DSC
curve at 1182 and 1438 K upon heating the sample. During
cooling, the crystallization temperature at 1373 K was
confirmed, but there was no second exothermic peak.
However, during the following heating, the endothermic
peak was reproduced at above 1173 K, and they concluded
that the observed transition agrees with the α−β phase
transition. Also, very recently, Tang and co-authors33 studied
changes in luminescence intensities depending on the
transition temperature synthesized by solid-state reaction of
three polymorphs of Eu2(MoO4)3 regulating the sintering
temperature: the scheelite phase at 873 K, a new monoclinic
modulated scheelite phase between 973 and 1073 K and the β-
phase between 1173 and 1273 K. They also presented DTA
curves where an exothermic peak appears above 873 K,
assigned to the scheelite-new modulated scheelite phase
transition, and an endothermic peak near 1173 K, assigned
to the newly modulated scheelite-β transition.33
While we were working on this manuscript, Popov and co-

authors20 published a work on the formation and evolution of
the local and long-range structures in almost the entire
RE2(MoO4)3 series (with RE ≡ La, Pr, Nd, Eu, Gd, Dy, Ho,
and Yb) using XRD with synchrotron radiation, Raman,
infrared, and photoluminescence spectroscopies and simulta-
neous thermal analysis with ICP spectroscopy. They prepared
the samples by co-precipitation with subsequent calcination of
the precursors. They found that all molybdates initially
crystallized with the monoclinic crystal structure of a
modulated scheelite in the superspace group I112/b. When
the calcination time increases, a significant rearrangement of
the crystal structure occurs, which mainly depends on the
lanthanide type. These authors reviewed and proposed a new
phase diagram for this family according to the newly observed
phase sequence.20

There is less knowledge about other m/n compositions of
the mREd2Od3

−nMoOd3
system. The discovery of the fast ionic

conductivity in the La2Mo2O9 compound (m/n = 1:2),
together with the determination of its structure, is relatively
recent.34 Since the last decade, this has stimulated further
research to determine new structures with other very close
compositions, e.g., RE5Mo3O16.5 (m/n = 5:6).35,36 On the
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other hand, depending on the ionic radius of the rare earth,
there are several polymorphs with the formula RE2Mo4O15
(m/n = 1:4), which have lately been studied for their optical
properties.37 In addition, the phase with the Y2Mo4O15
structure undergoes NTE, increasing its functionality by
doping or substituting with rare earth.38,39 Other m/n
compositions (1:5, 2:7, 3:10, etc.) are possible and have also
been investigated.40−42

Despite many publications on the study of various
characterization methods of lanthanide molybdates, investigat-
ing these physical and chemical properties and possible
applications is still very relevant today. In particular, to
understand in-depth the correlation between the physical
properties and the crystal structure, it is necessary to know
precisely and accurately the stability ranges of different phases
as a function of temperature and the ionic radius of the rare
earth. With this work, we aim to investigate the sequence and
reversibility of the transitions between the paraelectric−
ferroelectric (β−β′) phases and the α-phase or the LaMo-
phase (modulated scheelite phases) in successive heating and
cooling cycles. Moreover, the growth of such polymorphs,
starting from the MoO3 and RE2O3 oxides, has been studied
because other non-stoichiometric molybdates are expected to
appear, which would open new avenues of research. Four rare-
earth molybdates with consecutive lanthanide elements in the

periodic table have been revised: Nd2(MoO4)3, Sm2(MoO4)3,
Eu2(MoO4)3, and Gd2(MoO4)3 (Pm, between Nd and Sm, is
radioactive, and the corresponding molybdate has been left out
of this study for this reason). Note that compounds with
lanthanides of immediately higher and lower ionic radii (Pr
and Tb) are generally not synthesized from oxides with the
formula RE2O3 and are not studied here. Data obtained in a
thermodiffraction experiment performed at the ESRF (Euro-
pean Synchrotron Radiation Facility) in 2015 has been used
for the present work. We have now analyzed and interpreted
our results after reviewing new research on the different
structural types occurring in most of the known rare earth
molybdates.

2. EXPERIMENTAL SECTION
This work has been performed thanks to the European Synchrotron
Radiation Facility (Grenoble, France) experiment with reference
number ESRF: 25-01-954. The initial samples of the investigation
were MoO3 and RE2O3 oxides (RE: Nd, Sm, Eu, and Gd), previously
preheated, mixed in stoichiometric quantities, and homogenized in an
agate mortar. They were introduced into glass capillaries to complete
the solid-state reaction during the thermodiffraction. Most of the
experiments in the proposal were successfully performed, although
time constraints did not allow the completion of some scheduled
heating and cooling cycles. However, sufficient measurements were
carried out to obtain new results, which explain the current

Figure 1. Heating−cooling cycles for RE2(MoO4)3, RE ≡ (a) Nd, (b) Sm, (c) Eu, and (d) Gd.
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controversy on the formation and stability of this family of
compounds.

2.1. Experimental Conditions of the Thermodiffraction. The
measurements were taken for five consecutive days on the BM25A
line. After establishing the experimental conditions referring to the
standard samples, the experimental procedure consisted of heating up
to 1273 K to get the desired phases synthesized, followed by a cooling
and several subsequent heating and cooling cycles to determine the
complete sequence of phase transitions. In general, in all these types
of experiments, it is essential to maximize the number of
diffractograms carried out at different temperatures but with sufficient
time to measure each one.
Among the experimental conditions, the most relevant ones are

pointed up. Quartz glass capillaries of 0.3 mm diameter were filled
with the standard polycrystalline Si as a reference and the MoO3,
RE2O3 oxides, and different previously synthesized trimolybdate
RE2(MoO4)3 phases. The incident wavelength used was 0.6502 Å,
obtained by checking the calibrated values concerning the interplanar
spacings of the standard sample. The Debye−Scherrer geometry was
used with a 2θ angular range from 4 to 15° or 30°. A hot gas blower
was used for heating. The temperature was calibrated using the
tabulated expansion curves of the Si sample from 298 to 1273 K. For
this purpose, the Si sample was heated, and the peak data (111) were
collected between 2θ = 11.8 and 12.0° in steps of 100 K in one
heating cycle. Heating and cooling rates between 3 and 30 K/min
were programmed for the remaining samples.

2.2. Heating and Cooling Programs. Figure 1 shows different
heating and cooling schedules for the samples studied. Different
molybdate phases were formed during the first heating cycle up to
1173 K. Many diffractograms were collected for the case of the first
heating ramp. The first slow heating (3 K/min) to obtain the
Nd2(MoO4)3 and Sm2(MoO4)3 molybdates was very similar since the
aim was to compare the behavior of two different modulated
scheelites before reaching the β-phase at 1173 K. Then, measure-
ments were collected from 1173 to 873 K (at 10 K/min), and the
temperature was raised again to 1173 K (10 K/min). This cycle was
intended to study the reversibility of the α[LaMo]-β phase transitions.
Afterward, the temperature was lowered by quenching to “freeze” the
β′-phase, which was reheated (10 K/min) to observe the much less
studied β−α[LaMo] change. Finally, the two samples were cooled
down again quickly (30 K/min). During the first part of heating
Nd2(MoO4)3, the incidence of the hot gas did not heat the capillary
homogeneously so that new phases were formed coexisting with the
oxides, and it was maintained up to 1173 K. Several diffractograms
were collected at this temperature while increasing the diameter of the
gas flow. For this compound, final rapid heating from the β′-phase was
also performed.
Molybdates of Eu and Gd were initially heated at 5 K/min. In the

case of the Eu2(MoO4)3 sample, the diffractograms were collected
following the cycle RT-1173 K−873 K−1173 K (at 10 K/min), where
the α−β−α−β phase transitions are expected. Then, a first rapid
quenching to room temperature (30 K/min) was performed, and after
that, the sample was heated to 1073 K at 30 K/min. This was followed
by a new quenching to room temperature and a new heating until
1173 K (30 K/min). Finally, the sample was cooled at 5 K/min to
collect more information about what happens when the temperature
drops, since this part of the cycle is usually less studied. In the case of
the Gd2(MoO4)3 sample, the last compound analyzed, it was only
possible to program a heating ramp at 5 K/min until reaching 1173 K,
afterward a decrease at twice the rate, and collecting half the number
of measurements.

2.3. Data Analysis. To identify the phases that appeared in the
thermo-diffractogram, we performed an exhaustive search in the ICSD
database (inorganic crystal structure database)43 for the possible
phases that could be present. Table 1 shows the most frequent
structural types of the RE2O3 and MoO3 oxides. Table 2 shows the
structural types of the most frequent molybdates, where only the three
elements, RE, O, and Mo(VI), appeared within the chemical formula
and those where 0. 6m

n
2 , where 2m is the number of rare earth and

n is the number of molybdenum atoms. This condition implies that
the chosen molybdates can co-exist with both oxides and only with
the rare earth oxide when the molybdenum oxide has volatilized,
taking into account that the ratio of the starting oxides must be m/n =
1:3 to obtain a mixture of phases with the total chemical formula:
RE2Mo3O12. Note that very stable compounds are not formed for
lower m/n ratios. For instance, compounds with the 1:6, 1:7, 1:8, etc.,

Table 1. Different Structural Types of Rare Earth Oxides
(RE: Nd, Sm, Eu, and Gd)

structural
type

space
group Z lattice parameters rare earth

La2O3 P3m1 1 a = 3.9 Å, c = 6.1 Å La−Gd
FeMnO3 Ia3̅ 16 a = 11.0 Å Ce−Ho
Sm2O3 C2/m 6 a = 14.2 Å, b = 3.6 Å, c = 8.8 Å,

β = 100°
Sm−Ho

MoO3 Pbnm 4 a = 4.0 Å, b = 13.8 Å, c = 3.7 Å

Table 2. Different Structural Types of Rare Earth
Molybdates (RE: Nd, Sm, Eu, and Gd) with Different
Stoichiometries

structural type
space
group Z lattice parameters rare earth

CaWO4 I41/a 4 a = 5.3 Å, b = 5.3 Å,
c = 11.9 Å

La−Eu

β-Gd2(MoO4)3 P421m 2 a = 7.4 Å, b = 7.4 Å,
c = 10.0 Å Pr−Ho

β′-Gd2(MoO4)3 Pba2 4 a = 10.0 Å, b = 10.4 Å,
c = 10.0 Å

Pr−Ho

α-Eu2(WO4)3 C2/c 4 a = 7.5 Å, b = 11.4 Å,
c = 11.6 Å

β = 106° Sm−Dy
La2(MoO4)3 C2/c 12 a = 17.0 Å, b = 11.9 Å,

c = 16.0 Å
β = 108° La−Nd

La2Mo4O15 P21/n 4 a = 9.0 Å, b = 12.7 Å,
c = 10.6 Å

β = 90.2° La
La2Mo4O15 P21/a 12 a = 13.9 Å, b = 13.1 Å,

c = 20.0 Å
β = 95.1° La

Pr2Mo4O15 P1̅ 2 a = 7.4 Å, b = 7.5 Å,
c = 11.8 Å

α = 89°, β = 97°,
γ = 95°

Ce−Nd

Eu2Mo4O15 P1̅ 1 a = 9.4 Å, b = 10.5 Å,
c = 11.5 Å

α = 104°, β = 110°,
γ = 109°

Nd−Gd

Eu2Mo5O18 Pbcn a = 19.3 Å, b = 9.5 Å,
c = 9.3 Å

Eu, Gd

La4Mo7O27 Pca21 4 a = 14.1 Å, b = 7.3 Å,
c = 23 Å

La

Eu4Mo7O27 C2/c 4 a = 23.0 Å, b = 14.7 Å,
c = 14.3 Å

β = 105° Eu, Gd
La6Mo8O33 P21 2 a = 10.7 Å, b = 12.0 Å,

c = 11.7 Å
β = 116° La

Ce5(MoO4)8 P21/c 4 a = 11.3 Å, b = 17.0 Å,
c = 14.0 Å

β = 90.7° Ce

Ce6(MoO4)8(Mo2O27) P1̅ 2 a = 9.4 Å, b = 10.6 Å,
c = 18.1 Å

α = 104°, β = 95°,
γ = 102°

Ce, Pr

Nd6Mo10O39 C2/c 4 a = 12.4 Å, b = 19.8 Å,
c = 13.8 Å

β = 101° Pr−Gd
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ratios were not found in the database. The simulation of the
theoretical diffractograms for phase identification was performed with
the FullProf software.44 Tables 1 and 2 also show the space group of
each structural type, the number of chemical formula units in the unit
cell, approximate lattice parameters, and the rare earth most
frequently involved in these structural types.
To confirm all the identified phases, they were refined. Because of

the small angular range of diffraction measurements, there was
insufficient information to perform a Rietveld refinement;45 thus, the
Le Bail method was used to refine the complete profile.46 We started
the first refinement from the cell parameters used in the identification.
Several points were chosen from the diffractogram to model the
background, and a linear interpolation was performed. The modified
Thompson−Cox−Hastings’ pseudo-Voigt function was selected as
the profile function, which involves asymmetry corrections for axial
divergence.47 The diffraction experiment was performed with the
standard Si sample to obtain the starting profile parameters. The
parameters U and X (associated with the micro deformations and
domain or grain size, respectively) were refined, imposing the same
value for all the phases refined in the same diffractogram. Other, more
specific data treatments will be explained in the discussion of the
results.

3. RESULTS AND DISCUSSION
Figure S1 shows the diffractograms collected during the first
heating cycle. At room temperature, molybdenum oxide and
oxides of Gd, Eu, Sm, and Nd were identified. Above 763 K,
new peaks appear, which co-exist with the oxides and have
been identified as “non-stoichiometric or intermediate
molybdates” (see Table 2). At 886 K, the α-phase was
identified for Eu2(MoO4)3 and Gd2(MoO4)3 and at 927 K for
Sm2(MoO4)3 and Nd2(MoO4)3. In this first heating cycle, the
solid-state reaction takes place, leading to the formation of the
α-phase, which reaches its pure state at the temperature of
1050 K for Eu and Gd molybdates and at 1091 K for the Sm
molybdate. The diffractograms of the Nd molybdate were
more difficult to analyze because this compound was not
uniformly heated, as explained in the Supporting Information.
The temperature of appearance of the modulated scheelites

is lower when the lanthanide radius is smaller. The β-phase
appears at 1091 K in Eu and Gd molybdates and at 1131 K in
Nd and Sm molybdates. Also, it is found that this phase occurs
at lower temperatures in compounds with lanthanides of a
smaller ionic radius.
The following cooling and heating cycles are shown in

Figures S2 and S3 at the Supporting Information where the
phase transitions V and VLaMo were identified. A
refinement of the complete profile was performed by the Le
Bail method to go deeper into the formation and phase
transitions and their mechanisms. In the following sections, we
will discuss the results of these refinements, taking into account
the crystal structures of the phases present. We will
differentiate between the first heating cycle, the remainder
cycles, and the specific treatment of Nd2(MoO4)3.

3.1. First Heating Cycle: Molybdate Formation. In
Figures 2−4 we show selected diffractogram refinements for
the first heating cycle of the Gd, Sm, and Nd molybdates.
(Similar refinements for the Eu molybdate diffractograms are
shown in the Supporting Information in Figure S4).
Experimentally obtained diffractograms (red) and those
calculated theoretically by the Le Bail’s method (black) are
distinguished. In addition, the Bragg reflections of the different
phases are shown. For all compounds, very similar results are
observed, confirming the occurrence of non-stoichiometric (or
intermediate) molybdates with type structures Eu4Mo7O27 in

all samples (marked as RE4Mo7O27), Pr2Mo4O15 in com-
pounds with Nd (marked as Nd2Mo4O15 (I)) and Eu2Mo4O15
in molybdates with all rare earths (marked as RE2Mo4O15).
The first structural type co-exists with the MoO3 oxide, and all
of them with the corresponding rare earth oxides of the La2O3
structural types in compounds with Nd (marked as RE2O3 (I))
and of the (MnFe)O3 structural type in the remaining
compounds (marked as RE2O3).
The refinement confirmed the identified phases and that

new unknown phases were not formed. Tables S1−S4 in the
Supporting Information summarize the cell parameters and the
agreement factors of each phase refinement (RB and RF) and
for the complete profile (Rp, Rwp, Rexp, and χ2) at different
temperatures for each sample. In general, a good agreement
was observed. However, the RB and RF factors of the
compounds with Nd are worse due to the difficulty of refining
all the phases coexisting for some temperatures during the first
inhomogeneous heating. Sometimes the refinement of the pure
oxide mixture was not satisfactory (large χ2 values) because the
profile model did not have all the parameters to fit the well-
defined peaks.
The refinement also allows for an analysis of the unit cell

volumes of different phases and their temperature dependence.
The volume per atom within the unit cell was calculated to
check the stability of the phases. All mixtures of phases must

Figure 2. Le Bail refinements at different temperatures for
Gd2(MoO4)3. Observed data (red) and calculated data (black) are
indicated. In addition, the Bragg positions for each of the phases:
Gd2O3 (pink), MoO3 (orange), Gd2Mo4O15 (cyan), Gd4Mo7O27
(brown), α-Gd2(MoO4)3 (blue), and β-Gd2(MoO4)3 (magenta) are
indicated in the diffractograms.
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have the same number of atoms (we will call them: nRE, nMo,
and nO), with nRE = 2 N, nMo = 3 N, and nO = 12 N. Figure 5
shows the cell volumes per atom of the different phases
appearing in the first heating cycle for the Nd, Sm, Eu, and Gd
molybdates calculated during the refinement (in some cases
completed with data collected in other cycles). The sums of
the volumes of the stoichiometric mixture of lanthanide oxides
and Mo oxides are the smallest and increase with the RE (Sm,
Eu, and Gd) ionic radius. Note that this sum is lower for the
Nd compound because it starts from Nd2O3, with another
structural type denser than the other lanthanide oxides. This
oxide is present at higher temperatures because heating was
not uniform for neodymium compounds. The volumes per
atom of the LaMo- and the α-phase are intermediate between
the oxide mixtures and the β- and β′-phases, which present the
larger volume per atom; this is typical for the metastable phase
at a higher temperature. The volumes per atom of the
intermediate molybdates are always between the volumes per
atom of the α[LaMo] and β-phases after the temperature of
the first appearance of the α[LaMo]-phase and the α[LaMo]
↔ β phase transition. Before this temperature, the mixtures of
intermediate phases have a volume per atom close to that of
the α-phase. In general, the volumes increase with the ionic
radii of the lanthanide, and as the temperature increases, the
volume increases unless a phase transition occurs; there may

be a decrease in volume and then a sharp increase with phase
change. This process is less evident in forming Nd2(MoO4)3;
the calculated volumes do not correspond to a single

Figure 3. Le Bail refinements at different temperatures for
Sm2(MoO4)3. Observed data (red) and calculated data (black) are
indicated. In addition, the Bragg positions for each of the phases:
Sm2O3 (pink), MoO3 (orange), Sm2Mo4O15 (cyan), Sm4Mo7O27
(brown), α-Sm2(MoO4)3 (blue), and β-Sm2(MoO4)3 (magenta) are
indicated in the diffractograms.

Figure 4. Le Bail refinements at different temperatures for
Nd2(MoO4)3. Observed data (red) and calculated data (black) are
indicated. In addition, the Bragg positions for each of the phases:
Nd2O3 (I) (pink), MoO3 (orange), Nd2Mo4O15 (I) (cyan),
Nd4Mo7O27 (brown), β-Nd2(MoO4)3 (magenta), and LaMo-
Nd2(MoO4)3 (green) are indicated in the diffractograms.

Figure 5. Volume per atom during the formation of the α, β, and β′
phases starting from oxides.
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temperature because the sample was not uniformly heated
during the first cycle. In Figure 5, we have estimated the
volume per atom that Nd compounds should have (empty
squares).
It is possible to describe the structures of the molybdates

being formed in the first heating cycle (Figure 6) by attending

to structural aspects similar to their precursor oxides mLnd2Od3
−

nMoOd3
, as proposed by Bandurkin and co-authors.48 The

structures of rare-earth molybdates inherit infinite dimer bands
{[LnOn]−[LnOn]} from the Ln2O3 oxides. The nanostructural
“memory” of molybdates implies that the dimers of these
bands retain approximately nanometer sizes and a predominant
mutual orientation. This is possible even though, as the Mo
content increases, the shape of the polyhedra in the dimers
changes and the contacts between them and the forming
polyhedra are eventually lost. The mentioned authors found
that for the molybdate crystal structures, with oxide
compositions n/m = 1:1, 1:3, and 1:4, the infinite bands of
polyhedra building the cationic sublattice in the oxide are
transformed into four modified endless band types:
(I) ...−{[LnOn]−[LnOn]}−{[LnOn]−[LnOn]}−..., (n = 8,

Ln−Ln 3.7−4.0 Å). Example: α-Eu2(WO4)3 (1:3),
Figure 6e.

(II) ...{[LnOn]Δ[LnOn]}·{[LnOn]Δ[LnOn]}..., (n = 8, Ln−
Ln ∼ 3.9 Å). Example: Pr2Mo4O15 (1:4), Figure 6c.

(III) ...{[LnOn]−[LnOn]}, {[LnOn]−[LnOn]}..., (n = 7, Ln−
Ln ∼ 4.0−4.5 Å); Examples: β-Gd2(MoO4)3 and β′-
Gd2(MoO4)3 (1:3), Figure 6f.

(IV) ...{[LnOn], [LnOn]}, {[LnOn], [LnOn]}..., (n = 6,7, Ln−
Ln ≥ 5.22 Å). Example: Y2Mo4O15 (1:4), γ-Sc2(WO4)3.

When the polyhedra share faces, we write a delta “Δ” or a
square “□”; when they share edges, a straight line “−”; and
when they share vertices, a point “·”. Three more groups can be
added to incorporate the structures that do not belong to any
of the previous groups:
(I′) −{6-[LnOn]}−{6-[LnOn]}−, (n = 8, Ln−Ln 3.7−4.0

Å). Example: La2(MoO4)3 (1:3), Figure 6b.
(II′) ... {[LnOn]Δ[LnOn]}, {[LnOn]Δ[LnOn]}..., (n = 8, Ln−

Ln ∼ 3.9 Å). Example: Eu4Mo7O27 (2:7), Figure 6a.
(II″) ...{[LnOn]Δ[LnOn]}, {[LnOn]□[LnOn]}..., (n = 8, Ln−

Ln ∼ 3.9 Å). Example: Eu2Mo4O15 (1:4), Figure 6d.
Thus, the sequence of intermediate molybdate structures

can be explained. As the composition of the m/n oxides and
the ionic radius of the lanthanide change, the bands of
polyhedra [LnOn] in isolation or forming differently connected
dimers are broken or rejoined. The first molybdates of the
Eu4Mo7O27 type (group II′) are created by co-existing with
molybdenum and rare earth oxides, regardless of the
lanthanide ionic radius. Then, the molybdenum oxide is
volatilized, and molybdates Pr2Mo4O15 (group II) and
Eu2Mo4O15 (group II″) are formed, depending on the
lanthanide’s radius. They still keep the dimers sharing faces,
although the larger polyhedra allow the dimers to form infinite
chains connecting through the vertices. At higher temper-
atures, modulated scheelites are formed: the α-phase (group I)
and the LaMo-phase (group I′). They also differ according to
the lanthanide radius. All polyhedra share an edge, forming
infinite chains staggered every two dimers (α-phase) and
hexamers connected by edges in a staggered manner (LaMo-
phase). These are more compact structures than the previous
ones as the proportion of lanthanide polyhedra increases. The
temperature increase breaks the chains, favoring the isolated
dimers sharing edges again, and the polyhedra decrease their
coordination (n = 7); the β-phase (group III) has formed.

3.2. Next Cooling and Heating Cycles. All diffracto-
grams obtained in subsequent cooling and heating cycles of the
different samples were also refined. The agreement factors
were generally better than the diffractograms of the first
heating because never more than two phases co-existed (see
Tables S5−S8 from the Supporting Information). Also, the RB
and RF factors are always worse for minority phases. The
profile factors (Rp, Rwp, χ2) increase slightly when we have very
well-defined peaks due to the lack of parameters modeling the
profile.
Figure 7 shows five diffractograms of the compounds one

can view at different temperatures and gives an idea of the
quality of the refinements. From top to bottom: the β- (at 723
K) and β’- (room temperature) phases of Gd2(MoO4)3 upon
cooling, the coexistence of the α- and β′- phases in
Eu2(MoO4)3 at room temperature (last cooling), of the α-
and β-phases in Sm2(MoO4)3 at 927 K at the last heating, and
finally the α-phase of Sm2(MoO4)3 at room temperature at the
last cooling.
Therefore, the β′−β−α−β transitions in Eu and Sm

molybdates are confirmed. The cooling rate must be lower

Figure 6. View of the molybdates (a) Eu4Mo7O27, (b) La2(MoO4)3,
(c) Pr2Mo4O15, (d) Eu2Mo4O15, (e) α-Eu2(WO4)3, and (f) β-
Gd2(MoO4)3 phases to show lanthanide dimers and bands.
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in Eu molybdate than in Sm molybdate to achieve the α-phase.
In Gd molybdate, the cooling rate should have been slower to
achieve the α-phase upon cooling. The ferroelectric and
paraelectric phases are more stable for smaller lanthanide ionic
radii, as Nassau and co-workers proposed.31 However, the γ−β
transition proposed for Tb2(MoO4)3 upon cooling was never
observed. The exothermic peak observed by these authors
upon heating must correspond to the β−α transition.
Furthermore, our experiments corroborate that the last two
phases detected by Tang and co-workers33 are the modulated
α or LaMo scheelite rather than a new modulated scheelite.
The formation of the scheelite phase at lower temperatures has
not been observed. It should be noted that the diffractograms
presented by these authors contain impurities (possibly
“intermediate” oxides and other molybdates) that may lead
to errors in identifying the modulated scheelites. Regarding the
results of the DTA curves, we believe that the first exothermic
peak above 873 K (which they assign to the modulated
scheelite−scheelite transition) corresponds to the formation of
the modulated scheelite phase (α- or LaMo-phase) from the
non-stoichiometric (or intermediate) molybdates and rare
earth oxides. We do agree with Tang et al.33 that the second
peak corresponds to the α−β transition.
There is a perfect correlation between the volume cell of the

β-phase and the volume cell of the α-phase (see the Supporting
Information, Figure S5). Note that in the case of Nd2(MoO4)3
with the La2(MoO4)3 structure-type, its volume V is divided by
three since V[Lad2(MoOd4)d3] ≈ 3V[α‑Eud2(WOd4)d3]. The increase in

volume of the β-phase with respect to the α-phase (plotted
versus the ionic radii in Figure S5 in the Supporting
Information) is around 20−22%, according to Morozov and
co-authors.18

For a deeper analysis of the mechanisms for the reversible
α−β and β−α transitions, the dependence on the temperature
of the interplanar spacings of both phases can be plotted for all
compounds (Figure S6 of the Supporting Information). There
is no “collapse” of equivalent crystallographic directions in
both phases, which confirms that it is a reconstructive (α−β or
β−α) transition. The evolution of the β-phase spacings is very
similar for all four compounds. When the temperature
increases, the spacing increases in several crystallographic
directions, decreases in others, and then reaches a normal
increase. This behavior is expected in molybdates with
modulated scheelite structures where the abnormal behavior
of the a parameter [planes (200), (-202), (-113) etc.], is
correlated with a polaronic conductivity in the same temper-
ature range.49 The abnormal behavior of the c parameter
[plane (003)] in the β′-phase takes place before the transition
to the β-phase, above 400 K.50
On the other hand, the α → β phase transformation changes

the coordination polyhedra for the rare-earth cations from
LnO8 to LnO7. Unlike the α-phase with a scheelite-like
structure, the β-Gd2(MoO4)3 structure-type does not contain
...−{[LnO8][LnO8]}−{[LnO8][LnO8]}−... bands and lantha-
nide polyhedra form isolated dimers. To better understand the
mechanisms leading to the α−β or β−α transitions, a first
analysis has been performed, similar to the well-known α → β
reconstructive phase transitions of LiNH4SO4 crystals.

51,52

Figure 8 shows a view containing the b (α-phase) and c (β-

phase) axes along the vertical direction. We will call [A, -A, TA,
-TA, A, and -A] the sequence of rows of tetrahedra of the α-
phase (left) and [B, -B, TTB, B and -B] the series of rows of
tetrahedra of the β-phase (right). Note that the sequence
continues, and it is compatible with the lattice periodicity.
Regarding the arrangement and orientation of the tetrahedra,
rows A and B are very similar. Also, the arrangement of the
tetrahedra at rows -A and -B is similar, but their orientation
with respect to rows A (axis b) and B (axis c) is opposite. It is
observed that rows B and -B are farther apart than rows A and
-A. Rows TA and -TA have the tetrahedra translated in the
direction horizontal from the figure and are mutually opposite;
they are painted in dark orange. The row TTB, with
translations along directions a and b of the tetrahedra from
rows B and -B, is placed in the middle of the rows TA and -TA,
changing the arrangement sequence (they are painted in dark
orange). Moreover, within the same vertical length (h and h′),

Figure 7. From top to bottom, Gd2(MoO4)3 refinements at 723 K
and room temperature. Eu2(MoO4)3 refinement at room temperature
and Sm2(MoO4)3 refinements at 927 K and room temperature.
Observed data (red), calculated data (black), and the difference
between them (olive) are indicated. Bragg positions for the α-
Eu2(WO4)3 (sky blue) and β-Gd2(MoO4)3 phase (magenta) also are
indicated.

Figure 8. View of the α-phase (left) and β-phase (right) structures to
visualize the sequence of rows along the b- and c-directions,
respectively. We show the RE atoms in blue, the vacancies in gray,
the Mo atoms in orange, and the oxygen atoms in red.
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there is one row less for the β-phase. To make the A and B
rows coincide again, it is necessary to multiply by 3 the b
parameter of the α-phase and by 4 the c parameter of the β- (or
β’-) phase. It is also observed that the contacts between
molybdates in rows A and -A and TA and -TA are similar to
those in rows B and -B.
To explain what happens with the coordination polyhedra of

lanthanides, we must take into account the position of the
cation vacancies described by Aracheva in 200723 for
modulated scheelites and by Morozov and co-workers
(2014)18 for the β- and β′-phases. In Figure 8, these positions
are drawn as gray atoms. In the α-phase, the vacancies are
placed at the same height as lanthanides. In the β-phase, the
vacancies always belong to B-rows, and the lanthanides are
placed slightly above the tetrahedra in the -B-rows and slightly
below the TTB-rows. Figure 9 shows the planes perpendicular

to axis b containing rows A and -A (α-phase) and the planes
perpendicular to c forming rows B and -B (β-phase). Changes
in the orientation of the β-phase from the α-phase are
observed, and their connectivity is maintained by zig-zagging
(orange dashed lines). The REO8 polyhedra in the α-phase are
connected two by two along the a-axis (vertical direction in
Figure 9) by zig-zagging (blue dashed lines), and each pair is
connected to a cation vacancy. Note that the polyhedra are not
at the same height (along the vertical axis of Figure 8). In the
β-phase, the contact of the lanthanides with the vacancy by zig-
zagging (blue lines) in the vertical of Figure 9 persists. Still, the
cations are at the same height, and the vacancy is at another
height.
Figure 10 shows the planes perpendicular to b containing

rows TA and -TA (α-phase) with connections of the vertical

polyhedra (similar to the planes in Figure 9), and the planes
perpendicular to c containing rows TTB, but with connections
of the horizontal polyhedra. This is related to the displacement
of the tetrahedra of the row TTB along the direction of the
diagonal of the ab plane. Each tetrahedron of the row B is
diagonally connected with three tetrahedra of the row TTB.
The vacancies of the β-phase remain in the same positions as
in rows B and -B. This behavior is similar to that between rows
-A with TA and -TA with A. The TTB and B rows of the β-
phase are rotated 90° with respect to the TA and -TA rows of
the α-phase (Figure 10). The most significant changes in the β-
phase with respect to the α-phase are the formation of the row
of TTB tetrahedra in the β-phase and the rearrangement of
lanthanides and vacancies. A similar discussion can be had if
we compare the β-phase with the LaMo-phase, considering
that the ordering of vacancies and lanthanides is different.
It must be added that significant deformation and large

atomic displacements are required in this phase transition, and
there is no group relationship between the symmetries of the
two crystalline phases. Any detailed description of a
reconstructive phase transition must address two questions:
(1) how do the atoms move from one structure to the other?
And (2) what path do the atoms follow between these two
structures?53 From the comparisons made between the α- and
β-phases, the first question concerning the mapping, i.e., how
the two structures are related, is resolved. We have chosen a
super-cell (a, b, and c) with the minimum symmetry belonging
to a common monoclinic space subgroup (P2). Both structures
would be related considering the following matrix equations
between the parameters of the α-cell (aα, bα, and cα) and the β-
cell (aβ, bβ, and cβ).
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We can also find the relationship of the LaMo-phase (of
parameters aLaMo, bLaMo, and cLaMo) to the β-phase.
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Such supercells would have dimensions of approximately 30
× 30 × 40 Å. Referring to Figures 8−10: a ≈ 2d, b ≈ 2d′ (d ≈
d′), and c ≈ 3h ≈ 4h′. The second question is more
complicated to solve and has to do with the actual atomic
displacements and stresses that occur during the phase
transition, and we will not address it in this work.

3.3. Particular Heat Treatment for Nd2(MoO4)3. Finally,
we have to add that a phase mixture between the α-phase and
the LaMo-phase was detected in the last heating cycle of the
Nd2(MoO4)3 compound at 968 K (Figure 11). Such a mixture
was achieved by heating from room temperature the β′-phase
at the rate of 30 K/min. It was expected to obtain the LaMo-
phase, but peaks appeared that could be identified as the α-
phase. However, the refinement did not yield good results as
some peaks were not fitted. It could be an incommensurable
phase similar to that of Pr2(MoO4)3, which some authors
described as stacking faults, interrupting the arrangement of
cations and their vacancies.24 If a modulation vector for the
LaMo-phase is included in the refinement, the result improves,

Figure 9. Projections of rows A and -A of α structure (left) and rows
B and -B of β structure (right) in the b and c directions, respectively.
The unit cells are drawn in red perpendicular to the b-axis (α-phase)
and c-axis (β-phase), with the same color code as in Figure 8.

Figure 10. Projections of rows TA and -TA of the α structure (left)
and rows TTB and B of the β structure (right) along the b and c
directions, respectively. The unit cells are drawn in red perpendicular
to the b-axis (α-phase) and c-axis (β-phase), with the same color code
as in Figure 8.
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but the peaks associated with the α-phase are still not well
refined. When a modulation vector for the α-phase was
included, the refinement improved. Therefore, phase mixing
may be compatible with the occurrence of two incommensu-
rable phases in which the stacking faults are consistent with
each co-existing phase.
Revisiting the results of Popov and co-workers,20 we pay

attention to the incommensurable phases they propose for the
whole series of compounds with the formula RE2(MoO4)3.
These have modulation vectors in which the second
component (along the b* direction) decreases as the radius
of the lanthanide decreases. It can be explained as a continuous
transition from the LaMo- to the α-phase, where the second
component decreases from 8/9 to 2/3. Figure 12 shows the
change in the vacancy (lanthanide cations) arrangement for
the modulation vectors: (a) q = 2a*/3 + 2b*/3, (b) q = 2a*/3
+ 0.7b*, (c) q = 2a*/3 + 0.75b*, (d) q = 2a*/3 + 0.8b*, (e) q
= 2a*/3 + 0.85b*, and (f) q = 2a*/3 + 8b*/9. Starting from
infinite bands of lanthanides and vacancies forming the α-
phase (red blocks in Figure 12a), first stacking defects emerge,
and the vacancy (or cations) bands are broken, forming
clusters marked with dark orange rectangles (Figure 12b,c).
The defects then increase by building shorter vacancy clusters
(or cations, marked with orange rectangles, see Figure 12d)
until reaching the La2(MoO4)3 structure-type with several
defects, where bands of three vacancies (or cations) joined two
by two are located in a staggered manner (yellow blocks in
Figure 12e,f). The shape of the connected lanthanide
polyhedra bands in the diagonal direction of modulated
scheelites was explained at the end of Section 3.1. The α-phase
contains two lanthanide chains and one vacancy chain, and the
structure of La2(MoO4)3 combines staggered connected
hexamers with staggered vacancy trimers (Figure 6). Popov
and co-authors also found the incommensurable component
along the other direction of the tetragonal scheelite (the a*
direction) in the incommensurable phases.20 This complicates
the model, as new defects must appear along the other
diagonal of the structure, which is more difficult to assume
because, in this direction, neither lanthanide polyhedra nor
vacancy-forming bands and clusters are connected. Therefore,
it is more appropriate to model a mixture of the α- and LaMo-
phases which, in turn, could be incommensurable only
concerning the second component of the modulation vector.
The formation of defects can be explained by very rapid
heating from the more open β-phase, which undergoes the
modulated scheelite mixture. These defects have also already
been identified by applying pressure on the α-phase of the

RE2(WO4)3 tungstates.
54 However, further studies based on

high-resolution transmission electron microscopy for the
complete characterization of this family (as identified in
similar series of dislocations, stacking faults, and modulated
microstructures observed in the aragonite−calcite transition55)

Figure 11. Diffractogram of Nd2(MoO4)3 and refinement at 968 K. Experimentally observed data (red), calculated data (black), and the difference
between them (olive) are indicated, in addition to the Bragg positions for the La2(MoO4)3 phase (blue) and the Eu2(WO4)3 phase (pink).

Figure 12. Projections along the b direction of different phases
modulated with the superspace group I112/b. Progressive increase of
the b* component from (a) 0.6667 to (f) 0.8889 = 8/9,
corresponding to the α- and LaMo-phases forming stacking faults.
The vacancies are highlighted in red for the α-phase, with different
shades of orange for the intermediate phases and yellow for the
vacancy clusters for the LaMo-phase.
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are needed. The formation of intermediate molybdates is less
plausible once the compound with stoichiometry RE2(MoO4)3
has been formed. Researchers should consider forming
intermediate phases if they start from oxides or other
precursors in their experiments.

4. CONCLUSIONS
This work presents an in situ study of the solid-state synthesis
and phase transitions of four rare-earth molybdates with the
formula RE2(MoO4)3 (RE = Nd, Sm, Eu, and Gd). The
synthesis was monitored by thermodiffraction using synchro-
tron radiation to assess the phases formation and transitions
appearing in each of the heating and cooling cycles. The first
significant achievement is the identification and refinement of
the crystalline cell of all the phases and mixtures obtained.
During the first heating cycle, all compounds were formed

with the stoichiometry of the proposed reaction, starting from
the oxides: RE2O3 and MoO3 with 1:3 compositions. Before
773 K, non-stoichiometric molybdates (also called “inter-
mediates”) were detected with Eu4Mo7O27 and Eu2Mo4O15
structures, mixed with the oxides in the diffractograms of all
the compounds. In the case of the compounds with Nd, the
Pr2Mo4O15 structural type was also detected. The temperature
at which the LaMo, α, and β phases appear and their
dependence on the ionic radius were confirmed. The
formation of all these phases is explained, especially the co-
existence of the “intermediate” molybdates with the oxides and
their stability as a function of temperature and ionic radius,
taking into account: (1) the calculation of the volume per atom
of all phases and mixtures where the starting stoichiometry is
conserved, which was always larger than that corresponding to
the oxide mixture and increased with temperature from the
volume of the denser modulated scheelite-type phases to the
more open β-phase. (2) The formation mechanisms of all
these molybdates were proposed by studying common
structural motifs, in particular the arrangement and connection
of dimers formed by the lanthanide coordination polyhedra,
depending on the ionic radii.
For subsequent heating and cooling cycles, the reversible α

↔ β and LaMo ↔ β transitions and the dependence of the
transition temperature on the ionic radius on the heating or
cooling rate were confirmed. Very fast cool-downs (including
quenching) did not allow the detection of the β → α (or β →
LaMo) transition. The β → α and β → LaMo transitions were
obtained by heating the β′-phase from room temperature. This
ensured the complete reversibility of these reconstructive
phase transitions. Identifying and refining these phases allowed
us to determine their thermal stability ranges and clarified
much of the controversy that sometimes appears in the very
recent literature cited in this work. In addition, we have
furthered the study of the reconstructive transition mecha-
nisms by comparing the crystal structure of these phases. A
common supercell for the α (or LaMo) and β phases was
proposed, where the contacts between the MoO42− tetrahedra
are very similar. Turning to the positions of rare earth and
vacancies is necessary to compare both structures.
Once the α-, LaMo-, or β-phases are formed, intermediate

molybdates do not occur, even with further rapid cooling and
heating cycles. However, mixtures of α- (or LaMo-) and β-
phases and commensurable−incommensurable modulated
scheelite phases were observed. The modulated phases have
different wave vectors q = 2a*/3 + fb* (2/3 < f < 8/9),
depending on the ionic radius, and are associated with the

formation of defects produced by the rearrangement of
lanthanides and their cationic vacancies during the thermal
treatment.
Ultimately, for the continuous enrichment of materials with

new or improved properties of technological interest, a
directed and rational synthesis is needed, which requires the
analysis of the intermediate compounds produced in solid-state
synthesis and solid−solid phase transitions, which are some-
times very difficult to identify and isolate.
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