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Effect of pressure on La2(WO4)3 with a modulated scheelite-type structure
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We have studied the effect of pressure on the structural and vibrational properties of lanthanum tritungstate
La2(WO4)3. This compound crystallizes under ambient conditions in the modulated scheelite-type structure
known as the α phase. We have performed x-ray diffraction and Raman scattering measurements up to a pressure
of 20 GPa, as well as ab initio calculations within the framework of the density functional theory. Up to 5 GPa,
the three methods provide a similar picture of the evolution under pressure of α-La2(WO4)3. At 5 GPa, we begin
to observe some structural changes, and above 6 GPa we find that the x-ray patterns cannot be indexed as a
single phase. However, we find that a mixture of two phases with C2/c symmetry accounts for all diffraction
peaks. Our ab initio study confirms the existence of several C2/c structures, which are very close in energy in
this compression range. According to our measurements, a state with medium-range order appears at pressures
above 9 and 11 GPa, from x-ray diffraction and Raman experiments, respectively. Based upon our theoretical
calculations we propose several high-pressure candidates with high cationic coordinations at these pressures. The
compound evolves into a partially amorphous phase at pressures above 20 GPa.
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I. INTRODUCTION

Lanthanum tritungstate belongs to the A2(BO4)3 family
of compounds, a large group which includes materials with
optical, ferroelastic, and ferroelectric properties, which make
them useful in diverse technological fields [1]. Under normal
conditions, the rare-earth (RE) tritungstates and trimolyb-
dates RE2(MO4)3 (M = W, Mo) adopt different crystalline
structures depending on both the RE cation as well as the
method used during the synthesis. Light rare-earth compounds
RE2(MO4)3 (with RE = La–Dy and M = Mo or W) crystal-
lize in several structures related to the scheelite-type structure
of CaWO4 through vacancy ordering of one third of the
calcium positions [2]. The trimolybdates of La, Ce, Pr, and
Nd adopt a monoclinic structure with space group (SG) C2/c,
No. 15, and Z = 12 formula units per conventional cell [3].
Nd, Sm, Eu, Gd, and Tb trimolybdates and La–Dy tritungstates
crystallize in the so-called α-phase (Fig. 1), a crystal structure
with SG C2/c and Z = 4. Other structures with SG P 21/c,
No. 14, and Z = 4 are found in related compounds like
Bi2(MoO4)3, Sb2(SO4)3, and As2(SO4)3 [1]. Trimolybdates
and tritungstates with heavier RE cations (RE = Ho–Lu)
adopt the γ form of Sc2(WO4)3 and display negative thermal
expansion (NTE) [4–6]. A metastable ferroelectric phase
with the β ′ form of Gd2(MoO4)3 appears for intermediate
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molybdates with RE = Nd–Dy [4], but this has never been
observed in tritungstates.

The denser α-phases of the Nd, Tb, and Eu trimolybdates
undergo pressure-induced amorphization (PIA) at pressures
between 15 and 20 GPa. Raman studies show that this process
is partially reversible, and it has been suggested that it is
related to the random orientation of the MoO4 tetrahedra [7].
The PIA undergone by ferroelectric trimolybdates with the β ′-
Gd2(MoO4)3 structure has been more extensively studied and
is substantially different, with an irreversible amorphization
taking place at ∼4 GPa [8]. The amorphization mechanism of
both the α and β ′ phases of Eu2(MoO4)3 has been described
in a recent study using x-ray absorption spectroscopy (XAS),
Raman spectroscopy, and first-principles calculations [9,10].
As pressure increases, a self-reorganization of the oxygen
atoms around the Mo and Eu subnetworks develops, inducing
a change in the coordination number of the Mo atoms. The
authors of these works emphasize the study of the β ′ phase,
which has also been dealt with in previous photoluminescence
and Raman spectroscopy studies.

The α phases of trimolybdates have been less studied
than the β ′ or γ phases, as evidenced in a recent review
by Maczca et al. on pressure-induced phase transitions and
amorphization in the tungstate and molybdate families [1]. In
fact, the α phases of tritungstates RE2(WO4)3 (RE = La–Dy)
have never been investigated under compression. In this work,
we present the results of a high-pressure experimental and
theoretical study on the structural and vibrational properties
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FIG. 1. (Color online) The α phase of La2(WO4)3. This structure
features two different W environments: the W(1) cations (shown in
green) form isolated tetrahedra near the La vacancies and two nearby
W(2) cations (blue) create W2O8 units. Lanthanum cations (in red)
are eightfold coordinated [2].

of La2(WO4)3. We analyze its long-range structure and
molecular-scale interactions, by means of a combination of
x-ray diffraction and Raman spectroscopy measurements,
respectively. Furthermore, ab initio theoretical calculations
are used to complement our experimental results, providing
in particular details on phase stability. In this way, we obtain a
comprehensive and coherent picture of the complex behavior
of La2(WO4)3 under pressure.

II. METHOD

A. Experimental

1. Synthesis

La2(WO4)3 was prepared by the conventional solid-state
ceramic method. High purity chemicals La2O3 (Fluka, 99%)
and H2WO4 (Aldrich, 99%) were used as raw materials.
Oxides were treated at 1173 K for 8 hours. The powders were
weighed in stoichiometric amounts, mixed, and homogenized
in an agata mortar. The resulting powder was then pressed
into pellets by applying 100 MPa of uniaxial pressure. Pellets
were thermally treated twice for 7 hours at 1273 K. Compacts
were homogenized again in an agata mortar. Samples were
sintered at 1273 K for 15 hours under air atmosphere. In
order to check the purity of the sample, x-ray patterns were
measured at room conditions by continuous scanning with a
step of 1◦/min, using a PANalytical XPert PRO diffractometer
(Bragg-Brentano mode) with a primary monochromator of
Ge (111) and an XCelerator detector, using Cu Kα1 radiation
(40 kV and 30 mA) in the angular range 10◦ < 2θ < 80◦.

2. X-ray diffraction under pressure

Angle-dispersive x-ray diffraction measurements were car-
ried out with an Xcalibur diffractometer. X-ray diffraction

patterns were obtained on a 135-mm Atlas CCD detector
placed at 110 mm from the sample using Kα1 : Kα2 molybde-
num radiation. The x-ray beam was collimated to a diameter of
300 μm. The observed intensities were integrated as a function
of 2θ in order to give conventional one-dimensional diffraction
profiles. High-pressure measurements on La2(WO4)3 powder
were performed in a modified Merrill-Bassett diamond anvil
cell (DAC) up to a pressure of 18 GPa. Two diamond
anvils were used, with culet sizes of 800 and 500 μm,
and stainless-steel gaskets featuring 400-μm- and 150-μm-
diameter holes, respectively, and a thickness of 50 μm. The
white La2(WO4)3 powder sample was placed inside the holes
within a 4 : 1 mixture of methanol/ethanol, which was used as
pressure-transmitting medium. Ruby chips evenly distributed
in the pressure chamber were used to measure the pressure
by the standard ruby fluorescence method. Exposure times
were typically of 1 hour. The diamond cells used for these
experiments allowed access to an angular range 4θ = 50◦.
The CrysAlis software (version 171.34.49, Oxford Diffraction
Limited) was used for the collection and preliminary reduction
of the data. This experimental setup has been previously used
to successfully characterize the high-pressure phases of other
oxides in the same pressure range [11].

Two experiments were performed in the aforementioned
conditions. In the first experiment, the diffractograms were
collected at room conditions under increasing compression at
pressures of 1.4, 2.6, 3.8, 5.0, 6.0, 6.4, 7.3, 8.4, 11.4, 13.7,
15.3, and 17.8 GPa, and then at 9.2, 4.8, and 0.1 GPa during
decompression. In the second experiment, the diffractograms
were measured under compression from room pressure up to
7.4 GPa at 1.2 GPa steps, and at 3.1 and 0.2 GPa during
decompression.

The indexing and Rietveld refinement of the powder
patterns were performed using the POWDERCELL [12] and
FULLPROF [13] software packages. We started from the
crystallographic cell of La2(WO4)3 (SG C2/c, No. 15) [3],
an instrumental resolution function (Thomson-Cox-Hastings
pseudo-Voight with axial divergence asymmetry), and the
background modeled by a Chebyshev polynomial with four
coefficients. The initial profile parameters U , V , W , X, and Y

as well as the asymmetry parameters were refined using the
diffractogram at room pressure with fixed atomic coordinates.
From the diffractograms of the two experiments, we obtained
the scale factors, the cell parameters, the microstrain (given
by U , the other parameters being fixed), and the background
coefficients.

3. Raman spectroscopy

Raman scattering experiments up to 20 GPa at room temper-
ature were performed using a HORIBA Jobin Yvon LabRAM
HR UV spectrometer in combination with a thermoelectrically
cooled multichannel CCD detector with a resolution below
2 cm−1. Excitation was done with a 10 mW, 633-nm HeNe
laser focused by a 50× large-working-distance objective.
La2(WO4)3 powder samples were placed in a membrane-type
DAC to carry out the high-pressure Raman measurements. A
mixture of methanol-ethanol water (16 : 3 : 1) was used in this
case as pressure-transmitting medium [14] and the pressure
was measured using the ruby fluorescence technique, similarly
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to the x-ray experiments. The background of the experimental
Raman spectra was subtracted and vibration modes were
analyzed by fitting the Raman peaks with a Voigt profile.

B. Theoretical

Our theoretical calculations were performed within the
ab initio framework of the density functional theory, using
the plane-waves pseudopotential method as implemented in
the VASP code [16,17]. We used projector-augmented wave
pseudopotentials [18,19] and the PBEsol prescription for
the exchange and correlation energy within the generalized
gradient approximation [20]. The 5s2, 5p6, 6d1, and 6s2

electrons of La, the 5p6, 5d4, and 6s2 of W, and the 2s2

and 2p4 of O were allowed to relax in the calculations, with
the remaining electrons being kept frozen at the atomic cores.
To ensure a total-energy convergence of 1 meV per formula
unit, we used plane-wave basis sets with an energy cutoff
of 520 eV and dense Monkhorst-Pack grids [21] appropriate
for each structure considered—for example, a 4 × 4 × 2 grid
(resulting in 20 independent k points) was used for the
ambient-conditions α phase with two formula units in the
primitive unit cell, and a 3 × 2 × 2 grid (eight k points) was
used for the Bi2(MoO4)3-type structure with four formula units
in the unit cell. For each structure and volume considered, a
full optimization of the atomic positions and lattice parameters
was performed, constrained to the symmetry compatible with
the initial space group and set of Wyckoff positions. In the
final optimized configurations, atomic forces were required
to be smaller than 0.005 eV/Å3, and the stress tensor to be
diagonal with differences between its components of less than
0.1 GPa.

In our theoretical study of the stability of the α phase,
we considered several structures as potential high-pressure
candidates, some already known from previous works in
related compounds and others found by ab initio random
structure searching (AIRSS) using our own computational
tools. In the latter case, we considered two different methods to
generate random structures, both of which have been applied
successfully to the search of high-pressure stable phases in
other systems (see Ref. [22] and references therein). In the first
method, we started from the experimentally determined crystal
structure of the α phase and applied random displacements
to a random number of randomly selected atoms. In the
second method, we assigned random values to all the free
parameters of a crystallographic unit cell with four formula
units in the 4e Wyckoff positions of SG P 21/c, which is a very
usual configuration for ternary oxides [23]. In both methods,
structures with unphysically small interatomic distances below
1 Å were discarded. We also calculated the valence of the
atoms in the randomly generated structures using the bond
valence method [24] and rejected those structures in which the
calculated valence of any atom presented a large deviation from
the ideal value. All these constrains (symmetry, distances, and
valences) ensured that the randomly generated structures had
at least some of the features expected for a stable phase and
thus made our random search more efficient. The structures
obtained in this way were fully optimized at constant volume,
in a multiple-step procedure which started with a low-precision
calculation (low energy cutoff and k-point sampling) and

ended with an accurate calculation with the parameters already
described at the beginning of this section. Full energy-volume
curves were calculated for the most competitive structures
according to their energy and pressure values.

We also performed phonon calculations for the most
promising candidate structures using the direct force constant
(or supercell) method [25,26]. This allowed us to obtain the
polarization vectors and frequencies of the Raman and infrared
active modes at the � zone center. Zero-point motion and
temperature effects were not included in the calculations,
however.

III. RESULTS AND DISCUSSION

A. Pressure evolution of diffraction patterns

Up to a pressure of 6 GPa, we did not observe any
substantial change in the x-ray diffraction patterns (Fig. 2). The
x-ray patterns evolved smoothly with increased compression,
displaying the characteristic peak broadening observed in
other scheelite tungstates [2]. In this range of pressures, all
diffractograms could be fitted with the monoclinic α phase.
This is shown in Fig. 3 for the patterns collected at 3.8 and
6 GPa during our first experiment. As shown in both Figs. 2
and 3, a sudden splitting into several peaks started at 3.8 GPa,
but the diffraction patterns still could be indexed in SG C2/c,
indicating just a small cell deformation. As we will discuss
later, this may indicate some kind of pretransitional effect.
The obtained Rietveld refinements were of good quality. At
room conditions, the estimated R factors were Rwp = 2.96%
and RB = 2.90%. In Table I, we show the structural data of
the ambient-pressure α phase.

The diffraction pattern at 6.4 GPa measured during our first
experiment showed several changes (Fig. 3). The peak splitting
was lost, new weak diffraction peaks appeared between 12◦ and
14◦, and suddenly the diffraction peaks were shifted towards
higher angles. This was accompanied by an increased peak

FIG. 2. (Color online) X-ray diffraction patterns of La2(WO4)3

from ambient pressure (R.P.) up to 17.8 GPa. The fitted profile for
ambient pressure is also shown (dotted line: observed intensities;
solid line: profile fit).
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FIG. 3. (Color online) Fitted profile and difference plots for
different pressures: during the pre-transition at 3.8 GPa, just before
the first phase transition at 6 GPa and after the first phase transition
at 6.4 GPa, where we find two phases mixed up. The dotted line
indicates the observed intensities, and the profile fit is shown by the
solid line. The difference between observed and calculated intensities
is plotted at the bottom, and the vertical bars represent the expected
positions of diffraction peaks. The smooth light blue curve is the
calculated background.

broadening and a loss of diffraction signal. Similar patterns
continued to exist up to 8.4 GPa. This is indicative of a
first phase transition starting at ∼6 GPa from the ambient-
conditions α-phase towards a phase with a different symmetry
which would be stable up to 8.4 GPa at least. Diffractograms
measured between 6.4 and 8.4 GPa were tentatively indexed
with the α phase but at least two peaks were not successfully
fitted. We tried other monoclinic subgroups like P 21/c, P 2/c,
Cc, and C2, with the initial structure slightly distorted, but the
results were also not satisfactory.

Following the indications of our theoretical calculations,
which suggest a coexistence of phases (see Sec. III D), we then

performed a Rietveld analysis with a mixture of phases. In this
refinement, two phases with SG C2/c but with very different
lattice and atomic coordinates were used. Henceforth, we will
refer to these two phases as α1 and α2. The reliability factors
at 6.4 GPa were Rwp = 1.03%, with RB,1 = 3.64% for the
α1 phase and RB,2 = 9.19% for the α2. The corresponding
values at 7.3 (8.4) GPa were Rwp = 0.899%(0.804%), RB,1 =
3.68%(2.89%), and RB,2 = 10.8%(6.23%). The α1 phase is
similar to the ambient-conditions α phase, while the α2 implies
a considerable structural rearrangement. As a final remark with
regard to this first phase transition beyond 6 GPa, we note
that the signal/background deterioration and the increased line
broadening in this range of pressures cannot be explained by
the loss of hydrostaticity of the transmitting medium. These
changes may be related to some kind of atomic positional
disorder, so that other phases with similar structures might
be also present in this mixture. We have observed a similar
behavior in other RE tungstates, which also adopt the α

phase [27].
Moreover, the changes observed in the diffraction profiles

up to 7.4 GPa during the second experiment were found to be
reversible, as it is shown in the patterns at 3.1 GPa and 0.2 GPa
obtained during descompression in this second experiment
(Fig. 4). In particular, note that the diffractogram measured
at 3.1 GPa during decompression in the second experiment
matches the one measured at 1.9 GPa while increasing pressure
in the first experiment. This result indicates a hysteresis
in the compression-decompression cycle, compatible with
the existence of different phases differing only slightly in
their enthalpies as found in the theoretical calculations, see
Sec. III D. After releasing the pressure, any component of the
mixture of phases observed after the first phase transition may
be recovered.

Although at 11.4 GPa (Fig. 2) the action of deviatoric
stresses associated with nonhydrostatic conditions within the
pressure chamber may affect the quality of the diffraction
patterns, deteriorating the signal to background ratio, and
producing line broadening [15], the observed changes in the
line profile suggest nonetheless that a new phase transition
has taken place between 8.4 and 11.4 GPa. This view is

TABLE I. Structural data of the α phase at ambient pressure, as determined by our x-ray diffraction measurements and ab initio calculations.
Volume is given per two formula units.

X-ray diffraction measurements Ab initio calculations

V (Å3) 511.6(4) 513
a (Å) 7.871(3) 7.910
b (Å) 11.828(5) 11.789
c (Å) 11.643(6) 11.670
β (deg.) 109.28(7) 109.468
La (8f) (0.3200(2), 0.3737(1), 0.4041(1)) (0.3198, 0.3735, 0.4050)
W1 (8f) (0.1531(2), 0.3538(1), 0.0460(1)) (0.1526, 0.3538, 0.0455)
W2 (4e) (0.5, 0.6185(1), 0.25) (0.5, 0.6181, 0.25)
O1 (8f) (0.6205(23), 0.2891(19), 0.4246(13)) (0.6164, 0.2883, 0.4293)
O2 (8f) (0.0688(27), 0.3009(18), 0.4639(15)) (0.0722, 0.3011, 0.4626)
O3 (8f) (0.2175(27), 0.4240(17), 0.1879(16)) (0.2231, 0.4219, 0.1918)
O4 (8f) (0.1851(26), 0.2037(18), 0.2787(15)) (0.1919, 0.2058, 0.2802)
O5 (8f) (0.1392(26), 0.5409(19), 0.4393(15)) (0.1357, 0.5365, 0.4398)
O6 (8f) (0.5132(23), 0.5404(16), 0.3856(15)) (0.5127, 0.5401, 0.3872)
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FIG. 4. (Color online) Selected x-ray diffraction patterns of
La2(WO4)3 for the first (blue) and the second (red) experiments.
The pressures of the first (second) experiment are shown on the right
(left) side of the patterns. Pressures measured during decompression
are marked with an star.

supported by the fact that similar patterns persist up to the
maximum experimental pressure reached of 17.8 GPa. This
second phase transition would take place at ∼9–10 GPa in
agreement with our Raman and theoretical results discussed
in following sections, as well as with our own measurements
performed in other RE tritungstates [27]. Even though the
measured high-pressure diffractograms were inadequate for
Rietveld refinement, the new phase seems disordered and with-
out long-range three dimensional order, but not completely
amorphous. Henceforth, we will refer to this structure as the
“preamorphous phase.”

During the pressure release from 17.8 GPa in the first
experiment, the pre-amorphous phase presented similar
line shapes to those measured at ∼11.4 GPa, showing an
irreversible degradation of the diffraction signal. The phases in
the range from 6.4 to 8.4 GPa, and between 0 and 6 GPa were
not recovered in decompression from 17.8 GPa, in agreement
with our Raman measurements. The aforementioned signal/
background ratio, which must have deteriorated from 9–
10 GPa, was preserved too. However, when pressure is
completely released, the broad peaks of the pre-amorphous
phase shift to lower angles, indicating some structural
relaxation (Fig. 4).

Although the α phase of tritungstates and trimolybdates is
quite dense (more than, for example, their β ′-phase counter-
parts [1]), it is also very inhomogeneous, with stoichiometric
vacancies that allow rotations and deformations of the tetrahe-
dra, as well as changes in the oxygen polyhedra surrounding
the trivalent metal. Reversible phase transitions at lower pres-
sures may be thus the result of rotations of the WO polyhedra
around the W cations, leading to one or more O atoms, not
belonging to the initial WO4 tetrahedron, to come close enough
to the W atom so as to increase its coordination number to
five or more. At higher pressures, steric hindrance between
polyhedra is believed to be the most relevant mechanism for
amorphization [8,9], and thus the formation of polyhedral

units may lead to a loss of long-range order. However, the
irreversibility of this process is not explained, in contrast with
the reversibility of the successive structural phase transitions
at lower pressure. The short or medium range order, which
is maintained over a wide range of pressures (probably from
9–10 to 20 GPa) and the irreversibility of the second transition
could be related to the formation of stacking faults. This
process has been suggested in the case of the incommensurate
structure of Pr2(MoO4)3, where the coexistence of different
rearrangements of the vacancies is possible [28]. A completely
amorphous phase could be thus explained as an assemblage
of a large number of structures with stacking faults generated
through an irreversible mechanism [29].

B. Experimental pressure dependence of the cell parameters

In this section we discuss the effect of compression on the
lattice parameters of La2(WO4)3, and compare it with the effect
of the chemical pressure produced by changes of the ionic
radius of the RE element. In Fig. 5, we represent the evolution
of the lattice parameters as a function of both pressure and
ionic radius, in the latter case showing data for the RE2(WO4)3

(RE = La, Ce, Pr, Nd, Eu, Gd, Dy) compounds as found in
the ICSD database [30] and Shannon’s compilation of ionic
radii [31].

The observed smooth variation of the lattice parame-
ters indicates that La2(WO4)3 does not undergo any phase
transition up to 6 GPa. The variation of all experimental
lattice constants with pressure is almost isotropic, showing a
monotonic contraction when pressure increases, in agreement
with the shift of the x-ray diffraction peaks to higher 2θ

angles and of the Raman peaks to higher frequencies (see
Sec. III C). The observed splitting into several peaks above
3.8 GPa is correlated with the slight change in the slope of
all the cell parameters above this pressure. This may suggest
a pretransitional effect in accordance with the theoretical
calculations, after which the b and c lattice parameters contract
rather anisotropically, so that the structure becomes more
compressible along the c axis. Note also that the a parameter
decreases smoothly and the fast decrease of the β angle.
A fit using a second-order Birch-Murnaghan equation of
state in this range of pressures produces a bulk modulus of
B0 = 63.4(8) GPa, which is similar to the ones reported by
Errandonea et al. [32] for PbWO4 and BaWO4 before these
materials undergo their first phase transition. This similitude
could be the result of a major influence of the WO4 units on
the total compressibility.

The α1 and α2 structures observed at pressures above 6
GPa present some striking differences with respect to the
initial α phase. The pressure dependence of the two cells is
different in the three spatial directions. The b and c parameters
of the α1 structure display almost isotropic compressibility,
and the c axis remains unchanged through the phase transition.
The a axis also decreases while the β angle increases abruptly.
In the α2 structure, the pressure dependence of the b and c

parameters is clearly anisotropic, c being softer than b, and
their lengths become similar at high pressures. The a axis
increases abruptly at the phase transition but under pressure
it contracts until it reaches the same length as the a axis of
the ambient-conditions α phase. The β angle of the α2 phase
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FIG. 5. (Color online) Pressure dependence of the cell volume
(top), monoclinic angle (middle), and lattice parameters (bottom) for
La2(WO4)3, plotted along data for other tritungstates as a function of
the ionic radii, extracted from the ICSD database [30] and Shannon’s
compilation [31]. Error bars at low pressures and for compounds with
different ionic radii are smaller than the symbols used in the plots.
Vertical dashed lines show the first phase transition pressure, whereas
other lines are just a guide for the eye. Green symbols correspond to
ionic radii data, red ones to the α phase before transition, and purple
and blue ones to the α1 and α2 phases after the transition, respectively.

behaves in a way that is similar to that of the a parameter. The
bulk moduli of the α1 and α2 phases are, respectively, 35.7(6)
and 21.6(7) GPa. For comparison, Sc2(WO4)3 crystallized
in the γ phase undergoes an orthorhombic-to-monoclinic
pressure-driven phase transition at 14 GPa in which the bulk
modulus changes from 31 to 14 GPa [1].

With regard to the chemical pressure, the compounds with
larger ionic radii are found on the left side of Fig. 5, which
corresponds to pressures below the first phase transition, and
they clearly behave in a different way under pressure than the
compounds on the right side (i.e., above the phase transition).
The compounds on the left side show a pressure dependence of
their a and b axes very similar to that of the α structure below
6 GPa. The ionic dependence of the β angle is very different to
that shown by the α phase, and it is also smaller and features
a softer increase than the one shown by the monoclinic angle
of the high-pressure α1 phase. For the compounds on the right

side, the lengths of the b and c axes are practically the same,
and the a axis and β angle remain constant, as it also happens
in the α2 structure at higher pressure. Interestingly, there is
a clear change in volume between the left and right sides. A
similar behavior is observed in RE trimolybdates with the α

phase, as it can be deduced from Brixner et al. [33].
Taking into account both the effect of pressure and ionic

radius changes, Fig. 5 shows that the volume of the α structure
can be contracted along more than one possible path. More-
over, we have also recently observed a quite different pressure
dependence of the cell parameters of α-Eu2(MoO4)3 [34]. All
this may explain the hysteresis observed in the decompression
from 7.4 GPa (Fig. 4).

C. Pressure evolution of Raman spectra

According to group theory [35], the monoclinic structure of
α-La2(WO4)3 at ambient pressure has 102 vibrational modes
at the center of the Brillouin zone:

� : 25Ag(R) +24Au(IR) +26Bg(R) +24Bu(IR) +Au +2Bu.

Since the structure is centrosymmetric, vibrational modes are
either Raman (R) or infrared (IR) active. There are 51 Raman-
active modes and 48 IR-active modes, plus one Au and two Bu

acoustic modes.
Figure 6(a) shows Raman scattering measurements of

La2(WO4)3 performed up to 20 GPa. Raman scattering spectra
at low pressures show a large number of Raman modes in
good agreement with group theoretical estimations for the α

phase. A change in the Raman spectrum occurs above 6.5 GPa
followed by other changes above 10 and 16 GPa, respectively.
However, Raman spectra do not show signs of complete
amorphization up to the maximum pressure reached in our
experiment, 20 GPa. In the amorphous phase of a tritungstate,
all bands would have disappeared and only three broad
massifs should be observed, corresponding to the external
(or lattice) modes, bending modes, and stretching modes
of the WOx molecular components. In our experiments, the
existence of all these bands close to the bending and stretching
modes of the original WO4 groups suggests that, despite
severe deformations, the polyhedral nature remains. Despite
not having reached amorphization, the anomalies detected
during compression in our Raman measurements may explain
possible mechanisms for pressure induced amorphization. We
will describe these anomalies later.

Figure 6(b) shows the pressure dependence of the experi-
mental Raman modes on upstroke to 20 GPa (full symbols)
and downstroke till ambient pressure (empty symbols). Up to
6.5 GPa, most of the Raman peaks of the α phase exhibit a
monotonic shift of frequency with pressure which is consistent
with the contraction of the unit cell parameters shown by our x-
ray diffraction measurements up to 6 GPa. Table II summarizes
the experimental and theoretical frequencies and pressure
coefficients at ambient pressure for the α phase, showing a
good agreement between both methods. Overall, in this range
of pressures, the experimental Raman modes are in good
agreement with the ones obtained in our ab initio calculations
(see the supplemental material for full details [36]).

The most clear signature of the α phase is the weak and
isolated mode occurring near 541 cm−1 at ambient pressure
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(a) (b)

FIG. 6. (a) Raman spectra and (b) Raman modes of La2(WO4)3 during compression (filled symbols) from ambient pressure to 20 GPa, and
decompression (empty symbols). Phase transitions were observed at 6.5 and 15.1 GPa on compression and at 13.1 GPa on downward stroke.
Once the pressure cycle was completed, the sample remained in the second phase.

which is between the bending (below 400 cm−1) and stretching
(above 700 cm−1) modes. Besides a softening with increasing
pressure, this mode also shows a continuous peak broadening
until it becomes undetectable at pressures above 6.5 GPa.
The latter characteristic is consistent with the mixture of
phases starting at 6–6.5 GPa, as suggested by both our XRD
measurements and ab initio calculations. This isolated mode
could be either the Bg (with a calculated frequency of 541 cm−1

at ambient pressure) or the Ag mode (542 cm−1 at ambient
pressure), or even a combination of both. Note that both modes
have a negative pressure coefficient. In particular, we must note
that there are three groups of bands with negative pressure
coefficient: the lowest-frequency lattice modes; a group of
lattice modes between 165 and 190 cm−1; and the group of the
highest bending modes near 540 cm−1. We think that this last
group could correspond to the highest bending modes of the
C2/c structure, because similar bands above 400 cm−1 were
observed for tungstates of the ABO4 family with a monoclinic
structure [37,38].

Besides the disappearance of the soft mode of 541 cm−1

above 6.5 GPa, the three frequency regions corresponding to
the original α phase are still present between 6.5 and 10 GPa.
However, at pressures above 6.5 GPa, the widths of the Raman
peaks are larger. A possible explanation of this feature could be
the appearance of new similar modes around the original ones.
The complete spectrum seems very smooth, suggesting an
increase of positional disorder without a significant change of
the structure. X-ray results support the possibility of a mixture
of phases, very similar to the original α phase, but with cell
parameters that could evolve differently during compression.
If the positional disorder was larger, resulting in a lowering of
symmetry or in cell multiplicity, new Raman peaks would
arise in a less uniform way, so the suggested mixture of
phases appears as another plausible explanation. In addition,
the stability range of such mixture of phases would be rather
narrow, a feature observed both in the x-ray diffraction and
Raman experiments, in which new changes are measured
above 10 GPa.
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TABLE II. Experimental and ab initio frequencies (ω0, in cm−1)
and pressure coefficients (dω0/dP , in cm−1/GPa) of the Raman-
active modes of α-La2(WO4)3 at ambient pressure.

Experimental Ab initio

Mode symmetry ω0 dω0/dP ω0 dω0/dP

Bg 58(1) – 56 1.87
Ag 65(1) – 67 −0.92
Bg 68 1.42
Ag 76(1) −0.36(9) 73 −0.9
Bg 95(1) −0.59(7) 94 −0.79
Ag 98(1) 0.69(6) 98 0.74
Bg 102 2.6
Ag 119 1.54
Ag 123(1) 2.59(6) 123 1.71
Bg 123 −1.43
Bg 133(2) – 128 2.26
Ag 150(1) 3.36(6) 144 3.63
Bg 150(1) 3.36(6) 145 2.1
Bg 160(1) – 155 2.38
Ag 160(1) – 159 2.00
Ag 168(1) 2.24(8) 165 0.28
Bg 168 0.05
Ag 194(2) −1.39(9) 185 −1.55
Bg 189 4.87
Bg 200 −1.59
Ag 227(2) – 222 4.69
Bg 227(2) – 228 5.7
Bg 240(2) – 235 4.29
Ag 240(2) – 236 4.52
Ag 253 2.13
Bg 265(2) 3.44(8) 265 4.97
Ag 305 3.68
Bg 318 5.33
Ag 319(1) 3.56(9) 325 2.61
Bg 328 2.05
Ag 339(1) 2.64(5) 339 4.97
Bg 353(1) 5.16(7) 349 4.68
Ag 365(1) – 361 4.18
Bg 377(1) 4.17(8) 372 5.4
Ag 372 5.94
Bg 387(1) 5.35(9) 374 5.95
Ag 396(2) – 376 4.24
Bg 541(2) −1.0(3) 540 −4.29
Ag 541(2) −1.0(3) 541 −4.12
Bg 709(1) 3.80(2) 693 4.95
Ag 709(1) 3.80(2) 694 5.14
Ag 732(1) 3.80(2) 721 4.86
Bg 732(1) 3.80(2) 734 4.77
Bg 788(1) 4.85(9) 782 5.00
Ag 805(2) 3.50(3) 800 3.20
Ag 823(1) 1.93(7) 813 1.91
Bg 846(1) 0.96(8) 839 0.95
Bg 882(1) 4.70(5) 894 −0.3
Bg 901(1) 1.53(9) 921 2.66
Ag 931(2) 2.61(6) 924 3.04
Ag 950(2) 1.23(7) 942 −0.46

Between 10 and 15.7 GPa, slight and gradual changes were
observed in the Raman spectra. Several modes in the bending
and stretching regions show an intensity reversal. Also, with

respect to the previous phase, some modes shift upwards or
downwards under compression. In this range of pressures,
x-ray diffraction results suggest a possible reordering of
vacancies through systematic defects (stacking faults, for
instance). However, these changes are not evidenced in the
Raman spectra, since neither the external nor internal modes
of polyhedra around W atoms seem to be affected by those
defects. Major changes, compatible with a gradual increase
in the cell multiplicity, should be visible in the lattice mode
region, where new small and weak peaks would appear.

Beyond 15.7 GPa, more important changes are observed.
The shape of the lattice band at lower frequencies remains
very similar after the transition, although some peaks are split
under compression at higher pressures. In the three regions,
the bending and stretching bands decrease considerably in
intensity while new bands appear, increasing their intensity and
width until they became predominant. The only explanation
for these changes is a structural evolution. These results
suggest that some nonbonded oxygen atoms get closer to
the WO4 tetrahedra, resulting in an effective increase of the
W-O coordination. Therefore new external and internal WOx

modes are possible and the tetrahedral modes weaken, to the
point that they even disappear. Note that, because the oxygen
sublattice is the principal responsible of these changes, x-ray
diffractograms are not sensible to them [1].

On decompression from 20 GPa, we observe some degree of
structural recovery, but the final structure is far from the origi-
nal crystalline state. A new phase develops through some kind
of structural relaxation, retaining a highly disordered structure
which suggests a loss of positional ordering. Apparently, this
new phase is similar to the one observed between 10 and
15.7 GPa [see empty symbols in Fig. 6(b)]. This was also ob-
served in our x-ray diffraction experiments. It may be the result
of the reversibility of the rotational and deformation disorder
of the WO4 groups, and also of the formation of new polyhedra
around the W atoms, while the vacancies and the La cations
still remain disordered in the structure. A similar explanation
has been given for NTE compounds [29] and it is compatible
with the role of the aforementioned stacking faults. We believe
that this explanation is more realistic than suggesting that the
deformation of the WO4 tetrahedra is large enough to prevent a
full structural recovery on retrieval [8]. In this respect, we must
note that nonreversible pressure-induced phase transitions,
due to the irreversibility of order-disorder processes, are also
common in other compounds containing ordered vacancies at
cation sites in the room-pressure phase. In particular, when
the pressure-induced phase transition involves a total disorder
of cations and vacancies, the original ordered structure cannot
be recovered on downstroke. This effect has been observed
in recent years in several adamantine-type ordered-vacancy
compounds, like for example CdGa2Se4 [39–41].

D. Compression effects and structural stability
from ab initio calculations

Figure 7 shows curves of energy as a function of volume
for the most stable phases found in our ab initio study. They
include the structures of the compounds Eu2(WO4)3 (which
adopts the α phase), Gd2(MoO4)3 (with the β ′ phase at ambient
conditions and the β phase at high temperature), Sc2(WO4)3
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FIG. 7. (Color online) Energy-volume curves for the most com-
petitive structures found in our ab initio study, see text for full details.
The inset shows the area marked in the main figure. Both energy and
volume are given per two formula units.

(with the so-called γ phase), La2(MoO4)3, Bi2(MoO4)3,
As2(SO4)3, and Sb2(SO4)3. The first six structures are usual
ambient-pressure phases of RE molibdates and tungstates, and
the α phase, La2(MoO4)3 type, and Bi2(MoO4)3 type have
been described as ordered defect scheelites [3]. In all cases,
data found in the ICSD database [30] were used to generate
the initial structures, which were then fully optimized.

Besides these already known structures, we have also
calculated the energy-volume curves for several other totally
novel structures found by AIRSS. We evaluated the ener-
getics of about 200 structures generated by adding random
displacements to the structure of the α phase, and found
as the most stable ones the structures labeled as αth

1 , αth
2 ,

and αth
3 in Fig. 7. We also performed a random search on

structures with space group P 21/c and four formula units
in 4e Wyckoff positions. Note that the Bi2(MoO4)3-type,
As2(SO4)3-type, and Sb2(SO4)3-type structures feature this
type of crystallographic unit cell and are quite competitive at
high pressures (cf. Fig. 7). Close to 450 structures were fully
optimized in this search, and the structures named pth

1 , pth
2 , pth

3
and pth

4 turned out to be the most competitive ones among them.
In agreement with our experimental results, the α phase

is the most stable structure among those considered in our
calculations. The fit of a fourth-order Birch-Murnaghan EOS
to a set of energy-volume data of the α phase around the energy
minimum provides a value of 513.3 Å3 for the equilibrium
volume per two formula units V0, 59.2 GPa for the bulk
modulus B0, and 3.6 for the first pressure derivative of the latter
B ′

0. These values are in good agreement with the experimental
data. As shown in Table I, there is also a good agreement
between experiments and ab initio calculations with regard
to the structural parameters of the zero-pressure α structure.
Furthermore, Table II shows a good agreement between the

calculated and experimental Raman frequencies of the α phase
at ambient pressure.

According to our calculations, the α phase is the most
stable one among all the phases considered up to a pressure of
3.8 GPa. Between this pressure and up to 7.4 GPa, there is a
strong competition in enthalpy among four structures: the orig-
inal α structure, the αth

1 and αth
2 structures, and the Bi2(MoO4)3-

type structure. However, besides taking into account the
crossing of enthalpy curves which provide the theoretical
coexistence pressures for pressure-driven phase transitions, it
is also important to realize that the existence of kinetic barriers
does hinder (quite severely in many cases) a massively first-
order solid-solid phase transition, which involves large atomic
rearrangements. This is the case, for example, of the BaWO4

and PbWO4 ternary oxides, where a barrierless second-order
scheelite-to-fergusonite transition takes place instead of the ab
initio predicted transition from the scheelite-type phase to the
BaWO4-II-type (PbWO4-III-type) phase, the latter structure
being only observed in x-ray experiments performed at rather
higher pressures [37,38,42]. Although the Bi2(MoO4)3-type
phase is more stable than the α phase at pressures above
3.8 GPa, both structures have a completely different ordering
of cations and vacancies [3], and thus the α-to-Bi2(MO4)3-type
transition should be kinetically hindered and rather unlikely at
the predicted coexistence pressure.

As shown in Fig. 8, the lattice parameters of the αth
1 and

αth
2 phases are close to those of the α phase. The difference

in enthalpy between these three structures is also quite small,
with a maximum difference of ∼50 meV per two formula units
in the range of pressures between 5 and 8 GPa. The existence of
multiple phases with similar crystal structures and enthalpies
supports the hypothesis of various coexisting phases between
6 and 9 GPa.

Despite their closeness in energy, the αth
1 phase presents

marked structural differences with respect to both the α and
αth

2 phases, and thus a transition from the α phase to the
structurally closer αth

2 phase is more likely. As per the crossing
of their enthalpy-pressure curves, the calculated coexistence
pressure is 6 GPa, which is fairly close to the 6.4 GPa
value found in our experiments. The calculated structural
parameters of the α and αth

2 phases at high-pressure are also
close to the experimental data of the coexisting phases at
high pressure (see Fig. 8). The calculated Raman modes of
the αth

2 structure are also in qualitative agreement with our
experimental measurements (see Ref. [36]). In particular,
the frequencies of the lone modes at ∼550 cm−1 are slightly
shifted downwards with respect to their position in the α

phase, and those of the bending band are shifted upwards,
so that an empty gap develops between 550 and 700 cm−1 in
the αth

2 structure. Note, however, that, if a mixture of phases
develops at pressures starting at ∼6 GPa, this lone mode could
disappear or become indistinguishable from the background,
as is indeed observed in our Raman measurements.

As it has been already mentioned, under higher pressure
and/or high-temperature conditions, the Bi2(MoO4)3-type
structure could become stable. Another high-pressure candi-
date is the pth

4 phase, which becomes the most stable phase
at ∼8 GPa according to the crossing of enthalpy curves. In
our experiments, a second phase transition has been observed
at 9–10 GPa, but neither the calculated Raman spectra of the
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parameters and volume of the α, α1 and α2 structures, according
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Bi2(MoO4)3-type structure nor that of the pth
4 seem to be in

agreement with our measurements in the range from ∼8 to
∼14 GPa. However, the observed increase in the number of
modes and in the general broadening of the lattice, bending
and stretching bands at pressures above 16 GPa indicate an
increase in the cationic coordination which is present in these
structures. In the Bi2(MoO4)3-type structure, La and W are,
respectively, eightfold and sixfold coordinated, whereas in
the pth

4 structure La is ninefold and W sixfold or eightfold
coordinated, depending on the site. It should be noted that
these coordinations are also usual for the high pressure phases
of the better known ABX4 compounds [32,43–45].

IV. CONCLUSIONS

We have studied the structural dependence under pressure
of the La2(WO4)3 tritungstate with modulated-scheelite struc-
ture. X-ray diffraction measurements and Raman scattering
analysis were performed at room temperature up to maximum

pressures of 18 and 20 GPa, respectively. Ab initio calculations
provided complementary information not available from our
experiments.

Up to a pressure of 4 GPa, the behavior of La2(WO4)3 does
not show any striking change. Our experimental and theoretical
results are in good agreement with regard to the values of the
EOS parameters at ambient pressure, and also to the evolution
of the structural parameters and Raman modes with pressure.

Between 4 and 7 GPa, our theoretical calculations show
that other structures become more stable than the α phase. In
particular, the αth

1 and αth
2 are structurally and energetically

very close to the α phase. In our x-ray diffraction study, we
have indeed been able to refine a mixture of two phases,
both with C2/c symmetry, in the interval from 6 GPa up
to 9–10 GPa. Further supporting the existence of a mixture
of phases, we have experimentally observed a reversibility
and hysteresis in the diffraction profiles up to 7.4 GPa,
which can be related to the existence of such a mixture.
Furthermore, in agreement with the x-ray observations and
theoretical calculations, noticeable changes are found in the
Raman spectra at pressures above 6.5 GPa. The disappearance
of the lone mode located at 550 cm−1 could also be related to
the formation of a mixture of phases.

Above 9 GPa, we observe a sudden and irreversible loss
of crystallinity in our x-ray diffraction measurements, but we
have not been able to refine the structure of the new phase
(or mixture of phases). This transition is also observed in
our Raman spectroscopy measurements. Another important
result of our Raman measurements is the large increase
of the number of modes at 16 GPa, which is compatible
with an increase in the coordination of the W ions. In our
theoretical study, we propose several high-pressure candidate
structures with different vacancy ordering (as inferred from
x-ray diffraction) and large ionic coordinations (as inferred
from Raman spectroscopy).

Despite all the modifications observed during compression,
a pressure-induced amorphization was not found up to the
maximum pressures of 18 and 20 GPa reached in our x-ray
diffraction and Raman scattering experiments, respectively.
However, the α phase was not recovered upon full pressure
release, showing that major atomic rearrangements had taken
place. Further experimental and theoretical studies, in this
and related materials, would be necessary to completely
characterize the pressure induced amorphization process.
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J. López-Solano, E. Matesanz, and C. Guzmán-Afonso, Acta
Cryst. A 67, C504 (2011)

[28] Logvinovich, A. Arakcheeva, P. Pattison, P. Eliseeva, P. Tomes,
I. Marozau, and G. Chapuis, Inorg. Chem. 49, 1587 (2010).

[29] N. Garg, C. Murli, A. K. Tyagi, and S. M. Sharma, Phys. Rev.
B 72, 064106 (2005).

[30] G. Bergerhoff and I. D. Brown, in Crystallographic Databases,
edited by F. H. Allen, G. Bergerhoff, and R. Sievers (Inter-
national Union of Crystallography, Chester, 1987); A. Belsky,
M. Hellenbrandt, V. L. Karen, and P. Luksch, Acta Cryst. B 58,
364 (2002).

[31] R. D. Shannon, Acta Crystallogr., Sect. A: Cryst. Phys., Diffr.
Theor. Gen. Crystallogr. 32, 751 (1976).

[32] D. Errandonea and F. J. Manjón, Prog. Mater. Sci. 53, 711
(2008).

[33] L. H. Brixner, J. R. Barkley, and W. Jeitschko, Handbook
on the Physics and Chemistry of Rare Earths (North-Holland
Publishing Co., Amsterdam, 1979).
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A. Mujica, A. Muñoz, D. Errandonea, F. J. Manjón, J. Pellicer-
Porres, N. Garro, A. Segura, Ch. Ferrer-Roca, R. S. Kumar,
O. Tschauner, and G. Aquilanti, Physica Status Solidi (b) 244,
325 (2007).

[44] F. J. Manjón, D. Errandonea, J. López-Solano, P. Rodrı́guez-
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Manjón, Phys. Rev. B 73, 094117 (2006).

174112-11

http://dx.doi.org/10.1016/j.pmatsci.2012.01.001
http://dx.doi.org/10.1016/j.pmatsci.2012.01.001
http://dx.doi.org/10.1016/j.pmatsci.2012.01.001
http://dx.doi.org/10.1016/j.pmatsci.2012.01.001
http://dx.doi.org/10.1002/zaac.200570039
http://dx.doi.org/10.1002/zaac.200570039
http://dx.doi.org/10.1002/zaac.200570039
http://dx.doi.org/10.1002/zaac.200570039
http://dx.doi.org/10.1107/S0567740873006138
http://dx.doi.org/10.1107/S0567740873006138
http://dx.doi.org/10.1107/S0567740873006138
http://dx.doi.org/10.1107/S0567740873006138
http://dx.doi.org/10.1107/S0567740872001876
http://dx.doi.org/10.1107/S0567740872001876
http://dx.doi.org/10.1107/S0567740872001876
http://dx.doi.org/10.1107/S0567740872001876
http://dx.doi.org/10.1006/jssc.1998.7744
http://dx.doi.org/10.1006/jssc.1998.7744
http://dx.doi.org/10.1006/jssc.1998.7744
http://dx.doi.org/10.1006/jssc.1998.7744
http://dx.doi.org/10.1088/0953-8984/23/32/325402
http://dx.doi.org/10.1088/0953-8984/23/32/325402
http://dx.doi.org/10.1088/0953-8984/23/32/325402
http://dx.doi.org/10.1088/0953-8984/23/32/325402
http://dx.doi.org/10.1016/S0038-1098(96)00587-X
http://dx.doi.org/10.1016/S0038-1098(96)00587-X
http://dx.doi.org/10.1016/S0038-1098(96)00587-X
http://dx.doi.org/10.1016/S0038-1098(96)00587-X
http://dx.doi.org/10.1002/jrs.2731
http://dx.doi.org/10.1002/jrs.2731
http://dx.doi.org/10.1002/jrs.2731
http://dx.doi.org/10.1002/jrs.2731
http://dx.doi.org/10.1103/PhysRevB.83.214101
http://dx.doi.org/10.1103/PhysRevB.83.214101
http://dx.doi.org/10.1103/PhysRevB.83.214101
http://dx.doi.org/10.1103/PhysRevB.83.214101
http://dx.doi.org/10.1103/PhysRevB.70.094117
http://dx.doi.org/10.1103/PhysRevB.70.094117
http://dx.doi.org/10.1103/PhysRevB.70.094117
http://dx.doi.org/10.1103/PhysRevB.70.094117
http://dx.doi.org/10.1103/PhysRevB.85.024108
http://dx.doi.org/10.1103/PhysRevB.85.024108
http://dx.doi.org/10.1103/PhysRevB.85.024108
http://dx.doi.org/10.1103/PhysRevB.85.024108
http://dx.doi.org/10.1107/S0021889895014920
http://dx.doi.org/10.1107/S0021889895014920
http://dx.doi.org/10.1107/S0021889895014920
http://dx.doi.org/10.1107/S0021889895014920
http://dx.doi.org/10.1016/0921-4526(93)90108-I
http://dx.doi.org/10.1016/0921-4526(93)90108-I
http://dx.doi.org/10.1016/0921-4526(93)90108-I
http://dx.doi.org/10.1016/0921-4526(93)90108-I
http://dx.doi.org/10.1088/0022-3727/42/7/075413
http://dx.doi.org/10.1088/0022-3727/42/7/075413
http://dx.doi.org/10.1088/0022-3727/42/7/075413
http://dx.doi.org/10.1088/0022-3727/42/7/075413
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevB.50.17953
http://dx.doi.org/10.1103/PhysRevLett.100.136406
http://dx.doi.org/10.1103/PhysRevLett.100.136406
http://dx.doi.org/10.1103/PhysRevLett.100.136406
http://dx.doi.org/10.1103/PhysRevLett.100.136406
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1088/0953-8984/23/5/053201
http://dx.doi.org/10.1088/0953-8984/23/5/053201
http://dx.doi.org/10.1088/0953-8984/23/5/053201
http://dx.doi.org/10.1088/0953-8984/23/5/053201
http://dx.doi.org/10.1006/jssc.1996.7234
http://dx.doi.org/10.1006/jssc.1996.7234
http://dx.doi.org/10.1006/jssc.1996.7234
http://dx.doi.org/10.1006/jssc.1996.7234
http://dx.doi.org/10.1209/0295-5075/32/9/005
http://dx.doi.org/10.1209/0295-5075/32/9/005
http://dx.doi.org/10.1209/0295-5075/32/9/005
http://dx.doi.org/10.1209/0295-5075/32/9/005
http://dx.doi.org/10.1016/j.cpc.2009.03.010
http://dx.doi.org/10.1016/j.cpc.2009.03.010
http://dx.doi.org/10.1016/j.cpc.2009.03.010
http://dx.doi.org/10.1016/j.cpc.2009.03.010
http://chianti.geol.ucl.ac.uk/~dario
http://dx.doi.org/10.1021/ic9019876
http://dx.doi.org/10.1021/ic9019876
http://dx.doi.org/10.1021/ic9019876
http://dx.doi.org/10.1021/ic9019876
http://dx.doi.org/10.1103/PhysRevB.72.064106
http://dx.doi.org/10.1103/PhysRevB.72.064106
http://dx.doi.org/10.1103/PhysRevB.72.064106
http://dx.doi.org/10.1103/PhysRevB.72.064106
http://dx.doi.org/10.1107/S0108768102006948
http://dx.doi.org/10.1107/S0108768102006948
http://dx.doi.org/10.1107/S0108768102006948
http://dx.doi.org/10.1107/S0108768102006948
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1016/j.pmatsci.2008.02.001
http://dx.doi.org/10.1016/j.pmatsci.2008.02.001
http://dx.doi.org/10.1016/j.pmatsci.2008.02.001
http://dx.doi.org/10.1016/j.pmatsci.2008.02.001
http://dx.doi.org/10.1080/0141159031000076110
http://dx.doi.org/10.1080/0141159031000076110
http://dx.doi.org/10.1080/0141159031000076110
http://dx.doi.org/10.1080/0141159031000076110
http://link.aps.org/supplemental/10.1103/PhysRevB.89.174112
http://dx.doi.org/10.1103/PhysRevB.74.144111
http://dx.doi.org/10.1103/PhysRevB.74.144111
http://dx.doi.org/10.1103/PhysRevB.74.144111
http://dx.doi.org/10.1103/PhysRevB.74.144111
http://dx.doi.org/10.1103/PhysRevB.74.144112
http://dx.doi.org/10.1103/PhysRevB.74.144112
http://dx.doi.org/10.1103/PhysRevB.74.144112
http://dx.doi.org/10.1103/PhysRevB.74.144112
http://dx.doi.org/10.1006/jssc.2001.9224
http://dx.doi.org/10.1006/jssc.2001.9224
http://dx.doi.org/10.1006/jssc.2001.9224
http://dx.doi.org/10.1006/jssc.2001.9224
http://dx.doi.org/10.1063/1.3675162
http://dx.doi.org/10.1063/1.3675162
http://dx.doi.org/10.1063/1.3675162
http://dx.doi.org/10.1063/1.3675162
http://dx.doi.org/10.1016/j.materresbull.2013.02.037
http://dx.doi.org/10.1016/j.materresbull.2013.02.037
http://dx.doi.org/10.1016/j.materresbull.2013.02.037
http://dx.doi.org/10.1016/j.materresbull.2013.02.037
http://dx.doi.org/10.1103/PhysRevB.73.224103
http://dx.doi.org/10.1103/PhysRevB.73.224103
http://dx.doi.org/10.1103/PhysRevB.73.224103
http://dx.doi.org/10.1103/PhysRevB.73.224103
http://dx.doi.org/10.1002/pssb.200672559
http://dx.doi.org/10.1002/pssb.200672559
http://dx.doi.org/10.1002/pssb.200672559
http://dx.doi.org/10.1002/pssb.200672559
http://dx.doi.org/10.1002/pssb.200672588
http://dx.doi.org/10.1002/pssb.200672588
http://dx.doi.org/10.1002/pssb.200672588
http://dx.doi.org/10.1002/pssb.200672588
http://dx.doi.org/10.1103/PhysRevB.73.094117
http://dx.doi.org/10.1103/PhysRevB.73.094117
http://dx.doi.org/10.1103/PhysRevB.73.094117
http://dx.doi.org/10.1103/PhysRevB.73.094117



