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Abstract

The work presented in this thesis focuses on the experimental study of rare earth molybdates
with chemical formula RE2(MoQO,)s (RE=La-Lu, Y). These compounds crystallize in three
structural types at ambient conditions: modulated scheelite-type structure (divided in two:
Lag(MoOy)3 and a—phase) and §’- and y—phases. We have characterized these compounds un-
der different conditions of temperature and pressure by using several experimental techniques,
such as powder diffraction, impedance, optical and Raman spectroscopies, and thermal analysis.
In addition, we complemented the high—pressure experiments using theoretical calculations.

For rare earth molybdates with a—phase three transport mechanisms have been found:
semiconductor, polaronic and ionic; in three temperature regions. These transport mecha-
nisms were correlated with an anomalous temperature dependence of the crystal structure.
Moreover, high—pressure studies revealed that the a—phase reaches the pressure-induced amor-
phization without any intermediate structural phase transition. Furthermore, the mechanisms
of structural compression and amorphization were proposed.

Rare earth molybdates with 5’—phase were also studied under high pressures. These mate-
rials have a phase transition to a new d—phase and their lattice parameters were found. On the
other hand, we conducted a preliminary study of the 8’—phase in several rare earth molybdates
at ambient conditions, looking for correlations between the rare—earth ionic radius and their
ferroelectric—ferroelastic properties. In addition, we obtained the phase diagram varying the
temperature in the Hoa(MoQOy)3 polymorphous with 5’— and y—phases in order to identify their
phase transitions.

Finally, we analysed the negative thermal expansion in several compounds with y—phase.
We evaluated their crystal structures as a function of the temperature and the rare—earth
ionic radius, proposing the structural mechanisms that explain the compression of the lattice

parameters when the temperature increases.



Resumen

El trabajo presentado en esta tesis se centra en el estudio experimental de los molibdatos de
tierras raras con férmula quimica RE2(MoOy)3 (RE=La-Lu, Y). Estos compuestos cristalizan
en tres tipos estructurales en condiciones ambientales: estructura tipo chelita modulada (divi-
dida en dos: Lag(MoOy)s y fase a) y fases 5’ y 7. Hemos caracterizado estos compuestos bajo
diferentes condiciones de temperatura y presion usando varias técnicas experimentales, tales
como difraccién de polvo, espectroscopias de impedancia, éptica y Raman, y andlisis térmico.
Ademds, complementamos los experimentos de alta presién usando célculos tedricos.

Para los molibdatos de tierras raras con fase « tres mecanismos de transporte fueron en-
contrados: semiconductor, polarénico y idnico; en tres regiones de temperatura. Estos mecan-
ismos de transporte fueron correlacionados con una dependencia andémala de la estructura
cristalina con la temperatura. Ademas, los estudios de alta presion revelaron que la fase « al-
canza la presion de amorfizacion inducida sin ninguna transicién de fase estructural intermedia.
También, se propusieron los mecanismos de la compresién estructural y de la amorfizacion.

Los molibdatos de tierras raras con fase 8’ fueron también estudiados bajo altas presiones.
Estos materiales tienen una transicién de fase a una nueva fase § y sus parametros de celda
fueron encontrados. Por otro lado, realizamos un estudio preliminar de la fase 8’ en varios
molibdatos de tierras raras en condiciones ambientales, buscando correlaciones entre el radio
i6nico de la tierra rara y sus propiedades ferroeléctricas-ferroelasticas. Ademads, obtuvimos el
diagrama de fases variando la temperatura en el polimorfo Hos(MoOy)s3 con fases 5’ y v para
identificar sus transiciones de fase.

Finalmente, analizamos la expansién térmica negativa en varios compuestos con fase ~.
Evaluamos sus estructuras cristalinas como funcién de la temperatura y del radio i6nico de
la tierra rara, proponiendo los mecanismos estructurales que explican la compresién de los

parametros de celda cuando la temperatura aumenta.
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One day, I was teaching my niece Claudia the Archimedes’ principle. At that time, she was a
child. I started to explain to her, “All submerged body...” However, I could not finish the

sentence because she stopped me, saying “...gets wet”. Then, I realised that it was also right.



Chapter 1

Introduction

This work is presented to the University of La Laguna to fulfil the requirements for the Degree of
Doctor in Physical Science. It has been written according to the Official Rules of the University
of La Laguna to apply to the modality of “Compendium of Publications”. This modality implies
that the manuscript should be constituted by a minimum of three article published in scientist
journals belonging to the list of Journal Citations Reports. This manuscript includes a general
introduction divided in four chapters. In the first one, we include a general introduction
where we present the papers included in this work, we justify their common topic and we also
summarize the state of the art and the aims of our investigation. In the two next chapters, we
synthesise the methods that we used during this work to obtain the data for our analysis and
the results and discussion that we inferred from our studies. After that, we present the most
relevant conclusions in the chapter 4.

The different papers that constitute the work presented in this thesis, and also, the position

of each journal into its field are listed below:

1. Electrical transport and anomalous structural behavior of a—Eus(MoQOy)s at high tem-
perature. Solid State Communications 151, 1654 (2011). C. Guzmén—Afonso, M. E.
Torres, C. Gonzalez—Silgo, N. Sabalisck, J. Gonzalez—Platas, E. Matesanz and A. Mujica.

12



Chapter 1. Introduction

PHYSICS, CONDENSED MATTER 31/69, Q2 (2011, IF 1.649)

2. Structural anomalies related to changes in the conduction mechanisms of a—Smg(MoOy)s.
Journal of Physics: Condensed Matter 25, 035902 (2013). C. Guzman—Afonso, C.
Gonzélez—Silgo, M. E. Torres, E. Matesanz and A. Mujica.

PHYSICS, CONDENSED MATTER 22/67, Q2 (2013, IF 2.223)

3. Pressure evolution of two polymorphs of Thy(MoQOy)s. High Pressure Research 34, 184
(2014). C. Guzman—Afonso, J. Lopez—Solano, C. Gonzalez—Silgo, S. F. Leén—Luis, E.

Matesanz and A. Mujica.

PHYSICS, MULTIDISCIPLINARY 51/78, Q3 (2013, IF 0.926)

4. Crystal structure and non-linear properties of A3(MoOy4)3 (A=Eu, Gd, Th, Dy and Ho)
Materials Letters 65, 2731 (2011). C. Guzman—Afonso, C. Gonzédlez—Silgo, M. E.
Torres, N. Sabalisck, A. D. Lozano—Gorrin, J. Gonzélez—Platas and E. Matesanz.

MATERIALS SCIENCE, MULTIDISCIPLINARY 47/232, Q1 (2011, IF 2.307)

PHYSICS, APPLIED 30/125, Q1 (2011, IF 2.307)

5. Polymorphism in Hoz(MoOy)s. Powder Diffraction 28, S33 (2013). C. Gonzélez—Silgo,
C. Guzman—Afonso, V. M. Sanchez—Fajardo, S. Acosta—Gutiérrez, A. Sanchez—Soares,

M. E. Torres, N. Sabalisck, E. Matesanz and J. Rodriguez—Carvajal.

MATERIALS SCIENCE, CHARACTERIZATION & TESTING 19/33, Q3 (2013, IF
0.586)

6. Structural investigation of the negative thermal expansion in yttrium and rare earth
molybdates. Journal of Physics: Condensed Matter 23, 325402 (2011). C. Guzman—
Afonso, C. Gonzalez—Silgo, J. Gonzdalez—Platas, M. E. Torres, A. D. Lozano—Gorrin, N.

Sabalisck, V. M. Sanchez—Fajardo, J. Campo and J. Rodriguez—Carvajal.

PHYSICS, CONDENSED MATTER 18/69, Q2 (2011, IF 2.546)

13



1.1. Rare earth molybdates REs(MoOy)s3

These papers are included in chapter 5, in the same order as they appear in the previous list.
They are presented with the original format of their respective editorials. We have added an
additional work in the appendices of this manuscript. This work, entitled “Experimental and
theoretical study of a—FEuy(MoQO4)s under compression”, has been submitted to The Journal
of Chemical Physics. We believe that this work strongly complements the results presented
in the third article of the list and, for this reason, we decided to include this article in the
appendix 6.1. We also added the supplementary material of the sixth article of the list in the
appendix 6.2. And finally, the thermodynamic relations used in this work have been compiled
in appendix 6.3.

The common topic of all these papers is the preparation and characterization of rare earth
(RE) molybdates, with chemical formula RE3(MoQO4)s. We choose to study these compounds
because they present an unusual polymorphism and phase transitions, when they are subjected
to changes in temperature, pressure and RE substitution. This gives them a great interest
for technological applications, regarding their physical properties, for instance: ferroelectricity,
ferroelasticity, piezoelectricity, ionic conduction, negative thermal expansion, fluorescence, and
second harmonic generation, among others. In the next section, we will review the most
significant contributions that make up the state of the art in this family of compounds from its
preparation, crystallographic description, typical physical properties until their most common

applications.

1.1 Rare earth molybdates RE;(MoOy);

The first RE molybdates represented by the formula RE2(MoQOy)s were prepared by Hitchcock
in 1895. In particular, he synthesized lanthanum, praseodymium and neodymium molybdates.
However, the study of RE molybdates did not improved in the next years until almost a century
later, in 1966, when Borchardt et al. prepared Gda(MoQOy)s and found that this compound is
ferroelectric. This discovery promoted the interest on the studies of the RE2(MoOy)s series

until the present day, the researchers now focus on finding new crystals with applications in

14



Chapter 1. Introduction

lasers (Suzuki et al. 2014).

The RE molybdate series, RE2(MoOy)s, can crystallize in three structural groups depend-
ing on the RE cation size and the synthesis conditions. These three structures are known
as modulated scheelite—type structure, the §5’- and y—phases, without any symmetry relation
among them. This rich polymorphism of RE molybdates is also made evident under changes of
pressure and temperature, i.e. nine different crystal structures are known for these compounds
from ambient temperature to their respective melting points (Brixner et al. 1979), and from
ambient pressure (AP, 1 atm) to their respective pressure-induced amorphization (Maczka et
al. 2012). This variety of crystal structures makes them appropriate to develop new concepts
about the physics of phase transitions and amorphization processes under high pressures, as
well as related physical properties and their potential applications.

In the following subsections we summarize some remarkable aspects of the three structural—-
types of RE molybdates with an emphasis on structure—property relation. We also highlight

the interest of these properties and some features that we want to study in deep.
1.1.1 Modulated scheelite-type (Lay(MoO,); and a—phase)

The modulated scheelite structure is a cation deficient structure with formula RE; /3011 ,3M00y4,
where O indicates vacant sites. A vacancy defect is formed when an atom is missing from a
normal atomic site in a crystalline structure. The RE2(MoOy)s series with RE ions from
lanthanum to dysprosium crystallize in two substructures related to the scheelite—type structure
through the vacancy ordering of one third of the calcium positions (Brixner et al. 1979). The
original scheelite structure of CaWQ, possesses the tetragonal space group (SG) 141 /a with
Z=4 and three atoms in the asymmetric unit (Zalkin et al. 1964). In this structure, calcium ions
are in a polyhedral environment with eight—fold coordination and Wyckoff symbol /b which
corresponds to the site symmetry Sy, whereas the tungsten ions are surrounded by four oxygen

ions in a tetrahedral site with Wyckoff symbol 4a and the same site symmetry (see Figure 1.1

(left)).
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1.1. Rare earth molybdates REs(MoQOy)s
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Figure 1.1: Projection of the CaWOy, (left), Laz(MoOy4)s (center) and Eug(MoOy)s (right) structures

along the ¢ axis of the scheelite—structure. Calcium and RE ions are showed in green. The tetrahedral

coordination of molybdenum and tungstates ions are in grey. Oxygen ions are showed in red.

We can distinguish two substructures in RE molybdates with different ordering of the
vacancies depending on the RE ion. The first substructure appears for the following ions:
La3t, Ce3t, Pr3t, and Nd3*. This structure denominated as Lag(MoQO,)s3-type is monoclinic
with SG C2/c and Z=12 formula units per conventional cell (see Figure 1.1 (center)). Its
volume is nine times the scheelite volume. Its asymmetric unit consist in 23 atoms with non—
equivalent positions, all of them in general positions 8f, excepting one Mo occupying a Wyckoff
position 4e with the site symmetry Cy (Templeton et al. 1963). The second substructure,
known as the a-—phase (see Figure 1.1 (right)), occurs for the Sm3*, Eut, Gd3*+, Th3*+ and
Dy3* ions. This crystal structure with SG C2/c and Z=4 comprises three scheelite-like subcells.
Its asymmetric unit consist in 9 atoms with non—equivalent positions, all of them in general
positions 8f, excepting one Mo occupying a Wyckoff position Je with the site symmetry Cs
(Boulahya et al. 2005). An additional possible ordering has been recently found for Pro(MoOy4)3
as an incommensurable structure. This structure is described by a SG I12/b(«50)00 and Z=7
(Logvinovich et al. 2010). These authors proposed that “the main structure motif is similar
to that Lag(MoQOy)s—type, but it contains regularly spaced stacking faults defects related with
the incommensurate character of its structure”.

The materials with related scheelite symmetry, for instance, molybdates and tungstates,

16



Chapter 1. Introduction

are excellent host materials for solid—state lasers (Neeraj et al. 2004) and phosphors (Yen et al.
2007), as well as Raman shifter (Brenier et al. 2004) and scintillators (Globus et al. 2005).
Because of their specific spectroscopic properties, specially the luminescence of the RE ions,
high energy conversion efficiency, large thermal conductivity, and high thermal stability are
very interesting properties for developing optical devices. In particular, CaWOy (scheelite)
was the first material found for efficient conversion from X-ray to visible light (Rontgen 1896).
It is generally accepted that the high—energy band is due to the radiative recombination of a
self-trapped electron, localised at the oxyanion complex [WO4]?~. This material has been the
most used in X-ray intensifying screens for over 80 years until RE phosphors have overtaken its
dominant position in the last years (Shionoya et al. 2006). On the other hand, Raman spectra
of tungstate and molybdate single crystals consist of intensive and narrow lines corresponding
to symmetrical vibrations of [WO4]?~ and [MoO4]?~ groups, making this type of compound
promising Raman active crystals (Basiev et al. 2000).

Respect to their application as phosphors, RE molybdates as stoichiometric solid solution
or doped materials are widely studied both for the important applications they have in optics
and electronics, as well as for the fundamental physics underlying those processes (Gai et al.
2014; Mason 1990). The optical properties of RE ions are basically influenced by the spin—
forbidden character of the intra—configurational 4f — 4f electronic transitions, that produce
relatively small absorption cross—sections and long radiative lifetime (Ofelt 1963). In particular,
the lanthanum ion demonstrates to be an exceptional host for other RE ions in modulated
scheelites due to its large ionic radius, for instance: A study in ytterbium- and erbium-—co—
doped lanthanum molybdates revealed that these materials have an efficient near—IR to visible
light up—conversion, where ytterbium acts as an absorber and erbium as an emitter in the crystal
lattice (Yi et al. 2002). On the other hand, a study in solid solutions of REggEu; 2(MoOy4)s
(RE=La, Y, and Gd) was performed by Guo et al. in 2008. In that case, LaggEuj 2(MoOy)s
was the only one that adopted the Lay(MoOy4)s—type phase. As it was recently demonstrated

by Atuchin et al. 2014, the luminescence of each compound differs from others because this
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1.1. Rare earth molybdates REs(MoOy)s3

property depends on the RE ion and the crystal structure.

Finally, the design and functioning of solid—state lasers as new advanced devices for op-
toelectronic applications are the focus of increasing attention (Cerny et al. 2002; Pask et al.
2000; Volkov et al. 2005). The compounds with scheelite and related scheelite structures are
considered as interesting solid—state laser host materials. The advantages of these crystals are
their high quantum efficiency, broad absorption and emission bands, as well as relatively low
upper—level lifetime. As a consequence of the possibility to have a locally variable position of
the active ion on the crystal structure, the line widths of the electronic transitions for the RE
elements are found to be broader in disordered than in ordered materials. For that reason, the
ordering degree of the materials is studied through the intra—configurational optical transitions
of active ion (Lavin et al. 2002). Moreover, in RE doped crystals, the crystallographic positions
of RE ions may not be evident, and it is difficult to see clearly the relation between the pho-
toluminescence spectrum and crystallographic environment of the RE ions. The compounds
with stoichiometric RE content are more suitable for this purpose because the RE ion position
can be reliably defined from crystal structure analysis.

Besides the possible applications in optical devices, studies on scheelites and related ma-
terials have shown that these crystals have good prospects as heterogeneous catalysts (Paski
et al. 1988), ionic conductors (Takai et al. 1999), and possible to replace the graphite materials
currently used in lithium ion batteries (Sharma et al. 2004). In particular, the electric charac-
terization of the modulated scheelite-type structure was performed by Gaur et al. 1993, using
DC conductivity (o4.) and Seebeck coefficient (S) in the temperature range 450-1200 K. These
molybdates were described as electrical insulators: materials whose internal electric charges
do not flow freely, and therefore make it very hard to conduct an electric current under the
influence of an electric field. These materials have a band gap that increases slowly going
down the RE molybdate series from 2.30 eV for La molybdate to 3.20 eV for Eu molybdate.
They observed, in general, three linear regions with two break temperatures, occurring due to

changes in the conduction mechanism. At lower temperatures, electrical conduction is mainly
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Chapter 1. Introduction

extrinsic, that is, the impurities play the significant role. And at higher temperatures, the
charge carriers would become polarons. The polaron formation occurs when the interaction
between electrons and optical phonons is strong enough and at sufficiently high temperature
this will move through the material, taking place the polaronic-type conduction. Despite that
study, the conduction mechanisms are unknown. In another study, RE2(MoOy4)3 (RE=La, Nd)
were proposed as promising candidates for microwave substrate applications, considering them
as easy preparation samples with simple phase composition, fine microstructure, low sintering
temperature, and good microwave dielectric properties (Pang et al. 2011).

Molybdates and tungstates (AMO4 and ABMO,4 materials, M=Mo or W) with scheelite
structures constitute important class of materials that exhibit various functional properties,
which depends on the structure. In the last years, its evolution under pressure has arisen re-
newed interest (Errandonea et al. 2008; Maczka et al. 2012). However, less works have been
developed for Ag(MOy)s compounds with modulated scheelite—structure. High—pressure Ra-
man spectroscopy studies have been performed in Nda(MoO4)s and The(MoO4)s by Jayaraman
et al. 1997, and in Eus(MoQOy)s3 by Le Bacq et al. 2011. No pressure-induced phase transitions
were observed for Nd2(MoOy)3 and Tho(MoOy4)s but in the case of Eua(MoOy)s, a splitting of
the high—frequency modes was observed suggesting a minor structural change. Additionally,
the pressure-induced amorphization was found for Nd2(MoQy4)s, Eua(MoQO4)s and Tha(MoOy4)3
at 15.5 GPa, 19.9 GPa and 25 GPa, respectively. Those compounds constitute interesting ex-
amples where the ambient pressure phase undergoes pressure—induced amorphization without
an intermediate phase. However, in spite of these works, the mechanisms for the compres-
sion of these structures are still unknown, particularly the pressure dependence of their crystal
structure has not be well studied.

All these interesting electric and optical properties of modulated scheelite-related com-
pounds and, in particular, the possibility to study their crystal structure evolution with the
temperature, pressure and RE ionic radius, has motivated our interest in this family. Also,

these compounds exhibit high stability, easy preparation and some advantages in their men-
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L
A

s a
Figure 1.2: View along the ¢ axis of the - (left) and S-phases (right) of Gd2(MoOy4)s. RE ions

are showed in green. The tetrahedral coordination of molybdenum ions are in grey. Oxygen ions are

showed in red.

tioned physical properties regarding other materials with related—scheelite structure. Moreover,
the creation of cationic vacancies in the crystal lattice and the ordering of these cations and

vacancies may be a new factor in controlling the structural and physical properties.
1.1.2 [’—phase

The molybdate series with RE from samarium to holmium can crystallize in the S’—phase
(Brixner et al. 1979) and the representative compound of this structural-type is Gda(MoOy)s.
This phase is particular of the molybdates family because of it does not appear in any family
of similar compounds as tungstates, chromates, phosphates, vanadates or sulphates. The -
phase is an orthorhombic structure with SG Pba2 and Z=4 (Borchardt et al. 1966; Keve 1971;
Svensson et al. 1979). In this structural-type, the RE ions are in a polyhedral environment,
without site symmetry (general positions 4c¢) and build by seven oxygen ions, whereas the
molybdenum ions are surrounded by four oxygen ions in a distorted tetrahedral site (see in
Figure 1.2 (left)). There are two independent sites for the RE ions, three sites for the Mo ions
and twelve sites for the oxygen ions.

The main properties of molybdates with ’—phase are their ferroelectricity and ferroe-
lasticity (Cross et al. 1968; Keve 1971; Ponomarev 2002) due to the possibility to develop

a spontaneous polarization in the direction of the polar axis, parallel to the ¢ axis (as can
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be inferred from the space group) and also may exhibit a spontaneous strain. Both sponta-
neous polarization and strain disappear after the phase transition ferroelectric—paraelectric and
ferroelastic—paraelastic, at the same temperature. Compounds with this f’—phase are known
as improper ferroelectrics because the distortion responsible for the spontaneous polarization
and the strain is a secondary mode, that is unstable in the paraelectric—paraelastic phase.
In addition, the appearance of this secondary mode in the ferroelectric—ferroelastic phase is
induced by its coupling with a primary unstable non—polar distortion mode (Toledano et al.
1987). The spontaneous electric polarization and the spontaneous strain in these materials is
usually small compared with that in proper ferroelectrics, as expected from its secondary role
in the stabilization of the phase.

The corresponding paraelectric—paraelastic phase, called S—phase, belongs to the SG P-
421m and shows up after a phase transition at about 450 K. This high—temperature phase is
a tetragonal structure (see in Figure 1.2 (right)) and it is more symmetric than the 5’—phase,
i.e., the sites for RE ions are reduced to one, for the Mo ions to two sites and four sites for the
oxygen ions (Jeitschko 1972). The RE, one Mo and one O ions are located on a mirror plane
Cgs with Wyckoff symbol je, while another Mo ion is located on a fourfold inverse axis Sy,
with Wyckoff symbol 2a. Thus, the tetragonal form around the more symmetric Mo is due to
disordered positions of a first O atom in a general position 8f The less symmetric tetrahedron
is formed by a second O atom at the mirror plane, with Wyckoff position Je and split positions
for the third O and the fourth O atom, both at a general position. The crystal structure of
B-Gda(MoQy)s is formed by corner—sharing MoOy tetrahedra and RE polyhedra coordinated
by seven oxygen atoms. Each oxygen atom has either two or three nearest metal atoms.

In addition, both §’- and f—phases are non—centrosymmetric with potential non—linear prop-
erties, specially optical ones. For that reason, Gda(MoOy)s is an efficient frequency doubling
medium for laser diode pumping because it displays second order harmonic generation (Kojima
et al. 1978). In particular, the 5'~Gd2(MoOy4)3:Nd crystals are very appealing non-linear mate-

rials for the creation of various laser frequency doublers and also Raman shifters, due to MoOy4
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vibrations (Kaminskii et al. 1997). The spontaneous polarization, second order non-lineal sus-
ceptibility tensor values (responsible for second order harmonic generation), the piezoelectric
and optoelectronic coefficients of Gda(MoQOy)3 and The(MoOy4)3 have been obtained by Keve
1971 and Svensson et al. 1979. They found the value of the non-lineal susceptibility tensor
for gadolinium molybdate is just the 7.5% of the values showed by more common compounds
used in optoelectronic devices, as titanates and niobates (structural families of Pb[Zr,Ti;_,]O3
(PZT) or LiNbO3) (Kojima et al. 1978). However, at the same time, the 5’~phase displayed the
largest piezoelectric and optoelectronic coefficients ever found. The optical properties of this
structural phase have been also analysed as phosphor hosts, due to their RE components. For
instance, Bubb et al. 2005 studied the near—IR to visible light up—conversion of LaEr(MoOy)s.
In other study, 8'-Sma(MoQOy)3 crystals were written at the surface of SmoO3-MoO3-B203
glasses by YAG laser irradiation. This work demonstrated that the samarium atom heat pro-
cessing is a technique for the writing of RE containing optical non-linear /ferroelectric crystal
lines in glasses (Abe et al. 2005).

The electrical transport properties of Gda(MoQOy4)s and The(MoQOy)s were reported at the
temperature range 650-1075 K (Tripathi et al. 1980). These compounds showed three linear
regions with two break temperatures, due to changes in the conduction type, for example,
a change from an extrinsic to an intrinsic conductivity. This result is similar to the one
found in the modulated scheelite-type structure (Gaur et al. 1993). In addition, the band gap
energies are related to the RE ionic radius, decreasing those energies when the RE ionic radius
diminishes. These authors concluded that the conduction below 805 K is due to thermally
activated charge carriers in localized impurity levels. Moreover, they observed some instabilities
in the phases of those crystals from 805 to 880 K. Therefore, a possible phase transition f—«
must be considered, since this transition could affect the properties temperature dependent.
And finally, the intrinsic conduction is dominating beyond 880 K.

On the other hand, the less density of the f’—phase compared to the a—phase (about 20%

denser) prompted several high-pressure studies on the ’—phase, due to an opener structure
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allows more structural changes under high pressures. The first high—pressure study with this
characteristic phase was performed on Gdz(MoQOy)s using X-ray diffraction (Brixner 1972).
In this study was found that the S—phase transformed to the a—phase when the sample was
subjected to high pressure and high temperature (3.0 GPa and 828 K). However, the f—phase
transformed to an amorphous phase when pressure was applied at temperatures below 673 K.
This means that at low temperatures the kinetics of this reaction are very slow and therefore an
intermediate structural disarray is frozen, becoming an amorphous form. The next study under
high pressures was performed in the ’-phase of Thy(Mo0QO4)s using Raman spectroscopy and
X-ray diffraction (Jayaraman et al. 1993). In this analysis, the Raman peaks were classified by
their origin and a pressure-induced phase transition was found from the dramatic changes in
the Raman profile collected at 2.3 GPa. The resulting new phase was called d—phase. Beyond
2.3 GPa, the d—phase reached the pressure-induced amorphization at 6.6 GPa. However, the
quality of the X-ray diffraction data were not good enough for obtaining the new structure.
Other X-ray diffraction study on Sm, Eu and Gd molybdates with 5’—phase confirmed the same
phase transition for these isostructural compounds (Dmitriev et al. 2003). However, in spite
of the efforts performed, the d—phase has not been properly characterized. Later on, another
six pressure-induced transformations (including the transition to the d—phase) were identified
using fluorescence spectroscopy of Eu?* ions (Machon et al. 2004). The mechanisms proposed
for these sequences of transformations were related to a progressive distortion of the MoOy
tetrahedra followed by a coordination change of Mo atoms (Lucazeau et al. 2009; Lucazeau
et al. 2011).

With respect to some members of this large family of polymorphs, in particular, Yo(MoQOy)3
can exist in two stable phases at ambient temperature (Gates et al. 2007): 8’ and ~(hydrated).
Moreover, Hoa(MoQOy)s crystallizes in both structures too (Brixner et al. 1979). Ionic radii
of yttrium and holmium are between dysprosium, which possesses the $’—phase, and erbium,
which possesses the y—phase, but this crystal structure is difficult to determine because is

hydrated (see the following subsection). However, in the case of Hoa(WOy)s, this compound
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Figure 1.3: View along the c—axis of the y—phase of Sca(WO,)s. Scandium ions are showed in green.

The tetrahedral coordination of tungstates ions are in grey. Oxygen ions are showed in red.

adopts the monoclinic a—phase (Xiao et al. 2008) and the orthorhombic y—phase, because the
B’—phase is particular of molybdates, as aforementioned. This fact makes holmium compounds

very interesting for us, although, in this work we are more interested in the molybdate family.
1.1.3 ~—phase

Molybdates with RE=Y, Ho—Lu can crystallize in the orthorhombic SG Pbcn with Z=4, known
as y—phase. This structure corresponds to isostructural Sco(WO4)3 (Abrahams et al. 1966)
and its unit—cell is formed for an scandium (or RE), two tungstens (or molybdenums), and six
oxygen atoms. One of the two tungstens is in a Wyckoff position 4¢, with site symmetry Cs
that consist in a two—fold rotation parallel to the b—axis. The other one is located in a general
position 8d without site symmetry. All the other atoms are situated in general position 8d.
Then, two tetrahedra are formed. The more symmetric tungsten or molybdenum W2 (or Mo2)
is bonding to two oxygens O5 and O6, and other two oxygens generated by symmetry. The less
symmetric tetrahedron is bonding with the other four oxygen atoms O1, O2, O3 and O4. The
Sc (or RE) ion is coordinated with six oxygens, and it is the smallest coordination found for
the RE ions in molybdates. In order to facilitate the understanding of this crystal structure we
plotted a view of the y—phase in Figure 1.3. The arrangement can be observed in this figure,
where each tetrahedron is connected with four octahedral through the oxygen atoms and each

octahedron is connected with six tetrahedra.
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The ~—phase is hydrated at ambient conditions and for this reason we will call it the
v(hydrated)—phase before it loses the water molecules at about 430 K. This implies a certain
degree of complexity when one tries to perform studies in the y—phase at low temperature.

One of the most interesting properties of compounds with y—phase is that they exhibit
negative thermal expansion (Evans et al. 1998). This effect produces the contraction of the
material upon heating (or the dilatation of the material upon cooling) and a few materials
show this property. There are several important applications for substances with a negative
thermal expansion coefficient, in particular, the ZrWyOg family of materials (Zr and W can
be replaced with Hf or/and Mo respectively) are used in photonic areas (Wei et al. 2001), in
medical applications (Versluis et al. 1996), etc. Tungstates usually exhibit a wider temperature
range with negative thermal expansion than molybdates, while molybdates have more negative
coefficients (Sumithra et al. 2004). In particular, RE molybdates (RE=Y, Er and Yb) show
a linear thermal expansion coefficient as a function of RE cation size. Moreover, as the RE
cation size decreases, the thermal expansion coefficient also becomes less negative (Sumithra
et al. 2006). In addition, the thermal expansion of Yo(MoQOy4)s was investigated experimentally
from 20 to 450 K by Marinkovic et al. 2009 and theoretically from 0 to 1625 K by Wang et al.
2013. The negative thermal expansion was found experimentally in the whole temperature
range, and theoretically in the range from 0 to 1000 K. That means that these compounds have
negative thermal expansion over a wide temperature range and encouraging us to keep working
on the remaining compounds.

On the other hand, in some isostructural compounds (specifically in tungstates with small
trivalent cation) a phase transition to a monoclinic phase with SG P2;/a was found at 170 K
(Evans et al. 2000). This low—temperature structure has a positive thermal expansion co-
efficient. However, no monoclinic modification for Y3(MoO4)s has been found (Marinkovic
et al. 2009), demonstrating that isostructural tungstates and molybdates can have different
structural behaviours when they are subjected to temperature changes.

Although, in general, structural flexibility seems to be a key factor for negative thermal ex-
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pansion, different mechanisms have been proposed to explain it in different type of compounds.
This property is most commonly observed in compounds with flexible M—O-M bridges and it
is due to the transverse vibration of the oxygen atoms, making that the M-M distance de-
creases whereas the M—O distance remains essentially unchanged. These transverse vibrations
can occur through coupled librations of the rigid corned sharing polyhedral (tetrahedra and
octahedra in case of the y—phase) called Rigid Unit Modes or RUMs (Giddy et al. 1993). In
recent years, questions have been raised regarding whether simple RUMs models are sufficient
to explain negative thermal expansion (Ravindran et al. 2003; Tao et al. 2003). Moreover,
Marinkovic et al. 2009 found that the polyhedral distortion around the cation A is strongly
correlated with the linear negative thermal expansion coefficient of different members of the
AsM3019 family.

The interest of this phase has grown in the last decade because it possesses a large trivalent
ion conductivity (Secco et al. 2002), where the ionic conductivities of the molybdate series
become considerably higher in comparison to those of the tungstate series (Imanaka et al.
2000). In particular, As(MOy4)s with A=Sc, Al and M=W, Mo show a conductivity that
increases when the temperature increases and a normal decrease when pressure increases. On
the other hand, due to the flexibility of Sca(WO4)s structure, the y—phase displays a rich
variety of behaviours (phase transitions and amorphization) when it undergoes pressure changes
(Maczka et al. 2012; Paraguassu et al. 2004). According to what has been said, a comprehensive
study of the evolution of the structure with temperature, pressure and ionic radius can help to

resolve this controversy.

1.2 Aims

The polymorphism in RE molybdates and their related physical properties are known many
years ago. However, the increasing studies in the last two decades for electronic and optical de-
vices makes necessary a revision of the stability and the phase transitions in these compounds.

Assuming that small changes in external perturbations (ionic substitution, temperature or
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pressure) can modify drastically their crystal structure and, consequently, their physical prop-
erties; it is possible to explain, for example, changes in the luminescence of the RE ions and the
lifetimes of their electronic emitting levels. Therefore, we aim to increase the available knowl-
edge of these compounds through different characterization techniques: powder diffraction,
impedance, optical and Raman spectroscopies, and thermal analysis, adding in some cases ab
initio total-energy calculations. Each of these characterization techniques has own advantages
and we will show that their combination gives detailed information about structural changes
occurring in these materials subjected to different temperature and pressure regimes. Thus, we
will be able to provide significant insight into the origin of lattice instabilities and structural
mechanisms that affect their physical properties.

We will start synthesizing the complete family of compounds. In particular, we will prepare
polycrystalline samples with the three crystal structures at ambient conditions: modulated
scheelite-type, B’- and y—phases. We will report about the synthesis conditions to prepare the
different polymorphs without mix of phases.

The structural characterization of the polycrystalline samples will be performed using pow-
der diffraction. At ambient conditions, we will identify the crystalline phases and will collect
data with enough resolution to refine the crystal structure of the different phases. In order to
study the samples at non—ambient conditions, we will apply for beamtime at large facilities. In
addition, we will use new tools for the Rietveld method, that can help to explain the structural
changes in our compounds due to external perturbations.

Attending to the data collected at ambient conditions, we will perform a preliminary study
of the variations produced on the crystal structure of molybdates with different RE ions, i.e.
by the chemical pressure effects in these structures, due to the lanthanide contraction. We will
be especially interested in those compounds that present several polymorphs.

With respect to the analysis of data at different temperatures, we will infer if the lattice
parameters expand or compress normally, their changing rates, and possible phase transitions

giving the thermal stability range of each phase. Also, if the atomic parameters are determined,
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we will propose the possible structural mechanisms for these variations and the origin of the
structural instabilities.

On the other hand, from the data collected in our samples at high pressures, we can infer
the properties of the structural compression; we will be able to compare these experimental
properties with the theoretical ones. In this case, we will perform calculations from first
principles to understand more deeply the changes occurring on the crystal structures and the
origin of possible instabilities. Additionally, we will revise if the samples undergo crystalline—
crystalline phase transitions, their respective stability ranges and if there is agreement with
the theoretical calculations, in order to complete previous works. Moreover, the high—pressure
measurements will also allow us the analysis of the loss of long-range order (amorphization)
and we will propose, in more detail, the possible mechanisms that explain this process.

In order to complete this study, when the experimental conditions of powder diffraction are
not optimal to detect changes on the crystal structure and degree of reversibility, we will draw
on other experimental techniques. It is well known that combination of short and long-range
probe techniques provides significant insight into the phase transitions and the origin of lattice
instabilities. In particular, diffraction data collected under high pressure lose resolution, thus,
information obtained by Raman and optical spectroscopies, widely used for this purpose, will
be complementary techniques in our research.

As already we have mentioned, the investigation on the crystal-structure dependence with
temperature and pressure in the family of RE molybdates, is aimed to better understand their
physical properties that is growing interest, due to their optical applications as: scintillators,
phosphors, lasers, etc. However, we are more interested in their mechanical, dielectric or
electronic properties, that can be explained from the crystal-structure data: ferroelectricity,
ferroelasticity and negative thermal expansion. Moreover, we want to identify different types of
electric conduction using impedance spectroscopy, and to stablish, for the first time, correlations
between the transport mechanisms and the thermal evolution of the crystal structure in these

compounds. Moreover, this technique allows to get information about the possible transitions
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and structural anomalies, by detecting changes in the permittivity and electrical conductivity.
Finally, we expect that the results derived from this work have important applications for
science and technology and to complement previous studies, for use as scientific and technical

information in the area of material science.
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Method

This section summarizes the techniques employed in the work presented in this thesis, as well
as the methods that we used for the analysis of data that these provided. The more specific

aspects about the experimental details are described in the papers attached in chapter 5.

2.1 Solid—state reaction

Solid state reaction consists in the preparation of polycrystalline solids by direct reaction of
the starting reactants (powders) at high temperatures for a relatively long heating time (West
2013). In particular, for the synthesis of RE molybdates, the reactants are RE oxide (RE203)
and molybdenum oxide (MoQOs3). As the ProOs and ThoO3 reactants are highly hygroscopic,
Pra(MoOy)s and Tha(MoOy)s should require a controlled atmosphere for their synthesis. For
that reason, we replaced these oxides for PrgO11 and Th4O7. The following chemical equation

illustrates the general chemical reaction to obtain RE molybdates starting from the oxides:
RE>O3 4+ 3 MoO3 — REQ(MOO4)3

Figure 2.1 shows a schedule of the experimental procedure for the solid-state reaction. In
this process, the reactants used in the synthesis should be dried before weighting them to

remove any residual. To do that, we pre-heated the MoO3 and RE2Os powders at 923 and
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Figure 2.1: Experimental procedure of solid—state reaction. The synthesis of polymorphic Eug(MoO4)3

is given as a example.

1173 K during 10 h, respectively. These pre-heated powders are weighted in stoichiometric
amounts, mixed and homogenized with acetone in an agate mortar during half hour in order
to maximize the powder surface areas.

The next step for the preparation of RE molybdates is to convert the powders into pellets.
In order to do that we use a cylindrical steel die of 13 mm and a hydraulic press to apply
pressure up to 5 tn on the sample. The thickness of the pellets should be approximately of
1 mm. The benefits of using pellets are a reduction of the air pores into the sample and an
increase in the area of contact between the grains that favours the reaction of the reactants
when they are treated thermally to obtain the desired phase.

We checked several thermal treatments for each compound to find the adequate temperature
that produces the pure crystalline phase. One example is the case of europium molybdate that
can crystallize in the a- and f’—phases, this compound needed to be heated at 1073 and 1273 K
for 48 hours to obtain each phase, respectively.

The thermal treatments were performed using a resistance furnace. The pellets were placed

inside a platinum crucible into the furnace. We use platinum crucibles because this material
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Solid-state reaction

Table 2.1: Thermal treatments applied to synthesize RE3(MoQy)3 using the solid—state reaction. The

asterisk in ('-Smy(MoQy)s is used to indicate that the pressure in the hydraulic press was 5 ton.

instead of the convectional 2 ton. Note that for Dy2(MoO4)s and Ybs(MoOy4)s an intermediate graining

is necessary, as well as a second thermal treatment. The values of temperature, stabilization time and

the heating/cooling rates for this second thermal treatment are inside brackets in this table.

barely reacts with its environment and it is appropriated to reach high temperatures.

Compound Phase Temperature (K) | Time (h) | Heating rate (K/h) | Cooling rate (K/h)
Laa(MoO4)s | Lag(MoOy)s 1073 48 100 100
Pry(MoOy4); | Laz(MoOy)s 1073 48 100 100
Nd2(MoOy4); | Lag(MoO4)s 1073 48 100 100
Smy(MoOy4)3 « 1073 48 100 100
Euz(MoOy)3 o 1073 48 100 100
Gda(MoOy)s o 1073 48 100 100
Tba(MoOy)s o 973 48 100 100
Smg(MoOy)s* B’ 1378 12 120 quenching
Eus(MoOy)s B8’ 1273 48 100 100
Gd2(MoOy)s ek 1223 48 100 100
Tha(MoOy)s3 B8’ 1223 48 100 100
Dy (MoO4)s X 1173 (1273) | 48 (12) 100 (120) 100 (360)
Hoz(MoOy4)s B’ 1173 24 120 120
Ho(MoOy)3 vy 1248 48 120 240
Ery(MoOy )3 ~ 1323 24 100 100
Tmy(MoO4)s - 1323 24 100 100
Yby(MoOy)s ~ 1223 (1323) 18 (24) 120 (120) 240 (240)
Lug(MoOy)s o 1323 24 100 100

Y3 (MoO4)s - 1323 24 100 100

thermal treatments performed to prepare RE molybdates are summarized in Table 2.1.
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Finally, we carried out powder X-ray diffraction on a selected thermally—treated pellet to
confirm its structural phase and purity. If the sample did not have the phase that we wanted,

we repeated the previous process, beginning from the mixing step.

2.2 Powder diffraction

We focused on the powder diffraction method, because our samples are polycrystalline, e.i.,
solids that are composed of many crystallites randomly orientated. This technique is a crucial
tool that is applicable to interdisciplinary studies, with increasing importance and breadth of
application as instrumentation, methods, data analysis and modelling.

Diffraction occurs when electromagnetic radiation, with wavelength comparable to atomic
spacings, is incident upon a crystalline sample. The waves are scattered in a specular fashion
by the atoms in the system, and undergo constructive interference in accordance to Bragg’s

law, given by the following expression:

n\ = 2dsin(0) (2.1)

where n is an integer, A is the wavelength of the incident ray, d is the interplanar spacing of
parallel lattice planes and 6 is the angle between the incident ray and the scattering planes.

Figure 2.2 shows the necessary condition for the constructive interference the two electromag-

Figure 2.2: Tllustration of the geometry used for the simplified derivation of Bragg’s law (figure taken
from Le Bail et al. 2008).
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netic waves. This figure deals a simplified solution for diffraction, however in reality, in the
case of X-rays, these are not reflected by planes but are scattered by electrons bound to the
atoms, and, in general, atoms in one plane will not lie exactly above atoms in the plane below.

Equation 2.1 represents the Bragg equation in direct space. However, in the reciprocal
space this equation can be also defined. The reciprocal lattice was invented as convenient
representation of the physical of the diffraction by a crystal sample. The points in the reciprocal
lattice are related to the vectors defining the crystallographic planes (a, b and c¢). There is one
point in the reciprocal lattice for each crystallographic plane, hkl. A reciprocal lattice vector

H},,; is the vector from the origin of reciprocal space to the reciprocal lattice point (hkl):

H;. = ha* + kb* + Ic* h,k,leZ (22)

where a*, b* and ¢* are vectors defining the reciprocal unit—cell and hkl are the Miller indices.
H},; is perpendicular to the crystallographic plane hkl and |[Hpx;| = 1/dpk, this last expression
is a useful variation of the Bragg equation.

In a powder diffraction experiment, a 1-dimensional representation of diffracted intensity as
a function of 26, diffraction angle, is normally obtained. Thus, the graph of a powder pattern
(diffractogram) consists of a sequence of peaks (Bragg reflections) resting on a slowly varying
background. These peaks can be characterized by parameters defining their positions (dpx;),
intensities (Ix;) and profile (line shape and line width). Powder diffraction techniques are
based on the measurement of one or more of these parameters for as many reflections as are
required (or can be measured) in a particular application. In the followings subsections we will

give more details about these parameters.
Positions (d—spacing)

The principal method for the identification of unknown materials is based on a comparison
of experimental data with d—spacings and peak intensities contained in a database. Phase

identification and phase diagrams (precise location of phase boundaries) are essentials in our
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investigation of RE molybdates. On the other hand, by indexing the peaks it is possible to
obtain the cell parameters, although in most our cases these are known; also, we can visualize

thermal or pressure compression and expansion by comparing the peaks positions.
Peak intensities I

The total intensity of the scattered X—ray or neutron beam is composed by the coherent scatter-
ing, while the part of the incoherent scattering is included on the background. The experimen-
tally measured intensity of coherent scattering is related to cross sections of atoms (actually,
clouds of electrons and atomic nuclei) but they are modified by polarization and absorption
factors. For chemical elements (O, Mo and RE) belonging to our samples, X-ray absorption
edges are not in the range of the energy of the X-ray used. However Sm, Fu and Gd are RE
atoms with a substantial neutron absorption cross section for thermal neutrons, thus, samples
containing these chemical elements are not recommendable to neutron diffraction experiments.

For X-ray, the scattering from electrons around an atom can be described as the Fourier
transform of the electron distribution of each atom and it is known as the scattering factor
or form factor f(Q). Scattering factors monotonically increase with the atomic number and
fairly strongly on scattering vector (Q)). However, neutron scattering is just a point scattering
and the observed scattering factor or scattering length (b), for a given element (considering
their isotopes) is independent of @, and the total cross section is given by oeon = 4m(b)2.
Therefore, for X—ray the highest intensity peaks occur at small @), while for neutron radiation,
diffractograms can show strong well defined peaks even at high angles and information about
short displacements is not lost. Moreover, b varies erratically with atomic number, and shows
considerable variation by isotope. Thus, adjacent elements in the Periodic Table may have very
different neutron scattering lengths, that can facilitate their discrimination. In our case, more
precise determination of the position of the lighter atoms (oxygen) in presence of the heavier
one (molybdenum and rare earths) are better determined by neutron diffraction.

On the other hand, the scattering density p(r) for the arrangement of atoms in a crystal,
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described as an infinitely repeating motif, can be represented by a Fourier series whose coeffi-
cients are known as structure factors. Within the unit—cell, the atoms exhibit own repetition
properties as a group of symmetry operations. We can postulate that p(r) is localized on the
atom centres and assign a scattering factor or scattering length (we will denote both as f;),
then, the corresponding inverse Fourier transform becomes a sum over N atoms positions in

the unit—cell

FH)= Y fie®™Hr) (2.3)
i=1,...N
The vector H is the dimensionless indices (hkl) and the vector r becomes the fractional co-

ordinates (zyz) and the sub-index i represents each atom. Then, the diffracted intensity is
determined by the interference between the individual scattering centres that make up the

crystal structure:

I(H)=FH)F*(H) (2.4)
Therefore, from intensities we can obtain information about the crystal structure.
Line shape and line width

In practice, materials contain structural imperfections that give rise to a spread of intensity
around each reciprocal-lattice point. There are two categories of structural imperfection that
can modify diffraction line profiles by a measurable amount. The first is the finite size of
domains over which diffraction is coherent (sub—domains or grain size). In this case the size
broadening of the line is constant in the direction dpx;. The second category is based on the
fact that a distortion of the crystal arises from microstrain, due to an applied or residual stress,
or from a compositional gradient in the sample. For this, the size broadening increases with the
order of a reflection. In our case, changes with temperature or pressure contribute normally to

this second category.

36



Chapter 2. Method

2.2.1 Data analysis

In order to characterize the powder pattern (position, intensity, line shape and line width)
that define each reflection, we have used a model to compare and/or fit the entire observed
diffraction pattern. The calculated intensity y.(z;) at some point z; (26; angle, in our case)
is the sum of the contribution from all neighbouring reflections at the positions x; plus the

background at that point y(x;)

Ye(wi) = Z Iz — x5) + yp(;) (2.5)
J

where € is the function used to model the peaks, normalized to the unit area and multiplied by
the area I.; of each reflection j, which is calculated by different ways as we will see in the parts
of the Rietveld refinement and profile matching. Finally, the summation over all reflections
which contribute to the intensity I.; is performed. The pseudo—Voigt (linear superposition of
both Gaussian and Lorentzian functions) approximation of the Voigt function (convolution of
Gaussian and Lorentzian functions) is probably the most widely used for modelling the X-ray
and neutron Bragg peaks. Owing to the different functional form of instrumental and sample
broadening effects as a function of diffraction angle, we normally use a modified function: the
Thompson—Cox—Hastings pseudo—Voigt convoluted with axial divergence asymmetry (Finger
et al. 1994). With respect to the shape and the width of the profile we refined the special
parameter that accounts for the broadening by microstrain. Generally, the instrumental reso-
lution function is provided, which also affects to the profile, but the corresponding parameters
are not refined. Following, we will divide on sections the different treatments that we have

performed to the diffraction data.
Phase identification

To identify the phase of any compound obtained by solid—state reaction, as we mentioned in

section 2.1, we compared the powder pattern with the simulated pattern using the crystal
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structure of the known phase. For do that, we use the known cell parameters to calculate the
x; position of each Bragg reflection and its intensity I.; is calculated from equation 2.4, from
which a particular intensity Izy depends on the atomic factors and the atomic coordinates,

which are known.
Rietveld refinement

When we want to characterize isostructural compounds (some structures of RE molybdates
are described in the ICSD database (Bergerhoff et al. 1987)) at non-ambient conditions or
changing the RE, we use the Rietveld method (Young 1993) to refine the diffraction patterns.
This method uses a least squares approach to refine a theoretical line profile until it matches the
measured profile. McCusker et al. 1999 published a guide about how to use the Rietveld method,
focusing on experimental aspects of the analysis of powder patterns in a Rietveld refinement
and also describes specific features to collect a good diffraction data using different radiation
sources. This method calculates the initial peak positions x; from the cell parameters, which
can be refined. In addition, the shift of the instrumental zero is often refined and, in particular
cases, it has been also refined the shift of special reflections in the pressure experiments (see
paper of the appendix 6.1). It is also possible to calculate the atomic positions and thermal
displacements through the intensity of the peaks I .y, i.e. refining the initial positions that are
known by comparing observed intensities with those calculated. Thus, the intensity I of a

Bragg reflection will be:

I = KmuLpy | Fal® (2.6)

Besides the structure factor Fyp, other parameters related to the sample and experimental
geometry affect to the intensity: the scale factor K (which can be refined), the multiplicity of
each reflection (hkl) my and the Lorentz—polarization factor Lpg. Other effects affecting to

the intensity, as the absorption, preferred orientation and extinction were not refined.
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Profile matching

The low particle statistic was a clear inconvenient to obtain good intensities, in order to use the
crystal structure to model the whole pattern, for instance, in pressure dependent experiments
(see papers of section 5.3 and appendix 6.1). It was also not possible to refine the oxygen
positions and thermal displacements from X-ray experiments (see paper of section 5.5). In
these cases, we used the Le Bail method to obtain the whole pattern decomposition (Le Bail
2005). The free parameters are the same parameters (cell and profile parameters) used in the
Rietveld method without prior knowledge of the structure, i.e., the atomic coordinates and
the thermal displacements of each atom (isotropic or anisotropic factors). Obviously, other
parameters related to the intensity, were not refined. Thus, this method only needs a starting
cell and profile parameters (that must be closed to the real parameters). It uses an iterative
process to fit the calculated pattern (with sub-index c¢) to the observed one (with sub-index
0) based on a standard least—squares method. Starting to the crudely estimated intensities

I.11(0), the new intensities at cycle n + 1 are calculated as:

n n o (i) — yy (1)
= ZICHQH(xi)y%(xi) — y% (2.7)

Background

Background is often ignored in the analysis of powder diffraction. However, examination of
background, especially in the final stages of a profile refinement, is useful. It may reveal features
that indicate, for instance, the presence of an amorphous phase or diffuse scattering, pointing
the existence of local ordering or clustering in the structure. Background intensity can be esti-
mated by either linear extrapolation between points, where no peaks appear to contribute, or
by refining the parameters with empirical polynomials. For modulated background, the Cheby-
shev polynomials result more robust than the typical Taylor ones. And in some measurements,

as for example, those performed under pressure it was only possible to extract points and we

39



2.2. Powder diffraction

could not obtain information from short- to intermediate-range order. However, in the case of
compounds with the property of negative thermal expansion, we could treat the background
as though it were from amorphous material, because we have enough resolution by using the
Debye scattering equation and the interatomic spacing for first neighbours were calculated (see

paper of section 5.6).
Reliability factors

In both least square approaches, Le Bail and Rietveld refinements, parameters defining the
model are then refined until the quantity:
N

[

S= [Wolwi) = ye(w:)]? (2.8)

i=1
or a similar expression with an appropriate weighting factor w;, is a minimum. The summation
being over all data points in the diffraction pattern. The quality of the agreement between
observed (y,) and calculated (y.) profiles in the least squares method is measured by a set of
conventional factors:
The profile R, = 100 ), |Yoi — Yeil / D_; [Yoil,
the weighted profile Ry, = 100[), [yoi — Yeil? / Do Wi lyoi|2]V/2,
the Bragg Rpragg = 100>y |1k — Lek| / 325 il
the expected Rezp = 100[(N — P+ C)/ 2 (wi x y2)]'/2,
and the goodness of fit X2 = (Rup/Rexp)?
where N-P+C is the number of degrees of freedom (N is the total number of points in the
pattern less the total number of excluded points, P the number of refined parameters and C
the number of strict constraint functions) and w; is the weights of the observations, calculated

as w; = 1/0,;, being o,; the variance of y,.
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Amplimodes

We have used other version of the Rietveld method, which refines the amplitudes of the atomic
displacements with respect to a known structure as fitting parameters instead of the con-
ventional atomic positions. AMPLIMODES is the tool that allows to calculate these new
parameters (Orobengoa et al. 2009). It is available on the Bilbao Crystallographic Server and
it carries out a symmetry—-mode analysis. Starting from the experimental structures of the
high- and low—symmetry phases, the program determines the global structural distortion that
relates both phases. The symmetry modes, compatible with the symmetry break, are then cal-
culated. The program provides the amplitudes of the different symmetry—adapted distortions
present in the structure, as well as their corresponding polarization vectors.

The set of structural parameters using the modes description of a distorted phase will be,
in general, better adapted for a controlled refinement of the structure or, for instance, for
comparative studies between different materials or for ab initio calculations. In particular,
this analysis has allowed us to study different structural properties of RE molybdates: 1) the
driving mechanism of the so-called negative thermal expansion (see paper of section 5.6); 2) The
ferroelectric phase with respect the paraelectric one, in terms of two different distortion modes
(see paper of section 5.4); and 3) the anomalous behaviour of the thermal evolution for the
a-phase by comparing with the more symmetric scheelite phase (see papers of the sections 5.1

and 5.2).
Bond valence

From atomic positions obtained by the Rietveld refinements and theoretical calculations we
can calculate bond lengths and angles, as well as polyhedral distortions. In particular, the
Bond Valence Model (Brown et al. 1985) was used to study: 1) the temperature dependence
of the stability for the structure in modulated scheelite and compounds with negative thermal
expansion (see papers of the sections 5.2 and 5.6); and their structures were calculated by

the Rietveld refinement; 2) the pressure dependence of the stability for the crystal structure
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in modulated scheelite compounds (see paper of the appendix 6.1) and their structures were
obtained by ab initio calculations; and 3) bond valence sum contour maps to investigate possible

paths of ion conduction for modulated scheelite compounds (see paper of section 5.1).
Fullprof program

We chose the suite Fullprof (Rodriguez-Carvajal 1993) set of crystallographic programs (Full-
prof, WinPlotr, EdAPCR, BondStr, GFourier, FPStudio, etc.) because it is very versatile. It has
been used for the Rietveld and Le Bail refinements, to visualize and analysing diffractograms,
crystal structures, contour maps; and to calculate geometrical parameters, bond valence sum,
etc. Fullprof was the first program to incorporate the refinement of amplimodes, taking ad-
vantage of the stability of this method to refine crystal structures with a large number of

atoms.
2.2.2 Instruments

Powder diffraction techniques have proved to be very useful to characterize RE2(MoOQ4)3 at dif-
ferent conditions of temperature and/or pressure. We have used different types of facilities for
conventional X-ray diffraction at the “Servicio Integrado de Difraccién de Rayos X (SIDIX)”
of University of La Laguna and at the “Centros de Apoyo a la Investigacién (CAI)” of Uni-
versity Complutense of Madrid. We have also used larger facilities, as the synchrotron and
neutron based sources at Diamond Light Sources (DLS, UK) and at Institut Laue-Langevin
(ILL, France), respectively. Thanks to the beamtime granted trough the proposals: 1746,
7758 and 8615 of the beamline 15 at DLS and 5-24-397 of the beamline D2B at ILL. These
facilities allowed us to obtain high resolution diffraction patterns of RE molybdates. In the fol-
lowing paragraphs, we will describe the instruments that we have used to collect the diffraction
patterns.

We have used two diffractometers at the SIDIX facilities, the PANalytical X’Pert and
PANalytical X'Pert Pro (see Figure 2.3). The first one is a conventional diffractometer that

collects diffractograms for phase identification and analysis of textures. This diffractometer
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Figure 2.3: Photographies of the diffractometers of the SIDIX at the University of La Laguna:
PANalytical X'Pert (left) and PANalytical X'Pert Pro (right).

consists in a X-ray radiation generated from a Cu anode supplied with 40 kV and a current of
40 mA. The wavelength of the incident beam is Cu—Kal,2 after passing through a Ni-g filter.
The geometry of the diffractometer is Bragg—Brentano and the diffracted X—rays are detected by
reflection. The other diffractometer, the PANalytical X'Pert Pro, allows adjusting their set—up
depending on the purpose of the measurement. For instance, we can choose a monochromatic
wavelength and to use fixed or variable slits. In our studies, we used a monochromator Si[100]
to select only the Cu-Kal wavelength (1.54056 A), a fixed slit and a divergence slit of 1 and
1/2°, respectively. A Xe sealed proportional and X’Celerator detectors were used for each
diffractometer, respectively. Measures were collected at different angular range, step size and
step time, depending on the detector and the resolution of the experiment (see papers of
compendium for more details). We also used other PANalytical X'Pert Pro at the CAI facility,
in a similar configuration. In some cases, we used two temperature cameras (Anton Paar HTK-
200 and HTK-450) to change the conditions of the sample and collect thermodiffractograms,
i.e., to measure in—situ diffractograms of the sample at different temperatures. The range of
temperature employed ranged between 150 and 1300 K.

We have also performed several campaigns of powder diffraction measurements. We have
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used the I15 beamline of DLS facility to performed high—pressure powder X-ray diffrac-
tion analysis. We used a monochromatic wavelength (0.485A4 or 0.412A) and two pressure-
transmitting medium: the Dow Corning silicone oil and a 16:3:1 mixture ethanol-methanol—
water. We loaded the samples in two different diamond—anvil pressure cells, a Diacell Bragg—
Mini and a MiniDac of the University of Paderborn (Germany), both equipped with inconel
gaskets. The in—situ pressure was measured using the ruby fluorescence scale (Mao et al. 1978),
with the pressure scale recalibrated by Mao et al. 1986. Diffraction data were collected in a
pressure range from ambient conditions up to 21 GPa and releasing at selected pressures using a
mar345 CCD image plate detector. Exposure time was typically of 5 min. Diffraction patterns
were measured at ambient temperature. The angular range did not exceed 30°, because it was
conditioned by the pressure cells. Other measurements conditions are given in the papers of
section 5.3 and the appendix 6.1.

Neutron diffraction experiment were performed using the neutron powder diffractometer
(Debye—Scherrer geometry) at D2B beamline of the ILL. We used an incident wavelength of
A=1.5943(1) A, Ge[335] monochromator, take-off angle 135°, angular range 5° < 260 < 165° 26,
without primary collimator and 128 3He tubes 300 mm in height as the detection system. The
sample was placed into an orange top loading cryofurnace installed on the diffractometer and
the diffraction patterns were recorded at different temperatures from 150 to 400 K, in a cooling
process. Each pattern was collected over 2.5 h. Since these measurements were used to study
the hydrated v—phase, we needed to ensure their total dehydration before measuring it. To do
that, we placed the samples about 8 h in a furnace at 423 K inside a vanadium container and,
after that, we closed quickly the container. Around three hours were necessary for collecting
data of each sample at the selected temperature.

As summary, we first performed powder XRD measurements of RE molybdates at constant
temperature changing the pressure. Then, we used neutron diffraction to study the proper-
ties of RE molybdates at constant pressure changing the temperature. Measurements of RE

molybdates with simultaneous changes of pressure and temperature are not available yet.
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2.3 Impedance spectroscopy

Impedance spectroscopy has become an important tool for characterizing the electric properties
of materials. It can be used to investigate the dynamics of bound or mobile charge in the bulk
or interfacial regions of any kind of solid or liquid material: ionic, semiconducting, mixed
electronic—ionic, and even insulators (dielectrics).

The fundamentals of impedance spectroscopy were described by Macdonald et al. 2005.
This technique is based on the application of an electrical stimulus (a known voltage V,,) to a
sample by means of two electrodes. After that, it is examined the response (the resulting current
or voltage) of the sample to the electrical stimulus. A multitude of microscopic processes take
place throughout the sample when it is electrically stimulated. They include ionic and dipolar
relaxation or atomic and electronic resonances at higher frequencies (see Figure 2.4). In order to
use this technique is necessary an impedance bridge. It is a commercial device that can measure

several impedance parameters in the frequency range from millihertz to megahertz. For that

S

atomic .
electronic

| — | L
10° 10° 10° 102 101°
Frequency in Hz

Figure 2.4: Dielectric permittivity spectrum over a wide range of frequencies. The real (¢’) and
imaginary (€¢”) parts of the complex permittivity are showed, and various processes are depicted: ionic

and dipolar relaxation, and atomic and electronic resonances at higher frequencies.
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reason, the response of the sample to the sinusoidal voltage is studied at a large interval of
frequencies. The impedance bridge is connected to a cell, which can adopt circular cylinder or
rectangular parallelepiped shape, and contains two identical electrodes. Such electrodes allow
to apply the voltage to the faces of the sample.

The conventional impedance spectroscopy measures the impedance of the cell-sample set
by applying a single—frequency voltage to the plane parallel faces of the sample and measuring
the phase shift and amplitude of the resulting current at that frequency. We can use either the
analogue circuit or the fast Fourier transform (FFT) analysis to characterize the properties of

the induced current. The voltage and the current displayed by the sample can be express as:

V(t) = Vipsin(wt) (2.9)

I(t) = Ipsin(wt + 0) (2.10)

where w is the angular frequency (w = 27v) and 6 is the phase difference between the voltage
and the current. The relation between the properties of the sample and its response to the
applied periodic voltages or currents is very complex in the time domain. For this reason, we
use the Fourier transformation to simplify the mathematical treatment of this analysis.
In the following, we are going to define and relate some physics variables that we will use
in our studies. Impedance may be defined by as:
_ HV®)}

2() = Ty (2.11)

where F'{} operator denotes a Fourier transform. The impedance is a complex number of the

form Z(w) = Z'+1iZ", where i = \/—1 = exp(in/2), and their polar coordinates are

Z' = |Z|cos(0) (2.12)

Z" = |Z|sin(0) (2.13)
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with phase angle and modulus

0 =tan1(2"/2") (2.14)

2] = [(2') + (272 (2.15)

The conventional impedance spectroscopy measures Z as a function of v or w over a wide
frequency range. There are several functions that can be defined from the impedance, such as
the modulus function (M = iwC.Z = M’ +iM") and the dielectric permittivity (¢ = M ! =
Y/iwC. = &' — ie”) where Y is the admittance, C. = gpA./l is the capacitance of the empty
measuring cell of electrode area A., and electrode separation length [, and ¢( is the dielectric
permittivity of the free space 8.854x107!? F/m.

The measurement and use of the complex € function is particularly appropriate for dielectric
materials, i.e. those with very low conductivity. If we consider a capacitor that has as medium
a dielectric material (sample), when we apply an electric field over it, the total density current
will be 7 = ? X ﬁ, according to the Maxwell equation. Such current has two interactions

due to the conduction current and displacement current. Thus, it can express as:

7 = 7cond + 7desp =ocbt +— (2.16)

where D is the electric displacement and B is the electric field also defined as E(t) = Eoexpi“t.

Taking account the constitutive relation:

Dw,t) = (W) E(w, ) (2.17)

where £*(w) is the conjugate of complex permittivity for a frequency w, defined as £*(w) =
¢'(w) — ie”(w). On the other hand, making use of the complex notation, we can write the
complex conductivity as o = o’ + io”.

We can rewrite the equation 2.16 as
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7 = {o/ +we" + iwe'}ﬁ (2.18)

At the low frequency range, we assume that ¢” is negligible compared to ¢’. In particular,
o’ is null for w = 0 and o’ is equal to DC conductivity (o4.). This consideration allows us to

define the real part of the total complex conductivity for a given frequency as

oy (w) = 04c + we” (W) (2.19)

and, consequently, the conjugate of the complex dielectric permittivity measured by a impedance

bridge can be expressed as

%} (2.20)

£ (W) = oo + &' (w) — i [5"(w) -

2.3.1 Data analysis

In this work, we are more interested in the frequency and temperature dependence of the
electrical conductivity. Our conductivity spectral analysis is based on the Universal Dielectric
Response behaviour (Jonscher 1983), as an empirical power law that can describe the frequency
and temperature dependence of the dielectric response in a wide range of ionic or semiconduc-
tors materials: from glasses to crystals. Particularly, we will fit the real part of the conductivity

to the equation:

o' (v) = o4. + AV® (2.21)

where o4., A and s are the parameters adjusted at each temperature. The variation of the
logarithm of the dc conductivity (og4.) can be plotted versus 1/T, in order to know if the
electrical conduction, in our materials, is a thermally activated process. The activation energy

can be calculated from the Arrhenius relation. The parameter s is a fractional exponent with
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values between 0 and 1, where any deviation from unity discloses information on the particular
type of loss mechanism.

As general rule, for dielectric materials, conductivity at low temperatures is due to im-
purity defects and mixed states, and the electronic or hole conduction (extrinsic) is more
frequency—dependent than the ionic conduction (intrinsic), normally at higher temperatures.
However, temperature dependence of the ionic conduction is normally larger. Moreover, a
strong dependence on temperature and frequency suggests a polaronic conduction and it is
possible to model this dependence. In particular, there is a variety of theoretical approaches
that deduce the temperature and frequency dependence of the s exponent from microscopic
transport mechanism; involving the classical hopping of a carrier over the potential barrier and
the quantum—mechanical tunnelling through the barrier separating two equilibrium positions
(Elliott 1987). In figure 2.5 is represented the thermal dependence of the s parameter for dif-
ferent models. Thus, specifically for the overlapping large polaron (OLP) model, the energy
barrier (Wpg), polaron radius (7,) and tunnelling distance (Ry/) parameters can be obtained
from the fit of this model to the experimental curves of s.

On the other hand, the conductivity spectra o, at different temperatures, can be scaled

according to the following equation:

i:F(”) (2.22)

Ode vr
where * can be used as the scaling parameter with the advantage that it is a directly accessible
quantity. The dc conductivity has been calculated from the UDR fitting. It is found that
the curves for some interval of temperatures collapse on a single master, indicating that the
relaxation dynamics of charge carriers is independent of temperature at this region. Typically,
for ionic conduction, the concentration of charge carriers is weakly temperature dependent,
which in turn arises from the mobility of the ions (Ghosh et al. 2000). Then, it is possible

to calculate this concentration, which must be the same for each temperature, and to confirm
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Figure 2.5: Temperature dependence of the frequency exponent s for different models for ac conduc-
tion: correlated barrier hopping (CBH), quantum—mechanical tunnelling (QMT), small polaron (SP)
and overlapping large polaron (OLP). For the cases of SP and OLP values of Wx=0.2 and 0.26 eV
respectively have been used. For CBH Wj;=1.85 eV has been used. In all cases w,,=10"? has been

assumed.

that the charge carriers are ions.
2.3.2 Instruments

The impedance spectroscopy measurements were carried out using a Hewlett—Packard 4192A
impedance analyser that measures the total impedance of the cell-sample. This equipment
uses a frequency range from 5 Hz to 13 MHz and allows to vary the voltage amplitude of the
electric stimulus between 5 mV and 1.1 V.

The cell used to examine the dielectric properties of the sample consists of a parallel plate
capacitor located at the end of a coaxial line. A diagram of the cell can be seen in Figure 2.6,
where all its parts are labelled. In order to determinate the permittivity of the sample, we
have to calculate the response of the system to the external voltage at each frequency and the
admittance of the cell. To do that, we need to calibrate the instrument connecting different

elements at the end of the coaxial line (open end R = oo €2, a short cut R = 0 © and a 50 2
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Figure 2.6: Diagram of the cell used in impedance spectroscopy.

resistor). After that, we can calibrate the cell using reference samples. The permittivity of
these samples are well known for the whole range of frequencies and temperatures available.
After the instrumental calibration, the next step is the preparation of the sample. In
our case, the sample is in form of pellet and its faces should be as flat as possible to ensure
the contact between the electrodes and sample. We then cover the two parallel faces of the
sample with a platinum paste to improve the contact with the electrodes. This paste needs
a specific heat treatment to favour its adhesion to the sample. This heat treatment consists
in heating the sample previously covered with platinum paste at 1023 K for 30 min and back
to ambient temperature with a high cooling rate (500 K/h approximately). Finally, the cell-
sample set was enclosed in a resistance—heated furnace and the temperature was monitored
using a thermocouple K—type within an accuracy of +0.1 K. Figure 2.7 shows the experimental
set—up used. The measurements of the dielectric permittivity were recorded during a heating
and cooling cycle over the temperature range from 500 to 900 K, which was dynamically scanned
(at a rate of 1.2 K/min) with measurements taken in steps of 5 K. These studies can elucidate
information about the mechanisms of transport in the sample and if the conduction current

changes with temperature. We also analyse if there is any structural change at the temperature
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Figure 2.7: Experimental set—up to analyse a sample by impedance spectroscopy at high temperatures.

range studied.

2.4 Optical spectroscopy

The different parts of the electromagnetic spectrum have very different effects upon interac-
tion with matter. Starting with the high frequency (high energy) waves, the matter become
transparent and only a small fraction of the radiation is absorbed, but that absorption involves
violent ionization events. However, other effects are very important for the study of the matter
too, for instance, we have seen how X-rays used for diffraction experiments with wavelength
in the approximate range 0.1-5 A (equivalent to a an energy range of about 125-2.5 keV) are
diffracted by crystals (elastic and coherent scattering). As the wave frequencies down into the
ultraviolet region until the infrared one, the absorption increases and other different processes
happen in the matter. The study of the optical properties of a sample through its interac-
tion with the electromagnetic radiation (light) in this range of frequencies is known as optical
spectroscopy.

In Figure 2.8, the sample is illuminated using incident light with intensity Iy. Part of the
light will be reflected (Ir), scattered (Ig), absorbed (I4) and transmitted (Ir). Note that the
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Figure 2.8: Types of processes that appear when the sample is illuminated with a electromagnetic

radiation.

transmitted light also can be scattered and refracted. Each one of these processes depends on
the composition of the sample and the frequency of the radiation of the incident light. The
dependence of these variables is contained on the known factors as transmittance, reflectance
and absorbance. However, inelastic scattering, selective absorption and emission (luminescence)
can occur too; thus, optical spectroscopy can give information about energy transitions in solids
among electron and phonon levels and bandgaps. We have focused on absorption and emission

spectroscopies and, separately, on Raman spectroscopy.
2.4.1 Absorption and emission spectroscopies

Absorption spectroscopy studies the absorption of radiation, as a function of frequency or
wavelength, due to its interaction with a sample. The sample absorbs energy, i.e., photons,
from the radiating field changing the population of its electronic or vibrational levels. The
intensity of the absorption varies as a function of frequency, and this variation is obtained in
the absorption spectrum, in which it can be observed the absorption bands. On the contrary,

emission spectroscopy analyses the light that the sample emits when it is previously excited with
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a light source, i.e. the electrons de—excited from the excited levels to the ground state emitting
photons, thus producing an emission spectrum with bands (discontinuous spectrum). These
bands correspond with the energy difference between two electronic states or vibrational of the
atom or molecule. The frequency ranges in which we performed our investigation correspond
to the optical range (UV-Vis-NIR).

In particular, we will analyse the absorption and emission spectroscopy of the RE ions. The
lanthanide series, associated to the filling of the 4f inner shell, covers from the Cerium (Z=>58) to
Lutetium (Z=71) elements. The neutral lanthanides share the electronic configuration of Xenon
(Z=54) plus two or three electrons in the 5d and 6s shells. Specifically, the f—electrons begin to
appear in the ground configuration of the optically active trivalent lanthanide ions (Pappalardo
1978). The optical properties and the energy level diagram of a trivalent lanthanide ion in a solid
are ruled by the inter-electronic interaction between the electrons of its incompletely filled inner
4f shell and the charge of the host ligands, all distributed in a particular local point symmetry.
This information is useful to characterize the energy levels associated to the 4f electrons. The
absorption peaks will be assigned according to Dieke’s diagram (see Figure 2.9). In addition,
we will use the dependence of oxygen ions surrounding the RE ions, on the emission spectrum;
in order to analyse modifications on the crystal structure that the changes in pressure produce.
The Judd—Ofelt theory explains the dependence of the surrounding of the RE ions and the
radiative probability (Judd 1962; Ofelt 1962). That means, the emission spectrum varies as
a function of the type and numbers of ligands that surround to the RE3* ions forming their
first coordination sphere, as well as their distance and bond—angles distributions. Moreover,
among the RE ions, Eu?T ion has a relatively simple diagram of levels, which consists in seven
"F; (J=0-6) multiplets well separated (around 12000 cm~!) from the °D; (J=0-4) ones and
other strongly overlapped excited multiplets above the D3 state at around 25000 cm~!. The
ground “Fy level and the lowest emitting °Dy level are non-degenerated, making easier the
identification of the peaks between Stark levels of the multiplets. Thus high—pressure optical

spectroscopy have been performed in crystals using the Eu®t ion as local structural probe.
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Figure 2.9: Diagram of energy levels of the different trivalent lanthanide ions in LaCls crystal.
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2.4. Optical spectroscopy

Once an absorption process has been taken placed, there are two different mechanisms
of returning to the ground state: radiative and non-radiative processes. The radiative, or
luminescence, process involves a de—excitation of the lanthanide ions from the excited state
back to the ground state by the emission of photons of equal or less energy than those absorbed
by the lanthanide ions. Moreover, the energy of the emission must be, as in the absorption case,
resonant with the energy of a transition between two energy levels. The non-radiative process
occurs when the energy absorbed by the optically active ions is not emitted as radiation of
photons but dissipated in the solid. Two different processes may account for this radiationless
de—excitation. On one hand, an interaction between the lanthanide ions and the vibrating
lattice allows the optically active ion to lose its energy and return to the ground state, i.e. the
multiphonon relaxations. On the other hand, if the distances between optically active ions in
the solid are short enough and the emission and absorption bands overlap in energy, a very
efficient transfer of the energy from the excited lanthanide ions, called donors, to other non—
excited lanthanide ions, called acceptors, takes place. In principle, all the excited states of the
lanthanide ions can emit photons. However, luminescence from many of these energy levels are
only observed at low temperature or in those host matrices with low—phonon energies, due to

the strong competition of the efficient non-radiative de—excitation processes.
Instruments

The diffuse reflectance spectrum is equivalent to the absorption spectrum, but without absolute
values of intensity. A surface built from a polycrystalline material reflects light diffusely rather
than at just one angle as in the case of specular reflection. The spectra were measured using a
standard Cary 60001 UV—-Vis—NIR spectrophotometer, at the University of Cantabria in Spain.
To prepare the measurements, we finely ground the sample in form of pellets using an agate
mortar. After that, the powder was placed over a plate and was compacted using a microscope
slide (see Figure 2.10). The reference spectrum was collected and subtracted automatically

for all measurements. The measurement range selected was from 200 to 1800 nm, with a
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Figure 2.10: Cary 6000i UV-Vis-NIR spectrophotometer (left) and the type of plate used in this

instrument (right) in order to obtain the diffuse reflectance spectra of a sample.

step of 0.2 nm and averaging time of 0.2 s. All the measurements were performed at ambient
conditions.

The emission spectra were recorded with a Spex 75 cm monochromator equipped with
Hamamatsu R928 photomultiplier tubes (spectral resolution of 0.1 nm). Room-temperature
fluorescence spectra of Eu?t ions in a—Euz(MoQOy)s were obtained by excitation of the sample
using a 405 nm laser diode. The experiment was were carried out in a pressure range from
0 to 14.6 GPa (see Figure 2.11), using the same Mini-DAC as in the diffraction experiments,

and a mixture of methanol-ethanol-water (16:3:1). Pressures were determined by the ruby

Figure 2.11: Experimental set—up to measure emission spectra at high pressure and ambient temper-

ature.
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2.4. Optical spectroscopy

fluorescence method (Mao et al. 1986).
2.4.2 Raman spectroscopy

As already mentioned, the light can be scattered by the matter. The Raman scattering is
an inelastic interaction since the scattered photons have the wavelength shifted to higher or
lower wavelengths with respect to the incident photon’s wavelength. These shifts in energy
(the wavelength is inversely proportional to the energy) give information about the vibrational
modes in the system.

The photons with less or more energy provide two parts of the Raman spectrum known
as Stokes and anti—Stokes bands, respectively. These bands are characteristic of the sample.
The band positions of the Stokes and anti—Stokes scattering patterns are symmetric to the so—
called Rayleigh line peak and less intense. The Rayleigh line corresponds to the classical elastic
Rayleigh scattering due to the interaction of photons with the harmonically bound electrons.
This line is useful to build a relative scale in which the zero wavenumber (in cm~1) correspond
to the peak position relative to the Rayleigh scattering. The regions of the scattering spectrum,
close to the Rayleigh scattering peak, are referred as Stokes bands (wavenumber with positive
relative values) and the anti-Stokes ones (wavenumber negative relative values).

Figure 2.12 displays a schematic energy level diagram of the processes that takes place
during Raman and Rayleigh scattering. If we focused on the Stokes bands we can see that
they are the results of two transitions, one from a ground vibrational state to a virtual energy
level, and the second transition from this virtual energy level to first excited vibrational state.
Thus, the scattered photons have less energy than the incident photons. On the case of anti-
Stokes bands, the first transition starts on the first exited vibrational state and the second one
finishes on the ground vibrational state. Therefore, the scattered photons have more energy
than the incident photons. Finally, we can see that the Rayleigh scattering line correspond to
the two transitions without change of vibrational state and without change of photon’s energy.

The probability of the occurrence of a Stokes process is higher than in the case of anti—Stokes
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Figure 2.12: Schematic energy level diagram illustrating the processes that occur during Raman and

Rayleigh scattering.

because systems are generally initially in the ground state. Consequently, the intensity of the
Stokes signals is also generally higher. Therefore, in general, Raman spectroscopy studies focus
on Stokes signals.

Raman spectroscopy is a commonly technique employed to study the bonding and structure
of amorphous and crystalline systems. In particular, Raman spectroscopy experiments in a
diamond anvil cell (DAC) provide an appropriate way to investigate the effect of pressure on
the vibrational modes in polycrystalline solids. These vibrational modes produces a single
scatter pattern at each pressure. In these pressure experiments, we study how the Raman

spectra change, analysing the shift of the peak positions.
Instruments

We performed the Raman spectroscopy analysis at the “Universidad Politécnica de Valencia”
and in the Raman Laboratory of the Beamline 775 at Diamond Light Source (DLS). We per-
formed in the Spanish laboratory high—pressure Raman experiments of powder a—Euy(MoOy)3

samples at ambient temperature. The experiment was carried out in backscattering geometry,
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2.4. Optical spectroscopy

Motorized

Figure 2.13: Photograph of a standard membrane—driven DAC LeToullec type in the experimental

set—up to measure Raman spectra at high pressure.

exciting with a HeNe laser excitation at 633 nm with an incident power of 10 mW and using
a HORIBA Jobin Yvon LabRAM HR UV spectrometer in combination with a thermoelec-

trically cooled multichannel CCD detector with a resolution below 2 ecm™!.

The beam was
focused on the sample using a 50x objective with a beam diameter of approximately 2 um
at the sample. The sample was placed in a membrane-type DAC together with a mixture
of methanol-ethanol-water (16:3:1) as pressure—transmitting medium and the pressure was
determined by the ruby fluorescence technique using the pressure scale recalibrated by Mao
et al. 1986. The diamond culet size was 400 pum and the gasket hole size was 150 um. The
background of the experimental Raman spectra was subtracted and the vibration modes were
analysed by fitting the Raman peaks with a Voigt profile.

We then performed at the DLS the Raman spectroscopy measurements of powder samples at

ambient temperature. We employed a HORIBA Jobin Yvon LabRAM HR800 Micro-Raman
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Figure 2.14: Photograph of 8'~Ths(MoQOy,); between two diamond anvils in gasketed configuration.
The sample, pressure—transmitting medium (PTM), ruby chip and gasket as observed under a microscope

by focusing through one diamond anvil.

spectrometer. The experiments were performed in backscattering geometry using the laser
excitation at 532 nm with a power of less than 10 mW before the DAC to avoid heating
sample. We collected the Raman spectra using a grating of 1200 line/cm, with the frequency
range divided in two intervals, one centred at 450 cm™' and the other at 700 cm™!. A total
of fourteen samples were measured at ambient pressure. For that purpose, the samples were
previously deposited over a microscope slide. From the total number (thirteen) of samples,
five of them were chosen to be analysed under high—pressure conditions. We loaded them into
two kind of DACs: a standard membrane—driven DAC LeToullec type made by Betsa (see in
Figure 2.13) and a mechanical DAC of Syassen—Holzapfel type. Both DACs were equipped
with steel gaskets using two type of pressure-transmitting medium: NaCl and a 4:1 mixture
of methanol-ethanol. Pressures were determined by the ruby fluorescence method, like in the
previous experiment. The diamond culet size was 300 pm and the gasket hole size was 150 pum.
Figure 2.14 shows a photograph taken from the camera of the microscope that is used for the
Raman spectroscopy measurements. This photograph display the sample loaded in the DAC

together with the pressure—transmitting medium and the ruby chip in gasketed configuration.
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Figure 2.15: Raman spectra (left) and Raman modes (right) of 8~Tba(MoOQy4)s during compression
from ambient pressure up to 9.3 GPa. Pressure values in GPa units are showed on top of each individual

spectre.

In Figure 2.15(left), is showed, for instance, Raman spectra collected at different pressures. In
the same figure (right), the corresponding frequencies of their modes, have been extracted by
fitting the peaks with a Lorentzian profile. These experimental values of frequencies can be

compared with the theoretical ones, obtained by first principle calculations.

2.5 Thermal analysis

The thermal analysis is a group of physical-chemical methods that deal with studying materials
and processes in conditions of the temperature programmed changing. These methods are dis-

tinguished from other by the specific property that is measured. We are interested in the anal-
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Figure 2.16: TGA (left) and DTA (right) curves for yttrium and RE molybdates. The hydrated

molybdates lose the water of hydration from ambient temperature to 430 K.

ysis of the thermal stability of our samples, affected by water loss, crystalline-crystalline phase
transitions and melting. For that, we have focused on the simultaneous thermogravimetric—
differential thermal analysis (TGA-DTA) and the differential scanning calorimetry (DSC). The
use of these techniques must be prior to perform temperature-dependent powder diffraction
and dielectric spectroscopy.

TGA is a method in which the mass change of a material are measured, in a controlled
atmosphere, as a function of temperature. The first derivatives of TGA is usually plotted to
determine points of inflection for more in—depth interpretations. An example of mass changes
can be found in Figure 2.16, in which the X—axis represents the different temperatures applied
to the sample and the Y—axis mass loss suffered by the sample. In this case, the curves represent
the TGA of the y—hydrated molybdates. These compounds loss waters at 430 K, after this
temperature they reach the y—phase.

Respect to DTA method, it is necessary to use an inert material that will be exposed to the
same conditions as the sample of study. They will undergo identical thermal cycles while we

record the temperature values of both samples. As they differently react to temperature changes
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we will obtain a differential temperature between both samples. If we plot this differential
temperature versus the temperature applied to the samples we will have a DTA curve or
thermogram. This thermogram can help us to identify the nature of the changes suffered by the
sample, either exothermic or endothermic, comparing its behaviour with inert reference. Those
changes are represented by peaks in the DTA curve. Thus, those peaks provide information of
the transformations that have occurred in the sample, such as glass transitions, crystallization,
melting and sublimation. DTA curves are showed in Figure 2.16 (right), in which the X-axis
represent the temperature applied and the Y-axis differences of temperatures in microvolts.
Two peaks indicate that waters are not removed at the same time for some compounds.

The method of DSC is similar to DTA, because we also need a sample of reference. In this
case, we measure the difference in the amount of heat required to increase until the same tem-
perature the sample under study and the sample of reference. Both samples are maintained at
nearly the same temperature throughout the experiment. Generally, the temperature program
for a DSC analysis is designed in such a way that the sample holder temperature increases
linearly as a function of time. The reference sample should have a well-defined heat capacity
over the range of temperatures to be scanned. From a DSC experiment we obtain the heat flux

versus temperature, thus, this curve can be used to calculate enthalpies of phase transitions.
2.5.1 Instruments

The equipments of TGA-DTA and DSC that we used are placed in the “Servicio de anélisis
térmico” at SEGALI facility. The TGA and DTA curves were recorded from ambient tempera-
ture to 1223 K using a Perkin Elmer Pyris Diamond TGA-DTA balance, under nitrogen gas,
with a heating rate of 10 K/min. DSC measurements were carried out in a Perkin-Elmer
differential scanning calorimeter Pyris [-DSC from ambient temperature, with two sequential
cycles of heating up to 673 K and cooling to 100 K, under nitrogen atmosphere. The heating

and cooling rates were 10 K/min.
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2.6 Ab wnitio calculations

In last decades the ab initio calculations have been developed and improved for the study
of matter. In particular, the methods based on the Density Functional Theory (DFT) has
demonstrated its usefulness to deal all type of properties, thanks to several approximations
that make them computationally possible. In the area of the condensed matter, there is an
important branch dedicated to high—pressure studies. The control of this variable allows to
understand the role of forces inside of solid, by means of the analysis of the structural changes
that take place when the volume of the sample is reduced. This type of changes are reflected
on many properties of these systems, which show a interesting behaviour and characteristic to
their composition.

First—principles total energy calculations have been performed within the framework of the
density—functional theory (DFT) (Hohenberg et al. 1964) using the Vienna ab initio simulation
package (VASP) (Kresse et al. 1996, 1999). Calculations were carried out with the pseudopo-
tential method and the projector augmented wave (PAW) scheme (Blochl 1994). Pseudopoten-
tials replace the core electrons but take into account the full nodal character of the all-electron
charge density distribution in the core region and make smoothed pseudovalence wave functions
which include explicitly in the calculation only the outermost electrons of each atomic species.
DFT explains that inside of a solid no all electrons of the atoms has the same contribution
with respect to their electronic properties. So, electrons that are in full levels are more ligated
to the nucleus, building the core that is not affected by the surrounding chemical environ-
ment. On the contrary, the electrons from non—fulfilled external levels are very sensitive to
the surrounding and this distribution suffers a large change if the atomic configuration is mod-
ified. These external electrons, called valence electrons, provide to solids their characteristic
structural properties.

The exchange—correlation energy is a function that only depends on the density of every

point of the crystal, that means, that is a function of the local density and changes spatially
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of continuous form. It is an idealization of the crystal, as well as the possible vibration of the
atoms is not taken account. The exchange-correlation energy was taken in the generalized
gradient approximation (GGA) with the PBEsol (Perdew et al. 2008) prescription. It is known
that standard DFT does not work properly for strongly localized f electrons (Hafner 2008;
Pickard et al. 2000). Therefore, we use the GGA + U (U=4 e¢V) method to account for the
strong correlation between the Eu f electrons on the basis of the Dudarev’s method (Dudarev
et al. 1998). Highly converged results were achieved by extending the set of plane waves up to
a kinetic energy cutoff of 520 eV. A dense Monkhorst—Pack grid, of 3x3x2 k—special points,
was used to perform integrations along the Brillouin zone (BZ) in order to obtain very well
converged energies and forces. The structural configurations were fully relaxed at each volume
through the calculation of the forces on the atoms and the components of the stress tensor
(Chetty et al. 1989). In the relaxed configurations, the forces on the atoms are less than
0.006 eV/ A and deviations of the stress tensor from a diagonal hydrostatic form are less than
0.1 GPa. It should be noted that, in the DFT formalism, the theoretical pressure P(V) is
obtained from the calculated stress (Mujica et al. 2003). Zero point motion and temperature
effects were not included in the calculations.

Lattice-dynamics calculations were performed at the zone centre (I' point) of the BZ using
the direct force constant (or supercell) approach (Parlinski 2008). Highly converged results
on forces are required for the calculation of the dynamical matrix using this method. The
construction of the dynamical matrix at the I' point of the BZ involves separate calculations
of the forces in which a fixed displacement from the equilibrium configuration of the atoms
within the primitive cell is considered. The number of such independent displacements in the
analysed structures can be reduced taking into account the crystal symmetry (Nye 1957). The
diagonalization of the dynamical matrix allows obtaining the frequencies of the Raman modes.
Moreover, these calculations identify the symmetry and eigenvectors of the vibrational modes

in each structure at the I' point.
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Results and discussion

In this chapter, we summarize the most important results and the discussion of the work
presented in this thesis. We decided to classified these results in three different sections. In the
first one, i.e. section 3.1, we show the results of the electrical and structural studies performed
in RE molybdates with a—phase at high temperatures. In the following section, section 3.2, we
describe the analysis of the a- and f’—phases under high pressure. Finally, in section 3.3, we

report a structural analysis of the 5’- and y—phases at different temperatures.

3.1 Electrical and structural studies of the a—phase at high

temperature

We have analysed the thermal dependence of the crystal structure and the dielectric properties
for the a-phase in Smg(MoQOy)s and Euz(MoOy)s (see sections 5.1 and 5.2). From theses
analyses we have correlated, for the first time, the thermal dependence of the electric properties
in these compounds with the thermal evolution of the crystalline structure.

We performed an electric characterization of the a—phase of Sma(MoQOy4)s and Eug(MoOy)s
using impedance spectroscopy in the temperature ranges from 500 to 900 K and from 400 to

970 K, respectively. We analysed the real part of the complex conductivity ¢’(v) by fitting it
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to the Universal Dielectric Response (Jonscher 1983; Ledn et al. 1997) for each temperature
(see section 2.3.1 for more details).

If we focus on the Smy(MoQO4)3 compound (the Eua(MoQOy4)s sample presents similar results)
we detected that o’(v) exhibits the UDR from 525 to 905 K (Figure 1b of section 5.2). Then,
we obtained the DC conductivity o4. and the frequency exponent s in that temperature region.
The plot of log oy, versus T~! exhibits an Arrhenius-type temperature dependence (Figure 2
of section 5.2). We observed three expected linear regions with two break temperatures, T
and Tg at 638 and 688 K, related to changes in the conduction mechanisms.

On the other hand, we also studied the structural properties of the a—phase in Sma(MoOy)3
and Euz(MoQOy)s using X-ray diffraction. In order to obtain the cell parameters we refined
them using the Le Bail method (Le Bail 2005) (see section 2.2.1 for more details). A first
analysis, using thermodiffractometry from 300 to 1000 K, showed that the volume of the cell
expands lineally in the whole temperature range, although the lattice parameter a displayed
an anomalous temperature dependence (see Figure 3.1(c-d)). The complex behaviour of the
parameter a reveals three different regions corresponding to the three conduction regimes.
Figure 3.1 shows this correlation from experimental values of o’(v) and the thermal dependence
of parameter a and even the volume expansion (note that in Figure 3.1 the independent variable
is plotted as the temperature inverse). Following, we explain the different types of electric

transport mechanisms that we have established in each region.

e The conduction mechanism for the two studied compounds is considered as semiconductor—
type at the lower temperature region, from ambient temperature until 600 K, because the
real part of the complex conductivity depends strongly of the frequency and the temper-
ature (see Figure 3.1(a-b), the temperature region assigned for the semiconductor—type
conduction is coloured in dark blue). The low activation energy, 0.27(3) eV suggests
an extrinsic conduction due to impurity centres, donors or acceptors (Gaur et al. 1993).

In addition, the anomalous contraction for the parameter a does not favour the volume
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Figure 3.1: Temperature dependence of real part of the complex conductivity (0’) at five frequen-
cies and temperature dependence of lattice parameters a and unit—cell volume for the a—phase in
Sm2(MoOQy4)s (a,c) and Eua(MoOy)s (b,d). Colours show the temperature regions with different be-

haviours.

expansion below 600 K and, therefore, the conductivity does not increase significantly

with temperature at this region (in dark blue in Figure 3.1).

e At intermediate temperatures, the main conduction mechanism changes to feature a
polaronic—type conduct from 600 to 818 K, because the frequency exponent s shows a
dependence with the temperature similar to the overlapping large polaron model (Elliott

1987; Ghosh et al. 2000). Thus, the parameter s decreases with increasing temperature

69



3.1. Electrical and structural studies of the a—phase at high temperature

until it reaches a minimum at about 750 K and then increases with the rise of temperature
(Inset of the figure 2 in section 5.2). One evidence of this possible polaronic behaviour can
be observed from Figure 3.1(a-b) in which the conductivity is strongly dependence on the
temperature and the frequency; a behaviour that is typical of polaron conduction (Elliott
1987; Gaur et al. 1993). Moreover, the conduction by polarons occurs, approximately,
when the lattice parameter q is practically constant (region in medium blue in Figure 3.1),

reaching a minimum at 620 K.

e In the last temperature region, the conductivity is less dependent on frequency than
the other regions (see Figure 3.1(a-b)). For that reason, we performed a study, typical
among ionic conductors, using scaling theories (Dyre et al. 2009; Povolo et al. 1987;
Singh et al. 2011). The conductivity spectra were scaled and we found a master curve
for these spectra from 810 to 905 K (Figure 3 of section 5.2). This implies that the
relaxation dynamics of charge carriers is independent of temperature in this region, thus
these compounds exhibit an ionic—type conduction. We have estimated the concentration
of the charge carriers from the Nerst-Einstein relation (Howard et al. 1964) for each
temperature. The results for this concentration were almost constant, the average value
of the concentration of the charge carriers was in the typical range for ionic conductors,
in the third temperature region. This means that the temperature dependence of the
conductivity arises from the mobility of the ions, rather than the concentration of charge
carriers; this is typical for ionic conduction. Finally, the parameter a clearly increases, at
800 K, therefore, the rate of the volume expansion increases with respect to the previous
stage, and the transport mechanism, corresponding to the ionic conduction, must be

predominant (region in light blue in Figure 3.1).

In order to understand the unusual behaviour of the lattice parameter a, we carried out
a diffraction experiment to obtain the crystal structures of both samples at three selected

temperatures (450, 650 and 850 K). We calculated the amplimodes (Orobengoa et al. 2009)
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using the scheelite structure CaMoOy (Hazen et al. 1985) as the high symmetry structure
(parent structure) and the « structure as the low symmetry structure (Boulahya et al. 2005;
Hartenbach 2008). Then, we applied the symmetry adapted modes method for the Rietveld
method (Young 1993), implemented in Fullprof software (Rodriguez-Carvajal 1993), on each
diffractogram. Comparing the distortions at different temperatures, we explained the unusual
behaviour of the cell parameter a as due to the transversal displacements of the two types
of oxygen atoms in the RE-O(1,2)-Mo2 bridges reduce the RE-Mo2 distances, and of the
elongation of the tetrahedra around Mol in the direction perpendicular to the a axis (Figure
5 of section 5.2).

Finally, we plotted the contour maps of bond-valence sums (Gonzéalez-Platas et al. 1999)
for all ions of the cell in order to obtain what ions can support the ionic conduction at high
temperatures. We detected that the oxygen ions are connected by paths (with similar valence)
at highest temperature, allowing their motion through of the structure when an electric field is
applied (Figure 7 of section 5.2). This behaviour suggests that the electrical properties of the
sample are well related to the crystal structure, in which the oxygen atoms are the responsible

of the more important structural changes and the ionic conduction.

3.2 High—pressure studies of the a- and (’— phases

We analysed the behaviour of the a- and the f’-phases at different pressure conditions, ac-
tually in Eug(MoOy)s (see appendix 6.1) and The(MoQOy)s (see section 5.3). We aimed to
determine if these two phases undergo structural changes or transitions at high—pressure con-
ditions. A candidate to study the a- and the 8’—phases is Tho(MoOy4)3 because this compound
can crystallizes in both phases. We performed X-ray diffraction from synchrotron radiation
and theoretical ab initio calculations.

We have simulated the behaviour under pressure of the Lay(MoQOy)s-type, «, 8’-, 5- and
v-structures for Thy(MoOy)s by means of ab initio calculations (Figure 1 of section 5.3) finding

that the a—structure is the most stable one among the ones considered. The g’—structure is a
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3.2. High—pressure studies of the a- and ’— phases

metastable phase, as it is expected (Brixner et al. 1979). The difference between the energy
minimum of both phases is 138 meV pfu and the difference between their volume is 57 A3, thus
making the a—phase 20% denser than the 3’—phase.

From the pressure evolution of the diffractograms (Figure 2b of section 5.3), we can see that
the diffraction patterns up to 2 GPa correspond to the 5’-phase, and the experimental unit—
cell agrees with the theoretical one (Figure 3b of section 5.3). Beyond 2 GPa, the diffraction
patterns of the B’—phase start to change, showing more reflections. This change indicates
the phase transition from the p’-phase to the so—called §—phase, which has been detected
previously but its crystal structure is unknown. We managed to index the diffraction pattern
at 2.81 GPa on the basis of an orthorhombic unit—cell. Then, we refined the diffractograms
from 2.81 up to 4.42 GPa. The unit—cell volume of the new phase is almost twice than that of
B’—phase, present a low pressures (Figure 3b of section 5.3). Although we did not determine its
crystal structure, the unit—cell has been determined for the first time, which can be compatible
with point symmetry expected from the results inferred by using fluorescence spectroscopy
(Machon et al. 2004). However, other possible phase transitions are not evident from our
X-ray diffraction.

After this transformation, if we keep increasing the pressure in the sample, the d—phase
turns to an amorphous state around 6 GPa, in an irreversible process. That means, the sample
did not recover a crystalline phase when the pressure was released in the diamond anvil cell.

On the other hand, the a—phase of Thy(MoQO,)s did not undergo any structural phase
transition in the pressure range available in our experiment (up to 21 GPa) (Figure 2a of
section 5.3). We detected a broadening of the reflections beyond 11.58 GPa that did not
allow us to refine the diffractograms obtained after this pressure. This broadening became
more important at 21 GPa, indicating that the sample has almost reached the amorphization.
A good agreement between experimental and theoretical results was found, i.e., the pressure
evolution of the lattice parameters, theoretical and experimental, are very similar.

To fully understand the structural compression and the mechanisms of amorphization in
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Figure 3.2: Pressure dependence of the theoretical lattice parameters on the top and the unit—cell
volume and beta angle on the bottom for the a—phase in Euz(MoOy4)s (left) and Tha(MoOy)s (right).

Colours show the pressure regions with different stages.

the a—phase, we performed an exhaustive study by powder X-ray diffraction from synchrotron
radiation, Raman and optical spectroscopies and ab initio calculations in Eua(MoO4)s under
high pressure. We found that the pressure evolution of the diffraction patterns is very similar
than that found for The(MoOy)s (Figure 1 of appendix 6.1 and Figure 2a of section 5.3).
This means, we did not observe new reflections or extinction of them. However, the unit—
cell of a—Tbo(MoQy4)3 compresses by decreasing the monoclinic 4 angle while for Eua(MoOy)s

increases (see Figure 3.2). We observed the three frequency regions of Raman modes (external,
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3.2. High—pressure studies of the a- and ’— phases

bending and stretching modes) for Eus(MoOy)s which correspond to the original a—phase, and
these modes are present in all the pressures measured, without a clear experimental increase
or decrease of their number (Figure 8a of section 5.3). Moreover, from luminescence spectra
we do not find discontinuities in the spectral parameters such as the number of lines, line shift,
line width or line intensity with pressure that could be identified as a strong variation of the
Eu3t-0O%~ bond distances and angles O-Eu-O. Hence, we confirm that a pressure-induced
transition to a different crystalline phase does not occur. However, we found certain anomalies
that has helped us to understand the mechanisms of the amorphization and to compare with
other compounds with a—phase, in particular with The(MoQOy)s3. Attending to these anomalies,
we established that the compression process of the a—structure can be described by three stages

from results obtained using the different techniques.

e All techniques revealed an isotropic contraction until 8 GPa, i.e. the reflections of the
diffraction patterns (Figure 1 of the appendix 6.1), and the peaks of the Raman (Figure 8a
of the appendix 6.1) and luminescence spectra (Figures 9 and 10 of the appendix 6.1), only
show a slight shift due to the normal contraction of the structure. For a—Thy(MoQOy4)s the
same isotropic behaviour of Bragg peaks and cell parameters is maintained until 7 GPa

(Figure 2a of section 5.3 and Figure 3.2 of this section).

e In contrast, we observed an anisotropic compression between 8 and 12 GPa: a deformation
linked to a rotation of the MoOy tetrahedra, obtained by theoretical calculations, resulting
in a more compact packing of the structure. This distortion can be seen through the pres-
sure dependence of the bond distances and angles (Figures 3 and 4 of the appendix 6.1)
and the pictures of the crystal structures (Figures 5 and 6 of the appendix 6.1). This
explains the anomalous behaviour of the parameter ¢ and the sudden increasing of the
B angle (Figure 3.2). This change in the compression is well correlated to the anomalies
in the evolution of the Raman peaks (Figure 8b of the appendix 6.1). These are showed

more clearly for the high—frequencies modes (bending and stretching), where the slopes
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of pressure dependence change and sometimes become negatives too. This behaviour can
be correlated with the beginning of the tetrahedral distortion. Moreover, an increasing of
the number Eu3? sites, which translates into stronger crystal-fields, can be predicted by
the non-linear broadening of the Dy — "F emission lines and the non-linear decreasing
of the energy red—shifting (Figure 9 of the appendix 6.1). The most abrupt changes in the
Eu3t surrounding are also showed through the emission line °Dy — “F; where, the two
highest energy peaks start to rapidly separate in energy with opposite directions, both
increasing the splitting and their FWHM until 12 GPa (Figure 11 of the appendix 6.1).

For Thy(MoOy)s it is also possible to distinguish similar anomalies between 7 and 14 GPa.

e The experimental data suggest that the structural transformation to an amorphous state
starts after 12 GPa, when the crystal structure rate of compression becomes lower. In the
case of X-ray diffraction, we could not continue the refinement beyond 11.6 GPa due to
the broadening of the reflections (similar pressure was found for The(MoOy)3), then, we
do not have experimental information about the unit—cell in this region of pressures, for
both compounds. The appearance of the last stage, pressure—induced amorphization, can
be confirmed by the broadening of the Raman peaks and finally, with their extinction at
21 GPa (figure 8a of the appendix 6.1). The softening of some experimental modes could
confirm this loss of the large-range ordering (figure 8b of the appendix 6.1). From the
analysis of the emission lines °Dg — "F; (J=0, 1), less changes are observed in the third
stage. The red-shift rate decreases with respect to the previous stage. And the singlet
levels of the transition Dy — “F¢ broad abruptly (Figure 9 of the appendix 6.1) resulting
in a gradual loss of the large-range ordering. Finally, the theoretical results predicts that
the bond valence sum of europium ion becomes too large at 21 GPa, affecting to the

balance of the electrical charges and triggering the pressure—induced amorphization.

Finally, when the pressure was released the initial diffraction pattern was recovered, in-

dicating that the changes in the sample are reversible (figure 1 of the appendix 6.1). These
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results contrast with the compression of other compounds with the same structure at ambient
conditions: a-Las(WO,)s undergoes two phase transitions before the amorphization and the

second transition is irreversible (Sabalisck et al. 2014).

3.3 Structural studies of the 5’- and y—phases at different tem-

peratures

In this section we have summarized the results of the works presented in the sections 5.4, 5.5
and 5.6. In the previous two sections 3.1 and 3.2 we have devoted more time and effort to the
study on the a—phase. The work on the other phases has been more introductory; however, we
have achieved new results, based on that endeavour to detect any structural changes affecting
these molybdates by varying the RE ion or the temperature conditions.

We conducted a preliminary study in RE2(MoO,4)s with RE=Eu-Ho with f’—phase us-
ing powder X-ray diffraction at ambient temperature. In Figure 1 of section 5.4 the typical
diffractograms of two compounds with g’—phase are shown. The collected data allowed us to
refine their ferroelectric—ferroelastic structures (Borchardt et al. 1966), using the symmetry—
mode analysis from the paraelectric—paraelastic ones (Jeitschko 1972). We obtained the crystal
structure of REy(MoQy)s, with RE from Eu to Ho, some of them for the first time. A linear
correlation was observed between the cell parameters and the RE ionic radius. This depen-
dence on the ionic radius is similar to the pressure dependence generated using the diamond
anvil cell, due to the lanthanide contraction that produces the physical effect know as chemical
pressure (see Figure 3.3). The distortion from the paraelectric to the ferroelectric structure can
be decomposed into three distortion symmetry modes (Perez-Mato et al. 2010): M2+M4, GM1
and GMS3. Clearly, the global amplitude of the so—called primary mode M2+Mj, which yields
directly the observed symmetry of the ferroelectric phase, is much longer than the amplitude of
the polar mode (secondary mode), and moreover, the primary mode is correlated with the RE

ionic radius, i.e. longer amplitudes are shown for Eu and Gd molybdates and shorter ones are

76



Chapter 3. Results and discussion

10.8 . , . , . , . , .
L . 1
A 0.3
T~
10.7 - i é\\éh GPa 1.2 18 1
- u N GPa : -
ed* GPa
g 10.6 |- Tb 3\$ \4 —
& i Dy ' 3+ T
L 105t Ho _
£t T e -
S jo4l b o TE— i
@® : ® ®
a I S ]
3 TTToNce
S 103 | o .
S ! . ]
10.2 | .\. 4
Solid symbols -> Pressure study \
[ Open symblols -> RE iopic radius stLIde om ]
10.1 . - - - -
1180 1160 1140 1120 1100 1080
Volume (A3)

Figure 3.3: Volume dependence of the lattice parameters for 8’-Thbe(MoQy)s3 at different pressure
(solid symbols) and for 3’-RE2(MoO4)3 with different RE ionic radius (open symbols).

shown for Ho and Dy (see Figure 2 of section 5.4). This fact is correlated with the higher Curie
temperature for lighter molybdates, revealing RE molybdates with larger ionic radius will need
more vibrational energy to reach the transition temperature. Contrary, the amplitude of the
polar mode GMS3 (related with the symmetry of the intermediate space group Cmm2 is not
well correlated with the RE ionic radius (see Figure 3 of section 5.4), although more accurate
oxygen coordinates must be obtained in order to obtain structural correlations.

When we synthesized RE molybdates using RE ions with smaller cation size, we found only

one compound possesses two stable polymorphs with - and S’—phases at ambient conditions:
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Figure 3.4: Phase diagram for the two phases of Hoa(Mo0QOy)3: - and f—phases. The arrows represent
the reversibility of the phase transitions and the white patterned area in the graphic is a temperature

region without experimental data.

holmium molybdate. However, the yttrium molybdate compound is also expected to have these
two structures at ambient conditions (Gates et al. 2007). We performed thermodiffractometry,
from 300 to 1300 K, for the two phases of Hoa(MoOy4)3 to obtain the phase diagram (see
Figure 3.4) and the temperature evolution of the cell parameters (see Figure 3 of section 5.5).

We found that the initial 3’~phase undergoes a transition to the S—phase at 400 K (reversible
process) and then to the y—phase between 1125 and 1200 K (irreversible process). The f-3
phase transition occurs for isostructural compounds, and it has been widely studied in literature
(Jeitschko 1972), but the S—y phase transition is reported for the first time. Both ferroelectric

and paraelectric phases show positive thermal expansion, although their lattice parameter ¢
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decreases when the temperature increases. Meanwhile, the new ~—phase exhibits negative
thermal expansion and becomes hydrated at ambient temperature. However, it is interesting
to note that between 1125 and 1200 K where both phases coexist, the y—phase phase does not
show a clear negative thermal expansion (see Figure 4 of section 5.5).

In the case of the y—phase, obtained from the initial hydrated—y, turns to v at 400 K
(reversible process) (Xiao et al. 2008) and then to the S—phase between 780 and 920 K (irre-
versible process) (Gates et al. 2007), which undergoes to the 3’—phase, as expected, when the
temperature decreases (Brixner et al. 1979). The y—phase exhibits a negative thermal expan-
sion, although its lattice parameter a increases when the temperature increases. Both phases
B—phase, first one obtained by heating the g’—phase and second one obtained from the ~—f
transition are compared in Figure 3 of section 5.5. The y—phase exhibits a negative thermal
expansion, although its lattice parameter a increases when the temperature increases. We have
compared the polymorphs of Hoy(MoQOy)s (5’ and ), and despite they show positive and neg-
ative thermal expansion, respectively, an anomalous behaviour has been detected during the
coexistence of both phases between 775 and 925 K, where the volume of the 5’- and y—phases
exhibit negative thermal expansion. These anomalies contrast with the contrary effect observed
in the previous experiment between 1125 and 1200 K (see Figure 4 of section 5.5).

Finally, for heavier RE molybdates, with yv—phase, the negative thermal expansion was
analysed by X-ray and neutron diffraction, at a temperature range from 150 to 400 K, after
the water loss. We performed multi—pattern Rietveld refinements using the symmetry—mode
analysis for yttrium, erbium and lutetium molybdates. Regarding other RE molybdates; yt-
terbium one was reduced during the cooling process by using the Anton Paar TTK camera
under vacuum, and the identification of this phase from the X-ray data collection was not
possible. For holmium and thulium molybdates the dehydration process, was very quick and
both compounds lost crystallinity.

We used the atomic displacements respect to the high—-temperature structure as primary

parameters in the refinements, instead of using the atomic coordinates. This time, we have
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not compared between a more symmetric structure (parent) and a less symmetric one (dis-
torted). In previous works we have compared the scheelite structure with the a—phase and the
paraelectric—paraelastic f—phase with the ferroelectric—ferroelastic f’—phase. This approxima-
tion helped us to propose a general mechanism for the negative thermal expansion in this family
of compounds. Firstly, we calculated the linear thermal expansion coefficient, from refined unit—
cell volume, for yttrium, erbium and lutetium molybdates (Figure 2(d) of section 5.6). The
absolute value of this coeflicient show a proportional dependence with the RE ionic radius, in-
dicating that, the negative thermal expansion is more important in RE molybdates with larger
ionic radius.

We examined the amplitude of the displacements and we calculated the corresponding
atomic coordinates, at different temperatures, and we organized our study in the following
order: 1) We evaluated the tetrahedral and octahedral distortions, as a function of temperature
and the RE ionic radius, through calculating of average of bond distances (see Figures 3a, 3b
and 3c of section 5.6) and the volume distortion for both polyhedra (see Figure 3d of section 5.6).
We did not found an appreciable thermal and ionic-radius dependence of these distances and
distortions; 2) We analysed the transverse vibration of binding oxygen atoms and we found the
transverse displacements of O1 and O6, with the longest amplitudes, are responsible for the
opening observed in the RE-O1-Mol and RE-O6-Mo2 bridging angles and the lengthening
of the corresponding non-bonded RE...Mo distances, on cooling; 3) As the RE-O-Mo bridges
form chained rings along the different axes, resulting in collective displacements of the oxygen
atoms, it is possible to explain how the b—axis (especially, through the RE-O1-Mol bridges)
and the c—axis (through the RE-O6-Mo2 bridges) show negative expansion (see Figure 3.5).

In this work we have refined the same experimental parameters which do not depend on
instrument effects for X—Ray and neutrons. As a good result we have managed to refine the
same experimental profile parameters for both techniques (U and Y, corresponding to isotropic
Gaussian strain and Lorentzian size effects). Moreover, the background of the diffraction

patterns was refined using the Debye model for the prominent diffuse scattering observed,
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Figure 3.5: Rings formed by RE-O-Mo bridges from the Ero(MoOy)s structure at 150 K where the
arrows represent the atomic displacements with respect to the structure at 350 K. Erbium cations are
showed in green and molybdenum atoms are in yellow and brown for Mol and Mo2, respectively. The
oxygen atoms are showed in blue (O1), orange (02), dark green (O3), magenta (O4), red (O5) and cyan
(06). In the panel left, the collective displacements of the oxygen atoms can explain the elongation of
the structure along the b—axis. In the right panel, those oxygens can provide the same effect but along

the c—axis.

especially with neutron data (see Figure 1 of section 5.6). Despite samples were dehydrated,
we think that the water loss affects to the crystal structure. We have calculated the interatomic
distances RE...O, Mo—-0, O...0, and RE...Mo from this adjust finding typical values for this
structure, however we did not find a clear temperature dependence which help to explain the

influence of this static disorder in the negative thermal expansion.

81



Chapter 4

Conclusions and future perspectives

The most remarkable conclusions of the work presented in this thesis and future perspectives
are divided on four parts.

Method

We found that conventional solid—state reaction route is a very appropriate method to obtain
polycrystalline RE molybdates with different structural-types. In particular, this method
allowed us to prepare four structural-types, they were the Lay(MoQO4)s—type, and the three
phases known as: «, 5’ and 7. A total of nineteen samples of RE molybdates was prepared,
including the polymorphs. We have chosen an appropriate combination of characterization
techniques that have allowed studying RE molybdates, finding a good agreement between
results from several experimental techniques and theoretical calculations.

a—phase

The AC conductivity analysis of RE molybdates with a—phase at high temperature helped
to clarify the transport mechanisms in these compounds. In particular, we modelled three
transport mechanisms: semiconductor, polaronic and ionic; at three different temperature
regions. The polaronic and ionic conductivity were explained, starting from the fit of the

Universal Dielectric Response model. On the other hand, we correlated the three tendencies of
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the parameter a with each one of the three conduction regions. The unusual dependence of the
lattice parameter a could be explained by transversal displacements of two oxygen atoms in the
RE-O(1,2)-Mo2 bridges and by the elongation of the tetrahedra around Mol in the direction
perpendicular to the a axis. At the regime of higher temperatures, oxygen—ion transport was
confirmed by plotting contour maps of bond—valence sums. This will lead to perform a deeper
analysis of isostructural compounds whose structure have been obtained by neutron diffraction,
for example Tho(MoOy4)s and, definitively, to understand how the RE ion affects the electric
conductivity at high temperatures for these scheelite-type compounds.

We have also studied the behaviour of the a—phase of The(MoOy4)3 and Euz(MoOy)s3 at
high pressure using X-ray diffraction and ab initio calculations. For Eug(MoQOy)s this study
was completed with Raman spectroscopy and optical spectroscopy. A good agreement between
experimental and theoretical results was found. None of the samples showed phase transitions
before the amorphization. For that, they constitute interesting examples in which the ambient
pressure phase underwent pressure—induced amorphization. A comparison of the results ob-
tained for both compounds establishes that the compression process for a—phase in molybdates
can be described by the three stages: an isotropic contraction of the crystal structure up to
7 GPa, an anisotropic compression in the pressure region 7-12 GPa and the begin of the loss
of the large-range ordering beyond 12 GPa. Finally, we believe that the amorphization in the
a—phase is a consequence of the high distortion of the oxygen—coordination around the both Mo
and RE ions, increasing drastically the valence of trivalent ion and changing the balance of the
electrical charges to this compound. Then, in these conditions, different environments for the
RE ions appear. Currently, we are conducting a structural study of more compounds belong
to families of molybdates and tungstates, starting from the same a—phase that would lead us
to definitively establish the different ways, depending on ionic radius and type of tetrahedral
anion (molybdate or tungstate), for pressure-induced amorphization.

B’—phase

We have also performed X-ray diffraction in the f’-phase of Tba(MoO,); under high—
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pressure conditions. This compound has a phase transition to a é—phase at 2 GPa and we have
proposed a tentative crystallographic cell for this new phase. The cell obtained is orthorhombic.
In addition, the axes of the new cell are related to the axes of the f’—cell, with one axis doubled.
Moreover, the compound becomes amorphous at 6 GPa, in an irreversible process, indicating
that the behaviour of both phases, o and £’, under pressure, is markedly different. In view
of these results, we will analyse the data collected for different RE molybdates with S’—phase,
which undergo the phase transition to d—phase too. We expect to obtain more structural
details of this phase and, after that, we will perform ab initio calculations in order to check if
the structures proposed are energetically competitive.

On the other hand, the almost complete family of ferroelectric molybdates (’—phase) was
studied by X-ray diffraction at ambient temperature. We obtained the crystal structure for
RE2(MoQy)s, with RE=Eu, Gd, Tb, Dy and Ho, some of them for the first time. For that, we
have analysed the distortion from the paraelectric phase at high temperature (S—phase) to the
ferroelectric one. We have confirmed that the primary distortion mode is correlated to the RE
ionic radius and, therefore with the Curie temperature. However, we were not able to find a
strong correlation between the fitted distortion given by the secondary modes and the RE ionic
radius, because the coordinates of the oxygen atoms were not very precise and accurate. We
are performing an exhaustive study by neutron diffraction for this ferroelectric family, together
with a study of the hysteresis loops.

In addition, the f’—phase of Hoa(Mo0QO,)s was studied from ambient temperature up to
1300 K by thermodiffractometry. We have obtained its phase diagram as a function of temper-
ature and the temperature dependence of the cell parameters. The reversible phase transition
was confirmed with the ferroelectric—paraelectric transition of the 3’ to the S—phase and an
irreversible phase transitions S—y was identified. After that, the new y—phase exhibits negative
thermal expansion and becomes hydrated at ambient temperature.

v—phase

We performed a similar study to one performed in the 5’—phase of Hoa(MoOy)s but this
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time in the y(hydrated)-phase. We found a reversible phase transition that was identified with
the dehydration of the y—phase. At higher temperature an irreversible phase transitions v—0
was identified for the first time. We have compared the polymorphs of Hoy(MoQOy)s (5" and
), and despite they show positive and negative thermal expansion, respectively, an anomalous
behaviour has been detected during the coexistence of both phases (in both 5—y and y—3 phase
transitions). In future works, we will analyse the neutron diffraction data of both Hoa(MoOy4)3
polymorphs, which we have already collected, in order to determine the high—temperature
structures and to understand the sequence of phase transitions and the origin of instability for
these phases in molybdates and tungstates.

Finally, we have performed a comparative study of different isostructural compounds with
the v—phase. We obtained the absolute linear thermal expansion coefficient show a proportional
dependence with the cation size of the RE ions, and indicating that, the negative thermal
expansion is more important in RE molybdates with larger RE cation size. In general, we have
found that the transverse displacements of some oxygen atoms with respect to their positions
at higher temperatures, are responsible of the negative thermal expansion. These results have
led us to describe the evolution of these displacements in terms of a distortion from a more
symmetrical structure (for instance Im-3m) given by a symmetry modes analysis. In this way,
we will understand why other related structure, such as garnet, nasicon and low—temperature
phase of Ala(WOy)3 do not experience negative thermal expansion and to relate them with

other polymorphic phases (a- and S—phases).
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Chapter 5

Published Papers

The different papers that constitute the work presented in this thesis on the modality of “Com-

pendium of Publications” are included in this chapter in the following order:

1. Electrical transport and anomalous structural behavior of a~Euz(MoOy4)s at high tem-

perature.
2. Structural anomalies related to changes in the conduction mechanisms of a—Smg(MoOy)s.
3. Pressure evolution of two polymorphs of Tha(MoOy)s.
4. Crystal structure and non-linear properties of A3(MoOy4)s (A=Eu, Gd, Th, Dy and Ho)
5. Polymorphism in Hoa(MoQOy)s.

6. Structural investigation of the negative thermal expansion in yttrium and rare earth

molybdates.
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1. Introduction

Rare-earth (RE) molybdates, RE;(MoQ,)s, crystallize in a va-
riety of structures depending upon the method used in their
preparation and the value of the RE ionic radius. Light RE molyb-
dates (RE = La-Eu) can occur in differently ordered scheelite-type
(CaWOQ,) structures, where one-third of the calcium substituted by
the RE forms vacancies. In particular, the o phase of Eu,(Mo0Oy)3
is monoclinic [1,2] with space group C2/c and Z = 4. The strong
anisotropy and lanthanide impurity acceptance of scheelite molyb-
dates have promoted their use as efficient laser hosts and Ra-
man shifters [3]. On the other hand, electrical transport studies
on polycrystalline La-Eu molybdates in the temperature range
450-1200 K, using electrical conductivity and Seebeck coefficient
measurements, have shown different linear regions with temper-
ature breaks occurring due to a change in the conduction mecha-
nisms [4]. In Ref. [4], the authors propose that, since the calculated
values for mobility in these compounds are an order of magnitude
smaller than those expected from the normal energy band model,
the charge carriers in these bands become polarons. For high tem-
perature, the conduction can be intrinsic with large polarons of

* Corresponding author.
E-mail address: metorres@ull.es (M.E. Torres).

0038-1098/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ss¢.2011.08.009

intermediate coupling as the main charge carriers. A similar high
temperature study in Gd,(MoO4)3 and Th,(Mo0Qy)3 [5] confirmed
the localization of the 4f electrons, so their contribution to electri-
cal conduction can only be through the low mobility of small po-
larons. It would be interesting to clarify the formation of polarons
and how this can produce a deformation of the crystal lattice.

In this article, we present a high temperature study of the
electrical conductivity and its correlation with the crystal structure
of @-Eu,(Mo00Qy)s. Several different theories have been previously
used to obtain such a behavior from the microscopic transport
properties including hopping or tunneling of the charge carriers
through an energy barrier separating different localized states
[6-9]. In these models, each mechanism leads to a different
frequency and temperature dependence of the real part of the
complex conductivity, which can be given by the universal
dielectric response [10,11].

2. Experiment

Europium molybdate was prepared by conventional solid-state
synthesis. MoO3 and Eu,03; powders (Aldrich, 99.99%) were pre-
heated, respectively, at 923 and 1173 K for 10 h before use. These
preheated powders were weighed in stoichiometric amounts,
mixed and homogenized in an agate mortar. The resulting powder
was then pressed into pellets and finally sintered in air atmosphere
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Fig. 1. Temperature dependence of the lattice parameters of «-Eu; (MoO4)3. Solid
symbols correspond to our first experiment and open symbols to our second
experiment. Standard deviations are smaller than the respective symbols on the
graphic.

at 1073 K for 48 hiin a platinum crucible. The structural phase of the
sample was confirmed by X-ray diffraction. In the first experiment,
powder diffraction data were collected in a PANalytical X'Pert PRO
diffractometer (Bragg-Brentano mode) with an X’Celerator detec-
tor using CuKa radiation from 473 to 973 K. The angular range
10° < 26 < 80° was scanned at a step size 0f 0.0167° and 50 s step
time. Divergence and anti-scatter slits were set at 0.5° and 1°, re-
spectively and the detector was used in scanning mode with an ac-
tive length of 2.12°. Only a secondary 0.02 rad Soller slit was used.
In the second experiment, the slow scan for Rietveld analysis was
measured at three selected temperatures (523,723 and 923 K). This
time three scans for each temperature stage were collected in the
range 10° < 26 < 120° and with a step time of 100 s. Conductiv-
ity measurements were carried out using a Hewlett-Packard 4192
A impedance analyzer which was controlled by a computer. Mea-
surements were recorded during a heating and cooling cycle, in the
frequency range 10>-107 Hz with an applied voltage of 0.7 Vpp, Over
the temperature range 400-970 K. The samples were in the form
of pellets with surfaces coated with platinum paste, 13 mm in di-
ameter and 1-1.5 mm in thickness.

3. Results and discussion

Taking as the starting point, the structural parameters [2]
of @-Eu;(Mo0,)3, we performed a profile matching to the diffrac-
tograms of the first experiment using the program FullProf [12].
We used a given instrumental resolution function to model the
profile of our equipment and took, as fitting parameters, those
related to microstrains and grain size. The instrument zero, the
background and cell parameters were refined also. Fig. 1 shows
the temperature dependence of the lattice parameters. With in-
creasing temperature, the b and c lattice parameters expand
monotonously over the entire range of temperatures. The a pa-
rameter, however, experiences a rapid contraction until 600 K.
From 600 to 800 K, this parameter remains constant, within ex-
perimental error, and finally expands from 800 K to a higher tem-
perature. Monoclinic angle, 8, and volume behave monotonically,
decreasing and increasing, respectively. The observed behavior of
the a parameter, unusually anomalous, led us to conduct a more
in-depth structural study, using the diffractograms of the second
experiment.

In this work, we have applied a new alternative method
for treating distorted structures by means of symmetry-mode
analysis, performed using the program AMPLIMODES, developed
in the Bilbao Crystallographic Server [13], and the Rietveld [14]
refinement of the amplitudes of such symmetry modes, instead

Fig. 2. Projection of a layer structure in a plane perpendicular to the b axis, at 523
(left), 723 (right) and 923 K (bottom). The arrows indicate the amplitudes of the
modes, which have been magnified for clarity. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

of dealing with the atomic coordinates using the FullProf
program [12]. The AMPLIMODES program gives the atomic
coordinates of the more symmetric parent structure (scheelite,
CaMo0,) on the basis of the less symmetric and distorted structure
(-Eup(Mo0y)3), supplying the crystallographic cell, the space
group and the transformation matrix as input data. Moreover,
this program determines the global structural distortion that
relates both phases and the symmetry modes (amplitudes and
polarization vectors) compatible with the symmetry break. Then,
the amplitudes of such a collective mode were refined using
FullProf. They can be initially zero, because we have the same
parent structure, but it is transformed in the low symmetry space
group basis. Afterward, we can refine the amplitude associated to
both atoms and vacancies and also the occupation factors. Next,
new atomic coordinates, including the vacancies, are calculated
by FullProf, summing the distortion vectors to the initial ones.
In order to calculate these distortions, the lattice parameters of
the scheelite structure (CaMoO,) [15] have been transformed
to the cell lattice parameters corresponding to the Eu,(MoQOy)3
structure [2] by the matrix:

-1 0 2 1/2
{ 10 1} J{ 0 ] (1)
0 10 1/2

The final structures are not very different from a-Eu; (MoO4)3
[2] but we have observed an anomalous behavior of one of the
three symmetry modes in which the distortion can be decomposed
with respect to the parent scheelite structure. Fig. 2 shows this
distortion (with respect to the scheelite structure) as vectors
(colored arrows) for each oxygen: O1 (black), and other oxygen
atoms (red). Heavier atoms Eu (green), Eu vacancy (white), Mo1
(dark brown) and Mo2 (light brown) do not show displacements.

There is a clear difference between the direction of the displace-
ment of the oxygen O1 at 523 K with respect to both displace-
ments at 723 and 923 K; however other oxygen displacements
are similar. Then it should be possible to explain how the a axis
pass from a negative to a positive expansion through the trans-
verse displacements of O1 which is responsible for the changes in
the Eu-O1-Mo1 bridging angle and the shortening (or lengthen-
ing) of the corresponding non-bonded Eu-Mo distance. Then, this
structural effect could induce the formation of polarons [16] in this
range of temperatures.

Table 1 shows the final structural parameters of a-Eu; (MoQO4)3
with space group C2/c, at three temperatures corresponding to
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Table 1
Lattice parameters, fractional atomic coordinates and B factors of «-Eu,(MoOQ,)3, with space group C2/c, at 523, 723 and 923 K corresponding to the three conducting
regimes.
(A) 523K 723K 923K
x/a y/b z/c x/a y/b z/c x/a y/b z/c
Eul 0.1696 (14) 0.62500 0.0902 (9) 0.1600 (4) 0.6265 (6) 0.0900 (4) 0.1598 (4) 0.6266 (7) 0.0902 (4)
Mol 0.1507 (13) 0.1135 (7) 0.0678 (9) 0.1530 (16) 0.1128 (8) 0.0702 (10) 0.1547 (19) 0.1126 (9) 0.0706 (12)
Mo2 0.00000 0.3745 (11) 0.25000 0.00000 0.3736 (11) 0.25000 0.00000 0.3734 (13) 0.25000
01 0.970 (4) 0.0451(14) 0.095 (2) 0.969 (6) 0.047 (3) 0.089 (3) 0.952 (6) 0.040 (3) 0.084 (4)
02 0.829 (4) 0.552 (2) 0.027 (2) 0.840 (4) 0.573 (3) 0.005 (3) 0.837 (5) 0.565 (3) 0.008 (3)
03 0.739(5) 0.2801 (14) 0.676 (3) 0.783 (6) 0.277 (3) 0.725 (4) 0.787 (6) 0.282(3) 0.729 (4)
04 0.317 (5) 0.7801 (14) 0.121(3) 0.335(6) 0.772 (3) 0.122 (4) 0.341(6) 0.779 (3) 0.123 (3)
05 0.874 (4) 0.462 (2) 0.270(2) 0.879 (4) 0.456 (3) 0.276 (3) 0.874(5) 0.460 (3) 0.281(3)
06 0.561(5) 0.7199 (14) 0.954 (3) 0.629 (6) 0.709 (3) 1.011(4) 0.635 (6) 0.704 (3) 1.020 (3)
a(h) b(A) c(A) B(°) Rp (%) Reyp (%) Rup (%) x?
523K 7.48805 (4) 11.52048 (7) 11.6217 (2) 108.797 (3) 7.20 6.35 11.6 3.34
723K 7.47959 (5) 11.57323 (9) 11.6627 (2) 108.698 (3) 7.64 7.03 125 3.24
923K 7.48380 (6) 11.62335 (10) 11,6916 (2) 108.657 (3) 8.47 7.73 137 3.03
B(A?) Eul Mo1 Mo2 o1 02 03 04 05 06
523K 0.68 (15) 0.4(2) 0.9(2) 1.3(4) 1.3(4) 1.3(4) 1.3(4) 1.3(4) 13(4)
723K 1.62 (18) 0.45 (18) 0.5(2) 1.8(5) 1.8(5) 1.8(5) 1.8(5) 1.8(5) 1.8(5)
923K 1.75 (20) 0.8(2) 0.9(3) 1.2(6) 1.2(6) 1.2(6) 1.2(6) 1.2(6) 1.2(6)
T (K) T T T T T
1100 1000 900 800 700 600 10° 5 3
J7 T T T T T T T T T
" 1KHz ]
10% < e 10KHz E
A 40 KHz 109 o 3
v 70KHz
. <4 100 KHz 5
10”4 - 5
%) 0 624K ]
= = 4074 O 646K
5 g ° A 669K ]
& 10°4 l: E vV 689K T
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.°101.?1 . o 753K
107 4 n . 3 0 783K7F
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1.0 1.2 1.4 1.6 1.8
1000/T (K Fig. 4. Frequency dependence of the real part of the complex conductivity at

Fig. 3. Temperature dependence of ¢’ at five different frequencies, measured
during the cooling cycle.

the three conducting regimes. The large values of Rg indicate that
although the model is good, the statistics are not enough. For
example, it is difficult to solve the possible thermal disorder in the
oxygen atoms. We are performing a more exhaustive structural
analysis in order to improve the structural correlation with the
transport mechanisms which are described, for the first time, in
this family of compounds.

The measured conductivity (o) of @-Eu, (MoQ4)3 as a function
of the inverse of temperature is shown in Fig. 3 for five different
frequencies. It can be noticed from this figure that the conductivity
is frequency-dependent in the temperature range below 623 K,
while at higher temperatures it becomes strongly temperature-
dependent and less frequency dependent, a behavior that is
typical of polaron conduction [17,18]. At higher temperatures, the
conductivity for all frequencies almost coincides with og.. A similar
behavior is expected for ionic conduction.

Considering the results shown in Fig. 3 and in order to
investigate a possible polaron mechanism, we decided to study
the conductivity in the temperature interval from 623 to 900 K.
It has been previously shown [10] that for many amorphous and
crystalline systems the real part of the complex conductivity o’ (v)

several temperatures, measured during the cooling cycles. The solid lines are best
fits to Eq. (3).

follows the so-called universal dielectric response behavior, that
can be expressed as:

o' (v) = oy + AV* (2)

where, oy is the dc conductivity, A is a temperature dependent
constant, v is the measuring frequency and the frequency exponent
s is less than or equal to one. A slightly different version of the
above equation is:

, sty (v
o' (v) = oy |:1 + cos (7) (;) i| . (3)
p

Here, v), the so-called crossover frequency, is the frequency
where the slope change in the real part of complex conductivity
occurs. In these models [11], each mechanism leads to a different
frequency and temperature dependence for the conductivity and
s exponent. The conductivity of the a-phase of Euy(MoQ4)3 ()
measured as a function of the frequency at various temperatures
(623-834 K) is shown in Fig. 4. Solid lines in Fig. 4 show the typical
fit obtained with Eq. (3), from which the temperature dependence
of o4 and s can be obtained.

The variation of the dc conductivity, plotted as In oy versus
1000/T, is shown in Fig. 5. It can be seen from this plot that there
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Fig. 5. Temperature dependence of the dc conductivity obtained from data
corresponding to the cooling cycle. Error bars show the standard deviations. The
solid lines are linear fittings in appropriate temperature intervals.

are three regions with different conduction mechanisms. This
type of temperature dependence of the dc conductivity indicates
that the electrical conduction in these materials is a thermally-
activated process, which can be explained using the Arrhenius
relation:

E, 4
Ogc = 0g EXP ( 2k ) (4)
where oy is a pre-exponential factor, E, is the activation energy,
and kg is the Boltzmann constant. The values of the activation
energy, calculated from the slope of the Arrhenius plot by
fitting the experimental data to Eq. (4), are 0.34 £ 0.03 eV and
2.55 £ 0.3 eV for the lower temperature (below 700 K) and higher
temperature regions, respectively.

The temperature dependence of the frequency exponent s is
shown in Fig. 6. It can be seen that s decreases with increasing
temperature up to a certain temperature, exhibiting a minimum at
about 700 K. Such a behavior is predicted by the overlapping large
polaron model (OLP) [8]:

80{Rw + 6WH0TP/RQ,I(BT
[ZO{Rw + WHorp/kaBT]Z

where, Wyo and r, are the energy barrier and polaron radius,
respectively, and R, is the tunneling distance at a frequency w =
2mv, given by:

1 1 Who
R, = — |In[—)— 0
4o wTy kBT
1 Wio > 8arWio |
a1y WHhHo
n(—)- 2| 4 =210 6
+ {[ <0)T0) I{BT] + kBT ( )

The position of the minimum of the s-T curve matches that
of the minimum of the lattice parameter a; see Fig. 1. Thus, the
contraction of the a parameter can influence the formation of
polarons. The fit with Eq. (5) is also depicted in Fig. 6. The calculated
fitting parameters were ln(wiro) = 4258 £ 2.13, Wyy = 2.62 £
0.13eV,r, = 0.57 +0.03Aand & = 0.25 +0.01 A~ The value
of the factor ln(a%ro) is in the typical order of magnitude for the
overlapping large polaron model [9]. The order of magnitude of
the radius of the polaron is more typical of small polarons, which
may be because, in our experiment, the temperatures are quite
high compared with other studies. Temperature is an important

S =

(3)

X —

0.8 .

0.6—. I = )

o |
0.4 -
| = |

0.2 4 .

0.0
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Fig. 6. Calculated temperature dependence of the frequency exponent s obtained
from data recorded during the cooling cycle. Error bars show the standard
deviations. The solid curve is a fit to the overlapping large polaron model [Eq. (5)].

factor since as the temperature increases the thermal motion is
greater and the ability to polarize the ions locally in the network
is reduced. Although the model of Eq. (5) has been developed
for large polarons, it is also valid for smaller radii [19]. On the
other hand, the calculated energy barrier Wyq is high compared
with other studies [20]; so we infer that at high temperatures
the energy required to display this behavior is much greater. This
energy is approximately the difference of the activation energy in
the Arrhenius behavioral adjustment. From the calculated value of
« and taking into account the ac conductivity in the overlapping
large polaron model [9,8], given as follows,

ij)
, (7)
Z(XI(BT + WH()rp/Rz)
we obtain a value of the density of states at the Fermi level Ny ~
10%2 eV~ 'cm~3, which is a reasonable value for this parameter.

/ w 2 2772
o'(v) = Ee (kgT) Ny

4. Conclusion

This work provides a detailed study of the transport properties
of the scheelite-like o-Eu;(Mo0Q,4)3 compound as a function of
the temperature (550-900 K) and the frequency (0.1-10,000 kHz).
The main result is that the conduction mechanism has been
established using the overlapping large polaron model, after the
interpretation of the fitting parameters according to this model,
in the intermediate range from 630 to 800 K. Furthermore, we
have found a clear correlation between the changes of the three
conducting regimes, with an anomalous thermal dependence
of the cell parameter a. Finally, we suggest that the different
transversal displacements of one type of oxygen in Eu-O-Mo
bridges can help to explain the no thermal dependence of the a
parameter during the intermediate regimen and, therefore, this
can be associated to the polaronic transport, but a more detailed
structural study is necessary.
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Abstract

Polycrystalline samples of «-phase samarium molybdate were prepared by solid-state
synthesis and used for x-ray diffraction (from 300 to 1000 K) and dielectric spectroscopy
(from 500 to 900 K and from 10% to 10% Hz). The electrical conductivity follows the universal
dielectric response, and three different regimes of conduction (with semiconductor, polaronic,
and ionic characteristics) were ascribed. The polaronic mechanism in the range from 600 to
810 K was probed using the overlapping large polaron model. Above 810 K, the application of
scaling laws suggests an ionic conductivity. The thermal dependence of the lattice parameter a
shows three different trends in correspondence with the three conduction regimes observed.
An analysis using adapted symmetry modes facilitated the Rietveld refinement and the study
of the thermal dependence of the distortion arising from the oxygen displacements. We
suggest that the transversal displacements of oxygen atoms in Sm—O—Mo bridges joined to the
elongation of tetrahedra can help to explain this anomalous behavior. From the calculated
bond-valence contour maps, new sites for the oxygen atoms, at higher temperatures, were
detected which favor oxygen motion and would then be related to the ionic conduction. This

correlation has been compared and extended to o-Euy (Mo0O4)3.

(Some figures may appear in colour only in the online journal)

1. Introduction

Tungstates and molybdates, ABX4 compounds with scheelite-
type structure, are technologically important materials
with applications as phosphors [1], detectors of ionizing
radiation [2, 3], efficient laser hosts [4], and Raman
shifters [5]. In recent years, scheelite-type oxides (PbWO4)
have been found to exhibit a high oxide-ion conduction in
intermediate temperature ranges [6]. Furthermore, in the last
few years there has arisen renewed interest in scheelite-type
compounds and their evolution under pressure [7], a kind

0953-8984/13/035902+10$33.00

of study which is fast becoming an important subject on
its own because pressure can provide valuable insight into
the structural, electronic, and transport properties of these
materials.

Rare earth (RE) tritungstates and trimolybdates
RE;(MO4)3 (with M = W or Mo) adopt different crystalline
structures depending on both the rare earth cation and
the method of synthesis. Light rare earth molybdates and
tungstates crystallize in the scheelite-type structure of CaWO4
with one third of the positions occupied by calcium being
vacant. One can distinguish three different arrangements

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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depending on the ordering of the vacancies. The crystal
structures of RE;(M0QO4)3 (with RE = La, Ce, Pr, Nd) are
monoclinic with space group C2/c and Z = 12 [8]. Another
different crystal structure has been found for Biy(MoO4)3,
with space group P2i/c and Z = 4 [9] while lighter
tritungstates RE2(WO4)3 (with RE = La-Dy) have space
group C2/c but Z = 4 [10]. In particular, a-Euy(Mo0O4)3
and «-Smp(MoOQy4)3 belong to this last group [11, 12].
The so-called B’-phases of the rare earth trimolybdates are
not of the scheelite-type family and their structural and
dielectric properties have been well studied on account of
their ferroelectric properties [13, 14]. On the other hand,
the heavier tritungstates and trimolybdates (RE = Ho-Lu),
with the same structure as that of y-Sca(WO4)3 [15], exhibit
negative thermal expansion [16]. These materials are also well
known for their trivalent cation conductivity [17]. However,
few works have been published dealing with the conductivity
of the a-phase of rare earth tritungstates and trimolybdates in
comparison with those for the 8’ and y phases and for other
ABX4 compounds.

Electric transport studies of rare earth molybdates (from
La to Eu) have shown the existence of different linear
regions with break temperatures associated to a change in the
conduction mechanism [18]. By using dc conductivity and
Seebeck coefficient measurements, Gaur et al [18] proposed,
without a more exhaustive study, that the conduction can be
intrinsic with large polarons of intermediate coupling as the
main charge carriers. We have recently reported a dielectric
spectroscopy study of «-Euy(MoO4)3 using the overlapping
large polaron model [19] to explain the mechanism of
charge carriers in this compound at temperatures from 630
to 800 K, which we found correlated with an anomaly in
its thermal expansion detected when analyzing the thermal
dependence of the crystal structure within this range of
temperatures [20]. In the present work, we extend the study
of the transport and structural properties to the isostructural
compound «-Smp(MoQ4)3, which allows a comparison with
europium molybdate, reaching a more general description
of the transport properties in this family of compounds and
their correlation with thermal expansion. We are especially
interested in possible ionic transport mechanisms at high
temperatures for these type of materials and for that purpose
we have also added a new study, typical among ionic
conductors, using scaling theories [21] and bond-valence
contour maps [22].

2. Experimental details

Depending on the method of preparation, rare earth
trimolybdates can be obtained in either the o or 8" forms [23].
In particular, our @-Smy(Mo0QO4)3 samples were prepared
by conventional solid-state synthesis. MoO3; and Sm,O3
powder (Aldrich, 99.99%) were pre-heated at 923 K and
1173 K, respectively, for 10 h before use. These pre-heated
powders were weighed in stoichiometric amounts, mixed and
homogenized in an agate mortar. The resulting powder was
pressed (3 tn) into cylindrical pellets 13 mm in diameter and
1 mm in thickness, approximately, and finally synthesized

in air atmosphere at 1123 K for 48 h in a platinum
crucible. The o-phase was confirmed by x-ray diffraction to
be without impurities. The conductivity measurements were
carried out using a computer-controlled Hewlett—Packard
4192 impedance analyzer. One pellet was selected (with the
given dimensions) and their parallel surfaces were coated
with platinum paste. The pellet sample was then placed into
the cell, which consists of a parallel plate capacitor located
at the end of a coaxial line. This cell was enclosed in a
resistance-heated furnace and the temperature was monitored
using a thermocouple within an accuracy of +0.1 K.
Measurements of the dielectric permittivity were recorded
during a heating and cooling cycle, in the frequency range
from 10% to 10° Hz with an applied voltage of 0.7 Vpp,
over the temperature range from 500 to 900 K, which
was dynamically scanned (at a rate of 1.2 K min~!) with
measurements taken in steps of 5 K. The complex permittivity
was obtained from the dielectric spectroscopy measurements
and was divided into a real and imaginary part. The imaginary
part was used to obtain the real part of the complex
conductivity (o). Data for the dependence of o’ on frequency
(v, in Hz) were scanned at each temperature. Two diffraction
runs, at different temperatures, were performed using powder
samples from the remaining pellets. In both runs, the powder
diffraction data were collected in a PANalytical X’Pert PRO
diffractometer (Bragg—Brentano mode) with an X’Celerator
detector using Cu Ko radiation and a Ni S-filter. All
measurements were carried out during a heating process under
still air atmosphere, using an Anton Paar HTK-2000 camera.
The first experimental setting permitted us to obtain the cell
parameters from 300 to 1000 K of the whole-pattern fits [24].
The angular range 5° < 20 < 80° was scanned at a step size of
0.017° and 100 s step time. Divergence and anti-scatter slits
were set at 0.5° and 0.5°, respectively, and the detector was
used in scanning mode with an active length of 2.12°. 0.02 rad
incident and diffracted Soller slits were used. A second
experimental setting was used, at three selected temperatures
(450, 650, and 850 K) for obtaining better counting statistics
and increasing the magnitude of the scattering vector Q in
order to perform Rietveld refinements [25]. With respect to the
first run, only the range of scans and step time were changed
to 10° < 26 < 120° and 300 s, respectively.

3. Results and discussion
3.1. Transport properties

All the results shown here correspond to data obtained
during cooling cycles. (Data collected in heating cycles
yield essentially the same results.) Figure 1(a) shows a
plot of the experimental logo’ versus inverse temperature
at five selected frequencies. The conductivity is strongly
temperature and frequency dependent up to high temperatures
over 800 K where its dependence on frequency becomes less
pronounced. A similar behavior was previously found by us in
Euy(MoOQy4)3 [20], with the change occurring around 750 K.
The frequency dependence of ¢’ is shown in figure 1(b),
where it is possible to detect a cross frequency dividing at
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Figure 1. (a) Temperature dependence of ¢’ at five frequencies and (b) frequency dependence of o’ at several temperatures for
a-Smy(Mo00Oy4)3. The solid lines are the fits to equation (2). The dashed line in (b) indicates the crossover frequency at each temperature.

least two slopes, for each temperature. Considering the results
shown in figures 1(a) and (b) and in order to investigate
possible different types of conductivity mechanisms, we
decided to study the conductivity in the temperature interval
from 525 to 905 K and the frequency interval from 10°
to 10® Hz. The conductivity spectra analysis is based on
the Universal Dielectric Response (UDR) behavior as an
empirical power law to describe the frequency dependence
of the dielectric response in a wide range of disordered
materials, including ionic glasses, nonstoichiometric crystals,
polycrystalline and amorphous semiconductors, organic acids,
and ionic or electronic conducting polymers [26-28]. In
particular, the real part of the conductivity spectra ¢’ (v) tends
towards the dc conductivity as the frequency decreases and
shows a dispersive regime where the conductivity strongly
increases with the frequency. Jonscher [29] proposed to
describe the frequency dependence of the ac conductivity by
an equation of the type:

o' (V) = ogc + AV*

M

where oy, is the dc conductivity, A is a temperature-dependent
parameter and s is a fractional exponent with values between
0 and 1, depending on many body interactions among charge
carriers. A slightly different version of the above equation is:

o' (v) = og4c |:1 + cos (%) (%)3]
p

where the crossover frequency v, and the term cos(%) are
introduced [30]. This last factor affects the calculated value
for the crossover frequency which determines the frequency
of the slope change, dividing the behavior of o’(v) in the
mentioned two regions which are detected in figure 1(b),
where we also represent by solid lines the fitting of these
experimental values using equation (2). From these fittings
we obtained the temperature dependence of oy, s, and v,. We
could use equation (2) until 905 K. Above this temperature
the value of v, was very close to the measured frequency limit
(106 Hz) and the fitting was worse.

The dc conductivity and the crossover frequency obtained
from the fitted curves exhibit an Arrhenius-type temperature

@

dependence:

E,
2kgT )’

This dependence enables us to know if the electrical
conduction in these materials is a thermally activated process
at a range of temperatures, where o( is a pre-exponential
factor, E, is the activation energy, and kg is the Boltzmann
constant. The variation of the dc conductivity, plotted as In og¢
versus 1000/7, is shown in figure 2. As can be seen, there are
three regions with different activation energies, which agrees
with the study of Guzman-Afonso et al [20]. Equation (3) was
fitted within each of the three different temperature intervals
533-638 K, 638-688 K, and 688-899 K, respectively. The
values obtained for the activation energy E, calculated from
the different slopes in figure 2 were: 0.27 £ 0.03 eV,
1.3 &+ 0.1 eV, and 2.6 &+ 0.3 eV for the low, intermediate,
and high temperature regions, respectively. These values are
slightly smaller than those previously obtained in europium
molybdate [20] but the ratio between the two activation
energies of both compounds is the same as the ratio reported
in Gaur et al [18] using other experimental techniques.

Three thermally activated processes can be distinguished
in figure 2. In the first region, the conductivity is very
low and it is difficult to perform an exhaustive study by
dielectric spectroscopy alone. It is known that tungstates
and molybdates with the tetragonal scheelite structure
(SG I4;/a) are wide bandgap semiconductors [31]. This type
of compound exhibits very narrow and highly correlated 4f
bands and the participation of 4f electrons in conduction is
unlikely [32]. It seems, however, likely that the electrons in 5d
bands, thermally excited from the 4f or Sp bands, and the holes
left are responsible for the electrical conduction. However, an
additional contribution has been detected by other techniques
(Hall and Seebeck effects [33]) which might be due to
impurity defects and mixed states. For instance, in this region
the low activation energy is twice the typical ionization energy
of the ionized impurity centers (donors or acceptors) [32] and
this mechanism is responsible for the observed value of the
Hall coefficient. We are presently investigating, by dielectric

o4 = 00 exp (— 3)
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Figure 2. Temperature dependence of the dc conductivity for
a-Smy(Mo0Oy4)3. The solid lines are linear fittings in appropriate
temperature intervals (delimited by marks). The inset shows the
calculated temperature dependence of the frequency exponent s
obtained from the data and the solid curve is the fit to the
overlapping large polaron model (equations (7) and (8)).

spectroscopy and other dc conductivity techniques, several
members of the trimolybdates family with different crystal
structures at low temperatures.

With respect to the second region, a strong dependence on
temperature and frequency suggests a polaron behavior [18,
19]. The inset to figure 2 shows the temperature dependence
of the frequency exponent s. Any deviation of the value
of s from unity discloses information on the particular
type of loss mechanism involved [26]. There is a variety
of theoretical approaches that deduce the temperature and
even frequency dependence of s from the microscopic
transport mechanisms, involving the classical hopping of a
carrier over the potential barrier separating two energetically
favorable sites and quantum-mechanical tunneling through
the barrier separating two equilibrium positions [19]. In
this region we have compared different models with our
experimental findings: correlated barrier hopping (CBH),
quantum-mechanical tunneling (QMT), small polaron (SP)
and overlapping large polaron (OLP) [19, 34]. In figure 2
it can be seen that s decreases with increasing temperature
until it reaches a minimum at 750 K and then increases
with the rise of temperature. According to the QMT model
defined by equation (4), s is temperature independent but
frequency dependent and thus this model is unable to explain
the experimental results presented in figure 2. The CBH model
given by equation (5), where Wy is the effective barrier
height, is not applicable in this region, because s decreases
gradually with increasing temperature. In the small polaron
model described by equation (6), where Wy is the polaron
hopping energy, s is temperature dependent, but increases
with increasing temperature, in contrast to figure 2. In the
overlapping large polaron (OLP) model, characterized by
equations (7) and (8), the exponent s is both temperature
and frequency dependent; s initially decreases with increasing
temperature, it reaches a minimum at a particular temperature

and then increases with the rise of temperature. This behavior
is in good agreement with the results shown in figure 2.
Originally this model was developed for the tunneling of
overlapping large polarons, but it was later argued that it is
in fact applicable to small polarons as well [35].

4
s=1—-—F— “)
ln(w—m)
6kgT
=1- Q)
WM + kg T In(wtg)
4
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1 1 1%
py = L[ (L) Mo
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+ m(— )= 2| b (g
wTo kT kT

In equations (7) and (8), Wyo denotes the energy barrier,
rp is the polaron radius, R,, is the tunneling distance, and o
is the wavefunction decay constant. The fitting to this model
in the range of temperatures from 608 to 818 K is depicted
by a solid line in the inset of figure 2. The calculated fitting
parameters were: In (1/wtg) = 18.9 £ 0.2, W = 1.01 +

0.06 eV, r, = 1.6 £ 02 A and « = 0.39 + 0.07 A~'. The
value of the factor In(1/wtp) is within the typical order
of magnitude for the OLP model [36]. The characteristic
relaxation time 7g is 6 x 1013 s at an intermediate frequency
of 10* Hz. The value obtained for the polaron radius rp is
adequate within the OLP model [19]. On this occasion, we
obtained a larger value than the polaron radius previously
calculated for europium molybdate, but it is very similar to
the one obtained for EuWO, in the range 680 < T(K) <
725 (which the authors of [32] calculated by assuming the
number of sites per unit volume). Moreover, the calculated
energy barrier Wy is smaller than that obtained for europium
molybdate (2.62 eV), and this may be related to the activation
energy which is smaller too, as we discussed earlier. In
EuWOQy, the authors of [32] assumed a region 500 < T(K) <
680 in which the conduction is by large polarons with an
activation energy of 1.51 eV higher than the energy of
0.346 eV observed in the small polaron region. We cannot
distinguish these two regions in our compounds, as they could
be mixed in the present case. Although in Smy(MoQOy4)3 the
polaron radius and the calculated energy barrier Wy are
smaller and higher, respectively, than typical values obtained
in other studies [35], we consider the model of equations (7)
and (8) developed for large polarons as essentially valid in this
case. The differences observed between the calculated values
of rp and Wyp of Smy(MoOy4)3 and Euz (M0O4)3 come from
the fitting of s at higher temperatures for europium molybdate
(values of Smp(MoQ4); are better for the OLP model).
Temperature is an important factor since as temperature
increases the thermal motion is greater and the ability to
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polarize the ions locally in the network is reduced, then r,
diminishes and Wgg can increase [20].

In order to study the third region, where the conductivity
is less dependent on frequency, and to make a comparison
with the other two regions and with previous results on
europium molybdate, the conductivity spectra at different
temperatures of Smy(MoQ4)3 and Eup(MoQO4)3 were scaled.
The conductivity spectra, at different temperatures, can lead
to a single master curve, indicating that the conduction
mechanism does not depend on temperature. This fact
is known as a time-temperature superposition principle
(TTSP) [37] and it can be expressed by the following scaling

law [38]:
o =" () ©

where v* is the characteristic frequency or scaling frequency
used to scale the conductivity spectra. The scaling method
consists in choosing a function depending on frequency,
temperature, dc conductivity, concentration of mobile charge
carriers, etc, for the frequency axis. In the past few years,
different scaling models have been proposed [37, 39]. We have
used the same scaling method as the authors of [37, 40] for
their ionic compounds (glasses, crystals):

o’ ( v )
I
Odc odcT

where the factor oq.T was used as the scaling parameter
with the advantage that it is a directly accessible quantity
instead of an arbitrarily determined parameter v*. Figure 3
shows the scaling of the conductivity at high temperatures for
both compounds. We see that the conductivity collapses on a
single curve above 809 K for Euy (Mo0O4)3. For Smy(M004)3
this temperature boundary is less clear, though the collapse
appears to occur at around the same value. From figure 3
it can be seen that data at 750 K for both compounds do
not scale properly in the single master curve, a fact that is
again more clearly seen in the case of Euy(Mo0QO4)3 due to
more abrupt changes in the conductivity between different
regions (see [20]). This implies that the relaxation dynamics
of charge carriers is independent of temperature in this region,
which is better defined for Eup (MoO4)3. Typically, for ionic
conduction, the concentration of charge carriers is weakly
temperature dependent and the temperature dependence of the
conductivity arises from the mobility of the ions [39]. Then,
using the Nernst—Einstein relation [41]:

10)

ncezyAZHRvH
kgT

must result in a constant concentration of mobile charge
carriers in this region. In equation (11), the parameter n. is
the concentration of mobile charge carriers, e is the electronic
charge, A is the hopping distance, y is a geometrical factor
for ion hopping (y = 1/6 for isotropic materials), HR is
the Haven ratio which indicates the degree of correlation
between the successive hops, and vy is the hopping frequency
of mobile ions. We have estimated n. from equation (11),
assuming that the crossover frequency is equal to the hopping
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Figure 3. Master plot of the conductivity spectra of
a-Smy(Mo004)3 and a-Eu; (MoQOy)3 in the temperature ranges from
810-905 K and 809-886 K, respectively. The data at 750 K are also
shown, as a black square symbol, for both compounds.

frequency of the hopping ions, which has been widely used in
previous works [39, 42-44], so that oq4c and v, are obtained
from equation (2). Moreover we used the mean values of R,,
and s, as A and HR respectively, because their definitions are
very similar. The result for the concentration of charge carriers
was about 2.9 x 10?2 and 1.4 x 1022, almost constant in
this region for Smy(MoO4)3 and Euz(Mo00Qy4)3, respectively,
suggesting only a weak temperature dependence of the
concentration of charge carriers. Other ionic conductors with
scheelite-type structure have been studied and show a similar
behavior and conductivity values at high temperatures [45].

3.2. Structural characterization

In order to obtain the thermal dependence of the crys-
tallographic cell parameters we analyzed the diffraction
patterns in our first run for each temperature from 300 to
1000 K. We obtained the scale factor, instrument zero, cell
parameters, microstrain and domain size (given by U and Y,
parameters from the profile function), and the background
coefficients from powder diffraction data by iterating full
pattern profile fittings, with the Le Bail algorithm [24],
using the FullProf program [46]. We started with the
crystallographic cell of «-Smy(Mo00Q4)3 [12], the instrumental
resolution function (Thomson—Cox—Hastings pseudo-Voight
with axial divergence asymmetry [47]), which was defined
for our diffractometer, with the background modeled by a
Chebyshev polynomial with eight coefficients. In total, 16
different parameters were refined.

Figure 4 shows the temperature dependence of the lattice
parameters obtained from the first run (solid symbols). With
increasing temperature, the lattice parameters b and ¢ expand
monotonously over the entire range of temperatures. The
parameter a, however, undergoes a contraction until 600 K.
From 600 to 700 K this parameter remains constant and
finally increases beyond 700 K. The monoclinic angle B
decreases and the volume increases. Thus, we can distinguish
three different regions, depending on the behavior of the
parameter a, according to those observed in the Arrhenius
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Figure 4. Temperature dependence of the lattice parameters for
o-Smy (MoOy)3. The solid symbols are the profile matching and the
open symbols the Rietveld refinement.

plot of figure 2. The anomalous contraction of the parameter
a below 600 K corresponds to the semiconductor behavior.
The conduction by polarons occurs, approximately, when a is
practically constant. When the parameter a clearly increases
(at 800 K), the transport mechanism corresponds to ionic
conduction. Similar thermal dependences of cell parameters
were obtained for a-Eupy(MoQOy4)3 [20]. In that case the
parameter g remains constant at higher temperatures than in
samarium molybdate. The minimum value of the parameter
a occurs at 753 K while for samarium molybdate it occurs
at 620 K. This shift upwards in temperatures for europium
molybdate is also observed in its dc conductivity behavior.
It thus appears that both the thermal dependence of the cell
parameter and the electrical conductivity are correlated.

The observed behavior of the parameter a, anomalous
and clearly correlated with the changes in the conduction
mechanism, led us to conduct a more in-depth structural
study using the diffractograms obtained during the second
run in which the counting statistics and the angular range
were increased. These diffraction patterns were used to apply
a new alternative method for treating distorted structures
by means of symmetry-mode analysis, performed using the
AMPLIMODES program, in the Bilbao Crystallographic
Server [48], and the Rietveld [25] refinement of the
amplitudes of such symmetry modes, instead of dealing with
the atomic coordinates using the FullProf program [46]. This
method is especially useful for treating structures with a
great number of atomic positions which are free parameters
where their displacements are correlated through the analysis
of modes [49]. The AMPLIMODES program gives the
atomic coordinates of the more symmetric parent structure
on the basis of the less symmetric and distorted structure,
supplying the crystallographic cell, the space group, and the
transformation matrix as input data.

We assumed that, at very high temperature, rare earth
tritungstates and trimolybdates, with distorted scheelite
structures, undergo a transition to a more disordered phase
with tetragonal scheelite-type structure CaMoO4 [50, 51]. The
crystal structure, in all the ranges of temperatures studied,
is the monoclinic a-phase of the rare earth tritungstates

and trimolybdates, where one third of the calcium atoms
substituted by RE form vacancies. The program determines
the global structural distortion that relates both phases
and the symmetry modes (amplitudes and polarization
vectors) compatible with the symmetry break. In order to
calculate these distortions, the lattice parameters of the
scheelite structure were transformed to the cell parameters
corresponding to the -Smy(MoQ4)3 structure [12] using the
transformation matrix:

-102 1/2
1 01|+]| 0 (12)
010 0

Then, the amplitudes of such a collective mode were
refined using FullProf. We started from the less distorted
structure at 850 K and the amplitudes were initially zero,
i.e. with the same parent structure in the basis of the space
group with lower symmetry. The refined amplitudes obtained
at 850 K were used as the starting point for the analysis at
650 K, and the results of this analysis were in turn used for
the analysis at 450 K. It must be taken into account that the
amplitudes associated with both atoms and vacancies (with
the occupation factors fixed to zero) were refined too. After
the refinement, new atomic coordinates were calculated using
FullProf, summing up the distortion vectors to the initial ones.
Also, scale, cell parameters, size domains, microstrain, and
background coefficients were refined by the Rietveld method,
using the same profile function and polynomial as in previous
runs, at the same time as the amplitudes of the symmetry
modes.

The final structures were not very different from that
of the «-phase [12] but we have observed a thermal
dependence of the symmetry modes in which the distortion
can be decomposed with respect to the scheelite structure.
From the symmetry-mode analysis, the distortion was
decomposed in three symmetry modes, given by the
irreducible representations: GM 1+, GM2+, and DT2. The
oxygen atom displacements are larger than those of the
heavier atoms and, in general, the behavior of different
distortion components (oxygen displacements given in terms
of symmetry modes) are similar to those observed in
Euy(MoOy4)3 [20]. The GM1+ mode, at the center of the
Brillouin zone, keeps the parent symmetry and decreases from
0.31 to 0 A when the temperature increases from 450 to
850 K. The mode of symmetry D72 is associated to the point
A(1/3,1/3,0) and triples the tetragonal scheelite cell. This
distortion decreases slightly from 1.10 to 0.94 A when the
temperature increases. The GM 1+ and DT2 symmetry modes
show a normal behavior, whereas the ferroelastic GM2+
mode at the center of the Brillouin zone breaks the tetragonal
symmetry to monoclinic and increases slightly from 0.25 to
0.42 A when the temperature increases. This distortion could
be correlated with anomalous behavior in the monoclinic
angle .

In figure 5 the structures of «-Smy(MoQO4)3 at 300,
450, 650, and 850 K are shown. Heavier atoms and their
polyhedra are differently colored. In the four panels of figure 5
it is possible to see, qualitatively, the relative change of the
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Figure 5. Projection of a layer of «-Sm;(MoQy)3 in a plane perpendicular to the b axis, at (a) 300 K, (b) 450 K, (c) 650 K, and (d) 850 K.
The arrows indicate the oxygen displacements involving transversal modes and elongation of tetrahedra perpendicular to the a axis at
intermediate temperatures. Each ion is represented by a different color: Sm (green), Mol (brown), Mo2 (yellow), O1 (dark blue), O2 (light

blue), O3 (violet), O4 (red), O5 (orange), and O6 (pink).

distortion with increasing temperature. The more symmetric
tetrahedron around Mol shows an elongation perpendicular
to the a axis at intermediate temperatures. Note that this
tetrahedron is not connected to Sm atoms through oxygen
bridges in the a direction. There is also a short displacement of
the oxygen atoms O1 and O2 perpendicular to the a direction
which in turn results in a change of the Sm-O(1, 2)-Mo2
bridging angles and the shortening of the Sm—Mo2 distances,
a typical observation for transversal modes in compounds
with negative expansion [52]. The shortening of the distance
between Sm and Mo along the a axis is related to the
negative expansion of this cell parameter. A novel and detailed
explanation using this type of analysis for yttrium and other
rare earth molybdates can be found in [16], including accurate
coordinates for the oxygen atoms and comparison of the
distortions at several temperatures.

Table 1 shows the final refined structural parameters
of @-Smy(Mo00Qy4)3 at three temperatures, corresponding to
the three different conduction regimes. We presented a
similar table for Eup(MoQ4)3 in [20]. In the current study,

the Rp factor is smaller than in «-Euz(MoOy4)3, indicating
that the oxygen positions are better calculated and that
the previous analysis has been improved. This observed
structural effect could induce the formation of polarons
in this range of temperatures and produce the change in
conduction mechanisms from semiconductor to insulator.
Similar behaviors, involving structural and conductivity
anomalies, have been described in recent works [53-56].
Analysis of the conductivity spectra of samarium and
europium molybdates at high temperatures evidence an ionic
conduction mechanism, but we cannot distinguish the type of
charge carrier. Several studies show that oxide-ion conductors
have a similar behavior at high temperature and where the
anion concentration is also similar to our estimation of
carriers concentration. However, trivalent cationic conduction
is described for tritungstates and trimolybdates with formula
A>(MOQOy4)3, where A is a trivalent metal or rare earth with
smaller ionic radius [17]. We have carried out the bond-
valence sum calculations in order to check that the structures
obtained at different temperatures are chemically valid and
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Table 1. Lattice parameters, fractional atomic coordinates, and B factors of o-Smy(MoOy)3, with space group C2/c, at 450 K, 650 K, and
850 K, corresponding respectively to the three conduction regimes.

450 K 650 K 850 K

A) x/a y/b z/c x/a y/b z/c x/a y/b z/c
Sml 0.331(1) 0.6238(5) 0.9098(7) 0.3393(2)  0.62500 0.9107(2) 0.3338(8) 0.62500  0.9095(5)
Mol 0.653(1)  0.8818(6)  0.0686(7) 0.658(1) 0.8783(4) 0.0701(6) 0.655(1)  0.8800(3)  0.0702(7)
Mo2 0.50000 0.3723(9) 0.75000 0.50000 0.3684(8) 0.75000 0.50000 0.3651(6) 0.75000
ol 0.146(2)  0.047(1) 0.965(1) 0.148(2) 0.0459(4) 0.964(1)  0.156(2)  0.0498(7) 0.970(1)
02 0.027(2) 0.5451(4) 0.898(2) 0.027(2) 0.5459(4) 0.900(2)  0.028(2)  0.5498(7) 0.885(1)
03 0.923(3) 0.279(1) 0.548(2) 0.916(3) 0.28207) 0.543(2)  0.877(3)  0.275(1)  0.552(2)
04 0.164(2) 0.957(1) 0.724(1) 0.167(2) 0.9541(4) 0.721(1) 0.160(2) 0.9502(7) 0.714(1)
05 0.754(3) 0.701(1) 0.802(1) 0.739(3) 0.699(1) 0.794(1) 0.788(3) 0.703(1) 0.8010(5)
06 0.143(3) 0.210(1) 0.385(2) 0.138(3) 0.2180(7) 0.384(2) 0.159(3) 0.207(1) 0.803(1)

a(d) b(A) c(A) B (deg) Ry (%) Rexp (%) Rup (%) x°
450K 7.50067(2) 11.54988(4) 11.6573(1) 108.756(1) 5.94 8.77 13.7 2.49
650 K 7.49249(2) 11.60218(4) 11.69546(7) 108.6575(9) 6.66 9.58 14.0 2.20
850 K 7.49680(2) 11.65078(4) 11.72260(9) 108.630(1) 6.53 10.34 14.3 1.98
B (A% Sml Mol Mo2 01 02 03 04 05 06
450 K 0.88(8) 0.6(1) 0.8(1) 1.5(2) 1.5(2) 1.5(2) 1.5(2) 1.5(2) 1.5(2)
650 K 1.09(8) 0.9(1) 0.7(1) 2.3(2) 2.3(2) 2.3(2) 2.3(2) 2.3(2) 2.3(2)
850K 1.6(1) 1.1(1) 1.1(1) 3.1(2) 3.1(2) 3.1(2) 3.1(2) 3.1(2) 3.1(2)
also to represent bond-valence contour maps [57, 58]. ' T T ' '
Bond-valence isosurfaces can help visualize the migration = 6 %ﬁ;’ 1
pathways of the mobile ions in solid electrolytes, provided 5 R —e—O1
that the ion transport from one equilibrium site to the next § 5 Sm1 02l
one follows pathways along which the valence mismatch 2 —e— Sm2 —»— 03
VV = |V — Vigeal| remains as small as possible. We have 2z mO; —o—04
started with the structural data of table 1 and we have used the § 47 ° 82'
Bond-Str program, implemented in the FullProf Suite [46]. o
The aim of this program is to calculate the sum of bond % 3 g
valences that a particular atom (ion conductor) has if it is El
placed at any arbitrary point in the crystal. By moving this g 5 % i
atom through different positions, its valence-sum contour map 8
or boqd—valence isosurfaces can be displayed [22]. 200 200 500 600 700 800 900

Figure 6 shows the temperature dependence of the T(K)

calculated valences for the samarium Sml, vacancies of
samarium Sm2, molybdenum, and oxygen ions. The sum
of bond valence around the Sm ions decreases when the
temperature increases (although at intermediate temperatures
it remains rather stable) which is a normal behavior due to
the volume expansion. The sum of bond valence around the
vacancies is slightly greater at intermediate temperatures, so a
hole diminution is expected. The thermal dependence of Mo
valences at intermediate temperatures is anomalous and can be
due to the distortions of the tetrahedra at such temperatures.
These results are correlated with the structural anomalies in
the cell parameter a as described previously, and the values
obtained are quite reasonable, taking into account the limited
resolution of our experiment regarding the position of the
oxygen atoms. (Previous results for europium molybdate are,
however, less good in this respect [20].) We have calculated
bond-valence maps for all atom types of our structure in order
to obtain qualitative results which support the conduction
mechanism proposed by the ac conductivity analysis at high
temperatures. Accurate oxygen positions are not necessary to
plot contours maps, for which all that is needed are accurate

Figure 6. Calculated valences for Sm3+, Mo®t, and 0%~ in
a-Smy(Mo0Qy)3, as a function of temperature.

atomic positions for Sm1, Mol, and Mo2 in both compounds.
In figure 7, we have detected new possible sites for the
oxygen atoms at higher temperatures in Smy(MoQO4)3 and
Euy(MoOy)3 (see selected regions in this figure) which would
favor their motion when an electric field is applied (in the
regime of ionic transport). Contour bond-valence maps of Mo
and Sm cations do not show any acceptable pathways.

4. Conclusions

This work provides a detailed study by dielectric spectroscopy
of the transport properties of scheelite-like a-Smj(Mo004)3
as a function of temperature (500-900 K) and frequency
(102—106 Hz). We have found a clear correlation between the
existence of three conducting regimes, semiconductor, pola-
ronic, ionic (obtained from the universal dielectric response
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Figure 7. Bond-valence sum contour maps for O>~. Upper panels are for o-Smy (Mo0QOy)3 at 450 K (left) and 850 K (right). Bottom panels

are for ¢-Euy (MoOy)3 at 523 K (left) and 923 K (right).

behavior [29]), and an anomalous thermal dependence of
the lattice parameter a (obtained by x-ray diffraction) from
300 to 1000 K. We suggest that the different transversal
displacements of two types of oxygen atoms in Sm-O(l,
2)-Mo2 bridges joined to the elongation of the tetrahedra
around Mol, in the same direction perpendicular to the
a axis, help to explain the thermal dependence of the
cell parameter, at the three regimes. For that, we refined
three crystal structures at 450, 650, and 850 K and we
performed an adapted symmetry-mode analysis [48] for a
better visualization of the distortions due to the oxygen
displacements. At an intermediate range, where the parameter
a does not depend on temperature, we assumed polaronic
transport, which was corroborated with the overlapping large
polaron model [19]. At the regime of higher temperatures,
possible oxygen-ion transport was confirmed by studying
the frequency-dependent conducting spectra, at different
temperatures, using a scaling law [37, 40], and by plotting
contour maps of bond-valence sums [22] from the crystal
structures, determined at different temperatures. Results were
compared and extended to other isostructural compound
a-Euy(Mo0Oy)3, giving more consistency to our assumptions.
The study of electrical conductivity in scheelite-type com-
pounds is of growing interest [6] and our work provides
new results on compounds which have been so far very little
studied. In addition, we have provided a comprehensive data
analysis, in which measurements obtained with conventional
techniques were combined with several universal models and
different modern tools of analysis, opening up new insights.

Acknowledgments

The authors are grateful to the Ministerio de Ciencia
e Innovacién of Spain (MICCIN) under The National
Program of Materials (MAT2010-21270-C04-02/03), the

Consolider-Ingenio 2010 Program (MALTA CSD2007-0045),
and to EU-FEDER funds for their financial support.
C Guzman-Afonso wishes to thank ACIISI and FSE for a
fellowship.

References

[1] Yen W M, Shionoya S and Yamamoto H 2007 Phosphor
Handbook (New York: CRC)

Globus M, Grinyov B and Kim J K 2005 Inorganic
Scintillators for Modern and Traditional Applications
(Kharkov: Institute for Single Crystals)

[3] Nagornaya L L et al 2009 IEEE Trans. Nucl. Sci. 56 2513

[4] Kvapil J 1981 J. Appl. Crystallogr. 14 355

[5] Brenier A, Zhang X, Wang J, Zhang H, Tu C, Li J, Zhu Z,
Wang Y and You Z 2004 Opt. Mater. 26 287

Huang H, Feng X, Zhu W, Zhang Y, Wen T L and
Tang T B 2003 J. Phys.: Condens. Matter 15 5689

[7]1 Sen A, Chaplot S L and Mittal R 2003 Phys. Rev. B 68 134105

[8] Jeitschko W 1973 Acta Crystallogr. B 29 2074

[9] van den Elzen A F and Rieck G D 1973 Acta Crystallogr. B
292433

Templeton D H and Zalkin A 1963 Acta Crystallogr. 16 762

Boulahya K, Parras M and Gonzélez-Calbet J M 2005 Eur. J.
Inorg. Chem. 2005 967

Hartenbach 12008 Z. Anorg. Allg. Chem. 634 2044

Keve E T, Abrahams S C and Bernstein J L 1971 J. Chem.
Phys. 54 3185

Ponomarev B K 2002 Ferroelectrics 280 95

Abrahams S C and Bernstein J L 1966 J. Chem. Phys. 45 2745

Guzman-Afonso C, Gonzalez-Silgo C, Gonzalez-Platas J,
Torres M E, Lozano-Gorrin A D, Sabalisck N,
Sanchez-Fajardo V, Campo J and
Rodriguez-Carvajal J 2011 J. Phys.: Condens. Matter
23 325402

Secco R A, Liu H, Imanaka N and Adachi G 2002 J. Phys.:
Condens. Matter 14 11285

Gaur K, Singh M and Lal H B 1993 J. Mater. Sci. 28 3816

Elliott S R 1987 Adv. Phys. 36 135

2

—

[6

—

[10]
[11]

[12]
[13]

[14]

[15]
[16]

[17]

[18]
[19]



J. Phys.: Condens. Matter 25 (2013) 035902

C Guzman-Afonso et al

[20]

[21
[22

—_

[23]

[24
[25

—_

[26]
[27]
(28]
[29]

[30]
[31
[32]

—

[33]

[34
[35]

—

[36]
[37]

[38]

[39]
[40]

Guzman-Afonso C, Torres M E, Gonzalez-Silgo C,
Sabalisck N, Gonzilez-Platas J, Matesanz E and
Mujica A 2011 Solid State Commun. 151 1654

Povolo F and Fontelos M 1987 J. Mater. Sci. 22 1530

Gonzalez-Platas J, Gonzélez-Silgo C and Ruiz-Pérez C 1999
J. Appl. Crystallogr. 32 341

Brixner L H, Barkley J R and Jeitschko W 1979 Handbook on
the Physics and Chemistry of Rare Earth (Amsterdam:
North-Holland)

Le Bail A 2005 Powder Diffract. 20 316

Young R A 1993 The Rietveld Method (Oxford: Oxford
Science)

Jonscher A K 1977 Nature 267 673

Ngai K L, Jonscher A K and White C T 1979 Nature 277 185

Dissado L A and Hill R M 1979 Nature 279 685

Jonscher A K 1983 Dielectric Relaxation in Solids (London:
Chelsea Dielectrics)

Leén C, Lucia M L and Santamaria J 1997 Phys. Rev. B 55 882

Errandonea D and Manjén F J 2008 Prog. Mater. Sci. 53 711

Lal H B, Dar N and Kumar A 1974 J. Phys. C: Solid State
Phys. 7 4335

Wang L M, Sou U C, Yang H C, Chang L J, Cheng C M,
Tsuei K D, Su 'Y, Wolf T and Adelmann P 2011 Phys. Rev.
B 83 134506

Ghosh A 1990 Phys. Rev. B 41 1479

van Staveren M P J, Brom H B and de Jongh L J 1991 Phys.
Rep. 208 1

Long A R 1982 Adv. Phys. 31 553

Dyre J C, Maass P, Roling B and Sidebottom D L 2009 Rep.
Prog. Phys. 72 046501

Singh P, Raghvendra , Parkash O and Kumar D 2011 Phys.
Rev. B 84 174306

Ghosh A and Pan A 2000 Phys. Rev. Lett. 84 2188

Kumar M M and Ye Z G 2005 Phys. Rev. B 72 024104

[41]
[42]

[43]
[44]

[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]

[56]

[57]
[58]

Howard R E and Lidiard A B 1964 Rep. Prog. Phys. 27 161

Hairetdinov E F, Uvarov N F, Patel H K and Martin S W 1994
Phys. Rev. B 50 13259

Bhattacharya S and Ghosh A 2006 Phys. Rev. B 74 184308

Ahmad M M, Yamane Y and Yamada K 2009 J. Appl. Phys.
106 074106

Esaka T 2000 Solid State Ion. 136-137 1

Rodriguez-Carvajal J 1993 Physica B 192 55

Thompson P, Cox D E and Hastings J B 1987 J. Appl.
Crystallogr. 20 79

Orobengoa D, Capillas C, Aroyo M I and
Perez-Mato J M 2009 J. Appl. Crystallogr. 42 820

Perez-Mato J M, Orobengoa D, Aroyo M I and Elcoro L 2010
J. Phys.: Conf. Ser. 226 012011

Hazen R M, Finger L W and Mariathasan ] W E 1985 J. Phys.
Chem. Solids 46 253

Nassau K, Shiever ] W and Keve E T 1971 J. Solid State
Chem. 3411

White G K 1993 Contemp. Phys. 34 193

Pellicer-Porres J, Martinez-Garcia D, Segura A,
Rodriguez-Hernandez P, Mufioz A, Chervin J C,
Garro N and Kim D 2006 Phys. Rev. B 74 184301

Bueno P R, Tararan R, Parra R, Joanni E, Ramirez M A,
Ribeiro W C, Longo E and Varela J A 2009 J. Phys. D:
Appl. Phys. 42 055404

Schefer J, Schaniel D, Pomjakushin V, Stuhr U, Petficek V,
Woike T, Wohlecke M and Imlau M 2006 Phys. Rev. B
74 134103

Chernyshov D, Rozenberg G, Greenberg E,
Pomyakushina E and Dmitriev V 2009 Phys. Rev. Lett.
103 125501

Adams S and Swenson J 2002 Solid State Ion. 154-155 151

Adams S and Swenson J 2005 J. Phys.: Condens. Matter
17 S87



Chapter 5. Published Papers

113



Downloaded by [University of La Laguna Vicerrectorado], [Candelaria Guzman-Afonso] at 03:01 04 June 2014

High Pressure Research, 2014 Taylor & Francis
Vol. 34, No. 2, 184-190, http://dx.doi.org/10.1080/08957959.2014.895342 Taylor &Francis Group

Pressure evolution of two polymorphs of Thy(M0Oy)3"

C. Guzméan-Afonso®*, J. Lépez-Solano®°, C. Gonzalez-Silgo®, S.F. Leén-Luis?®, E. Matesanz!
and A. Mujica®

“Dpto. Fisica Fundamental y Experimental, Electronica y Sistemas, Facultad de Fisica, Universidad de La
Laguna, Tenerife, Spain; ®Dpto. Fisica Fundamental II, and Instituto de Materiales y Nanotecnologia,
Facultad de Fisica, Universidad de La Laguna, Tenerife, Spain; ©Izafia Atmospheric Research Center,

Agencia Estatal de Meteorologia, Tenerife, Spain; “ C.A.I. Difraccién de Rayos X, Facultad de C. C.
Quimicas, Universidad Complutense de Madrid, Madrid, Spain

(Received 11 September 2013; final version received 5 January 2014)

We have studied the high pressure behavior of the o and B’-phases of Tb,(M00Qy)3 using a combination
of powder X-ray diffraction and ab initio calculations. The «-Tby(M00Q4)3 phase did not undergo any
structural phase transition in the pressure range from O up to the maximum experimental pressure of
21 GPa. We observed line broadening of the diffraction patterns at pressures above 7 GPa, which may
be due to non-hydrostatic conditions. The complete amorphization of the sample was not reached in the
pressure range studied, as expected from previous Raman studies. The behavior under pressure of the
B’-Tby(Mo0Qy4)3 phase is similar to that of other rare-earths trimolybdates with the same structure at room
temperature. A phase transition was observed at 2 GPa. The new phase, which can be identified as the
8-phase, has never been completely characterized by diffraction studies. A tentative indexation has been
performed and good refined cell parameters were obtained. We detect indications of amorphization of the
3-Tba(M0Q4)3 phase at 5 GPa.

Keywords: X-ray diffraction; ab initio calculations; rare-earth molybdates; structural transitions

1. Introduction

Depending on the rare-earth (RE) ion, tri-molybdates of the RE;(Mo0Q,); family are known to
crystallize under normal conditions in four different crystal structures, which in turn can undergo
temperature- and pressure-driven structural phase transitions.[1,2] Molybdates with RE = La—
Nd feature the La;(Mo0Q4);-type phase which is a modulated scheelite-type structure.[3] Those
with RE = Sm-Tb crystallize in the «-phase, first described in Eu,(WQ,)3, and which is also a
modulated scheelite-type structure but with a different ordering of vacancies and RE cations.[4]
Molybdates with RE = Sm—Ho have the B’-phase, which has been thoroughly described for
the ferroelectric Gd,(MoQy); compound, and which features a high temperature transition to
the paraelectric 8-phase.[5] Finally, molybdates in the RE = Ho-Lu range crystallize in the y-
phase, a well-known structure with negative thermal expansion.[6] Besides featuring a profusion
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of crystal structures, this family of compounds is interesting for its technological applications,
ranging from scintillators to Raman shifters and second-harmonic generators.[2]

The focus of this study is the structural behavior of Tb,(M0Qy); under pressure. At room condi-
tions, two stable polymorphs of this compound can be synthesized: the @ and ’-phases.[4,5] The
a-phase has a monoclinic structure with space group C2/c whereas the ’-phase is orthorhombic
with space group Pba2. Under compression, previous fluorescence, Raman spectroscopy, and
X-ray diffraction (XRD) studies on molybdates with the B’-phase (Sm, Eu, Gd, and Tb trimolyb-
dates) have found different phase transitions, including one at around 2.5 GPa to a structural phase
which has not been completely characterized.[7-10] On the other hand, a study on Euy;(M0Oy)3
showed that pressure-induced amorphization (PIA) was reached at 6.5 and 19.5 GPa for the g’
and a-phases, respectively. The Raman bands of these two high pressure samples showed a sim-
ilar behavior beyond the onset of the amorphization, indicating that the final situation of both
polymorphs is the same.[11] In the following sections, we present results of our combined XRD
and ab initio study.

2. Ab initio calculations

We have simulated the behavior under pressure of the ', «, y, and Lay(MoQy)s-type structures
by means of ab initio calculations. These calculations were carried out using the VASP code,
which works within the framework of the density functional theory using pseudo-potentials and
plane-waves basis sets.[12,13] With regard to the pseudo-potentials, we have worked within the
projector-augmented waves method,[14,15] with the PBESol generalized gradient approximation
for the exchange and correlation energy.[16] To ensure a total-energy convergence of 1 meV per
formula unit (pfu), we used plane-waves basis sets with an energy cutoff of 520 eV together with
dense Monkhorst-Pack grids [17] appropriate for each structure. At each volume considered, a
full optimization of the atomic positions and lattice parameters, constrained to the symmetry
compatible with the initial space group and set of Wyckoff positions, was performed. In the final
optimized configurations, atomic forces were required to be smaller than 0.005eV/A3, and the
stress tensor was required to be diagonal with differences between its components of less than
0.1 GPa.

In Figure 1, we have plotted the energy vs. volume curves of the four structures considered
in our theoretical study. According to our calculations, the «-phase structure is the most stable
one among the ones considered. The B’ structure is a possible metastable phase. The difference
between the energy minimum of both phases is 138 meV pfu and the difference between their
volumes is 57 A3 pfu, thus making the a-phase 20% denser than the B’-phase. The position of the
y-phase in Figure 1 clearly shows that this phase is not stable under normal conditions. Although
the La;(MoO4)s-type structure is only slightly higher in energy than the «-phase, and can thus
be viewed as energetically competitive, a phase transition from the a-phase to this phase would
involve a complete re-ordering of cations and vacancies, which would make such transition quite
unlikely.[3]

3. Synthesis

Both phases of Tb,(Mo0O,); were prepared by the conventional solid-state ceramic method. High
purity chemical reagents Tb,O; and MoOj3 (Aldrich, 99.999%) were mixed in stoichiometric
amounts and homogenized in an agate mortar. The resulting powder was pressed (3 tn) into
cylindrical pellets 13 mm in diameter and 1 mm in thickness, in order to improve the chemical
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Figure 1. Ab initio energy-volume curves of the B, a, v, and Lay(MoQO4)3-type structures. The numbers next to each
symbol indicate the calculated pressure (in GPa) for the corresponding volume and structure.

reaction in the furnace. Samples were synthesized at 973 K to obtain the a-phase and at 1223 K
to obtain the B’-phase. Both thermal treatments needed 48 hours under air atmosphere. In order
to check the purity of the sample, XRD patterns were measured at room conditions by continuous
scanning with a step of 1 °/min, using a PANalytical X’ Pert PRO diffractometer (Bragg-Brentano
mode) with a primary monochromator of Ge (111) and an X’Celerator detector, using Cu K,
radiation (40kV and 30 mA) in the angular range 10° < 26 < 80°.

4. Powder XRD at high pressure

We performed powder XRD at high pressures at the //5 beamline of Diamond Light Source.
Because the experiments were performed on different dates, different wavelengths were employed
for the o and B'-phases: 0.485 and 0.412A, respectively. We do not expect this to affect our
results. The pressure-transmitting medium was ethanol-methanol-water in the proportion 16:3:1.
We loaded the samples in two different diamond-anvil pressure cells, a Diacell Bragg-Mini and a
MiniDac of the University of Paderborn, both equipped with inconel gaskets. The in situ pressure
was measured using the ruby fluorescence scale. The data were collected using a mar345 image
plate detector placed at 520 and 500 mm from the « and S’-phase samples, respectively. All
the patterns were measured at room temperature. The observed intensities were integrated as a
function of 26 to get conventional one-dimensional diffraction profiles. The FIT2D software [18]
was used for the preliminary reduction of the data. We obtained the cell parameters from the
powder diffraction data by iterating full pattern profile fittings with the Le Bail algorithm,[19]
using the FullProf software [20] and starting from the crystallographic cell obtained from our ab
initio study.

5. Results and discussion
Figure 2(a) shows the diffraction patterns of the «-phase from ambient pressure up to 21 GPa,

the maximum pressure allowed by our experimental setup. As it can be observed, we obtain
good fits up to 7 GPa. Above this pressure, we start to see a broadening of the reflections. The
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Figure 2. Diffraction patterns of Tba(Mo0QO4); at selected pressures. The experimental results (open circles) are
shown together with the calculated patterns (black) and residuals (blue). The ticks indicate the positions of Bragg
reflections.

refinements converged up to 11.58 GPa, the broadening of the reflections not allowing us to
continue the refinement beyond this pressure. However, we have not observed important changes
nor a complete amorphization up to 21 GPa. Moreover, we did not observe indications of any phase
transition in this pressure range, and the structure was fully recovered upon releasing the pressure.
Several authors have performed Raman spectroscopy in molybdates with the «-phase and they also
did not observe any phase transition, whereas amorphization was reached at rather high pressures:
21.2 GPa for Eu;(MoQy)3,[11] 15.5 GPa for Nd,(Mo0Qy4)3, and 25 GPa for Tb,(Mo00QO4)5.[21] Our
results are thus in agreement with these previous works.

Figure 3 shows the evolution of experimental and theoretical lattice parameters and volume with
pressure of the «-phase. This is, to our knowledge, the first time that the structural evolution under
pressure of this material is studied by either XRD or ab initio calculations. A good agreement
on an unusual compression behavior of the lattice parameters is observed up to 7 GPa, when
the experimental results start to worsen due to the gradual loss of hydrostatic conditions in the
sample, and hence the experimental and theoretical results start to deviate from each other. Also
note that in this figure, the lattice parameter a was plotted using a different scale than b and ¢
scale.

Figure 2(b) shows the diffraction patterns of the B’-phase at different pressures, together with
the corresponding fitted profiles and Bragg positions. We can see that the diffraction patterns
up to 2 GPa correspond to the S’-phase and that beyond 5 GPa the amorphization region has
been reached. Beyond 2 GPa the diffraction patterns undergo a pronounced change. New reflec-
tions appear and some previous reflections disappear (or they are considerably shifted). These
changes likely indicate the formation of a new phase that we believe could be the so-called
8-phase. This latter phase has been previously observed by other authors in Sm, Eu, Gd, and Tb
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Figure 3. Dependence with pressure of the lattice parameters (upper panel) and unit cell volume and beta angle (bottom
panel) of a-Tby(Mo00Q4)3. Theoretical and experimental data are represented by solid and empty symbols, respectively.
The data for the a, b, and c cell parameters are represented by black squares, red circles, and blue triangles, respectively;
the unit cell volume is represented by black triangles and the B angle by red diamonds. The different sets of theoretical
data have been joined by solid lines as a guide to the eye. Note the different scale used for the representation of the a
parameter with respect to that used for the b and ¢ parameters.

molybdates,[7-10] but, so far, has not been properly characterized by XRD studies. We indexed
the diffraction pattern at 2.81 GPa on the basis of an orthorhombic unit cell with lattice param-
eters a = 19.655A, b = 10.234 A, ¢ = 9.362 A (ordered with an arbitrary criterion, a > b > ¢).
We then refined the cell parameters with the Le Bail algorithm [19] from patterns above 2 GPa.
In this way, we obtained good fits for all the patterns up to 4.42 GPa. As shown in Figure 4,
there is a good agreement between the experimental and theoretical cell parameters of the f’-
phase. We have also included the lattice parameters of the §-phase in Figure 4. Note that both
the values of the a cell parameter and the volume of the §-phase are shown divided by two, as
both magnitudes are almost twice than those in the low-pressure ’-phase. Figure 4 shows a large
discontinuity in the unit cell volume at the transition pressure, which suggests that the phase
transition undergone by the B’-phase must imply important structural changes. These changes
are also evident in the Raman profiles in the range from 0.1 and 3.5 GPa reported by Jayaraman
et al.[10] We must stress, however, that we have not been able to completely characterize the new
d-phase.
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Figure 4. Same as Figure 3, for the B’-Tby(M0Q4)3 and §-Tb,(MoQy)3 phases. Note that the values of both the a
parameter and the unit cell volume of the §-phase are shown divided by two.

6. Conclusions

In this work, we have described the pressure dependence of the crystal structure of the o and
B’ polymorphs of Tb,(Mo00Q,);, using powder XRD data refined by the Le Bail method and
theoretical data provided by ab initio total-energy calculations on several structural phases. The
behavior of both the « and B’-phases is markedly different, as expected. A good agreement
between experimental and theoretical results is found, and thus allows a full characterization of
the compression of the a-phase up to the possible loss of hydrostaticity. In order to understand
the complete evolution of the crystal structure of the o-phase, without a clear indication of phase
transition, and the mechanisms of the PIA, it would be convenient to reach the amorphization
region in several RE molybdates, which in turn would probably entail the use of a different
pressure-transmitting medium so as to maintain hydrostatic conditions at these elevated pressures.
The compression mechanisms of the B’-phase can also be described up to the phase transition.
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However, after the phase transition, we were unable to fully characterize the possible new 5-phase.
We are working in a complete characterization of this new phase for several RE molybdates
using various theoretical methods, including ab initio random search with symmetry information
provided by the diffractograms. The poor data quality prevents a Rietveld refinement, but from
the extracted intensities, and using different metrics (¢’ = 2c¢ or a’ = 2a) and space groups, it is
possible to propose structure using simulated annealing (as implemented in the FullProf program)
and check them with ab initio calculations.
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Ferroelectric-ferroelastic rare earth (RE) molybdates RE;(Mo0Q,); have been prepared by the conventional
solid-state synthesis and X-ray powder diffraction has been collected using two diffractometers PANalytical
X'Pert Pro at room temperature. The crystal structures have been calculated by Rietveld refinement, using a
new symmetry modes procedure in order to evaluate the correlation between the distortions, with respect to
the paraelectric-paraelastic structure, with the ionic radii. Although the coordinates of the oxygen atoms are
not very precise and accurate, we have observed different behavior of the ferroelastic-ferroelectric order

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Sm-Ho molybdates show the typical 3’-Gd,(Mo0Q,)s ferroelectric—
ferroelastic structure (the crystal structure of Gd and Tb molybdates
are in ICSD [1]). In particular Gd,;(MoOQ4)s has attracted attention since
it has shown to be an efficient frequency doubling medium for laser
diode pumping [2]. Recently an interesting compound of this family
(LaEr(MoOQ4)3) has been investigated for infrared to visible up-
conversion [3]. Also, it is of great interest to synthesize crystallized
glasses consisting of ferroelectric materials [4]. A sound knowledge of
the optical properties of RE;(Mo00Qy)3 crystals, it is of fundamental
importance for the application of these materials. Previous investiga-
tions of second order susceptibility suggest that the major part of non-
linear optical properties of these types of compound is due to the
orientation of the MoO, tetrahedral and the hyper-polarizability of
the Mo—O bonds [5]. However, other authors found that the major
contribution to the non-linear properties of rare earth molybdates
come from the REO, groups [6]. Unfortunately only little experimental
data on the optical susceptibility of the discussed crystals are available
so far, and structural data of Sm, Eu, Dy and Ho molybdates are not
given in the ICSD. In this work we apply a new alternative way of
treating distorted structures using a symmetry modes analysis [7,8]
which gives us an input file to perform with FullProf [9] the Rietveld
refinement of the amplitudes of such modes, instead of the atomic

* Corresponding author.
E-mail address: metorres@ull.es (M.E. Torres).

0167-577X/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet.2011.05.075

positions. This new procedure will let us discuss the different
distorted structures of the molybdates family from a new point of
view.

2. Experimental
2.1. Synthesis

Eu-Ho molybdates were prepared by conventional solid-state
synthesis. MoO3; and Eu,03; powders (Aldrich, 99.99%) were pre-
heated, respectively, at 923 and 1173 K for 10 h before use. These
preheated powders were weighed in stoichiometric amounts, mixed,
and homogenized in an agate mortar. The resulting powder was then
pressed into pellets and finally sintered in air atmosphere at 1273 K
for Eu, Dy and Ho, and at 1223 K for Gd and Tb molybdates for 48 h in
platinum crucibles.

2.2. X-ray diffraction

The experiments were conducted at two X-ray diffraction
facilities: 1) SIDIX, at the University of La Laguna and 2) C.ALL, at the
Complutense University of Madrid. Powder diffraction data for
Rietveld refinement were collected in two different PANalytical X'Pert
PRO diffractometers (Bragg-Brentano mode) with a X'Celerator
detector using CuKoy; radiation (A=1.5405(1) A) in the SIDIX
laboratory and using CuKa radiation, in the CA.L laboratory. The
angular range 5°, 10°<26<100°, 120°, by continuous scanning with
step size of 0.02° (approximately) and different total step time (100-
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300 s). Divergence and incident anti-scatter slits were set at 0.25° and
0.5° (C.AlI) and 0.5° and 1° (SIDIX). Diffracted anti-scatter slit was set
at 0.25° (C.AL). A secondary 0.02 rad Soller slit was used in SIDIX and
incident and diffracted 0.02 rad Soller slit were used in C.A.L The
detector was used in scanning mode with an active length of 2.14°
(SIDIX) and 2.12° (CALL).

3. Results and discussion

Rietveld refinements were performed using the program FullProf
[9]. The experimental profiles were modeled using a Thompson-Cox-
Hasting pseudo-Voigt profile shape function, with two adjustable
parameters (U and Y, corresponding to isotropic Gaussian strain and
Lorentzian size effects); fixed values (Uins, Vins, Wins, Xins and Yins)
were used for the instrumental resolution parameters, as well as the
peak asymmetry (S/D and S/L). The background was modeled by a
polynomial function with more than six coefficients and less than
twelve. With respect to the crystal structure, we have not refined the
atomic coordinates. We have obtained the ferroelectric structures,
analyzing the distortion from the paraelectric phase by the structure
refinement in terms of symmetry adapted modes. Given the high
(paraelectric-paraelastic) and the low (ferroelectric-ferroelastic)
symmetry structures, AMPLIMODES [7] relates them on the basis of
symmetry-adapted modes, and calculates the amplitudes and the
polarization vectors of the distortion modes, of different symmetry,
frozen in the structure. Once the decomposition of the proposed
structure (in our case it was 3-Gd, (Mo00Q,)3) is done, the new free
parameters (the amplitudes of collective modes) are more adequate,
for a controlled refinement of the structure, than the atom positions.
Then, the program FullProf refines the amplitudes of such symmetry
modes and the asymmetric unit coordinates of the ferroelectric-
ferroelastic phase will be calculated from the paralectric-paraelastic
phase plus the distortion in terms of the amplitudes and the
polarization vectors of the symmetry modes. Results of the refinement
are shown in Fig. 1 and Table 1.

The results of the refinements are different depending on the
resolution of the diffractogram and depending on possible mixed
phase. The 3’-Eu,(Mo04,)3 and 3’-Ho,(Mo0,)3, with worst results, are
mixed with the a-Euy(MoO4)3 and y-Ho,(MoO,)3 phases, respec-
tively because both generate a very modulated background: a-Eu,
(Mo04)3 has a short range ordering and y-Ho,(MoOQ,)3 is hydrated.
For the refinement of Tb,(MoO,); structure a very low resolution
pattern was used. The correlation of cell parameters with the ionic
radii is perfectly linear and it was expected, but this has never been
shown from data obtained by Rietveld refinement. The standard
deviations of the atomic coordinates are quite good (they are around
+8-10~* for heavier atoms and +5-10~> for lighter atoms), if we
take into account that oxygen atoms positions are difficult to calculate
by X-ray powder diffraction.

Tb and Gd molybdates structures are known [10,11] and the
coupling of ferroic properties is structure dependent and can be
expressed, since each atom (X1, ¥y, 1) is related to another atom at the
same class (xa, Y2, Z2), as:

*1.91.21) = (' /2=Y2.%2.1-2,) + A (1)

where A is a displacement vector.

Very recently Perez-Mato et al. [8] have performed a symmetry
mode description of the Pba2 structure of Gd,(MoO4), using
AMPLIMODES. The total displacement vector A can decompose in
three distortion modes. A primary one corresponds to the irrep M2
+ M4 (irreducible representation) associated with the point M (1/2,
1/2, 0) at the border of the Brillouin zone. A secondary polar mode, at
the center of the Brillouin zone with symmetry, is given by irrep GM3.
Finally, other secondary mode given by irrep GM1 keeps the parent
symmetry. In Table 1 we have shown similar results for a similar
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Fig. 1. Examples of the powder diffraction patterns collected for: a) Gd,(MoO4); and b)
Dy,(Mo04)s. Observed data (+) are shown along with the pattern (solid line)
calculated from Rietveld analysis and differences (lower trace). Bars indicate the Bragg
positions.

analysis in the complete family of the ferroic rare earth molybdates.
Again, the primary distortion mode is dominant for all compounds
(always more than twice), although, due to the less precise and
accurate oxygen coordinates, distortions are longer.

Also, the global amplitude of irrep M2 + M4, in general, increases
as the ionic radii increases, according with the Curie temperatures
[12] and the average of the non-linear optical coefficients [6], and, as it
can be seen in Fig. 2, the arrows, which represent this distortion for
each atom, are in similar direction. Note that the refinements of the

Table 1
Conventional reliability factors of the Rietveld refinement with all non-excluded points
and global amplitude of different irreducible representation.

Eu, Gd, Tb, Dy, Ho,
(Mo0y4)3 (M004)3  (Mo004)3 (Mo004)3 (Mo0y4)3
Rup(%) 18.8 16.2 193 17.3 13.9
1 32 5.48 2.83 3.95 154
Ry (%) 8.10 5.82 6.78 8.1 5.18
GM1[A] 0.43(6) 0.85(3) 0.91(6) 0.58(4) 0.39(3)
GM3J[A] 1.40(11) 0.67(7) 0.62(9) 0.50(9) 0.78(6)
M2 + M4[A] 2.21(11) 2.13(7) 2.55(18) 1.56(11) 1.63(5)
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Fig. 2. b-axis view of the paraelectric structures of Gd,(Mo0O,); (left) and Ho,(Mo0,); (right) showing the M2 + M4 primary mode by arrows. Arrows were magnified for clarity

reasons.

Fig. 3. b-axis view of the paraelectric structures of Euy(Mo0O,4)s (left) and Dy,(MoO,)s (right) showing the GM3 polar mode by arrows. Arrows were magnified for clarity reasons.

Th,(Mo0,4)3 and Ho,(Mo0Q,)3 structures are not very good. However
the maximum atomic displacement in the distortions (calculated
from single crystal data) is of the order of 0.4 for Gd;(MoO4); [10]
while for Thy(MoQ,4)s is 0.7 A [11] without correlation of the ionic
radii. Clearly, the global amplitude of the primary mode, which yields
directly the observed symmetry, is much longer than the amplitude of
the polar mode. In addition this amplitude is also rather well
correlated with the difference of the cell parameters a-b, carrying
the most important role in the phase transition. On the other side, we
didn't find similar correlation in the global amplitude of irrep GM3,
which is responsible of the spontaneous polarization and the
spontaneous strain in the Pba2 phase. Moreover, as we can see in
Fig. 3, the arrows which represent the distortion of each atom have
very different directions.

4. Conclusion

More accurate crystal structures are necessary to correlate the
spontaneous polarization and strain with the ionic radii of the rare
earth in this ferroelectric molybdates family. However, with our
results we have observed how the primary distortion mode is
correlated with the ionic radii and with the difference of the cell
parameters a-b, so that molybdates with atoms with larger ionic
radius will need more vibrational energy to reach the transition
temperature. Neutron powder diffraction of terbium, dysprosium,
holmium molybdate and LaEr(MoQ,4)s is in progress, at different
temperatures around T, to determine the role of the primary
distortion mode and the order parameters (secondary distortion
modes) in the paraelectric-ferroelectric transition. AMPLIMODES

program also will be very suitable for studying these distortions as a
function of temperature, as it has been done for different ionic radii.
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Two polymorphs of Holmium molybdate, known as f’-phase and y-phase, were prepared by
solid state reaction with different thermal treatments. These polycrystalline samples have been
studied for the first time by X-ray thermodiffractometry from room temperature up to 1300 K.
We found that the initial S -phase undergoes a transition to a--phase and then to a y-phase. The y
(hydrated)-phase, turns to the y (dehydrated)-phase and then to the p-phase. Each sequence
involves a reversible and an irreversible phase transition for Ho,(M0QO,)s. Both polymorphs have
remarkable physical properties like nonlinear optics, ferroelectricity and negative thermal
expansion. We have calculated the linear expansion coefficients of both phases. We have
obtained a positive coefficient for the p’-phase and a negative one for the y-phase. Moreover, we
have made a comparison of the obtained coefficients with previous results for other rare earth
molybdates.

Key words: powder diffraction, phase transition, polymorphism

I.INTRODUCTION

All the known structures of molybdates at room temperature, with general composition
noted as RE»(Mo0O,)s; (RE=rare earth) and depending on the ionic radius, belong to four
structure types: Lay(MoOg)s (Jeitschko, 1973), Eua(WO,)s (Templeton and Zalkin, 1963), S -
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Gdy(Mo0Qy)s (Jeitschko, 1972) and Sc,(WQO,)s (Abrahams and Bernstein, 1966). Rare earth
molybdates with intermediate ionic radii show the f’-Gd,(MoO,)s ferroelectric-ferroelastic
phase. The Gd,(M0Q,)s, with Pba2 space group attracts attention since it has shown to be an
efficient frequency doubling medium for laser diode pumping (Kojima and Nakamura, 1978).
The corresponding paraelectric-paraelastic phase (8) belongs to the P-42;m space group and
arises after a phase transition at about 450 K. The heavier molybdates with the Sc,(WOQOu)3
structure type have a Pbcn space group; this structure is known as y-phase and exhibits negative
thermal expansion (NTE) (Guzman-Afonso et al., 2011). A possible ferroelastic phase (y -
phase), with positive thermal expansion, is expected at very low temperatures but it has only

been found in some isostructural compounds (Evans and Mary, 2000).

Holmium trimolybdate belongs to the family of rare earth trimolybdates, with two stable
phases at room temperature: y (hydrated) and g’. The coexistence of these two phases has only
been studied in Y,(Mo0Q,); at room temperature (Gates and Lind). In this work we will study the
sequence of reversible and irreversible phase transitions of the two Ho(M0O,); phases that
appear while increasing the temperature.

II.EXPERIMENTAL
A. Synthesis

Polycrystalline holmium trimolybdates were prepared by conventional solid-state
synthesis (Kim et al., 1991). We have obtained the initial g’ and y (hydrated) phases by using
different thermal treatments: 1173 K for 24 h and 1250 K for 48 h, respectively. We will name
them with their “initial phase” in the following X-ray experiments discussion.

B. X-ray diffraction

X-ray thermodiffractometry was performed using a PANalytical X’Pert PRO
diffractometer with Bragg-Brentano geometry and Cu K « radiation (45 KV and 40 mA). An
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X’Celerator detector was employed to collect XRD data over the 26 angular range from 5° to 80°
with a step size of 0.017° and a counting time of 50 and 100 s/step for the y and £’ phases,
respectively. The samples were measured at different temperature ranges: from 300 K to 1000 K
(in steps of 25 K) for the initial y-Ho,(M00Q,); phase; and from 300 K to 1300 K (in steps of 20
K) for the initial f’-Ho2(M00O,)3 phase. Measurements were carried out during a heating process
under a still air atmosphere using an Anton Paar HTK 2000 camera.

I1I.RESULTS AND DISCUSSION

We have plotted the diffraction patterns measured for each sample using the 2D Contour
tool of the FullProf software (Rodriguez-Carvajal, 1993). Figure 1 shows the sequence of phase
transitions for Ho,(MoQ,); in the studied temperature range. We found that the initial §’-phase
undergoes a transition to the S-phase (reversible process) and then to the y-phase (irreversible
process), which becomes hydrated at room temperature. For the other polymorph, the initial
hydrated y-phase turns to y-phase (reversible process) and then to the p-phase (irreversible

process), which changes to the g ’-phase at room temperature.

The first transition of the (initially) f’-Ho,(M0QO,4); sample occurs at 400 K and the
second transition between 1125 and 1200 K. For the (initially) y (hydrated)-Ho,(Mo00O,); sample,
the first transition takes place around 400 K and the second one between 780 and 920 K. The
second transition of each sample occurs within a temperature interval in which the g and y phases
coexist. It can be seen that the transformation from the y-Ho,(M0QO,); to the S-Ho,(M0Oy); is

slower than the reverse process.
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Figure 1. 2D contour plot of the X-ray diffraction patterns for the initial 4’-phase (up) and for the y (hydrated)-phase (down).
Each pattern has been normalized to the highest peak. The red lines divide the temperature range into regions with different
structural phases.

In order to obtain the thermal dependence of the crystallographic cell parameters, we
have analyzed the X-ray diffraction patterns. We have obtained the scale factor, instrument zero,
cell parameters, microstrain and domain size (given by U and Y parameters from the Thompson-
Cox-Hasting pseudo-Voigt profile shape function) and the background coefficients (modeled by
a Chebyshev polynomial) from powder diffraction data by iterating full pattern profile fittings
[with the Le Bail (2005) algorithm] using the FullProf software (Rodriguez-Carvajal, 1993). We
have used the sequential mode to perform the profile matching of all diffractograms. This
method is useful when the processing of a large number of diffraction patterns that have been
collected during a single experiment as function of an external parameter is desired, and the
changes between two consecutive patterns are very small. The results of the refinements

provided the reliability factors, 5°, Rg, and Rwp, Varying from 1.5 to 2.4, 0.7 to 1.8% and from 0.3
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to 2.3%, respectively. The patterns from 300 to 400 K for y (hydrated)-Ho,(Mo0O,)s were not
fitted. Figure 2 shows two examples of obtained profile matching using the described procedure
in this work. Both diffraction patterns belong to the initial samples, phases £’ and y (hydrated),
measured after heating to 1000 K and had already transformed into the p-phase. The
diffractograms are very similar, so that the Bragg positions appear at the same angles and the
relative intensities are equal. We were not able to compare the y-phase, since we did not heat the
initial y-phase beyond 1200 K, where we would expect a -y phase transition, according to the
synthesis conditions and the phase relationships of the RE>(Mo00Q,)s-type rare earth molybdates,

given by Brixner et al., (1979). The y-f phase transition was not described by the mentioned

authors.
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Figure 2. Profile matching for the initial A’-phase sample (left) and for the initial y (hydrated)-phase sample (right) at 1000 K.
Both patterns were indexed with the g-phase. The dotted line indicates observed intensities, and the profile fit is shown by a red
line. The difference between observed and calculated intensities is plotted with a blue line, and the vertical bars represent the
expected positions of diffraction peaks.
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Figure 3 shows the variation of the unit-cell structural parameters for the initial samples:
S’ and y-Ho,(MoOy)s. On the left figure we have the lattice parameters of the initial 5 ’-phase and
their thermal dependence. For this sample, the a and b parameters increase when the temperature
increases and become equal at completion of the transformation into the g phase. The ¢
parameter decreases until the transformation into the § phase, and then it continues decreasing
more slowly until it reaches the y phase, when all the cell parameters decrease. The thermal
dependence of cell parameters for the sample with an initial y-phase can be seen in figure 3
(right). At first all the cell parameters decrease with increasing temperature; when the phase
transition to the B phase has been completed, the a and b parameters increase slightly with
temperature, while the ¢ parameter remains constant. During the coexistence of both phases there
is an anomalous behavior: the slopes of the thermal dependence of the cell parameters change.

Figure 4 shows the thermal dependence of volume for both samples. The more dense £ -
phase expands when the temperature increases, but it shows an anomalous behavior during the
coexistence of phases. The behavior around the ferroelectric-paraelectric phase transition is
similar to other molybdates: LaEr(Mo0Q,)s, Tho(M0QO,); and Dy,(Mo0O,)s, which we have studied
from 225 to 375 K (Gonzélez-Silgo et. al., 2011). The obtained coefficient for for g’-
Ho,(M0oO,)s was 1.02x10™ K™, in this temperature interval. At higher temperatures, we have
observed a similar dependence to other trimolybdates (Gonzalez-Silgo et. al., 2011). On the
other hand, we have found that the less dense sample y (dehydrated)-Ho,(MoQO,)s exhibits
negative thermal expansion from 400 to 780 K, after water loss, as it is observed with other
similar molybdates (Guzméan-Afonso et al., 2011) and from 1125 K to melting. We have
calculated the linear thermal expansion coefficient oy (negative value) until 780K for y-
Ho,(Mo00O,)3, and we have confirmed that oy is less negative when the ionic radius decreases
(Guzman-Afonso et al., 2011). The calculated value was -6.25x10° K™*; thus, it shows the largest
negative linear expansion coefficient for this family of compounds. When both phases coexist,
the behavior is anomalous and it is correlated with the g phase. During the S-y phase transition,
their volume increases just before the disappearance of the phase f; whereas during the y-f phase
transition, the volume of both phases decrease and its thermal dependence turns positive before

the disappearance of the phase y. After this, the volume of the f phase increases normally.
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Figure 4. Temperature dependence of volume for the initial ’-phase sample (left) and for the y-phase sample (right). The red
dashed lines divide the temperature range into regions with different structural phases.

IV.CONCLUSION

Holmium molybdate can crystallize in two different phases (5’ and y) and their structural
parameters are known at room temperature. We have described the evolution of both phases with
the temperature. We have obtained a different phase diagram depending on the starting phase.
We have analyzed the evolution of the lattice parameters and the volume of both samples. Two
reversible phase transitions: - and y (hydrated) - y (dehydrated) and two irreversible phase
transitions S-y and y-f (with the latter exhibiting phase coexistence) have been detected for each
starting sample. The £’-f phase transition is similar to other studied compounds: when the ionic
radius decreases, the positive linear expansion coefficient is positive, although the ¢ parameter
decreases when the temperature increases (Gonzalez-Silgo et. al., 2011). Negative thermal
expansion has been found for the y-phase, and the negative linear expansion coefficient decreases
when the ionic radius decreases, as observed for similar compounds (Guzman-Afonso et al.,
2011). However, an anomalous behavior has been detected during the coexistence of phases.
This last result could help us understand the negative expansion. Therefore we need to study the
crystal structure of both phases during the irreversible phase transition. The ILL research
proposal number 57431 has been accepted to perform a neutron diffraction experiment in the
D2B beamline at high temperature, starting from the y phases of Hox(M0QO4)s, H02(WQy,)s3,
Tmy(MoQg4)s and Tmy(WO,)s.
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Abstract

The Sc; (WO4)s-type phase (Pbcn) of Y2(MoOy)s, Er,(MoOy); and Luy (MoQOy)3 has been
prepared by the conventional solid-state synthesis with preheated oxides and the negative
thermal expansion (NTE) has been investigated along with an exhaustive structural study, after
water loss. Their crystal structures have been refined using the neutron and x-ray powder
diffraction data of dehydrated samples from 150 to 400 K. The multi-pattern Rietveld method,
using atomic displacements with respect to a known structure as parameters to refine, has been
applied to facilitate the interpretation of the NTE behavior. Polyhedral distortions, transverse
vibrations of A - - - O-Mo (A = Y and rare earths) binding oxygen atoms, non-bonded distances
A - --Mo and atomic displacements from the high temperature structure, have been evaluated as

a function of the temperature and the ionic radii.

Online supplementary data available from stacks.iop.org/JPhysCM/23/325402/mmedia

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Most materials exhibit an expansion upon heating. However,
a few are known to contract, i.e. show a negative thermal
expansive (NTE) in a particular temperature range. Several
solids have been identified with NTE behavior: ZrW,Og,
ZrV,07, Sc;W301; and other related families (having corner
linked octahedral and tetrahedral frameworks), zeolites and
zeolite-like materials (AIPO4 and NASICON), as well as
carbon nanotubes and metal organic frameworks [1, 2]. Cubic
zirconium tungstate (ZrW,Og) is the best known example
of large isotropic negative expansion persisting over a wide
temperature range [3-5]. There are a number of important
potential applications for substances with a negative coefficient

0953-8984/11/325402+09$33.00

of thermal expansion, where the overall expansion coefficient
of a body can be precisely tailored to a specific positive,
negative or even zero value. In particular, the ZrW,Og
family of materials (Zr and W can be replaced with Hf or/and
Mo, respectively) are used in the electronic or/and photonic
areas [0, 7], in medical applications [8], etc.

In the last decade, a significant amount of research into
tungstates and molybdates belonging to the A;(MO,)3 family,
where A is a trivalent ion ranging from Al to Dy and M is
WO or Mo®*, has been carried out. This increased interest of
the scientific community can be attributed to the discovery that
various compounds in this family display NTE [9]. Moreover,
the Scp,(WOy4)s-type structure with flexible frameworks,
relatively low densities and the presence of lattice modes that

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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becomes softer on volume reduction predispose these materials
to a rich behavior upon the application of pressure [10]. On
the other hand, the quasi-two-dimensional layered structures
are suitable for trivalent ion conduction [11]. These materials
can crystallize in an orthorhombic phase (with Sc;(WO4)3-
type structure, Pbcn) [12] or in a monoclinic phase (with
Alr(WOy4)3 or Fe,(MoOy)s-type structure, P2;/a) [13, 14].
Some of them undergo a ferroelastic phase transition between
both phases [15] but only the orthorhombic compounds have
NTE. In general, tungstates exhibit NTE in a wider range of
temperature while molybdates have more negative coefficients
and the NTE property increases with the ionic radius of the
trivalent cation [16]. In particular, molybdates with formula
A(Mo0Qy4)3 show a very intense NTE above 450 K, when
A =Y, Ho-Lu [17]; because they are hygroscopic, no detailed
structural investigation into these rare earth molybdates at low
temperatures is currently available in the literature. The ICSD
(Inorganic Crystal Structure Database) does not contain solved
structures of molybdates from dysprosium to lutetium and only
the structure of yttrium molybdate is described [18]. The study
of the structural behavior of these compounds upon application
of pressure, as well as the study of their ionic conduction and
other properties, can contribute to a better understanding of the
NTE. Specifically, it is not yet clear whether the NTE behavior
of rare earth molybdates could be possible at room or lower
temperatures for completely dehydrated samples.

Although, in general, structural flexibility seems to be a
key factor for NTE, different mechanisms have been proposed
to explain this feature in different type of compounds. The
origin of NTE can be explained in terms of phonons that
have a negative Griineisen parameter y [19]: ‘an increasing
in volume increases tension in the bonds; the restoring
force for transverse motion is thus enhanced, raising the
frequency and so contributing negatively to this parameter’.
The NTE in oxides is most commonly observed in crystals
and glasses with strong M—-O-M bridges and is then due
to the transverse vibration of the oxygen atoms. For some
of these structures there are many modes of low frequency
having strongly negative y. In a transverse vibration of the
bridging oxygen in a M—O-M bond (where M is usually a
metal), the M-M distance decreases whereas the M-O distance
remains essentially unchanged. Large amplitude transverse
vibrations of the oxygen atoms can occur through coupled
oscillations of the rigid corner sharing polyhedra forming the
structure (RUMs or rigid unit modes [20]). In this context,
there are, essentially, two competing active components in
NTE: the thermal expansion of atom pairs has a positive
contribution (longitudinal modes), whereas rotations of rigid
units (transverse vibrational modes and libration) have a
negative contribution. In recent years, questions have been
raised regarding whether simple RUMs models are sufficient to
explain NTE. Ravindran ef al [21] and Tao and Sleight [22] cite
several examples where NTE exists regardless of RUMs. For
the A,Mo3O, family it seems that polyhedral distortion plays
the main role in this behavior [23]. Very recently, Marinkovic
et al [24] analyzed the dehydrated orthorhombic phase of
Y2(Mo0OQy4)3 and found that the polyhedral distortion is strongly
correlated with the linear NTE coefficient of different members
of the A2M3012 famlly

In the following sections we show the structural and
thermal behavior, in the 150-400 K temperature range, for
three dehydrated samples: Y;(MoOy4)s, Er;(MoOy4)s and
Lu,(MoOy)3. We present the results of combined neutron and
x-ray Rietveld refinements in order to obtain the maximum
information on the mechanisms involved in NTE, in this
temperature range. In order to investigate the above-mentioned
mechanisms we apply a structural refinement in which the
atomic displacements are used as fundamental primary free
parameters instead of traditional position atom coordinates.

2. Experimental methods

2.1. Synthesis

Yttrium and rare earth molybdates have been prepared by
conventional solid-state synthesis. A;O3; (A =Y and rare
earth) and MoOs powder (both, Aldrich, 99.99%) were
preheated, respectively, at 1173 and 923 K for 10 h before
use. These preheated powders were weighed in stoichiometric
amounts, mixed and homogenized in an agate mortar. The
resulting powder was then pressed into pellets and finally
sintered in air atmosphere at 1323 K for 24 h in platinum
crucibles.  X-ray powder diffraction data confirmed the
absence of impurities in the above samples that were,
however, very hydrated at room temperature. In order
to confirm the stability of all compounds, both TG-DTA
(thermogravimetric/differential thermal analysis) and DSC
(differential scanning calorimetry) analysis were performed.

2.2. X-ray and neutron diffraction

Powder diffraction data for Rietveld refinement were collected
in a PANalytical X’Pert PRO diffractometer (Bragg—Brentano
mode) with a X’Celerator detector using the Cu Ko radiation
(A = 1.5405(1) A), in the angular range 10° < 20 < 100°,
by continuous scanning with a step size of 0.02° and total step
time of 200 s. Divergence, anti-scatter slits were set at 0.5°, 1°
respectively and the detector was used in scanning mode with
an active length of 2.14°. Only a secondary 0.02 rad Soller slit
was used. The sample was pressed into a holder of dimensions
14 x 10 mm?. Measurements at different temperatures were
carried out during a cooling process using an Anton Paar TTK
450 camera from 400 to 150 K under vacuum (5 x 10~* mbar)
assuring totally dehydrated samples; and the final scan was
performed with the addition of three cycles in order to check
any change in the sample during the experimental process.
The cooling rate was 10 K min~! leaving 5 min between
measurements to stabilize the temperature in the sample. The
experiments were conducted at the x-ray diffraction facility
(SIDIX) at the University of La Laguna.

The neutron powder diffractometer D2B (Debye—Scherrer
geometry) of the Institut Laue—Langevin (Grenoble, France)
was used for data collection with an incident wavelength
A = 1.5943(1) A, Ge[335] monochromator, take-off angle
135°, angular range 5° < 20 < 165°, without primary
collimator and 128 *He tubes 300 mm in height as the detection
system. A complete diffraction pattern was obtained with
100 steps of 0.025° in 26; however eight consecutive scans
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of 100 steps each were added for increasing the statistics of
the final diffraction pattern. To ensure their total dehydration,
all samples were placed in a furnace at 423 K for about 8 h
inside the vanadium container and closed before introducing it
into the cryofurnace installed on the D2B diffractometer. The
diffraction patterns were recorded at different temperatures
from 400 to 150 K. Each pattern was collected over 2.5 h.
Two kinds of patterns were extracted from the raw data, one
corresponding to a binning of the central equatorial zone of
the detector for which the resolution is higher, and another
integrating the whole detector for which the counting statistics
are better despite a worse resolution.

Temperature calibration from the minimum up to the
maximum operating temperature of each instrument is
frequently performed by employing similar NIST phase
transformation temperature standards assuring an error less
than £3 K. Moreover, a visual inspection of neutron and x-
ray patterns in the Q space shows very similar peak positions
for each sample and temperature, and similar shifts between
different temperatures, so joined refinements were justified.

2.3. Structure refinements

Multi-pattern Rietveld refinements were performed using the
program FullProf [25] on two different neutron diffraction
datasets and one set of x-ray diffraction data with 0.4:0.4:0.2
as weight factors. The starting structural model was the
orthorhombic structure of Y,(MoQOy); at 403 K [18] with
space group Pbcn, then atomic parameters of the three
samples at 400 K were refined by the classical approach.
For refinement at lower temperatures a new approach was
used. The experimental profiles were always (classical and
new) modeled using a Thompson—Cox—Hastings pseudo-Voigt
profile shape function [26], with two adjustable parameters
(U and Y, corresponding to isotropic Gaussian strain and
Lorentzian size effects); fixed values (Ujns, Vins, Wins, Xins and
Yins) were used for the instrumental resolution parameters, as
well as the peak asymmetry (S/D and S/L). A prominent
modulated diffuse scattering was observed, despite samples
being dehydrated. The background was modeled via the Debye
equation [27] plus a polynomial of degree 3. The wavelength
of both neutron diffraction patterns was refined at a first stage
of refinements of each compound at 400 K maintaining fixed
the cell obtained by the corresponding x-ray pattern. The
refined wavelength was very similar and was fixed to A =
1.59216 A for all compounds at all temperatures.

A more direct way to study these compounds (to analyze
possible transverse modes as a more important mechanism)
is the refinement of atomic displacements instead of atomic
coordinates. The program FullProf [25] can refine these
displacements from a known structure with the same space
group and a similar unit cell. We started from the structure
of the three molybdates at 400 K which was refined using
the classical approach. Then, the remaining structures, at
lower temperatures, were obtained by refining shifts of the
atomic coordinates with respect to the structure at 400 K. The
shifts of the different atom coordinates with respect to the
high temperature structure were initially zero. We provide

details of how to perform the refinements in the supporting
information (available at stacks.iop.org/JPhysCM/23/325402/
mmedia). The use of this approach with respect to the
classical refinement has the advantage of directly obtaining the
displacement of atom positions that can be easily visualized
with the program FpStudio [28]. It is also possible to reduce
the number of degrees of freedom of structural parameters
when these shifts are close to zero, to restrain and/or to
constrain them and to use parametric Rietveld refinement
where the displacements can depend on ‘non-crystallographic’
values such as temperature, etc.

3. Results and discussion

3.1. Refinement of the crystal structure

DSC curves of yttrium and rare earth molybdates do not show
anomalies after water loss in two cycles of warming and
cooling (from 100 to 650 K), as in previous studies [17]. Then,
the results presented in this work correspond to experiments
in dehydrated samples of Lu,(MoO4)3 at 400, 303, 250, 225,
200 K and Er;(MoO4)3 and Y2 (MoOy)3 at 400, 350, 300, 250,
200, 150 K, i.e. performed in an interval of temperature where
the stability is guaranteed. All the samples were measured by
both neutron and x-ray diffraction to determine the crystalline
structure with maximum reliability. It is well known that
neutron diffraction provides better structural information on
light atoms than x-ray diffraction, especially when light atoms
are accompanied by heavy atoms as is the case in these
samples. An example of diffraction patterns refined with the
Rietveld method is shown in figure 1 for the Lu;(MoOy)s
compound. From the background refinement given by a
Debye-like function plus a polynomial function (figure 1) for
the three patterns, we have calculated four good values of
interatomic distances and the average values were: 2.17(3),
2.99(2), 3.85(5), 4.90(6) A for A---0,0---0,Y---Mo and
Mo - - - Mo, respectively. We did not find a clear temperature
dependence of the atomic separations extracted from the Debye
function. To study the instantaneous structure we need very
high resolution data (Q > 20 A) by using atomic pair
distribution function (PDF) analysis [29].

The results of the refinements are consistent with similar
studies of molybdates and tungstates by neutron diffraction.
Reliability factors R, and x2 for neutron patterns vary from
8.84 to 13.7% and from 1.86 to 4.32, respectively, without
any correlation with temperature or type of compound and
are very similar to those obtained for Sc,(WO4)3; [9] with
7.62% and 2.287 as averaged values and Y,(WOy)3 [30] with
9.26% and 1.77 at room temperature for R, and %2 measured
under similar conditions. R(F?) ranging between 3.87 and
2.37% for 2557 reflections while that obtained by TOF (time
of flight) data of the monoclinic phase of scandium molybdate
was 3.56% for 3153 reflections [31].

X-ray profile reliability factors were compared with
those of the synchrotron results [24, 31]. They are not
significantly worse, if it is taken into account that our
results correspond to a multi-pattern refinement in which
neutron data were given a higher weight. Erbium and
yttrium molybdate refinement showed worse reliability factors,
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Figure 1. Examples of powder diffraction patterns collected for Luy(MoOy);3 at 200 K: (a) on a PANalytical X’Pert Pro diffractometer and
(b) on a D2B powder diffractometer integrating the entire detector. Observed data (red dots) are shown along with the pattern (black line)
calculated from Rietveld analysis and difference/s.u. (blue line) and green bars indicate the Bragg positions. The second group of reflections
corresponds to the aluminum cryofurnace. Also, the background calculated from the Debye model is shown in the figures (turquoise line).
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Figure 2. (a)—(c) Variation of lattice parameters and (d) volume as a function of temperature for Y,(MoQOy)3, Er,(M00O,); and Lu, (MoOy);.
Standard deviations are smaller than respective symbols on the graphs. Panel (d) indicates experimental values as spots and a solid line for

linear fitting.

probably due to a weaker collected global intensity. Standard
deviations of cell parameters were lower than those obtained
for tungstates [9, 30] and Y,(MoO4)3; [24] but similar to
Sc2(Mo0Oy)3 ([31] also obtained by multi-pattern refinement).
The final Rietveld reliability factors for the refined diffraction
patterns for all compounds and temperatures are provided
in the supporting information (available at stacks.iop.org/
JPhysCM/23/325402/mmedia).

The variation with temperature of the unit cell parameters
and volume of the samples is shown in figure 2. The
behavior is the same for all compounds, the b and c
axes decrease with increasing temperature while the a-axis
increases insignificantly when the temperature increases. The
present results in fact agree with results of Marinkovic
et al [24] as both show the a-axis to be invariant with the
temperature.

The variation of volume (figure 2(d)) is close to linear
and we have calculated the linear expansion coefficient
aL(= ay/3) obtaining —4.38 x 107°, —3.27 x 107°
and —2.52 x 107% K~! for Y»(MoO,)s, Er»(MoO,); and
Lu;(MoQy)s, respectively, and differs from other results,
almost half of the values obtained by Marinkovic et al [24]
and [16] probably due to the temperature range and the number
of observations used in the fit procedure. From these results
it can be stated that dehydrated rare earth molybdates show
NTE behavior in the range 150 to 400 K as occurs with yttrium
molybdate [24] and, in our case, a correlation was found
between the ionic radii and NTE coefficients, also observed by
other authors (for instance in Barrera et al [19] and Sumithra
and Umarji [17]).

The structure of all compounds, at different temperatures,
was obtained by refining the displacements of atomic
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coordinates from the high temperature structure, in turn
obtained at 400 K, using a conventional multi-pattern Rietveld
refinement (see supporting information available at stacks.
iop.org/JPhysCM/23/325402/mmedia). The precision of our
fractional atomic coordinates is similar to those available from
Evans and Mary [31], Forster and Sleight [32] and Marinkovic
et al [24]. Refined structures are formed by corner linked
AQg octahedral and MoQOy tetrahedral frameworks and it is
generally assumed that these polyhedra are inherently distorted
and bridging distances and angles are the basic structural
features for NTE, in this type of compound [23]. The following
sections are dedicated to the study both aspects.

3.2. Analysis of coordination polyhedra

We have not found significant changes in A-O (figure 3(a))
coordination bonds during heating. This is indeed the case for
other tungstates [9, 30]. However, we found a contraction of
the Mo—O distances when the temperature rises (figures 3(b)
and (c)). This is in agreement with other studies that
established that W-O and Mo-O bond lengths undergo a
reduction during heating [9, 24] because correlated oscillations
can lead to this apparent decrease in bond distances [33]. These
results are to be expected considering that Mo—O bonds are
stronger (having practically zero expansion, especially in the
more symmetric tetrahedron) than A—O (having typical linear
positive expansion). In consequence, if vibrational transverse
modes exist, a contraction and slight changes in tetrahedral and
octahedral volumes must be observed.

Concerning the internal angles of octahedral and
tetrahedral groups, we found no appreciable thermal and
ionic radii dependence (see supporting information available

at stacks.iop.org/JPhysCM/23/325402/mmedia). Maximum
and minimum values in O-A-O angles were 95.3°-85.1° for
Y, (Mo0Qy)3, 95.3°-85.6° for Er, (M00O,)3 and 94.4°-86.5° for
Luy(MoOy)3. The maximum observed angular differences
were 2.4° for O1-Y1-0O5, 1.8° for O1-Er1-O2 and 1.6°
for O3-Lul-0O4. The maximum variations in O-Mol-O
were 1.6°, 1.9° and 0.9° for Y,(MoQO4)3, Er,(MoO4); and
Lu,;(MoQOy)s, respectively, and 2.7°, 1.7° and 1.6° for O—-Mo2-
O angles in the same sequence as before.

Bond valence sums (BVSs) have been -calculated
(figure 4), using the Bond_Str program belonging to the
FullProf Suite. Mo atoms are, in general, over bonded but
only Mo2 reduces its calculated valence, using the BVS [34],
when the temperature decreases. In accordance with the
above discussion, this effect presumably contributes to a
slight decrease in the tetrahedron volume with increasing
temperature. Although rare earths are over bonded, especially
in the case of yttrium, there is no noticeable change in their
calculated valence and coordination bonds during heating, this
is also the case for other tungstates [9, 30].

We have compared our results with the recent conclusions
obtained by Marinkovic et al [24] for the case of yttrium:
(1) polyhedral distortion, calculated by using the volume
distortion parameter v(%) proposed by Makovicky and Balic-
Zunic [35], is strongly correlated with the linear coefficient
of the thermal expansion (¢) of different members of the
Ap,M;0y;, family. (2) The distortions of the AOg and MoOy4
polyhedra increase slightly with increasing temperature.

Figure 3(d) shows the variation with temperature of the
volume distortion parameter calculated using the program
Bond_Str [36]. As expected, we observed that the distortion
parameters of the octahedral groups AOg are larger than those
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of the tetrahedral groups MoO4. The values of v(%) for YOgq
and ErOg are similar, whereas this value is lower for LuOg. The
values of v(%) for Mo10y4 in Erp(Mo0Qy4)3 and Lu, (MoOy4)3
are similar, whereas this value is greater for Y,(MoOy)s.
However, the distortion parameters of Mo2QO;, tetrahedra are
clearly correlated with the ionic radii of cation A and with
the linear thermal expansion coefficient ;. On the other hand,
the distortion of octahedral AOg groups and tetrahedral Mo1O4
groups are independent of temperature (0.2 < v(%) < 0.3 and
less than 0.1, respectively) in our smaller range of temperature,
whereas the tetrahedral Mo20,4 groups become more distorted
with increasing temperature. The differences found in the v(%)
parameters with respect to the results of Marinkovic et al [24]
are due to geometric calculations based on different structural
data. The reliability v(%) parameters depend strongly on
the correct structural information. It is well known that, for
this type of compound, and using only x-ray diffraction, the
oxygen positions are less reliable due to their lower x-ray
scattering cross section with respect to the heavier metal atoms.
Definitively, our results are in agreement with the general
statement that by increasing polyhedral size, e.g. replacing the
polyhedron central A-cation with a larger cation, its ability to
distort increases (more flexibility), hence increasing the NTE
effect [23].

3.3. Transversal modes by oxygen displacements

If the oxygen—cation bonds of polyhedra are maintained
(except for Mo20, in which the distance Mo2-O slightly
increases and becomes more distorted when the temperature

decreases), relative displacements between second neighbors
must occur (between oxygen anions and between cations).
As expected [37] and seen in figure 5, A---Mo distances
generally contract on heating. When O4 is involved the
distance increases for the three compounds (see supporting
information available at stacks.iop.org/JPhysCM/23/325402/
mmedia). However, only A-O1-Mol and A-O6-Mo2
bridging angles clearly contract on heating (being always the
longest), for all compounds. This result is also observed in
scandium molybdate [31] and tungstate [9]. Moreover A—
04-Mo2 expands on heating (it is always the shortest), for
all compounds, in accord with the corresponding A --- Mo
expansion. The changes in A - - - Mo distances and A—-O-Mo
bridging angles, due to traversal movement of oxygen atoms
appear to be at the origin of the NTE, in this type of compound.

Figures 6(a)—(c) show the refined oxygen displacements,
on cooling, for AO¢ and the two MoO, polyhedra. This
picture is automatically obtained with the program FullProf
Studio [28] included in the FullProf Suite, after the Rietveld
refinement of the shifts of the atomic coordinates with respect
to the higher temperature structure. A conventional refinement
does not generate an output file (*.fst) suitable for display
with FpStudio and showing arrows. For reasons of clarity, the
arrows were magnified on figures 6(a)—(c), 7 and 8 and their
direction indicates the oxygen displacement on cooling (the
values of the amplitudes, in A, are provided in the supporting
information available at stacks.iop.org/JPhysCM/23/325402/
mmedia). With the exception of O3, the remaining oxygen
atoms have detectable amplitudes (>0.05 A) when compared
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Figure 6. (a) Isolated polyhedra: AOg (left), Mo1O; (right) and M020, (bottom) in which the atom displacements are represented using
arrows in order to obtain an intuitive picture of what happens on cooling. The thermal dependence of these displacements of each atom in
A with respect to the structure at 400 K, are shown for (b) Y,(MoOy); (c) Er,(MoOy)3 and (d) Lu, (MoOy)s.

Figure 7. Structure of A;MoO, without the M020, tetrahedra and drawing the oxygen displacements with respect to the HT structure.
(a) b-axis view and (b) a-axis view. The white arrow is the displacement of O1, the gray arrow is the displacement of O2 and the black arrow
is the displacement of O4. Note that the displacement of O3 is negligible in the graph, such that no arrow is associated with this atom.

with typical thermal displacements. From a graphical point
of view, it is difficult to assign rigid movements to polyhedra
as the oxygen atoms seem to be shifted randomly. This may
explain why the refinements, using rigid body constraints were
not sufficiently good for our compounds, leading us to query
whether the presence of RUMs plays a key role in the NTE
mechanism. Tao and Sleight [22] did not find RUMs in their
analysis of A,(MOQy); structures either.

In figures 6(d)—(f), the thermal dependence of the
displacements (arrows) from the structure at 400 K for each
atom in A can be observed (which are obtained by refining the
shifts of the atomic coordinates). In general, the displacements
of O1, O6 and O4 increase more steeply with temperature.
Also, these displacements are longer in Y,(MoO4)s; and

shorter in Luy(Mos)s. It is important to note here that
displacements of O4 are always shorter than those of O1 and
the displacements of O6 are longer than those of O5 (we
compare oxygen atoms in different tetrahedra). At this point,
our discussion will be focused on the study (figures 7 and 8) of
the dependence, on cooling, of the changes in cell dimensions
with respect to changes in non-bonding A - - - Mo distances and
their angles, through the bridging oxygen displacements shown
in figures 6(d)—(f).

3.4. Visualization of the structural mechanisms

In figure 7 it can be seen that the amplitude of the displacement
of Ol and its direction are in agreement with the bridging
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Figure 8. Structure of A;MoO, without the Mo10, tetrahedron and drawing the oxygen displacements with respect to the H T structure.
(a) b-axis view and (b) a-axis view. The black arrow is the displacement of O5 and the white arrow is the displacement of O6.

angle opening. Contrarily, the direction of the displacement
obtained for O4 and O2 is consistent with the bridging angle
closing. This is consistent with the thermal dependence of A—
O-Mo angles shown in figure 5. In particular, from figure 7(a),
rings involving O1 (black arrow) and O4 (white arrow) are
connected along the c-axis through Mo1-0O2-A bridges (02
with a gray arrow), but two consecutive rings are not connected
along the a-direction. Although, on cooling, an opening of
the A-O1-Mol angle and a lengthening of its corresponding
non-bonding distance A - - - Mol (given by a displacement of
the atom O1) are visible, there is no cooperative effect to
expand the a-parameter, which can be slightly shortened by
typical longitudinal modes. In the same figure, a slight closing
of the A-O4-Mol angle and shortening of the non-bonding
distance A ---Mol (given by the displacement of the atom
04), without cooperative effect, must not be sufficient for a
contraction (instead of an expansion) of the c-parameter. From
figure 7(b), rings involving O1 and O2 are connected through
O3 (without arrow) along the b-axis. The lengthening of the A—
O1-Mol bridge exceeds any possible slight shortening of the
A-02-Mol bridge (given by the smaller displacement of the
atom O2), producing, on cooling, a global expansion of the b-
parameter. Rings involving O1 and O3 are connected, through
04, along the c-axis. Using a similar argument, the stronger
opening of the A-Ol1-Mol angle than the slight closing of
the A—-O4-Mol angle may result in a net contraction of the
c-parameter. The contribution of oxygen bridges, involving
Mo10Oy tetrahedra, does not seem to determine the expansion
of the c-parameter on cooling.

On the other hand, in figure 8 it can be seen that the
displacement of the atom O6 is significantly longer than that
of OS5 and its direction is consistent with the bridging angle
increment observed in figure 5. In figure 8(a) particularly
we can clearly see that the two type A—O6—-Mo2 bridges and
the two type A—O5-Mo2 bridges make rings along the c-
axis, connecting the two more symmetric Mo20, tetrahedra,
containing O5 (black arrow) and O6 (white arrow) in the
corners. Since such rings are not connected along the a-
direction there is no cooperative effect of transversal modes to

expand the a-parameter. The increasing of the first bridging
angle and its non-bonded distance, on cooling (given by
the displacement of the atom O6), contributes decisively
to the expansion of the c-parameter as compared with the
previous mechanism involving the A-O1-Mol and A-O4—
Mol bridges. However, the expansion in the b-direction is
more difficult to explain because, as seen in figure 8(b), the
rings involving O5 and O6 atoms are not connected in this
direction and the lengthening of the non-bonding distance
A---Mo2 would not reach a cooperative effect. However,
the nearly plane square rings parallel to the bc plane show a
clear expansion with a more important component along the b-
direction. This fact, together with the mechanism described
above, which involves the A-O1-Mol bridge, leads us to
explain the b-parameter expansion on cooling. Finally, we
want to comment that, in the above discussion, we have
described how b and ¢ axes show negative expansion and
how the a-axis does not show a negative expansion, although
we have not delved into the origin of these transversal
movements. In general, the different arrangement of harder
MoOy tetrahedra than AOg octahedra along the three axes
explains the anisotropic axial thermal expansion; this is a well
know phenomenon in simple molybdates, which affects both
thermal expansion and compressibility [38, 39].

4. Conclusions

The thermal behavior of the orthorhombic (Pbcn) crystal
structure of Y>(MoQO4)3, Er,(MoO4); and Luy(MoOy); has
been investigated by multi-pattern Rietveld refinement from
neutron and x-ray data. We have found that, similarly to
yttrium molybdate [24], other rare earth molybdates exhibit
negative thermal expansion from 150 to 400 K, after water loss.
The absolute values of the linear thermal expansion coefficients
decrease with the A’ ionic radius. The obtained results are
o = —4.38 x 107%, —3.27 x 107® and —2.52 x 107¢ K™!
for Y>(MoOy)3, Ery(M0QOy)3 and Luy(MoQy)s3, respectively.
The differences found in the coefficients when compared with
literature data in similar compounds are certainly due to the
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temperature range selected in the fitting procedure. However,
we have obtained the same unit cell behavior for all dehydrated
compounds: the b and ¢ axes decrease on heating from 150 to
450 K.

Due to the precise oxygen positions by neutrons, we have
been able to determine accurately the behavior of bridging
angles, their corresponding, non-bonded distances and the
distortion of the more symmetric tetrahedron. In general,
A - - - Mo distances expand on cooling, as is expected for NTE,
although only the angles A-O1-Mol and A-O6-Mo expand
significantly. This is the basic structural feature that provokes
NTE. Moreover, the most symmetric tetrahedron distorts and
expands on cooling in order to diminish the BVS around Mo?2.
This is the other possible contributing mechanism to NTE in
this family of compounds.

The use of atom displacements with respect to the high
temperature structure as primary parameters in the refinements,
instead of atom positions, has helped us to propose a
reasonable mechanism for the NTE behavior in the present
compounds. This mechanism is not usually explained in such
detail because it is not usual practice to represent differences
between coordinates, at different temperatures, instead of
distances and bond angles, distortions of polyhedra and other
geometric calculations. The displacements of each atom from
the structure at higher temperature are correlated to the thermal
expansion coefficients. In particular, we have found that
the transverse displacements of O1 and O6, with the longest
amplitudes, are responsible for the opening observed in A—O1—
Mol and A-O6-Mo2 bridging angles and the lengthening of
the corresponding non-bonded A - - - Mo distances on cooling.
As the A—-O—Mo bridges form chained rings along the different
axes, resulting in collective displacements of the oxygen
atoms, it is possible to explain how the b (through A-O1-
Mol bridges) and ¢ (through A-O6-Mo2 bridges) axes show
negative expansion and how the a-axis does not show a
negative expansion, without considering rigid motions of the
involved polyhedra. The refinement of atom displacements
from a known structure, used for first time in this work, offers
an exciting prospect for researchers to study crystal structures
that are distorted by temperature, pressure, or changes in their
composition.
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Chapter 6

Appendices

In this chapter, we include a paper that has been submitted to a scientific journal and this
paper is under revision. The title of this paper is “Experimental and theoretical study of a—
Euz(MoOy)3 under compression”. We decided include it in the manuscript because this work
strongly complement the previous titled “Pressure evolution of two polymorphs of Thy(MoQOy4)3”.
We also add the supplementary material of the paper “Structural investigation of the negative
thermal expansion in yttrium and rare earth molybdates”. Moreover, we include a short section

about some thermodynamic relations that we used during this work.
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The compression process in the a-phase of europium trimolybdate was revised employing several experimental
techniques. X-ray diffraction using synchrotron radiation, Raman scattering and optical spectroscopy exper-
iments were performed up to a maximum pressure of 21 GPa. In addition, the crystal structure and Raman
mode frequencies have been studied by means of first-principles density functional based methods. Results
suggest that the compression process of a-Eus(MoO4)s can be described by three stages. Below 8 GPa,
the a-phase suffers an isotropic contraction of the crystal structure. Between 8 and 12 GPa, the compound
undergoes an anisotropic compression due to distortion and rotation of the MoO, tetrahedra. This behavior
is confirmed by the unusual pressure dependence of the a parameter and the 5 angle of the unit cell, and it
is also correlated to the anomalies in the evolution of the Raman peaks and the non-linear broadening of the
5Dy —"F( emission line. At pressures above 12 GPa, a clear decrease of the red-shifting and an increase in the
linewidth of the peak corresponding to the ®Dy —"F transition suggest that the amorphization process starts.
Finally, the sample reaches the amorphization at 21 GPa without any occurrence of a crystalline-crystalline

phase transition in the whole range of pressure.

PACS numbers: 61.05.cp, 78.55.Hx, 31.15.A-, 63.20.-e

I. INTRODUCTION

Trimolybdates and tritungstates with chemical for-
mula RE2(MOy)s (RE=rare earth; M=Mo, W) are a
large group of important materials from both the fun-
damental and technological points of view. They in-
clude several polymorphic materials which are mainly
used as scintillators in high energy physics,! outer space
and medical diagnostic devices. They are also good phos-
phors due to the fluorescence of the majority of the RE
ions.? Crystals containing Eu3T ions are of particular in-
terest because these ions produce the efficient red pho-
toluminescence necessary for the creation of white-light
emitting diodes.?

For rare earths with intermediate ionic radii, the two
structural phases of these families of compounds at am-
bient conditions are the a-phase,® with space group
C2/c and modulated scheelite-type structure, and the
B’-phase,® with space group Pba2 and which only oc-
curs for trimolybdates.® On the one hand, compounds
crystallizing in the a-phase possess a strong anisotropy
and a good lanthanide impurity acceptance, which favors

a) mcguzman@ull.es

its use as efficient laser hosts and Raman shifters.” On
the other hand, compounds crystallizing in the §’-phase
show piezoelectric, ferroelectric, ferroelastic and non-
linear properties, as well as second harmonic generation,
which can be potentially used as efficient self-frequency-
doubling crystals and memory materials,® among other
applications. In particular, europium trimolybdate can
adopt either phase, depending on the crystallization con-
ditions.

Note that other polymorphs are also possible in these
families of compounds: trimolybdates with lighter RE
ions can crystallize in other modulated scheelite-type
structure, known as Lag(MoQy4)3.° Both tritungstates
and trimolybdates having heavier RE ions crystallize in
the v-Sca(WO4)s structure which displays negative ther-
mal expansion, and abnormal thermal and pressure de-
pendence of ionic conductivity.!?!! This rich polymor-
phism makes these compounds good prototypes to under-
stand concepts related to the physics of pressure-induced
phase transitions and amorphization processes.

The monoclinic a-phase with space group C2/c and
Z=/ is one type of modulated scheelite-type structure
(CaWOy-like), with 2/3 of the calcium ions substituted
by RE ions and 1/3 by vacancies. A description of these
modulated structures, emphasizing the different ordering
of vacancies, is given by Jeitschko®. The crystal struc-



ture of the a-phase features two different Mo (or W)
surroundings. On the one hand, Mol forms symmetric
tetrahedra near the vacancy sites and it is placed at the
4e Wyckoff site. On the other hand, Mo2 forms more
distorted tetrahedra at the general 8f Wyckoff site. RE
atoms are also in general positions surrounded by eight
oxygen atoms. The stoichiometric vacancies introduce
a differentiating effect with respect to simple and dou-
ble molybdates (or tungstates), which should change the
compressibility of these compounds.

Several studies have been performed to investigate the
compression of a- and ’-phases in trimolybdates. These
studies have revealed that the pressure-induced amor-
phization (PIA) in (’-phase compounds is irreversible
and occurs at lower pressures (roughly 4 GPa).12714 Fur-
thermore, before the PIA is reached, a phase transition
to a d-phase may take place.® On the other hand, Ra-
man scattering measurements have evidenced that a-
phase compounds, like Nd3(MoOy4)s and Tbe(MoOy)s,
undergo a partially reversible PTIA at 13 and 18 GPa,
respectively.'® Curiously, PIA in both a- and B’-phases
has been explained as a spatial self-organization of the
oxygen clouds around the Mo and RE subnetworks.!”18
According to the literature, RE trimolybdates with
the a-phase undergo PIA without crystalline-crystalline
transitions, although some anomalies are found around
12 GPa.'® This lack of transitions has resulted in these
compounds being less studied than the ones with the
[£’- and -phases, which feature many phase transitions.
Very recently, we have studied the compression of a
tritungstate with a-phase, Las(WO4)s, which undergoes
two phase transitions prior to PIA.!Y

In this work, we will focus on the study of the com-
pression of a trimolybdate with a-phase, Eua(MoOy)s, at
room temperature in order to reach a better understand-
ing of the PIA mechanisms in tritungstates and trimolyb-
dates with a-phase. X-ray diffraction using synchrotron
radiation, Raman scattering and optical spectroscopy
experiments were performed in polycrystalline samples.
Our results have been compared to those of a very re-
cent work where a-Eua(MoOy4)s has been characterized
at ambient conditions with these three techniques.?’ In
addition, ab initio calculations were carried out to com-
plement our experimental results and to help in the anal-
ysis of experimental data. The combination of all these
methods allows us to provide a more comprehensive and
complete picture of the structural (at long and short
range order) and of vibrational behavior at high pres-
sure of the a-phase in trimolybdates. We will show
that a-Euy(MoQOy)3 undergoes PTA without any interme-
diate structural phase transition, what allows following
pressure-induced structural changes until amorphization.
Our results strongly complement previous results of Ra-
man and XAS studies combined with numerical simula-
tions in Eug(MoQy4)3 by Le Bacq et al. 7, mainly focused
on its #’-phase.

Il. EXPERIMENTAL AND THEORETICAL DETAILS

The sample of a-Eus(MoQy )3 was prepared by conven-
tional solid-state synthesis (see Ref. 21 for more details).
The polycrystalline powder was measured at room tem-
perature by two X-ray diffractometers. On the one hand,
we employed a synchrotron radiation source (A=0.485 A)
equipped with a MAR345 CCD detector at the Beam-
line 115 of the Diamond Light Source. On the other
hand, we used a conventional SuperNova diffractometer,
(Ko molybdenum radiation) equipped a 135-mm Atlas
CCD detector at the “Servicio Integrado de Difraccién de
Rayos X (SIDIX)” of University of La Laguna. Pressures
reached in the synchrotron experiment, up to 14.6 GPa,
were generated with a MiniDac-type diamond anvil cell
(DAC; with aperture angle of 40° and designed at the
University of Paderborn in Germany) using Dow Corn-
ing silicone oil as pressure-transmitting medium. The
diamond culet size was 400 pm and the chamber size
was 300 pym in diameter and 50 pm thickness. Pressures
reached in the conventional experiment, up to 5.3 GPa,
were generated with a Diacell Bragg-Mini DAC (with
aperture angle of 85°) using a mix of methanol-ethanol-
water 16:3:1 as pressure-transmitting medium. The di-
amond culet size was 500 pm and the chamber size was
200 pm in diameter and 100 pm thickness. In both exper-
iments, the in-situ pressure was measured using the ruby
fluorescence technique,?? with the pressure scale recali-
brated by Mao, Xu, and Bell?® and the observed inten-
sities were integrated as a function of the 26 angle using
the Fit2D software,? in order to give 1D-diffraction pat-
terns. The 1D-diffraction patterns were refined by iterat-
ing full pattern profile fittings with the Le Bail method,??
using the FullProf software?® and starting from the crys-
tallographic cell obtained in Ref. 20. The background
was modeled by a linear interpolation between points.
Besides, the lattice parameters, the half-width param-
eter, related to the Gaussian broadening of the peaks
due to isotropic microstrains, was also refined. Above
4.7 GPa, anisotropic broadening and shifts of some re-
flections, were detected systematically (only in the data
measured in the synchrotron experiment) and they were
refined too.

Raman scattering measurements of powder «o-
Euz(MoOy)s samples at room temperature were per-
formed in backscattering geometry, exciting with a HeNe
laser at 632.8 nm with an incident power of 10 mW
and using a HORIBA Jobin Yvon LabRAM HR UV
spectrometer in combination with a thermoelectrically
cooled multichannel CCD detector with a resolution be-
low 2 cm~!. The background of the experimental Raman
spectra was subtracted and vibrational modes were an-
alyzed by fitting the Raman peaks with a Voigt profile.
The beam was focused on the sample using a 50x ob-
jective with a beam diameter of approximately 2 pym at
the sample. For high-pressure Raman measurements, the
sample was placed in a membrane-type DAC. The dia-
mond culet size was 400 pm and the gasket hole size was



150 pm. A mixture of methanol-ethanol-water (16:3:1)
was used in this case as a pressure-transmitting medium
and the pressure was measured using the same method
we used in the diffraction experiment.

Room-temperature fluorescence spectra of Eu3* ions
in a-Euz(MoOy); were excited with a 405 nm laser
diode and recorded with a Spex 75 c¢cm monochromator
equipped with Hamamatsu R928 photomultiplier tubes
(spectral resolution of 0.1 nm). High-pressure measure-
ments were carried out at room temperature in a pres-
sure range from 0 to 14.6 GPa, using the same Mini-
DAC as in the diffraction experiments, and a mixture of
methanol-ethanol-water (16:3:1). Pressures were deter-
mined by the ruby fluorescence method, as in the previ-
ous experiments.

First-principles total-energy calculations were per-
formed within the framework of the density-functional
theory (DFT)2?" using the Vienna ab initio simula-
tion package (VASP).282% Calculations were carried out
with the pseudopotential method and the projector aug-
mented wave (PAW) scheme.? Pseudopotentials replace
core electrons but take into account the full nodal charac-
ter of the all-electron charge density distribution in the
core region and produce smoothed pseudovalence wave
functions which include explicitly in the calculation only
the outermost electrons of each atomic species (2s and
2p electrons of O; 4p, 5s, and 4d electrons of Mo; and
5s, bp, 4f, and 6s of Eu). The exchange-correlation en-
ergy was taken in the generalized gradient approximation
(GGA) with the PBEsol®! prescription. It is known that
standard DFT does not work properly for strongly lo-
calized f electrons.??33 Therefore, we use the GGA+U
(U=4 eV) method to account for the strong correlation
between the Eu f electrons on the basis of Dudarev’s
method.?? Highly converged results were achieved by ex-
tending the set of plane waves up to a kinetic energy cut-
off of 520 eV. A dense Monkhorst-Pack grid of 3x3x2
k-special points was used to perform integrations along
the Brillouin zone (BZ) in order to obtain very well con-
verged energies and forces. The structural configurations
were fully relaxed at each volume through the calculation
of the forces on atoms and the components of the stress
tensor.3® In the relaxed configurations, the forces on the
atoms are less than 0.006 eV/A and deviations of the
stress tensor from a diagonal hydrostatic form are less
than 0.1 GPa. It should be noted that, in the DFT for-
malism, the theoretical pressure P(V) is obtained from
the calculated stress.3¢ Zero point motion and tempera-
ture effects were not included in the calculations.

Lattice-dynamics calculations were performed at the
zone center (I" point) of the BZ using the direct force con-
stant (or supercell) approach.?” Highly converged results
on forces are required for the calculation of the dynamical
matrix using this method. The construction of the dy-
namical matrix at the I' point of the BZ involves separate
calculations of the forces in which a fixed displacement
from the equilibrium configuration of the atoms within
the primitive cell is considered. The number of such inde-

Intensity (arb. units)
L
3
@
T
QO

20 (degrees)

Figure 1. Diffraction patterns of a-Euz(MoO4)s at selected
pressures only for the synchrotron experiment. Experimental
results (open circles) are shown together with the calculated
patterns (red lines) and residuals (blue lines). The ticks in-
dicate the positions of Bragg reflections. Pressures are indi-
cated in the figure, and the patterns labeled with the initials
AP and R were collected at ambient pressure and at 0.2 GPa
after pressure release, respectively.

pendent displacements in the analyzed structures can be
reduced by taking into account the crystal symmetry.3®
The diagonalization of the dynamical matrix allows ob-
taining the frequencies of the Raman modes. Moreover,
these calculations allow for the identification of the sym-
metry and eigenvectors of the vibrational modes in each
structure at the I' point.

I1l. RESULTS AND DISCUSSION
A. Pressure dependence of the lattice parameters

Fig. 1 shows a selection of XRD patterns of
Euz(MoOy4)s up to 14.6 GPa. The background has been
subtracted and the diffraction patterns have been nor-
malized in order to improve their visualization. All re-
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Figure 2. Pressure dependence of experimental (solid symbols, data calculated from sinchrotron and conventional radiation
source) and theoretical (black lines) lattice parameters for a-Euz(MoQO4)s. The left panel shows the a (W), b (e), and ¢ (A)
lattice parameters. The right panel shows the volume (¥) and the 3 angle (¢). Lines are a guide to the eye and error bars
represent the standard deviations. Experimental lattice parameters were calculated using data from both synchrotron (up to

14.6 GPa) and conventional (up to 5.3 GPa) experiments.

flections of the initial diffractogram at ambient pressure
(AP; 1 atm) correspond to the expected ones for a-
Euz(MoOy)s, i.e. we did not observe any reflections from
impurities. The most notable feature of these diffrac-
tograms is that the widths of some reflections start to in-
crease above 4.7 GPa. For instance, this effect is clearly
visible for the reflection with Miller indices (0 0 2) located
at 5.1° (see the asterisk in Fig. 1). In addition, some of
these reflections show a systematic shift to lower angles
with increasing pressure. Both effects can be due to an
excessive number of crystal grains loaded in the DAC,
so that the grains are subjected to a non-hydrostatic
stresses from grain-to-grain contacts. This would re-
sult in a non-uniform strain within a grain (microstrain)
or/and over larger distances (macrostrain), producing
the peak broadening and shifting, respectively. In spite
of this possible non-hydrostatic condition of the sample,
we did not observe any phase transition in the whole
pressure range of the synchrotron experiment. This re-
sult is in agreement with our own (see section IIIC) and
previous Raman studies.!” The same behavior has been
found in isostructural a-Tbs(MoQy)s pressurized up to
20.74 GPa.'® Based on the results of these two isostruc-
tural compounds, we expect the same behavior for all
RE trimolybdates with a-phase, i.e. the sequence of tri-
molybdates with RE from samarium to dysprosium.
The bottom diffractogram of Fig. 1, marked with an
R and corresponding to the release from high pressure,
is similar to the diffractogram measured at AP, although
the peaks are slightly wider. This broadening can be due
to the non-hydrostatic stresses that remain in the sample
after release of pressure. Overall, it can be concluded that
the compression of the cell is almost a reversible process.
In order to obtain more information about the behavior
of a-Eua(MoQO4)s under pressure, we refined all diffrac-
tograms collected up to 11.6 GPa, and also the one ob-

tained after decompression. These refinements are dis-
played as black lines in Fig. 1. The refinements were not
performed at pressure larger than 11.6 GPa due to the
broadening of the reflections. The experimental pressure
dependence of the lattice parameters, the monoclinic 3
angle, and the volume were obtained from these refine-
ments. The pressure evolution of these five parameters
are plotted in Fig. 2, together with the theoretical lat-
tice parameters calculated by ab initio methods. Note
that a reasonable agreement is found between experi-
mental data from sinchrotron and conventional radiation
source. Moreover, the theoretical data reproduce the ex-
perimental behavior of the lattice parameters. When
pressure increases, b and c lattice parameters decrease
monotonously, whereas a parameter suffers a contrac-
tion up to 8 GPa. After that pressure, its value increases
smoothly, remaining constant after 12 GPa according to
the ab initio calculations. The monoclinic angle g in-
creases with pressure, suffering an abrupt increment on
its slope above 8 GPa and up to 12 GPa. Although the
compression behavior of the a parameter is remarkably
different than that of the other parameters, the volume
decreases monotonically. This unusual dependence with
pressure of the a parameter is similar to that found in a-
Th2(MoOQy)s, although in this latter compound the mon-
oclinic angle decreases with increasing pressure.'®

We have fitted the calculated data up to 12.2 GPa
with a third order Birch-Murnaghan equation of state
(EOS), obtaining a V,=950.6(6) A3, By=63(1) GPa
and B’g=3.7(2). We also used the previous equation
to fit the experimental data up to 11.6 GPa, obtaining
V=941.41(6) A3, By=88(4) GPa and B’o=6(1). Thus,
the pressure evolution of the experimental volume shows
a larger bulk modulus than the one inferred from the
theoretical data, so that the sample is not as compress-
ible as the theoretical data predict. We believe that



this difference could be probably related to the exces-
sive number of crystal grains loaded into the chamber,
causing the mentioned anisotropic stress on the sample
and decreasing the compressibility of the crystal struc-
ture as Errandonea, Mufioz, and Gonzalez-Platas?® ex-
plain. The difference found between the theoretical and
experimental bulk modulus can also be due to the influ-
ence of the pressure-transmitting medium.%° In particu-
lar in scheelite-type compounds it is well known that the
use of a pressure-transmitting medium different than Ne
or He tends to underestimate the compressibility (over-
estimate bulk modulus).#1#2 On the other hand, the dif-
ference between theoretical and experimental volume is
most likely related to the usual overestimation of the
equilibrium volume (which leads to an underestimation
of the bulk modulus) produced by the GGA exchange-
correlation approximation.?® It is interesting to note that
the bulk modulus of Euz(MoQOy)s is similar to that ob-
tained for the scheelite-type EuMoO4 (Bo=71(6) GPa)
under similar experimental conditions.*® This is due to
the similitude between both structures and the fact that
in both compounds the Mo—O bonds are less compress-
ible than the Eu-O ones, which thus account for most
of the crystal compression. We have also calculated the
bulk modulus for a-Thy(MoO4)3 using the data provided
in Ref. 15. The obtained values are 76(1) and 81(9) GPa
for the theoretical and experimental bulk modulus, re-
spectively, and both are quite close to the present exper-
imental result.

In summary, we can distinguish three compression re-
gions: one extending from AP up to 8 GPa, another from
8 GPa up to 12 GPa, and a third one for pressures above
12 GPa. Between 8 and 12 GPa, some abrupt changes
are observed, but they do not result in a phase transition.
From our own and previous Raman experiments,'®!” and
theoretical calculations,'® a lowering of symmetry is in-
deed not expected. In the next section we focus on the
study of the compression of the a-crystal structure cal-
culated from ab initio methods in order to explain the
unusual behavior of the lattice parameters in the already-
mentioned three pressure regions.

B. Structural compression

Based upon calculations we will now try to deepen
in the understanding of the structural mechanisms that
cause the anomalies observed before PTA. We have cal-
culated bond distances and angles using the theoretical
atomic coordinates. We have also studied the bond va-
lence sum** for the cations and the distortion of the EuOg
polyhedra by compression. Bond distances around the
Mo1-0, Mo2-0O, and Eu-O ions are plotted in Fig. 3.
Note that we have assigned atoms using the same cri-
terion as in Ref. 45, i.e. the more symmetric MolOy4
tetrahedron is formed by the oxygen atoms O1 and 02,
and the corresponding two oxygens, whose positions are
generated by a symmetry Co axis. The less symmetric

Mo20, tetrahedron is coordinated by the oxygen atoms
03, 04, 05 and O6. As shown in Fig. 3(a), at pressures
above 8 GPa Mol1-O1 and Mo2-0O(4,5) bond distances
increase unusually. Moreover, at higher pressures, other
oxygen atoms come closer to the Mol and Mo2 ones,
resulting in new bond distances smaller than 2.5 A for
both tetrahedra (these bonds are not shown in Fig. 3(a)).
However, the europium coordination polyhedron involves
eight oxygen atoms from positions O1 to O6 during all
the range of pressures. The most notable feature shown
in Fig. 3 is that the Eu-O bond distances are more com-
pressible than the Mo—O bond distances. Note that the
most abrupt and anomalous changes in both types of
bond distances take place between 8 and 12 GPa.

The unusual expansion of Mo-O bond distances must
be related to the pressure dependence of bond angles.
In Fig. 4 we have plotted the pressure dependence of
selected angles. As we can see in Fig. 4(a), at lower pres-
sures the dispersion from the tetrahedral angle (about
109°) of the O—Mo2-0O angles is related to the larger dis-
tortion of the Mo20, tetrahedron with respect to the
more symmetric MolO4 one. However, this situation
changes at higher pressures, with the O-Mol-O angles
showing the largest dispersion above 12 GPa. Overall,
the changes of tendency in the angles also happen be-
tween 8 and 12 GPa, as it is also observed for the cell
parameters. In order to correlate the pressure depen-
dence of the polyhedral bond distances and angles with
the evolution of lattice parameters under pressure, we
have also plotted in Fig. 4(b) the angles of the oxygen
bridges Eu—O-Mo which connect all the crystal struc-
ture. We will discuss these curves together with Figs. 5
and 6, where different views of the crystal structure of the
a-phase are drawn. Note that in these figures, we have
plotted the atomic coordinates at four selected pressures,
viz., 0, 7.8, 12.2 and 17.2 GPa. In Fig. 5 we can see that
both MoO tetrahedra rotate anticlockwise along the b-
axis and slightly deform as pressure increases. Fig. 5
clearly shows that, at 12.2 and 17.2 GPa, the tetrahe-
dra are more aligned along the a axis (colored in red in
Fig. 5), forming a more compact crystal packing. We can
go even further in our description of the pressure effect
on the a-phase, and explain the decrease of the a param-
eter as a result of the rotation and deformation of the
MoO tetrahedra, up to a pressure when the alignment
along the a-axis is reached. After this, the a parameter
increases up to a pressure where it becomes constant.

The [-angle increases following the anticlockwise ro-
tation of the MoO, tetrahedra. This increase is also ob-
served in Lag(WO4)3' up to the first pressure-induced
phase transition, while in The(MoO4)s the opposite be-
havior is observed,'® with tetrahedra undergoing a clock-
wise rotation in the pressure range from 7.5 to 12.7 GPa.
Moreover, the evolution of all the oxygen-bridge angles
(see Fig. 4) helps to explain the rotation and deformation
of both tetrahedra and therefore the unusual compression
of the cell parameters. The more drastic contraction oc-
curs for the angles Eu-O1-Mol, Eu-03-Mo2 and Eu-
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Figure 4. (a) O-Mo-O and (b) Eu-O-Mo bridging angles as a function of pressure for a-Euz(MoO4)s.

06-Mo2. The changes in these bridges must be thus the
major reason for the alignment of both tetrahedra. This
is best shown in Fig. 6, where it can be observed the
alignment of the O1 atoms along the a-axis, and of the
03 and O6 oxygens along the c-axis (colored in green
in Fig. 6). Furthermore, note that the experimental re-
sults from X-ray diffraction show that the broadening of
the patterns is almost recovered at ambient pressure, as
it also happens in other trimolybdates with a-phase.!6:17
This may be the result of the reversibility of the rotations
and deformations of the MoOy4 groups described above.
Note that this is not the case of Lag(WO4)s and proba-
bly other light RE tritungstates with the a-phase, where
vacancies and RE atoms are disordered and the structure
is not recovered at ambient conditions.!?

As pressure further increases, the next change on this
compound would be PIA at about 21 GPa, according to
Raman results of Ref. 17 and our own results (see sec-
tion III C). In order to determine the causes of PIA, we
have calculated the bond valence sums of Eu and Mo ions
at different pressures using the program Bond_Str.26:44

We have plotted the difference between the bond valence
sums for cations and their corresponding oxidation num-
ber in Fig. 7. We have observed that this value increases
for Eu ion in the whole range of pressures. However, the
behavior for the Mo ions is markedly different, with a
change of tendency (turnaround) in the pressure depen-
dence at 10 GPa. These values decrease at lower pressure,
allowing a compensation between the increase of the va-
lence in the Eu ion and the decrease of the valences in
the Mo ions. At higher pressures, all bond valence sums
increase and this may have an effect on the structural sta-
bility. We also show the polyhedral distortion of EuOsg in
the inset of Fig. 7. This distortion has an abrupt change
at about 10 GPa, increasing very fast at higher pressures.
Our results show that the surroundings of the molybde-
num and europium ions play an important role in the
compression and amorphization of the sample. For this
reason we have carried out a study of the Raman scat-
tering on a-Euz(MoOQy)s, and also of the luminescence of
the Eu ion under pressure. We devote the next sections
to present the results of these studies.



Figure 5. View along the b-axis of the a-Euz(MoQ4)s structure at four selected pressures. Europium cations are shown in
green. Molybdenum atoms and their coordination tetrahedra are yellow for Mol, and brown for Mo2. The oxygen atoms are
shown in dark blue (O1), cyan (02), violet (0O3), red (O4), orange (O5) and pink (O6).

1.6

1.4

~

1.2

:-F'.

oy

Polyhedral distortion (%) x10*

1.0

4 8 12 16
Pressure (GPa)

0.8
0.6

0.4

IBVS - gl (valence units)

0.2

0.0

Pressure (GPa)

Figure 7. Pressure evolution of the difference between bond
valence sums and the oxidation number for the Eu®t, Mo16+*
and Mo2%T ions. Inset shows the polyhedral distortion for
EuOs at different pressures.

C. Vibrational properties

The monoclinic structure of a-Euz(MoOy)s at AP has
102 normal vibrational modes at the center of the Bril-
louin zone:*6

I: 25A,(R) + 24A,(IR) + 26B,(R) + 24B,(IR) + A,

+ 2B,

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 A, and 2 B, acoustic modes. Fig. 8(a)
shows the Raman spectra obtained during compression
of the a-Euz(MoOy)3 phase up to 21 GPa. Raman scat-
tering spectra show a large number of Raman modes at
low pressures. This is in agreement with the theoret-
ical modes of the a-phase, and the analysis performed
in Ref. 20 (see in Table I). These modes are grouped in
three regions, corresponding to the external (or lattice)
modes (0-200 cm~!), bending modes of MOy tetrahedra
(200-500 cm™?), and stretching modes of MoQOy tetra-
hedra (700-1000 cm~!) with a very noticeable energy
gap between the two latter groups. This phonon gap be-
tween bending and stretching modes is similar to that oc-
curring in scheelite-type molybdates and tungstates.”8
Note that two fluorescence bands of the Eu?t ion at 511
and 634 cm~! are inside this energy gap, and thus are
located at a range where they will have a small effect on
the detection of Raman peaks close to them. These kind
of peaks were also detected by Dmitriev et al. 13.

Besides the expected upshift of the Raman peaks with
increasing pressure, we did not observed abrupt changes
in the Raman spectra up to 8.3 GPa. This is in agreement
with previous results for the a-phase of Nda(MoOy)s,
sz(l\/IOO4)37 and EUQ(MOO4)3.16’17 Above 8.3 GPa, a
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pressure (in GPa) measured using the ruby fluorescence method. Ticks indicate the peak positions. The arrows denote Eudt
fluorescence bands. Different colors have been used for distinguishing the symmetry of the Raman modes: black for Ag, red
for Bg and blue for modes without assigned symmetry or second order modes.

slight splitting of the high-frequency modes was observed,
suggesting a minor structural change. This splitting was
also observed in Ref. 17, but not in the other aforemen-
tioned studies, in which pressure was increased in larger
steps.'6 Moreover, we have observed the onset of PIA
above 21 GPa, as in Ref. 17. This amorphization pres-
sure is higher than that of Nd2(MoO4)s (13 GPa) and
The(MoO4)3 (18 GPa).!® This seems to suggest that a
clear correlation between the amorphization pressure and
the RE ionic radii cannot be established. However, we
must note that the Raman spectrum of Ndy(MoOy)s in
Ref. 16 likely corresponds to a Las(MoQOy)s-type struc-
ture, which is also a modulated scheelite-type structure,
but it is not isostructural to the a-phase.

Fig. 8(b) shows the pressure dependence of the exper-
imental Raman mode frequencies on upstroke to 20 GPa
(full symbols) which are compared with the theoretical
results (solid lines). Up to 8.3 GPa, most of the Raman
peaks of the a-phase exhibit a monotonic shift of fre-
quency which is consistent with the general contraction
of the unit-cell parameters shown by our X-ray diffrac-

tion measurements. Overall, in this range of pressures,
the experimental Raman modes are in reasonable agree-
ment with the ones obtained in our calculations, without
a clear experimental increase or decrease of the number
of Raman modes.

The three frequency regions corresponding to the orig-
inal a-phase are present in all the pressures measured,
with similar pressure dependence and experimental-
theoretical correspondence. However, some anomalies,
more clearly seen in the theoretical calculations, can be
discussed on the basis of the observed and calculated
compression of the crystal structure. Several stretch-
ing modes soften (exhibit a negative pressure coefficients)
between 8 and 12 GPa. This behavior can be observed
experimentally at least in the second highest frequency
mode above 10.9 GPa and it can be correlated with the
unusual behavior of the a parameter, and the beginning
of the distortion of the tetrahedra. This trend changes
above 12 GPa, coinciding with the alignment of the tetra-
hedra along the a-axis and the consequent small compres-
sion of the a parameter. With respect to the bending-



Table I. Theoretical and experimental Raman-active mode
frequencies (wo, in cm™!) and pressure coefficients (w/dp, in
cm™!/GPa) in a-Euz(MoO4); at lower pressures (<3 GPa).

Sym. wo (the.) dw/dp (the.) wo (exp.) Ow/Op (exp.) wo (exp.)*

Bg'  69.6 3.2 - - 52.6
Ag't  73.0 0.9 72.6 0.8 59.2
Bg?  84.6 1.8 85.2 1.8 85.0
Ag?  86.7 1.2 95.2 0.7 84.0
Ag® 975 1.3 101 0.8 93.8
Bg® 100 1.0 - - 95.2
Bg' 111 2.3 116 2.0 101.2
Ag* 116 2.9 121 2.5 98.2
Bg® 119 2.2 - - 115.4
Ag® 141 0.1 144 0.4 144.0
Ags 145 3.5 151 3.0 151.3
Bg® 154 0.2 - - 119.1
Bg” 161 1.1 161° 2.8 158
Ag” 165 0.8 161° 2.8 158
Bg® 166 2.0 171 2.4 170.7
Ag® 186 2.4 196 2.1 195.9
Bg® 188 2.4 - - 205.4
Ag® 194 0.6 - - -
Bg'® 204 -1.3 206 -0.3 237.7
Bg't 216 6.3 - - 261.3
Ag'® 227 3.7 237 3.3 237.7
Bg'? 242 6.3 - - 261.3
Ag't 249 4.3 260 3.8 -
Bg'® 249 5.0 - - -
Ag'? 215 4.3 297 2.9 296.9
Bg'* 283 3.9 - - 296.9
Ag'® 316 2.6 330 2.3 -
Bg'® 332 4.6 - - 329.1
Ag'* 333 4.7 347 3.4 338.7
Bg'® 347 4.7 - - 359.7
Ag™® 349 5.1 360 4.8 347.3
Beg'” 361 5.9 - - 363.4
Ag'® 367 6.6 - - 383.4
Bg'® 375 4.6 - - 392.1
Ag'™ 380 4.5 385 3.6 400.5
Bg'® 385 4.5 - - 418.8
Ag'® 387 3.7 400 2.4 418.8
Bg?® 473 -2.8 441° 4.6 478.7
Ag'® 476 -2.7 474° 2.2 478.7
Bg* 691 7.9 719° 5.5 720.9
Ag? 693 7.7 719° 5.5 739.7
Ag? 714 9.5 741° 5.7 773.6
Bg*? 716 8.8 741° 5.7 785.1
Bg®® 763 4.1 774 3.9 816.8
Ag*? 772 4.2 785 3.5 816.8
Ag® 800 2.0 817 2.2 842.5
Bg* 822 2.0 843 1.8 842.5
Bg® 868 3.3 - - 913.8
Bg?® 890 1.4 - - 913.8
Ag®* 893 1.5 902 2.1 901.4
Ag® 910 0.5 913 1.7 -

T Ref. 20

® These modes could be either of Ag or of Bg modes.
¢ These modes could be second order modes.

modes region, a slight change of the slope is observed
between 8 and 12 GPa, and again it can be related to
the start of the tetrahedral distortion. As regards the
region of the external modes, this is the most difficult
region to analyze since there are a lot of Raman modes
whose frequencies overlap. Several Raman modes change

their pressure coefficients near 8 GPa; however, this fea-
ture is barely detected in our experiments. The analysis
is even more difficult at pressures beyond 12 GPa because
the broadening of peaks gives rise to their overlapping.
This likely related to the development of the PIA.

As already commented, the Raman spectrum of
Euz(MoOy)s can be divided into three regions, corre-
late well with the pressure coefficients observed for the
Raman-active modes in those regions (see Table I). Be-
low 200 cm~! Raman-active modes have the smallest
pressure coefficients (below 3.5 cm~!/GPa). Between
200 and 500 cm~! Raman modes have pressure coef-
ficients between 2.6 and 6.6 cm~!/GPa. Finally, the
pressure coefficients of the stretching modes vary from
0.5 to 9.5 cm™!/GPa. This behavior is similar to that
found in scheelite-type molybdates and tungstates.8:49
Furthermore, when analyzing the pressure dependence of
the Raman-active modes of Euy(MoQOy)s, it can be ob-
served that many Raman-active modes in trimolybdates
are grouped into Ag and Bg pairs with similar frequen-
cies (and in many cases) similar behavior with increasing
pressure. Most of these pairs are related to Eg modes of
the parent scheelite structure.*®4? In particular, the two
bending modes with largest frequency (around 470 cm™!
according to our calculations) and the four stretching
modes with lowest frequency (around 700 cm™! accord-
ing to our calculations) derive from the Eg modes of the
scheelite structure. Furthermore, these pair modes in tri-
molybdates are weakly observed in Raman scattering as
the Eg modes of the scheelite structure in molybdates.

In order to understand better the similarities between
Raman-active modes in the scheelite structure of molyb-
dates and the distorted scheelite structure of trimolyb-
dates we will focus in the high frequency modes corre-
sponding to Mo—O stretching modes of the MoQy4 tetra-
hedra. In trimolybdates there are twelve Raman-active
modes (6Ag + 6Bg) while in scheelite-type PbMoO4*?
there are four Raman-active modes (Ag+Bg+Eg) be-
cause Eg mode is doubly degenerated. In summary, there
are three times more modes in trimolybdates than in
molybdates with scheelite-related structure. According
to our experimental and theoretical results, the pressure
coefficients of the Raman-active Mo—O stretching modes
in trimolybdates and molybdates decrease on increasing
frequency. In PbMoQy, v3(Eg®), v3(Bg®) and v (Ag?)
modes have theoretical pressure coefficients of 1.7, 0.5
and -0.7 cm~!/Pa, respectively.?® Similarly for our the-
oretical results, the average pressure coefficients of the
four stretching modes with lowest, middle and highest
frequencies are 8.5, 3.1 and 1.7 ecm ™! /GPa, respectively.
The average pressure coefficients in trimolybdates are
larger than those in molybdates, suggesting that the force
of Mo—-O stretching bonds is more affected by the com-
pression in trimolybdates than molybdates.
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Figure 9. Emission spectra to the 5Dy —"Fo transition of
a-Euz(MoOy)s at different pressures. Inset shows the peak
position and the FWHM for this transition.

D. Eu®*" surrounding

To improve our experimental knowledge of the pres-
sure dependence for the coordination polyhedra, we have
taken the advantage of the relatively simple diagram of
Eu?t ion levels and the high dependence of its lumines-
cence on its surrounding. The electronic energy levels
scheme of the Eu3t ion in solids consists of seven “F
(J=0-6) multiplets well separated (around 12000 cm~1!)
from the 5D; (J=0-4) ones, plus other strongly over-
lapped excited multiplets above the D3 state at around
25000 cm~!. The ground “Fy level and the lowest emit-
ting ®Dy level are non-degenerated, making easier the
identification of the peaks between Stark levels of the
multiplets. Several high pressure optical studies have
thus been performed in crystals using the Eu®* ion as lo-
cal structural probe, and in particular the PTA has been
demonstrated by optical spectroscopy in Eu(OH)3,%°
EuZrF7,5052 and 8-Euz(MoOy)3.53

In the case of the a-Eua(MoQOy)s structure, the Eu3*
ions are expected to predominantly enter into a site sur-
rounded by eight oxygen ligands with C; local point sym-
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metry, which causes a complete breakdown of the degen-
eracy of the electronic levels of the free-Eu®* ion into
(2J+1) Stark levels.>*°® According to group theory, the
Eu?t ions at a () site give rise to a number of Stark lev-
els equal to 2J4+1=1, 3, 5, 7, 9 with angular momentum
J=0, 1, 2, 3, 4, respectively. The absorption and emis-
sion bands show a structure of peaks due to the splitting
of the "F; (J=1-4) levels induced by the crystal-field.
Thus, if the "Fy or the Dy levels are involved in the op-
tical transitions, the peak energies can be used to obtain
a complete identification of the number and energy posi-
tions of the "F; Stark components in the a-Eug(MoQOy4)3
crystal. In this way, intra-configurational 464 f¢ tran-
sitions of the Eu?* ions have been identified comparing
the peak energies with the free EuT ion energy level
diagram.?*

In our experiments at AP, the emission spectrum has
been obtained exciting at 395 nm (25316 cm™?) in Tes-
onance with the “Fy —°Lg transition. This spectrum
shows different structured bands corresponding to the
Dy —"F; (J=0-4) transitions that are very close to
those presented in Ref. 20. The absence of emission start-
ing from the °D; (J=1-3) levels is due to the high-energy
phonons found in the molybdate matrix, i.e. when the
Eut ions are excited to any level above the °Dg one,
there is a fast non-radiative multiphonon relaxation to
this level. From the 5Dg level, the Eu®t ions decay
radiatively, since the large energy difference to the “Fg
level prevents the possibility of multiphonon relaxation.
Thus, its quantum emission efficiency is close to the unity.
Different peaks corresponding to the °Dy —"F; (J=0-
4) transitions can be identified in the emission spectra.
The °Dy —7Fy transition gives a single narrow peak
at 580.3 nm (see Fig. 9), indicating that all the Eu3*
ions occupy exactly the same local surrounding in the a-
Euz(MoOy)s structure at AP, despite the lack of symme-
try of their surroundings. Moreover, no other peaks be-
longing to sites of a different structural phase are found.
The °Dg —"F; (585-605 nm) transition shows magnetic-
dipole character and is allowed by all the selection rules
independently of the composition of the host matrix.56 58
The existence of three overlapped peaks for this transi-
tion is the first indication of the low symmetry of the
Eu?t surroundings in the trimolybdate crystal.>® The
°Dg —"F2 (608-635 nm) and Dy —"F4 (685-720 nm)
transitions are electric-dipole in nature and are forced by
the odd CF Hamiltonian. It is worth noting that the
5Dy —F¢ and the 5Dy —"F3 (640-675 nm) transitions
are strictly forbidden in the frame of the intermediate
scheme of the Judd-Ofelt theory,?>%% and their low in-
tensities are explained by the J-mixing effect,6%62 that
mixes the wave functions of the "Fy ground level with
those of the "Fy multiplets.

To obtain more information about the effect of the vol-
ume compression on the local surroundings of the Eu3*
ions, the present study has been limited to the analysis of
the luminescence spectra associated with the °Dy —7Fg
transition, which is expected to show higher sensitivity



to changes in the EuT-02~ bond length and angles.
As pointed out by Machon et al.®3, the literature data
show that the down-shift of the Dy lowest emitting level
with pressure is much faster than for the “F; multiplets,
whose Stark levels vary non-uniformly in energy, giving
rise to an overall red-shift of the luminescence with pres-
sure. Note that, within the range of pressures from am-
bient conditions up to 14.6 GPa, there are no discontinu-
ities in spectral parameters such as the number of lines,
evolution of the frequencies, or intensity with pressure.
Thus, in our experiments there are not strong variations
of the Eutt-02~ bond distances or angles and, hence,
we do not observe any pressure-induced transition to a
different crystalline phase. Discontinuities were not ob-
served in the emission of Eut doped a-Gda(MoOy4)3 up
to 25 GPa.5 However, for the 8-Eus(MoOy)s, some dis-
continuities have been found by Machon et al.?® when
describing the structural phase transitions and PIA.

The effects of pressure on the Dy —7Fq transition
have been addressed by measuring in detail the emission
between these singlet (non-degenerated) levels from AP
up to 14.6 GPa (see Fig. 9). Antic-Fidancev, Lemaitre-
Blaise, and Caro%* clearly show that the °Dg state of
Eu?t has little or no correlation with parameters such as
bond length and coordination number. However, the use
of the variations of the energy of the °Dy —7F transition
to assess the overall Eu?*—02~ bond covalency is reason-
able in the case of the a-Eus(MoQy)3 crystals, since both
the nature of the ligands and the local structure are ex-
pected to vary gradually with pressure. On the other
side, the comparison of the variations of the full width
at half maximum (FWHM) of this peak at high pressure
with respect to the value at AP can be used as a finger-
print of the initial stages of an increase of the number
Eu?? sites in the crystal, and hence, the beginning of the
amorphization.

Taking into account the values obtained for the red-
shift and the FWHM of the °Dy —"Fg peak plotted in the
inset of Fig. 9, three different pressure stages, or regimes,
can be clearly observed.

1. The first stage, from ambient pressure to 8 GPa,
can be divided in two sub-stages with minor
changes: I) from ambient to around 4.5-4.9 GPa
the emission shows a single and narrow peak that
shift to the red, i.e. to lower energies, with a
quasi-linear rate of approximately -6.5 cm™!/GPa
(0.22 nm/GPa), while the FWHM slightly de-
creases (~ 0.6 cm™!); and I’) from 4.9 to 8 GPa,
with an inflection point for both the red-shift,
which decreases to -5.5 cm ™! /GPa (0.18 nm/GPa),
and the FWHM. The two sub-stages (I and I') of
pressure give more or less the same results, with
really slight variations of the red-shift rate and the
peak width, indicating that only minor Eu3* site
symmetry structural changes take place between
AP and 8 GPa, accompanied by an overall increase
of the Eu>*-02%~ bond covalency.
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2. In the second stage from 8 up to 12 GPa, the
red-shifting and the broadening of the FWHM are
clearly non-linear. The FWHM reaches similar val-
ues at the measured extreme pressures of this stage
(7.9 and 11.8 GPa). Both effects can only be as-
cribed to an amorphization of the a-Eua(MoOy)s
crystals. With increasing pressure, the broaden-
ing increases and simultaneously a broad shoulder
appears at the high-energy side of the °Dy —7F
peak. These effects are associated to the gener-
ation of different surroundings for the Eu®* ions
in stronger crystal-field environments as a result
of the compression and further distortions of the
original FEu-ligand bond distances and angles of the
local surrounding at AP, which we call the “orig-
inal” Eut site. While a similar red-shifting rate
is expected for this “original” Eu3" site, pressure
generates new distorted sites for the EuT ions, es-
pecially with stronger crystal-field strengths, and
whose ®Dy —7F( energies are blue-shifted by the
J-mixing interaction.®®% The proximity of the "F;
and “Fy multiplets compared to the energy separa-
tion between the Dy and the Dy multiplets have
suggested to Nishimura and Kushida®! that the in-
homogeneous broadening of the °Dy —7F( peak is
mainly due to the downward energy shift of the
"Fy level induced by the J-mixing. These results
indicate an increase in the fluctuation of the local
structures and crystal-field strengths due to differ-
ences in the Eu-ligand bond distances and angles
that results in a large variety of surroundings and a
broadening of the ®Dy —7F( peak, which becomes
a band, but without significant shift. In this sce-
nario, within the henceforth second stage of pres-
sures between 8 and 12 GPa, these new stronger
crystal-field sites would start to be created. At
around 10.5 GPa there is an inflection point in the
pressure dependence of several bond lengths, an-
gles and lattice parameters. This produces abrupt
structural changes which may lead to the amor-
phization.

3. Finally, starting from 12 GPa, the evolution of the
structural parameters becomes more monotonous
under pressure and the PIA begins.

The three pressure stages, or regimes, found analyz-
ing the Dy —7F, emission can be correlated with the
results obtained for the Dy —7F; transition. However,
the pressure dependence of the °Dy —7F, transition is
less clear to interpret (the 5Dy —7Fy transition is not
shown in this work). Fig. 10 shows the 5Dy —7F; tran-
sition as a function of pressure. Since the °Dy levels are
a singlet, the positions of the "F; Stark levels with re-
spect to the “Fy ground level are collected and plotted
as a function of pressure in Fig. 11. Three different pres-
sure stages can be observed when the positions of the
three peaks of the 5Dy —"F; transition are analyzed.
The first stage is subdivided in two stages with minor
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changes: I) up to 4.5-4.9 GPa, where these three peaks
also shift to the red as the °Dy —"Fg but, at the same
time, the two highest energy peaks (lowest energy Stark
levels) start to reduce the gap between them, resulting in
a slow decrease of the "F; multiplet’s splitting; and I') up
to 8 GPa, where only the red-shifting is appreciable, with
an almost constant splitting. The second stage (II) be-
gins at 8 GPa, when the two highest energy peaks start
to rapidly separate in energy with opposite directions,
the highest energy peak is moved to the blue, and the
central one to the red, both increasing the splitting and
their FWHM till 12 GPa, indicating abrupt changes in
the Eu* surrounding. Finally, the third stage (III) de-
velops above this pressure of 12 GPa, where less changes
are observed and the amorphization clearly proceeds. All
these changes in the energies of the "F; Stark levels can
be directly correlated with changes in the crystal-field
strength felt by the Eu3t ions under pressure and these
three stages are completely correlated with the compres-
sion of the crystal structure and the Raman phonons.

IV. CONCLUSIONS

We have performed an exhaustive study on the behav-
ior of the a-phase of europium trimolybdate under high
compression. A good agreement between results from
several experimental techniques and theoretical calcula-
tion was found in the whole range of pressures. As a re-
sult, we have improved previous results where the amor-
phization process in the o« and 3’ phases was not well
differentiated.

According to the present study, from AP to 8 GPa,
the compression is monotonous, uniform and isotropic.
In contrast, within the pressure interval between 8 and
12 GPa, we observe anomalies in the crystal structure,
and also in the evolution of the Raman and lumines-
cence peaks. To our knowledge, these anomalies have
not been previously explained. This behavior has been
monitored theoretically at five pressures and it can be
owed to an anisotropic compression of the MoQOy tetra-
hedra and modifications in the Eu surrounding, resulting
in a more compact packing of the structure. This is com-
patible with the pressure evolution of the experimental
cell parameters, phonons, and luminescence peaks. Eu-
ropium trimolybdate reaches the PIA at 21 GPa, without
a clear indication of an intermediate phase transition. We
believe that the amorphization in the a-phase is a conse-
quence of the high distortion for the oxygen-coordination
around both the Mo and Eu ions. This distortion affects
the theoretical bond valence sum of the europium ion,
which changes from 3 to 4.5 v.u., and thus the balance
of the electrical charges in this compound.

We set the beginning of the amorphization at approxi-
mately 12 GPa, when the rate of compression of the crys-
tal structure becomes smaller: at this pressure, there is
a change in the slope of the pressure dependence for the
structural parameters, phonon, and emission-peak fre-



quencies. Moreover, an increase of the number of Eu3*t
sites, which translates into stronger crystal fields, can be
predicted by the broadening of the °Dy —"F, emission
line and the decrease of the energy red-shifting, among
other effects. The onset of the PTA can be confirmed by
the broadening of the Raman peaks and, finally, by their
extinction at 21 GPa.

This compression process contrasts with the results of
other compounds with the same structure at AP. The
a-Las(WOy4)s undergoes two phase transitions before its
amorphization, which is irreversible, and the unit cell of
a-Thy(MoOy4)3 compresses by decreasing the monoclinic
B-angle. We are conducting further structural studies on
several related compounds featuring the a-phase, with
the objective of understanding the different ways in which
the PTA develops and its degree of reversibility. We be-
lieve these studies will also provide information on new
distinct structural effects thanks to the comparison of the
behavior of the a-phase with that of the better known -
phase.
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Table 1. Refinement strategies and conventional reliability factors of the Rietveld
refinement reliability factors with all non-excluded points for Y2(MoOy)s

Temperature [K] Patt N-P-C R, Rup Rewp X* Rpragg R(F?)

5 Institute Laue-Langevin, France

5104 13.3 16.6 5.89 7.92 5.47 3.57
2557 10.1 10.3  6.33 2.63 4.72 3.72
25567 14.7 15.0 10.74 1.96 5.11 3.89
5104 13.5 16.6 592 7.89 5.5 3.68

E-mail: csilgo@ull.es 400

Supporting information for: Structural Investigation 150 N 1 2557 126 137 658 432 365 237
of the Negative Thermal Expansion in Yttrium and N2 2957 124 137951 207 ddT 279
X 3 5104 18.8 23.6 6.76 12.1 6.24 3.05
Rare Earth Molybdates 200 N 1 2557 842 917 563 265 431 292
N 2 2557 125 13.6 9.62 2.01 4.74 3.23
Candelaria Guzman-Afonso!, Cristina Gonzalez-Silgo?, Javier X 3 5104 132 163 5.75 8.05 5.75 3.39
Gonzélez-Platas?, Manuel Eulalio Torres!, Antonio Diego 250 N 1 2557 892 941 5.83 2.60 4.50 3.23
Lozano-Gorrin®, Nanci Sabalisck', Victor Sanchez-Fajardo', N 92 9557 13.0 13.9 10.01 1.94 4.97 3.59
Javier Campo® and Juan Rodriguez-Carvajal® X 3 5104 135 165 5.82 8.08 568  3.29
! Departamento de Fisica Bésica, Universidad de La Laguna, Tenerife, Spain 300 N 1 2557 9.01 9.52 5.99 252 4.99 3.19
2 Departamento de Fisica Fundamental II, Universidad de La Laguna, Tenerife, Spain N 2 2557 13.6 14.2 10.18 1.93 4.87 3.52
3 Servicio Integrado de Difraccién de Rayos X, Universidad de La Laguna, Tenerife,
Spain X 3 5104 13.2 16.6 5.83 8.12 5.63 3.40
4 Instituto de Ciencias de Materiales de Aragén, CSIC - Universidad de Zaragoza, 350 N 1 2557 9.36  9.73 6.13 2.52 4.46 3.36
Spain N 2 2557 13.8 144 10.37 1.94 4.92 3.64
X 3
N 1
N 2
X 3
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Table 2. Refinement strategies and conventional reliability factors of the Rietveld
refinement reliability factors with all non-excluded points for Era(MoOy)s

Temperature [K] Patt N-P-C R, Rup Rep x> Rpragg R(F?)
150 N 1 2557 126 13.7 6.58 4.32 5.61 3.87
N 2 2557 17.8 188 11.14 2.86 6.62 4.60

X 3 5133 129 15.7 6.38 6.08 6.46 3.87

200 N 1 2557 9.86 10.7 6.69 2.55 4.40 2.94
N 2 2557 15.0 159 11.40 1.94 5.22 3.51

X 3 5133 13.0 163 6.74 5.82 6.77 3.70

250 N 1 2557 9.82 104 7.03 2.19 4.51 3.16
N 2 2557 152 158 11.89 1.78 5.43 3.86

X 3 5133 12.7 154 6.76 5.19 6.25 3.48

300 N 1 25567 9.75 10.1  7.19 1.99 4.32 3.11
N 2 2557 153 15.6 1212 1.65 4.90 3.47

X 3 5133 128 15.7 6.64 5.58 6.61 3.52

350 N 1 2557 9.82 10.0 7.36 1.86 4.40 3.14
N 2 2557 15.7 15.8 12.26 1.66 5.12 3.76

X 3 5133 128 153 6.44 5.67 6.61 3.61

400 N 1 2567 11.0 11.0 7.62 2.09 4.66 3.39
N 2 25567 171 17.2 12.87 1.78 5.55 3.98

X 3 5133 128 155 6.60 5.51 6.60 3.71

Supporting information

Table 3. Refinement strategies and conventional reliability factors of the Rietveld

refinement reliability factors with all non-excluded points for Lus(MoOy)s3

Temperature [K] Patt N-P-C R, Rup Rewp X* Rpragg R(F?)

200 N 1 2557 103 11.3  6.05 3.49 4.98 3.34
N 2 2557 15.1 16.3 10.39 247 5.84 3.86
X 3 5104 882 11.1 524 4.50 4.78 2.88
225 N 1 2557 9.04 9.85 6.22 250 4.78 3.24
N 2 25567 14.0 15.0 10.67 1.96 5.46 3.59
X 3 5104 9.86 123 6.57 3.49 4.80 3.20
250 N 1 2557 890 9.56 6.36 2.26 4.08 2.73
N 2 2557 13.8 14.6 10.84 1.81 5.06 3.31
X 3 5104 9.48 11.7 5.39 4.69 5.65 3.64
303 N 1 2557 10.6 11.0 6.79 2.64 4.33 2.87
N 2 25567 16.1 16.4 11.51 2.04 4.93 3.40
X 3 5104 9.61 11.8 543 4.74 4.82 2.89
400 N 1 2557 103 11.3 6.05 3.49 5.00 3.51
N 2 2557 15.1 16.3 10.39 2.47 5.94 4.16
X 3 5104 882 11.1 524 4.50 5.12 2.98

Table 4. Unit-cell parameters for Yo(MoOy)s, Era(MoO4)s, Lua(MoOy)s

Y,(MoOy); 150 K 200 K 250 K 300 K 350 K 400 K
a 13.8827(2) 13.8858(1) 13.8861(1) 13.8881(1) 13.8800(1) 13.8894(1)
b 9.9691(1)  9.96604(8)  9.96197(8)  9.95961(8)  9.95715(8)  9.95451(8)
c 10.0620(1) 10.05879(8) 10.05317(8) 10.04945(8) 10.04587(8) 10.04225(8)
Ery(MoOy); 150 K 200 K 250 K 300 K 350 K 400 K
a 13.8309(1) 13.8336(1) 13.8363(1) 13.8379(1) 13.83934(9) 13.8405(1)
b 9.93805(8)  9.93615(7)  9.93310(7)  9.92991(7)  9.92789(6)  9.92551(7)
c 10.03527(9) 10.03283(8) 10.02843(7) 10.02407(7) 10.02088(7) 10.01745(7)
Lu(MoO,); 200 K 225 K 250 K 303 K 400 K
a 13.70121(8) 13.70192(8) 13.70381(9) 13.70376(3) 13.70703(3)
b 9.84752(6)  9.84591(6)  9.84569(6)  9.84254(6) 9.83937(6)
c 9.94469(6)  9.94265(6)  9.94230(7)  9.93846(6) 9.93371(6)
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Table 5. Atomic coordinates at 400 K ”parent = reference structures” Table 6. Final coordinates, shift vectors (dx,dy,dz) in fractional coordinates and total
atomic displacement (in A) respect to the structure at 400 K for Yo (MoOy)s.

Atom x/a y/b z/c
Y1 0.3818(2)  0.2489(3)  0.9679(2)
Mol  0.1433(2)  0.1083(3)  0.1139(2) z/a y/b z/c dzx dy dz Dist(A)
Mo2 0.00000  0.5281(4) 0.25000 150 K
o1 0.0315(6) 0.1709(10)  0.0651(9) Y1 0.38163(20) 0.2486(3) 0.9673(3) -0.00022 -0.00034 -0.00063 0.00778
02 0.1404(8) -0.0661(8)  0.0882(8) Mol 0.1436(2)  0.1074(3) 0.1148(3)  0.00022 -0.00093  0.00094 0.01358
03 0.2337(6)  0.1808(9)  0.0157(8) Mo2 0.00000  0.5275(4) 0.25000  0.00000 -0.00063  0.00000 0.00631
04 0.1647(7)  0.1399(9)  0.2834(9) 01 0.0303(4) 0.1727(8) 0.0736(7) -0.00122 0.00176 0.00852 0.08913
05 0.0841(6)  0.4293(8)  0.3361(9) 02 0.1397(6) -0.0676(6) 0.0914(6) -0.00071 -0.00149 0.00315 0.03635
06 0.0653(6)  0.6310(9) 0.1428( 9) 03 0.2329(5)  0.1805(7) 0.0169(7) -0.00077 -0.00033 0.00126 0.01688

Erl  0.3815(1) 0.2489(2

(

(

04 0.1677(5)  0.1373(7) 0.2831(7) 0.00299 -0.00261 -0.00028 0.04911

0.9678(2) 05 0.0838(5)  0.4264(7) 0.3350(7) -0.00029 -0.00291 -0.00111 0.03133
(

Mol  0.1433(2) 0.1078(3; 0.1147(3) 06 0.0629(5)  0.6297(8) 0.1374(8) -0.00240 -0.00131 -0.00534 0.06458
Mo2 0.0000  0.5283(4) 0.2500 200 K
01 0.0309(5) 0.1736(11)  0.0663(9) Y1 0.38152(18) 0.2492(3) 0.9675(2) -0.00033 0.00024 -0.00042 0.00660
02 0.1398(9) -0.0678(8)  0.0879(8) Mol 0.14346(19) 0.1077(3) 0.1146(2) 0.00012 -0.00062  0.00065 0.00915
03 0.2338(6)  0.1777(9)  0.0151(9) Mo2 0.00000  0.5277(4)  0.25000 0.00000 -0.00042 0.00000 0.00420
04 0.1648(7)  0.1398(9)  0.2846(9) 01 0.0306(5)  0.1730(8) 0.0714(7) -0.00094 0.00204 0.00633 0.06808
05 0.0837(6)  0.4280(8)  0.3360(9) 02 0.1403(6) -0.0674(7) 0.0906(7) -0.00011 -0.00138 0.00240 0.02781
06 0.0657(6) 0.6291(10) 0.1410(10) 03 0.2338(5)  0.1801(7) 0.0162(7) 0.00003 -0.00070 0.00048 0.00850
04 0.1672(6)  0.1382(8) 0.2831(8) 0.00256 -0.00167 -0.00027 0.03936
Lul  0.3813(1) 0.2490(2)  0.9669(1) 05 0.0836(6) 0.4281(7) 0.3353(8) -0.00045 -0.00124 -0.00086 0.01633
Mol  0.1438(2) 0.1071(3)  0.1145(2) 06 0.0630(5)  0.6305(8) 0.1391(9) -0.00239 -0.00056 -0.00368 0.05002
Mo2 0.0000  0.5293(4) 0.2500 250 K
01 0.0317(5)  0.1774(9)  0.0672(8) Y1 0.38146(18) 0.2483(3) 0.9674(2) -0.00039 -0.00012 -0.00046 0.00724
02 0.1398(7) -0.0686(7)  0.0889(7) Mol 0.14333(19) 0.1079(3) 0.1146(2) -0.00001 -0.00044 0.00069 0.00817
03 0.2354(5)  0.1784(8)  0.0146(7) Mo2 0.00000  0.5282(4)  0.25000 0.00000 0.00015 0.00000 0.00151
04 0.1663(6)  0.1401(8)  0.2851(8) 01 0.0304(5)  0.1704(8) 0.0701(8) -0.00113 -0.00059 0.00500 0.05296
05 0.0847(5)  0.4270(7)  0.3352(8) 02 0.1409(7) -0.0661(7) 0.0897(7) 0.00048 -0.00001 0.00148 0.01629
06 0.0634(5)  0.6314(8)  0.1380(8) 03 0.2334(5)  0.1811(8) 0.0159(7) -0.00035 0.00028 0.00019 0.00587

05 0.0840(6)  0.4287(7) 0.3355(8) -0.00006 -0.00060 -0.00064 0.00886

(
(
(
04 0.1655(6)  0.1385(8) 0.2836(8)  0.00087 -0.00138 0.00020 0.01844
5(
06 0.0639(5)  0.6307(8) 01396(9) -0.00146 -0.00028 -0.00318 0.03794

Y1 0.38168(18) 0.2483(3) 0. 9677(2) -0.00017 -0.00017 -0.00018 0.00343
Mol 0.14343(19) 0.1080(3) 0.1141(3) 0.00009 -0.00027  0.00017 0.00349
Mo2 0.00000  0.5279(4)  0.25000  0.00000 -0.00015 0.00000 0.00145
01 0.0306(5)  0.1702(9) 0.0672(8) -0.00085 -0.00075 0.00206 0.02495
02 0.1413(7) -0.0670(8) 0.0889(7) 0.00084 -0.00094 0.00067 0.01645
03 0.2334(6)  0.1817(8) 0.0157(8) -0.00028  0.00084  0.00001 0.00923
04 0.1650(6)  0.1390(8) 0.2838(9)  0.00036 -0.00085 0.00043 0.01077
05 0.0848(6)  0.4294(8) 0.3359(9) 0.00066  0.00007 -0.00022 0.00952
06 0.0644(6)  0.6318(9) 0.1411(9) -0.00096 0.00074 -0.00165 0.02250
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350 K
Y1 0.38178(18) 0.2488(3) 0.9679(2) -0.00007 -0.00017 -0.00005 0.00198
Mol 0.14334(19) 0.1081(3) 0.1138(3) 0.00000 -0.00024 -0.00013 0.00268
Mo2 0.00000  0.5279(4)  0.25000  0.00000 -0.00016 0.00000 0.00161
01 0.0309(5)  0.1711(9) 0.0655(9) -0.00059 0.00019 0.00035 0.00916
02 0.1407(8) -0.0658(8) 0.0884(8) 0.00023  0.00022  0.00015 0.00415
03 0.2337(5)  0.1810(9) 0.0162(8) 0.00002 0.00019  0.00052 0.00554
04 0.1645(6)  0.1398(8) 0.2834(9) -0.00019 -0.00005 0.00001 0.00270
05 0.0844(6)  0.4291(8) 0.3354(9) 0.00028 -0.00017 -0.00077 0.00881
06 0.0649(6)  0.6315(9) 0.1427(9) -0.00046  0.00050 -0.00001 0.00808

Table 7. Final coordinates, shift vectors (dx,dy,dz) in fractional coordinates and total
atomic displacement (in A) respect to the structure at 400 K for Era(MoO4)s.
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250 K
Erl 0.38148(15)  0.2488(2) 0.96759(18) -0.00007 -0.00015 -0.00022 0.00282
Mol 0.1432(2)  0.1072(3) 0.1148(3) -0.00006 -0.00060  0.00006 0.00609
Mo2 0.00000  0.5278(4) 0.25000  0.00000 -0.00047  0.00000 0.00463
01 0.0303(4)  0.1731(8) 0.0707(7) -0.00067 -0.00048 0.00441 0.04543
02 0.1406(7) -0.0692(7) 0.0901(7)  0.00080 -0.00132 0.00223 0.02820
03 0.2335(5)  0.1790(8) 0.0166(7) -0.00027  0.00130  0.00152 0.02033
04 0.1666(6)  0.1392(8) 0.2847(8)  0.00174 -0.00056  0.00014 0.02477
05 0.0829(6)  0.4263(7) 0.3348(8) -0.00079 -0.00165 -0.00117 0.02298
06 0.0632(5)  0.6297(9) 0.1383(9) -0.00257 0.00062 -0.00273 0.04528
300 K
Erl 0.38151(14) 0.2487(2) 0.96771(18) -0.00004 -0.00022 -0.00010 0.00251
Mol 0.1431(2)  0.1074(3) 0.1147(3) -0.00017 -0.00048 -0.00007 0.00541
Mo2 0.00000  0.5280(4) 0.25000  0.00000 -0.00034  0.00000 0.00337
01 0.0306(5)  0.1733(9) 0.0689(8) -0.00037 -0.00027  0.00262 0.02688
02 0.1408(7) -0.0683(7) 0.0894(7)  0.00102 -0.00050 0.00148 0.02110
03 0.2332(5)  0.1789(8) 0.0157(8) -0.00052 0.00118  0.00060 0.01497
04 0.1663(6)  0.1408(8) 0.2849(8)  0.00145 0.00098  0.00036 0.02261
05 0.0836(6)  0.4272(7) 0.3350(8) -0.00003 -0.00076 -0.00104 0.01283
06 0.0642(6)  0.6302(9) 0.1402(9) -0.00148 0.00111 -0.00086 0.02474
350 K
Erl 0.38145(14)  0.2489(2) 0.96767(18) -0.00010 -0.00003 -0.00014 0.00204
Mol 0.1433(2)  0.1074(3) 0.1147(3)  0.00000 -0.00040 -0.00006 0.00405
Mo2 0.00000  0.5280(4) 0.25000  0.00000 -0.00029  0.00000 0.00288
01 0.0307(5) 0.1738(10) 0.0670(8) -0.00025 0.00026  0.00074 0.00861
02 0.1408(8)  -0.0688(7) 0.0894(8)  0.00101 -0.00093 0.00151 0.02262
03 0.2339(5)  0.1787(9) 0.0156(8)  0.00012  0.00096  0.00049 0.01084
04 0.1662(6)  0.1393(9) 0.2850(9)  0.00133 -0.00047 0.00044 0.01946
05 0.0829(6)  0.4283(7) 0.3366(9) -0.00074  0.00030  0.00058 0.01212
06 0.0645(6)  0.6309(9) 0.1412(9) -0.00121 0.00188  0.00021 0.02516

z/a y/b z/c dx dy dz Dist(A)
150 K
Erl  0.38143(17)  0.2488(3) 0.9673(2) -0.00012 -0.00018 -0.00050 0.00559
Mol 0.1432(3)  0.1068(3) 0.1159(3) -0.00009 -0.00108 0.00112 0.01556
Mo2 0.00000  0.5279(5) 0.25000  0.00000 -0.00042  0.00000 0.00419
01 0.0303(5)  0.1742(9) 0.0742(8) -0.00063  0.00066 0.00795 0.08048
02 0.1410(7)  -0.0693(7) 0.0922(8)  0.00126 -0.00152 0.00427 0.04863
03 0.2323(6)  0.1784(9) 0.0156(9) -0.00147  0.00071  0.00055 0.02218
04 0.1685(7)  0.1366(9) 0.2859(9)  0.00367 -0.00316 0.00138 0.06134
05 0.0843(7)  0.4256(9) 0.3328(9)  0.00068 -0.00235 -0.00314 0.04035
06 0.0627(6) 0.6302(10)  0.1356(10) -0.00302 0.00111 -0.00547 0.06985
200 K

Erl 0.38142(16)  0.2487(3) 0.96723(20) -0.00013 -0.00023 -0.00058 0.00647
Mol  0.1431(2) 0.1065(3)  0.1154(3) -0.00017 -0.00133  0.00066 0.01502
Mo2 0.00000  0.5275(4) 0.25000  0.00000 -0.00079  0.00000 0.00788
01 0.0304(5)  0.1726(8) 0.0723(7) -0.00053 -0.00096 0.00599 0.06134
02 0.1409(7)  -0.0695(6) 0.0905(7)  0.00115 -0.00165 0.00264 0.03499
03 0.2328(5)  0.1789(8) 0.0155(8) -0.00097  0.00122  0.00043 0.01863
04 0.1678(6)  0.1378(8) 0.2857(8)  0.00299 -0.00193  0.00110 0.04687
05 0.0840(6)  0.4272(7) 0.3336(8)  0.00033 -0.00072 -0.00235 0.02502
06 0.0633(5)  0.6295(9) 0.1365(8) -0.00243  0.00040 -0.00451 0.05652
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Table 8. Final coordinates, shift vectors (dx,dy,dz) in fractional coordinates and total Table 9. Temperature dependence of A-O, Mo-O bonds and angles. Symmetry
atomic displacement (in A) respect to the structure at 400 K for Lug(MoOy4)s. operators are: (i) x, y, z+1; (il) x+1/2, -y+1/2, -z+1; (iii) -x, y, -z+1/2; (iv) -x+1/2,
-y4+1/2, 2+41/2; (v) x+1/2, y+1/2, z+1; (vi) -x+1/2, y-1/2, z+1.

z/a y/b z/c dz dy dz Dist(A) Distance 150 K 200 K 250 K 300 K 350 K 400 K
200 K Y1-O01ii  2242(8) 2.244(8) 2.251(8) 2.247(8) 2.244(8) 2.251(9)
Lul 0.38116(12) 0.24807(20) 0.96660(15) -0.00013 0.00001 -0.00031 0.00355 Y1-02v  2235(8) 2.228(8) 2.238(8) 2.225(8) 2.229(9)  2.224(9)
Mol 0.14384(19)  0.1063(3)  0.1154(2) 0.00000 -0.00086 0.00082 0.01177 Y1 - O3i 2.227(9) 2.218(7) 2.218(7) 2.218(8) 2.218(8)  2.219(9)
Mo2 0.00000  0.5293(4) 0.25000  0.00000 -0.00006 0.00000 0.00056 Y1-O4iv 2.267(9) 2.270(8) 2.258(8) 2.255(9) 2.254(9) 2.253(9)
01 0.0306(4)  0.1769(7)  0.0721(6) -0.00106 -0.00048 0.00488 0.05088 Y1-O5iv  2.249(9) 2.264(8) 2.262(8) 2.263(9) 2.266(9)  2.263(9)
02 0.1401(5)  -0.0699(5)  0.0916(6) 0.00037 -0.00130  0.00271 0.03024 Y1-06vi 2216(10) 2.230(8) 2.226(9) 2.226(9) 2.235(9) 2.236(9)
03 0.2348(5)  0.1785(8)  0.0146(7) -0.00066 0.00010  0.00002 0.00909
04 0.1696(5)  0.1387(7)  0.2861(7) 0.00332 -0.00146 0.00099 0.04869 Distance 150K 200K 250K 300K 350K 400 K
05 0.0853(5)  0.4241(7)  0.3340(7) 0.00061 -0.00287 -0.00124 0.03189 Erl- Olii  2.236(8) 2.240(7) 2.234(6) 2.234(7) 2.231(3) 2.232(3)
06 0.0623(5)  0.6305(8)  0.1344(7) -0.00115 -0.00086 -0.00360 0.04004 Erl-02v  2221(8) 2211(7) 2.207(7) 2.210(7) 2.204(8)  2.201(9)
225 K Erl-03i  2231(9) 2.223(7) 2217(7) 2.219(7) 2.210(7)  2.215(9)
Lul 0.38122(12) 0.24893(19) 0.96678(14) -0.00007 -0.00003 -0.00013 0.00167 Erl- Odiv  2.256(9) 2.248(8) 2.246(8) 2.236(8) 2.240(9)  2.236(9)
Mol 0.14386(18)  0.1066(3)  0.1151(2) 0.00002 -0.00058 0.00059 0.00816 Erl- O5iv  2.247(9) 2.254(8) 2.245(8) 2.248(8) 2.250(8)  2.249(9)
Mo2 0.00000  0.5293(4) 0.25000  0.00000  0.00001  0.00000 0.00009 Erl- O6vi 2.200(10) 2.207(9) 2.217(9) 2.222(9) 2.226(9) 2.226(10)
01 0.0309(4)  0.1768(7)  0.0719(6) -0.00074 -0.00053 0.00475 0.04855
02 0.1407(5)  -0.0697(5)  0.0915(6) 0.00094 -0.00111 0.00259 0.03076 Distance 200K 225K 250 K 303K 400 K
03 0.2345(4)  0.1785(7)  0.0143(6) -0.00091 0.00011 -0.00031 0.01287 Lul - Olii  2.208(6) 2.211(6) 2.208(6) 2.209(6) 2.211(7)
04 0.1690(5)  0.1395(7)  0.2854(7) 0.00268 -0.00068 0.00032 0.03742 Lul - O2v  2.194(6) 2.195(6) 2.185(6) 2.186(6) 2.185(7)
05 0.0853(5)  0.4242(6)  0.3340(7) 0.00054 -0.00278 -0.00119 0.03068 Lul - O3i  2.175(7) 2.178(6) 2.179(6) 2.181(6) 2.169(7)
06 0.0625(5)  0.6311(8)  0.1345(7) -0.00098 -0.00026 -0.00352 0.03754 Lul - Odiv  2.220(7) 2.221(7) 2.217(7) 2.208(7) 2.209(8)
250 K Lul - O5iv 2.203(7) 2.204(7) 2.202(6) 2.210(7) 2.220(8)
Lul 0.38120(13)  0.2489(2) 0.96682(16) -0.00009 -0.00005 -0.00009 0.00162 Lul - O6vi  2.178(7) 2.173(7) 2.180(7) 2.177(7) 2.191(8)

Mol 0.14377(20) 0.1065(3 0.1153(3) -0.00007 -0.00064 0.00073 0.00963
Mo2 0.00000 0.5292(4 0.25000  0.00000 -0.00013  0.00000 0.00125
01 0.0308(4) 0.1773(7 0.0715(6) -0.00084 -0.00007 0.00435 0.04470

2
®3)
(4)
(M)
02 0.1403(5)  -0.0702(5)  0.0907(6)  0.00050 -0.00161 0.00179 0.02481
(7
(6)
(6)
(M)

©)
03 0.2346(4) 0.1783(7 0.0148(6) -0.00087 -0.00008 0.00021 0.01214
04 0.1682(5) 0.1399(6 0.2853(7)  0.00187 -0.00023  0.00026 0.02591
05 0.0851(5) 0.4243(6 0.3346(6)  0.00041 -0.00271 -0.00061 0.02796
06 0.0626(4) 0.6306(7 0.1352(7) -0.00078 -0.00083 -0.00281 0.03105
303 K
Lul 0.38123(11) 0.24884(19) 0.96679(14) -0.00006 -0.00012 -0.00012 0.00186
Mol 0.14383(18) 0.1070(2) 0.1150(2) -0.00001 -0.00015 0.00050 0.00522
Mo2 0.00000 0.5293(3) 0.25000  0.00000 -0.00007  0.00000 0.00064
01 0.0310(4) 0.1769(7) 0.0698(6) -0.00067 -0.00044 0.00263 0.02806
02 0.1394(6)  -0.0694(6) 0.0900(6) -0.00037 -0.00086 0.00106 0.01443
03 0.2346(4) 0.1777(7) 0.0148(6) -0.00084 -0.00068 0.00020 0.01346
04 0.1674(5) 0.1399(7) 0.2859(7)  0.00105 -0.00028 0.00080 0.01671
05 0.0847(5) 0.4255(6) 0.3347(7) -0.00006 -0.00148 -0.00053 0.01554
06 0.0630(5) 0.6314(7) 0.1357(7) -0.00040  0.00002 -0.00226 0.02308
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Angle 150K 20K 250K 300K 350K 400 K Y5(MoOy)s 150K 200K 250K 300K 350K 400 K
01-Y1-02 86.7(5) 86.5(5) 85.7(5) 85.5(5) 85.2(5) 85.1(6) Mol-O1 1.756(8) 1.753(8) 1.746(3) L.750(8) 1.752(8)  1.744(9)
01-Y1-04 87.3(5) 87.8(5) 87.2(5) 87.7(5) 83.0(5) 88.3(6) Mol-02 1.758(8) 1.762(8) 1.752(8) 1.761(8) 1.752(9)  1.756(9)
01-Y1-05 87.7(5) 88.3(5) 89.2(5) 90.1(5) 89.9(5) 89.9(6) Mol-03 1.747(9) 1.753(7) 1.755(3) 1.754(8) 1.750(8)  1.752(9)
01-Y1-06  90.3(5) 90.0(5) 90.3(5) 90.0(5) 89.8(5) 89.9(6) Mol-O4 L757(9) 1.754(8) 1.753(8) 1.759(9) 1.758(9) 1.756(10)
02-Y1-03  90.3(5) 90.4(5) 90.1(5) 89.8(5) 90.2(5) 90.4(6) Mo2-O5iii 1.755(9) 1.751(8) 1.756(8) 1.759(9) 1.754(9)  1.755(9)
02-Y1-04  90.2(5) 90.4(5) 90.0(5) 89.9(5) 90.0(5) 90.0(5) Mo2-O6iii L761(9) 1.748(8) 1.750(9) 1.752(9) 1.743(9)  1.741(9)
02-Y1-06  93.3(5) 93.0(5) 93.2(5) 92.9(5) 93.0(6) 93.1(6) O1-Mol-02  108.5(7) 108.1(7) 107.4(7) 107.2(7) 107.2(8)  106.9(8)
03-Y1-04  935(5) 93.3(5) 93.6(5) 93.5(5) 93.7(5) 93.5(6) O1-Mol-03  110.5(7) 110.3(6) 110.3(6) 109.7(6) 109.6(6)  109.4(8)
03-Y1-05 95.3(5) 94.9(5) 95.0(5) 94.7(5) 94.8(5) 94.6(6) O1-Mol-04  109.2(7) 110.1(7) 110.1(7) 110.6(7) 110.7(8) 111.0(8)
03-Y1-06  89.0(5) 89.1(5) 89.1(5) 89.1(5) 88.6(5) 88.5(5) 02-Mol-03  110.3(7) 110.4(6) 110.1(7) 110.2(7) 110.1(8)  110.0(8)
04-Y1-05 88.0(5) 88.3(5) 88.3(5) 88.2(5) 87.7(5) 87.9(5) 02-Mol-O4  108.2(7) 108.0(7) 108.3(7) 108.4(7) 108.8(7) 108.9(8)
05-Y1-06 88.2(5) 88.1(5) 88.3(5) 88.8(6) 89.1(6) 88.8(6) 03-Mol-04  110.1(7) 109.9(7) 110.5(7) 110.6(8) 110.4(8) 110.5(8)
05-Mo2-05iii ~ 109.5(7) 111.0(7) 111.2(7) 112.2(8) 111.8(8) 111.8(8)
Angle 50 K 200K 250K 300K 250K 400K 05-Mo2-06  108.6(8) 108.3(7) 107.6(7) 107.1(8) 106.8(8)  106.7(8)
O1-Er1-02 87.4(5) 86.7(5) 86.5(5) 86.6(5) 86.2(5) 85.6(6) 05-Mo2-06iii  110.4(8) 110.5(7) 110.8(7) 111.4(7) 112.1(8) 111.8(8)
O1-Fr1-04 87.6(5) 87.7(5) 87.7(4) 88.8(5) 88.6(5) 88.3(5) 06-Mo2-06iii  109.3(8) 108.3(7) 108.6(7) 107.6(7) 107.4(8)  107.9(8)
O1-Er1-05 87.6(5) 88.3(5) 88.0(4) 88.8(5) 88.6(5) 88.9(5)
O1-Erl-O6  90.2(6) 90.3(5) 90.0(5) 90.9(5) 89.5(5) 90.0(6) Ery(MoO,)s 0 K 200K 250K 300K 350K 400K
02-FEr1-03 90.2(5) 90.2(5) 90.3(5) 90.0(5) 90.5(5) 91.3(6) Mo1-O1 1.750(8) 1.746(8) 1.751(7) 1.750(8) 1.758(8)  L.755(3)
02-Fr1-04 90.1(5) 90.1(5) 90.4(5) 90.0(5) 90.2(5) 90.1(6) Mo1-02 L767(8) 1.767(7) 1.770(8) 1.763(8) 1.768(8)  1.764(9)
02-FEr1-06 93.0(6) 93.2(5) 93.2(5) 93.2(5) 92.7(5) 93.4(6) Mo1-03 1.743(9) 1.750(8) 1.743(8) 1.745(8) 1.749(8)  1.745(9)
03-Fr1-04 92.9(6) 93.0(5) 93.6(5) 93.3(5) 93.3(5) 93.9(6) Mo1-04 L767(10) 1.770(9) 1.763(9) 1.767(9) 1.764(9) 1.757(10)
03-Fr1-05 94.8(6) 94.8(5) 95.3(5) 94.4(5) 94.8(5) 94.2(6) Mo2-O5iii 1.756(10) 1.746(8) 1.746(8) 1.751(8) 1.746(8)  1.754(9)
03-Erl-O6  89.4(6) 89.2(5) 88.9(5) 88.8(5) 83.6(5) 88.0(6) Mo2-O6iii 1.762(10) 1.758(8) 1.758(8) 1.741(9) 1.740(9) 1.738(10)
O4-Fr1-05 88.2(6) 83.4(5) 88.0(5) 87.8(5) 88.6(5) 88.0(5) 01-Mol-02  109.4(7) 108.5(7) 108.8(6) 108.4(7) 108.3(7) 107.5(8)
05-Fr1-06 88.5(6) 83.2(5) 88.2(5) 838.8(5) 88.3(5) 88.3(6) 01-Mol-03  109.7(7) 110.1(6) 109.7(6) 109.5(6) 109.2(6)  109.3(7)
01-Mol-O4  110.1(8) 109.9(7) 110.2(7) 110.2(7) 110.8(7) 110.5(8)
Angle 200K 225K 250K 303K 400 K 02-Mol-03  109.8(7) 109.9(7) 109.8(7) 109.5(7) 109.5(7)  109.0(8)
OL-Lul-02 87.3(4) 87.5(4) 87.4(4) 86.7(4) 86.5(5 02-Mol-O4  107.4(7) 108.5(7) 108.3(6) 109.1(7) 108.7(7)  109.3(8)
O1-Lul-O4 89.1(4) 89.0(4) 88.9(4) 89.0(4) 89.3(5 03-Mol-04  110.4(8) 109.9(7) 110.1(7) 110.1(7) 110.3(8) 111.1(8)
O1-Lul-O5 87.6(4) 87.6(4) 87.5(4) 87.9(4) 88.2(5 05-Mo2-05iii  109.2(8) 110.4(7) 109.5(7) 110.3(4) 110.9(8)  110.0(4)
01-Lul-02 88.9(4) 88.9(4) 88.9(4) 88.7(4) 88.2(5 05-Mo2-06  108.4(8) 108.0(7) 108.5(7) 107.6(4) 107.9(3) 108.1(4)
02-Lul-03 90.7(4) 90.6(4) 90.7(4) 91.2(4) 91.1(5 05-Mo2-O6iii ~ 110.6(8) 110.5(7) 110.6(7) 111.3(4) 111.0(7) 110.8(4)
02-Lul-04 90.7(4) 90.8(4) 90.9(4) 90.6(4) 90.5(5 06-Mo2-O6iii ~ 109.5(8) 109.6(7) 109.1(7) 108.7(4) 108.1(8)  109.1(4)

03-Lul-04 92.7(5 93.1(4) 94.3(4) 93.7
03-Lul-O5 94.4(5 94.4(4) 94.3(4) 94.2(5
03-Lul-0O6 89.4(5 89.3(4) 89.1(4) 88.9(5
04-Lul-O5 88.1(4 87.7(4) 88.0(4) 88.0(5

(4) (4) (4) ()
(4) (4) (4) ()
4) (4) (4) ()
4) (4) (4) ()
(4) (4) (4) ()
(4) (4) (4) ()
02-Lul-06 92.8(4) 92.8(4) 92.9(4) 93.4(4) 92.8(5)
(®) (4) (4) ()
() (4) (4) ()
() (4) (4) ()
(4) (4) (4) ()
05-Lul-0O6  88.3(4) (4) 88.3(4) 88.4(4) 88.4(5)
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Lu, (1\/1004)3 200 K 225K 250 K 303 K 400 K Table 10. Temperature dependence of non bonding distance A...Mo and angles A-O-
Mo1-01 1.754(6) 1.749(6) 1.753(6) 1.751(6 1.749(8 Mo.
/] _ =4
R
Iol- . . . . .

...Mol .997(4 . 4 . 4 .991(4 . 4 .986(4
Mo1-O4 1.763(7) 1.758(7) 1.754(8) 1.759(7 1.753(8 © 399 3.993 3993 3:99 3988 3986

...Mol 3.886(5

Y

Mo2-0biii v
02-O5iii 1.771(7 Y...Mol 3.888(4

Y

Y

Mo2-06iii 1.745(8
01-Mo1-02 109.5(5

(6) 1749(6) 1.753(6) 1.751(6) ®)
(6) 1752(6) 1.757(6) 1.755(6) (7)
(7) 1746(6) 1.746(7) 1.739(6) (®)
(7) 1758(7) 1754(8) 1759(7) (®)
(7) L770(7) L770(7) 1761(7) (8)
(8) 1748(8) 1742(7) 1745(7) (8) o
(5) 1097(5) 109.6(5) 108.8(6) () oMol 5.5
01-Mo1-03 109.2(6) 109.2(5) 109.1(5) 109.1(5) 1087(6)
(6) 100.7(6) 100.5(6) 109.7(6) 7)
(6) 1100(5) 100.9(3) 109.9(6) )
(6) 108.4(6) 109.0(5) 109.0(6) ()
(6) 109.5(6) 100.8(6) 110.4(6) ()
(6) 1085(6) 108.6(6) 109.1(6) (7)
(6) 108.8(6) 108.7(6) 108.6(6) ()
(6) 1104(6) 1103(6) 110.4(6) ()
(6) 1100(6) 110.1(6) 109.7(6) o

...Mo2 3.881(5

01-Mo1-04 110.0
02-Mo1-03 110.2(6
02-Mo1-04 108.4(6
03-Mo1-04 109.6(6
05-Mo2-0Obiii  108.4(6
05-Mo2-06 108.8(6
05-Mo2-06iii  110.3(6
06-Mo2-06iii  110.3(6

Y-05-Mo2  151.2(5
Y-06-Mo2  168.6(5

Ery(MoOy)s 150 K 200 K 250 K 300 K 350 K 400 K

Er..Mol 3.983(5) 3.983(4) 3.980(3) 3.978(3) 3.981(3) 3.979(4)
Er...Mol 3.873(4) 3.868(4) 3.869(4) 3.870(4) 3.867(4) 3.870(4)
Er...Mol 3.882(5) 3.883(4) 3.877(3) 3.876(3) 3.874(3) 3.873(4)
Er...Mol 3.822(4) 3.827(4) 3.831(4) 3.831(4) 3.829(4) 3.828(4)
Er..Mo2 3.874(4) 3.869(4) 3.873(3) 3.873(3) 3.874(3) 3.875(4)
Er..Mo2 3.944(4) 3.946(3) 3.941(3) 3.937(3) 3.938(3) 3.934(3)
Er-Ol-Mol  175.8(4) 175.4(4) 174.8(4) 173.9(4) 172.7(4) 172.4(4)
Er-02-Mol  152.2(4) 152.9(4) 153.1(4) 153.6(4) 153.5(4) 154.6(4)
Er-03-Mol  155.1(5) 155.3(4) 156.2(4) 155.7(4) 155.9(4) 155.8(4)
Er-O4-Mol  143.5(4) 144.3(4) 145.5(4) 146.0(4) 145.7(4) 146.7(4)
Er-O5-Mo2  150.5(5) 150.4(4) 151.6(4) 150.9(4) 151.3(4) 150.8(4)
Er-O6-Mo2  169.3(5) 168.6(4) 168.1(4) 166.7(4) 166.1(4) 165.6(5)
Lup(MoOy); 200K 225K 250K 303K 400 K
Lu.Mol  3.956(3) 3.954(3) 3.955(3) 3.953(3) 3.951(3)
Lu.Mol  3.833(3) 3.833(3) 3.833(4) 3.836(3) 3.833(3)
Lu.Mol  3.839(3) 3.836(3) 3.838(3) 3.834(3) 3.833(3)
Lu.Mol  3.788(3) 3.790(3) 3.789(3) 3.789(2) 3.792(3)
Lu.Mo2  3.847(3) 3.847(3) 3.846(3) 3.845(3) 3.846(3)
Lu.Mo2  3.908(3) 3.906(3) 3.906(3) 3.904(2) 3.902(3)
Lu-O1-Mol 173.9(3) 174.0(3) 173.6(3) 173.1(3) 171.7(4)
Lu-02-Mol 152.3(3) 152.3(3) 152.7(3) 153.3(3) 153.8(4)
Lu-03-Mol 155.8(4) 155.5(3) 155.8(3) 155.9(3) 156.2(4)
Lu-O4-Mol 143.7(3) 144.3(3) 145.0(4) 145.3(3) 146.1(4)
Lu-05-Mo2 150.7(4) 150.7(3) 150.9(3) 150.9(3) 150.6(4)
Lu-O6-Mo2 170.0(4) 169.7(4) 169.5(3) 168.9(3) 167.9(4)
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Table 11. Temperature dependence of bond valence sum of cations and polyhedron Refinement of atomic displacements with FullProf: (example of an input

distortion. file *.pcr)
Yo(MoOy)s 150K 200K 250 K 300 K 350 K 400K Several changes are necessary in a typical input file:
Y 331(3) 3.28(3) 3.28(3) 3.31(3) 3.30(3) 3.29(3) 1) It must be select a job type = 6 (as in a symmetry mode analysis).
v(%) 0.29 0.25 0.28 0.27 0.29 0.28 2) It must be added a number of lines = number of free coordinates (in our case it
Mol 6.04(7) 6.02(6) 6.09(6) 6.01(7) 6.07(1) 6.08(7) is 25, taking into account the atom labelled Mo2 is in a Wyckoff site) with the following
v(%) 0.05 0.04 0.08 0.07 0.07 0.09 format:
Mo2 5.98(7) 6.12(7) 6.07(7) 6.03(7) 6.14(7) 6.15(7)
(%) 0.04 008 012 025  0.32 0.30 Lu2(Mo04)3 FIX xyz
O1 2.05(3) 2.06(3) 2.08(3) 2.07(3) 2.06(3) 2.09(4) !
02 2.05(3) 2.05(3) 2.07(3) 2.05(4) 2.09(4) 2.08(4) 'Nat Dis Ang Jbt Isy Str Furth ATZ Nvk More
03 2.11(4) 2.10(3) 2.09(3) 2.09(3) 2.11(4) 2.10(4) ® 0 0 6 0 0 25 2630.4990 0 1
04 2.01(4) 2.02(4) 2.04(4) 2.02(4) 2.03(4) 2.03(4) R R
05 2.04(4) 2.04(3) 2.02(3) 2.01(4) 2.03(4) 2.03(4)
06 2.07(4) 2.10(4) 2.10(4) 2.09(4) 2.11(4) 2.12(4) V_MODES 25
! Nm Atm Irrep Vx Vy Vz Coeff

Er, (1\1004)3 150 K 200 K 250 K 300 K 350 K 400 K 1 Lul GM1+ 0.000000 0.000000 0.035587 1.000000
Er 311(3) 3.12(3) 3.14(3) 3.14(3) 3.15(3) 3.15(3) 2 Lul GM1+ 0.000000 0.035929 0.000000 1.000000
(%) 024 025 029 026 025 029 3 Lul  GMi+ 0.025792 0.000000 0.000000  1.000000
Mol 6.01(7) 5.98(3) 6.01(6) 6.01(6) 5.95(7) 6.03(7) 4 Mol GM1+ 0.000000 0.000000 0.035587 1.000000
(%) 002 002 00l 002 003 005 5 Mol  GMI+ 0.000000 0.035929 0.000000  1.000000
Mo2 597(8) 608(7) 617(7) 618(7) 623(7) 619(8) 6 Mol GM1+ 0.025792 0.000000 0.000000 1.000000
%) 004 005 0035 012 012 019 7 Mo2  GMi¥ 0.000000 0.050811 0.000000  1.000000
01 2.04(4) 2.05(3) 2.04(9) 2.04(3) 2.01(3) 2.02(3) 8 01 GM1+ 0.000000 0.000000 0.035587 1.000000
02 1.99(3) 201(3) 2.00(3) 2.02(3) 201(3) 2.03(4) 9 o1 cM+ 0.000000 0.035929 0.000000  1.000000
03 2.08(4) 2.06(3) 2.00(3) 200(3) 2.08(4) 2.09(4) 10 01 aM1+ 0.025792 0.000000 0.000000  1.000000
04 1.95(4) 1.94(3) 1.97(4) 1.97(4) 1.98(4) 2.01(4) 11 02 GM1+ 0.000000 0.000000 0.035587 1.000000
05 2.00(4) 2.03(4) 2.04(3) 2.02(4) 2.04(4) 2.01(4) 12 02 GM1+ 0.000000 0.035929 0.000000 1.000000
06 2.04(4) 2.05(4) 2.09(4) 2.10(4) 2.09(4) 2.10(5) 13 02 GM1+ 0.025792 0.000000 0.000000 1.000000

14 03 GM1+ 0.000000 0.000000 0.035587 1.000000
Lus(MoOs); 200K 225 K 250 K 303 K 400 K 15 03 GM1+ 0.000000 0.035929 0.000000 1.000000
Lu 327(2) 3.27(2) 3.28(2) 3.28(2) 3.26(7) 16 03 GM1+ 0.025792 0.000000 0.000000 1.000000
(%) 0.19 0.19 0.21 0.22 0.20 17 04 GM1+ 0.000000 0.000000 0.035587 1.000000
Mol 6.04(5) 6.03(5) 6.07(5) 6.10(5) 6.12(6) 18 04 GM1+ 0.000000 0.035929 0.000000 1.000000
(%) 0.02 0.01 0.01 0.01 0.02 19 04 GM1+ 0.025792 0.000000 0.000000 1.000000
Mo2 5.99(6) 5.99(6) 6.01(6) 6.07(6) 6.23(7) 20 05 GM1+ 0.000000 0.000000 0.035587 1.000000
(%) 0.02 0.02 0.03 0.03 0.09 21 05 GM1+ 0.000000 0.035929 0.000000 1.000000
o1 2.04(3) 2.04(3) 2.04(3) 2.05(3) 2.05(3) 22 05 GM1+ 0.025792 0.000000 0.000000 1.000000
02 207(2) 2.07(2) 2.06(2) 2.07(3) 2.09(3) 23 06 GM1+ 0.000000 0.000000 0.035587 1.000000
03 210(3) 2.10(3) 2.12(3) 2.14(3) 2.13(3) 24 06 GM1+ 0.000000 0.035929 0.000000 1.000000
04 1.99(3) 1.99(3) 2.03(3) 2.02(3) 2.04(4) 25 06 GM1+ 0.025792 0.000000 0.000000 1.000000
05 1.98(3) 1.98(3) 1.98(3) 2.01(3) 2.02(3)
06 2.12(3) 2.12(3) 2.13(3) 2.12(3) 2.15(4)
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GM1+ is an irrelevant label in our case, polarized vectors Vx, Vy and Vz have
normalized components referred to the high temperature cell and are along the crystal
axes because, the use of cell in the distorted phase would break the orthogonality of
the displacements. And coeff is a normalization coefficient; in our case is always 1.
The polarization vectors are calculated in the following way, taking into account that
displacements are given in absolute values (in A) using the reference unit cell, the square
of these displacements, when summed for all atoms within a primitive unit cell of the
low symmetry space group, must yield 1 A2 and they are also orthogonal vectors.

3) Finally, other 25 lines must be added with the following format, which include
the name of the shifts: from the first A1T_.GM1+ to the last A25.GM1+ (although the
meaning of this label is irrelevant, in our case), values of the shifts (in angstroms), and
refinement codes:

A_MODES 25 2
A1_GM1+ -0.003338 461.000000
A2_GM1+ -0.003333 471.000000
A3_GM1+ -0.002333 481.000000
A4_GM1+ 0.014120 491.000000
A5_GM1+ -0.004292 501.000000
A6_GM1+ -0.000475 511.000000
A7_GM1+ -0.001288 521.000000
A8_GM1+ 0.073957 531.000000
A9_GM1+ -0.012313 541.000000
A10_GM1+ -0.025977 551.000000
A11_GM1+ 0.029664 561.000000
A12_GM1+ -0.024001 571.000000
A13_GM1+ -0.014477 581.000000
A14_GM1+ 0.005741 591.000000
A15_GM1+ -0.018894 601.000000
A16_GM1+ -0.032543 611.000000
A17_GM1+ 0.022462 621.000000
A18_GM1+ -0.007801 631.000000
A19_GM1+ 0.040859 641.000000
A20_GM1+ -0.014959 651.000000
A21_GM1+ -0.041259 661.000000
A22_GM1+ -0.002223 671.000000
A23_GM1+ -0.063403 681.000000
A24_GM1+ 0.000517 691.000000

A25_GM1+ -0.015480 701.000000
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6.3 Thermodynamic relations

Knowing the equation of state of a substance, important physical quantities can be deduced,
likely to be measured. In our experiments, we have measured V = V(T) and P = P(V)
and from their derivatives, it can be calculated the thermal expansion coefficient and the bulk
modulus.

In the general case, the volumetric coefficient of thermal expansion is given by:

ay = % (g;)p (6.1)

The subscript “p” indicates that the pressure is held constant during the expansion, and the
subscript “V” indicates that is the volumetric (not linear) expansion. In the special case of
solid materials, the pressure does not appreciably affect its size, thus, it is not necessary to
specify that the pressure be held constant.

Commonly, to a first approximation, the change in length L measurements of a solid due
to thermal expansion is related to temperature change by a linear expansion coefficient (with

subscript “L”).

1dL

-1 (6.2)

ar

Usually, solids have coefficients of thermal expansion that do not vary significantly over the
range of temperatures, thus, practical calculations can be based on a constant, average value
of the coefficient of expansion. Thus, the change in the linear dimension can be estimated to
be:

AL

This equation works well as long as the linear—expansion coefficient does not change much over

the change in temperature. If it does, the equation must be integrated. For isotropic materials
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the volumetric thermal expansion coefficient is three times the linear coefficient (ay = 3ap).

On the other hand, bulk modulus, which is the inverse of the compressibility, is defined as:

B=-V <g€>T (6.4)

The easiest way to get an equation of state linking P and V is to assume that B is constant, i.e.
it is independent of pressure and deformation of the solid, and then we simply find the Hooke’s
law. In this case, the volume decreases linearly with pressure. This is not a satisfactory result
because it is experimentally established that as a solid is compressed, it becomes more difficult
to compress. To go further, we must take into account the variations of the elastic properties of
the solid with compression. The most widely used equation of state P = P (V') to calculate the
bulk modulus, in high—pressure experiments, is the equation of Birch-Murnaghan (Birch 1947).
In order to obtain this equation the Helmholtz free energy F' must be expanded in powers of

the eulerian strain coefficient e.

F = ag+ are + aze’ + aze’ + ... (6.5)

—2
where € = % <1— (%) ° )
Expanding until the order three and by imposing the boundary conditions P =0, B = By

and € = 0, a1 = 0; we obtain the equation of Birch—-Murnaghan of third order:

(¥) () ) fp e

3By

P(V) ==

{1+i(3{)—4)

where By and B, are:

Bo= -V <ap> and B — (aB) 6.7)
ov T.V=Vy op T.V=Vy

In the case of B’ = 4, we obtain the second order equation of state. By and B{, will be

calculated by fitting the experimental curve P(V'). These adjustments must take into account
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the following considerations: By and By, are strongly correlated; the selection of the order of
the equation is limited by the number of experimental points and the range of the measured
pressures and the ratio V/Vp. Large errors in the fitting of P(V') indicates whether or not this

equation should be chosen.
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