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Abstract—In this Master’s Degree Final Project we characterize the crystal structure and dielectric properties of two compounds of the
double molybdate family KRE(MO4), (RE = Tb, Yb and M= Mo). The compounds are synthesised by solid-state reaction under different
conditions to obtain different crystallographic phases, which were identified by X-ray powder diffraction. Their cell parameters were refined
by the Le Bail method: 1) the ot-KEu(Mo0Qy,), single-phase and the mixture of y-KY(MoO,), and RbPr(MoQOy); phases were obtained for
two samples of KTb(MoO4);. 2) the majority y-KY(MoOy), phase was obtained for the sample KYb(M0QO,),. Dielectric spectroscopy
was performed on the single-phase obtained for KTb(Mo0QOy)3 and conductivity curves were fitted to the Universal Dielectric Response
Model. The real part of the electrical permittivity and conductivity showed several anomalies, including the possible o~y phase-transition.
Arrhenius plot and the thermal evolution of the Jonscher parameter were compatible with these anomalies. Possible larger channels in
the layered y-phase than in the o-phase could explain the jump in the electric conductivity. In this family of compounds, the dielectric
properties are less studied than the optical ones, so we want to start advancing in the first ones. Furthermore, with a complete knowledge
of the phase diagram of this family of compounds, substantial achievements can be made in the field of both solid-state lighting and solid
electrolytes.
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has a great variety of crystalline structures [5] (see Fig.1).
Since the structure defines the physical properties [6],
the well-known polymorphism converts the KRE(Mo0O4);

Part1 family into compounds where research on the structure-
o property relationship is of very current interest. First of all,
IntrOductlon KRE(MoO4), compounds are known for their luminescence

[7]. Consequently, they can be used 1) as an active medium
Molybdates and double tungstates with formula ARE(MO,), i solid-state lasers [8] and 2) as phosphors in monochro-
(A=alkali metal, M = Mo, W and RE = rare earth) are ma- matic and white light LEDs, depending on the rare earth
terials of great interest, since they are good candidates used or the combination of them [9]. Another interesting
for applications in different fields: optics, photonics, 2SPect that rare earths contribute in double molybdates is the

catalysis, electronics. This condition is because of the ability to carry out up-/down-conversion processes [10].
varied crystalline structures that give them fascinating
crystallochemical and physical properties [1, 2]. In addition,
some of these molybdates are known to have non-linear
properties (ferroelectric, second harmonic generation) [3].
Furthermore, several recent studies have shown its high
photocatalytic activity in the degradation processes of
organic compounds and the generation of hydrogen from the
separation of water, under UV and visible radiation [4].

Furthermore, the knowledge of the different structural
modifications (polymorphs and their phase diagrams) "that
can be stable in a crystalline material" is essential to produce
nanoparticles of this material [11]. Small differences in
enthalpy and free energy between different nanoscale phases
offer thermodynamic pathways and related structural mech-
anisms controlled for possible phase-transitions. Although
a crystalline polymorph is thermodynamically the most
stable under a given set of conditions (temperature, pressure,
oxygen and other gases, electric and magnetic field, etc.),
Contact data: Christian Hdez Alvarez, Chrishdezalvarez @ gmail.com others are often slightly metastable by only a few kilojoules

The KRE(Mo0O4); family (RE = rare-earth element)
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per mole, and different phases can be accesed by specific
synthesis routes. For example, the synthesis of lithium
ammonium sulfate doped with Er*™ and Yb3* had led us to
obtain single crystals of the modification & at temperatures
between 298 and 313 K, instead of the more favorable and
dense ferroelectric phase § [12].

£ 333 S FISIEESSSEREE
T93§9558330550qqc@m_m
A = = = = < = = & « & = < - O o 8 © g
[N N NN NN SN SN SN N (R N NN N N SN N N T
A
-RbPrig
CaWo0y KalMo
] 1
KYMo =
’ g
CaWo
2 a-KEuMo
KSmMo

I I 1 ) I I I I 1 I ) I I I 1 I I
La Ce Pr Nd Bi SmMEuGd Tb Dy Ho ¥ Er TmYb Lu In Sc

Fig. 1: Structural types of potassium double molybdates,
K+RE3t(MoOy),, where R includes rare earths (Sc, Y, La-Lu), Bi
e In. The vertical arrow indicates the temperature and the numbers
at the top are the ionic radii of the ions RE3 for the coordination

of 0%~ [13].

Moreover, the electrical properties of the double and triple
molybdates have attracted great attention because some of
them have a high ionic conductivity of the alkaline metal
(Na™ and KT), Ag™ or TI™ [14]. The molybdates with
the NASICON structure (sodium superionic conductors
Na3Zr,Si PO, with space group R3c [15]) are particularly
interesting; from the ionic transport point of view. This
structural type has been proved for the first time in molyb-
date with the formula: Nay M»Scy_(MoQOy4)3 (with M =Zn,
Cd or Mg) [16]. Compounds with potassium, for example,
KMgIn(MoO4)3 has been determined that between the
temperature range from 293 to 873 K the conductivity can
increase up to 6 orders of magnitude, reaching up to 7x10~3
S/cm. This compound has a monoclinic structure that
can be considered a distortion of the NASICON structure
[17]. More recently, the structure and ionic conductivity
of triple molybdates have been studied with the formula:
KsRZr(MoQO4)¢ (R = Al, Cr, Fe, In, Sc) where it has been
obtained that the electrical parameters present anomalies
between 700 and 900 K due to a first order phase-transitions
and that the electrical conductivity increases up to 6 orders of
magnitude (reaching values between 10~ and 1073 S/cm).
These compounds crystallize in the hexagonal system with
space group P63, similar to the structure of NASICON with
channels of large cross-section. Alkali potassium cations are
found within large polyhedra and authours explained that
this structure favors their mobility [18, 19].

It is more difficult to find studies of electric conductivity
in double molybdates, specifically with potassium. The
electrical conductivity increases in K,Sr(MoQy); by a factor
of 10 around 744K when the distorting phase-transition
B-y occurs. There is a substantial improvement in the
mobility of the potassium ion associated with a change
in conductivity pathway from quasi-one-dimensional to
two-dimensional [20]. The high-temperature y-phase cor-
responds to the most symmetric palmierite-type phase with
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space group R3m. The study of double molybdates with
this structure and the formula: KsR(MoQOy)4 (R = trivalent
element) also show a remarkable mobility of K*! ions (up
to 1073 S/cm) in the directions parallel to the layers of the
framework. In this type of compounds, it is observed that
the occupations of the non-equivalent positions of the potas-
sium ions change from ordered type to statistical disorder
with increasing temperature, which indicates the possibil-
ity of moving large cations from one position to another [21].

In relation to the stoichiometry that we are studying, there
are practically no references of dielectric studies. However,
we have to add that, during the preparation of this TFM,
they have note two works have been published about the
compounds KTb(Mo0QOy4); and KYb(M0O4), [22, 23]. In
the first, the influence of different synthesis routes on the
structure and luminescent properties of KTb(MoOy), was
investigated. The two possible phases were prepared by
solid-state, hydrothermal and Czochralski techniques. These
methods gave rise to the triclinic (space group P1) phase «-
KEu(MoOy,), (by solid state synthesis), and the orthorrombic
(space group Pbcn) phase y-KY(MoOy), (by hydrothermal
and Czochralski synthesis). Furthermore, the electrical con-
ductivity was measured confirming the possibility of migra-
tion of the K* cations, located in extensive two-dimensional
channels along the crystallographic axes ¢ and a. In the case
of KYb(MoOy),, crystals grew by spontaneous nucleation
from a flow of K;Mo4013 in the KY(Mo0O,); phase. The Ra-
man spectra and magnetic susceptibility were also analyzed.

1. Motivations.

The CCDD (Crecimiento, caracterizacién y difraccion de
materiales dieléctricos) group takes many years studying the
family of compounds with formula RE;(MO4); with M =
Mo and W with a large polymorphism and interesting optical
and electrical properties related to its structural variety. This
research group has studied the phase diagram of this whole
family in different experiments varying the temperature and
pressure. The family of double molybdates with potassium
also presents a complex phase diagram (Fig.1) that is less
studied, so they have begun to synthesize compounds that
belong to zones where several polymorphs are possible.
In particular, terbium potassium and ytterbium potassium
double molybdates have been chosen. The first one shows
different environments for the Tb ion, which affects its
green emission in the field of (down-conversion) [24]. In
the case of Yb double molybdate, we also look for different
polymorphs where different environments for Yb, could
affect the up-conversion when co-dopants such as (Er and/or
Tm) are used. Although these optical applications may be
of great interest, they will not be the focus on this work.
Before that, we have to get the pure phases, it is not usually
easy to obtain them because the transition temperatures
are unknown. A very laborious synthesis is expected, but
we like the challenge. If we achieve these phases, we
are interested in their structural and electrical-dielectric
characterization, these properties are much less studied.
Moreover, dielectric permittivity will allow us to know
the stability of the polymorphs. The different phases must
have different conductivities (3D structures, layers...). It is
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expected that if rare earth layers are formed, with greater
distances between them, there will be wider channels for the
conduction of potassium ions.

The situation that arose due to COVID-19 and the prob-
lems with SEGAI personnel (General Research Support Ser-
vices of the ULL [25]), make us prioritize the work in the
Low Frequency Laboratory where we can perform synthesis
and dielectric measurements. It would be desirable to have
thermal analysis measures, but we did not collect them.

I1. Objectives.

The objectives set for this TFM are:

1. Synthesize for the first time the compounds
KTb(MoQy4); and KYb(MoQOy4), with different
solid-state synthesis routes in order to obtain different
pure polymorphic phases.

2. Identify phases for two compounds: KTb(MoOy), and
KYb(Mo00,),, starting from the phase diagram shown
in Fig.1. We hope to find new polymorphs in zones
where 3D structures coexist with layered structures.

3. Refine the X-ray diffractograms starting from known
structures or introducing small distortions. If pure
phases are not obtained, we will also refine the mixture
of phases. We will be able to obtain the crystallographic
cell parameters from the refinement and corroborate the
crystal structure (space group and atomic positions).

4. Inthe case of obtaining pure phases, we will perform the
dielectric characterization by means of impedance spec-
troscopy as a function of temperature and frequency.
We will analyze the possible phase-transitions from the
behavior of the permittivity and the electrical conduc-
tvity.

5. We will correlate the crystal structure with the results of
the dielectric properties. We will study the differences
between 3D structures and layered structures and how
RE3* and K™ cations are arranged in them to contribute
to thermal, photocatalytic and luminescent properties,
but specially dielectrical and electrical ones.

II1. Work Organization.

The introduction of the TFM consists of a complete biblio-
graphic review to show a state of the art that emphasizes the
current interest that the KRE(MoOy), family has. We have
reviewed its main properties emphasizing the electrical ones.
Within the introducction, we have dedicated three sections
to the motivations that have inspired this work, the specific
objectives and how we have organized the writing.

The methodology consists of four sections to describe the
experimental procedure. We will write a small summary
of each technique, the physical foundations and the exper-
imental conditions. Thus, the first section deals with the
solid-state reactions of the studied compounds, the second
on X-ray diffraction in polycrystalline samples and the
third on dielectric spectroscopy in pure phases. The last

section is dedicated to the description and comparison of
the crystalline structures that belong to the phase diagram to
facilitate the analysis.

In the section "Results and Discussion,” we will begin
by explaining how the data are analyzed to facilitate the
discussion. In the case of X-ray diffraction, we will describe
how the phase identification is performed from routine
diffractograms to Le Bail refinement. We will also explain
some strategies followed to achieve better results. In the case
of dielectric spectroscopy we will describe the analysis of
the data in the context of the Universal Dielectric Response
Theory. Finally, we will discuss the results obtained with
both techniques and we will relate them.

The last section will consist of a compendium of the con-
clusions of the TFM and we will end by presenting our vision
of the possible future work in order to continue and improve
the research in this family of compounds.

Part I1
Metodology

IV. Synthesis method.

The synthesis method used is the solid-state reaction (ce-
ramic method) which consists of the reaction of the starting
reagents at high-temperatures and during a relatively long
heating time. It can allow the reagents to diffuse for shaping
the desired single-phase.

This method has been, for many decades, the most widely
used in the preparation of materials. However, it has been
shown to offer several drawbacks:

1. Intergranular and intragranular diffusion problems:
Consider that we want to obtain compound C from reactants
A and B, thatis: A+B — C.

Fig. 2: Inter and intragranular diffusion processes.

Compound C gives rise to problems of counterdiffusion
of ions A and B through the interface. As the reaction
progresses, this increase lead to the reaction speed decreases
due to the greater distance between reactives Fig.2. The
problem can be solved with intermediate grinding during the
different heating phases.

2. Obtaining the single-phase C: It is not always possible
to obtain a pure compound (only one phase), this may be due
to:

* During treatment at high-temperatures, some of the
reagents may become sublimated.
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* Large size of the reagent grains (improper grinding
and/or bonding between grains, leading to a larger grain
size).

The evolution of this process (obtaining the single-phase)

must be followed by X-ray Diffraction. The experimental
procedure is the one indicated in Fig.3.
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Fig. 3: Experimental procedure.

V. Sample Preparation.

All the experiments, except for the X-ray diffraction, were
carried out in the Low Frequency Laboratory of the Univer-
sity of La Laguna. The code indicated in Table 1 indicates
the different syntheses.

a. Synthesis of KYb(Mo0Qy);.

The synthesis of 1g of potassium ytterbium molybdate
[KYb(M0O4),] was carried out from the reactives: potas-
sium carbonate (K>CO3), molybdenum oxide (VI) (MoO3)
and ytterbium (III) oxide (Yb,O3) in stoichiometric pro-
portions. In Table 2 indicates the corresponding molecular
weight, given by the manufacturer (Aldrich) for each reagent
(all the starting reactives have a purity of 99.99 %).

It should be noted that for the adjustment of the reaction
equation (A + B + C — D + by-products), the thermal
decomposition of potassium carbonate must be taken into
account (CO;, is released).

The balanced equation is:

4MoO3 + K,CO3+Yby O3 —
2KYb(MoOy4); 4+ CO, (D)

TABLE 2: Amounts of compounds for 1g of KYb(Mo0O,),.

PM Mass Mass (obtain 1
Compound  (4/mo) © o
MoO3 143.9382  575.7528 0.5411
K,CO3 138.2055  138.2055 0.1299
Yb,03 394.0782  394.0782 0.3704
KYb(MoQOy4), 532.0135 1064.027 1
CO, 44.0095 44.0095 0.0414

According to previous experiences (see Supplementary
information Part VII, Section XV) to obtain 1g of the
KYb(Mo00Qy),, it is necessary to use an extra percentage of
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the reactives calculated above (Table 3). These quantities
will be precalcined following the heat treatments indicated
below.

TABLE 3: Amounts of reagents required.

Reactives Mass (obtain 1g)  Extra Percentage  Final Mass
() (%) (€3]
MoO; 0.5411 10 0.5952
K,CO3 0.1299 30 0.1689
Yb,03 0.3704 10 0.4074
1000
10h
800
_ 120 °C/h
O
< 600+
§ 400
= 120 °C/h
200 4
0 , . . : : :
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Fig. 4: Precalcination of rare earth oxides. This treatment is
common for all rare earth oxides.
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Fig. 5: Precalcination of the reactive (MoO3).

The necessary amount of reagents was weighed (previous
precalcination, following the heat treatments shown in Figs.
4,5 and 6).

Then, these reagents were grounded in an agate mortar and
for at least 1 hour, so that the mixture was as homogeneous
as possible (during process, it is convenient to add a small
amount of acetone to promote mixing). In all cases, pel-
lets were obtained from ground powder to increase the con-
tact surface between the grains, thus favoring the reaction.
And then the pellets were placed in a platinum crucible and
subjected to a heating/cooling program (Fig.7). The process
was supervised by X-ray Diffraction until the desired single-
phase was obtained.
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TABLE 1: Compound Synthesis: Codes
Codes Obtain Temperature(°C)  Time(h)  Pressure(ton) Supplementary information
MOa KYb(Mo00y4), 700 90 3 Part VII, Section XV - a
MoOa KYb(MoOy), 725 90 3 Part VII, Section XV -b
M1 KYb(Mo00y4), 680 90 3 Part VII, Section XV - ¢
M2 KYb(Mo00y4), 680 90 3 Part VII, Section XV - ¢
M3 KYb(MoOy), 725 90 5 Part VII, Section XV - ¢
M4 KYb(Mo00y4), 725 90 5 Part VII, Section XV - ¢
M5 KYb(Mo00y4), 680 90 3 Part VII, Section XV -d
M6 KYb(MoOy), 680 90 5 Part VII, Section XV -d, g
M7 KYb(Mo00y4), 750 90 3 Part VII, Section XV -d
MS8 KYb(MoO4), 750 90 5 Part VII, Section XV -d
M9 KYb(Mo00y4)> 625 90 3 Part VII, Section XV -e
M10 KYb(Mo00y4), 625 90 5 Part VII, Section XV - e
M1l KYb(Mo00Oy), 650 90 3 Part VII, Section XV - e
M12 KYb(MoOy4), 625 60 3 Part VII, Section XV - e
M13 KYb(Mo00y4), 690 90 3 Part VII, Section XV - f
M14 KYb(Mo0O4), 700 90 3 Part VII, Section XV - f
M15 KYb(Mo00y4), 710 90 3 Part VII, Section XV - f
KTb(Mo0O4), baja  KTb(MoO4), 700 80 3
KTb(Mo0Oy4), alta  KTb(MoO4), 850 80 3
500 1000
400 800 1
90 h
o) o) 700 °C
% 300 A % 600 -
E;- 0h E;_ quenching
£ 200 1 £ 400
= =
200%¢ 100 °C/h
100 4 120 °C/h 200 4
50 °C
0 - - : . . 0 . . . . . : :
0 2 4 6 8 10 0 25 50 75 100 125 150 175

Time (h)

Fig. 6: Precalcination of the reactive K,COs.

b. Synthesis of KTh(MoQ,), phases.

The synthesis of 1g of potassium terbium molybdate
[KTb(Mo0OQy4),] was carried out from the reagents: potassium
carbonate (K>CO3), molybdenum oxide (VI) (MoO3) and
terbium (III, IV) oxide (TbsO7) in stoichiometric propor-
tions. Table 4 indicates the corresponding molecular weight,
given by the manufacturer (Aldrich) for each reagent (all the
starting reactives have a purity of 99.99 %).

The equation adjusted with the coefficients obtained was
as follows:

16Mo00O3 +4K>,CO3 +2TbsO7 —

8KTb(M004)2+4C02—|—02 2)

Time (h)

Fig. 7: Heat treatment to obtain the KYb(M00Q,),.

TABLE 4: Amounts of reagents for 1g of KTb(MoQy),.

PM Mass Mass (obtain 1g)
Compound — (g/mol) ® ®
MoOj3 143.9382  2303.0112 0.5558
K;CO3 138.2055  552.8220 0.1334
TbsO7 747.70 1495.4 0.3609
KTb(Mo0Oy4); 517.92 4143.36 1

CO, 44.0095 176.038 0.0425

(0)) 31.9988 31.9988 0.0077

As for the potassium and ytterbium molybdate, to ob-
tain 1g of KTb(M0Oy4), we used an extra percentage of the
reagents calculated above (Table 5). These amounts were
precalcined following the same heat treatments of Figs. 4,
5 and 6. After precalcination, the same procedure was fol-
lowed as with KYb(Mo00O,),, then it was subjected to a heat
treatment (see Fig.7) and then the process was monitored by
means of X-ray diffraction until obtaining the desired single-
phase.
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TABLE 5: Amounts of reagents required.

Reactives Mass (obtain 1g)  Extra Percentage  Final Mass
(€] (%) (€9)
MoOs 0.5558 10 0.6114
K;CO3 0.1334 20 0.1601
TbyO7 0.3609 10 0.3970

VI. X-ray Powder Diffraction.

X-ray diffraction measurements were carried out to confirm
and characterize the samples. This physical phenomenon
occurs when a wavefront encounters an obstacle comparable
in size to its wavelength (X-rays have wavelengths on
the same order of interatomic distances). The diffracting
obstacle (crystal lattice) becomes a secondary source of
the scattered waves. Differences among the optical paths
and the initial phase produce constructive or destructive
interferences among secondary waves with even or odd
multiple of 7 phase shift. A diffraction pattern consists
of a plot of the scattered intensity versus the diffraction angle.

Bragg’s law appears from the discoveries of William
Henry Bragg and his son William Lawrence Bragg in 1913
[26]. They concluded that X-ray diffraction geometry
was similar of a ray of light striking a plane mirror. It is
considering a crystalline structure is formed by families
of equispaced parallel planes that contain identical atomic
arrangements. The incident beam forms an angle 6 with a
set of these planes. Thus, the reflected beam will also form
an angle 0 with these planes and the resulting angle between
the two beams will be 20. There are many families of planes
within a crystal. The reflections produced in each family of
planes interfere with each other. This interference will be
constructive when the difference in optical paths between
the reflected beams from consecutive planes is equal to an
integer multiple of the wavelength (see Fig.8).
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Fig. 8: Bragg’s Law Diagram [27].

Bragg’s law (Eq.3) allows predicting the angles 260 at
which the X-rays are diffracted, where n is an integer, d is
the distance between the crystal lattice planes, and A is the
wavelength of the incident ray. As X-rays have a great pen-
etrating power, this phenomenon is not limited to the surface
planes of the sample [27].

2dsin(0) = nA 3)

A diffractometer is an instrument that allows measuring
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the diffraction of an X-ray beam (or of neutrons or electrons)
when it intercepts a crystalline sample. Schematically, a
diffractometer consists of an x-ray generator tube, a platform
to place the sample and a detector, as well as a series of
optical elements (primary and secondary optics) that allow:
1) the beam to be collimated, 2) reduce the scattering of the
rays, and 3) ensure that the incident and diffracted beam
present an appropriate section [28].

The structural characterization has been carried out using
crystalline powder X-ray diffraction at SIDIX (Integrated
X-ray Diffraction Service [29]), which is part of the General
Research Support Services of the ULL (SEGAI [25]). The
service has a powder diffractometer. In this equipment, the
X-ray source consists of a Cu anode that generates charac-
teristic wavelengths CuK,, and CuKﬁ, from which the first is
selected with a Ni filter. In turn, the radiation is composed of
two lines named: Ky and Ky with wavelengths: 1.54056
A and 1.54443 A, respectively. The detector that collects the
diffracted light intensity usually is an area detector.

The geometry used in the diffractometer is that of Bragg-
Brentano, a configuration that detects the beam diffracted by
the sample in reflection mode (it could be in transmission
mode). To do this, the angle of incidence varies by rotating
the sample an angle 8 and the detector an angle 28. The
source and detector trace a path on the circumference of a
circle with its axis on the specimen surface. The equipment
used for the measurements was the Malvern Panalytical
"Empyream" diffractometer. Our routine measurements
were carried out using a continuous scan in the angular
interval 5°<20<80° in steps of 0.03° with an integration time
of approximately 60s. In Fig.9 the different elements used
can be distinguished: (I) X-ray generator, (II) goniometer,
modifies the angle of incidence 20 in the range from -111° to
168°, (IIT) optical elements [a) 1/8° divergence slit (primary
and secondary), b) mask to limit the beam width (primary),
¢) soller slits of 0.04 rad, it is a set of sheets that eliminate
the angular divergence of the beam so that it reaches the
sample as parallel as possible (primary), d) antiscattering
slit of ¥2° to eliminate scattered radiation (secondary)], (IV)
sample platform, where the sample holder is placed for the
measurement, (V) PixellD detector with Medipix3 tech-
nology, (VI) sample exchanger, which allows programming
several continuous measurements with different parameters
in each case: angular interval, integration time, etc.

This equipment allows different sample holders depending
on the type of measurement to be carried out and the amount
of sample. In our case, the low-background specimen holder
(Fig.10a) of approximately 1 mm deep were used, for a small
sample; and zero-background sample holder (Fig.10b), with
about 50 microns, for a very small amount of sample. Dur-
ing assembly, it is necessary to avoid the preferential orienta-
tion of the crystals, making circular movements favoring the
random orientation; otherwise an error is introduced in the
intensity of the diffraction peaks.
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Fig. 9: Diffractometer Empyrean of Malvern Panalytical.

e

(b) Zero-background sample
holder (ZBH)

(a) Low-background-
specimen-holder
(LBH)

(c) Example of sample
mounted on ZBH

Fig. 10: Types of sample holders.

VII. Dielectric Spectroscopy.

The Dielectric Spectroscopy studies the response of mate-
rials when a time-varying electric field is applied to them.
This response is expressed in terms of a macroscopic and
complex magnitude, the dielectric permittivity (€), the
analysis of € as a function of temperature and frequency
gives microscopic information.

There are several different dielectric mechanisms, related
to how the medium under study responds to the applied field.
Each dielectric mechanism has a characteristic frequency,
which is the reciprocal of the characteristic time of the
process. In general, dielectric mechanisms can be divided
into relaxation and resonance processes. In Fig.11 the main
dielectric processes are shown depending on the frequency.

We can also obtain information about electrical conduc-
tivity, a physical property that reflects the ability of matter
to transfer electrical charge. The conductivity is related
to the electrical permittivity, understood as the ability of a
material to polarize under the action of an electric field. In
salts, conductivity is due to ion mobility, which depends on
many factors: the size of the ions and the strength of the
ionic bonds. The electrical conductivity of solid compounds
has received considerable attention recently. Nowadays,
initial demand for: electrically insulating materials, semi-
conductors, metallic conductors, and superconductors has

e ()

e=¢g'+ig"
dipolar T

b s
atomic electronic

1015

1012
’Jmicrowavej infrared WIS fUVL\
Frequency in Hz

103 106 10°

Fig. 11: A spectrum of dielectric permittivity over a wide range of
frequencies. The real and imaginary parts of the permittivity are
shown, and various processes are represented: ionic and dipole
relaxations, and atomic and electronic resonances at high energies
[30].

now expanded to include ionic superconductors.

In materials science, fast ionic conductors are solids
in which the ions are highly mobile. These materials are
essential in the field of solid-state ionics. These materials are
useful in batteries and various sensors. Fast ionic conductors
are primarily used in solid oxide fuel cells where solid
electrolytes allow the movement of ions without the need
for a liquid or soft membrane separating the electrodes. The
phenomenon is based on the jump of ions through a rigid
opposite structure [31].

Materials for electrical applications must guarantee a
homogeneous behavior, regardless of external conditions
(temperature, humidity, etc.) during a long useful life. In
addition, its manufacturing process must be inexpensive. All
these factors motivate the industry to look for new materials
to replace the traditional ones (iron, copper, gold, etc.). From
the point of view of industrial applicability, materials with
dielectric properties that exhibit predictable and uniform
thermal behavior are in high demand. In this sense, ionic
crystals have shown good stability due to their low number
of crystal defects at room temperature. However, at higher
temperatures, more defects occur, in turn increasing the
conductivity. The initial number of defects depends on the
crystal growth technique used, and the inclusion of dopants
in the crystal composition [32].

The dielectric characterization has been carried out with
an impedance analyzer "HP 4192A F" in the Low-Frequency
Laboratory of the University of La Laguna. This equipment
(Fig.12) allows measuring the impedance of electronic
components, telecommunications filters and image and
audio circuits.

In this work, pellets of each compound (pure phases) were
measured and its dielectric permittivity was obtained in a
determined range of frequencies, applying an alternating
voltage and in a given range of temperatures.

In order collect data at different temperatures, the sam-
ple was placed in an oven (Fig.13). Before starting to mea-
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Fig. 12: Impedance measurement equipment: HP 4192A LF
Impedance Analyzer.

sure, it is necessary to calibrate the equipment and collect
some pellet measurements to use in the equipment software.
For the samples that were synthesized before measuring, the
equipment was programmed with several parameters, among
which the equipment requests the C, (Active Capacity) that
depends on the dimensions of the pellet (Fig.14).

Fig. 13: Oven used to heat the sample during impedance
spectroscopy testing.

A
Co=¢€— “4)
e

Where ¢, is the permittivity of the vacuum, A is the elec-
trode area and e is the thickness of the pellet.

"""""""" e A

N S

Fig. 14: Pellet dimensions.

» Experimental conditions for KTb(MoOy4),: A fre-
quency range of 5 Hz to 13 MHz, an alternating volt-
age of 1 V and a temperature range of 323 K to 873 K

CHRISTIAN HDEZ ALVAREZ

with steps of 5K, with a warming and cooling rate of of
50K/h. C, =0.43 pF.

» Experimental conditions for KYb(M0QOy4),: A fre-
quency range of 5 Hz to 13 MHz, an alternating volt-
age of 1 V and a temperature range of 323 K to 923 K
with steps of 5K, with a warming and cooling rate of of
50K/h. C, = 0.25 pFE. This sample could not be studied
since the equipment broke down during the measure-
ment.

VIII. Phase Diagram of KRE(MoOQ,), family

This section describes phase diagram of Fig.15. We will
compare the different phases that correspond to high and
low-temperatures in order to be able to interpret the changes
in dielectric properties with temperature.

a. Comparison between the scheelite structure and
the a-KEu(MoQ,); structure.

(d) Phase a-KEu(MoQy4),

(¢) Scheelite structure

Fig. 15: Projection of structures of KRE(M0Qy,); perpendicular to
different directions. Mo atoms are drawn orange, RE atoms green,
K atoms gray and O atoms red.

The scheelite structure was found for the first time in
CaWOy [33]. It is built in two columns [...-AOg-MOy-...]
along the c¢ axis (see Fig.15¢). The AOg polyhedron and
the MOy tetrahedron form a 3D network sharing common
vertices. The cations A and/or B can be partially substituted
in the form (A",A"),[(M" M"0q4],, (A’, A" = alkaline,
alkaline earth or rare earth and M*, M" = Mo, W). The
substitution of Ca’* by a combination of M* (Li*, Na*,
K™, Ag™) and a trivalent cation allows the formation of the
double molybdates MRE(Mo0O4), (RE = rare earth, Y, Bi).

Double molybdates KRE(MoOy), family owns various
polymorphic structures, as seen in Fig.1, which can be di-
vided into scheelite-type modifications (RE = La-Dy) and
non-scheelite modifications. (RE = Dy-Lu) [34]. Within
the scheelite-type there are three subgroups: 1) tetragonal
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scheelites (RE = La-Sm) with space group I4;/a, mono-
clinic phases with a small distortion of the scheelite struc-
ture (called CaWOy-d) are in this group. 2) phases with
incommensurable modulated structure (RE = Nd and Sm)
with superspace group I2/b(a30)00). 3) Triclinic phases
with the structure-type a-KEu(MoOj4), and space group P1;
in contrast to the tetragonal scheelite phase where the K
and RE cations are statistically distribute in the phase «-
KEu(MoQy,), are ordered (Fig.15b). The K and RE cations
are partially ordered in the incommensurate structure [5, 34].

b. Comparison between the structure «-
KEu(MoOQ4), and the structure y-KY(MoQy);.

(a) Phase a-KEu(MoOQy); (b) Phase y-KY(Mo00O4),

C -

(c) Phase a-KEu(MoQOy), (d) Phase y-KY(Mo00O4),

Fig. 16: Projection of structures of KRE(M00Q,), with
perpendicular view to different directions. Mo atoms are drawn
orange, RE atoms green, K atoms gray and O atoms red. In (c) and
(d), only the YMo,Og layers have been drawn without potassium
atoms for a better viewing.

In the group of non-scheelite modifications, the or-
thorhombic phase of the KY(MoOy); type is a layered struc-
ture, as shown in Fig.16a. It contains [YMo,Ogs] layers
formed by MoOy tetrahedra and YOg polyhedra, which are
perpendicular to the b-axis. A layer of K separates two
neighboring layers of [YMo0,Og] in a zigzag way. Two
YOg polyhedra share an O-O edge and form infinite [Y20O14]
n chains. The MoQO, tetrahedra separate the neighboring
[Y2014], chains. Thus, the ordering of Y3 in phase v is
1D. In the zigzag K™ layer, each K ion is surrounded by
six other K™ ions [22, 23]. The difference between the a-
KEu(MoO4), and y-KY(MoOQ4), structures can be better un-
derstood by considering the rare earth environment RE**
and its neighbors RE** (Fig.16c, d). In phase ¥ the layer
of lanthanide ions is a flat layer in which each cation is sur-
rounded by four cations of the same type, forming a perfect
rectangular lattice. In the phase a, six RE3T cations form

six-membered rings. We can also consider a layer of RE**
cations built from these rings resulting in a 2D network of
RE3*. However, it is not a perfectly flat layer. The zigzag
K™ layer of phase y is more similar to that of phase o. In the
phase «, the layers of the cations RE3* and K™, form six-
membered rings as the phase y [22]. This narrowing of the
entire layer [YMo,Og] within the phase 7y can allow conduc-
tion channels of potassium K* ions along with the directions
a and ¢, comparing the phase «.

c. Comparison between the structure structure -
KY(Mo00O4), and the structure RbPr(MoQ,);.

O R s
';“g .~..~..‘..L.
(c) Phase y-KY(Mo0O4); (d) Phase y-RbPr(MoQOy4),

Fig. 17: Projection of structures of KRE(Mo0Oy), with
perpendicular view to different directions. Mo atoms are drawn
orange, RE atoms green, K atoms gray and O atoms red.

This type of structure was initially observed for -
RbPr(MoQOy), [35]. This phase has a space group P4/nnc or
Pnnn. Its structure is built with tetragonal antiprims of PrOg
and RbOg joined through shared lateral edges and alternat-
ing in "checkerboard" order, as illustrated in Fig.17d. The
Rb and Pr layers share oxygen vertices with the intercalated
MoOy tetrahedra providing interlayers bonding.

Part I11
Results and Discussion

IX. Phase Identification.

Theoretical diffractograms of KRE(MoQ,), phases are the
starting point for identifying synthesized crystalline phases.
These patterns are calculated from the corresponding ".cif"
files (crystallographic information file, obtained from the
ICSD database [36]). In order to detect possible impurities
caused by the reagents that have not reacted during the syn-
thesis process, the measured diffractograms are represented
together with the theoretical ones. Both patterns are com-
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pared by using the WinPLOTR [37] computer program. To
facilitate the writing and handling of the data, we use the
codes indicated in Table 1.

a. Potassium ytterbium double molybdates.

Diffractograms M5-M12 could correspond to a mixture of
phases (see Figs. 18 and 19): 1) the majority phase with
the structure y-KY(Mo0O4); (kYb(moo4)2-faseY), and 2) the
minority phase with the hydrated structure y-Scoy(WOQO4)3
(gamma_Y). The hydrated phase y-Sca(WO4); is not re-
solved, but we have raw data of a sample of Y,(Mo0Oy4)3 to
compare. In addition, Bragg peaks of the theoretical non hy-
drated phase y-Sca(WO4)3 (fasegamma_hkl) were obtained
from the ICSD database.

Fig. 18: Diffractograms M5-M8 and Y,(MoOy)3 (raw data). The
bars correspond to the Bragg reflections of the phases
Y-KY(Mo00O4), and of the y-Scp(WO4)3 (not hydrated).

Fig. 19: Diffractograms M9-M12 and Y,(MoQOy)3 hydrated (raw
data). The bars correspond to the Bragg reflections of the phases
Y-KY(Mo00Oy,), and of the y-Scp(WOy4)3 (not hydrated) .

Regarding the M1, M2 and M3 diffractograms (see
Fig.20), we have represented them together with: 1) the ma-
jority Y-KY(Mo0Oy4), phase (kYb(moo4)2-faseY), 2) the the-
oretical reflections of the oxides of potassium, molybdenun
(K20, Mo03) and 3) the K;MoQOy reflections. In the case of
the M4 diffractogram, K,MoO, can be detected as an impu-
rity, however the oxides are not easy to detect.

b. Potassium terbium double molybdates.

The low-temperature phase is perfectly identified with the
triclinic phase of KEu(MoOQO4), (KTb(MoO4)2_Baja), note
the blue diffractogram of Fig.21. However, we expected
the phase y-KY(MoO4), (KTb(MoO4)2_ Alta) for the sam-
ple prepared at high temperature (orange diffractogram
in Fig.21). This phase appears with other quite intense
peaks. The peak at the lowest angle (20 = 8°) corresponds
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Fig. 20: Diffractograms M1-M4 (raw data). The bars
corresponding to the Bragg reflections of the phases
7-KY(Mo00Qy),, of the oxides K, O and MoO3, and of KoMoQOy).

to the phase KEu(MoO4), that coexists with the phases
KY(Mo0O4); as discussed in the bibliography [22, 23]. How-
ever, other peaks also appear (for example, at 20 = 17° and
34°) that do not correspond to the mentioned phases and the
incommensurable phase of KSm(Mo0QOy),. They are neither
oxides nor molybdates: K,(MoQO4)3 and Tby(M00O4)3 (@ or
B phases). The high-temperature phase with the structure of
RbPr(MoO4), (RbPr_hkl in Fig.21) was identified, but a Le
Bail refinement was necessary to ensure this.

[

Fig. 21: Diffractograms of KTb(MoO,), (raw data) synthesized at
high (orange diffractogram) and low (blue diffractogram)
temperature. The bars correspond to the Bragg reflections of the
phases a-KEu(MoOy);, 7-KY(Mo004), and RbPr(MoQOy),

X. Le Bail Refinement.
a. Basis of the Le Bail Refinement.

The low resolution of the diffractograms (diffractograms
with little or incomplete statistics), prevented us a Rietveld
refinement [38], where: 1) the lattice parameters, 2) the pro-
file and width of the peaks and 3) the structure (atomic pa-
rameters) are refined by least-squares from the phases found
in the bibliography. Consequently, the Le Bail method was
used [39], which requires fewer parameters to refine since it
is unnecessary to know the crystalline structure. In this case,
the intensity in cycle n + 1 is calculated from the intensity of
the previous cycle n.

IR NEACCHES
I (H)f;IC (H)Q(20;) y1(20;) Z

®)

Where I!'*"(H) is the calculated intensity (integrated
area) of the Bragg peak in cycle n + 1 corresponding to
the vector H; I (H) is the intensity calculated from the
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same peak in the previous cycle; Q(20;) is the profile
function at the angle 20®;. Furthermore, the quotient between
brackets is the difference between the observed intensity
and the background, divided by the difference between
the calculated intensity and the background. Therefore,
the first value of 19 (H) is required before starting the first
cycle of refinement. There is an instruction with which
the Fullprof software [40] generates these first intensi-
ties. We have to enter the initial lattice parameters from
the database. We calculate the background by linear in-
terpolation of points chooses at the base of the diffractogram.

The modified Pseudo-Voigt function of Thompson-Cox
and Hastings (with corrections for the axial divergence) is
used for the profile function [Q(20;)] refinement [41]. This
function considers the broadening due to microstrain and
grain or domain size. For this type of function, the shape Q
and its width B of the profile are a mixture of Gaussian and
Lorentzian functions and their widths (L and G subindex, re-
spectively):

Q(20,8) =n=*L(20,B.)+(1-n)*G(20,B5)  (6)
Br =X xcos(®)+7Y xtan(®)+Z (7
B2 = Pxcos(20) + U xtan(20) +V xtan(®) +W  (8)

The parameters X, Y, Z, P, U, V and W can be refined. The
parameter U gives direct information about the microstrains.
The parameter X gives direct information about the sizes of
the grain or its domains with the same dependence of the
angle O in the Scherrer formula [42]. The parameter Y has a
similar dependency on the angle © to the parameter U, which
can have information about the grain sizes, although it is
more difficult to deduce. Remainder parameters are related
to the instrumental resolution. We started from parameters
calculated in refinements of previous diffractograms. It is
necessary to know the length of the peak base to model the
profile function. This length is given by the parameter "wdt"
in Fullprof (number of times the peak width at half-height).

Least squares refinement is an iterative process in which
the calculated diffractogram (values of y;.(2®;) has to be ad-
justed to the observed one (experimental values y;,(20;), al-
ways subtracting the background. The parameters that define
the model are refined until convergence is reached. The sum
is applied to all the data points of the diffraction pattern:

=z

S = Z [0(207) — y.(26))? ©)

We can determine the agreement obtained by final inspec-
tion of the refined diffractograms, qualitatively, where we
compare the calculated patterns (y.) with the observed ones
(¥,). In addition, a set of conventional R factors is used (see
Table 6) to know more quantitatively this agreement since,
with these values, we can compare our refinements and
other similar found in the bibliography. In the table, N is the
total number of points in the pattern minus the total number
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of excluded points; P is the number of refined parameters;
C is the number of strict constraint functions; N - P + C
corresponds to the number of degrees of freedom.

TABLE 6: Rietveld-Le Bail Refinement Agreement Factors [38]

* The profile R,

Zl |y0 yC|
R, =100 (10)
r Yilyol
* The weighted profile R,
Yilyo —yel }
R,, =100 | =——— (11)
P { Y, |y0|2
* Expected value Ry
1
N—-P+C ] 2
R, , =100% | ——— (12)
“r [Zi(wi X Yoi)?
* Goodness of fit 2
R 2
2 wp
= —+ (13)
2= (&)
* integrated intensities Rp,qqq
I
Rprage = 100 L lle = el (14)
Y[kl
¢ The structure factors Rg
F, —|F.
Ry — Yt | Fonkt| — |Fe i 15)

Yot |1 Fo k|

b. Results of the Le Bail Refinement.

The Le Bail refinement of the four phases found is shown
in Figs.22-24. The plot in red indicates the observed
data (y;,(20)), in black the calculated ones (y;(20)), the
difference between them are blue and Bragg reflection are
plotted by green lines.

*  Yobs
— Ycal

—— Yobs-Ycal
| Bragg

1t

N 1 T,

'y

Fig. 22: Refinement of the low-temperature phase of the
KTb(Mo00O4),
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TABLE 7: Le Bail Refinement parameters obtained.

KTb(MOy), o-KEu

KTb(MOy); y-KY  KTb(MOy), RbPr

KYb(MOy), y-KY

a(A) 5.267(8) 5.098(6) 6.299(1) 5.042(7)
b(A) 6.896(7) 18.152(4) 6.437(3) 18.298(5)
c(A) 10.677(5) 8.017(5) 9.479(3) 7.865(9)
a®) 75.772(7) 90.000 90.000 90.000
B© 76.916(4) 90.000 90.000 90.000
7(°) 67.445(5) 90.000 90.000 90.000
V(A3) 343.4(6) 742.0(2) 384.3(8) 725.8(1)
Rp(%) 11,7 10.2 10.2 9.77
Rexp(%) 5,17 4.31 4.31 2.78
X2 5.15 5.56 5.56 21.2
Rp(%) 1.07 0.566 1.65 0.643
parameters agree with those obtained by other authors very
‘ recently [22] and who prepared the sample under similar
— AV [+ Yot conditions. The first most intense peak corresponds to the
. i aereet plane (001), where the Tb atoms are located, forming denser
layer than other heavy atoms (K and Mo), see Fig.15. This
is the expected phase according to the phase diagram shown
in Fig.1.
T T T T T Fig.23 shows the refinement of the high-temperature

Fig. 23: Refinement of the high-temperature phase of the
KTb(Mo00Oy4);

. —L.—-”\_MLLA—“_J « Yobs

COCCUE R i e — Yeal
—— Yobs-Ycal
| Bragg

Fig. 24: Refinement of the low-temperature phase of the
KYb(Mo00y4),

The result of the refinement is excelent if we consider
that we are dealing with routine diffractograms and layered
structures. This type of crystal structure presents a broaden-
ing of the diffraction peaks (anisotropic and asymmetric).
In addition, some of them are displaced due to possible
stacking defects. It was solved by adding more refinement
parameters to the more intense peak (with an independent
Lorentzian width and macrostrain). Even, we found that
in some angular ranges it was possible to have peaks with
negative width at half-height. This drawback appears in this
type of refinement because it is impossible to simulate the
intensities of the peaks from the structure factors (therefore,
from the atomic positions in a theoretical model). Table 7
shows the result of the refinements.

Fig.22 shows the refinement of the low-temperature
KTb(MoO4), phase. It is a pure phase with the structure
a-KEu(MoQy),, as we identified. The values of the lattice
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KTb(Mo0O4), phase. In addition to the expected phase
with structure y-KY(MoQy),, we refine the RbPr(MoQOy),
phase that appears in the phase diagram (Fig.1). On the
other hand, also the same authors who worked with the
low-temperature phase [22] obtained a pure phase with the
expected high-temperature structure. However, the synthesis
procedure was different (flow and melt growth). We do
not have references to a complete characterization of this
compound prepared by solid-state synthesis. The thermal
analysis could help to know the phase changes to achieve the
pure phase, probably at lower temperature. We do not have
references about the formation of the RbPr(MoQO4); phase
for this compound, which is feasible for rare earths of higher
ionic radius. In this case, the more intense peak corresponds
to the plane (020) where the Tb atoms are placed, forming a
denser and flatter layer than in the previous case. Therefore,
giving rise to a relatively more intense peak than in Fig.22.

Fig.24 show the the refinement of KYb(M0QOy4), phase.
The expected phase was obtained with the structure 7-
KY(Mo0O4),. Several satellite peaks and differences in the
peak intensities were observed. We think that we have ob-
tained crystals with impurities and more defects than in the
previous cases. This phase has also been obtained very re-
cently [23], but the preparation method has not been the
same, and it was characterized by single crystal diffraction.
Here we also refine with the Le Bail method, although the
results were worse than in previous cases. As we have al-
ready mentioned, we think that this compound has more de-
fects than the two samples of KTb(MoO4),;. The phase y-
KY(MoOy4), has a clearer layered structure than the phase
a-KEu(MoOy),, with the distorted scheelite structure (the
scheelite structure is not a layered structure). There are more
parameters to refine for the second sample and more possibil-
ities to improve the refinement, being a mixture of phases. In
fact, the refinements that give better results for layered struc-
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tures are based on refining less symmetrical structures or "su-
percells” in which these defects are simulated, similarly to a
phase mixture [43]. In addition, the relative intensity of the
first peak (020) with respect to the remaining ones is much
higher in this case. The layer of Yb atoms is denser and the
distance between layers is also relatively long so stacking de-
fects are possible. We chose to refine the diffractogram that
seemed to respond to the most crystalline phase, with fewer
impurities and defects (raw data with code M13). We can say
that it has been possible to refine, for the first time, diffrac-
tograms for this compound prepared by solid-state synthesis.
However, we must collect higher resolution diffractograms
to perform a more complex Rietveld refinement in which the
layer structure can be modeled. A thermal analysis will help
to know the range of thermal stability of this compound and
if it is possible to sinter a new phase at high temperatura as
we see in Fig.1.

XI. Dielectric Properties.

a. Analysis of dielectric spectra: Universal Dielec-
tric Response Model.

The dielectric properties, in particular, the real part of the

complex permittivity (€') and conductivity (¢”) of the sam-

ple, are studied by measuring the complex impedance Z*(w).

Then, the complex permittivity (€*(w)) is evaluated from the

value obtained from Z*(w) according to the following rela-
tion:

" _ e
e*(w) = i0eyZ*(w)A
Where € is the dielectric constant of the vacuum, A and e

represent the electrode area and the thickness of the sample,
respectively. Complex permittivity can be expressed as:

(16)

o'(w)
o
Where ¢’(®) is the real part of the frequency-dependent

complex conductivity. Analysis of conductivity spectra is

based on the Universal Dielectric Response (UDR), an em-
pirical power-law used to describe the frequency dependence
in a wide range of disordered materials, including: ionic
glasses, non-stoichiometric crystals, polycrystalline or amor-
phous semiconductors, organic acids, ionic or electronic con-
ductive polymers [44, 45].

e*¥(w) =€ (w)—i (17)

Odc

Frecuency (Hz)

Fig. 25: Variation of the real part of the conductivity, for any two
temperatures.
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Therefore, the real part of the conductivity spectrum
o’ () tends towards direct current conductivity (oy,.) as the
frequency decreases and shows a regime dispersive where
conductivity increases strongly with frequency (Fig.25). Jon-
scher proposed the following frequency dependence for con-
ductivity [46]:

o'(®) = o4 +A®* (18)

Where A is a temperature-dependent constant and s is a
fractional exponent with a value between 0 and 1. Its value
depends on the many-body interactions among the charge
carriers. However, in this work, a slightly different version
of the above equation is used:

o'(®) = oy [l +cos (%) ((Z,)X}

Where @, (from the real part of the complex conductiv-
ity) is defined as a frequency at which occurs a slope change
[47]. The temperature dependence of the conductivity factor
"o4." can be studied by fitting the conductivity values to the
previous expressions. For this, the experimental values were
adjusted to an Arrhenius-type temperature dependence:

)

Where oy is a pre-exponential factor, E, is the activation
energy, and Kp is the Boltzman constant. It is also convenient
to analyze the Jonscher parameter s as a function of temper-
ature, this parameter is very sensitive to changes in the ion
environment (phase-transitions, distortions of the crystalline
structure, decompositions, etc.), which can affect the mobil-
ity of charge carriers.

19)

Eq
KpT

G4 = Oy - exp (— (20)

b. Result of the adjustments to the UDR model:
Structure-Property Correlation.

o
ol - F = 1000 KHz

T et
YL TH T

Fig. 26: Real part of the complex dielectric permittivity as a
function of temperature, at different frequencies, for a
KTb(Mo04), sample during a heating-cooling cycle.

The variation of the real part of the complex dielectric permi-
tivity (€/) as a function of temperature, at different frequen-
cies, for KTb(Mo04), is shown in Fig.26. It is observed that
the behavior of €/ during the heating stage presents some dif-
ferences with respect to the cooling stage (see also figures in
Supplementary information Part VII, Section XVI: Figs. 62
and 63). Both behaviors can be analyzed based on the fol-
lowing three regions:
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* Region I (373-498 K), here €/ is practically indepen-
dent of the temperature and the frequency (of the elec-
tric field applied during the heating stage).

Region II (498-623 K), here €, shows a moderate disper-
sion (moderate variation of the real part of the dielec-
tric permittivity with frequency and temperature) and
a broad peak around 533 K, during the heating stage.
This peak moves towards higher temperatures, as the
frequency increases. A peak with the same characteris-
tics occurs during the cooling stage, but around 488 K.
Both phenomena are characteristic of dielectric relax-
ation processes. Noted that the values of € during the
cooling stage are higher than those of the heating stage.
This behavior may be indicative that cation rearrange-
ments have occurred in the crystal structure.

Region III (623-873 K), the most significant dispersion
of €/ is shown with a possible "phase-transition” around
823 K. This "phase-transition" is probably not com-
pleted, because due to technical limitations of the equip-
ment, the maximum temperature at which the equip-
ment operates is 873 K.

We could expect the transition to phase y-KY(Mo0Q4)>
shown in the phase diagram of Fig.1, but the transition
temperature is unknown. A dielectric relaxation process is
also observed in this region: 1) around 700 K during the
heating stage, and 2) around 673 K during the cooling stage.

This dispersion of the real part of the dielectric permit-
tivity leads to changes in electrical conductivity. Thus, in
Figs. 27 y 28 the real part of the electrical conductivity is
shown (0’(®)) versus the frequency and the temperature
for both stages. It is observed that the conductivity for
this material increases with the temperature for a fixed
frequency, and also the dependence of the conductivity with
the frequency is more remarkable when the temperature
increases; therefore the spectra (6'(®)) are analyzed using
the Universal Dielectric Response model. The adjustments
to UDR model (Eq.19) are also indicated in Figs. 27 and 28.

As previously mentioned, the dependence of direct current
conductivity (oy.) and the parameter s with temperature can
be obtained from these settings. The conductivity values
are between 10~ and 107% S/cm during the heating stage
and between 10783 and 1076 S/cm during the cooling.
The adjustments of the experimental data of (6'(®)) have
been made from 523 K, since (0'(®)) values for lower
temperatures are minimal, being at the limit of sensitivity of
the impedance analyzer.

From the settings shown in Figs. 27 and 28, the evolution
of the electrical conductivity (0,.) and the parameter s
with the temperature have been obtained (Figs. 29 and 30,
respectively) during a heating-cooling cycle.

The dependence of the conductivity, represented as In(oy,.)
versus 1000/T, shown in Fig.29, allows to differentiation be-
tween two regions with respective activation energies during
the activation process. The values of the activation energies,
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Fig. 27: Real part of the complex electrical conductivity as a
function of frequency, at different temperatures, for a sample of
KTb(Mo04), during the heating stage. The dashed lines
correspond to the best fits to Eq.19

uuuuuuuuuuuuu

Fig. 28: Real part of the complex electrical conductivity as a
function of frequency, at different temperatures, for a sample of
KTb(Mo04);, during the cooling stagw. The dashed lines
correspond to the best fits to Eq.19

calculated from the different slopes obtained from the ad-
justment to Eq.20 were, for the heating stage: 0.20 eV (523
K-723 K) and 4.2 eV (723 K - 823 K) and, for the cooling
stage: 0.59 eV (873 K - 673 K) and 0.06 eV (623 K- 523 K).
The high value of the activation energy (Ea = 4.2 eV), in the
interval between 723 and 823 K, during the heating stage can
be due to the "phase-transition” (Region III. Fig.26). It was
observed in the same temperature range we inspect the curves
€/(w). The value of the activation energy equal to 0.59 eV,
obtained during the cooling stage, is very close to that ob-
tained by other authors in single crystals of KTb(Mo04); in
the temperature range between 1073 K and 773 K (cooling)
[22]. According to them, activation energies values depend
on the crystallographic direction in which the data are col-
lected. Thus, they found that for directions a, b and c, the Ea
were respectively 0.69, 0.59 and 0.62 eV in the temperature
range of 1073 to 773 K. These authors measured the conduc-
tivity for the phase y-KY(Mo00Oj4),, and they did not observe
phase-transition in the experimental temperature range. The
small values of activation energies (less than 0.20 eV) ob-
served at low-temperatures are typical of short-range interac-
tions (low barrier heights on the conduction channels) asso-
ciated with the microstructure. Similar values have been ob-
served in other compounds with a scheelite or related struc-
tures [48].
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Fig. 29: Dependence of electrical conductivity (oy,.) on
temperature for a sample of KTb(MoQOy); during a heating-cooling
cycle. The dashed lines correspond to the best fits to Eq.20.

The evolution of the parameter s with temperature
(Fig.30) also shows differences between the heating and the
cooling stages. This parameter is very sensitive to changes
in the ion environment (phase-transitions, distortions of
the crystalline structure, decompositions, etc.), which can
affect the mobility of the charge carriers. Parameter s varies
between approximately 0.86 and 0.78 in the temperature
range between 523 and 673 K, during the heating stage.
That is, there is a slight increase in "disorder" [s = 0, no
interaction (Debye model)]. An increase follows this process
in the parameter s between approximately 0.78 and 0.85 at
773 K. Both processes cause an increase in conductivity
of approximately one order of magnitude (1073-1077-)
(Fig.27). This change in the dependence of the parameter
s (inflection point around 673 K), may be associated with
two processes of different nature. These behaviors are also
according to the relaxation phenomena observed in the study
of € (Region Il y IIT) (Fig.26). From 773 K, the value of
the parameter s decreases to a value of 0.79 around 823
K, and then increases until 0.86 at 873 K. The minimum
conductivity value is obtained at 823 (Fig.27). The variation
in conductivity of "almost" one order of magnitude is con-
sistent with the "phase-transition" observed in the study of
the dependence of €] (Region III) (Fig.26). The dependence
of the parameter s with the temperature between 723 and
823 K can be due to an order-disorder process with high
activation energy (Ea = 4.2 eV) (Fig.29). This change would
allow the movement of cations from one position to another
through the channels, which could explain the increase in
conductivity [21]. In Figs. 16a and 16b the zig-zag structure
of the channels for the conduction of potassium in phase y
is less pronounced than in phase o, as we have explained in
section VIIIb. However, it is necessary to know the complete
crystalline structure in both phases to compare the size of
these channels quantitatively.

A significant variation of the parameter s during the cool-
ing stage is not observed when the temperature decreases
from 873 to 673 K. Therefore, the "phase-transition" at 823
K would be irreversible. Likewise, the parameter s reaches
its maximum value of 0.91 at 673 K. Given these results, the
higher degree of order of the structure during this stage can
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be understood. In order to confirm these changes, it would be
necessary to have the corresponding X-ray diffraction study
with temperature. This study could provide us with informa-
tion on the variation of the thermal dependence of the lattice
parameters and determine the distance between the layers of
rare-earth. Thus, we would analyze the viability of the move-
ment of potassium ions through channels, as other authors
discussed [22]. In particular, it would be necessary to analyze
what happens with the crystal structure around 673 and 823
K during the heating and cooling stage. Finally, because of
the mixture of phases obtained by synthesizing KTb(Mo0O4);
at high-temperatures, we expect a rather complex behavior
where several phases can coexist at the same temperature. It
would explain the thermal hysteresis and other thermal amo-
malies.

Heating and Cooling Graph
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Cooling
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Fig. 30: Dependence of the parameter s with the temperature for a
KTb(Mo0y4), sample during a heating-cooling cycle.

Part IV
Conclusions

XII. Performed Activities.

Throughout all the time dedicated to the TFM, many differ-
ent activities have been carried out to complete the objectives
set. An extensive bibliography has been consulted, as can be
seen in the cited references. In particular, scientific articles
related to the crystal structures of double molybdates have
been reviewed in considerable depth. Crystal structures
have been drawn for comparison. The families of these
compounds in which their dielectric properties (especially
their conductivity) have also been reviewed.

The compounds KTb(MoO4), and KYb(MoQO4), have
been prepared with different routes of solid-state synthesis
until pure polymorphic phases were obtained. This part was
undoubtedly the most difficult to work on because there is
not enaugth bibliography on this type of synthesis for these
compounds. Therefore, it was a trial and error process to
narrow the synthesis conditions.

Phase identification of the synthesized compounds was
performed starting from the phase diagram shown in Fig.1.
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For KTb(Mo0Qy),, two different results were achieved de-
pending on the synthesis temperature. At low-temperature,
a pure phase was achieved, and at high-temperature, an
unexpected mixture of phases. On the other hand, for
KYb(Mo00Oy);, a mixture of phases was achieved after many
attempts at synthesis. Furthermore, Le Bail method was
used for refining the X-ray diffraction patterns. When the
pure phases were not achieved, we also refined the mixture
of phases. The identification of phases and their refinement
was a laborious process when working with powder samples
due to the mixing of phases and crystalline defects. The
low resolution of the diffractograms prevented us from
performing a Rietveld refinement.

For the low-temperature KTb(Mo0QOy), pure phase, dielec-
tric characterization was carried out using impedance spec-
troscopy as a function of temperature and frequency. We
analyzed the possible phase-transitions, relaxation processes
and thermal anomalies from the behavior of permittivity and
electrical conductivity. The latter was adjusted to the Univer-
sal Dielectric Response Model. Thus, continuous conductiv-
ity and the Jonscher parameter were calculated as a function
of temperature.

XIII. Conclusions.

According to our bibliographical search, the family of
KRE(MoO4), compounds is of great technological interest,
mainly due to the activity of rare earths in these crystalline
matrices. However, no references have been proved ex-
plaining its structural variety as a function of synthesis
conditions, temperature or pressure, and affecting its optical
and electrical properties. As an example, we can say that
the phase diagram shown in Fig.1 [13] is practically the
same as that from 1977 [49]. We have focused on the
compounds KTb(MoQy); and KYb(M0QOy), to synthesize
and characterize them, coinciding with two publications
about them. Concerning the preparation of KTb(M0O4),,
we have confirmed, thanks to Le Bail refinement, the
synthesis conditions for the phase a-KEu(Mo0OQ,),, recently
published. However, the pure y-KY(Mo0QOy4), phase has
not been achieved, which has never been synthesized by
solid-state reaction to our knowledge. Synthesis conditions
must be improved because an unexpected mixture of phases
was obtained for rare earth double molybdates with ionic
radii shorter than Eu®* radius. These phases were confirmed
by Le Bail refinement. About the compound KYb(MoO,),,
a completely pure crystalline phase, has not been achieved
by solid-state synthesis. We have obtained it for the first
time. The almost pure y-KY(MoO4), phase was confirmed
by Le Bail refinement. In the recent article, it was ob-
tained by flow growth. Satellite peaks without indexing
and anisotropic peak broadening would give information
about superstructures caused by stacking defects. Layered
structure can lead to this kind of behavior.

Regarding the dielectric study that was only performed
for the pure phase of KTb(Mo00Q4),, we analyse the real part
of the dielectric permittivity (€]) as a function of temperature
at different frequencies. The heating stage presents some
differences with respect to the cooling stage; this is clearly
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due to the loss of moisture in the sample and which causes
variations of the permittivity.

These anomalies were analyzed in three temperature re-
gions. They showed different behaviors according to the tem-
perature and frequency, indicating dielectric relaxation pro-
cesses and probably even a "phase-transition". In particular,
the electrical conductivity spectra fitted to the UDR model
obtaining the parameter s and the oy, shows differences be-
tween the heating and cooling stage. The value of Ea = 0.59
eV, during the cooling stage is within the order of magnitude
obtained by other authors on a single crystal of KTb(Mo04);.
To confirm the these anomalies, it would be necessary to have
the corresponding X-ray diffraction study with temperature,
in addition to a thermal analysis study (TG/DSC).

XIV. Future work.

In this work, most of the objectives have been completed
with some complications, for instance, the synthesis of
KYb(Mo00Qy),. Therefore, in future work, it would be conve-
nient to achieve the conditions to obtain the pure phase and
to know its thermal stability (including phase-transitions at
high temperature) to characterize it dielectrically. In relation
to KTb(MoO4),, having achieved the conditions for the
solid-state synthesis of the phase at-KEu(MoOQy),, we should
also know its thermal stability and their phase-transitions
(at least two are expected) to interpret their dielectric prop-
erties better. In order to explain the thermal and dielectric
behavior of these two compounds, it could carry out the
synthesis of other KRE(M0QO4),(RE = rare-earth element)
by the solid-state method and study their thermal stability,
phase-transitions and electrical behavior.

It could be approached as a PhD thesis work since this
family of compounds presents a great variety of crystalline
structures. Research on the structure-optical, electrical, and
catalytical properties relationship is fascinating. Although
the optical properties are not the aim of our work, they can be
studied in depth. These compounds can be used, for instance,
as 1) active medium in solid-state lasers, 2) as phosphors in
monochromatic and white light LEDs depending on the rare
earth used or the combination of them. 3) devices that take
advantage of up-/down conversion processes.
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Part VII
Supplementary
information

XV. KYb(Mo00Qy), synthesis experiences.

Adjusted equations and quantities for preparing 1g of
KYb(Mo00,), is explained in detail in section a. The dif-
ferent experiences gave us information on which parame-
ters could be varied to obtain the phase. When carrying out
the different experiences and comparing with the theoretical
diffractogram, it was concluded that it was necessary:

-use an extra percentage of K,CO3, going from 20% to
30%.

-perform the precalcination of theK,CO3 with a different
heat treatment (see Fig.6).

a. Experience 1.

TABLE 8: Amounts of reagents required.

Reactives  LXtra pf(;:)emage Finaé gl\)/[ass
MoO; 10 0.5952
K2CO5 20 0.1559
Yby03 10 04074

The required amount of reagents is weighed (after Precalci-
nation, following the heat treatments shown in Figs. 4 and
31.).

1000

800 -

10h

600

120 °C/h

400 1

Temperature (°C)

120 °C/h
200 A

15 20 25

Time (h)

10

Fig. 31: Precalcination of reactives MoO3 and K,COs3.

Samples are then placed in an agate mortar and ground
for at least 1.5 hours so that the mixture is homogeneous
as possible. Pellets are made with the ground powder to
increase the contact surface between the grains, thus favoring
the solid-state reaction. And then the pellets are placed
in a platinum crucible and subjected to a heating/cooling
program (Heat treatment in Fig.32).

The process is then supervised by X-ray Diffraction ob-
taining the diffractogram of Fig.33.
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Fig. 32: Heat treatment.
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Fig. 33: Diffractogram sample MOa.

b. Experience 2.

Using the pellet from the previous experience, it was
grounded in an agate mortar and then placed in the oven be-
cause impurity peaks remained in the diffractograms. The
pellet is made with the ground powder and the pellet is placed
in a platinum crucible and subjected to a heating/cooling pro-
gram. (Heat treatment in Fig.34). See the diffractogram of
Fig.35.
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725°C
o
< 600 4
<
% [quenching
@
Q
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i
100 °C/h
200 A
50 °C
0 T T T T T T T
0 25 50 75 100 125 150 175
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Fig. 34: Heat treatment.
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Fig. 35: Diffractogram sample MOb.
c. Experience 3.

TABLE 9: Amounts of reagents required.

Reactives  EXtra p(e‘;o':)entage Finaz gl\)/lass
MoOs 10 0.5952
K,COs 20 0.1559
Yby0s 10 0.4074

The necessary amount of reagents were weighed (after Pre-
calcination, following the heat treatments shown in Figs. 4
and 31). Then they are grounded in an agate mortar. Then,
the pellets were made to obtain the phase. We decided to
perform two different heat treatments (Figs. 36 and 37).

TABLE 10: Number of treatments

Pressure  Temperature
Compound o
(ton) (°C)
M1 3 680
M2 3 680
M3 5 725
M4 5 725
1000
800
90 h
5] 680 °C
< 600 A
<
2
§ quenching
£ 400
K
100 °C/h
200
50 2C
0 . . . ; ; ; .
0 25 50 75 100 125 150 175
Time (h)

Fig. 36: Heat treatment for M1 and M2.
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Fig. 37: Heat treatment for M3 and M4.

The process is then monitored by X-ray Diffraction, ob-
taining the diffractogram of Fig 38, 39, 40 and 41.
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g 0 ; 7 !
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Fig. 40: Diffractogram sample M3.
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Fig. 41: Diffractogram sample M4.

d. Experience 4.

TABLE 11: Amounts of reagents required.

Reactives Extra p(e%c)entage Fina};\)/[ass
MoOs 10 0.5952
KyCOs 30 0.16887
Yb05 10 0.4074

The required amount of reagents is weighed (after Precalci-
nation, following the heat treatments shown in Figs. 4, 5 and
6). Then, they are grounded in an agate mortar. The pellets
were made to obtain the phase. We decided to perform two
different heat treatments (Figs. 42 and 43).

TABLE 12: Number of treatments
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200000
> 60001
@
f =
S 4000
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2
g 0 . ; .
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Fig. 38: Diffractogram sample M1.
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Fig. 39: Diffractogram sample M2.

Pressure  Temperature
Compound (ton) ©C)
M5 3 680
M6 5 680
M7 3 750
M8 5 750
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Temperature (°C)

The process is then monitored by X-ray Diffraction ob-
taining the diffractogram of Fig 44, 45, 46 and 47.
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Fig. 42: Heat treatment for M5 and M6.
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Fig. 43: Heat treatment for M7 and M8.
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Fig. 45: Diffractogram sample M6.
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Fig. 46: Diffractogram sample M7.
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Fig. 47: Diffractogram sample M8.
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Fig. 44: Diffractogram sample MS5.

e. Experience 5.

TABLE 13: Amounts of reagents required.

Reactives Extra P(Clgl)entage Finazé\)/[ass
MoOs 10 0.5952
KyCO; 30 0.16887
Yb05 10 0.4074
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The required amount of reagents is weighed (after Precalci- 1000
nation, following the heat treatments shown in Figs. 4, 5 and
6). Then, samples are grounded in an agate mortar. Pellets 500 |
were made to obtain the phase. We decided to perform three
different heat treatments (Figs. 48, 49 and 50). 5 60h
% 600 1 625 °C
g;_ [quenching
£ 400
TABLE 14: Number of treatments @
100 °C/h
Pressure  Temperature  Tiempo 2001
Compound (ton) ©C) (h) 100 C
M9 3 625 90 0 | | | | | ,
0 20 40 60 80 100 120
MI10 5 625 90 Time thy
MIl1 3 650 90
Mi2 3 625 60 Fig. 50: Heat treatment for M12.
The process is then monitored by X-ray Diffraction ob-
taining the diffractogram of Fig 51, 52, 53 and 54.
1000
8001 8000
200000 1
9 90 h 2 6000 1
E 600 - 625 °C § 14000 4
% 150000 - =
‘g;_ quenching 2000 1
£ 400 z
@ 2 0 T v v
£ 100000 10 20 30
100 °C/h - 20
200
100 eC
50000 -
0 0 2‘5 5‘0 7‘5 160 liS léO 1%5 J m
Time thy o )| MY Y T
1‘0 Z‘O 3‘0 4‘0 5‘0 éO 7b 8‘0
. 20
Fig. 48: Heat treatment for M9 and M10.
Fig. 51: Diffractogram sample M9.
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175000 =
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g . 1250001 20004
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200 A
1002c 25000 M
0 : y r " " r " 01 J
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ime (h) 26
Fig. 49: Heat treatment for M11. Fig. 52: Diffractogram sample M10.
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Fig. 53: Diffractogram sample M11. Fig. 55: Heat treatment for M13.
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Fig. 54: Diffractogram sample M12. Fig. 56: Heat treatment for M14.
f. Experience 6.
1000
TABLE 15: Amounts of reagents required.
800 -
90 h
. Extra percentage  Final Mass
Reactives Xira p % g ! S 710¢C
(%) (8 € 600
M003 10 0.5952 % quenching
K,CO3 30 0.16887 g
400
Yb,05 10 0.4074 2
100 °C/h
200 A
. . . . 100 °C
The required amount of reagents is weighed (after Precalci-
nation, following the heat treatments shown in Figs. 4, 5 and o | | | | |
. 0 25 50 100 125 150 175
6). Then, they are grounded in an agate mortar. Then, pel- Time (h)

lets were made to obtain the phase. We decided to do three

different heat treatments (Figs. 55, 56 and 57).

TABLE 16: Number of treatments

Pressure  Temperature  Tiempo
Compound (ton) ©C) (h)
M13 3 690 90
M14 3 700 90
MI15 3 710 90

24

Fig. 57: Heat treatment for M 15.

Then it should be taken to the SIDIX to monitor the pro-
cess by X-ray Diffraction, this was impossible since the ser-
vice had closed, but given that the procedure is the same
we should have obtained the same (although we can not af-
firm with certainty, the X-ray Diffraction is necessary). After
starting with Experience 7, the X-ray results of the samples
arrived, obtaining the diffractogram of Figs. 58, 59 and 60
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g. Experience 7.

After a review of the multiple diffractograms and in the ab-
sence of knowing the results of Experience 6, we concluded
that the best result was M6 (obtained in Experience 4), since
its diffractogram is a mixture of phases, the KY(Mo00Q4), and
Y2(Mo00O4)3. The same procedure as in Experiment 4 is fol-
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Fig. 58: Diffractogram sample M13.
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Fig. 59: Diffractogram sample M14.
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Fig. 60: Diffractogram sample M15.

lowed, obtaining the diffractogram of Fig.61.
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TABLE 17: Amounts of reagents required.

Reactives Extra percentage  Final Mass
(%) ©
MoOy 10 0.5952
K,CO5 30 0.16887
Y5203 10 0.4074
1750001 60001
Z
150000 £ 4000
2
g
125000 200
2
‘2 100000 1 .l ‘ ‘ | |
£ 10 20 30 40 50
~ 75000 o
50000 1
25000 1
‘-L J LLL ot
o]
0 20 40 60 80 100 120

20
Fig. 61: Diffractogram sample M6.

XVI. Impedance Measurement Graphs.

R

2020-2021

Fig. 62: Real part of the complex dielectric permittivity as a
function of frequency, at different temperatures, for a sample of

KTb(Mo04), during the heating stage.
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Fig. 63: Real part of the complex dielectric permittivity as a
function of frequency, at different temperatures, for a sample of

KTb(Mo04), during the cooling stage.
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