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Polycrystalline samples of the compound Y2(MoO4)3 have been synthesized by solid-state reaction starting from
the corresponding yttrium and molybdenum oxides, and the pure ferroelectric phase has been successfully iso-
lated. Both f’ (ferroelectric) and p (paraelectric) phases were studied by conventional X-ray diffraction at different
temperatures, performing the corresponding Rietveld refinements before and after the phase transition. An
analysis of the displacive symmetry modes involved was carry out. The thermal dependence of the crystal
structure was also studied, confirming that it is an improper ferroelectric with a primary order parameter that
does not correspond to the spontaneous polarization. To corroborate the purity of the §’-phase, TG and SEM-EDX
analyses were performed, demonstrating the absence of the y-phase. Moreover, DSC analysis and impedance
spectroscopy confirmed the Curie temperature of the f/-p phase transition (T, around 378 K). Ferroelectric hys-
teresis cycles were recorded as a function of temperature and at different maximum applied electric fields. The
values of the maximal and remanent polarization were correlated with the structural study. Finally, anomalies in
the electrical permittivity and conductivity were observed between 600 and 877 K, which may be associated with
the evolution of the lattice parameter ¢ at high temperatures. With this ferroelectric characterization we want to
highlight this still unexploited crystal matrix in comparison to other rare earth molybdates with the ’-phase and

other yttrium molybdate compounds.

1. Introduction

Compared to borates, silicates, sulfates, phosphates or vanadates; rare
earth doped oxomolybdates (VI) and tungstates have attracted more
attention in the last two decades for luminescence applications (emissive
screens, fluorescent lamps and LEDs, and systems to detect X-rays or
y-rays, etc.) due to their lower lattice vibration energy, high thermal and
electrical stability, and high UV absorption of MOZ~ oxoanion (M = W,
Mo) [1,2]. These compounds, with optically inactive cations (Y3, La3+,
Gd3* and Lu3+), are suitable host matrices for inserting active rare earth
that remain stable and uninfluenced by environmental conditions [3-6].
In this context, several yttrium molybdate phosphors have been prepared
and studied during the last decade. For example, the high efficiency of
Eu®* doped matrices: YoMo04015 and YoMo30;2 has been demonstrated
[7-9]. Moreover, tunable luminescence by doping with other lanthanides
(Sm, Dy) in Y2(MoO4)s3, Y2M0Og matrices [10-13], and up-conversion
properties in co-doped phosphors (Er>*/Yb3* and Ho3*/Yb%") [14-16]
increase its interest.
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Also, molybdenum (Mo)-based materials are promising as high-
performance materials for electrochemical energy storage devices (fuel
cells, batteries and supercapacitors), which are increasingly in demand.
For example, among the materials used as solid electrolytes, the family of
fast ionic conductors, Laz x<RExMo2.yWyOo (RE = Ln and Y), is among the
most studied [17]. In addition, rare earth tungstates and molybdates with
the general formula RE;Mo3012 (RE = Ho-Lu and also Y, Sc, Al) exhibit
unusually high trivalent ion conduction [18]. More recently, nano-
structures of Y2(MoO4)3 nanowires and nanosheets, have been investi-
gated as candidates for anode fabrication [19,20]. Furthermore, the ionic
conductivity in new triple molybdates is being investigated [21,22].

The new and improved functionalities targeted by research in both
fields (related to those mentioned above optical and electrical properties)
can only be fulfilled with a thorough understanding of the relationship
between the structure and properties of these crystalline materials. In the
case of yttrium oxomolybdates, there are several compounds belonging
to four chemical formulas whose crystal structures have been investi-
gated. The correlations of structure and optical properties of YoMoOg
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(with space group C2/c and Z = 4) have been studied [13,23]. More
recently, Guzik et al. [24] have presented and discussed the structural
and spectroscopic properties of the new transparent ceramic Y2Mo20o,
which crystallizes in the cubic system (space group P2;3, Z = 2). Mo-
lybdates with the formula RE;Mo4045 adopt four different structures;
when RE = Tb-Lu and Y, they are monoclinic (with space group P2;/c, Z
= 2) and exhibit negative thermal expansion in the temperature range of
298-443 K [25]. The most investigated group of molybdates with rare
earth and trivalent metals has the formula RE;(M0QO4)3 (RE = La-Lu),
which crystallizes in various polymorphs depending on ionic radii and
synthesis conditions. This rich polymorphism becomes evident under
changes in pressure and temperature [26,27].

In particular, for Yo(MoOy4)s, two polymorphs coexist at room tem-
perature, which are not symmetrically equivalent [28]. The y-phase with
space group Pbcn and Z = 4 (y-Sca(WO4)3 type structure) is hydrated at
ambient conditions, complicating low-temperature studies. The main
property of this phase is its negative thermal expansion with large negative
values of the coefficient of linear expansion after the complete removal of
the water molecules [29-31]. The second polymorph grows with the
}'-Gdo(MoO4)s-type structure (space group Pba2 and Z = 4), which be-
longs to a well-known family of improper ferroelectrics and ferroelastics
[26,32]. In this group of rare-earth molybdates (RE = Pr-Ho, Y), the
spontaneous polarization and deformation disappear after the f'-p phase
transition. The paraelectric and paraelastic phase (3-phase) crystallizes in
the P-42;m space group with Z = 2). Its most exploited properties are
probably related to the lack of the center of symmetry, with potential
applications in nonlinear devices: piezoelectrics and electro-optical devices
[33,34], laser frequency doublers, and filters [35]. More recently, the
multiferroic properties have been exploited in p'-Gda(MoO4)s thin films
[36,37]. Moreover, the spontaneous polarization of improper ferroelectrics
(secondary order parameter) is subject to the same electrostatics as in their
“proper” counterparts but complemented by additional functionalities
derived from the primary order parameter that can give rise to new
functionalities specific to these materials [38,39]. Of course, these matrices
have been widely used as phosphors, which are good hosts for rare-earth
ions, as it has mentioned above.

In the case of the yttrium oxomolybdate, as for the holmium molybdate
[40], the y-phase has kinetic preference over the formation of the p’ phase,
thermodynamically stable below 823 K [28]. Therefore, above this tem-
perature, the y-Y2(MoOj4)3 isomorph is more stable. This indicates that the
preparation by solid-state, sol-gel, hydrothermal, etc., synthesis of the pure
f'-Y2(MoQO4)3 isomorph is complex. It should be recalled that for the other
RE(MoOy)s ferroelectrics (RE = Pr, Nd, Sm, Eu, Gd, Tb, and Dy), the
B-phase is more stable at high temperatures, with the a-phase being the
most stable at low temperature [26]. This phase adopts the space group
C2/c with Z = 4, corresponding to the a-Euy(WQOy4)3 structure type, which
belongs to the modulated scheelite family [41]. In addition, the a-y phase
transition has also been described for rare-earth tungstates [including
Y2(WO4)3] [42]. Tungstates with this stoichiometry have not been found
with the p’-phase which is unique to molybdates.

In this work, we are interested in the synthesis conditions, thermal
stability, structural, dielectric and ferroelectric characterization of the
pure §'-Y2(MoOy4)s phase. Its properties are expected to be similar to
those of other isostructural ferroelectrics, in addition to its the interest as
a rare earth free compound. The combination of its nonlinear properties,
polymorphism and usefulness as a host matrix, make it a fascinating and
promising multifunctional material, which has not been fully exploited
compared to its isomorph (the y-phase) and other improper ferroelec-
trics, with the p'-Gdz(MoO4)3 phase.

2. Experimental
2.1. Synthesis

The ' phase of Y5(MoO4)3 was prepared via solid-state reaction from
precalcined molybdenum oxide (MoOs) and yttrium oxide (Y2O3)
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(Aldrich, 99.99%) for 10 h at 923 and 1173 K, respectively and a heat-
ing/cooling rate of 393 K/min. Next, they were weighed in stoichio-
metric quantities, mixed, and grounded in an agate mortar for at least one
and a half hours. Then, the powder resulting from this grinding was
compacted in a uniaxial hydraulic press at a pressure of 380 MPa. The
resulting pellets were stored in an oven at 423 K for 72 h, then heated at
806 K for 96 h at a heating rate of 513 K/min and cooled to 473 K by
quenching (with the furnace at an estimated cooling rate of ~1273 K/
min). Then, as mentioned above, the pellets were reground for 1 h and a
half, compacted at a pressure of 227 MPa, and subjected to a second heat
treatment at 928 K for 48 h at a heating rate of 513 K/min with the
following quenching at 393 K (with the furnace at an estimated cooling
rate of ~1273 K/min). The total synthesis was carried out in an air at-
mosphere. Finally, the samples were stored in a desiccator until the
subsequent characterization of their physical properties.

2.2. Structural and microstructural characterization

X-ray powder diffraction (XRD) was used to monitor the phase purity
and its structural characterization. Diffractograms were collected using a
Panalytical Empyrean diffractometer with Cu-Ko radiation [wavelength:
MCu-Kop) = 1.54056 A and A(Cu-Kop) = 1.54443 A] passing through a Ni
filter, a fixed slit and a divergence of 1/2° and 1/8°, respectively. Routine
and high-temperature measurements were collected at an angular in-
terval of 5°<20 < 80° with a step of 0.02° and 57 s step time. For the
ferroelectric characterization, a graphite monochromator was used, and
the angular range was increased to 26 = 120°, but the time at each step
was maintained. Measurements at different temperatures were per-
formed using an Anton Paar TTK-450 chamber in an air atmosphere from
248 to 573 K, leaving the sample for 5 min at the selected temperature
before proceeding to the data collection. Data were also collected at
higher temperatures, with the first setting from 298 to 773 K [43].

Microstructure and compositional analysis of the obtained pellets
were carried out using a ZEISS EVO 15 scanning electron microscope
(SEM) with 2 nm resolution, which was coupled to a 50 mm2 Oxford X-
MAX energy dispersive X-ray microanalyzer (EDS) [44].

2.3. Thermal stability. Dielectric and ferroelectric characterization

An SDT650 Simultaneous Thermal Analyzer (TA Instruments) was
used to study the thermal stability and detect the paraelectric-
ferroelectric phase transition temperatures. Simultaneous thermogravi-
metric analysis (TG/DTG) and differential scanning calorimetry (DSC)
was carried out in an inert atmosphere, with continuous nitrogen flow
and heating and cooling ramps of 5, and 10 K/min in a temperature range
of the cyclic process between 300 and 823 K (TG/DTG) and between 223
and 773 K (DSC) [45].

The dielectric permittivity and conductivity study was carried out in a
frequency range from 5 Hz to 13 MHz applying an alternating voltage with a
peak value of 0.7 V and in a temperature range from 313 to 600 K, with the
aid of an HP 4192A LF Impedance Analyzer. This characterization was
performed on 13 mm diameter pellets with thicknesses of 0.6 mm and
whose surfaces were coated with platinum dye (6082-Platinum paste-
Metalor).

The Polarization-Electric Field ferroelectric hysteresis loop (P-E
curve) was recorded by applying a triangular signal with a maximum
amplitude of 1600 V and with a period of 500 ms, at different temper-
atures, using the Precision LC Main Unit with a High Voltage Precision of
10 kV HVI-SC interface and a Teflon cell (HVTF) that allows heating up to
503 K, from Radiant Technologies, Inc [46]. These cycles were recorded
on the same pellets used in the dielectric measures.

2.4. Data analysis

2.4.1. Crystal data refinement
Rietveld refinement of the crystal structure was performed with the
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Fullprof software [47] from the diffractograms collected at 248, 273,
298, 323, 348 and 373 K. All diffractograms were identified and refined
with  the ferroelectric  ('-Y2(MoO4)s  phase [7,28]. The
Thompson-Cox-Hasting pseudo-Voigt profile shape function modeled the
experimental profiles and the background was fitted with a Chebyshev
polynomial. A correction due to micro absorption was performed since
the sample did not have a completely flat surface. In all cases, very small
impurities of Y203 [48] were observed, and this phase was added to the
refinement.

Regarding the crystal structure, the displacements from the para-
electric phase “the ferroelectric distortion” were refined instead of the
atomic coordinates. The ferroelectric structures were obtained, analyzing
the distortion from the paraelectric phase. The AMPLIMODES software,
from the Bilbao Crystallographic Server, relates the two structures based
on symmetry-adapted modes and calculates the amplitudes and the po-
larization vectors of the distortion modes of different symmetry frozen in
the less symmetrical structure [49]. The spontaneous polarization can be
closely related to the amplitude of some symmetry mode [50]. First, the
paraelectric structure was modeled from the known p-Y2(MoO4)3 struc-
ture [7] and the same atomic coordinates were refined for two dif-
fractograms collected at 373 K using the “multipattern” mode available
in FullProf. Taking this structure as a prototype, the amplitudes of the
symmetry modes given by the irreducible representation I';, which
maintains the symmetry of the prototype phase, were refined for data
collected at higher temperatures (423, 473, 523 and 573 K), i.e., with the
paraelectric p-phase. In this case, the distortions remain in the same space
group. Anisotropic thermal parameters were refined for Y and Mo atoms
and isotropic ones for the oxygen atoms.

Next, we refined the ferroelectric phase from diffractograms collected
at lower temperatures (248, 273, 298, 323, 348 and 373 K) starting from
the previous prototype phase. The “ferroelectric distortion” was
decomposed into three symmetry modes [51]: 1) a primary mode cor-
responds to the irreducible representation My+M, associated with the
point M (1/2, 1/2, 0) on the boundary of the Brillouin zone. 2) A sec-
ondary polar mode in the center of the Brillouin zone with the symmetry
given by the irreducible representation I's. 3) Finally, another secondary
mode given by the irreducible representation I';. Some of the amplitudes
of these symmetry modes were canceled, which would help to reduce the
number of the refinement parameters. This refinement has many ad-
vantages, especially in the present case, where the oxygen atoms (with
minimal X-ray scattering amplitude) cause the distortions by displace-
ments from the more symmetric phase. Moreover, in this case, the
thermal evolution of the total amplitude of the symmetry modes can be
correlated with the dielectric and the ferroelectric behavior. Isotropic
thermal parameters were refined for all atoms, which were restricted in
the case of the oxygen atoms.

As we have commented, the diffractograms collected at higher tem-
peratures, from 298 to 773 K, were measured with lower resolution (non-
monochromatic radiation and shorter angular interval). In this case, no
structural parameters were refined except for the unit cell. For this, a Le
Bail refinement [52] was performed, using the same profile model as in
the previous case, and the background was modeled by interpolating
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several selected points.

2.4.2. Obtaining € (w, T) and ¢'(w, T) curves and adjustments

The dielectric properties, i.e., the real part of the complex permittivity
¢ and conductivity ¢’ of yttrium molybdate pellets, were studied by
measuring the complex impedance Z*(w) as a function of frequency for
different temperatures. The complex permittivity ¢*(w) was calculated
from the obtained value of Z*(») according to the following relation:

t
" iwegZ* (w)A,

&' (w) (@9

where ¢ is the vacuum dielectric constant and A, the area of the elec-
trode and t is the thickness of the sample. As well, the complex permit-
tivity can be expressed as:

(2)

where ¢'(0) is the real part of the complex conductivity. The analysis of
the conductivity spectra has been performed based on the Universal
Dielectric Response (UDR) model, an empirical power law that can
describe the frequency and temperature dependence of the dielectric
response in a wide range of materials from glasses to ionic glass crystals,
non-stoichiometric crystals, polycrystalline and amorphous semi-
conductors [53-57]. Thus, the real part of the conductivity spectrum
o'(w) tends towards the direct current conductivity (64c) as the frequency
decreases and shows a dispersive regime in which the conductivity in-
creases strongly with frequency with an exponential dependence at high
frequencies [58]. In this work, the following expression is used for this
dependence [59]:

o) =au 1+ eos(3) (2] ] ®

where, ;, is the frequency at which a change of slope occurs in the real
component of the complex conductivity. The parameter s (Jonscher
parameter) ranges from O to 1, which depends on many-body interactions
between charge carriers. The thermal dependence of the parameters (64,
®p, and s) was obtained by fitting the curves of the real part of the con-
ductivity at different temperatures. Together with the permittivity and
the electrical conductivity, the transition temperatures and the dynamics
followed by the charges and dipoles that contribute to the abnormal
behavior around the phase transition were investigates. Following the
Arrhenius relationship, a fitted line was also performed to determine the
activation energies of the different transition mechanisms and the ther-
mal anomalies.

Ed
— .
B

where o is a pre-exponential factor, E, is the activation energy and kg is
the Boltzmann constant. The thermal dependence of the crystal structure
and the dielectric properties were complemented by the thermal analysis

Fig. 1. On the left, SEM image for a Yo(MoO,)3 pellet at a 5 pm scale. On the right is the EDX spectrum of the sintered pellet.
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Table 1

Results of compositional analysis by EDX.

Elements Experimental Values Theoretical Values

Weight (%) Atomic (%) Weight (%) Atomic (%)
(o] 30.03 71.39 29.189 70.588
Y 27.35 11.71 27.072 11.765
Mo 42.62 16.90 43.772 17.647

and the hysteresis cycles collected at different temperatures.
3. Results and discussion
3.1. Phase identification and SEM-EDX analysis

After several synthesis attempts, the p’ phase, with space group Pba2
(32) and Z = 4, was identified in the diffraction patterns measured for the
sample synthesized under the exposed conditions. All the diffraction
peaks matched well with the reported values from the Joint Committee
on Powder Diffraction Standards card (JCPDS, 71-0915). Some small
Y503 peaks were also identified (JCPDS, 83-0927) with space group Ia3
(206) and Z = 16. A purity of 99.7% was calculated after the Rietveld
refinement. In previous syntheses, at higher temperatures, the f’'-phase
appeared mixed with the hydrated y-phase or with the Y,Mo040;5 phase
when the pellet was subjected to higher pressures and the sintering
temperature was lower. Fig. 1, on the left, shows the SEM image of the
microstructure of a sintered pellet at a scale of 5 pm and, on the right, the
compositional spectrum. This pellet was used in both dielectric and
ferroelectric characterization. It can be seen that the approximate grain
size is between 1 and 3 pm. In the compositional spectrum, it is observed
that the peaks correspond to the elements Y, Mo, and O. From the in-
tensities of these peaks, the relative weight and the atomic fraction
percentages were estimated. They are shown in Table 1, together with

02

100 - G

—40.1
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2
T
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the theoretical values. This result indicates the high purity of the syn-
thesized compound.

3.2. Thermal analysis

TG-DTG and DSC curves for Yo(MoO4)s obtained during a heating-
cooling cycle are shown in Fig. 2a and Fig. 2b, respectively. The results
of the TG analysis indicate that the synthesized compound shows no mass
loss in this temperature range. From the DSC curve (also in Fig. 3a and
3b), an endothermic peak at 378.2 K (with an “onset” at 362.6 K) during
the heating stage with an enthalpy of 0.163 J/g (0.107 kJmol ™) and an
exothermic peak at 368.6 K (with an “onset” at 376.4 K) in the cooling
with an enthalpy of 0.156 J/g (0.102 kJmol!) were estimated. Such a
cycle thus exhibits a thermal hysteresis of 9.6 K between the two peaks
(of 13.8 K from the onset temperatures), in addition to the similarity of
the enthalpies, which is indicative of a phase transition with few struc-
tural changes. These low enthalpy values have been observed in other
members of the RE3(MoO4)3 (RE = Pr-Ho) family of molybdates that are
improper ferroelectrics [60,61]. The temperature of the
ferroelectric-paraelectric transition is similar to that of holmium
molybdate and lower than the other rare earth molybdates, as it is ex-
pected (smaller ionic radius [62]). We took advantage of this result to
program thermodiffraction measurements to study the thermal evolution
of the crystal structure before and after the phase transition.

3.3. Structural characterization and phase transition mechanisms

3.3.1. Thermal dependence of diffraction peaks, cell parameters and
“amplimodes"

The Rietveld refinements of the p and p’ phases are plotted in Figs. 4
and 5, respectively. A slight shift of the diffraction peaks to smaller angles
is generally detected, commensurate with an increase in the unit cell
volume. The excellent agreement between the observed and calculated

015 b
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s °
2 = 3

T T

&
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Fig. 2. TG-DTG (a) and DSC (b) curves for heating (red) - cooling (blue) cycle taken at the rate of 10 K/min for the Y5(MoO,)3 sample.
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highlighting the phase transition in the interval [343, 393 K].
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Fig. 4. Rietveld refinement of the ferroelectric phase of Y»(MoO4)3 at different temperatures: 248, 273, 298, 323, 348 and 373 K. Experimental observed data (red)
and calculated data (black), the difference between observed and calculated data (blue) are indicated. The Bragg positions for each of the phases: f'-Y2(MoO4)3 (green)

and Y03 (pink) are also noted.

values is observed. The results of the Le Bail refinement performed with
the diffractograms taken at high temperatures were also outstanding.
Tables 2-4 show the lattice parameters, reliability factors, fractional
coordinates, and isotropic thermal displacements of the f-
at 373 K, refined by conventional and using “amplimodes”
explained in section 2.4.1. Note that some coordinates have no standard
deviation because the “amplimodes” that contribute to calculating the

distance of the atoms from the prototype phase have been nullified since
they are very short (less than thermal displacements). Maximum and
minimum values of the reliability factors for refinements at all temper-
atures are shown in Table Al (supplementary material), which can be
comparable to those obtained in the Rietveld refinement of the non-
hydrated y-phase [31,63].

In Fig. 6a, we plot the values of the cell parameters calculated with

and f'-phases
as it has been
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Table 2
Cell parameters, “amplimodes” and agreement factors were obtained in the
refinement of the diffractograms of the - and p’-Y2(MoO4)3 phases at 373 K.

B -Y2(MoO4)3 p'-Yo(M0oO4)3

a(A) 7.31903(2) 10.34815(5)
b (A) 7.31903(2) 10.33168(5)
c(A) 10.56074(3) 10.56662(4)
V(A®) 565.719(3) 1175.61(2)
ri () 0.11(2) 0.41(2)

rs ) 0 0.25(6)
My+M, (A) 0 1.21(4)
Ry/Ryp (%) 9.56/12.7 11.9/12.6
Rexp (%) 8.58 6.92

22 2.18 3.32

Rp/Ry (%) 3.60/2.52 6.73/4.57

both refinements. The evolution of lattice parameters with temperature is
very similar to that obtained for the holmium molybdate [40] and very
recently for the gadolinium molybdate [64]. Parameters a and b grow
with increasing temperature and equalize upon reaching the transition
temperature, while parameter ¢ decreases until reaching this tempera-
ture, then grows very slowly. It is detected that the transition tempera-
ture is around 378 K, as expected from the thermal analysis results (see
Fig. 3).

In Fig. 6b, the amplitudes of the displacements from the paraelectric
phase (at 373 K) for both the paraelectric and ferroelectric phases are
plotted, with the symmetry of the I'; modes in both cases and the My+My,
and the I's for the ferroelectric phase. As expected [51], the primary
nonpolar Ma+M4 mode of higher amplitude than the secondary polar I's
mode with an amplitude similar to that of the I'; mode of the ferroelectric
phase is distinguished. The values obtained are the same order of
magnitude as those calculated for other compounds with the
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Table 3
Fractional coordinates X, Y, Z (f\) and Bis, (;\2) for the  and B’ phases of Yo(MoO4)3 at 373 K calculated as it is explained in section 2.3.
B -Y2(M0oO4)3 Biso '-Y2(MoO4)s Biso
X(A) Y(A) 7(R) Y(A) zd) X(A)

Y(1) 4e 0.3139(1) 0.8139(1) 0.2622(1) 4c 0.0044(4) 0.31350 0.26210 1.03(9)
Y(12) 4c 0.81350 —0.0044(4) 0.73790 0.86(8)
Mo(1) 2a 0.000000 0.000000 0.000000 4c 0.2461(4) 0.7539(4) 0.00000 1.21(4)
Mo(2) 4e 0.2941(1) 0.7941(1) 0.6429(1) 4c 0.0055(5) 0.29410 0.64270 1.14(8)
Mo(22) 4c 0.79410 0.00000 0.35730 1.10(8)
o(1) 4e 0.04270 0.19000 0.9038(6) 2.0(2) 4c 0.163(1) 0.876(1) 0.9047(5) 2.1(2)
0(12) 4c 0.315(1) 0.646(1) 0.9047(5) 2.1(2)
0(2) 4e 0.2723(9) 0.5011(1) 0.3000(6) 3.4(2) 4c 0.3650(4) 0.8260(4) 0.0953(5) 2.1(2)
0(22) 4c 0.1350(4) 0.6740(4) 0.0953(5) 2.1(2)
o(3) 4e 0.30630 0.80630 0.47930 3.0(2) 4c 0.130(2) 0.119(2) 0.280(1) 2.3(2)
0(32) 4c 0.351(2) 0.346(2) 0.318(1) 2.3(2)
0(33) 4c 0.6292(1) 0.881(1) 0.707(2) 2.3(2)
0(34) 4c 0.8435(1) 0.647(1) 0.696(2) 2.3(2)
0(4) 4e 0.12820 0.62820 0.69140 1.1(2) 4c 0.00000 0.311(2) 0.47861 2.5(2)
0(42) 4c 0.800(2) —0.021(3) 0.52139 2.5(2)
0(43) 4c 0.00000 0.12599 0.69145 1.3(2)
01(44) 4c 0.62599 0.00000 0.30855 1.3(2)

Table 4 with single crystals [7,67]. In the ferroelectric phase, these distances are
able

Anisotropic atomic displacement x10~4 (10\2) for the p-phase of Y5(MoOy4)3 at 373
K.

B -Y2(M0O4)3

B11 B2z B33 B12 P13 Bas3
Y(1) 51(2) 51(2) 19(2) -9(3) —2(1) -2(3)
Mo(1) 62(3) 62(3) 16(2) 0 0 0
Mo(2) 51(2) 51(2) 23(2) -13(3) 3D 3(1)

f'-Gda(MoO4)s phase [51,65,66]. Regarding the crystal structure (atomic
coordinates shown in Table 2), important changes were not observed
related to those published in Refs. [7,28].

3.3.2. Structural mechanisms of the phase transition

Since phase transition mechanisms are investigates, it is necessary to
discuss the thermal evolution of the crystal structure. Tables A2, A3 and
A4 (supplementary material) show the absolute atom distances from the
prototype phase, corresponding to every irreducible representation: I'y,
I's and My+My, respectively, as information reference. The crystal
structure of the ferroelectric phase at room temperature is presented in
Fig. 7. The oxygen atoms have been labeled to facilitate the discussion.

In Figs. 8 and 9, the bond distances of tetrahedra and polyhedra from
248 K to 573 K are plotted. There are three independent MoO4 tetrahedra
and two YOy coordination polyhedra for the ferroelectric phase while
there are two tetrahedra and one coordination polyhedra for the para-
electric one. Generally, the refinement results for polycrystalline samples
present higher dispersion and standard deviation than those obtained

more dispersed and have more significant standard deviations than for
the paraelectric phase, with fewer parameters to refine due to the con-
straints imposed by the more symmetric space group and fewer atoms per
unit cell. The Mo--O bond distances remain nearly constant with
increasing temperature. Thus, the tetrahedra are quite regular and
possible dispersions do not respond to a clear temperature-dependent
pattern. This rigidity of the MoOz2 tetrahedra has recently been
described in the ferroelectric-paraelectric transition of the Gda(MoO4)3
compound without refining the oxygen atoms [64].

The average Y---O bonds tend to increase slightly with the tempera-
ture. The coordination polyhedra of Y atoms maintain the coordination
number seven and the “capsulated” triangular prism geometry [26]. We
can underline the more chaotic behavior of the O(1), 0(12), O(2) and
0(22) oxygen atoms before the phase transition; these are located at
Wyckoff positions in the paraelectric phase, so the greater freedom of
movement in the ferroelectric phase does not allow us to see their ther-
mal dependence more clearly.

By representing the evolution of the crystal structure at different
temperatures, we can appreciate how these coordination environments
are affected by the calculated displacements of the oxygen atoms
compared to the prototype crystal structure. In Fig. 10, different views of
these structures are presented where the three types of molybdate
tetrahedra are placed without sharing vertices in three different layers
[64] perpendicular to the c-axis. Between these layers, the Y atoms are
placed, forming coordination polyhedra by sharing the vertices of the
tetrahedra. The black, red and blue arrows indicate the displacements of
the oxygens from the prototype (paraelectric) structure with the
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symmetry of I'1, I's and My+M4 modes, respectively. Note that the am-
plitudes (moduli of the vectors) have been lengthened to visualize them
better, each mode type having its scale. The displacements with I'; mode
symmetry are pictured in a projection perpendicular to the c-axis; with
the naked eye, it can be seen that these displacements are, in general,
longer at lower temperatures in the ferroelectric phase than at higher
temperatures in the paraelectric phase. At the paraelectric phase (below),
these displacements rotate the tetrahedra centered on Mo(1), while in the
ferroelectric-ferroelastic phase, they tend to compress it (also occurs in
other ferroelastic-paraelastic compounds [68,69]). The small displace-
ments correspond to the O(2), 0(22), O(23) and O(24) oxygen atoms
from the Mo(2)- and Mo(22)-centered tetrahedra change their orienta-
tion with temperature. Still, they remain more or less constant in length.
The displacements corresponding to the My+M4 mode, viewed through
the b-axis, are very similar and its orientation is not practically changed
with the temperature. This primary mode, with a characteristic and
well-defined thermal behavior, plays the leading role in the phase tran-
sition [51]. The shifts corresponding to the polar I's mode, viewed
through the b-axis, have a more chaotic behavior, as in other ferroelec-
trics studied with this formalism [65]. The displacements of the O(4) and
0(42) oxygen atoms have the more significant component in the c-axis
and vary the most with temperature, both in their length and orientation.
As the temperature decreases, these bonds disperse more clearly than the
remaining bonds. These oxygen atoms form the most extended bonds in
the tetrahedra, centered on the molybdenum atoms Mo(2) and Mo(22),
and of both polyhedra centered on Y(1) and Y(12)(forming the common
edge between the yttrium polyhedra). In addition, these oxygens atoms
make up the Mo(22)---O(4)---Y(1) and Mo(2)---O(42)---Y(12) bridges so
that when the Mo---O bond contracts, the corresponding Y---O bond ex-
pands. The arrangement of these shifts is very similar to that calculated

for the Lag xEry(MoO4)3 series of compounds [66]. Many authors agree
on the important role of these oxygen atoms in the formation of the
ferroelectric phase [70].

In order to correlate these results with later results obtained by
measuring macroscopic properties, we have to emphasize that it is not
straightforward to calculate the spontaneous polarization from point
charges because obtaining the positions of the oxygens and their effective
charges is complicated. However, given the global displacement I's
within the unit cell (with volume V) and the electron charge e, the
spontaneous polarization P4(I'3) can be estimated, obtaining values of the
order of magnitude expected:

PyI'3) = e- I's/ Veen (4)

Values of Ps were obtained between 0.71 (at 248 K) and 0.35 (at 348
K) pC/cm?, similar to those of other improper ferroelectrics. Note that the
charge's value (in Eq. (4) the electron charge) is important in this
calculation [71].

3.4. Dielectric and ferroelectric characterization. Crystal structure and
properties correlations

3.4.1. Ferroelectric properties

The characterization carried out by differential scanning calorimetry
and X-ray diffraction seems to indicate that yttrium molybdate, synthe-
sized by solid state reaction, presents the characteristics of a ferroelectric
material with a Curie temperature in the vicinity of 378 K. To confirm
and characterize this ferroelectric behavior, hysteresis cycles have been
carried out at room temperature (293 K) for different electric fields and a
frequency of 2 Hz (Fig. 11a) and hysteresis cycles as a function of
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Fig. 9. Bond evolution of the tetrahedral environments of Y(1) and Y(12), in addition to the evolution of the average Y---O bond for both phases of Y2(Mo0O4)s.

temperature under an applied electric field of 32.7 kV/cm at a frequency
of 2 Hz (Fig. 11b). As shown in Fig. 11a, with the increase of the electric
field, the area enclosed by each hysteresis cycle increases and therefore
its features: the remaining polarization P;, maximum polarization Py,

and coercive field E.. The variation of the remanent polarization, coer-
cive field, and area of the hysteresis cycle with the temperature at
different applied electric fields is shown in Fig. A1 (supplementary ma-
terial). The shape of the unsaturated loop, which is usually associated
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with leakage current losses in proper ferroelectrics [72], could have
another origin in the improper ones since the primary structural order
parameter (other than spontaneous polarization, which is the secondary)
controls the switching dynamics [73]. In any case, the leakage currents
losses may be present. They will slightly affect the existing hysteresis
loop due to the relatively low density of the pellet, where the porosity
hinders the movement of dipoles within the material (see Fig. 6) and
contributes to electrical losses [74].

In Fig. 11b, it is observed that in the region where the material has a
ferroelectric behavior, that is, according to DSC measurements, at tem-
peratures below 378 K (Fig. 3) and, according to thermodiffraction at

10

temperatures below 373 K, it describes a hysteresis cycle whose area,
remanent and maximum polarization and coercive field decreases with
increasing temperature, without reaching the paraelectric phase due to
equipment limitations. The decrease in the cycle area and its parameters
confirms the ferroelectric-paraelectric transition.

Moreover, the maximum and remanent polarization values agree
qualitatively with the structural results, where the ferroelectric distortion
also decreases, generally, with lowering the temperature. A decrease in
the amplitude of the mode I's is observed with increasing temperature. In
the previous section, we have estimated the spontaneous polarization
from the displacements compatible with this symmetry mode, and it can
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be seen that these are values of the same order of magnitude as the po-
larizations obtained from the hysteresis cycle. Comparing these results
with those obtained for the Laj sErg75(Mo0O4)3 compound [66], we
found a similar amplitude of the I's symmetry mode.

On the other hand, similar unsaturated cycles and values of Ps, P,
(applying similar electric fields, at room temperature) are also observed
in the above solid solution and single crystals of p'-Tbo(Mo00Q4)3 (well-
known improper ferroelectric) [75]. It is more difficult to develop
leakage currents for single crystals than for powder samples with low
densification. It can also be seen in terbium molybdate how the loop area,
P, and P, decrease with increasing temperature, and saturation is
reached more quickly. It is the case of yttrium molybdate at 303 K with a
slightly more saturated cycle than that obtained at 293 K (Fig. 11b).
Then, we can consider the appearance of the cycles to confirm that we are
dealing with a ferroelectric material; the observed anomalies indicate a
key role of the primary order parameter (with the symmetry of the
irreducible representation My+My) on the energetics of the polarization
switching. Finally, given the lack of a detailed understanding of the po-
larization dynamics in improper ferroelectrics, possibly because there are
fewer exemplars [73], comprehensive studies (including the visualiza-
tion and the analysis of hysteresis loops) in other families of improper
ferroelectrics are necessary.

3.4.2. Thermal dependence of the dielectric properties

In Fig. 12, the dependence of the real part of the relative complex
dielectric permittivity (¢,) on the temperature at three frequencies (500
kHz, 1 MHz, and 1.6 MHz), during the cooling (Fig. 12a) and heating
(Fig. 12b) stages for a yttrium molybdate pellet is shown. It is observed
that ¢, present its minimum value in the vicinity of 383 K for all three
frequencies and then increases again with increasing temperature. The
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temperature at which the dielectric anomaly is observed (383 K) is very
close to the transition temperature detected by DSC measurements
(378.2 K). The value of ¢, ranges from 15 to 16; thus, for a frequency of
500 MHz, it varies from 16.1 (313 K) to 15.7 (383 K) and then takes a
value of 15.9 at 600 K. This weak anomaly of ¢, in the vicinity of the
transition temperature, compatible with the observed minor transition
enthalpy and small structural changes, is characteristic of improper fer-
roelectrics. These anomalies are more pronounced in isostructural com-
pounds with higher transition temperatures and more energetic
transitions [66]. The dielectric permittivity measurements also informed
about new irregularities at a higher temperature before the expected
transition to the y-phase, around 660 K [41]. The scattering of the real
part of the electrical permittivity leads to changes in the analyzed elec-
trical conductivity.

Fig. 13 presents the results of the real part of the electrical conduc-
tivity (6'(0)) as a function of frequency and temperature for both stages.
It is observed that the conductivity increases with temperature for a fixed
frequency, and the conductivity's dependence on frequency is more sig-
nificant as it increases with temperature; therefore, the Universal
Dielectric response model and the corresponding fit (Eq. (3)) have been
used. From these adjustments, the thermal dependence of the s parameter
(Fig. 14a) and the electrical conductivity (c4c), which ranges between
10~ and 107> S/cm (Fig. 14b), have been obtained in the heating and
cooling stages. The evolution of the s parameter shows that the material's
behavior is similar in both stages, with a small anomaly around 433 K
during the heating process, and between 513 and 573 K during the
cooling process. Beyond that, there is a progressive decrease up to about
875 K for both stages, indicating an upcoming phase transition.

Furthermore, the dependence of the conductivity, represented as
In(og.) versus 1000/T (Fig. 14b), allows the differentiation between
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three regions with respective activation energies during the activation
process. The values of the activation energies were calculated by fitting
with equation (4). They were 1.323 £ 0.232 eV and 3.795 + 1.950 eV for
temperatures above 673 K and 0.683 + 0.517 eV for temperatures above
634 K. The intermediate region stands out with a high value of the
activation energy compared to that obtained for the other two regions.
These changes in conductivity have also been detected in a-RE3(MoO4)3
molybdates within the modulated scheelite family [Smy(MoO4)3 and
Euz(MoO4)s] [59,76] and were associated with changes in the
electronic-polaronic-ionic conductivity mechanisms that were correlated
with small changes in the crystal structure resulting in a strange behavior
in the a parameter. In the case of the yttrium molybdate, we plotted
(Fig. 15) the natural logarithm evolution of the lattice parameters versus
1000/T before the -y phase transition to better highlight the correlation
between the electrical and the structural parameters. Three regions can
also be distinguished due to the anomalous behavior of the ¢ parameter.
It would be necessary to perform measurements at more temperatures,
both dielectric and diffraction to be able to arrive at results that explain
these thermal effects.

4. Conclusions

Polycrystals of the '-Y2(MoO4)3 phase have been synthesized with
high purity. The experimental conditions have been explained in detail so
they can be reproduced. X-ray diffraction patterns have been identified
and refined with the ferroelectric-ferroelastic structure of the
}’-Gd2(Mo04)3 type, using the Rietveld method and refining the so-called
“amplimodes” or displacements from the paraelectric-paraelastic
(B-phase) compatibles with three symmetry modes (I';, I's and
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volume as In[V(1000/T)] of the p-Y2(MoO,4)s phase, where the three regions

with different conductivity mechanisms at high temperature can be
distinguished.

M,+My), instead of the atomic coordinates.
The Curie temperature has been determined between 373 and 383 K
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from thermal analysis and dielectric spectroscopy in heating and cooling
cycles. It has also been found that the crystalline structure at 348 K is still
ferroelectric; at 398 K, it already belongs to the paraelectric phase. When
comparing the ferroelectric hysteresis cycles at various temperatures,
above room temperature, a clear decrease of the cycle area (and the
maximum and remanent polarization) is observed, confirming the
ferroelectric character of this compound. From the thermal dependence
of the crystalline structure, it is confirmed to be an improper ferroelectric
being the primary order parameter with the non-polar My+M, symmetry,
as the highest displacement from the paraelectric phase. From the evo-
lution of the polar mode I's (secondary order parameter) and the bond
distances, it could be explained which oxygen atoms play the crucial role
in the phase transition. The improper ferroelectric character is also
confirmed by: 1) the small transition enthalpy obtained from the DSC
analysis, 2) the fact that the transition is not clearly distinguishable for
the dielectric measurements, and 3) the hysteresis cycles, with small
polarization values, difficult to saturate, and with values within orders of
magnitude of the estimated I's-mode amplitudes.

Moreover, a region is found between 600 and 877 K in which the o4
undergoes high activation energy relative to the other two consecutive
regions. This anomaly must have a structural character because a cor-
relation is found with the evolution of the ¢ parameter.

Compounds with the f'-Yo(MoOg4)s phase are, definitively, multi-
ferroic and multifunctional crystalline matrices very appropriate to host
the series of lanthanides of smaller ionic radius and trivalent transition
metals, that have not been conveniently exploited. Moreover, it has the
advantage that it is not a hydrated phase as is the case with the much
more studied y-phase.
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