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Powder samples of the series Lay 4Ery(MoO4)3 (x = 0.75, 1, 1.25) were prepared by solid-state reaction from the
La and Er trimolybdates. The correlation of the ferroelectric properties with the crystal structure, as a function of
the x concentration, was studied by X-ray diffraction (XRD), dielectric and optical spectroscopy, and the ferro-
electric hysteresis loop measurements. The p'-Gdy(MoO4)s structure type was identified by a non-conventional
Rietveld method, including a symmetry analysis. Contrary to the expectations, the ferroelectric properties were
intensified by the Er®* concentration increase: the maximum polarization for x = 1.25 reaches one order of
magnitude larger than that of x = 0.75, and the Curie temperature increase was around 200 K. This unexpected
behavior is opposite of that observed for the improper ferroelectrics REx(MoO4)3, where the ferroelectric prop-
erties are enhanced with the RE ionic radius increase. Hence, the series Lag yEry(MoO4)3 show an “wider tuning
range” for ferroelectric properties opposite to the rare earth trimolybdate family.

1. Introduction

Luminescent double oxides and oxysalts containing rare-earth ions
have attracted much interest as they are great candidates for many ap-
plications, as in LEDs [1-3], solid-state lasers [4,5], display devices
(biological labeling) [6], sensors (optical thermometers) [7] and photo-
catalysis (solar cells) [8,9]. Among them, rare-earth compounds with
formula REo(MO4)3 (M = W, Mo and RE is the rare-earth cation) have
been widely studied due to their longevity, low cost, low toxicity, and
thermal and photochemical stability [10-13]. Moreover, their lumines-
cent properties can be easily varied by adjusting the concentration and
type of rare-earth via solid solution or doping [14-17].

Gadolinium molybdate is the most representative crystal of this
family. Its interest lies in the fact that it has a phase whose structural type,
called p'-Gda(MoOy4)s, is ferroelectric and ferroelastic [18]. Trimo-
lybdates showing this phase are those with RE = Pr — Ho and Y and solid
solutions [19-21]. The polar symmetry also makes them possible to be
pyroelectric and piezoelectric [22]. In addition, they exhibit non-linear
optical phenomena such as second harmonic generation (SHG) and
Raman amplification [23], allowing more compact lasers, for instance.
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Doped crystals also exhibit multiphoton absorption and up-conversion
processes [24]. More recently, attention has also been paid to the
coupling of ferroelectric and ferroelastic arrangements in Gda(MoO4)3
thin films for their applicability in electronic devices [25,26].

The p'-phase is also distinguished by the fact that it is one of the most
studied improper ferroelectric, where a secondary order parameter (in
the Landau phenomenological theory) is responsible for the spontaneous
polarization and deformation [27,28]. The paraelectric phase (p-phase)
belongs to the non-polar space group P42;m, stable above 433 K. Its
crystal structure also consists of Gd3" ions surrounded by [M004]2'
tetrahedra [29,30]. After the condensation of a non-polar unstable pri-
mary phononic mode [associated with the M-point (1/2,1/2,0) at the
edge of the Brillouin zone], which manifests itself as cooperative rota-
tions of the [M004]2' tetrahedra, the structure is reduced to the ortho-
rhombic space group Pba2 (ff'-phase). Then, the unit cell is doubled (with
the transformation: a-b, a + b, c; 0, /4, 0). Another symmetry mode (in the
center of the Brillouin zone) is allowed and has a secondary character as
it only breaks the symmetry up to the intermediate subgroup Cmm2 [31]
and is coupled with the previous one. This secondary mode, with polar
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symmetry, is responsible for the spontaneous polarization Py (and the
spontaneous deformation &) along the c-axis in the §'-phase, and it is
caused by the antiparallel displacements of the Gd>* cations and
[MoO4]2' anions in that direction. These motions are mostly cancelled.
Therefore, the spontaneous polarization (P; = 0.2 pC/cmz) reaches
values one order of magnitude smaller than in most of proper ferro-
electrics, where the polarization is the primary phononic mode (primary
order parameter) [30-32].

However, one of the main consequences of the second-order nature of
the spontaneous polarization is the dielectric irregularities appearing in
the improper ferroelectrics, making them considerably different from the
proper ones. In particular, the thermal dependence of the permittivity
does not follow the Curie-Weiss law, and an intensive electric field does
not suppress the phase transition [28,33]. These anomalies allow work-
ing over a wide temperature range where the dielectric permittivity is
stable. Thus, the induced polarization results from the pyroelectric (or
piezoelectric) effect, not from the variation of the electrical permittivity
[33-35]. In the case of rare-earth trimolybdates, the theory developed for
the improper ferroelectrics agrees quantitatively with the experiments
[18,36]. Improper ferroelectrics are also being investigated for their
potential as pyroelectric energy harvesters [37] and their electrocaloric
effect [38].

On the other hand, the advantage of the “lanthanide shrinkage” may
be used for suitable replacements. When gadolinium is substituted by
other chemical elements of larger (or smaller) ionic radius in the ferro-
electric phase, the oxygen atoms move away from (or closer to) the
middle position of the paraelectric structure. Thus, Pr — Eu (or Tb — Ho)
trimolybdates need more (or less) vibrational energy to reach the tran-
sition temperature. Their transition temperatures are highest: 508 K-434
K (or lowest: 433 K-394 K) [28], according to the increase (or decrease)
of the volume and the spontaneous polarization and the cell parameters
expand less (or more) isotropically [19,20]. However, this “chemical
pressure” does not have the same behavior as the thermal or hydrostatic
contraction, where the decrease of the unit cell volume may increase the
spontaneous polarization, and the a and b cell parameters are contracted
anisotropically, while the ¢ parameter increases when the temperature
decreases [39-41].

The interest in controlling the ferroelectricity and related properties,
and the luminescence in these compounds has encouraged the study of
solid solutions where different RE atoms are substituted. In this sense, it
must be taken into account that the p’-phase is not the most stable under
ambient conditions, except for Hop(M0oO4)3 and Y2(MoOy)3. The most
stable crystal structure for trimolybdates with RE = La — Nd is the
Lap(MoOy4)3 polytype. When RE = Sm - Dy, the a-phase [with the
a-Euy(WOy)3 structural polytype] is more stable; both phases are called
modulated scheelites [42]. In addition, the heavier rare-earth trimo-
lybdates crystallize in the hydrated y-Sca(WO4)s phase with negative
thermal expansion [43,44]. The preparation of these compounds can be
complicated because mixtures of different polymorphous can arise,
depending on the preparation conditions and the lanthanide radius. It is
easy to synthesize the f'-phase from isostructural rare-earth trimo-
lybdates; however, it is also possible to obtain it from non-isostructural
end compounds. For example, solid solution families of trimolybdates
have been studied with interesting results for luminescent and/or
ferroelectric properties: RE; yEuy(MoO4)s (RE = Gd, Sm) [45,46],
Y2 xEux(MoOg4)3 [47], LupyEuy(MoOg)3 [48], LuxxGdx(MoO4)3 [49],
Gdz_xBiX(MOO4)3 [50], Gdg_begx(MOO4)3 [51,52] and Gdz(l.x)Euzx(-
MoyWi.y04)3 [53]. It should be recalled that the tungstate family with
the formula RE2(WO4)3 never exhibit the p'-phase, neither when they are
compressed under high pressure [41,54].

In this work, we are interested in the Las 4Ery(MoO4)3 solid solution,
where the intermediate compound (x = 1) is the most investigated and
for which researchers have studied the ferroelectric-paraelectric transi-
tion [55,56] and the up-conversion luminescence independently
[57-59]. We will characterize its dielectric and ferroelectric properties as
a function of the x concentration, concerning the crystalline expansion or

Journal of Solid State Chemistry 315 (2022) 123462

compression and taking advantage of the Er>* luminescence. This family
of compounds attracts strong attention and interest because they are both
multiferroic and luminescent.

2. Experimental
2.1. Synthesis

The Lay 4Ery(M0O4)s system, with x = 0.75, 1, and 1.25, was obtained
from the a-Lay(MoO4)3 and y-Era(MoOg4)s phases, which were synthe-
sized by solid-state reaction. The phases were synthesized from LayO3
and MoOs oxides, and Er,O3 and MoOs oxides (Aldrich, 99.99%),
respectively. Before the stoichiometric mixing of the corresponding ox-
ides, they were precalcined for 10 h at 923 K (MoOs3) and 1173 K (LapO3
and EryO3). The oxides were mixed and the powder was homogenized by
grinding in an agate mortar for at least 1 h, and, then, the samples were
compacted in a uniaxial hydraulic press at a pressure of 230 MPa. Finally,
the resulting pellets were sintered at 1073 K for 48 h to obtain
a-Lag(MoO4)3 and at 1323 K for 48 h to obtain y-Era(MoO4)s.

Once the aforementioned pure phases were obtained, solid solutions
were synthesized by mixing and homogenizing the powder of the end
trimolybdates for the three concentrations. The hydrated and dehydrated
Era(MoO4)3 phases were weighted to ensure the desired stoichiometry.
Two heat treatments were applied to Lag7sEr; 25(Mo0O4)3, with inter-
mediate milling and compaction at 230 MPa of the corresponding pow-
der, at 1073 K and 1173 K for 24 h each, followed by a subsequent
quenching to 473 K. The LaEr(MoO4)3 and La; 25Erg 75(M004)3 samples
were subjected to a single heat treatment at 1173 K for 48 h and at 1173
K for 36 h, respectively, and a subsequent quenching to 473 K.

2.2. Characterization techniques

X-ray powder diffraction (XRD) was used to monitor the phase purity
and refine crystal structure. Diffractograms were collected using a Pan-
alytical Empyrean diffractometer with Cu-Ka radiation [wavelength:
MCu-Kop) = 1.54056 A and A(Cu-Kop) = 1.54443 A] passing through a Ni
filter, a fixed divergence slit of 1/2° and a receiving slit of 1/8°. Mea-
surements were collected at an angular interval of 5°<20 < 120° with a
step of 0.02° and 57 s step time [60].

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)
were carried out in an inert atmosphere, with continuous nitrogen flow
and heating and cooling ramps of 2, 5, and 10 K/min in a temperature
range of the cyclic process between 300 and 1173 K [61].

The emission spectra as a function of temperature were obtained. The
sample was placed in the center of a tubular furnace with the temperature
control by a type K thermocouple. The sample was excited with a con-
tinuum laser at 457 nm from one side of the furnace. On the other side of
the furnace, the emission coming from the sample was collected with a
convex lens and focused in an optical fiber coupled to a 0.3 m single
grating spectrometer (Andor SR-3031-B) equipped with a cooled CCD
detector (Newton DU920 N). All the spectra were corrected from the in-
strument response.

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 1.1 V and in a temperature range from 313 K to 913
K, employing 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) measurement was performed by applying a triangular signal with
a maximum amplitude of 1900 V and a period between 20 and 30 ms.
These cycles were recorded on pellets, with electrodes (Pt) and at room
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temperature. In this case, the used equipment was a Precision LC Main
Unit with a High Voltage Precision 10 kV HVI-SC interface from Radiant
Technologies, Inc. [62].

2.3. Data analysis

2.3.1. Crystal data refinement

Rietveld refinement was performed with the use of the Fullprof
software [63] for each compound, for the diffractograms collected at
room temperature. All compounds were identified and refined in refer-
ence to the ferroelectric f'-Gda(MoO4)3 phase. For the compound with x
= 0.75, small impurities of Lap(MoO4)3 were observed, and this phase
was added to the refinement. The Thompson-Cox-Hasting pseudo-Voigt
profile shape function modeled the experimental profiles, and the
background was modeled by interpolating several selected points. The
crystal structure analysis is also based on conventional powder X-ray
diffraction data where oxygen scattering is relatively insensitive in the
presence of heavy rare earth and molybdenum ions, and hence the
determination of its position is less feasible. A suitable way to solve the
problem is to refine the displacements from the paraelectric phase
“ferroelectric distortion” instead of the atomic coordinates. The ferro-
electric structures were obtained, analyzing the distortion from the
paraelectric phase. The AMPLIMODES software, from the Bilbao Crys-
tallographic ~ Server, relates the two structures based on
symmetry-adapted modes and calculates the amplitudes and polarization
vectors of the distortion modes of different symmetry frozen in the less
symmetrical structure [64]. The spontaneous polarization can be closely
related to the amplitude of some symmetry lowering mode [65]. The
“ferroelectric distortion” in these compounds was decomposed into three
symmetry modes [31]: 1) a primary mode corresponds to the irreducible
representation My+My associated with the point M (1/2, 1/2, 0) on the
boundary of the Brillouin zone. 2) A secondary polar mode in the center
of the Brillouin zone with the symmetry given by the irreducible repre-
sentation I's. 3) Finally, another secondary mode given by the irreducible
representation ['; maintains the symmetry of the prototype phase. Some
of the amplitudes of these symmetry modes were canceled, which would
help to reduce the number of refined parameters. This refinement has
many advantages, especially in the present case, where the distortions
are caused by oxygen displacements with very small X-ray scattering
amplitude. To obtain a prototype paraelectric structure (the theoretical
B-phase), necessary to refine the experimental ferroelectric phase dis-
tortions, we start from the data of the ferroelectric phase (theoretical
f’-phase) of LaEr(MoO4)3 compound, theoretically calculated by the ab
initio density-functional-theory (DFT) method, with a cell volume of
1200 A3ina previous study [56]. Since in the paraelectric phase there is
only one site for the rare-earth atom in the asymmetric unit, it is not
possible to calculate a theoretical structure with fractional occupancy
factors of the La and Er atoms. Then, we calculated this more symmetric
phase from the '-phase with the PSEUDO software [66]. The reliability
of our experimental results can be verified with the results of these
theoretical calculations, which are also shown in the tables. Thus, the
so-called “amplimodes” (amplitudes of the symmetry modes) were
refined to obtain the structure of the three compounds. Those
“amplimodes” with lengths shorter than the isotropic thermal displace-
ment will be nullified, in order to diminish the number of fitted param-
eters and increase the accuracy of the refinement. The starting
amplitudes come from the analysis of the symmetry-adapted modes be-
tween the theoretical f-and ' phases. The occupancy factor of the two
possible sites (Wyckoff positions 4c) for the RE in the Pba2 space group,
which came from one Wyckoff site 4e in the P42;m space group were
refined, in two different ways. First, assuming that one of the two sites is
occupied exclusively by La or Er; thus, the occupancy factor of the second
site for La and Er atom is refined, constraining these factors to sum 1.
Second, the starting concentration of the synthesis was considered as
valid, and the occupancy at each site was refined; thus, the occupancy
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factor for the La atom was constrained to sum 2-x, and for the Er atom to
sum x. Finally, the thermal factors for each La, Er, and Mo atom type were
refined and restricted to the same isotropic Debye-Waller factor.

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

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

t
e W) =T—F7— 1
(©) iwegZ" (®)A, M
where g is the vacuum dielectric constant, A, is the electrode area and t
is the thickness of the sample. As well, the complex permittivity can be
expressed as:

(2)

where ¢'(®) is the real part of the complex conductivity.

The analysis of the conductivity spectra was 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 disordered materials, including ionic glasses,
non-stoichiometric crystals, polycrystalline and amorphous semi-
conductors [67-71]. Thus, the real part of the conductivity spectrum
o'(®) tends towards the direct current conductivity (c4c) as the frequency
decreases and shows a dispersive regime in which the conductivity in-
creases strongly with frequency. Jonscher proposed the following
dependence for the real part of conductivity [72]:

6 (0) =0y + A, 00° 3)

where A; is a temperature-dependent constant and s is an exponent with
a value between 0 and 1, which depends on the many-body interactions
among the charge carriers. However, a slightly different version of the
above equation was used in this work [73]:

o) =ou 1+ () (2) ] @

where o is the frequency at which the change of slope in the real
component of the complex conductivity occurs. By fitting the conduc-
tivity curves collected at different temperatures, the thermal dependence
of the parameters (04c, As, @wpy s) was obtained. With the study of the
thermal dependence of these parameters, the permittivity and electrical
conductivity, the transition temperatures can be detected. Moreover, the
dynamics followed by the charges and dipoles that contribute to the
anomalous behavior around the phase transition can be analyzed. To
complete this study, the dielectric measures will be corroborated with the
thermal dependence of the Er** emission.

3. Results and discussion
3.1. Ferroelectric phase at room temperature

3.1.1. Crystal structure

Fig. 1 shows the refinement results, and Table 1 presents the values of
cell parameters, total “amplimodes” (calculated for the unit cell) and the
agreement factors for the experimental and the theoretical results. The
f'-Gda(MoO4)3 phase was identified in all diffractograms collected. The
typical shift of the peaks towards the left (lower Bragg angles) was
observed, related to the increase in volume by the concentration of La
increasing. It is known that this solid solution expands for a broad
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Fig. 1. Rietveld refinement results for the three compounds studied. Experi-
mental observed data (red), calculated data (black) and the difference between
the two (green) are indicated. In addition to the Bragg positions for each of the
phases (blue) and the Lay(MoQ,4)3 phase (pink).

domain of x values; when the synthesis starts from oxides, x varies ac-
cording to the quenching and annealing temperature and ranges from x
= 0.4 to x = 1.15 [55]. This range has been extended until x = 1.25,
carrying out the solid solution of the end compounds.

For the compound with the highest La concentration, the Lay(MoO4)3

Table 1
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Fig. 2. Cell parameters for the three compounds Lay yEry(MoO4)3 (x = 0.75 “e”,
1 7¢” and 1.25 ") and for the lanthanide trimolybdate series '-RE>(M004)3
(with RE = Pr, Nd, Sm, Eu, Gd, Tb, Dy and Ho) as a function of the cell volume.

phase was identified at low resolution and was also refined, leaving most
parameters fixed (using published data [42]), thus improving the results
of the total refinement. Regarding the intermediate compound LaEr(-
MoOy)s, possible impurities of the final components could not be iden-
tified due to the background noise. The results obtained for the
intermediate compound were very similar to those published by
Hernandez-Sudrez et al. [56]. The best refinement results were obtained
for the compound with the highest Er concentration.

In Fig. 2, the values of the calculated cell parameters versus the cell
volume of our solid solutions can be seen in comparison with the com-
plete RE trimolybdate family with the f’-phase. The ¢ parameter is
slightly longer and the a and b cell parameters are slightly shorter than
those reported for the RE3(MoOj4)3 family. A smaller dispersion of the a
and b parameters was observed as the Er concentration decreases, which
is most evident in the pure trimolybdates when the lanthanide ionic
radius decreases. This behavior is contrary to that typically observed

Cell parameters, amplimodes and agreement factors obtained in the refinement of the diffractograms of La, yEry(M0O4)3 compounds with x = 0.75, 1 and 1.25. Upper

values correspond to the first refinement and lower values to the second one.

x=0.75 x=1 x =125 x = 1 Theoretical x=1
f’ phase Theoretical
B phase

a(A) 10.44582(17) 10.41296(11) 10.38488(10) 10.387276 7.4257
10.44582(17) 10.41295(11) 10.38489(10)

b (A) 10.49428(17) 10.45382(11) 10.42402(10) 10.614546 7.4257
10.49429(17) 10.45380(11) 10.42404(10)

c(A) 10.85791(15) 10.79972(10) 10.73736(9) 10.883800 10.8838
10.85793(15) 10.79968(10) 10.73736(9)

V(A®) 1190.258(32) 1175.606(21) 1162.342(18) 1200 600
1190.263(32) 1175.598(21) 1162.347(18)

Iy (li) 0.45(5) 1.00(4) 0.61(3) 0.0049 0
0.45(5) 0.99(4) 0.64(3)

rsA) 0.53(11) 0.67(10) 0.68(8) 0.7110 0
0.50(12) 0.73(9) 0.74(8)

Ma+M, (A) 2.51(10) 2.35(7) 2.11(6) 1.8551 0
2.48(10) 2.39(7) 2.11(6)

Rp/Ryp (%) 9.40/10.4 11.9/12.6 12.2/13.2
9.57/10.4 12.1/12.7 12.2/13.2

Rexp (%) 6.40 6.92 7.45
6.45 7.03 7.45

x2 2.63 3.32 3.13
2.60 3.25 3.13

Rg/Rr (%) 3.82/3.12 6.73/4.57 3.83/2.22
3.83/2.21 6.67/4.54 3.83/3.08
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when the cell volume decreases (e.g., by decreasing temperature or
increasing pressure). In these cases, the a and b parameters are contracted
anisotropically, and the a-b difference increases [39-41,56]. This longer
distortion referred to the paraelectric phase, reflected in this cell pa-
rameters difference, was not observed in the compound with the higher
concentration of Er, which “a priori” seems to feature an improved
ferroelectric character. In addition, the ¢ parameter experiences a
contraction before the phase transition [39,41], and it necessary to know
the atomic displacements in this direction depending on the x
concentration.

From Table 1, the symmetry mode I'; (compatible with the symmetry
of the paraelectric phase) of the compound with x = 0.75 is the smallest,
contributing to a minor global distortion because the cell volume of this
compound is the closest to that of the prototype paraelectric phase
(theoretical B-phase), which was calculated as explained in section 2.3
(structural characterization). On the other hand, the non-polar mode
My+My increases. This fact may be related to the difference between the
a and b parameters. Their lengths increase as x decreases. It is worth
noting that, as the Er concentration increases, the amplitude of the polar
mode I3 slightly increases; this may be indicative that the Lag 75Er 25(-
Mo0O4)3 compound enhances its ferroelectric properties.

Similar crystal structural parameters were obtained when the occu-
pation factors were refined by using the two procedures and explained in
section 2.3 (see Table 2 and Tables A1-A7). If these restrictions are not
made, the refinement is less reliable, the standard deviation of the oc-
cupancy increases and it can converge to a false local minimum. The non-
equivalent crystallographic sites for the La and Er were slightly differ-
entiated with the second procedure, where the sum of the occupation
factor for each type of lanthanide was constrained to the given x con-
centration; while they were clearly differentiated with the first one. Site 1
was preferably occupied by La and site 2 - by Er, in all compounds. The
obtained x values were similar to those formulated for the synthesis. In
the case of the Er-rich compound, the x concentration calculated with the
first procedure was slightly higher than expected.

There were no significant changes in the atomic coordinates and
amplitudes of the symmetry modes related to the heavier atoms. The
structural differences, compared with the paraelectric phase, were
related to the displacements of the oxygens (longer amplitudes), as ex-
pected. They are compared to those of the prototype compound, the
theoretically calculated LaEr(MoOj4)3 paraelectric structure, as explained
in section 2.3. The compound Lag 75Er; 25(M004)3 has longer shifts along
the c-axis, according to the longer value of the amplitude of the mode I's.
It is not easy to calculate the spontaneous polarization from point charges
because it is difficult to obtain the positions of the oxygens and their
effective charges at these positions. However, the spontaneous polari-
zations Py¢(I'3) can be estimated from the sum of the displacements A(I'3),
with the symmetry I's, the electron charge and the cell volume V)

Table 2
Occupation factors of the La and Er atoms in the two different sites of the
B’-Gd2(Mo0Oy4)3 structure for two refinements with different constraints.

Lay »5Ero.75(M004)3

Occupation Site 1 Site 1 Site 2 Site 2 X
factors (La) (Er) (La) (Er)

2nd procedure 0.76 (11) 0.24(11) 0.49(11) 0.51(11) 0.75

1" procedure 1.0 0.0 0.22(9) 0.78(9) 0.78(9)

LaEr(MoOy4)3

Occupation Site 1 Site 1 Site 2 Site 2 X
factors (La) (Er) (La) (Er)

2nd procedure 0.503(3) 0.497(3) 0.503(3) 0.497(3) 1.0

1°" procedure 1.03(7) 0.0 0.0 0.97(7) 0.97(7)

Lag.75Er1.25(M004)3

Occupation Site 1 Site 1 Site 2 Site 2 X
factors (La) (Er) (La) (Er)

2nd procedure 0.45(8) 0.55(8) 0.30(8) 0.70(8) 1.25

1 procedure 0.42(7) 0.58(7) 0.0 1.0 1.58(7)
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P.\(I’3) =e -A(I‘3)/VL,€,[ (5)

Results of P, between 0.7 and 0.9 pC/cmZ, are within the order of
magnitude expected. Therefore, it is possible to confirm that the behavior
of our compound is unexpectedly opposite to that of pure molybdates,
where the ferroelectric properties increase with increasing the lantha-
nide ionic radius [19,20], although the behavior of the cell parameters is
very similar.

To find the mechanisms responsible for this unexpected behavior, the
lanthanide environments of the three compounds were compared.
Table 3 shows the bond distances in the polyhedral coordination of both
lanthanides for the compounds studied, including the theoretical struc-
tures. Sites with higher occupation of La atoms (La/Er) are distinguished
from sites with higher occupation of Er atoms (Er/La). It was observed
that the results of the intermediate compound had larger standard de-
viation and more dispersed lengths because the diffraction patterns had
the worst resolution. In Fig. 3, the coordination environments of the two
crystallographic sites were drawn. Thicker bonds indicate shortest dis-
tances. Longer RE ... O distances do not belong to the coordination
polyhedron are plotted with dashed lines. The symbols Mo(1) and
Mo(12) belong to the same molybdenum atoms in the paraelectric, which
forms the less symmetrical tetrahedron. The symbol Mo(2) belongs to the
Mo atom which forms the most symmetrical tetrahedron in the para-
electric structure. The tetrahedra are quite regular, and the possible bond
dispersions do not follow a clear pattern depending on the lanthanide
concentration. The lanthanide polyhedra maintain the coordination
number CN = 7 and the “capsulated” triangular prism geometry, forming
polyhedral dimers, and reinforcing the shortest Ln ... Ln distances (be-
tween 3.95 and 4.0 A). Mainly, a shortening (lengthening) of the bond
distances is observed at the sites with more Er (La) concentration, related
to the prototype phase in which both sites are symmetrically equivalent.
Fig. 3 and Table 3 show the closest distances corresponding to the second
coordination sphere, with similar lengths to the shortest contacts: Ln ...
Ln, Mo---Mo and Mo ... Ln. A shortening of the La---O(33) distance and a
lengthening of the La---O(2) distance were observed. This behaviour can
be explained within the “distortion theorem” of the Bond Valence Model
[74] by the tendency of the La atom to have a coordination number 8.
The bond shortening increases the sum of bond valences. Thus, the
valence of La increased its value close to 3 v.u. (valence units), with an
environment of 8 nearest oxygens atoms. In the case of the sites with
more Er atoms, the two equivalent distances Er---O(3) and Er---O(32) are
more similar, as in the prototype phase (paraelectric phase). However, an
abnormal lengthening of one of the Er---O(22) coordination bonds oc-
curs. In this case, the most common Er coordination number is 6. With
this lengthening and the shortening of the remaining bonds, the sum of
the bond valences of the Er atom approaches 3 v.u., with 6 nearest ox-
ygen atoms.

This rearrangement makes possible a significant differentiation be-
tween the two sites, in contrast to the ferroelectric phase of other pure RE
trimolybdates, with the crystallographic site environments of the lan-
thanides less distinguishable. Note that considering the theoretical p and
B’ phases, in the first case there is one site for the La and Er atoms. In the
second case, the first site is occupied only by La atoms and the second one
only by Er atoms. When both atoms are exchanged the result is very
similar, both sites can also be distinguished [56]. However, in
(Gdo.9Ybg.1)2(M004)3, both sites for Yb are also heptacoordinated with
oxygens atoms, but, in one site, the interatomic distances range from 2.24
to 2.48 10\, and in the other site, these distances range from 2.19 to 2.41 A
[52].

By representing the complete crystal structure for the three com-
pounds, it can be observed how the coordination environments are
affected by the displacements of the oxygen atoms. Fig. 4 shows a nearly
b-axis view of these structures, with the polar axis (c-axis) along the
vertical direction. The three types of molybdate tetrahedra are placed,
without sharing vertices, in three different layers, perpendiculars to the c-
axis. Between these layers, the lanthanides form coordination polyhedra
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Table 3
Bond distances in 10\, involved in the coordination polyhedra for the compounds Lay Er,(M0O,4)3 and for the theoretical phases § and §’ obtained from Ref. [56].
x = 0.75 x=1 x=1.25 Theoretical Theoretical
B phase (A) p’ phase (A)
Mo(1) —-0(34) 1/2x, -1/2 +y,z 1.71(3) 1.81(3) 1.69(3) 1.7426 1.7709
-0(1) X, ¥, 2 1.76(8) 1.811(12) 1.69(5) 1.7612 1.7705
—-0(2) 1/2x, -1/2 +y,z 1.87(3) 1.646(14) 1.765(9) 1.8067 1.8068
—-0(33) X, —1+y,z 1.73(3) 1.77(3) 1.82(4) 1.7423 1.7767
Mo(12) -0(12) X, ¥, 2 1.774(5) 1.811(12) 1.71(7) 1.7613 1.7686
—-0(3) 1/2 +x,3/2y,z 1.72(3) 1.657(21) 1.72(2) 1.7425 1.7725
—-0(22) 1/2 +x, 3/2-y,z 1.89(3) 1.748(18) 1.856(16) 1.8070 1.8290
—-0(32) X, ¥, Z 1.74(3) 2.100(21) 1.92(3) 1.7422 1.7733
Mo(2) —-0(43) X, Y, Z 1.82(3) 1.79(5) 1.76(5) 1.776 1.7747
—0(42) X, y, —1+z 1.74(3) 1.77(4) 1.78(5) 1.769 1.7789
—0(4) X, y, —14+z 1.79(3) 2.04(4) 1.78(5) 1.7768 1.7812
—-0(44) X, ¥, Z 1.81(3) 1.92(5) 1.88(4) 1.7770 1.7754
La/Er —-0(43) X, 1-y, z 2.38(4) 2.39(4) 2.28(4) 2.2862 2.3687
(Site 1) —0(44) 1/2x, -1/2 +y,z 2.21(4) 2.34(4) 2.37(4) 2.2864 2.3708
—-0(34) 1/2-x, -1/2 +y,z 2.37(3) 2.28(3) 2.39(3) 2.3404 2.4329
-0(12) 1/2x, -1/2 +vy,z 2.325(3) 2.280(12) 2.423(4) 2.3506 2.4441
—-0(2) X, Yy, 2 2.41(4) 2.459(13) 2.435(15) 2.4622 2.5139
—-0(33) x, 1y, 2 2.45(4) 2.40(3) 2.45(3) 2.3402 2.4555
—-0(2) X, 1-y, z 2.44(4) 2.633(14) 2.550(15) 2.4620 2.5469
—-0(33) 1/2x, -1/2 +y,z 3.41(4) 3.50(3) 3.46(4) 3.8879 3.3414
—-0(34) x, 1y, z 4.38(4) 4.23(3) 4.21(4) 3.8875 4.3564
Er/La —-0(4) 1/2 +x,1/2y, z 2.17(2) 1.92(4) 2.22(5) 2.2860 2.1968
(Site 2) —-0(22) 1+x —14y,2z 2.24(4) 2.26(3) 2.41(6) 2.4620 2.3700
-0(1) 1-x, -y, z 2.322(3) 2.272(12) 2.415(3) 2.3507 2.2633
—-0(32) 1-x, 1-y,z 2.45(3) 2.321(21) 2.37(3) 2.3404 2.2981
—-0(42) 1-x, 1-y, z 2.38(2) 2.445(39) 2.40(5) 2.2863 2.2196
—-0(3) 1/2 +x,1/2-y,z 2.44(3) 2.4541(21) 2.55(3) 2.3402 2.3502
—-0(22) 1-x, 1-y,z 2.54(4) 2.738(36) 2.45(6) 2.4622 2.4342
—-0(3) 1-x, 1-y, z 3.61(3) 3.873(20) 3.58(4) 3.8879 3.8530
—-0(32) 1/2 +x,1/2-y,z 3.90(3) 3.895(21) 4.2(4) 3.8875 4.0432
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Fig. 3. Coordination environments of two sites in Las cEry(MoQy4)s: site 1 with higher La concentration, at left and site 2 with higher Er concentration at right. The
shortest bonds are thicker solid lines and those that do not belong to the coordination polyhedron are dashed lines.

by sharing the vertices of the tetrahedral anions [MoO4]2'. The black
arrows indicate the oxygen shifts from the more symmetric prototype
structure (paraelectric phase) with I's polar symmetry. It should be noted
that the amplitudes (moduli of the vectors) have been plotted larger for
better visualization. It can be seen that these displacements are longer in
the compound with higher concentration of Er. The most pronounced
shifts along the c-axis are observed for the oxygens, lengthening the
Mo(1)-0O(2) and Mo(12)-0(22) bonds, where O(2) and 0O(22) are
equatorial oxygens in the lanthanide polyhedron. The displacements of
the oxygens forming the four Mo(2)—O bonds, involving the oxygens:
0(4), 0(42), 0(43), and O(44) are shorter and similar. They also form the
shortest bonds of the LaO; and ErO; polyhedra. When the Er atom is
introduced, the corresponding oxygen displacements diminish the
component along the c-axis. These small displacements exhibit opposite
direction to the displacements of the “equatorial” oxygens, that lengthen

as the La concentration increases and shorten the amplitude of the I's
mode; thus, the ferroelectric character is neglected in La-rich compounds.
This behavior can be compared to that of the solid solution GdyBis.
x(M004)3, where the ferroelectric properties also decrease (the Curie
temperature decreases) when the Bi atom, with larger ionic radius than
Gd, is substituted. The authors explain that this is due to the higher
covalence in the coordination bonds of Bi, but they do not give structural
details in their work [50]. In the case of the GdxYbi.x(M0Q4)3 solid so-
lutions, anomalies appeared when Gd is substituted by Yb were also
found, compared to other RE with longer ionic radii; but no current
explanation is presented [51].

3.1.2. Ferroelectric hysteresis
Fig. 5 shows the ferroelectric hysteresis cycles (P-E) of the three
samples obtained at room temperature and at 33 Hz, at different electric
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Fig. 4. Viewed almost perpendicular to the b-axis (the c-axis is taken as the vertical direction of the figure) of the p’-phase of: La; »5Erq 75(M004)3 (left), LaEr(MoO4)3
(center) and Lag 75Er; 25(M004)3 (right). The black arrows indicate the displacements of the oxygens with I'; mode symmetry with reference to the prototype p-phase.

fields between 5.88 and 33.3 kV/cm.

As can be seen, the size of the hysteresis cycles diminishes with
increasing the lanthanum concentration under the same experimental
conditions, which could be related to the loss of ferroelectric character
(see also Fig. A3 of the supplementary material). The values of the
remanent polarization (P;) and maximun polarization (Ppay) for
Lag 75Er1 25(M0O4)3 are higher than for LaEr(MoO4)3, which are almost
one order of magnitude larger than for La; 25Erg 75(M00O4)s. The polari-
zations obtained from the larger cycles are of the same order of magni-
tude and with the same shape as the cycles recorded with the same
applied field for f'-Tby(MoQ4)3 single crystal, at room temperature [75].
The shape of the unsaturated cycle (at room temperature), which is
normally associated with leakage current losses in proper ferroelectrics
[76], 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 [77]. Moreover, the
same synthesis conditions, similar width of the X-ray diffraction peaks
and very similar values of the electrical conductivity measured with
impedance spectroscopy, as will be discussed in section 3.2.2, support
that we do not consider important differences in the microstructure of
these samples depending on the lanthanide concentration. Then, the
leakage currents losses, that may be present and will slightly affect the
existing hysteresis loop, do not explain the order of magnitude variation
in the cycle size. Certainly, these results are qualitatively in agreement
with the structural results where the ferroelectric distortion is longer in
the compounds with lower lanthanum concentrations. However, it is
noteworthy that, contrary to what happens in the family of the improper
ferroelectrics with formula RE;(MoO4)3 [19,20], the spontaneous po-
larization increases, in a striking way, when the ionic radius of the
lanthanide decreases for the solid solution studied. In the next sections,
we will corroborate this unexpected enhancement of ferroelectric prop-
erties by increasing the Er concentration.

1.5 T T

Finally, in order to confirm the origin of the hysteresis cycles, we have
performed a preliminary test by increasing the temperature, without
reaching the paraelectric phase due to equipment limitations. In Fig. A4
of the supplementary material, we show the decrease of the cycle size for
Lag 75Er; 25(M004)3, although Ppax slightly increases, in the measured
temperature range. This result is in agreement with the anomalous
thermal dependence of the ferroelectric properties in the improper fer-
roelectrics. For the other two compounds, irregularities occur which are
also difficult to interpret. Further analysis by reaching the Curie tem-
perature and by comparing with thermodiffraction measurements is
necessary to correlate with the thermal dependence of the crystal struc-
ture. Nevertheless, in the following sections, we have been able to verify
this unusual thermal dependence of the electrical permittivity and con-
ductivity, as well as the difficult detection of the Curie temperature.

3.2. Ferroelectric-paraelectric phase transition

3.2.1. Thermal Analysis

Fig. 6 shows the TG curves for the three compounds in a heating-
cooling cycle. A slight mass loss, less than 2%, was calculated in the
temperature range between 300 and 500 K during the heating stage, and
it was not detected mass loss afterward. Thus, the three compounds are
thermally stable up to 1173 K. The mass loss is due to the evaporation of
moisture absorbed by the Ery(MoOj4)s (hydrated). DSC results are not
presented because the transition temperatures were not detected. These
temperatures were analyzed with better results by dielectric and emis-
sion spectroscopy of Er>*

3.2.2. Dielectric properties

The thermal dependence of the real part of the complex dielectric
permittivity ¢,' at different frequencies (50 and 100 kHz) for the three
samples is shown in Fig. 7, observing anomalies in the temperature range

T T T T T T T T
0.6 03r
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Fig. 5.
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Hysteresis cycles at room temperature and at 33 Hz for the series Lay Ery(MoO4)3. The maximum applied fields for the three compounds are: 5.88 kV/cm

(black), 13.72 kV/cm (blue), 21.57 kV/cm (green), 27.45 kV/cm (orange) and 33.33 kV/cm (pink).
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Fig. 6. TG curves for a heating (red) - cooling (blue) cycle for Lap  Ery(-
MoO,)s samples.

between 608 and 613 K for Lag 75Er; 25(M00O4)3 and between 348 and
353 K for LaEr(MoO4)s. Anomalies in the ¢ curve were not detected
between 300 and 800 K for LajosErg75(MoQO4)3. Moreover, it was
observed that the transition temperature decreases with increasing La3"
concentration, and that &' decreases slightly at this temperature. In
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S
60
40
20
0 . . . . .
300 400 500 600 700 800 900

Temperature (K)

Fig. 7. Real part of the complex dielectric permittivity as a function of tem-
perature at 50 kHz (filled circles) and 100 kHz (empty circles) for Lap yEry(-
MoO,)3 samples.
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general, this is typical for improper ferroelectrics; the €,' values vary very
little in the vicinity of the transition temperatures [34]: between 66 and
62 for Lag 75Er; o5(MoO4)3 and between 21 and 24 for LaEr(MoOgy)s.
These results disagree with those obtained by Elouadi et al. [55], who
studied the same system, finding that the Curie temperature increased
with lanthanum concentration. However, our results are consistent with
the polarization values obtained in the hysteresis cycles and the larger
distortion from the paraelectric phase. The Curie temperatures increase
as the spontaneous polarization increases [22]. In the case of the inter-
mediate composition, other authors obtain higher Curie temperatures:
around 500 K [55] and 473 K [56]. These differences suggest that the La
(or Er) concentration must be correctly determined. In our case, the shift
of the diffractions peaks, the calculated cell parameters and the occu-
pation factors reveal that concentrations are similar to the those formu-
lated for the synthesis.

This dispersion of the real part of the complex dielectric permittivity
leads to changes in the electrical conductivity. In Fig. 8, the results of the
spectra for the real part of the complex electrical conductivity ¢’ as a
function of frequency are presented, at different temperatures, for the
sample Lag 75Er; 25(MoQOy4)3, with the corresponding fits to Eq. (4). The
curves of the other two samples, LaEr(MoO4)3 and Laj 35Erg 75(M00Q4)3,
can be seen in Figs. A1 and A2 in the supplementary material. In the three
Figures, at a fixed frequency, the conductivity increases very weakly with
temperature. When temperature increases decompression is favored in
not fully densified pellets and the conductivity is affected.

From the fit of the above three spectra to Eq. (4), the dependence of
the s parameter on temperature is obtained (Fig. 9). This parameter is
very sensitive to changes in the environment of the ions (phase transi-
tions, distortions of the crystal structure, decompositions, etc.) which can
affect the mobility of the charge carriers [78]. For Lag 75Er; 25(MoO4)3,
the s parameter reaches a minimum at 593 K (s = 0.96). This temperature
almost coincides with the anomaly of &,' observed for the same com-
pound. For LaEr(MoOj4)s, this anomaly was not well detected and value
of s is constant (s = 0.99) until 753 K. Then, s decreases with increasing
temperature until 0.82 at 893 K. In comparison, for La; 25Erg 75(M004)s,
s decreases from 0.99 at 653 K to 0.71 at 893 K. This abrupt decrease can
be related to a new transition at higher temperature. The RE3(MoO4)3
family of compounds undergoes the § — a transition, being a the
high-temperature modulated scheelite phase [79]. The differences in the
thermal dependence of carriers with the crystal structure depend on x
concentration.

r Lay 75Er, 55(M00,);

10

107

L L IR L L | L L |
10* 10° 10°
v (Hz)

Fig. 8. Real part of the complex electrical conductivity as a function of fre-
quency at various temperatures for Lag 7sEr; 25(M004)3 samples. The solid lines
correspond to the fits to Eq. (4).
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3.2.3. Emission spectra of Er**

Emission spectroscopy was included to corroborate the transition
temperatures observed in the dielectric characterization. It is a common
characterization technique for ferroelectrics since lanthanide ions are
very sensitive to structural changes [80]. Therefore, these ions can be
used as optical probes to detect structural phase transitions.

The emission spectra of the Lag 75Er; 25(M00Q4)3, LaEr(MoO4)s, and
Laj 25Erg.75(M004)3 samples obtained at 410 K under an excitation at
457 nm are shown in Fig. 10. These spectra show the typical emission
bands coming from Er®" ions corresponding to the ’Hy4 /2 = 4113/2
(800-830 nm) and 4S3 /2 — 4113 /2 (840-860 nm) transitions. Moreover, as
can be seen in the spectra, these bands show sharp peaks due to the Stark
splitting of the involved levels, indicating that the Er®" jons are well
incorporated in the crystal structure.

Emitting 2Hiq » and #S3 5 levels are used as temperature sensors due
to the thermal dependence of the ratio of their emissions. Moreover,
these levels are thermally coupled, and the intensity ratio (R) of the 2H;;,
9 = *13/2 (800-830 nm) and *S3/5 — “I;3/2 (840-860 nm) transitions
follows a Boltzmann distribution [7,81,82]. According to the simplified
scheme level shown in the inset of Fig. 10, the ’Hy, /25 453 /2, and 4113/2
levels are designated by 3, 2 and 1, respectively, so the intensity ratio can
be expressed as:

Aspsg3hvs Es Ex
R="0P835 oy (232 ) _ pexp( 22 6
Aspogahis “P\K,T “P\K,T O

where A, is the spontaneous radiative rate of the i-th level, p; represent
the branching ratio of the transition, g; is the degeneracy of each level
and hy; is the average photon energy of each band. Finally, Kp is the
Boltzmann constant and Egp is the average energy gap between the
excited levels.

In Fig. 11(a), the intensity ratio of the 2Hyq 2 = 4113/2 and 453/2 -
4113/2 emissions is shown as a function of the temperature for the
Lag.75Er; 25(M004)3 sample. A good fitting is obtained to Eq. (6) with A
=34.0 and E3, = 829 cm’l, in the temperature range from 400 to 600 K.
However, about 610 K, there is a slight change in the dependence
(Fig. 11(b)). As can be seen in Fig. 11(b), the change in slope around 610
K obtained for the intensity ratio coincides with the anomaly observed
for the real part of the complex dielectric permittivity (e;) around this
temperature (Fig. 7).

Similarly, Fig. 12(a) shows the emission intensity ratios ’Hy, 2= 4113 Y
5 (800-830 nm) and 453/2 - 4113/2 (840-860 nm) as a function of tem-
perature for the LaEr(MoOg4)3 sample, from 300 to 520 K. The
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Fig. 10. Emission spectra obtained for the Lag;sEr; 25(M0oO4)3 (continuous
line), LaEr(MoOy)3 (dotted line) and La; 55Erg 75(M00O4)3 (dashed line) samples
at 410 K under the excitation at 457 nm. The inset shows the simplified scheme
level of the Er’* jons and the transitions involved in the excitation and emis-
sions bands.

relationship shows a good fit to Eq. (6) with A = 2.5 and E3p = 862 em L.
In this case, the small change occurs at 350 K, coinciding with the
observed change for ¢,' in this sample (Fig. 7) (see Fig. 12(b)).

According to Figs. 11 and 12, the changes in the intensity ratio show a
discontinuous thermal dependence at 610 and 350 K for the samples
Lag 75Er; 25(M00O4)3 and LaEr(MoOg4)s, respectively. Furthermore,
changes in &, were also observed at these temperatures for both samples.
These results confirm a phase transition for our two samples that affects
the position of the Er®" ions in the matrix and produces a shift in the
emission bands. However, for the sample La; osErg 75(Mo00O4)3, discon-
tinuous changes in the emission intensity ratio or the real part of the
complex dielectric permittivity as a function of temperature were not
detected, indicating that a phase transition was not observed for this
sample in this temperature range. It is expected that the transition un-
dergoes at lower temperatures, according to a lower spontaneous po-
larization (maximum and remanent). Therefore, confirming that the
ferroelectric properties increase with Er>" composition, contrary to the
expectations. Moreover, a high variation of these properties is obtained
as a function of the concentration x. For example, the transition tem-
perature increases from 350 to 610 K, while the average ionic radius of
the lanthanides in the solid solutions ranges from Gd** and Nd>* radii
and the transition temperatures of the respective trimolybdates increase
from 430 to 500 K.

4. Conclusions

Three polycrystalline compounds with the formula Lag xEry(MoO4)3
were synthesized with x = 0.75, 1, and 1.25 by the ceramic synthesis
route. The range of concentrations was extended by taking Las(MoO4)3
and Ery(MoOg)s (hydrated compound) as starting elements instead of
lanthanide and molybdenum oxides. The X-ray diffraction patterns were
identified and refined with the f'-Gd2(MoO4)s structure type, using the
Rietveld method and refining the so-called “amplimodes” instead of the
atomic coordinates. The cell parameters a and b were shortened, and the
cell parameter ¢ was lengthened compared with the cell parameters of the
isostructural RE3(MoQOj4)3 family. The lengthening in the c direction al-
lows larger displacements of the oxygen atoms, increasing the amplitude
of the polar symmetry mode I's, which is responsible of the spontaneous
polarization. The two lanthanide coordination environments were
distinguished depending on the higher or lower Er or La occupation. The
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oxygen atoms involved in the longest and asymmetric coordination
bonds play an essential role in shaping both environments. However, the
displacements associated with the oxygen atoms involved in the shortest
distances, which belong to the more symmetric [MoO4]2' tetrahedron,
determine the increase in the distortion with polar symmetry, featuring a
more ferroelectric behavior for more Er-rich compounds.

Comparing the ferroelectric hysteresis cycles of the three compounds,
an increase of the maximum and remanent polarizations as the Er con-
centration increases was found. Therefore, the Lag7sEry 25(MoOy)s3
compound exhibits enhanced ferroelectric properties, according to the
crystal structure analysis and in contrast to the RE3(MoO4)3 family,
where the ferroelectric properties increase with increasing the lantha-
nide ionic radius. Moreover, the polarization increases by almost an
order of magnitude for this compound; compared to other improper
ferroelectrics.

Regarding the impedance spectroscopy measurements, the
ferroelectric-paraelectric phase transition was observed from the elec-
trical permittivity curves ¢, for Lag 75Er; 25(M004)3 around 610 K and for
LaEr(MoO4)3 around 350 K. The phase transition was not detected for the
La-rich compound in the temperature range studied. The results of the
curve fitting of ¢’ using the UDR model confirmed the Curie temperature
of the more Er-rich compound and its enhanced ferroelectric behavior.
Moreover, the intensity ratio of the ’Hy; /2= 4113/2 y 4S3 /o — 4113/2 Ertt

10

emissions was used as an optical probe, detecting the same Curie tem-
perature as with dielectric spectroscopy for the two Er-rich compounds.

In addition to the current interest of the optical properties (especially
upconversion and fluorescence thermometry), most investigated in the
intermediate compound (with x = 1), we want to highlight the unpre-
dicted behavior of this series of solid solutions compared to the family of
improper ferroelectrics RE3(MoO4)3, where the change of La or Er con-
centration allows a wide tuning of the ferroelectric properties. This series
of compounds experiences a broader range of transition temperatures,
from room temperature to 600 K, where the electrical permittivity is
practically constant, and the polarization varies by one order of magni-
tude (Pmax = 0.12-1.20 pC/cm?). Undoubtedly, they belong to a relevant
family of multiferroic and multifunctional crystalline matrices, which are
also suitable for hosting the whole lanthanide series.
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