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Abstract

The millimeter-sized single crystals of RbYb(Mo00O4)., H.O monohydrate were successfully
grown using the high-temperature self-flux method. This colorless and shiny double molybdate
crystallizes in the monoclinic system with space group C2/c. Its lamellar structure can be
described with YbOg regular square antiprisms sharing edges into chains aligned along the
[001] direction. A layered arrangement occurs perpendicularly to the [010] direction with MoO4
tetrahedra and YbOg polyhedra associated in complex anionic layers alternating with cationic
layers made of Rb* ions surrounded by eight oxygen atoms into flattened RbOg square
antiprisms. Raman investigation at room temperature shows a weak vibration at 737 cm™
attributed to the existence of pseudo-double-bridges Mo-{O2}-Mo, while the absence of bands
in the 500-700 cm™ frequency range confirms the lack of covalent Mo-O-Mo single-bridge.

Magnetic characterizations suggest that the title compound presents an antiferromagnetic

coupling between the Yb** centers at T <10 K.
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1. Introduction

Double molybdates with the general chemical formula AX(MoOas)2, where A is a monovalent
ion and X a trivalent element or lanthanide, crystallize in different structures mainly tetragonal
and orthorhombic, which provides a wide field for selection of a material suitable for a given
application [1-5]. They have been intensively studied over these past decades for their various
physical properties which include magnetic and optical properties, high ionic conductivity, and,
more recently, as positive electrodes for rechargeable cells or anode material for lithium-ion
batteries [6-12]. Molybdate compounds containing lanthanide (Ln) ions can also serve as
efficient accommodation media for laser ions with a high capacity for cationic substitution [13,
14]. These numerous potential applications make molybdates very attractive materials and,
thus, the synthesis and detailed characterization of novel composition is an important task.
Available information on the existence and structural properties of Ln-based double molybdates
with A= Rb" is limited and very fragmentary [4, 15-18]. Recently, the structure of the two
molybdates RbNd(Mo00Os)2 and RbSm(Mo0Os4)2 has been reported in the orthorhombic space
group Pbcn and their electronic structures have been calculated [16, 19-21]. Then, the crystal
structure of RobNd(Mo04)2 was used as starting model for the Rietveld refinement of a powder
diffraction data pattern recorded for RbEu(MoOa4)2, for which a reversible phase transition has
been observed, but no details are given on the second crystal form. [22].

In this contribution, we present the crystal growth and the structural determination of the
RbYb(Mo00O4)> molybdate monohydrate. Raman spectroscopy study has been carried out to
confirm the presence of functional groups, and the magnetic properties were characterized with

both the temperature-dependent susceptibility and M-H measurements.


https://www.sciencedirect.com/topics/chemistry/ionic-conductivity

2. Experimental

2.1  Material preparation

Crystals were obtained using the high-temperature flux technique via the slow cooling method.
First, the Rb,0-3Mo00O3 flux was prepared from MoO3z (99.99%) and Rb,CO3 (99.99%)
commercial powders (Alfa Aesar) weighed according to the stoichiometric ratio and ground
thoroughly in an agate mortar. This mixture was then transferred to a platinum crucible and
calcined at 520 °C for 10 days in an electric furnace under an ambient atmosphere to eliminate
the volatile carbonate. This step allowed to get the Rb2Mo3O10 compound as a powder, in high
proportion.

The high-temperature self-flux technique was applied to grow the Yb-based double molybdate.
The BasYb4Og solute and Rb,0O-3MoOs flux were mixed in a solute/flux weight percentage
ratio of 10/90. BaszYhbsOg was chosen as solute as we had already synthesized this phase for
previous works. The mixture of powders was placed in a Pt crucible and heated in the air up to
970°C to be melted. This temperature was maintained for 5 hours to ensure the complete
dissolution of the solute. Afterward, the electric furnace was slowly cooled to 600 °C at the rate
of 8 °.h"tand then turned off. The room temperature solidified mixture was immersed in water
to dissolve the flux and isolate the numerous as-grown crystals from the mixture. No attempt
was made to grow directly the crystals by slow cooling of a molten stoichiometric mixture of

the required oxides, Rb2COs- Yb203 and MoOs.

2.2 Material characterization

The obtained material, with an appearance that is reminiscent of that of mica, was recovered in
the form of colorless and shiny crystals made up of aggregates of very thin rectangular platelets

that are easily cleavable. It was examined at room temperature using classical characterization



methods, such as Raman diffusion and magnetic spectroscopy. More details on the experimental
conditions can be found in our previous papers [23, 24].

Among the regularly shaped crystals selected using a stereomicroscope equipped with a
polarizing filter, the best diffracting was chosen for X-ray intensity measurements on a Bruker
D8 Venture diffractometer (Incoatec IuS 3.0 Mo micro-source, MoKa radiation, Photon II
CPAD detector). The reflections collected at room temperature were handled in the Apex
software suite [25] and the structure was solved and refined with the SHELX programs [26,
27]. The unit cell parameters were determined using reflections up to 8 = 39.8°. An absorption
correction was applied to data using the included multi-scan method (SADABS). Full-matrix
least-squares refinements on F? were carried out with anisotropic displacement parameters for
all atoms. Details on the data collection conditions and crystal parameters are given in

The full CIF file is freely available with the CSD number 2128258 at the Cambridge

Crystallographic Data Center [28].



Table 1. Data collection and structure refinement details

Formula

M, g.mol*

Z

Calc. density, g/cm®
Crystal size, mm
System, space group
Unit cell, A, °

Volume, A3

Absorption coefficient, mm

Collected/unique reflections

Coverage, %

Absorption correction

Max./min. transmission

Refinement method

Data/parameter ratio

Goodness-of-fit on F?

Final indices [all data]
[1>20(1)]

Largest peak and hole, e.A

RbYb(MoO4)2, H20

596.41

4

4.819

0.078 x 0.062 x 0.020
Monoclinic, C 2/c

a =5.0528(4), b =20.914(2)
c =7.7816(6), B = 91.407(3)
822.06(12)

20.19

16201/897 [Rint =0.0716]
99.8

Multi-scan

0.75 and 0.36

Full-matrix least-squares on F?
897 /64

1.096

R1 =0.0480, wR2 =0.1236
R1 =0.0446, wR2 =0.1199
4.21 and —1.83

As the crystals display a lamellar morphology, they can easily slide over each other, and, so,
special attention was paid to the detection of twins. Although a slight dispersion of the
diffraction spots observed in the reciprocal lattice may suggest the superposition of very weakly
displaced components, which could somewhat affect the quality of the data, no twinning law
allowing a suitable solution can be found. The structural solution was searched in the possible
centrosymmetric C2/c but also the non-centrosymmetric C2 and Cc space groups even if the
statistical tests on the diffracted intensities indicate centrosymmetry and the best solution was

found in the centrosymmetric space group C2/c.



To dismiss bad indexation and twinning problems, two crystal specimens were used for data
collection (only one is presented here) and the two data sets led to the same cell, same
symmetry, and very similar refinements.

Additionally, a powder diffraction pattern was recorded for a powdered sample (crystals
crushed into small particles of about 20 um) inserted in a glass capillary by using an X’Pert
Pro-11 PANalytical diffractometer (equipped with a Cu Ka radiation and a CCD detector). The
data were recorded at room temperature with a 20 step of 0.017 and a counting time of 2350
s/point. The Rietveld analysis was carried out using the program JANA2006 [29]. The structural

representations have been drawn using the program Diamond [30].

3. Results and discussion

3.1  Crystal structure solution

The main crystal data and structure refinement details are given in Table 1. The reflections
recorded for the single-crystal can be rapidly indexed in a monoclinic lattice displaying the C-
centering condition, with unit cell parameters a= 5.05, b=20.91, c=7.78 A, f=91.41°. As
the compound was initially expected to be RbYb(Mo00Oa)2, the indexation of our crystal data
was also carefully examined using the monoclinic parameters a=9.167, b=5.00, ¢ = 7.809 A,
£ =90.52 ° earlier reported from a powder diffraction study using photograph films (JCPDS 00-
024-0985 [31]), but this trial was unsuccessful. Likewise, attempts to fit the powder diffraction
pattern with these parameters failed to provide reasonable results. Note that the hexagonal (a =
5.902, ¢ = 7.684 A [31]) and the monoclinic (a = 10.58, b= 10.26, ¢ = 7.67 A, p=130.75°
[32]) cells given for the high-temperature, high-pressure forms of the compound RbYb(MoOQa4)
were also tested without further success.

Good profile fitting and indexation of the diffraction pattern were obtained by considering the

experimental powder diffraction data with the monoclinic parameters determined from our two



crystal data sets (Figure 1). Only one weak diffraction line at 20 = 26.5° remained unindexed
and, as its intensity reduces by cleaning the crystals, it was attributed to a crystallized side
product. This impurity has been identified as BaMoO4 tetragonal molybdate which displays its

highest hkl diffraction line (112) at this angular position.
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Figure 1. The experimental X-ray powder pattern (Cu Ka, A= 1.542 A) refined as a 2-phase
sample by the Rietveld method. The RbYb(Mo00Oa)2, H2O molybdate hydrate (1) is the major
component (98.6 %) and BaMoOs (2) is present as a residual (1.4 %) impurity. The difference

curve between experimental (black) and calculated (red) patterns is drawn in green. Bragg

positions are indicated as black vertical marks.

The good agreement between the single crystal and the powder data brings a strong argument
to reject the existence of a twinning problem especially as the complete Rietveld refinement of
the powder data was completely correct.

An interesting point to note is that the monoclinic cell determined from both single crystal and
powder data is identical to a cell reported without further characterization for a product

identified as a molybdate hydrate of formula RbYb(Mo00O4)2, H20 [33].



3.2 Structure description

The structural model built in the centrosymmetric C2/c space group contains two special
positions 4e that are assigned to the atoms Yb and Rb, a general position 8f -to the Mo atom,
and five positions, 4 x 8f, and 1 x 4e, -to the oxygen atoms. The final positional and

displacement parameters of atoms are listed in Table 2.

Table 2. Final positional and displacement parameters of atoms in RbYb(Mo00a)2, H20. Ueq is

defined as ' of the trace of the orthogonalized Ujj tensor.

Site x/a y/b zlc Ueq
Yb 4e 0 0.49744(2) 0.75 0.0227(3)
Rb 4e 0 0.71293(8) 0.25 0.0482(5)

Mo  8f  0.48177(14) 0.58919(5) 0.51586(10)  0.0232(3)
Ol  8f  0.6025(13)  0.6657(3) 05155(8)  0.0313(14)
02 8  0.7505(12)  0.5309(3) 0.4943(7)  0.0274(13)
03 8  02617(12)  0.5868(3) 0.3357(8)  0.0304(14)
04 8  02595(12)  0.5820(3) 0.6929(8)  0.0302(14)
05  4e 0 0.7118(7) 0.75 0.061(4)

With its surrounding oxygen neighbors at 1.71, 1.77, 1.80, and 1.83 A, each molybdenum atom
is involved in a rather regular MoOg tetrahedron. The ytterbium atom sits inside a regular YbOs
square antiprism built with eight oxygen atoms placed at distances ranging from 2.25 to 2.43 A
(Table 3). Finally, the oxygen atoms located around the rubidium atom are placed at vertices of
an RbOg polyhedron which can be described as an enlarged and flattened square antiprism

(Figure 2).



Figure 2. The 8-vertex square antiprisms around Yb and Rb atoms, drawn as orange and green

polyhedra, respectively

Table 3. Selected bond lengths (A) and angles (°) in RbYb(Mo00Oa)2, H20.

Yb-04 2x2253(6)  Rb-O5 2 x 2.977(8)
Yb-03 2x2292(6)  Rb-0O3 2 x 3.018(7)
Yb-02 2x2381(6)  Rb-O1 2 x 3.079(7)
Yb-02 2x2432(6)  Rb-O1 2 x 3.176(7)
Mo-01 1.713(7) Mo-04 1.805(6)
Mo-03 1.769(6) Mo-02 1.836(6)
01-Mo-03  104.0(3) 01-Mo-04  107.9(3)
03-Mo-04  102.2(3) 01-Mo-02  110.9(3)
03-Mo-02  111.2(3) 04-Mo-02  119.3(3)

As shown in Figure 3, the polyhedra are organized in the unit cell within successive anionic
and cationic layers alternately packed along the b-axis. By sharing edges, the YbOg square
antiprisms are linked in chains along the c-axis, which take place between two layers of M0O4
tetrahedra to form complex 3-level anionic layers. These anionic layers are separated by a large
interlayer space which not only hosts the Rb* cations but also includes the oxygen atom O5
involved in a water molecule. The Rb positions are surrounded by eight oxygen (4 x O1, 2 x

03, and 2 x O5) placed at vertices of the large and flattened RbOg square antiprisms.



Figure 3. The layered arrangement perpendicular to [010] direction in RbYb(Mo00Q4),, H2O.
Complex anionic layers made with MoOs tetrahedra (blue) and chains of YbOs square
antiprisms (orange) alternate with cationic layers including Rb* cations (yellow) in RbOg
polyhedra and water molecules. The non-bonded O5 atom (red) is involved in a water molecule

(H atoms are not drawn).

3.3 Structural discussion

The formula RbYb(Mo0Oa). has been preferred to RbYbMo,0sg because it better reflects the fact
that the regular MoO tetrahedra are isolated in the structure of the compound. The structural
description in terms of layered atomic arrangement occurring perpendicularly to the [010]
direction allows a good understanding of the behavior of this material, with crystalline platelets
easily separable from one another by mechanical cleavage but which rather break in the plane
of platelets. Atomic stacking in layers leads to weak interactions of the VVan der Waals type as
dominant forces perpendicular to the layers. By contrast, stronger covalent bonding may occur

inside the layers.
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The structural solution determined for the current compound leads to an atomic cell content
corresponding to 4 units of formula RbYbMo020g (H-atoms not included) and this deserves a
comment. This compound formula contains one extra oxygen atom compared to the expected
(and still unknown) molybdate RbYbMo.0sg. Thus, the question of the oxidation states of the
elements in the current compound is raised. Using the usual oxidation numbers +1 for Rb, +3
for Yb, +6 for Mo, and —2 for O, an overall negative charge of —2 is obtained for the compound
formula RbYbMo020s which could be compensated, for example, by the presence of two
hydrogen atoms (+1) involved in a water molecule. Localization of hydrogen atoms in
structures using X-ray diffraction is not always easy, especially when heavy elements are
present, as is the case here with ytterbium counting for 70 electrons. Nevertheless, a Fourier
difference calculated with reflections hkl limited to low-theta angles lets us detect a possible
position for a hydrogen atom at 1.05 A from the atom O5. Note that a similar position is also
given by the program aimed to find optimal positions for water molecules provided in the
WinGX package [34, 35]. Additionally, the rather short O—0O distances around the O5 atom (to
atoms O1 belonging to close MoOs units) are in favor of the presence of hydrogen bonds, as
previously detailed for similar oxide compounds [36]. Accordingly, a structural refinement that
included the H-atom position with the appropriate geometric constraints was achieved and
converged, which validates the participation of a water molecule involved in weak interactions
with the oxygen atoms of the MoOj tetrahedra.

As already mentioned, little information on the existence and the structures of Rb-containing
lanthanide molybdates are present in the literature [1, 4]. However, it was clearly stated that the
ionic radii ratio Ra+/Rn3+ is a key factor that governs the structure of the ALnMo20Og compounds
which also depends on the extent to which these radii differ [1, 4].

It makes sense to use these parameters to support our results in the present study. Let us first

take the example of the potassium Yb-molybdate KYb(Mo004), recently confirmed from single-



crystal data with the orthorhombic symmetry Pbcn [22]. A ratio of 1.53 is calculated using the
CNS8 ionic radii of 1.51 A for K* and 0.985 A for Yb®* [37] and in this orthorhombic cell, the
calculated volume per formula is 181 A3. The rubidium Nd-molybdate RoNd(Mo0Q4); is also
reported in the Pbcn orthorhombic space group [16], and it is characterized by a ratio of 1.452
(from Rb* and Nd** radii of 1.61 A and 1.109 A [37]) and a volume per formula of 199 A3,
Given the smaller size of the cation Yb%* vs. Nd®*, the still unreported isostructural ytterbium
molybdate RbYb(Mo00Oa)2, with an increased ratio to 1.64, would be expected with a smaller
volume per formula. Nevertheless, monoclinic cell parameters are given which allow
calculation of a volume of 179 A® per formula RbYb(MoO4)z.

If we now look at the current structure with the same ratio of 1.64, we note a strong increase by
15% in the volume per formula which reaches 204 A3, leaving enough space to incorporate
additional atoms or small molecules. This thus helps to validate the insertion of a water
molecule in the interlayer space.

To support our remarks, attention should be paid to some specific geometric features reported
in Table 4 for the three molybdates mentioned above which can be identified in their structural
representation in Figure 4.

Useful information is provided by the interatomic distances (d) in the O—O and Mo—Mo atom
pairs, and more especially by the Ay separation along the b-axis between the considered atom
positions. The separation Ayr Mo—Mo between the Mo centers placed on either side of the
lanthanide plane perpendicular to [010], the separation Ay: O—O as well the interatomic
distances di Mo—Mo and di O—O have very similar values in the three structures. This gives a
valuable indication that the complex 3-level anionic layers show great similarity in all three
compounds. However, the in-plane Mo—Mo interatomic distance d3 is somewhat shortened in
the current molybdate compared with RbNd(MoOa)2, which could be interpreted as a

strengthening of the covalent bonding in the anionic layers.



Table 4. Selected geometric parameters given in A, d is the interatomic distance between 2

atoms and Ay is the difference in their y-level. Graphic information is provided in Figure 4.

RbNA(MoOa)2 [16]  KYB(M0O4)2 [22]  RbYb(M0O4)z, Ho0

b-axis length 18.73 18.28 20.914(2)

di Mo—Mo 3.820 3.681 3.7436(3)
d2Mo—Mo 6.148 6.030 7.2585(5)
dzMo—Mo 4.474 4.163 4.1462(3)
d:0-0 2.806 2.821 2.8456(2)
d20-0 3.470 3.413 3.8381(3)
Ay; Mo—Mo 3.798 3.667 3.7306(4)
Ay2 Mo—Mo 5.567 5.473 6.7264(6)
Ay; OO 1.311 1.232 1.2925(1)
Ay2 00 2.285 2.281 3.5261(3)

On the other hand, it is necessary to notice clear changes in the distances separating the cationic
layer from these anionic layers. The parameters which reflect these differences are the d
distance and Ay> separation for both the O—O and Mo—Mo pairs. As indicated by the respective
values of ~2.3 and ~5.5 A for Ay, O—O and Ay, Mo—Mo, Table 4, the interlayer separation
remains close in the isostructural compounds KYb(Mo0O4). and RobNd(Mo0Os).. On the contrary,
the corresponding Ay values are greatly increased to 3.53 and 6.73 A in the compound under
study, whilst the distances d are lengthened to 3.84 and 7.26 A (instead of ~3.5 and ~6.1 A)
which is beneficial for the insertion of water molecules in this space leading to the formation
of the molybdate hydrate RbYb(Mo00Os)., H20. The size of the unit cell, elongated by about 10%
along the b-axis in the RbYb molybdate hydrate compared to the RbNd and KYb molybdates,

also accounts for this situation.
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Figure 4. The atomic arrangement for left-RbNd(MoOa4). [16], middle-KYb(Mo004)2[22], and right- RbYb(M0O4),, H20. The [010] direction is
shown on the vertical axis, Ay measures the gap in y-level between 2 atoms, and d is their interatomic distance. The structures of RoNd(Mo0Oa4):

and KYb(Mo0Os)2 have been redrawn from the available data from references [16] and [22].



As mentioned above, the oxygen atoms around Rb* cation form an 8-vertex coordination
polyhedron, this could be otherwise viewed as an Rb* cation located in the interlayer space
which participates in ionic interactions with its oxygen neighbors. The eight Rb-O interatomic
"links" (see distances in Table 3) are drawn as solid lines in the right part of Figure 5. In this
interlayer region, oxygen atoms occur at rather short distances one from another, with a distance
01-05 of 2.8484(2) A which may reflect the existence of hydrogen bond type interactions

between oxygen atoms involved in the MoOg tetrahedra and the water molecules.

Figure 5. Weak interactions in the interlayer space involving Rb* cations, H2O molecules, and

oxygen atoms of the MoO4* tetrahedra (drawn in blue).

3.4  Raman spectroscopy

Intense bands are visible in the non-polarized Raman spectrum of RbYb(MoOa4). hydrate
registered under ambient conditions, Figure 6. The maximal phonon wavenumber of 953 cm™!
corresponds to rather low energy, and it should be mentioned that no Raman band is observed
in the wavenumber range over 1000 cm™. The Raman spectrum of RbYb(Mo0O4)2, H20

presents similarities with that of KYb(Mo00Qa4)2 [22]. Despite differences in the symmetry of their



structures, these compounds are characterized with similar atomic arrangements and

particularly resembling anionic layers built with infinite polymeric [YbOg] chains.
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Figure 6. Unpolarized room temperature Raman spectrum of the double molybdate hydrate in

the wavenumber range 50 to 1000 cm™".

The RbYb(MoOs), hydrate crystallizes with the C2/c (C$,) monoclinic symmetry and the
primitive cell contains 4 equivalent Mo atoms (4e site, 2-fold symmetry) linked to oxygen in
isolated tetrahedral MoO4>~ polyhedra, which means that no Mo-O-Mo single-bridge is present
in the structure. The internal vibrational modes of the rubidium ytterbium molybdate are mainly
due to those of the Mo-O bonds of the MoOs tetrahedra. Given the high electronegativity of the
heavier Yb atom, the MoO4?>~ group is more likely to coordinate with Yb** than with Rb*. This
is consistent with the structural description of RbYb(Mo00O4), hydrate using an atomic layered
arrangement, and with the formation of Mo-O-Yb covalent single-bridges, Figure 7. Thus,
compared to free MoO4?~ anion with point symmetry Td, both the position and linewidth of the
internal vibrational modes should be affected by the mass of Yb®* cations involved with Mo in
the complex anionic layers [22]. The shift toward higher wavenumbers of the Mo-O stretching

vibration is due to the strong coupling between the small-sized Yb%* ions and MoO4>" units.
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Figure 7. Detailed representation showing various distances in the covalent Yb-{O2}-Yb, Mo-
O-Yb bridges, the Mo-{O2}-Mo pseudo bridges as well as intra- and inter-chain Yb-Yb

distances. Some oxygen atoms (red balls) have been erased for clarity.

The normal stretching and bending modes of the molybdate ion appear in the high-frequency
region, 250 — 1000 cm™ [22, 24, 38]. The Raman spectrum of the RbYb(MoO.). hydrate
displays an intense band at 953 cm™!' with a Avg bandwidth of 2.3 cm™', assigned to the
symmetric stretching vibration of the shortest Mo-O bond within the MoOg units, Figure 6. The
bands at 854 and 816 cm™! are attributed to the internal asymmetric stretching vibrations of the
regular molybdate anion. Molybdate asymmetric and symmetric stretching modes lie in the
ranges 800 — 860 cm™!' and 950 — 955 cm™!, respectively, in perfect accordance with the +6

oxidation state of Mo in tetrahedral coordination.



The weak band observed at 737 cm™ (Figure 6) could be assigned to the stretching vibrations
of dissymmetric pseudo-double-bridge Mo-{O2}-Mo, as already reported for the ytterbium
double molybdate [22]. As seen in Figure 7, the O atoms (O2 position) involved in these
pseudo-double-bridges also participate in Mo-O-Yb covalent bridges.

In the mid-wavenumber range 500 — 700 cm™, the lack of Raman bands characteristic of
Mo—O—Mo covalent single-bridge vibrations is consistent with the isolated tetrahedral units
MoO4?" present in this structure.

The medium intensity bands between 300 and 500 cm™ are attributed to the antisymmetric and
symmetric O—Mo—O bending modes within the tetrahedron, and the bands below 300 cm™
correspond to external modes associated with translations and librations of both the MoO4>~

and Rb*/Yb3 ions.

3.5  Magnetic properties

The magnetic properties of rare-earth compounds are mainly determined by their unfilled 4f
electronic shell. Yb®, a paramagnetic lanthanide ion, is a Kramers ion with a partially filled
shell (4f%3 electronic configuration).

The dc-magnetization M was measured for a large amount (63.8 mg) of freely oriented crystals
of RbYb(Mo00Os)2 hydrate, from room temperature down to 1.8 K and in external H magnetic
fields up to 50 kOe. No deviation was registered between the data collected after cooling the
sample in a magnetic field (FC) and the data after cooling in zero-field (ZFC).

The susceptibility y, which is defined as M/H, increases with cooling, Figure 8(a). The inverse
susceptibility y ! displays a linear dependence with the temperature from 90 to 300 K, and data
were fitted using the Curie-Weiss law that describes the interaction between localized magnetic
moments. The least-squares parameters used in the curve fitting are gathered in Table 5, where

C is the Curie-Weiss constant, and & is the paramagnetic Curie-Weiss temperature. The



experimental effective magnetic moment wef is calculated from the Curie constant according to

the formula zeft = (8 x C)¥2.

Table 5. Least-squares parameters from the inverse susceptibility curves fit (95 — 300 K)

C (emu.K.mol™) O (K)

—67+1

eft (Le/Yb-atom)
4.47

2.5

The experimental effective magnetic moment s of 4.47 ug is in very good agreement with the
theoretical value of 4.50 ug expected for the Yb3* free-ion. The result of the Curie—Weiss fit in
the paramagnetic domain (90 — 300 K) confirms that the Yb chemical element is only present

as a Yb®" ion in the structure.
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Figure 8. (a) y and 1/ vs. temperature curves for a RbYb(Mo00Og4)> hydrate sample in a constant
applied magnetic field H showing a Curie-Weiss behavior (red line) at high temperatures. (b)

Magnetization M-H curves at various temperatures.

The inverse susceptibility curve deviates from the Curie-Weiss law at about 95 K, Figure 8(a).
At low temperatures T< 95 K, the behavior of the inverse susceptibility differs from that of
Yb?* free-ion likely due to the effect of the Crystalline Electric Field (CEF). The CEF, caused

by the neighboring atoms around the Yb®' ions and by the geometry of their bonding



environment (8-vertex square antiprismatic arrangement of oxygen atoms), would lead to a
splitting of 2F7> ground state of Yb** ions, as already reported [22, 24]. The CEF effect affects
the magnetic properties of the Ln®* ions together with the magnetic interactions.

The large negative paramagnetic constant #p would indicate that the material under study
presents a strong antiferromagnetic coupling between the Yb** magnetic moments, Table 5. The
RbYb(Mo0.), hydrate is characterized with a unique crystallographic 4e site for Yb** and thus,
with only one kind of Yb—{O2}-Yb double bridges involved in the polymeric [YbOs] chains
aligned along the c-axis, Figure 7. The Yb®"...Yb®" separation in space is measured by intra-
chain distances of 3.8923(3) A along c-axis and also by inter-chain distances of 5.0528(4) A
along a-axis (between Yb centers belonging to adjacent chains). A magnetic interaction through
an exchange path on the covalent bonds of Yb—{O2}-Yb double bridges would require orbital
overlap to occur over a total distance of ca. 4.813 A (dvb-o = 2.432 A + dyb.0 = 2.381 A, Table
3). However, due to both the small radial extent of the 4f orbitals well-localized on the
lanthanide in the solid-state and the total bond length Yb-O-Yb, a rather weak overlap is
expected between the 4f wave-functions centered on Yb®* neighboring ions which cannot
explain the very large dp value registered for RbYbMo.0s, H20.

Such large measured values of the Curie-Weiss temperature for the Yb®* ions are frequently
reported in the literature [22, 24]. Rather than due to a large magnetic exchange effect in the
material, their origin may be interpreted in terms of crystal field splitting of the ground state, a
well-known behavior of the Yb%* ion and Ln** ions in general, and the subsequent effect on the
magnetic susceptibility. As the temperature is lowered, the occupation of the various levels
changes as some are de-populated giving a deviation of the measured susceptibility from the
Curie-Weiss law and an apparent large 6p, Figure 8a. Thus, the crystal field splitting scheme

needs to be known to calculate the real susceptibility.



On the other hand, as there is no clear magnetic ordering transition above 1.8 K, this large
negative Weiss temperature could suggest that the compound may be magnetically frustrated
[39].

The M-H hysteresis curves, recorded for the RbYb(Mo00Oas), hydrate between 1.8 and 300 K,
exhibit several behaviors in function of the temperature, Figure 8(b). At ambient temperature,

the shape of the field-dependent curve is linear, in agreement with a paramagnetic regime. The

M-H curves deviate from linearity for temperatures T < 10 K due to the existence of an

antiferromagnetic coupling between the Yb®" magnetic moments. At the helium liquid
temperatures T < 2 K, the magnetization curves display a large field dependence with a

saturation zone starting from H= 20 kOe up to the highest applied external magnetic field of

50 kOe. The saturation magnetization is Ms = 1.83 emu/g.

4. Conclusion

The RbYDb(MoOs), hydrate structure is determined in the monoclinic system by X-ray
diffraction using the crystals grown by the high temperature using a flux method. It is composed
of 3-level complex anionic layers based on isolated MoOj tetrahedra and chained YbOs square
antiprisms, the interlayer space hosting Rb* cations in a square antiprismatic oxygen
environment and water molecules. The structural determination and atomic arrangement
relating to this hydrate are discussed in detail. The Raman vibrational spectroscopy provides
the assignments of internal modes of the MoOg tetrahedral anion. Due to the narrow linewidth
(Avr = 2.3 cm?) of the symmetric Raman vibration, the RbYb(MoOa), hydrate may be proposed
as an efficient crystal for Raman laser development. The temperature-dependent magnetic
susceptibility gives no clear indication of the presence of a long-range magnetic order in the

double molybdate hydrate. From 95 to 300 K, y follows a Curie-Weiss law with a large negative



paramagnetic constant dp of —67 K which origin may be interpreted in terms of the crystal field

splitting of the Yb®* ground state. The shape evolution of the M-H curves registered at several

temperatures from 300 to 1.8 K shows the presence of an antiferromagnetic behavior for T< 10

K. New magnetic characterizations such as neutron scattering should be undertaken to conclude

on the origin of the large Curie-Weiss constant obtained for the RbYb(Mo0O4)2 hydrate material.
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