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Abstract
Single crystals of new composition RbFes(MoQ,); were successfully grown by the flux method,
and its crystal structure was determined using the X-ray single-crystal diffraction technique. The
XRD analysis showed that the compound crystallizes in the monoclinic syngony, space group
P2,/m, with the unit cell parameters a = 6.8987(4), b = 21.2912(12) and ¢ = 8.6833(5) A, P =
102.1896(18)°, ¥ = 1246.66(12) A3, Z (molecule number in the unit cell) = 2, R-factor (reliability
factor) = 0.0166, T=293(2) K. Raman spectra were collected on the single crystal to show the local
symmetry of MoQO, tetrahedra, after confirmation of crystal composition by the Energy Dispersive
X-Ray Spectroscopy (EDS). The polycrystalline samples were synthesized by a solid-state reaction
in the Ar atmosphere; the particle size and thermal stability were investigated by Scanning Electron

Microscopy (SEM) and Differential Scanning Calorimetry (DSC) analyses. The compound

Published on 25 March 2021. Downloaded by KIT Library on 3/25/2021 8:35:00 AM.

decomposes above 1073 K in the Ar atmosphere with the formation of a Fe(III) molybdate. The
thermal expansion coefficient along c¢ direction has the value a = — 1.3 ppm/K over the temperature
range of 298-473 K. Magnetic measurements revealed two maxima in the magnetization below 20
K, and the paramagnetic behavior above 50 K with the calculated paramagnetic moment of 12.7 uB
per formula unit is in good agreement with the presence of 3Fe*" and 2Fe?" in the high-spin (HS)
state. The electronic structure of RbFes(MoQ,); is comparatively evaluated by X-ray photoelectron

spectroscopy (XPS) and Density functional theory (DFT) calculations.
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1. Introduction

Magnetic and multiferroic materials represent an important part of modern technologies, which
offer a wide range of new applications. Due to the relation of the magnetic properties to an external
electric field and, conversely, by setting the dielectric properties as a function of the magnetic field,
numerous multifunctional materials can be obtained. As an example of applications [1-3], it can be
provided multiple state memory elements, in which data are stored both in the electric and magnetic
polarizations, and novel memory media. Fe-containing materials can exhibit simultaneously
ferrimagnetism and ferroelectricity with magnetic and electrical Curie transitions [4-7]. Thus, many
investigations of crystal and electronic structures have already been carried out with the complex
Fe-containing compositions, and the materials are of great interest with scientists [8-14]. On the
other hand, it is well known that high-quality molybdate crystals can be prepared at comparatively
low temperatures [15-20], and this feature is extremely significant for industrial production. Thus,
the development of new Fe-containing compounds in the chemical class of molybdates with
promising physical properties is highly topical.

In the system Rb,MoO,—Fe;(M00O,)s;, the molybdates RbFe(Mo0QO,), and RbsFe(MoO,), have been
known for a long time [21-23]. The composition, symmetry and unit cell parameters of
RbFe(MoO,), indicates that it belongs to the structural type of glaserite-like KAI(MoO,), [24, 25].
Below the Néel temperature of 7y = 3.8 K, trigonal RbFe(MoO,), is a quasi-two-dimensional
antiferromagnet on a triangular lattice. At the temperature 190 K, the crystal exhibits the phase
transition from the structure P-3m1 stable at room temperature to that of the P-3 symmetry [26].
This molybdate belongs to the family of magnetic solids with the general composition AM(XOy),,

where A is an alkali metal, M = Cr**, Mn3* or Fe3*, and X = Mo, W, S or Se [27, 28]. This group of
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compounds is characterized by the polymorphism of layered trigonal structures and triangular-

View Article Online
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lattice magnetic phases [29-32]. Besides, RbFe(MoO,), possesses multiferroic properties, as it was

described in the recent work [33]. The other molybdate RbsFe(Mo0QO,)s can crystallize in two
different modifications and the low-temperature B-RbsFe(MoQO,)s undergoes a phase transition at
693K to high-temperature phase a-RbsFe(MoOy), [23, 34]. Recently, the monoclinic double
polymolybdate Rb;FeMo4O;5 has been described and available information on the binary system
Rb,M004—Fe,(Mo0O,); was summarized in [35]. It should be mentioned that, in all known Rb-Fe
molybdates, iron ions are in the formal valence state Fe3*. It will be interesting to investigate also
the compositions with the mixed oxidation state of Fe and the physical properties of the obtained
molybdates. Besides, the changing of monovalent cation can influence the magnetic structure of
double molybdate.

In the previous work [36],, during the investigation of molybdate system Cs—Fe'-Mo-O, new
compounds, CsFes;(Mo0Q,);, Cs;Fe,(Mo0Oy,); and Cs4sFe(MoQy);, were found and the structural
characteristics of the molybdates were evaluated. Among those, molybdate CsFes(MoO,);
represented a new structural type. It contains Fe3* and Fe?* ions and orders magnetically below T¢ =
10 K. A canted antiferromagnetic structure was proposed. Then, it could be reasonably assumed

that the molybdate system Rb-Fe!'''-Mo—-O, besides earlier known rubidium molybdates, also

Published on 25 March 2021. Downloaded by KIT Library on 3/25/2021 8:35:00 AM.

includes the first time obtained RbFes;(Mo0QO,); composition isostructural to CsFes(MoO,);. Thus,
the main objective of the present study is the preparation of RbFes(M0Q,); crystals and exploration

of their crystal and electronic structure, as well as magnetic properties.

2. Experimental
The initial reactants used for the synthesis were RbNO;, Fe,0;, FeO, MoOs (all Alfa Aesar) with
the purity degree >99.99 % (metal basis). The first step was the Rb,MoQO, synthesis by the solid-

state reaction between rubidium nitrate and molybdenum oxide at the stepwise annealing up to 923
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K. A detailed description of this solid-state synthesis can be found elsewhere [37, 38]. From the

View Article Online
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technological point of view, the preparation of RbFes(MoQOy); is not trivial because of an easy

oxidation of Fe?" to Fe*', and the process of preparation should be conducted in the inert
atmosphere. The RbFes(MoQO,); single crystals were grown by the flux method from the
stoichiometric mixture of Rb,MoQy,, Fe,03, FeO and MoO; according to the following reaction:
Rb,MoO, + 4FeO + 3Fe,03 + 13M00O3; — 2RbFes(Mo0O,); (1)
The mixture was put into a silica tube which was evacuated and sealed under vacuum (10 mbar).
The tube was heated up to 1073 K, held at this temperature for 2 h and then cooled at 5 K/h down to
room temperature. The cooled reaction tube was broken and the ingot was removed. The red-brown
single crystals were carefully selected from the ingot using an optical microscope. The
polycrystalline sample was prepared in the oven inside the Ar filled glove box at the temperature
893K for 24h according to equation (1).
The high quality single crystal of RbFes(MoO,); was selected and mounted onto glass capillaries
for the X-ray structure analysis. The diffraction data were collected at room temperature with a
Bruker D8 VENTURE X-ray diffractometer (Bruker AXS, Karlsruhe, Germany) with the Mo-Ka,
radiation using a bent graphite monochromator. The reflection intensities were integrated with the
SAINT subprogram in the Bruker Suite software package, and a multi-scan absorption correction
was applied using SADABS [39]. The structure was solved by direct methods [40] and refined by
full-matrix least-squares on F? using the SHELX97 program set [41]. The polycrystalline samples
were characterized by X-ray powder diffraction using a STOE STADI P diffractometer (Co—Ky;
radiation). The structural parameters of RbFes(MoQ,); were determined by Rietveld refinement
using the program FullProf within the software package WinPLOTR [42].
The Raman spectra were collected using the Raman microscope Horiba Scientific Lab RAM HR

Evolution (Plan Fluorit) on the grown single crystals. The chemical composition of selected crystals
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was confirmed by the SEM-EDS analysis (Zeiss GmbH FE-SEM MERLIN Oberkochen and

View Article Online
DOI: 10.1039/D1CE00118C

Bruker, SDD, XFlash 6/60, Berlin, Germany).

The thermogravimetric, Differential Thermal Analysis and Differential Scanning Calorimetry (TG-
DTA/DSC) were carried out under the Ar atmosphere (Netzsch Jupiter 449 C). The thermal
behavior of polycrystalline RbFes(MoQO,4); was also investigated in sifu with high temperature
synchrotron radiation diffraction measurements of polycrystalline materials in the sealed capillaries
using the European Synchrotron Radiation Facility (ESRF, Grenoble, France) and a German
Electron Synchrotron (DESY, Hamburg, Germany). The wavelengths were A = 0.40073 A and A =
0.20719 A, respectively.

The polycrystalline samples morphology was studied by scanning electron microscopy (SEM) using
an LEO 1430 device. The RbFes(Mo0O,); magnetization measurements were performed with a
superconducting quantum interference device (SQUID) from Quantum Design, using powder
polycrystalline material. The measurements were carried out in field-cooled (FC) and zero-field
cooled (ZFC) modes in the temperature range of 1.8-370 K with the external magnetic field of 0.05
T. The field dependence of magnetization was measured up to 5 T at 2 and 13 K. Magnetic
susceptibility in the paramagnetic region was analyzed in terms of the modified Curie-Weiss law

with a temperature-independent paramagnetic contribution yo: x = C/(T-6) + o, where the Curie

Published on 25 March 2021. Downloaded by KIT Library on 3/25/2021 8:35:00 AM.

constant C = NU.?/3kp yields the paramagnetic effective moment pieg.

The X-ray photoelectron spectroscopy measurements were made using a K-Alpha™ instrument
(Thermo Fisher Scientific, East Grinstead, UK) applying a microfocused, monochromated Al Ko X-
ray source with a 400 pum spot size. The K-Alpha™ charge compensation system was applied
during the analysis, using electrons with the energy of 8 eV and low energy argon ions to prevent
any localized charge build-up. The data acquisition and processing using the Thermo Avantage
software are described in Parry et al. [43] To fit the obtained spectra, one or more Voigt profiles

with a binding energy uncertainty of £0.2 eV are used. For quantification, the analyzer transmission
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function, Scofield sensitivity factors [44] and effective attenuation lengths (EALs) for

. . DOI 10.103@/%%?80011!;5
photoelectrons are applied. EALs are calculated using the standard TPP-2M formalism [45]. The

collected spectra are referenced to the C 1s peak of hydro-carbons at the binding energy of 285.0 eV

which is controlled by means of the well-known photoelectron peaks of metallic Cu, Ag, and Au.

3. Computation methods
The spin-polarized first-principles band structure calculations for RbFes(Mo0QO,); were performed by
CASTEP [46, 47], a plane-wave pseudopotential total energy package based on the density
functional theory (DFT) [48]. The functionals developed by Ceperley, Alder, Perdew, and Zunger
(CA-PZ) in the form of local density approximation (LDA) [49, 50] were adopted to describe the
exchange-correlation energy. The optimized norm-conserving pseudopotentials [51] in the
Kleinman-Bylander [52] form for all the elements were used to model the effective interaction
between atom cores and valence electrons, allowing the adoption of a relatively small basis set
without compromising the computational accuracy. The Rb 4s?4p®5s!, Fe 3d%4s?, Mo 4d35s' and
O 2s?2p* electrons were treated as valence electrons, and a high kinetic energy cutoff of 800 eV was
chosen. Moreover, in order to describe the localized d-orbitals in iron atoms, the LDA + U method

[53, 54] was adopted by setting the on-site orbital dependent Hubbard U energy as Ug= 6 eV.

4. Result and Discussion
Crystal structure determination
The crystal structure of RbFes(Mo0QO,); was solved using single crystal X-ray diffraction and refined
in the space group P2;/m (Table 1). The compound is isostructural with CsFes(MoO,);. The
structure consists of separate FeOg-octahedra with the average Fe(1)-O distance of 2.015(2)A and
zigzag Fe Ojs-units of edge-sharing FeOg-octahedra with the average Fe(2)-O and Fe(3)-O

distances of 2.018(6)A and 2.071 A respectively which are connected via corners with MoO;-
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tetrahedra (average Mo—O distance - 1.76(4) A) (Figure 1). There is no direct contact between

View Article Online
. . . . . ) . DOI: 10.1039/D1CE00118C
MoO, units. The comparative analysis of interatomic distances in CsFes(MoQO,); and

RbFes(MoO,); revealed the decrease in most of Fe-O bond lengths during the Cs substitution by Rb
atoms. The atomic coordinates and equivalent isotropic thermal displacement parameters are listed
in Tables 1S-3S (Supporting information). In the RbFes(Mo0QO,); structure, rubidium atoms occupy
the channels along the a-axis (Figure 1). From the structural considerations in the a-direction at
elevated temperatures, the high ionic conductivity of Rb ions can be proposed. The supplementary
data CCDC 1992524 contain the crystallographic data determined for the RbFes(MoOy);
compound. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data
Centre (12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk.)

The chemical composition of grown single crystals was tested by the EDS methods. The
representative EDS spectrum is shown in Figure 1S (Supporting information). As seen in Figure 1S,
the chemical element ratio in the selected crystals determined by the EDS analysis is in a good
agreement with the nominal composition.

Single crystals of RbFes(MoQOy); were also used for the recording of Raman spectra. The parallel

Published on 25 March 2021. Downloaded by KIT Library on 3/25/2021 8:35:00 AM.

measurements, repeated on three different crystals, provided approximately the same spectra
(Figure 2). The description of the modes was related to the nomenclature, which is commonly used
for complex molybdates [10, 32, 55, 56]. In the monoclinic RbFes(Mo0Q,); structure, Mo®" ions
occupy the 4f and 2e sites of the Cs symmetry. The Ty point symmetry of MoO,? tetrahedrons is
reduced in the unit cell to C; and each next vibrational mode splits due to the interactions of two
molecules in the primitive cell. In the spectra of RbFes(Mo0O,); sample, 9 Raman-active bands are
expected (Table 2). However, the number of experimentally observed bands is less, for example, for

the asymmetric bending mode. The absence of the remaining predicted modes can be attributed to


https://doi.org/10.1039/d1ce00118c

Published on 25 March 2021. Downloaded by KIT Library on 3/25/2021 8:35:00 AM.

CrystEngComm Page 10 of 38

the accidental degeneracy and/or low intensity of the corresponding bands. Besides, the coupling of

View Article Online
. . . . . . DOI 10.1039/D1CtE00118C
the librational and bending modes of MoOy units should be taken into account in the factor group

approach because, usually, the librational motions are frozen and strongly mixed with internal
modes. Four internal modes of free molybdate unit [T symmetry: vi(A;), V2(E), v3(F2) and v4(F;)]
are transformed for the C,, symmetry into: symmetric and asymmetric stretching modes of the
MoO, groups [v{(MoOy): A +B, and v,y (MoOy): 2(AgtB,) + (A,+tBg)] and symmetric and
asymmetric bending modes [6; (M0Oy): (Ag+B,) + (A +B,) and 8,5 (M0Oy): 2(A+B,) + (A +By)].
The splitting of A, Raman mode can be explained by defects in the crystal structure of the selected
single crystal, like stacking and cracks, which make the structure different from an ideal monoclinic
P2,/m structure. In comparison with the previously published data about the vibrational spectra of
molybdates [57], our Raman spectra obtained on single crystals are in a closer agreement with the

result of factor group analysis.

Characterization of powdered samples

To investigate the physical properties, the polycrystalline RbFes(MoQO,); sample was prepared by
the solid-state reaction (1) in a dry Ar atmosphere. The stoichiometric mixture of Rb,MoQ,, FeO,
Fe,0; and MoO; was used as a raw material. The synthesis was carried out at 893K for 24 h. The
synthesized product is represented as a dark brown powder. The monoclinic structure solved on the
single crystal was applied as a starting model for Rietveld refinement of the structural parameters of
the polycrystalline material. The XRD pattern recorded from the powder sample is shown in Figure
3. All peaks are successfully attributed to RbFes(Mo0QO,); and this verifies a good phase purity of the
powder sample. The structural parameters (a = 6.8949(1) A, b =21.2844(2) A, c =8.6742(1) A, B =
102.1781(5), Co Ka-radiation, Bragg R-factor = 10.3, Rf-factor = 7.8, Chi2 = 1.89) obtained by
Rietveld refinement were in excellent agreement with those determined by the single crystal

structure analysis (Table 1). It is confirmed that the polycrystalline compound with the unit cell
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parameters for the monoclinic structure P2,/m have been obtained. The structure parameters have

View Article Online
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lower values than for the isostructural CsFes(MoQO,); [36] compound because of differences in the

monovalent element's radii (R;on(Cs)>R;on(Rb)).

The particle morphology is shown in Figure 4. As seen, the RbFes(MoQ,); particles are partly
agglomerated, and it is a typical feature for powder molybdate products [37, 38, 55]. The formation
of well faceted grains with dimensions 1-3 pum is evident in Figure 4 (b) and it verifies the optimal
selection of the temperature/time synthesis conditions.

In contrast to CsFes(MoO,); [36] the temperature dependences of magnetization (Figure 5) of
RbFes(Mo0O,); do not show a difference between zero-field cooled (ZFC) and field cooled (FC)
measurements below 20 K that can indicate the absence of any ferro- or ferrimagnetic ordering in
RbFes(Mo0O,);. Instead, we observed two maxima in the magnetization at 73 =12 K, and 7, =17 K.
At temperatures above 50 K, the magnetization obeys the modified Curie-Weiss law y = C/(T-6) +
xo with 0 = -13.6(1) K and yo = -1.8(2)*10-* emu/mol*G. The negative Curie-Weiss temperature of
-13.6(1) K indicates dominant antiferromagnetic interactions in the compound. The paramagnetic
moment of ug =12.7(1) uB/f.u. of Fe-ions was calculated from the Curie-constant C as an average

value from FC and ZFC data. For comparison, a theoretical paramagnetic moment was calculated

Published on 25 March 2021. Downloaded by KIT Library on 3/25/2021 8:35:00 AM.

assuming the existence of 3HS-Fe** and 2HS-Fe?* in the formula unit: pe, = 12.4 uB/f.u. A very
good agreement between experimental and calculated values confirms the proposed oxidation states
of Fe in the compound. The field dependence of the magnetization between 2 and 25 K (Figure 5)
does not show any intermediate steps that may point that the magnetic structure of RbFes(Mo0QO,); is
not as complex as for the Cs analogue, which shows a stepwise increase of the magnetization with
the field at 2K [36]. However, low-temperature neutron powder diffraction experiments are
necessary to confirm this suggestion. For CsFes(Mo0QO,),, the antiferromagnetic structure at 0 T was
described by the combination of two propagation vectors k = (1/2, 0, 0) and k = (0, 0, 0) with the

magnetic moments of 2.6, 1.6 and 3.5 uB for three independent Fe sites [36].

10
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The XRD patterns, recorded at different temperatures up to 1173 K, are shown in Figure 2S. As one

. . . DO 10.103@/%%?80011!;5
can see, the RbFes(MoQ,); structure is persistent up to 1073 K and, at higher temperatures, the

decomposition appears. The analysis of the XRD pattern recorded at 1173 K indicates the presence
of Fe,(MoOy); (ICSD 80449), Rb,Mo0304¢ (ICSD 48213) and Rb,Mo0,0; (ICSD 249126), and some
amorphous components. The phase instability above 1073 K was confirmed by the thermal analysis,
and the results are shown in Figure 6. After heating till 1073 K in the Ar atmosphere, the sample is
irreversibly decomposed. Note, that there is no detectable mass change up to 1173 K and, therefore,
a noticeable evaporation of MoO; during the heating should be excluded. The thermal effects
observed at 1093 K and 783 K could be attributed to the solidification point of decomposition
products and the phase transition of Fe;,(MoQ,); [58], respectively.

The temperature dependences of the cell parameters and cell volume are presented in Figure 7. The
thermal expansion coefficient (TEC) is a key thermal property in the development of high
temperature materials. On the temperature dependence of the ¢ parameter, two regions with
negative and positive thermal expansions can be observed. As calculated from the linear part of the
low temperature dependence region 298-473 K of parameter ¢, the TEC has the value o = — 1.3
ppm/K, and, at the same time, high temperature region 473-1073 K has the value a = 2.1 ppm/K.
Parameter b has, accordingly, the value a = 8.7 ppm/K of the TEC for the region 298-473 K and a. =
10 ppm/K - for the region 473-1073 K (ppm = 10-%). In comparison with the industrial materials Mo
(5.7 ppm/K) and W(4.8 ppm/K) for the same temperature region (293-1073 K), the positive TEC
for the parameter a has values a = 11 ppm/K in the region 298-473 K and a = 6.8 ppm/K in the high
temperature region 473-1073 K. The volumetric thermal expansion coefficient is observed to be
18.4 ppm/K below 473 K and 19.2 ppm/K - at the temperature higher than 473 K. In general, the
structure keeps the monoclinic space group P2/m in the whole studied temperature range up to the
decomposition temperature. The extremum on the temperature dependence of the ¢ parameter can

be explained by the phase transition with very close crystal structures of low-temperature and high-

11
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temperature phases and it was observed for the molybdate system before [59]. In this kind of

View Article Online
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transition for the low symmetry space group, the oxygen atoms can be reoriented, but still related by

the same symmetry operations.

In the XPS data, the Mo 3d core level spectrum deconvolution reveals two spin—orbit doublets,
belonging to the Mo 3ds;, and Mo 3d;/, core levels at the binding energies of 232.8 and 236.0 eV
originating from molybdenum ions in the oxidation state +6 (Figure 8(a)) [60, 61]. The second
spin—orbit doublet with the maxima at 238.1 and 246.6 eV can be attributed to the Rb 3p;, and Rb
3p1» core levels of rubidium ions. The Rb 3d core level spectrum can be fitted by one spin—orbit
doublet (Figure 8(b)) with the maxima at the binding energies of 109.9 and 111.4 eV attributed to
the Rb 3ds, and Rb 3d;, core levels of rubidium ions in the oxidation state +1 [62-68]. In
particular, the Fe 2p;, XP spectrum show two maxima at 709.2 and 711.6 eV as a hint of the mixed
oxidation state for iron ions. The Fe 2p;, XP spectrum were deconvoluted following the approach
of A. P. Grosvenor et al [69] for the interpretation of complex Fe spectra. Therefore, the Fe 2p;,,
spectrum could be successfully fitted with the set of Fe?* (orange color) and Fe3* (purple color) 2p
multiplets, as shown in Fig. 8(c), keeping the FWHM, spacing and intensity ratio of the spectral

multiplet peaks consistent with those of iron oxides investigated in the literature [69, 70]. As a
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result, 40% of the total Fe content could be attributed to Fe?" ions and the rest 60% of it - to Fe3*
ions, and it is in a very good agreement with the charge neutrality calculations expected from the
chemical formula of the material. Finally, the C 1s core level spectrum deconvolution gives three
components at the binding energies of 285.0, 286.4 and 288.9 eV, belonging to C—-C/C-H, C-O and
C=0 species, respectively (Figure 8(e)) and deconvoluting the O Is core level spectrum reveals
components at the binding energies of 530.9 and 532.4 eV, and it can be attributed to Metal-Oxygen

bonds and carboxylic surface groups, respectively (Figure 8(d)) [71].
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The calculated density of states (DOS) and the partial densities of states (PDOS) projected on the
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constitutional atoms in RbFes(MoQ,); are shown in Figure 9. In the electronic structure, only the

outer-shell valence electrons are exhibited because the first-principles calculation takes into account
only these electrons. One may easily find that the DOS and PDOS are in a reasonable agreement
with the measured XPS spectrum when the whole experimental XPS spectrum is moved to a lower
binding energy of 3.5 eV. The red-shift of the XPS spectrum is because the Fermi level has
different selection criteria in the experiment and calculation. The PDOS reveals that the Fe 3d
orbitals have an obvious split at different spin states: the spin-up electrons mostly occupy the
valence bands between —15 to —5 eV, while the spin-down electronic states are mostly located at the
bottom of conduction bands. No spin-split is observed for other atoms. This implies that
RbFes(Mo0O,); might possess the strong magnetism which resulted from the iron atoms. In addition,
several electronic characteristics are displayed in the PDOS: (i) the electronic states lower than
—15 eV are mainly composed of the isolated inner-shell states with Rb 4s, Mo 4d and O 2s orbitals
which have little interaction with other orbitals. (i1) The upper part of valence bands consists mainly
of the orbitals of Mo (4d), O (2p) and Fe (3d) and a quite strong hybridization is present among the

Mo-O and the Fe-O atoms.

5. Conclusions
Newly discovered RbFes(MoQ,); crystallizes in the monoclinic symmetry (P2,/m, a = 6.8987(4) A,
b=21.291(1) A, ¢ = 8.6833(5) A, p = 102.190(2)°, Z = 2) and is isostructural to CsFes(MoQy,),
which represents its structure type. A three-dimensional framework of this structure contains three
crystallographically independent Fe-sites and consists of isolated FeO4-octahedra and Fe,Oqg-units
of edge-sharing FeOg-octahedra, which are connected with MoQOy-tetrahedra via corners. The

obtained compound irreversibly decomposes in the inert atmosphere at 1073 K according to the

13


https://doi.org/10.1039/d1ce00118c

Page 15 of 38 CrystEngComm

DSC-TG results, has a good crystallinity in the SEM pictures and a low thermal expansion

View Article Online
. . DOI: 10.1039/D1CE00118C
coefficient for the unit cell parameters.

On the example of RbFes(MoQ,), it is shown that Cs* ion in CsFes(MoQ,); basic structure can be
substituted by other alkali cations. The exchange of cations plays an essential role in the variation of
magnetic properties. The magnetic structure becomes simpler with smaller Rb* ions and shows no
difference between zero-field cooled (ZFC) and field cooled (FC) measurements below 20 K. The
material RbFes(MoO,); has dominant antiferromagnetic interactions above 50 K. An excellent
agreement between experimental (ug =12.7(1) uB/f.u.) and calculated (pyeor =12.4 uB/f.u.) values of
iron paramagnetic moment confirms the proposed oxidation states of Fe in the compound. The
mixed oxidation state +2.6 for iron ions was also confirmed with XPS data, where 40% of the total
Fe content could be attributed to Fe?" ions and the rest 60% of it - to Fe*" ions, and it is in very good
agreement with the charge neutrality calculations expected from the chemical formula of the
material. For a detailed description of the magnetic structure, further low-temperature neutron and

synchrotron radiation powder diffraction measurements are required.
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Table 1. Crystallographic data obtained for RbFes(Mo0QO,);

DOK1610

View Article Online

9/D1CE00118C

Empirical formula RbFes(Mo0Oy);
Formula weight 1484.26 g/mol
Temperature 293(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2,/m (11)

Unit cell dimensions

a=6.8987(4) A

b=21.2912(12) A

c=18.6833(5) A

B=102.1896(18)°

Volume V=1246.66(12) A3

VA 2

Density (calculated) 3.9538 g/cm?
Absorption coefficient 8.256

F(000) 1370

Crystal size 0.13 x 0.09 x 0.06 mm

Theta range for data collection

2.40-32.93

Index ranges

-10<h<10,-32<k<32,-13<

1<13

Reflections collected

93509

Independent reflections

4783 (Rin = 0.0342)

Completeness to theta = 32.93°

99.9 %

Refinement method

Full-matrix least-squares on F?
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Data / restraints / parameters

4783/0/193

Goodness-of-fit on F?

1.067

Page 26 of 38
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Final R indices (/>20cy)

R; =0.0166, wR, = 0.0334

Largest diff. peak and hole

3.171 and -2.134 ¢/A 3

Table 2. Factor group analysis of the unit cell vibrations for the monoclinic space group of P2,/m

Free ion MoO,*, | Site Factor group symmetry | Expected Observed
T4 symmetry Cs | (Z=2) Cyp Raman bands | Raman bands
Vi(A) - ve(M0Oy) | Aj—A’ A —AB, A, 926, 945
Vo(E) - 6(Mo0O4) | E-A+A” A'—>AAB, A B, 249, 337

A" —A+B,
V3(F2) - vas(M0Oy) | F;—=2A+A" | 2(AgtBy)+ (AytBy) 2A, 1B, 753, 805, 877
V4(F2) - 0,5s(M0Oy) | F,—2A+A"" | 2(Ag+By)+ (AytBy) 2A. 1B, 402
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Captions
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DOI: 10.1039/D1CE00118C

O
Figure 1. Three-dimensional framework structure of RbFes;(M0QOy);. The (a) (001) and (b) (010)
projections are shown. The unit cell is outlined. The FeO4 octahedra and MoO, tetrahedra are
shown by green and violet colors, respectively. Rb ions are the big yellow balls.
Figure 2. Raman spectrum of a RbFes(Mo00Q,); single crystal.
Figure 3. Room-temperature X-ray diffraction pattern of RbFes(MoO,);. Observed (red) and
calculated (black) profiles, based on the Rietveld refinement of a structural model derived from the
single crystal analysis, together with their difference curve (blue).
Figure 4. SEM images of obtained polycrystalline material at different magnifications.
Figure 5. (a) Temperature (ZFC- and FC mode) and (b) field dependencies of magnetization for
polycrystalline RbFes(MoO,);. (¢c) Temperature dependence of inverse susceptibility. Red line
represents the modified Curie-Weiss fitting for susceptibility.

Figure 6. DSC results obtained from RbFes(MoO,); for the temperature range of 298-1073 K.

Figure 7. Temperature dependence and thermal expansion coefficients for the cell parameters of

RbFes(Mo0Qy);, ppm=10-.

Figure 8. XPS spectra of the constituent element core levels of RbFes(MoO,);.
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Figure 9. Comparison of the experimental XPS spectrum and the calculated band structure of

View Article Online
DOI: 10.1039/D1CE00118C

RbFe5(MoO4)7.
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