
FULL PAPER

DOI: 10.1002/ejic.201100061

Orthomolybdates in the Cs–FeII,III–Mo–O System: Cs4Fe(MoO4)3,
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Three new complex molybdenum oxides – Cs2Fe2(MoO4)3,
Cs4Fe(MoO4)3 and CsFe5(MoO4)7 – with average oxidation
states of Fe +2 and +2.6 were obtained during a study of
phase formation in the system Cs–FeII,III–Mo–O and investi-
gated by X-ray single-crystal analysis at room temperature
and 100 K. The structure of cubic Cs2Fe2(MoO4)3 [P213, a =
10.9161(2) Å, Z = 4] is very similar to the one of pseudocubic
Cs2Co2(MoO4)3 with a weak orthorhombic distortion. Hexag-
onal Cs4Fe(MoO4)3 [P6̄2c, a = 6.2922(16) Å, c = 23.937(13) Å,
Z = 2] is isostructural to the high-temperature modification
of Rb4Mn(MoO4)3. CsFe5(MoO4)7 crystallizes in monoclinic
symmetry [P21/m, a = 6.9239(6) Å, b = 21.4477(19) Å, c =
8.6374(8) Å, β = 101.667(2)°, Z = 2] and represents a new

Introduction

Complex orthomolybdates with alkaline and 3d elements
crystallize often in similar compositions but quite different
structure types, which are determined by the sizes of the
alkaline elements. For example, the stoichiometry A2M2-
(MoO4)3 is known for all alkaline elements A from Li
to Cs and also for Tl and Ag. Smaller cations Li and Na
form an orthorhombic sodium superionic conductor
(NaSICON)-type structure with channels along the a axes,
which are half-filled by alkaline cations. This structure type
was first described for NaCo2.31(MoO4)3

[1] and is known
for A = Li in combination with all 3d elements.[2–4] Due to
the rather weak bonding of the alkaline ions, high ionic
conductivity is often observed for these compounds at ele-
vated temperature. These molybdates might also be consid-
ered as intercalation materials, because the channels are
only partially occupied and can host additional alkaline
ions such as Li+ or Na+, which can be inserted into the
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structure type. This structure contains three crystallographi-
cally independent Fe sites and consists of isolated FeO6 octa-
hedra and Fe4O18 units of edge-sharing FeO6 octahedra,
which are connected with MoO4 tetrahedra through corners,
thus forming a three-dimensional framework. CsFe5(MoO4)7

orders magnetically with a ferromagnetic component at TC =
10 K, proposed as a canted antiferromagnet. Its antiferromag-
netic structure at 0 T was described by combination of two
propagation vectors k = (1/2, 0, 0) and k = (0, 0, 0) with mag-
netic moments of 2.6, 1.6 and 3.5 μB for three independent Fe
sites. Two magnetic-field-induced transitions are observed at
0.25 and 1.9 T at 2 K.

structure by a chemical or electrochemical route.
K2M2(MoO4)3 with 3d elements as M2+ crystallize in the
K2Zn2(MoO4)3 structure type[5] with M4O18 tetramers of
edge-sharing MO6 octahedra and K atoms that occupy
large spaces in the structure. The low density of these struc-
tures could lead to pressure-induced phase transitions with
the formation of more dense polymorphs, which was inves-
tigated and confirmed for K2Co2(MoO4)3.[6] Rb-containing
orthomolybdates adopt either the K2Zn2(MoO4)3 structure
type for M = Ni, Cu, Zn or the langbeinite K2Mg2(SO4)3

type[2] with isolated MO6 octahedra. Cs2M2(MoO4)3 com-
positions are only known with K2Mg2(SO4)3-like struc-
tures.[2]

The possibility of Fe to adopt different oxidation states
between +2 and +3 in the same orthomolybdate gives an
additional degree of freedom for phase composition and
crystal structure formation. For example, four orthomolyb-
date phases with three-dimensional networks of MoO4

tetrahedra and FeO6 octahedra and different connectivity
schemes are reported for the NaxFey(MoO4)z system that
have not been found for other 3d cations: NaFe4(MoO4)5,
α-NaFe2(MoO4)3, β-NaFe2(MoO4)3 and Na3Fe2(MoO4)3.[7]

For the latter one, the unusual combination of oxidation
states FeIII/MoV was postulated. In the Ag–FeII,III–Mo–O
system, AgFe2(MoO4)3 was found isostructural to α-
NaFe2(MoO4)3.[8] For the Cs–Fe–Mo–O system, only the
compounds CsFe(MoO4)2, Cs5Fe(MoO4)4 and
Cs3FeMo4O15 with FeIII have been described so far.[2,9,10]
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The aim of the present work was the preparation of new
Cs–FeII,III–Mo–O compounds under reducing conditions,
their structural characterization and the comparison with
known structure types.

Results

Composition and Crystal Structures of Cs,Fe Molybdates

During the investigation of the Cs–FeII,III–Mo–O system
in addition to the already known phase CsFe(MoO4)2

[9]

three new compounds were identified: Cs2Fe2(MoO4)3 and
Cs4Fe(MoO4)3 with Fe+2 and CsFe5(MoO4)7 with the
average oxidation state +2.6 for Fe. All obtained phases rep-
resent orthooxomolybdates, because no direct links between
MoO4 tetrahedra exist in the structures, and all oxygen
atoms belong to exactly one MoO4 tetrahedron. Single-
crystal X-ray diffraction experiments at room temperature
and 100 K revealed no phase transition in this temperature
range.

Crystal Structure of Cs2Fe2(MoO4)3

The crystal structure (Figure 1) of cubic Cs2Fe2(MoO4)3

(P213) is very similar to the one of pseudocubic langbeinite-
like Cs2Co2(MoO4)3 (P212121). The latter, however, shows
a weak orthorhombic distortion.[11] The structure repre-
sents a framework of corner-sharing MoO4 tetrahedra and
FeO6 octahedra with large ellipsoidal cavities, in which two
crystallographically independent Cs atoms with different
average Cs–O distances are situated. Atomic coordinates
and equivalent isotropic displacements are listed in Table 1.
The coordination surrounding Cs(1) atoms consists of three
FeO6 octahedra and six MoO4 tetrahedra, so that almost
closed Fe4Mo6O36 units (Figure 2) can be defined, whereas
Cs(2) atoms are surrounded by Fe7Mo6O48 units (Figure 3).
Fe4Mo6O36 and Fe7Mo6O48 units form together a larger
Fe8Mo9O60 cavity with two caesium atoms inside. The
slight orthorhombic distortion in the Cs2Co2(MoO4)3 struc-
ture was deduced in the literature[11] from much better tem-
perature parameters and R factors compared with the cubic
structure and corresponds to small displacements of some
Mo and O atoms from their positions so that three crystal-
lographically independent Mo atoms and twelve O atoms
appeared. According to the group/subgroup relations,

Table 1. Atomic coordinates and equivalent isotropic displacement parameters [Å2 �103] for Cs2Fe2(MoO4)3 (P213).

Atom type Wyckoff positions x y z Occupancy Ueq
[a]

Cs(1) 4a 0.179380(14) 0.320620(14) 0.679380(14) 1 0.02046(6)
Cs(2) 4a 0.457613(17) 0.957613(17) 0.542387(17) 1 0.02955(8)
Mo(1) 12b 0.300614(17) 0.623626(17) 0.525973(17) 1 0.01052(5)
Fe(1) 4a 0.33737(3) 0.33737(3) 0.33737(3) 1 0.01066(11)
Fe(2) 4a 0.61246(3) 0.61246(3) 0.61246(3) 1 0.01152(11)
O(1) 12b 0.27587(18) 0.48544(17) 0.44750(17) 1 0.0249(4)
O(2) 12b 0.45432(16) 0.67110(17) 0.51709(18) 1 0.0242(4)
O(3) 12b 0.25187(18) 0.60297(17) 0.67761(16) 1 0.0226(4)
O(4) 12b 0.21150(17) 0.73545(18) 0.45198(18) 1 0.0253(4)

[a] Ueq is defined as one-third of the trace of the orthogonalized Uij tensor.
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P212121 is a subgroup of P213, so that a possible phase
transformation in Cs2Co2(MoO4)3 from P212121 into P213
was proposed in the literature[11] at higher temperature. Our
attempts to refine the crystal structure of Cs2Fe2(MoO4)3

with P212121 symmetry did not give significantly better R
indices so that the cubic structure model was preferred.

Figure 1. Crystal structure of Cs2Fe2(MoO4)3, viewed along one
crystallographic axis, with FeO6 octahedra, MoO4 tetrahedra, and
Cs as spheres.

Figure 2. CsO8 polyhedron in Cs2Fe2(MoO4)3, which forms par-
tially closed Fe4Mo6O36 units.

Figure 3. CsO9 polyhedron in Cs2Fe2(MoO4)3, which forms par-
tially closed Fe7Mo6O48 units.



D. Mikhailova et al.FULL PAPER
From the structural point of view, paramagnetic behav-

iour with only weak magnetic interactions is expected for
Cs2Fe2(MoO4)3 due to a diluted character of Fe distribu-
tion in the structure and a relatively long Fe–Fe distance
(5.20 Å) between nearest neighbours.

Crystal Structure of CsFe5(MoO4)7

A monoclinic unit cell with a = 6.9239(6) Å, b =
21.4477(19) Å, c = 8.6374(8) Å and β = 101.667(2)° was de-
termined by X-ray single-crystal diffraction for crystals syn-
thesized at 1023 K and slowly cooled in the furnace. The
structure was solved and refined in the space group P21/m
(Table 2), thus giving the composition CsFe5(MoO4)7 (see
Figure 4). Since no entries that concern compounds with
analogous cell parameters or AB5C7X28 composition were
found in the Inorganic Crystal Structure Database
(ICSD),[12] a new crystal-structure type, namely, the
CsFe5(MoO4)7 type, was established. It consists of separate

Figure 4. Crystal structure of CsFe5(MoO4)7 viewed along the a
axis.

Table 2. Atomic coordinates and equivalent isotropic displacement parameters [Å2 �103] for CsFe5(MoO4)7 (P21/m).

Atom type Wyckoff positions x y z Occupancy Ueq

Cs(1) 2e 0.50338(4) 0.2500 0.03046(4) 1 0.02452(7)
Fe(1) 4f 0.35239(5) 0.099757(19) 0.34087(5) 1 0.00996(8)
Fe(2) 2e 0.95405(8) 0.2500 0.68836(7) 1 0.00921(11)
Fe(3) 4f 0.02621(6) 0.502639(18) 0.18821(5) 1 0.01014(8)
Mo(1) 4f 0.01243(3) 0.142087(11) 0.03242(3) 1 0.01209(6)
O(11) 4f 0.2613(3) 0.14571(10) 0.1401(3) 1 0.0173(4)
O(12) 4f –0.0021(4) 0.18389(11) –0.1436(3) 1 0.0270(5)
O(13) 4f –0.0428(3) 0.06018(9) –0.0058(2) 1 0.0142(4)
O(14) 4f –0.1389(3) 0.17534(12) 0.1425(3) 1 0.0274(5)
Mo(2) 4f 0.88086(3) 0.107538(11) 0.44898(3) 1 0.00993(6)
O(21) 4f 0.6373(3) 0.09861(11) 0.3444(3) 1 0.0208(5)
O(22) 4f 0.9261(3) 0.18403(10) 0.5123(3) 1 0.0179(4)
O(23) 4f 0.9083(3) 0.06171(11) 0.6181(3) 1 0.0218(5)
O(24) 4f 1.0554(3) 0.07873(9) 0.3321(2) 1 0.0138(4)
Mo(3) 2e 0.41472(5) 0.2500 0.56331(4) 1 0.01068(7)
O(31) 2e 0.6561(4) 0.2500 0.6740(4) 1 0.0211(7)
O(32) 2e 0.2530(4) 0.2500 0.6957(4) 1 0.0187(6)
O(33) 4f 0.3721(3) 0.31728(11) 0.4445(3) 1 0.0262(5)
Mo(4) 4f 0.52933(3) 0.542663(11) 0.24695(3) 1 0.01060(6)
O(41) 4f 0.3294(3) 0.48420(9) 0.2230(2) 1 0.0121(4)
O(42) 4f 0.7367(3) 0.51692(11) 0.1761(3) 1 0.0230(5)
O(43) 4f 0.4430(4) 0.60967(11) 0.1525(3) 1 0.0292(6)
O(44) 4f 0.6050(3) 0.55925(12) 0.4498(3) 1 0.0227(5)
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FeO6 octahedra with an average Fe–O distance of
2.04(2) Å, and zigzag Fe4O18 units of edge-sharing FeO6

octahedra with an average Fe–O distance of 2.04(6) Å (see
Figure 5), which are connected through corners with MoO4

tetrahedra [average Mo–O distance is 1.76(4) Å]. There is
no direct contact between MoO4 units. The existence of tet-
ramers Fe4O18 in CsFe5(MoO4)7 resembles structural frag-
ments of the K2Zn2(MoO4)3 structure type[5] (see Figure 5).
Due to a smaller amount of MoO4 groups per 3d cation in
K2Zn2(MoO4)3 more MoO4 tetrahedra are connected with
ZnO6 through two oxygen atoms, whereas in CsFe5-
(MoO4)7 more MoO4 tetrahedra have terminated oxygen
atoms.

Figure 5. Fe4O18 units of edge-sharing FeO6 octahedra in
CsFe5(MoO4)7 (left) and Zn4O18 units of edge-sharing ZnO6 octa-
hedra in K2Zn2(MoO4)3

[5] (right).

Caesium atoms occupy channels in the structure along
the a axis (Figures 4 and 6). Atomic coordinates and equiv-
alent isotropic displacements are listed in Table 2. From a
structural point of view, high ionic conductivity of Cs ions
at elevated temperature may be expected for this phase.
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Figure 6. CsO10 polyhedron in CsFe5(MoO4)7.

Crystal Structure of Cs4Fe(MoO4)3

The structure of Cs4Fe(MoO4)3 was solved in the space
group P6̄2c. There are two crystallographically independent
molybdenum atoms in the structure with a tetrahedral coor-
dination of oxygen atoms.

The coordination tetrahedron around Mo(2) can be de-
scribed as consisting of a trigonal basis formed by three
oxygen atoms O(3), which lies parallel to the ab plane. The
positions of the central Mo(2) and the fourth O(4) (both
on 4f sites) are split (Table 3). The Mo atoms statistically
occupy one of these positions in different unit cells. The
position of the fourth oxygen atom, O(4), depends on which
Mo split position is occupied, above or below the basis
plane.

Figure 7. Trigonal-bipyramidal coordination of Fe in Cs4Fe-
(MoO4)3.

Table 3. Atomic coordinates and equivalent isotropic displacement parameters [Å2 �103] for Cs4Fe(MoO4)3 (P6̄2c).

Atom type Wyckoff positions x y z Occupancy Ueq

Cs(1) 4f 0.6667 0.3333 0.030963(13) 1 0.02262(10)
Cs(2) 4f 0.3333 0.6667 0.163170(14) 1 0.02978(11)
Mo(1) 4e 0.0000 0.0000 0.093646(15) 1 0.01691(10)
Mo(2) 4f 0.6667 0.3333 0.23098(4) 0.5 0.01997(19)
Fe(1) 2b 0.0000 0.0000 0.2500 1 0.0227(2)
O(1) 4e 0.0000 0.0000 0.16820(16) 1 0.0457(12)
O(2) 12i 0.1471(15) 0.3011(4) 0.06888(9) 1 0.0311(6)
O(3) 6h 0.3793(10) 0.2869(11) 0.2500 1 0.0482(15)
O(4) 4f 0.6667 0.3333 0.1591(4) 0.5 0.044(3)
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The Fe atoms have unusual trigonal-bipyramidal coordi-
nation (see Figure 7) with d(Fe–O)equat. = 2.156(6) Å and
d(Fe–O)apic. = 1.958(4) Å. MoO4 tetrahedra and FeO5 bi-
pyramids form layers perpendicular to the c axis (Figures 8
and 9), and caesium atoms occupy free spaces along the c

Figure 8. Structure of Cs4Fe(MoO4)3 viewed along the b axis.

Figure 9. Structure of Cs4Fe(MoO4)3 viewed along the c axis.
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axis. This model with a disorder of some Mo and O ions is
in good agreement with an earlier report on isostructural
Rb4Mn(MoO4)3.[13] Note that the loose crystal structure of
Cs4Fe(MoO4)3 could provide fast degradation in contact
with moisture. Actually, Cs4Fe(MoO4)3 samples contained
water after storage in air for several hours.

Synthesis of Polycrystalline CsFe5(MoO4)7 and
Magnetization Studies

A nearly phase-pure polycrystalline sample of
CsFe5(MoO4)7 was obtained, according to X-ray powder
diffraction (see Figure 10), by synthesis in dynamic vacuum
with a steplike temperature increase up to a final tempera-
ture of 973 K over 20 h. Less than 2% (w/w) monoclinic α-
FeMoO4 (space group C2/m) was detected as an admixture,
which is antiferromagnetic below 35 K.[14] The temperature
dependencies of magnetization (Figure 11a) of CsFe5-
(MoO4)7 show a difference between zero-field-cooled (ZFC)
and field-cooled (FC) measurements below 10 K, which is
attributed to the onset of a ferro- or ferrimagnetic ordering.
α-FeMoO4 does not contribute to these observed magnetic
properties of CsFe5(MoO4)7. At higher temperatures, the
magnetization obeys a modified Curie–Weiss law M(T) =
C/(T – θ) + M0 with θ = –17.3(9) K, and a least-squares fit
to the FC data between 30 and 350 K is shown in the inset
of Figure 11a. Note that the spontaneous magnetization in
zero-field has a random orientation with respect to the later
applied magnetic field, so that the negative magnetizations
at low temperatures are not unusual. The change to positive
magnetizations at about 7 K reflects the temperature depen-
dence of the coercivity field HC(T), which reaches the exter-
nal applied field strength of 100 G at this temperature. A
paramagnetic moment of 5.20(1) μB per Fe ion is calculated
from the Curie constant C as an average value from FC
and ZFC data. Magnetic hysteresis loops at 2 K (Fig-
ure 11b) show two stepwise increases in magnetization with
increasing field. The corresponding magnetization values at
zero field are obtained from an extrapolation of fits in the
linear region and are 20.84, 7.33 and 0.98 emu g–1, which is
equivalent to 5.72 μB per formula unit (f.u.), 2.01 and
0.27 μB per f.u., respectively. In light of five Fe atoms per
f.u. on three distinct sites, the low-field region is most prob-
ably a canted antiferromagnet. The weak ferromagnetic
component results from a small canting angle, whereas the
dominant component is antiferromagnetic in agreement
with the negative Curie–Weiss temperature, θ. The interme-
diate-field magnetic structure is probably a spin-flop phase
with an increased canting angle in the field direction. The
high-field magnetic structure could already represent a
field-induced spin-flip phase, but with only the Fe(2) sublat-
tice with isolated FeO6 octahedra on the 2e site aligned in
the field direction. A spin flip on the 4f sites of Fe(1) or
Fe(3), which form tetramers of edge-sharing FeO6 octahe-
dra, would contribute to the magnetization by about 8 or
10 μB per f.u. for each of these two sites for spin-only mag-
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netism, depending on the corresponding Fe2+ or Fe3+ states.
In contrast, the high-field magnetization behaviour up to
6 T is far from expected saturation at about 23 μB per f.u.,

Figure 10. Powder diffraction pattern of CsFe5(MoO4)7 with ob-
served and fitted profiles together with the corresponding differ-
ence curve (Cu-Kα1). One reflection at 14.8° corresponds to α-
FeMoO4 (less than 2% w/w) with a = 9.808(1) Å, b = 8.960(1) Å,
c = 7.657(1) Å, β = 114.03(1)°, space group C2/m.[14]

Figure 11. (a) Temperature dependence of magnetization of
CsFe5(MoO4)7, measured at a field strength of 100 G. The inset
shows the inverse magnetization for the field-cooled (FC) mode
together with a modified Curie–Weiss fit as straight line. (b) Field
dependence of magnetization of CsFe5(MoO4)7, measured at 2 K.
Magnetic hysteresis loops at 2 K show stepwise increases in magne-
tization with field.



Orthomolybdates in the Cs–FeII,III–Mo–O System

which is estimated based on the spin contribution of two
Fe2+ and three Fe3+ ions.

Neutron Diffraction Study

The refinement of neutron powder diffraction data of a
CsFe5(MoO4)7 sample at 30 K revealed the presence of fol-
lowing phases: CsFe5(MoO4)7 (ca. 90% w/w), nuclear and
magnetic structures of α-FeMoO4

[14] (1% w/w) and α-Fe2O3

(2 % w/w), and CsFe(MoO4)2
[9] (7% w/w) (see Figure 12).

Cooling from 30 to 4 K resulted in the appearance of
several superstructural reflections of magnetic origin. These

Figure 12. Low-angle section of the neutron diffraction patterns from CsFe5(MoO4)7 sample at 30 and 4 K, above and below the magnetic
phase transition. The positions of the Bragg reflections at 30 K correspond from top to bottom to the crystal structure of CsFe5-
(MoO4)7, and nuclear and magnetic structures of α-FeMoO4 and α-Fe2O3. The positions of the magnetic Bragg reflections of
CsFe5(MoO4)7 at 4 K are shown by the lower line of marks in the bottom figure as corresponds to propagation vectors k = (1/2,0,0) and
k = (0,0,0).

Table 4. Irreducible representations and basis vectors for the magnetic moments on the Fe sites in CsFe5(MoO4)7 [space group P21/m,
for k12 = (1/2,0,0)]. The symmetry elements are written according to Kovalev’s notation.[16]
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additional reflections cannot be due to the presence of α-
FeMoO4, which has an antiferromagnetic ordering tem-
perature of 35 K,[14] or hematite α-Fe2O3 with a Morin
transition temperature below 260 K and a very much higher
magnetic ordering temperature.

The majority of superstructural reflections can be inde-
xed by assuming the magnetic cell doubling in the a direc-
tion with propagation vector k = (1/2,0,0). The possible
magnetic structures compatible with the symmetry of
CsFe5(MoO4)7 are determined by the representation analy-
sis technique described by Bertaut.[15] For the propagation



D. Mikhailova et al.FULL PAPER
vector k = (1/2,0,0), the small group Gk, formed by those
elements of the space group that leave k invariant, coincides
with the space group P21/m. For k = (1/2,0,0), the irreduc-
ible representations of the group Gk are shown in Table 4.

A representation is constructed with the Fourier compo-
nents mk that correspond to the Fe atoms in CsFe5-
(MoO4)7, and the decomposition of the representation in
terms of the irreducible representations Γk for each Fe site
reads as follows: Γ(Fe1) = 3Γ1

1 + 3Γ2
1 + 3Γ3

1 + 3Γ4
1;

Γ(Fe2) = 1Γ1
1 + 2Γ2

1 + 2Γ3
1 + 1Γ4

1; Γ(Fe3) = 3Γ1
1 + 3Γ2

1

+ 3Γ3
1 + 3Γ4

1. The different basis vectors that correspond
to each irreducible representation were calculated by using
the projection operator technique implemented in SA-
RAh[17] and are listed in Table 4. Four possible configura-
tions of magnetic ordering (those corresponding to Γ1.4 rep-
resentations) were tested, and the best agreement has been
obtained for Γ1.

Nevertheless, this model cannot serve as an adequate de-
scription of magnetic ordering in CsFe5(MoO4)7 as it was
unable to simulate the first observed magnetic reflection at
6.79°, which can only be satisfactorily described as 010 [i.e.,
k = (0,0,0)]. Furthermore, a nearly zero magnetic moment

Figure 13. Magnetic structure of CsFe5(MoO4)7 in different crystallographic planes. The orientation of Fe magnetic moments are shown
by arrows. Fe(1)–(3) correspond to atomic coordinates from Table 2.
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was deduced on the Fe(2) (2e site). Different possible mag-
netic arrangements have been tested on the basis of such a
multi-k structure with k = (1/2,0,0) for Fe(1) and Fe(3) and
k = (0,0,0) for Fe(2). The best agreement (Rmag = 7.20%)
has been found for a magnetic structure with magnetic mo-
ments μ[Fe(1)] = [1.7(1),0.0,2.35(6)] μB, |μ[Fe(1)]| ≈ 2.6 μB;
μ[Fe(2)] = [0.0,0.0,1.6(2)] μB; μ[Fe(3)] = [0.0,0.8(1),
3.38(4)] μB, |μ[Fe(3)]| ≈ 3.5 μB. This magnetic structure
model for CsFe5(MoO4)7 is shown for different projections
in Figure 13, and is discussed with respect to the underlying
exchange couplings.

The most important superexchange and supersuperex-
change couplings are summarized in Table 5. There is no
obvious and simple rule for the resulting magnetic arrange-
ment in terms of the geometry of the coupling paths. Never-
theless, a peculiarity of the Fe(2) site is revealed. It seems
that magnetic moments on the Fe(2) site are not only
smaller than for the other Fe sites, but also favour ferro-
magnetic couplings instead of antiferromagnetic ones.
However, the crystal and magnetic structures of
CsFe5(MoO4)7 are too complicated to draw unambiguous
conclusions about the underlying interactions, especially in
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Table 5. Superexchange (top) and supersuperexchange (bottom) paths based on the structural parameters from low-temperature (4 K)
neutron diffraction. Only unique supersuperexchange paths with sufficiently large Fe–O–O and O–O–Fe angles that correspond to Fe–
Fe distances above 6 Å are listed. Note that parallel (F) or antiparallel (AF) arrangement refers to the dominant magnetic components
along the c axis only.

light of the canted magnetic moments, which reflect ad-
ditional Dzyaloshinskii–Moriya-type interactions besides
the Heisenberg super- and supersuperexchanges.

Conclusion

In the present work, average interatomic Mo–O distances
in all investigated Cs,Fe molybdates (1.74–1.76 Å) corre-
spond to the one in Li2MoO4 (1.764 Å,[18]) and point out
the presence of only molybdenum(VI). For CsFe5(MoO4)7

with Fe+2.6, there are three different Fe sites in the struc-
ture: two 4f and one 2e. Based on charge neutrality, a sim-
ple ionic model of localized electrons would suggest the
existence of Fe3+ on one 4f and the 2e site and Fe2+ on
the other 4f site. Analysis of Fe–O bond lengths in FeO6

octahedra showed the shortest [2.01(5) Å] and the longest
Fe–O [2.08(5) Å] average distances for both Fe on 4f sites.
They form Fe4O18 units with Fe–Fe distances of about
3.2 Å, which together with strong octahedral distortion of
FeO6 allow us to conclude rather a delocalized character of
electrons. Determination of the antiferromagnetic structure
of CsFe5(MoO4)7 from neutron powder diffraction revealed
the smallest magnetic moment of 1.6 μB for Fe on the 2e
site in comparison to 2.6 and 3.5 μB for Fe on 4f sites.

Complex molybdates of an alkaline metal and FeII with
MoyOx clusters and a metallic Mo–Mo bond seem to be
stable only for a small alkaline element. All attempts to
obtain Cs,Fe molybdates with Fe2+ and Mo in an oxidation
state lower than +6, for example, in Na3Fe2Mo5O16 with
metallic Mo–Mo bonds,[19] led to the formation of different
Mo oxides, metallic molybdenum, Fe oxides and Cs2MoO4.
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Experimental Section
Sample Preparation: The initial reactants used for syntheses were
CsNO3, Fe2O3, FeO, MoO3 (Alfa Aesar) with a degree of purity
� 99.99 % (metal basis). The intermediate product caesium molyb-
date, Cs2MoO4, was prepared by solid-state reaction from caesium
nitrate and molybdenum oxide with a first step under argon at
623 K for 20 h, followed by a second step in air with increasing
temperature stepwise by 50 K and a hold time of 10–12 h at each
temperature. The final synthesis temperature was 1023 K. Single
crystals of Cs2Fe2(MoO4)3, Cs4Fe(MoO4)3 and CsFe5(MoO4)7 were
grown from mixtures of Cs2MoO4, Fe2O3, FeO and MoO3 accord-
ing to the following chemical reactions by the flux method [Equa-
tions (1), (2) and (3)]:

Cs2MoO4 + 2 FeO + 2 MoO3 � Cs2Fe2(MoO4)3 (1)

2 Cs2MoO4 + FeO + MoO3 � Cs4Fe(MoO4)3 (2)

Cs2MoO4 + 4 FeO + 3 Fe2O3 + 13 MoO3 � 2 CsFe5(MoO4)7 (3)

Starting components with a total mass of 1 g were weighed with
an accuracy of 0.00005 g and ground in a mortar. The mixture was
put into a silica tube, which was evacuated and sealed under vac-
uum (10–4 mbar). The tube was heated up to 823–1023 K, kept at
this temperature for 20–30 h and then cooled to room temperature.
The final synthesis temperature for Cs2Fe2(MoO4)3 and
CsFe5(MoO4)7 compositions was 1023 K (30 h), for CsFe4-
(MoO4)3 823 K (20 h). Polycrystalline samples CsFe5(MoO4)7 were
synthesized under a dynamic vacuum at 973 K according to Equa-
tion (3).

Single-Crystal Diffraction: Single-crystal X-ray diffraction data for
all compounds – Cs2Fe2(MoO4)3, Cs4Fe(MoO4)3 and CsFe5-
(MoO4)7 – were collected by using graphite-monochromatized Mo-
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Table 6. Crystal data and structure refinement.

Empirical formula Cs2Fe2(MoO4)3 CsFe5(MoO4)7 Cs4Fe(MoO4)3

Mr 857.34 1531.74 1067.31
Crystal system cubic monoclinic trigonal
Space group P213 P21/m P6̄2c
a [Å] at 298 K 10.9161(2) 6.9239(6) 6.2922(16)
b [Å] at 298 K 21.4477(19)
c [Å] at 298 K 8.6374(8) 23.937(13)
β [°] at 298 K 101.667(2)
V [Å3] 1300.78(4) 1256.17(19) 820.7(5)
a [Å] at 100 K 10.8910(4) 6.9171(4) 6.2529(8)
b [Å] at 100 K 21.4097(11)
c [Å] at 100 K 8.6384(5) 23.9368(15)
β [°] at 100 K 101.641(1)
V [Å3] 1291.82(8) 1252.97(1) 810.51(6)
Z 4 2 2
ρcalcd. [g cm–3] 4.378 4.050 4.319
Absorption coefficient [mm–1] 10.557 7.696 11.892
F(000) 1536 1406 936
Crystal size [mm] 0.07�0.05�0.04 0.06�0.04�0.04 0.14�0.10� 0.06
θ range for data collection [°] 2.64–32.87 1.90–30.51 1.70–30.59
Index ranges –16�h�7 –9�h�4 –8�h� 8

–16�k�14 –25�k�30 –8�k�5
–16 � l�15 –11� l�12 –34� l�28

Reflections collected 10034 9053 3980
Independent reflections 1562 [R(int) = 0.0279] 3904 [R(int) = 0.0205] 805 [R(int) = 0.0313]
Completeness to θ = 25.00° [%] 100.0 99.8 98.5
Max./min. transmission 0.6775/0.5253 0.7483/0.6552 0.5356/0.2868
Data/restraints/parameters 1562/0/60 3904/0/194 805/0/39
Goodness-of-fit on F2 1.433 1.028 1.035
Final R indices [I �2σ(I)] R1 = 0.0129 R1 = 0.0212 R1 = 0.0175

wR2 = 0.0294 wR2 = 0.0485 wR2 = 0.0367
R indices (all data) R1 = 0.0141 R1 = 0.0267 R1 = 0.0267

wR2 = 0.0296 wR2 = 0.0497 wR2 = 0.0394
Absolute structure parameter 0.001(12) 0.38(7)
Extinction coefficient 0.00270(13) 0.00046(8) 0.00338(15)
Largest diff. peak/hole [eÅ–3] 0.763/–0.496 2.643/–1.269 0.551/–0.365

Kα radiation (λ = 0.71073 Å) at 298(2) and 100(2) K with a Bruker
Kappa Apex II CCD diffractometer equipped with a 4 k CCD area
detector (Table 6). The φ-scan technique was employed to measure
intensities. Absorption corrections were applied by using the SAD-
ABS program.[20] The crystal structures were solved by direct meth-
ods and were refined by full-matrix least-squares techniques with
the use of the SHELXTL package.[21] All atomic thermal param-
eters were refined anisotropically. Since single-crystal X-ray diffrac-
tion experiments at 298 and 100 K revealed no phase transition in
this temperature range, only cell parameters at 100 K are given in
Table 6, whereas all further structure descriptions and refined
parameters are based on the room-temperature experiments.
Further details of the crystal structure investigations can
be obtained from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (Fax: +49-7247-808-666;
E-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-karlsruhe.de/
request_for_deposited_data.html) on quoting the depository num-
bers CSD-422752 [for Cs2Fe2(MoO4)3], -422753 [for Cs4Fe-
(MoO4)3], and -422754 [for CsFe5(MoO4)7].

Powder X-ray Diffraction: Phase analysis and determination of cell
parameters at room temperature of CsFe5(MoO4)7 were carried out
by means of X-ray powder diffraction (XPD) with a STOE STADI
P diffractometer (Cu-Kα1 radiation, λ = 1.54059 Å) in transmission
mode and by applying Rietveld refinements using FULLPROF.

Powder Neutron Diffraction: Elastic coherent neutron scattering ex-
periments were performed on the high-resolution powder dif-
fractometer SPODI at the research reactor FRM-II (Garching,
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Germany) with monochromatic neutrons of 1.5481(1) Å wave-
length.[22] Measurements were performed in Debye–Scherrer geom-
etry. The powder sample (ca. 0.3 cm3 in volume) was filled into a
thin-wall (0.15 mm) vanadium can (10 mm in diameter) and then
mounted in the top-loading closed-cycle refrigerator. Helium 4 was
used as a heat transmitter. The instantaneous temperature was
measured with two thin-film resistance cryogenic temperature sen-
sors Cernox and controlled by a temperature controller from Lake-
Shore. Two-dimensional powder diffraction data were collected at
4 and 30 K by using a wavelength of 2.536 Å, and then corrected
for geometrical aberrations and curvature of Debye–Scherrer rings.

Magnetic Properties: The magnetic properties of CsFe5(MoO4)7

were studied with a superconducting quantum interference device
(SQUID) from Quantum Design. The sample was placed inside a
gelatine capsule and fixed inside a straw attached to the rod, which
is part of the SQUID device and enables the positioning and con-
trolled movement of the sample. The measurements were per-
formed under helium. Measurements were performed upon heating
in field-cooled (FC) and zero-field-cooled (ZFC) mode in the tem-
perature range from 1.8 to 350 K and a field strength of up to
6.0 T.
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