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Polycrystalline Eu,Mo30,, has been synthesized and charac-
terized by X-ray and electron diffraction, high resolution
electron microscopy and magnetic measurements. This oxide
shows a complex scheelite superstructure whose essential
feature is the existence of isolated Mo tetrahedra. Each Mo
atom has four oxygen neighbors at distances ranging from
1.75 to 1.91 A, whereas each Eu atom has eight oxygen

neighbors at 2.43 A. The temperature dependence of the in-
verse magnetic susceptibility shows that Eu,Mo3;0,, behaves
as a Curie-Weiss paramagnet at high temperature (160-—
300 K), whereas in the range 100-20 K it shows Van Vleck
paramagnetism.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Rare earth molybdates constitute a large family of mate-
rials with interesting physical properties which depend on
the crystal structure, rare earth element and molybdenum
oxidation state. Initial interest was developed due to fluo-
rescence properties.!! Later on, new applications were re-
ported for the molybdenum highest oxidation state (VI).
Ferroelectric/ferroelastic properties have been described for
Gd>Mo0504,,1 whereas La,MoOg! shows catalytic behav-
ior and La,Mo,0o is a fast ionic conductor. More re-
duced molybdates present some interesting transport prop-
erties such as metal-insulator transitions, as is the case of
La,Mo0,0,-% which exhibits short Mo—Mo distances.

The chemical nature of the lanthanide element strongly
influences its structural type. For instance, at least three
polymorphs have been described for the Ln,Mo03;0,, com-
plex. The La,Mo50,,") structure is formed by a network of
corner-sharing square-antiprismatic and tetrahedral sites,
with La having eightfold and Mo slightly distorted tetrahe-
dral oxygen coordination. The structure is related to the
scheelite (CaWQ,) type®! from which it can be derived
through vacancy ordering of one third of the Ca sites. Near-
est-neighbor environments of the cations resemble those of
the scheelite. Gd,Mo050,,1?! presents two polymorphs with
different symmetries; both structures contain a network of
corner-sharing polyhedra in which Gd and Mo cations are
coordinated by seven and four oxygen atoms, respectively.
Tb and Mo stabilize the same oxygen environment in
Tb,M030,,.”
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The europium-molybdenum systems are attractive as a
result of their structural and compositional variation. Such
variation arises from the ability of isolated MoO, tetrahe-
dra and Mo, O,, structural units to be incorporated, in an
ordered manner, giving rise to the stabilization of phases
with different Eu/Mo ratios. For instance, the crystal struc-
ture of EugMo,045!' comprises four MoOQ, tetrahedra,
and Mo,0Og and Mo0,,0;; structural units which, connected
by sharing corners, form polymeric [Mo040,7] chains. Eug.
Mo;(O30!'1 and Eu,Mo50,5!"'?! are formed by MoO, and
Mo,0; units, which are three-dimensionally arranged. Euy.
Mo,0,,'"1 is a layered compound consisting of MoO, and
Mo;0;; units, while EuMoO,4!'3! adopts the scheelite struc-
tural type where isolated MoO, tetrahedra constitute the
three-dimensional structure. Finally, the crystal structure of
EugMo;(05o!'1is characterized by bioctahedral Mo clus-
ters forming extended chains.

In this work, we report the synthetic conditions and
characterization, by means of X-ray Rietveld refinement,
electron diffraction (ED), high resolution electron micro-
scopy (HREM), electrical resistivity and magnetic suscep-
tibility, of a new europium molybdate with the composition
Eu,Mo050,,. The structural relationship between this phase
and the scheelite structural type is reported.

Results and Discussion

The cationic composition, as analyzed by energy-disper-
sive X-ray spectroscopy, is in agreement with the nominal
composition, Eu,M030;,. The corresponding X-ray pow-
der diffraction pattern (Figure 1) can be fully indexed on
the basis of a monoclinic unit cell with space group, C2/c,
and lattice parameters a = 7.5613(3) A, b = 11.4685(5) A,
¢ = 11.5055(5) A and $ = 109.309(3)°, no extra reflections
being detected.
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Figure 1. Experimental, calculated and difference X-ray diffraction
patterns for Eu,M050,

The Eu,Mo030;, structure has been initially determined
by ED and HREM (Figure 2). The HREM micrograph
along the [100] zone axis (Figure 2b) shows an apparently
well ordered material with d-spacings 5.7 and 3.6 A, corre-
sponding to dg,y and dggs, respectively. Following the b axis,
a layer of bright dots alternate with brighter ones in an
ordered manner. This contrast can be associated with rows
of tetrahedrally coordinated Mo atoms arranged at dif-
ferent heights along the a axis. These structural features are
those presented by Eu, W50, which can be described as
a three-dimensional distribution of WO, tetrahedra linked
by EuOg units. Therefore, from the Eu,W30;, atomic coor-
dinates, an image calculation was performed in the C2/c¢
space group. The simulated image (shown in the inset) com-
pare well with the experimental one at Az = 6 nm and Af
= 70 nm.

Figure 2. (a) HRTEM image of Eu,Mo030,, along [100], (b) corre-
sponding FT. Simulated image is shown in the inset

On the basis of these results, an X-ray profile refinement
was performed. The structure was solved in the C2/¢ space
group taking the Eu,W;0, crystallographic data as the
starting point. Peak shapes were described by pseudo-Voigt
functions. Figure 1 shows the graphic results of the fitting
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of the experimental X-ray diffraction pattern and the differ-
ence between observed and calculated data. The refinement
was stable and it was possible to refine the positions of oxy-
gen atoms, provided a temperature factor for each type of
atom was used. The structural model is depicted in Fig-
ure 3. The final structural parameters are collected in
Table 1, whereas Table 2 shows some selected inter-atomic
distances. The structure refinement confirms isotypism with
Eu,W50,,.4 The crystal structure of the Eu,Mo50, is
formed by isolated Mo(1)O, tetrahedra and Mo,(2)Og
groups constituted by very irregular Mo(2)Os trigonal bi-
pyramids. Mol forms a MoO, tetrahedron with M-O
average distances of 1.78 or 1.83 A. The M0,Og group com-
prises of two Mo(2)Os trigonal bipyramids sharing one
edge. They are formed by three oxygen neighbors at dis-
tances of 1.79, 1.76, and 1.75 A, a fourth one at 1.91 A,
and a fifth at 2.4 A. Figure 4 shows a view of the M0,Og
group. Such a dimeric group is also present in isostructural
Eu,W;0,, but, in this case, the distance to the fifth
neighbor is smaller, close to 2.19 A. However, a similar
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Figure 3. Structural model along a-axis of Eu,Mo030,. Black dots
represent Eu atoms whereas grey dots correspond to Mo atoms

Table 1. Final structural parameters of Eu,Mo030,,

Atom x/a yIb zle B (A? Occ.
Eul  033256) 03771(3) 040892  1.10685) 1
Mol 0 0.1293(5) 1/4 1.75(11) 1
Mo2  0.1491(8)  0.3885(3) 0.0594(2)  1.75(11) 1
ol  0.1733) 0.046(1) 02142)  1.36Q1) 1
02 0.1363) 0211(2) 03872)  1.36Q1) 1
03 0250(3) 03132)  0.1982)  1.36(1) 1
04  0346(3)  0461(1)  0.0392)  1.36Q1) 1
05  0.0333) 04752)  039%2)  1.36Q1) 1
06  04493)  02082)  0.0642)  1.36(1) 1

S.G. C 2/c (15), a = 7.5613(3) A, b = 11.4685(5) A, ¢ =
11.5055(5) A,

B =109.309(3)° ¥ = 941.598(63) A3,

Rp = 0.041, Ry, = 0.064, Ry, = 0.113, 3> = 3.12.

Table 2. Selected inter-atomic distances (A) in Eu,M050,,

Eul-O1: 2.39 (2) Mol1-0O1: 1.78 (2)
Eul-02: 2.38 (2) Mol1-02: 1.83 (2)
Eul-02: 2.49 (2) Mo2-03: 1.75 (2)
Eul-03: 241 (2) Mo2-04: 1.79 (2)
Eul-04: 2.49 (2) Mo2-05: 1.91 (2)
Eul-04: 2.37 (2) Mo2-06: 1.76 (2)
Eul-05: 2.48 (3) Mo2-05: 2.40 (2)ial
Eul-06: 2.49 (2) Mo2-Mo2: 3.38 (2)
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value (2.39 A) is observed in the related oxide Euy-
Mo,0,7.1"1 The Eu atom has eight oxygen neighbors at an
average distance of 2.43 A with a distorted square-antipris-

matic coordination as observed in related europium ox-
ides.[!1]

Figure 4. Structural details of the Mo,Og group

The EuMoOy,!'¥ scheelite related structure is depicted in
Figure 5a. The analogy with Eu;Mo050,; can be clearly seen
by comparing Figures 5a and b. Both structures are formed
by similar [MoQ,] units of isolated tetrahedra. The essential
structural difference is related to the europium atoms pla-
nes. In the scheelite EuMoQO, structure, the three crystallo-
graphic Eu planes, indicated by solid lines in Figure Sa, are
fully occupied and equidistant along the [120] direction.
The ordered elimination of one of every three Eu planes in
EuMoOy, leads to the Eu,Mo030;, structure (Figure 5b).
This Eu elimination process has less influence on the Eu
coordination than in the Mo one. Whereas in the scheelite
structure Mo only adopts tetrahedral coordination, in the
Eu,Mo050,, oxide, Mo is also trigonal bipyramidally coor-
dinated.

Figure 5. Schematic representation of the structural relationship
between (a) EuMoO, and (b) Eu;Mo030,,. Both structures are pro-
jected along the ¢ axis of the scheelite cell, which is outlined by
broken lines. Black dots represent the Eu atoms, which are elimin-
ated in Eu,Mo030;,. The steps involving the EuMoO, to Eu,-
Mo;0;, transformation are shown

From the crystallographic point of view, monoclinic (C2/
¢) Eu,Mo030;, can be considered as a superstructure of te-
tragonal (/4,/a) EuMo0Qy as depicted in Figure 5a. The mo-
noclinic cell parameters a,,, b,,, and c,, can be related to
the tetragonal ones a, and ¢, by means of the expression:
a,, = at\%, b,, = ¢, and ¢,, = atﬁ. Furthermore, the sym-
metry C2/c is a subgroup of 14,/a.
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On the other hand, different physical properties have also
been explored. First, from an electrical point of view, Eu,-
Mos0,, behaves as an insulator at room temperature.

The temperature dependence of the molar susceptibility
is shown in Figure 6. The curve shape resembles that re-
ported by Holsa et al.l'l but y is smaller by 14-30% than
their data at all the temperatures measured. The 3! value
follows the Curie—Weiss law down to about 160 K and then
is constant for the lower temperature range between 100
and 20 K. Finally, below 20 K, a sharp decrease in the in-
verse susceptibility is observed. This behavior can be quali-
tatively explained by the exceptional "F; (J = 0-6) ground
term energy level Scheme of the Eu?* ion.['®!”) The "F,-
7F, energy gap is large enough to induce a plateau in the
inverse paramagnetic susceptibility curve due to the con-
stant temperature independent paramagnetism, since prac-
tically only the ground level ’F, is populated. The ’F,
ground level is non-magnetic and gives no contribution to
the Eu,Mo030,, susceptibility at low temperatures. At the
higher temperature range, the population of the closely
spaced higher "Fy (J = 1-6) levels leads to the normal Cu-
rie-Weiss paramagnetism. It can be concluded that for
Eu®*, the crystal field plays a significant role in the suscep-
tibility. Below 15 K, a sharp decrease in the inverse suscep-
tibility is observed. This has been already been observed
with other Eu compounds, as in the oxychloride EuOX (X
= Br, CI),['>1 and attributedto the presence of a slight
amount of Eu?* impurity, since Eu®>* with the *f; electron
configuration has high paramagnetic susceptibility. In order
to understand this phenomenon, a study on partially re-
duced Eu’* samples is in progress.
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Figure 6. Temperature evolution of the magnetic susceptibility y
(squares) and y ' (black dots) of Eu,M050,,

Experimental Section

Polycrystalline Eu,Mo50,, was synthesised by heating stoichiomet-
ric amounts of Eu,0O; (Aldrich; 99.98%) and MoO, (Aldrich;
99+%) in air at 900 °C for 4 days and then quenched to room
temperature.

Powder X-ray diffraction patterns were collected with CuKa radia-
tion at room temperature on a PHILIPS X’PERT diffractometer
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equipped with a graphite monochromator. Diffraction data were
analyzed by the Rietveld method!"$! using the Fullprof program.!*‘]

The sample was characterized by ED and HREM using a PHILIPS
CM200 FEG electron microscope, fitted with a double tilting goni-
ometer stage (+40°, +24°). Local composition was analyzed with
an EDAX DX-4 analyzer system attached to the above microscope.
Simulated HREM images were calculated by the multislice method
using the MacTempas software package. Magnetic properties were
measured with a SQUID magnetometer, over the temperature
range 2 to 300 K, and magnetic fields up to 5 T.
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