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Glossary

Symbol

SI

Å

1·10-10 m

Angstrom

2θ

°

diffraction angle

h, k, l

-

Miller indices

d

10-10 m

d value

f

e / atom

form factor

f’, f’’

e / atom

anomal dispersion corrections

a, b, c

10-10 m

lattice constants

α, β, γ

°

lattice angles

x/a, y/b, z/c

-

atom positions

T

K

temperature

x

mol

moles

g

kg

mass

ρ

g/cm3

densitiy

M

emu

magnetization

H

G

magnetic field

θ

K

Weiss constant

µB

Bohr magnetons

magnetic momentum

C

emu K

Curie constant

Cm

emu g K

Curie constant (mass dep.)

Cχ

emu g G K

Curie constant (mass + field dep.)

V/O

(10-10 m)3

volume per oxygen atom
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Introduction

Rhenium, the 5d element of the manganese group, was discovered in 1925 by Ida and Walter
Noddack [1- 3]. Besides other aspects in rhenium chemistry, summarised extensively by
Peacock in 1973 [4] and by Rouschias in 1974 [5], several research groups worked on
preparation and characterisation of binary and higher rhenium oxides.
In comparison to this rather large number of phases only a small number of ternary oxides in
the system Ln2O3 – ReO2 – ½ Re2O7 (with Ln a lanthanide element or yttrium) have been
published, even less have been investigated with respect to their crystal structure, their
chemical and physical behaviour. Though all of these rare-earth rhenium oxides are nonmetals, isolated metallic Re-Re bonds are typical for most of these compounds with a rhenium
oxidation state below +6. Concerning the binary rhenium oxides, ReO3 shows already
metallic behaviour, i.e. Pauli paramagnetism and metallic conductivity. Therefore, rare-earth
rhenium oxides might pass from semiconductors to compounds with metallic behaviour for
increasing Re-content.
Rare-earth elements are often chosen in structural chemistry because of their ability to vary
the electron configurations and magnetic properties in a wide range while keeping nearly the
same chemical behaviour in their reactions. Their combination with rhenium to ternary oxides
of different stoichiometries should result in an incomparable structural variety.
Some of the already known compounds in the system Ln2O3 – ReO2 – ½ Re2O7 have only
been synthesized with one or at least not all rare-earth elements. A closure of these gaps in the
list of known phases is of interest investigating the influence of the respective rare-earth
element on the crystal structure and the physical properties of the resulting compound. Yet,
the lanthanide contraction with a decrease of the ionic radius from cer to lutetium by
approximately 0.15 Å should cause a variation in the structure of the resulting compounds.
Thus the aim of this work has been the search for new phases in the system Ln2O3 – ReO2 – ½
Re2O7 with a focus on the synthesis of rhenium-rich compounds to check the hypothesis of
increasing metallic behaviour due to an increasing Re-content.

2 The system Ln2O3 – ReO2 – ½ Re2O7: literature review
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The system Ln2O3 – ReO2 – ½ Re2O7: literature review

In the late nineties of the 20th century only a few phases in the system Ln2O3 – ReO2 – ½
Re2O7 (Ln = lanthanide or yttrium) have been known and even less compositions have been
confirmed by a complete structure determination.
To give a better impression of the state of the art at the beginning of this thesis a scheme of
published phases in the system Ln2O3 – ReO2 – ½ Re2O7 is presented in figure 2.1.
Broken lines symbolize the oxidation states of rhenium from +4 to +7, lines drawn from the
right to the left side of the triangle the Ln : Re ratio from 0 : 1, 1 : 1, 2 :1 to 7 : 1. Each
reported stoichiometry is displayed by a circled number. Blue numbers figure compounds
with one or more existing structure solution, yellow numbers postulated compositions.

Compound

with Ln =

1: Ln3ReO8

Y, La-Lu

2: Ln(ReO4)3

Y, La-Lu

3: Ln3Re2O10

La,Pr

4: Ln3ReO7

Nd, Pr, Sm

5: Ln4Re2O11

Pr-Gd

6: Ln5Re2O12

Y, Dy-Lu

7: Ln3Re2O9

La,Pr Nd,Sm

8: Ln4Re6O19

La-Nd

9: Ln2ReO5

Y,La,Nd,Sm-Lu

10: Ln2ReO6

La

12: Ln6Re2O13

Nd,Sm,Gd *

13: Ln4Re3O12

La,Nd*

*postulated

Figure 2.1:

Scheme of known or postulated phases in the system Ln2O3 – ReO2 – ½ Re2O7

The following chapter should give a short description of these phases in the system Ln2O3 –
ReO2 – ½ Re2O7 separated into binary and ternary oxides, for each in respect to the rhenium
oxidation state.

2 The system Ln2O3 – ReO2 – ½ Re2O7: literature review
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2.1 Binary rhenium oxides in the system Ln2O3 – ReO2 – Re2O7
The oxidation state of rhenium in its binary oxides ranges from +3 up to +7. Since the number
of structural different rhenium oxides is rather small, no subsections are introduced.
The preparation of rhenium(III)oxide hydrate Re2O3⋅H2O was discovered in 1933 by
Geilmann and Wrigge [6].

Rhenium(IV)oxide is dimorphous. The preparation of the black ReO2 has been reported first
by Biltz in 1933 [7]. The crystal structure of the monoclinic low-temperature modification, αReO2, has been published in 1957 by Magneli [8]. It is built up by staggered strings of
[ReO6]-octahedra as in brookite connected by shared corners as in rutile.
The orthorhombic high-temperature modification β-ReO2 is formed irreversibly above 733 K
from α-ReO2. The crystal structure of β-ReO2, as described by Rogers et al. in 1969 [9], is
built up by zigzag chains of [ReO6]-octahedra, sharing edges, interconnected by common
corners.

In 1932 Biltz, Lehrer and Meisel [10, 11] reported their investigations on the red
rhenium(VI)oxide and its structural relation to tungsten(VI)oxide. The solution of the cubic
ReO3-structure similar to the perowskite without the centering atom was published by Sleight
and Gilson in 1966 [12] and later confirmed by Dickens and Whittingham in 1968 [13].
Several high pressure modifications have been reported by Jørgensen et al. [14, 15].

In 1968 Krebs solved the structure of the pale yellow, hygroscopic Re2O7 which forms
double-layers of [ReO4]-tetrahedra sharing corners which are alternatingly connected by
[ReO6]-octahedra [16-18].

Re2O5 was first mentioned by Walter and Ida Noddack in 1929 as a purplish red compound
[2]. Other works from Briscoe et al. (1931) [19], Roth et al. (1932) [20], Meisel (1932) [11]
described alternative preparation methods for this red product supposed to be ReO3 by later
publications. Papers from Tribalat et al. (1965) [21] and Borisova et al. (1968) [22] gave
reports on a blackish-blue compound with a tetragonal cell, Colaitis et al. (1973) [23] wrote
about a monoclinic cell for Re2O5, comparable to V2O5. However, a conclusive structure
solution for the Rhenium(V)oxide is still lacking.

2 The system Ln2O3 – ReO2 – ½ Re2O7: literature review
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2.2 Ternary oxides in the system Ln2O3 – ReO2 – ½ Re2O7
In its ternary oxides rhenium occurs in oxidation states from +4 up to +7 sometimes even in
formally broken stoichiometries. Hereby, highest stability is reached in compounds containing
Re(+7). Ternary rhenium oxides with a lower oxidation state often disproportionate already
under mild conditions yielding a Re(+7) phase. Therefore those few stable oxides in the
system Ln2O3 – ReO2 – ½Re2O7 with rhenium in an oxidation state lower than +VII are of
major interest with respect to their chemical and physical behaviour.
The rhenium atoms in ternary rare-earth rhenium oxides with Re(+6) or Re(+7) appear
consequently in an isolated rhenium - oxygen coordination. In compounds with rhenium in
formal oxidation states from +5.5 to +4 the rhenium atoms are coordinated to the oxygen
atoms by [Re2O10]-units sometimes with Re-Re bonds shorter than those in metallic rhenium
(2.76 Å). These [Re2O10]-units are built by [ReO6]-octahedra sharing edges. For an oxidation
state of +5 a second rhenium - oxygen coordination polyhedron occurs, [Re2O8]-units with
rhenium coordinated either in squared prisms or squared anti-prisms to the oxygen atoms.
Figure 2.2 represents these different types of Re-O coordination polyhedra.

Figure 2.2:

Coordination polyhedra with Re-Re bonds: left [Re2O10]-double octahedra,
middle [Re2O8]-squared prism, right [Re2O8]-squared anti-prism.

In the following part a closer look on the crystal structures of the published rare-earth
rhenium oxides shown in the diagram of known phases of the system Ln2O3 – ReO2 – ½Re2O7
(Figure 2.1) will be given in the order of decreasing oxidation state of rhenium.

2 The system Ln2O3 – ReO2 – ½ Re2O7: literature review
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Rhenium(+7)

For Re(+7) the most frequently discussed compounds in the system Ln2O3 – ReO2 – ½Re2O7
are the rare-earth perrhenates Ln(ReO4)3 (with Ln = lanthanides and Y). Although already
discovered as dehydration products of the rare-earth perrhenate hydrates Ln(ReO4)3

·

nH2O

(n = 1 to 4) by Varfolomeev and Plyushef in 1966 [24], Khrustalev et al. have published the
crystal structure of Yb(ReO4)3 in 1993 [25]. Rhenium is coordinated to the oxygen atoms by
[ReO4]-tetrahedra. Each [ReO4]-tetrahedron is sharing corners with 3-fold capped trigonal
[LnO9]-prisms.
Various studies concern rare-earth rhenium oxides Ln3ReO8. First published in 1974 by Baud
and Besse [26] the structure of the monoclinic Sm3ReO8 crystallizes with octahedrally
coordinated rhenium atoms and [Sm4O]-tetrahedra which finally has been solved by Besse et
al. in 1976 [27].
The crystal structure of La3ReO8 has been published in 1979 by Baud et al. and in 1984 by
Rae-Smith et al., a report on Y3ReO8 was given by Baud et al. in 1981 [28-30]. The cubic,
fluorite related structure of Ln3ReO8 with Ln = Tb, ..., Lu is also built by [Ln4O]-tetrahedra
and an 8-fold coordination of the rhenium atoms by [ReO8]-cubes.

2.2.2

Rhenium(+6)

Only one publication on rare-earth rhenium oxides with rhenium in the oxidation state +6 can
be considered as reliable. In 1974 Kurbanov and Mirishli gave a description of the La2ReO6
ceramics [31].
Ln6ReO12 compounds had already been proposed in 1964 by Aitken et al. [32] but no
successful preparation has been reported.

2.2.3

Rhenium in the formal oxidation state of +5.5

In 1986 Torardi and Sleight [33] published the crystal structure of La3Re2O10, a ternary rareearth rhenium oxide with rhenium ions in the formal oxidation state of +5.5. Prepared
hydrothermally at 700°C and 0.3 GPa the oxide crystallizes in a monoclinic cell, space group
C2/m, with isolated [Re2O10]-units with Re-Re bond lengths of 2.48(1)Å . These [Re2O10]-

2 The system Ln2O3 – ReO2 – ½ Re2O7: literature review
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units are connected to a three dimensional network by two crystallographically not equivalent
lanthanum atoms in an 8-fold coordination. Each Re-Re pair is connected by a σ-bond and
one delocalized free electron. As La3Re2O10 reveals the typical behaviour of a semi-conductor
the autors concluded that this electron should remain within the [Re2O10]-unit.

Figure 2.3:

Crystal structure of La3Re2O10, view on the isolated [Re2O10]–double
octahedra.

2.2.4

Rhenium(+5)

The same [Re2O10]-units have been found in the crystal structure of Nd4Re2O11 by Wilhelmi
et al. in 1970 [34]. This rare-earth rhenium oxide crystallizes in a tetragonal cell, space group
P42/n, with a Re-Re bond of 2.42(1) Å in the [Re2O10]-units, which are interconnected by
[Nd4O]-tetrahedra. Each Nd atom is 8-fold coordinated to oxygen atoms with Re-O bond
lengths between 2.32 and 2.55 Å.

Sm3ReO7 is the only exception of a rare-earth rhenium oxide with a Re oxidation state <+6
crystallizing in a structure without any Re-Re bonds. The crystal structure was published in
1996 by Wltschek et al. [35] based on an orthorhombic cell, space group Cmcm, with chains
of [ReO6]-octahedra sharing corners. These chains are interconnected by samarium atoms in
two different coordinations, distorted octahedra or rhombic prisms. Both Sm coordination
polyhedra build up chains by sharing edges.

2 The system Ln2O3 – ReO2 – ½ Re2O7: literature review
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Chains of [ReO6]-octahedra sharing corners.

Rhenium in the formal oxidation state of +4.5 and +4 1/3

Several articles on Ln5Re2O12 compounds with rhenium in the formal oxidation state of +4.5
have been published but all groups had difficulties in the respective structure solution. In
1977 Savel’eva [36] gave a first description of rare-earth rhenium oxides with the
stoichiometry Ln5Re2O12 for Ln = Y, Dy, ..., Lu. A first structure model for Dy5Re2O12 was
calculated in 1983 by Baud et al. [37] revealing a monoclinic cell, space group P21/m.
Dysprosium atoms are combining planes of [DyO6]-octahedra-connected chains of [ReO6]octahedra to a three dimensional network. Nevertheless, the correct refinement of this
structure model failed because of twinning.
A more accurate model, based on a centered monoclinic cell built by chains of distorted
[ReO6]-octahedra with Re-Re bonds of 2.437Å, was published for Ln = Ho by
Heumannskämper and Jeitschko in 1987 [38], but all atomic parameters were lacking.

Another rare-earth rhenium oxide with Re(+4.5) is Ln3Re2O9, crystallizing in a triclinic cell,
space group P 1. Built by isolated [Re2O10]- and [Re2O8]-units the exact stoichiometry should
be named Ln6[Re2O8][Re2O10]. This compound was discovered by Besse et al. in 1978 with
Ln = La [39], Heumannskämper and Jeitschko had published the isotypic structure of
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Sm3Re2O9 in 1988 [40]: lanthanide atoms are surrounded by isolated [Re2O10]-double
octahedra and squared antiprismatic [Re2O8]-clusters.

Figure 2.5:

[Re2O10]- and eclipsed [Re2O8]-units in Sm3Re2O9.

In 1968 Longo and Sleight [41], Morrow and Katz [42] and Sleight [43] reported
independently on La4Re6O19, a ternary rare-earth rhenium oxide crystallizing in a cubic bodycentered cell, space group I23. Its crystal structure is built up by a three dimensional network
of [Re2O10]-units with Re-Re bonds of about 2.422Å. Two oxygen atoms of the [Re2O10]double octahedra point simultaneously to the two outer equatorial atoms of the next [Re2O10]unit, forming hexagonal channels. Lanthanum atoms 10-fold coordinated in [La4O]-tetrahedra
are settled inside these channels. Therefore, the stoichiometry should have been precisely
written as (La4O) · (Re6O18) with rhenium in a formal oxidation state of +4 1/3!

2 The system Ln2O3 – ReO2 – ½ Re2O7: literature review

Figure 2.6:

12

View into one of the three hexagonal channels in the unit cell of Ln4Re6O19.

A more recent work concerning rare-earth rhenium oxides of the composition Ln4Re5.49O19
with Ln = La, Ce, Pr and Nd was published in 1998 by Bramnik et al. [44].

2.2.6

Rhenium(+4)

Reports on compounds with the stoichiometry Ln2ReO5 were given by Muller and Roy in
1969 (Ln = Y, Nd, Sm, Gd, Dy, Er and Yb) [45] and Savel’eva et al. in 1977 (Ln = Y, Gd –
Lu) [36].
In 1976 Walterson published the structure of La2ReO5 [46] which crystallizes in a tetragonal
body-centered cell, space group I4/m. The Re+4-ions are four-fold coordinated by oxygen to
[Re2O8]-units building chains along [001].
Heumannskämper and Jeitschko (1988) (Ln = Eu) [40], Wltschek et al. (1997) (Ln = Sm) [47]
and Jeitschko et al. again (1999) (Ln = Sm, Eu, Gd) [48] reported about compounds Ln2ReO5
crystallizing also in a tetragonal cell, but space group P4/n.

In 2000 Mujica et al. (Ln = Eu) [49] referred to the two different types of [Re2O8]-units, the
tetragonal prismatic and the tetragonal antiprismatic configuration with the oxygen atoms in a
staggered or in an eclipsed arrangement with respect to the Re-Re three-fold bond.

Other compounds with rhenium in the formal oxidation state +4 have been published, but are
not supported by a structure determination or other results confirming the proposed
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stoichiometries. In 1969 Muller and Roy reported on rare-earth rhenium oxides Ln6Re2O13
with Ln = Nd, Sm and Gd and Ln4Re3O12 with Ln = Nd [45]. The latter stoichiometry has also
been discussed by Baud and Capestan in 1968 with Ln = La [50].

For an overview, all compounds in the system Ln2O3 – ReO2 – ½Re2O7 which have already
been published at the beginning of this thesis are summarized in Table 2.1.

Re oxidation Stoichiostate

metry

+4

Ln2ReO5

Ln

Re-Re unit

Space group References

Y, La, Nd,

[Re2O8]

P4/n, I4/m

[40, 45-49]

Sm - Lu
+4

Ln4Re3O12

La, Nd

[45, 50]

+4

Ln6Re2O13

Nd, Sm, Gd

[45]

+4 1/3

Ln4Re6O19

La - Nd

[Re2O10]

I23

[41-43]

+4.5

Ln3Re2O9

La, Pr, Nd,

[Re2O8],

P1

[39, 40]

Sm

[Re2O10]
[Re2O10]

C2/m

[36-38]

Cmcm

[35]

+4.5

Ln5Re2O12

Y, Gd – Lu

+5

Ln3ReO7

Nd, Pr, Sm

+5

Ln4Re2O11

Pr - Gd

[Re2O10]

P42/n

[34]

+5.5

Ln3Re2O10

La, Pr

[Re2O10]

C2/m

[33]

+6

Ln2ReO6

La

+6

Ln6ReO12

Ho – Lu

R3

[53]

+7

Ln(ReO4)3

Y, La – Lu

P63/m

[24, 25]

+7

Ln3ReO8

Y, La – Lu

P21/a, P21/m, [26-30]

[31]

C21, Fm 3 m

Table 2.1:

Overview on the ternary rare-earth rhenium oxides with respect to their
stoichiometry, rare-earth elements, units with metallic Re-Re bonds,
space groups and references.
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2.3 Previous experiments

Preliminary results have already been obtained by the author and his colleagues before the
beginning of this work [51, 52]. Attempting to prepare compounds of the stoichiometry
Ln4ReO8 with Ln = Gd – Lu by heating mixtures of the respective lanthanide sesqui-oxides
and ReO2 in the ratio of 2 : 1 at 1473 K for 30 h led to compounds Ln8Re2O19 (Ln = Gd and
Dy). Annealing for 36 h with a cooling break after 12 h yielded compounds of the type
Ln6ReO12 for Ln = Ho – Lu [53].

2.3.1

(Ln0.81Re0.19)3O5.64

Described in [51] and [52] as a high temperature phase “HT1” crystallizing in a rhombohedral
cell, space group R 3 m and the broken stoichiometry (Ln0.81Re0.19)3O5.64, the compounds
(Ln0.81Re0.19)3O5.64 have rhenium in its highest oxidation state +7 which is a reasonable value
for a phase in the system Ln2O3 - ReO2 – ½Re2O7 tempered in air at high temperatures. On
the other hand, with Re7+ and Ln3+ sharing the same site randomly, the proposed structure
model does not seem to be reliable. Nevertheless, this phase occurs reproducibly when
prepared as mentioned above and remains stable at ambient conditions afterwards. A precise
structure solution may be obtained from single crystal data but a preparation of a large enough
crystal failed until now. Preliminary crystallographic data are given in table 2.2, figure 2.7
presents a powder pattern taken from (Gd0.81Re0.19)3O5.64.

Table 2.2:

Ln

a [Å]

c [Å]

Gd

3.770(1)

9.547(2)

Dy

3.749(3)

9.392(2)

Lattice constants of (Ln0.81Re0.19)3O5.64 (Ln = Gd and Dy)
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Figure 2.7:

Observed and calculated powder pattern of (Gd0.81Re0.19)3O5.64 with difference
plot and reflection markers from the Rietveld refinement (Cu-Kα1 radiation).

2.3.2

Ln6ReO12

The five ternary oxides with the composition Ln6ReO12 have been the first with an accurate
structure solution for samples in the system Ln2O3 – ReO2 – ½ Re2O7 with rhenium in the
oxidation state of +6. They crystallize in a rhombohedral cell, space group R 3 . [ReO6]octahedra are connected by common oxygen atoms with 12 [LnO7]-clusters, 6 by sharing
edges, 6 by sharing corners (Figure 2.8)
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Crystal structure of the compounds Ln6ReO12 (Ln = Ho – Lu),
view along [100].

The Ln6ReO12 compounds had already been proposed in 1964 by Aitken et al. [32]. They
should crystallize in a rhombohedral cell, isostructural to the compounds Ln6MO12 with M =
U, Mo and W, respectively, as discovered by Bartram in 1966 [54]. Thus the structure
previously proposed has been confirmed with these experiments. The crystallographic data of
Tm6ReO12 are given in table 2.2 as a representative for all Ln6ReO12.

Atom

Site

x/a

y/b

z/c

Re

3a

0

0

0

Tm

18f

0.2527(3)

0.0411(5)

0.3543(3)

O1

18f

0.185(3)

0.042(4)

0.113(2)

O2

18f

0.226(3)

0.031(4)

0.599(2)

Table 2.2:

Positional parameters for Tm6ReO12.

Except for Lu6ReO12 a deviation from the ideal paramagnetic behaviour at low temperature
occurs for all compounds Ln6ReO12. The inverse magnetisation of Ho6ReO12, Er6ReO12 and
Tm6ReO12 is presented in figure 2.9.
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Tm6ReO12

Er6ReO12

Ho6ReO12

Figure 2.9:

Temperature dependent inverse magnetization of Ln6ReO12 (Ln = Ho, Er, Tm).
The drawn lines are presenting fits according to the Curie-Weiss law.

The magnetic behaviour of Lu6ReO12 is paramagnetic down to 1.7 K. A modified CurieWeiss law led to a magnetic moment of 1.5(2) µ B per Re+6 ion.

Every further attempt to prepare compounds of the stoichiometry Ln4ReO8 with changes in
the temperature program and/or Ln2O3 : ReO2 ratio failed.

3 Preparation and characterization methods
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Preparation and characterization methods

All ternary oxides in the system Ln2O3 – ReO2 – Re2O7 have been prepared in a very similar
way: Stoichiometric mixtures of the particular rare-earth oxide and rhenium(IV)- and/or
rhenium(VI)oxide have been ground under acetone in an agate mortar.
Platinum/rhodium (90/10) tubes (Degussa/Ögussa, specifications see table 3.1 and figure 3.1)
were cut into pieces of about 5 cm length and welded electrically at one side. The seam was
checked optically for any sign of leakage under a light microscope.

Material

Pt/Rh(90/10%) alloy

Diameter

3.5 mm +/- 0.05 mm

Wall thickness

0.2 mm +/- 0.03 mm

Weight

21 g

Table 3.1:

Specifications of the Pt/Rh tubes.

Figure 3.1: Pt/Rh tubes

After drying the mixed compounds were filled into the Pt/Rh (90/10) tubes which have been
sealed afterwards by welding, partly in air, partly under argon atmosphere to avoid possible
influences of air and moisture on the reaction products.
The sealed Pt/Rh (90/10) tubes were embedded in Al2O3 powder filled into a corundum
crucible and tempered with various temperature programs in a Gero 70-500 furnace
(specifications see table 3.2).

After heat treatment the samples have been investigated under a light microscope for optical
purity, presence of single crystals and stability.

The used educts are listed with manufacturer and purity in Table 3.3.
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Type

Gero 70-500 (vertical mounting)

Maximum Temperature

1873 K

Thermocouple

EL 18

Heating rods

3

Material

CrFeAl-alloy

Controller

Eurotherm 818

Tube material

Al2O3 (“Pythagoras”)
gastight, bottom side closed

Table 3.2:

Specifications of the Gero furnace.

compound

manufacturer

purity

ReO2

Strem Chemicals

99.9%

Aldrich

99.995%

Strem Chemicals

99.9%

Aldrich

99.9%

Eu2O3

Fluka

99.99%

Gd2O3

Fluka

99.99%

Tb2O3

Strem Chemicals

99.9%

Dy2O3

Riedel de Haën

99.99%

Ho2O3

Aldrich

99.9%

Er2O3

Aldrich

99.99+%

Tm2O3

Strem Chemicals

99.9%

Yb2O3

Aldrich

99.99%

Lu2O3

Aldrich

99.99%

Y2O3

Aldrich

99.99%

ReO3

Table 3.3:

Manufacturer and purity of the used educts
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A different method has been chosen for the preparation of the binary rhenium oxide Re3O10.
ReO2 and ReO3 in ratio 1 : 1 were ground under acetone in an agate mortar and pressed into
pellets. These pellets had been heated in a Bühler AM arcmelter afterwards. Further details of
this preparation method are given in chapter 6.

Phase analysis was carried out on a STOE STADI P powder diffractometer in transmission
mode with a curved position sensitive detector with an angular aperture of 40° in 2θ,
measurements for Rietveld refinements on a STADI P with a linear PSD with a 2θ-window of
6°. Further investigations on powder materials have been carried out at the beamline B2,
DESY / HASYLAB in Hamburg, Germany, using synchrotron radiation for high-resolution
studies.

Single crystals have been measured on a NONIUS CAD4 4-circle diffractometer in kappa
geometry, an Oxford Diffraction Xcalibur with CCD detector or at the beamline F1, DESY /
HASYLAB, Hamburg, Germany.

Neutron diffraction experiments had been carried out at the ROTAX beamline at the ISIS
laboratory in Didcot, UK.

DSC experiments were carried out using a SETARAM DSC 121, DTA/TG investigations on
a SETARAM TGA 92.

Transmission electron microscopy investigations have been performed with a Philips CM 20
UT with 200 KV acceleration voltage and a LaB6 cathode, the image of the Tm5Re2O12 was
obtained using a field emission gun scanning electron microscope Philips XL30 FEG.

4 Re in the formal oxidation state +4.5: Ln5Re2O12
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Except Sm3ReO7 all ternary oxides in the system Ln2O3 – ReO2 – ½ Re2O7 with rhenium in
an oxidation state < +6 show the characteristic [Re2O10]- or [Re2O8]-units in their crystal
structures. This coordination rule has also been valid for all reported structure models of the
compounds Ln5Re2O12 with Ln = Dy [37], Ho [38] and recently for Ln = Y, Gd – Lu
(Jeitschko et al., 2000) [55] with chains of distorted [ReO6]-octahedra in different monoclinic
cells.
The first exact solution of the crystal structure of the Ln5Re2O12 is one of the main parts of
this thesis and has been determined from a twinned Tm5Re2O12 crystal by synchrotron
diffraction [56].

4.1 Experimental
The samples leading to the structure solution of the Ln5Re2O12 had been prepared by
subsolidus reaction as described in chapter 3 from the rare-earth sesqui-oxides Ln2O3 and
ReO2 in ratio 1 : 1. Table 4.1 represents the details of the synthesis.

Table 4.1:

Ln

Er, Tm, Ho, Yb, Lu

x(Ln2O3)

0.0005 mol

x(ReO2)

0.0005 mol

Pt/Rh (90/10)-tubes

sealed under Ar-atmosphere

Heating ramp

300 K / h

Reaction temperature

1673 K

Reaction durance

12 h

Cooling ramp

180 K / h

Preparation details for Ln5Re2O12.

After opening the Pt/Rh (90/10)-tubes blackish-grey powders with metallic glittering contents
trickled out easily. The products have been investigated under a light microscope yielding
black, metallic glittering needles (figure 4.1) as well as tiny octahedra and grey powder.
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Scanning electron micrograph taken from the as synthesized Tm5Re2O12sample.

Powder patterns taken from each sample revealed at least two different phases, one of them
the cubic, fluorite related Ln3ReO8, space group Fm 3 m, the second the monoclinic Ln5Re2O12
phase.

4.2 Structure solution
A needle of approximately 100 µ m length and 10 – 15 µm diameter taken from the Tmsample was isolated and used for diffraction studies. Data collection was performed at the
beamline F1, a κ-goniometer with a 1K Smart CCD detector (Bruker/AXS, Karlsruhe), at
DESY/HASYLAB, Hamburg, Germany. The incident beam was monochromated by a
Si(111) double-crystal monochromator to a wavelength of 0.4275 Å. The beam was
unfocused and defined by a slit system to a cross section of 0.12 x 0.12 mm. Its intensity had
been monitored by NaI-scintillation counters, a feedback system on the second
monochromator crystal ensured constant incident beam intensity.
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Several data sets have been collected with a crystal–detector distance of 4 cm with 0.1°
rotation per frame and exposure times of 2 and 5 s. The ω scans at six different ϕ positions in
steps of 60° covered 90° in ω, ensuring a coverage of 100% and a redundancy > 12. The
integration has been performed with the SAINT program from Bruker/AXS, the absorption
correction of the diffracted beam has been calculated by spherical harmonic functions using
restrained full-matrix least squares following Blessing’s method (1995) [57].

The observed reflections led to structure models with space groups P21/m and P21 and a =
7.4805(4), b = 5.6744(3), c = 12.3717(7) Å and β = 107.816(2)°. However, refinement using
both models led to too short Re-O bonds of approximately 1 Å, the reliability values remained
at 15%. Therefore and because of unusual extinction rules, all reflections with h even and k +
l odd are systematically absent, the possibility of twinning was taken into account.

These extinction rules can be explained by centering and a twinning law based on two
domains, linked to each other by a rotation through 180° about the c*-axis. The
transformation to the standard setting is reached by interchanging the a and c-axis yielding C
symmetry and the lattice parameters a = 12.3717(7), b = 5.6744(3), c = 7.4805(4) Å and β =
107.816(2)°. The refinement of the non-overlapping reflections revealed a ratio of 3.4:1
between domain 1 and 2 which was used for the intensity separation of the overlapping
reflections. The set of reflections for the dominant domain with 4961 unique reflections and
an Rint of 5.32% was used for the structure solution and refinement using SHELXS97 and
SHELXL97 (Sheldrick 1990 and 1997) [58, 59].

4.3 Results
The atomic parameters of the refined structure model are listed in Table 4.2, the reliability
value R1 has been calculated to 6.82 % for 4165 reflections with Fo > 4σ(Fo) and to 8.17 % for
all 4961 unique reflections.
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Atom

Site

x/a

y/b

z/c

Ueq

Re(1)

(4g)

0

0.28367(4)

0

0.00224(3)

Tm(1)

(2d)

½

0

½

0.00381(5)

Tm(2)

(4i)

0.31373(2)

½

0.17505(5)

0.00319(4)

Tm(3)

(4i)

0.19638(2)

0

0.35973(5)

0.00313(4)

O(1)

(4i)

0.0012(4)

0

0.1787(8)

0.0057(5)

O(2)

(4i)

0.4989(5)

0

0.2053(9)

0.0076(6)

O(3)

(8j)

0.3459(3)

0.2520(8)

0.4265(7)

0.0060(4)

O(4)

(8j)

0.1655(3)

0.2461(8)

0.0833(8)

0.0063(4)

Table 4.2:

Fractional atomic coordinates and equivalent isotropic displacement
parameters (Å2)

The crystal structure of Tm5Re2O12 is built by chains of distorted [ReO6]-octahedra sharing
edges along [010]. The Re-Re distances are alternating between 2.455(1) and 3.219(1) Å.
These chains are interconnected along [001] by [TmO6]-octahedra via the equatorial O atoms
of two [ReO6]-octahedra of the chain with short Re-Re bonds. The [TmO6]-octahedra, with
Tm(1) by the notation of Table 4.2, are not connected to each other, Figure 4.2 displays this
layer.

Tm(2) and Tm(3) have a seven fold oxygen coordination yielding monocapped trigonal
[TmO7]-prisms with O(3) and O(4) forming the prisms and O(1) the capping atom. The
prisms for Tm(2) and Tm(3) are differing in the position of O(1) which is shifted from the
centre of the capped face leading to elongated edges O(1)-O(3) with 3.361 Å for Tm(2) and
3.296 Å for Tm(3) and shortened O(1)-O(4) bonds of 2.752 Å for Tm(2) and 2.734 Å for
Tm(3).
Zigzag chains of either [Tm(2)O7]- or [Tm(3)O7]-prisms are running parallel to [010] with the
capped face alternating up and down. These chains are connected to each other along [001] by
sharing edges O(3)-O(3) or O(4)-O(4). This frame builds a second layer which is shown in
figure 4.3.
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2.455 (1) Å

3.219 (1) Å

2-

O
4.5+
Re
3+
Tm

Figure 4.2:

Sketch of the [ReO6]-octahedra chains connected by isolated [Tm(1)O6]octahedra in Tm5Re2O12. The lengths of the alternating Re-Re bonds are
written in yellow (short) and green (long)..

2-

O
3+
Tm

Figure 4.3:

Second layer in Tm5Re2O12, view on the distorted monocapped trigonal prisms.
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Both layers are linked to each other building a 3-dimensional network. Each [Tm(2)O7]polyhedron is connected to four [ReO6]-octahedra, to two of them by common edges, to the
other two by sharing corners. The [Tm(3)O7]-prisms are connected with two [ReO6]- and two
[TmO6]-octahedra, all by sharing edges (figure 4.4).

2+

O
4.5+
Re
3+
Tm

Figure 4.4:

Crystal structure of Tm5Re2O12 with all O-atoms red, [ReO6]-octahedra green,
[Tm(1)O6]-octahedra cyan and [Tm(2)/Tm(3)O7]-prisms blue.

These results are in agreement with the structural aspects published for Ln5Re2O12 compounds
by Heumannskämper and Jeitschko preliminary in 1987 (Ln = Ho) [38] and by Jeitschko et al.
later in 2000 [52] (Ln = Y, Gd, ..., Lu). An isotypic structure has been published for ternary
rare-earth molybdenum oxides Ln5Mo2O12 (Ln = Y and Gd) by Torardi et al. in 1985 [60].
A small amount of the Er5Re2O12 sample had been investigated at the beamline B2 at DESY /
HASYLAB, Hamburg, by resonant diffraction at the Er LIII-edge using an imaging plate
detector [61]. Therefore, 10 data sets have been measured at different wavelengths close to
the Er LIII-absorption edge (8.45 keV). The imaging plate had been read on an external
scanner, and the obtained data have been used for Rietveld refinement using the monoclinic
cell of Tm5Re2O12 as the structure model.
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The imaging plate data had been of very good quality, so that the thermal displacement
parameters could be refined anisotropically after numerical absorption corrections. Resonant
diffraction has proved that no Re-atoms occupy Er-sites and vice versa. Furthermore, a very
small impurity has been identified as Er2O3. The refined values for the dispersion correction
terms f’ and f” in f = f0 + f’ + i f” are shown in figure 4.5 and are compared with literature

15

data for free Er+3-ions (drawn lines) [62].
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Figure 4.5:

Refined and theoretical values for the dispersion corrections f’ and f” versus Xray energy.

Powder data have been measured for all five Ln5Re2O12 samples with Ln = Er, Ho, Yb and Lu
on the STOE STADI P diffractometer. Based on the structure model of Tm5Re2O12 the crystal
structures have been refined by the Rietveld method using the FULLPROF software package
[63]. All Ln5Re2O12 are isotypic, the samples with Ln = Ho, Tm and Lu contained a second
phase, which could be identified easily as the cubic fluorite structure of the respective
Ln3ReO8. Figure 4.6 displays the powder pattern of the pure Yb-sample as a representative,
lattice constants and cell volume for all Ln5Re2O12 compounds are given in table 4.4.
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Int. [cts.]

2θ
θ [°]

Figure 4.6:

Observed and calculated powder pattern taken from the Yb5Re2O12 sample
with difference plot and reflection markers.

Ln

a [Å]

b [Å]

c [Å]

β [°]

Volume [Å3]

Ho

12.3995(5)

5.6493(2)

7.4906(3)

107.840(3)

499.48(3)

Er

12.3287(5)

5.6285(2)

7.4450(3)

107.837(3)

491.79(3)

Tm

12.2929(7)

5.6168(3)

7.4181(4)

107.823(4)

487.62(4)

Yb

12.2392(9)

5.6063(3)

7.3950(5)

107.797(5)

483.13(5)

Lu

12.2008(9)

5.6042(4)

7.3741(5)

107.764(6)

480.17(6)

Table 4.4:

Lattice constants, monoclinic angle and cell volume of all investigated
Ln5Re2O12 compounds.

Taking into account the similarity of the lattice parameters and the proposed centered
monoclinic symmetry of the compounds Ln2ReO5 , Ln = Y, Gd, Dy, Er, Yb, (Muller and Roy,
1969 [45]), it leads to the assumption that those rare-earth rhenium oxides might be in fact of
composition Ln5Re2O12. A comparison of the reflection intensities of a powder pattern taken
from “Yb2ReO5” and those of Tm5Re2O12, given in table 4.5, supports this assumption
strongly.

4 Re in the formal oxidation state +4.5: Ln5Re2O12

hkl

Yb2ReO5 ; I/Imax [%]
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Tm5Re2O12; I/Imax
[%]

Table 4.5:

(001)

4

10

(20 1)

5

6

(201)

7

5

(002), (20 2 )

20

18

(310)

90

100

(11 2 )

100

98

(400)

21

17

(020)

8

17

(112), (31 2 )

14

10

(40 2 ), (202)

84

58

(021)

20

21

(220)

19

31

(22 1 )

10

12

(20 3 )

2

2

(221)

3

5

(22 2 ), (022)

28

33

(510)

9

7

(51 2 ), (312)

9

8

(42 1)

5

6

(600), (42 2 ), (222)

43

35

(20 4 )

48

22

(023)

8

6

Comparison of reflection intensities between Yb2ReO5 [45] and Tm5Re2O12.

Therefore, it is very likely that the proposed compounds Ln2ReO5 are in fact Ln5Re2O12 with
its twinned monoclinic structure.
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4.4 High temperature experiments
The chains of [ReO6]-octahedra along [010] with alternating Re-Re distances in the
Ln5Re2O12 structure are close to a one-dimensional conductor. Furthermore, a pseudo
symmetry occurs for both layers building the unit cell of these oxides. A two-fold axis
perpendicular to the bc-plane is only broken by small structural distortions.
In the light of this pseudo symmetry the twinning appears as a consequence of a phase
transition from a higher symmetric high-temperature phase during cooling. The
transformation from the monoclinic to this orthorhombic high-temperature cell is given by:

a m = ao ,

bm = bo ,

2c m + a m = c o

In this case the alternating Re-Re distances can be explained as dimers in result of a Peierls
instability of a high-temperature phase with one-dimensional metallic conductivity.
Furthermore, Er5Re2O12 shows an endothermic signal at a temperature around 923 K in a
DSC experiment (figure 4.7).

In order to prove the existence of this predicted orthorhombic high-temperature phase hightemperature experiments have been carried out at the beamline B2 at DESY/ HASYLAB,
Hamburg. A mixture of Yb5Re2O12 and diamond powder to avoid absorption effects has been
sealed in a quartz capillary and measured with a STOE furnace in Debye-Scherrer mode. Due
to the recrystallisation point of quartz around 1300 K the measurement had to be stopped at
1273 K without any observed phase transition.
Therefore Er5Re2O12 has been thinned with corundum powder and afterwards filled in an
Al2O3-tube which has been sealed with ZrO2 cement and adjusted in a mirror furnace. This
experiment, again at the beamline B2 at DESY/HASYLAB Hamburg, led only to a reaction
of the Er5Re2O12 and the corundum to Er3Al5O12 [64, 65] with a loss of Re2O7. The powder
pattern of this phase taken at 1673 K is shown in figure 4.8.
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Figure 4.7:

DSC measurement of Er5Re2O12.

Figure 4.8:

Powder pattern taken at 1673 K from a mixture of Er5Re2O12 and Al2O3 in a
corundum tube. The material has nearly completely transformed to Er3Al5O12
(top reflection markers, bottom markers belonging to Al2O3). A minor garnet is
visible but could not be identified.
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4.5 Magnetic properties

Due to the paramagnetic behaviour of Lu5Re2O12 in a temperature range from 5 to 35 K the
magnetic moment of this sample had been calculated to 0.13µ B per Re-ion, only. Neglecting
this rather small part of the Curie constant in Er5Re2O12 and Yb5Re2O12 the magnetic
moments of Er and Yb have been calculated to 9.73(1)µ B per Er-ion and 4.1(1)µ B per Yb-ion.
Figure 4.9 is representing the temperature dependent magnetization of both Ln5Re2O12samples. Contrary to the Er-sample Yb5Re2O12 shows a significant deviation from the CurieWeiss behaviour already at 100 K.
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Figure 4.9:

Temperature dependence of the inverse magnetization for Ln5Re2O12 with
Ln = Er and Yb. For clarity the values of the Er5Re2O12-sample have been
multiplied by a factor of 2.
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Compounds related to “Ln3ReO8”

Besides the perrhenates Ln(ReO4)3 only one composition, Ln3ReO8, has been reported in the
literature with rhenium in its highest oxidation state +7. Accordingly, Ln3ReO8 with Ln = Tb
– Lu crystallizes in a fluorite-type structure with a random distribution of Ln and Re on one
site[26]. For all other rare earth elements with larger ionic radii monoclinic structures are
reported [27-30].
The first section of this chapter reports generally on the synthesis of “Ln3ReO8“ compounds,
their magnetic properties and preliminary structural investigations. The proposed fluorite-type
structure with Re7+ and Ln3+, randomly distributed on one crystallographic site, raises some
doubts. There are, at least, three aspects which should favour a more complicated crystal
structure with cation ordering:

1. The formal charges +7 and +3 are very different, and a lower electrostatic energy is
expected for an ordered arrangement.
2. The ionic radii differ significantly [31], e.g. for coordination number 6 a radius of 0.53 Å is
given for Re7+ compared to values for the Ln-ions between 0.861 Å for Lu3+ and 1.032 Å for
La3+.
3. Characteristic coordination polyhedra for Re7+ are [ReO4]-tetrahedra and [ReO6]-octahedra,
while capped trigonal prisms are the most common coordinations of Ln3+.

In the light of the latter two aspects the proposed [(Ln,Re)O8]-coordination cube in a fluoritetype structure appears very questionable. Therefore, the following sections describe detailed
structural investigations by single crystal X-ray diffraction, transmission electron microscopy
and synchrotron powder diffraction on selected samples to elucidate even small deviations
from fluorite-type patterns and, hereby, to reveal the correct crystal structures of those
compounds, previously approximated and summarized as “Ln3ReO8“.
.
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5.1 Syntheses, magnetic properties and preliminary investigations
In numerous syntheses using the sealed Pt/Rh (90/10)-tubes method with various Ln : Re
ratios (Ln = Eu – Lu) and different temperature programs octahedral shaped, metallic black
and metallic black crystals appeared barely visible as an additional phase. Powder patterns
taken from these reaction products revealed the characteristic reflections of the cubic, fluorite
related structure, space group Fm 3 m, supposed to be Ln3ReO8 [26] and therefore they have
not been investigated further for a longer period.

When heating up to temperatures higher than 1773 K pure phases of the composition
“Ln3ReO8” could be prepared for Ln = Eu, Dy and Y under the conditions listed in table 5.1.

Ln

Eu, Dy

Y

x(Ln2O3)

0.001 mol

0.001 mol

x(ReO2)

0.002 mol

0.001 mol

Pt/Rh (90/10)-tubes

sealed under Ar-atmosphere

sealed tubes

Heating ramp

300 K / h

300 K / h

Reaction temperature

1773, 1823 K

1773 K

Reaction durance

24 h

24 h

Cooling ramp

180 K / h

180 K / h

Table 5.1: Reaction conditions of “Ln3ReO8 “ with Ln = Eu, Dy and Y.

As an example, Figure 5.1 represents a typical observed powder pattern of Dy3ReO8
combined with the calculated pattern after Rietveld refinement using the cubic, fluorite related
Fm 3 m structure as the model. Reflection markers and the difference plot are included. Re
and Dy atoms are sharing the same site (0, 0, 0) the O atoms are located at (¼, ¼, ¼).
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Figure 5.1:

Observed and calculated pattern of Dy3ReO8 including reflection markers and
difference plot of the Rietveld refinement.

Nearly all compounds of the composition Ln3ReO8 have paramagnetic behaviour even at very
low temperatures and show only small deviation from the Curie-Weiss law. Only Gd3ReO8
orders ferromagnetic at temperatures below 10 K. Figures 5.2 and 5.3 present the temperature
dependent inverse magnetization of the “Ln3ReO8 “ with Ln = Gd – Lu.
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Temperature dependence of the inverse magnetization for most of the
“Ln3ReO8” compounds. For clarity the curves of the Tm- and the Ybsamples have been multiplied by the indicated factors.

“Dy3ReO8” had been chosen for further experiments due to its easy preparation leading to
pure products. But various syntheses with Dy2O3 and ReO2 in ratio 1 : 2 in sealed Pt/Rh
(90/10)-tubes and at temperatures above 1773 K led to products of different optical
appearance yielding, nevertheless, very similar powder patterns in good agreement with the
cubic Fm 3 m phase. Homogeneous powders with a dark yellow, light to dark brown or black
colour trickled out of the opened tubes, even black octahedral shaped crystals with edges up
to 100 µm have been obtained twice. Especially these single crystals offered challenging tests
for the very unusual coordinations of Ln and Re in the case of a fluorite-type structure.
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5.2 Structural details of “Dy3ReO8”
As written above the optical appearance of the obtained “Dy3ReO8“ samples varied
significantly, even for virtually the same conditions of syntheses. E.g., two sealed Pt/Rh
(90/10)-tubes filled with the same educts and heated simultaneously in the same Al2O3crucible, gave a well crystalline black reaction product in one tube and a fine brown powder
in the other. As Dy3ReO8 is expected to be white or at least of light colour only, the observed
black and brown colours were assigned to oxygen vacancies in different amounts, i.e.
Dy3ReO8-δ. Neutron powder diffraction experiments have been performed for a brown and a
black “Dy3ReO8-δ“ sample using ROTAX at ISIS in Didcot, UK, to check this assumption.
One additional data set has been recorded for a silicon standard to determine the present set of
instrumental parameters most reliably. Three detector banks at diffraction angles of 30°, 90°
and 158° have been used simultaneously, figure 5.4 shows the diffraction pattern from the
black “Dy3ReO8-δ“ sample as seen by the 90° bank and the calculated pattern of the Rietveld
refinement using GSAS [67] based on the fluorite-type structure model for “Dy3ReO8-δ“.

Figure 5.4:

Neutron diffraction pattern of “Dy3 ReO8-δ“ including observed (red) and
calculated (green) pattern, difference plot (blue) and reflection markers
(green: vanadium sample holder, black: structure model cubic Fm 3 m phase)
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Due to the small amount of sample and the high absorption coefficient for thermal neutrons of
Dy, the intensities are too low to establish a precise structure model, but an additional
reflection is clearly observed at about 2.412 Å, not explained by the cubic face-centred
fluorite-type structure. An additional reflection is also observed for the brown “Dy3ReO8-δ“
sample, but at 2.332 Å and with only about half the relative intensity as compared to the black
sample.

These additional reflections were the first indications of a superstructure, especially for the
oxygen sublattice which deviates from the fluorite-type. The contribution from the oxygen
ions to the X-ray structure factors is too small, so that this additional reflection was not
observed in the laboratory X-ray pattern. Based on these hints for a superstructure, highresolution synchrotron powder diffraction patterns have been recorded in transmission
geometry from flat samples of the black and brown “Dy3ReO8-δ“ specimens, respectively.
The patterns revealed both, a splitting of the strong reflections and additional weak
superstructure peaks. In the next step of approaching the correct structure of “Dy3ReO8“ the
diffraction pattern was indexed, based on a monoclinic unit cell amon = 6.4215(3) Å, bmon=
7.4429(1) Å, cmon = 6.4176(2) Å and βmon = 109.371(2)°. The most pronounced effects of
splitting and superstructure could be explained, and a structure model was derived in space
group P21/m with the cation sites split into one Re and three Dy sites, see table 5.2. The
relationship to the fluorite unit cell, {akub,bkub,ckub}, is given by:
amon ~ 1/2 (akub - ckub) + bkub ,
bmon ~ akub + ckub ,
cmon ~ 1/2 (akub - ckub) - bkub ,
cos βmon ~ - 1/3.
However, this model does still not describe the correct crystal structure of “Dy3ReO8“,
although a considerable improvement is achieved compared to the proposed fluorite-type
structure. Some features of the high-resolution diffraction pattern are still not explained and a
reliable localization of the oxygens is not possible. Therefore, electron diffraction in a
transmission electron microscope was applied to clarify the correct unit cell and symmetries,
see figures 5.5 and 5.6.
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Space group

P21/m

Atom sites

Re (½, 0, ½)
Dy(1) (0, 0, 0)
Dy(2), Dy(3) (x, ¼, z)

Lattice constants

a = 6.4215(3) Å
b = 7.4429(1) Å
c = 6.4176(2) Å

β

109.371(2) °

Table 5.2: Structure parameters of a “Dy3ReO8 “ superstructure model.

Figures 5.5 and 5.6: Electron diffraction patterns along the zone axes [010] (left) and [100]
(right).

Accordingly, a C-centred orthorhombic structure is found with a = 14.8448(1) Å, b =
14.8878(2) Å and c = 10.4782(1) Å, obtained from a profile matching based on the
synchrotron diffraction data, see figure 5.7. Furthermore, a c-glide plane perpendicular to the
a- or b-axis is confirmed by the extinction rules, observed in electron diffraction. The space
group Ccmb in non-standard setting was used for profile matching.
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23.4

Observed and calculated high-resolution diffraction pattern for the black
“Dy3ReO8” sample. The calculated pattern is the result of a profile matching,
based on the C-centred orthorhombic unit cell found in electron diffraction.

Single crystal diffraction data have been collected from 11 different crystals, using an
Xcalibur diffractometer with CCD detector from Oxford Instruments and the image-plate
system IPDS II from STOE. All reflections with at least 1‰ of the intensity of the strongest
reflections could be indexed, based on a smaller pseudo-cubic unit cell {apc,bpc,cpc} with
apc = 1/2 (a - b) ,
bpc = 1/2 (a + b) ,
cpc = c .
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Only a few very weak reflections could be detected with indices (h/2,k/2,l), indicating a larger
unit cell in agreement with electron diffraction. Internal R-values between 6.8% and about
11% have been determined for orthorhombic symmetry, and reliable cation positions could be
found in space groups Ccmb and Ccmm by direct methods or via Patterson function. Both the
extinction rules and the observed intensities require a twinning according to a2 = b1, b2 = a1, c2
= c1 with domain fractions of (or at least very close to) exactly 50%. The cation sublattice is
very similar to that of a fluorite-type structure as expected from the similarities in the
diffraction patterns. Unfortunately, no reliable refinement of oxygen positions was successful,
although very promising start models could be established by difference Fourier analyses.
The detailed crystal structure of “Dy3 ReO8” is still an open challenge for structure
determination, but nevertheless, the proposed and unreasonable fluorite-type structure for this
compound is clearly disproved and strong evidence for a superstructure cell is presented.

5.3 Structural details of new Y-Re-Oxides

In 1981 Baud et al. reported on the monoclinic Y3ReO8, space group P21/a, and its
relationship to the cubic Y3ReO8 crystallizing in the fluorite structure [29]. The unit cell of the
monoclinic compound with a = 14.391(10) Å, b = 7.196(5) Å and c = 6.045(5)Å and its
monoclinic angle β = 112.08(5)° has one Re, three Y and eight O-sites (4e). Having been
prepared at 1173 K this phase has been titled as a high temperature phase.

When prepared similar to the Ln5Re2O12 (Chapter 4) from Y2O3 and ReO2 in ratio 1 : 1 a grey
powder appeared from the Pt/Rh-tube after annealing for 24 h at 1773 K. Under the light
microscope small octahedral shaped crystals became visible and have been isolated for single
crystal diffraction. The grey powder has been investigated using laboratory and synchrotron
powder diffractometry. The results of these experiments are summarized in the coming two
sections.
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Y7ReO14-δδ

One of the octahedral shaped single crystals of the yttrium rhenium oxide with an edge length
of approximately 80 µ m has been selected for a single crystal structure analysis using an
Oxford Diffraction Xcalibur diffractometer in κ-geometry using a CCD detector. 560
reflections, from which 128 are unique, have been collected using molybdenum Kα radiation,
wavelength 0.7103 Å. The software packages SHELXS and SHELXL [58, 59] have been
used for structure solution and refinement, respectively, as included in X-STEP32 [68].

The refinement using a cubic cell, space group Fm 3 m, as structure model led to R values of
R1 = 4.20% and wR2 = 8.56% for all reflections with I > 2σ. The composition revealed
Y7ReO14-δ, the lattice constant a = 10.4770 Å [69]. The details of the structure determination
of Y7ReO14-δ are summarized in Table 5.3.

Empirical formula
Formula weight
Crystal shape and size
Temperature during measurement
Wavelength
Space group
Unit cell dimensions
Calculated density
Formula units per unit cell
Absorption coefficient
F(000)
θ range for data collection
Limiting indices
Reflections collected / unique
Completeness
Refinement method
Data / restraints / parameters
GOF on F2
Final R indices (I > 2σ)
Extinction coefficient
Table 5.3:

Y7ReO14-δ
1032.54 g/mol
Octahedron, 80 µm edge length
299(1) K
0.7103 Å (Mo Kα)
Fm 3 m
a = 10.4770(14) Å, V = 1150.0(3) Å3
ρcal = 5.964 g/cm3
Z=4
45.444 mm-1
1840
3.37 – 30.17°
-14 ≤ h ≤ 11, -8 ≤ k ≤ 12, -10 ≤ l ≤ 15
560 / 128, Rint = 5.63%
94.8%
Full matrix least-squares on F2
128 / 0 / 14
1.126
R1 = 4.20 %, wR2 = 8.56 %
0.00056 (10)

Details of the experimental conditions for the structure determination of
Y7ReO14-δ.
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The atomic parameters are given in Table 5.4, the bond lengths in Table 5.5.

Atom

Site

x/a

y/b

z/c

Occupation

Re

(4b)

½

½

½

1.00

Y(1)

(4a)

0

0

0

1.00

Y(2)

(24d)

0

¼

¼

1.00

O(1)

(32f)

0.1332(9)

0.1332(9)

0.1332(9)

1.00

O(2)

32(f)

0.6058(11)

0.6058(11)

0.6058(11)

0.77(8)

Table 5.4:

Table 5.5:

Atomic parameters of Y7ReO14-δ.

Pair

Bond length [Å]

Re – O(2)

1.92(2)

Y(1) – O(1)

2.417(17)

Y(2) – O(1)

2.223(5)

Y(2) – O(2)

2.407(9)

Selected bond lengths in Y7ReO14-δ.

The crystal structure of Y7ReO14-δ is closely related to the fluorite type. As a result of the
ordered distribution of the metal ions, the lattice constant is doubled, the cell 8-folded. Also
the oxygen sites prove the relation to the fluorite structure. The oxygen positions are near to
(1/8, 1/8, 1/8) and (5/8, 5/8, 5/8).

With only 77(8)% of the O(2)-site occupied, the site occupation factor is in good agreement
with the stoichiometry Y7ReO14-δ having a theoretical site occupation factor of 75% and
rhenium in its highest oxidation state of (+7). Figure 5.8 represents the crystal structure of
Y7ReO14-δ.
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Figure 5.8:

Crystal structure of Y7ReO14-δ.

A small amount of Y7ReO14-δ -crystals had been annealed at 973 K, yielding still the same
crystal structure afterwards. This is another prove of the rhenium oxidation state +7, since any
other compound with rhenium in a lower oxidation state is expected to oxidize to Re(+7)
under such conditions.

For the evaluation of the magnetic measurements on Y7ReO14-δ the Curie-Weiss law had been
modified by a temperature independent contribution M0 leading to:

M (T ) =

C
+ M0
T −θ

The temperature dependence of the magnetization has been measured and fitted with the
modified Curie-Weiss law yielding M0 = 4.24·10-5 emu, θ = -4 K and a magnetic moment of
0.6 µ B per formula unit Y7ReO14-δ. The measured data and the resulting curve for 11.75 mg
sample material are shown in figure 5.9.
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Figure 5.9:

Temperature dependence of the magnetization of 11.75 mg Y7ReO14-δ

Some other octahedral shaped crystals from the same reaction show, though very weak,
additional reflections breaking up the conditions for F-centering. These reflections indicate a
more complicated structure with deviations from a random distribution of the O(2)-site
vacancies.

The crushed material revealed several types of derivatives from the fluorite type by electron
diffraction. The pattern of some of these separated crystals can be indexed based on an Acentered orthorhombic cell

5.3.2

2 aF x 2 aF x 2aF yielding a 4-fold fluorite superstructure cell.

Y3-xRe1+xO8

Prepared by the sealed tube method with Y2O3 and ReO2 in ratio 1 : 1 the product appeared as
a light grey powder. A powder pattern from this compound taken in the laboratory gave an
indication for a new rhombohedral structure but better resolution was required.
Therefore a pattern had been taken at the beamline B2 at DESY / HASYLAB, Hamburg
using a wavelength of 1.2006 Å. The reflections could be indexed easily in a primitive
rhombohedral cell with lattice constants a = 7.37941(19) Å and c = 9.38011(21) Å.
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X-ray fluorescence analysis yielded the stoichiometry Y2.9Re1.1O8. Rietveld refinement using
a fluorite-related structure model, space group P 3 m and Re- and Y-ions sharing their four
sites statistically, led to a good correspondence of observed and calculated pattern. Only the
(010) reflection is shifted to a slightly higher, the (101) and (102) reflections are shifted to a
slightly lower 2θ angle. Figures 5.10 and 5.11 present this pattern taken from synchrotron
data. The calculated pattern, reflection markers and difference plot are also displayed. The 2θ
angles from 10° to 22° have been magnified for a better view on the shifted reflections.
Table 5.6 summarizes the crystallographic data of the new yttrium rhenium oxide.
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Figure 5.10: Observed and calculated pattern of Y2.9Re1.1O8.
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Figure 5.11: Observed and calculated pattern of Y2.9Re1.1O8. The 2θ angles from 10° to 22°
have been magnified for a better view on the shifted reflections.

Composition

Y2.9Re1.1O8

Space group

P3 m

Lattice constants

a = 7.37941(19) Å
b = 9.38011(21) Å

Atom positions

Table 5.6:

Atom

x/a

Y(1), Re(1)
Y(2), Re(2)
Y(3), Re(3)
Y(4), Re(4)
O(1)
O(2)
O(3)
O(4)
O(5)
O(6)

0
1/3
1/2
0.382(1)
0
1/3
1/3
0.514(9)
0.819(7)
0.871(8)

Crystallographic data for Y2.9Re1.1O8.

y/b
0
2/3
0
0.164(1)
0
2/3
2/3
0.028(9)
0.637(7)
0.742(8)

z/c
0
0.684(1)
0
0.6769(8)
0.27(1)
0.90(1)
0.43(1)
0.225(7)
0.921(6)
0.391(5)
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For a better understanding of the shifted reflections high resolution transmission electron
micrographs have been taken from a small amount of Y2.9Re1.1O8. Electron diffraction images
(figure 5.12) yielded reflection splitting and diffuse phenomena. While the fluorite related
[220]-planes (d = 1.845 Å) are normally arranged, fluctuations appear in the sequence of the
[100]-planes yielding a d value with a small deviation from d(220)· 12 = a0·sin60°.

Figure 5.12: Electron diffraction pattern of the [001]-plane and HRTEM image of

Y2.9Re1.1O8.

5.4 Electrical resistivity of the “Ln3ReO8”

Gold wires of 10 µm diameter have been attached to opposite faces of octahedral shaped
crystals of “Ln3ReO8“ with Ln = Eu, Dy and Y with edge lengths of 50, 80 and 100 µm,
respectively. The silver paste contacts had been annealed for 5 min in air at 460°C without
any change in the appearance of the crystals. The electrical resistivity has been determined as
a function of temperature by the two point method, i.e. the corresponding voltage for a
specific current flow was measured at the gold wires close to the crystal faces. All samples
appeared as semi conductors with band gaps of 192.2 meV for “Eu3ReO8“, 159.7 meV for
“Dy3ReO8“ and 157.4 meV for “Y3ReO8“. Figure 5.13 illustrates the logarithmic resistivity
versus the inverse temperature.
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Figure 5.13: Logarithmic resistivity versus inverse temperature of “Ln3ReO8“ single
crystals with Ln = Eu, Dy and Y from left to right.

The crystal structure determination of “Ln3ReO8“ phases is a very difficult task due to
complicated superstructures and twinning. The cation sublattice is very similar to that of a
fluorite-type structure, and the oxygen positions cannot be resolved because of the low
scattering power for X-rays. A qualitative step further is therefore expected from neutron
single crystal diffraction or good resolution neutron powder diffraction with high counting
statistics. However, neutron diffraction requires large amounts of sample, which is not only a
financial concern, but also a question of homogeneity. Both single crystal X-ray and electron
diffraction gave evidence for different degrees of symmetry reduction in the superstructures.
Probably a whole set of crystal structures (co-)exist with only slight differences. Furthermore,
some kind of healing process accompanied by crystal growth takes place while storing the
crystals at room temperature.
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A new binary rhenium oxide: Re3O10

Regarding the edges of the diagram of known phases in the system Ln2O3 – ReO2 – Re2O7 the
still missing structure solution of Rhenium(V)oxide appears immediately.
Literature gives the only hints of Re2O5 as a blackish blue product yielding a tetragonal
structure with lattice constants a = 5.80(3) Å and c = 12.87(3) Å [21] or having an
orthorhombic unit cell related to the cubic ReO3 with b ≈ c ≈ ac ≈ 3.747 Å and a ≈ 2 ac 2 ≈

10.598 Å [22].
Encouraged by a straight forward preparation of Ti2O3 from a stoichiometric 1:1 mixture of
TiO and TiO2 with an arcmelter the idea appeared to produce Re2O5 the same way from
Rhenium(IV)- and Rhenium(VI)oxide [70].

6.1 Preparation
As a first attempt a mixture of ReO2 and ReO3 in ratio 1:1 was ground under acetone in an
agate mortar and formed to pellets under a pressure of 10 tons. These metallic-purple
coloured pellets have been heated in an arc melter (BÜHLER Lichtbogenanlage AM) under
argon atmosphere for about 10s in turns yielding a blue compound on the water cooled copper
ground plate of the arc melter and a certain amount of a gaseous phase in the furnace. After
opening the reaction chamber the blue powder became black and wet within a few seconds.
To protect the reaction product from moisture the whole furnace was operated under argon
atmosphere in a glove bag for the next run. Hereby, the sample could be collected from the
ground plate of the furnace and stored under argon atmosphere. A small amount of a metallic
material had been gathered, too. The gaseous phase solidified on the mantle of the arc melter
to a dirty white and slightly hygroscopic powder seeming to be Re2O7. Later attempts failed
again due to moist argon and the inability to extract this moisture by leading the gas through
P2O5 or H2SO4 before entering the reaction chamber.
Based on colour and decomposition behaviour, the product was assumed to be Re2O5. For
structure determination the material was filled in a 0.5 mm glass capillary and investigated by
X-ray powder diffraction using a STOE STADI P diffractometer in Debye-Scherrer mode.
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6.2 Structure Analysis
The powder pattern taken directly after the synthesis is shown in figure 6.1 giving the
impression of a rather amorphous material. Only the reflections of metallic rhenium could be
identified.
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X-ray powder pattern of the as prepared sample

Ten weeks later the sample’s blue colour in the capillary has been intensified remarkably.
After a second measurement the obtained powder pattern indicates a striking change (figure
6.2). Nearly all reflections could be indexed with the STOE indexing routine based on a
tetragonal cell with a = 5.2 Å and c = 13.3 Å. The (00l)-reflections are extremely broadened.
The lattice constants are close to those determined by Tribalat et al. [21], supporting the
assumption that Re2O5 has been prepared. Therefore it was tried to solve the crystal structure
by direct methods from powder data and hereby confirming the proposed stoichiometry.
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Observed and calculated profiles for Re3O10 and difference plot after 10
weeks of annealing. The lower line of reflection marks belongs to metallic
rhenium.

No extinction rules in addition to body centering were present. The relative intensities of the
(00l)-reflections indicate a 4 axis most probable and thus only the three space groups I 4 (No.
82), I 4 m2 (No. 119) and I 4 2m (No. 121) were retained.
In order to deduce the atomic positions additional considerations were necessary. With the
volume of the unit cell of around 360 Å3 the volumes per atom for all possible stoichiometries
RexOy (x = 2 – 5) were calculated. The density of the new compound had to be lower than the
one of ReO3 and therefore the volume per atom higher than in ReO3 (13 Å3 / atom).
Additionally, the number of atoms should be lower than N = 28. Odd formula units Z are
excluded by the supposed tetragonal symmetry, at least two rhenium sites are necessary. All
possible compositions are shown in table 6.1.
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Cell volume

ρ

Volume per

(Å3)

(g/cm3)

oxygen (Å3)

Re2O7

1035.5

6.21

18.5

ReO3

52.7

7.39

17.6

ReO3 (9 Gpa)

91.2

8.53

15.2

Re2O5

432.9

6.94

21.6

α ReO2

124.9

11.61

15.6

β ReO2

128.4

11.29

16.1

Re6O18 ≡ 6ReO3

357.6

6.53

19.9

Re8O20 ≡ 4Re2O5

357.6

8.41

17.9

Re6O20 ≡ 2Re3O10

357.6

6.68

17.9

Re7O22

357.6

7.69

16.3

Oxides

Table 6.1:
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Cell volume, density and volume per oxygen atom of all mathematical
possible binary rhenium oxides.

Although close to the values postulated for Re2O5 [21-23], the cell parameters for the
unknown oxide RexOy are sufficiently different resulting in a cell volume V of 357.6 Å3
which is much smaller than the cell volume of Re2O5 (above 433 Å3). Therfore, before
starting a hypothesis about possible sites for Re and O atoms, a reasonable stoichiometry had
to be established via the classical volume of oxygen atoms in oxides (∼16-17 Å3), the
corresponding volumic mass ρ and by comparison with known rhenium oxides. This
information is summarized in table 6.1. The oxygen number y has to be even (space group
symmetry) and should be either y = 18, y = 20 or y = 22 which gives a reasonable volume per
oxygen (V/O), i.e. 19.9 Å3, 17.9 Å3 and 16.3 Å3. The first solution leads to the Re6O18
formula which could be a polymorph of ReO3; taking into account that ReO3 is already a
rather open structure, it seems unreasonable, in a first attempt, to have such a large V/O and
correlatively such a low ρ value (and that the powder’s colour is deep blue).
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The last y value resulting in Re7O22 corresponds to a mixed valence oxide Re72+Re65+O22
which yields a value too low for V/O which is not in agreement with the synthesis procedure
and the moisture sensitivity. Finally there remained two possibilities:
- Re8O20 which could correspond to the Re2O5 oxide but having an extremely high ρ value
which could not be expected after such a crude synthesis.
- Re6O20 corresponding to a mixed valence oxide Re3O10 or Re72+Re6+O10, a formula being
reasonable with the colour of the powder, the V/O and ρ values.

The relative intensities of reflections (00l) strongly indicate 4 symmetry with two Re-sites
Re1 and Re2 at z1 and z2 with corresponding multiplicities m1:m2 = 2:1.
The 8g and 8i-sites were no reasonable positions for rhenium atoms. Since a0/ 2 = 3.66 Å is

close to Re-Re-distances the 4e site (0,1/2,z) or the equivalent 4f site (0,0,z) with z close to
zero are reasonable for the rhenium atom Re1. Therefore a structure with Re1 on the 4f site
was chosen as a start model for Rietveld refinements. Because of c = 13.3 Å additional
rhenium atoms Re2 had to be placed on the 2d site (0,1/2,1/4). This model gave convergence,
the refinements led to z = -0.023 for the Re1 atoms. Any other model with more or less than
six rhenium atoms in the unit cell obtained poorer agreement after refinement. However, a
significant improvement was achieved by including a disorder of Re2, (2d) (0, ½, ¼) sof =1
→ (8h) (x, ½+x, ¼) sof=1/4 with x refined to –0.08.

Based on the Re substructure oxygen positions were successively searched by Difference
Fourier Analysis, revealing O1 at (8g) (x, x, 0), x ≈ 0.25 and O2 at (4g) (0, ½, z), z ≈ 0.12.
Another oxygen position O3 was found at z ≈ ¼, but appeared to be disordered. The disorder
for O2 is only introduced to simulate a huge thermal displacement. Reasonable bond lengths
are obtained for Re2, only at the center 2d (0, ½, ¼). The best results of the Rietveld
refinement with FULLPROF [61] are summarized in table 6.2 and observed and calculated
profiles are compared in figure 6.3. The effect of absorption has been calculated numerically
and was taken into account as additional factors to the calculated intensities at each 2θ-point.

6.3 Results
The crystal structure of the mixed valence (VII,VI) rhenium oxide Re3O10 is built up by
[ReO3]n layers of [ReO5] corner sharing square pyramids. These layers are linked to each
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other by [ReO6] octahedra, sharing the apical oxygen of the square pyramids and oxygens of
the opposite octahedra. The structure is shown in figure 6.3, the two alternative coordinations
of Re2 with O3 due to the disorder of O3 are displayed in figure 6.4. The [ReO6] octahedra
are rather regular, but the Re2-ion is highly disordered.

The highly hygroscopic trirheniumdecaoxide was prepared from ReO2 and ReO3 in an arc
melting furnace under Ar-atmosphere. The as prepared material appeared rather amorphous,
but crystallized during 10 weeks of annealing at room temperature. The composition Re3O10
and its crystal structure were solved from X-ray powder diffraction, and Re3O10 is the first
example of five-fold coordinated Re. Lattice parameters, colour and instability in the presence
of H2O are very similar for Re3O10 and Tribalat’s Re2O5; both oxides are probably mixed
valence ones. The crystallographic data are sufficiently different to let us suppose that further
investigations are necessary to isolate Re2O5 and to settle its crystal structure. However, it is
also possible that Tribalat’s Re2O5 was actually Re3O10 as the composition Re2O5 was based
on electrochemical methods only.

Composition
Molecular weight
Space group
Unit cell data

Atom sites

Reliability values

Table 6.2:

Structural details of Re3O10.

Re3O10
718.6 g/mol
I 4 m2
a = 5.171(1) Å
c = 13.371(6) Å
V = 357.5(3) Å3
ρx = 6.68 g/cm3
Z=2
Re1
Re2
O1
O2
O3

4f
8h
8g
4f
16j

0 ½ -0.023(2)
sof =1
-0.082(2) 0.418(2) ¼
sof =1/4
0.293(6) 0.293(6) 0
sof =1
0 ½ 0.115(2)
sof =1
0.14(2) 0.15(2) 0.23(3) sof =1/2

χ2 = 4.01
RF = 5.88
Rex = 4.25
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Figure 6.3:

The crystal structure of Re3O10.
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View on the ab-plane as z ~ ¼. The two alternative coordinations of Re2 at
(0, ½, ¼) and (1, ½, ¼) with O3 are shown as drawn and dashed lines,
respectively. The arrows indicate the four disordered positions of Re2
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Discussion

In this work compounds of different compositions in the system Ln2O3 – ReO2 – ½ Re2O7
(Ln = Y or lanthanide) have been prepared and investigated in respect to their crystal structure
and their physical properties as magnetism and conductivity. Figure 7.1 presents again the
scheme of known phases in the system Ln2O3 – ReO2 – ½ Re2O7 as figure 2.1, but completed
by the recently established phases. Blue and yellow circles symbolize the already known rareearth rhenium oxides with or without structure solution, the red numbers the results of this
work.

Ln=
1: Ln3ReO8

Y, La-Sm, Gd-Lu

2: Ln(ReO4)3

Y, La-Lu

3: Ln3Re2O10

La,Pr

4: Ln3ReO7

Nd,Pr,Sm

5: Ln4Re2O11

Pr-Gd

6: Ln5Re2O12

Y, Dy, Ho-Lu

7: Ln3Re2O9

La,Pr Nd,Sm

8: Ln4Re6O19

La-Nd

9: Ln2ReO5

Y,La,Nd,Sm-Lu

10: Ln2ReO6

La

11: Ln6Re2O13

Nd,Sm,Gd *

12: Ln4Re3O12

La,Nd*

13: Ln6ReO12

Ho-Lu

14: Ln7ReO14

Y

15: Re3O10

Figure 7.1:

16: Ln2.9Re1.1O8

Y

17: (Ln0.81Re0.19)3O5.64

Gd, Dy, Y

Diagram of the system Ln2O3 – ReO2 – ½ Re2O7 with the new published
Phases (red).

The new ternary compounds have a low Re : Ln ratio with the highest value of 2 : 5 in
Ln5Re2O12.
All syntheses with Re : Ln ratios of 1 :1, 2 :1, or 3 :1 have resulted in rhenium perrhenate
hydrates with different water content, even if the samples have been kept in argon atmosphere
during all steps, including reaction and opening of the tubes In fact, the influence of argon
during all preparation steps in this “sealed tube method” is rather negligible. This has been
found first when Tm6ReO12 was re-prepared in air and further supported by the second
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preparation of Ln5Re2O12 when the tubes had not been sealed under argon. Only the success
in the preparation of Re3O10 is directly related to the amount of humidity in the argon gas.
During the latter experiments with higher Re : Ln ratios on the educt side not properly sealed
tubes led remarkably to well known phases as e.g. Ln8Re4O19, Ln6ReO12 or Ln5Re2O12, only.
Variation of the reaction temperature from 1073 – 1773 K yielded no improvement.
Ln(ReO4)3·nH2O (Ln = Dy – Lu, n = 1 – 4) appeared in a striking stability.
Therefore, it seems that the sealed tube method has reached its limits for the preparation of
new phases in the system Ln2O3 – ReO2 – ½ Re2O7, especially rhenium-rich ones. High
pressure / high temperature experiments may give an improvement in this case.

Most of the prepared samples contain rhenium in its highest oxidation state +7 with
unoccupied 5d- orbitals. Therefore most of the investigated samples showed paramagnetism
even at low temperatures. En exception is Yb6ReO12 with an anti-ferromagnetic ordering
below TN = 2.2 K. From the paramagnetic Lu6ReO12 sample the magnetic moment of Re+6
had been calculated to 1.5(2) µ B.
It is more than annoying that both existing capillaries with Re3O10 got irretrievable crashed
while being transported to the HASYLAB and its re-preparation failed because of wet argon.
The physical properties of a sample crystallizing in such a structure must be very interesting.

Conductivity measurements on single crystals of the formal composition “Ln3ReO8” with
edge-lenghts between 50 and 100 µm led to the expected semiconducting behaviour with
band gaps between 0.19 and 0.15 eV.
The cubic fluorite-type structure for these compounds with Ln3+- and Re7+-ions sharing one
site statistically should be ranked as refuted. Still structure solutions of the fluorite related
superstructures are lacking. Another point of investigation in this case are the still growing
octahedral crystals.
Doubts exist also for the assumed rhombohedral crystal structure of the compounds
(Ln0.81Re0.19)3O5.64. This preliminary structure model assumes also the Ln3+- and the Re7+-ions
statistically situated on one atomic site. The growing of single crystals of at least one of the
(Ln0.81Re0.19)3O5.64 seems to be necessary for the structure solution.
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Taking into account that ternary rhenium oxides e.g. with 3d elements showed interesting
physical properties recently the demand for further investigations in the system Ln2O3 – ReO2
– ½ Re2O7 with rhenium in an oxidation state <+7 is still given. As an example Cd2Re2O7,
crystallizing in pyrochlor structure, is a superconductor [71]. Superconductivity has also been
postulated for ReO3 due to its electron– phonon interaction but never confirmed [72].
Another question still to be answered is the confirmation of the high temperature phase of the
Ln5Re2O12. Not only for these samples the necessity for a suitable tube material for high
temperature measurements under oxygen excluding conditions and temperatures higher than
the re-crystallization point of quartz is still at hand.

Last but not least, a re-preparation of Re3O10 for investigations on its physical properties is of
highest interest.
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