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Cu5SbO6 is a mixed copper compound that crystallises in a modified
Delafossite structure type (CuFeO2), with two distinct modifications.
Compounds, like CuFeO2, that crystallise in the Delafossite group are one of
the few groups that showcase the rare property of multiferroic behaviour. The
high temperature modification is of particular interest due to ferromagneticantiferromagnetic short range ordering of Cu2+ pairs in the structure. In order
to influence the properties of Cu5SbO6, manganese were doped into the
structure. This lead to an overall increase to the unit cell volume and distorted
the copper to oxygen and antimony to oxygen bond lengths. Two oxidations
states of manganese were found to be present within Cu5-xMnxSbO6, with a
different ratio of oxidation states in the modifications.
1.

Introduction
Low-dimensional transition metal compounds, especially copper based oxides with
mixed Cu valence states, such as Cu5SbO6, seem to be very promising for strongly correlated
electron systems. Cu5SbO6 forms two modifications. The high temperature modification
shows a ferromagnetic-antiferromagnetic short range ordering of Cu2+ pairs. Doping of
Cu5SbO6 with a magnetically active transition metals such as Mn, replacing either the
magnetic Cu2+ or the non-magnetic Sb5+ ions, would significantly influence the electric and
magnetic properties in this system. Cu5SbO6 = [(Cu+(Cu2+2/3Sb5+1/3)O2)]3 crystallises in a
modified Delafossite structure type (CuFeO2) [1-3]. Compounds like CuFeO2 crystallising in
the Delafossite structure are one of the few groups of compounds showing the rare property of
multiferroic behaviour [4]. In Cu5SbO6 the magnetically active brucite-like CuO2 layer is
diluted in an ordered fashion with non-magnetic Sb5+. Exploring and tuning the properties of
compounds that crystallise in the Delafossite structure type could lead to interesting new
developments. In particular, doping magnetically active transition metals could lead to
changes of the short range ordering.
The main perspective of this study is to investigate the effects of doping manganese in
to brucite-like layer of Cu5SbO6. By doping metals into the oxide layer, the properties of the
material should change, such as magnetism or conductivity. Manganese should have
interesting influences on Cu5SbO6, with the potential to affect the short-range magnetic
ordering already present. Here, we describe the structural changes that occur due to the
doping of manganese into Cu5SbO6 by using synchrotron and neutron powder diffraction.
XANES measurements have been used to determine the oxidation state of Mn in the solid
solution Cu5Sb1-xMnxO6.
2.

Experimental details
Powder samples of Cu5-xMnxSbO6 were prepared by mixing stoichiometry amount of
starting oxides CuO, MnO2 and Sb2O3; the mixtures were then place inside a furnace at 1100
°C and 900°C for the high and low temperature modification, respectively. After a nominal
time, the samples were quenched in air proceed by grinding with a mortar and pestle.
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Laboratory X-ray powder diffraction patterns were obtained on a Siemen D5000 X-ray
Diffractometer, equipped with a copper anode X-ray tube (λ = 1.5418 Å). The diffraction
patterns were collected at room temperature between 2θ range of 10°-80° with a step size of
0.02°. Synchrotron X-ray powder diffraction (SXRD) measurements were conducted on the
powder diffraction beamline, 10-BM, at the Australian Synchrotron with approximate photon
energy of 16 keV, using the MYTHEN dectector and the double crystal monochromator of
Si(111) flat crystal pair. Complementary to the SXRD experiments, neutron powder
diffraction (NPD) measurements were performed on the high-resolution powder
diffractometer ‘ECHIDNA’ at the Australian Nuclear Science and Technology Organisation
(ANSTO). The desired wavelength of 1.6220 λ was selected by Ge 355 monochromator. The
powder diffraction patterns were obtained at room temperature under atmospheric pressure.
For data analysis of the synchrotron and neutron powder data the software packages GSAS
and FullProf were used [5-7]. The oxidation state of manganese was investigated by X-ray
absorption near edge structure (XANES) spectroscopy on the X-ray absorption spectroscopy
beamline, Australian Synchrotron. These measurements were carried out at the Mn K-edge
(Mode 2, 6539 eV) at room temperature, with a 100 element Ge Fluoro detector. In addition
to measurements performed on samples, a range of binary and ternary manganese oxides with
known oxidation states were utilised as standards. Data analysis was done with software
package IFEFFIT (data reduction (Athena) and data analysis (Artemis)) with Average2.0 used
to calibrate against a metal foil standard (Mn) [8].
3.
3.1

Results
Laboratory X-ray powder diffraction of Cu5-xMnxSbO6
Initially
samples
were
prepared
to
the
composition
of
5+
4+
5+
Cu5MnxSb1-xO6 in an attempt to replace Sb with Mn or Mn . However, during quenching
a green flame was observed. This was attributed to excess copper, which laboratory
diffraction patterns of Cu5MnxSb1-xO6 confirmed the presence of CuO. The excess of CuO
suggested the nominal composition of Cu5MnxSb1-xO6 required adjustment. Preparation of
further samples was done with the adjusted composition Cu5-xMnxSbO6 to compensate for the
excess CuO. The adjusted composition diffraction patterns did not contain the characteristic
reflections expected from the presence of a CuO phase.
3.2

Synchrotron and neutron powder diffraction of Cu5-xMnxSbO6
SXRD was performed on both high temperature and low temperature modifications of
Cu5-xMnxSbO6 in order to determine the structural changes with increasing fractional content
of manganese. Comparing the diffraction patterns for the low temperature modification
showed small shifts of reflections with manganese doping. However, in the high temperature
modification diffraction patterns, there is a noticeable shift of the reflections as shown in Fig.
1. These shifts in reflections are indicative of a change in the lattice parameters with doping of
manganese. According to the oxidation state of manganese obtained from XANES
measurements, we expect the high temperature modification to incorporate more Mn2+, with
consideration of the ionic sizes of Cu2+, Mn2+ and Mn3+ (0.65 Å, 0.83 Å and 0.645 Å,
respectively) [9]. The Cu2+ and Mn3+ ions are similar in size, while Mn2+ is significantly
larger. Thus the incorporation of Mn2+ into the Cu2+ sites results in an overall increase of the
unit cell volume of 0.6% for Cu4.7Mn0.3SbO6. The inclusion of manganese into the structure
also lead to a linear expansion of a, a non-linear contraction of b, a non-linear expansion of c
and increasing plane angle β. In addition to changes in the lattice parameters, there is a
noticeable increase to reflections attributed to the low-temperature modification in the hightemperature modification samples with increasing manganese content (Fig. 1; reflections of
the lt-modification are marked with italic indicies). The increase in these reflections is not
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present in samples with longer preparation time. It is suggested that the presence of these
reflections is due to the increase disorder by statistical nature of doping manganese into the
structure and prompts that the two modifications differ by disordered and ordered nature, with
reaction temperature affecting the oxidation state of manganese.

Fig.1. Left: Synchrotron X-ray powder patterns of Cu5-xMnxSbO6 normal indicies: high temperature modfaction,
italic indicies low temperature modification. Right: Neutron powder diffraction patterns.

In addition to SXRD, NPD has been utilised to refine the atomic positions, in order to
confirm where manganese is placed within the structure and the effect on the bonding
environment. Rietveld refinements were attempted with different positions of manganese,
manganese replacing Cu2+ or manganese replacing Sb5+ in order to confirm the results on
manganese obtained during SXRD Rietveld refinement. Due to the difference in neutron
scattering lengths of manganese and copper, Rietveld refinements of the NPD patterns were
able to confirm that the doped manganese is in the copper positions. Thus it is expected that
the replacement of the Cu2+ with the larger Mn2+, the bond lengths of Cu-O and Sb-O will be
distorted. Distortion of the bond lengths were observed in the NPD patterns, increasing the
manganese content lead to the increase of 3% in the bond lengths of Sb-O in the antimony
octahedral at a manganese content of 0.5. While, the copper octahedral shows an overall
decrease in Cu-O length of 2% at the same manganese content.
Mn0.1

Mn0.2

Mn0.3

Mn0.4

Mn0.5

Sb-O average bond distance

1.965(7)

1.978(8)

1.983(9)

2.004(5)

2.028(9)

Cu-O average bond distance

2.135(1)

2.127(1)

2.123(1)

2.119(5)

2.113(1)

Table.1. The average metal to oxygen bond lengths in the antimony and copper octahedral for Cu5-xMnxSbO6
(x = 0.1 to 0.5), showing the increase of the Sb-O and the decrease Cu-O bond lengths.

3.3

Oxidation state analysis of Cu5-xMnxSbO6 by XANES
To determine the oxidation state of manganese in Cu5-xMnxSbO6, a series of XANES
measurements were performed at the Mn K-edge. Comparing the energy position of the
absorption edge for the variety of manganese oxidation state standards (oxidation state
ranging between Mn0 to Mn7+), a linear relationship between energy position of the
absorption edge and oxidation state of manganese was produced (Fig. 2). Comparing the
energy position of the absorption edge for both modifications of Cu5-xMnxSbO6 against the
manganese standards enabled us to determine the average oxidation state of manganese in
these compounds. The high temperature modification was determined to have an average
manganese oxidation state of 2.3, while the low temperature modification was found to be
2.7. This result suggested that manganese contained in both modifications is a mixture of
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Mn2+ and Mn3+, while the ratio of these two oxidation sates is different between the two
modifications. Also there was no observance of a shift in energy position of the absorption
edge with varying manganese content and thus no change in manganese oxidation state with
varying manganese content. For Cu5-xMnxSbO6 to remain charge neutral without the inclusion
of oxygen, the Mn2+ has to sit in the Cu2+ site, replacing the copper ion, while the Mn3+ must
be replacing a unit of Cu2+2/3 Sb5+1/3 to remain charge neutral.

Fig.2. XANES spectra of various manganese containing tertiary and binary oxides (left). The relationship of
oxidation state of manganese with the position of the absorption edge (right).

4

Conclusions
Powder samples of both high and low temperature of Cu5-xMnxSbO6 were prepared by
tradition solid state reactions. The manganese in Cu5-xMnxSbO6 was found to be a mixture of
Mn2+ and Mn3+, with a higher 2+ to 3+ ratio for the high temperature modification than the
low temperature modification. SXRD and NPD confirmed the replacement of copper in the
structure by manganese, with distortions in the Cu-O and Sb-O bond lenths by 2% and 3%
respectively in Cu4.5Mn0.5SbO6. While an increase in low temperature modification with
increasing manganese content in the high temperature modification was observed in SXRD.
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