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aBstract

Optical absorption spectroscopy and X-ray structural refinements of seven different spinel single 
crystals on the (Mg1–xMnx)Al2O4 solid solution (x = 0.02–1.00) evidences exceptionally strong relaxation 
(ε = 0.83) of IVMn2+-O bonds. Our single-crystal structure refinements demonstrate that the ideal 
IVMn2+-O bond distance in fully ordered galaxite (MnAl2O4) should be 2.050 Å, which is 0.014 Å longer 
than previously suggested, and that structural parameters are mainly affected by the variations occurring 
at the TO4 tetrahedron. The very strong structural relaxation observed around the T site may be explained 
by the fact that the TO4 polyhedra of the spinel structure share only corners with neighboring MO6 
octahedra and are fully isolated from neighboring TO4 tetrahedra. This provides structural flexibility 
around the T site and allows for considerable local T-O bond distance variations.

Keywords: Spinel, galaxite, electronic spectra, structure refinement, microprobe analysis, synthesis

introdUction

Several recent spectroscopic studies on minerals (e.g., Galoisy 
1996; Gaudry et al. 2003, 2006; Juhin et al. 2007, 2008) have 
demonstrated that the local structures around substituting cations 
in isostructural solid-solution series may differ considerably 
from the structures determined by averaging methods applying, 
e.g., X-ray or neutron diffraction. Such deviations from Vegard’s 
rule are quantified by the relaxation coefficient ε (Urusov 1992) 
that is 0.0 for the relaxation free “virtual crystal” model obeying 
Vegard’s rule, and 1.0 in the fully relaxed “hard-sphere” model. 
The hard sphere concept assumes that ionic radii are constant and 
the entire structure is assumed to accommodate all modifications 
resulting from chemical substitution. The “virtual crystal” model 
on the other hand assumes that ions are located without local 
distortions at the “ideal” lattice sites of the average unit cell, and 
they are substituted without bond distance modifications.

Results from EXAFS-studies (Juhin et al. 2007) and optical 
absorption spectroscopy (Hålenius et al. 2010) have indicated 
almost constant local metal-oxygen bond distances and hence 
ε-values close to 1.0 for six-coordinated cations in binary solid 
solutions of spinel oxides. In the present work, we explore 
whether comparable modifications of the local structure around 
tetrahedrally coordinated cations also occur in spinel solid 
solutions. To this end we have studied synthetic spinel single 
crystals on the (Mg1–xMnx)Al2O4 binary (x = 0.02–1.00) by 
means of electron microprobe techniques, X-ray diffraction, and 
optical absorption spectroscopy. Spinel senso strictu, MgAl2O4, 
as well as galaxite, MnAl2O4, are normal spinels displaying 
limited intersite exchange and consequently major Mn2+-Mg 
substitutions take place at the four-coordinated cation site (T) 
of the spinel structure.

samples and metHods

Crystal synthesis
Single crystals on the (Mg1–xMnx)Al2O4 binary were synthesized using a flux-

growth method. Spinel reactant components were weighed out in pre-dried oxide 
form (analytical grade). The nutrient oxides were mixed with Na2B4O7 acting as 
flux compound, using a flux/oxide ratio of 0.8–1.3, and were homogenized under 
acetone in an agate mortar. Approximately 7 g of the mixture was placed in a 
12 mL crucible of yttria-stabilized Pt/Au (5%), covered by a lid, and placed in a 
vertical tube furnace equipped with Tylan CO2:H2 flow controllers. A continuous 
flow of the two gases in the ratio 1:2 was adopted to obtain oxygen fugacity 
ranging from 10–12 to 10–17 bars when the temperature was varied from 12 to 900 
°C. Thermal run profiles consisted of an initial increase to 1200 °C where the 
temperature was kept constant for 24 h to allow for complete dissolution of the 
oxides and melt homogenization. Subsequently, the temperature was decreased 
by 4 °C/h to 900 °C, followed by a fast cooling down to ambient temperature. 
The synthesis products consisted of almost colorless to pale yellow colored 
spinel crystals and minor amounts of colorless corundum crystals dispersed 
in sodiumborate glass. To retrieve spinel crystals from the runs, the glass was 
dissolved in warm diluted HCl solution.

Electron microprobe analysis
Electron microprobe analysis of the present spinel crystals were obtained with a 

Cameca SX50 instrument at the University of Uppsala operating at an accelerating 
potential of 15 kV and a sample current of 12 nA. Standard samples comprised 
synthetic Al2O3 (for Al), MgO (Mg), and MnTiO3 (Mn). Five spot analyses 
distributed approximately 15–25 µm apart along traverses from crystal core to 
crystal rim were collected on each of the studied crystals. For raw data reduction, 
the PAP computer program was applied (Pouchou and Pichoir 1984).

Single-crystal structural refinement
The examined samples constitute a set of six hand-picked spinel single crystals. 

For X-ray data collection, equidimensional fragments (ca. 200 µm) were mounted 
on a Siemens P4 automated four-circle, single-crystal diffractometer. In addition, 
cation occupancies in end-member galaxite has been reanalyzed using the single-
crystal X-ray raw data from Hålenius et al. (2007).

Unit-cell parameters were measured, at 296 K, by centering 52 reflections (13 
independent and their Friedel pairs, on both sides of the direct beam), in the range 
85–95 °2θ, with MoKα1 radiation (0.70930 Å). Intensity data were collected, at 
296 K, using MoKα radiation (0.71073 Å) monochromatized by a flat graphite 
crystal in the 3–95 °2θ range with the ω-scan method and at a fixed scan range * E-mail: ulf.halenius@nrm.se


