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Quantum-mechanical calculations of the Raman spectra of Mg- and Fe-cordierite†
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absTRacT

Quantum-mechanical calculations with a hybrid HF/DFT Hamiltonian (B3LYP) model yielded the 
Raman-active vibrational modes of the Mg- and Fe-cordierite structure. Maximum and mean deviation 
between experimentally derived bands and calculated modes of synthetic Mg- and natural Fe-rich 
cordierite are ±19 and 7 cm–1. Most of the observed bands could be related to specific vibrational modes 
of tetrahedral and octahedral sites of the cordierite structure, although the large number of Raman-
active modes (87) prevents a complete assignment. Atomic motions in cordierite are compared with 
those of the structurally similar mineral beryl. The calculations enable more accurate interpretation 
of the Raman spectra with respect to structural changes of cordierite, in particular Al-Si ordering and 
Mg-Fe exchange.

Keywords: Raman spectroscopy, cordierite, quantum-mechanical calculations, band assignment, 
Al-Si ordering, Mg-Fe exchange.

inTRodUcTion

The Mg-Fe silicate cordierite is a common natural mineral 
in the Earth’s crust and an important synthetic component for 
technical applications in the fields of ceramics and micro-
electronics. It shows several physical and chemical properties, 
which have been investigated by numerous authors over 50 yr. 
Based on the Mg-Fe exchange with garnet, cordierite can be used 
as a geothermobarometer (Bhattacharya 1986). It incorporates 
variable amounts of volatiles like H2O, CO2, N2, CO, H2, O2, 
He, Ne, Ar, CH4, and H2S, which makes it a potential “detector” 
of palaeofluid composition (Harley et al. 2002; Bul’bak and 
Shvedenkov 2005; Rigby et al. 2008). It substitutes substantial 
amounts of major, minor, and trace elements like Na, K, Mn, Li, 
and Be (Thompson et al. 2002; Bertoldi et al. 2004). And, finally, 
it is interesting from a crystal-chemical and structural point of 
view (e.g., Armbruster 1985; Thompson et al. 2002; Harley et 
al. 2002; Bertoldi et al. 2004; Yakubovich et al. 2004; Bul’bak 
and Shvedenkov 2005).

Cordierite is a framework silicate, containing corner-sharing 
tetrahedra linked into six-membered rings. It occurs in a high-
temperature hexagonal structure (space group P6/mcc), where Al 
and Si atoms show no long-range order and a low-temperature 
orthorhombic form (space group Cccm), where complete Al-Si 
ordering can be attained (Armbruster and Bloss 1981; McMillan 
et al. 1984; Armbruster 1985; Poon et al. 1990).

Vibrational spectroscopy has been used in numerous previous 
investigations to examine electronic and vibrational absorp-
tion (Farrell and Newnham 1967), polymorphism (Langer and 
Schreyer 1969), volatile content (Vry et al. 1990; Kalt 2000; 
Kolesov and Geiger 2000; Yakubovich et al. 2004; Bul’bak 
and Shvedenkov 2005; Khomenko and Langer 2005; Kaindl 
et al. 2006; Kolesov 2006; Rigby et al. 2008; Weikusat et al. 
2010), Al-Si ordering (McMillan et al. 1984; Poon et al. 1990), 
structural heterogeneity and energetics (Geiger and Grams 
2003), and radiation-induced damage (Nasdala et al. 2006; 
Weikusat et al. 2008; Miletich et al. 2010). Although ab initio 
total energy studies of orientation and hydration energy of H2O 
in cordierite exist (Winkler et al. 1994, 1995; Winkler 1996), 
to the best of our knowledge, a comprehensive study assigning 
experimentally observed bands to vibrational modes is lacking. 
We therefore present quantum-mechanical calculations of the 
Raman-active vibrational modes in Mg- and Fe-cordierite.  We 
provide a comparison to experimental spectra, detailed band 
assignments, and some consequences for the Mg-Fe exchange 
and Al-Si ordering of cordierite.

expeRiMenTal MeThods

Synthesis of Mg- and Fe-cordierite
The starting material for the synthesis of Mg-cordierite was a homogenous 

glass with the composition Mg2Al4Si5O18. The oxides MgO, Al2O3, and SiO2 
were fired, weighed, and ground in an agate mortar. The dry mix was melted in 
a Carbolite HTF 1800 furnace in air in a Pt-crucible at 1700 °C for 10 min and 
then quenched in distilled water. Homogeneity and stoichiometry of all glassy 
and crystalline reaction products were checked with a JEOL JXA 8100 electron 
microprobe. Heat treatment of the glass allowed crystallization of cordierite. In the 
first step, at 800 °C and a time of 25 min, the nucleation of cordierite was activated. 
After 25 h at 975 °C and 24 h at 1200 °C, a disordered hexagonal cordierite was 
crystallized. To achieve a higher degree of Si-Al-ordering in the orthorhombic 
end-product, the Mg-cordierite was finally tempered at 1400 °C for 348 h. The 
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