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INTRODUCTION

Atomic order-disorder phenomena or intracrystalline atomic 
distributions play a key role in the energetics, crystal chemis-
try, and physical properties of numerous crystalline materials, 
including minerals (Hazen and Navrotsky 1996). They are a 
function of temperature, pressure, and chemical composition, 
and are related to the cooling history of host rocks (e.g., Ghose 
and Ganguly 1982; Hazen and Navrotsky 1996). In particular, 
the Fe2+/Mg ordering states in orthopyroxenes have been used 
to constrain the thermal history of some meteorites (Ganguly 
1982; Ganguly and Stimpß  2000). The detailed knowledge of 
atomic order-disorder in minerals is generally retrieved with 
single-crystal X-ray diffraction. In the event that one of the Mars 
Rover missions will carry a miniature Raman spectrometer, a 
question has been raised whether one can collect Raman spectra 
on Mars, not only to identify minerals onsite, but also to estimate 
composition, compositional zoning, and order-disorder states 
of Martian minerals by comparing them against prerecorded 
Raman spectra from a database. Recent reports by Wang et al. 
(2001, 2004) and Huang et al. (2000) have shown that the bulk 
chemistry of silicates and oxide minerals can be estimated from 
Raman spectra. For example, the chemical composition of plan-
etary quadrilateral Mg-Fe-Ca-Mn pyroxenes can be estimated 
to 3% through the analysis of their Raman spectra. The purpose 
of this paper is to provide a proof-of-concept demonstrating that 
Raman spectroscopy also can be used to quantify the ordering 
state in a mineral.

The cation occupancies at different crystallographic sites 
have been investigated by Boffa-Ballaran and Carpenter (2003) 
using infrared spectroscopy in solid solutions of omphacite, 
garnet, feldspar, amphiboles, and Fe2+-Mg clinopyroxene. With 
the autocorrelation method of Salje et al. (2000), they evaluated 
effective line width variations of phonon bands in certain spectral 

intervals and related this to variations in site occupancies. For 
instance, the disorder of Mg and Fe2+ between the M1 and M2 
sites in pyroxene corresponds to increased peak widths in the 
frequency range 210�800 cm�1. The Al-Si disorder in feldspars 
is associated with broader peaks in the higher frequency regions 
related to tetrahedral bond stretching while the lower frequency 
modes associated with the alkali cation remain sharp. However, 
in garnet and amphibole, peak widths were found to increase in 
all regions of the spectrum, reß ecting strain introduced by the 
increase in the degree of disordering.

Cynn et al. (1992, 1993) analyzed the Raman spectra of 
natural and synthetic spinels (MgAl2O4) taken in air in the 
temperature range from 25 to 961 °C. Their study indicates that 
the shape of the Raman peaks becomes asymmetric and broader 
as temperature increases. Furthermore, these features also can 
be observed at room-temperature conditions if the material is 
quenched rapidly from the highest temperature. Although their 
study did not directly relate the broadening and asymmetry of 
the Raman peaks to the order-disorder of Al/Mg between the 
octahedral and tetrahedral sites, the Þ ndings indicate that or-
der-disorder has a systematic effect on Raman peak widths and 
positions and could be quantiÞ ed if the width and positions of 
the vibration modes were analyzed appropriately.

To facilitate a proof-of-concept that the order-disorder state 
in minerals can be quantiÞ ed from Raman spectra, we report the 
Raman spectra of karooite (MgTi2O5) as a function of Mg/Ti site 
occupancies. Karooite possesses a pseudobrookite structure and 
is an end-member of the solid solution between MgTi2O5 and 
FeTi2O5 (ferropseudobrookite). The intermediate member of this 
solid-solution series, armalcolite [~(Fe,Mg)2TiO5] (Anderson et 
al. 1970), received much attention during the Apollo missions 
because of its implications for the petrogenesis and cooling his-
tory of the lunar rocks (Haggerty 1973; Lind and Houseley 1972; 
Smyth 1974; Lindsley et al. 1974; Wechsler 1977). Karooite 
crystallizes in the space group Bbmm, and has two symmetrically 
nonequivalent edge-sharing octahedral sites, M1 and M2 (Fig. * E-mail: pliermann@hpcat.aps.anl.gov
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ABSTRACT

Raman spectroscopic data were collected from Þ ve oriented single crystals of karroite (MgTi2O5) 
with different ordering states obtained by quenching crystals from 600, 700, 800, 1000, and 1400 °C. 
The Raman spectra were normalized and treated as vectors. The inner products among the Raman 
spectra are shown to correlate linearly with the ordered state of the crystals, suggesting that such an 
analysis of Raman spectra can, in principle, be used to rapidly estimate the ordering state of a mineral, 
and thus many other crystal properties related to the atomic order-disorder.
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