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Abstract

Single-crystal optical spectra of corundum (Al2O3) and the Al2SiO5 polymorphs andalusite, kyanite, 
and sillimanite, containing both Fe2+-Fe3+ and Fe2+-Ti4+ intervalence charge transfer (IVCT) absorp-
tion bands were measured at temperatures up to 1000 °C. Upon heating, thermally equilibrated IVCT 
bands significantly decreased in intensity and recovered fully on cooling. These trends contrast with 
the behavior of crystal field bands at temperature for Fe, Cr, and V in corundum, kyanite, and spinel. 
The effects of cation diffusion and aggregation, as well as the redistribution of band intensity at tem-
perature, are also discussed. The loss of absorption intensity in the visible and near-infrared regions of 
the spectrum of these phases may point to a more general behavior of IVCT in minerals at temperatures 
within the Earth with implications for radiative conductivity within the Earth.
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Introduction

In intervalence charge transfer (IVCT), an electron “hops” 
transiently from a donor to an acceptor metal cation due to an 
optical or a thermal excitation (Sherman 1987a, 1987b). This 
process dominates the coloration of many minerals (Fritsch and 
Rossman 1988) and has numerous materials applications such 
as luminescence, semiconductors, and catalysis (Blasse 1991; 
Hammarström 2015). Terminology surrounding charge transfer 
phenomena varies widely depending on discipline and theoretical 
framework. Though other models like small polaron hopping are 
also used for this kind of process (Hush 1968), the term “IVCT” 
more specifically originates from Hush theory first described by 
Allen and Hush (1967) and Hush (1967). It is an umbrella term 
encompassing a broad range of optical transitions involving 
charge transfer where electrons are “nearly” localized to the 
fields of participating metal cations. In the solid state, “nearly 
localized sites” usually indicates adjacent cation sites; longer-
range electron transfer is unlikely except in systems with more 
polymerized structures like chains and sheets (Amthauer and 
Rossman 1984). The “IVCT” designation typically excludes the 
weak interaction limit where cation pairs are at most exchange-
coupled; the associated d-d electronic transitions instead would 
be analyzed through ligand field theory.

Electron delocalization is facilitated via orbital overlap, of 
which two forms are important: direct overlap between metal 
cations and metal-ligand-metal overlap bridged through weak 
metal-ligand bonding (Hush 1967). The character of IVCT in a 
particular system depends both on the overall degree of delocal-
ization across cation sites and the individual values of the inte-
grals for direct and ligand-bridged orbital overlap between metal 
cations. Thus, it varies significantly depending on the constituent 

metals and ligands as well as the local geometry. When known, 
the details of the orbital overlap between two metal cations that 
engage in IVCT are specified, typically through theoretical work 
such as TD-DFT calculations (e.g., Hunault et al. 2017). Most 
frequently, however, the label “IVCT” is applied to visible region 
features in absorption spectra where it is assumed—based on 
both general accumulated lore about IVCT transitions and what 
is known about a specific system—that ligand-bridged overlap 
across shared edges or faces of cation polyhedra dominates for 
that transition (e.g., Moon and Phillips 1994).

Broad absorption bands polarized in the direction of the 
metal-metal bond are typically diagnostic of IVCT in single-
crystal optical spectra. The full-width at half height (FWHH) 
range 3000–4000 cm–1 tends to be used loosely as a lower cutoff, 
while 4000–5000 cm–1 and above can be assigned with greater 
confidence to IVCT (Mattson and Rossman 1987a, 1987b, 1988). 
Nonetheless, there is some nuance involved in appropriately 
assigning a band to IVCT. For instance, narrower IVCT bands 
have similar diagnostic properties to intensified crystal field 
bands (Mattson and Rossman 1987a, 1987b; Smith 1978; Taran 
et al. 1996). A particularly broad absorption feature may also be 
more appropriately expressed under some circumstances as the 
sum of two or more components rather than a band for a single 
IVCT transition (Geiger and Taran 2023).

IVCT in minerals can be a feature of the phase’s stoichi-
ometry but more commonly occurs between metal cations 
substituting into the structure at low concentrations. Typically, 
cations are oxo-bridged and adopt octahedral-octahedral site 
geometries (Burns 1993), though other configurations have 
been observed such as octahedral-dodecahedral in garnet (Taran 
et al. 2007). An additional soft diagnostic in minerals is band 
intensity: due to the selection rules for crystal field transitions 
in distorted octahedral sites, single cation d-d bands tend to be 
less intense than IVCT bands, even at relatively low IVCT pair 
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