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Abstract
Thin crystals of rutile, brookite, anatase, and cassiterite were irradiated in situ in the transmission
electron microscope using 1.0 MeV Kr ions at 50–300 K. Synthetic rutile and natural cassiterite, with
0.1–0.2 wt% impurities, remain crystalline up to a fluence of 5 × 1015 ions cm–2 without evidence for
amorphization at 50 K. Natural brookite and anatase, with 0.3–0.5 wt% impurities, become amorphous
at fluences of 8.1 × 1014 and 2.3 × 1014 ions cm–2, respectively. We have also studied two natural rutile
samples containing ~1.7 and 1.2 wt% impurities. These samples became amorphous at 9.2 × 1014 and
8.6 × 1014 ions cm–2 at 50 K, respectively. Further analyses of the fluence-temperature data for natural
brookite, rutile, and anatase give critical amorphization temperatures of 168 ± 11, 209 ± 8, and 242 ±
6 K, respectively. Results are briefly discussed with respect to several criteria for radiation resistance,
including aspects of the structure, bonding, and energetics of defect formation and migration.
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Introduction
Until recently, most ion irradiation studies of MX2 compounds
have been conducted on fluorite and related structure types. In
these compounds, damage recovery on picosecond time scales
is strongly influenced by the structure, bonding, and ability to
accommodate lattice disorder (e.g., Lumpkin et al. 2007; Sickafus
et al. 2002, 2007). Among the other MX2 oxides, only “bulk”
rutile has been studied extensively, including irradiation with a
range of metal ions (see Fromknecht et al. 2000 and references
therein). More relevant to the present investigation, it has been
shown that irradiation of rutile single crystals with 360 keV Xe
ions may produce a buried amorphous layer at a fluences up
to 1015 ions cm–2 at temperatures up to 300 K (Hartmann et al.
1998; Li et al. 2000). Hartmann et al. (1998) also reported that
in situ experiments with 1.5 MeV Xe ions lead to amorphization
of rutile TEM specimens with a critical temperature near 200 K.
These results imply that structure type may be an important factor
governing the radiation tolerance of MX2 and other simple oxide
compounds with different compositions and stoichiometries.
We recently tested the structure type criterion using samples
of the three common low-pressure TiO2 polymorphs and found
correlations between the critical fluence for amorphization at
50 K and the degree of polyhedral distortion and volume properties (Lumpkin et al. 2008). These correlations are related to
the Ti-Ti repulsive forces across shared edges in the structures
and the consequent reduction in O-O shared edge lengths and
increased unshared edge lengths. Thus, as the number of shared
octahedral edges increases from rutile to brookite to anatase,
the degree of polyhedral distortion and the molar volume of
the crystal both increase. Most importantly, we suggested that
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these distortion and volume changes might be related to the
energetics and mechanisms of defect migration using a series
of static and dynamic atomistic simulations (Marks et al. 2008;
Lumpkin et al. 2008).
In the present study, we have also investigated the mineral
cassiterite, a nearly pure sample of natural SnO2, which also has
the rutile structure. The purpose of this experiment is to provide
a framework for a more detailed understanding of how the rutile
family of compounds behave under irradiation. Furthermore, we
have irradiated two natural samples of rutile with slightly different impurity levels (e.g., Al, V, Cr, Fe, Nb) to determine whether
or not there is significant change in the radiation response when
compared to “pure” rutile. The main variables used to describe
radiation tolerance in this paper are the intercept fluence (Fc0)
that is also the inverse of the damage cross section, e.g., Fc0 =
1/σi for a given set of irradiation conditions, and the critical
temperature for amorphization (Tc) above which the sample
remains crystalline, e.g., the damage production and annealing
rates are equal at this temperature.

Samples and methods
A pale yellow single crystal of synthetic rutile, grown via the lead pyrophosphate flux method, was used as the low impurity sample of this polymorph
of TiO2. To examine the effect of crystalline structure on radiation response, we
used natural samples of anatase (G24530, Matshorhae, Ullensvang, Norway) and
brookite (G17291, Fron-oleu, Tremadoc, Caenarfonshire, Wales). We also included
two natural samples of rutile from Graves Mountain, Georgia (sample GM, a
large opaque, red-brown crystal) and from Alexander County, North Carolina
(sample NC, a small translucent red prismatic crystal). The final sample used in
this study consisted of a small, colorless crystal of cassiterite from Brazil (SnO2,
rutile structure type).
Electron beam microanalyses of the synthetic and natural TiO2 polymorphs
were obtained from polished sections of the samples using a JEOL JSM-6400
SEM operated at 15 kV and equipped with a Noran Voyager energy dispersive
spectrometer (EDX). The instrument was operated in standardless mode; however,

