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ABSTRACT

The structural state of metamict titanite was studied by Raman spectroscopy, complementary
high-resolution transmission electron microscopy, and single-crystal X-ray diffraction. The results
show that Raman scattering collected from metamict titanite is highly anisotropic, which is typical of
single crystals. But surprisingly, the observed Raman-scattering dependence on the sample orienta-
tion is much more pronounced for heavily metamict than for weakly metamict titanite samples. These
radiation-induced anisotropic effects are related to the specific atomic arrangements in metamict
titanite. The Raman spectra collected in backscattering geometry from a plane nearly perpendicular
to the chains of corner-sharing TiO4 octahedra arise predominantly from phonon modes in crystal-
line nanoregions with radiation-induced defects, whereas the contribution of atomic vibrations in
radiation-induced amorphous nanoregions is better pronounced in the Raman spectra collected from
a plane containing TiOg chains. This difference provides a unique opportunity to study separately, the
structural transformations of the crystalline and amorphous fractions in metamict titanite. The results
show that the radiation-induced periodic faults in the crystalline matrix are related to the disturbance
of Si0,-TiO¢-Si0,-TiOg rings comprising TiO, octahedra from different chains, whereas the radiation-
induced amorphization is related to the partial change of Ti coordination from octahedral to pyramidal
and/or tetrahedral, which in turn violates the Ti-O-Ti intrachain linkages. This indicates that the plane
containing Si-O-Ti-O bond rings is less susceptible to a self-accumulation of radiation-induced defects
resulting in the development of amorphous regions as compared to the perpendicular plane containing
Ti-O bond chains. Sample-orientation-dependent Raman spectroscopy was further applied to annealed
metamict titanite to give further insight into the temperature-driven recovery processes in the crystalline
and amorphous nanoregions. Multistep annealing by 50 K for 2 h per step gradually suppresses the
structural defects in the crystalline fraction as the improvement of the SiO,-TiO, connectivity within
planes nearly perpendicular to the TiO, chains reaches saturation near 900 K. The annealing-induced
recrystallization of the radiation-induced amorphous nanoregions takes place in the temperature range
between approximately 650 and 950 K, with a maximum near 750 K. Raman scattering shows that
multistep annealing up to 1173 K is insufficient to recover the crystalline structure of the studied
metamict titanite sample, which has an accumulated radiation dose of 1.2 x 10" a-event/g.
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INTRODUCTION

Concerning the increasing amount of nuclear waste and the
highly important question of permanent disposal (Ewing 2007a),
it is of great importance to better understand the long-term influ-
ence of a-radiation on the structure of crystalline and amorphous
materials. A frequently studied option for immobilization of
actinides separated from former nuclear fuel is the encapsulation
of the fuel in polycrystalline ceramics (Ewing 2007a; Farnan
et al. 2007; Muller and Weber 2001; Weber et al. 1997, 1998).
However, with time, the crystalline structure will be destroyed
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due to recoil processes associated with o-decay (Farnan et al.
2007; Muller and Weber 2001; Weber et al. 1997, 1998; Haw-
thorne et al. 1991; Ewing 2007b), which may lead to a release
of the radioactive elements to the environment.

Metamict minerals possess structurally incorporated U and
Th impurities and are characterized by a high degree of structural
disorder consisting of the coexistence of defect-rich crystalline
and amorphous nanoregions, caused by the radioactive a-decay
of the embedded actinides. Thus, metamict minerals are ideal
model systems for studying the behavior of actinide-bearing
phases in specific geochemical environments and the structural
stability of the host matrix over a geological timescale period
(Ewing et al. 1988).
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The accessory mineral titanite with nominal chemical com-
position CaTiSiOs occurs in igneous and metamorphic rocks
(Higgins and Ribbe 1976). In nature, Ca may be replaced by
various impurities including the radionuclides U and Th. Due to
the a-decay of these elements, the periodically ordered structure
becomes partially destroyed and hence metamict (Hawthorne
et al. 1991; Salje et al. 2011b). The structure of pure titanite
consists of chains of corner-sharing TiO4-octahedra, isolated
SiO,-tetrahedra and sevenfold-coordinated Ca®" ions. The
room-temperature phase of pure titanite is antipolar (space
group P2,/c) as aresult of Ti*'-cation off-center displacements,
which are in the same direction within a single chain but op-
posite between two adjacent chains. On heating, pure titanite
undergoes a space group P2,/c-C2/c phase transition at 487
K due to the loss of coupling of the Ti off-centered displace-
ments from different chains and a subsequent isosymmetrical
phase transition near 825 K, consisting of decoupling of the
Ti off-centered displacements within a chain (Speer and Gibbs
1976; Taylor and Brown 1976; Zhang et al. 1995, 1997; Kek
et al. 1997; Chrosch et al. 1997; Malcherek et al. 1999, 2001).
Due to the existence of impurities and periodic faults in natural
metamict titanite, the antipolar ordering is destroyed at room
temperature and thus, at ambient conditions, the average crystal
structure of metamict titanite is space group C2/c. The a-decay
events in the structure result in the coexistence of crystalline
and amorphous nanoregions as revealed by high-resolution
transmission electron microscopy (HRTEM) (Lumpkin et
al. 1991; Hawthorne et al. 1991). Mdssbauer spectroscopic
measurements show that the radiation-amorphized regions
exhibit a significant degree of short-range order (Salje et al.
2011a). X-ray absorption spectroscopic (XAS) measurements
of metamict titanite suggest increased disorder around the Ti
positions with increasing degree of metamictization and a
partial reduction of the Ti coordination from sixfold to five-
and/or fourfold (Hawthorne et al. 1991; Farges 1997). On the
basis of the results obtained by infrared spectroscopy (IRS),
Zhang et al. (2002) also proposed that TiOs complexes exist
in heavily metamict titanite.

Annealing experiments on metamict minerals can give
further insights into the structural stability and the mesoscopic-
scale atomic arrangements in radiation-damaged materials.
Thermal annealing induces structural recovery (Hawthorne et
al. 1991; Zhang et al. 2002; Paulmann et al. 2000; Beirau et
al. 2010; Vance and Metson 1985), which, in general, consists
of two processes: recrystallization of the radiation-amorphized
nanoregions and suppression of the inherent structural defects
in the crystalline fraction of the metamict sample. Infrared
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spectroscopy of titanite with various degree of metamicti-
zation clearly demonstrated the reduction of defects on the
short-range length scale at elevated temperatures (Zhang et al.
2002). Synchrotron single-crystal X-ray diffraction (XRD) of
heavily metamict titanite revealed a significant increase in the
correlation length on the long range scale and a decrease in the
unit-cell volume upon annealing at temperatures above 650 K
(Paulmann et al. 2000; Beirau et al. 2010). A recent resonance-
ultrasound-spectroscopy study of metamict titanite has shown
that the annealing-induced annihilation of point defects in the
crystalline regions and recrystallization of amorphous regions
occur between 573 and 923 K, which surprisingly leads to a
softening of the shear moduli (Salje et al. 2011b).

Our previous Raman spectroscopic experiments (Beirau et
al. 2010) involving several metamict titanite samples revealed
a strong structural anisotropy that is more pronounced for ti-
tanite with a higher degree of metamictization. The long-range
coherence seems to be less affected within one plane, whereas
amorphization is more prominent in the near perpendicular
plane. The objective of this study is to clarify the reason for this
structural anisotropy enhanced in radiation-damaged titanite
and to elucidate the structural transformations that take place
in metamict titanite during annealing on the mesoscopic length
scale, using sample-orientation-dependent Raman spectroscopy
as well as complementary transmission-electron microscopy
and single-crystal XRD.

EXPERIMENTAL METHODS

We have chosen to study metamict titanite from the collection of the Royal
Ontario Museum (ROM), Department of Mineralogy, Toronto, Ontario, Canada,
by Raman spectroscopy. The samples have been thoroughly analyzed by other
research groups using various methods, including electron microprobe analysis
(EMPA), X-ray diffraction (XRD), Mdssbauer spectroscopy, etc. (Hawthorne et
al. 1991; Salje et al. 2011a, 2012). The main characteristics of the samples are
summarized in Table 1. It should be noted that heavily metamict titanite is rather
inhomogeneous and this is probably the reason for the deviation in the U and
Th content of titanite from the Cardiff locality (ROM catalog number M28696)
reported in different papers (Hawthorne et al. 1991; Chrosch et al. 1998; Salje et
al. 2012). Since the concentration of U in sample M28173 given by Hawthorne
et al. (1991) was surprisingly high (2620 ppm), we measured this sample by
EMPA with a Cameca microbeam SX100 SEM system. Operating conditions
were a 15 kV accelerating voltage, 40 nA beam current, a beam spot diameter
on the same surface approximately | um averaged over 10 points. The analyses
indeed revealed a U content that is lower than that for sample M28696 (see Table
1) and thus better matches the index of structural damage estimated from XRD
and infrared spectroscopic (IRS) analysis.

We have chosen metamict titanite with an ROM catalog number E2335 as
a model metamict titanite to study the annealing-induced structural alteration
because this sample exhibits phase homogeneity on the length scale of XRD
sensitivity and a relatively low degree of chemical impurities (Salje et al. 2011b;
Hawthorne et al. 1991). The fraction of the amorphized material in sample E2335

TaBLE 1. Chemical and structural characteristics of the metamict samples studied

ROM catalog U (ppm) Th (ppm) Reference Time (Ma) Reference Damage index* Dose t
number XRD IR (10'® a-event/qg)
M28658 22 1 Hawthorne et al. (1991) 2502% Tucker et al. (1999) 3 3 0.2§
E2335 135+24 764 =141 Salje etal. (2012) 1086 Salje etal. (2012) 9 8 1.19+0.22
M28173 305 +100 410110 Our data 1000+ Vance and Metson (1985) 8 9 14+£04
M28696 473 + 64 498 + 56 Salje etal. (2012) 1035 Salje etal. (2012) 10 10 217 +£0.29

* After Hawthorne et al. (1991).

1 Calculated after Nasdala et al. (2001); the uncertainties are calculated from the uncertainties in the U and Th contents.
$The time used to calculate the dose was approximated with the age of the rocks from the same type and locality given in the corresponding papers.

§ No available literature data about the uncertainties in the U and Th contents.
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has been determined to be 0.24 (Salje et al. 2011a). The crystals are black to
black-brown and become brownish and transparent after annealing.

Multistep annealing of the metamict titanite sample E2335 was carried out in
a Thermo-Scientific Laboratory Chamber Furnace K114. The heating temperature
was controlled by an AHLBORN THERM 2420 temperature-measuring device
equipped with a NiCr-Ni thermocouple, which ensures a thermal stability of +2
K. The sample was annealed at temperatures in the range 423—1173 K with steps
of 50 K. The annealing time at each step was 2 h. The heating period before
each annealing step was approximately 35 min. After each annealing step the
sample was cooled to room temperature and a Raman spectrum was recorded.

Raman spectroscopic measurements were performed on polished plane-
parallel specimens cut in random orientation, using a Horiba Jobin-Yvon T64000
triple monochromator system operating in a subtractive regime and equipped
with a liquid N»-cooled charge-coupled device (CCD) detector and an Olympus
BH41 microscope. Spectra were collected in back-scattering geometry without
analyzer of the scattered light, using the 514.5 nm line of an Ar*-ion laser and
a long-working distance objective with magnification 50x. The diameter of
the laser spot on the sample surface was approximately 2 pum. The laser power
surface density delivered to the sample was 1.5 kW/mm?, as it was verified that
such a power density does not change the sample due to undesired overheating.
The achieved instrumental spectral resolution was ~2 cm'. Since our Raman lab
is equipped with an air conditioner ensuring stability of the room temperature
and consequently, thermal stability of the gratings, there are no variations of
peak positions related to a plausible subtle thermal expansion of the dispersive
element. The Raman spectroscopic system was always calibrated to the position
of the Si peak at 520.5 cm™' with a precision of £0.35 cm™. The spectra were
measured in the same spectral range, i.e., the gratings were always positioned
in the same manner to avoid any inaccuracy in the peak positions related to the
slight non-linearity of the signal on the CCD detector. Therefore, the achieved
experimental precision in determining the peak positions was ~0.5 cm™. For each
sample, Raman spectra from several points (approximately 10 per sample) were
collected to check the reproducibility of the spectra, i.e., the homogeneity of the
samples with respect to the Raman scattering signals. It was found that under
the experimental conditions, the spatial variations of the Raman spectra were
negligible, if the orientation of the sample were kept constant. This means that the
efficient scattering volume (on the order of cubic micrometers) is indeed much
larger than the expected nanometric length scale of structural inhomogeneity in
metamict titanite. Additionally, we conducted measurements with the 488.0 nm
line of the Ar*-ion laser to identify possible photoluminescence signals.

Raman spectra were measured after each annealing step from two different
orientations of the metamict titanite sample (E2335) with respect to the directions
of the incident-light propagation and polarization. As in Raman spectra of non-
annealed samples, the Raman scattering collected from different spatial areas of
sample E2335 (after the subsequent annealing step) showed good reproducibility.
The spectra were recorded from the same region of the sample, with an uncertainty
of ~20 um. The two sample orientations are designated as orientations 1 and 2,
following the nomenclature in Beirau et al. (2010). The two orientations are ap-
proximately perpendicular to each other. The Raman spectrum of metamict titanite
with a damage index 10 collected in orientation 1 corresponds most closely to
the spectrum of well-crystalline titanite, whereas the Raman spectrum collected
in orientation 2 is substantially different (Beirau et al. 2010).

The measured spectra were reduced by the Bose-Einstein occupation factor
{Lrequced = Tneasured/ [1(®, T) + 1], n(®,T) = 1/("*" — 1)} and fitted by Lorentzian
functions using the software package Origin 8.5, to determine the peak posi-
tions, full-widths at half maximum (FWHM), and integrated intensities. The
spectra measured after each annealing step were fitted with the same number of
Lorentzian functions used for non-annealed metamict titanite and no constraints
were applied on the peak parameters when fitting.

The crystallographic orientation of the sample and the Miller indices of the
faces were obtained using a Nonius Kappa CCD single-crystal diffractometer
with MoKo radiation. Indexing of diffraction spots was performed using Denzo
(Otwinowski and Minor 1997). The obtained unit-cell setting of titanite cor-
responds to that described by Hawthorne et al. (1991).

The intrinsic nanometer-scale structural inhomogeneity of the studied me-
tamict titanite was probed by transmission electron microscopy (TEM). Pieces
of random orientation and size between 0.1 and 1 um were dispersed in ethanol
and mounted on a carbon-coated copper grid using an ultrasonic sprayer. TEM
experiments were performed with an FEI TECNAI F30 microscope equipped
with a Super-twin lens, operating at 300 kV using a scanning TEM unit with a
HAADEF detector and a 1 x 1 K slow scan CCD camera. The measurements were
conducted using a double tilt halter at room temperature.
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RESULTS AND DISCUSSION

Transmission electron microscopy

Many submicrometer particles of E2335 were examined by
scanning TEM and showed monocrystalline diffraction patterns
(see Fig. 1a). TEM images were used for more detailed examina-
tion of randomly chosen crystals of sample E2335. As can be
seen in Figure 1b, the crystals exhibit structural inhomogeneities
and variations in thickness. However, high-resolution (HR) TEM
images obtained from different peripheral parts of this crystal
provided identical fast Fourier transform (FFT) patterns (see the
inset in Fig. 1b). Coexisting nanoregions with crystalline fringes
and lack of periodicity are clearly seen in the HRTEM images
(Fig. 2a). Under higher magnification, periodic faults inside the
crystalline nanoregions are also revealed (Fig. 2b). The size and
fraction of amorphous regions vary from area to area and hence,
HRTEM alone cannot provide a statistically relevant estimation
of the proportion of amorphous regions in the sample.

Raman spectroscopy

Group-theory analysis of pure titanite. First-order infrared
absorption and Raman scattering spectra of pure titanite can
be described by the corresponding optically active irreducible
representations at the center of the Brillouin zone (Kroumova
et al. 2003). The I'-point phonon modes associated with the oc-
cupied Wyckoff positions in the two titanite phases with space
groups C2/c and P2,/c are given in Table 2. Experimentally, 31
Raman signals were resolved in the spectra of synthetic single-
crystal titanite (see Fig. 3), which is less than the number of
expected Raman-active modes for the room temperature phase
space group P2,/c (24A,+ 24B, = 48 in total), but more than the
Raman-active modes allowed in space group C2/c (9A, + 12B,
= 21 in total). The smaller number of experimentally observed
Raman peaks than that predicted by group theory for space group
P2,/c is most likely due to the weak intensities of some modes
and/or overlapping of peaks generated from modes of different
symmetry but involving the same types of atomic vibrations in
terms of stretching, bending, etc.

It should be noted that Raman spectra collected with a disper-
sive spectrometer and a linearly polarized laser were always par-
tially polarized, even when no analyzer was used on the scattered
light, due to the inherent transmission efficiency of the gratings.
Therefore, some discussion about the orientation dependence of
the Raman scattering intensities for pure single-crystal titanite is
required. For our experimental setup, the strongest contribution
to the Raman spectra comes from the scattered light, which has
a polarization E, parallel to the polarization of the incident light
E.. The matrix representations of the Raman polarizability tensors
for A, and B, modes in a monoclinic system with unique axis b are

and ¢

>
QU S Q
(=S )
o O

0 e 0

B: e 0 f
0 f 0
Hence, when the monoclinic binary axis coincides with the
polarization of the incident light E,, the parallel-polarized Raman
spectra (E; || E,) are generated from the A, modes, whereas the
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FIGURE 1. Typical scanning TEM image (a) and electron diffraction
pattern (inset in a) of sample E2335 as well as TEM image of a single,
randomly chosen E2335 particle (b) and the calculated FFT pattern (inset
in b) for the peripheral part, which corresponds to the crystallographic
[1T1] zone.

cross-polarized spectra (E; L E,) result from the B, modes. In
the case of a randomly oriented sample with respect to the scat-
tering geometry, all components of the polarizability tensors for
both A, and B, modes are nonzero, following the transformation
rules for a second-rank tensor upon three successive rotations
describing the orientation of the sample with respect to the spe-
cial case b || E;. Thus, both A, and B, modes contribute to the
parallel as well as to the cross-polarized Raman spectrum and
the weight coefficients of the polarizability tensor components
are complex functions of the angles of rotation. Therefore, the
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FIGURE 2. HRTEM images obtained from different parts of the
crystal shown in Figure 1b. The white rectangle and circle in a mark
crystalline and amorphous nanoregions, respectively. The white arrows
in b point to edge dislocations.

TABLE 2.  Site-symmetry analysis of the allowed Brillouin-zone-center

phonon modes in pure titanite; R stands for Raman-active,

IR for infrared-active

Space group P2,/c

Ca (4e): 3A, + 3A, + 3B, + 3B,

Ti (4e): 3A, + 3A, + 3B, + 3B,

Si (4e): 3A, + 3A, + 3B, + 3B,

O1 (4e): 3A, + 3A, + 3By + 3B,

02 (4e): 3A, + 3A, + 3B, + 3B,

03 (4e): 3A, + 3A, + 3B, + 3B,

04 (4e): 3A, + 3A, + 3B, + 3B,

05 (4e): 3A, + 3A, + 3B, + 3B,

[ optic = 24A4 (R) + 23A, (IR) + [optic = 9A4 (R) + T1A, (IR) + 12B4 (R)
24B, (R) +22B, (IR) +13B, (IR)

Tacoustic = Ay + 2By Macoustic = Ay + 2By

Space group C2/c
Ca (4e): Ay + A, + 2B, + 2B,
Ti (4b): 3A, + 3B,
Si(4e): Ay + A, + 2B, + 2B,
O1 (4e): Ay + A, + 2B, + 2B,
02 (8f):3A, + 3A, + 3B, + 3B,
03 (8f): 3A, + 3A, + 3B, + 3B,
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FIGURE 3. Raman spectra of sample E2335 in orientation 1 (a) and orientation 2 (b) compared with the corresponding Raman spectra of metamict
titanite samples with different degree of metamictization (see Table 1). The signals near 1180, 1090, and 1045 cm™! are photoluminescence peaks.
For sample E2335, the band near 880 cm™ in orientation 1 results from overlapping Raman and photoluminescence signals. The Raman spectra
of synthetic single-crystal titanite and amorphous titanite obtained by a rapid cooling of melted synthetic polycrystalline titanite are also given for

comparison. (Color online.)

Raman scattering intensities in the spectra collected from single
crystals of titanite are expected to be orientation dependent. This
dependence should be strong if the difference between the initial
tensor components (a, b, ¢, d, e, and f) is large. The experi-
mentally observed Raman scattering of synthetic single-crystal
titanite exhibits orientational dependence, but the differences in
the intensities are not very large. As an example, Figure 3 depicts
spectra of synthetic single-crystal titanite measured when the
monoclinic binary axis was approximately perpendicular to the
propagation of the incident light (orientation 1) and when the
binary axis was more or less parallel to the propagation of the
incident light (orientation 2). As illustrated, the main features of
the spectra measured in the two orientations are similar and, in
particular, the scattering in the range 600-800 cm™! is identical.

Anisotropy of Raman scattering related to the radiation-
induced structural damage. A sketch of the orientation of the
sample E2335 specimen with respect to the direction of the
propagation, k;, and the polarization vector, E,, of the incident
light is provided in Figure 4. Orientation 1 corresponds to the case
in which k; is perpendicular to the crystallographic plane (223)
(Miller indices refer to space group C2/c); E; is perpendicular to
(241). In orientation 2, the incident light propagates in a direc-
tion perpendicular to the crystallographic plane (241), whereas
the polarization E; is perpendicular to (223). It should be noted
that, for both scattering geometries, the in-plane rotation of the

sample has little effect on the spectrum profile.

The Raman spectra collected from sample E2335 are com-
pared with the spectra of other titanite samples in Figure 3. The
spectra of all radiation-damaged titanite samples could be suc-
cessfully fitted with the same number of Lorentzian functions,
which however, differ from the number of functions used for
synthetic titanite due to two reasons: (1) the appearance of new
peaks in the range 600-900 cm™ as a result of the symmetry
breakdown and development of non-crystalline regions; (2)
the fact that some of the weak peaks observed in the spectrum
of crystalline titanite could not be resolved in the spectra of
metamict samples and hence, the corresponding Lorentzian
functions were skipped while fitting the spectra.

Based on the overall Raman-peak broadening, which is in-
dicative of structural defects, one can suggest that the damage
index of sample E2335 is higher than that of sample M28658 but
lower than that of sample M28173. Thus, the Raman-scattering
data better match the IRS criterion rather than the XRD criterion
as defined by Hawthorne et al. (1991). The peak positions and
FWHMSs apparently correlate with the accumulated radiation
doses. For example, in Figure 5 the FWHM of the peak near 465
cm™' measured in orientation 2 is plotted against the ct-radiation
dose. This peak is particularly suitable for estimating the degree
of metamictization because: (1) it arises from the SiO, bending
mode (Heyns et al. 2000), which means that the peak parameters
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FIGURE 4. Sketch of the crystal orientation during the Raman-
scattering measurements; k; denotes the direction of the propagation
of the incident laser light, whereas E, is the polarization of the laser.
Miller indices are given for space group C2/c. No analyzer was used in
the experiments. In-plane rotation of the sample had little effect on the
spectrum profile, indicating that the difference in the Raman scattering
collected in orientation 1 and orientation 2 is related to quasi-planar
structural species in the plane parallel to E,, rather than to quasi-linear
structural species along the direction of E,. (Color online.)

are least affected by the presence of chemical impurities which
commonly substitute for Ti and Ca, and; (2) for all metamict
samples it is relatively well-separated, ensuring small errors
in the peak parameters obtained by fitting. However, many
well-characterized samples should be analyzed to establish a
calibration curve and one should keep in mind that, in general,
the Raman peak positions and FWHMs may also be influenced
by the geologic history of the sample (Geisler and Pidgeon 2002).

Similar to other heavily metamict titanite samples with a
damage index =8 (Beirau et al. 2010), sample E2335 exhibits
anisotropic Raman spectra (see Fig. 3). As discussed above,
anisotropic Raman scattering is typical of single-crystal solids,
which unambiguously suggests that the structure of metamict
titanite cannot be considered as quasi-amorphous. Neither it can
be considered as polycrystalline, i.e., that the existing crystalline
regions are almost coherent with respect to each other, regardless
of the amorphous matter between the crystalline nanoregions.
This result is in agreement with the TEM data, revealing an over-
all monocrystalline-type electron diffraction pattern as recorded
from an individual particle and crystalline nanoregions, which
are only slightly misaligned with respect each other. On the
other hand, as in the case for heavily metamict titanite samples
(M28173 and M28696), the orientation dependence of the Raman
scattering of sample E2335 is more strongly pronounced than for
crystalline pure titanine, as well as for slightly metamict titanite
sample M28658. This indicates that the strong anisotropy of the
Raman scattering of metamict titanete, especially in the range
600—800 cm™, is related to anisotropic structural damage. The
profile of the Raman signal collected in the vicinity of 600 cm™
(from heavily metamict titanite in orientation 1) resembles that of
well-crystalline titanite. On the other hand, the profile collected in
orientation 2 differs from the spectrum of well-crystalline titanite.
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The latter Raman peak is typical of TiO, stretching (Heyns et al.
2000; Su et al. 2000; Kostov-Kytin et al. 2005) and in orientation
1 it is slightly broadened and shifted toward lower wavenumbers
with increasing degree of metamictization (~572 cm™ for the
most heavily metamict sample M28696). By contrast, the Raman
scattering in orientation 2 near 600 cm™' substantially broadens
and the intensity maximum shifts toward higher wavenumbers
with increase in the degree of metamictization (~650 cm™! for the
most heavily metamict sample M28696), approaching but not
reaching the position of the band near 750 cm™ in the spectrum of
titanite glass. It should be noted that we have thoroughly checked
the orientation dependence of the Raman scattering of pure
single-crystal titanite and we did not observe a Raman spectrum
in which the signal at 600 cm™ is suppressed, while new signals
near 570 or 650 cm™! are enhanced. Thus, these spectral changes
cannot be related to orientation effects of pure crystalline titanite
but likely reflect the changes of the Ti-O bond stretching modes
related to the radiation-induced structural damage. The decrease
in the position of the peak near 600 cm™!' with degree of me-
tamictization (as observed in orientation 1) is in full accordance
with the radiation-induced enlargement of the unit-cell volume
detected by XRD (Hawthorne et al. 1991), which indicates that
the Raman scattering collected in orientation 1 mainly represents
the structural state of the crystalline nanoregions.

The Ti** cations in amorphous Ti-Si-O frameworks can be
6-, 5-, and 4-coordinated (Alberto et al. 1995; Nasu et al. 1997,
Henderson and Fleet 1995; Farges et al. 1996). Penta- and tetra-
coordinated Ti** has been suggested to exist in heavily metamict
titanite (Hawthorne et al. 1991; Farges et al. 1997; Zhang et al.
2002). The Ti-O bond strength increases with decreasing Ti
coordination. Consequently, the resultant Ti-O bond stretch-

FIGURE 5. The deviation of the FWHM of the peak near 465 cm™
measured in orientation 2 from the FWHM for synthetic titanite vs. the
accumulated o-radiation dose (see Table 1). The error bars of the widths
represent the uncertainties obtained from the spectrum-profile fittings.
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ing mode in a disordered framework comprising octa-, penta-,
and tetrahedrally coordinated Ti would be positioned at higher
wavenumbers as compared to the Ti-O bond stretching mode in a
framework that contains only TiOg octahedra. Thus, we propose
that the metamictization-related spectral features observed in ori-
entation 2 are also sensitive to radiation-induced amorphization
involving a partial change in the Ti coordination and subsequent
rearrangements of the Ti-O-Ti and Si-O-Ti linkages.

This suggestion is strongly supported by the local structural
species responsible for the atomic vibrations giving rise to the
Raman scattering in the two distinctive orientations. A close
examination of the atomic arrangements of titanite (see Fig. 6) re-
veals that, in orientation 1, the polarization of the incident light E,
lies in a plane approximately perpendicular to the chains of TiOq
octahedra, whereas in orientation 2, the vector E; is in a plane
approximately parallel to the TiO, chains. The interchain connec-
tivity is realized by SiO,-TiO, linkages forming four-membered
polyhedral rings of SiO,-TiO4-Si0,-TiOy as the two octahedra
are from different TiO4 chains. As can be seen in Figure 6, these
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4-membered rings in orientation 1 are approximately in the same
plane as E; and therefore, peaks generated by ring “breathing”
modes, involving in-plane vibrations of the SiO,-TiO, bridging
oxygen atoms, would be very sensitive to any connectivity and
stacking faults in the periodic atomic framework. On the other
hand, Ti-O stretching vibrations of oxygen atoms linking the
TiO, octahedra in chains should generate strong Raman peaks
in orientation 2. A plausible change in the Ti coordination would
not only influence the interchain connectivity but would also
induce broken TiO¢-TiOy linkages, i.e., loss of periodicity in all
directions. Thus, the Raman scattering measured in orientation
2 is much more sensitive to the presence of radiation-induced
amorphous regions than that collected in orientation 1.

Effect of annealing. To verify the possibility of separately
studying the evolution of defects inside crystalline nanoregions
and the amorphous-to-crystalline nanoscale transitions, we ana-
lyzed the Raman spectra of sample E2335 subjected to multistep
annealing (Fig. 7). All spectra measured from annealed sample
E2335 were effectively fitted using the same number of Lorent-

FIGURE 6. Projections of the titanite structure corresponding to orientations 1 (left) and 2 (right). The figure was prepared using the VESTA

software package (Momma and Izumi 2008). (Color online.)
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zian functions as for non-annealed sample E2335. In orientation
1, the position of the peak near 600 cm™' arising from the Ti-O
bond stretching increases with increasing annealing temperature
T.upto T,,~900 K, then remains nearly constant (Fig. 8). At the
same time, the FWHM of this peak generally decreases with in-
creasing annealing temperature, as the trend is more pronounced
at higher 7,,. The peaks near 422 and 485 cm™' measured in
orientation 1, which are related to SiO, bending modes (Beirau
et al. 2010), (see Fig. 9) as well as the external SiO, mode near
287 cm™! (not shown), exhibit the same dependence on the an-
nealing temperature. The dependence of the FWHM on T, for
the above-mentioned peaks indicates a gradual recovery of the
structure, i.e., it is related to the suppression of defects and en-
larged length of structural coherence in the crystalline regions.
The saturation of the wavenumbers of the corresponding TiOg
and SiO, phonon modes above 7,, ~900 K indicates that further
annealing leads to negligible improvement of the connectivity
of the Si0,-TiO4-Si0,-TiO, rings.

As expected, the T,,-dependencies of the peaks observed
in orientation 2 differ from the trends measured in orientation
1. The Raman signal near 603 cm™ generated by Ti-O bond
stretching decreases in wavenumber with increasing T, (see
Fig. 10). This peak also shows an excess in the FWHM with a
maximum near 750 K, indicating the occurrence of structural
transformations. According to hard-mode spectroscopy (Salje
and Bismayer 1997), a maximum of the FWHM of a Raman or
infrared peak as a function of temperature (or any other thermo-
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dynamic variable characterizing the system under consideration)
reflects the damping of the corresponding phonon mode when
the system approaches a phase transition. In the case of metamict
titanite subjected to annealing, the maximum of the FWHM as
a function of T,, corresponds to the temperature at which the
fraction of amorphous matter undergoing recrystallization is at
a maximum. Thus, the spectral changes suggest that annealing
leads to a recovery of the octahedral coordination of Ti atoms and
consequent improvement of the Ti-O-Ti chain connectivity. The
Raman peaks measured in orientation 2 that are related to O-Si-O
bond bending vibrations (see Fig. 11) broaden between 650 and
950 K with a strong maximum of FWHMs vs. T, near 750 K,
which also reveals the occurrence of structural transformations.
The positions of these two peaks remain unchanged up to 7,,
~650 K, then strongly increase, and above ~900 K are constant.
In addition, the lowest-energy mode (near 72 cm™') observed in
orientation 2, which should be indicative of the overall atomic
rearrangements, also shows a maximum of the FHWM near
750 K (Fig. 12). Thus, all annealing-induced spectral changes
detected in orientation 2 unambiguously indicate that the system
undergoes significant structural alteration, which we attribute to
annealing-induced recrystallization of the preexisting amorphous
nanoregions in metamict titanite. Annealing enhances the reap-
pearance of 6-coordinated Ti in the non-crystalline regions and
thus induces polyhedral linkages typical of crystalline titanite.
Therefore, by changing the short- and the intermediate-range or-
der, annealing drives the framework of the radiation-amorphized

FIGURE 7. Raman spectra of sample E2335 measured in orientation 1 (a) and orientation 2 (b) before and after the multistep annealing at
temperatures between 423—1173 K with 50 K step, annealing time at each step of 2 h. The thin gray lines represent the fitting Lorentzians to the
spectra measured before annealing, the red dashed lines are the corresponding resultant spectral profiles. The wavenumbers of the peaks further

discussed in the text are also given in the plots. (Color online.)
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FIGURE 8. Wavenumber and FWHM vs. annealing temperature for FIGURE 10. Wavenumber and FWHM vs. annealing temperature for
the peak near 575 cm™, arising from Ti-O bond stretching, measured from  the peak near 607 cm™, arising from Ti-O bond stretching, measured from
sample E2335 in orientation 1. The error bars represent the uncertainties ~ sample E2335 in orientation 2. The error bars represent the uncertainties
obtained from the spectrum-profile fittings. obtained from the spectrum-profile fittings.

FIGURE 9. Wavenumber and FWHM vs. annealing temperature for the peaks near 422 and 485 cm™' related to bond O-Si-O bending modes
measured from sample E2335 in orientation 1. The error bars represent the uncertainties obtained from the spectrum-profile fittings.
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FIGURE 11. Wavenumber and FWHM vs. annealing temperature for the peaks near 422 and 485 cm™ related to bond O-Si-O bending modes
measured from sample E2335 in orientation 2. The error bars represent the uncertainties obtained from the spectrum-profile fittings.

parts to develop periodicity typical of titanite. The annealing-
induced reduction of periodic faults and improved structural
correlation in the crystalline nanoregions should facilitate the
recrystallization of the amorphous nanoregions. Since the SiO,
modes giving rise to Raman peaks in orientation 2 show signifi-
cant excess of FWHM in the T,,-range 650-950 K, whereas the
Si0, modes generating Raman peaks in orientation 1 do not, one
can speculate that the intermediate-range order, namely Ti-O-Si
linkages, within the planes normal to the TiO4 chains is more or
less preserved, which supports the process of structural recovery
of titanite. However, the annealing of heavily metamict titanate
(damage index =8) up to 1173 K for 2 h per step of 50 K cannot
lead to a complete recrystallization of the global structure. The
Raman spectral profiles of sample E2335 measured after the
final annealing step performed in this study (see Fig. 7), clearly
show that the titanite structure is only partially recovered and
still heavily damaged.

CONCLUDING REMARKS

Orientation-dependent Raman spectroscopy of metamict
titanite provides the unique opportunity to discriminately analyze
the radiation-induced development of defects inside the crystal-
line nanoregions and crystalline-to-amorphous transformations in
nanometer-sized regions as well as the corresponding annealing-

induced reverse processes: temperature-driven suppression of
defects in the crystalline nanoregions and recrystallization of
the preexisting amorphous nanoregions.

The structural state of heavily metamict titanite is highly
anisotropic, indicating coherence between the different crystal-
line regions. In this sense, the structure of metamict titanite
consists of a crystalline matrix with high degree of periodic
faults and abundant amorphous nanoregions embedded in the
matrix. The radiation-induced periodic faults in the crystalline
substance are related to the disturbance of SiO4-TiO¢-Si0,-TiO4
rings comprising TiO4 octahedra from different chains. The ra-
diation-induced amorphization is related to the partial change of
Ti coordination from octahedral to pyramidal and/or tetrahedral,
which in turn violates the Ti-O-Ti intrachain linkages. This indi-
cates that the affinity of the structure as a whole to accumulate
radiation-induced defects, which leads to the development of
amorphous regions, is different in the different crystallographic
planes of titanite. The plane containing Si-O-Ti-O bond closed
contours is less susceptible to a self-accumulation of defects as
compared to the perpendicular plane, which contains chains of
Ti-O bonds.

Multistep annealing by 50 K for 2 h per step gradually sup-
presses the structural defects in the crystalline substance as the
improvement of the SiO,-TiO4 connectivity within planes near
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FIGURE 12. Wavenumber and FWHM vs. annealing temperature for
the lowest-energy peak near 73 cm™ measured from sample E2335 in
orientation 2. The error bars represent the uncertainties obtained from
the spectrum-profile fittings.

perpendicular to the TiO4 chains reaches saturation at ~900 K.
The annealing-induced recrystallization of the radiation-induced
amorphous nanoregions begins at ~650 K, the process is most
intense near 750 K, and considerably weakens above 950 K. Ra-
man scattering shows that annealing up to 1173 K is insufficient
to recover the crystalline structure of the studied metamict titanite
sample, which is in full accordance with the results obtained by
resonance ultrasound spectroscopy (Salje et al. 2011b).
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