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Experimental studies on a variety of different systems by means of optical spectroscopic methods
are described together with appropriate computational approaches to model their behaviour.
Investigations are described of superionic compounds by Brillouin scattering, of opaque solids
and thin supported films by surface Brillouin scattering, and of halogen clusters in irradiated
alkali halides by Raman scattering and optical absorption.
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INTRODUCTION

Optical spectroscopic techniques provide a powerful means of investigating
the structural, vibrational, elastic, and defect properties of solid-state ma-
terials. Light, being a contact-free probe, allows non-destructive measure-
ments on materials which can be made under extreme conditions of high and
low temperatures and/or high pressures. In the interpretation and understand-
ing of the results of these types of experiments, computational modelling
techniques are playing an increasingly important role. Conversely, measure-
ments of elastic properties provide essential data for the determination of
interatomic potentials used in computer simulation codes [1].

In this paper, the results of a number of different optical spectroscopic
experiments on a variety of materials are described together with appropriate

67



19: 07 14 January 2011

Downl oaded At:

68 J. D. COMINS

computational approaches. These include Brillouin scattering studies on
superionic crystals, surface Brillouin scattering investigations on opaque
solids and thin films, and Raman and optical absorption studies of irradia-
tion-induced defects in alkali halides.

OPTICAL AND COMPUTATIONAL STUDIES

Brillouin Scattering in Superionic Conductors

There are a number of ionic compounds which display anomalously high
ionic conductivity in the solid state; in cases where the conductivity is com-
parable to that of ionic melts, they are known as superionic, or fast-ion
conductors [2 - 5]. These compounds are of technological importance and of
fundamental interest as a form of disordered solid whose properties, in some
ways, are intermediate between normal solids and liquids.

Theoretical methods [1] such as molecular dynamics, Monte-Carlo
approaches, computational lattice and defect simulations combined with a
variety of experimental investigations [2—5] including ionic conductivity,
specific heat, nuclear magnetic resonance, neutron scattering and light scat-
tering have together resulted in the present level of understanding of these
compounds.

One model of the development of the superionic state is the progressive
thermally-induced disordering of a sublattice [2, 5]. The transition is asso-
ciated with a specific heat anomaly, a substantial increase in ionic conduc-
tivity and, in the context of the current discussion, elastic anomalies which
can be conveniently studied by means of Brillouin scattering. The simplest
compounds which display these combined features have the fluorite or anti-
fluorite structure. A considerable amount of work has been carried out on
the alkaline-earth fluorides which have the fluorite structure, such as CaF,
and its analogues, [S, 6] and some on Li,S, an anti-fluorite compound [7].
More recently, studies have been made on the trigonal tysonite structured
fluorides such as LaF;, CeF; and NdF; [8 - 11]. A comprehensive account of
the theory and practice of Brillouin scattering in superionic conductors
appears in Comins et al. [12].

In Brillouin scattering from transparent crystals, bulk acoustic phonons
modulate the permittivity and as a result of elastio-optic coupling lead
to inelastic scattering of light. The resulting Brillouin components in the
spectrum are symmetrically displaced in frequency in the range 0— 100 GHz
from the elastically scattered light. The details of the selection rules, which
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depend on the polarization of the incident and scattered light and the form
of the Brillouin tensors for the particular acoustic mode are given in some
detail in the literature (see e.g., Ref. [12] and references therein). The
frequency shift of the scattered light is related directly to the mode velocity
and in turn to the three eigenvalues v of the Christoffel secular equation.
The combination of elastic constants expressed in Voigt notation as Cj
constituting the eigenvalues +y are simplest for high-symmetry directions. In
a limited number of cases, v for a particular mode is related to a single
elastic constant, but in general may be a relatively complicated combination
of these. In order to determine a complete set of elastic constants for a
crystal of a particular symmetry, Brillouin scattering measurements are
required for a number of phonon propagation directions. Instrumentally,
Brillouin scattering in solids is demanding [12]. The Brillouin scatterered
components are many orders of magnitude weaker than the elastically
scattered light and the frequency shifts are small. A multipass Fabry-Pérot
interferometer using a stabilized laser source provides the necessary resolu-
tion and contrast. For transparent materials a triple-pass interferometer is
adequate. High temperature measurements of fluoride compounds in the
superionic region normally require the samples to be protected from
contamination from oxygen and water vapour. Special encapsulation tech-
niques have been developed for this purpose in which the oriented, cut and
polished crystal specimens are sealed in silica capsules under ultra-pure low
pressure argon gas. The measurements are conducted using a specially
designed optical furnace to incorporate the silica capsules arranged for a 90°
light-scattering geometry.

Phenomenological models developed to account for the diffuse transition
to the superionic state have been based on defect interactions {6, 12—15].
Such models are discussed in terms of the free energy of the crystal:

F(n) = nhg ~ hi(n) —nS,T — Se(n)T (1)

where n is the Frenkel defect concentration, Ay is the Frenkel defect for-
mation energy at n = 0, h{n) is the defect interaction energy which reduces
the effective formation energy as » increases, S, is the defect vibrational
entropy and S, is the configurational entropy. This model is qualitatively
successful in accounting for the diffuse transition in terms of an increase in
Frenkel defect concentration on a particular sublattice which rises rapidly
near the transition temperature T, as a result of attractive defect interac-
tions. At relatively large defect concentrations »# > 0.1, repulsive interactions
suppress the further generation of defects.
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In the case of computer simulations and their relation to the Brillouin
scattering experiments to be described, the most relevant are lattice energy
calculations which enable the elastic constants to be determined. The effect
of defects can be advantageously incorporated by supercell procedures.
Pair interactions between ions are described by the appropriate potential
functions and the ionic polarizability is included using the shell model.
Elastic constants are defined as the second derivatives of the lattice energy
with respect to strain, with the lattice energy normalised to unit volume. The
details of the computational techniques are given in detail by Catlow and
Mackrodt [16] and summarised in Comins ez al. [12]. The principles are
incorporated within the computational routines PLUTO and THBREL.

As an illustration of a successful Brillouin scattering and computational
study, we shall consider the work of Ngoepe er al. [9] on LaF;. Figure 1
shows the structure of LaF; which is representative of the tysonite struc-
tured fluorides. As shown, both trigonal and hexagonal space groups have
been suggested for this structure; in practice the hexagonal structure is an
adequate description for the Brillouin scattering results.

Brillouin scattering experiments performed at high temperatures and for a
sufficiently large number of phonon propagation directions resulted in a set
of elastic constants as a function of temperature. The results are shown
in Figure 2. The initial linear decrease in the elastic constants is associated
with normal lattice anharmonicity leading to thermal expansion. Above a
transition temperature (T,) of 1150 K there are pronounced changes in the
elastic constants which correspond to an anomalous increase in the specific
heat capacity {17].

Relevant computational simulations include those by Jordan and Catlow
[18] who used the CASCADE code to resolve the controversy about the
relative mobilities of fluorine ions on the different sublattices and calculated
the formation energies of Schottky and anion Frenkel defects. Although
Schottky disorder had been indicated by lattice parameter and dilation
studies below 1000 K, [19] their calculations favour anion Frenkel disorder
on energetic grounds.

Computer simulations by Ngoepe er al. [9] using a defect supercell
approach in conjuction with the THBREL program determined the lattice
energies and the elastic constants in LaF; which were compared with the
Brillouin scattering results in Figure 2. The linear reductions in the elastic
constants below 7. were well reproduced as shown in Table I, by ap-
propriately enlarging the lattice according to the experimentally measured
expansion. The crucial aspect of the thermodynamic model of the diffuse
transition, namely an increasing defect interaction energy as the defect
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FIGURE 1 (a) Fluorine sublattice models in LaF;. The diagram shows a simplified structure
of LaF3. Fluorine sublattice A consists of a-sites and sublattice B consists of - and ~y-sites.
o indicates the La® * sites; (b) Shows proposed models of LaF; (after Ngoepe ef al. [9)).

concentration increases (Eq. 1) is reproduced by the calculations (Tab. II).
Table IIT shows the calculated fractional changes in the elastic constants in
addition to the linear decreases due to anharmonicity. Both anion Frenkel
and Schottky disorder result in the reduction of most of the elastic con-
stants. However there is much better agreement in the behaviour of Cyy with
the assumption of Frenkel disorder rather than Schottky defects. An overall
concentration of 2 mol% of anion Frenkel defects provides a satisfactory
explanation of the experimental results.

Although the above work appears self-consistent in relation to LaFs3,
studies of CeF; [10] and NdF; [11] while showing essentially similar
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FIGURE 2 Temperature dependence of the square of the Brillouin scattering frequencies
(A vg)’corresponding to various elastic in LaF;, The results are calculated from measured
acoustic-mode frequencies in several propagation directions (after Ngoepe et al. [9]).

TABLE I Comparison of the calculated and experimental temperature gradients dC;;/dT of
the various elastic constants of LaF; below 1150K (after Ngoepe et af. [9])

C; dC/dT
Experimental Calculated
MPalK MPa/K

Ch 34.4 37.2
Cis 48.8 34.8
Cy3 5.4 7.6
Css 10.4 13.0
Caa 6.7 7.6

behaviour as regards the elastic constants as measured by Brillouin
spectroscopy, have significantly different variations of the specific heat
capacity as shown in Figure 3. The specific heat anomalies for CeF; [20] and
NdF; {21] are similar, but have a smaller magnitude and a different func-
tional form to that of LaF; [17]. The reasons for these differences are not



19: 07 14 January 2011

Downl oaded At:

OPTICAL AND COMPUTATIONAL STUDIES OF MATERIALS 73

TABLE I Energies associated with defect supercells in LaF3. Asterisk denotes zero-value
result from recombination during energy minimisation (after Ngoepe et al. [9])

Frenkel model Schottky model
Supercell Perfect Defect Defect Defect Defect
size lattice concen- inter- concen- inter-
unit cells energy tration action tration action
eV % energy % energy
eV eV
1 —293.05 5.56 0* 16.60
2 —586.10 2.78 0.70 8.30
3 —879.15 1.85 0.49 5.56
4 - 1172.20 1.39 0.44 4.17 2.92
6 —1758.30 0.93 0.35 278 2.60
8 —2344.40 047 - 2.09 -~

Frenkel pair defect formation energy 2.27¢V.
Schottky quartet defect formation energy 5.64eV.
*Zero value results from recombination during energy minimisation.

TABLE 11T  Comparison of the experimental percentage deviations of the elastic constants
from the extrapolated anharmonic values at 1400 K with those calculated on the basis of anion
Frenkel and Schottky models (after Ngoepe et al. [9])

Experimental Frenkel model Schottky model
1400 K 2 mol% 2 mol%
ACH/Cyy 37 6.9 8.4
A C3/Cy 44 44 8.0
A Cp3/Cyz 10.2 10.1 11.7
A Ce6/Ces 11.0 11.1 12.0
A Cya/Cyy 0.0 -3.0 15.8

obvious and computational simulations would be valuable in developing an
explanation of these effects.

Surface Brillonin Scattering in Opaque Materials

Surface Brillouin scattering (SBS) has emerged in recent years as a valuable
technique in the studies of surface acoustic excitations of opaque solids and
thin supported layers [22-25].

In these cases, the surface ripple mechanism, rather than elastic-optic
coupling is dominant. For thin layers, the combination of the substrate and
overlayer determines the types of observed acoustic excitations localised
near the surface. The frequency spectrum of the scattered light is a signature
of the resulting surface dynamics and of the near-surface elastic properties
of the materials which have an influence on these dynamics.

Theoretical and computational approaches using surface Green’s func-
tions [26—-28] provide a comprehensive understanding of these sometimes
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FIGURE 3 Temperature dependence of the square of the Brillouin scattering frequencies
(A vp)* corresponding to elastic constant C}; for LaF;, CeF; and NdF; (after Mjwara et al. [11]).
Temperature dependence of A C, the difference between the experimental and Debye heat
capacities for LaF3, [17] CeF5 [20] and NdF; [21].

complex and often weakly-scattering excitations. A typical backscattering
geometry for SBS is shown in Figure 4. The wavevector k of the incident
laser light makes an angle ¢ with the surface normal, and the spectrum of
the light backscattered inelastically around —k is collected. Wavevector
conservation applies only to the projection on the surface of the scattering
wavevector. Hence, for backscattering, the surface modes which contribute
to the light scattering are of wavevector k| = 2ksin§. In the simplest case of
an opaque isotropic solid, the scattering is usually dominated by an intense
peak of angular frequency shift w = vk resulting from the Rayleigh surface
acoustic wave (SAW) of velocity v. In addition, there is a considerably less
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FIGURE 4 Brillouin scattering measurements of surface wave velocity on (001) a-type silicon
at room temperature. The curves show the calculated SAW and pseudo-SAW velocities based
on ultrasonic measurements of the elastic constants of silicon. The geometry of the back-
scattering arrangement is illustrated in the insert (after Stoddart et al. [31]).

prominent “Lamb shoulder” extending to higher frequencies resulting from
the coupling to the continuum of bulk modes by means of the displacements
they cause at the surface. In the cases of anisotropic solids and thin films
on substrates there are a great variety of structures found in the Brillouin
spectra. The experimental requirements are considerably more demanding
than those for Brillouin scattering from bulk excitations in transparent
solids. The most commonly used instrument for the purpose is the Sander-
cock (3 + 3) tandem Fabry-Pérot interferometer with electronic stabiliza-
tion and appropriate antivibration protection. A contrast of ~ 10'?is attained
which is sufficient for opaque materials.

At room temperature and above, the SBS efficiency for the surface ripple
mechanism is proportional to

K)o D 1m{Gis (ky, )} )

where T is the temperature. w is the angular frequency shift, k; is the sur-
face wavevector, G33(k),w) is the component of the Fourier (frequency and
wavevector) domain elastodynamic Green’s function pertaining to force
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and response normal to the surface. The factor D depends on the medium
(of permittivity € and density p), the incident photon frequency wp and its
polarization, and the scattering geometry.

As brief illustration of the theory, we consider the case of an overlayer on
a substrate. The method takes into account the six phase-matched plane
waves (n = 1,2,...,6) in the overlayer and the three outgoing plane waves
(n = 7,8,9) in the substrate as discussed, for example, in Farnell and Adler
{29]. Using the boundary conditions for the surface tractions and displace-
ments, nine equations are constructed for the partial wave amplitudes. The
displacement Green’s function G33(k||, 1) is then represented by the super-
position of the six partial waves in the fiim:

6 .
1 n n
Gas (ky, ) ZJ )37 U exp(—ik"h) (3)

where B~ is the boundary condition matrix, Us is the component of the
mode polarization, k; is the wavevector component perpendicular to the free
surface, and £ is the overlayer thickness.

In SBS experiments, ky is determined by the experimental arrangement
and scattering geometry and Gi3(k), w) and the Brillouin scattering intensity
Iw) depend on the spectral frequency shift w. A true surface waves arises
from the vanishing of |B|, where B™' becomes singular. This results in a
sharp line in the spectrum, at a frequency smaller than the threshold bulk
shear mode of the overlayer. Beyond a critical value of kjh one or more
pseudo-SAW’s, corresponding to minima in |B| may exist in the bulk wave
continuum or Lamb shoulder. These are surface modes which have a bulk
wave component which results in energy radiating into the substrate and
leads to their attenuation. A wealth of different types of excitations occur,
depending on overlayer thickness and the relative magnitudes of the elastic
constants of the overlayer and substrate. Appropriate modification of the
theory presented above permits treatments of an anisotropic elastic half
space, corresponding to the surface of a solid, or two elastic half spaces in
contact, being relevant to interface modes.

As an initial example of SBS on opaque solids, we consider the work of
Stoddart et al. [30, 31] in which the Brillouin spectrum was measured as a
function of temperature and direction for the (001) surface of single crystal
silicon. Figure 4 shows the scattering geometry, in which, by changing the
angle ¢ while keeping angle 6 fixed, the Brillouin spectrum was measured in
the angular range extending out to 45° on either side of the [100] direction.
In the range extending beyond 28° on either side of the [100] direction,
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the spectrum is dominated by a pseudo-SAW. The SAW and pseudo-SAW
velocities were measured as a functional of temperature to 800°C, and the
elastic constants Cjy, Cip and Cyy determined by a least-squares fitting
procedure. The results are shown in Figure 5. Careful correction of sources
of systematic error produce results which are no more than 1% below
ultrasonic values. This remaining discrepancy is probably due to effects such
as surface roughness and surface damage caused by polishing.

Extensive SBS measurements have been carried out on TiN thin films on
high speed steel (HSS) as a function of film thickness, temperature and
stoichiometry/residual stress by Pang et al. {32] and Every et al. [33] Using
the surface Green’s function approach, calculated spectra for representative
TiN film thicknesses are shown in Figure 6. For the thinnest film shown,

170
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FIGURE 5 The three independent elastic constants of single crystal silicon have also been
measured previously at high temperatures by ultrasonic methods. These results are compared
here with the elastic constants found by least-squares minimization of the surface wave
velocities. Note that the uncertainty in the ultrasonic measurements is not shown (after
Stoddart er al. [31]).
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FIGURE 6 Calculated Brillouin spectra of TiN/HSS for a selection of film thickness 4,
displaying a true SAW, a highly damped pseudo-SAW. “pre-Rayleigh”, quasi-Rayleigh and
its higher order modes. In the calculations, ky is fixed by the back scattering geometry with
the incident angle # = 70°. The scattering intensity is given in arbitrary units (after Every
et al. [33]).

namely 10 nm, there is a sharp peak at 10.9 GHz which results from a true
surface wave, together with the Lamb shoulder (bulk wave continuum)
extending from the substrate transverse wave threshold (11.4 GHz) through
the longitudinal wave threshold (21.3 GHz) to larger frequencies. For a film
thickness of 40 nm the surface wave is merged mto the Lamb shoulder. At
60 nm, a highly damped pseudo-SAW resulting in a broad band is evident.
For 150 and 200 nm films a “‘pre-Rayleigh” mode emerges and rises to pro-
minence followed by its evolution into the quasi-Rayleigh wave for film
thicknesses of 700 nm and above. For the largest film thickness, higher order
modes of greater frequency shifts and relatively lower intensity than the
pseudo-SAW are observed.

Figure 7 shows the experimental Brillouin spectra for TiN/HSS for
various film thicknesses ranging from 20 to 4180 nm. The results can be
compared with those of Figure 6. For the bare HSS substrate, the Rayleigh
wave 1s present, and as the film thickness increases up to 20 nm (ky# = 0.46),
the peak in the Brillouin spectrum corresponds to a true SAW, but by 60 nm
(kyh = 1.37) the peak has merged into the continuum and is a pscudo-SAW.
For larger film thicknesses, the higher order modes of the quasi-Rayleigh



19: 07 14 January 2011

Downl oaded At:

OPTICAL AND COMPUTATIONAL STUDIES OF MATERIALS 79

| T W S T S VTN ST SN NN Y R N A SAT T |

¥ 4180nm

870nm \an
W 350nm W

1100m

<

80nm

Scattering intensity (a.u.)

iis

Co
{

20nm

..

/

HSSLA
Mg
]‘l‘[rl]ff[ll}T]]le
24 16 8 O 8 16 24
Frequency Shift (GHz)

FIGURE 7 Experimental Brillouin spectra for TiN/HSS for various film thicknesses ranging
from 20 to 4180 nm (after Every et al. [33]).

wave can be seen, e.g., for the 350 nm (k4 = 7.98) and 420 nm (ks = 9.58)
films. Quasi-Rayleigh and several higher order modes are present for the
870 nm (kgh = 19.84) film, but for thick films e.g., 4180nm (kyh = 95.34)
only the quasi-Rayleigh mode is resolved, since the higher order modes
become too closely spaced to be observed. A comparison was made between
the measured and calculated dispersion relations of surface wave velocity v
vs. kyh. In this strongly stiffened situation, the elastic constants of TiN used
in the calculations have a profound effect on the theoretical dispersion
relation. Good agreement between the measured and calculated dispersion
curves are obtained for reduced values of the elastic constants of TiN as
shown in Figure 8. This effect is likely to be due to complex compositional
variations at the TiIN/HSS interface and involving oxides of titanium iden-
tified by XPS measurements which would significantly change the elastic
and/or physical properties.
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FIGURE 8 Comparison between the measured and calculated wave velocities of TIN/HSS as
a function of film thickness (lower axis) and kyh (top axis), where the reduced elastic constants
of TiN, which are 75% of the values for bulk TiN, are used in calculating the dispersion curves.
(after Every et al. [33]).

Raman and Optical Absorption Studies of Irradiation-induced
Defects in Alkali Halides

The combination of Raman and optical absorption measurements has in
recent years provided new information concerning the structures of intersti-
tial halogen defects formed-during the exposure of alkali halide crystals to
ionising radiation [34-42]. These halogen aggregates are inherently
molecular in nature being formed from the so-called H-centres formed
together wih F-centres in the primary excitonic mechanism of defect
production [43, 44]. Computational simulations by Dienes et al. [45] and
Catlow et al. [46] examined the stability and formation energies of
associations of H-centres, which in isolated form become mobile at low
temperatures, ~ 40 K. Their work provided much stimulus to the field and
the proposed structures considered by Catlow et al. [46] are shown in Figure
9. Their caiculations using the HADES routine did not strongly distinguish
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between the various possible di-interstitial halogen configurations such as
XJorX 3 on energetic grounds. As a further possibility, the movement of
anions and cations from their sites and the occupation of the resultant
vacancy pairs by X9 or X5 was shown to be energetically favourable; this
exothermic reaction was postulated to result in the perfect dislocation loops
observed by electron microscopy [47].

Raman and optical absorption studies by Allen and Comins [42]
demonstrated the presence of /5 and I, defects as majority aggregates of
H-centres in Rbl irradiated at 295K, these having Raman transitions near
112cm™ ' and 172cm™ ! respectively, as well as a very weak Raman tran-
sition near 201 cm ™~ ' which they associated with /9. The Raman spectrum is
shown in Figure 10. This clarified the long-standing controversy in regard to
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FIGURE 10 Raman spectrum obtained after ~-irradiation of Rbl at 295K to a dose of 250
Mrad. The main figure shows the 112cm™ ' fundamental and its overtones. The inset is plotted
on expanded scales and shows the structure between the 112cm™' fundamental and its first
overtone. The spectrum was measured at 80K using a laser wavelength of 488 nm (after Allen
and Comins [42]).

the dominent di-interstitial halogen defect, which is thus shown to be 7 for
iodides. A similar result apparently holds for Br3 in alkali bromides [40]. In
KI, on the other hand, while irradiations at low temperatures, e.g., 200K,
result in /5 and 7, clusters, [34, 35] the dominant defects produced near
room temperature are large (I,), aggregates, which at sufficiently high doses
show the lattice modes of crystalline iodine, [37, 48] as shown in Figure 11.

There is now new and detailed information on the formation of halogen
interstitial clusters in alkali iodides and a more limited number of studies on
the bromides. In these cases, near resonance enhancement of the Raman
transitions is possiblg with the excitation frequencies available with argon-
ion lasers commonly used for Raman spectroscopy. Studies of the alkali
chlorides in which the halogen interstitial clusters have optical absorption
bands (V-bands) at higher frequencies will require laser excitation in the
ultra-violet. In the context of computer simulations, it would be extremely
valuable if the pioneering work of Catlow e al. [46] could be repeated
and extended using more recently developed computational techniques
and routines in order to accommodate the considerable body of new



19: 07 14 January 2011

Downl oaded At:

OPTICAL AND COMPUTATIONAL STUDIES OF MATERIALS 83

8.6

621 161
50F

38F

Raman Intensity (x103)

2.6F

1.4

0.2

50 100 150 200 250 300 350 400
Raman shift cm-1) —

FIGURE 11 Raman spectrum of KI, y-irradiated at room temperature to 1000 Mrad. The
spectrum was measured at 78K using a laser wavelength of 488 nm with the spectrometer
resolution 4cm™ . Todine lattice modes are observed at 54, 75, 85, 213, 239 and 265 cem™! (after
Comins et al. [48]).

experimental information concerning the structures and formation of
halogen clusters.

As a further example of Raman spectroscopy in a similar context we
consider the recent work of Pariselle et al. [49] who have used a Raman
microscope to examine the concentrations of 73 and I clusters in Rbl
bombarded with high energy (13.6Me V/A) argon ions as a function of
distance along the ion paths. The results are shown in Figure 12. Compari-
sons are also made between the experimental results and those of a TRIM-
92 calculation, which uses Monte Carlo simulation techniques [50]. There is
relatively good agreement between the defect concentrations and the
characteristic form of the electronic energy deposition rate which indicates
that the excitonic mechanism of defect production is dominant even at very
high rates of electronic energy deposition. Indeed, the results strongly
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FIGURE 12 (a) Depth profiles of I3 clusters at various fluences for Rbl bombarded with 13.6
MeV/A argon ions at 300K. Open circles: for a fluence of 0.5 x 10" ionsfcm?; squares: for a
fluence of 210 x 10"%ions/cm?. Micro-Raman measurements were conducted at 80 K using laser
excitation of wavelength 514.5nm; (b) Corresponding depth profiles for /;; aggregates at the
same fluences as in the upper diagram. The same symbols are used for the corresponding fluence
values. The solid curve shows the electronic energy deposition profile (Ref. [50]) calculated using
TRIM-92 (after Pariselle et al. {49}).

suggest the preferential conversion of the smailer /5 clusters to the larger I,
aggregates in the region where the electronic energy deposition rate is
largest. The precise relationship between the I3 and 7, clusters at a
particular depth will depend on their mutually coupled growth kinetics, their
dose and dose-rate dependence, the degree of ion-track overlap, and defect
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proximity and diffusion effects in cluster formation. Computational simula-
tions would be very useful in the development of a more complete under-
standing of these complex processes.

SUMMARY

Optical techniques combined with computational simulations provide
powerful methods in the study of solids. The work reviewed includes
studies of vibrational and/or defect properties of a variety of systems in-
cluding superionic conductors, opaque solids and thin films, and products of
irradiation demage. A better understanding of the experimental results has
emerged in many of the cases illustrated by the application of computational
simulation techniques; in certain examples, the application of computational
modelling to interesting new experimental observations would be very
beneficial.
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