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Abstract

The use of optical absorption spectroscopy for the study of the changes in local distortions during
phase transformations is discussed, with particular reference to the P2,3-P2,2,2; transition in
K,Co0,(S0y); langbeinite. In order to extend this technique to the study of cobalt-doped cadmium
langbeinite, K,Cd,(SO4);, the consequences of the doping with regard to site occupancies and low
signal strength are discussed, and some details of data modelling are considered. The problem of
modelling the spectrum of Finero sapphirine is taken as an example, and it is shown that even simple
and evidently inadequate models can provide useful information.

The results of optical spectroscopic investigation of the P2,3-P2,2,2; transition in K,(Cdg.gg
Cog.02)2(SO4)3 langbeinite are presented. The trigonal splitting of the spin allowed *T;(F)-*T;(P)
transition has been determined, and shows a linear increase with increasing temperature in the high
temperature cubic phase, and a constant value in the low temperature phase. This is in good agreement
with previous structural work on this material, and it is concluded that optical spectroscopy of doped
materials can provide useful information about site distortions.

KEeywoRrbDs: optical absorption spectroscopy, phase transition, langbeinite, cadmium.

Introduction and references therein. Optical spectroscopy can
OPTICAL absorption spectroscopy is a tech- also be used to measure local site distortions in

nique which has been applied to mineralogy for situ durin'g phase .transitions, via the a_dditignal
some years (Burns, 1970), but which, until line-splitting that is produced by the distortion,
recently, has been re’:stricted’ mainly to de’:termi— which is measured from optical spectra obta} r}ed
nation of oxidation state, crystal field stabilization at temperatures above and below the transition
energy (CFSE) (including the influence of CFSE temperature, as h‘as. been carried out in the case
on phase transitions, for example Burns, 1978), ©f & cobalt langbeinite, K;C05(SO4)s, by Percival
and in some cases site occupancies. For details and Salje (19,89)' Unfortunately, many minerals
of previous mineralogical applications of optical 40 not contain any transition metals (or, if any,
spectroscopy see Langer (1988), Rossman (1988)  1fo™ from whose spectrum it is difficult to extract

’ detailed site-distortion parameters, owing to vari-

* Present address: Materials Lab GP1-5, Rolls Royce ~ able oxidation state, the absence of spin-allowed
plc, P.O. Box 3, Filton, Bristol BS12 7QE. bands in Fe3*, and the extremely high line width
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(and therefore poor resolution) of the single spin
allowed transition which is observed in Fe?", so
samples doped with other transition metals have
to be used in order to obtain satisfactory results.
This raises technical problems owing to the small
concentration of the target ion, and the possibility
that the dopant does not lie on the site of interest,
or does not correctly reflect the behaviour of that
site.

It is the purpose of this paper to discuss the
use of optical spectroscopy of doped samples for
the observation of local distortion parameters
during phase transitions, with particular reference
to the study of the P2;3-P2,2,2, in cobalt-doped
K,Cd,(SO4); langbeinite, and it will be shown that
useful information can be obtained by this
technique.

Theoretical background

The crystal field theory was first described by
Bethe (1929), and is well described in many inor-
ganic chemistry texts (e.g. Cotton ef al., 1987),
and in greater detail in texts dedicated to the sub-
ject, for example Jorgensen (1962). Here I will
merely mention briefly a few points which are
relevant to the use of optical spectroscopy for the
study of phase transitions.

In an isolated free ion of a transition metal,
the five 3d orbitals are degenerate, and this
degeneracy is preserved in a hypothetical ‘spheri-
cal’ field. However if the ion is placed in a crystal
field of lower symmetry, for example an octahed-
ral field, some of the orbitals are repelled more
than others, and so the degeneracy is lifted. This
effect is illustrated in Fig. 1, where it can be seen
thatin an octahedral field the five degenerate orbi-
tals are resclved into two of higher energy (e,)
and three of lower energy (t,,), separated by an
energy difference A,. This splitting of the energy
levels gives rise to the possibility of absorption
of electromagnetic radiation in the optical region
of the spectrum, corresponding to the transition
of an electron from the %, energy levels to the
higher energy ¢, levels. The value of the energy
difference 4, depends on the magnitude of the
crystal field, that is the strength of the repulsive
effect of the surrounding ligands. This in turn is
determined by two factors; the charge on the sur-
rounding ligands (O%~ produces a stronger crystal
field than C17, for example), and the size of the
site (closer ligands have a stronger effect than
more distant ligands). Changes in the value of
A, produce changes in the energy at which absorp-
tion takes place, and thus it is possible to plot
the absorption energy (or wavenumber) against
the strength of the crystal field. These calculations
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Fic. 1. Splitting of 3d energy levels in crystal fields of

vatious symmetries. Occupation shown for a d’ ion, e.g.

Co?*. (a) Spherical field. (b) Octahedral field, O,
(c) Trigonally distorted octahedral field, Cs,.

were first performed by Tanabe and Sugano
(19544, b), and the resulting energy level diagrams
are often referred to as ‘Tanabe-Sugano dia-
grams’, Fig.2.

In a distorted site, the crystal field is similar
to that in a perfect octahedron, so the general
form of the optical spectrum will be the same.
However, the symmetry of the crystal field is
reduced from the O, symmetry of a perfect octa-
hedron, so the influence of the field on orbitals
which are degenerate in an octahedral field is dif-
ferent. Thus the degeneracy of the orbitals is
further lifted, with the exact details depending
on the symmetry of the distortion. This is illus-
trated in Fig. 1 for the case of a trigonally distorted
octahedron, with symmetry Cj,, where it can be
seen that the #,, orbitals are split into e, and a;,
orbitals. This splitting gives rise to splitting of the
observed absorption bands, since electrons may
be transferred from either of the lower energy
orbitals to the higher energy orbitals. These two
transitions may have differing symmetry selection
rules, and if this is the case they will be observed
in light of differing polarizations. However, the
‘splitting’ can still be observed as the difference
between the energy of the absorption maxima in
the different polarizations. Throughout this work,
unpolarized light has been used, so peaks corre-
sponding to the different polarizations will be
superimposed, and must be resolved via computer
modeiling techniques. This allows the resolution
of peaks corresponding to transitions to different
excited states, provided the enerxgies of these tran-
sitions are sufficiently different, but does not pro-
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FiG. 2. Simplified Tanabe-Sugano diagram for d’ ions.
After Tanabe and Sugano (1954b).

vide any information concerning the differing
intensity of a given transition in light of different
polarizations, since these will be superimposed
in unpolarized light. Thus the use of unpolarized
light and computer modelling is suited to the study
of line splitting and the distortion of sites, but
not to the study of the polarization behaviour of
the optical spectrum. The magnitude of the separ-
ation of the orbitals depends on the magnitude
of the distortion, and thus the splitting of the
observed optical absorption lines can be used as
a measure of the magnitude of distortion of the
site.

During a phase transition, cation sites fre-
quently change symmetry, and the magnitude of
the distortion of sites may be significant in con-
trolling the phase transition. Thus by measuring
the distortion of a site at various temperatures
above and below the transition temperature (7)
the behaviour of the site through the transition
can be observed. Other techniques are, of course,
available which can give the same information.
However experimentally optical absorption spec-
troscopy is much simpler than many other tech-
niques, since many optically transparent materials
are available for the confinement of samples and
the construction of furnaces. Thus it is relatively
easy to take spectra at high temperatures and
pressures (e.g. using a diamond anvil cell), and
using a spectrometer attached to a microscope
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spectra can be obtained from a small area of a
sample.

The use of optical spectroscopy to follow a
phase transition is illustrated by the example of
cobalt langbeinite, K,Co,(S0,);, studied by Per-
cival and Salje (1989). They observed a splitting
of the transition to the *7},(P) excited state, cor-
responding to a trigonal distortion of the CoOg
octahedron. This distortion shows a linear tem-
perature dependence in the high temperature
(cubic) phase, increasing with increasing tempera-
ture, while below the transition temperature an
‘excess distortion’ above that extrapolated from
the high temperature phase is observed. This is
also a linear function of temperature, and falls
continuously to zero at the transition tempera-
ture, consistent with a locally second order phase
transition. This is inconsistent with the first order
nature of the phase transformation in other lang-
beinites, predicted by Dvorak (1972), and
observed experimentally by a variety of tech-
niques (e.g. Lissalde er al., 1979; Hikita et al.,
1978). However, it has been found (Devarajan
and Salje, 1984) that the third order term in the
Landau expansion, although symmetry allowed,
has negligibly small value, and so the observation
of an apparently second order transition is not
impossible. Percival and Salje’s observations, in
conjunction with structural data (Percival et al.,
1989) have led to the identification of a trigger
mechanism for the phase transformation in lang-
beinites.

As noted above, the use of a doped sample
gives rise to additional problems of its own:

1. Does the dopant occupy the same site in the
mineral as the cation it replaces?

2. Does the behaviour of the dopant correctly
reflect the behaviour of the ion it replaces?

3. At what level of concentration is it possible
to detect and analyse the absorption bands?

These three questions will be dealt with in turn.
The site occupied by the dopant atom will be
controlled by the chemistry of the dopant and the
availability of other sites in the structure. Thus
it is important to select a dopant ion which is
chemically as similar as possible to the ion being
replaced, since this will have the greatest likeli-
hood of occupying the same site. However the
choice of dopant is also controlled by which of
the transition elements give strong absorption fea-
tures, and which will split in a manner which
makes analysis of the site distortions casiest.
Thus, for example, to probe the calcium site in
anorthite, the choice on purely chemical grounds
would be manganese. However manganese does
not show any strong absorption features, so
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FiG. 3. Diffuse reflectance spectrum of cobalt doped anorthite, Ca, 3Coy (,Al,Si;04. Sample prepared as a gel

of appropriate composition by the method of Hamilton and Henderson (1968), recrystallized at 1770K and 1

atmosphere in air for 46 hours. Spectrum obtained using an MgO coated integrating sphere, and MgO as the
white standard.

another, chemically less suitable transition metal
must be used instead. The element which gives
the best results from a spectroscopic point of view
is cobalt, since this has a single, very intense, spin
allowed absorption band at around 19000cm™,
and no other significant features in the optical
part of the spectrum.

From the optical spectrum, it is often possible
to ascertain whether the dopant occupies the
desired site in the structure, provided good struc-
tural data are available. As noted above, the pos-
itions of absorption lines in the spectrum depend
on the strength of the crystal field, which is in
turn determined by the size of the site. Thus the
observed position of the line can be used to esti-
mate the size of the site occupied by the dopant.
This is illustrated in the case of a cobalt doped
anorthite (Fig. 3), where the main absorption
feature is observed at between 15000cm™ and
17500cm ™. These frequencies are much lower
than is normal for cobalt surrounded by oxygen
ligands, for example Percival and Salje (1989)
observe the same transition in K,Co0,(SO,); at
around 18700 cm . This suggests that the cobalt
‘in anorthite occupies a much larger site than
usual, since a larger site implies a smaller crystal
field and therefore a lower energy for the absorp-

tion line, which is consistent with the cobalt lying
on one or more of the calcium sites, which have
bond lengths in the range 2.32-2.72 A, compared
with around 2.08 A for K,Co,(SO,)s. If the cobalt
were occupying an interstitial site, or if it had
formed a second compound in concentrations too
low to be detected by X-ray powder diffraction,
then it would be expected that the site would be
closer in size to those normally occupied by
cobalt.

In some cases, however, it is not possible to
determine directly from the spectrum whether the
dopant is occupying the correct site in the struc-
ture. In these cases, some other technique must
be used, and in this context element specific tech-
niques such as EXAFS may prove particularly
suited, since comparison can be made directly
between the environments of the dopant and the
atom which it replaces.

The second question posed above is whether
the dopant behaves in the same way as the atom
it replaces. Provided the concentration of the
dopant is small, the presence of these impurities
will not produce distortions in the crystal structure
as a whole, especially in cases where the crystal
structure is strongly defined by a feature in which
the substituted cation plays no part, for example
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the Al/Si framework in anorthite or the SO, tetra-
hedra in langbeinite. Under these conditions, as
noted by McClure (1962), a dopant ion at a substi-
tutional site will be subject to a crystal field which
is approximately the same as that of the undis-
torted crystal. McClure considers the example of
ions substituting for aluminium on a trigonally dis-
torted octahedral site in corundum. The Al ions
lie on the threefold axis, but are displaced from
the centre of the octahedron through a distance
w. The value of this displacement is not expected
to be the same for an ion substituting for Al, but
the symmetry of the force system of the crystal
acting on the foreign ion is the same as that acting
on the Al, so the substituting ion is not permitted
to depart from the threefold axis. Thus the sub-
stituting ion will lie on a site of the same sym-
metry, but may be displaced through a different
distance. Since the force systems acting on the
Al and the substituting ion are the same, it is
expected that the displacement of the substituting
ion (wy,) will be linearly related to that of the
aluminium (wy): wey, < wa. Thus it is expected
that a substituting ion will in fact give a true
measure of the distortion of the site it occupies,
even if the calibration of the line splitting as a
measure of the actual distortion of the site may
not be straightforward.

The final question concerns the concentration
of dopant necessary to obtain a signal which is
sufficiently strong to be measured and analysed.
This question is a logical follow-up to the previous
one, since if the concentration required is large,
then it will be sufficient to produce distortions
of the lattice, which will destroy the arguments
used in the previous paragraph. There is no simple
minimum concentration required; the signal
strength depends on the dopant ion used, and on
the site occupied, while the noise level depends
on the temperature required. Finally, the signal
to noise ratio required to extract the maximum
information depends on the complexity of the
peak; a simple peak split into two components
(as in the langbeinites) is relatively easily
modelled, while the anorthite peak is made com-
plicated by the fact that there are four different
sites, each of which gives rise to a peak split into
two major components, requiring much more
complicated modelling. In order to extract useful
information from such a spectrum, a much higher
quality spectrum is required.

Of all the transition metals, the spin allowed
transition from the *T 4 (F) groundstate to the
4T1g(P) excited state in Co®" has the greatest
intensity, and in addition this line shows easily
measurable splitting. Thus cobalt is an ideal
dopant, and it is found that 2% cobalt provides
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an easily measurable signal (about 0.07 absor-
bance units) in cadmium  langbeinite
(K,Cd,(SO,);), and a rather lower but useable
signal (around 0.03 absorbance units) in anorth-
ite. In both of these materials the lattice para-
meters show no evidence of distortion of the host
structure.

The final answer to the question of the concen-
tration required, however, depends on the sophis-
tication of the data modelling attempted.

Data modelling

The extraction of information from optical
spectra depends on computer band stimulation.
This process can be divided into two stages: (1)
Background fitting; (2) Peak fitting.

Background fitting. Three different shaped
backgrounds can be used, depending on the
sample under investigation:

In the case of a very strong absorption feature,
such as that observed by Percival and Salje (1989)
in K»,C0,(80,)s, a simpler linear background join-
ing points on either side of the absorption line
can be used. In these cases, the distortion of the
peak produced by the use of a linear background
is small relative to size of the peak.

In the case of samples containing a low concen-
tration of the absorbing species, however, a non-
linear background needs to be used to reflect the
variation in background absorption with wave-
number, so as not to distort the shape of the peak
under investigation. The shape of this background
depends on the phenomenon leading to absorp-
tion; in the case of a background increasing at
higher wavenumber due to dispersion from imper-
fections in the crystal, then an exponential back-
ground is appropriate, while if the background
is due to charge transfer absorption, or to other
underlying broad absorption features, then a
gaussian background may be used. Under some
circumstances a combination of two or more back-
ground curves may be used, and care must be
taken in identifying points which lie on the back-
ground, which are used in modelling it.

Peak shape. The most commonly used peak
shape is the gaussian error curve, although several
authors (e.g. Wood, 1965; Parkin and Burns,
1980; Percival and Salje, 1989) note that the
observed absorption lines are, in fact, somewhat
skew. Parkin and Burns suggest that extra para-
meters may be needed to describe this distortion,
but this has not been attempted in practice. Grum-
Grzhimailo and Klimusheva (1960) found that the
deviation from a gaussian peak shape is greatest
at low temperatures, while at higher tempera-
tures, where 2B/'>>>1 (B is a parameter related
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Fic. 4. Unpolarized transmission spectrum of Finero sapphirine, after Percival and Christy (in preparation}.
The ground state for all transitions is °T5,(D).

to the half width of the absorption band, and I
is the reciprocal of the lifetime of an impurity
centre in the excited state) the absorption band
does have a gaussian shape. Thus for most miner-
alogical applications, where the interest is in
phase transformations above room temperature,
the use of a simple gaussian peak shape is perfectly
adequate. The model used for peak fitting, then,
is a number of gaussian curves, one for each split
component of the transition from each site occu-
pied by the transition metal.

An additional assistance in the fitting of the
split components comes from the fact that the split
parts of a single transition are expected to have
the same linewidth (Vainshtein and Antipova-
Karataeva, 1959). Thus the model can be con-
strained by forcing the split components of a single
transition from a single site to have the same

linewidth, and this method has been found to give
good results in langbeinite (Percival and Salje,
1989) and sapphirine (Percival and Christy, in
preparation).

Modelling sapphirine: an example. The process
of data modelling in optical spectroscopy is illus-
trated for the case of sapphirine, which was
studied by Percival and Christy (m preparation)
to investigate the ordering of Fe** on the various
sites in the structure. The spectrum of 2 sample
of Finero sapphmne containing 0.3 Fe** per for-
mula unit is shown in Fig. 4, together with the
peak assignments of Percival and Christy. The
spectrum is dominated by broad absorption fea-
tures at the extreme ends, with a number of weak
spinforbiddenbands supenmposed onthisoutline.
Percival and Christy used the 3ng(H) peak to
analyse the site distribution of the Fe’*; clearly
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the background in this region is highly non-linear,
being composed of components from the two
main absorption features, with additional compo-
nents from the neighbouring 'A,,(/) and 'T\,(I)
peaks. There is also some doubt as to whether
the lowest point in the spectrum (between the
A ,(1) and *T,,(H) peaks) lies on the back-
ground. The octahedral sites in sapphirine all have
triclinic symmetry, so it would be expected that
the *T,,(H) peak would be split into three compo-
nents for each site occupied by Fe?*.

The first attempt to model this spectrum was
made using a straight background, connecting
points on cither side of the peak. This is clearly
an unrealistic background, since it does not reflect
the overall shape of the spectrum, and does in
fact intersect the spectrum at higher frequencies,
and the assumption is made that the lowest point
referred to above does indeed lie on the back-
ground. Superimposed on this background are
three gaussians of the same linewidth, represent-
ing the three components of the *T,,(H) peak
from Fe?* at a single site. Despite the simplicity
of this model, a remarkably good fit is achieved
(Fig. 5a), but it is apparent that the points used
to fit the background do not in fact lie on the
background.

The general shape of the spectrum, and the
form of the absorption bands at each extreme end
of the spectrum, led to the use of a background
composed of a pair of gaussians, fitted to points
at the extreme ends, and passing below the low
point in the centre of the spectrum (Fig. 6). Using

this background, the model used must include
contributions from the neighbouring peaks, so a
system of three gaussians of the same width, plus
two other gaussians, has been used (Fig. 5b). In
this case a very good fit is achieved, and Percival
and Christy concluded that there was no evidence
for the presence of Fe’* in more than one site
in the crystal structure.

The change from linear to curved backgrounds
produces a change in the parameters of the peaks;
the lowest wavenumber component is shifted to
lower wavenumber by 5.7cm™!, the central com-
ponent to higher wavenumber by 54.6cm ™", and
the high wavenumber component to higher wave-
number by 91.4cm ™!, However the ratio of the
separation of the first two components to the sep-
aration of the second two remains almost constant
(1.30 for a linear background, compared with 1.33
for the curved background). This effect illustrates
a fact which is very important in the use of optical
spectroscopy for the study of phase transitions,
that changes in the model may produce changes
in the absolute values of the parameters, but that
the relative changes are more or less independent
of the model used. This effect is even more
marked when comparisons are made between
spectra of one material obtained at different tem-
peratures; the absolute values of line positions
will depend on the background and model used,
but the changes from one temperature to another
will be correctly measured, provided the same
model is used at all temperatures, and that a good
fit is obtained using this model.
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Co-doped cadmium langbeinite, K,Cd,(SOy4)s3

To explore the application of optical spec-
troscopy of a doped sample to the study of phase
transitions, spectra have been obtained from a
sample of Co-doped K,Cd,(SO,); langbeinite
containing about 2% Co replacing Cd. The crys-
tals were grown by the Bridgman technique, and
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Fi6. 6. Curved background used in modelling Finero
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ground, dotted lines represent components of back-
ground.

were supplied by Dr U. Bismayer (Hannover).
Structural studies have been carried out by Perci-
val er al. (1989). The sample shows a first order
transition from a high-temperature cubic space
group, P2,3, to a low-temperature orthorhombic
phase, P2,2,2;, with a critical temperature of
430.5K.

Experimental. One face of a crystal of approxi-
mately 2X2 X 1mm was polished, and this was
then glued to a disc of copper having a hole 1
mm in diameter in the centre. The opposite face
was then polished giving a sample approximately
0.5 mm in thickness, which was placed in a furnace
capable of heating it in excess of 1000K, the whole
arrangement being placed in the sample chamber
of a Perkin-Elmer Lambda 9 UV/vis/NIR spectro-
photometer. Unpolarized transmission spectra
were measured from 4000-40000cm ™! at a variety
of temperatures, but at the highest temperatures
measured (above 550K) the noise level produced
by radiative interference from the furnace was so
high that the infrared part of the spectrum (below
11600cm ™) was not measured. Unpolarized light
was used, and no attempt was made to orient the
sample, since the main interest of the work was
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focused on the behaviour of the high-tempera-
ture, cubic, isotropic phase. The only peak
observed is at around 18000cm ™!, corresponding
to the *T,(P) peak in pure cobalt langbeinite
(Percival and Salje, 1989); this peak is illustrated
in Fig. 7.
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Fic. 7. Unpolarized transmission spectrum of

K5(Cdy 45Co0q 12)2(SOy)5 at 487K. Dotted line represents
the background used in subsequent fitting.

Data modelling. The background is observed
to curve slightly, flattening out at higher frequen-
cies, so a gaussian background was used, as illus-
trated in Fig. 7. Following the subtraction of the
background, the peak can be seen (Fig. 8) to be
composed of a main peak, with a slight asymmetry
owing to the splitting of the *T,,(P) absorption
line, with a narrower additional peak on the high
wavenumber side. This extra peak is due to one
of the spin-forbidden transitions in Co?*, and will
not be assigned to a particular transition, but it
must be included in the model used to fit the peak.
The peak is of identical shape to that observed
by Percival and Salje (1989) in pure cobalt lang-
beinite, K,C0,(804)3, in which the cobalt site has
identical symmetry to that in K;Cd,(SO,);. As
discussed there, the 4T1g(P) peak observed in
unpolarized light is expected to be composed of
two components in the high temperature phase,
corresponding to transitions of electrons to two
different excited states which would be degener-
ate in symmetry Oy, but are resolved in the lower
symmetry (C;) of the M?" site in langbeinites.
Thus the model used at high temperatures consists
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at 487K following subtraction of background.

of two gaussians of the same linewidth for the
main peak, plus an additional gaussian for the
spin forbidden band. At temperatures below T,
the site symmetry is reduced, and therefore
further splitting of the peak is to be expected.
However the distortion from symmetry Cs is
small, so the additional splitting will be small. Per-
cival and Salje found in K,Co,(SOy); that the
additional splitting cannot be resolved, but that
the symmetry can be approximated as C;, and
the same model can be used as above T.. In
K>Co,(504); the additional splitting is manifested
as an excess linewidth below T.. Thus in the cur-
rent work the same model was used above and
below T,. The validity of this model is confirmed
by the correlation of the results of optical spec-
troscopy with the distortion as measured by X-ray
structure refinement, where an approximation to
C; symmetry was made, as discussed below. The
fitting was carried out using the same non-linear
least squares fitting programme described by Per-
cival and Salje, and an example of the fitted spec-
trum is illustrated in Fig. 9.

Discussion. Owing to the low signal strength
of the spectra, which is a consequence of the low
concentration of cobalt in the structure, a rather
high noise level is observed, particularly in those
spectra obtained at higher temperatures, where
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Fig. 9. Fitted T (F)-*T(P) peak in

K5(Cdy 45C0y 2)-(SO,); at 487K: x = data points, solid

lines represent model and residual, dashed lines compo-
nents of fit.

interference from the furnace is more significant,
and there is a rather large error in the parameters
which describe the components, making it diffi-
cult to draw conclusions from the parameters
themselves. However, as noted above, the line
splitting parameter, used to measure the trigonal
distortion of the cobalt site, is expected to be cor-
rectly measured even under these conditions. The
temperature dependence of the splitting of the
4Tlg(P) peak is plotted in Fig. 10a, and is seen
to show a marked temperature dependence in the
cubic phase. At T, an abrupt increase is
observed, and then in the low-temperature phase
a constant value of the line splitting is observed.
The error bar shown is an estimate of the uncer-
tainty of the magnitude of the splitting, and may
be a considerable overestimate.

The trigonal distortion measured by this tech-
nique can be compared with that measured by
structural means by Percival er al. (1989). They
defined a ‘Bond Length Variation Parameter’,
which measures the difference between the long
and short bonds in the trigonally distorted octa-
hedra. The temperature dependence of this par-
ameter for the M2 site is illustrated in Fig. 10b,
and that for the M1 site shows exactly the same
temperature dependence. The BLVP is expected
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Fig. 10. Temperature dependence of distortion parameters of octahedral sites in K,(Cdy 94C0y12)2(S04)5: (a)
Splitting of *T,,(F)-*T (P) peak. (b) BLVP of M2 site (after Percival et al., 1989).

to be correlated to the line splitting since they
are both measures of the trigonal distortion of
the octahedral site, and this correlation can be
clearly seen in Fig. 10. The temperature depen-
dence of the two parameters is identical, and thus
it is possible to conclude that the optical spectra
do provide a good measure of the trigonal distor-
tion. In passing we notice that each data point
in Fig. 10a represents about 3 hours data collec-
tion and analysis, while each data point in Fig.
10b represents about 8 weeks data collection and
analysis.

Conclusions

The most important conclusion to be drawn is
that useful information can indeed be obtained
from optical spectroscopy, as illustrated by the
example of Co-doped cadmium langbeinite. Pro-
vided that the dopant occupies the correct site
in the structure, this technique can be used to
measure the changes in site distortion through a
phase transition,

Where the interest is in relative changes (e.g.
from one temperature to the next in the case of
a phase transition), slight inadequacies in the
model are not, in general, significant, since rela-
tive changes will be correctly reflected even if the
absolute values of the parameters are wrong.

The final conclusion is that optical spectros-
copy, like other techniques in mineralogy, should
not be used in isolation. Complementary tech-
niques, such as X-ray structure determination and
EXAFS, should be used to check the site occu-
pancy of the dopant, and to aid in the interpre-
tation of the spectra.
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