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Figure 6.7: Crystal structure of topaz with highlighted F/O4 and H positions. All possi-
bilities (OH---F, OH---OH, F---F) of neighboring corner occupation are illustrated with
OH- - - F plotted as the most common case. Atomic positions from Gatta et al. (2006b).

of vy and vp are the appropriate variables to reflect the occupation probabilities. The
determination of these integrated areas from an IR spectrum by peak fitting methods is
illustrated in Fig. 6.8a. The maximum relative uncertainty of the determined sizes is 5%
for vg and 10% for v4. Fitted and calculated probabilities of the OH environment are in
excellent agreement and show almost no deviations (Fig. 6.8b). The integrated area of v4
increases in favor of vp with increasing OH content, which means that the two neighboring
F/OH positions are more often occupied by two OH groups. This accordance between cal-
culated occupation probability and determined integrated areas proves that (i) the nature
of v4 and vp is only related to the local OH surrounding in the crystal structure, and (ii)
the distribution of F and OH is actually statistical. Thus, v4 is visible in every topaz IR
spectrum because the band’s origin and intensity are intimately related to the OH content
itself.

6.5.2 Xpp-dependent changes of the crystal structure

Changes in the bandwidth of phonon spectra like IR or Raman spectra can conveniently
characterize order—disorder phase transitions. The autocorrelation analysis gives reliable
bandwidth data even for spectra with a complex bandshape, which may be caused by the
overlap of multiple components (Salje et al. 2000). The determined value ACorr is propor-
tional to the original bandwidth. Thus, discontinuities in the slope of ACorr reveal possible
phase transitions. However, the variation of ACorr with increasing OH content displays a
continuous slope change (Fig. 6.2) and no distinct transition, as it would be characteristic
for a phase transition. This alternation of the bandwidth is interpreted as continuous change
of the crystal structure with increasing Xoy, e.g., by an increasing v4 band component with
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Figure 6.8: (a) Example of peak fitting of the OH bands of an unpolarized topaz room
temperature IR spectrum used to derive the integrated areas of v4 (OH:---OH) and vp
(OH- - - F). For Xpon = 0.4, probability calculations predict a ratio of 3:1 of vp : v4, which is
reflected in the size of the integrated areas. (b) Integrated areas from peak fitting (symbols)
and calculated percentage of the OH- - - X neighborship from probability calculations (dashed
black lines) versus the OH concentration in the topaz samples. Red circles: synthetic topaz
from Wunder et al. (1999); green diamond: Topl6 from Wunder and Wirth (2000); yellow
star: Top-E from Libowitzky and Beran (2006).

broader FWHM (see above), and not a phase transition.

Topaz is mainly reported in space group Pbnm, independent of the OH concentration
of the investigated topaz samples. No symmetry change associated with the OH content
was ever observed. Ribbe and Rosenberg (1971) observed a linear correlation between the
amount of OH substitution for F in the crystal structure and the lattice parameter b, which
increases with increasing OH content. The reason for this increase is that the ionic radius of
the OH group is about 0.04 A larger than that of the fluorine atom. Thus, it is reasonable
that structural increases were also observed for the lattice parameters ¢ and V (Wunder et
al. 1999, Alberico et al. 2003), but not for ¢. The O-H dipole has only a small deviation
from the ¢ axis and lies in a cavity, which compensates the structural increase. However, all
these correlations are based on data sets of samples with Xoy < 0.5, which are extened to
the data of the OH end member. The experimentally observed data for the synthetic topaz
samples of Wunder et al. (1999), although having an uncertainty of 5% in the OH content,
and the data of Zhang et al. (2002) show that above Xoy ~ 0.4 the lattice parameter c¢
increases significantly with the OH content, too. In total, the substitution of OH for F has
a non-linear effect on the crystal structure and, thus, on the bandwidths of the OH bands
(Fig. 6.2). The incorporation of the larger OH group expands the lattice parameters a
and b almost linearly over the whole concentration range, whereas in the c¢ direction the
effect is buffered by the cavity adjacent to the Al octahedra up to Xop ~ 0.4 (Fig. 6.7).
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Above Xpg ~ 0.4, in connection with the increase of the lattice parameter ¢, the increase
of the entire crystal structure is non-linear. This non-linearity is quite small, so that the
linear V-regression by Wunder et al. (1999) has a maximal uncertainty of 8%. However,
IR spectroscopy is that sensitive for changes in the neighborhood of the OH group that the
effect is significantly pronounced in the autocorrelation analysis of the OH stretching bands
in the IR spectra (Fig. 6.2).

The Al-F/OH bonds are about 0.1 A smaller than the other Al-O bonds of the Al oc-
tahedra (e.g., Gatta et al. 2006b). Increasing OH incorporation results in an increasing
distortion of the Al octahedra, which is possibly compensated by further twisting of the oc-
tahedral chains along b. It is as well probable that the angle of the O-H dipole changes with
increasing OH content. The distance between two neighboring OH groups is preferentially
as large as possible, which can be accomplished by an opposed rotation/relaxation of the
dipole. Because the proportion of the OH--- OH configuration increases mutually with the
OH content, the degree of rotation of neighboring OH groups increases, too. At room tem-
perature, topaz-OH has two non-equivalent H positions in a diagonal configuration, which
results in a symmetry reduction to space group Pbn2; (Northrup et al. 1994; Watenphul
and Wunder 2009).

Structural changes such as further twisting of the octahedral chains and/or rotation of the
OH dipole with increasing OH concentration would contribute to the non-linear evolution of
the bandwidths as well. However, complete and detailed structural parameters, determined
of selected samples of the complete (F,OH) solid solution range, are missing in the literature
and go beyond the scope of this study.

6.5.3 T dependence of the OH stretching frequencies

The temperature dependence of the two OH stretching frequencies was investigated on a
thin film of sample Topl6 with Xop = 0.23 and on single-crystal plates of Top-E with
Xon = 0.075. In a first attempt we assume that the observed behavior of the OH stretching
frequencies with temperature is independent of the OH concentration, and therefore can
be generalized to every topaz sample, except both end members. With increasing temper-
ature, the selected spectra in Fig. 6.3 show a shift of the OH stretching bands to lower
wavenumbers and the first narrow bands broaden along with decreasing absorbance. The
same behavior was also observed by Aines and Rossman (1985) between -196 and 750°C, al-
beit they observed an intensity increase of the OH stretching frequencies with temperature.
However, their topaz sample shows some additional OH bands caused by OH in anomalous
positions, which is related to radiation damage. With increasing temperature, these OH
groups re-equilibrate to the normal positions (corner of the Al octahedron) and thus, the
intensities of the typical OH stretching bands, vp and v4, increase. Unlike topaz-OH (Wa-
tenphul and Wunder 2009), topaz of the (F,OH) solid solution series displays no splitting
of the OH bands in the IR spectra at -196°C. Thus, the frequency difference between v 4
and vp is even too small to induce a band splitting among the narrow bands at this low
temperature. This is reasonable, because v4 originates from an only slightly different local
surrounding in the crystal structure of topaz. Decreasing temperature causes a volume con-
traction and therefore a shortening of the interatomic distances. Nevertheless, the change
of the local surrounding of the OH groups is too small to cause a significant frequency
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difference between both OH bands, which is visible in the IR spectra.

"Normal" peak fitting gives only insufficient data for the band positions and bandwidths
of both OH stretching bands. Therefore, a simplification to one superposed OH band was
made to extract data of the temperature-dependent bandshift and a superposed bandwidth.
Both variables decrease with increasing temperature up to about 150°C 4 25°C, where
their slopes display a distinct discontinuity (Fig. 6.4). The decrease of the band position
with increasing temperature can be interpreted as a shortening of the O-H--- O distance,
respectively the O---H distance (Libowitzky 1999). The neutron diffraction data by Gatta
et al. (2006b) reveals that the H--- O3 distance decreases from 2.386(6) A at -263°C to
2.380(5) A at 25°C, whereas all other H- - - O distances increase with increasing temperature.
The respective F/O4-H- - - O(3) bond angle shows a similar decrease with temperature. The
conformity in the behavior of bond distance and angle suggests that the O4-H--- O3 bond
controls the temperature-dependent behavior of the OH stretching bands between -263 and
25°C and most likely at higher temperatures, too.

A decrease in the superposed bandwidth with increasing temperature up to 150°C implies
that the frequency difference between v4 and vp is reduced. It seems that the decreases of
the O4-H---03 bond and the corresponding bond angle are also dependent on the occu-
pation of the adjacent sites with OH or F. Both OH stretching bands increasingly broaden
at temperatures above about 150°C, because of the increased thermal vibration of the OH
groups. This band broadening prevails the small approach of both OH bands, which results
from the decrease of the O4-H---0O3 bond with increasing temperature. Thus, the total
bandwidth of the superposed band increases with increasing temperature above 150°C.

The slope changes at the discontinuities are abrupt compared to the continuous change
observed in Fig. 6.2 for the Xpop dependence. Such an abruptness is a clear indication for a
phase transition.

Autocorrelation analysis of the temperature-dependent spectra shows a similar behavior
of ACorr with increasing temperature. The analysis of the complex bandshape of both
OH stretching bands reveals even two discontinuities in the slope, the first at about -
150°C £ 25°C and the second at about 160°C £ 25°C (Fig. 6.5). It is evident that
the ~ 150°C-discontinuity in Fig. 6.4 and the ~ 160°C-discontinuity in Fig. 6.5 origi-
nate from the same phenomenon. The low-temperature transition is further confirmed by
an autocorrelation analysis of polarized temperature-dependent IR spectra. Both polariza-
tion directions, E || X and E || Z, display a distinct slope discontinuity at -135°C £ 5°C
(Fig. 6.6). The reduced uncertainty of the transition temperature is related to the smaller
temperature-step size of these spectra. In the following, the temperatures determined by the
autocorrelation analyses are used, because of the superior quality of these data. Therefore,
topaz displays two temperature-dependent phase transitions at -135°C + 5°C and at about
160°C + 25°C.

The identification of the involved space groups in the temperature-dependent phase tran-
sitions is difficult, because of lacking crystal structure data on local order/disorder to confirm
these transitions. However, crystal structure investigations, which are normally used to de-
termine the space group of minerals, are sensitive to the long-range order (LRO), whereas
we propose that the phase transitions in topaz are related to short-range order—disorder of F
and OH. Therefore, the here proposed space groups are based on the combination of knowl-
edge gained from crystal structure investigations (Zemann et al. 1979; Parise et al. 1980;
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Komatsu et al. 2003; Gatta et al. 2006b) along with reasonable assumptions on changes in
the crystal structure with temperature and the information on the short-range order (SRO)
from our IR spectroscopic investigation.

The structural refinements, which lead to space group Pbnm for topaz (e.g., Zemann
et al. 1979; Alberico et al. 2003; Komatsu et al. 2003; Gatta et al. 2006b), make no
difference between F and O4 occupation of the Al octahedra corners. However, at room
temperature F and OH are statistically distributed in the crystal structure, which leads to
a certain distribution of the three different, local F/OH arrangements, i.e., F---F, F-.-OH
(= OH---F), OH---OH (Fig. 6.8). The extent depends on the OH concentration. Our
investigations showed that this short-range ordering explains the occurrence and relative
intensities of the OH stretching bands v4 and vp in the IR spectra and, therefore, is non-
negligible. Excluding both end members, the necessary consideration of the short-range
ordering requires locally the loss of the mirror plane (001), and hence, the local symmetry
reduction of the topaz space group from Pbnm to Pbn2;. Thus, only the fluorine end
member, Al,SiO4F9, can be described in space group Pbnm from local to bulk scale. In
contrast, topaz-OH has space group Pbn2; at room temperature (Northrup et al. 1994;
Watenphul and Wunder 2009). The hydrogen atoms are located on average in two non-
equivalent positions in the crystal structure, i.e., A-B or B-A, but never A-A or B-B,
which requires the symmetry reduction of Pbnm to Pbn2; by loss of the mirror plane (001).

In case of order—disorder phase transitions caused by temperature, the space group sym-
metry generally increases with increasing temperature. Therefore, we suggest that the topaz
space group changes from P71 to Pbn2; at -135°C and from Pbn2; to Pbnm at about 160°C.
Temperature-dependent structure investigation by neutron diffraction at -263 and 25°C re-
vealed no deviation from space group Pbnm (Gatta et al. 2006b). This does not have to be
a contradiction to our proposed symmetry, if one takes into account that diffraction studies
investigate the long-range order (LRO) of the crystal structure and average the properties
over many unit cells, whereas spectroscopic studies reveal even the short-range order (SRO)
and are sensitive to local structure differences. Moreover, it suggests that the structural
changes, which cause the low-temperature phase transition, bear on the OH groups and
their local surrounding.

Parise et al. (1980) reported space group P1 for topaz from a neutron diffraction study
due to the occurrence of certain reflections, which are forbidden in space group Pbnm.
In Pbnm, hydrogen occupies eight equivalent sites in the crystal structure. Local ordering,
caused by two OH groups occupying adjacent positions (see above), might induce a splitting
into a second type of hydrogen site. In the regular H site the protons of the neighboring OH
groups approach too closely, so that they are deflected into two new positions (Parise et al.
1980; Aines and Rossman 1985). Gatta et al. (2006b) also observed forbidden reflections
in their diffraction studies. In contrast to Parise et al. (1980), they argued that these
reflections could be ascribed to the Renninger effect, which describes double diffraction
phenomena, so that the space group of topaz was confirmed in Pbnm. As the case may be,
splitting of the hydrogen site comparable to those described by Parise et al. (1980) might
be responsible for the low-temperature phase transition. At low temperature, the crystal
structure is contracted and the interatomic distances are shortened. Dynamic fluctuations
and thermal vibrations are frozen in. As a consequence, the hydrogen positions of two
ordered OH groups approach too closely for a simultaneous occupation of both positions in
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the normal symmetry. A possible small rotation of both OH dipoles increases the distance
between the H atoms and results in two non-equivalent H positions. These non-equivalent
H site are closely adjacent similar to the H sites in topaz-OH (Watenphul and Wunder
2009). However, the splitting of the hydrogen positions violates all symmetry elements, so
that topaz at temperatures below -135°C has at least locally space group PI. Increasing
temperature elongates all interatomic distances, so that both hydrogen atoms of neighboring
OH groups are relocated in the normal symmetry position and the space group changes to
Pbn2;. The slope change of ACorr at the low-temperature transition is significant (Fig.
6.5, Fig. 6.6), but less pronounced than the one at the high-temperature transition. This
favors the assumption of two closely adjacent H positions. The closeness of the splitted H
sites results in an only very small frequency difference between the resulting OH stretching
bands in an IR spectrum, which might not be resolvable. This is in agreement with the
observed IR spectra at low temperature (Fig. 6.3), which show no bandsplitting, but an
enlarged bandwidth.

The detection of two closely adjacent hydrogen positions as in the low-temperature struc-
ture is very challenging. However, a very thorough neutron diffraction study on deuterated
topaz samples of the solid-solution series might be able to confirm this theory and determine
a symmetry reduction to P1.

The high-temperature phase transition at about 160°C might originate from order—
disorder processes of F and OH in the crystal structure. The increased thermal vibration of
the anions with temperature allows on average the disordering of F and OH over the whole
crystal structure. The increased temperature reduces the local ordering, so that on average
the space group changes from Pbn2; to Pbnm.

Komatsu et al. (2003) investigated the effect of temperature on the topaz crystal structure
on a natural topaz sample with Xgpg = 0.215. We re-plotted their data and thereby scaled
down the axes of the lattice parameters (Fig. 6.9). This closer look reveals that the increase
of a, b, and ¢ with temperature is not linear within the reported uncertainties, but displays a
slope change at about 150°C, which was not noticed by Komatsu et al. (2003). We assume
that these discontinuities in the lattice parameters correspond to the phase transition at
about 160°C observed by the autocorrelation analysis of the temperature-dependent IR
spectra. The deviation in the transition temperature evidently originates from the wide
temperature intervals of 150°C between each of the structure investigations of Komatsu et
al. (2003). Hence, the disordering of F and OH has also an effect on the expansion of
the crystal structure with temperature. The slope change of ACorr with temperature is
more pronounced for the high-temperature transition. This might be the reason why this
transition is also visible in structural data, whereas the low-temperature transition is not
detected, yet.

It is very probable that temperature-dependent crystal structure investigations on deuter-
ated topaz of the solid solution series will detect the symmetry change(s) with temperature.
Moreover, the effect on the lattice parameters with temperature will be significantly in-
creased because of the larger ionic radius of (OD)~ compared to (OH)™.
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Figure 6.9: Temperature-dependence of the unit cell parameters determined by Komatsu
et al. (2003) from X-ray diffraction data. Data are re-plotted with enlarged axis scaling.
The dashed red lines illustrate changes in the slopes. The vertical blue line indicates the
discontinuities in the slopes at about 150°C.

6.6 Conclusion

The existence of two OH stretching bands in the IR spectra of topaz from the (F,OH)-
solid solution series is caused by the local surrounding of the F/OH site in the crystal
structure. The typical sharp OH band is related to OH groups with fluorine in the adjacent
site, whereas two adjacent OH groups result in a second OH band, which is visible as a
shoulder on the low-energy side of the sharp band. The amount of local OH-OH ordering in
neighboring sites is determined by OH concentration and can be calculated by probability
calculations. The substitution of OH for F has a non-linear effect on the expansion of the
crystal structure.

Autocorrelation analysis of the temperature-dependent IR spectra revealed two
temperature-induced phase transitions. At about -135°C, the space group is suggested to
change from P71 to Pbn2; and at about 160°C from Pbn2; to Pbnm. The low-temperature
transition is caused by the temperature-dependent contraction of the crystal structure. Two
neighboring hydrogen positions approach too closely for simultaneous occupation. Split-
ting/relaxation of the H atoms in two closely adjacent, non-equivalent sites results in a
symmetry reduction to PI. The high-temperature transition originates from temperature-
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induced disorder of the local F-F/OH-OH ordering in neighboring sites. The increased
movement of the anions leads on average to a complete disorder of F and OH in the crystal
structure.

The sensitivity of the OH stretching frequency on the local surrounding, i.e. the occu-
pation of the neighboring site by F or OH, suggests that the OH stretching band of other
(F,OH)-bearing solid solutions may have also multiple components, which are related to the
local ordering of F and OH in the crystal structure. Possible candidates might be the humite
group, the mica group, the amphibole group, and talc. It is very probable that temperature
will induce phase transitions in these minerals similar to the presented phase transitions in
topaz.
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