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ABSTRACT

We report on temperature dependencies of infrared (IR) fundamental, combination, and overtone
vibrations of hydroxyl species (OH) in nominally anhydrous minerals (e.g., titanite), ferroelectric
crystals (KTa, \Nb,O;, KTN), layer silicates (talc, mica, and pyrophyllite), and hydrous minerals
such as apatite and synthetic hydrous/deuterated garnets [Ca;Al,(O,H,); and Ca;Al,(O4D,);] for the
temperature range of 20-300 K. Data obtained by high-resolution FTIR spectroscopy show that in-
creasing temperature generally leads to a decrease in the band height and band area of fundamental
vibrations of hydroxyl species, whereas the combination and first-overtone bands commonly show
different temperature dependencies. The results show that in the investigated temperature range, the
variations of the band height and area for different OH bands (especially for combinations and over-
tones) on cooling or heating do not reflect changes in OH concentrations in the materials, but relate
to temperature-dependent absorption coefficients. The observations imply that absorption coefficients
calibrated at room temperature cannot necessarily be used for the determination of hydroxyl contents

at other temperatures.

Keywords: Infrared spectroscopy, low temperature, apatite, hydrous garnet, pyrophyllite, talc,
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INTRODUCTION

Hydrous and hydroxyl species in minerals, melts, glasses,
and synthetic materials have been the subject of extensive stud-
ies. Water molecules, hydroxide ions, and fluid inclusions are
important components of many natural systems and are also
prominent in a variety of synthetic minerals and technologi-
cal materials. The presence of hydrous species may affect the
physical properties of minerals and synthetic materials. Traces
of OH in nominally anhydrous minerals are capable of recycling
water from the hydrosphere back into the mantle. Analysis of
these hydrous species can reveal important information on the
crystal chemistry, local structural modifications, and atomic
order-disorder processes in minerals and crystals, and may lead
to new information on the stability of hydrous phases, thermal
or hydrothermal history, and geologic environments of the host
rocks of the minerals. A better understanding of the incorpora-
tion mechanism of hydrous species in silicate glasses and melts
may yield insight into kinetic processes during magma degas-
sing and for modeling thermodynamic properties of magmas.
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Determinations of the frozen-in hydrous speciation in natural
mineral glasses may offer information on the cooling rate of
the host rocks. The hydrogen content of minerals may be used
to extract information on water or oxygen fugacity and silica
activity related to metamorphic and metasomatism events (e.g.,
Langer et al. 1993; Zhang et al. 2003).

As one of the most sensitive techniques for detecting and
analyzing hydrous/hydroxyl species, IR spectroscopy has been
widely used for investigations of hydrous components, “water”
concentrations, and their locations in crystal structures (e.g.,
Nakamoto et al. 1955; Novak 1974; Paterson 1982; Stolper
1982; Aines and Rossman 1984, 1985; Hemley et al. 1987;
Rossman 1988; McMillan 1995; Libowitzky and Rossman 1997,
Struzhkin et al. 1997; Hofmeister et al. 1999; Zhang et al. 2001;
Johnson and Rossman 2003; Libowitzky and Beran 2004), as
well as hydrous speciation, solubility, and kinetics of reactions
in glasses and melts (Keppler and Bagdassarov 1993; Zhang et
al. 1995; Nowak and Behrens 1995; Shen and Keppler 1995;
Behrens et al. 1996; Carroll and Blank 1997; Thinger et al. 1999;
Withers and Behrens 1999; Sowerby and Keppler 1999; Zhang,
Y. et al. 2000; Okumura et al. 2003; Liu et al. 2004; Okumura
and Nakashima 2005).
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Our attention was initially drawn to this topic by our recent
experimental results for crystalline and metamict titanite (Salje
et al. 2000; Zhang, M. et al. 2000, 2001). These studies have
shown that the temperature dependencies of OH bands obtained
from in situ IR experiments are significantly different from those
obtained from quench experiments, even taking into account dif-
ferent heating rates and annealing times. A systematic decrease
of integral absorbance for hydroxyl bands of titanite appeared at
temperatures of 400-500 K during in situ heating measurements,
whereas in quench experiments a significant loss of “water”
did not take place until the samples were annealed above 800
K. Although the formation of new OH bands and conversions
between and among different species (e.g., OH and H,0) might
cause the differences, experimental data do not favor this expla-
nation because observations from crystalline titanite in both in
situ and quenched experiments failed to show the development
of extra hydrous features. This led us to wonder whether the dif-
ferent temperature evolutions observed from quench and in-situ
experiments have the same physical origins, whether it is simply
due to temperature-induced changes of absorption intensity and
coefficients or changes of dipole moments, and to what extent
and under what conditions conversions between species can
take place. The present study was also driven by the fact that
in-situ IR spectroscopy has commonly been employed to study
hydrous and hydroxyl species, their concentrations, and reaction
processes at different temperatures. Moreover, their multiphonon
bands have often been used for the quantitative analysis of the
“water” content. There is apparently a lack of good understand-
ing of the possible temperature dependence of IR bands, which
could affect or hinder applications based on the Beer-Lambert
law in concentration determinations and may complicate data
analysis. There appears also to be confusion about the origins or
causes of the possible change of hydrous band intensities with
temperatures, especially for multiphonon bands involving OH.

The goals of the present study were to gain an understanding
of the extent to which absorption intensity may be affected by
temperature, to clarify whether OH multiphonon bands have
temperature dependencies essentially similar to or different
from their OH fundamentals, and to gain a better insight into
validation of Beer-Lambert law. In this study, we were mainly
interested in examining the relative change of absorption between
room temperature and low temperatures. In the first part of the
project, the temperature evolution of MIR and NIR spectra of
minerals and clays was investigated and the experimental data
are presented here. Studies of hydrous species in glasses and
disordered materials and the effect of pressure on the species
will be published separately. As maintaining constant concen-
trations of OH species during measurements is the key factor
for a successful study of temperature dependence of absorption
coefficient, layer silicates (pyrophyllite, talc, and mica), nomi-
nally anhydrous minerals or materials (titanite and KTa, Nb,O;,
KTN), and hydrous minerals (hydrous/deuterated garnet and
apatite) were examined at low temperatures (20-300 K). This
was done to avoid or to minimize possible temperature-induced
proton migration, which is expected to be more active at high
temperatures (e.g., above 500 or 600 K), and also to prevent the
possible loss of hydrogen (e.g., partial dehydroxylation or dehy-
dration caused by heating to high temperature), which may lead
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to irreversible decreases in hydroxyl and hydrous concentrations,
and will undoubtedly cause changes in the related IR absorp-
tions. The measurements at low temperatures are also expected
to reduce the possible surface absorption, which is expected to be
more significant at high temperature and to be less temperature
dependent at low temperatures (Rowe and Harrington 1976). In
this paper, we focus on contributions related to temperature on
absorption coefficient, and eliminate or minimize the possible
absorption changes caused by variations of hydroxyl or hydrous
concentrations in the samples at high temperatures. Moreover, the
data from low-temperature measurements may offer a good indi-
cation or estimation of the possible degree of change related to
absorption intensity at high temperatures because single-phonon
and multiphonon bands are expected to follow certain behaviors
over large temperature ranges (see subsequent sections). An
additional aim of this study was to investigate the vibrational
characteristics of hydrous bands, as more bands can be observed
at low temperatures due to band sharpening.

CONCEPTS OF INFRARED ABSORPTION

To clarify the notation in this paper, we briefly repeat some
fundamentals of infrared absorption. The infrared absorption
intensity of a crystal is expressed in terms of an absorption
coefficient 4 (in cm™) that is defined by:

I=Ie" or 4= %10g(%) (1)

where /; is the incident radiation energy at a given frequency
or wavenumber, / is the transmitted energy, and / (in cm) is the
sample thickness. For a band of vibrations consisting of several
modes, the absorption is better described by:

A= [ 4de @
band

where o is frequency (usually expressed in wavenumbers) and
the integral is over the limits of the absorption band and gives the
integrated absorption intensity of the band. It has been well rec-
ognized (e.g., Schnepp 1967; Bolkenhtein et al. 1972; Sherwood
1972; Decius and Hexter 1977; Hollas 1996) that absorption
intensity of the infrared mode is related to the transition matrix
element of the dipole moment:

f Vi P dT 3)

where U is the instantaneous dipole moment of the vibrational
transition along the direction of polarization of the incident ra-
diation, ; is the wave function for the initial state involved in
the transition (the ground state), and y, is the wave function for
the final state involved in the transition (the excited state). Both
vy and y, are functions of the normal coordinates and depend on
the symmetries of the normal mode vibrations in the initial and
existed states. For a vibrational transition, the integral in Equa-
tion 3 must be non-zero so that a transition may be allowed. This
requirement also gives the selection rules (e.g., Birman 1963;
Davydov 1976) which define the activity of infrared modes.

Dipole moment, |1, can be expressed as a series in terms of O,
the normal coordinates that describe the atomic and molecular
displacements (e.g., Thomas et al. 1971):
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where |, is the permanent dipole moment, which is a constant
and does not contribute to the integral in Equation 3 since:

[ dr=o. (5)

The linear or harmonic term in Equation 4 contributes to
single-phonon absorption, whereas the higher-order terms in
Equation 4, or anharmonic terms in the potential energy and/or a
non-linear dielectric nature, are understood to be responsible for
multiphonon processes (i.e., one photo interacts with multipho-
nons simultaneously) (Lax and Burstein 1955; Kleinman 1960;
Born and Huang 1968; Nedoluha 1970; Bendow et al. 1974;
Sparks 1974; Thibaudeau et al. 2006). Theoretically, absorptions
of phonon processes are dominated by three factors: the oscillator
strength of the transitions involving one photon and a set of n
phonons, the density state of these phonons, and the respective
phonon occupancies (Mills and Maradudin 1973; Bendow 1973;
Bendow et al. 1973; Sparks and Sham 1973b; Piccirillo et al.
2002). Under harmonic approximation, the integral in Equation
3 can be rewritten as:

[ var=(f w}in,dQ,)(% . ©)

Therefore, the transition moment described by Equation 3
is mainly determined by the linear term in Equation 4 and is
proportional to dipole moment derivative, du/0Q;. As absorp-
tion intensities are proportional to the square of the magnitude
of the transition dipole moment, therefore, with harmonic ap-
proximation,

ﬁz
= [25] ”

that is, absorption intensity is proportional to the square of
the change of dipole moments. The change of dipole moment,
JU/9Q;, can be connected to several factors, such as the perma-
nent dipole moment in molecules or ions in a crystal, the dipole
moment induced by neighboring molecular quadrupole and
dipole moments, and the dipole moment caused by short-range
forces that cause distortion of the electronic cloud (Schnepp
1967; van Straten and Smit 1976). The values of (du/dQ,) for
some materials are extracted from infrared absorption intensity
(e.g., Davies and Orville-Thomas 1969; Thomas et al. 1969,
1971; Galabov and Orville-Thomas 1973; Stoeckli-Evavs et
al. 1975).

Experimentally, a more commonly used form of absorption
intensity is given by the Beer-Lambert law (Pfeiffer and Lieb-
hafsky 1951; Malinin and Yoe 1961):

—Al
I=1e

1
=1Ie™ or A= log(7°) =acl. (®)

The law asserts that the absorption intensity or integrated
absorption intensity of a species or phase in the measured sample
is directly proportional to the concentration ¢ (in mol/L) of the
species and path length or thickness (in cm) of the sample. The
constant of proportionality, «, is referred as the molar absorption
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coefficient [in L/(mol-cm)] or integral molar absorption coeffi-
cient [in L/(mol-cm?)], which can be determined experimentally.
For hydrous and hydroxyl species, the concentration (in mol/L)
of the species can be expressed in wt% H,O by multiplying by a
factor of 1.8/D (where D is the density in g/cm?). The concentra-
tions of different species can be determined experimentally by
measuring absorption intensities of hydrous and hydroxyl bands
with well established calibrations.

The absorption of a crystal can also be connected to electric
properties and refractive index through the complex dielectric
function (e.g., Garbuny 1965)

g(w) =¢ (0) +ie” (w). 9)

The function is frequency (), temperature, and pressure de-
pendent. The real and imaginary parts of the dielectric function €
are directly related to the optical constants such as the refractive
index (n) and extinction coefficient or absorption index & by

e = -k,

(10)

e’ =2nk. (11
The real and imaginary parts of the complex dielectric con-
stant are coupled through the Kramers-Kronig relation (Kramers
1926; Kronig 1926; Martin 1965)
N

’ 2 WE(WI) ’
e(w):l—&—;medw

(12)

where P denotes the principle value of the integral. The equation
essentially gives a common form of the sum rule (e.g., Briiesh
1986). Extinction coefficient & is connected to absorption coef-
ficient 4" and light speed ¢ by
A=20k/c. (13)
Using Equations 11 and 13, Equation 12 can be rewritten
as
!/ A(UJ/)
=1+ S p [HDAD) (14)
(@ =1+ P [F200
which gives the relationship between the absorption coeffi-
cient, the dielectric constant and the refractive index. As €' for
most materials is temperature dependent, it is obvious that the
absorption coefficient in infrared spectra must also depend on
temperature.

EXPERIMENTAL METHODS

SAMPIE PREP ARATION AND INSTRUM ENTS

Polarized infrared absorption spectra were collected from oriented crystals and
thin plates (e.g., apatite and titanite). For materials with cubic crystal structures
(e.g., hydrous/deuterated garnets and KNT), polarized spectroscopy does not result
in spectra very different from unpolarized measurements. Infrared measurements of
layered silicates were all carried out under unpolarized conditions because of their
layered structures or non-perfect single crystals (e.g., sericite). Infrared spectra of
the combination and overtone bands were obtained from thin sections; however,
powdered samples were used for measurements of fundamental vibrations of the
hydrous species in the hydrous minerals (i.e., hydrous/deuterated garnet, pyrophyl-
lite, talc, and mica) because of their high OH concentrations and the difficulties
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in obtaining plates thin enough for measuring OH fundamental bands and in han-
dling and measuring very thin and tiny crystals with a closed-cycle liquid-helium
cryostat. The KBr powder pellet technique reported by Zhang et al. (1996) was
employed to dilute the sample concentrations. The IR absorption spectra recorded
from thin sections were normalized by their thicknesses and given in measured
absorptivity, —log(/1,)/l, in cm™" (we refer to absorptivity, rather than absorption
coefficient, because of the possible weak change of species concentrations in the
measured temperature range and potential surface absorption; see more details in
the Discussion), whereas those obtained from powdered samples are in absorbance,
—log (/). The temperature dependencies of infrared absorption bands are given
by relative change of band area (the difference between integrated intensities at
temperature 7 and 300 K vs. the integrated intensity at 300 K) so as to exclude or
reduce the possible contributions of surface absorption which is expected to be
less temperature dependent at low temperatures (Rowe and Harrington 1976, see
later sections). The samples were gently ground with an agate mortar and pestle to
avoid damage and the powdered samples were dried at 110 °C for 12 h to remove
any water absorbed during grinding. Approximately 3 mg of fine sample powders
were thoroughly mixed with 900 mg of dry KBr powder. About 200 mg of the
sample/matrix mixtures were pressed into disk-shaped pellets with 13 mm diameter
at room temperature under vacuum. The pellets were baked at 110 °C for 1-2 h
to remove any surface-absorbed H,O, and measurements were carried out within
12 h of the preparation. For single-crystal measurements, the crystallographic
orientations of the crystals were determined using external morphology, X-ray
precession techniques, and a polarizing light microscope. Crystal plates were cut
in the required orientations and were subsequently polished.

All the IR measurements were carried out in the Bruker Vibrational Spectros-
copy Lab in the Department of Earth Sciences, University of Cambridge. Using
a Bruker IFS 113v spectrometer, absorption spectra between 20 and 300 K were
recorded under vacuum to avoid absorption from water and carbon dioxide in the
air. The spectra were measured in four separated frequency regions with different
instrumental arrangements: (1) 5004000 cm™' (KBr pellets, MCT detector, Ge/KBr
beamsplitters, Globar lamp, KRS5 windows for the cryostat); (2) 1250-5000 cm™!
(oriented thin sections of crystals, MCT detector, Ge/KBr beamsplitter, Globar
lamp, KRS5 windows for the cryostat); (3) 3000-5000 cm™' (thin sections of clays,
MCT detector, Si/CaF, beamsplitter, tungsten/Globar lamp, quartz windows for
the cryostat); and (4) 6000-8000 cm™' (thin sections of other layer silicates, InSb
or MCT detector, Si/CaF, beamsplitter, tungsten lamp, quartz windows for the
cryostat). In each spectral range, measurements were repeated on cooling and the
spectra were reproducible. Instrumental resolutions ranging from 0.1 to 4.0 cm™
were tested and most data were recorded with an instrumental resolution of 0.2
cm. Either 200 or 1000 scans were averaged.

A closed-cycle liquid-helium cryostat (LEYBOLD), equipped with KRS5 and
quartz windows, was used to maintain low temperatures. Two thermal sensors were
used: one to control the cryostat and the other to measure the sample temperature.
Temperature stability was better than 1 K.

Influence of experimental conditions on the peak profiles
of hydroxyl species

Different combinations of sources, detectors, and beamsplitters were used to
test their potential influence on the peak profiles of hydrous species in two fre-
quency ranges (3000-5000 and 60008000 cm™). Although different experimental
arrangements show different sensitivities, the variations caused by the experimental
conditions (i.e., choice of detectors, beamsplitters, and sources) on the measured
data in terms of absorbance were small (<1%). To compensate for the fact that low
sensitivity leads to lower signal-to-noise ratios, a longer recording time is required.
We noted that between 3000 and 5000 cm™', the combination of a liquid-nitrogen-
cooled MCT detector, a KBr beamsplitter, and a Globar source gives the best data
reproducibility. The other commonly used combination (a liquid-nitrogen-cooled
InSb detector, a CaF, beamsplitter, and a tungsten lamp) is best for the 6000-8000
cm™' region. Although the CaF, beamsplitter is IR transparent down to 650 cm™, its
coupling with a tungsten lamp and a liquid-nitrogen-cooled InSb detector causes
spectra near 3000 cm™' to become distorted, likely because of the limitation of the
infrared source, the beamsplitter, and the response of the detector. The possible
influence of long-term instrumental stability, especially in the NIR region, was also
checked. Our results show that after a warm-up period of three hours, the time-
dependence of the measured absorbance was small (<0.4%) for NIR, and could
be even lower in the MIR region (coupled with Globar lamp, KBr beamsplitter,
MCT detector, 250 scans, and instrumental resolution of 1 cm™). The main influ-
ence appears to be from the vacuum and the gradual heating of the Globar lamp.
However, for the NIR region and the combination of a liquid-nitrogen-cooled InSb
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detector, a CaF, beamsplitter, and a tungsten lamp, a warm-up period of at least
five hours is recommended if absolute values are required. We also noted that the
vacuum quality has significant effects on the long-term stability of the instrument,
the signal-to-noise ratio and the overall baseline. As the temperature of the lab was
set to 18 °C during the experiments and the infrared spectrometer had a stabilized
power supply, we consider that the possible thermal expansion of the optical bench
of the infrared spectrometer and electrical fluctuations during the experiments had
either no influence or an undetectable small influence on the results.

Insufficient instrumental resolution may dramatically affect the spectral
features, especially the linear and integral absorbances. In this study, IR data for
pyrophyllite and talc were obtained with instrumental resolutions of 0.1, 0.2, 0.3,
0.5, 1.0,2.0, and 4.0 cm™" in the frequency region of 2000 and 7500 cm™'. The data
show that at room temperature, the spectral features of pyrophyllite recorded at
0.1 cm™ (1000 scans) and 2.0 cm™ (250 scans) are essentially indistinguishable,
although the spectrum recorded at 0.1 cm™ has a much lower signal to noise ratio
(higher spectral noise) because of its much higher resolution. At 20 K, the spectrum
of pyrophyllite recorded with a resolution of 0.1 cm™ showed very different spectral
features from that recorded with 2.0 cm™'. The former showed higher absorbance and
sharper bands in the OH band region. In addition, the high-resolution measurements
permitted the identification of bands with wavenumbers very close to each other
(see below). The data also show that the temperature evolution of the measured
linear and integral absorbance can be strongly affected by insufficient instrumental
resolution, and that high resolution is required for some sharp bands.

The temperature dependencies of IR bands of OH species can also be affected
by the methods used to analyze the data, especially in the NIR region, as the bands
in this region are relatively broad and overlapping. Curve fitting may not be the
best way to extract the integral absorption or the area of a band. When the quality
of spectral data are as good as those obtained in the present study, integration us-
ing a linear baseline over a given wavenumber region gives lower data scatter and
smaller standard deviations in comparison with those obtained by curve-fitting,
probably because of the flat baselines of the spectra. Other factors that may affect
the outcome of the analysis to a different extent are baseline shapes, the regions
over which the baseline corrections were carried out, and peak-fitting functions.
Investigation of the impact of these factors was beyond the scope of the present
study, although previous studies have considered some of them (e.g., Behrens et
al. 1996; Withers and Behrens 1999; Keppler and Rauch 2000). In our curve-fitting
analysis, linear baselines between the two absorption minima and the Lorentzian
function were used. The OH spectra presented here are of high quality and most
have essentially flat backgrounds, so the use of linear baselines is thought not to
have led to significant differences in the analysis.

RESULTS

HYDROUS MINERAIS: SYNTHEIIC HYDROUS/DEUTERATED GARNETS
AND APATE

Synthetic Ca;Al,(0O4D,); and Ca;Al,(O,H,); were studied as
examples of hydrous minerals. The materials, which crystallize
with cubic structures, were synthesized by the method of Lager
et al. (1987) and were previously studied by Lager et al. (2005).
Only powder absorption spectra in the OH fundamental region
were recorded because the samples are in powdered form and
also because it is difficult if not impossible to carry out polarized
single-crystal absorption measurements of such small crystals
while using the closed-cycle liquid-helium cryostat for cooling.
At room temperature, synthetic Ca;Al,(O,D,); and Ca;Al,(O4H,);
show fundamental O-D and O-H stretching vibrations near 2696
and 3663 cm™, respectively (Figs. 1a and 1b). The spectral fea-
tures of Ca;Al,(O4D,); are similar to those reported by Lager et
al. (2005). These vibrations are due to structurally incorporated
protons (Rossman and Aines 1991). In hydrous/deuterated garnet,
the SiO, tetrahedra are replaced by (OH), or (OD),. Kolesov and
Geiger (2005) presented a symmetry analysis of the IR and Ra-
man modes in hydrogrossular. On cooling to 20 K, the IR-active
O-D stretching feature of the deuterated garnet shifted to 2703
cm! (an increase of about 0.26%) (Fig. 1a), and whereas the O-H
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stretching feature of hydrous garnet increased to 3671 cm™ (an
increase of approximately 0.22%) (Fig. 1b). The formation of
additional bands was not observed in the spectra of Ca;Al,(O,H,);
and Ca;Aly(O,D,)s, even at 20 K. The lack of IR bands for ice at
20 K suggests that any possible H,O absorbed in the sample pellet
preparation was removed by drying the powdered sample and
pelletat 110 °C (see above). To further confirm the observation in
the IR measurements, Raman spectra of synthetic Ca;Al,(O4D,);
and Ca;Al,(O4H,); were also recorded at room temperature and
80 K with a LabRam micro-Raman system (laser excitation of
632 nm, CCD detector, grating with 1800 grooves/mm, and 50x
ultra-long working-distance objective) and a Linkam liquid-ni-
trogen cooling stage. At room temperature, the O-D stretching
vibrations in Ca;Al,(O,D,); give rise to a Raman feature near
2694 cm™ with a measured full width at half height of about 20
cm™', while synthetic Ca;Al,(O4H,); gives rise to a Raman feature
near 3651 cm™ with a bandwidth, full width at half height, of
about 30 cm™'. The relatively broad bandwidths indicate that the
Raman features consist of multiple bands. At 80 K, the Raman
feature of the O-D vibrations shifts to 2703 cm™' (a change of
0.33%) and the O-H Raman signal moves to 3665 cm™. The
frequency change seen in the Raman spectra is consistent with
the results from the IR measurements. The IR intensity of these
bands exhibits little or no temperature dependence on cooling.
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FIGURE 1. (a) IR powder absorption spectra of Ca;Al,(O4D,);
between 20 and 300 K (the spectra are shifted for clarity); (b) IR
powder absorption spectra of O-H stretching bands between 20 and 300
K (the spectra are shifted for clarity); and (¢) temperature dependence
of the integrated band intensity (i.e., the band area between 2650 and
2750 cm! after linear baseline corrections) of the O-D stretching band
near 2696 cm™'. The lines are visual guides. The OH and OD bands of
hydrous/deuterated garnets show weak changes in absorption between
20 and 300 K.

For instance, the integral IR absorbance (between 2650 and
2750 cm! after a linear baseline correction) of the 2696 cm!
band (O-D stretching) showed a 0.5% increase at 20 K (Fig. 1¢),
which is around the limit of the sensitivity of the measurement.
In the present study, the temperature dependence of integral or
linear absorbance is given in terms of the relative change (i.e.,
the difference between the given temperature and room tempera-
ture values divided by the room-temperature value), as it better
describes the effect of temperature on the band absorption than
the absolute numbers. Kolesov and Geiger (2005) also reported
vibrational spectra for a single-crystal of katoite [Ca;Al,(O,H,);]
at low temperatures. Although the OH spectra recorded at room
temperature are very similar in both studies, the data from their
single crystal showed that the main OH feature near 3660 cm™
consists of several weak components below 80 K. These were not
resolved in the present measurements from powdered samples
even with a much higher instrumental resolution (0.2 cm™).
However, it is difficult to compare the changes of OH species
seen in the single crystals and the powders because of their dif-
ferent lattice perfections, possible water at grain boundaries, and
possible fluid inclusions.

A single crystal of apatite [Cas(PO,);(OH,F,Cl)] originating
from Malmberget, Sweden, was also investigated. The crystal
showed principal spectral features similar to those reported by
Shi et al. (2003) for a natural apatite crystal, implying their close
or similar chemical compositions. Polarized IR spectra (between
1650 and 5000 cm™, 20-300 K, and E || ¢) are shown in Figure
2a. We know from previous studies that the dipole of OH ions
in apatite is parallel to the c-axis (see Elliott 1994 for reviews).
Consistent with previous observations, our data obtained with E
1L ¢ show essentially flat spectra in the OH fundamental region.
Absorption features in the region 19502250 cm™ are due to the
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first overtone of the stretching vibrations of the PO, groups (Shi
et al. 2003). Absorption bands near 3493.0, 3538.1, and 3553.2
cm! (Fig. 2a) are associated with O-H stretching vibrations.
The 3493.0 cm™' band is due to OH groups which are hydrogen-
bonded to fluoride ions and the 3538.1 cm™' band is associated
with OH species bonded to chloride ions (Levitt and Condrate
1970; Dahm and Risnes 1999). These bands shifted to 3491.6,
3540.1,and 3557.6 cm ™" at 20 K, respectively. The single-crystal
spectra also reveal combination bands of hydroxyl groups near
4644.7, 5003.6, and 5038.8 cm™' (Fig. 2b). On cooling, these
bands shifted to 4651.6, 5007.6, and 5045.8 cm™' at 20 K, re-
spectively. The integral absorption of the fundamental OH bands
and the combinations was obtained by integrating the band area
in the 3430-3620 and 4900-5140 cm™! regions with linear base
lines (Fig. 2¢). For the combination bands, the relative change of
the band areas shows a much stronger temperature dependence
on cooling to 20 K. An increase of about 50% was observed,
which is roughly four times higher than the value (~9%) for the
fundamental vibrations of the hydroxyl groups. No evidence was
found in the present study for the disappearance or the formation
of new species with E || ¢ and E L ¢ on cooling.

Layer silicates: Talc, mica (sericite), and pyrophyllite

Talc, muscovite (sericite), and pyrophyllite were chosen for
the present study because they are typical layer silicates with
similar crystal structures (Deer et al. 1992). They all have 2:1 lay-
ered structures, i.e., the layers consist of two tetrahedral silicate

1507
70
c
O Apatite
& pat O fundamental
550_ ®  combination
©
2, " "
B u
S 30
S 3 -
(=)
c
g 20 ]
o
© | |
> 10
= O
= © o o) o u
[5] @) o
T o )
—_— ————————————
0 50 100 150 200 250 300 350

Temperatrue (K)

FIGURE 2. Results from apatite (data from oriented crystals under
polarized conditions): (a) temperature evolution of IR fundamental
bands of O-H stretching species (the spectra are shifted for clarity); (b)
evolution of combination bands; and (c) relative changes of different
bands areas (3430-3620 cm™' for the fundamental; 4900-5140 cm™ for
the combinations). The OH species (near 3500 cm™') of apatite vibrate
along the ¢ axis. Cooling apatite crystal to 20 K does not lead to the
formation of new OH species. The OH combination bands of apatite
have stronger temperature dependence than the fundamentals.

sheets sandwiching one octahedral sheet. Talc is a trioctahedral
silicate, in which all octahedral sites are filled primarily with
Mg*. Sericite and pyrophyllite are dioctahedral layer silicates,
in which two-thirds of the octahedral sites are occupied by AI**.
The structures are locally charge balanced by protons. As a result,
they contain structural hydroxyl contents amounting to 4-5 wt%
H,O. More detailed information on these minerals can be found
in the reviews by Bailey (1988) and Mottana et al. (2002).

Actalc sample (LHCO1) originating from Haicheng, Liaoning
Province, China, was investigated. Electron microprobe analysis
showed that the bulk sample has a composition that is close to the
ideal Mg;(Si,0,0)(OH), (Zhang et al. 2006). At room temperature,
sample LHCO1 shows a sharp absorption band with a full width
at half maximum of about 5 cm™ near 3676 cm™' (Fig. 3a). In
talc, the hydroxyl ion is believed to be symmetrically linked to
three Mg ions, and the 3676 cm ' band has been assigned to O-
H stretching due to the Mg;OH species (Wilkins and Ito 1967
Russell et al. 1970; Petit et al. 2004; Zhang et al. 2006). Sample
LHCO1 exhibits several features with peaks at 4055, 4182, 4332,
and 4369 cm™! (Figs. 3b and 3¢) which are associated with com-
binations. The first overtone bands of the O-H stretching appear
near 7185 cm™ (Petit et al. 2004; Zhang et al. 2005).

The temperature evolution of IR spectra of talc measured in
three wavenumber regions is presented in Figures 3a—3c. The
spectra show a dramatic change in the first overtone features,
although the spectrum of the fundamental bands recorded at
20 K is not significantly different from that measured at 300
K. Cooling to low temperatures reveals that the overtone fea-
ture consists of three individual bands (observed using an IR
instrumental resolution of 0.2 cm™). At 20 K they are located
at 7180.6, 7184.2, and 7187.6 cm™, all with a bandwidth of
~1.6-2.1 cm™". The bands at 7180.6 and 7184.2 cm™ have not
been observed prior to the present study. At room temperature,
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FIGURE 3. Results from talc: (a) temperature evolution of IR
fundamental bands of O-H stretching species (data recorded from
powered samples; the spectra are shifted for clarity and the dotted
line is a visual guide); (b) evolution of combination bands (data from
thin sections); (¢) evolution of overtones (data from thin sections); (d)
relative changes of integrated absorption intensity of different bands.
The combination features show temperature dependencies different from
those of fundamental and first overtones.

the close peak positions (with a difference of ~3 cm™ for the
overtones), different intensity, and relatively large bandwidth
(~6 cm™) associated with the related OH species make the
identification of these individual OH vibrations difficult in the
OH fundamental spectrum. The wavenumber difference for the
fundamental bands is expected to be as small as only half that of
the overtones, because the peak position of an overtone is around
double its fundamental position. The 7180.6 cm™! band is the
first overtone of the 3674.8 cm™! band, as indicated by an arrow
in Figure 3a. However, the fundamental vibration related to the
7184.2 cm™ overtone is not clearly revealed, even at 20 K with an
instrumental resolution of 0.1 cm™'. These observations suggest
that low-temperature data from the overtone region are useful for
identifying overlapping fundamental bands. Integral absorbances
of the OH fundamental, combination, and overtone bands have
been obtained by integrating the related wavenumber regions
of the IR spectra with separate linear baselines. Their relative
changes are plotted as a function of temperature in Figure 3d.
It is interesting to note that the integrals of the fundamental and
combination bands exhibited almost no temperature dependence,
whereas the overtone showed a significant decrease in integral
absorption with falling temperature.

Sericite is a fine-grained variety of muscovite, a dioctahe-
dral silicate with the ideal chemical formula (K,Na)Al,[AlSi,
0,0](OH),. The 2M, polytype of muscovite has a monoclinic
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structure (C2/c) (Mottana et al. 2002). Tetrahedral sheets are
linked together by alternating layers of K* and octahedral AI**.
The 2M, sample investigated in the present study is from the
sericite deposit in Song County, Henan Province, China, and
more information about it can be found in Pei and Shi (1996)
and Zhang et al. (2005).

The powder IR absorption spectrum from this sample shows
three bands near 3629.8, 3645.4, and 3660.4 cm™' [revealed
through calculating the second-order derivative of the spectrum
with the algorithm of Savitzky and Golay (1964)] (Fig. 4a),
which are due to the O-H stretching vibration of the structurally
incorporated hydroxyl groups (Aines and Rossman 1985; Zhang
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etal. 2005). Combinations of the O-H stretching bands with other
OH- vibrations (e.g., the OH" libration near 920 cm™) appear at
4106.7, 4261.3, and 4544.8 cm™!, and the first overtone bands
related to the O-H stretching bands near 3630 cm™' are found in
the region between 7050 and 7200 cm™! (Figs. 4b and 4c¢). Cool-
ing sericite to low temperatures led to weak changes in the OH
spectra, in contrast with the thermal behavior of talc as described
above. The 3629.8, 3645.4, and 3660.4 cm' bands recorded at
room temperature shifted to 3634.4, 3650.2, and 3665.0 at 20 K,
respectively. A weak band near 3625.2 cm™! was also resolved
at 20 K. Cooling did not cause changes as significant as those
observed from talc in the peak positions of the combination and
overtone bands. The combination band near 4544.8 cm ' shifted
to 4546.4 cm™ (Fig. 4b), and the band near 7084.6 cm™ (first
overtone) shifted to 7090.6 cm™' (Fig. 4¢). It is interesting to note
that these features did not become significantly sharpened, even
at 20 K. Integral absorption for the different types of absorption
bands is shown as a function of temperature in Figure 4d. The
OH overtone bands in sericite exhibit the strongest temperature
response (about a 10% increase on cooling from 300 to 20 K),
whereas the band areas for the fundamentals increase by 4% and
the value for the combination bands is scattered around zero.
Pyrophyllite, Al,Si,0,,(OH),, is a 2:1 aluminosilicate in
which two-thirds of the available octahedral sites are occupied
by Al and the remainder are empty (Bailey 1966; Rayner and

a
0.75 Sericite O-H stretching
© 050 \JL
o
f=
@
2
o 20K
8 60 K
< .25 100 K
140 K
180 K
220K
260 K
0.00 4 300 K
- - - - -
3500 3550 3600 3650 3700 3750 3800
Wavenumber (cm™)
60
b combination
Sericite
407 20K
f’, 60 K
> 100 K
S 140 K
3 180 K
§ 20 1 220K
< 260 K
300 K
0 T T T T
4000 4200 4400 4600 4800

Wavenumber (cm™)

1509

Brown 1966; Wardle and Brindley 1972). Two pyrophyllite
samples (EMO08 and SK06) were investigated. Sample EMO08 is
a pyrophyllite (2M + 17c) from the Emei pyrophyllite deposit,
Fuzhou, China. Sample SKO06 is a pyrophyllite (2M) from the
Shankou pyrophyllite deposit, Qingtian, China. The chemical
compositions of the both samples are almost identical to the
ideal composition of pyrophyllite. The samples were used in a
previous study of the dehydration mechanism of pyrophyllite
(Wang et al. 2002, 2003).

Infrared spectra of pyrophyllite recorded for three infrared
regions and in the temperature region between 20 and 300 K are
shown in Figures Sa—5c. Hydroxyl species in pyrophyllite show
a strong absorption band near 3675.4 cm™ (with a width of ~6
cm™) at room temperature (Fig. 5a). This feature is due to OH
stretching vibrations (fundamentals). Pyrophyllite shows com-
plex combination bands between 3800 and 5000 cm™' (Fig. 5b)
and first overtone bands near 7176.0 cm™ (Fig. 5¢). The effect
of cooling is indicated by a systematic change of the peak profile
of the fundamental bands of hydroxyl groups (increase in ab-
sorption, frequency shift, and line sharpening, Fig. 5a). Cooling
causes different changes to the multi-phonon OH bands. The first
OH overtone near 7176.0 cm™' shows considerable sharpening
and increase in absorbance, whereas the combination bands near
4550 cm™! give rise to much weaker temperature dependencies.
These two features show different temperature dependencies
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FIGURE 4. Results from sericite: (a) temperature evolution of IR fundamental bands of O-H stretching species (data from powered samples); (b)
evolution of combination bands (data from thin sections); (¢) evolution of overtones (data from thin sections); and (d) relative changes of different
bands. The first overtone bands of the OH species show strong temperature dependence (about 10% change in band area between 20 and 300 K),

whereas the combination bands are almost independent of temperature.
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FIGURE 5. Results from pyrophyllite: (a) temperature evolution of IR fundamental bands of O-H stretching species (data from powdered
samples); (b) evolution of combination bands (data from thin sections); (¢) evolution of overtones (data from thin sections); (d) relative changes
of absorption intensity (band heights); and (e) relative changes of integrated intensity (band areas). Peak heights and band areas of pyrophyllite
display different temperature evolution. The overtone band near 7176 cm™ shows a 72% relative change in band absorption height between 20 and

300 K, in contrast to only 16% change in integrated band area.

for their linear absorption (i.e., the band height) (Fig. 5d) and
their integrated absorption intensity (band area) (Fig. 5e). The
data in Figures 5d and 5e also indicate that the linear absorption
and integrated absorption do not show the same changes. As
there is no evidence for the formation of additional OH bands
on cooling, it appears that the changes in IR absorption shown
by the OH species are simply due to cooling-related structural
compression and a consequent change of the dipole moments
of the ions.

A nominally anhydrous mineral: titanite

Pure titanite (CaTiSiOs) is monoclinic, space group P2,/a (Z
= 4), with unit-cell parameters a=7.057, b =8.707, c=6.555 A,
and = 113.81° (Taylor and Brown 1976). The crystal structure
consists of chains of corner-sharing TiO4 octahedra along [100]
that are cross-linked by chains of edge-sharing CaO;-polyhedra
parallel to [101]. SiO, tetrahedra are linked by corners to both
structural units (Taylor and Brown 1976; Speer and Gibbs 1976).
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The 20 O atoms per unit cell are located at three different sites.
Among these, only O(1) is not connected to SiO, tetrahedra and
can be occupied by OH or F. The direction of the O-H dipoles
is oriented in the (010) plane. The OH species lead to a sharp
infrared absorption near 3486 cm™ in spectra for crystalline
titanite, which exhibits an absorption maximum when E is
approximately parallel to the direction of the refraction index
n, (Isetti and Penco 1968; Beran 1970). Three titanite crystals
(samples No12, B20323, and Rauris) were analyzed in the present
study because additional OH bands occurred at low temperatures.
These crystals have been characterized previously (Hammer et
al. 1996; Meyer et al. 1996; Zhang et al. 1997, 2001) and more
information is listed in Table 1. Measurements of sample No12
were obtained from the (010) surface, whereas the data for the
Rauris sample were recorded from an unoriented crystal. Spectra
of sample B20323 were obtained from a surface nearly parallel
to (101) (with an off-plane angle of 3°). The nuclear-reaction
analysis carried out by Hammer et al. (1996) showed that the
average hydrogen concentration in sample No12 corresponds to
about 0.15 wt% H,0. Detailed information about the samples
from the previous studies is given in Table 1.

The incorporated hydroxyl species give rise to an IR feature
near 3486 cm™ (Figs. 6a and 6b). Cooling leads to a significant
increase in the OH band absorbance (band height) and band
sharpening (Figs. 6a—6¢). The main OH feature near 3486 cm™!
in Figure 6a shows a strong relative increase in linear absorbance
(82% with E || n, and 81% with E || n,) from 300 to 20 K. This
result is consistent with the data from unpolarized measurements
of sample B20323 (Fig. 6b), which exhibits an increase of 79%.
The observations indicate that titanite absorption measured under
both polarized and unpolarized conditions shows essentially the
same relative change or temperature gradient. In contrast to the
significant variation of linear absorbance between 20 and 300 K,
the integral absorbance (between 3350 and 3650 cm™) of this OH
fundamental feature has much weaker temperature dependence
(4.5% with E || n, for sample No12 and 4.2% from unpolarized
measurements of B20323). Similar to some minerals described
in earlier sections, the OH combination bands of titanite have
different temperature dependencies than the fundamental bands.
For example, the combination band near 4545 cm™', which has
a high intensity with E || n, and shifts to 4556 cm™" at 20 K (Fig.
6a), shows relative changes of 121.0% in linear absorbance (i.e.,
band height) and 66.6% in integral absorbance between 4510
and 4600 cm™ (with E || ;) on cooling from 300 to 20 K. We
did not attempt to extract the values of the combination band for

TABLE 1. Details of samples
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the case of E || n,, due to its low intensity, which might affect the
outcome, especially the baseline-sensitive integrated intensity.
Two unexpected changes were observed in the cooled titanite
samples. First, the feature near 4418.2 cm™' in sample B203023
showed interesting spectral tends at temperatures below 240 K.
These include a shift to 4418.6 cm™ at 240 K, a shape change
near 200 K, and band splitting (to 4403.0 and 4426.4 cm™') at 220
K, with these bands exhibiting shifts as temperature decreases
to 20 K (Figs. 6b and 6d). The band-splitting-like behavior of
the 4418.2 cm™' band in titanite (Figs. 6b and 6d) is unusual. It
appears to indicate a modification of local symmetry, but this
hypothesis is not fully consistent with previous studies in which
structural changes in the titanite crystals at low temperatures
were not observed (e.g., Zhang, M. et al. 2000). This observa-
tion could be due to the fact that OH ions are very sensitive
to their local environments; they can “see” or respond to very
weak changes, which are too subtle for other methods to detect
directly. Second, the Rauris sample showed a dramatic change
of spectral pattern on cooling because of the development of
two bands near 3120 and 3216 cm™. However, the band near
3565 cm™! became almost undetectable on cooling (Fig. 6¢; the
upward and downward pointing arrows indicate that the band
intensity increased or decreased on cooling). A similar change
was also observed in samples B20323 and No12, although from
the recorded spectra the change appeared weak in these crystals,
probably because of their different crystallographic orientations.
The development of additional bands and the disappearance of
the 3565 cm™' band on cooling imply the formation of strongly
hydrogen-bonded OH defects, replacing oxygen positions that
belong to the isolated SiO, units. The presence of the band at
3565 cm™! at room temperature and its decease in intensity at
lower temperatures could be explained by hydrogen diffusion,
resulting in the formation of OH groups with a slightly different
local environment in comparison with OH groups related to the
3486 cm ' band.

An anhydrous material: Synthetic cubic KTN (KTa, Nb,O5)

Cubic KTN (KTa, Nb,Os) is one of the most promising
photorefractive materials that has applications in electro-optic
devices such as wavelength filters and switches (Agranat et al.
1989). The KTa, Nb,O; (KTN, x = 0.37) samples used in the
present study were single crystals. They were synthesized by
the top-seeded flux method (Wang et al. 1992a). Detectable
amounts of hydrogen are incorporated into the material during
crystal growth. On cooling, KTN undergoes a series of phase

Samples Description Symmetry Localities/synthesis References
CAOD Ca,Al,(0,D.); cubic synthetic 1
CACH Ca,Al,(O4H,)5 cubic synthetic 1
19796-4 apatite hexagonal Malmberget, Sweden

LHCO1 talc monoclinic Haicheng, Liaoning, China 2
HZ08 mica (sericite) monoclinic Haungzhuang, Henan, China 3,4
EMO08 pyrophyllite monoclinic Emei, Fuzhou, China 5
SK06 pyrophyllite monoclinic Shankou, Qingtian, China 5
No12 titanite monoclinic Austria 6,7
B20323 titanite monoclinic unknown 7-9
Rauris titanite monoclinic Austria 7-9
KTN KTN cubic synthetic 10

Note: 1 =Lager et al. (1987, 2005); 2 = Zhang et al. (2006); 3 = Pei and Shi (1996); 4 = Zhang et al. (2005); 5 = Wang et al. (2002, 2003); 6 = Hammer et al. (1996); 7 =
Zhang et al. (2001); 8 = Meyer et al. (1996); 9 = Zhang, M. et al. (1997, 2000); 10 = Wang et al. (1992a, 1992b).
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FIGURE 6. Results from crystalline titanite samples: (a) termperature evolution of the IR bands of sample No12 [polarized data recorded from
the (010) plane]; (b) B20323 [unpolarized data from a plane nearly parallel to (101)]; (¢) sample Rauris (data from unoriented crystal); and (d)

peak positions of IR combination bands of sample B20323.

transitions (cubic-tetragonal-orthorhombic) (e.g., Wang et al.
1992b). Infrared measurements were carried out on crystal
slices cut parallel to (100). Although the presence of protons
and hydroxyl groups in KTN has been reported (e.g., Imai et
al. 1996), their temperature behavior has not been investigated
in detail. On the other hand, the behavior of protons and OH in
KTaO; and SrTiO;, together with changes at low temperatures,
has been the subject of several investigations (Engstrom et al.
1980; Weber et al. 1986; Sata et al. 1996). Some of these stud-
ies favored the idea that hydrogen is located close to an oxygen
lattice site with the O-H dipole vibrating in the direction of the
next nearest oxygen ion.

Spectra from the cubic KTN crystal showed two OH-
stretching bands near 3491.6 and 3498.8 cm™' at room tem-
perature. These bands are likely to have origins similar to
those observed in KTaO; (near 3485.0 cm™', Engstrom et al.
1980) and SrTiO; (3495.4 cm™!, Weber et al. 1986). The OH
concentration in the sample appears lower than reported for
KTaO; by Engstrom et al. (1980), as the OH bands in KTN
show weak absorption. In contrast to KTaO;and SrTiO; (with
OH bandwidths of 1.5-2.6 cm™), the KTN sample gave much

broader bands (about 9 cm™') at room temperature. On cooling,
it showed a dramatic change in its spectral pattern, absorption
intensity, and band frequencies (Figs. 7a—7c). An additional
feature was recorded near 3490.3 cm ' at 170 K. This feature
consists of more than one band, as it is broad (~8 cm™) even at
20 K. The second derivative method revealed a weak shoulder
near 3496 cm™'. A weak absorption band was also recorded near
3467 cm™ at 20 K. Tt is difficult to determine the temperature
at which this band first appeared because of its low intensity,
although it seemed to form near 170 K. It is interesting to note
that the additional feature near 3490 cm™ showed a decrease in
frequency on cooling, in contrast to the increase in frequencies
for the other OH bands.

The occurrence of additional O-H stretching bands in KTN
on cooling indicates a change of local environments caused by
the structural phase transitions. The appearance of more bands
in spectra from the low-temperature phases is associated with
the lower symmetry of sites in the host. The sudden change of
the band areas near the transition temperatures agrees with the
behavior expected for the first-order phase transition shown by
previous studies (e.g., Wang et al. 1992b).
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temperature dependence of O-H stretching peak positions.

DISCUSSION

One of the interesting observations in the present study is the
different temperature dependence of OH bands in IR data from
talc, muscovite (sericite), and pyrophyllite. Although all layered
silicates have similar structures, cooling to low temperatures
clearly had a much weaker effect on the IR bandwidths of ser-
icite than on those of talc and pyrophyllite. The OH fundamental
bands of sericite remain broad at 20 K. The combination and
overtone bands recorded at 20 K also exhibit features similar to
those measured at 300 K, in contrast to talc and phyrophyllite.
Similar to the weak change in the bandwidths, the linear absorp-
tion coefficients or band heights of OH species in sericite do not
vary much during cooling from 300 to 20 K. However, the OH
band frequencies in sericite (3629.8, 3645.4, and 3660.4 cm™!,
at room temperature) shifted to 3634.4, 3650.2, and 3665.0 at 20
K. For talc, the OH band frequency changes from 3676.4 cm™ at
300K to 3678.2 cm™! at 20 K, and for pyrophyllite the change is
from 3675.4 cm™ at 300 K to 3681.5 cm™ at 20 K.

The causes of the difference in the thermal behavior of
sericite relative to the other two layer silicates are unclear. The
distinction is probably related to their different crystal structures.
In contrast to the other two minerals, sericite (or muscovite)
has an interlayer cation (K"). The proton is located near the
interlayer cation and one bonded oxygen along (K-O,) of the
basal oxygen-atom plane (e.g., Rothbauer 1971; Guggenheim
et al. 1987). During cooling, the changes relating to K atoms in
the layers must surely affect the behavior of the OH species. In
addition, the ordering/disordering of Al/Si (Mottana et al. 2002)
and deviations from the ideal orientation of the OH dipoles could
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influence the bandwidth of the OH bands in sericite. Perhaps
the different thermal behavior of the three minerals is also con-
nected to their dehydroxylation processes, as these differences
should be associated with the local configurations of the species
and structural responses to cooling-induced compression. It is
interesting to note that sericite has the lowest dehydroxylation
temperature (Zhang et al. 2005), in comparison with talc (Ward
1975) and pyrophyllite (Wang et al. 2002). As crystallinity and
grain sizes might possibly affect dielectric constants, it is desir-
able to look into their possible influences on the temperature
dependencies of phonon modes.

The key issue related to the results from the present study is
the origin of this dramatic variations of the measured absorption
intensity and the implications of the observations. If the Beer-
Lambert law given by Equation 8 is considered to be valid, the
observed change of absorption at low temperatures is expected
to originate mainly from the changes of the absorption coeffi-
cients (although it is commonly treated as a constant in infrared
analysis), the concentrations of species of interest, and the crystal
thickness. The variation of crystal thickness caused by thermal
expansion or contraction is not expected to make significant
contributions to the observed dramatic changes of absorption
intensity because values of thermal expansion coefficients
for silicates and other minerals are commonly on the order of
105/K (Knittle et al. 1986; Fei 1995), e.g., about 2.07-10/K
for titanite (Kunz et al. 2000) and around 0.9-1.38-10-*/K for
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muscovite (Guggenheim et al. 1987). Over a temperature range
of 300 K the change of crystal thicknesses caused by thermal
expansion is thus very small (e.g., estimated values are about
0.6% for titanite). For the present study, the real impact of
changes in species concentration on the observed absorption
should also be small or ignorable for the following reasons: (1)
proton diffusion, mobility, and thermally induced reactions are
not expected to be considerable because the experiments were
carried out at low temperatures; (2) no intense additional IR
bands of newly formed OH species were observed, and the OH
bands do not show any time dependence that could occur during
the diffusion- and reaction-related changes of concentrations of
OH species; and (3) the relative changes of multiphonon inten-
sity between 20 and 300 K showed variations as high as tens of
percent in some cases, despite the fact that the measurements
were carried out in vacuum and there were no external proton
and hydrogen resources as suppliers. Assuming that the pos-
sible effect of surface absorption is irrelevant, we interpret the
temperature dependence of observed absorption intensity mainly
as a result of changes of absorption coefficients, whose values
are sensitive to crystal structure, crystal state, and the change in
dipole moments. The effects of temperature on dipole moments
are complex, and are associated with the behavior of coupling
constants and anharmonicity in the material studied (Cowley
1963). The mean distances between atoms in a crystal normally
increase with increasing temperature. This can lead to changes
of intermolecular distances and dipole moments. The other in-
fluence on the absorption is the temperature-induced variation
of the coupling constants or oscillator strength (Namjoshi and
Mitra 1974). The effect of temperature on the strength can be
seen by the change of mode frequencies on heating or cooling,
and it has a positive contribution to the temperature dependence
of'the absorption coefficient. Generally, crystal mode frequencies
change with temperature. One phonon density state function may
also shift to different frequency ranges with temperature, and the
change is expected to further affect dipole moments and absorp-
tion intensity or coefficient. From the relation between dielectric
constant (it is temperature dependent) and absorption coefficient
given by Equation 14, it is also apparent that absorption intensity
of vibration bands may change with temperature.

The strong temperature dependencies in OH multiphonon
bands are particularly important. The changes are mainly due
to the differences between single-phonon and multiphonon
processes (Sherwood 1972; Harrington and Hass 1973; Rosen-
stock 1973; Schall et al. 2001). For single-phonon processes or
fundamental absorptions, thermal expansion and temperature-
induced changes in the nuclear coordinates or crystal energy
potential are expected to result in change of dipole moments
(Cowley 1963). However, for multiphonon bands, it has been
generally accepted that the dependence is largely affected by
temperature factors related to the overall transition probabilities
of the creation and annihilation of the phonons and photon(s)
involved, as well as the types (summation or difference) of
phonon-phonon interactions (e.g., Fray et al. 1960; Sherwood
1972; Hardy and Agrawal 1973). The detailed temperature de-
pendencies of absorption related to multiphonon processes are
known only for some materials with simple crystal structures,
such as alkali halides (e.g., Hardy and Agrawal 1973; Deutsch
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1974; McNelly and Pohl 1974; Lipson et al. 1976; Bendow et al.
1978), several semiconducting materials (Bendow et al. 1977;
Miles 1977), and ZrO, (Bendow et al. 1981), and experiments
indicating temperature independences raised concerns (Sparks
1973). Early approaches (Sparks and Sham 1972; Hardy and
Agrawal 1973) are mainly based on a Bose-Einstein treatment,
where the temperature dependence for m-phonon absorption
(annihilation of one photon and creation of m phonons) in alkali
halides is proportional to

(r+D"—(m)" (15)
where 7 is the Bose-Einstein occupation number for a phonon
of frequency m given by

1

e e

"= (16)
where 7 and k are Planck and Boltzman constants, respectively,
and 7'is temperature. At high temperatures, the temperature de-
pendence can be reduced to 7! for an m-phonon process. These
approaches predict strong temperature dependencies for high-or-
der multiphonon overtone absorptions. Strong deviations (much
weaker dependence) from the 7' dependence were observed
experimentally (Harrington and Hass 1973). Improvements for
the agreement between experimental data and theoretical predic-
tions were obtained by considering thermal expansion and the
temperature dependence of the phonon frequencies, the lattice
constant and anharmonicity (Sparks and Sham 1973a; Maradudin
and Mills 1973; Namjoshi and Mitra 1974; Rosenstock 1974;
Boyer et al. 1975), and by considering phonon-phonon coupling
(Rosenstock 1973).

It is worth noting that the observation of temperature depen-
dence of multiphonon absorption can be a useful tool for separat-
ing intrinsic absorption of lattice vibrations from a perfect crystal
from extrinsic absorption (associated with chemical impurities
and mechanical imperfections) and for identifying the nature of
bands located in multiphonon regions. These different types of
multiphonon bands are believed to have very different thermal
behaviors (Fray et al. 1960; Sherwood 1972; Hardy and Agrawal
1973; Sparks 1973; Rowe and Harrington 1976; Li 1980; Pic-
cirillo et al. 2002).

The dramatic changes of absorption intensities related to OH
species, especially for OH overtone bands, indicate that the Beer-
Lambert law in its most simple application is not valid. Usually it
is assumed that the Beer-Lambert law defines a linear relationship
between the spectrum and the concentration or composition of
a species or a sample, which is independent of temperature. In
practice, most spectra are analyzed using a calibration param-
eter a obtained at a given temperature (e.g., most case at room
temperature).The ultimate goal of the calibration is to create a
calibration equation (or series of equations) or to establish a
calibration model which, when applied to data of “unknown”
samples measured in the same manner, will accurately predict
the quantities of the species of interest. Here we have shown that
such calibration has to consider the temperature dependence of
the absorption coefficient when the law is applied at different
temperatures and especially for multiphonon bands.

It is worth noting that the measured values of absorption
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are also sensitive to crystallinity, defects, thermal history, and
smoothness of the crystal surface. For anisotropic crystals, the
value can also be related to polarization of the measurement or
orientation conditions of the samples, although IR band intensity
is mainly associated with the change of dipole moments. On heat-
ing or cooling, the variation of the OH dipole can be due to either
amplitude or direction or both. The changes could potentially
cause variations in relative changes (given in % in the present
study) and temperature gradients (which approximates the degree
of the effect of temperature on the band absorption) of integral
and linear absorbance in the unpolarized spectra of anisotropic
crystals. We believe that in most of the samples studied in the
present investigation, the potential influence of dipole orientation
on the temperature gradients and relative changes of the absor-
bance is not significant and its potential effect should not alter
the conclusions of the present study. This is because polarized
measurements of the strong OH bands from apatite and titanite
(this study) and from quenched titanite (Zhang et al. 2001) do
not indicate a large change of orientation of these OH vibra-
tions (the appearance of weak bands near 3120 and 3216 cm™!
in titanite at low temperature is unlikely to be due to a change
of orientations), and the factor is not expected to cause a real
problem in results from samples with cubic structures. In fact,
a change of the dipole orientation by a couple of degrees (these
correspond to large changes for bond angles in common crystal
structures) will be unlikely to cause a dramatic modification
of absorption because its contribution to measured absorbance
follows a squared cosine function. Furthermore, OH species in
crystalline minerals are commonly incorporated into the crystal
structures and the dipoles cannot rotate as freely as they can in
liquids or even gases. Very large changes in vibration orientations
of these species in the studied minerals are unlikely to take place
unless there is a dramatic change of bond strength or distance,
or a breaking of bonds and a modification of local symmetry,
which can result in dramatic variations in OH spectra, formations
of new OH species, and large changes in the frequencies of the
OH bands. However, these changes do not occur in the samples
investigated, except in cubic KNT, which shows considerable
spectral modifications caused by structural phase transitions
and the formation of new OH species in new phases. Although
the possible change of the dipole orientation of individual OH
vibration with temperatures can be systematically examined by
carrying out polarized IR experiments similar to those of Zhang
etal. (2001) under in situ conditions, it is beyond the main objec-
tive of the present investigation.
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