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Abstract: The attenuated total reflectance (ATR) spectra of two calcite samples have been measured using Ge and diamond internal
reflection elements. One of the samples was obtained by precipitation from solution and displays sub-micrometer sized particles. The
second sample was obtained by grinding a single-crystal of calcite (‘‘Iceland spar’” variety). Theoretical spectra were obtained by
computing the reflection coefficient of the interface between the ATR internal reflection element and a homogeneous effective
medium representing the powder sample. The dielectric properties of the effective medium have been determined from those of bulk
calcite using the Bruggeman approach which is adequate for standard powders with intermediate fractions of solid and empty
porosity. Although this modeling approach provides a quantitative interpretation of the broadening of strong absorption bands in the
calcite ATR spectra, it fails to reproduce the apparent splitting of the strong v CO5 band. This problem was solved by combining the
electrostatic modeling approach with a semi-quantum model of the dielectric tensor of bulk calcite, which allows for a frequency-
dependent damping of the v; COj; excitation. The frequency-dependence is ascribed to a multiphonon-related resonance in the vj
COj; phonon self-energy at a frequency close to its transverse optical frequency. The combination of approaches exposed in the
present study makes it possible to discriminate among physically different processes affecting the powder infrared spectra of calcite,
some being related to the long-range nature of electrostatic interactions in polar materials and others being related to atomic-scale

anharmonic interactions between vibrational modes.

Key-words: calcite; infrared spectroscopy; ATR; multi-phonon; effective medium.

1. Introduction

Infrared spectroscopy is a versatile method allowing to
probe frequency-dependent dielectric properties of minerals
and materials in a large variety of geometrical configurations
(e.g. Farmer, 1974; McMillan & Hofmeister, 1988). Focus-
ing on powders, their infrared spectra can be recorded in a
transmission configuration after dilution of a small quantity
of sample in an infrared transmitting medium, typically
potassium bromide. Sample mixing with a powdered infra-
red transmitting medium is also required to record diffuse
reflectance infrared spectra of strongly absorbing samples.
In contrast, attenuated total reflectance (ATR) spectroscopy
can be applied to pure powders. In this case, absorption-like
features are recorded as a modulation of the reflection coef-
ficient of the interface between an infrared reflection element
(IRE), made of a highly refractive material, and the packed
powder sample. The sample preparation is facilitated,
extending the application field of infrared spectroscopy to
routine characterization of materials (e.g. Loftus er al.,
2015; Lebon et al., 2016). The ATR spectroscopy is also

an appropriate technique to investigate the bulk properties
of homogeneous isotropic media such as liquids or amor-
phous compounds (e.g. Dignam & Mamiche-Afara, 1988;
Amma et al., 2015). Classical electromagnetic modeling
and Kramers-Kronig transform enable to determine the com-
plex dielectric function of the samples from their ATR spec-
tra (e.g. Dignam & Mamiche-Afara, 1988; Huang & Urban,
1992; Boulet-Audet et al., 2010). In the case of powders,
additional electrostatic effects occur due to the divided and
composite nature of the sample and it becomes challenging
to retrieve the intrinsic dielectric properties of crystals from
an inversion of powder ATR data, particularly for anisotro-
pic materials.

A direct modeling strategy can be proposed to compute
powder ATR spectra of uniaxial materials by combining
the effective medium modeling of the powder and the com-
putation of the complex frequency-dependent reflection
coefficient of the interface between the isotropic effective
medium and the IRE material (Aufort et al., 2016). Applica-
tion of this approach to synthetic and biologic apatite sam-
ples brought quantitative explanations for the peculiar
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shape of strongly absorbing ATR bands and for the differ-
ences observed between ATR spectra recorded with a dia-
mond or a Ge IRE (Aufort er al., 2016, 2018).

In the present study, we confront this approach to the mod-
eling of calcite ATR spectra. Calcite (CaCOs3, space group
R3c) is an important industrial material and a key biogenic
constituent of the shell of many organisms and animal eggs
(e.g. Weiner & Dove, 2003). It is a well-known uniaxial
material used as a benchmark system in infrared spectro-
scopic studies (e.g. Kristova et al., 2015, Udvardi et al.,
2017; Griffiths et al., 2018). Infrared spectroscopy in trans-
mission or ATR geometry is also extensively used to ana-
lyze synthetic or natural calcite samples (e.g. Gueta et al.,
2007; Poduska et al., 2011; Balan et al., 2017; Jenkins
et al., 2018). The present results confirm the effectiveness
of the proposed modeling strategy and make it possible to
unravel peculiar anharmonic properties affecting the strong
carbonate stretching band of the calcite infrared spectrum.

2. Materials and experimental methods

Two highly contrasted calcite samples were experimentally
investigated. One sample, referred to as ‘‘nanocalcite’
(Saldi et al., 2018), consists in a sub-micrometer sized syn-
thetic calcite powder precipitated from a supersaturated
(NH4),CO5 + CaCl, solution at pH ~ 10 (Pokrovsky
et al., 2004). The powder, as characterized by transmission
electron microscopy (TEM, JEOL JEM ARM-200F), is
made of well crystallized particles ranging in size from 20
to 250 nm, exhibiting a platy and rounded shape (Saldi
et al., 2018). The second sample is a single crystal of natural
calcite (‘‘Iceland spar’’ variety) of unknown origin. Subsets
of powder sample were obtained by grinding in ethanol with
an agate mortar and pestle for durations ranging from 5 to
120 min. The sample ground for 120 min, referred to as
“IS 120, displays particles with an irregular shape and a
distribution of size ranging from ~10 pm to less than
1 pm (Fig. 1). The 120 min grinding time corresponds to
the maximum time above which atomic-scale structural
damage becomes discernable in the IR spectra.

The ATR-FTIR spectra were recorded using a Quest ATR
device (Specac) and a Nicolet 6700 FTIR spectrometer
equipped with an Ever-Glo source, KBr beamsplitter and
DTGS-KBr detector. Pure powder samples were packed at
the surface of the ATR IRE and the spectra were recorded
between 400 and 4000 cm ™' by averaging 200 scans with
a resolution of 1 cm ™. For each sample, two different spec-
tra were recorded using either a diamond or a Ge IRE. The
ATR spectra are reported in absorbance units.

3. Results

3.1. Experimental ATR spectra of calcite

The infrared spectroscopic properties of calcite have been
extensively investigated by experiment (e.g. Hellwege
et al., 1970; White, 1974; Posch et al., 2007; Udvardi

Fig.
secondary electron mode) of the calcite single crystal ground for
120 min (IS 120 sample). Note the irregular shape of particles and
the broad range of particle sizes.

1. Scanning electron micrograph (Zeiss Ultra 55 SEM,

et al., 2017) and theory (e.g. Pavese et al., 1992; Prencipe
et al., 2004; Valenzano et al., 2006). As expected, the
ATR spectra of the two samples (nanocalcite and IS 120)
display three major absorption bands in the investigated fre-
quency range (Fig. 2). They occur at ~712, ~873 and
~1410 cm™ " and are related to the internal vibrational
modes of the carbonate groups, referred to as vy, v, and
v, respectively (Hellwege et al., 1970; White, 1974). The
IR-active v, mode corresponds to the oscillating motion of
the carbon atom perpendicularly to the COj; plane. It belongs
to the A, representation and its polarization is parallel to the
three-fold c-axis of the calcite structure (extraordinary ray).
A weak and narrow band related to the vibration of the
13C0; isotopic species is also observed at 848 cm ™! (Sterzel
& Chorinsky, 1968; Belousov et al., 1970; White, 1974;
Lane, 1999; Floquet et al., 2015; Balan et al., 2017). The
IR-active v; and v4 modes correspond to anti-symmetric
stretching and bending modes of CO5 groups, respectively.
They belong to the E, representation and are polarized per-
pendicularly to the c-axis of calcite (ordinary ray). As previ-
ously noticed (e.g. Balan et al., 2017; Griffiths et al., 2018),
the intense bands related to the v, and vz CO5; modes are
comparatively broader than the other absorption bands. In
the Ge IRE spectra, both bands display an asymmetric shape
with a steeper decrease in intensity toward lower wavenum-
bers. Their width coincides with the splitting between trans-
verse optical (TO) and longitudinal optical (LO) frequencies
(142 cm™ ' and 18 cm™' for the v; and v, CO; bands,
respectively; White, 1974). In the diamond IRE spectra, lar-
ger widths and noticeably different shapes are observed
(Fig. 2), an effect particularly obvious for the IS 120 sample.
In this specific case, the v3 CO5 band displays a tail toward
the lower wavenumbers, reducing its asymmetry. Significant
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Fig. 2. Experimental and theoretical ATR spectra of calcite. Left and right panels correspond to spectra recorded with a Ge and a diamond
IRE, respectively. The top panels display the spectra in the region of interest (600—1600 cm™") whereas other panels correspond to enlarged
views of the v, CO5 (middle) and vz CO; (bottom) bands. The vertical dotted lines correspond to the TO frequency of the modes. Note the
splitting observed near the top of the v; CO5; bands. The model spectrum reported as a dotted curve has been obtained using the classical
expression (Eqgs. (1) and (2)) of the dielectric properties of calcite whereas that reported as a thicker continuous line has been obtained using a
semi-quantum expression (Eq. (3)) for the contribution of the v3CO5; mode. Both models give identical spectra for the v, and v4 CO5 bands.

It is noteworthy that the v3 CO5; band of the two investi-
gated samples displays additional features leading to its
apparent splitting near its maximum in both the Ge and

modifications of the relative intensity and shape of this band
are also observed as a function of grinding time for times
lower than 60 min (Fig. 3).
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Fig. 3. ATR spectra of the ground Iceland spar sample for grinding times ranging from 5 to 120 min (grinding times are reported on the
right of the panels). The weak v, '>CO; band is indicated by a star. Note the relative changes in the intensity and shape of the v; CO; band
as a function of grinding time, which are more prominent in the ATR spectrum recorded with a diamond IRE. In the diamond IRE spectra,
the full-width at half maximum (FEWHM) of the v; CO; band decreases from 149 cm ! to 100 cm ™! from 5 to 120 min of grinding,

diamond IRE spectra (Fig. 2). In the Ge IRE spectra, the
band maximum is located at 1409 and 1408 cm™' whereas
a shoulder is observed at 1400 and 1398 cm™ !, for the
nanocalcite and IS 120 sample, respectively. On the con-
trary, in the diamond IRE spectra, the band maximum
appears at 1392 and 1386 cm ™' for the nanocalcite and IS
120 sample, respectively, and a shoulder appears on the
high-frequency side at 1404 cm™" for both samples. The
shape of the v3 CO5; band is thus significantly different
depending whether the spectrum is recorded with a Ge or
diamond IRE. The presence of this apparent splitting is at
first sight surprising and cannot be explained by a simple
oscillator model.

3.2. Theoretical ATR spectra of calcite

The modeling strategy adopted in the present study is
inspired by that used by Balan er al. (2002) to model
specific features in the ATR spectra of chrysotile asbestos
and has been exposed in details by Aufort er al. (2016).
The theoretical ATR spectrum is obtained by computing
the frequency-dependent Fresnel reflection coefficient of
an unpolarized infrared beam at a 45° incidence angle of
the interface between the IRE, defined as a homogeneous
isotropic medium with constant refractive index (n = 2.4
for diamond and n = 4 for Ge), and the sample. Moderate
polarization effects related to the optical elements of the
spectrometer lead to a minor change (~10%) of the spectrum
intensity not affecting the conclusions of the study. The
powder sample is described by an isotropic dielectric func-
tion computed for a mixture of spherical calcite particles and
an embedding medium corresponding to the empty porosity
(n=1). The dielectric function is obtained using the
Bruggeman effective medium model (Bruggeman, 1935)
which considers that both the particles and the empty
domains are inserted in the effective medium, leading to a
self-consistent relation between the effective medium
properties and those of individual constituents. The powder

sample is considered as infinitely thick and homogeneous at
the length scale of the experiment, typically requiring parti-
cle sizes smaller than a few pum. This approach was previ-
ously validated for uniaxial materials by modeling the
ATR spectra of apatite (Aufort ez al., 2016).

The uniaxial dielectric tensor of bulk calcite is obtained
using previously proposed expressions relating its dielectric
response to its microscopic vibrational and dielectric proper-
ties (e.g. De Sousa Meneses et al., 2004; Posch et al., 2007).
In an initial modeling attempt, it was built from the micro-
scopic vibrational and dielectric properties of calcite using
a usual formalism:

2u(®) = 2(00) + 3 81a(0) (1)

where o indicates the ordinary or extraordinary polarization
and &,(c0) is a frequency-independent term accounting for
the electronic polarizability. The additive contribution of each
IR active vibrational mode is described by a Lorentz-type res-
onant term:

A,
: 2
(0 — o —iol)) @)

gja(®) =

where Aj,uz, o; and T'; are the mode oscillator strength, the
transverse optical (TO) frequency, and damping of mode j,
respectively. These parameters (Table 1) and the electronic
terms (gordinary(oo) = 2.6 and gextraordinary(oo) = 2.3) were
obtained from single-crystal reflectivity data by Posch
et al. (2007). Some of the TO frequencies and damping
parameters I'; (Table 1) were slightly modified to better
match experimental observations but are still very close
to those of Posch et al. (2007).

The peculiar asymmetry of the ATR bands is closely
related to the dielectric properties of the effective medium.
As previously observed by Kendrick & Burnett (2016)
and Aufort et al. (2016), these dielectric properties not only
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Table 1. Parameters of the classical model of the calcite dielectric
tensor (Eq. (2)). Parameters of Posch ez al. (2007) for the v, v; and
v4 bands are reported in parenthesis when they differ from the
present ones.

Symmetry Mode ®; (cmfl) A, (arb. units) T (cmfl)
Ay Vo 871.2 (872.0)  250.8 3.0 (2.09)
V¥ 848.0 30.0 2.1
E, V3 1407.4 1039.6 15.0 (14.8)
Va4 712.6 (712.0) 71.4 3.0 4.0)

£ . . .
13CO; isotopic species.

1600

wavenumber (cm’)

Fig. 4. Imaginary part of effective dielectric function in the v3CO5
range computed using the classical expression of the calcite
dielectric tensor and the Bruggeman model for a volume fraction
of calcite varying from 0.3 to 0.7 by steps of 0.1. The effective
dielectric functions have been divided by the corresponding volume
fraction. The imaginary part of the dielectric function of pure calcite
corresponding to the v3CO5; mode is reported for comparison (dotted
line).

depend on those of the bulk material but are also strongly
dependent on the relative volume fraction occupied by the
solid and the empty porosity (Fig. 4). For vanishingly low
solid fractions, the dielectric function related to a strongly
absorbing mode displays a single symmetric resonance at
a frequency coinciding with that of the isolated sphere.
For intermediate solid fractions, the imaginary (absorptive)
part of the dielectric function extends from the transverse
optical (TO) to the longitudinal optical (LO) frequencies
of the mode. Its asymmetry increases with increasing solid
fractions, converging toward a sharp peak at the TO fre-
quency for the larger fractions of solid.

Assuming a spherical shape of particles, the solid fraction
is the only free parameter of the model. Considering that the
shape of absorption bands in the ATR spectra recorded with
a Ge IRE are similar to that of the resonances in the imag-
inary part of the dielectric function (Aufort er al., 2016), a
volume fraction of solids of f= 0.55 provides the best

agreement between theory and experiment (Fig. 2). With
this set of microscopic (Table 1) and macroscopic parame-
ters, the model spectra account for the relative intensity of
the bands and variations of the overall intensity observed
between spectra recorded with a Ge and with a diamond
IRE. The model also reproduces the asymmetric shape of
the v, CO5; band (Fig. 2) and the moderate down-shift of
its maximum in the diamond IRE spectrum.

Compared with the nanocalcite sample, a poorer agreement
is observed on the low-frequency side of the v, CO3 and v;
CO; bands in the diamond ATR spectrum of the IS
120 sample. Both bands display a low-frequency tail that
extends to significantly lower frequencies than those of the
model spectra. This specific difference is most likely related
to grain-size inhomogeneities in this mechanically ground
sample. As exposed in details by Belali ez al. (1995), anoma-
lous dispersion may cause the experiment to move from the
ATR regime to the specular reflection regime for strongly
absorbing materials. In this regime, only a fraction of the
IR light is reflected at the interface between the sample and
the IRE, whereas the other fraction is transmitted and propa-
gates in the powder sample. For an IRE of indice n and an
incidence angle of 45°, total reflection of the beam on a flat
interface with a medium of index ng occurs when
ng < sin(45°) n. Accordingly, the specular reflection domain
is increased in spectra recorded using an IRE with a lower
refractive index, such as diamond (n = 2.4) vs. Ge (n = 4)
(Belali ez al., 1995). In an inhomogeneous sample containing
particles with a size larger than the characteristic length scale
of mid-IR (7.1 pm at 1400 cm ™), local dielectric properties
can be closer to those of the pure material than to the average
ones (Fig. 4), enhancing anomalous dispersion effects with
respect to those modeled for the homogeneous effective
medium. For pure calcite, the specular reflection domain
associated to the v3 CO5; band extends up to ~700 em !
and ~60 cm™' (45 cm™ ! and 5 cm ™! for the v, CO; band)
below the transverse optical frequency for a diamond and
Ge IRE, respectively. These values are well consistent with
the extension of the low-frequency side of the v, CO5 and
v3 CO;3 bands observed in the ATR spectra of the IS sample
ground for 5 min (Fig. 3; see also Kristova et al., 2015) and
this effect explains their narrowing as a function of grain size
(Udvardi et al., 2017) or grinding time (Fig. 3), especially in
the spectra recorded with a diamond IRE.

Concerning the v; CO;5; band, a peculiar disagreement
between theory and experiment is observed close to its max-
imum (Fig. 2). Although the theoretical band still extends
between the TO and LO frequencies, the model overesti-
mates the band intensity close to the TO mode frequency
in the Ge IRE spectrum and fails to reproduce the splitting
observed in the same region in both Ge and diamond IRE
spectra (Fig. 2). Various physical effects can explain the
occurrence of additional structures in the shape of strong
infrared absorption bands (e.g. Ruppin & Englman, 1970;
Poduska et al., 2011). For example, depolarization fields
occurring in small particles shift their resonant frequencies
toward values higher than the TO frequency, leading to
so-called surface modes. Bulk phonon polaritons related
to the coupling between vibrational excitations and light
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propagation in crystals may lead to additional features
observed at frequencies lower than the TO one and enhanced
for larger particle sizes. In the present case, the anomalous
features are observed at frequencies lower than the TO fre-
quency and occur in both samples. As the nanocalcite sample
is made of sub-micrometer sized particles, this rules out a
potential origin related to the two above mentioned effects.
It is noteworthy that the calcite reflectivity spectrum
reported by Posch er al. (2007) also displays a structure
close to the top of the v3 CO3 band. These reflectivity mea-
surements were performed on calcite crystals with a peculiar
shape differing from the usual rhombohedral shape and
exhibiting growth faces parallel to the symmetry axis (Posch
et al., 2007). The observed structure is not accounted for by
the classical model (Egs. (1) and (2)) used to describe the
dielectric properties of bulk calcite. Similar structures, not
predicted by a group-theory analysis of the crystal proper-
ties, are observed in the reflectance spectrum of strongly
absorbing materials with a large splitting between LO and
TO frequencies, such as MgO (De Sousa Meneses et al.,
2004). As shown by De Sousa Meneses et al. (2004), these
features can be attributed to a frequency dependence of the
phonon damping in the expression of the complex dielectric
function. According to this semi-quantum approach, the
contribution of the IR active optical vibration j to the dielec-
tric response of the material becomes (Cowley, 1963):
Ao )
0? —o? —io; (o)

gja(®) =

where a frequency dependence of the damping parameter
I'(w) is allowed. Whereas the I'; are approximated as fre-
quency-independent constants in the standard expression
(Eq. (2)), the frequency dependence of I'{w) plays a rele-
vant role in the present situation. It is worth to add that
the I'{(®) function is closely related to the phonon self-
energy and should meet the causality criteria, which implies
that it displays areal and an imaginary part which are related
to each other through Kramers-Kronig transforms
(Rammer, 2007).

Following De Sousa Meneses et al. (2004), the most
important characteristics of I'j(®) can be described as a
sum of a small number of more or less symmetric peaks.
In the present study, we consider a model damping function
I'(w) to describe the behavior of the v3 CO5 band. Its real
part is built as the sum of a frequency-independent damping
term (I'p) and a Gaussian peak centered at frequency ®sg:

Re(I'(®)) = Ty + 24 exp (- (@) 2) )

where A and 7y are the amplitude and half-width at half-
maximum of the Gaussian peak, respectively (Fig. 5).
In the actual implementation, this expression was slightly
modified to meet the causality criteria (Keefe, 2001)
and its related imaginary part (Im(I'(w)) was obtained by
a Kramers-Kronig transform of the real part, as in
Egs. (18)—(20) of De Sousa Meneses et al. (2004).

42 1 I 1 8
L4
38
= !
g A 3
e Lo &
Z =
14
34 L
] -4
30
T T T -8
1300 1400 1500

wavenumber (cm'1)

Fig. 5. Real (thick line) and imaginary (thin line) part of the model
frequency-dependent function describing the damping of the v3;CO5
vibrational excitation in calcite (Eq. (4)).

The parameters describing the I'(w) function (Eq. (4))
were set to wgg = 1402 cmfl, A=5 cmfl, v=10 cm !
and the constant term to Iy = 30 cm ™' to reproduce the
salient features of the ATR spectra. Compared with the clas-
sical expression of the dielectric tensor, the modified dielec-
tric tensor accounts for the main features of the v; CO5 band
observed in the ATR spectra (Fig. 2). More specifically, it
reproduces the splitting observed close to the band maxi-
mum, the significant intensity reduction at the TO frequency
observed in the Ge IRE spectrum and the change in band
shape with a shoulder observed on the high- or low-fre-
quency side of the maximum in the spectra recorded with
the diamond or Ge IRE, respectively.

It is noteworthy that the v; CO5; band in the reflectivity
spectrum computed with the modified model (Fig. 6) also
displays a feature consistent with the experimental observa-
tions of Posch er al. (2007). Compared with the data of
Posch et al. (2007), the present simulation displays however
a decrease in the overall reflectivity in the reststrahlen range
of the band due to a constant damping (I'y = 30 cm ) lar-
ger than that used in the classical model. This larger value
was introduced to improve the agreement with the present
ATR spectra. It does not necessarily correspond to a change
in the homogeneous broadening mechanism of the band in
the different samples but more likely reflects imperfections
of the simple effective medium model and frequency-depen-
dent damping function to provide a full account of the prop-
erties of real samples.

4. Discussion

The present results point out peculiar features of the IR-
active v3 CO; mode in calcite related to a resonance
occurring at ~1402 cm™ ' in its damping function. Even
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Fig. 6. Theoretical reflectivity of calcite. The reflectivity reported as
a dotted curve was computed using the classical model with the
parameters reported in Table 1. The continuous curve was obtained
using a semi-quantum expression for the contribution of the v;CO3
mode. The ordinary spectra were vertically shifted by one unit.

though these features can be inferred from previously
reported reflectance data (Posch et al., 2007), to our knowl-
edge they remained unnoticed in most previous infrared
spectroscopic studies of calcite. They distinctly appeared
in the present study due to the crystalline quality of the
investigated samples and to the specific shape of absorption
bands in ATR spectra, enhancing the spectrum intensity in
regions close to the TO frequencies of strongly absorbing
modes. It is worth to note that they were not observed in
the ATR spectra of the biogenic calcite sample investigated
by Balan ez al. (2017). In this case, they are masked by the
inhomogeneous broadening of infrared lines due to the
occurrence of significant concentrations of Mg, Na, Sr and
sulfate chemical impurities in this sample.

These features are related to the frequency dependence of
the damping function. To understand this point, we remind
that the intrinsic component of phonon damping is due to
phonon-phonon scattering and its expression can be inter-
preted as resulting from the Fermi Golden rule of quantum
mechanics. Let us consider an IR-active phonon labeled by
a branch index j: the wavevector of the phonon is 0 and,
because of momentum conservation, it can decay in two
phonons with equal and opposite momentum q. At zero
temperature, the real part of the damping related to this
three-phonon process is proportional to (Menéndez &
Cardona, 1984):

Re([j(0) = Y [Vaul*8(0 — 04 — o))

q.k.!

(5)

where the sum is performed on all the phonon momenta q
in the Brillouin zone and for all the phonon branches &
and [. Vg is the scattering coefficient. The Dirac delta

distribution in the right term implements the conservation
of energy in the process. A more general formulation
should include coalescence processes, temperature depen-
dence of the phonon occupation and, possibly, higher-order
scattering processes, without however altering the follow-
ing considerations. It is important to notice that the conser-
vation of energy in Eq. (5) is applied to ®, which is the
frequency of the light probe, and not to ®;, which is the
intrinsic TO frequency of the phonon. This is because, in
the IR experiment, the atoms are actually vibrating at the
frequency ® imposed by the electric field associated with
the probing light. In the cases where I'(w) presents a
non-trivial smooth behavior, this dependence can lead to
measurable effects (usually called multi-phonon effects).
In particular, it is common to observe in many materials
intense peaks in the phonon density of states corresponding
to phonons with a small dispersion in a certain volume of
the Brillouin zone. Because of the energy conservation, a
decay process in which the final states (qk and -q/ in
Eq. (5)) belong to such a phonon branch will be activated
only for certain specific values of the frequency ® of the
initial state. The resulting I'{®) could possibly present
sharp peaks at those ® values.

A potential origin of a peak at 1402 cm ™" in the damping
function of the v3 COj3 excitation can be proposed by exam-
ining its coupling to the phonon density of states of calcite.
According to the group-theory analysis of Delfyett er al.
(1989), five possible three-phonon and eighteen four-pho-
non decay paths are allowed by symmetry for a mode with
E, symmetry. Among these paths, only those ensuring
energy and momentum conservation actually exist. Limiting
the discussion to three-phonon processes, only the decay of
the E, excitation into the non-dispersive totally symmetric
stretching mode at 1086 cm™' (Ag symmetry) and a LO
external mode with E,, symmetry and a dispersion ranging
between 381 and 320 cm ™! (White, 1974; Delfyett et al.,
1989) could meet these criteria.

Finally, it is worth to note that the origin of the broadening
of the strongly absorbing bands differ from that discussed by
Griffiths et al. (2018). As pointed out by Griffiths et al.
(2018), transmission spectra of strongly absorbing materials
recorded after dilution in an IR transparent medium are
broadened due to a combination of saturation effects and
inhomogeneities of the preparation resulting in voids in the
analyzed sample. In ATR spectra recorded with a highly
refractive IRE, such as Ge, the primary cause of broadening
is instead related to the electrostatic interactions within and
between particles. These interactions are important for inter-
mediate volume fractions of solids, such as those observed
in standard powder samples, and are quantitatively
accounted for by the Bruggeman effective medium model
(Aufort et al., 2016). Additional causes of broadening related
to anomalous dispersion are observed in ATR spectra
recorded with a less refractive IRE medium such as diamond.
They become particularly significant in samples displaying
grain sizes larger than the characteristic length scale of
mid-IR radiation, typically a few micrometers. The IRE
choice for the ATR-FTIR spectroscopic analysis of minerals
thus implies a trade-off between an improved signal/noise
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ratio but a greater sensitivity to broadening sources of dia-
mond vs. more refractive materials such as Ge.

5. Conclusion

The present results underline the benefit of coupling experi-
mental and modeling approaches in the infrared spectroscopic
study of minerals. A single and simple frequency-dependent
damping function for the v; CO5; mode in calcite can account
for spectroscopic observations performed using three differ-
ent experimental settings in the infrared range (ATR of pow-
ders with Ge and diamond IRE, specular reflectance of a
single crystal), each setting leading to a specific spectrum.
This combination of approaches makes it possible to discrim-
inate among physically different processes affecting the shape
of infrared absorption bands, some being related to the long-
range nature of electrostatic interactions in polar materials and
others being related to atomic-scale anharmonic interactions
between vibrational modes. The approach followed in the
present study is generally applicable and could be extended
to a large number of powder minerals and materials.
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