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Abstract. The near-infrared (NIR) spectra of hydrous minerals display absorption bands involving multiple ex-
citations of vibrational modes. They usually involve OH stretching modes, but their interpretation is not straight-
forward due to the combined effects of bond anharmonicity and vibrational coupling. In the present study, the
mid-infrared (MIR) and near-infrared spectra of well-ordered samples of trioctahedral layered hydrous minerals,
talc, brucite and lizardite, have been measured on a spectral range extending from the fundamental vibrational
modes to the second OH stretching overtones. The bands corresponding to molecular overtones are interpreted
using an effective approach allowing us to infer the anharmonicity and coupling parameters controlling the OH
stretching frequencies from spectroscopic data. They follow the usual relation between transition energy and
quantum number of the excited state, which facilitates the comparison of NIR and MIR spectra. The results sup-
port the assignment of the main overtone bands to specific environments of OH groups and bring new constraints
for the identification of the vibrational bands related to Fe and Al substitutions at octahedral sites in serpentines.
The two-phonon absorption bands are theoretically analyzed at the density functional theory level by computing
the absorption arising from the self-energy of the IR-active vibrational modes. The characteristics of the two-
phonon OH stretching continuum between 7300 and 7400 cm−1 and of the combination bands between 4000
and 4800 cm−1 are related to the specificities of the one-phonon and two-phonon densities of states of the three
minerals.

1 Introduction

The near-infrared (NIR) spectra of hydrous minerals display
characteristic absorption bands related to the OH stretch-
ing vibrational modes. Compared with fundamental transi-
tions in the mid-infrared (MIR) range, the weaker oscilla-
tor strength of NIR bands reduces the anomalous disper-
sion of the refractive index related to strong resonances (e.g.,
Chalmers, 2006). This property facilitates the NIR spectro-
scopic study of raw samples using a diffuse reflectance ge-
ometry. It supports the use of remote-sensing techniques or
field-based spectrometers for the identification and mapping
of hydrous minerals in many contexts, ranging from the study
of rocky planets or asteroids (e.g., Bishop et al., 2008; Carter
et al., 2013; Beck et al., 2015) to mining geology (Mathian
et al., 2018).

The NIR bands of hydrous minerals are categorized as
overtone or combination bands when they correspond to
transitions from the ground state to the nth (n > 1) excited
state of OH oscillators or to the simultaneous excitation of
two vibrational modes (one of which being an OH stretch-
ing mode), respectively. The first overtone bands occur as
relatively sharp and strong peaks in the 7000–7500 cm−1

range, whereas combination bands are usually reported in the
3850–5000 cm−1 range. However, the combination of two
OH stretching modes also leads to absorption features in the
7000–7500 cm−1 range.

In crystals, the combination bands actually correspond to
the combined excitation of two phonons with opposite wave
vectors, as imposed by momentum conservation (Bogani,
1978a; Bogani et al., 1984; Califano et al., 1981). Accord-
ingly, they are not solely related to the long wavelength exci-
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tations observed in the MIR range but reflect the two-phonon
density of states of the crystal, modulated by the infrared
absorption processes. Due to the anharmonicity of the OH
stretching potential, the two-phonon continuum related to
the combination of OH stretching modes is observed at a
higher frequency than the first OH overtones. In this case, the
overtones correspond to the excitation of two-phonon bound
states by opposition to the free phonons involved in com-
bination bands (Kimball et al., 1981; Klafter and Jortner,
1982; Holstein et al., 1982). Their similarity with molecu-
lar overtones supports their interpretation using a local mode
approach accounting for the internal anharmonicity and local
coupling of OH oscillators (Balan et al., 2021a).

In the present study, we analyze the NIR spectra of well-
ordered samples of the archetypal trioctahedral layered min-
erals (talc, brucite and lizardite) to better assess the impor-
tance of the various factors contributing to the absorption
bands. In talc, the OH groups are in inner position, which
minimizes their vibrational coupling, whereas the inter-layer
OH location in brucite leads to significant coupling and
related phonon dispersion. The spectroscopic properties of
these two minerals can then be compared to those of lizardite
in which both types of local environments occur. The spectra
are recorded on a range extending to the second OH stretch-
ing overtones and are discussed in the light of an ab initio
theoretical determination of the one- and two-phonon den-
sities of states and previous ab initio modeling of the spec-
troscopic properties of Fe- and Al-bearing lizardite (Balan et
al., 2021b). The results clarify the relations between the over-
tone spectra and their fundamental counterparts and provide
a sound interpretation of the two-phonon combination bands.

2 Materials and methods

2.1 Samples

The talc sample is a well-ordered monomineralic sample
from the Trimouns deposit, Luzenac, France (Martin et al.,
1999; Petit et al., 2004a; Madejová et al., 2017; Mathian et
al., 2018). The brucite sample is a well-ordered sample of un-
known origin which also contains ∼ 3 wt % of calcite, as de-
termined by X-ray diffraction (Supplement). Traces of man-
ganese and iron are detected in its X-ray fluorescence spec-
trum (Supplement). The lizardite sample is a well-ordered
lizardite-1T sample from Monte Fico, Elba, which also con-
tains minor amounts of chrysotile and polygonal serpentine
(Mellini and Viti, 1994; Gregorkiewitz et al., 1996; Viti and
Mellini, 1997; Fuchs et al., 1998; Capitani et al., 2021). The
infrared spectrum of the Monte Fico lizardite has been previ-
ously reported by Fuchs et al. (1998) and Balan et al. (2002,
2021b). Its Raman spectroscopic properties have been inves-
tigated by Auzende et al. (2004), Compagnoni et al. (2021),
Capitani et al. (2021), and Tarling et al. (2022).

2.2 Spectroscopic methods

NIR diffuse reflectance spectra were recorded on pure pow-
der samples with a 1 cm−1 resolution using a Nicolet 6700
FTIR spectrometer set with a white light source, quartz
beamsplitter, nitrogen-cooled MCT (mercury cadmium tel-
luride) detector, reference aluminum mirror and Collector II
diffuse reflectance accessory. The single-beam signals were
obtained as co-addition of 500 scans, and the spectra are re-
ported in the 4000–11 000 cm−1 range as remission functions
f (R) obtained using the Kubelka–Munk transformation of
the reflectance spectra.

MIR transmission spectra of the talc and brucite sam-
ples were recorded on KBr pellets (sample /KBr mass ratio
∼ 0.5 %) using a Nicolet 6700 FTIR spectrometer set with
an EverGlo source, KBr beamsplitter and nitrogen-cooled
MCT detector. The spectra correspond to the co-addition of
120 scans in the 400–4000 cm−1 range with a resolution of
2 cm−1. The lizardite spectrum is that previously reported in
Balan et al. (2002).

MIR and NIR spectra were decomposed in individual
bands using the Fityk software (Wojdyr, 2010). Depend-
ing on the bands, various functions were used to model
the band shape. Besides Lorentzian and Gaussian functions,
split-Lorentzian and split-Gaussian were used to account for
asymmetric profiles (Tables 1, 2 and 3). In this case, the left
and right half widths at half maximum of the band were al-
lowed to differ. Subtraction of a linear or a quadratic baseline
was simultaneously performed with the fit of the individual
bands as recommended by Meier (2005).

2.3 Theoretical modeling

Relevant properties were obtained within the framework
of density functional theory (DFT) using a plane-wave
and pseudopotential scheme, as implemented in the PWscf
and PHonon codes from the Quantum ESPRESSO package
(Giannozzi et al., 2009; http://www.quantum-espresso.org,
last access: 12 December 2022). The vdw-DF2 exchange-
correlation (XC) functional (Thonhauser et al., 2007; Lan-
greth et al., 2009; Sabatini et al., 2012; Berland et al., 2015)
was used because it ensures the mechanical stability of the
ordered brucite structure with P 3m1 space group (Pillai et
al., 2021). The ionic cores were described by optimized
norm-conserving pseudopotentials from the SG15-ONCV li-
brary (Hamann, 2013; Schlipf and Gygi, 2015) with cutoffs
of 140 and 840 Ry on the plane wave and charge density, re-
spectively. Internal atomic coordinates were relaxed until the
residual forces on atoms were less than 10−4 Ry a.u.−1 Elec-
tronic integration was performed using a 10×10×10 k-point
grid for brucite and a 3× 3× 2 grid for lizardite and talc.

Phonon polarization and frequencies were determined
from density functional perturbation theory (DFPT) using the
PHonon code. Dispersion patterns were obtained via Fourier
interpolation of inter-atomic force constants computed on a
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Table 1. Profile function (prof.), frequency (ω), full width at half maximum (FWHM) and relative area of bands related to structural OH
groups in the MIR and NIR spectra of talc. Proposed assignments are also indicated in terms of cationic environments or contribution to the
two-phonon continuum (two-phonon).

Prof. ω FWHM Area Prof. ω FWHM Area Prof. ω FWHM Area
(cm−1) (cm−1) (%) (cm−1) (cm−1) (%) (cm−1) (cm−1) (%)

L 3660 3.4 3 Mg2Fe2+ L 7153 4.9 5 Mg2Fe2+ L 10 482 4.9 2 Mg2Fe2+

SL 3677 3.6 97 Mg3 SL 7186 6.6 94 Mg3 SL 10 535 6.8 98 Mg3
L 7352 5.0 < 1 Two-phonon

L: Lorentzian; G: Gaussian, SL: split-Lorentzian.

Table 2. Profile function (prof.), frequency (ω), full width at half maximum (FWHM) and relative area of bands related to structural OH
groups in the MIR and NIR spectra of brucite. Proposed assignments are also indicated in terms of cationic environments (M2+

=Fe2+,
Mn2+) or contribution to the two-phonon continuum (two-phonon).

Prof. ω FWHM Prof. ω FWHM Area Prof. ω FWHM
(cm−1) (cm−1) (cm−1) (cm−1) (%) (cm−1) (cm−1)

SL 3698 17 Mg3 L 7129 38.9 6 Mg2M2+ SL 10473 35.0 Mg3
L 7155 21.0 80 Mg3
L 7242 17.7 1 ?
L 7254 13.9 1 ?
G 7339 26.3 10 Two-phonon
G 7350 10.4 1 Two-phonon

L: Lorentzian; G: Gaussian, SL: split-Lorentzian.

4×4×4 grid of q-points. One-phonon and two-phonon den-
sities of states were computed by integrating the interpolated
phonon dispersion over a grid of 47×47×47 points, impos-
ing energy conservation with a Gaussian smearing of 5 cm−1.

Among the various mechanisms contributing to the ab-
sorption in the NIR range, it is possible to distinguish local
mechanisms involving single molecule quantities and non-
local mechanisms which couple the ground state to the two-
phonon states (Bogani, 1978b; Bogani et al., 1984). The lo-
cal mechanisms are similar to those giving rise to the com-
bination and overtone bands in molecules and depend on the
intra-molecular anharmonicity. In crystals, non-local mech-
anisms also occur. They correspond to the direct excitation
of two phonons by a photon and to indirect processes involv-
ing the decay in two phonons of a virtual state related to an
IR-active optical phonon (e.g., Dows and Schettino, 1973).
Although the computation of all absorption processes is not
straightforward and would exceed the purpose of the present
study, the non-local contribution to light absorption involving
virtual states depends on three-phonon coupling coefficients
and can be readily obtained within the DFPT framework.

The third-order anharmonic “dynamical matrices” were
obtained ab initio via the “2n+ 1” theorem, as implemented
in the Anharmonic code (Paulatto et al., 2013) on a dou-
ble grid of 2× 2× 2 (1× 1× 1) points for brucite (lizardite
and talc). A finer grid of 4× 4× 4 (2× 2× 2) points was
tested for brucite (lizardite) but showed no significant differ-
ence. These matrices were Fourier-transformed to three-body

force constants and then interpolated back in reciprocal space
over a finer grid to integrate the phonon infrared spectrum
according to Cowley theory (Cowley, 1996; Paulatto et al.,
2015). For the self-energy, the complex form from Calandra
et al. (2007) was used with a regularization δ of 2 cm−1. The
grid used for integration was randomly shifted and contained
17× 17× 17 (11× 11× 11) points for brucite (lizardite and
talc). The contributions to the simulated IR spectrum were
weighted with the IR cross-section, obtained from ab initio
effective charges, corresponding to the “virtual” harmonic
phonon involved. In order to account for the dependency of
IR cross-section on the angle between the phonon and pho-
ton polarizations, they were computed and averaged for six
different photon polarizations corresponding to the Cartesian
directions.

3 Results

3.1 MIR and NIR spectra of trioctahedral minerals

The MIR and NIR spectra of the talc, brucite and lizardite
samples are similar to those previously reported by, e.g.,
Martens and Freund (1976) for brucite and Madejová et
al. (2017) for talc and lizardite. Band parameters related to
structural OH groups determined by the fit of experimental
spectra are reported in Tables 1, 2 and 3 for talc, brucite and
lizardite, respectively. Additional broad bands likely related
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Table 3. Profile function (prof.), frequency (ω), full width at half maximum (FWHM) and relative area of bands related to structural OH
groups in the MIR and NIR spectra of lizardite. Proposed assignments are also indicated in terms of cationic environments or contribution to
the two-phonon continuum (two-phonon). Unless specified, they correspond to inter-layer OH groups.

Prof. ω FWHM Area Prof. ω FWHM Area Prof. ω FWHM Area
(cm−1) (cm−1) (%) (cm−1) (cm−1) (%) (cm−1) (cm−1) (%)

L 3569 67.4 16 Mg2Fe3+ G 6973 125.7 5 Mg2Fe3+ L 10 470 62 67 Mg3
L 3589 33.0 5 Mg2Al3+ L 7021 44.5 2 Mg2Al3+ L 10 617 17 33 Inner OH Mg3
L 3645 31.2 15 Mg2Al3+ L 7099 53.6 7 Mg2Al3+

L 3661 16.4 4 L 7132 33.8 11 Mg2Fe2+

L 3685 28.6 59 A1 Mg3 L 7160 42.3 47 Mg3
L 3704 6 1 Inner OH Mg3 L 7216 21.7 14 Inner OH Mg2Fe2+

SG 7241 13.3 10 Inner OH Mg3
G 7306 88.4 1 Two-phonon
G 7346 50.3 4 Two-phonon
G 7368 18.0 < 1 Two-phonon

L: Lorentzian; G: Gaussian; SL: split-Lorentzian; SG: split-Gaussian.

to molecular water are observed at∼ 3430–3480 cm−1 in the
MIR spectra (Fig. 1).

The primitive cell of talc (space group C1) contains
two equivalent OH groups leading to two OH stretching
modes with Au (IR-active) and Ag (Raman-active) symmetry
(Rosasco and Blaha, 1980). The OH groups are sufficiently
distant from each other to minimize the vibrational couplings
such that the two stretching modes have very close frequen-
cies (Rosasco and Blaha, 1980). Consistently with previous
studies (Martin et al., 1999; Petit et al., 2004a; Madejová et
al., 2017; Mathian et al., 2018), the Trimouns talc sample dis-
plays in its MIR spectrum a major band at 3677 cm−1 related
to inner OH groups in a Mg3 environment and a weaker band
related to the Mg2Fe2+ environment at 3660 cm−1 (Fig. 1).
The first and second overtone bands corresponding to the
Mg3 environment are observed at ωOH(2)= 7186 cm−1 and
ωOH(3)= 10 535 cm−1 (Figs. 1 and 2). The bands related
to the Mg2Fe2+ environment are observed at ωOH(2)=
7153 cm−1 and ωOH(3)= 10 482 cm−1. A weak and narrow
band also occurs at 7352 cm−1 (Fig. 1).

The primitive cell of brucite (space group P 3m1) contains
two symmetrically equivalent OH groups, leading to two OH
stretching modes belonging to the A1g and A2u representa-
tions (Dawson et al., 1973). The IR-active A2u mode leads
to the single band observed at 3698 cm−1 in the MIR spec-
trum (Fig. 1). Its frequency in powder samples differs from
the transverse optical (TO) frequency (3688 cm−1) measured
on single crystals (Dawson et al., 1973). This difference is
due to long-range electrostatic interactions which can up-
shift the IR absorption bands measured on powder samples
from the TO to the longitudinal optical (LO) frequency, de-
pending on the shape of the particles (Farmer, 2000). In the
present case, it can be assumed that the LO frequency is
∼ 3700 cm−1, which is the maximum frequency reported for
this band (de Oliveira and Hase, 2001). The related LO–TO
splitting (12 cm−1) is consistent with the theoretical value
(14 cm−1) determined by Pascale et al. (2004) and Reynard
and Caracas (2009). The A1g stretching mode, reported at

3652 cm−1 by Dawson et al. (1973) and Duffy et al. (1995),
is not IR-active and therefore not affected by long-range
electrostatic effects. The splitting between the A1g and A2u
modes (36 cm−1) attests to the significant vibrational cou-
pling of OH groups in brucite. As previously reported by
Martens and Freund (1976) and Frost et al. (2000), a strong
and narrow band corresponding to the first OH stretching
overtone is observed at 7155 cm−1 (Fig. 1). It displays a
shoulder on its low-frequency side suggesting the occurrence
of an overlapping weaker band at 7129 cm−1. Based on the
frequency shifts observed in talc (Wilkins and Ito, 1967),
this weaker band most likely corresponds to OH groups in a
Mg2M2+ (M=Fe, Mn) environment. The band observed at
10 473 cm−1 corresponds to the second OH stretching over-
tone (Fig. 2). A weaker band at 10 822 cm−1 has been as-
cribed to a higher-order combination with a lattice mode
(Martens and Freund, 1976). A broader asymmetric band
occurs at 7345 cm−1 with a width of ∼ 40 cm−1 (Fig. 1).
Two overlapping Gaussian components were used to account
for its peculiar shape. This band most likely corresponds
to the two-phonon continuum of OH stretching modes. Mi-
nor bands of uncertain origin are also observed at 7242 and
7254 cm−1 (Fig. 1).

The primitive cell of lizardite (space group P31m) contains
four OH groups. The inner OH group is located on the 3-fold
axis, whereas the vibrational coupling of the three equivalent
inter-layer OH groups leads to one symmetric A1 mode and
two degenerate E modes at lower frequency (e.g., Balan et
al., 2002; Prencipe et al., 2009). The A1 mode is polarized
along the [001] axis and dominantly carries the IR and Ra-
man intensity. The E modes polarized in the (001) plane lead
to a weaker band in the vibrational spectra. The main band
at 3685 cm−1 (Fig. 1) corresponds to the A1 mode. It is af-
fected by long-range electrostatic interactions explaining its
frequency variation as a function of the experimental geom-
etry of Raman spectroscopic measurements (Compagnoni et
al., 2021; Tarling et al., 2022). A shoulder at 3704 cm−1 cor-
responds to the inner OH group which is not vibrationally
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Figure 1. Fundamental (right) and first overtone (left) OH stretching spectra of talc (a, b), brucite (c, d) and lizardite (e, f). The spectra have
been decomposed into individual components, and residues are reported at the bottom with an arbitrary shift for clarity sake.

coupled to other OH groups. Other overlapping contributions
occur at 3569, 3589, 3645 and 3661 cm−1 in the IR spec-
trum (Fig. 1). As discussed in Balan et al. (2021b), the three
low-frequency bands likely attest to aluminum and trivalent
iron substitutions in the trioctahedral layer. Note that due to
the band overlap, the shape and position of these relatively
broad bands (Table 3) are affected by a significant uncer-
tainty. In the Raman spectra, components at 3642, 3653 and
3669 cm−1 have been reported by Compagnoni et al. (2021)
and a broad band at 3590 cm−1 by Tarling et al. (2022).

In the energy range of the first OH stretching overtones,
the NIR spectrum of the Monte Fico sample (Fig. 1) is similar
to the lizardite spectra previously reported by, e.g., Madejová
et al. (2017), Balan et al. (2021a), and Fritsch et al. (2021).
An intense narrow band is observed at 7241 cm−1 and a
weaker one at 7216 cm−1. These two bands have been re-
lated to the first overtone of inner OH groups in Mg3 and
Mg2M2+ (M=Fe, Ni) environments, respectively (Balan et
al., 2021a). The frequency of this second band is slightly
higher in the Monte Fico sample than in the New Cale-
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Figure 2. Second overtone OH stretching spectra of talc, brucite
and lizardite.

donian samples (7208–7210 cm−1) investigated by Balan
et al. (2021a) and Fritsch et al. (2021). A broader asym-
metric band displays a strong contribution at 7160 cm−1

and weaker ones at 7132 and 7099 cm−1 (Fig. 1). The
bands at 7160 and 7132 cm−1 have been assigned to the
first OH stretching overtone of interlayer OH groups in
Mg3 and Mg2M2+ (M=Fe, Ni) environments, respectively
(Balan et al., 2021a). Broad bands are observed at 7021
and 6973 cm−1. Second OH stretching overtones are ob-
served at ∼ 10 470 and 10 617 cm−1 for the interlayer and
inner OH, respectively (Fig. 2). The two-phonon continuum
of OH stretching modes occurs as an asymmetric band at
∼ 7350 cm−1 (Fig. 1). It extends over ∼ 85 cm−1 and was
fitted using three overlapping Gaussian functions accounting
for its asymmetric shape (Table 3).

For the three minerals, a series of bands related to the
combination of two phonons is observed between 4000 and
4800 cm−1 (Fig. 3). In talc, the dominant ones occur at 4182,
4303, 4323 and 4637 cm−1, which is consistent with previ-
ous observations (Zhang et al., 2006, 2007; Madejová et al.,
2017). In brucite, combination bands involving OH stretch-
ing and other excitations, as previously reported by Dawson
et al. (1973) and Frost et al. (2000), occur at 4308, 4450 and
4550 cm−1. In lizardite, combinations involving OH stretch-
ing modes and other vibrational modes lead to multiple bands
between 4000 and 4800 cm−1 (Fig. 3), as previously reported
by Bishop et al. (2002), Baron and Petit (2016), and Made-
jová et al. (2017). The dominant ones occur at 4300, 4395
and 4452 cm−1.

3.2 Theoretical properties of talc, brucite and lizardite

3.2.1 Theoretical crystal structures and zone-center
OH stretching modes

The theoretical structural and vibrational properties of the
three minerals have been previously investigated in detail at
the DFT level using various XC functionals (e.g., Baranek et
al., 2001; Pascale et al., 2004; Ugliengo et al., 2009; Rey-
nard and Caracas, 2009; Mitev et al., 2010; Treviño et al.,
2018; Pillai et al., 2021; for brucite; Ulian et al., 2013; Blan-
chard et al., 2018; for talc; Prencipe et al., 2009; Balan et
al., 2002, 2021b; for lizardite). Overall the present theoret-
ical results (Tables 4 and 5) are consistent with these pre-
vious studies, and we will only focus on points specifically
related to the use of the vdw-DF2 functional. The choice of
this XC functional was motivated by the specificities of the
modeling of brucite. Using the PBEsol functional, the stable
structure of brucite has C2/m space symmetry up to 300 K
(Treviño et al., 2018). The more symmetric P 3m1 struc-
ture is unstable, as attested by imaginary phonon frequencies
at 0 K. This instability also occurs with the standard PBE
(Perdew–Burke–Ernzerhof) functional. In contrast, the use
of the non-empirical vdw-DF2 functional ensures the stabil-
ity of the more symmetric P3m1 structure at 0 K, eliminating
the imaginary frequencies (Pillai et al., 2021). In this case the
unit cell is small enough to keep the computation time within
reasonable limits, which facilitates the computation of three-
phonon coupling coefficients and supports the present choice
of the vdw-DF2 functional.

For the three minerals, the vdw-DF2 functional leads to
moderate variations in the cell geometry with respect to that
obtained with the PBE functional (Table 4). In talc, the c cell
parameter is reduced, whereas the a and b parameters are
close to the PBE ones. This reduction is consistent with a
significant contribution of van der Walls interactions in the
cohesion of its layered structure (Ulian et al., 2013). The
OH stretching modes are calculated at 3687 cm−1 (Table 5),
significantly lower than the corresponding PBE frequency
(3848 cm−1; Blanchard et al., 2018). In brucite, an increase
in both the a and c cell parameters is observed with the vdw-
DF2 functional, which is consistent with the findings of Pil-
lai et al. (2021). The OH stretching A1g and A2u frequencies
are computed at 3686 and 3702 cm−1, respectively (Table 5).
The splitting of the A1g and A2u modes (16 cm−1) is smaller
than that experimentally observed (36 cm−1), suggesting that
the vdw-DF2 functional underestimates the vibrational cou-
pling of OH groups in brucite. In comparison, the PBE func-
tional provides a better account of the vibrational coupling
in brucite with a A1g–A2u splitting closer to its experimen-
tal counterpart (Reynard and Caracas, 2009). In lizardite, the
cell parameters are very close to those previously determined
using the PBE functional (Table 4). The frequencies of the
OH stretching modes are 3666 and 3680 cm−1 for the E and
A1 modes of interlayer OH groups, respectively. The stretch-
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Figure 3. (a) NIR spectra of talc, brucite and lizardite in the range corresponding to combination bands. (b) Theoretical spectral functions of
talc, brucite and lizardite. The dotted lines correspond to the contributions related to the self-energy of modes 61, 11 and 47 for talc, brucite
and lizardite, respectively, as numbered in Tables S2, S3 and S4 in the Supplement.

Table 4. Theoretical and experimental cell parameters of talc, brucite and lizardite. Structure files are provided in the Supplement.

Talc Brucite Lizardite

vdw-DF2 exp. PBE vdw-DF2 exp. vdw-DF2 PBE vdw-DF2 exp. PBE
this work [1] [2] this work this work [3] [4] this work [5] [6]

a (Å) 5.37 5.29 5.35 3.19 3.1473 3.19 3.12 5.38 5.3267 5.37
b (Å) 9.29 9.173 9.27
c (Å) 9.58 9.460 10.12 4.89 4.7694 4.85 4.82 7.38 7.2539 7.36
α (◦) 90.4 90.46 90.3 90 90 90 90 90 90 90
β (◦) 98.8 98.68 98.3
γ (◦) 90.1 90.09 90.0 120 120 120 120 120 120 120

[1] Perdikatsis and Burzlaff (1981). [2] Blanchard et al. (2018). [3] Pillai et al. (2021). [4] Reynard and Caracas (2009). [5] Gregorkiewitz et al. (1996).
[6] Balan et al. (2021b).

ing of the inner OH is calculated at 3709 cm−1. Compared
with the PBE results (Balan et al., 2021b), these values are
closer to the experimentally observed band frequencies.

3.2.2 Theoretical phonon density of states (DOS) and
two-phonon absorption spectra

The one-phonon DOS of talc and lizardite (Fig. 4) be-
tween 0 to ∼ 1100 cm−1 displays two gaps separating the
Si–O stretching (above ∼ 840 cm−1) modes and the con-
tributions dominantly related to H displacements (between
590 and 840 cm−1) from other modes at lower frequencies.
The DOS of brucite (Fig. 4) is similar to that previously re-
ported by Treviño et al. (2018). The features between 620 and
930 cm−1 almost exclusively correspond to H atom displace-
ments, whereas other excitations lead to a continuum below
480 cm−1. A significant contribution of H atoms is however
also observed between 380 and 480 cm−1. In comparison,
the H contribution in this lower-frequency region is weaker
in talc and lizardite.

The one-phonon DOS of OH stretching modes displays
characteristic features between 3650 and 3725 cm−1 (Fig. 4).
In talc, a double peak with a very small splitting (∼ 1 cm−1)
corresponding to the Au and Ag modes is observed. In
brucite, the dispersion of the OH stretching modes leads to a
broader and asymmetric peak that covers a frequency range
of ∼ 27 cm−1. Its maximum is observed at 3687 cm−1, close
to the A1g mode frequency (Table 5). Towards the high fre-
quencies, the DOS extends up to ∼ 3713 cm−1, correspond-
ing to the theoretical A2u(LO) frequency. In lizardite, the in-
ner OH stretching appears as a narrow peak at 3709 cm−1.
The shape of the DOS corresponding to interlayer OH
stretching is similar to that observed in brucite, covering a
frequency range of 29 cm−1 with a maximum at 3667 cm−1

close to the E mode frequency. Its asymmetric tail extends up
to the A1(LO) frequency (3695 cm−1).

The two-phonon DOS of OH stretching modes in talc dis-
plays features at approximately twice the frequency of the
two fundamental bands (Fig. 5). An additional peak at inter-
mediate frequency (7373 cm−1) corresponds to the combi-
nation of the two fundamental states. Its frequency coincides
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Table 5. Zone-center theoretical frequencies (cm−1) of OH stretching modes in talc, brucite and lizardite. Theoretical vibrational modes are
provided in the Supplement.

Talc Brucite Lizardite

symmetry vdw-DF2 PBE symmetry vdw-DF2 vdw-DF2 PBE symmetry vdw-DF2 PBE
this work [1] this work [2] [3] this work [4]

Ag 3687 A1g 3686 3596.8 3686 E 3666 3704
Au (TO) 3687 3848 A2u (TO) 3702 3618.4 3727 A1 (TO) 3680 3721
Au (LO) 3688 A2u (LO) 3713 3741 A1 (LO) 3695 3740

Inner OH 3709 3783

[1] Blanchard et al. (2018). [2] Pillai et al. (2021). [3] Reynard and Caracas (2009). [4] Balan et al. (2021b).

Figure 4. One-phonon density of states of talc, brucite and lizardite. Panel (a) corresponds to the OH stretching modes. The arrows point to
the LO frequency of A2u and A1 interlayer OH stretching modes in brucite and lizardite, respectively. The thick line in (b) corresponds to
the contribution of H displacements. For lizardite, the contributions of inner and interlayer OH groups are reported below. Note that a smaller
smearing has been used to obtain the DOS of OH stretching modes (a).

with that of the peak observed in the theoretical spectral func-
tion (Fig. 5). In this centro-symmetric structure, the IR-active
virtual phonon with u symmetry decays in a combination of g
and u modes. This narrow peak (FWHM ∼ 2 cm−1) displays
an asymmetric shape extending toward high wavenumbers.

In brucite, the two-phonon DOS also extends on a range
approximately twice as large as the one-phonon DOS, and
its shape is similar to that of the one-phonon DOS, except
that its maximum, corresponding to a reciprocal space do-
main with a high density of vibrational states and relatively
flat phonon dispersion, is shifted to a comparatively higher
wavenumber (Fig. 5). The shape of the two-phonon spec-
tral function differs from that of the two-phonon DOS. It
has a significant intensity in a range extending from 7376 to
7399 cm−1, i.e., from the high-density region involving A2u
and A1g branches to the combination of A2u(LO) and A1g
mode, respectively. Its intensity is almost exclusively related
to the self-energy of the A2u OH stretching mode.

The two-phonon DOS of lizardite (Fig. 5) displays a nar-
row peak corresponding to the inner OH at 7419 cm−1 and
a structured continuum corresponding to the interlayer OH
groups. The lower edge of the continuum (7332 cm−1) cor-

responds to twice the frequency of the E modes. A strong
peak occurs at 7376 cm−1 with additional peaks on its high-
frequency side. These features correspond to a combination
of the interlayer modes with the inner OH mode. The shape
of the spectral function differs from that of the two-phonon
DOS. It displays transitions to a continuum of states extend-
ing from twice the E mode frequency to twice the A1(LO)
frequency (7390 cm−1) with an intensity increase towards
the high wavenumbers (Fig. 5).

As exposed in Bogani (1978a, b) and Klafter and Jort-
ner (1982), the spectral features corresponding to the two-
phonon continuum are dominantly related to the harmonic
two-phonon Green’s function. However, it is noteworthy that
the spectral functions of the three minerals also display
strong peaks at wavenumbers above the continuum (Fig. 5).
They are observed at 7447 cm−1 in talc and brucite and at
7404, 7409, 7423 and 7485 cm−1 in lizardite. These split-
off resonances are related to the cancelation of the real part
of the denominator in the anharmonic two-phonon Green’s
functions. This property of the anharmonic Green’s function
produces the split-off bound states associated with molecu-
lar overtones when the internal anharmonicity of molecular
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Figure 5. (a) Enlarged view of the experimental absorption bands corresponding to the two-phonon OH stretching continuum in talc, brucite
and lizardite. Note the significant variations in the width of the bands. (b, c, d) Theoretical two-phonon DOS and spectral function of
OH stretching modes in talc, brucite and lizardite. For an easier comparison the one-phonon DOS is also reported at the bottom with a
wavenumber scale multiplied by 2.

groups is fully taken into account. As only three-order terms
are explicitly computed in the present study, these poles ap-
pear at meaningless frequencies and will not be further con-
sidered in this study.

Finally, the spectral functions in the vicinity of the fun-
damental OH stretching bands reveal features correspond-
ing to the combination of OH stretching modes with other

modes involving OH groups (Fig. 3). These features corre-
spond to overlapping contributions from the self-energy of
several modes, among which one or two are dominant. The
decay channels involve the combination of an OH stretch-
ing mode with other modes at lower frequency. The corre-
sponding spectral functions (Fig. 3) reflect the contributions
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related to H displacements in the low-frequency part of the
one-phonon DOS (Fig. 4).

In talc, the main structures are observed at 4344, 4387,
4415 and 4469 cm−1. The major contribution to these fea-
tures is related to the self-energy of an in-plane Si–O stretch-
ing mode whose theoretical TO frequency is 1046 cm−1

(mode 61; Table S2).
In brucite, three bands are observed at 4360, 4469 and

4576 cm−1 in the theoretical spectrum (Fig. 3). A stronger
one is observed at 4145 cm−1. Dominant contributions to
these four bands involve the self-energy of modes 9 and 11
(Table S3). Mode 11 at 478 cm−1 corresponds to a Mg–(OH)
stretching with A2u symmetry, experimentally observed at
461 cm−1. Mode 9 has Eu symmetry and corresponds to
OH libration motions. It is computed at 447 cm−1 and ex-
perimentally observed at 416 cm−1 (Dawson et al., 1973).
The observed bands correspond to the decay of these modes
into the OH stretching modes combined with the phonon
branches leading to the H-related features observed between
620 and 930 cm−1 and to the H contribution between 380 and
480 cm−1 in the one-phonon DOS (Fig. 4).

Three major bands are observed at 4327, 4396 and
4480 cm−1 in the spectral function of lizardite (Fig. 3). They
are dominated by the self-energy of an in-plane Si–O stretch-
ing mode with E symmetry (mode 47 with a TO frequency
of 877 cm−1; Table S4) which accounts for about one-third
of the intensity of the three bands. A comparison with the
one-phonon DOS projected on H displacements indicates
that these bands are mostly related to decay channels in-
volving the interlayer OH groups (Fig. 3). Two weaker the-
oretical features are also observed at 4684 and 4724 cm−1.
They are related to the minor contribution of interlayer and
inner OH groups, respectively, to the vibrational states domi-
nated by the stretching of apical Si–O bonds at∼ 1014 cm−1

(Fig. 4). These features have their counterparts at 4684 and
4728 cm−1 in the experimental spectrum of lizardite (Fig. 3).

4 Discussion

As exposed in the Introduction, absorption bands observed in
the near-infrared spectra of hydrous minerals can be catego-
rized as a function of the localization of the excitation. Due
to the significant anharmonicity of the OH stretching poten-
tial and the moderate vibrational coupling between the OH
groups, the overtones of OH stretching modes are observed
at a frequency significantly lower than the frequency range
covered by the two-phonon continuum and can be interpreted
within a molecular approach. Other absorption bands involv-
ing the combination of two (or more) free phonons depend
on collective vibrational properties and are related to the vi-
brational DOS of the crystals. Although more sophisticated
models accounting for both characters have been developed
for molecular crystals (Bogani, 1978a, b; Klafter and Jortner,
1982) or adsorbates (Jakob and Persson, 1998), a sound inter-

pretation of the spectra can be based on a separate treatment
of the two types of bands.

4.1 Anharmonicity of OH stretching potential in
trioctahedral minerals

In most hydrous minerals, the low mass of the H atom en-
sures a significant frequency separation and related minimal
coupling of OH stretching mode with the other vibrational
modes. Therefore, their OH stretching vibrations can be un-
derstood by limiting the analysis to sets of interacting OH
dipoles (e.g., Mitev et al., 2010; Fuchs et al., 2022).

In the absence of significant vibrational coupling, as in talc
or for the inner OH group in lizardite, the frequency of the
fundamental and overtone bands is well described by the fol-
lowing one-dimensional (1-D) relation (Szalay et al., 2002):

ωOH(n)= nωhar+ n(n+ 1)Xanhar, (1)

where ωOH(n) is the (anharmonic) frequency of the tran-
sition from the fundamental state to the nth excited state
(0→ n), ωhar is the harmonic OH stretching frequency, and
Xanhar is the anharmonicity parameter associated with the
OH potential along the stretching coordinate (Petit et al.,
2004b; Balan et al., 2007). The linear regression of exper-
imental data (Fig. 6) leads to an anharmonicity parameter
Xanhar =−83 cm−1 for both types of OH groups, as well as
for those associated with the Mg2Fe2+ configuration in talc.
This value is consistent with that previously reported for talc
(−84 cm−1) by Petit et al. (2004b). The corresponding har-
monic frequencies (ωhar) are 3842, 3826 and 3869 cm−1 for
the OH groups associated with the Mg3 and Mg2Fe2+ envi-
ronments in talc and for the inner OH of lizardite, respec-
tively.

When the OH groups are vibrationally coupled, as in
brucite or for the interlayer OH groups in lizardite, Eq. (1)
cannot be directly used because the fundamental bands cor-
respond to vibrational modes whose frequency differs from
that of the 0→ 1 transition of the uncoupled OH oscillator.
This effect of coupling is reduced for the overtone bands,
which appear close to the frequencies of 0→ n transitions
(n > 1) of non-interacting molecular groups (Child, 1985;
Balan et al., 2021a). The frequency of the uncoupled oscil-
lator can be assessed from the splitting of the OH stretching
modes involving the coupled oscillators (e.g., Fuchs et al.,
2022). Considering the symmetry of the crystal and express-
ing its zone-center dynamical matrix using molecular coordi-
nates (Califano et al., 1981), the frequency of the uncoupled
oscillator is given by the relation 3ωOH(1)= 2ω(E)+ω(A1)

for the interlayer OH groups in lizardite and by 2ωOH(1)=
ω(A1g)+ω(A2u) for the OH groups in brucite. However,
these expressions do not consider the long-range electro-
static interactions which potentially affect the vibrational fre-
quency of the IR-active vibrational modes. The LO–TO split-
ting of the A1 mode of lizardite and A2u mode of brucite
amounts to ∼ 16–19 and ∼ 12 cm−1, respectively, whereas
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Figure 6. Fundamental and overtone frequencies as a function of
the quantum number n characterizing the excited state. The lin-
ear regressions correspond to the application of the 1-D relation
(Eq. 1). The squares and circles correspond to inner and interlayer
OH groups, respectively.

the other weakly active or IR-inactive modes are unaffected.
These effects have been previously discussed in kaolinite
group minerals by assuming that these systems are well de-
scribed by periodically repeated sheets of dipoles oscillating
along the direction perpendicular to the sheets (Balan et al.,
2005). In this simple model, the LO frequency of the bulk
crystal coincides with that of the isolated sheet of dipoles.
In contrast, the TO frequency corresponds to the condition
that the macroscopic electric field in the periodic system is
nil. This condition is ensured by a local electrostatic field
which interacts with the dipoles and downshifts their vibra-
tional frequency with respect to that of the isolated sheet.
Based on this analysis, it seems reasonable to consider the
LO frequency of the IR-active modes, instead of the TO fre-
quency, to assess the stretching frequency of the uncoupled
OH groups.

For the interlayer OH groups of lizardite, the Raman spec-
troscopic measurements suggest that the E and the A1(LO)
mode frequencies are 3653 and 3688 cm−1, respectively,
leading to an uncoupled frequency ωOH(1) of 3665 cm−1.
For brucite, the frequency of the A1g and A2u(LO) modes
are inferred at 3652 and ∼ 3700 cm−1, respectively, leading
to a ωOH frequency of 3676 cm−1. This frequency is in ex-
cellent agreement with that experimentally determined on
isotopically isolated OH groups in Mg(OD)2 (3677 cm−1)
(Hermansson et al., 2009). Combining these values for the
0→ 1 transition with the observed position of 0→ n over-
tone bands, the experimental data closely follow Eq. (1)
(Fig. 6). The linear regression leads to anharmonicity pa-
rameters of −89.4 and −92.5 cm−1 for the interlayer OH
groups in lizardite and brucite, respectively. The correspond-
ing harmonic frequencies are 3848 and 3859 cm−1, respec-

tively. The quality of the linear regressions (Fig. 6) further
supports the use of LO (instead of TO) frequencies of IR-
active modes to infer the frequency of uncoupled OH groups.

The parameters obtained from the linear regressions can
be inserted in an effective spectroscopic Hamiltonian as pro-
posed in Balan et al. (2021a). For brucite the dimension of
the Hamiltonian is reduced to 6× 6, consistent with the oc-
currence of two OH groups in the primitive cell. Using an
effective coupling constant (λ) of 11.7 and −24 cm−1 for
interlayer OH groups in lizardite and brucite, respectively,
a good agreement with experimental data is obtained (Ta-
ble 6). The parameters describing the interlayer OH groups in
lizardite (ωhar = 3848 cm−1,Xanhar =−89.35 cm−1 and λ=
11.7 cm−1) slightly differ from those previously proposed
(ωhar = 3829 cm−1, Xanhar =−80 cm−1 and λ= 16 cm−1)
from the analysis of New Caledonian serpentine samples
(Balan et al., 2021a). The anharmonicity parameter of brucite
(Xanhar =−92.5 cm−1) also slightly differs from that pre-
viously proposed by Weckler and Lutz (1996) (Xanhar =

−97.5 cm−1). It should be stressed that all these parameters,
including the present ones, are determined using approxi-
mate models of anharmonic properties, which contributes to
the reported differences. It is also noteworthy that the transi-
tions corresponding to the local combination of OH stretch-
ing modes obtained by the diagonalization of the effective
Hamiltonian fall within the frequency range covered by the
two-phonon continuum (Table 6).

4.2 Assignment of NIR and MIR absorption bands
related to cationic substitutions in lizardite

Using the anharmonicity parameters characterizing the OH
stretching potential, it is possible to relate to first overtone
bands to fundamental frequencies of uncoupled OH groups
in the series of investigated samples using the following re-
lation: ωOH(1)= ωOH(2)/2−Xanhar obtained from Eq. (1).
As expected, the frequencies extrapolated for the OH groups
in the pristine environments of talc, lizardite and brucite
closely match those determined from the fundamental spec-
tra (Fig. 7). This relation can also be applied to the bands
related to the presence of substituting cations, such as Fe2+,
Fe3+ or Al3+, assuming that their presence does not signifi-
cantly affect the anharmonicity parameter of the coordinated
OH groups. This assumption is supported by the similarity
of the anharmonicity parameters obtained for the Mg3 and
Mg2Fe2+ environments in talc (Fig. 6). The bands observed
at 6973, 7021 and 7099 cm−1 in the overtone spectrum of
lizardite (Table 3) lead to ωOH(1) frequencies of 3575.5,
3599.5 and 3638.5 cm−1, respectively. These values compare
to those of the bands at 3569, 3589 and 3642 cm−1, respec-
tively, in the fundamental spectra of lizardite (Fig. 7). Based
on the theoretical study of Al and Fe impurities in lizardite
(Balan et al., 2021b), the band at 3569 cm−1 is most likely
related to the presence of Fe3+ at octahedral sites. In this
case, the three interlayer OH groups have a similar bond
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Table 6. Frequencies of interlayer OH stretching fundamental and first overtone transitions in brucite and lizardite obtained using the effective
Hamiltonian of Balan et al. (2021a). The transitions are labeled by the symmetry and the ket of the dominant contribution to the final state.
The frequencies are compared with their experimental counterparts. The local transitions to |11〉 type states actually correspond to the
two-phonon continuum.

Brucite ω ωexp Lizardite ω ωexp
(cm−1) (cm−1) (cm−1) (cm−1)

A1g |01〉 3650 3652 E |001〉 3657.6 3653
A2u |01〉 3698 ∼ 3700 A1 |001〉 3692.7 3688
A2u |02〉 7151.3 7155 A1 |002〉 7154.6 7160
A1g |02〉 7163 E |002〉 7158.3
A1g |11〉 7359.7 7315–7360 E |011〉 7328.5 7300–7385

A1 |011〉 7367.3 7300–7385

length leading to three OH stretching modes, among which
the one corresponding to the in-phase vibration of the OH
groups has the strongest spectroscopic activity. Consistently,
a single band is observed at 3569 and 6973 cm−1 in the MIR
and NIR spectra of lizardite (Fig. 1). This frequency analysis
does not explicitly consider the splitting of the three funda-
mental OH stretching modes associated with the octahedral
Fe3+ because it is theoretically expected (16 cm−1; Balan et
al., 2021b) to be significantly smaller than the experimental
width (67 cm−1; Table 3). Note also that overlapping contri-
butions arising from Al3+ at tetrahedral sites cannot be ex-
cluded in these MIR and NIR bands (Balan et al., 2021b). In
contrast, the stronger distortion of the octahedral site induced
by the Al3+ for Mg2+ substitution theoretically leads to two
absorption bands split by ∼ 50 cm−1 (Balan et al., 2021b).
Consistently, the fundamental bands observed at 3589 and
3642 cm−1 can be ascribed to Al3+ substitution at octahedral
sites, corresponding to an experimental splitting of 53 cm−1.
As this band splitting is not related to the vibrational cou-
pling but to structural distortions, it is not reduced in the NIR
spectra but leads to two overtone bands split by ∼ 78 cm−1

(Figs. 1 and 7).
Unlike the New Caledonian serpentines investigated by

Balan et al. (2021a), the Monte Fico lizardite is Ni-free
(Fuchs et al., 1998). Accordingly, the overtone band at
7132 cm−1 can be related to the sole Fe2+ for Mg substi-
tution (Balan et al., 2021a). Its frequency is consistent with
a downshift of the fundamental OH stretching frequency by
∼ 14 cm−1, similar to that observed in talc or brucite. Fol-
lowing the same approach as for the other bands, the fre-
quency of the fundamental band inferred from the overtone
frequency is 3655 cm−1 (Fig. 7). As a consequence, the fun-
damental interlayer OH band related to the Mg2Fe2+ envi-
ronment likely overlaps with the contribution of the E mode
of lizardite at ∼ 3653 cm−1. The corresponding frequency
shift of 12 cm−1 with respect to the uncoupled ωOH(1) fre-
quency (3665 cm−1) is consistent with the shift observed
for the other type of OH groups affected by Fe2+ for Mg
substitution at octahedral sites. In comparison, the previ-
ously proposed contribution of the Mg2Fe2+ environment to

Figure 7. Comparison of fundamental frequencies with frequen-
cies extrapolated from overtone bands using the 1-D approximation
(Eq. 1). The squares and circles correspond to inner and interlayer
OH groups, respectively. The 3642 and 3653 cm−1 frequencies cor-
respond to Raman data (Campagnoni et al., 2021) and are not re-
solved in the MIR spectrum of lizardite (Fig. 1). The interlayer OH
frequencies of brucite and lizardite are those inferred for the uncou-
pled OH oscillator (see text).

the 3642 cm−1 band (Balan et al., 2021b) would lead to a
23 cm−1 shift, which is less likely. As for the Fe3+ substitu-
tion at octahedral sites, the splitting related to the vibrational
coupling of OH groups is neglected because its theoretical
value (8 cm−1; Balan et al., 2021b) is significantly smaller
than the width of inter-layer OH bands (Table 3). It is there-
fore expected to contribute to the broadening of MIR absorp-
tion features instead of producing discrete features.
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Figure 8. Interpretation of the OH stretching overtone spectrum of
Monte Fico lizardite.

4.3 Two-phonon absorption continuum and
combination bands

Although partially accounting for the various absorption pro-
cesses, the spectral functions computed for the two-phonon
continuum in talc, brucite and lizardite provide sound expla-
nations for some of the salient differences observed in the
experimental spectra of the three minerals. The sole consid-
eration of the absorption mediated by a “virtual” IR-active
mode should not modify the frequency range covered by the
calculated features but could affect their relative intensities.

In talc, the two-phonon absorption of OH stretching modes
corresponds to a narrow feature consistent with the weakness
of OH coupling and related phonon dispersion. The weak and
narrow absorption is observed at 7352 cm−1, i.e., about twice
the frequency of the fundamental band (3677 cm−1).

In brucite, the theoretical two-phonon OH stretching ab-
sorption extends from a frequency corresponding to the max-
imum of the two-phonon DOS to a frequency equal to the
sum of A2u(LO) and A1g frequencies. The corresponding
experimental upper value is therefore 7352 cm−1 (3700+
3652). The maximum of the two-phonon DOS is more dif-
ficult to locate from the experimental data, but it should oc-
cur at a frequency slightly higher than the lower bound of the
two-phonon DOS, which is determined by the weakly dis-
persing A1g mode (3652 cm−1). Accordingly the band of the
two-phonon continuum should occur between > 7304 and
7352 cm−1, i.e., with a width of ∼ 48 cm−1. These values
compare well with the experimental observations of a band
extending from 7315 to 7360 cm−1, with a width of 45 cm−1

(Fig. 5). In addition, the increase in the theoretical intensity

toward the high wavenumbers is consistent with the asym-
metry of the experimental band (Fig. 5).

Compared with brucite, the two-phonon band of lizardite
is broader with a width of ∼ 85 cm−1 (from 7300 to
7385 cm−1). The theoretical two-phonon spectral function
extends from twice the E frequency to twice the A1(LO)
mode frequency. Based on the experimental frequencies of
lizardite stretching modes, these boundaries correspond to
7306 and 7376 cm−1, i.e., a width of∼ 70 cm−1. In lizardite,
both the A1 and E modes are IR-active and can contribute to
the two-phonon band in the NIR range, which thus covers the
full range of the two-phonon DOS of OH stretching modes.
In contrast, the IR-active A2u mode in brucite decays in a
combination of g and u modes which restricts the absorption
range with respect to that covered by the two-phonon DOS,
explaining the difference observed between the brucite and
lizardite two-phonon spectra.

A proportion of interlayer OH groups in lizardite occurs in
the Mg2Fe2+ environment. Neglecting their weak coupling
(Balan et al., 2021b), the frequency corresponding to local
transitions from ground to |110〉 states can be assessed using
the effective Hamiltonian proposed in Balan et al. (2021a),
assuming that the harmonic stretching frequency is lowered
by 14 cm−1 and the anharmonicity parameter is unchanged
with respect to the Mg3 environment. The resulting fre-
quency at 7311 cm−1 suggests that the corresponding signal
overlaps with the low-frequency tail of the main two-phonon
band. Accordingly the splitting of the two-phonon band ob-
served in chrysotile (two components identified at 7375 and
7349 cm−1) and tentatively ascribed to the presence of two
different cationic environments by Balan et al. (2021a) rather
corresponds to a modification of the two-phonon DOS re-
lated to the specificities of the chrysotile nanostructure.

Finally, a one-to-one relation based on their relative po-
sition and intensity can be drawn between the main experi-
mental and theoretical combination bands observed between
4000 and 4800 cm−1 (Fig. 3). The theoretical model supports
the assignment of these bands to contributions arising from
the poles of the self-energy of lower-frequency modes. The
decay channels corresponding to the absorption involve the
combination of OH stretching modes with the more disper-
sive OH librational and translational modes. The observed
features then reflect the contribution of the H displacements
to the low-frequency part of the one-phonon DOS (Fig. 4),
explaining why the combination bands are usually broader
than overtone bands. Although sensitive to the cationic com-
position of the octahedral sheet (Baron and Petit, 2016), the
interpretation of these bands in terms of local absorption
properties and their relation to MIR spectra is not as straight-
forward as for the overtone bands.
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5 Conclusions

In the present study, two different approaches were used to
relate the NIR absorption bands to their fundamental coun-
terparts, depending on the overtone or combination nature of
the excitation.

The frequency of the first and second overtones can be ac-
counted for by using the usual 1-D molecular model. This
model is still valid for the vibrationally coupled interlayer
OH groups, provided that the fundamental stretching fre-
quency of the uncoupled OH group is considered. This fre-
quency can be assessed from that of the OH stretching bands
using a local mode approach. The interpretation of the talc
and brucite overtones and the related parameters character-
izing the OH stretching potential are consistent with those
previously reported by, e.g., Petit et al. (2004b) for talc and
Weckler and Lutz (1996) for brucite. The interpretation of the
main overtone bands in the NIR spectrum of the Monte Fico
lizardite (Fig. 8) corresponds to that previously proposed by
Balan et al. (2021b) for New Caledonian samples. Specific
contributions related to Fe3+ and Al3+ substitutions at octa-
hedral sites are identified in the NIR spectrum of this well-
ordered sample. In addition, the extrapolation of the overtone
frequency to its fundamental counterpart suggests that the in-
terlayer OH stretching band related to the Mg2Fe2+ environ-
ment occurs at 3655 cm−1, overlapping with the weak ab-
sorption related to the interlayer E modes in pristine lizardite.

The two-phonon combination bands of the three miner-
als can be interpreted on the basis of the theoretical one-
phonon and two-phonon vibrational densities of states deter-
mined from first-principle calculations and by assuming that
the absorption process is mediated by the decay of a “virtual”
IR-active phonon. The results indicate that the combination
bands occurring in the 4000–4800 cm−1 range reflect the H
contribution to the one-phonon DOS in the 380–1200 cm−1

range. This explains why it is challenging to relate these
NIR bands to MIR features, the latter being restricted to the
IR-active long-wavelength phonons. The theoretical spectra
also reproduce the OH stretching combination bands in the
7000–7500 cm−1 range. In talc, the weakness of OH cou-
pling and negligible dispersion of OH stretching modes lead
to a weak and narrow band at 7352 cm−1. In brucite and
lizardite, the experimentally observed bands correspond to
a two-phonon continuum related to the dispersion of the in-
terlayer OH stretching modes. Compared with brucite, the
absence of inversion symmetry in lizardite leads to a broader
band covering the full range of the two-phonon DOS of in-
terlayer OH stretching modes.
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