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Abstract. Although OH overtone bands of 1 : 1 phyllosilicates are commonly observed in their near-infrared
(NIR) spectra, their interpretation in terms of transitions between specific vibrational states is still uncertain.
This situation can be traced back to the coupled nature of the fundamental OH-stretching modes involving
the interlayer OH groups of 1 : 1 phyllosilicates. In this case, the overtone spectra cannot be directly related
to their fundamental counterparts observed in the mid-infrared (MIR) spectra. In the present study, we use a
parameterized quantum-mechanical approach to compute the vibrational frequencies related to the fundamental
and overtone bands in serpentine group and kaolinite group minerals. The simple model is based on a description
of the vibrational properties of a cluster of OH groups in terms of harmonically coupled anharmonic oscillators.
The comparison of the theoretical results with experimental observations makes it possible to interpret most
of the salient features of the overtone spectrum of 1 : 1 phyllosilicates. Unlike the bands observed in the MIR
spectra, the overtone bands observed between 7000 and 7300 cm−1 are related to local transitions from the
ground state to the second excitation level of OH groups, whereas the weaker bands observed between 7300 and
7400 cm−1 involve a double excitation to the first vibrational level of OH oscillators. The results also support the
assignment of specific overtone bands to the occurrence of substituted divalent cations of transition elements in
serpentine group minerals.

1 Introduction

Near-infrared (NIR) spectroscopy is a versatile tool that has
been applied to phyllosilicates in a wide variety of scien-
tific contexts ranging from the mineralogical exploration of
planet and asteroid surfaces using remote sensing techniques
(e.g. King and Clark, 1989; Bishop et al., 2008; Carter et al.,
2013; Greenberger et al., 2015) to detailed studies of their
crystal-chemical properties (e.g. Petit et al., 1999, 2004a, b;
Bishop et al., 2002; Baron and Petit, 2016; Blanchard et al.,
2018), through the monitoring of industrial processes (e.g.
Guatame-Garcia et al., 2018), asbestos detection (Lewis et
al., 1996) and mining geology applications (e.g. Mathian et
al., 2018). The NIR spectra of 1 : 1 phyllosilicates have also

been shown to be sensitive to their stacking pattern and order-
ing scheme (e.g. Delineau et al., 1994; Madejová et al., 2011;
Cheng et al., 2010; Lai et al., 2019; Pineau et al., 2020),
enabling the identification of polytypic varieties in complex
samples.

The absorption bands observed in the MIR range at am-
bient temperature are dominated by fundamental transitions
occurring from the ground state to the first excited vibrational
states. In contrast, the main signals observed in the NIR spec-
tra of phyllosilicates can relate to higher excitation levels
of OH vibrational modes. Combination bands observed in
the 4200–4700 cm−1 range involve the simultaneous excita-
tion of a stretching and a M–OH bending mode. Overtone
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bands observed in the 7000–7500 cm−1 range correspond to
the double excitation of OH-stretching modes. Focusing on
overtone bands, the lower sensitivity of their absorption co-
efficient to H-bond strength can be useful for chemometric
applications (Carteret, 2009). In addition, the anharmonicity
of OH bonds can be determined by comparing the overtone
frequency (ω2OH) to that of the fundamental mode (ωOH).
The anharmonicity parameter Xanhar = ω2OH/2−ωOH has
been determined in talc specimens displaying various octa-
hedral and tetrahedral environments, leading to a value of
−86.5± 3 cm−1 (Petit et al., 2004b), consistent with the gen-
eral trend observed between OH-stretching frequency and
anharmonicity (e.g. Wöhlecke and Kovaìcs, 2001; Szalay et
al., 2002).

Compared with talc, the overtone spectrum of 1 : 1 phyl-
losilicates is more complex due to the occurrence of several
inequivalent OH groups in their primitive cell. Three OH
groups, referred to as interlayer OH groups, are located at
the top of the di- or tri-octahedral sheet and are hydrogen-
bonded with the basal plane of O atoms of the next layer.
The other OH group, referred to as the inner OH group, is lo-
cated inside the layer, between the octahedral and tetrahedral
sheets. In lizardite, the three interlayer OH groups are related
to each other by a three-fold symmetry axis, whereas the
inner OH group is located on the three-fold symmetry axis
and oriented perpendicularly to the layers (Mellini and Viti,
1994). In kaolinite group minerals, three inequivalent inter-
layer OH groups occur and the inner OH group points in a di-
rection parallel to the layers (Blount et al., 1969; Bish, 1993;
Bish and Johnston, 1993). The inner OH group in kaolinite
group minerals usually leads to well-defined narrow bands in
their NIR and MIR spectra. The corresponding anharmonic-
ity parameters were found to be close to those determined
for talc samples (Petit et al., 2004b) and consistent with the-
oretical predictions (Balan et al., 2007), further supporting
the assignment of the observed bands to inner OH groups. In
contrast, a straightforward correlation of the other overtone
bands to those observed in the MIR spectra may prove to be
more difficult, a difficulty that can be traced back to the cou-
pled nature of OH-stretching modes involving the interlayer
OH groups (e.g. Balan et al., 2002b, 2005). In the case of
coupled oscillators, the relations between their overtone and
fundamental spectrum are more complex (Child, 1985), and
a modelling approach could help improve our understanding
of the overtone spectrum of 1 : 1 phyllosilicates.

In the present study we use a parameterized quantum-
mechanical approach to compute the vibrational frequencies
related to the fundamental and overtone bands in serpen-
tine group and kaolinite group minerals. The model is based
on a local mode description of the vibrational properties of
the system, a description well adapted to the modelling of
the overtone spectra of molecules (e.g. Child, 1985; Sibert,
2019). The comparison of the theoretical results with exper-
imental observations on reference samples makes it possible

to interpret most of the salient features of the overtone spec-
trum of 1 : 1 phyllosilicates.

2 Samples and methods

Samples of lizardite and chrysotile have been collected in
the saprock of thick Ni-laterite deposits from New Caledo-
nia (samples L1 and C1; Fritsch et al., 2016). The monopha-
sic composition of the samples was cross-checked by Ra-
man spectroscopy, X-ray diffraction and high-resolution
transmission electron microscopy (Fritsch et al., 2016).
Their chemical composition (Table 1) was determined using
a PerkinElmer 1100b atomic-absorption spectrophotometer
(AAS) after acid digestion of 1000 mg of a finely pow-
dered aliquot in a high-pressure TFM Teflon vessel using an
ETHOS 1600 MILESTONE microwave system. It indicates
the presence of minor amounts of transition elements (mostly
Fe, Ni and Cr) and aluminium, which occur at higher con-
centration levels in the lizardite sample than in the chrysotile
sample. Kaolinite from Decazeville (France), dickite from
Nowa Ruda (Poland) and nacrite from Mesloula (Algeria)
are well-ordered reference samples of kaolinite group min-
erals, which have been previously investigated in the MIR
range by Balan et al. (2002a, 2005, 2010, 2014).

The mid-infrared (MIR) spectra of serpentine samples
have been recorded in the transmission mode on KBr pellets
(sample /KBr mass ratio ∼ 1 %) using a Thermo Scientific
Nicolet 6700 FT-IR spectrometer equipped with an EverGlo
source, KBr beam splitter and DTGS-KBr detector at a reso-
lution of 4 cm−1 with co-addition of 100 scans. Near-infrared
(NIR) spectra of serpentine samples were recorded on pure
powders at a 4 cm−1 resolution in a diffuse reflectance ge-
ometry using a Thermo Scientific Nicolet 6700 FT-IR spec-
trometer equipped with a white light source, a CaF2 beam
splitter and an integrating sphere with internal InGaAs detec-
tor and reference gold mirror. NIR diffuse reflectance spectra
of kaolinite group minerals have been recorded at a 2 cm−1

resolution using a Nicolet 6700 FTIR spectrometer set with
a white light source, quartz beam splitter, DTGS-KBr detec-
tor, reference Al mirror and Collector II diffuse reflectance
accessory.

3 Effective model of coupled anharmonic oscillators

The vibrational properties of crystals are usually described
in a normal mode picture. In this case, the harmonic vibra-
tional modes are obtained from the eigenvectors of the dy-
namical matrix, whereas the eigenvalues lead to vibrational
frequencies. The corresponding scheme is commonly imple-
mented in electronic structure packages, making it possible
to compute the infrared and Raman spectra of crystalline and
molecular systems from first principles. Application of this
approach to 1 : 1 phyllosilicates has provided a sound pic-
ture of their OH-stretching modes in terms of coupled oscil-
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Table 1. Chemical composition of the serpentine group mineral samples

Sample SiO2 MgO NiO FeO Al2O3 Cr2O3 MnO CoO LOI∗ Total
(wt %)

Lizardite MG4bNep7 40.01 37.13 0.80 4.27 0.13 0.45 0.07 0.02 13.30 96.18
Chrysotile BON-C2-1b 43.60 40.04 1.04 1.53 0.19 0.04 0.04 0.01 13.00 99.50

∗ Loss on ignition.

lators, consistent with experimental observations (e.g. Balan
et al., 2001, 2002b, 2005; Tosoni et al., 2006; Prencipe et al.,
2009). It has also provided a quantitative assessment of the
macroscopic electrostatic effects related to collective atomic
displacements in polar crystals (Farmer, 1998, 2000; Balan et
al., 2001, 2002b). However, this approach does not account
for the significant anharmonicity of OH bonds. The matching
of theoretical OH-stretching frequencies with those of the ex-
perimentally observed fundamental absorption bands results
from fortuitous but systematic error cancellations (Balan et
al., 2007) or requires a post-processing anharmonic correc-
tion of frequencies (Tosoni et al., 2006; Prencipe et al., 2009).
This weakness is exacerbated when considering higher exci-
tation levels because of the increasing role of anharmonicity
in the system dynamic (Child, 1985). In this context, the an-
harmonic description of the individual OH bonds is manda-
tory and the vibrational properties of the system can then
be retrieved by coupling the corresponding anharmonic os-
cillators. For example, the anharmonic detuning of O–H vi-
brations in the overtone spectrum of H2O has been investi-
gated in details by Child and Lawton (1981). The splitting of
OH-stretching frequencies observed in the fundamental H2O
spectrum is reduced by a factor of 2 in its first overtone spec-
trum. Accordingly, it can be anticipated that the moderate
(∼ 10–30 cm−1) coupling of the interlayer OH-stretching vi-
brations observed in 1 : 1 phyllosilicates (Balan et al., 2001,
2002b, 2005) becomes marginal in the description of their
overtone spectra, which supports a description of the corre-
sponding vibrational properties in terms of local mode.

However, further assumptions are necessary to build up
such a local mode description. The model is restricted to
the OH-stretching modes only, which are almost fully de-
coupled from the other vibrational mode observed at a sig-
nificantly lower frequency (Balan et al., 2005). The coupling
between the anharmonic OH oscillators is also restricted to
the first OH neighbours of the same cell, and any long-range
collective behaviour is neglected. This second assumption is
reasonable for high-frequency weakly dispersing vibrational
modes (Salje, 1992) and will be addressed in further de-
tail in the discussion section. Under these two assumptions,
the description of the vibrations of interlayer OH groups in
1 : 1 phyllosilicates is reduced to the treatment of a molecu-
lar cluster displaying the three interlayer OH groups of their
primitive unit cell. Following Child and Halonen (1984) and
Child (1985), the energy levels and vibrational wave func-

tions of the system are obtained as eigenvalues and eigen-
vectors of an effective Hamiltonian:

Heff =
∑
α

H 0
α +

∑
α<β

Hαβ , (1)

where α = 1,2,3 and β = 1,2,3 denote the different OH
groups, and the sums run over all possible combinations. H 0

α

is a single-bond oscillator Hamiltonian, and Hαβ describes
the harmonic coupling between two different bond oscilla-
tors. The single-bond oscillator can be described as a Morse
oscillator with eigenstates |nα〉 and eigenvalues:

E(nα) /hc =

(
nα +

1
2

)
ωα −

(
nα +

1
2

)2

ωαχα, (2)

where ωα is the harmonic vibrational frequency expressed
as wavenumbers, ωαχα relates to the potential anharmonic-
ity, and h and c are the Planck constant and the speed of
light, respectively. For an isolated oscillator, ωαχα compares
directly to the anharmonicity constant experimentally ob-
tained from the analysis of its overtone spectrum: ωαχα =
−Xanhar. Therefore, the diagonal matrix elements of the ef-
fective Hamiltonian expressed in the local mode product ba-
sis |n1n2n3〉 are

〈n1n2n3 |Heff /hc |n1n2n3〉 =

3∑
α=1

E(nα)/hc. (3)

The harmonic coupling terms in the effective Hamiltonian
(1) carry selection rules 1nα =±1. In the case where ωα �
ωαχα , the dominant coupling occurs within the same over-
tone manifold defined by N = n1+ n2+ n3, whereas the
coupling between states belonging to different manifolds is
much weaker and can be neglected in the present case. Ac-
cordingly, the off-diagonal matrix elements are〈
n′1n
′

2n
′

3 |Heff /hc |n1n2n3
〉
=

3∑
α, β,γ=1

λα,β
[
(nα + 1)nβ

]1/2
δn′αnα+1δn′βnβ−1δn′γ nγ , (4)

where λα,β is a parameter measuring the coupling between
oscillators α and β, and δi,j = 1 if i = j and δi,j = 0 if
i 6= j . Depending on the relative value of anharmonicity and
coupling parameters, the system behaviour can thus con-
tinuously shift from that of uncoupled anharmonic oscil-
lators (ωαχα � λ) to that of coupled harmonic oscillators
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Figure 1. Scheme of the respective contribution of harmonic fre-
quencies (ωα), anharmonicity parameters (ωαχα) and mode cou-
pling in determining the energy of observed fundamental and over-
tone transitions for a C3V symmetry. Note that the figure is not to
scale because the harmonic frequencies are significantly larger than
the anharmonicity and mode coupling parameters.

(λ� ωαχα). In the present study, only the N = 0 (ground
state), 1 and 2 manifolds are considered as they correspond
to the vibrational states involved in the fundamental and
first overtone transitions. The effective Hamiltonian built for
modelling the overtone spectrum of interlayer OH groups in
1 : 1 phyllosilicates thus corresponds to a 10×10 symmetric
matrix whose diagonalization leads to 10 vibrational levels.
Appropriate sets of Hamiltonian parameters (ωα , ωαχα and
λ) are then determined by comparing the theoretical predic-
tions to the experimental observations, using a trial-and-error
approach.

In lizardite, the three interlayer OH groups are related to
each other by a three-fold symmetry axis. For a C3V symme-
try, the effective Hamiltonian can be decomposed in subma-
trices corresponding to the A1 and E irreducible represen-
tations, and the corresponding symmetrized expressions are
given by Halonen and Child (1983). The symmetrized vibra-
tional quantum states forming the basis can be denoted by the
corresponding quantum numbers of the isolated oscillators
and by the relevant irreducible representation. In the states
belonging to the fully symmetric A1 representation, equal
coefficients describe the contributions of each oscillator to
the full vibrational state. For the C3V symmetry, it can also
be observed that the splitting of A1 and E states belonging
to the N = 1 manifold is equal to 3λ, whereas the splitting
between the |200〉 and |110〉 type states is approximately
equal to 2 ωαχα for small values of λ (Halonen and Child,
1983) (Fig. 1).

Although a full treatment of overtone absorption intensi-
ties is beyond the objectives of the present study, they can
be qualitatively discussed in the local mode picture follow-

ing Child and Halonen (1984). The intensity of an overtone
transition is determined by the transition moment integral:

µif = 〈f |µ | i〉 , (5)

where i denotes the ground state, f the excited state and µ
the dipole moment function of the system. The transition mo-
ment integral thus depends on the electrical anharmonicity,
i.e. on the specific expression of the dipole moment func-
tion, on the potential anharmonicity, which determines the
basis functions related to the isolated anharmonic oscillators,
and on the vibrational coupling. Under the assumption that
the ground state is well described by the local mode prod-
uct |000〉 and that the dipole moment function is a sum of
the individual bond dipole contributions, it can be shown that
the intensity of first overtones in molecular systems is con-
centrated in transitions from ground state to |200〉 , |020〉 or
|002〉 states (Child and Halonen, 1984).

4 Results

4.1 Fundamental and first overtone spectrum of OH
stretching in 1 : 1 phyllosilicates

The MIR and NIR spectra of the investigated samples (Fig. 2)
are consistent with those previously reported for 1 : 1 phyl-
losilicates (e.g. Farmer, 1974; Madejová et al., 2011).

Lizardite displays a band at 3703 cm−1 corresponding to
the inner OH group whereas a strong, broader and asymmet-
ric band at 3687 cm−1 is related to the in-phase stretching
(A1 representation of 31 m point group) of the interlayer OH
groups (Balan et al., 2002b; Prencipe et al., 2009). The de-
generate modes corresponding to out-of-phase stretching (E
representation) lead to a weaker feature at 3649 cm−1. The
chrysotile spectrum displays similar bands with narrower
shapes, making it possible to clearly identify their discrete
contributions (Fig. 2). As previously discussed (Balan et al.,
2002b), the 3687 cm−1 band is inhomogeneously broadened
by macroscopic electrostatic effects, whose magnitude can
also shift the vibrational frequency by ∼ 20 cm−1. Accord-
ingly, the weak shoulder at ∼ 3695 cm−1 affecting the shape
of the main band in the chrysotile spectrum (Fig. 2) will not
be discussed in further detail in the present study. Additional
band broadening is also expected in the lizardite spectrum
due to the higher impurity concentration in the sample (Ta-
ble 1). The OH overtone spectrum of lizardite displays three
major features at 7170, 7208 and 7240 cm−1. A shoulder
at 7128 cm−1 and a weaker narrow band at 7185 cm−1 are
also observed. Finally, two significantly weaker bands are
observed at 7375 and 7349 cm−1. Except the absence of the
narrow band at 7185 cm−1, the chrysotile overtone spectrum
displays narrower features at frequencies similar to those de-
termined for lizardite (Fig. 2).

In the MIR spectrum of kaolinite group minerals, the
narrow absorption band related to the inner OH group is
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Figure 2. MIR and NIR OH-stretching spectra of the investigated serpentine group and kaolinite group mineral samples. The MIR spectra
are reported as absorbances and the NIR spectra as log(1/R), where R is the sample reflectance. Spectra are scaled arbitrarily for graphical
reasons.

observed at 3619, 3621 and 3629 cm−1 in kaolinite, dick-
ite and nacrite, respectively (Fig. 2). In kaolinite, the cou-
pled motion of the three interlayer OH groups leads to
three bands at 3651, 3669 and 3695 cm−1 (Farmer, 1998,
2000; Balan et al., 2001). In dickite and nacrite, the cant-
ing of one of the interlayer OH group leads to the decou-
pling of its stretching motion from that of the two other
groups. Its stretching mode is observed at 3703–3710 and
3701 cm−1 in dickite and nacrite, respectively (Balan et al.,
2005). A minor coupling of OH motion between adjacent
layers in dickite explains the splitting observed at 3703–
3710 cm−1 (average frequency 3706.5 cm−1) (Balan et al.,
2005, 2010). The in-phase motion of the remaining two in-
terlayer OH groups leads to a band at 3654 and 3650 cm−1 in
dickite and nacrite, respectively. The corresponding out-of-
phase stretching mode leads to a weaker absorption feature
at ∼ 3623 cm−1, strongly overlapping with the inner OH-
stretching band in the dickite spectrum. The overtone spec-

tra of kaolinite, dickite and nacrite (Fig. 2) display a nar-
row band at 7065, 7070 and 7087 cm−1, respectively, that
can be related to the inner OH group (Petit et al., 2004b).
The kaolinite spectrum displays three bands at 7113, 7143
and 7168 cm−1 and a weaker triplet at 7335, 7352 and
7385 cm−1. The dickite and nacrite spectra share similar fea-
tures with a band at 7050 and 7053 cm−1, respectively, and
another band at 7240 and 7227 cm−1, respectively. Addi-
tional weak features are observed at 7355 and 7340 cm−1,
respectively. Note that the weak contribution at 7240 cm−1 in
the kaolinite spectrum is likely related to the occurrence of
a minor quantity of dickite-type stacking in this hydrother-
mal sample (Balan et al., 1999), a feature frequently re-
vealed in well-ordered kaolinite by low-temperature FTIR
spectroscopy (e.g. Johnston et al., 2008; Balan et al., 2014).
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Figure 3. Assignment of OH overtone transitions in serpentine
group minerals. Transitions calculated for a molecular cluster are in-
dicated by the vertical bars labelled with the corresponding excited
state (Table 3). The thick vertical bars denote an expected stronger
absorption intensity due to the symmetry of the excited state. Note
the bands related to the occurrence of divalent cations (M = Fe2+

and/or Ni2+) substituting for Mg in the tri-octahedral sheet of ser-
pentine group minerals.

4.2 Interpretation of the overtone spectrum of
serpentine group minerals

The relatively strong and narrow band observed at
7240 cm−1 in the lizardite and chrysotile spectra is most
likely related to the inner OH group (Fig. 3). The isolated
character of the inner OH-stretching vibration leads to a
straightforward relation between the overtone and funda-
mental spectra. The frequency of the fundamental transi-
tion observed at 3703 cm−1 corresponds to an anharmonic-
ity parameter Xanhar =−83 cm−1. This value is very close
to those previously determined for OH groups in phyllosili-
cates (Petit et al., 2004b), which supports the assignment of
the 7240 cm−1 band.

In contrast, it is less easy to establish a direct correla-
tion between overtone and fundamental transitions for the
other bands. An additional difficulty arises from the signif-
icant width of the MIR signals, making it difficult to accu-
rately determine the frequency of fundamental transitions.
Considering both the MIR and NIR spectra, the parameters

of the effective Hamiltonian were set to ωα = 3829 cm−1,
ωαχα = 80 cm−1 and λ= 16 cm−1 using a trial-and-error
approach (Table 2). These parameters lead to fundamental
transitions at 3653 and 3701 cm−1, whereas four frequen-
cies of overtone transitions are predicted (Table 3). Recalling
that the intensity of overtone bands arises from transitions to
|n00〉 -type states rather than to | (n− 1)10〉 type states, the
dominant band is expected to correspond to a transition to
a state with a predominant |200〉 character. In addition, the
approximation that the total dipole function in the transition
moment integral (Eq. 5) is the sum of individual bond dipole
contributions (Child and Halonen, 1984) with nearly paral-
lel orientation implies that states with A1 symmetry will lead
to stronger bands than those belonging to the E represen-
tations. The corresponding transition to the |200,A1〉 state
is calculated at 7168 cm−1, matching the frequency of the
band experimentally observed at 7170 cm−1 (Table 3, Fig. 3).
The eigenstates with dominant |110〉 character are observed
as weak bands in the 7300–7400 cm−1 range. As discussed
above, the transition to the state with A1 symmetry calcu-
lated at 7380 cm−1 is expected to be dominant, matching the
feature observed at 7375 cm−1.

Based on an ideal structure, three bands are thus expected
to occur in the overtone spectrum of lizardite. One identi-
fied at 7240 cm−1 is related to the inner OH group, whereas
the two others identified at 7170 and 7375 cm−1 correspond
to transitions to vibrational states involving the interlayer
OH groups. Accordingly, the other bands observed in the
overtone spectra of the investigated samples (Fig. 3) should
stem from their non-ideality. Consistently with the chemical
composition of the samples, the band at 7208 cm−1 in the
lizardite spectrum can be assigned to an inner OH group in
a Mg2M environment, where M denotes a Ni2+ or a Fe2+

cation. The corresponding downshift with respect to the Mg3
environment is 32 cm−1, which is consistent with the down-
shift of 28 cm−1 reported by Baron and Petit (2016) for syn-
thetic samples of the lizardite–nepouite series. The small and
narrow band at 7185 cm−1 (downshift of 55 cm−1) could
correspond to an inner OH group in a MgM2 environment
(downshift of 62 cm−1; Baron and Petit, 2016), but the oc-
currence of traces of talc, displaying an overtone band at
7185 cm−1 (Petit et al., 2004b), is more likely, even though
these traces go unnoticed in the MIR spectrum.

The occurrence of divalent cationic substitutions in the oc-
tahedral sheet is also expected to affect the interlayer OH
groups connected to these cations. For a given substituted
cation M in the low concentration limit, three interlayer OH
groups occur in a Mg2M environment. A new set of the
effective Hamiltonian parameters was thus considered, cor-
responding to a decrease in the harmonic frequency from
3829 to 3810 cm−1 and identical anharmonicity and cou-
pling parameters (Table 2). These parameters lead to fun-
damental frequencies at 3682 and 3634 cm−1, correspond-
ing to signals overlapping with the stronger bands related
to Mg3 environments in the MIR spectra. In contrast, the
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Table 2. Effective parameters of local OH-stretching modes in 1 : 1 phyllosilicates: harmonic frequencies ωα , anharmonicity constants ωαχα
and mode coupling parameters λ. The labels of H atoms correspond to those of Balan et al. (2002b, 2005).

ωα (cm−1) ωαχα (cm−1) λ (cm−1)

Kaolinite H1
H2
H3
H4

3792
3887
3857
3877

86.5
100
100
100

10

Dickite H1
H3
H2
H4

3796
3878.5
3862.5
3862.5

87
86
112
112

16.5 (λ2,4)

Nacrite H1
H2
H3
H4

3800
3873
3857.5
3857.5

85.5
86
110.5
110.5

13.5 (λ3,4)

Lizardite H4
H3

3869
3829

83
80 16

Lizardite-(Mg2M) H3 3810 80 16

dominant bands in the overtone spectrum are calculated at
7129 and 7342 cm−1 for the transitions to |200〉 and |110〉
states, respectively, and match the features observed at 7128
and 7349 cm−1 (Fig. 3). Consideration of the local effect of
substituting cations in the octahedral sheet on the interlayer
OH groups thus completes the interpretation of the overtone
spectrum of the two serpentine samples. Note however that
this minimal modification of the effective Hamiltonian ne-
glects the symmetry lowering related to the Fe or Ni for Mg
substitution and assumes that the corresponding three OH
groups occurring in a Mg2M environment still display simi-
lar vibrational properties.

4.3 Interpretation of the overtone spectrum of
kaolinite group minerals

In the overtone spectra of kaolinite group minerals (Fig. 4),
the bands related to the inner OH group are well identified
and lead to anharmonicity parameters of −85 to −87 cm−1,
as previously determined by Petit et al. (2004b).

Concerning the interlayer OH-stretching modes, the ab-
sence of symmetry relations potentially leads to a set of nine
parameters in the effective Hamiltonian describing the cou-
pling of the three OH oscillators. Therefore, several assump-
tions have been made to reduce the number of free parame-
ters. In dickite and nacrite, the stretching of one of the OH
groups (H2 in nacrite and H3 in dickite) appears as almost
uncoupled from that of the two other groups (Balan et al.,
2005), and the related coupling constants have thus been set
to zero. In addition, it has been assumed that the two cou-
pled OH groups display identical harmonic frequencies and
anharmonicity parameters. Within these approximations, the

Figure 4. Assignment of OH overtone transitions in kaolinite group
minerals. Transitions calculated for a molecular cluster are indi-
cated by the vertical bars labelled with the corresponding excited
states (Table 3). The thick vertical bars denote an expected stronger
absorption intensity due to the symmetry of the excited state. In the
model Hamiltonian, the OH3 and OH4 groups of nacrite and OH2
and OH4 groups of dickite are treated as equivalent oscillators. The
asterisk indicates the overtone of the inner OH-stretching mode.
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vibrational states are denoted by three quantum numbers,
the first one being related to the uncoupled oscillator and a
± symbol indicating the symmetric or antisymmetric states
of the other two coupled OH groups (Fig. 4, Table 3). Us-
ing appropriate sets of parameters obtained by a trial-and-
error approach (Table 2), the diagonalization of the effective
Hamiltonian leads to a very good match between observed
and calculated frequencies (Fig. 4, Table 3), supporting the
assignment of overtone bands. In the overtone spectrum of
dickite, the band observed at 7050 cm−1 is related to a tran-
sition to the symmetric |020,+〉 state, whereas the band at
7240 cm−1 corresponds to a transition to the |200〉 state in-
volving the OH3 oscillator. Interestingly, the presence of the
weak band at 7355 cm−1 (Fig. 4) can only be explained by
an interaction of the OH3 oscillator with the more strongly
coupled OH2 and OH4 oscillators. Although marginally af-
fecting the frequencies (and for this reason the coupling pa-
rameter was set to zero in the effective Hamiltonian, Table 2),
the non-zero absorption at 7355 cm−1 indicates the simulta-
neous excitation of OH3 with OH2 or OH4 oscillators. Using
a different set of parameters (Table 2), an identical interpre-
tation can be proposed for the overtone spectrum of nacrite
(Fig. 4).

For kaolinite, the three inequivalent OH groups are cou-
pled and it was assumed that they could be described using
different harmonic frequencies but with a single value for the
anharmonicity parameter and for the coupling constant (Ta-
ble 2). The harmonic frequencies were assigned to the OH2,
OH3 and OH4 groups by considering the respective contri-
butions of these OH groups to the theoretical normal stretch-
ing modes determined by Balan et al. (2001). Under these
assumptions, the three overtone bands at 7113, 7143 and
7168 cm−1 (Fig. 4) are dominantly related to local transitions
to the second excitation level of the OH3, OH4 and OH2 os-
cillators, respectively, whereas the triplet at 7335, 7352 and
7385 cm−1 stems from transitions to states with dominant
|011〉 , |110〉 and |101〉 characters (Table 3).

5 Discussion

The proposed simple model makes it possible to assign most
of the bands observed in the overtone spectrum of 1 : 1 phyl-
losilicates in terms of specific transitions from ground to ex-
cited vibrational states. Although the parameter values are
affected by the assumptions underlining the building of the
effective Hamiltonian and by uncertainties in the experimen-
tal determination of frequencies related to inhomogeneously
broadened bands, they are consistent with general trends de-
scribing the properties of OH groups in crystalline solids.
The high values of the harmonic frequencies (Table 2) are
close to the upper values of the compilation reported by Sza-
lay et al. (2002), which confirms the weakness of hydro-
gen bonding in these systems. Consistently, the anharmonic-
ity parameters ωαχα ranging between 80 and 112 cm−1 (Ta-

ble 2) are relatively small for OH groups. The coupling con-
stants (Table 2) range between 10 and 20 cm−1, which cor-
responds to an intermediate situation between the limit case
of uncoupled anharmonic oscillators and that of coupled har-
monic oscillators described by Child and Halonen (1984).

Neglecting collective behaviour and phonon dispersion in
the system description however deserves further comments.
More sophisticated treatments of two-phonon excitations in
crystalline solids (e.g. Bogani, 1978a, b; Kimball et al., 1981)
and 2D adsorbate systems (Jakob and Persson, 1998) have
shown that these excitations are primarily controlled by the
respective magnitude of single-bond anharmonicity and in-
terbond coupling, as in the case of molecules (Halonen and
Child, 1983). When the bond anharmonicity is strong enough
compared with the magnitude of the coupling interaction, a
split-off bound state is observed below a two-phonon contin-
uum, and the bound-state frequency approaches that of the
doubly excited anharmonic oscillator (Kimball et al., 1981).
In systems displaying several oscillators in their primitive
cell, the splitting between the bound states is also found to
decrease with increasing anharmonicity (Bogani et al., 1984).
In contrast, the width of the two-phonon continuum is re-
lated to the phonon dispersion pattern, which originates from
the interactions between the oscillators. Another feature of
condensed systems is the occurrence of non-local absorption
mechanisms enhancing the intensity of two-phonon bands,
whereas local mechanisms concentrate the intensity in bound
states as in molecules (Bogani et al., 1984). Accordingly, the
|200〉 type excitations identified here using a simple molec-
ular picture can be envisioned as transitions to localized split-
off bound states, involving the double excitation of OH os-
cillators, whereas the |110〉 type excitations correspond to
transitions to the two-phonon continuum, involving the si-
multaneous excitation of two coupled OH groups. The obser-
vation of relatively well-defined |110〉 features in the over-
tone spectrum of 1 : 1 phyllosilicates (Figs. 3 and 4) suggests
that the corresponding two-phonon densities of states are
sharply peaked, which, together with the significant anhar-
monicity of the OH bond and moderate value of coupling pa-
rameters, supports the present mapping of a molecular model
on crystal properties.

6 Conclusions

The present study confirms that a one-to-one relation cannot
be directly drawn between the observed fundamental absorp-
tion bands and overtone bands in minerals displaying cou-
pled OH groups. The respective magnitude of oscillator an-
harmonicity and interbond coupling is the key parameter ex-
plaining the shape of overtone spectra observed in the near-
infrared range. The significant OH anharmonicity leads to
the well-defined bands related to 0→ 2 transitions, whereas
the occurrence at higher frequency of the weaker and broader
features related to two simultaneous 0→ 1 transitions attests
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Table 3. Observed and calculated anharmonic frequencies of vibrational transitions involving interlayer OH in 1 : 1 phyllosilicates. The
coefficients of the dominant contributions to the excited state are indicated. The quantum numbers refer to the isolated oscillators as indicated
in the right column.

Exp. Calc. Final state
(cm−1) (cm−1) (main contribution)

Kaolinite |100> |010> |001> |nH2 nH3 nH4 >
3651 3652 0.18 −0.94 0.30
3669 3671 0.59 −0.14 −0.79
3695 3698 0.78 0.32 0.53

|200> |020> |002>
7113 7112 −0.01 −0.99 −0.02
7143 7152 −0.04 0.02 −0.99
7168 7172 −0.99 0.01 0.04

|110> |101> |011>
7335 7329 0.47 0.12 −0.87
7352 7343 −0.77 0.54 −0.34
7385 7376 0.42 0.83 0.34

Dickite |100> |010> |001> |nH3 nH2 nH4 >
3621 3622 0.00 0.71 −0.71
3654 3655 0.00 0.71 0.71

3706.5 (av.) 3706.5 1.00 0.00 0.00

|200> |020> |002>
7050 7048 0.00 0.70 0.70
n.o. 7053 0.00 −0.71 0.71

7240 7241 1.00 0.00 0.00

|110> |101> |011>
n.o. 7282 0.00 0.00 0.99
n.o. 7328.5 −0.71 0.71 0.00

7355 7361.5 0.71 0.71 0.00

Nacrite |100> |010> |001> |nH2 nH3 nH4 >
3623 3623 0.00 0.71 −0.71
3650 3650 0.00 0.71 0.71
3701 3701 1.00 0.00 0.00

|200> |020> |002>
7053 7049 0.00 0.70 0.70
n.o. 7052 0.00 −0.71 0.71

7227 7230 1.00 0.00 0.00

|110> |101> |011>
n.o. 7276 0.00 0.00 0.99
n.o. 7324 −0.71 0.71 0.00

7340 7351 0.71 0.71 0.00

Lizardite 3649 3653 |100, E >
3687 3701 |100, A1>
7170 7168 |200, A1>
n.o. 7175 |200, E >
n.o. 7325 |110, E >

7375 7380 |110, A1>

Lizardite−(Mg2M) n.o. 3634 |100, E >
n.o. 3682 |100, A1>

7128 7130 |200, A1>
n.o. 7137 |200, E >
n.o. 7287 |110, E >

7349 7342 |110, A1>
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for the coupling of OH vibrations. Further studies are how-
ever required to specify the respective contribution of struc-
tural variability, relaxation mechanisms and collective effects
in the overtone spectra of minerals. The proposed interpre-
tation of the OH overtone spectrum of 1 : 1 phyllosilicates
should represent a rational basis for investigations aiming
at determining the sensitivity of the near-infrared spectra to
the structural variability of natural serpentine- and kaolinite
group minerals.
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