
The infrared range corresponds to vibrational 
energies in molecules and solids 

� but not forget thermal emission!



AFM-IR
Raman-TERS

Adapted from Hitchcock et al. 2002

Spatial resolution: 100s km to 40 nm 
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Part I  - Photon – matter interaction 
(basics) 
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Optical constants also characterize optical properties of solids and 
liquids 
 
•  Teledetection surface models 
•  Atmospheric models (radiative transfer) 
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Loi de Beer-Lambert
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dI = −Iα dx
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I = I0 exp(−α e)
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I = I0 exp(−Neσ )

I0 I

ü Établie pour l�étude des solutions diluées
ü Milieu latéralement homogène
ü Faisceau rigoureusement collimaté
ü Extrapolation aux phases condensées
ü Conditions spécifiques

α : coefficient d�extinction cm-1

e : épaisseur
N : mol.cm-3

σ : section efficace d�absorption cm2/mol
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Decoupling of electronic, vibrationnal and rotational motions 

H=TN+Te+Vee+VNN+VeN 
m˙ ̇ x = −kx
˙ ̇ x +ω2 x = 0

x(t)= A.cos(ωt+ϕ)

Born-Oppenheimer approximation 
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- ν : frequency vibration 
- μ : reduced mass 
- k : bonding strength 
-  mA et mB : masses of atoms A and B 



µ dependency 



Oscillateur anharmonique 
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Absorption = Interaction of electric field with charges 

€ 

W = µ.E

Dipolar transition 



Electric anharmonicity 



Selection rules 

∆v=±n 

0-1 Fundamental 
0-2 First overtone 
0-3 Second overtone 



Line and Band 

L(ω ) = γ
2π

1
(ω −ω

0
)2 + γ 2 / 4

γ = γ
rad
+γ

nonrad
+γ

coll
+ ...

v=0

v=1 Transition between two levels: Lorentziand profil 

L
G Intensity = strength of coupling 

€ 

FWHM ∝
1
γ



Absorption band ü Series of lines 
ü Distribution discrète (low P gas) 
ü Continuum (liquid/solid) 
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Inhomogeneous broadening 

Gas (Maxwellian distribution) 
 
Heterogeneity in the solid 
•  Impurities 
•  defects 



Polyatomic molecules 
N atoms : 3N-6 or 3N-5 (linear) vibrations 
 
Harmonic assumption: 
* 3N-6 (5) independant oscillators 
* Normal coordinates = lin. Comb. of atomic 
coordinates 



Polyatomic molecules 
N atoms : 3N-6 or 3N-5 (linear) vibrations 
 
Harmonic assumption: 
* 3N-6 (5) independant oscillators 
* Normal coordinates = lin. Comb. of atomic 
coordinates 



CH4 : ponctual group Td 

IR
IR

Degeneracy: 
•  Two modes same energy 
 
IR activity: 
•  Role of symetry 
 



A1 A1 B2



Overtones and combination modes 



Molecular motion types 

Methylene : -CH2 



Group vibrations and fingerprint region 

Tables compute band position, intensity and IR/Raman activity 



H2C=O (4 atoms - 6 modes) 

19 atoms… 



Chondritic kerogen 
Orthous-Daunay et al. 2013 



Vibrational modes in solids 
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Solid = Giant molecule of ~6 1023 atoms 

q = 2π n
Na

exp(−iqNa) =1
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u2n = Aexp(−ω(q)t − q.2n.a)





Vibration propagation : vibron 

Translation : phonon 

Hindered rotation : libration 



Photon-phonon coupling 

Overtones and combinations modes reflect VDOS 

Momentum conservation 



ν3

ν2

CO2 : dispersion curves and VDOS 

Pa3 





Static and dynamic effects 
•  STATIC=Symmetry of the molecule in the crystal is lower than in gas 

•  DYNAMIC=Phase and out-of-phase interactions of neighbouring 
vibrators 



Fundamental modes SO2 

Splitting LO-TO 



Overtone and combination modes in solid SO2 



Crystalline CO2
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ν 2(k1) + ν 2(k 2) + ν 2(k3)
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Ω+(k1) + ν 2(k 2)

k1 + k 2 = 0
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Ω−(k1) + ν 2(k 2)

k1 + k 2 = 0
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Ω+ ≈1384.4
Ω− ≈1276.1



Solid nitrogen 



Quadripolar transitions in solid N2 



Carbonates

Ionocovalent solids :
- vibrations of anions
- external modes of cations

4 formular units:
  4 anions CO3

2-

  4 cations Ca2
+

  57 Vib/Lib + 3 T

Aragonite





Solid CO 
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Part II  - Instrumentation and practical 
issues 



FTIR spectroscopy 









Mono and FPA detectors for fast imaging 

Focal Plane Array (FPA)- 
Detector 

HYPERION 3000

There are two separate optics 
within the microscope to optimize 
the homogeneity of the infrared  
and the visual light 
 
The size of the FPA-Detector element is 2.56 x 256mm 
Using the 15x objective total measurement area  
corresponds to 2.56mm\15=177µm 
The size of each pixel  is 177µm\64 ( number of pixels) 
=2.6µm (depending on the wavelenght) 
 





Improve spatial resolution and signal-to-noise ratio 
+ source luminance (CsI Globar, synchrotron, tunable laser) 
+ objective diffraction 
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Distance sur objet (microns)

 confocal 10 microns FWHM = 5.6
 Non_confocal 10 microns FWHM=7.8

 
 conf_3mic FWHM=1.6
 nonconf_3mic FWHM=2.4

Theoretical spatial resolution is almost never reached for 
complex heterogeneous natural samples 





ATR = Attenuated Total Reflectance spectroscopy 

•  Improve spatial resolution (factor 2-4) 
•  Spectra not strictly similar to transmission spectra 





AFMIR = combined FTIR + AFM 

•  A new generation of instrument operating at ultra highspatial  resolution 
(~40 nm) 

•  Real potential still to be tested 
•  Not easy to implement: developments in sample preparation 
•  Will be continously improved thanks to laser development 



Dazzi et al.  (2012) Applied Spectroscopy 



Test on a natural sample : CR matrix 

Bonal et al. (2013) 



Sample preparation: a critical issue 
þ  Quantification 
þ  Spectral quality 
þ  Band saturation and signal-to-noise ratio 

λ



Formation of thin films from the gas 



Absorption and radiative transfert 

•  Solid sample must be thin enough (< tens of micrometers) 
•  Reflection/transmission at each dioptre => interferences 

I0 I

…

ü Spectrum = f(n,k) 
ü Optical modeling required 



¤ Control thickness and planeity/rugosity by interfgerometry (de 
10-100 nm à ~ 100 µm) 

¤ Controlled conditions of deposition and annealing (substrate, 
température, deposition rate) 

¤ Monocrostalline or polycrystalline samples. 
¤ Contamination (eau, CO2…). 
¤  Index gradient possible for the first monolayers. 

C2H6 ice films on CsI and Si substrates. Planeity and 
refractive index control the continuum and n-artifact in the 
absorption band. 



Spectroscopic criterion of crystal quality: vibrational relaxation 

Naphtalene of breathing 
mode at 1362 cm-1 
contrôled by temperature, 
for a monocrystal with 
excellent quality. 

CS2 - n1+n3.  Relaxation by 
cristallographic defects in a 
polycristal (bottom) phonon 
interaction in a monocristal 
(top). 



Cristal growth from the liquid phase 

Example: cryogenic cell. 





Measurements on pellets 

Grinding
Press

KBr

Material

Pellet

ü  Robust material (resistant to grinding) 
ü  Scattering and water contamination 
ü Quantification difficult: require radiative transfert and scattering modeling 
ü No control on crystal orientation 
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Ultramicrotomy 
Standard thin section (30 µm): limited to NIR in transmission, epoxy 
contamination. 
 
Double-polishing : suitable for faint feature in NIR (e.g. structural OH) 

ü  thins (~ 1 µm) 
ü  ultra-thin (20-200 nm) 

ü Epoxy vs Organic matter 
ü Hard material = difficult 



•  ISO 7 clean room, under an ISO 5 laminar  
hood. 
•  Micromanipulation by hand 

VUE EN COUPEVUE EN COUPE

Pressing (soft samples) 



Crushed on diamond window Crushed on Germanium window 

MEB images (SE2) 





Part III  - Applications 



Minerals 

Water 
+ 
fluids 

Organic matter 

III.1 - Geomaterials in the laboratory 



Usual minerals

Silicates

Carbonates

Sulfates

Sulfides

Phosphates

Oxides/Hydroxides

Tectosilicates
Inosilicates
Nesosilicates
Phyllosilicates

Si polymorphs, Feldspaths, …
Amphiboles, pyroxens, …
Olivines, Garnets, …
Micas, Chlorites, serpentine, …



Mineralogy of cometary grains 

Merouane et al. 2014 A&A 



Linear combination of end-members 



Emission ~ B(l,T)*e(l)=B(l,T)*abs(l) 





almost pure forsterite 



Probing water in geomaterials 





Hydroxyls and molecular water in clays 





Pyrophillite

Kaolinite



Talc 

Hectorite 
Saponite 

Phlogopite 

Biotite 

Biotite 



Pyrophillite 

Beidelite 
Rectorite 

Muscovite 
Margarite 

Nontronite 

Montmorillonite 
Montmorillonite 

Montmorillonite 

Celadonite (Fe) 



OH cationic environment 
controls OH peak positions 



Cations in octahedral layers of micas Besson et al. Clay Minerals (1987) 22, 465-478 
Slonimskaya et al. Clay Minerals (1986), 377-388 

Easy to implement 
Probe only octahedric catrions bound to OH 
Whatever the cation (e.g. NMR,  Fe) 

Well-known standards 

Si substitution in T 

In O layer 

Interfoliar 



Lorentzian profiles 
 
Free parameters: 

ü Position 
ü FWHM 
ü Integrated intensity 

Absorption coefficient similar for all components 





W : Integrated absorbance of the Lorentzian component 

CAl+CFe3+CFe2+CMg=2 



Insights into long and short range orders in extraterrestrial proto-serpentines  

Howard et al., 2014; Leguillou et al. 2015 



Insights into long and short range orders in extraterrestrial proto-serpentines  

Beck et al., 2014 



Howard et al., 2009; Beck et al., 2010 

Fe/Mg ratio controls with and position of 3 µm OH feature 



Water in Earth mantle: where and how much? 

-  hydrated mineals (phyllosilicates, amphiboles, …) 
-  nominally anhydrous minerals (olivines, pyroxenes, ringwoodite, …) 

Water reservoir as 
large as oceans ?! 





Bolfan-Casanova et al. EPSL 2000 

Demouchy et al. Am Min. 2017 



After N. Bournhonnet, stage DEA / dir. J. Ingrain Beamline SA5 - LURE (Orsay) 



Abundance estimation I0
I
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Calibration with standards (hydrogen measured by mass spectrometry) 

Example: 
Censtatite = 174 +/- 32 ppm H2O (poids) -  (ER=20 %) 
Cdiopside= 388 +/- 41 ppm H2O (poids) - (ER = 10 %) 



Soil characterization 



SOM=Soil Organic Matter 
Via HF 
HS = humic substance 
Via NaOH 
HA=Humic Acid 
FA=Fulvic acid 
Purification (resin, HF/Hcl) 
 
Oxidation = H2O2 
 

Aliphatic+ in SOM 
Carbonyl+ 
Effect of HF+alkaline extraction 



Multi-variate statistical approaches 
Waruru et al. 2015, Soils and Foundations 
 
Estimate soil quality for ingeneering purposes 






