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1. Conventional IR spectroscopy and imaging
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Coupling spectrometer and microscope

Mode Theoretical 

resolution

Experimental

resolution

Transmission 2λ ~10-30 μm

ATR 0.5λ ~3-10 μm

1. Conventional IR spectroscopy and imaging
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AFM-IR

Infrared spectroscopy and imaging at nanometer scale

AFM (Atomic Force Microscope) InfraRed laser

2. AFM-IR theory and concept
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AFM-IR technique principle



7topography Chemical mapping (=5,76µm)

- Absorption Spectrum (fix tip position and scan the wavelength of the laser)

Wavenumber (cm-1)

- Chemical mapping (fix the laser wavelength and scan the surface with the tip)

2. AFM-IR theory and concept2. AFM-IR theory and concept
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Laser illumination

0 tp t

IR pulse

a sphere radius

V volume

n refractive index

Absorbed power

si a << 

2. AFM-IR theory and concept
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Organic matter

ni << nr

 density, C heat capacity, K thermal conductivity

0

nr

0

ni

0

1.5 10-2
10-2

Heat equation:

𝜌𝑠𝑝ℎ𝐶𝑠𝑝ℎ
𝜕𝑇

𝜕𝑡
= 𝐾𝑠𝑝ℎ∆𝑇 +

𝑃𝑎𝑏𝑠(𝑡)

𝑉

2. AFM-IR theory and concept



Temperature evolution of the sphere (a << )

with

Only when tp << relax
Tmax

ttp0

when

when 𝜏𝑟𝑒𝑙𝑎𝑥 =
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3𝐾𝑒𝑥𝑡

𝑎2
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2. AFM-IR theory and concept



Resolution bigger than a few micrometers !



Evolution of the sphere deformation

T
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2. AFM-IR theory and concept
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¶t
= 0

E Young modulus, I inertia moment,  density, A section,  damping

kz

kx

  

kz >> kc
NO indentation

L length, H tip height,
kx lateral spring constant, kz normal spring constant

   

kc =
3EI

L3
with kc cantilever spring constant:

Differential equation of cantilever motion :

2. AFM-IR theory and concept



  

-1+ cosXcoshX- UX(sinXcoshX- cosXsinhX) = 0

   

U =
kcL

2

3kxH
2
,X = bLwith

kx 0
(pure sliding)

∞
(pinned)

Mode Xn=nL Xn=nL

0 3.92662 4.73004

1 7.06858 7.8532

2 10.3518 14.1372

Cantilever Si contact 

Mode 0 Mode 1

Mode 2

2. AFM-IR theory and concept
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Mechanical sensitivity of contact resonance modes

Xn
p pinned,

 Xn
f pure sliding,

an modal constant

f=25 kHz

f=45 kHz

2. AFM-IR theory and concept
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2. AFM-IR theory and concept
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2. AFM-IR theory and concept
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1 laser shot

modes

2. AFM-IR theory and concept



Classical AFM-IR

Polystyren

Demonstration that photothermal measurement  give a direct 
estimation of imaginary part of the refractive index.

AFM-IR Spectrum similar to those obtained by FTIR

2. AFM-IR theory and concept



Classical AFM-IR

1 µm

500 nm
300 nm

Detection of lipid vesicles in Streptomyces bacteria (1740 cm-1)

100 nm

2. AFM-IR theory and concept



AFM-IR imaging mode : contact resonance mode

contact 
resonance mode

Sensitivity 2-5 nm

Deflection signal

QCL laser (Quantum Cascade Laser)

tunable in wavenumber (1900-900 cm-1)
tunable repetition rate (0-3000 kHz)

2. AFM-IR theory and concept



Deflection signal

Laser signal

AFM-IR imaging mode : contact resonance mode

2. AFM-IR theory and concept
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Enhanced resonance leads to have a better sensitivity and then better resolution

Laser repetition rate

2. AFM-IR theory and concept



Deflection for 1 pulse (OPO)

Deflection when repetiton rate = contact resonance mode (QCL) 

Amplitude(Z)        thermal expansion(a0)      absorbanceµ µ

2. AFM-IR theory and concept



Bacteriorhodopsin detection inside a purple membrane

1660 cm-1

5nm

2. AFM-IR theory and concept



AFM-IR imaging mode : tapping AFM-IR

Contact mode

Tapping mode

AFM image

AFM image

2. AFM-IR theory and concept



Tapping AFM-IR principle

piezo

Z1(t)=A1 cos(ft)

Zs(t)=u0(t) *  (t-n/fp)

f1= drive frequency of tapping mode
fp = QCL laser frequency

Z2(t)=A2 cos(2f2t+2)

If non linear interaction then: f2=f1+fp ou f2=f1-fp 

D

f1

2. AFM-IR theory and concept



Differential equation of motion for the mode f2 :

Fts(t) = ks A1 cos(w1t)- D-u0(t)( ) + cs A1 cos(w1t)- D-u0(t)( )
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 Is the contact time led by f1

𝐹𝑡𝑠 𝑡 = 𝐾 𝐴1 cos 𝜔1𝑡 − 𝐷 − 𝑢0(𝑡)
3/2

Interaction force between tip and sample surface

2. AFM-IR theory and concept



ff2

T( f )

f1 + fpf2 = f1 + fp

Fourier transform

2. AFM-IR theory and concept



Mode f2 (f2=f1+fp) amplitude give :

Thermal expansion
α absorbance

non linear elasticity coefficient

Tapping setpoint

Pulse duration

Cantilever modes

Tapping amplitude

Tapping AFM-IR signal is proportional to the absorbance (even if non linear)

2. AFM-IR theory and concept



PMMA-PS polymer blend 1-1

1730

1597

1495

1445

Examples of tapping AFM-IR results

Collab. Philippe Leclere U-Mons

2. AFM-IR theory and concept



@1595 cm-1

@1730 cm-1

1 m

PS

PMMA

2. AFM-IR theory and concept



Burried PMMA bead
PMMA

PMMA

Probing depth of AFM-IR ?
epoxy

2. AFM-IR theory and concept
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0

flaser = 205 kHz

Burried PMMA bead

@1730 cm-1

Ratio 1/0 =0.75

Probing depth of contact resonance AFM-IR

2. AFM-IR theory and concept
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0

Ratio 1/0 =0.61

Burried pmma bead

@1730 cm-1

flaser = 550 kHz

Probing depth of contact resonance AFM-IR

2. AFM-IR theory and concept
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0

Ratio 1/0 =0.47

Burried pmma bead

@1730 cm-1

flaser = 1250 kHz

Probing depth of contact resonance AFM-IR

2. AFM-IR theory and concept



1

0

Ratio 1/0 =0.37

Burried pmma bead

@1730 cm-1

flaser = 1750 kHz

flaser fix the lateral resolution
and the probing depth

Probing depth of contact resonance AFM-IR

2. AFM-IR theory and concept



Cantilever 
deflection 
detection

flaser

f1

f2

Surface sensitive AFM-IR setup

2. AFM-IR theory and concept



ሷ𝑧2 + 𝛤 ሶ𝑧2 + 2𝜋𝑓2
2𝑧2 =

1

𝑚∗
𝐹𝑖𝑛𝑡 𝑡

𝐹𝑖𝑛𝑡 𝑡 = 𝑘𝑧 𝛿0 + 𝐴1 𝑠𝑖𝑛 2𝜋𝑓1𝑡 − 𝑎(𝑓𝑙𝑎𝑠𝑒𝑟; 𝑡)
3/2

Motion equation of the cantilever mode

= 𝑘𝑧 𝛿0 + 𝐴1 𝑠𝑖𝑛 2𝜋𝑓1𝑡 − 𝑎 𝑓𝑙𝑎𝑠𝑒𝑟; 𝑡 + 𝜒𝑧 𝛿0 + 𝐴1 𝑠𝑖𝑛 2𝜋𝑓1𝑡 − 𝑎 𝑓𝑙𝑎𝑠𝑒𝑟; 𝑡
2

+⋯

𝑧2 = 2𝜋2𝜒𝑠
𝑄2
𝑘𝑐

𝐴1𝑓𝑙𝑎𝑠𝑒𝑟𝑡𝑝𝑎0

Only if 𝑓1+ 𝑓𝑙𝑎𝑠𝑒𝑟 = 𝑓2 or 𝑓1- 𝑓𝑙𝑎𝑠𝑒𝑟 = 𝑓2

= 2𝜒𝑧𝐴1 𝑠𝑖𝑛 2𝜋𝑓1𝑡 𝑎 𝑓𝑙𝑎𝑠𝑒𝑟; 𝑡
𝑐𝑜𝑠 2𝜋(𝑓1 − 𝑓𝑙𝑎𝑠𝑒𝑟)𝑡

𝑐𝑜𝑠 2𝜋(𝑓1 + 𝑓𝑙𝑎𝑠𝑒𝑟)𝑡

f2

absorbanceµ

2. AFM-IR theory and concept



Surface sensitive mode
(f1=2130kHz ; flaser=1650 kHz)

Resonance enhanced mode
(flaser=1750 kHz)

x xxxxx

@1730 cm-1@1730 cm-1

2. AFM-IR theory and concept



PMMA-PS polymer blend 1-1

1730

1597

1495

1445

(Philippe Leclere , Université de Mons, Belgique)

2. AFM-IR theory and concept



f1=1500 kHz, f2=62 kHz
flaser = 1438 kHz

Surface sensitive mode

flaser=1565 kHz

Resonance enhanced mode

A

B

@1730 cm-1 @1730 cm-1topography

x

x
x

x

2. AFM-IR theory and concept



PMMA-PS blend

Resonance enhanced mode Surface sensitive mode

140nm

6 nm
220nm

2. AFM-IR theory and concept



APPLICATIONS EXAMPLES:
from bio to space via polymer and surface chemistry

« when ICON makes AFM-IR more powerfull»
• Quality of electronics
• Mechanical and acoustic stability
• Minimum thermal drift (0.5 nm/min)

Lead to have a PLL working very well and able to correct perfectly the mechanical change during IR mapping
Better data quality with better S/N ratio, get rid of most of the artifacts, reproducability of IR maps. 



Accumulation of biopolymer or 
lipids

Localisation and quantification

Local composition, TAG, DAG, MAG 
and FFA differentiation

MICRO-ORGANISMS

Nanoparticules and cell: 
macrophage

Calcification in human tissues
Extracellular vesicles

Penetration of nanocarriers  

Fine structure of the hair…

TISSUE – Human cells

Protein assemblies

Collagen fibrils denaturation
System complex: Collagen-

antibiotic                                                                                              

NANOMETRIC SCALE

Bacterial amyloids  
Beta structure of amyloids

Prion, lipids bilayer

Field of applications - Biology



- IR signatures: heterogeneities in 
ancient tissues or violin sections 

Heritage sciencesPolymers sciences

- Polymeric  Nps 

Nanoparticles

Field of applications

- Investigate 
parchments 
degradation

Trace of adjuvant blooming

- Investigation of organic 
matter in micrometeorites

Astrochemistry

Multilayers: 
Structure-cristallinity

Mathurin J., 10.1039/C8AN01239C, Analyst, 2018 

A Dazzi, International journal of pharmaceutics Volume 
484, Issues 1–2, 2015

J. Mathurin, A&A, 2019

G.Latour, Scientific Report, 2016A Dazzi, Chem Rev, 2016
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PS-PMMA multi-layers film

topographie @1730 cm-1 @1600 cm-1

PMMA PS

Collab. G. Miquelard-Garnier CNAM 

3. Applications examples



Overlay imaging (1730 and 1600)

Profil du signal AFM-IR

60 nm

3. Applications examples



3D overlay imaging

1 m

3. Applications examples



3. Order/disorder at nanometer scale

Structuration of PLA/PS copolymer

topography IR map at 1740 cm-1 IR map at 1600 cm-1

Collab. C. Sinturel, ICMN, Orléans

3. Applications examples



53

Molecular monolayer (OC18) on HOPG
topographie

@1725 cm-1 @1600 cm-1 @1458 cm-1

Collab. F.Palmino et F.Cherioux institut FEMTO-ST

octadecyl 4’-octadecyloxy-4-biphenylcarboxyloate

3. Applications examples

11h00 Ali HAMADEH
Toward conformational identification of molecules in 2D and 
3D self-assemblies on surfaces



• Resolution: 1-2 nm (10-90% ‘level’)

• Monolayer (0.8 nm) sensitivity on HOPG

• Low drift: < 0.2 nm/min

1460 cm-1               1600 cm-1 

                            

Collaboration with 

▪ Dr. Peter Dewolf (Bruker)

▪ Pr. Frank Palmino (Université de Franche-Comté, FEMTO-ST)

▪ Dr. Frédéric Chérioux (CNRS, FEMTO-ST)

3. Applications examples
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Hayabusa2 spatial mission

Hayabusa2 : December 2014 – December 2020

Ryugu : Cb-type asteroid, contain organic matter, 

CI-like chemical composition

Ryugu

200 m 

11h40 Jérémie MATHURIN
Caractérisation à l'échelle nanométrique par AFM—IR des 
échantillons de la mission spatiale japonaise Hayabusa 2

3. Applications examples
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Articles AFMIR (nov. 2022)

80% of nanoIR paper

4. Evolution of the AFM-IR technique

2024

ForceVolume-IR

QCLQCLQCL



• Scattering SNOM (Scanning near-field Optical Microscope)
B. Knoll and F. Keilmann, Nature, Volume 399, Issue 6732, pp. 134-137 (1999). 

tip

sample

detector

Signal 𝑥, 𝑦 = 𝛼 𝑥, 𝑦 𝑅𝑒 𝑛 + 𝛽 𝑥, 𝑦 𝐼𝑚(𝑛)

5. Comparison with competitors



• PIFm (Photo-Induced Force microscope)
J. Jahng et al. Acc. Chem. Res. , 48, 2671−2679, 2015

SiNC sample

𝐹 ∝
1

𝑧4
𝑅𝑒(𝛼𝑡)𝑅𝑒(𝛼𝑠) 𝐸0

2 ∝ 𝑅𝑒(𝑛)

5. Comparison with competitors



Brian T. O’ Callahan et al. Nano Lett. 2018, 18, 9, 5499-5505

<10 fN0.1 – 10 nN 0.1-1  nN

5. Comparison with competitors



• PIFm (Photo-Induced Force microscope)

J. Jahng et al. Anal. Chem. 2018, 90, 18, 11054–1106

PiFm =Absorbance !?

What a joke ?

When conflict of interest (business) meets science

5. Comparison with competitors



CONCLUSION and PERSPECTIVES

• AFM-IR is the only technique that allows a direct measurement of the imaginary part of the refractive index. IR 
spectrum are comparable to FTIR  for amorphous materials.

• Lot of imaging modes : contact resonance, tapping, peakforce, surface sensitive, ForceVolume that allow us to 
choose the best investigating mode for specific sample and to suit in an optimum way.

• The advantage of AFM versatility open the door to numerous applications in a wide range of scientific domains

• Technique is still evolving : liquid, tomography, controlled environment

• AFMIR community increases each year that stimulate discussion and exchange between scientists

Platform

musiics.icp@universite-paris-saclay.fr
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r

m1

m2

k

-e

+e

Etotal

Polarisation is defined by:

  

P = Np = NapEtotal = e0cE

where N number of bonds, p polarisability,
0 vaccum permittivity and  dielectric susceptibility

1. Conventional IR spectroscopy and imaging

𝜔0 = ൗ𝑘 𝑚

1. Conventional IR spectroscopy and imaging

1

𝑚
=

1

𝑚1
+

1

𝑚2

Refractive index can be expressed by:

𝑛2 = 1 + 𝜒 = 1 + 𝜒0 +
3𝑁𝛼𝑝

3휀0 − 𝑁𝛼𝑝
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Refractive index expression can be written :

   

n2 = nr

2
- ni

2
+ i2nrni =1+ c0 + (N /e0)

e*( )
2

/m(w0

2
-w2)

(w0

2
-w 2)2 + (wb /m)2

+ i(N /e0)
bw e* /m( )

2

(w0

2
-w 2)2 + (wb /m)2

Considering organic material, then imaginairy part of the index is always smaller than real part (ni<<nr).
This  approximation allow to have a simple expression of ni represented by a Lorentzian function

   

ni =
(N /e0)

2 1+ c0

bw e* /m( )
2

(w0

2
-w 2)2 + (wb /m)2

0

  

1+ c0

nr

0

ni

0

1. Conventional IR spectroscopy and imaging

1. Conventional IR spectroscopy and imaging



(a << )

when tp >> relax

Tmax

ttp0

𝑇 𝑡 = 𝑇𝑚𝑎𝑥 =
𝑃𝑎𝑏𝑠

4𝜋𝑎𝐾𝑠𝑝ℎ
𝑤ℎ𝑒𝑛 0 ≤ 𝑡 ≤ 𝑡𝑝

𝑇 𝑡 = 0 𝑤ℎ𝑒𝑛 𝑡𝑝 < 𝑡

Temperature evolution of the sphere

2. AFM-IR theory and concept
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Relaxation time  relax exemple for polymer sphere (PMMA): 

Kext
a 10 m 1 m 100 nm 10 nm

air
0.025

Wm-1K-1

2.3 ms 22.7 s 227 ns 2.3 ns

water
0.58

Wm-1K-1

98 s 980 ns 9.8 ns 98 ps

silica
1.38

Wm-1K-1

41 s 411 ns 4 ns 41 ps

gold
317

Wm-1K-1

0.18 s 1.8 ns 18 ps 0.18 ps = 1200 kg m-3, C = 1420 J kg-1 K-1

ÉCOLE THÉMATIQUE - SPECTROSCOPIES VIBRATIONNELLES

𝜏𝑟𝑒𝑙𝑎𝑥 =
𝜌𝑠𝑝ℎ𝐶𝑠𝑝ℎ
3𝐾𝑒𝑥𝑡

𝑎2

2. AFM-IR theory and concept



Topography

250 nm
0.0
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IR map 1600 cm-1

250 nm
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IR map 1690 cm-1

Composite G (C13 >> C12),M (C12>>C13)
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6

0
0

Prions amyloïd fibers analysis

Collab. H.Rezaei INRA Jouy-en-Josas

3. Applications examples



@1595 cm-1

@1120 cm-1

Silica beads in polystyren film

topography
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