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• Many documents and references related to the lecture “High-resolution

imaging” are available on the AMUBox server:

https://amubox.univ-amu.fr/s/T678xB289tXCJas

• The references cited in the present document are given in the above link

within the folder “Dynamic force microscopy”

Documents & references

https://amubox.univ-amu.fr/s/T678xB289tXCJas
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• Microscopie à Force Atomique = Atomic Force Microscopy : AFM

• Microscopy technique developed in 1986 by the inventors of the Scanning Tunnelling

Microscope (STM, 1982 at IBM Zurich, Physics Nobel Price) → Images of the surface of any

kind of sample in real space with atomic vertical and lateral resolution by using

interaction forces between a nano-tip and the surface

Atomic Force Microscopy

Source: Applied Physics Letters 40, p178 (1982)

Source: Physical Review Letters 49, p57 (1982)

Source: Physical Review Letters 56, p930 (1986)

Erreur!

STM AFM
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Outlook

A. AFM in 3 steps (contact mode concept)

B. Dynamic AFM

C. Dynamic AFM in non-contact mode
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1. Tip-cantilever system

2. Optical detection setup

3. Surface scanning and feedback

A – AFM in 3 steps

(contact mode concept)
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1. Tip-cantilever system

2. Optical detection setup

3. Surface scanning and feedback

A – AFM in 3 steps

(contact mode concept)
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• AFM = scanning probe technique (nano-tip close to a

surface): tip is located at the end of a micro-lever = cantilever

A1- Tip-cantilever system

100 µm

20 µm

3 µm

10 µm

r = 10nm
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• AFM = scanning probe technique (nano-tip close to a

surface): tip is located at the end of a micro-lever = cantilever

• Mechanical analogy: recessed beam

 Further simplification: spring with stiffness k subject to

an interaction force Fint with the surface, resonance

frequency of the fundamental bending mode f0

A1- Tip-cantilever system

k
G0

Fint

surface

m
Orders of magnitude cantilevers

Size: (100 x 20 x 3) µm3

Stiffness: 0.1 N/m ... 1800 N/m

Frequency: 10 kHz … 1 MHz

100 µm

20 µm

3 µm

10 µm

r = 10nm
Orders of magnitude for tips

Aspect ratio upon resalers

Height: 10 µm

Curvature radius: 5nm (at best)
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• AFM = scanning probe technique (nano-tip close to a

surface): tip is located at the end of a micro-lever = cantilever

• Mechanical analogy: recessed beam

 Further simplification: spring with stiffness k subject to

an interaction force Fint with the surface, resonance

frequency of the fundamental bending mode f0

• Measure of the lever deflection by means of an optical

setup  indirect measure of forces (1 pN..1 nN):

 Electrostatic (due to charges) : attractive, long-range (> 100 nm)

 Van der Waals (London, Debye, Keesom) : attractive, long-range

(> 1 nm)

 Chemical (interatomic) : attractive or repulsive, short-range (few Å)

 Magnetic (long-range)

• For a detailed work on forces involved in AFM:
 “Scanning probe microscopy: the lab on a tip” (E.Meyer, H.J. Hug, R. Bennewitz,

Springer-Verlag Berlin Heidelberg 2004

 “Noncontact Atomic Force Microscopy” (S.Morita, R. Wiesendanger, E. Meyer,

Springer-Verlag Berlin Heidelberg 2002

 “Intermolecular and surface forces, 3rd edition” (J.N.Israelachvili, Elsevier 2011)

A1- Tip-cantilever system

100 µm

20 µm

3 µm

10 µm

r = 10nm
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A1- Tip-cantilever system
• Tip-surface interaction force1:

1PhD thesis S.Burke, Mac Gill Univ., 2008 s

s

Tip 
apex

Surface
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A1- Tip-cantilever system
• AFM = scanning probe technique (nano-tip close to a

surface): tip is located at the end of a micro-lever = cantilever

• Mechanical analogy: recessed beam

 Further simplification: spring with stiffness k subject to

an interaction force Fint with the surface, resonance

frequency of the fundamental bending mode f0

• Scaling illustration:

G.Binnig et al., Phys. Rev. Lett. 56, p930 (1986)

100 µm

20 µm

3 µm

10 µm

r = 10nm

Cervin’s mount
(Alps)
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1. Tip-cantilever system

2. Optical detection setup

3. Surface scanning and feedback

A - AFM in 3 steps

(contact mode concept)
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A2- Optical detection setup

t=35s
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A2- Optical detection setup

Ex.: PDB c-203 (Advanced photonix, Inc)

• 4-quadrants PhotoSensitive Detector: PSD

– 4 PN junctions side-by-side

– 4 anodes + 1 common cathode
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A2- Optical detection setup

• Movement detection:
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A2- Optical detection setup

• Movement detection:
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A2- Optical detection setup

• Movement detection:
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A2- Optical detection setup

• Movement detection:

Cantilever deflection = « Normal force (FN) » = (A + B) - (C + D)

Cantilever torsion = « Lateral force (FL) » = (A + D) – (B + C)
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1. Tip-cantilever system

2. Optical detection setup

3. Surface scanning and feedback

A - AFM in 3 steps

(contact mode concept)
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A3- Surface scanning & feedback

G.Binnig et al., Phys. Rev. Lett. 56, p930 (1986)

Scanning direction
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A3- Surface scanning & feedback

tip

sample

Computer
SCANITA

z

x

y

UBias

I-V
It

It

Uz

Ux

Uy

HV

HV

HV

DA

DA

DA

Iset

digital PI-
controller

AD

UHV

scan-
piezo

  

t setΔI= I - I

z = P ΔI+I ΔI dt

Deflection: FN

FN

PSD

In AFM, the vertical feedback can be performed on various signals, not only

on the deflection FN (see hereafter)!

Digital PI-controller:    

1- Error signal:

e = FN - FN
set

2- Output:

z = P . e + I . S e Dt

Setpoint: FN
set

Gains:

Proportionnal P

Integral I
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A3- Surface scanning & feedback
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A3- Surface scanning & feedback

t=1’06s
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1. Dynamic AFM specificities

2. Force sensitivity

3. Non-linear dynamics and modelization

4. Tapping mode AFM vs. non-contact AFM

B – Dynamic AFM
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B1- Dynamic AFM specificities

Problem: 

What is the pressure that applies on a 1 Å2 surface upon a 1 nN force?

NB: Steel’s Young modulus: 200 GPa

Consequence: 

Tip and/or surface damaging.
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B1- Dynamic AFM specificities
• Cantilever excitation at a frequency equal or close to its

resonance frequency :
 Advantages:

1. Lowering the shearing force between tip and surface

2. Increasing force sensitivity w.r.t. the contact mode

3. Non-contact (attractive force mapping only)

 Difficulties:

1. Understanding the cantilever non-linear dynamics

2. Detection of the oscillation (system detection bandwidth> MHz)

3. Complexity of the electronics scheme

4. Origin of the image contrast ?

• Measures with the tip-surface distance:
1. Oscillation frequency

2. Oscillation ampltidue

3. Excitation amplitude

4. Phase shift between excitation and oscillation

• The mechanical system is strictly similar to a forced

damped harmonic oscillator (to be checked experimentally

however)

Mode normal (fondamental)

Orders of magnitude:

Amplitude : 50 pm ... 10 nm

Frequency: 32 kHz … 1 MHz
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B1- Dynamic AFM specificities

Cantilever quality factor and intrinsic 

dissipation:

A

-A

1. Polesel et al., Nanotechnology 14,1036 (2003)

z(t)

G0

Harmonic solution:

after1 (f0=270 kHz, Q=45000)

 5 variables : Excitation amplitude, Excitation frequency, Oscillation amplitude,  

Phase (excitation / oscillation) and Tip-surface distance

D

Differential equation for D→

D→

Aexc(t)

Aexc(t)

f - f0 (Hz)



UMR 7334, CNRS, Universités d’Aix-Marseille (AMU) et de Toulon (UTLN)

Exercice
Starting from the differential equation for the forced damped harmonic oscillator (Quality factor Q, pulsation at resonance w0 = 2p 

n0):

with a forcing term of the form:

and assuming a harmonic solution:

1- Prove that the normalized amplitude a(u) = A(u)/A0 , with u = w/w0 being the normalized frequency, and the phase of the 

oscillator write :

2- Plot these functions (with Igor Pro for instance) with Q = 100, then 100000.

Aexc(t)

Aexc(t)
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1. Dynamic AFM specificities

2. Force sensitivity

3. Non-linear dynamics and modelization

4. Tapping mode AFM vs. non-contact AFM

B – Dynamic AFM
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B2- Force sensitivity (for cantilevers)

• Orders of magnitude:

• k = 30 N/m

• B ~ 250 Hz 

• w0= 2p f0 = 2p 150 kHz

• Q = 40 000 (sous vide)

• kBT = 25 meV (298 K)

• Increasing the sensitivity :

 k : risk for "jump to contact"

 kBT : not easy

 w0 : technically demanding (detection bandwidth must be increased

accordingly)

 Q : depend upon the intrinsic dissipation of the material

• Equipartition theorem on a cantilever subject to thermal fluctuations yields a 

minimum detectable force :

Fmin ~ 60 pN
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B2- Force sensitivity (for cantilevers)

dFint ~ 100 pN

dz ~ 10 pm

• Tip-surface interaction force:

s /m

s



UMR 7334, CNRS, Universités d’Aix-Marseille (AMU) et de Toulon (UTLN)

• « Jump to contact »:

B2- Force sensitivity (for cantilevers)

Instabilities, bifurcations, hysteresis  Modelization

Force d’interaction

Force d’excitation

Force totale

Limit for mechanical stability

: mechanical stability

: mechanical instability

Fexc = kz

Orders of magnitude : 

dFint/dz ~ 100 pN/ 10 pm = 10 N/m!
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Distance [nm]

VdW (sphere-plane)+ Morse, after1

VdW (sphere-plane) only

1.Pérez et al., Phys Rev. B 58, 10835 (1998)

A

-A

z(t)

D ~1nm

: Fint is non-linear in  z

: non solution

A = 1 nm

B3- Non-linear dynamics and modelization

• Problem:

s

s

w0
2Aexc(t)

s [nm]     

s(t) = D - z(t) = D – A cos(wt + j)
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d’après1

1.Polesel et al., Nanotechnology 14:1036 (2003)

D – A0 ~ 1 nm

A0

B3- Non-linear dynamics and modelization

• Experimental illustration1:

f - f0 (Hz)
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dA

dj

B3- Non-linear dynamics and modelization

• Variational method based on the least action principle1 :

• Harmonic trial function:

Conservative & dissipative 

coupling terms

1L.Nony et al. J.Chem.Phys.111,1610 (1999); “Analyse de la microscopie de force dynamique: application à l’étude de l’ADN”, L.Nony, Thèse de l’univ. Bordeaux I (2000).
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Long-range:

Dispersive Van der Waals
L.Nony et al. J.Chem.Phys.111,1610 (1999)

Short-range:

Morse
L.Nony et al., Phys.Rev.B 74, 235409 (2006)

B3- Non-linear dynamics and modelization

• Coupling terms (Fourier components of the interaction force @ f):

Vint

c
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 5 variables : Excitation amplitude, Excitation frequency, Oscillation amplitude,  

phase (excitation / oscillation) and tip-surface distance

 The variables that are kept constant set the mode :

Excitation amplitude and

Excitation frequency are constant

↓

• Measures : Oscillation amplitude and

phase vs. tip-surface distance

• Probed interaction: most generally,

attractive+repulsive interactions

(intermittent contact)

Tapping

(Amplitude Modulation-AFM)

B4- Tapping mode AFM vs. non-contact AFM:

Phase (=-p/2 : resonance) and

Oscillation amplitude are constant

↓

• Measures : Resonance frequency shift

and excitation amplitude required to

keep the oscillation amplitude constant

vs. tip-surface distance

• Probed interaction: most generally,

attractive interaction (non-contact)

non-contact AFM

(nc-AFM, or Frequency Mod.-AFM1)

1 T.Albrecht et al., J.Appl.Phys.69, 668 (1991)
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5. Important results & current trends
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Phase (=-p/2 : resonance) and

oscillation amplitude are constant

Measures : resonance frequency shift and

excitation amplitude required to keep the

oscillation amplitude constant (DISSIPATION

image) vs. tip-surface distance

A0

DfA0
z feedback (TOPOGRAPHY image):

performed to maintain Df =  𝑓0 − 𝑓0 constant 

(equivalent to tunneling current in STM)

C1- Introduction

• Method developed1 in 1991

• Concept:

1 T.Albrecht et al., J.Appl.Phys.69, 668 (1991)

f0f0
~

f - f0 (Hz)
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• Oscillation amplitude and phase (=-p/2) are fixed: Solving the system 

{cos(j), sin(j)} w.r.t. A and j. Normalized frequency shift :

• Conservative interaction force (Attractive  = non-contact) :

• Hence the analytic expression for Df:

C2- Connection with the modelization (1):

F.Giessibl (1997, 2000); U.Dürig (1999); L.Nony (1999, 2006)

Long-range Short-range

with

c
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Orders of magnitude:

A0 = 5 nm

f0 =150 kHz

k = 30 N/m

Df(D2=5.55nm) = -150 Hz

Df(D3=5.06nm) = -4800 Hz!

• Rapid change of Df with the 

distance

• Similar to tunneling current

in STM

• Df always negative with an 

attractive interaction force 

(= non-contact situation)

• Df as function of the tip-surface distance: 

Df /f0

Df(d3) /f0

Df(d2) /f0
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Exercice
• The calculation of the frequency shift can be simplified upon linearization of the 

interaction force by assuming small oscillation amplitudes (A~50 pm << D).

• In this case, reconsider the differential equation of motion of the cantilever and prove

that the shifted resonance frequency then writes :

• Deduce out of this the linearized formula for the frequency shift :
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• Vertical sensitivity in the short-range regime (order 

of magnitude):

• The experimental control on Df is better than 0,1 Hz 

(around f0 ~ 150 kHz), i.e. 1 pm vertical 

resolution !

• This is what is achieved at low temperature (liquid

Helium : 4K). 

• At room temperature, the noise level of the 

instrument (z, amplitude detection...) exceeds that

value. The resolution onset then is rather 10 pm.

• This sensitivity is enough to achieve atomic

resolution at room temperature
-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

1 1.05 1.1 1.15

(u
-)

-1

d=D/A
0

Dn /n
0
 = u(d) -1

+-

Dn(d
2
)/n

0

Dn(d
3
)/n

0

d
3
=1.012 d

2
=1.11

C2- Connection with the modelization (2):

dz/dDf ~ 10 pm / Hz
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C3- Experimental illustrations

LR regime

SR regime

(Repulsive regime is not visible)

s ~ 14 pm/Hz
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C3- Experimental illustrations

NiO(100) @7K

R. Hoffmann et al.

Phys. Rev. B 67, 085402 (2003)

C. Barth et al.

J. Phys.: Condens. Matter 13, 2061(2001)

R. Bennewitz et al.

Phys. Rev. B 13, 2061 (2001)

NaCl islands on 

Cu(111)

CaF2

R. Bennewitz et al.

Surf. Sci. 474, L197 (2001)

KBr + e- Cu(100)

C. Loppacher et al.

Phys. Rev. B  62, 16944 (2000)

InAs(110) @14K

A. Schwarz et al.

Phys. Rev. B 61, 2837 (2000)
F. Giessibl 

Science 267, 68 (1995)

M. Lantz et al.

Phys. Rev. Lett. 84, 2642 (2000)

Si(111)7x7 @RT & 7K
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C4- Instrumentation: PLL & amplitude feedback

 A PLL ensures the detection of Df w.r.t. a reference frequency which is fixed

equal to the resonance frequency of the free cantilever f0, therefore

matching the phase condition j = -p/2

 Frequency demodulation around f0!

 In this excitation scheme of the cantilever, there are no bifurcations structures

as seen in AM-AFM. Qualitatively, the interpretation of the frequency shift can

be made out of the linear approach, but it is to be reminded that the measured

shift is the one that derives from the non-linear approach...

j(t) = 2pf t-p/2 j'(t)=2pf t-p/2+jPLL

f0

Cantilever signal

Df = f - f0

• Phase Locked Loop (PLL):
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• Principle for the retention of the excitation at resonance:

C4- Instrumentation: PLL & amplitude feedback
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• Principle for the retention of the oscillation amplitude :

C4- Instrumentation: PLL & amplitude feedback
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• Overview of the control electronics “PLL-excitation”1 type

C4- Instrumentation: PLL & amplitude feedback

3 controlers, 2x3 = 6 gains

Various time constants

1Ch. Loppacher Appl. Phys. A 66, 215 (1998); L. Nony et al., Phys. Rev. B 74, 235439 (2006)



Summary
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nc-AFM: keypoints

• Demodulation technic of the frequency of the cantilever around a central 

frequency which is the resonance frequency of the free cantilever: 

Df =  𝑓0 − 𝑓0

• The oscillation amplitude and the phase are kept constant : resonance

values

• True non-contact method : 

 Attractive interaction regime with the surface

 Df < 0

• Very large z sensitivity upon accurate detection of Df, which allows for 

large vertical and lateral contrasts (atomic resolution)
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1. Introduction

2. Connection with the modelization

3. Experimental illustrations

4. Instrumentation: PLL & amplitude feedback

5. Important results and current trends

C – Dynamic AFM in non-contact 

mode
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C5- Important results : high-resolution imaging of 

surfaces
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C5- Important results : high-resolution imaging of 

molecular assemblies adsorbed on surfaces

R. Pawlak et al.
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C5- Important results : chemical identification at the 

atomic scale

Y. Sugimoto et al.

Nature 446, 64 (2007)
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C5- Important results : manipulations of atoms, 

molecules and nano-objects

4K

RT
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C5- Current trends :

• Small amplitudes (50 pm, sensitivity to the SR-regime) : piezoelectric 

probes (tuning fork, "qPlus" Omicron, "Colibri" Specs). Usually used at low 

temperature: 

 imaging + spectroscopy: quantitative interpretation (forces, charges...)

• Time resolution: high-frequency cantilevers or higher harmonics…

• High-resolution in Kelvin Probe Force Microscopy (KPFM): quantitative 

interpretation of the contrast…

• Time-resolved KPFM by pump-probe methods…
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C5- Current trends: quartz tuning fork1
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1F.Giessibl, Appl.PhysLett. 2000; Science 1995
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Topographic sensitivity to the charge state on the atomic scale

Spectroscopic sensitivity to the charge state on the atomic scale

C5- Current trends: quartz tuning fork
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Pentacene / Cu(111)

Pentacene / 2ML NaCl(001) / Cu(111)

Df @ cst height

Df @ cst height

Dz @ cst current

Dz @ cst current Df @ cst height

C5- Current trends: quartz tuning fork
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