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Under the surface of SIN 

•  We use multiscale simulation techniques: 
o  Quantum and classical approaches 
o  Molecular dynamics and Monte Carlo 
o  Atomistic, coarse grained and 
phenomenological models 
o  Abstract and virtual computational 
experiments 

���������	
���		��	���
��	�����	�����	
�����	���
���

���	�����
	���	�����

���	����
�	��	��	�����	
�����
	����	��	

������	��	��	����	���	���	��
��������	 �
����	!�	���	�����	����	��	
��	�����!���	������
"	

#�����	���	$����

�

�

�%	��	����	������	��	��	������	��	��&�	���	��	
���	����
��
�%	��	'���
'	��	��	(���	���	��	�������)��

�%	��	�����	*	�������	���
	������	!��	�	
������	+��
���%	���������	
				
���
�%	��	
,�����	��	��	������	���
	�
	������	��
��&����
�%	��	���	��	��	'���'	������
	!��	�	
������	+��
���%	���������	
���

�
�

�

July 17, 2014 Simulating SPM 4 



July 17, 2014 Simulating SPM 5 

Computational experiments 

 

§  Steps to set up a meaningful computational model: 
•  Specify the physical phenomenon to study 
•  Develop a theory and a mathematical model to describe the 

phenomenon 
•  Cast the mathematical model in a discrete form, suitable for 

computer programming 
•  Develop and/or apply suitable numerical algorithms 
•  Write the simulation program 
•  Perform the computational experiment 

Experiment Theory 

Simulations 
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Standard modelling slide! 
Rev. Mod. Phys. 75 (2003) 1287 

'Scanning Probe Microscopes : Atomic scale engineering by forces and currents'  
Adam S. Foster and Werner A. Hofer, Springer, New York (2006) 

Adv. Mater. 23 (2011) 477 
 •  Theory in the language of experiments 

-  Virtual SPM. 
 
•  Modular – can include any combination 
of modes, phases, signals and feedback 
loops. 
 

•  Multiscale simulation techniques for the tip-surface 
interaction: 

o  quantum and classical approaches 
o  standard, hybrid and vdW-DFT 
o  ground and excited states 
o  STM via perturbation and transport 
o  classical and ab initio molecular dynamics 

Virtual electronics Virtual scanner 
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•  The initial stage of any simulation project is to define the nature of the 
system itself – what interactions are dominant? 

The nature of stuff 

•  Metals: itinerant conduction electrons 
spread among the ion cores. Electron “gas” 
as electronic glue of the system 

•  Closed-shell systems: rare gases and 
molecular crystals. They remain atom-like 
and tend to form close-packed solids 

•  Covalent bonding: involves a complete 
change of the electronic states of the atoms 
with pair of electrons forming directional 
bonds 

•  Ionic systems: compound formed by 
elements of different electronegativity. 
Charge transfer between the elements thus 
stabilizes structures via the strong Coulomb 
(electrical) interaction between ions 
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Intermolecular forces 

such as the orbit of the moon around the earth when acted on by the same force—
a thought process that requires a leap of the imagination by a factor of 106 in time, 108 in
distance, and 1024 in mass.

But trouble was just round the corner. In 1662 Robert Boyle (1627–1691) published his
famous gas law, PV ¼ constant. Twenty-five years later, Isaac Newton (1642–1727) pub-
lished his famous law of gravity. Boyle’s Law suggested that molecules repel each other
(the pressure P in PV ¼ constant is repulsive), while gravity suggested that they attract.
Newton also concluded that the molecules of a gas must ultimately attract each other,
since they condense into liquids or solids. These apparent contradictions sowed the first of
many seeds that were to lead to heated controversies in the two centuries to come.

Table 1.1 Scientists Who Made Major Contributions to Our Understanding of
Intermolecular Forces (including some whose contribution was indirect)

Scientific
method

 Newton’s
Principia

Mathematical
methods

Kinetic theory
Thermodynamics

Quantum theory
Colloids  

1500 1600 1700 1800 1900 2000 

1500 1600 1700 1800 1900 2000 

F. Bacon

Galileo

Boyle

Newton

Euler

Coulomb

Laplace

Young

Clausius

Maxwell

van der Waals

Gibbs

Boltzmann
Langmuir

Debye

London
Lennard-Jones

Pauling

Onsager

Hamaker, Casimir,
Derjaguin, Overbeek

Landau

Lifshitz

de Gennes

6 INTERMOLECULAR AND SURFACE FORCES

•  Breakthroughs read as a 
hall of fame – many 
forces are known by their 
discoverers. 

•  Following Newton’s 
success with gravity, 
many tried to find simple 
expressions to describe 
intermolecular forces in 
general. 
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Early success? 
•  The contradiction between the repulsive interactions 

predicted by pressure measurements, the attraction of 
gravity and liquid/solid phases led to an expression 
including both attraction and repulsion in 1903: 

w(r) = −
A

rn
+

B

rm

•  Gave good agreement with experiments…with a wide variety 
of n and m values. 

•  No insight into source of interactions at this scale. 
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Common interactions 

as its bulk density ror bulk dielectric constant 3. Such “mediumeffects” or “solvent effects”
necessarily involve the simultaneous interactions of many molecules, both solvent and
solute, and they become particularly severe when dealing with short-range interactions

Table 2.2 Common Types of Interactions and their Pair-Potentials w(r) between Two
Atoms, Ions, or Small Molecules in a Vacuum (3 ¼ 1)a

Type of interaction Interaction energy w(r)

Covalent, metallic Complicated, short range

Charge–charge þQ1Q2/4p30r (Coulomb energy)

Charge–dipole #Qu cos q/4p30r
2

#Q2u2/6(4p30)
2kTr4

Dipole–dipole #u1u2[2 cos q1 cos q2 # sin q1 sin q2 cos f]/4p30r
3

#u2
1u

2
2=3ð4p30Þ

2kTr6 ðKeesom energyÞ

Charge–non-polar #Q2a/2(4p30)
2r4

Dipole–non-polar #u2a(1 þ 3 cos2 q)/2(4p30)
2r6

#u2a/(4p30)
2r6 (Debye energy)

Two non-polar molecules #3

4

hva2

ð4p30Þ2r6
ðLondon dispersion energyÞ

Hydrogen bond Complicated, short range, energy roughly
proportional to #1/r2

aw(r) is the interaction free energy or pair-potential (in J); Q, electric charge (C); u, electric dipole moment (C m); a, electric polarizibility
(C2 m2 J#1); r, distance between the centers of the interacting atoms or molecules (m); k, Boltzmann constant (1.381 & 10#23 J K#1);
T, absolute temperature (K); h, Planck’s constant (6.626 & 10#34 J s); n, electronic absorption (ionization) frequency (s#1); 30, dielectric
permittivity of free space (8.854 & 10#12 C2 J#1 m#1). The force F(r) is obtained by differentiating the energy w(r) with respect to
distance r: F¼#dw/dr. The stabilizing repulsive “Pauli Exclusion” interactions (not shown) usually follow an exponential function w(r)f
exp(#r/r0), but for simplicity they are usually modeled as power laws: w(r)fþ1/rn (where n ¼ 9–12).

36 INTERMOLECULAR AND SURFACE FORCES
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Coulomb interactions 

as its bulk density ror bulk dielectric constant 3. Such “mediumeffects” or “solvent effects”
necessarily involve the simultaneous interactions of many molecules, both solvent and
solute, and they become particularly severe when dealing with short-range interactions

Table 2.2 Common Types of Interactions and their Pair-Potentials w(r) between Two
Atoms, Ions, or Small Molecules in a Vacuum (3 ¼ 1)a

Type of interaction Interaction energy w(r)

Covalent, metallic Complicated, short range

Charge–charge þQ1Q2/4p30r (Coulomb energy)

Charge–dipole #Qu cos q/4p30r
2

#Q2u2/6(4p30)
2kTr4

Dipole–dipole #u1u2[2 cos q1 cos q2 # sin q1 sin q2 cos f]/4p30r
3

#u2
1u

2
2=3ð4p30Þ

2kTr6 ðKeesom energyÞ

Charge–non-polar #Q2a/2(4p30)
2r4

Dipole–non-polar #u2a(1 þ 3 cos2 q)/2(4p30)
2r6

#u2a/(4p30)
2r6 (Debye energy)

Two non-polar molecules #3

4

hva2

ð4p30Þ2r6
ðLondon dispersion energyÞ

Hydrogen bond Complicated, short range, energy roughly
proportional to #1/r2

aw(r) is the interaction free energy or pair-potential (in J); Q, electric charge (C); u, electric dipole moment (C m); a, electric polarizibility
(C2 m2 J#1); r, distance between the centers of the interacting atoms or molecules (m); k, Boltzmann constant (1.381 & 10#23 J K#1);
T, absolute temperature (K); h, Planck’s constant (6.626 & 10#34 J s); n, electronic absorption (ionization) frequency (s#1); 30, dielectric
permittivity of free space (8.854 & 10#12 C2 J#1 m#1). The force F(r) is obtained by differentiating the energy w(r) with respect to
distance r: F¼#dw/dr. The stabilizing repulsive “Pauli Exclusion” interactions (not shown) usually follow an exponential function w(r)f
exp(#r/r0), but for simplicity they are usually modeled as power laws: w(r)fþ1/rn (where n ¼ 9–12).

36 INTERMOLECULAR AND SURFACE FORCES

•  Strongest of interactions…in principle - covalent bonds. 

OA	


Oi	


HfA	
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Van der Waals 

as its bulk density ror bulk dielectric constant 3. Such “mediumeffects” or “solvent effects”
necessarily involve the simultaneous interactions of many molecules, both solvent and
solute, and they become particularly severe when dealing with short-range interactions

Table 2.2 Common Types of Interactions and their Pair-Potentials w(r) between Two
Atoms, Ions, or Small Molecules in a Vacuum (3 ¼ 1)a

Type of interaction Interaction energy w(r)

Covalent, metallic Complicated, short range

Charge–charge þQ1Q2/4p30r (Coulomb energy)

Charge–dipole #Qu cos q/4p30r
2

#Q2u2/6(4p30)
2kTr4

Dipole–dipole #u1u2[2 cos q1 cos q2 # sin q1 sin q2 cos f]/4p30r
3

#u2
1u

2
2=3ð4p30Þ

2kTr6 ðKeesom energyÞ

Charge–non-polar #Q2a/2(4p30)
2r4

Dipole–non-polar #u2a(1 þ 3 cos2 q)/2(4p30)
2r6

#u2a/(4p30)
2r6 (Debye energy)

Two non-polar molecules #3

4

hva2

ð4p30Þ2r6
ðLondon dispersion energyÞ

Hydrogen bond Complicated, short range, energy roughly
proportional to #1/r2

aw(r) is the interaction free energy or pair-potential (in J); Q, electric charge (C); u, electric dipole moment (C m); a, electric polarizibility
(C2 m2 J#1); r, distance between the centers of the interacting atoms or molecules (m); k, Boltzmann constant (1.381 & 10#23 J K#1);
T, absolute temperature (K); h, Planck’s constant (6.626 & 10#34 J s); n, electronic absorption (ionization) frequency (s#1); 30, dielectric
permittivity of free space (8.854 & 10#12 C2 J#1 m#1). The force F(r) is obtained by differentiating the energy w(r) with respect to
distance r: F¼#dw/dr. The stabilizing repulsive “Pauli Exclusion” interactions (not shown) usually follow an exponential function w(r)f
exp(#r/r0), but for simplicity they are usually modeled as power laws: w(r)fþ1/rn (where n ¼ 9–12).

36 INTERMOLECULAR AND SURFACE FORCES

•  Weak, but critical force. 

- - - 

- 
- 

- 
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- - 
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- 
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- 

- 

∂− ∂+ ∂− ∂+

•  Several components, but origin of 
dispersion forces is instantaneous  
fluctuations in electron density. 
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Hydrogen bonds 

as its bulk density ror bulk dielectric constant 3. Such “mediumeffects” or “solvent effects”
necessarily involve the simultaneous interactions of many molecules, both solvent and
solute, and they become particularly severe when dealing with short-range interactions

Table 2.2 Common Types of Interactions and their Pair-Potentials w(r) between Two
Atoms, Ions, or Small Molecules in a Vacuum (3 ¼ 1)a

Type of interaction Interaction energy w(r)

Covalent, metallic Complicated, short range

Charge–charge þQ1Q2/4p30r (Coulomb energy)

Charge–dipole #Qu cos q/4p30r
2

#Q2u2/6(4p30)
2kTr4

Dipole–dipole #u1u2[2 cos q1 cos q2 # sin q1 sin q2 cos f]/4p30r
3

#u2
1u

2
2=3ð4p30Þ

2kTr6 ðKeesom energyÞ

Charge–non-polar #Q2a/2(4p30)
2r4

Dipole–non-polar #u2a(1 þ 3 cos2 q)/2(4p30)
2r6

#u2a/(4p30)
2r6 (Debye energy)

Two non-polar molecules #3

4

hva2

ð4p30Þ2r6
ðLondon dispersion energyÞ

Hydrogen bond Complicated, short range, energy roughly
proportional to #1/r2

aw(r) is the interaction free energy or pair-potential (in J); Q, electric charge (C); u, electric dipole moment (C m); a, electric polarizibility
(C2 m2 J#1); r, distance between the centers of the interacting atoms or molecules (m); k, Boltzmann constant (1.381 & 10#23 J K#1);
T, absolute temperature (K); h, Planck’s constant (6.626 & 10#34 J s); n, electronic absorption (ionization) frequency (s#1); 30, dielectric
permittivity of free space (8.854 & 10#12 C2 J#1 m#1). The force F(r) is obtained by differentiating the energy w(r) with respect to
distance r: F¼#dw/dr. The stabilizing repulsive “Pauli Exclusion” interactions (not shown) usually follow an exponential function w(r)f
exp(#r/r0), but for simplicity they are usually modeled as power laws: w(r)fþ1/rn (where n ¼ 9–12).

36 INTERMOLECULAR AND SURFACE FORCES

O 

H 

H 

•  Water and ice…
liquids in general 
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Simulation scale 
§  Challenge: modelling a physical phenomenon from a broad 

range of perspectives, from the atomistic to the macroscopic. 

(fs) 10-15!

(ps) 10-12!

(ns) 10-9!

(µs) 10-6!

(ms) 10-3!

100!

10-10! 10-9! 10-8! 10-7! 10-6! 10-5! 10-4!
(nm)! (µm)!

LENGTH (m)!

TIME (s)!

Mesoscale methods!Atomistic 
Simulation
Methods!

Semi-empirical!
methods!

Ab initio!

Monte Carlo!
Molecular dynamics!

tight-binding!

Continuum!

Finite elements 
methods!

Methods!Based on SDSC Blue Horizon (SP3)!
512-1024 processors!
1.728 Tflops peak performance!
CPU time = 1 week / processor!
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§  Assume that matter is continuous and treat the properties of the 
system as field quantities.  Numerically solve phenomenological 
equations to predict the properties of the systems. 

§  Pros: 
•  Can in principle handle systems of any (macroscopic) size 

and dynamic processes on longer timescales. 
§  Cons: 

•  Requires input (elastic tensors, diffusion coefficients, 
equations of state, etc.) from experiment or from lower-scale 
methods that can be difficult to obtain. 

•  Cannot explain results that depend on the electronic or 
molecular level of detail.  

 

Continuum methods 



July 17, 2014 Simulating SPM 16 

Macroscopic interactions 

•  van der Waals force between 
macroscopic tip and surface 
calculated by summing interaction 
of cylindrical elements in both.  
 
•  Large changes in the interacting 
systems properties can be easily 
considered in an effort to match 
experiment.  

•  Adhesion is a 
common topic of study 
– understanding it 
allows us to control it. 
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Accuracy 

Time (s) 

Hand 

102 104 105 106 103 

Convergence of 100 
atom system 

Geometries 
(fitted) 

Pair 
potentials 

Geometries 
(flexible) Tight 

binding 

Hartee 
Fock 

Electronic 
structure 

Hybrids 
Density 

Functional 
Theory 

Excited 
states Quantum 

Monte 
Carlo 

Time 
dependent 

DFT 

Exact 
exchange 

“Atomic” methods 
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§  Use empirical or ab initio derived force fields, together with 
semi-classical statistical mechanics (SM), to determine 
thermodynamic (MC, MD) and transport (MD) properties of 
systems. SM solved ‘exactly’. 

§  Pros: 
•  Can be used to determine the microscopic structure of 

complex systems, O(104-6) atoms. 
•  Can study dynamical processes on long timescales, up to 

O(1) µs 
§  Cons: 

•  Results depend on the quality of the force field used to 
represent the system. 

•  Many physical processes happen on length- and time-scales 
inaccessible by these methods, e.g. diffusion in solids, many 
chemical reactions, protein folding, micellization. 

 
 

Atomistic methods 



•  Calcium carbonate is an important material in 
biomineralization and geochemistry. 
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Atomistic example: Calcite in water 

Science 326 (2009) 1194 

Rode S., Oyabu N., Kobayashi K. et al., Langmuir 25, 2850 (2009) 

•  The surface is the subject of ongoing high 
resolution AFM studies in liquid – what is the 
structure? role of water? 

Ca2+ 

zig-zag line of protruding O’s 

CO3
2- 
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r

ρ

"
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UC (r) =
1

4πε0

q1q2

r

−1.04 

+1.12 

+2.0 
−1.04 

−1.04 

−0.82 

+0.41 +0.41 

Interactions 

•   Molecular Dynamics (MD) 
•   Integrate particle equations of motion 
•   Also dynamic processes can be simulated 

July 17, 2014 Simulating SPM 

(Newton) 

(Verlet) 
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ab initio methods 

H ϕ= E ϕ

Kinetic 
energy 

of ions and  
electrons Electron-

electron 
interaction 

Electron-ion 
interaction 

Ion-ion 
interaction 

Coupled ionic and electronic 
wavefunction 

Energy eigenvalues 

•  ab initio methods attempt 
to solve the Schrödinger equation. 
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Ab initio methods 

§  Calculate materials properties from first principles, solving the 
quantum-mechanical Schrödinger (or Dirac) equation numerically 

§  Pros: 
•  Gives information on both the electronic and  
     structural/mechanical behaviour 
•  Can handle processes that involve bond breaking/formation, or 

electronic rearrangement (e.g. chemical reactions). 
•  Methods offer ways to systematically improve on the results, 

making it easy to assess their quality. 
•  Can (in principle) obtain essentially exact properties using just the 

atomic species and coordinates as input. 

§  Cons: 

•  Can handle only relatively small systems, about O(102) atoms. 
•  Can only study fast processes, usually O(10) ps. 
•  Numerically expensive!  
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•  Ground state energy of a many-body system is a unique 
functional of the density n(r). 

E [n]= T [n ]+ E H [n]+ E xc[n]+ ∫ V (r)n(r )d 3 r

kinetic energy electron-electron 
interaction 

exchange 
-correlation 

external 
potential 

Density functional theory (DFT) 

•  Kohn-Sham: replace the original many-body problem with an auxiliary 
system of non-interacting particles. 

 

 

Interacting electrons  
   + real potential 

Non-interacting 
auxiliary  
particles in an 
effective potential 
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•  K-S assumes that the ground state density of the original interacting 
system is equal to that of some chosen non-interacting system that is 
exactly soluble, with all the difficult parts (exchange and correlation) 
included in some approximate functional of the density. 

•  In this approximation, electron repulsion is accounted for by optimizing 
one-electron molecular orbitals in the presence of the average field of all 
other electrons. 

•  In reality, electron-electron interactions have consequences, they are 
correlated, such that the motion of one electron affects the motion of 
other electrons. 

 

Towards DFT 

Reduced joint probability near 
to an electron -  correlation hole. 

Fermi correlation 
- exchange 

Coulomb correlation 
- correlation 
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§  Local Density Approximation (LDA): Exc[n] is a sum of 
contributions from each point in space depending only upon the 
density at each point independent on other points 

where          is the exchange and correlation energy per electron. 

 

§  Kohn and Sham proposed assuming that the density at each 
point is the same as that of the homogeneous electron gas. More 
generally they formulated the Local Spin Density Approximation 
(LSDA) 

   
Exc

LDA[n] = d 3rn(r)εxc (n(r))∫
  
εxc (n)

The Local Density Approximation 

€ 

EXC
LSDA n↑,n↓[ ] = d3rn(r)εXC

HOM (n↑(r),n↓(r))∫
= d3rn(r) εX

HOM (n↑(r),n↓(r)) + εC
HOM (n↑(r),n↓(r))[ ]∫
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A ladder of functionals - J. Perdew 

‘Heaven’ (Chemists) 

‘Earth’ (Engineers) 

•  explicit dependence on unoccupied 
orbitals - fully non-local 
 
•  explicit dependence on occupied 
orbitals - hybrid GGA, hybrid meta 
GGA 
 
•  explicit dependence on kinetic 
energy density - meta GGA 
 
•  explicit dependence on gradients 
of the density - GGA 
 
•  local density only - L(S)DA 
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•  The many flavours of DFT usual involve different approximations to 
 
•  DFT using more modern functionals is excellent for ground state 
geometries, electronic structures, binding energies, but it does have 
limitations: 
 

E xc[n]

o  band gaps i.e. optical properties 
o  van der Waals (nonlocal interactions) 
o  transition states e.g. reactions, diffusion 
o  magnetic systems 
o  water… 

Only vanilla? 

Metal! 
Correctly 

anti-ferromagnetic 

H2 on Cu(111) 
CN bond dissociation 
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A simple molecule 
 - water... 

Optimized for 
water 
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Method scaling 

Modern codes 
more like N2 

Localized hybrids ~DFT 
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Accuracy 

Time (s) 

Hand 

102 104 105 106 103 

Convergence of 100 
atom system 

Geometries 
(fitted) 

Pair 
potentials 

Geometries 
(flexible) Tight 

binding 

Hartee 
Fock 

Electronic 
structure 

Hybrids 
Density 

Functional 
Theory 

Excited 
states Quantum 

Monte 
Carlo 

Time 
dependent 

DFT 

Exact 
exchange 

“Atomic” methods 
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Example from catalysis 

•  Catalysis is a massive part of 
industrial output, being a critical 
element in nearly 80% of the 
chemical industry – $3 trillion a 
year globally. 

•  Optimization and design of new 
catalysts required detailed 
understanding of their structure. 
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Oxygen on top? 

•  Complexity of surface reconstructions in polar 
materials often means that SPM is necessary 
to resolve structure - ZnO. 

•  MgAl2O4 adopts the spinel structure – key 
class of materials in oxide fuel cells and 
catalysis. 

•  Polar oxide - polarity expected to be 
compensated by removal/addition of Mg at the 
surface. 

•  Large band gap prohibits STM, so only nc-
AFM offers local structural information. 
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Which model? 

•  Ionic material, potentials exist. 

•  Tricky insulator…charge transfer 
effects expected. 

•  Large, complex unit cell, 
particularly if we consider film 
studies… 

•  Defects and adsorbates. 

•  Finite temperature not critical, 0 K 
ground-state simulations should be 
fine. 
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Which quantum? 

•  No magnetism. 

•  Van der Waals not dominant. 

•  No transition states. 

•  Not interested in optical properties. 

•  Defects…electron localization. 

•  Hydrogen…light element. 
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Convergence tests… 

Pseudopotential 

Basis set 

k-points 

Production run 

Choose appropriate 
pseudopotential that models 
the science you want - hard, 
soft, semicore 

Test convergence of 
physical property you 
are interested in against 
the basis - speed vs. accuracy 

Test convergence of 
physical property you 
are interested in against 
k-points - metals! 

Rubbish in, rubbish out. If your 
results are unphysical, then  
you may have to start again. 

•  The whole setup must be the same for comparisons 
between calculations to be meaningful. 
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Which surface? 

•  Include influence of 
experimental conditions on 
predicted surface energies – 
oxygen and hydrogen partial 
pressures. 
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Which tip? Or tips? 

DB-Si H-Si 
Dimer-Si 2H-Si 

OH-Si 

Mg-Si 

OH-2H-Si 
H-MgO 

MgO 

OH-SiO2 

SiO2 

Spinel 

•  No controlled tip preparation. 

•  Assume contact with the surface. 

•  Opposite termination required to 
explain characteristic images. 

•  MgO forms stable nanoclusters. 

Simulated annealing for 
more complex tips: 

SiO2 CaCO3 
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Don’t forget dipoles 

•  Dominant imaging mechanism 
at long range for functionalized 
metallic tips. 

•  Dipole depends on geometry of 
metallic apex – influences 
charge transfer. 

D. Z. Gao, J. Grenz, M. B. Watkins, F. Federici Canova, A. Schwarz, R. 
Wiesendanger, and A. L. Shluger, ACS Nano 8, 5339 (2014). 

M. Bieletzki, T. Hynninen, T. Soini, M. Pivetta, C. Henry, A. Foster, F. Esch, C. Barth, 
and U. Heiz, Phys Chem Chem Phys 12, 3203 (2010). 

•  Particularly important when 
looking at dipolar systems, 
where convolution effects can 
be strong. 

•  Coupling between dipole of thin 
oxide films and polar tips. 

•  Strong influence on 
manipulation barriers. 
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Building a force field 
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Distance (0.05 nm) 

Forces over spinel surface (-ve tip) 

•  Grid density vs. computational cost. 

•  Intelligent choice of points can often be 
more useful than brute force approach. 
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Simulating an image 
•  Do you need to? Force curves might be enough. 

Errors in extracting 
long-range forces… 

Virtual electronics Virtual scanner 

•  Simple formulas for getting frequency 
from forces, but several virtual AFM 
codes around. 

•  Build the “exact” experimental setup 
within the computer. 
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Does it work? 

•  Atomically resolved images 
show clear tip dependence 
– statistically meaningful. 

•  Comparisons to simulations 
with oppositely terminated 
tips show good agreement 
with experiment – only for   
O-terminated surface. 

•  Defect identity – are they 
inversions? What about 
hydrogen? 
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Dissipation imaging 

•  Dissipation imaging – measure energy 
lost during cantilever oscillations due to 
atomic processes. 
 
•  AFM dissipation images of insulating 
thin films reveal features absent in 
topography. 

Structural?  
Electronic?  
Tip-induced? 

•  Topography as expected on NaCl. 
 
•  No dissipation with “ideal” tips – using 
double minimum model. 

•  A doped tip is more polar and produces 
atomic contrast in dissipation. 
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Static Force Spectroscopy 

Dissipation in detail 

•  Detailed experiments show 
stochastic dissipation measurements 
– rare, large energy spikes… 

•  Doesn’t match with “single shot” 
simulation approach. 

•  Take a statistical approach, very 
computational expensive…GPUs. 

 

Basic MgO… 

roughening… 
indentation… 

cleaning… 

Oxide + NaCl 
nanocluster 

+ 1 ns relaxation 
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amorphous NaCl 
=> chains 

crystalline NaCl 
=> no 

dissipation 

Simulate approach 

100 samples/point 
 
>1000 samples/point 
 
400 samples/point 
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D. J. Müller and Y. F. Dufrêne, Nature Nanotechnology 3 261 (2008) 

Manipulate single biomolecules, functionalize the AFM 
tip, or even use it as a biosensor... 

 
3D AFM in water: 
visualize hydration 
layer structure 

T. Fukuma et al., 
PRL 104 016101 (2010) 

Create images and movies of 
complex biological systems… 

opening ion channel 

DNA molecules 

AFM in liquids 
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●  Tip apex modeled as a calcite 
nanocluster. 

●  τAFM ~ 10-6 s > τwater ~ 10-10 s  
system in (near) equilibrium. 

●  Forces on tip = direct interaction with 
surface + forces due to local water 
structure around tip and surface. 

•  Room temperature water and presence of hydration layers: 
entropic contributions to the free energy, F = U – TS,  of the 
system are important. 

•  System properties must be averaged in a well defined 
statistical ensemble (N, V, T  or N, P, T ) from molecular 
dynamics simulations, using empirical interaction potentials. 

Simulation methods 
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Simulation process 

125 atom  
calcite nanocluster 

simulated annealing 
in vacuum, 

then equilibration in water 

MD with tip-surface distance z constrained by  
harmonic umbrella potentials Vi(z) = k(z – zi

0)2 

distributions pi(z) averaged over 4.5 ns   

z 

•  Calculate free energy as function of tip-surface distance, 
above one point in the surface…umbrella sampling. 

d/dz 

continuous free 
energy profile,  

F(z) = - kBT ln p(z) 

force distance 
curve f(z) 

virtual AFM simulated 
AFM images 

tip 
model 

p1(z) p2(z) pN(z) 

weighted histogram analysis (WHAM)  

repeat for 
many points 

force distance 
map f(x,y,z) 
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Putting it together 

•  Simulate AFM in liquid by calculating average force at  
various positions for a molecular dynamics run. 
 
•  Forces show signatures of underlying atomic structure 
and water layers. 

experimental image 

very good agreement for 
A = 0.3 nm, z = 0.85 nm 
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Codes 

http://projects.ivec.org/gulp/ 
http://www.ks.uiuc.edu/Research/namd/ 
http://www.gromacs.org/ 
http://lammps.sandia.gov/ 
http://thynnine.github.io/pysic/ 
… 

http://www.cp2k.org/ 
http://icmab.cat/leem/siesta/ 
http://www.vasp.at/ 
https://wiki.fysik.dtu.dk/gpaw/ 
… 

Several good ones around, but… 
 
http://physics.aalto.fi/groups/comp/sin/ - http://johnt447.github.io/pyvafm/ 
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Summary 

•  Decide the scale and accuracy you need, 
then pick your tool. 

•  At the nanoscale, building your system 
might contain more uncertainty than 
even the most coarse of methods – 
statistics. 

•  Understanding simulations requires 
understanding the approximations that 
have been used – get the “error bars”! 


