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1. Introduction

Atomic force microscopy (AFM) is a high resolution imaging technique al-

lowing atomic scale images of surfaces to be obtained by bringing an atom-

ically sharp tip close to the surface being measured. AFM was originally

developed in 1986 and initially suffered from poor resolution, although

five years later true atomic resolution was obtained [1, 2]. However, Sim-

ply imaging surfaces in vacuum is seldom the goal of most modern AFM

experiments, but rather the exploration of how molecules arrange upon

a given surface [3, 4] or the study of dynamic processes such as dissolu-

tion [4,5]. One of the big advantages of AFM is the ability to operate in a

wide variety of environments, such as water [6,7]. This further increases

the range of processes that can be explored, producing vital links as to

why materials behave in a specific way in some given environment. De-

spite all the notable advantages that AFM offers, the complexity of the

experiments means interpretation of results can be very difficult. In AFM

experiments, the operator has often little knowledge about many key fac-

tors that have a large effect on the final results, for example, the exact

location or the composition of the tip.

Due to these unknown factors it is often useful to perform atomistic sim-

ulations of the systems beings studied. These simulations endeavour to

reproduce how an atomic system reacts in a given environment and as a

result allow us to study these systems in more detail. In several cases

these atomistic simulations give us all the information required to help

justify the interpretation of the experimental results [8]. Furthermore it

is possible to calculate the force the AFM tip will feel and hence produce a

3D force field [9]. However, since AFM experiments contain several com-

ponents all of which have an influence on the final measured signal, it
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Introduction

is sometimes required that we expand upon the atomistic simulations by

performing a computational experiment. To do this we feed the tip-sample

force field into a virtual AFM (VAFM). VAFMs come in many varieties

some of which use analytical expressions and ignore the electronics while

others strive to fully simulate the tip dynamics and electronics of the sys-

tem, hence producing a far more complete simulation. Analyses of the

results from such VAFMs allows us to further justify our computational

models and with this we can identify what atomistic features produce a

given contrast [10].

One of the important themes contained within this thesis is the ordering

of water above surfaces. Water is by far the most common substance on

the planet [11] exhibiting some unique properties including an increase

in density as temperature is reduced. The structure of water is deter-

mined by electrostatic interaction between the negatively charged oxygen

and the positively charged hydrogen - hydrogen bonding. An example of

hydrogen bonding of ice Ih structure at atmospheric pressure is shown in

Fig. 1.1.

Figure 1.1. Example hydrogen bond network of ice, where oxygen is red, hydrogen is
white and hydrogen bonds are shown as a blue bond.

In general when water is placed upon a surface it forms layers [12].

This is due to the surface orientating the water into some energetically

preferable direction, producing what is referred to as a hydration layer.

Due to this initial ordering at the interface, further layers can be formed

as a result of interlayer hydrogen bonding. This is shown in Fig. 1.2, with

additionally a schematic of the expected water density. This ordering has

a large effect on AFM images, as within an experiment the AFM tip will

feel these layers and it will influence the contrast patterns.

The analysis of hydration of a surface is a key component of the study of

12
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Figure 1.2. Example of surface ordering and the resulting hydration layers, where the
yellow balls represent surface atoms.

solid-liquid interfaces. Understanding solid-liquid interfaces is critical in

a wide variety of natural processes, for example in biomineralization [13,

14] and weathering [15–18]. Furthermore, it’s also important in a variety

of industrial applications such as fuel cell technology [19, 20] and crystal

growth [21, 22]. By studying solid-liquid interfaces using NC-AFM it is

possible for us to understand such mechanisms as dissolution [23, 24] or

hydration structuring [25,26] at the molecular scale, allowing new insight

into process dominating these applications.
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2. Scanning Probe Microscopy

Scanning Probe Microscopy (SPM) is a group of experimental techniques

involving the use of a physical probe which is capable of measuring var-

ious interactions from the surface being examined. SPM was first con-

ceived in 1982 with the introduction of Scanning Tunneling Microscopy

(STM) [27]. In a STM experiment a conducting tip is brought close to a

surface while a bias voltage is applied to both the surface and the tip.

If the tip is sufficiently close to the sample then electrons can tunnel

through the vacuum between the tip and sample and hence a measur-

able current can be observed. The observed current is a function of bias

voltage, local density of states and distance to the sample. Using this cur-

rent as contrast channel it is possible to build a topography map of a given

sample with atomic resolution [28–30]. It is important to note that STM

is not actually imaging any atomic structures but rather the electronic

structure. Shortly after STM was developed Binnig and Rohrer pioneered

a new technique designed to allow imaging of any surface. In 1986 the

Atomic Force Microscope (AFM) [31] was developed.

2.1 Atomic Force Microscopy

AFM no longer uses tunnelling current as a contrast mechanism, but

rather uses atomic interactions between the probe and the surface. AFM

studies consist of an atomically sharp tip attached to a cantilever held

above the sample being studied. In contact (also known as static) mode

the tip is brought down until it touches the surface, from which it feels

atomistic interactions such as van der waals, chemical bonding etc. These

forces both attractive and repulsive, result in a bending of the cantilever.
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Scanning Probe Microscopy

This deflection can be measured by reflecting a laser onto a photodiode

(Fig. 2.1) and is directly related to the magnitude of the forces felt [32].

Figure 2.1. Contact AFM set-up

The tip is then scanned in the lateral directions and this deflection is

measured at each location. Using the deflection as a contrast channel it is

possible to produce a map that is proportional to the forces felt by the tip.

Originally this mode suffered from poor resolution, as well as potentially

damaging the tip or surface being studied, hence efforts were made to

improve this [33].

2.2 Dynamic Atomic Force Microscopy

In 1987 dynamic atomic force microscopy [34] was proposed. In dynamic

mode, the cantilever is now oscillated sinusoidally above the surface as

shown in Fig. 2.2. As the cantilever feels forces from the surface, vari-
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Figure 2.2. Dynamic AFM

ous properties of the cantilevers oscillation will change and can be linked

to the forces being examined. This new mode can be operated in Non-

Contact (NC-AFM) mode where the tip is never brought into contact with

the surface. This mode greatly reduces the impact upon the surface allow-

ing for studies of softer materials [35,36]. In this thesis only Non-contact

mode was used, hence the remainder of this section will focus purely on

that.

Figure 2.3. NC-AFM spring model

It is possible to approximate the oscillating cantilever and tip system by

modeling it as a harmonic oscillator [37]. Both the restoring force of the

cantilever and the interaction with sample are modeled as a spring with

spring constants of k and kts respectively as shown in Fig. 2.3. The lower

spring is defined as:

kts = −∂Fts

∂z
(2.1)
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where Fts is the tip’s sample force and z is the tip sample distance. Hence

the resonance frequency of the system can be shown as:

ω2 = (ω +Δω)2 = (k − ∂Fts

∂z
)/m∗ (2.2)

m∗ is the effective mass of the spring and mass system, Δω is the change

in resonance frequency induced by the Fts and k is spring constant of the

cantilever. If we follow the assumption that Δω << ω then the following

approximation can be obtained.

Δω = −ω0

2k

∂Fts

∂z
(2.3)

Eqn. 2.3 demonstrated that the change in resonance frequency will be

proportional to the force gradient felt by the tip. Generally speaking the

complete description of the dynamics of an NC-AFM cantilever can be

described using equation 2.4:

z̈ +
ω0

Q
ż + ω2

0(z − z0) = R(t)cos(ω(t)t) + Fts(x, y, z) (2.4)

where x, y, z is the tip apex position, k is the cantilever’s spring constant,

Q is the Q-factor of the system and ω0 the resonance frequency. The can-

tilever is driven by a signal of amplitude R(t) and frequency ω(t). These

previous two components contain a complex time dependency and cannot

be solved analytically.

Before discussing individual modes of operation it is important to un-

derstand the response time of the cantilever. The steady state solution of

equation 2.4 is shown below:

z(t) = A0cos(ωt+ φ) (2.5)

where A0 is the amplitude, ω is frequency, t is time and φ is phase. When

the steady state of the cantilever is perturbed, for example by a change

in Fts or driving signal, it will take some finite time for the cantilever

to return to its new steady state condition. This is demonstrated in Fig.

2.4 where the green area represents the transition region and the red

the steady state region. As can be seen it takes some amount of time

for the oscillation to return to a constant amplitude and frequency, this

time is known as the response time, which is given by τ = 2Q/ωo. The

result of this is that if for a given experiment the Q factor is large then

imaging time would also become very large. Hence when considering such
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Figure 2.4. Response time of a damped and driven harmonic oscillator

things as thermal drift it then becomes impossible to image systems. This

becomes important when considering what operational mode to use in a

specific environment.

2.2.1 Amplitude Modulated Atomic Force Microscopy

The first dynamic mode proposed was Amplitude Modulated Atomic Force

Microscopy (AM-AFM) [34]. As demonstrated in equation 2.3, forces act-

ing upon the tip produce a shift in resonance frequency. This can be ex-

ploited to obtain contrast proportional to the force felt. The cantilever is

driven far above the surface by a driving signal that is either on resonance

or slightly off (it is worth noting that if one oscillates exactly on resonance

it is no longer possible to distinguish between attractive and repulsive

forces). Additionally the amplitude of the cantilever is also monitored

throughout the experiment as this is one of the main sources of contrast.

Finally the position of the cantilever holder is altered using a piezo sys-

tem capable of making very small (on the order of Angstroms) changes in

position. A schematic of this set up can be found in Fig. 2.5.

Throughout the experiment, the tip will feel forces from the surface and

as discussed, will alter the resonance profile of the cantilever, repulsive

forces producing an increase in resonance frequency and attractive forces
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Figure 2.5. AM-AFM schematic

resulting in a decrease. Since our driving signal is at a constant ampli-

tude and frequency when the resonance peak is shifted, the cantilevers

amplitude will either increase (if shifted closer to the resonance peak) or

will decrease (if shifted away). This is demonstrated in Fig 2.6, where A0

is the amplitude measured far from the surface and A+ and A− are result-

ing changes in amplitude as a result of the resonance peak being shifted

closer or further from the driving frequency. By monitoring the amplitude

throughout the experiment it is possible to produce a force map of the

surface being studied.

Figure 2.6. Resonance Amplitude Response

The main advantage to this mode is the simplicity, compared to other

operational modes it contains fewer components. Additionally AM-AFM

is generally a safer operational mode since as you approach the surface

the high repulsive forces causes the amplitude to decay to zero. This, in

conjunction with static deflections means the user is less likely to acciden-
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tally crash into the surface. One disadvantage of AM-AFM is the response

time. Typically when operating in liquid or air environments it is possible

to obtain small Q values as a result of the environment, this produces a

fast response time and allows for faster imaging. Although when imaging

in vacuum this may no longer be the case and the Q factor can easily ex-

ceed 10000. Since the response time of the cantilever is now much slower

this means that AM-AFM is no longer desirable for such systems.

2.2.2 Frequency Modulated Atomic Force Microscopy

In order to operate in high Q environments, Frequency Modulated Atomic

Force Microscopy (FM-AFM) [38] was introduced. FM-AFM possesses

many of the same principles as AM-AFM although is still very different.

In FM-AFM the induced frequency shift is directly used as contrast. As

with AM-AFM, the cantilever is again oscillated, although in this case

there is an additional feedback monitoring the amplitude and adjusting

the driving signal. This is achieved by multiplying the driving signal by

some error value that is computed using an automatic gain circuit (AGC),

hence maintaining a constant amplitude. In order to measure the change

in frequency a Phase Locked Loop (PLL) is typically used. This is an elec-

tronic device that compares the phase of a signal with a reference wave,

allowing a phase mis-match to be calculated and hence the difference in

frequencies of the compared waves. Since we know the shift in frequency

it is possible to excite the cantilever with a signal of frequency ω0 + Δω.

Additionally by producing an excitation signal that is phase shifted by

π/2 the phase of the cantilever will remain unchanged. A schematic of

the described set up is shown in Fig. 2.7.

Figure 2.7. FM-AFM schematic
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By measuring the Δω throughout the experiment it is possible to pro-

duce a force map of the surface in the same way AM-AFM does. The main

advantage of this mode is the de-coupling of Q and imaging time. As we

are always exciting at resonance while keeping the amplitude constant

there is no need to wait for the cantilever to decay to its new oscillation

frequency or amplitude. The main disadvantage of FM-AFM is the obvi-

ous complexity, by comparing Fig. 2.5 and 2.7 it is clear that one mode

is more complicated to operate due to the additional feedback loops. As

briefly demonstrated in Eqn. 2.3 it is possible to produce an expression for

the frequency shift Δω. Eqn. 2.3 has limitations, it assumes the force gra-

dient doesn’t change significantly during the oscillation range and a suf-

ficiently small oscillation amplitude. These limitations were approached

in order to obtain a more accurate expression of Δω. Giessibl showed by

applying pertubation theory it was possilbe to obtain the following expres-

sion [39]:

Δω = − ω0

kA2
0

〈Ftsz〉

= − ω0

kA2
0T0

∫ T0

0
Fts[d+A0 +A0cos(2πω0t)]A0cos(2πω0t)dt

= − ω0

kA2
02π

∫ 2π

0
Fts[d+A0 +A0cos(ψ)]A0cos(ψ)dψ (2.6)

where A0 is the oscillation amplitude, k cantilevers sprint constant, d tip-

sample distance at the lowest turning point and T0 the oscillation period.

By using Eqn. 2.6 it is possible to calculate the Δω for a given force pro-

file. It is worth noting that although on many occasions this would be

sufficient, the expression does not take into account several factors such

as static deflection or the delay induced by the electrical systems. In con-

trast, an expression was developed by Sader-Jarvis [40] to calculate force

felt based on the measured Δω:

F (z) = 2k

∫ ∞

z
1 +

A1/2

8
√
π(t− z)

Δω(t)

ω0
− A3/2√

2(t− z)

dΔω(t)
ω0

dt
dt (2.7)

where z is the tip sample distance. This equation is widely used in the

AFM community allowing experimentally measured signals to be con-

verted to a more meaningful force. This can be useful when comparing

to simulations or when trying to understand the underlaying mechanism

for the contrast. Unfortunately there is no generally accepted equivalent
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of Eqn. 2.6 and 2.7 for AM-AFM, making analysing results more chal-

lenging.

2.2.3 Constant Height and Constant Δf

The schematics shown in Fig. 2.5 and 2.7 are in constant height mode.

This mode is the simplest way to operate an AFM, the cantilever is sim-

ply brought down to some distance above the surface and then scanned

laterally, producing an image. Although this mode is simpler, it does have

a fairly large disadvantage. Firstly on the initial approach it is entirely

possible that the tip can be crashed into the surface, potentially damag-

ing the sample being studied. Additionally if the sample is not exactly flat

(which is most likely the case) then constant height mode may cause the

tip to crash into the surface, whereas constant Δf mode adjusts the height

to avoid this. These issues can be addressed by operating the experiment

in constant Δf mode. This requires one additional feedback loop on top

of the feedback circuits described previously. The operator of the experi-

ment will set the setpoint of the feedback to a given Δω in FM-AFM or A

in AM-AFM. The feedback then compares the measured signal with the

setpoint producing an error. The feedback then adjusts the z height of the

cantilever based upon this signal hence adjusting the tip-sample distance

to maintain a constant force feedback, this is demonstrated in Fig. 2.8.

Figure 2.8. Constant Height and Force paths

The main disadvantage of this mode is the analysis of the final image,

since Eqn. 2.7 is no longer useful. Requiring theorists to use virtual

atomic force microscopes to produce a simulated AFM images.

23



Scanning Probe Microscopy

2.2.4 AFM Simulations

As discussed previously one of the challenges when performing AFM ex-

periments is in the analysis of the results. Within these experiments the

operator has no idea where above the surface they are measuring, mak-

ing it problematic to identify atomic species. In some cases it is possible

to know the direction of scanning by orientating the crystal to some pre-

viously determined direction before scanning [41]. As well as this they

have no knowledge of the tips shape or composition, both of which effect

the measured force. Due to these limitations making a solid link between

the image and physical processes can be difficult. In order to assist in ex-

perimental studies it is common practice to perform simulations to com-

plement the experimental studies [12,42].

Generally this is a two-step process, firstly the systems being studied

must be built within some atomic computational model, for example den-

sity functional theory or classical molecular dynamics. It is important to

note that in order to accurately reproduce the experimental data the inclu-

sion of the tip is required (although there is methods that can reproduce

some features without a tip [43]). Usually the actual composition of the

tip requires some background knowledge; for example in the experiments

they intentionally crash the tip into the surface in order to hopefully cover

the tip in the sample material [12]. It is then possible to calculate the force

acted upon the tip from the surface within the simulation. By tabulating

this at many x, y and z positions a 3D force field describing the tip-sample

forces in the system can be generated.

In principle by using Eqn. 2.6 it is possible to produce an experimental

image from the forces previously calculated. In some cases it may even

be possible to compare a simulated force-field directly to an experimental

Δf but in the cases where the oscillation amplitude covers over several

peaks in the force curve (such is the case in liquids) it is vital a conversion

to simulated Δf is made. Although in the case where a more complete

simulation is desired or an analytical solution is unavailable a virtual

machine is required [44–50]. This virtual machine simulates an AFM ex-

periment allowing images to be reproduced from a previously generated

force field. A typical example of where one may choose to use a virtual

machine over simply applying analytical expressions is in the case of con-
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stant frequency experiments in liquids, where the set point can be found

at several heights hence the feedback electronics must be reproduced (this

is discussed in detail in section 5.3.1). Another example is with regards

to high speed scanning, in liquids the forces can become quite large (com-

pared to UHV) so it may be required to quantify this delay and simulate

it using a virtual machine. Since part of this thesis presents a home built

virtual machine, the exact details of virtual machines will be discussed

in a later section. By following this method a simulated AFM image can

be produced, where we know the exact position of atomic species. It is

then possible to identify similar features within the experimental image,

hence strengthening the link between experimental results and physical

processes.

2.2.5 NC-AFM in liquids

One of the uses of NC-AFM is imaging in a liquid environment [6, 51].

Unfortunately imaging in liquids is far from trivial, requiring some addi-

tional methods on top of the vanilla AFM setup. The most obvious feature

is that no longer is the AFM tip simply feeling the force from the sur-

face. In addition to surface-tip interactions the tip will also feel the water

producing non-zero Δf at ranges out with the surfaces influence.

In liquids it is important to be aware of the electrostatic double layer

(EDL) that can be formed [52]. The EDL results from a charge build up

on the surface or the tip. As shown in Fig 2.9 first solvated ions build up

on the surface caused by various chemical interactions causing a surface

charge. After some time ions that have opposite charge to the absorbed

ions will be attracted via coulomb force generating a second layer.

Figure 2.9. Formation of an EDL

The resulting EDL force is caused by the overlapping EDL from the tip

and surface. The polarity of the tip and surface will determine if this force
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is either repulsive or attractive. The EDL force decays exponentially with

distance and is shown to be dependent on the concentration of electrolytes

in the fluid [53]. Where increasing the amount of electrolytes reduces the

range of the EDL force. It is generally considered that the EDL force

decreases image quality hence usually experiments strive to reduce this

by including electrolytes within the liquid [53].

As briefly mentioned the tip no longer simply feels the surface but the

surrounding medium as well. This results in a force distance curve that

looks very different to that of UHV with regions of attractions and repul-

sion far from the surface, this is demonstrated in Fig 2.10.

Figure 2.10. Typical Δf curve in UHV (a) and an example Δf curve in liquid (b)

It is this trend that causes imaging in liquid to have a large height de-

pendency [54]. In order to capture all the relevant features, it is common

practice to produce a 3D data set [51]. This is done much in the same

way lateral slices are produced. The experiment begins some point above

the surface. The piezo then reduces the height towards the surface in a

sinusoidal motion as shown in Fig. 2.11.

Figure 2.11. 3D mapping of NC-AFM in liquids

During this motion, data of Δω or amplitude is being recorded. After the

tip has returned to its initial potion it is then shifted laterally. The same

vertical sinusoidal process is repeated at this new point. By repeating this
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at many lateral points it is possible to produce a 3D map of the surface

enclosed in liquid. The advantage of this is that one can now easily take

slices from this data at the various hydration layers or any other region of

interest. Without this 3D mapping technique one would have to examine

the force distance curve to identify heights of interest to scan. This would

be challenging especially in systems that change over time.

Interpretation of the results is also challenging in liquids since hydra-

tion layers usually are not easily identifiable. One practice is to perform

theoretical studies hence producing a density profile of the solvent above

a surface. It is then possible to compare the frequency shift with these

density distributions and hence attempt to identify such peaks. It is im-

portant to note that this method does not include the tip and more im-

portantly how the tip disturbs a hydration layer. This is important since

the actual contrast mechanism caused by the water is a result of the over-

lapping of the surface and the tip’s hydration structure [12]. In order to

correctly simulate this behavior the simulation must include the tip as

well as implementing some method that includes the highly entropic na-

ture of liquid systems for example umbrella sampling. The exact details

on how one simulates AFM in liquids will be discussed in a later chapter.
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3. Classical Molecular Dynamics

Classical Molecular Dynamics (MD) is a very general term that describes

atomic scale interactions as pre-defined analytical functions as opposed

to such techniques like density functional theory (DFT) that estimate in-

teractions based on calculated electron density [55]. The main advantage

of classical MD is the ability to simulate very large systems containing

thousands of atoms for relatively long periods of simulated time, usually

on the order of nanoseconds [56]. This is in stark contrast to DFT where

simulations usually contain around 100 atoms and are typically run for

picoseconds [57]. The general idea of MD is that the user begins with

some starting configuration of atomic coordinates. After which newtons

equations of motions are evaluated over some period of simulated time,

hence evolving the system.

3.1 Solving the equation of motion in molecular dynamics

As discussed previously MD simulations evolve with time hence it is im-

portant to integrate newtons equations of motions over some given time

range. A very common method for solving these equations of motions is

using velocity Verlet algorithm [58]. This sets out to solve the following

equation of motion:

mkẍ(t) = Fk(xk(t)) = −∇V (x(t)) (3.1)

where for particle k, m is the mass, x is the position, F is the force and V is

the potential energy. So given an initial set of velocities v and positions x,

Verlet evaluates the following expressions in the following order at each

time step:
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1. v(t+ 1
2Δt) = v(t) + 1

2a(t)Δt

2. x(t+Δt) = x(t) + v(t+ 1
2Δt)Δt

3. Calculate a(t + Δt) from the force at position x(t + Δt) by using

F = −∇U , where U = UBonded + UNon−Bonded

4. v(t+Δt) = v(t+ 1
2Δt) + 1

2a(t+Δt)Δt

where Δt is the time step. Hence by following the before mentioned al-

gorithm we can calculate and update the position of the atoms at each

time step and hence evolve the system over time. The choice of time step

is very important here and must be chosen based on the shortest feature

that is desired to be captured within the simulation.

3.2 Periodic Boundary conditions

Since we have limited computational resources, simulating systems that

are even a fraction of the size of real life systems is impossible (For ex-

ample a teaspoon of water contains approximately 2.5× 1024 molecules)

In order to get closer to experiments we instead simulate infinitely large

systems using periodic boundary conditions (PBC). This is achieved in a

two step processes, firstly the system has to be designed to be periodic

so that if two of the same system are placed side by side, they produce a

seamless simulation cell. The next step is contained within the simula-

tion itself. Now when a particle crosses the simulation box boundary it

will reappear on the opposite side. As well as this shift in atomic coordi-

nates, interactions also cross the boundary meaning atoms at one edge of

the simulation box will feel interactions from atoms at the opposite box

edge. By applying these rules we are simulating an infinitely large sys-

tem, as demonstrated in Fig 3.1. One thing worth noting is that if the

cut off distance of the force is greater than half the box length then it is

clear that the number of interactions one has to compute increases dras-

tically. In order to avoid this generally we choose a box size that is greater

than half the interaction cut off, this is known as the minimum image

convention [59]. Additionally it may be desirable to choose boxes that

span several primitive unit cells, in the case of highly entropic systems

statistics plays an important role. So if we have a very small box then our
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Figure 3.1. Schematic of the periodic Boundary cell where the green outline is the
original cell with particle P is moving across the upper periodic boundary

statistics will be very poor, since PBC only produces copies of the system

which are statistically irrelevant hence not contributing to the ergodicity

of the system. Hence it’s common practice to build a system that covers

several unit cells allowing for much better statistics to be obtained.

3.3 Temperature and pressure control

Natively MD runs in a NVE ensemble, this is constant number of parti-

cles (N), constant volume (V) and constant energy (E). It is often desirable

to constrain the system to a given temperature or pressure, hence it is im-

portant that a MD code has some method for controlling these variables.

3.3.1 Temperature control

In this ensemble we desire to control the number of particles (N), the

volume of the simulation (V) and the temperature (T) of the simulation

(NVT). It is well known that the temperature of a system is related to the
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kinetic energy of the atoms:

1

2

∑
mṙ2 =

3

2
NfkBT (3.2)

where Nf is the number of degrees of freedom, kB Boltzmans constant and

T the temperature. Eqn. 3.2 implies that in order to control the temper-

ature of the system one must control the velocities of the atoms. In order

to do this we must introduce thermostats into our simulation, generally

the role of these thermostats is to alter the velocities of the atoms. It is

clear from Eqn. 3.2 that if for any given set of velocities we can measure

an instantaneous temperature Ti. This gives rise to a scaling factor λ, by

scaling the velocities by λ one can achieve a desired temperature.

Two of the most common thermostats, the Berendsen [60] and Nose-

Hoover thermostat [61], both control velocities but achieve this using

different methods. The Berendsen thermostat rescales velocities of the

atoms, using the following expression:

λ =

√
1 +

δt

τ

(T0

T
− 1

)
(3.3)

where δt is the simulation time step, τ is the coupling strength of the

thermostat, T0 is the target temperature and T is the current tempera-

ture. The main advantage to the Berendsen thermostat is its simplicity

and speed although unfortunately it does not produce the correct canoni-

cal ensemble.

The Nose-Hoover thermostat employs a different approach to altering

the velocities of atoms within the system. The method employs a friction

variable ζ which alters the acceleration of the particles, hence adjusting

the temperature:
d2r

dt2
= Fi/mi − ζvi (3.4)

dζ(t)

dt
=

1

Q

[ N∑
i=1

mi
v2i
2

− 3N + 1

2
kBT0

]
(3.5)

where Fi designates the force acting on atom i, mi is the mass of atom i,

Q is a coupling strength factor and the rest of the variables are consis-

tent with Eqn. 3.3. So when the target temperature has been reached∑N
i=1mi

v2i
2 = 3N+1

2 kBT0 producing dζ(t)
dt = 0 allowing us to find a value of ζ

that will maintain a given temperature.
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3.3.2 Pressure Control

Analogous to temperature control methods have been developed to allow

the control of pressure within a simulation. This is the NPT ensemble,

where the number of particles (N), the pressure of the simulation (P) and

temperature (T) is kept constant. This allows the volume of the box to

fluctuate to alter the pressure of the simulation. In order to make these

changes we must employ a barostat into our simulations, two common ex-

amples of barostats are the Berendsen barostat [60] or Parrinello-Rahman

barostat [62,63].

The Brendsen barostat follows a similar idea as to the thermostat with

the same name. The pressure tensor can be calculated as:

P =
1

V

[1
3

N∑
i

( N∑
j>i

Fijri +
p2i
mi

)]
(3.6)

where V is the volume of the system, Fij is the force exerted on particle i

by particle j, rij is the distance from particle i and j, pi is the momentum,

V is the box volume and mi is the mass of particle i. Following from this

a scaling factor can be introduced , which is equivalent to:

μ =
[
1− βδt

τ
(P0 − P )

]1/3
(3.7)

where β designates the isothermal compressibility, τ is the strength of the

coupling, P0 is the target pressure, P is the current pressure and δt is the

timestep. By scaling the box dimensions by the factor μ given by Eqn.

3.7 we can achieve a given pressure P0. As with the Berendsen thermo-

stat this method is very efficient but does not yield the correct isobaric-

isothermal ensemble.

The Parrinello-Rahman barostat assigns the box vectors b via the fol-

lowing equation of motion:

d2b

dt2
= VW−1bT

−1
(P − P0) (3.8)

where W is the coupling strength and the other symbols have the same

meanings as previous. The equations of motion for the atoms are modified

as follows:
d2ri
dt2

=
fi
mi

−M
dri
dt

(3.9)

where:

M = b−1
[
b
dbT

dt
+

db

dt
bT

]
bT
−1

(3.10)
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when one combines the previous with the Nose-Hoover thermostat it is

possible to obtain the correct isobaric-isothermal ensemble.

3.4 Atomic Interactions

Since our goal is to simulate atomic processes it is indeed necessary to at-

tempt and quantify the interactions between the various atomic specious

within our simulation. It is important to understand that classical MD

doesn’t explicitly calculate the effect of the electrons in a simulation (this

is the job of other methods). Although these quantum mechanical ef-

fects can be effectively included in the force field, for example in a typical

Lennard Jones potential the repulsive part is included, but at no point

does the classical MD simulation calculate the overlapping electron or-

bitals that would cause such a behaviour.

One reason why classical MD is so fast in comparison to other methods

is the user must provide expressions that describe the interactions within

the system. This can be in the form of an analytical formulation or a tab-

ulated force field. Hence the software need only evaluate these simple

functions as opposed to some complex calculations required to find elec-

tron density. A set of these interaction is referred to as a force field, within

these force fields the interactions can be broadly split into two categories,

bonded and non-bonded interactions.

3.4.1 Bonded Interactions

Bonded interactions within a MD simulation attempt to reproduce parts

of the simulation that are unlikely to break throughout the range of the

simulation. Before commencing with a MD simulation one must first de-

fine all the bonded interactions within a system. This is typically done

using some sort of automated process that compares the distance between

atoms with some criteria to decide if they are close enough to warrant a

bonded interaction. Within a standard force field bonds cannot be cre-

ated or destroyed throughout the simulation hence it is important that

the bonds assigned at the start are indeed correct. In a typical MD code

there is a variety of bonded interactions that can be used to describe a

large assortment of atomic processes.

34



Classical Molecular Dynamics

Figure 3.2. Assorted Bonded atom variants (a) Bond Interaction (b) Angle Interaction
(c) Dihedral Interaction (d) Improper Interaction

3.4.2 Bonds

The simplest bonded interaction is the two atom bond interaction. This

interaction is usually some form of an analytical function that takes in

the distance between the two atoms as an argument. A typical example
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would be the harmonic bond:

Ubond = kij(rij − r0ij)
2 (3.11)

where kij is the spring constant, rij is the distance between atom i and

j and r0ij is equilibrium distance between the two atoms. It is clear that

the strength of the bond in this case is determined by the spring constant.

This is typically used when it is required that two atoms maintain a re-

straint distance, this is shown in Fig. 3.2a. A good example of this would

be the OH bond in a water molecule.

3.4.3 Angles

The angle bond is a three atom potential designed to keep three atoms at

a given angle. Given an atomic triplet (atom i, j and k) an angle θ can be

measured between them, using this angle as an argument it is possible

to produce a potential to constrain the system to a given angle, this is

shown in Fig. 3.2b. As shown previously it is also possible to describe this

process using a harmonic potential.

UAngle = kijk(θijk − θ0ijk)
2 (3.12)

where kijk is the spring constant, θijk the angle between the triplet of

atoms i, j, k and θ0ijk the equilibrium angle between the triplet of atoms

i, j, k. Such a potential can be used for example to maintain the 104.5◦

angle of a water molecule.

3.4.4 Dihedral

The dihedral is a four atom potential of which each atom is continuously

bonded in a chain-like formation. This potential is designed to maintain

an angle θijkl defined by four bonded atoms. θijkl is defined as the angle

between two planes from which one plane intersects atom i, j and k and

one plane intersecting j, k and l, as shown in Fig. 3.2c. A typical formula-

tion for this potential is again the harmonic form:

UDihedral = kijkl(1 + cos(nijklθijkl − θ0)) (3.13)

where kijkl is the spring constant, θijkl is the angle between the two planes

previously described, θ0 is the equilibrium angle between the two planes
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and nijkl is the number of minimums in the potentials between 0 and 360◦.

An example of such a potential is shown in Fig. 3.3, where a dihedral

potential is used across atom number 5, 4, 1 and 2 as well as 5, 4, 1 and 3.

Figure 3.3. Bicarbonate molecule

3.4.5 Improper

Improper is another four atom potential designed to maintain atoms in a

plane. In this case three atoms are centered around a fourth as shown in

Fig. 3.2d. As with before the angle θijkl is defined as the angle between

two planes. One plane intersecting i, j, k and one plane intersecting j, k, l,

where i is the center most atom. The harmonic form of this potential is

shown below:

UImproper = kijkl(θijkl − θ0))
2 (3.14)

as can be seen this is the same as the angle formulation but one must

remember the definition of the angles is very different in each case. One

typical example of this potential in use would be in a carbonate group

where three oxygens and one carbon must be kept in the same plane as

each other.

3.4.6 Non-Bonded Interactions

The majority of interactions within a classical MD simulation are non-

bonded and these potentials tend to describe the longer range interactions

between atoms. These interactions do differ from bonded interactions as

it is possible for the force felt from a non-bonded interaction to be zero

(far away from the equilibrium). Within non-bonded interactions both

repulsive and attractive terms can be used, as shown in Fig. 3.4. A very
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common formulation for this is the lennard-Jones potential (LJ) [64]:

Uij = 4εij

(σij
rij

12 − σij
rij

6)
(3.15)

where εij controls the depth of the LJ potential, r is the distance between

atoms and the minimum of the LJ varies with 21/6σ.

Figure 3.4. Lennard Jones Potential

One of the big advantages of the LJ form is it allows interaction ener-

gies to be computed very quickly by simply evaluating Eqn. 3.15. Hence

by adjusting the ε and σ parameters one can adjust the LJ curve to be com-

parable to previously determined results. Of course many other potential

forms exist in addition to the LJ, for example the Morse Potential [65] or

the Buckingham Potential [66].

Electrostatics

In addition to the previously discussed interactions, classical MD simula-

tions usually take into consideration the electrostatic contribution to the

force. For two point charges qi and qj at a distance rij from each other, the

electrostatic interaction energy is given as:

Ucoloumb(rij) =
qiqj

4πε0rij
(3.16)

where ε0 is the permittivity of free space. It is clear that the energy only

falls off with distance and when one computes the force of Eqn. 3.16 then

it can be seen that the force drops off with r2. The simplest way to calcu-

late the interaction potential from electrostatics is to evaluate Eqn. 3.16,

although in infinitely large systems this becomes conditionally conver-

gent on the number of terms in the summation as well as expensive com-

putationally to compute. One "solution" to this issue was to remove the
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long range part of the coulomb interactions [67]. Although this truncation

for just short range interactions yields many inaccuracies and artefact in

simulations [68]. Various techniques have been developed in order to ad-

dress this problem, such as Ewald summation [69] or by Particle mesh

approaches [70].

The CPU time required for Ewald summation scales with O(N3/2). Al-

though if one uses the same cut-off for both real and Fourier space it can

be found that the CPU time now scales with O(N2) where N is the num-

ber of particles [67]. This makes Ewald summation much slower for large

systems. An improvement to this exploits the Poisson equation:

−∇2φ(r) = 4πρ(r) (3.17)

where ρ(r) is the charge density and φ(r) is the electrostatic potential.

Eqn. 3.17 can be very efficiently solved if the charges are distributed

onto a grid, these methods are known as Particle Mesh approaches to

electrostatics. The earliest approach was by Hockney and Eastwood [70]

where the charges of the system were interpolated onto a grid then the

Poisson equation was solved very quickly using Fast Fourier Transform

(FFT) methods [71]. This technique scales much better with O(NLogN)

although is not very accurate [67], hence improvements were made by sep-

arating the short and long range interactions [72]. In general, calculating

the electrostatics is a three step process:

1. Calculate a charge grid: Since the atom locations and the grid points

are not likely to align, we need to use some method to assign charges

to these points. Several of these are discussed in [72].

2. Solve the Poisson equation: Using an FFT based technique based

on a grid, this can be calculated very quickly using a diffusion algo-

rithm [73].

3. Now that we have the energies from the Poisson equation it’s simply

a matter of calculating the forces and assigning them to the correct

atoms.

3.4.7 Parameterising force fields

In general, the atomic interactions are pre-defined in classical MD, mean-

ing that usually they are some analytical function that is evaluated. These
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interaction sets must be built and there are various methods to achieve

this. For the most part, classical MD force fields are not capable of re-

producing all observables for a given system, but are typically designed

to reproduce a select few of them, for example the diffusion rate of wa-

ter at 300 K. There are many already developed force fields, for example

CHARMM [74], although these pre-built force fields don’t always capture

the observables we may desire to measure.

Although it is not possible to simulate very large systems using more

accurate methods like DFT (Density Functional Theory) it is still possible

to simulate small parts of the system. So in order to produce classical

force fields, simulations are usually carried out for each of the crucial

parts of the system. For example, if one was trying to parametrise a water

molecule, more accurate quantum calculations would be carried out that

investigate the Energy vs Distance curve of the OH bond as well as the

Energy vs angle for the H-O-H bond. With the data generated from these

simulations it is possible to then extract analytical forms from the results,

again using the water molecule it may be appropriate to use a harmonic

form for both the OH bond and the H-O-H angle. These fitted parameters

are then inputted into classical MD code allowing simulations of these

systems to be run over much larger scales.

3.5 Energy Minimisation algorithms

In MD one solves the equations of motions using some integration scheme

in order to reposition the atoms over some time length. Although for this

approach to be successful it is usually optimal if the system is already in

some steady state. This is the role of energy minimisation (also known as

geometry optimisation). The goal of these algorithms is to obtain a con-

figuration that is at an energy local minimum. Since the total energy is

a function of atomic position R then by adjusting the various positions of

the atoms we can find some configuration that minimises the energy. Al-

though it is important to note that this is likely not going to be the global

energy minimum of the system but instead a local energy minimum. Var-

ious algorithms exist that minimise the system energy, two such methods

will be described next.
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3.5.1 Steepest Descents

This is the simplest method [75] although is regarded as not a good method,

regardless it has many of the key ingredients of a good method and serves

as a good introduction. For an initial given atomic configuration r0 we

can calculate the forces acting on each atom as well as the total system

energy. Then we need to know how to adjust the atomic positions in or-

der to obtain a (hopefully) lower energy. The choice of direction is initially

based on the directions of the force. Once the initial direction is obtained a

line minimisation technique is employed. This involves moving the atoms

along the minimisation direction at some given step size until the energy

begins to rise again. One should choose this step size in order to balance

speed and accuracy as not to jump over minimums due to too large a step.

When the end of the line minimisation has been reached, it is then re-

quired that a new search direction is calculated. The Steepest Descents

method then assumes that the new search direction can be found by cal-

culating the gradient of the force at this new point. The issue with this is

steepest descent has no history of the previous search directions, so new

directions can actually work against previous points. This is schemati-

cally demonstrated in Fig. 3.5.

Figure 3.5. energy landscape being explored by Steepest Descents path where the
energy minimum is located at 0,0 and the starting position at -8,-3

As one can see from Fig. 3.5 at various points the path deviates from

the shortest distance to the minimum, this is in essence the main issue

with this method. Regardless by repeating the line minimisation at each

point the algorithm will converge onto some minimum, i.e when all the
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gradients surrounding a point only increase the energy.

3.5.2 Conjugate Gradients

This method [75] aims to correct the main issue with Steepest Descents.

It is achieved by choosing a new direction that depends on the previous

direction in order to avoid zig-zagging. Imagine at some point i we had a

search direction of hi and gradient of gi. Now imagine we wanted to find

the new search direction at a new point i+ 1. The new search direction is

given by:

hi+1 = gi+1 + λihi (3.18)

where:

λi =
gi+1 · gi+1

gi · gi . (3.19)

Now we know the new direction, we can use the same line minimsation

as before to find the next point at which we must change direction again,

again repeating this till convergence. This method produces a set of or-

thogonal gradients gi and directions hj so that gi · hj = 0, meaning that

this method does not potentially undo minimisation of previous steps (i,e,

removes the zig zagging), this is demonstrated in Fig. 3.6

Figure 3.6. energy landscape being explored by Steepest Descents path (Black) and
Conjugate gradient (Yellow) where the energy minimum is located at 0,0

and the starting position at -8,-3

Clearly the yellow path has a far more direct route, avoiding the zig-

zagging the steepest gradient method introduces.

42



Classical Molecular Dynamics

3.6 Simulating AFM in liquids

As discussed in the first chapter experiments exploring surfaces can be

carried out using AFM. Simulating AFM through MD studies is far from

a trivial process, since one must consider the tip as well as any entropic

effects caused by the surrounding environment. Entropy is effectively a

description of the number of configurations that a thermodynamic system

contains. Entropy is given by:

S = kb lnΩ (3.20)

where kb is the Boltzmann constant and Ω is the number of configurations

in the system. A liquid system contains a large number of configurations

and hence also has a high entropy. Therefore a single snapshot of a sim-

ulation (one configuration) is not very representative of the real statistics

of the system. The free energy of the system explicitly takes entropy into

account and is given by:

F = U − TS (3.21)

where F is the Helmholtz free energy, U the internal energy, T the tem-

perature and S the entropy. In equilibrium Eqn. 3.21 is minimised, so if

we perturb the system in some way, for example restraining the tip into

some unfavoured position, then the force acting on the tip can be found

by calculating the derivative of Eqn. 3.21. In this section two methods

of simulating AFM with the use of free energy will be discussed, one that

doesn’t require the inclusion of the tip, the Solvent Tip Approximation [43]

and one that does, umbrella sampling.

3.6.1 Solvent Tip Approximation

Molecular dynamics simulations have been carried out of Fluorite [76,77]

and silica nanoclusters in water [43]. It was found that for a large por-

tion of the simulation time there was a water molecule absorbed upon

the tip. Even though the water molecule had a residence time of approx-

imate 0.25 ns [77] as soon as it leaves, another water molecule replaces

it. Since short range forces can be connected to the water density, it is

possible to form some expression that instead of requiring the tip to be

placed in every xyz position within a solvated simulation, can just use the

water density instead. Based on the logic that a single water molecule
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is strongly absorbed on the tip, it is a reasonable choice to base the tip

model off a sole water molecule. By analysing the free energy changes as

the water molecule moves from bulk towards the surface it is possible to

derive an expression of force acting upon the water molecule [43]:

f(z) =
kbT

ρ(z)

dρ(z)

dz
(3.22)

where f(z) is the force at height z and ρ(z) the density at height z. The

big advantage to using Eqn. 3.22 is the speed of the calculation. Water

density can be acquired very quickly above a given surface, allowing forces

to be extracted easily. Whilst the obvious disadvantage of this method is

in the exclusion of the tip. The tip will cause some influence on the water

structure which is neglected in this model. It is generally accepted that

by following this model one can assign peaks in AFM data with peaks in

water density. This is due to the fact that AFM detects the gradient of the

force so following from Eqn. 3.22 it can be extracted that the AFM signal

would be proportional to the second derivative of water:

Δf ∝ d2ρ(z)

dz2
(3.23)

this is demonstrated in Fig. 3.7.

As can be seen in Fig. 3.7c, the 2nd derivative produces a large nega-

tive signal at the same location of the maxima in the water density Fig.

3.7a. This corresponds to a negative gradient as can be seen in Fig. 3.7b.

The negative gradient introduces a positive frequency shift hence positive

maximums in the Δf correspond to maximums in the water.

3.6.2 Umbrella Sampling

In order to simulate AFM images including a tip in water one must use

more advanced techniques. Namely umbrella sampling developed by Tor-

rie and Valleau [78]. The goal of umbrella sampling is to allow for explo-

ration of phase space that may be rarely visited in order to obtain statis-

tics at these points. This method can be applied to any molecule or MD

system although we will only use this method in relation to AFM. It can

be shown that the free energy is related to the probability of observing a

certain value x:

F (x) = −kbT lnP (x) (3.24)
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Figure 3.7. (a) water density, (b) first derivative of water density, (c) Second derivative
of water density

where F (x) the free energy, T is temperature and P (x) is the probability

of observing property x. In umbrella sampling this property x is referred

to as a reaction coordinate. Therefore, by setting up the simulated AFM

tip at various heights we could use the tip-sample distance itself as a

reaction coordinate, hence allowing for the calculation of free energy and

the corresponding force on the tip.

For a given x, y position, we must generate a set of starting positions for

the tip at various heights above the surface. This can be achieved using

Steered MD, where we constrain the position of the tip with an artificial

potential, usually this is a harmonic potential given below:

U(z) =
k

2
(z − s)2 (3.25)

Where s is the equilibrium distance of the harmonic potential. During the

steered MD simulation the centre of the potential s is displaced in z. This

results in the tip also being displaced along z as shown in Fig. 3.8.

This procedure is repeated for several z heights allowing many starting

configurations to be generated. Since liquid systems are highly entropic
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Figure 3.8. (a) Tip and zero of the bias potential, labeled as U at the same height above
the surface, (b) Shift in bias minimum height, the tip feels a force pointing

towards the minimum, (c) tip binds to move down towards the minimum (d)
the tip is now at the new minimum of the bias and hence new height

(compared to solids) it is important that for a given height, we run long

enough to collect adequate statistics. Hence each starting height gener-

ated using the method shown in Fig. 3.8 is then taken and made into a

separate simulation. The difference here is the bias potential is no longer

moved, but rather stays at the same position through-out the simulation.

This allows for a given height above the surface (one separate simula-

tion) to gather statistics of the probability of finding the tip at some given

height z, producing a plot of probability vs tip-sample distance as shown

in Fig. 3.9.

When generating the sets of windows shown in Fig. 3.9 care must be

taken in order to ensure the reaction coordinate is adequately sampled.
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Figure 3.9. Three simulations with the tip at different heights producing a curve of
probability P(z) of finding the tip at a given z position

Meaning that there are no regions of low or no statistics, checked by look-

ing at the P(z) curve and ensuring there are no gaps or areas of low statis-

tics. In principle this is all one requires to calculate the change in free

energy given by Eqn. 3.24, but in practice keeping the tip at highly re-

pulsive regions is energetically unfavourable, meaning at certain regions

above the surface the tip will move out of the equilibrium of the potential

causing areas of low statistics to appear. This is solved by adjusting k in

Eqn. 3.25 so the tip will be more strongly constrained to a given height.

This causes the peaks in the P(z) now to vary greatly in height so a win-

dow with a large k will produce a thin and tall peak where a low k will

produce a small, but wider peak. If we simply use Eqn. 3.24 on this data

we would get an incorrect result since the data is biased towards the re-

gions with large k. This is solved by using the WHAM method (Weighted

Histogram Analysis) [79]. WHAM sets out to remove bias, so by provid-

ing the WHAM algorithm with a set of position probabilities, equilibrium

positions and spring constants of the biasing, it can produce an unbiased

set of probabilities.

This method produces a more accurate description of the force than the

STA model although it is quite clear that the method is more complex and

also costs considerable computational resources to produce.
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4. Virtual Scanning Probe Microscope

In section 2.2.4 we discussed that in order to accurately simulate an AFM

experiment the use of a virtual machine is useful. These virtual machines

being pieces of software that aim to replicate the experiment and hence

simulate its dynamics. In section 2.2 the equation of motion of the can-

tilever is described as Eqn. 2.4 and cannot be solved analytically due to its

time dependency. As discussed in 2.2.2 previous attempts to produce an-

alytical expressions for Δf have been developed although the main draw-

back of these method is exclusions of the actual electronics of the system,

hence any delays or artifacts induced by them are also missing. Previous

studies have developed various virtual machines, although these methods

only describe one particular set up, usually FM-AFM and are designed for

expert users. The Python Virtual Atomic Force Microscope [80] is such a

virtual machine. The goal of the PyVAFM is to develop a virtual ma-

chine that is flexible and modular hence allowing any AFM set up to be

reproduced. Additionally effort has gone into the usability of the software

hence tutorials and full documentation are included.

4.1 Design Concepts

The PyVAFM solves a complex differential equation M represented by a

network of interlinked circuits C:

M = {C1, C2, C3...Cn} (4.1)

each circuit contains a set of time dependent input channels x and output

channels y. Each circuit can therefore be described using the following

function, y = f(x, p). Where some input x along with some internal or
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predefined parameters p produces some output y. The majority of the

circuits included within the software constitute simple operations such

as low pass filters or logical operators, but when several of these circuits

are connected together more complex operations can be carried out. This

is the main feature of the PyVAFM, the ability to connect several simple

circuits together producing a network that is described by Eqn. 4.1.

The PyVAFM solves Eqn. 4.1 by integrating it over several discrete time

steps of Δt. At each step the circuits read their input channels x(t) and

produce a new output y(t + Δt), both of which have a time dependence.

Due to the large amount of looping within the PyVAFM, using python

alone would produce a very slow simulation hence python acts only as an

interface for the C core. A circuit within the C core has the following data

structure:

pi = {pi,1, pi,2, pi,3...} (4.2)

xi = {xi,1, xi,2, xi,3...} (4.3)

yi = {yi,1, yi,2, yi,3...} (4.4)

where p contains the internal parameters for each circuit, which can be ei-

ther float, int or any arbitrary data type. Although unlike p, x and y don’t

actually contain the values for the channels, but rather an index that can

be looked up from some global list of signals s(t) = {s1(t), s2(t)...sk(t)}.

When a new circuit is added to the simulation the array s will increase

based on the number of channels within the circuit. Connections are

then made by assigning the index of the input channel to the same as

that of the output channel, meaning both channels are reading the same

data in s(t). Contained within each circuit is a pointer to the appropri-

ate update function. This allows us to use the same update function

for several instance of identical circuits, although with different sets of

p, x and y. This allows us to reproduce the object orientated behavior

that C does not contain. At the end of each time step the computed re-

sults of each channel is sorted within a global signal buffer s(t + Δt) =

{s1(t+Δt), s2(t+Δt), ..., sk(t+Δt)}. The data is then stored until the next

time step from which the data in s(t + Δt) is the copied into s(t). This

memory allocation behavior is demonstrated in Fig. 4.1. All this complex-

ity previously described is hidden behind a Python interface. The general

workflow of which is shown in Fig. 4.2.
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Figure 4.1. Memory allocation within the C core

Figure 4.2. Workflow within a typical PyVAFM run

The user must first initialise the PyVAFM core from which all other

simulation components are inherited from. Next the user adds circuits

that are required for the simulation and connects them appropriately. In

addition to this, the user should choose what channels are to be written

to a file for later analysis. Then a simulation time is set, which allows

the PyVAFM to integrate the circuits over that period of simulated time.

The PyVAFM comes pre-loaded with many circuits designed for use in

AFM simulations such as a cantilever circuit, but it is entirely possible

for users to add their own circuits in either Python or C, although the

latter is notably faster than its counterpart.
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4.2 SPM models

The cantilever is modelled as a damped harmonic oscillator that is driven

by some external driving force and feels a force Fts, the equation of motion

for this system was shown in Eqn. 2.4. In order to solve this equation a

velocity verlet approach is used (in a similar way to section 3.1 except in

this case the forces are updated first):

1. Calculate the acceleration based on the forces (Driving Force + Tip-

Sample Force + Cantilever Spring)

2. Calculate the half step velocity v1/2 at t+ 1
2Δt

3. Calculate the position at t+Δt z ← z + v1/2Δt(1− γΔt) + 1
2aΔt2

4. Calculate the velocity for the final half time step v1/2 at t+Δt

where γ is the damping coefficient. Hence by applying the verlet algo-

rithm we can solve the equation of motion of the cantilever at every time

step. The above method is applicable to not only single flexural modes

in both vertical and lateral directions (Fig.4.3 a and b), but also multiple

frequencies (Fig.4.3c).

Figure 4.3. Various models of cantilever (a) single vertical mode, (b) single lateral mode,
(c) Multi-frequency mode
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In order to operate in multi frequency mode the equation of motion (Eqn.

2.4) of the cantilever must be altered as follows:

z̈m +
ωm

Q
˙zm + ω2

m(zm − z0) = R(t)cos(ω(t)t) + Fts(x, y, z) (4.5)

where the notation remains the same except the subscript of m designates

an individual eigenfrequency. The final tip position is then found by sum-

ming over all zm over all the eigenfrequencies:

ztip =
∑
m

zm (4.6)

In order to understand the influence of the electronics in a simple FM-

AFM measurement, we compared the result of a single scan-line above

NaCl at a tip-sample distance of 4 Å in constant height mode both from

the PyVAFM and from a well established analytical solution [39]. The

cantilever was oscillating with an amplitude of 1 Å, Q factor of 10,000,

spring constant of 2675.63 N/m and a resonance frequency of 150 kHz.

The cantilever is the scanned at a speed of 1 Å/s with no background van

der Waals. The results are demonstrated in Fig. 4.4:

Figure 4.4. Frequency shift comparison of numerical and analytical models.

The maximum deviation from the analytical formulation is found to be

13.50 Hz, which equates to a 98.75% accuracy. This difference is small

considering the range of Δf measured, although is easily explained by

considering the electronics are being simulated in the numerical case.

In Fig 4.5, the resonance response of the numerical cantilever is demon-

strated as a function of driving frequency.

This result is then compared with the analytical solution for a driven

harmonic oscillator and is also shown in Fig. 4.5. We found the numerical
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Figure 4.5. Resonance response of both an analytical and numerical model

solution agrees with the analytical result to within 99.9834% accuracy. As

an example of the PyVAFM in a normal operational mode is located in Fig.

4.6, where NaCl in vacuum and calcite in water measured using FM-AFM

are shown, with the simulation parameters located in the caption.

Figure 4.6. Constant height simulated FM-AFM images for NaCl in vacuum (a) and cal-
cite in water (b). In (b) the signature zig-zag pattern of the protruding calcite
oxygen is indicated. For (a) the simulation parameters are f0 = 150 kHz, am-
plitude = 0.1 nm, Q = 10,000, height = 0.4 nm, and k = 2675.63 N/m; and for
(b) f0 = 350 kHz, amplitude = 0.12 nm, Q = 5.9, height = 0.48 nm, and k =
50.7 N/m.

In Fig. 4.6a we show the simulated result of NaCl using a forcefield

created in an earlier study [81]. This result can be compared with an

experimental result (Fig. 1d of [82]) showing a good agreement between

simulation and experiment, with similar size and location of bright and
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dark spots. For the calcite in water (Fig. 4.6b) we used a previously calcu-

lated force field [83]. This yields good comparison to experimental images

(Fig. 3a of [84]) with a reproduction of the protruding oxygen zig-zag pat-

tern (indicated in Fig 4.6b).

4.3 Tip-Sample interaction models

Tip-sample interactions are often divided into different contributions. The

long-range macro van der Waals forces are site-independent and are a

result of the macroscopic portion of the tip producing an attractive force.

This can be approximated using the following expression [85]:

Fz(z) =
AR2(1− sin γ)(R sin γ − z sin γ −R− z)

6z2(R+ z −R sin γ)2

+
−A tan γ[z sin γ +R sin γ +R sin γ +R cos(2γ)]

6 cos γ(z +R−R sin γ)2
(4.7)

A schematic of these parameters can be found in Fig. 4.7. As can be

seen the macro tip is modelled as a cone that is some distance above the

surface z.

Figure 4.7. Macro van der Waals model where γ is the angle of the cone, R is the tip
radius, z is the tip–sample distance and A, B, C describe the spherical cap
section of the cone.

The force described in Eqn. 4.7 can be evaluated producing a purely

attractive interaction that is added to the total force directly in the Py-

VAFM. The short range site dependent forces are pre-calculated using

some atomistic simulations as discussed in section 2.2.4. Tri-linear inter-

polation is then used to interpolate between the points allowing data to

be calculated for any point within the force field.
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4.4 Example Delays

As briefly discussed the electronics introduce delays into the measure-

ments and the PyVAFM attempts to quantify these. In this section three

scenarios are studied where a step edge with an abrupt change in force

(and force gradient) is introduced and the output examined. The simula-

tion parameters and analytical model are identical to those in Fig. 4.4.

4.4.1 Constant Height

In this example, the step edge force field is studied using the analytical

model as well as the PyVAFM. The tip is then moved over the step edge

and the Δf is computed and compared.

Figure 4.8. Frequency shift over a step edge comparing both analytical and numerical
schemes.

As can be seen in Fig. 4.8 a new Δf is found after the step edge at 1.5

Å. The final Δf is identical for both the analytical and numerical cases,

although it is clear there is some oscillation before arriving at this final

Δf . The delays are a result of the finite response time of the PLL (Phase

locked loop), AGC (Automatic gain control) etc., causing the numerical

signal to have some relaxation time as opposed to the analytical solution

which has an instantaneous response. This delay is an example of a signal

artefact that can be reproduced in the PyVAFM.

4.4.2 Topography

Constant frequency measurements are commonly used in experiments

and can be reproduced in the PyVAFM. In the analytical result the fre-
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quency is calculated at various different heights and compared to a set

point in order to find the correct tip-sample distance for that set point.

Figure 4.9. Topography response over a step edge comparing both analytical and
numerical schemes.

As with the previous test, the step edge is found at 1.5 Å. As demon-

strated in Fig 4.9 the analytical result produces an instant response where

as the PyVAFM produces a finite response time that is larger than with

the case in Fig. 4.8 since we have another feedback circuit adjusting the

tip-sample distance. This kind of delay is present in experiments and its

magnitude is determined by how tightly controlled the feedback is.

4.4.3 Scan Speed

Here four different scan speeds are examined (1 Å/s, 5 Å/s, 10 Å/s and 15

Å/s). This test was performed using constant height mode over the same

step edge. It is clear that in Fig 4.10 as the scan speed increases the in-

accuracy with regard to the true shape of the step edge increases. This is

due to the finite lock-in time of the PLL, which as the scan speed increases

means the tip will move a larger distance before the PLL locks on. Ana-

lytical expressions do not factor in scan speed hence are not reproduced

without the use of the PyVAFM.
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Figure 4.10. Scanning over a step edge at various scan speeds.

4.5 Known Issues

4.5.1 Energy Dissipation

The PyVAFM does not contain any energy dissipation models as standard

[49, 86], so it is not possible to separate surface interactions and energy

dissipation effects. However it would be entirely possible to add these

circuits in at a later date.

4.5.2 Circuit Performance

In order to analyse the performance of the PyVAFM the total run time for

a scan-line in a typical AFM setup is measured as a function of the time

step (setup is identical to that used in Fig. 4.4).

Figure 4.11. Processing time of one scan line at various time steps
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As can be seen from Fig. 4.11, the expected result occurs where with

increasing time step size the total simulation time increases. In order to

obtain a stable Verlet solution it is important to alter the time step based

on the oscillation frequency. For most typical AFM frequencies a time

step of 0.05 to 0.01 μs is appropriate. This produces a processing time of

between 8.53 min and 39.95 min per scan-line. This response is shown in

Fig. 4.11 may seem surprising at first, but this is in fact expected:

T = cN = c
Ts

ΔT
(4.8)

in Eqn. 4.8, T is the total time which is proportional to some constant c

multiplied by the number of time steps N . We know that N is equal to

Ts/ΔT where Ts is the total simulation time and ΔT the time step. We

keep Ts constant and only alter ΔT producing a 1/ΔT dependency that

can be seen in Fig. 4.11.

Since it is also possible to include both C and python circuits a compari-

son of the performance of both these circuits is examined.

Figure 4.12. Comparison of processing time for Python and C circuits.

In this test addition circuits are implemented in both python and C. In-

creasing numbers of circuits are introduced into the simulation and the

time required to process 5000s of simulation time is evaluated. In Fig.

4.12 the results are shown and it is clear that the C circuits are far faster

than the Python circuits. It is also worth noting that the relative reduc-

tion in speed is far more noticeable in python, which ranges from 2.87 ms

to 21 min compared to the C circuits that range from 3.986 ms to 3.47 s.

In Fig. 4.13 the effect of mixing C and Python circuits are examined.

The analysis is performed by increasing the number of C circuits while
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Figure 4.13. Procesing time for various contributions of Python and C circuits within a
simulation

reducing the number of Python circuits by an equivalent amount. As ex-

pected, as we remove python circuits and replace them with C circuits the

speed increases. Interestingly the trend is linear with the percentage of

C circuits:

NPTP +NCTC = T (4.9)

where T is the total processing time, Np is the number of python circuits,

Nc the number of C circuits, TP and TC is the time to process a single

Python or C circuit. TP and TC are essentially constant in our simula-

tion, so the only variables changing are the NP and NC in equal amounts,

which yields the linear response shown in Fig. 4.13.
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5.1 Calcite and Dolomite

Calcite is a stable polymorph of calcium carbonate (CaCO3) [87] and one

of the most common surface materials on the planet. It is a common com-

ponent in sedimentary rocks [88] as well as the primary material in the

shells of many marine organisms [89]. Calcite has several cleavage planes

although previous studies have shown that the (101̄4) is the most sta-

ble [90] as well as being charge neutral and easy to prepare. the surface

structure of the (101̄4) surface of calcite is shown in Fig. 5.1.

Figure 5.1. (101̄4) surface of both Calcite (a) and Dolomite (b)

The main feature of calcite is the zig-zag pattern caused by the pro-

truding oxygens as demonstrated in Fig. 5.1a. This surface is well stud-

ied using several methods including x-ray scattering, low energy electron

diffraction (LEED) or AFM [91, 92]. Dolomite, shown in Fig. 5.1b has

a structure that is very similar to that of calcite except every second Ca
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atom is replaced by a Mg atom. In addition to this the unit cell is smaller

than that of calcite. Despite this the characteristic zig-zag pattern is still

present on dolomite.

5.2 Chemical identification at the solid-liquid interface

As has been discussed, AFM has a wide variety of application areas, one of

which is measuring various surfaces in liquids such as water [6,51,93–97].

By analysing the Δf curves above various sites on a surface it is possible

to identify various atomic species [98] on the surface. Although when

one considers the same procedure in a liquid environment, the situation

becomes far more complex due to ordering of the solvent above individ-

ual sites. Until this study, previous measurements of chemically similar

species with the same net charge has not been demonstrated. In this

study the dolomite (101̄4) surface is examined using AFM and classical

molecular dynamics in order to identify the two atomic species (Mg and

Ca) that are present on dolomite.

5.2.1 Methods

NC-AFM experiments of calcite and dolomite in water were carried out in

the Angelika Kühnle group. By utilising a previously developed algorithm

they were able to produce 3D Δf data above each of these surfaces. To

compliment these experimental results classical molecular dynamics sim-

ulations of theses systems were carried out using the large scale molec-

ular dynamics code LAMMPS [99]. Both systems contains 7 layers of

calcite or dolomite with 5 unit cells along the [42̄1] and 8 along the [010]

directions. To begin with, this crystal is treated as a bulk material, from

which it is allowed to relax with no constraints other than a barostat and

thermostat on the atoms. The crystal is then placed centrally in a larger

box while keeping the lateral dimensions constant. Then the crystal is

solvated on the 101̄4 face with sufficient number of water molecules water

that bulk density can be obtained far from the crystal. Additionally the

centre of the crystal is constrained, maintaining the crystal position in

the centre of the box. In this new solvated system, dynamics is run for

50 ps allowing it to relax using a timestep of 1 fs, temperature of 310 K
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and a pressure of 1013.25 hPa. After that, a longer run for 0.5 ns is car-

ried out allowing hydration structures to form and allowing the system

to be equilibrated. The equilibration is concluded when the systems to-

tal energy as well as the individual energy components remain constant

(subject to thermal oscillations). Now a production run of 8 ns is simu-

lated with data dumps every 2.5 ps. For calcite the Raiteri et al., force

field was used [100]. In the case of dolomite the Mg terms are taken from

Tomono et al. [101] and for water the single point charge flexible water

(SPC/Fw) was used [102].

5.2.2 Results and Discussion

From the MD simulations it is possible to obtain a water oxygen density

as a function of position.

8.1 Å

[421]

5.0 Å

[010]

[481]

7.7 Å

[421]

4.8 Å

[010]

[481]

3 Å

z

5 Å
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3 Å

z

5 Å
[481]

a – Calcite

c – Calcite

b – Dolomite

d – Dolomite

CaLegend: Mg C O

Figure 5.2. a and b show the (101̄4) surface of Calcite and Dolomite along with the a box
showing the unit cell. c and d is the vertical slice of oxygen density taken
along a line along the 481̄ direction, shown as a dotted line in a and b.

This water density is shown in Fig. 5.2 c and d, where white desig-

nates a high density of water and blue low density. It can be seen that

in both the calcite and dolomite cases water does order above the Ca or

Mg sites pointing towards the upper oxygen, which agrees with previous

results [12,103,104]. It can also be seen that over the Mg atoms the water

density is more localised as well as closer than above the Ca atoms. It is
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envisioned that AFM experiments could pick up on this subtle difference

allowing us to identify the two sites.
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Figure 5.3. a and d contain the experimental slices above Calcite and Dolomite re-
spectably with circles designating the regions of averaging. b and e designate
the experiential curves averaged over the relevant area in a and d. c and f
show the oxygen density taken over the various atomic species in Dolomite
and Calcite

In Fig. 5.3a the experimental Δf slice above calcite is shown. In Fig.

5.3b the four Δf curves above the two maximas and the two minimas

(shown as orange and brown circles in Fig. 5.3a) are presented. In order

to identify these curves we must refer to the density profile from the sim-

ulations in Fig. 5.3c. Following the STA model, one can readily assign

peaks in the water density with peaks in the Δf curves and vice versa

for minimums. Hence by observing the water density one can conclude

that the curve with the Δf minimum at the closest tip-sample distance

(brown) in Fig. 5.3b is in fact over the CO3 and consequentially the yel-

low over the Ca. The same procedure is then applied to dolomite, if one

observes Fig. 5.3e it can be seen that the green curve maximums are

shifted slightly closer than that of the orange curve. Hence if we compare

this to the densities we see the same feature, allowing us to assign the

green curve to Mg and the yellow curve to Ca, allowing us to successfully

identify the various atomic species located on dolomite.

64



Solid Liquid Interfaces

5.3 Understanding 2D atomic resolution imaging of the calcite
surface in water by frequency modulation atomic force
microscopy

As discussed previously, FM-AFM is a powerful tool allowing for the study

of a wide variety of surfaces in various environments. Despite its notice-

able strengths, the interpretation of FM-AFM images is very challenging,

and usually simulations are used in order to assist with experimental

analysis. In this work we expand upon previous studies of the imaging

mechanism of calcite in water [12] and extend this to a wide variety of

contrast patterns found during FM-AFM experiments. This work there-

fore can provide an imaging reference for FM-AFM studies of calcite in

water, as well as a template for understanding 2D contrasts in liquids.

5.3.1 Methods

Experimental and simulation methods

FM-AFM experiments of calcite in water in constant frequency mode were

carried out by Takeshi Fukuma’s group. These experiments used 3 differ-

ent set-ups, two of which used standard imaging speeds of 60s per frame

and one of which is high speed at 1s per frame. In order to explore vari-

ous simulated images we must use some tip-sample force field. The force

field we used was previously developed using umbrella sampling, which

is described in more detail in section 3.6.2 for use in [12]. We can use

this force field in conjunction with the PyVAFM to explore the contrast

patterns that appear at various Δf setpoints. The details of the PyVAFM

are discussed in section 4. For the fast AFM, f0 = 1.553Mhz, k = 130N/m,

A = 0.13nm and Q = 10. For the standard setup, f0 = 1.29Mhz, k =

75.1N/m, A = 0.21nm or A = 0.23nm and Q = 11.1. Using the PyVAFM

we can recreate the constant frequency experiment used and simulate

several setpoints in order to obtain contrast matches. It is worth noting

that the force curves shown in [12] have a distance defined from the cen-

tre of mass, where-as the tip-sample distance in this work is defined from

the tip apex, 1.86 nm closer.
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Figure 5.4. (a) Δf curves above various sites in calcite as well as a blue line designating
1 kHz. (b) z piezo height as a function of position above calcite for a constant
frequency shift of 1 kHz, the labelled numbers depict various locations in the
calcite unit cell as shown in (c). (c) Lateral view of calcite where the scan line
above calcite that is shown in (b) is demonstrated as a dotted line. (d) the
vertical slice of calcite showing the z piezo response as the tip moves across
different sites.

Constant frequency imaging in liquids

In Fig. 5.4a three simulated Δf curves are shown above various points

in calcite and as expected it produces three unique curves. If we imagine

that our setpoint is 1 kHz (the blue line in Fig. 5.4a) it can be seen that

for each curve there are several points where the blue curve intersects the

various Δf curves, meaning there are several heights where the setpoint

can be obtained. This is important on the initial approach and scanning

over the surface. If one now looks at Fig. 5.4b, an example of a simulated

scan-line is shown as the dotted blue line representing the piezo heights.

As well as this, several simulated Δf curves are shown at various points

on the surface labelled 1-9 and the corresponding positions are shown in

Fig. 5.4 c and d. On the initial approach over location 1, the setpoint is

found at 0.8 nm from the surface. As we scan across to location 3 it then

steps down to position 0.6 nm. Although now as the tip moves onto an

identical site 4 it can be seen the setpoint is no longer found at 0.8 nm,

but rather now much closer to the surface. After this point it can be seen

the tip is now stable and produces a periodic pattern over identical sites.

This is due to the fact the starting height for both location 1 and 4 are

not identical, hence when simulating such systems it is important to scan
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enough of the image so that one can reproduce a periodic signal.

It is worth pointing out that simply applying analytical solutions and

searching for the setpoint does not reproduce this behaviour and gener-

ates incorrect images. The electronic feedback must be accounted for, such

that when Δf is higher than the setpoint, the tip should go up away from

the surface and when the Δf is lower go down towards the surface. This

behaviour is automatically recovered within the PyVAFM, since we model

the feedback electronics of the experiment, whereas if one uses an analyt-

ical expression, adjustments must be made to account for this behaviour.

5.3.2 Image Recognition

In order to assist us in making a good and fair comparison between im-

ages, we produced an image recognition algorithm. A full explanation of

the workings of the algorithm is given in section 6. It is worth pointing

out that in this study only the baseline and pattern matching was used to

produce scores, since the contrast and curve comparison scores were not

yet implemented at this stage. Out of the 25 simulated images, 11 of them

were found to be in the top 5% of scores, 7 within the top 10%, 3 within

the top 15% of scores, 3 within the top 25% of scores and, 3 within the top

35% of scores.

5.3.3 Results and discussion

In Fig. 5.5 the 8 experimental reproducible contrasts patterns are pre-

sented, although the images shown here are raw data and contain sizable

noise. The experimental data shown in Fig. 5.6 and 5.7 has been corrected

for drift as well as post-processed using a pattern matching algorithm to

enhance the images. The simulated images shown in Fig. 5.6 and 5.7

were chosen with the assistance of the image comparison algorithm from

several hundred setpoints. It was found that despite the parameters used,

similar contrast patterns were found within the simulation set but at dif-

ferent setpoints. So for each experimental image we have the three equiv-

alent simulation images showing that particular contrast.

The images presented in Fig. 5.6 and 5.7 are ordered by tip-sample dis-

tance, which ranges from over 0.7 nm to less than 0.3 nm. For the most

part the agreement between experiment and simulation is good, although
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Figure 5.5. Eight distinct contrast patterns found in the experiments for various differ-
ent Δf setpoints and setups

Figure 5.6. A comparison of contrast patterns 1-4 as found in experiments and corre-
sponding simulated images. Δf is the frequency shift setpoint, A is the am-
plitude, Δz is the average contrast in the image and z̄ is the average tip
height within an image.
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Figure 5.7. A comparison of contrast patterns 5-8 as found in experiments and corre-
sponding simulated images. Δf is the frequency shift setpoint, A is the am-
plitude, Δz is the average contrast in the image and z̄ is the average tip
height within an image.

differences clearly exist. Patterns 3-6 are well reproduced, but some are

more sensitive to simulation-experimental differences, in particular pat-

tern 2. It is not surprising that images close to and far away from the

surface produce poorer agreement. Close to the surface the forces become

large and the exact contrast is very tip-dependent. Likewise far from the

surface the forces become lower and small changes in setpoint can pro-

duce large changes in contrast. The average contrast Δz also follows this

trend where the poorest agreement is for patterns 1 and 2 while the other

patterns yield good agreement.

Fig. 5.8 gives us more insight into the formation of the previously shown

contrast patterns. Simulation results of the water density, free energy,

force, force gradient and frequency shift are shown above a Ca and CO3

site. The link between water density and force is very complex as a result

of the tip, although one can clearly see the effect of the hydration layers on

the various other channels. The final frequency shift is further convoluted

since although it is the force gradient that produces a signal it is not as

simple as a one to one comparison. In Fig. 5.9 the reason is demonstrated,
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Figure 5.8. Simulation results of the water density, free energy, tip-sample force, force
gradient and frequency shift for above a Ca site (a) and CO3 site (b) with
f0 = 1.553 Mhz, k = 130 N/m, A = 0.13 nm and Q = 10

Figure 5.9. Simulated force and frequency shift plotted along with the oscillation ampli-
tudes designated by red lines for long range, yellow medium and blue close
for above Ca and CO3 sites.

where the oscillation range of the simulated cantilever is shown, as one

can see the range covers several peaks producing a complicated signal

response. Additionally this is further complicated by the fact the velocity
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of the cantilever is not always constant, but is in fact slower near the

turning points. It can also be observed that this amplitude effect is far

more prominent closer to the surface where the force signal is less flat and

hence the final Δf value is a result of a more complex signal response. In

reflection it is now clear why the cantilever amplitude has such a large

effect on where the various contrasts will appear. It is for this reason that

the amplitude in pattern 8 in Fig. 5.7 was slightly increased to 0.17 nm,

allowing us to obtain a higher setpoint and hence move slightly closer to

the surface. This leads to an issue that the tip cannot be brought close

enough to the surface to observe a given contrast. This can be seen in

contrast 8 (A =0.23 nm) where stable imaging couldn’t be achieved at a z̄

lower than 0.308 nm due to the limitations of the force fields.

5.4 Atomistic dissolution model of calcite in water revealed by
high-speed Atomic Force Microscopy

The Calcite dissolution process has been studied experimentally [105,

106], as well as theoretically [107, 108]. These studies have suggested

that water plays an important role in the dissolution process but a re-

action pathway for such a process has not yet been established. This is

due to the lack of experimental methods able to capture such processes in

detail at the step edge. Hence it was the goal of this study, that by us-

ing a newly developed high-speed FM-AFM (1s per frame) the dissolution

process can be studied in further detail.

5.4.1 Experiments

FM-AFM experiments in constant frequency mode were carried out over

the calcite step in water by Takeshi Fukuma’s group. It was observed

that at the step edge the typical upper (0-3nm in Fig. 5.10d) and lower

(5.5-8 nm in Fig. 5.10d) terrace was observed, but in addition there was

some intermediate region (3-5.5 nm in Fig. 5.10d), we refer to this as the

transition region. The contrast pattern of the transition region is shown

in Fig. 5.10c. Such an effect is usually caused by tip produced artefacts

however, the width of the transition region is not always constant, but can

dynamically change. The forward and backwards scan directions yield
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Figure 5.10. a the 101̄4 calcite surface. b various snap shots of the dissolution
processing showing the transition region. c contrast found in the transition

region after post processing. d Scan line across the transition region
showing the transition region

the same results, and the transition region is reproduced using various

different tips and samples. Hence the transition region cannot simply

be explained by a tip based effect. When the scan speed is slowed down

to 1 min per frame (which is closer to standard measuring) the transition

region is imaged as a slope rather than a step and the region can no longer

be identified, explaining the lack of previous reports of this phenomenon.

5.4.2 Simulations

In order to attempt and explain the transition region, MD simulations are

used. The first obvious explanation of the transition region is the effect

of the water at the step edge. Although previous MD simulations [109]

have shown that the water is disturbed between 1 and 1.5 nm from the

step, this is much smaller than the measured transition region. Another

possible explanation is that the transition region is still within some un-

relaxed state due to the dissolution process. However, the region remains

for ≈10 s, which is far longer than the time scale for atomic relaxation.

Various models involving the absorption of dissolved ions on the surface

were examined, including layers of Ca and CO3 with counter ions. It

was found that either the ions would desorb from the surface or forms

in to some amorphous structure, eliminating this as a possibility. As dis-
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cussed in [110,111] the existence of OH groups on the calcite surface have

been shown using Infra-red (IR) experiments. Hence the following reac-

tions could describe the transition region (Fig. 5.10c) seen in experiments:

CaCO3 + H2O −→ CaOH+ + HCO−
3 (1)

CaOH+ + HCO−
3 −→ Ca(OH)2 + CO2 (2)

CaOH+ + HCO−
3 −→ Ca(OH)2 + H2 CO3 (3)

where reaction (1) describes the first step in the reaction with, (2) and (3)

being the two potential reaction pathways. The validity of these reactions

were explored with DFT (for details see [112]). All three reaction models

were tested and it was found that reaction (1) and (2) were stable, al-

though reaction (3) spontaneously returned to the original configuration.

Additionally it was found that (2) was the most stable by ~2 eV. Hence the

previous results suggest that the two models which we must consider is

both CaOH+ with HCO−
3 and Ca(OH)2. MD simulations are then carried

out on both of these systems using the Curtin forcefield [113] as well as

the CHARMM force field to describe the OH and HCO3 interactions [74].

A calcite step system is built by removing CO3 within the transition re-

gion and replacing them with either one or two OH. The system is then

run in vacuum in order to get the OH out of their starting configuration, it

is this system that is now solvated and HCO3 added to eliminate surface

charge. From this point onward the MD procedure is identical to that in

section 5.2 except these simulations are run for 7.5 ns.

The results of such a simulation is shown in Fig 5.11. Within the 7.5

Figure 5.11. MD simulation of Ca(OH)2 (a) and CaOH and HCO3 (b) where white and
grey is the upper and lower calcite, cyan the Ca in the transition region, red
the OH oxygen white the OH hydrogen and blue the whole HCO3 molecule.
The white boundary designates the original simulation box.
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ns simulation the transition region was found to remain on the surface,

although in the CaOH and HCO3 case, the ions were more mobile and fluc-

tuations in positions were apparent. In the Ca(OH)2 case, the ions were

far more stable, suggesting that this is the most probable model, since the

experimental results show clear atomic contrast with no evidence of high

mobility. Despite this initial success, the structure Ca(OH)2 forms is very

amorphous, as can be seen in Fig. 5.11a. This suggests that although the

potentials may be good enough to capture the absorption onto the surface,

they appear not to be good enough to capture a strong repeating pattern.

In order to improve these results we amended our starting guess for the

transition region based upon the results of DFT calculations. This new

structure was found to be stable in vacuum, but dissipated to what is

seen in Fig. 5.11 when solvated, suggesting again that the potentials are

perhaps not optimised to capture such a feature. Hence we froze this part

of the simulation, so that the transition region maintains its starting con-

figuration throughout the simulations. With the transition region frozen,

the simulation was repeated using the same procedure as previously de-

scribed. A comparison of before and after is presented in Fig. 5.12.

Figure 5.12. (a) Ca(OH)2 system with DFT starting guess, (b) Ca(OH)2 shown in Fig.
5.11a, (c) and (d) are the resulting oxygen density pattern from (a) and (b)
within the first hydration layer above the transition region

It is clear from Fig. 5.12 that the DFT starting guess produces a far

more ordered oxygen density than the original starting guess. In order

to reproduce the experimental image we must convert this water density

into a force. This can be achieved by using the solvent tip approximation
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(STA), as discussed in section 3.22. It is then possible to obtain a Δf shift

using Eqn. 2.6 in section 2.2.2 and subsequently use the PI feedback parts

of the PyVAFM to produce simulated constant frequency images similar

to experiments, this is demonstrated in Fig. 5.13.

Figure 5.13. (a) Water density above the entire simulation cell. (b) calculated Δf from
the STA model. (c) averaged Δf curves across the whole cell shown in (b).
(d) Lateral water density at heights shown by the arrows in (a). (e) Simu-
lated constant frequency images with a setpoint of 3.2 kHz (f) experimental
FM-AFM images

In general the comparison between experiment and theory is good, the

images are found at a simulation setpoint of 3.2 kHz whereas the exper-

iments had a setpoint of 2.8 kHz, which is in good agreement within the

STA model. Additionally the scan positions seem to have been reproduced,

with the transition region producing an intermediate height in-between

the upper and lower terrace. These heights are shown in Fig. 5.13 a and

b as white arrows, and dotted lines in the case of c. The contrast pat-

terns obtained also produce fairly good agreement, with both the upper

and lower terraces reproducing the typical calcite zig-zag pattern, and

the transition region producing a dot and line structure.

Based on these findings we believe that the transition region first begins

as CaCO3 as shown in Fig. 5.14a, where one can see the CO3 group on

the step edge along with the absorbed water at the Ca sites. The CO3

group is then removed by the water, producing HCO3 and leaving behind

a OH group as shown in Fig. 5.14b. After which the HCO3 group breaks

down to CO2 producing another OH group as shown in Fig. 5.14c. This

process occurs at several locations, as shown in Fig. 5.14d, producing the
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Figure 5.14. (a) CaCO3 surface with a step and water absorbed at the Ca sites. (b) Water
removing a CO3 at the step and forming HCO3 while leaving an OH group
behind. (c) HCO3 breaking down producing CO2 and producng a second
surface OH group. (d) Final transition region with 2 OH groups per CO3

vacancy

transition region seen in experiments.
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6. Image comparison of NC-AFM
images

One of the main challenges facing scientists in SPM, is in the compari-

son of theoretical and experimental images. In previous studies [12], the

comparison was done by eye, which as data sets become larger becomes

less viable. Additionally it is a very subjective approach, which may yield

disagreement as well as inaccuracies in the comparison.

In order to address these issues we developed an algorithm focusing on

comparing high resolution NC-AFM images, hence producing a score of

how similar images are to each other. We require our algorithm to be

insensitive to the following properties:

• Resolution Invariance

• Scale Invariance

• Rotational Invariance

• Phase Invariance

By satisfying each of the above points it will be possible to produce a

mathematical object which describes the image from which we can com-

pare and produce a score from.

6.0.1 General Method

Image recognition is well a studied technique with several established

methods such as Scale-invariant feature transform (SIFT) [114], Speeded

up robust features (SURF) [115] or Oriented FAST and Rotated BRIEF

(ORB) [116]. These methods endeavour to find features in the image re-

ferred to as keypoints. These keypoints can then be compared between
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images to evaluate how similar the content of the two images are. Al-

though this works very well in real life it requires fairly harsh gradients

in order to find keypoints. An example of a harsh gradient within an im-

age would be a building against a clear sky.

Figure 6.1. Example of comparable ORB keypoints in two images containing similar
components [117].

An example of this is shown in Fig. 6.1 where one can see matching key-

points (drawn with a line connecting them) between the two images. Al-

though there is clearly some false positives (for example a line connecting

the eye to the "w" of Gnaw) you can also see that several of the keypoints

have found similar features for example in the word "Gnaw" in both im-

ages. Unfortunately this method proved to be unsuccessful in tests with

AFM images. In several tests it found no features in AFM images that

clearly had very notable features, suggesting that we could get somewhat

uncontrolled results using such methods. Additionally these methods ig-

nore the majority of the image (as demonstrated in Fig. 6.1), hence key-

point methods would choose features for us and they may not be the most
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interesting features in an image.

In our algorithm we use the Fourier transform (FT) of images. An FT of

an image will yield the frequency components of the images, these being

unique to a particular image. In a sense, an FT of an image will produce a

unique finger print, allowing us to use it as a descriptor As well as produc-

ing this unique finger print, using an FT yields several other advantages

that are described in the coming sections. Hence by comparing various

FT spectra we can gain an insight into how similar two images are.

6.0.2 Resolution, scale and phase Invariance

AFM images are not necessarily going to be the same scale or resolution

as our theoretical images, hence our algorithm should be insensitive to

these parameters. Luckily spatial frequencies are insensitive to size and

resolution. This is easily demonstrated if one considers an image of a sin

wave plotted over a length L and 2L as shown in Fig. 6.2 a and b.

Figure 6.2. (a) and (b) sin waves of identical frequencies plotted over a distance L and
2L. (c) and (d) the FT of the corresponding sin wave.

A single sin wave would produce a single frequency in the FT (Fig. 6.2c

and d). If one computes the frequency values within a discrete Fourier

transform, they would find that upon a change in image size, the only

thing that would change is the bin values and maximum/minimum fre-
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quencies. This is because only a finite range of frequencies can be rep-

resented by a discrete FT and this is a function of resolution and scale.

Hence if one was to compute the location of the peak resulting from Fig.

6.2a and b they would find the peak is at the same frequency value in

both images (although at a different pixel position). We can exploit this

to gain scale invariance, by sampling identical spatial frequencies in each

image we can ensure capture of the same features independent of scale.

This approach also provides produces spectra that is resolution invari-

ance, since a resolution change of identical images yields the same spatial

frequencies, but with different bin sizes and frequency range, similar to

the difference in scale. Obtaining phase invariance is also critical since

in AFM experiments the absolute position of the tip is unknown, luckily

this is easily achieved. FT are already phase invariant if one takes the

magnitude of the complex and real components of the spectrum.

6.0.3 Rotational Invariance

The scan direction of AFM images is unknown, hence it is important that

the algorithm is also insensitive to changes in rotation. This is a two step

process that exploits the phase invariance already encoded into FT. If one

again imagines two sin waves, one of which is rotated by some angle, as

demonstrated in Fig. 6.3 a and b. If we take the FT (Fig. 6.3 c and d) of

this we yield the same result as before (the symmetry is shown for clarity

here). The rotation of the sin wave can be seen in the corresponding FT

by a rotation of the peaks. So it is possible to represent Fig. 6.3 c and d

in polar coordinates by simply drawing circles on our FT at varying radii.

The resulting polar plot is shown in Fig. 6.3 e and f, as one can see the

rotation is still present in this plot although it is now represented as a

phase shift. FTs are insensitive to phase shifts, hence it is possible to

remove this shift. However, it is important to only remove the phase shift

in the θ direction, since non-rotational information is encoded into the

phase of the R direction (imagine two waves of different frequencies for

example). It is for this reason that we only take the one dimensional FT

along the θ direction to build an array of 1D Fourier transforms.
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Figure 6.3. (a) and (b) sin waves of identical frequencies plotted at different angles. (c)
and (d) the FT of the corresponding sin wave with the rotation showing in the
displacement of the frequencies. (e) and (f) is polar plot being produced from
c and d.

6.0.4 Algorithm

By building upon methods discussed in sections 6.0.2 and 6.0.3 we can de-

velop an algorithm to compare images with some reference image. Broadly

speaking, the algorithm contains three main parts, pattern matching, con-

trast matching and baseline matching, with each component producing a

separate score describing similarity.

Pattern Matching

The goal of this component is to produce a signal from which we can com-

pare patterns in the image. The steps producing this are as follows:

1. Take a 2D Fourier transform of the image

2. Take the magnitude of the Fourier transform to remove any phase

shift.
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3. Normalise the magnitude to remove all amplitude information.

4. Convert the previously calculated Fourier transform into polar co-

ordinates, ensuring sampling over an equivalent area in frequency

space, hence producing scale and resolution invariance.

5. Take 1D Fourier transforms of each line in the polar plot to obtain a

rotational invariable signal.

6. Repeat step 1-3 for each image including the reference image.

7. For each rotational invariant signal compare it pixel by pixel with

the reference and produce a score of average pixel difference between

the two images.

By following the previous steps we can obtain a score (PM ) of pattern

similarity for each image compared to some reference image.

Baseline and contrast matching
Unlike most image recognition algorithms that operate using image files
such as jpeg, we have additional information such as z-piezo height, Δf

etc. We can use this to improve our matching. The algorithm uses two
methods to approximate the amplitude in the image, contrast and base-
line matching. The contrast matching is given by:

C = abs((max(RefImage)−min(RefImage))− (max(Image)−min(Image))) (6.1)

where C is the score, max(RefImage), min(RefImage), max(Image) and

min(Image) are the maximum and minimum values in the reference im-

age and compared to image respectively.

The base line score is given by:

B = abs(avg(RefImage)− avg(Image)) (6.2)

where B is the score, avg(RefImage) and avg(Image) is the average val-

ues within the reference and compared to image. By applying Eqn. 6.1

and 6.2 into our data set we can obtain a score describing the variation of

contrast and average values within the two images.

Scoring

After completing the three processes, we obtain 3 scores from which we

can obtain a final score:

Score = (B ∗ weightingB + C ∗ weightingC + PM ∗ weightingPM )/3 (6.3)
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where Score is the final score, weightingBS , weightingCS and weightingPM

is the weighting of the various. This weighting is usually adjusted to

ensure that no component dominates the calculation.

Each score component is mapped to the following function:

ScoreNormalised = 1− exp(−Score) (6.4)

This produces a normalised score (ScoreNormalised) that is bound between

0 and 1, where 0 represents a perfect match and 1 represents the worst

possible match.

6.0.5 Testing

In order to test our algorithm we used PyVAFM data of calcite in water

from [54]. Five contrasts were chosen two of which are at similar setpoints

and three of which are not. Four tests are carried out:

• Similarity

• Rotation

• Phase

• Scale and resolution

each of these tests producing the results shown in Fig. 6.4 and 6.5
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Figure 6.4. Results of the similarity (a) and phase shift (b) tests.

Figure 6.5. Results of the rotation (a) as well as scale and resolution (b) tests.

The first thing that is immediately notable, is that all the test results

produce the contrast pattern that is clearly most similar as the top result.

As well as this, the order is consistent between all the test sets. It is

also clear that the scores between all sets are fairly similar. Note that
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one small exception is in the case of Fig. 6.5b. This is expected, since as

resolution or scale changes, so does the bin size in the Fourier transform

meaning the interpolation will become increasingly less reliable.

6.1 Curve comparison

In the case where force curves are provided it is possible to use this in

conjunction with the 2d image slices to help improve the algorithms ac-

curacy. In order to make use of this additional information, two new sets

of scores are computed, one comparing the magnitude of the curves while

one compares the shape of the curves. In order to test this, a Lennard-

Jones curve is generated with a σ of 1 and rm of 1. Three other curves are

also generated with σ of 1.025, 1.05 and 1.075, and rm of 1.025, 1.05 and

1.075. These curves are presented in Fig. 6.6.

Figure 6.6. Lennard-Jones curve curves where σ and rm is 1, 1.025, 1.05 and 1.075.
These curves are referred to as Ref LJ, LJ 1 , LJ 2 and LJ 3 respectively

The first comparison is a a simple point by point comparison using the

following expression:

MagScore =

N∑
i=0

abs(yi − xi)/N (6.5)

where xi is point i in curve x and yi is some point i in a reference curve y.

This simple comparison of points is effective at describing the changes in
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magnitude between two curves, as demonstrated in a test shown below,

where the change in magnitude is plotted against position for each curve.

As expected LJ 3 produces the largest error and LJ 1 produces the lowest

Figure 6.7. Change in magnitude of the various LJ curves

error.

In addition to the magnitude, it is also useful to evaluate the shape

of curves. This is done by evaluating the normalised first derivative of

each curve producing a description of the relative change within a curve.

In a similar approach to Eqn. 6.5 the description of the shape uses the

following expression:

ShapeScore =

N∑
i=0

abs

(
dyi
dzi normalised

− dxi
dzi normalised

)
/N (6.6)

where the symbols have the same meaning as in Eqn. 6.7, where the

normalised subscript designates the function is normalised between -1

and 1. Eqn. 6.6 produces the curves shown in Fig. 6.8 as a function of

distance. Fig. 6.8 shows that locations where the shape of the curve is

similar (low values of x and high values of x) produce values closer to 0,

whereas in positions where the shape is most different (near the turning

point) produces values that are larger relative to difference in Lennard-

Jones parameters. Again as expected, LJ 3 produces the largest error with

LJ 1 producing the lowest error. A final score is produced by summing

ShapeScore and MagScore giving the following results:
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Figure 6.8. Change in shape of the various LJ curves

Table 6.1. LJ curve comparison results

Curve MagScore ShapeScore Final Score

LJ 1 0.003655 0.01879 0.01122

LJ 2 0.006972 0.03042 0.01869

LJ 3 0.038568 0.03826 0.03841

In Table 6.1 it is clear that LJ 1 provides the lowest Final Score (hence

the best match) and LJ 3 produces the highest score (hence the worst

match). This is in line with the choices of σ and rm shown in Fig. 6.6. The

original score equation presented in Eqn. 6.1 is now appended with the

new curve matching parameters.

Score = (B ∗ weightingB + C ∗ weightingC + PM ∗ weightingPM (6.7)

+MagScore ∗ weightingMagScore + ShapeScore ∗ weightingShapeScore)/5

Outlined in this section was our provisional attempt at producing an

image recognition algorithm. As of writing, the next generation of this

algorithm is being developed, which will utilise neural networks. A neural

network is a machine learning method which allows us to solve a complex

equation describing some learned system. The general idea behind using

neural networks is an interlinked network of neurons can be trained using
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pre-labelled data, an example of this is shown in Fig. 6.9a.

Figure 6.9. (a) labelled training set containing images of monkeys and seals. (b) example
neural network taking an image of a seal as input and producing the classi-
fication of seal.

By training the network using this labelled data we can teach the var-

ious layers of the network to identify various features in images (an ex-

ample of this could be the shape of a monkey ear). Using this trained

network we can then give it a new untrained image, this is shown in Fig.

6.9b. The network would then be evaluated and, assuming it is trained

sufficiently well, produce the classification of a seal. This can then be

applied in terms of a future tip study, we would label various simulated

AFM images by tip type, allowing us to train our network and identify the

experimental images based on this trained network.

As an end goal we intend to design a global neural network that is capa-

ble to comparing any two AFM images and produce a score of how similar

they are. The main disadvantage is the shear amount of data required to

teach a neural network. It is our intention to simulate such processes as

thermal drift, rotations, defects etc in order to vastly increase our data set

as well as teaching the network about the various defects that can occur

within AFM experiments. The second issue is producing a large sample

diversity in the data, since free energy calculations like those discussed

previously take a huge amount of time to compute it is not a viable op-

tion. It has been shown within this thesis that the STA model produces

good qualitative images. Hence it is endeavored that by using water den-

sities that can be calculated in a fraction of the time we can produce a

wide diversity of simulated AFM images for use in training a neural net-

work. Additionally as the group calculates new densities it is possible

for them to simply add this to the learning database meaning the neural
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network will improve over time, additionally this could be expanded to

other groups round the world producing a large data base from which the

network can learn and hence improve.
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7. Conclusions and discussions

In this work a wide variety of techniques are employed in order to solve

a variety of problems. The first of which was the development of the Py-

VAFM. We successfully developed this code producing an accurate simu-

lation of AFM experiments. It was built into a modular simulation and as

time progressed from the initial publications several additions have been

added to it, making it a more viable tool for scientists. In addition to the

use of the PyVAFM as a pure analysis tool it can also be used in an educa-

tional form, as of date there has been two tutorials covering the PyVAFM

from which new PhD students as well as postdocs were instructed in the

use of the tool, helping them gain an insight into the process that goes

on within theoretical calculations. Development of the PyVAFM is a very

ongoing project, as new models are produced they are implemented into

the PyVAFM for example a lock in amplifier which is commonly used in

experiments. As well as purely the authors developing the code there has

been instances when expansions were made to the code by users, further

justifying the creation of such a tool.

The chemical identification of cations with the same surface charge within

a surface was studied in section 5.2. By comparing water density with

that of Δf curves it was possible to compare them and identify which

curve corresponds to what surface species based on the subtle differences

contained within each. This study provides a powerful method that can be

in principle applied to any surface, as well as providing key insight into

the experimental results, since it is not possible to identify the location

above the surface without the use of theoretical techniques.

The next body of work was with regards to reproducing the various con-

trasts found above calcite in water when operating in constant frequency
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mode. We successfully reproduced the various contrasts found in calcite

as well as understanding them in terms of average tip sample distance. It

was found that despite three different sets of parameters being used sim-

ilar contrast patterns were found although at different set-points. This

study is useful for future reference, as calcite is used often as benchmark

study, especially as more complicated experiments are carried out for ex-

ample including surface induced processes that deviate from the standard

established here. One key missing ingredient of this work is the fact only

one tip is considered. It is clear that the tip plays a role in the various con-

trasts observed and this variation is observed in the long and short range

images contained within the study that clearly demonstrated worse agree-

ment than the rest. A future study will be carried out explaining the exact

effect of the tip within these contrasts, allowing us to better understand

its effect.

The calcite dissolution process was explored within the study contained

in section 5.4. Here we used new experimental data of the calcite step

edge taken using a high speed AFM to investigate the exact nature of

the transition region. Using classical molecular dynamics we developed

a model of the transition region which supports previous findings of both

the removal of the CO3 ions from the step edge by the water producing a

region of Ca(OH)2 which makes up the transition region. This study will

help improve the understanding of the calcite dissolution process and will

assist in the development of new kinetic models describing the dissolution

of calcite. This will help pave the way to studying large scale and long-

term changes in materials induced by dissolution, such as the weathering

of buildings or changes in landforms as a result of climate change.

In the final chapter the image recognition algorithm was discussed. We

have successfully developed an algorithm that is designed to compare

AFM images while being insensitive to phase, rotation, scale and reso-

lutions. As the tests with simulated AFM data demonstrated, the algo-

rithm provides notable differences with regards to image similarity. This

algorithm is intended to be used within a future tip dependency study in

order to quantify the differences between the various tip models in both

simulations and experiments.

In general this work demonstrates that synergy between experiment

and theory offers much greater insight into physical processes, but achiev-
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ing that synergy is highly challenging.
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