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1. Introduction

1.1 Solid-liquid interfaces

Even though the field of condensed matter physics encompasses both the

liquid and solid state, the different physical properties of solids and liq-

uids have led to considerable differences in theoretical and experimental

methods developed in the respective physicist communities.

Bonds in solids

Crystalline solids are characterized by the existence of a lattice, on which

individual atoms oscillate around their equilibrium position due to ther-

mal excitation. At room temperature, the thermal energy kBT , where T is

the temperature and kB is Boltzmann’s constant, is low compared to the

binding energies between atoms, and can often be neglected in calcula-

tions. The interactions between atoms in a solid usually are of one of the

following types:

• covalent bonds are formed when atoms share their valence electrons.

They are strong (∼ 100 kBT ), and directional. Covalently bonded solids

typically have a high elastic modulus, but are brittle.

• ionic bonds, comparable in strength to covalent bonds, are formed by

long range electrostatic interactions, when neighboring ions in the lat-

tice have charges of opposite sign.

• metallic bonds are formed when metal atoms share delocalized elec-

trons, which is also the reason for the good conductance in metals. Metal-

lic bonds are weaker than covalent bonds, and not directional, which

9
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makes pure metals ductile and also explains the low melting point of

some metals.

Crystal structures and surfaces

Most solids have a crystal structure, the beauty of which lies in its elegant

simplicity and symmetry. The periodic structure of an ideal crystal lattice

can be easily described by identifying the primitive vectors a1,a2,a3 and

the basis of atoms from which the entire structure can be built. It is often

convenient to switch to a description of the lattice in reciprocal space (see

e.g. Ashcroft and Mermin [1] ), where the reciprocal lattice vectors can be

generated from the direct lattice:

b1 = 2π
a2 × a3

a1 · (a2 × a3)
,

b2 = 2π
a3 × a1

a1 · (a2 × a3)
, (1.1)

b3 = 2π
a1 × a2

a1 · (a2 × a3)
.

Then, crystal surfaces can be identified by lattice planes intercepting the

lattice at some Miller indices (h, k, l), which are perpendicular to the recip-

rocal lattice vector hb1+kb2+lb3. In the direct lattice, the intercepts with

the crystal axes are inversely proportional to the Miller indices. In typical

notation, a negative Miller index is denoted with a bar over the number,

and commas are omitted, e.g. (2,−1, 0) is written (21̄0). Directions in the

direct lattice can be specified analogously, using square brackets to avoid

confusion. The direction [21̄0] is the vector normal to the plane (21̄0). Fi-

nally, families of planes that are identical, due to crystal symmetry, are

denoted by parentheses: in a cubic lattice, (100), (010) and (001) planes

are all equivalent {100} planes.

Short range order in liquids

In liquids, the long-range order encountered in solids is absent, because

the thermal energy kBT of liquid atoms or molecules is comparable to

their interaction energy. However, liquids do exhibit short-range order,

which can be described by the radial distribution function (or pair corre-

lation function), g(r). This quantity is a measure of the probability to find

another particle at distance r around a particle at the origin,

g(r) =
V

4πr2N(N − 1)

〈∑
i

∑
j �=i

δ(r − rij)

〉
, (1.2)
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Figure 1.1. Solid ice Ih has a periodic lattice, whereas water at room temperature only
exhibits short-range order, as can be seen from the oxygen-oxygen radial dis-
tribution functions in the far right panel.

and Fig. 1.1 shows typical profiles of g(r) in solids, and liquids. The subtle

interplay between interaction energies, and the entropy gain associated

with disorder will play an important role in the systems studied in this

thesis.

Water molecule and the hydrogen bond

In the following we will focus on liquid water – by far the most common,

and undoubtedly the most important liquid on our planet [2], which ex-

hibits many ’anomalous’ properties, deviating from those of a simple liq-

uid. For an extensive overview of the properties of water, the reader is

referred to the book by Eisenberg and Kauzmann [3].

The water molecule, H2O, consists of an oxygen atom covalently bonded

to two hydrogen atoms, as depicted in Fig. 1.2. In the gas phase, the

equilibrium O-H bond length is close to 1 Å, and the H-O-H angle is

104.5◦. The strong localization of electronic density around the oxygen

atom makes the molecule almost spherical. The isolated molecule has a

dipole moment of 1.85 D, which in bulk water is increased further by po-

larization (see Fig. 1.2b). This charge distribution also leads to the forma-

tion of hydrogen bonds between oxygen and hydrogen atoms of neighbor-

ing molecules in liquid, illustrated in Fig. 1.3. These hydrogen bonds are

essentially due to directional dipole-dipole interactions and their strength

is of the order 10 kBT . At room temperature, the interconnecting network

of hydrogen bonds is fluctuating, with frequent breaking and reforming

of bonds, as well as changes of hydrogen bond partners, and on average

less than four hydrogen bonds are formed at any time. It is important

to note here that the broken hydrogen bond is not a stable state, but

rather a transition state, or a fluctuation within shallow basins of attrac-

tion around hydrogen bonded states [4].
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Figure 1.2. Isolated water molecule: (a) The geometry of the H2O molecule with the oxy-
gen atom shown in red and the hydrogen atoms in white, and the molecule’s
van der Waals diameter in translucent blue. (b) The charge distribution on
the molecule leads to a permanent dipole.

Hydrophilic and hydrophobic surfaces

The behavior of water in contact with other materials will depend on

whether or not water molecules can form hydrogen bonds with the other

molecules. At the microscopic scale, if a droplet of water comes into con-

tact with a hydrophilic surface, water will try to maximize the contact

area (wetting), leading to small contact angle, whereas on a hydrophobic

surface, the droplet will stay intact. At the nanoscale, the interactions at

solid-liquid interfaces are challenging to understand. A good introduction

to the topic may be found in the books by Israelachvili [5] or Evans and

Wennerström [6].

On top of a flat hydrophilic surface, water molecules will arrange them-

selves in a way to maximize the number of hydrogen bonds with surface

atoms, at an entropic cost. Depending on how well the geometrical dis-

tribution of charges in the surface can be reconciled with the hydrogen

bonded network towards the bulk liquid, water molecules may be quite

strongly oriented in their equilibrium positions in the hydration layer,

which has coined the term ’ice like water’ for hydration structures on top

of ionic crystal surfaces. In case of ions or ionic particles in solution, the

structure of hydrogen bonded water molecules surrounding them is called

the solvation structure. The effective interaction between two hydrophilic

surfaces in solution is of the normal attractive van der Waals type, but at

short distances there is a steric repulsion due to the water molecules in

hydration layers.

In case the other material is hydrophobic, water molecules will try to

re-arrange themselves in a way to minimize the number of dangling hy-

12
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Figure 1.3. Hydrogen bonds in water: (a) the hydrogen bond between the hydrogen and
oxygen atoms is indicated by a dotted red line. Simple criteria for the pres-
ence of a hydrogen bonding can be based on the geometry of the water dimer,
such as the distance between oxygen atoms and the angle between the hy-
drogen bond and the oxygen-oxygen distance vector. (b) In water at room
temperature, a fluctuating network of hydrogen bonds exists that tries to
keep water molecules tetrahedrally arranged, with each water molecule do-
nating two and accepting two hydrogen bonds, similar to the structure of ice
Ih.

drogen bonds, again at an entropic penalty. Water molecules will form

clathrate cages around small hydrophobic solute molecules or gas bub-

bles. If the interface becomes larger, for example at a hydrophobic solid

surface or at the water-air interface, the water molecules are positionally

ordered, but their orientation can still change quite freely compared to

that of a molecule in a hydration layer at a hydrophilic surface. There

is an effective enhanced attractive interaction between two hydrophobic

molecules or surfaces in water, because this minimizes the size of the in-

terface.

The effect of ordering of water molecules at interfaces can be quite com-

plex: positional ordering into layers affects oscillatory forces, orienta-

tional ordering affects electrostatic and entropic charge-transfer interac-

tions, and mean density variations near surfaces give rise to steric repul-

sion between hydrophilic and depletion interaction between hydrophobic

surfaces.

1.2 Atomic force microscopy in liquids

The atomic force microscope (AFM) was invented by Binnig, Quate and

Gerber [7], shortly after the development of the scanning tunneling mi-

croscope (STM) [8]. In STM, a sharp conducting tip is brought in prox-

imity of a conducting surface, a voltage between STM tip and sample is
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Figure 1.4. AFM modes: In contact mode (a), the AFM tip is brought into contact with the
surface, and the deflection of the cantilever measured. In dynamic mode AFM
(b), the tip is oscillating over the surface, reducing lateral forces and increas-
ing resolution. In AM-AFM, the cantilever is oscillated around its resonant
frequency, and the change in oscillation amplitude is measured. In FM-AFM,
the oscillation amplitude is kept constant, and a feedback loop follows the
instantaneous resonant frequency, and this frequency shift is measured. Im-
ages courtesy of F. Federici.

applied, and the tunneling current through the tip is measured. Since

the tunneling current depends exponentially on the tip surface distance,

it is not only possible to obtain images of surface corrugations, but even

visualize separate atoms in the surface (atomic resolution).

AFM was initially developed to study insulating surfaces. Instead of a

tunneling current, forces caused by the interactions of atoms in the sur-

face and in the apex of the sharp AFM tip cause a deflection of the can-

tilever, which is measured using various methods [9, 10]. AFM can be

used in vacuum, air [7, 11] as well as in liquid environment [12].

In contact mode, the simplest operation mode of AFM, the tip is brought

in contact with the sample and then scanned laterally. This process yields

low resolution and is usually very invasive. A natural route to reduce

the lateral forces experienced by the sample is to reduce the amount of

time the tip spends in contact by introducing vertical cantilever motion

and apply AFM in the dynamic mode [13]. Dynamic force microscopy

(DFM) has been used for various applications due to its high spatial reso-

lution and high force sensitivity, and is illustrated in Fig. 1.4. There have

been two major operation modes in DFM, which are referred to as ampli-

tude modulation (tapping mode) and frequency modulation (non-contact

mode) atomic force microscopy, or AM- and FM-AFM. Although the the-

oretically predicted minimum detectable force, which is limited by the

thermal Brownian motion of the cantilever, is almost the same for both

operation modes, they have distinguishing characteristics due to the dif-

ference in the cantilever excitation and force detection methods.
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The first dynamic AFM mode developed was amplitude modulation AFM

(AM-AFM) [13, 14]. Here, the cantilever is driven by an AC excitation sig-

nal with fixed amplitude and frequency around the cantilever resonance.

The tip-sample interaction force is detected as a shift ΔA of the cantilever

oscillation amplitude A. The external excitation enables stable imaging

of rough or dynamically changing surfaces where the occasional tip crash

and adhesion are often hard to avoid. However, ΔA is influenced by both

conservative and dissipative interaction forces, which can lead to topo-

graphic artifacts in the obtained AFM images. Also, due to the large can-

tilever oscillation amplitudes, quantitative relations between ΔA, and the

tip-sample force are hard to establish. Tapping mode AFM is widely used

in liquid environments to obtain topographic images of biological systems,

with oscillation amplitudes of 10− 100 nm.

In phase modulation AFM (PM-AFM) [15], the cantilever is oscillated in

external-excitation mode at its resonance frequency. The tip-sample in-

teraction force is detected as a change of the phase difference between the

cantilever deflection and excitation signals and, hence, the time response

is not influenced by the quality factor. These features make PM-AFM

more suitable for high-speed imaging than AM- and FM-AFM. Increases

in scanning speed have made it possible to repeatedly scan biological sys-

tems in near physiological conditions and thereby obtain movies of their

activity [16].

In frequency modulation AFM (FM-AFM) [10, 17], the cantilever is main-

tained in oscillation at a constant amplitude via a feedback loop, and can

be considered as a self-driven oscillator. During experiments, the tip-

surface distance can be varied in order to achieve a constant frequency

shift Δf , and the resulting topography map provides the image of the

surface, or the tip-surface distance is kept fixed and the variation of fre-

quency shift is recorded. FM-AFM operating in constant amplitude mode

is capable of measuring the conservative and dissipative interaction forces

independently. Therefore, a variation in dissipative interaction force does

not cause topographic artifacts in FM-AFM. However, a stable self-excita-

tion requires a clean cantilever deflection signal and, hence, can be dis-

rupted by the occasional tip crash or adhesion. Practically, this often lim-

its the maximum imaging speed in FM-AFM.

The ultimate resolution is limited by the large noise in liquid environ-

ments. It was recognized fairly early in the development of non contact-

AFM in ultra high vacuum (UHV) that stiffer cantilevers and small ampli-
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tudes could offer dramatic increases in the signal-to-noise ratio [18], and

this has proved to be a breakthrough in high resolution imaging in liquids

[19, 20, 21, 22]. Using ultra-small amplitudes of tenths of a nanometer,

lateral resolution of a few hundred picometres was achieved in water on

molecular crystals [20], Mica [21], a lipid bilayer [22] and Calcite [23].

Refinements in sensitivity offer the potential for an order of magnitude

improvement in resolution [24], and the use of small cantilevers will im-

prove this further.

Due to the small oscillation amplitudes in FM-AFM, this technique has

the best potential for visualizing water molecules at solid-liquid interfaces

in 3D [25], which has been achieved on Mica [26].

In the future, molecular and atomic resolution in liquids is certain to

become almost routine, and greater efforts will be made in interpretation

and understanding the influence of the environment on both the mea-

surement and the sample. As such it is critical that the theoretical tools

are already developed to model AFM in liquids. Previous studies in UHV

have emphasized the importance of partnering experimental studies with

experimental efforts [27, 28], but significant progress must be made in

simulation methodology to offer the same for nc-AFM in liquids.

1.3 Overview of systems simulated

All systems studied within the scope of this thesis, illustrated in Fig. 1.5,

have in common that water molecules in hydration layers (Fig. 1.5a) strong-

ly influence their properties: the forces experienced by an AFM tip in liq-

uid (Fig. 1.5b), and the dissolution mechanism and kinetics of ionic crys-

tals (Fig. 1.5c) both depend on the effective potential caused by the pres-

ence of hydration layer water molecules. Friction at the ice-ice interface

depends strongly on premelting, the presence of a quasi-liquid layer at the

ice-surface, even at temperatures well below the melting point (Fig. 1.5d).

1.3.1 Calcite

Calcite is the most stable polymorph of Calcium carbonate (CaCO3) at am-

bient conditions, and one of the most abundant minerals on the surface of

our planet. It is the main constituent in the shells of many marine organ-

isms, and the main natural occurrence of Calcite is in sedimentary rocks

formed by their deposition on ocean floors. The (101̄4) cleavage plane of
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Figure 1.5. Hydration layers play an important role in the physics of solid-liquid inter-
faces: (a) hydration layers can be studied from atomistic computer simula-
tions of the interface. (b) AFM in liquids can be simulated by calculating the
free energy of an AFM tip model as a function of the tip-surface distance.
(c) Dissolution barriers can be calculated for ions at different surface sites.
(d) Friction at an ice-ice interface is simulated by pulling two slabs of ice in
contact in opposite directions.

Calcite is charge neutral, stable, and very easy to prepare, and has been

used as substrate for growth and manipulation of organic and inorganic

materials. Its surface structure, shown in Fig. 1.6, has been studied by

various experimental techniques, such as low-energy electron diffraction

(LEED), X-ray scattering, or AFM in vacuum, air, and liquid [29, 30]. It

has also been simulated at DFT level [31], and several empirical inter-

action potentials have been parameterized to describe the material. The

most prominent feature of the surface in vacuum is the zig-zag shaped

line connecting the protruding oxygen atoms of the two inequivalent car-

bonate groups in each surface unit cell. Beyond this, there is an ongoing

debate about so-called row pairing, and a possible 2×1 reconstruction of

the surface. Row pairing refers to an alternating level of brightness of

neighboring rows of Carbonate ions in the AFM image, presumably due to

a difference in their tilting angle with respect to surface, which would lead

to a different protrusion height from the surface. The different types of

contrast seen by nc-AFM imaging in UHV, including row-pairing and 2×1

reconstruction have been analyzed in great detail by Rahe et al. [32, 33].

AFM images of the surface in liquid with atomic resolution have been ob-

tained using FM-AFM [23] and the authors have attributed the contrast

to direct interactions between the AFM tip and atoms in the surface. For

this reason, we have chosen this particular system as our main focus for

studying the AFM imaging mechanism in liquid through computer simu-

lations, as reported in Publications I and III.
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Figure 1.6. Calcite (101̄4) and Fluorite (111) surfaces: Calcite has a rectangular surface
unit cell measuring approximately 8.0 × 5.0 Å (left) containing two Ca2+

and CO2−
3 ions, because of the two different orientations of the carbonate

groups, which are tilted with respect to the surface. The CaF2 surface unit
cell is rhombohedral with a lattice constant of 3.8 Å (right). In both surfaces,
negatively charged atoms are also situated above and below the surface plane
defined by the calcium ions, as shown in the side view (bottom).

1.3.2 Fluorite

Fluorite is the stable structure of Calcium fluoride (CaF2), which has been

successfully imaged in atomic resolution by nc-AFM in UHV conditions.

So far, high resolution imaging in liquid has not been achieved. Never-

theless, due to the previous efforts in simulating AFM imaging of CaF2

(111) in UHV [34], this surface, also shown in Fig. 1.6 has been used as

a model system for the first simulations of AFM in water by Watkins et

al. [35, 36]. We have therefore also used this system as a benchmark for

our AFM simulation methods using an explicit tip, reported in Publica-

tion I, as well as for testing our simple model for forces acting on an AFM

tip in liquid, reported in Publication II.

1.3.3 Sodium chloride

Sodium chloride (NaCl) is probably the best known ionic crystal, and its

solubility in polar solvents such as water a common fact. Nevertheless,

the exact hydration layer structure at the NaCl surface, as well as the

atomistic mechanisms contributing to the kinetics of the dissolution of

Na+ and Cl− ions from various sites in the surface, edges, and terraces

are not well known. We have performed preliminary simulations of the

NaCl/water interface using empirical potentials, to serve as starting point

for ab initio molecular dynamics simulations, to calculate dissolution free
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energy barriers, that are then used in kinetic Monte Carlo (KMC) sim-

ulations, to bridge the time scales of DFT calculations, and dissociation

events. The results are reported in Publication IV.

1.3.4 Premelting of ice

Even though the slipperiness of ice is important both technologically and

environmentally and often experienced in everyday life, the nanoscale

processes determining ice friction are still unclear. We study the friction of

a smooth ice-ice interface using atomistic simulations, and especially con-

sider the effects of temperature, load, and sliding velocity. At this scale,

frictional behavior is seen to be determined by the lubricating effect of a

liquid premelt layer between the sliding ice sheets. This layer is always

present at the surface of ice well below the melting point, and represents

in itself a solid-liquid interface, which can be studied experimentally by

AFM [37] or photoelectron spectroscopy [38]. The results of these simula-

tions are reported in Publication V.
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2. Theory and methods

In the following we begin by giving a brief overview of different theories

describing effective interactions between charged surfaces and ions in so-

lution, which are typically applied in the theoretical description of AFM

in liquids as well. We discuss their applicability, and motivate our own

theoretical approach. We then proceed to a detailed discussion of the com-

putational methods which have been used in the present work.

2.1 Effective interactions at solid-liquid interfaces

The following brief overview is compiled from the books by Israelachvili

[5] and Evans and Wennerström [6], to which the reader is referred for

further discussions on the topic.

2.1.1 Electrostatic double layer

The most simple model consists of two charged surfaces separated by wa-

ter, containing only ions of charge q = ze, where e is the electron charge,

from dissociation. The Poisson-Boltzmann equation,

d2ψ

dx2
= −zeρ

εε0
= −zeρ0e

−zeψ/kBT

εε0
, (2.1)

describes the potential ψ, electric field E = −∂ψ/∂x, and counter ion den-

sity ρ at distance x from one of the surfaces. Their values at x = 0 are

called contact values, and the electric field at the surface only depends on

the surface charge density σ, and does not depend on the distance between

the two surfaces, Es = −σ/εε0. The counter ion density at the surface is

ρs = ρ0 + σ2/2εε0kBT, (2.2)

where ρ0 is the density at the mid-plane, where the electric field vanishes.

Therefore, even for isolated surfaces in water the density of counter ions
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near the surface remains very high. For this reason, charged surfaces in

solution are referred to as electric double layer.

In a more common situation, the solution already contains some ions

(e.g. in physiological conditions c = 0.2 mol/L, and in ocean water c = 0.6

mol/L). The excess concentration of counter ions at the surface compared

to that in bulk depends only on the surface charge density σ, i.e. it is

independent of the bulk electrolyte concentration, and it balances a sub-

stantial fraction of the total surface charge.

The relation between σ and the surface potential ψ0 is given by the Gra-

hame equation,

σ =
√
8εε0c0kBT sinh(zeψ0/2kBT ). (2.3)

For low potentials, the above equation simplifies to

σ = εε0κψ0, (2.4)

with

κ =

(∑
i

ρi0e
2z2i /εε0kBT

) 1
2

, (2.5)

where the sum is over the different types of ions i present in solution. The

Debye length, κ−1 is the characteristic length scale of the screening ionic

atmosphere near a charged surface. It depends solely on the properties of

the solution and not on the charge density of the surface.

The effective double layer interaction between surfaces or particles of

different geometries always decays exponentially with distance, the decay

length given by the Debye screening length κ−1. Two geometries particu-

larly relevant for the modeling of AFM tips close to a surface in solution

are illustrated in Fig. 2.1. The interaction between two flat surfaces at

distance D is given by

Vflat−flat(D) = (κ/2π)Ze−κD, (2.6)

and between a sphere of radius R � D and a flat surface by

Vsphere−flat(D) = RZe−κD, (2.7)

where the constant Z (somehow analogous to the Hamaker constant) is

defined as

Z = 64πεε0(kB/e)
2 tanh2(zeψ0/4kB). (2.8)
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Figure 2.1. Geometries that may be used to calculate the effective double layer interac-
tion potential of a blunt AFM tip (a) or a spherical tip apex with radius R (b),
at distance D from a surface in an electrolyte solution. Adapted from Ref. [5].

2.1.2 DLVO theory

In the electrostatic double layer model, we have completely neglected van

der Waals interactions, which should exceed the double layer repulsions at

small distances D. The DLVO theory is named after Derjaguin and Lan-

dau [39], and Verwey and Overbeek [40] and refers to the combined van

der Waals and electrostatic double layer interactions. Depending on the

electrolyte concentration and the surface charge density, very different

interaction patterns may occur. In particular, raising the concentration

of ions in the solution can effectively lower the electrostatic double layer

repulsion between surfaces in solution.

Often AFM experiments in liquid are carried out in moderately concen-

trated solutions: biological samples need to be imaged in a buffer solu-

tion, saturated solutions can prevent dissociation of crystal surfaces, and

in general, higher ionic concentrations reduce the long range double layer

repulsion, as illustrated in Fig. 2.2. This effect has been studied in detail

in the context of AM-AFM imaging of biological samples, where the peak

tapping force can not be chosen too high in order to avoid damaging the

sample [41, 42].

However, at small separation distances between the AFM tip and the

surface, individual water molecules behave very differently than in bulk,

and DLVO theory is no longer applicable. Also, while DLVO theory may

give a good approximation for an average force-distance profile experi-

enced by the AFM tip, it cannot explain the differences between force-

distance curves obtained at different lateral positions, responsible for the

atomic scale contrast seen in the AFM image.
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Figure 2.2. DLVO theory: the electrostatic double layer repulsion between AFM tip and
sample surface can be lowered by increasing the concentration of counter ions
in the solution. Adapted from ref. [5].

2.1.3 RISM theory

The reference interaction site model (RISM) theory developed by Chan-

dler et al. [43], has been adapted recently in order to simulate AFM in

liquids [44]. The statistical-mechanical, three-dimensional molecular the-

ory of solvation (3D-RISM) predicts the solvation structure and thermo-

dynamics of systems in solution [45]. It was used to calculate the equilib-

rium 3D water structure g(r) on top of a Mica surface, in the absence of an

AFM tip. The force-distance profile measured by AFM was then related

to the gradient of the undisturbed water density.

In this formalism, the average two-body interaction between an AFM

tip and a water molecule is given as u(Z − r), where Z is the tip position,

and r the water molecule position, and the total potential energy U(Z)

between the AFM tip and the surrounding water molecules is described

as

U(Z) =

∫
ρg(r)u(Z − r)dr, (2.9)

where ρ is the bulk density of water molecules. The integration takes

the contribution of all water molecules around the AFM tip into account.

Since u(Z − r) is assumed to be a delta function, U(Z) is proportional to

g(Z) and the force applied to the AFM tip, f is proportional to −dg/dZ.

Even though the statistical mechanical background of this approach is

very sophisticated, the main issue here is the missing AFM tip.
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2.2 Computational statistical mechanics

We propose to study solid-liquid interfaces through computer simulations

at an atomistic level. In the following, we will briefly derive the classical

expression for the thermal average of an observable, as given by Frenkel

and Smit [46].

In principle, any physical system can be described by the Schrödinger

equation

i�
∂

∂t
|ψ〉 = H |ψ〉 , (2.10)

where � is Planck’s constant divided by 2π, t is time, and H is the Hamil-

tonian of the system, acting on the wave function |ψ〉.
For a system at finite temperature T in a constant volume V , the time

average of an observable A can be calculated as

〈A〉 =
∑

i exp(−Ei/kBT )〈i|A|i〉∑
j exp(−Ej/kBT )

, (2.11)

where 〈i|A|i〉 denotes the expectation value of the operator A in a state i,

and Ei its energy. This procedure would require solving the many-body

Schrödinger equation, which is not possible except for the most trivial

systems, and computing an average over a huge number of possible quan-

tum states. Using the relation exp(−Ei/kBT ) = 〈i| exp(−H/kBT )|i〉, the

equation above can be rewritten in a basis-independent manner,

〈A〉 =
∑

i exp(−H/kBT )〈i|A|i〉∑
j exp(−H/kBT )

=
Tr exp(−H/kBT )A

Tr exp(−H/kBT )
, (2.12)

where Tr denotes the trace of an operator. The Hamiltonian is the sum of

the kinetic and potential energy operators,

H = K + U , (2.13)

and is not diagonal in either the basis set of the position or momentum

eigenvectors. In the classical limit (� → 0),

Tr exp(−βH) ≈ Tr exp(−βU)Tr exp(−βK), (2.14)

since the terms of order O([K,U ]) can be ignored. Now, the equation can be

rewritten using the eigenvectors of the position and momentum operators,

|r〉 and |k〉,

Tr exp(−βH) =
∑
r,k

〈r|e−βU |r〉〈r|k〉〈k|e−βK|k〉〈k|r〉. (2.15)

The matrix elements can be calculated directly,

〈r|e−βU |r〉 = exp[−βU(rN )], (2.16)
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where U(rN ) is now a function of the N particles’ coordinates, and

〈k|e−βK|k〉 = exp

[
−β

N∑
i=1

p2i
2mi

]
, (2.17)

where pi = �ki, and 〈r|k〉〈k|r〉 = 1/V N .

Finally, the sum over quantum states can be replaced by an integra-

tion over coordinates and momenta, leading to a definition of the classical

partition function:

Tr exp(−βH) ≈ 1

hdNN !

∫
dpNdrN exp

[
−β

(
N∑
i=1

p2i
2mi

+ U(rN )

)]

≡ Qclassical. (2.18)

Here, d is the dimensionality of the system, and the factor 1/N ! accounts

for the indistinguishability of identical particles.

In the classical limit, the thermal average of an observable A can be

calculated as

〈A〉 =
∫
dpNdrN exp

[−β
(∑

i p
2
i /2mi + U(rN )

)]
A(pN ,qN )∫

dpNdrN exp
[−β

(∑
i p

2
i /2mi + U(rN )

)] . (2.19)

Such an ensemble average can be calculated from generating a Markov

chain of configurations, where the relative frequency of a configuration

is proportional to the Boltzmann factor. This is the idea of Metropolis

Monte Carlo (MC) simulations [47], where a sequence of configurations

is generated in the following way: in a trial move, the old configuration

is slightly modified (e.g. the position of one atom picked at random is

shifted), and then the move is accepted with a probability pacc, based on

the symmetric Metropolis acceptance rule,

pacc = min{1, exp(−ΔU/kBT )}, (2.20)

where ΔU denotes the energy difference between new and old configura-

tions.

Another approach is to perform a molecular dynamics simulation (MD):

here, velocities drawn from a Maxwell-Boltzmann distribution are as-

signed to an initial configuration of the system, and then Newton’s equa-

tions of motion are integrated numerically, to obtain a trajectory of the

system. Static as well as dynamic properties of the system can then be

calculated from time averages along the trajectory. Assuming ergodicity,

this time average will be equivalent to the ensemble average obtained

from a sufficiently long Monte Carlo simulation.
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2.3 Density functional theory (DFT)

In many cases, taking the classical limit is not an option, either because

one is interested in the electronic structure of the system, or because one

would like to calculate properties of the system ab initio, meaning directly

from an atomic configuration, without any parameterized interactions.

One way to circumvent solving the many-body Schrödinger equation for

a system of interacting electrons is the application of density functional

theory (DFT).

The electronic system is described by the Schrödinger equation(
T̂ + V̂ee + Vext

)
Ψ(r1, . . . , rN ) = EΨ(r1, . . . , rN ), (2.21)

where

T̂ = − �
2

2m
∇2 (2.22)

is the kinetic energy operator,

V̂ee =
∑
i<j

U(ri, rj) (2.23)

is the electron-electron interaction energy, and

Vext =
∑
i

U(ri) (2.24)

is the external potential of the nuclei. Instead of dealing with the many-

body electronic wave function Ψ(r1, . . . , rN ), the problem is mapped to the

electronic density: Hohenberg and Kohn [48] formulated two theorems for

systems of electrons moving in an external potential:

1. Theorem

The external potential Vext, and hence the total energy of the system, is

a unique functional of the electron density ρe(r).

2. Theorem

The ground state energy can be obtained variationally. The electronic

density that minimizes the total energy is the exact ground state den-

sity.

Although these theorems are exact, they do not offer a direct way of com-

puting the ground state density of a given system. Kohn and Sham [49]

have devised a simple method to implement DFT calculations. A good ap-

proximation for the kinetic energy, the largest contribution to the energy
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in a many electron system, is obtained with the Kohn-Sham ansatz, where

one considers a ficticious system of non-interacting electrons, that produce

the same electron density as the original interacting system. The Kohn-

Sham wave function is the lowest energy solution to the Kohn-Sham equa-

tion (
− �

2

2m
∇2 + VKS(r)

)
φi(r) = εiφi(r), (2.25)

where VKS denotes the effective Kohn-Sham potential in which the non-

interacting electrons move, and εi is the energy of the Kohn-Sham orbital

φi. The electron density is given by

ρe(r) =
∑
i

|φi(r)|2. (2.26)

The Kohn-Sham potential is defined as

VKS(r) = Vext(r) +

∫
d3r′

e2ρe(r
′)

|r− r′| + VXC[ρe](r), (2.27)

where VXC is the term correcting for many-body effects (exchange and

correlation).

We note that although DFT is in principle exact, in practice results will

depend on the type of exchange-correlation functional, as well as the basis

set, system size, and energy cut-offs used in the calculation.

In the present work, the VASP code, versions 4.6 and 5.2 [50], was used

for preliminary static calculations of the reconstruction of the Calcite sur-

face in vacuum, using projector-augmented wave (PAW) potentials [51, 52]

and the PBE-GGA functional [53]. The ab initio molecular dynamics

study of the NaCl/water interface reported in Publication IV was per-

formed with the CP2K/QUICKSTEP code [54]. The PBE and BLYP [55, 56]

functionals were employed to describe the exchange-correlation energies.

The basis set in CP2K is a hybrid of Gaussians and plane waves.

2.4 Molecular dynamics simulations

In a molecular dynamics (MD) simulation, the Newtonian equations of

motion governing the particles’ trajectories are integrated numerically by

introducing a discretized time step Δt. The forces used to update the

velocities can be obtained either from first principles (ab initio molecular

dynamics), or from the gradient of an empirical interaction potential. The

time step Δt has to be chosen small enough to capture the shortest time

scales of the interaction. In mathematical terms, the problem is to solve
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a large system of ordinary 2nd order differential equations. For all MD

simulations using empirical potentials, we used the GROMACS code [57],

versions 4.0.7 to 4.6.3, and the Verlet-leapfrog scheme, where the new

positions xn+1 of a particle of mass m at time step n + 1 are obtained

from forces fn at step n and velocities vn− 1
2

and vn+ 1
2
, evaluated at the

half-steps, n− 1
2 and n+ 1

2 :

vn+ 1
2

= vn− 1
2
+

fn
m

Δt, (2.28)

vn =
1

2

(
vn+ 1

2
+ vn− 1

2

)
, (2.29)

xn+1 = xn + vn+ 1
2
Δt+O[(Δt)4]. (2.30)

The averaged velocities vn are not needed in the algorithm, but can be

calculated in order to have positions and velocities at the same time. The

error in the positions is of the order O[(Δt)4].

2.4.1 Electrostatics

Coulomb interactions between point charges qi and qj at distance rij ,

UCoulomb(rij) =
1

4πε0εr

qiqj
rij

, (2.31)

are somewhat problematic in computer simulations: because of their long

range, they cannot be truncated without introducing considerable errors

to the energy and artifacts in radial distribution functions at the distance

of the cut-off radius. There are several methods to deal with electro-

static interactions based on the Ewald summation technique [58], intro-

duced originally to compute Coulomb energies in crystals. First, we imag-

ine our simulation box of side length L is multiplied by periodic images

to build up a spherical collection of replicas, situated on lattice points,

n = (nxL, nyL, nzL), and surrounded by a medium of some dielectric con-

stant ε. The main idea is to separate the Coulomb interactions into a

short-ranged and long-ranged part, by introducing Gaussian screening

charges around each charge. Interactions with the screened charges are

now short-ranged, an can be summed up in real space. By choosing a

good value for the inverse Debye length κ for the Gaussian screening

charges, the real space sum can be limited to the original simulation box.

To correct for the spurious interactions with the screening charges, the

same charge distribution, with opposite sign, can be easily summed up in

Fourier space. The final expression for the Ewald sum [59] reads
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UCoulomb =
1

2

∑
i,j

⎡
⎣∑
|n|=0

qiqj
erfc(κrij + n)

(rij + n)

⎤
⎦ (2.32)

+
1

2

∑
i,j

⎡
⎣ 1

πL3

∑
k �=0

qiqj
4π2

k2
exp(−k2/4κ2) cos(k · rij)

⎤
⎦ (2.33)

− κ√
π

∑
i

q2i (2.34)

+
2π

3L3

∣∣∣∣∣
∑
i

qiri

∣∣∣∣∣
2

, (2.35)

where Eqs. 2.32–2.35 denote the real space sum, reciprocal space sum, self

energy, and surface correction terms, respectively. In Eqs. 2.32 and 2.33,

the outer sums are over all pairs of charges, and the factor 1/2 accounts

for double counting. In Eq. 2.32, the inner sum reduces to the normal

minimum image convention, if κ is chosen large enough, and erfc denotes

the complementary error function,

erfc(x) =
2√
π

∫ ∞

x
exp(−t2)dt. (2.36)

In Eq. 2.33, the inner sum is over reciprocal vectors, k = 2πn/L2. The

Ewald summation scales O(N
3
2 ), when fully optimized.

In the simulations carried out in the present work, the particle-mesh

Ewald (PME) [60] technique was used. Here, in the reciprocal space part

of the Ewald sum, the charge density is discretized on a grid, and fast

Fourier transform (FFT) can be used. This method is typically used for

systems of intermediate size, with N ∼ 103−104 point charges, and scales

O(N logN).

2.4.2 Temperature control

The algorithms used to integrate the equations of motion conserve the

total energy of system. Therefore, the configurations visited along a suf-

ficiently long molecular dynamics trajectory, where the initial velocities

were assigned according to a Maxwell-Boltzmann distribution at given

temperature T , will correspond to states of a microcanonical ensemble,

for fixed particle number N , volume V , and total energy U . In many cir-

cumstances, the explicitly simulated system is assumed to be just a small

part of a macroscopic system, acting as a heat bath or thermostat. This

corresponds to a canonical ensemble, where particle number, volume, and

temperature T are fixed, and the total energy may fluctuate, and in equi-

librium, the Helmholtz free energy, F = U − TS, is minimized. The heat

30



Theory and methods

exchange with the bath is modeled by a thermostat acting on the atomic

velocities. In this work we used both Berendsen and Nosé-Hoover ther-

mostats, described below.

Berendsen thermostat

The Berendsen thermostat [61] rescales the velocities so that the system

temperature relaxes exponentially to the desired temperature T0 with a

time constant τ ,
dT

dt
=

T0 − T

τ
. (2.37)

While this is a very efficient way to reach the desired temperature during

the initial system setup and equilibration, the algorithm does not yield a

correct canonical ensemble.

Nosé-Hoover thermostat

In the extended-ensemble approach developed by Nosé [62] and Hoover

[63], the equations of motion are modified by a temperature dependent

friction parameter ξ,
d2ri
dt2

=
fi
mi

− ξ
dri
dt

, (2.38)

following the equation of motion

dξ

dt
=

T − T0

Q
, (2.39)

where ri and mi denote the position and mass of particle i, and fi is the

force acting on particle i. Using this approach, the temperature will re-

lax by a damped oscillation towards to the desired temperature and the

coupling strength is determined by the mass parameter Q. In the GROMACS

code, the coupling is described by the time constant τ of the kinetic energy

fluctuations, which is directly related to Q and T0,

τ = 2π

√
Q

T0
. (2.40)

2.4.3 Pressure control

In many cases it is advantageous to simulate at given pressure p and let

the volume V of the simulation box fluctuate. In combination with temper-

ature control, this yields an isobaric-isothermal ensemble, and the Gibbs

free energy G = U − TS + pV is minimized. For large systems in equi-

librium, it makes no difference whether one simulates in NpT or NVT, as

long as the density and simulation box geometry are correct, and pres-

sure fluctuations are not needed explicitly. The barostat is quite useful in
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the initial setup of the system consisting of a crystal surface slab and liq-

uid water: if one simply constructs a starting configuration combining the

crystal and the liquid in a box of constant volume, after formation of the

hydration layer structures at the solid-liquid interface, the density of the

bulk liquid far away from the interface will deviate from its equilibrium

value. A simple solution is to equilibrate the system at constant pressure

instead, so that the change in simulation box volume ensures the correct

bulk water density. It is most efficient to keep the box vectors parallel

to the interface fixed to the equilibrium crystal structure, and let the box

vector perpendicular to the surface fluctuate. We have used Berendsen

and Parrinello-Rahman barostats in this work.

Berendsen barostat

The Berendsen barostat [64] works analogous to the thermostat, the box

vectors are scaled so that the instantaneous pressure relaxes exponen-

tially towards the desired pressure p0, with a time constant τ ,

dp

dt
=

p0 − p

τ
. (2.41)

The box vectors are rescaled every np time steps by the scaling matrix

μij = δij − npΔt

3τ
βij(P

0
ij − Pij), (2.42)

where βij denote the compressibilities, δij the Kronecker delta, and Pij

and P 0
ij the instantaneous and targeted components of the pressure ten-

sor, respectively. This algorithm is very efficient to reach equilibrium

pressures, but does not yield a correct isobaric-isothermal ensemble.

Parrinello-Rahman barostat

In the extended-ensemble [65, 66], the matrix of simulation box vectors b

follows an equation of motion

d2b

dt2
= VW−1bᵀ−1(P−P0), (2.43)

where V denotes the box volume, W−1 the coupling strength, and P and

P0 the instantaneous and target pressure tensors, respectively. The equa-

tions of motion of the atoms are modified by

d2ri
dt2

=
fi
mi

−M
dri
dt

, (2.44)

with

M = b−1

[
b
dbᵀ

dt
+

db

dt
bᵀ

]
bᵀ−1. (2.45)
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In conjunction with a Nosé-Hoover thermostat, this algorithm yields a cor-

rect isobaric-isothermal ensemble. Nevertheless, if the simulation starts

with pressures that differ from equilibrium, the oscillations of the box

vectors can break the system, or at least lead to very long equilibration

times. It is therefore advisable to use a Berendsen barostat for equilibra-

tion first, and then switch to Parrinello-Rahman for sampling, once the

box vectors have converged.

2.5 Atomistic interaction potentials

On typical computational resources currently available, the calculation of

atomic interactions based on their electronic structure becomes computa-

tionally very demanding for systems larger than thousands of atoms for

static configurations. If one is interested in dynamics, or time averages,

computations are currently limited to hundreds of atoms and picosecond

trajectories. Fortunately, for many systems it is possible to describe atom-

istic interactions reasonably well with empirical interaction potentials,

at a fraction of the cost of a computation ab initio. Depending on the

field of research and the systems of interest, many different functional

forms have been developed over the last decades. Typically, potentials are

constructed to reproduce some thermodynamical or mechanical proper-

ties that can be either determined experimentally, or calculated from first

principles.

In the following, we will briefly discuss the potentials used in this work.

The total potential energy of the system, Utot, is the sum of 2-, 3-, and

4-body interactions:

Utot = UCoulomb + UBuckingham + ULJ + Ubonds + Uangles + Uimproper. (2.46)

Here, UCoulomb is the Coulomb potential,

UCoulomb =
∑
i<j

1

4πε0εr

qiqj
rij

. (2.47)

UBuckingham is the Buckingham pair potential between particles i and j at

distance rij ,

UBuckingham =
∑
i<j

Aij exp

(
− rij
ρij

)
− Cij

r6ij
, (2.48)

where Aij , ρij , and Cij are parameters fitted for each interaction pair. At

large distances, the interaction is attractive, and decays with r−6
ij , similar

to induced dipole-dipole interactions. At short distances, the exponential

33



Theory and methods

repulsion becomes dominant. ULJ is the Lennard-Jones potential

ULJ =
∑
i<j

Aij
r12ij

− Cij
r6ij

, (2.49)

which is similar to the Buckingham interaction, except that here the

repulsive part of the potential goes with r−12
ij . Ubonds are harmonic in-

tramolecular bonds between atoms i and j,

Ubonds =
∑
(i,j)

kij
2

(
rij − r0ij

)2
, (2.50)

typically used to describe covalently bonded atoms. The equilibrium bond

length is given by r0ij , and the strength of the bond is determined by the

force constant kij . Uangles are harmonic potentials for intramolecular an-

gles θijk between triplets of atoms i, j, k,

Uangles =
∑
(i,j,k)

kijk
2

(
θijk − θ0ijk

)2
, (2.51)

and are used to introduce directionality of bonds. The equilibrium angle

between a triplet of atoms is given by θ0ijk, and kijk is the force constant.

Uimproper are improper dihedral angle potentials that penalize out of plane

motion,

Uimproper =
∑

(i,j,k,l)

kijkl
2

(
ξijkl − ξ0ijkl

)2
, (2.52)

where ξijkl is the dihedral angle between planes through atoms (i, j, k)

and (j, k, l), ξ0ijkl is the equilibrium dihedral angle, and kijkl the force con-

stant. The functional form for potentials describing bonds, angles, and

dihedral angles, can vary between different force field parameterizations.

Equations 2.50 – 2.52 are used for the potentials in this work, and imple-

mented in the GROMACS code.

2.5.1 Water

Numerous simple potential functions for water have been developed, and

the review by Guillot [67] gives a good introduction on the topic and exten-

sive comparisons of the performance of the different models. Two widely

used models are the simple point charge (SPC) and transferable inter-

atomic potential (TIP) series. For both, the intermolecular distances are

adjusted by means of a Lennard-Jones potential at the center of the oxy-

gen atom, and hydrogen bonds are created through point charges of fixed

magnitude +q at the positions of the hydrogen atoms, and a compensating

charge −2q at the position of the oxygen atom. The TIP4P series places
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Table 2.1. SPC Water potential parameters

parameter SPC/E SPC/Fw

C [kJ/mol /nm6] 2.6188E-03 2.6171E-03

A [kJ/mol/nm12] 2.6352E-06 2.6331E-06

qO [e] –0.8476 –0.82

qH [e] +0.4238 +0.42

dOH [nm] 0.10 0.1012

θ0 [deg] 109.47 113.24

kb [kJ/mol/nm2] n/a 4.4315E+05

kθ [kJ/mol/deg2] n/a 3.1756E+02

the oxygen charge on an extra point, at distance dOM from the oxygen

atom, along the HOH-angle bisector. In the rigid variants of the models,

the geometry of the interaction sites is kept fixed, in the flexible variants

harmonic terms for the O-H bond and the HOH-angle θ are introduced.

The bond lengths and angles are all quite similar betwen the models, but

typically are not chosen according to the experimental values of the iso-

lated molecule in the gas phase.

In the simulations reported in Publications I, III, and IV, we have used

the rigid SPC/E [68] and flexible SPC/Fw [69] variants of the SPC fam-

ily, and their parameters in GROMACS format are given in Table 2.1. In

preliminary studies of the Calcite/water interface, and the simulations of

CaF2/water interfaces reported in Publications I and II, as well as for the

simulation of friction at an ice-ice interface in Publication V, we have used

TIP4P-Ew [70], TIP4P-2005 [71], and TIP4P/ice [72], respectively. The

interaction parameters are shown in Table 2.2. One of the strongest fea-

tures of TIP4P is the quality of its phase diagram. Ice-ice friction depends

on the premelt layer formed on the ice surface, so we used the TIP4P/ice

variant of the TIP4P series, reparameterized to yield the correct melting

point.

2.5.2 Calcite/water

Due to the relevance of Calcite in biomineralization, there are many pa-

rameterizations for empirical potentials describing this material. For the

work presented in Publication I and III, we have chosen to adopt the po-
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Table 2.2. TIP4P Water potential parameters

parameter TIP4P-Ew TIP4P-2005 TIP4P-ice

C [kJ/mol /nm6] 2.7345E-03 3.0798E-03 3.5591E-03

A [kJ/mol/nm12] 2.7453E-06 3.0601E-06 3.5897E-06

qO [e] –1.04844 –1.128 –1.1794

qH [e] +0.52422 +0.5564 +0.5897

dOH [nm] 0.09572 0.09572 0.09572

dOM [nm] 0.0125 0.01546 0.01577

θ0 [deg] 104.52 104.52 104.52

tentials recently developed by Raiteri et al. [73, 74]. They reproduce the

bulk structure of Calcite, as well its phase transition to Aragonite at high

pressures, reasonably well. More importantly, parameters for the interac-

tion with two widely used models for water, TIP4P-Ew and SPC/Fw have

been fitted to reproduce correct free energies of dissolution as well as the

hydration structures of Ca2+ and CO2−
3 ions in solution. In a recent study,

the potential was found to reproduce at least qualitatively the specular

X-ray reflectivity data of the Calcite/water interface [75].

The interactions between different atomic species are modeled by Buck-

ingham and Lennard-Jones pair potentials and Coulomb interactions of

point charges. The first version of the potential [73] used rigid geometries

for the carbonate ion and the TIP4P-Ew water molecule. Subsequently,

a flexible version was introduced [74], in which bonds and angles were

described by harmonic potentials, and the flexible SPC/Fw model for wa-

ter was used. An out-of-plane penalty was added to the potential to keep

the carbonate ion planar. The potential parameters in a GROMACS topology

style are specified in Table 2.3. The charges for Ca, C, and O are +2.0e,

+1.123282e and –1.041094e, respectively.

2.5.3 Fluorite/water

Calcium fluoride and water interaction parameters used in Publications I

and II were taken from de Leeuw et al. [76], discarding the polarizability

terms, and combined with the TIP4P-2005 model of water, similar to pre-

vious studies by Watkins et al. [35, 36]. The Calcium and Fluorine ions

carry charges of +2e and –1e, respectively. The interaction parameters
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Table 2.3. Calcite/water potential parameters. The rigid variant uses TIP4P-Ew, the flex-
ible variant SPC/Fw.

Buckingham

i j ρ [nm] C [kJ/mol /nm6] A [kJ/mol]

Ca O 0.02715 0.0 3.0505085E+05

Ca C 0.01200 0.0 1.1578237E+10

O O 0.01989 2.6918436E-03 6.1596414E+06

O OW 0.02152 1.1665074E-03 1.2093912E+06

O HW 0.02300 0.0 3.8237128E+04

Lennard-Jones

i j C [kJ/mol /nm6] A [kJ/mol/nm12]

Ca OW 5.1821936E-04 7.3245757E-07

harmonic bond (flexible version)

i j b0 [nm] kb [kJ/mol/nm2]

C O 0.1313 3.4638226E+05

improper dihedral angles1 (flexible version)

i j k l ξ0 [deg] kξ [kJ/mol/deg2]

C O O O 0.0 1.5E+04
1out-of-plane bending in ref. [74] fitted to improper dihedral

are summarized in Table 2.4.

2.5.4 NaCl/water

Due to their importance in biological systems, there are many parameter-

izations for Na+ and Cl− depending on which model for water was used,

and how the force field was constructed. A good overview of the different

potentials in terms of diffusion, free energy of hydration, and structural

properties can be found in ref. [77]. We have chosen the potentials from

the OPLS-AA force field using SPC/E water, as listed in Table 2.5. The

ions carry charges of ±1e.

2.6 Modeling AFM in liquids

In previous simulations of AFM imaging in vacuum [27, 28], a system

consisting of several layers of surface material and a nanocluster repre-
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Table 2.4. Fluorite/water potential parameters. To be used with TIP4P-2005 water.

Buckingham

i j ρ [nm] C [kJ/mol /nm6] A [kJ/mol]

F F 0.012013 1.643E-03 9.62266E+09

F Ca 0.02997 0.0 1.22807E+05

Ca OW 0.02970 0.0 1.49552E+05

F OW 0.012013 2.585E-03 7.69810E+09

F HW 0.02500 9.65E-04 6.90197E+04

Table 2.5. NaCl/water potential parameters. To be used with SPC/E water.

Lennard-Jones

i j C [kJ/mol /nm6] A [kJ/mol/nm12]

Na Na 6.3351E-05 8.6451E-08

Cl Cl 1.4654E-02 1.0886E-04

Na Cl 1.0227E-03 3.4562E-06

Na OW 4.0810E-04 4.7915E-07

Cl OW 6.7301E-03 1.9991E-05

senting a small asperity on the AFM tip apex has been used. The nan-

ocluster has been placed at different positions with respect to the surface.

The far end of the nanocluster, as well as a part of the surface slab have

been constrained in some fashion, and the forces acting between the ’tip’

and surface have been calculated, either at DFT level, or using atomistic

potentials.

We have adopted a similar approach to simulate AFM imaging in liq-

uid, but here the remaining empty volume of the simulation box is filled

with explicit water molecules. The simulation box has to be chosen large

enough in z direction, that the solvation structure of the nanocluster tip

does not interact with the hydration layers on either side of the surface

slab through periodic boundary conditions, for the largest tip-surface dis-

tance to be simulated. The box dimensions along x and y must be large

enough, that the solvation structure of the tip does not interact laterally

with its periodic image, and enough bulk-like water remains between pe-

riodic images of the tip to allow diffusion. The nanocluster itself must be

chosen large enough, that even at the smallest tip-surface distances, it is
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Figure 2.3. Setup for simulations of AFM in liquid: (a) The apex of the AFM tip is mod-
eled by a nanocluster of the same material as the surface. (b) A snapshot
of the simulation box containing a slab of Calcite, and a Calcite nanocluster.
The remaining volume of the simulation box is filled with water.

mostly outside of the hydration layers.

In order to set up the system, it has proven to be efficient to proceed by

steps: First a simulation box containing only the surface slab with correct

lattice vectors along x and y directions is constructed, or obtained from

equilibration in NpT. Then, the remaining volume is filled with water,

pre-equilibrated in NVT in a box of similar dimensions. This system can

be equlibrated in NpT using a semi-isotropic barostat and keeping the box

vectors in x and y fixed. In this way, the z direction of the box will equi-

librate to yield the correct bulk water density far away from the interface

region. In the systems we studied, the hydration layer structure at the

interface takes less than 100 ps to form. This system can now be used to

study properties of the hydration layers, from time averages obtained in

NpT or NVT. Finally, the nanocluster can be introduced in the simulation

box, far from the interface, and all overlapping water molecules removed.

A final equilibration in semi-isotropic NpT will equilibrate the solvation

shells around the nanocluster and adjust the box vector along z, to obtain

the correct water density far from the cluster and the surface. A typical

setup for AFM simulation in liquid is shown in Fig. 2.3.
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2.7 Free energy calculations

For a system of N particles in a fixed volume V and in contact with a heat

bath at temperature T , the Helmholtz free energy,

F (T, V ) = U(S, V )− TS(U, V ), (2.53)

is minimized in equilibrium. Here, S denotes the entropy of the system.

The free energy is related to the canonical partition function Q,

F = −kBT lnQ, (2.54)

where kB denotes Boltzmann’s constant. The value of Q typically can-

not be calculated directly, but fortunately there are ways to circumvent

this problem. Often one is interested in the computation of a free energy

profile, the change in free energy as a function of a collective variable,

X(r1, . . . , rN ), which depends on a subset of particle coordinates. Depend-

ing on the context, X may also be referred to as ’order parameter’, or ’re-

action coordinate’. In principle, this free energy profile is simply related

to the probability of observing a certain value of X,

F (X) = −kBT lnP (X), (2.55)

where P (X) is the probability distribution of X measured in the simula-

tion. The accuracy of such a free energy profile is limited by the fact that

configurations of the system with a high free energy will be visited rarely

(or not at all) during the course of the computer simulation. The error

of the sampled distribution P (X) will be large around the corresponding

values of the collective variable, resulting in a large error of the computed

free energy profile F (X). In this section we present two methods to over-

come this difficulty that have been used in the present work, umbrella

sampling and free energy perturbation, based on the books by Frenkel

and Smit [46], Tuckerman [78], and Chandler [79].

2.7.1 Umbrella sampling

In Publications I – III, umbrella sampling was used to calculate the free

energy profile as a function of the separation distance between the AFM

tip and the surface. The umbrella sampling method was developed by Tor-

rie and Valleau [80], in order to calculate free energy profiles as a function

of a collective variable, X(r1, . . . , rN ). In order to evenly sample configu-

rations along this collective variable, a biasing or umbrella potential is
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introduced, typically of the following harmonic form

W (X, s) =
k

2
(X − s)2. (2.56)

This umbrella potential is added to the potential energy of the system,

and the total potential is used in the molecular dynamics (MD) or Monte

Carlo (MC) simulation. The equilibrium values of the harmonic restraints

are chosen to be a set of intermediate points s1, . . . , sn within the desired

range of the collective variable. Each of the independant MD or MC simu-

lations, or ’windows’, will yield a biased probability distribution P (X, sk),

for k = 1, . . . , n around the equilibrium points sk. From this set of biased

distributions, the free energy profile over the entire range of the collective

variable can be reconstructed.

In order to remove the bias in each window, the weighted histogram

analysis method (WHAM) developed by Kumar et al. [81] can be used. In

each window, the biased probability density is

P̃ (X, sk) = eβFk

∫
dNr e−βU(r)e−βW (X,sk)δ(X − s), (2.57)

where Fk is the free energy–up to a constant–associated with the biased

potential,

eβFk =

∫
dNr e−βU(r)e−βW (X,sk) = e−βF0〈e−βW (X,sk)〉, (2.58)

where the average is taken with respect to the unbiased potential U(r),

and

eβF0 =

∫
dNr e−βU(r) (2.59)

is the unbiased configurational partition function. The factor eβFk is there-

fore the correct normalization constant for Eq. 2.57.

The unbiased probability distribution function Pk(X), corresponding to

the distribution P̃ (X, sk) is

Pk(X) = eβ(Fk−F0)eβW (X,sk)P̃ (X, sk). (2.60)

The full probability distribution function P (X) is now obtained through a

linear combination of the distributions Pk(X):

P (X) =

n∑
k=1

Ck(X)Pk(X), (2.61)

where {Ck(X)} is a set of coefficients that need to be optimized to min-

imize the error in in the true distribution P (X), and must satisfy the

normalization
n∑
k=1

Ck(X) = 1. (2.62)
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If H̃k(X) denotes the biased histogram of X obtained in each umbrella

window, the biased distribution is estimated by

P̃ (X, sk) ≈ 1

nkΔX
H̃k(X), (2.63)

where nk is the number of configurations sampled in the k-th window and

ΔX is the bin width used to collect the histogram. The statistical error in

the biased distribution in the k-th window is

σ̃2
k =

εk(X)H̃k(X)

nkΔX
, (2.64)

where εk(X) is a measure of the deviation between the numerically sam-

pled and the true distribution, P (X), in the k-th window. The error in

Pk(X) is then given by

σ2
k = e2β(Fk−F0)e2βW (X,sk)σ̃2

k. (2.65)

We want to minimize the total error

σ2 =

n∑
k=1

C2
k(X)σ2

k. (2.66)

We can impose the normalization of the coefficients {Ck(X)} by means of

Lagrange multipliers, and finally obtain the coefficients as

Ck(X) =
nk/[εk(X)H̃k(X)e−2β(Fk−F0)e2βW (X,sk)]∑n
j=1 nj/[εj(X)H̃j(X)e−2β(Fj−F0)e2βW (X,sj)]

(2.67)

In the following, we assume that the error function εk(X) is the same in

all n windows, in other words the quality of the sampling is equal in each

window. We further assume that the biased histogram in each window,

H̃k(X), is well estimated by simply applying the biasing factor directly to

the target distribution, which will again be true for adequate sampling.

This simplifies the expression for the coefficients to

Ck(X) =
nke

βFke−βW (X,sk)∑n
j=1 nje

βFje−βW (X,sj)
, (2.68)

and now the global unbiased distribution is given by

P (X) =

∑n
k=1 nkPk(X)∑n

k=1 nke
β(Fk−F0)e−βW (X,sj)

. (2.69)

The free energy factors in Eq. 2.69 are directly related to P (X) by

eβ(Fk−F0) =

∫
dX P (X)e−βW (X,sk), (2.70)

which means that Eqs. 2.69 and 2.70 need to be solved iteratively, starting

from some initial guess for Fk, until self-consistency is reached.
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Figure 2.4. Schematic diagram of umbrella sampling, and the further steps involved in
the simulation of AFM imaging in liquids.

In the context of the AFM simulation, the collective variable was chosen

to be the z-component of the distance vector between the centers of mass

of the nanocluster tip and the solid slab representing the surface. An ad-

ditional harmonic potential acting only on the x and y position of the tip

was used to restrain its lateral position with respect to the surface, and

suppress any rotational motion. The WHAM method is implemented in

the GROMACS simulation suite [82]. Figure 2.4 gives an overview of the

umbrella sampling technique, and the following stages of the AFM simu-

lation.

We note that somewhat similar approaches have been used in AFM ex-

periments, to reconstruct the effective AFM tip-surface potential, by tak-

ing the logarithm of the distribution of tip-surface distances, while the

tip is fluctuating due to Brownian motion [83, 84]. There however, the

problem of poor sampling associated with free energy barriers cannot be

circumvented.

2.7.2 Free energy perturbation

The free energy perturbation method (FEP) [85] used in Publications I

and II can be derived in the following way:

We assume two different thermodynamic states of a system, denoted A

and B. At the microscopic level, these states are characterized by their

potential energies UA(r1, . . . , rN ) and UB(r1, . . . , rN ). The Helmholtz free

energy difference between states A and B is

ΔF = FB − FA, (2.71)
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and the free energies are given by FA = −kBT lnQA and FB = −kBT lnQB,

where

QA(N,V, T ) = CN

∫
dNp dNr exp

[
−β

(
N∑
i=1

p2
i

2mi
+ UA(r1, . . . , rN )

)]

=
ZA(N,V, T )

N !λ3N
, (2.72)

and QB is defined analogously. The free energy difference now reads

ΔF = −kBT ln

(
QB

QA

)
= −kBT ln

(
ZB
ZA

)
, (2.73)

where ZA and ZB are the configurational partition functions. For state A,

ZA =

∫
dNr exp[−βUA(r1, . . . , rN )] (2.74)

and ZB is defined analogously. The ratio of partition functions in Eq. 2.73

reduces to a ratio of configurational partition functions because the mo-

mentum integrations cancel out.

The difficulty of implementing Eq. 2.73 in practice is that the partition

functions are not directly accessible in a computer simulation. Instead,

the equation needs to be rewritten in terms of phase space averages.

By the trivial insertion of unity in the expression for ZB,

ZB =

∫
dNr exp[−βUA(r

N )] exp[−β(UB(r
N )− UA(r

N )], (2.75)

the ratio of ZB/ZA now becomes

ZB
ZA

=
1

ZA

∫
dNr exp[−βUA(r

N )] exp[−β(UB(r
N )− UA(r

N )]

=
〈
exp[−β(UB(r

N )− UA(r
N )]

〉
A
, (2.76)

where 〈. . .〉A denotes an average taken with respect to the canonical con-

figuration distribution of state A. Finally we obtain

ΔF = −kBT ln 〈exp[−β(UB − UA)]〉A , (2.77)

the free energy perturbation formula by Zwanzig [85].

In the context of the calculation of the free energy as a function of the

AFM tip-sample separation, the following protocol was established by

Watkins et al. [35] and used in Publications I and II: Part of the system

representing the AFM tip is constrained to a fixed point in space. At this

point a molecular dynamics simulation is performed and a set of repre-

sentative configurations saved. The free energy change ΔF to move from
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point r0 to point r1 is then found by perturbing the tip in each of the saved

configurations by a rigid translation from point r0 to r1 using the relation

ΔF = F (r1)− F (r0)

= −kBT ln 〈exp [−β(U(r1)− U(r0))]〉0 , (2.78)

where the subscript 0 indicates that the average is taken over the configu-

rations collected when the tip is at point r0 and the potential energies are

calculated at the unperturbed (subscript 0) and perturbed (subscript 1)

locations. The total free energy change of the tip approaching the surface

is then built up by adding together the individual contributions. Here for

a given force curve, we fix the x and y coordinates of the tip, and move the

z coordinate of the tip towards the surface in steps of ∼0.01 nm to cover

the desired range of tip-sample distances.

2.8 Simple model for forces on an AFM tip in liquid

Recent observations show that experimental force curves measured by nc-

AFM [26, 86] do show features that can be correlated with those measured

by X-ray reflection [87, 88] experiments. This implies a direct correlation

between the unperturbed water density above a sample and the force mea-

sured by a nc-AFM may be expected. It has also been observed that whilst

quantitative differences exist in measurements above well prepared sur-

faces, qualitatively measurements using different cantilevers and taken

at different times are often in good agreement [89], suggesting that there

may be common features to many solvated AFM tips that lead to well

defined classes of contrast.

Two classes of tip that might exist fairly universally in aqueous solution

are:

• sharp hydroxylated tips – for instance an isolated silanol (Si–OH) group

on the end of an ultrasharp silicon or silicon nitride tip that has been

partly oxidised.

• tightly bound water molecules – if a tip is terminated by an ionic mate-

rial with significantly charged cations (e.g. Si–OH2 or Ca–OH2 in tips

terminated with silica or fluorite clusters), it is expected that water

molecules will adsorb quite strongly. On a time average they will be

present during the imaging process between the actual tip and surface.
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Figure 2.5. Tip models extracted from molecular dynamics simulations that expose a
flexible OH group to the environment. Bulk solvent molecules are shown as
transparent "v" shapes with O red and H white. Atoms shown as larger balls
are the tip terminus and its local environment. Silicon is yellow, oxygen red,
calcium turquoise and fluorine pink. Upper figures show overall views of the
nanoclusters, lower figures zoom in on the area of interest. (a) silanol group
– Si–OH – on a silica cluster; (b) two neighbouring (vicinal) silanol groups on
a silica cluster (geminal Si(OH)2 groups are also possible); (c) water molecule
adsorbed on a silica cluster; (d) water molecule adsorbed on a CaF2 cluster.

In this case any closely bound water layer is actually part of the tip.

Molecular dynamics simulations of solvated nanoclusters of fluorite [35,

36] and silica [90] show that these functional groups are common and are

present for large percentages of the simulation time; by this we mean that

even though the residence time of a water molecule above a given cation

site is only ∼ 0.25 ns [36], as soon as it leaves, another water molecule

will take its place, reforming the tip model. Particular examples taken

from molecular dynamics simulations illustrating both of the classes of

tip terminations are shown in Fig. 2.5

As we can connect the short-range force to the unperturbed equilibrium

water density, we do not have to perform the calculations at each tip lo-

cation, and, therefore, simulations will be at least three orders of mag-

nitude faster than current methods that explicitly calculate the force on

a tip model at each point in space. We note that calculating the water

density over moderately complicated surfaces will soon be within reach of

first principles based molecular dynamics.

From the arguments developed above based on the observation of molec-

ular dynamics trajectories of tips in water and the likelihood of common

types of tip termination, we take a single water molecule as the tip model
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and calculate the change in free energy as it approaches the surface over

different lateral positions. The calculations are readily performed, con-

verging much more rapidly than when a larger nanocluster is used to

represent the AFM tip.

In the following, we will show that the cost in free energy to bring a

water molecule from bulk to a particular position r close to the surface is

directly related to the deviation of the local water density ρ(r) from the

bulk value ρ0,

ΔF (r) = −kBT ln(ρ(r)/ρ0). (2.79)

The Helmholtz free energy of the system is

F (N,V, T ) = −kBT lnQ = −kBT lnZN + const, (2.80)

where Q is the partition function, and ZN is the configurational part of

the partition function,

ZN =

∫
drN exp(−V(rN )/kBT ). (2.81)

We can define a constrained configurational partition function, consider-

ing only systems where one water molecule is located at position r,

Z(r) =

∫
drNδ(r1 − r) exp(−V(rN )/kBT ). (2.82)

The free energy difference for a water molecule to move from bulk to a

certain position r is

ΔF (r) = −kBT ln(Z(r)/ZN ). (2.83)

The time-averaged ratio ρ(r)/ρ0 observed in a MD simulation corresponds

to the ratio of the constrained and full configurational partition functions,

ρ(r)

ρ0
=

Z(r)

ZN
, (2.84)

and we recover Eq. 2.79. The force on the AFM tip is then given by the

derivative of the free energy with respect to the tip-surface distance,

f(z) = −dF (z)

dz
=

kBT

ρ(z)

dρ(z)

dz
. (2.85)

We note that the method proposed here is close to being a simulation

counterpart to the experimental method of Cleveland et al. for the recon-

struction of hydration forces in contact mode AFM [83]. The sequence of

approximations in modeling AFM in liquids, starting from free energy cal-

culations with an explicit tip model, going over to free energy calculations

with a ’water molecule tip’, to the calculation of the force on the AFM tip

from the equilibrium water density distribution is illustrated in Fig. 2.6,

and estimates for the calculation speed up are shown as well.
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Figure 2.6. Simplifying the model system, reducing the computational effort by several
orders of magnitude: (a) The actual experimental setup, inaccessible to atom-
istic simulations; (b) Free energy calculations with a fully solvated nanoclus-
ter tip; (c) Free energy calculations with a single water molecule as tip model;
(d) Local water density calculation from equilibrium simulations.

2.9 Virtual AFM

In order to compare the data obtained from simulation and experiment,

one needs to know how the force acting on the AFM cantilever, and the

signal detected by the instrument, are related.

The static deflection of a cantilever can simply be related to the inter-

action force by Hooke’s law. In case of frequency modulation-AFM (FM-

AFM), the situation is more complex and the first such relation was de-

rived by Giessibl [91]:

Δω

ω0
= − 1

πAk

∫ 1

−1
fTS(z +A(1 + u))

u√
1− u2

du, (2.86)

where ω0 and Δω are the unperturbed resonant frequency and frequency

shift, respectively, A is the oscillation amplitude, k the cantilever spring

constant, fTS the tip-sample interaction force, and z is the tip-surface dis-

tance at closest approach.

Experimentalists are typically facing the opposite problem, as they want

to infer the forces acting on the tip from the signal measured according

to the AFM mode of operation. In order to calculate the force from the

frequency shift, Eq. 2.86 needs to be inverted. This is only possible an-

alytically if the oscillation amplitude is either far greater or far smaller

than the typical length scales of the tip-surface interaction. Due to the os-

cillatory nature of tip-surface interactions in liquid, these approximations

do not hold. Sader and Jarvis [92, 19] proposed the following analytical

expression to determine tip-sample interaction forces from the measured

frequency shift:

fTS = 2k

∫ ∞

z

(
1 +

A1/2

8
√

π(1− z)

)
Ω(u)− A3/2√

2(u− z)

dΩ(u)

du
du, (2.87)
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where Ω(z) = Δω(z)/ω0. This formula has been shown to be robust. It is

valid only for constant oscillation amplitude, and continuous interaction

forces and resonance condition are assumed.

From the theorist’s perspective, instead of using an analytical relation

to calculate frequency shift from force, one can also simulate the actual

AFM experiment, in order to avoid approximations in the derivation of

analytical relations, as well as having the freedom to incorporate the de-

tails of the experimental setup and the electronic circuitry involved. We

have used a virtual AFM [93] recently developed by Federici [94] and il-

lustrated in Fig. 2.7. It integrates the equation of motion of the cantilever,

taking into account the tip-sample interaction fTS, and the response of the

different feedback circuits, in the discretized time domain. Assuming the

cantilever behaves like a harmonic oscillator, its vertical position is given

by
d2z

dt2
− ω0

Q

dz

dt
+ ω2

0(z − z0) = R(t)E(t) + fTS
z (x, y, z), (2.88)

where ω0 is the resonant frequency and Q the quality factor of the can-

tilever, and z0 is vertical position of the cantilever holder. The effective

tip-sample interaction force fTS can be determined in different ways. In

the work reported in Publication III, we obtained the force map from the

derivation of the free energy of the system with respect to the tip-surface

separation distance z, over a grid of points (x, y) along the surface unit

cell,

fTS
z (x, y; z) = −dF (x, y; z)

dz
. (2.89)

The excitation amplitudes R(t) and the signal E(t) are given by the elec-

tronic feedback circuits. These depend in turn on the cantilever properties

(amplitude, phase, and frequency) and introduce an explicit time depen-

dence, and Eq. 2.88 can not be solved analytically anymore. Instead, a

velocity Verlet integrator [59] is used to integrate the equations of mo-

tion numerically using a discretized time step, which is much larger than

the one used in the preliminary atomistic simulations that provided the

effective tip-sample interaction fTS.
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Figure 2.7. A schematic illustration of the virtual AFM setup for frequency modulation.
Picture courtesy of F. Federici.
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3. Results

3.1 Hydration layer structures on ionic crystal surfaces

We have studied the structures of hydration layers from atomistic molecu-

lar dynamics in simulations at constant volume or pressure, and constant

temperature of 300 K, for the Calcite (101̄4), CaF2 (111), and NaCl (100)

surfaces. Details of the simulation protocol are given in the methods sec-

tion. These results have been reported in Publications I, II, and IV.

The hydration layer structure of Calcite (101̄4), obtained with the flex-

ible potential in ref. [74], is shown in Fig. 3.1. Three distinct hydration

layers can be identified. In the first layer, water molecules are situated

above surface Calcium ions and in the second layer they are situated

above the carbonate groups. The third layer already exhibits less lateral

order, but an increased density over Calcium ions can be observed. In the

first hydration layer, the water molecules are frequently changing posi-

tions between different equilibrium positions close to the Calcium ion un-

derneath. There is also exchange between water molecules in hydration

layers and in the bulk on the nanosecond timescale of the simulation. We

note that the hydration layer structures we obtained differ slightly from

the ones obtained with the rigid set of potentials by the same authors, and

shown in Fig. 6 of ref. [73]. The peaks in the water oxygen density are at

the same distances from the surface, but the height of the second peak is

lower when using the newer force field. Also, the water molecule oxygen

atom positions with respect to the surface atoms are similar in the first

and second layers but differ slightly in the third layer (Fig. 8 in ref. [73]).

The two force fields use different potentials for water. In the original

version, intramolecular bonds and angles in water and carbonate ions are

rigid, and the TIP4P-Ew potential is used for water. In the newer, flexible
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Figure 3.1. Hydration layer structure of Calcite (101̄4) from simulation, using potentials
in ref. [74].

version, harmonic terms for bonds and angles are added to the potential,

and the SPC/Fw potential is used instead of TIP4P. The authors have re-

fitted the Calcite-water interaction parameters to reproduce the correct

free energies of solvation. Nevertheless, the magnitudes and positions of

the point charges on the SPC/Fw water molecule are different from the

ones on TIP4P-Ew, and this is responsible for the small discrepancies in

the hydration layer structures observed in the simulations. Without a

direct comparison to experimental force spectroscopy, or ab initio calcula-

tions, we cannot at this point comment on the accuracy of either model.

The hydration layer structures calculated for the CaF2/water interface

are shown in Fig. 3.2. Again, three distinct hydration layers can be ob-

served, that match the three surface atom sites: water molecules in the

first hydration layer are situated on top of surface calcium ions, second

layer water molecules on top of the protruding fluorine Fh, and the third

layer water molecules are situated on top of the sub-surface fluorine site,

Fl. The height of the water density peaks is similar to the ones obtained

for Calcite. However, the hexagonal surface geometry of CaF2 (111) ap-

pears to be more compatible with a hydrogen bonded network of water

molecules, compared to the Calcite surface, since the water molecules in

the first hydration layer of Fluorite have well-defined lateral positions.

The hydration layer structures calculated for the NaCl(100)/water in-

terface from classical MD simulations are shown in Fig 3.3. Here, only

two distinct hydration layers can be observed, and the height of the first

peak is considerably lower than at the Calcite or Fluorite surfaces. The
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Figure 3.2. Hydration layer structure of Fluorite (111) from simulation.

first peak actually has a bimodal structure, and the 2D oxygen water den-

sity maps reveal that the main contribution to the first hydration layer

comes from water molecules situated on top of surface sodium ions, but at

slightly larger distances, there are also water molecules on top of chlorine

ions, with the hydrogen atom pointing towards it. The lateral distance

between ions in the surface is large enough, that these two types of water

molecules can form hydrogen bonds. The second hydration layer exhibits

only very little lateral order. In a preliminary study for the ab-initio sim-

ulation of the NaCl/water interface and dissolution, we performed checks

on the minimum system size that would still be able to produce correct

hydration layer structures, when the surface is only covered by a thin

film of approximately 4 molecular layers of water. The reference system

consisted of a p(4×4) slab of NaCl(100), 3 layers thick, and ∼1000 water

molecules in periodic boundary conditions. Four smaller systems, with

a water layer of finite thickness on top of the NaCl slab were created as

well, and were run for 10 ns in NVT, to collect good statistics on hydration

layer structures, and assess the errors introduced by finite size effects in

the smaller systems, by comparison with the reference system. The differ-

ent systems and their respective hydration layer structures are presented

in Fig 3.4. The second interface with the vacuum introduces another den-

sity peak, but the densities in the first and second hydration layer are not

significantly affected. Based on these results, we chose the p(4 × 4) cell

with 256 water molecules, and the p(3× 3) cell with 144 water molecules

for further studies using ab initio molecular dynamics, and used the equi-
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librated output of the classical simulation as starting configurations.

Figure 3.3. Hydration layer structure of NaCl (100) from simulation.

Figure 3.4. Finite size effects in the hydration layer structure in a thin water film on
NaCl (100) from simulation.

3.2 Free energy calculations with an explicit AFM tip

In Publication I, we have benchmarked the umbrella sampling technique

against the free energy perturbation (FEP) method, used in previous stud-

ies of AFM imaging in liquid by Watkins et al. [35, 36]. The reference sys-

tem was a slab of fluorite, exposing the (111) surface, perpendicular to the

z direction in a rhombohedral simulation box filled with water. The flu-
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Figure 3.5. Free energy profiles over Calcium (Ca), protruding Fluorine (Fh), and sub-
surface Fluorine (Fl) in CaF2 from umbrella sampling (left) and free energy
perturbation (right).

orite nanocluster, representing the AFM tip, was oriented in such a way

that a sharp, fluorine terminated end pointed towards the surface.

The free energy profiles shown in Fig. 3.5 demonstrate that results from

umbrella sampling and FEP are in good agreement, and Fig. 3.6 shows

that the method is robust with respect to the details of how the umbrella

potential between tip and surface and the lateral tip constraints are ap-

plied. The calculations show significant differences in the free energy for

the approach over different surface sites, with variations in energy of sim-

ilar magnitude to those observed in a vacuum and shown to provide good

atomic contrast. Converting the PMF into force curves experienced by

the tip on approaching the surface, we find that between differing surface

locations there is a statistically significant contrast in the force exerted

upon the tip. The converged calculations clearly show that there is a re-

gion from 0.25 to 0.6 nm where distinct contrast between sites can be

observed.

We decomposed the free energy calculated using the FEP in various

ways: into potential energy and entropic contributions and into terms

arising from the direct interaction of the tip and surface and those me-

diated by the solvating water. We have also considered the same tip ap-

proach in a vacuum. The decomposition showed that the total free energy

change is a small difference between large potential energy and entropic

terms. The entropic term is mostly attractive and principally consists of

the increase in translational and rotational degrees of freedom when wa-

ter initially confined near the tip or surface is forced away into bulk-like

positions, due to tip-surface proximity. That this is the case is clearly illus-

trated by comparison to calculations in a vacuum, where the evolution of

potential energy is almost indistinguishable from the overall free energy
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Figure 3.6. Influence of lateral tip position constraints and umbrella potential on the free
energy profile over calcium in CaF2. In the legend, the constrained parts of
the system are highlighted in color, whereas the unconstrained parts of tip
and surface are dark gray, and the liquid is light gray.

change and is consistent with the use of static calculations to understand

nc-AFM measurements in UHV. Decomposition into energy change due to

direct interaction of the tip and surface and the energy change mediated

by the solvent showed that above the Ca2+ cation site this system has a

rather strong direct tip-surface interaction that partially controls the ap-

pearance of a free energy well at around 0.2 nm. However, as the direct

interaction is now only a component of the total system energy, the direct

tip-surface interaction is smaller than that in a vacuum, and at large dis-

tances and above anions indirect interactions due to water reconstructing

are dominant.

The Calcite system consisted of a rectangular simulation box containing

a Calcite slab, exposing the (1014) surface perpendicular to the z direction,

and filled with water. The solid-liquid interfaces consisted of 5× 8 surface

unit cells, each containing two Ca2+ and CO2−
3 ions. The tip was modeled

by a 125 atom (25 functional units) Calcite nanocluster, which was cut

from bulk, then annealed in vacuum, and finally equilibrated in water. A

recent study of Calcite nanocluster stability [95] had found nanoparticles

of either 24 or 32 functional units to be most stable, but we deliberately

chose a non-ideal cluster, as this would be a more realistic model for an

AFM tip termination, while still stable on the time scale of simulation.

The nanocluster was oriented with its elongated axis perpendicular to the

interface, to simulate a sharp tip, most likely to yield high contrast in

experiment.
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Figure 3.7. Free energy profiles over the two calcium and carbonate groups in a Calcite
surface unit cell, obtained with umbrella sampling in the NVT ensemble.

In Fig. 3.7, we present four of a total of 32 free energy profiles obtained

over one Calcite surface unit cell, corresponding to tip approaches over

the two calcium and carbonate ions. The Calcite nanocluster tip was

effectively terminated by a negatively charged carbonate group, with a

high rotational mobility. The free energy profiles are flat at large tip-

surface separations (z ≥ 1.2 nm). As the tip approaches the surface

(0.8 nm ≤ z ≤ 1.2 nm), small free energy barriers appear, due to the in-

teractions between hydration layers over the surface and water molecules

solvating the tip. For the tip approach over calcium, the tip apex starts to

interact directly with the third hydration layer at 0.6 nm ≤ z ≤ 0.8 nm.

The increase in free energy for z ≤ 0.6 nm is due to the interaction with

the first hydration layer. The subsequent drop in free energy observed in

the first profile for z ≤ 0.45 nm corresponds to a jump-to-contact of the mo-

bile carbonate group at the tip apex. For the tip approach over carbonate

groups, we observe a free energy barrier at 0.4 nm ≤ z ≤ 0.7 nm, caused

by the interaction with water molecules in the second hydration layer.

We conclude that the differences between the free energy profiles over

calcium and carbonate ions obtained from our simulations are in agree-

ment with the capability to achieve atomic resolution in experimental

AFM images of this surface in water [23]. A more quantitative analy-

sis of the free energy profiles in terms of perturbations of hydration layer

structures as well as simulated AFM images based on the force-distance

maps derived from free energy profiles will be performed in Publication

III.
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Figure 3.8. Comparison of the free energy curves for water molecules above CaF2 with
those obtained from the local water density. Density derived curves are dot-
dashed, and those from free energy perturbation calculations are shown as
solid curves.

3.3 Simple model approximation

In Publication II, we have presented a simple model for calculating forces

on an AFM tip in liquid from the equilibrium local water density structure

in hydration layers, derived in section 2.8 of this thesis. The model system

was the same CaF2/water interface and sharp CaF2 nanocluster tip used

in Publication I.

We recall that the free energy of a water molecule at a certain position r

within the hydration layers on top of a surface, compared to a position in

bulk liquid r0, is related to the local water density ρ(r), compared to the

bulk value ρ0,

ΔF (r) = −kBT ln(ρ(r)/ρ0). (3.1)

Figure 3.8 illustrates this relation by comparing the free energies calcu-

lated using FEP on a water molecule or using Eq. 3.1. The curves ob-

tained by the FEP calculation of the water molecule, and those obtained

directly from the unperturbed water density are in excellent agreement.

The small difference in height of the free energy barriers is the result of

bad statistical sampling at low water density positions.

The simple model states that the free energy profile of the entire AFM

nanocluster tip can be approximated by the free energy profile of a single

water molecule, since typical tip models all have a strongly bound water

molecule in the solvation structure at their apex, which can be interpreted

as being the effective tip termination. In this approximation, we neglect

direct interactions between the tip and surface, as well as the fact that

the water density distribution is substantially perturbed by the presence
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Figure 3.9. Comparison of the free energy curves for water molecules above CaF2 with
those obtained from the water density using Equ. 3.1. Density derived curves
are dot-dashed, and those from free energy perturbation calculations are
shown as solid curves..

of the tip.

We have tested our model by comparing the free energy curves obtained

from equation 3.1 with the free energy profiles obtained from FEP calcu-

lations with a sharp CaF2 nanocluster tip model [35, 36]. The free energy

curves obtained with both methods, over the three different surface sites

of fluorite (111) are shown in Figure 3.9. Over the Calcium cation site,

where water molecules in the first hydration layer exhibit the strongest

spatial ordering (see Fig. 3.2), the agreement with the simple model is ex-

cellent, confirming that the sharp AFM tip is strongly interacting with a

single hydration layer water molecule directly above the fluorite surface.

Over the two fluorine anion sites, where the hydration layers exhibit less

lateral order, the agreement between the simple tip model and the full

cluster tip simulation is not as strong. In particular, we think that collec-

tive relaxation of the tip, which leads to uncertainty in the apparent tip

height when comparing the full curves to our model, and direct tip-surface

interactions are more important in cases with less defined water struc-

ture. Nonetheless, we think the general agreement is encouraging and

that this model is suitable for rapidly generating approximate force maps

over complex surfaces, for example for use in optimizing AFM setups via

simulated instrumentation as well as interpretation of experimental im-

ages.
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Figure 3.10. Free energy profiles over 8 sites in the Calcite surface unit cell, obtained
with a calcium terminated (left), and a carbonate terminated tip (right).

3.4 Simulated AFM images

In Publication III we compare for the first time simulated and experi-

mental AFM images of the Calcite (101̄4)/water interface, and use the

atomistic details known from simulation to interpret the image contrast

mechanism. In the experiments, ultra-short cantilvers (USC) with reso-

nance frequencies of 3.5 MHz have been used, resulting in unprecedented

resolution in the 3D force measurements. We have performed free en-

ergy calculations using umbrella sampling, as described earlier, with a

Calcite nanocluster containing 160 atoms, as model of the AFM tip apex.

From the results in ref [95], we expected that this cluster size would prove

to be more stable than the slightly smaller one used in Publication I.

The cluster could be oriented so that either a calcium or carbonate ion

would be exposed towards the surface. Instead of generating the starting

configurations for the umbrella windows separately, we performed a set

of preliminary simulations, in which the nanocluster was pulled slowly

(v = 1 nm/ns) towards the surface along z, over a grid of 8 × 4 positions

along the surface unit cell, and umbrella window starting configurations

were chosen from snapshots along these trajectories. The force-distance

curve recorded from the non-equilibrium simulation was further used to

assign umbrella potentials of appropriate strength in different windows.

Free energy profiles obtained with the calcium and carbonate terminated

tips are shown in Fig. 3.10. It is apparent that the calcium terminated

tip has a much better potential for delivering high resolution AFM im-

ages. A 3D force map was then extracted from the free energy profiles,

and used as an input for a simulation of an FM-AFM experiment using

the virtual AFM. The parameters for the cantilever resonance frequency
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Figure 3.11. Frequency shift images in cross-sections parallel to the surface in AFM ex-
periment (top) and simulation (bottom), at heights corresponding to the first
(1), second (2), and third (3) hydration layer.

(f0 = 3.58 MHz), oscillation amplitude (A0 = 0.12 nm), spring constant

(k = 50.7 N/m), and quality factor (Q = 5.9) were chosen to match ex-

periments. A 3D frequency shift (Δf ) map was obtained by scanning in

x, y-planes separated by 0.02 nm in z.

In Fig. 3.11, we present Δf images in x, y cross-sections, parallel to sur-

face, obtained from experiment and simulation, at distances where the

image contrast closely resembles the structure of the first (1), second (2)

and third hydration layer (3). Corresponding cross-section images in the

y, z plane, perpendicular to the surface, are shown in Fig 3.12.

We find very good agreement between experiment and simulation. The

characteristic contrast inversions over Calcium and Carbonate ions in the

surface, present in both experiment and simulation, enable us to line up

the two data sets, and use the atomistic simulations to explain the con-

trast mechanism. In Fig. 3.13, the tip oscillation range within the free en-

ergy (or force)-distance curves, corresponding to the three imaging heights

shown in Fig. 3.11, is shown for oscillations over Calcium and Carbonate

ions. Due to the sinusoidal oscillation of the tip, forces at the turning

points of the oscillation contribute strongest to the signal measured by

the AFM. We can therefore relate the changes in free energy (or force),

to the average perturbations in hydration layer structures at these posi-

tions. Over Calcium, the third hydration layer is imaged bright because

at the lower turning point, the free energy increases, due to the interac-
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Figure 3.12. Frequency shift images in cross-sections perpendicular to the surface in
AFM experiment (top) and simulation (bottom), at two different positions
indicated by the red line on the surface.

tions between the tip solvation shell and the third hydration layer. At the

height corresponding to the second hydration layer, the two turning points

of the oscillation coincide with the free energy minima around the free

energy peak. At the lowest height, the contrast is bright again, mainly

due to the strong repulsive forces at the lower turning point: multiple

water molecules in the first hydration layer are pinned, the Calcium ion

at the tip apex is pushed upward into the tip, and Calcium and Carbon-

ate groups in the surface are slightly displaced. Over Carbonate, even

though the free energy barrier associated with the third hydration layer

is of the same height as over Calcium, here the tip oscillation turning

points coincide with the minima around the barrier, and the contrast is

dark. The second hydration layer is imaged bright, because of the strong

repulsive forces at the lower turning point, due to displacement of water

molecules in the second and first hydration layer. At the lowest height,

water molecules in the first hydration layer are also pinned and displaced,

but compared to the Calcium position, the tip apex structure and surface

atoms are not as much affected at the lower turning point of the tip, and

we observe a dark contrast in the image.

In summary, we find that even though the contrasts observed in the

AFM experiment and simulation correlate with the equilibrium positions

of hydration layer water molecules in the simulation, the structure of the

hydration layers is significantly perturbed once the tip apex oscillation

penetrates the hydration layers. In this regime, several water molecules

at once are affected by the position of the AFM tip, and contribute to

the force acting on the tip. Since the forces felt at the turning points of
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Figure 3.13. Contrast mechanism. (a) The tip oscillation ranges corresponding to the
three imaging heights in Fig. 3.11, are indicated by orange, green, and
turquoise bars on top of the free energy (or force)-distance profiles obtained
from simulation. Here, the width of the oscillation range indicators is pro-
portional to the sampling at the given distance. (b) Cross-sections of local
water density at the upper and lower turning points of the tip oscillation,
which contribute most to the measured signal, and are responsible for the
contrasts in the AFM images.

the oscillation contribute strongest to the AFM signal, and the peak-peak

oscillation amplitude is of the same order as the distances between peaks

of the free energy profiles, the contrast is very sensitive to the oscillation

amplitude. These results demonstrate the capability of 3D-SFM to image

hydration structures at the Calcite/water interface, and encourage further

combined experimental and theoretical studies.

3.5 Premelting and friction at an ice-ice interface

In Publication V, we have studied friction at an ice-ice interface, consist-

ing of two parallel slabs of ice Ih, stacked on top of each other along the

z-coordinate of the rectangular simulation box. Both slabs had a similar

orientation, exposing the (0001) surface perpendicular to the z-axis. In

order to control the distance between the two slabs, and account for the

missing macroscopic continuation of the system, the molecules in one of

the outer layers in each slab were restrained in a harmonic potential act-

ing in the z direction. Periodic boundary conditions were applied along x,

y and z, and ∼10 nm of vacuum was added to the simulation box along
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Figure 3.14. Coefficient of friction as a function of temperature and sliding velocity.

z, to minimize spurious interactions with periodic images. In order to

simulate friction measurements at constant sliding velocity, the centers

of mass of the two slabs were pulled in opposite directions along the x

direction in a harmonic potential, parallel to the surfaces. The harmonic

potential used to control the inter-layer distance, as well as the applied

load in the friction simulations, was applied to a single layer of water

molecules in each slab.

Experimental studies have shown that generally friction on ice surfaces

is influenced by temperature, sliding velocity and applied load. The lower-

ing of friction as temperature rises, as seen in Fig. 3.14 can be understood

in terms of increased lubrication. Generally, the molecules at the interface

will form hydrogen bonds between each other resisting sliding, but in the

premelt the molecules are less coordinated, and so are also more weakly

bound. The thickness of the premelt layer increases with temperature,

resulting in better lubrication at the ice-ice interface, as can be seen in

Figs. 3.15 and 3.16.

Friction between ice surfaces decreases with increasing sliding velocity

due to increased frictional heating and thicker liquid layer at the inter-

face. However, close to the melting point, the coefficient of friction be-

comes proportional to v1/2 once the interface is completely covered in liq-

uid and viscous shear becomes dominant. For temperatures close to the

melting point, our simulations show a similar dependence (see Fig. 3.14).

At low temperatures the difference between experimental and simulation

results can be understood to be due to the surface roughness present in
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experimental systems, missing from the simulations.

Figure 3.15. Time-averaged number density map perpendicular to the ice-vacuum inter-
face, at a temperature of 230 K (a) and 270 K (b), illustrating the structural
difference between bulk ice and premelt layer at the surface. Lateral den-
sity maps within the surface and bulk regions indicated in red are shown in
Fig. 3.16.

Figure 3.16. Time-averaged lateral number density maps within slabs of bulk ice at 230
K (a) and at 270 K (b), and within the surface premelt layer at 230 K (c)
and at 270 K (d). At 230 K, the surface (c) still exhibits lateral order similar
to that in bulk (a), whereas close to the melting point, the premelt layer is
quasi liquid-like (d), while the bulk is still solid ice (b).
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4. Summary and discussion

We have studied hydration layer structures at interfaces between liquid

water and various solids, from computer simulations using either atom-

istic interaction potentials or ab initio calculations. These hydration layer

water molecules play an important role in many processes at interfaces,

from the thermodynamics of crystal growth or dissolution to the complex

AFM imaging mechanism at solid-liquid interfaces. All the surfaces in-

vestigated were hydrophilic, and water molecules at the interface were

found to be ordered up to several Ångströms away from the surface. How-

ever, the term ’ice-like water’ is somewhat misleading, as the simulations

also show that there are frequent exchanges of water molecules, even in

the first hydration layer, on a nanosecond time scale.

The question, how well simple empirical potentials describe these solid-

liquid interfaces, is still open for debate. Different parameterizations may

lead to qualitatively different hydration layer structures, and experimen-

tal data may not always be available for benchmarking or new potential

development. Comparison to ab initio calculations is possible, but suffers

from the small system sizes and short time scales accessible to molecular

dynamics simulations at finite temperature. A critical reassessment of

widely used empirical potentials will be needed to ensure the validity of

simulation results.

The Atomic Force Microscope (AFM) is at the moment the only tool

which can be used to study solid-liquid interfaces, at high resolution, in

real space. We have developed a two-step methodology to simulate the

actual AFM imaging in liquid at the atomistic level: first, free energy

profiles as a function of the tip position are calculated, which take into

account entropic contributions from water molecules in hydration layers.

Then, a 3D force map is derived from the free energies, which can either

be directly converted to an AFM signal through analytical relations, or be
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used as an input for the simulation of the AFM experiment in a virtual

AFM. Recent advances in AFM technology have made it possible to com-

pare our results directly to experimental 3D AFM data, and we find very

good agreement. However, a simple atomistic explanation, relating the

contrast seen in experiment to the change in position of a small number

of water molecules close to the tip apex and surface, has remained elusive.

This confirms that the interaction between AFM tip, surface, and hydra-

tion layers is a highly collective process. Further analysis of the change

in entropy of water molecules between the tip and surface might yield a

more detailed picture of the interaction mechanism. Also, the effect of

counter ions, which are always present close to an ionic surface, has not

been addressed so far.

Finally, we were able to develop a model that converts the equilibrium

water density distribution in hydration layers into an AFM signal. This

corresponds to the idealized experimental situation, where the AFM tip

would interact with individual water molecules in hydration layers, with-

out perturbing the overall structure. While a drastic simplification of the

system, this model is a computationally efficient way to assess whether

an experiment truly resolves individual water molecules. We hope that

experimentalists and theorists alike will find this method useful.

We expect that in the near future, advances in instrument technology

and further development of simulation methodology will facilitate the in-

terplay between experiment and theory, and lead to an even better un-

derstanding of solvation and related topics, such as the atomistic mecha-

nisms of dissolution, which may soon be studied in real time by increasing

scanning speeds in high resolution AFM.
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