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Chapter 1

Introduction

Interesting phenomena take place when solids meet liquids. For instance,
water spreads in a thin film over most metal oxides. But it hardly happens
to non-polar substrates, such as dew on blades of grass. Here the water
molecules stick together, strongly enough to form droplets. These wetting
and non-wetting phenomena are easily observed at the macroscopic scale.
However, the underlying interactions between a liquid and a solid surface are
often elusive.

Understanding and controlling interfacial phenomena are of crucial im-
portance for many processes in nature and industry, such as adhesion, ad-
sorption, corrosion, filtration and lubrication. It has always been a topic of
intense research in many disciplines, including colloid science, electrochem-
istry, nanofluidics, oil recovery, and mechanical engineering. For instance,
the energy cost originating from both solvation and surface charge dictates
the stability of colloidal suspension against aggregation [1]. The electrochem-
istry at interfaces is of interest for the development of novel energy conver-
sion methods and storage devices [2]. Controlling a flow liquid through a
nanochannel is crucial for the emerging nanofluidic technology and its appli-
cations, such as lab-on-chip devices. In oil recovery, it is critical to be able
to migrate adsorbed organic matter from the rock surface [3]. In machinery,
the performance of a lubricant is the limiting factor that determines the life
of gears and bearings.

Near an interface liquids need to adopt different structures than in the
bulk due to the presence of the interface and/or the specific interactions be-
tween the liquid and the other phase, being it a solid substrate or another
liquid or gas. In the case of wetting, the liquid molecules adsorb onto the
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surface. They are not randomly distributed, but have a layered structure.
The density profile (normal to the surface) of the liquid is oscillatory with a
periodicity comparable to the molecule diameter, analog to the radial distri-
bution of solvent molecules in a solvation shell of a solute [4]. It is usually
several molecular layers thick. Beyond this range, the effect of the surface
dies out and hence the liquid’s (unorganized) structure remains intact. For
the non-wetting case, the liquid is repelled from the surface. It leads to
depletion of liquid at the interface, where surface nanobubbles (nanoscopic
gaseous domains) may emerge [5].

The solid surface influences the interfacial liquid and in turn the surface
groups are open to reaction with the liquid. The surface may dissolve or grow.
The surface groups may be partially dissociated, such as hydroxyl groups in
water. The surface may acquire charges through adsorption or desorption of
ionic species. In fact, most surfaces immersed in water become charged, such
as mineral surfaces, metal oxides and biological membranes. The charged
surfaces attract counter-ions from the liquid phase. As a result, an electric
double layer (EDL) is formed [6]. The thickness of the EDL can range from
one to a few hundred nanometers, depending on the ion concentration. The
electric field in the EDL influences the orientation of a molecular dipole in
liquid, such as water.

As mentioned above, liquid near a substrate may structurally differ from
the bulk liquid and may have complex interactions with the substrate. This
must have consequences for the dynamic properties of the interfacial liquid.
For example, diffusion of liquid molecules may be hindered by surface affinity.
The viscosity of interfacial liquid may be changed due to electric-field-induced
orientation of liquid molecules. Under confinement, liquid may transform into
crystalline states and hence its viscosity increases by several orders.

The work in this thesis is devoted to elucidating the properties of solid-
liquid interfaces by measuring thin liquid film mediated forces between two
solid substrates at nanoscale separations. In particular, we are interested not
only in the conservative forces but also in the hydrodynamic dissipation at
solid-liquid interfaces and how these interactions are related to the interfacial
structure.

There are various types of forces between two separated surfaces in liquid.
In the continuum regime, the conservative forces are well described by the
DLVO theory (named after Derjaguin, Landau, Verwey, and Overbeek). The
DLVO theory accounts for the van der Waals force and the electrostatic force
between two substrates in close proximity. In the non-continuum regime,
the solvation forces (hydration force for water) are dominant and they are
not yet fully understood. A general description of the solvation forces is still
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missing, and it stays an unresolved issue in physical chemistry.
Hydrodynamic drag force is imposed when two surfaces approach (or

move across) each other under liquid. In the continuum regime, analytical
descriptions for the hydrodynamic dissipation are available. However, it is
still controversial on how a molecularly thin liquid film under confinement
responds to shear or compression. For flow across EDLs, the hydrodynamic
dissipation is coupled with electrostatics, leading to electro-hydrodynamic
lubrication. It is still unclear to what extent electrokinetics influences the
flow.

It is technically demanding to probe forces at solid-liquid interfaces in
the nanoscale. It requires an accurate control of surface separation and a
high-resolution in interaction forces. In this study, we use atomic force spec-
troscopy (AFM) [7] to address these interactions. An AFM uses a microscale
cantilever with a tip at the end to sense the forces between the tip and the
substrate. We directly measure the conservative and dissipative interactions
at solid-liquid interfaces as a function of liquid film thickness by bringing a
cantilever to the substrate at a controllable rate.

AFM has unique advantages. It is able to offer surface topography with
Ångstrom scale resolution and to measure interactions with piconewton res-
olution. Furthermore, AFM force spectroscopy has been successfully applied
to measure DLVO forces. Nevertheless, the techniques for the measurements
on hydrodynamic dissipation are still under development. For instance, con-
tradictory observations have been reported on dissipation in confined liquids.

1.1 Dissertation Outline

As introductory lines, in this thesis we will investigate the conservative and
dissipative interactions between an AFM tip and a substrate as a function
of the properties of the surrounding solution. Moreover, we explore several
spectroscopic techniques to measure these interactions accurately and effi-
ciently.

In Chapter 2, we introduce the principles of AFM force spectroscopy
and forces at solid-liquid interfaces. If available, theories for each type of
force are introduced with a review of experimental results. We show that
it is still a challenge to conduct reliable AFM force spectroscopy in liquid.
The dynamic properties of nano-confined liquids are still unresolved. We also
describe the current status of EDL modelling and sketch how to use AFM to
investigate electro-hydrodynamics in EDL.

In Chapter 3, we explore a ’non-conventional’ AFM force spectroscopy:
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the thermal noise spectroscopy (TNS). It makes use of the thermal fluctua-
tions of a cantilever. With this technique, one is able to avoid issues with
ambiguity in the driving force of the cantilever. We theoretically evaluate the
accuracy of the simple harmonic oscillator (SHO) approximation for TNS. It
turns out it is sufficient and reliable. TNS is further validated by measuring
the viscosity of a non-polar liquid in the bulk, using a colloidal probe, with
accuracy of approximately 20%. With a nanoscale tip, we observe oscillatory
dissipation in a thin film of a few molecular layers thick. Despite its reliabil-
ity, it has an obvious disadvantage–it is very slow. Measuring one approach
curve takes a few seconds. Therefore, after establishing TNS, we examine
the reliability of piezo excited amplitude modulation AFM (AM-AFM) force
spectroscopy in liquid, which is most widely used and faster.

In Chapter 4, we compare the experimental results from both TNS and
piezo-excited AM. Using both techniques, we measure DLVO forces, solva-
tion forces, and the hydrodynamic dissipation in aqueous electrolytes. We
find that piezo-excited AM is quantitatively reliable if the fluid mediated ex-
citation is taken into account for modeling the dynamics of the cantilever.
Otherwise, artifacts are observed in the resulting viscous dissipation. Oscil-
latory dissipation in hydration layers is consistently observed with both TNS
and AM-AFM.

In Chapter 5, we show the experimental results on viscous dissipation
in overlapping electrical double layers. The viscous dissipation is correlated
with the charge density in the diffuse layer. We try to explain viscous dissi-
pation due to electrostatic effects by considering both the electro-viscous and
visco-electric effect. The electro-viscous effect accounts for the enhanced dis-
sipation due to the presence of the excess ion concentration in the electrolyte
film, while the visco-electric effect deals with the viscosity enhancement of
solvent (water) due to the strong local electric field in the film. With these
effects we can qualitatively explain the observed behavior.
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Chapter 2

Forces at the solid-liquid
interface: techniques and
interpretations

Solid-liquid interfaces are of interest not only from a fundamental point of
view, because interfaces show rich spectrum of physical and chemical prop-
erties, but also from a more practical point of view because of its economical
significance in numerous industrial applications.

It is interesting to know how the interface is structured and how its
structure is linked to specific functions. The interfacial structures are often
nanoscopic and heterogeneous, which makes it challenging to study solid-
liquid interface phenomena. Various techniques have been applied for study-
ing solid-liquid interfaces, such as vibration spectroscopy, electrokinetic tech-
niques, and force spectroscopy. These techniques offer complementary in-
formation on different length and time scales, such as vibration of interfa-
cial water molecules by sum-frequency generation, ion adsorption by X-ray
scattering, ellipsometry, atomic force microscopy (AFM), and surface force
apparatus (SFA), surface charge by titration, zeta potential, AFM and SFA,
and surface topography by AFM and scanning tunneling microscopy (STM).

The research presented in this thesis aims at improving the understand-
ing of solid-liquid interfaces, using AFM force spectroscopy. AFM is the
only tool that offers both atomic-resolution topography and nanoscopic force
spectroscopy. By the use of AFM force spectroscopy, we study the forces
mediated by a thin liquid film between two objects, in our case an AFM
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tip and a substrate. Tremendous achievements have been made with AFM
force spectroscopy at solid-liquid interfaces. However, there are still many
unresolved mysteries. Among others, the following questions are still open:

• Is there a general description of the solvation force for all systems?

• How does a molecularly thin liquid film under confinement respond to
shear or compression?

• How do the interfacial charges affect flow of electrolyte over a surface?

Below, we first introduce the the principles of AFM force spectroscopy. Then
we present how the measured interaction forces are interpreted.

2.1 Principles of AFM

An AFM is a device that uses a cantilever with a conical tip to sense forces
between its tip and the sample. Its invention had a profound impact on the
development of nano science and technology. The first AFM was invented by
Binnig, Quate and Geber [1] in 1986, shortly after the arrival of its sibling–
STM. The AFM inventors envisioned

’a general-purpose device that will measure any type of force; not only in-
teratomic forces, but electromagnetic forces as well.’

This vision has become a reality. The AFM and its offspring (see Fig. 2.1)
have been widely used in many disciplines. It is flexible and versatile. It can
be operated in very high vacuum, air and liquid. Moreover, the technique
does not show any restrictions on conductivity and transparency of samples.
Such flexibility is often unavailable with its counterparts. For instance, STM
only works with conductive materials.

As a microscope, AFM is able to unveil atomic structures on surfaces in
vacuum [3] and recently even in liquid [4, 5]. As a spectroscope, it has the
capability to measure the forces between two micro objects at the nanoscale,
which is referred to as force spectroscopy. The work presented in this thesis
makes intensive use of force spectroscopy as we measure force-distance curves
at solid-liquid interfaces.

Essentially, an AFM system consists of five modules: the cantilever, the
actuators (including X-Y-Z piezo and the excitation unit for the cantilever),
the detector, the signal processor and the controller (see Fig. 2.2).
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Figure 2.1: Microscopy and Spectroscopy based on AFM (adapted from [2]).
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Figure 2.2: A schematic presentation of an AFM.
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2.1.1 Static AFM force spectroscopy

A cantilever is a thin beam with a tip on its end. It is usually made of silicon
or silicon nitride. Its typical dimensions are: 50 to 200 µm long, 20 to 30 µm
wide, 0.5 to 2 µm thick. The height of a tip is approximately 15 µm and the
radius of curvature of its apex ranges from 1 nm for sharp tips to 10 µm for
colloidal probes. The bending stiffness of a homogeneous cantilever with a
rectangular cross-section can be calculated from

kc =
EWT 3

4L3
. (2.1)

Here E is the elastic modulus, W is the width, T is the height, and L is the
length. However, in practice, the stiffness of a cantilever is often not obtained
through Eq. (2.1), because manufacturer’s data have a large deviations. Al-
ternatively, the stiffness is determined from its thermal fluctuations [6]. In
principle, the stiffness is

kc =
kBT

< z2 >
(2.2)

where kBT represents thermal energy and < z2 > is the mean square dis-
placement due to thermal fluctuation.

In close proximity of a sample, a cantilever deflects, due to mechanical
interactions with the sample, for instance electrostatic attraction. The de-
flection of the cantilever is detected by an interferometer or the reflection of
a laser beam from the cantilever’s end. The latter approach is more widely
applied in commercial instruments, including the ones used for the work pre-
sented in this thesis. When the cantilever bends, the position of the laser
spot on the photo-diode changes. Through a calibration procedure, the elec-
trical signal from the photo-diode is translated to the tip displacement (see
Fig. 2.3 for a sketch).

The cantilever’s tip approaches or retracts from the sample surface at a
controllable rate through the Z-piezo. Both the cantilever deflection and the
variations of the Z-piezo position are recorded (see Fig. 2.4). The force is
obtained by multiplying the displacement of the cantilever with its stiffness.

F = kcz. (2.3)

The deflection is linear with the Z-piezo position, that is, the slope is −1
when the cantilever tip is in hard contact with the surface (see Fig. 2.4). The
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Figure 2.3: A schematic representation of static AFM force spectroscopy.
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Figure 2.4: An example of a deflection-piezo position curve. When the tip is
in hard contact with the surface, the slope of the curve is kept at -1. At the
separation ’h’ (dFdh > kc), the instability occurs.
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separation between the tip and the substrate along such a curve is determined
from the horizontal distance between the straight part (its extrapolation) and
each point on the curve (see Fig. 2.4 for an example). For stable operation,
the probed force gradient should be smaller than the stiffness of the cantilever:
dF
dh < kc. Otherwise, during approaching, the tip snaps in (see Fig. 2.4).
Hence, stiffer cantilevers have to be used to prevent this instability and to
obtain continuous force-distance curves. However, the sensitivity goes down
when a stiffer cantilever is used, because the deflection of the cantilever is less
for the same force. To improve the sensitivity, dynamic force spectroscopy is
applied.

2.1.2 Dynamic AFM force spectroscopy

In dynamic force spectroscopy, the dynamics of a cantilever are often mod-
eled as a simple harmonic oscillator (SHO) [7]. In most cases, the model is
sufficiently accurate with exception of very viscous ambient [8] (see Chapter
4 ). The cantilever is driven to oscillate sinusoidally. Several methods for
actuation are available, depending on the manufacturer: piezo excitation,
magnetic excitation, or more recently, photo-thermal excitation. In piezo ex-
citation mode, a cantilever is acoustically driven by a piezo stack attached to
its base. Magnetic excitation is applied through a magnetic coating on top of
the cantilever or a glued magnetic bead on the cantilever’s end, above which
a coil is mounted to generate an alternating magnetic field [9, 10]. Photo-
thermal excitation is based on the bimetallic effect [11,12]. A cantilever with
a coated layer on top (usually aluminum or gold on silicon) is actuated by
an intensity-modulated laser (usually blue laser of ∼ 1mW) focused on its
base. The wavelength is different from the (red) laser for detection, so that
interference is avoided. The adsorbed heat (maximum temperature incre-
ment is a few degrees) leads to transverse bending because of a difference
in the thermal expansion coefficients. The different excitation methods are
schematically represented in Fig. 2.5.

When the cantilever is actively driven, we acquire not only the DC de-
flection of the cantilever but also its amplitude, phase, and frequency. The
amplitude is often set in the range from 0.1 to 10 nm. The dynamics of
a cantilever in liquid is dependent on the drive scheme [13]. Here we only
introduce the simplest case. The governing equation is [7]

m∗z̈ + γcż + kcz = Fdrive, (2.4)

where m∗ is the effective mass of the cantilever, z is the displacement, γc is
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(a) (b) (c) 

Figure 2.5: Three commonly used excitation methods. (a) A cantilever is
driven by shaking its base with a piezo. (b) A cantilever is driven by a
magnetic bead exposed to AC electromagnetic fields. (c) A cantilever with
gold/alumina coating is thermally bended by periodic laser exposure.

the damping of the cantilever beam. The resonance frequency ωo and the
quality factor Q are defined as

ωo =
√
kc/m∗, and Q = m∗ωo/γc. (2.5)

The effective mass takes into account the hydrodynamic loading from the
surrounding liquid, which is often larger than the intrinsic mass of the can-
tilever. The resonance frequency in liquid is typically between 10kHz and
150kHz. The quality factor in liquid is typically < 10.

Suppose that Fdrive = Adrivekce
jωdt, the steady state of the cantilever

displacement is expressed as

z = Aej(ωdt+φ), (2.6)

where A is the amplitude, φ is the phase with respect to the driving signal,
ωd is the drive frequency. From Eq. (2.4), we get the transfer function of an
SHO,

z

Fdrive
=

Aejφ

Adrivekc
=

1

−m∗ωd2 + jγcωd + kc

=
1

kc

1− (ωd/ωo)
2 − jωd/(ωoQ)

(1− (ωd/ωo)2)2 + ω2
d/(Qωo)

2
.

(2.7)

At resonance, i.e. ωd = ωo, the phase φ is −90◦ and A = AdriveQ. When
it is driven off resonance, the phase is described by

tanφ =
ωoωd/Q

ωd2 − ωo2
(2.8)
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Figure 2.6: The frequency response of a simple harmonic oscillator (SHO)
and the effect of interactions. The amplitude (solid line) and phase (dashed
line) for an unperturbed SHO (Q = 3) is in black. When a conservative force
is exerted, the responses are plooted in the left (gray, kint = −0.3kc; red,
kint = 0.3kc). When the interaction is dissipative, the responses are plotted
in the right (gray, γint = −0.3γc; red, γint = 0.3γc).

In Fig. 2.6, the amplitude and phase response of an SHO is shown. The
transfer function, Eq. (2.7), relates the measured quantities, the amplitude
and phase of the cantilever in response to the driving signal, to the physical
quantities of interest, namely, the interaction stiffness and the interaction
damping (see the next section). For any quantitative force measurement in
AFM, it is therefore essential that the transfer function is well-defined and
properly measured in the experiments. An important part of this thesis (and
the general AFM spectroscopy literature in liquids) is therefore devoted to
the development of reliable procedures to measure the transfer function.

How to obtain the interaction forces from the responses of the
cantilever

Force spectroscopy is a technique for measuring distance-dependent forces.
During the measurement, we monitor the response of a vibrating cantilever
when it interacts with a surface at different separations. In this case, the
governing equation is rewritten as

m∗z̈ + γcż + kcz = Fdrive + Fts(h+ z, ż), (2.9)

where d is tip-sample separation in equilibrium, Fts is tip-sample interaction
force accounting for both conservative and dissipative contributions.
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Small amplitude

Provided that the amplitude A is sufficiently small, the tip-sample interaction
force may be linearized as

Fts(h+ z, ż) = Fts(h, 0)− kintz − γintż, (2.10)

where kint is the interaction stiffness equal to −∂Fts/∂h, γint is the interac-
tion damping coefficient (∂Fts/∂ż), while Fts(h, 0) is the equilibrium force.
From Eqs. (2.5) and (2.9), it is clear that we need to know ωo, Q and kc before
we can determine the tip-sample interaction Fts. All of them are determined
through a procedure, which is called thermal calibration. In Chapter 3, we
will give more details. For the time being, we take them as known parameters.
Then the force inversion equations are

kint = kc[−1 + (
ωd
ωo

)2 +
Adrivecosφ

A
] (2.11)

and

γint =
−Adrivekcsinφ

Aωd
− γc, (2.12)

where Adrive may be determined from Eq. (2.9) with the measured A∞ and
φ∞ in the case Fts = 0, i.e. amplitude and phase are measured far from the
surface.

If we keep the drive force Fdrive in Eq. (2.9) fixed along an approach
curve, the operation mode is referred to as amplitude modulation (AM).
If the drive frequency is not close to the resonance of the cantilever, i.e.
|ωd/ωo−1| > 0.1 ∼ 0.2, it is called off-resonance. Otherwise, it is called near-
resonance. The counterpart of AM is frequency modulation (FM) [14, 15].
In FM, the phase of the cantilever oscillation is locked at −90◦, that is, the
drive frequency ωd is adjusted to match the resonance frequency of an SHO
in the presence of perturbation. The frequency shift ∆ωo is the difference
between ωd and ωo (∆ωo = ωd−ωo). Then, the corresponding force inversion
equations are

kint = kc[(
ωd
ωo

)2 − 1] (2.13)

and

γint =
Adrivekc
Aωd

− γc. (2.14)

If kint << kc, Eq. (2.13) may be rewritten as kint = 2kc∆ωo/ωo.
In FM, the amplitude of the cantilever oscillation can be fixed by adjusting

the drive force magnitude Fdrive. The mode is called constant amplitude
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FM (CA-FM) [14]. Otherwise the magnitude of Fdrive is fixed, then it is
called constant excitation (CE-FM). CE-FM is less common than CA-FM,
because for CA-AFM, force inversion equations for arbitrary amplitude are
available [16, 17]. Compared to AM, the CA-FM is more convenient in case
the characteristic length of the interaction force is so small that the amplitude
of the cantilever oscillation does not justify the linearization in Eq. (2.10).
Actually, the CA-FM is prevailing in the application of very high vacuum
AFM, where the interaction force is often modulated in the angstrom scale.
Recently, CA-FM has also been applied in liquid [4].

The advantage of AM-AFM over FM-AFM is that there is no feedback
loop on phase or amplitude and thereby it is simpler and more robust. The
strength of FM-AFM is that the conservative force and dissipation are mea-
sured in a decoupled manner. As shown in Eqs. (2.13) and (2.14), the force
gradient can be evaluated directly from the frequency shift, and the dissipa-
tion can be inferred from the drive amplitude Adrive in CA-FM, or the ampli-
tude A in CE-FM. It not is applicable in AM-AFM, as shown in Eqs. (2.11)
and (2.12).

So far, we offered a brief introduction on how to measure interaction
forces. However, in practice, the application of AFM force spectroscopy in
liquid meets several challenges, as discussed in Section 2.2.

2.2 Challenges with AFM force spectroscopy
in liquid

First and foremost, the cantilever dynamics in viscous liquid is not under-
stood as well as in vacuum. It is well established that the approximation
of the cantilever dynamics as an SHO is sufficient for its application in air
and vacuum (Q > 100) [7]. However, in liquid, the quality factor goes down
dramatically (Q < 10) because of the hydrodynamic loading. The accuracy
of SHO approximation decreases [8] with decreasing Q. Also, the excitation
efficiency decreases with the quality factor Q. Under liquid, the base motion
needs to be taken into account in piezo excitation mode [18, 19]. Moreover,
it is recently shown that in piezo excitation mode the cantilever is not only
directly driven by the piezo, but also via the piezo excited surrounding liq-
uid [20] (see Fig. 2.7). The fluid-mediated excitation is comparable to the
direct excitation of the piezo. As a result, the dynamics of a pizeo-excited
cantilever in liquid become even more complex because the fluid mediated
driving effect asks for a continuous beam description of the cantilever [20].
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Figure 2. There are two different types of excitation caused by the
dither piezo in liquids. First, extension and contraction of the piezo
crystal causes the base of the cantilever (i.e. the chip) to move up and
down. Because of inertial and fluid forces, the cantilever bends when
the base is displaced. Second, acoustic waves travel from the piezo
through the liquid and excite the cantilever directly. The total
excitation on the cantilever is a linear combination of these two types
of excitation.

3. Proposed theory

3.1. The fluid-borne excitation force

We have demonstrated that the base motion and tip motion
in liquids are not related by (9) and that there must be some
additional force driving the cantilever, which is yet to be
identified. A potential candidate for this force is the unsteady
motion of the liquid in the cell, which in turn is generated by
the vibrating piezo. Such a fluid forcing has been postulated
by several authors before [13, 14, 22, 15]. We will refer to
this excitation as ‘fluid-borne excitation’, in contrast to the
mechanical excitation of the cantilever base, which will be
referred to as ‘structure-borne excitation’. These two different
excitations are illustrated schematically in figure 2.

The most general description is due to [13], who makes
the following two assumptions. First, both the structure-
borne excitation and fluid-borne excitation are generated by
the vibrating piezo. Therefore, we assume that both the
oscillating base motion and the oscillating local flow velocity
around the cantilever are linearly proportional to the piezo
motion. Second, the oscillating flow velocity is assumed to
be approximately constant along the length of the cantilever,
allowing the use of the hydrodynamic function to describe the
forces [23, 24]. With these assumptions, it can be shown (see
supplementary information available at stacks.iop.org/Nano/
22/485502/mmedia) that the complex transfer function relating
the amplitude and phase of the tip motion to the base motion,
when corrected for the forcing from unsteady liquid motion, is

A0(ω)eiφ0(ω)

Y (ω)
= β j

α j

(ω2 − iωω j

Q j
)(1 + Afluid(ω))

ω2
j + iωω j

Q j
− ω2

(10)

where A0 and φ0 are the unconstrained amplitude and phase,
and Afluid is a dimensionless complex constant indicating
the relative magnitude of the fluid-borne to structure-borne
excitation. Note (10) is valid only for drive frequencies within
the cantilever resonance bandwidth. For drive frequencies
outside this range, multiple eigenmodes may respond and
the full frequency-dependent hydrodynamic function must be
included instead of just using a quality factor Q j .

The two limiting cases are Afluid → 0, in which the
structure-borne-only formula (9) is recovered, and Afluid →
∞, which implies Y → 0 and leads to fluid-borne excitation
only (similar to the models of [14, 15]). Thus, this unifying
model is sufficiently general to capture the behavior of all
previous models.

We now apply the above theory to the data presented in
figure 1. A least-squares fit of (10) to the data gives a value
of Afluid of 0.92 + 0.013i, which fits the data nearly exactly3.
This confirms the hypothesis that fluid motion is responsible
for the additional forcing. The value 0.92 + 0.013i should
be interpreted as indicating that the fluid-borne excitation
forces are about the same magnitude as the structure-borne
excitation and are approximately in-phase with the structure-
borne excitation. This means that, by neglecting the fluid-
borne forces, the previous model was neglecting almost half
of the total excitation force applied to the cantilever. This now
explains why the previous theory’s prediction of base motion
was off by nearly a factor of two.

Thus far we have proved by direct LDV measurement of
base and tip motion in liquids that the fluid-borne forcing Afluid

is significant. Is it possible to easily determine Afluid in a
commercial AFM with a photodiode where base motion cannot
be directly measured? We address this topic in section 3.2.

3.2. Proposed method to quantitatively determine the
fluid-borne excitation and base motion

As previously mentioned, the base motion cannot be directly
observed with typical AFMs. However, when a cantilever is
in permanent contact with a stiff sample such as mica, the tip
is not moving up and down (the indentation is small because
the sample is stiff), but the cantilever is still flexing due to
the base motion. Because the optical beam deflection method
measures the slope at the free end of the cantilever, there is
still some measured motion [25], which we refer to as the
residual amplitude Ares and phase φres. Some authors [13]
have suggested that Ares ≈ Y and thus used Ares to measure
Y (and then Afluid). In fact, the fluid-borne excitation force still
acts even when the tip is in permanent contact. Therefore Ares

is, in general, a function of both base motion and fluid-borne
excitation, so Ares cannot be equated to Y .

However, it is possible to determine a procedure to
solve for the two unknowns, base motion Y and fluid-borne
excitation Afluid, simultaneously. To solve for two unknowns,
two known measurements must be made. The first known
condition is when the tip is far from the sample, from which we
can obtain the initial amplitude A0 and phase φ0 (sometimes
called free/unconstrained amplitude and phase). A second
known condition is permanent contact with a stiff sample from
which we can obtain the residual amplitude Ares and phase φres.

The equation describing the indicated residual motion can
be derived (see supplementary information available at stacks.
iop.org/Nano/22/485502/mmedia) by assuming that the beam
is described by a clamped–pinned boundary condition and does
not slip on the surface. For excitation frequencies near the

3 In this case we assumed Afluid to be constant over the entire frequency range
shown, although in general it may be an arbitrary function of frequency.

5

Figure 2.7: A cantilever is excited directly by a vibrating piezo in liquid
(structure borne excitation, left) and indirectly by an acoustic wave in liquid
(fluid borne excitation, right), generated by the piezo. (adapted from [20])

Secondly, the damping under a tip is small in most cases, compared to
the hydrodynamic damping on the cantilever beam. Hence, it is sensitive
to errors in modeling during force inversion. For instance, in the case of
near-resonance AM, a minor error in phase leads to considerable coupling
between conservative and dissipative parts [21]. The FM analysis requires
a strict SHO description of the dynamics. However, it is known that the
cantilever-drive unit combination does not behave as an SHO, although the
cantilever itself may resemble an SHO. It is because the response of the drive
unit is usually frequency dependent. In particular, the most commonly used
piezo excitation has a spurious transfer function, which together with the
cell geometry, results in the notorious ’forest of peaks’ [22] (see Fig. 2.8).
It means that in FM the detected variables are not purely a function of
the tip-sample interaction, but they are affected by the frequency-dependent
response of the drive unit. It may give rise to artificial dissipation [23, 24].
Much effort has been dedicated to solving the problems of piezo excitation [20,
24–28]. Recently, photothermal excitation, as a promising technique, became
commercially available [29]. It does not suffer from ’forest of peaks’ in transfer
function and is stable over hours. In Chapter 5, we present measurements
performed with photothermal excitation.

Thirdly, there are no common protocols for the AFM force measurement.
Different laboratories employ different techniques. The cantilevers are actu-
ated differently, including piezo excitation, magnetic excitation and photo-
thermal excitation, as mentioned above. There are various operation modes
for AFM force spectroscopy, including near-resonance AM, off-resonance AM,
CA-FM, CE-FM and others. Among the studies in confined liquids, there
are only a few measurements conducted with the same technique (see Sec-
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Figure 2.8: The frequency response of a cantilever driven by a piezo in liquid.

tion 2.3.2). Also the accuracy of each technique is not always clear. All these
techniques are hardly validated. Along the same line, the geometry of a tip
is usually not well defined, which is essential for quantitative analysis. In
some cases, discrepancies in results are attributed to different types of tips
used [25,30]. In sum, dynamic AFM force spectroscopy in liquid is non-trivial
and the theories and techniques are still under development

2.3 Thin liquid film mediated forces
and interpretations

Using AFM force spectroscopy in liquid, one probe both the conservative
force and the viscous dissipation between the tip and the sample. In the
continuum regime, classical theories are available for the interaction force,
including hydrodynamic dissipation and the DLVO (named after the pioneers
Derjaguin, Landau, Verwey and Overbeek) theory. However, when the film
is a few molecular layers thick, the continuum theories often fail and the
discrete nature of the solvent and solutes comes into play.
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2.3.1 Conservative forces

Direct nanoscopic force spectroscopy has been employed to measure the
DLVO force [5,31,32]. Good agreement between measurement and theory is
often achieved. In an AFM measurement, the sensing tip is usually made of
silicon and its surface is covered by a few nanometer native silica. In water,
the tip becomes charged, due to the deprotonation of the silanol groups (Si-
O-H) [33]. Hence, when analyzing the measured force distance curves one
should take into account the resulting electric interactions. To deal with this,
we first introduce the theory for the DLVO force and then present how to
solve the Poisson-Boltzmann equation with proper boundary conditions.

DLVO force

According to the well-established DLVO theory, the disjoining pressure be-
tween two objects is the algebraic sum of the van der Waals component and
the double layer component [34],

Π = Πvdw + Πdl. (2.15)

For two semi-infinite parallel plates, the van der Waals part is

Πvdw = − A

6πh3
, (2.16)

where h is the thickness of the medium, A is the Hamaker constant. The
Hamaker constant in a liquid medium is usually in the range between 10−21

and 10−20J. The double layer pressure has two components–the osmotic pres-
sure and the Maxwell stress,

Πdl = kBT
∑
i

[ni − ni(∞)]−
1

2
εε0(∇φ)2. (2.17)

The tip is often not flat, but has a finite curvature. Given h << Rtip, the
shape of a spherical tip can be assumed to be parabolic. Using Derjaguin
approximation, the conservative force can be obtained by integrating the
pressure over the tip surface,

F =

∫ ∞
0

{Πdl(h) + ΠvdW (h)} 2πrdr (2.18)

where h = h0 + r2/(2Rtip) represents the tip-substrate distance h0 and the
parabolic approximation r2/(2Rtip) for the shape of the tip. Hence, the
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corresponding force gradient or interaction stiffness kint = −∂Fint/∂h0 will
be given by

kint(h) = 2πRtip {Πdl(h) + ΠvdW (h)}
The knowledge of the charge distribution in the gap is required, as shown

in Eq. (2.17), to compare our data to theory.
Electric double layers The charge distribution near a charged surface

is called electric double layer (EDL) [34]. Various models are proposed to
describe the EDL, such as Helmholtz model, Gouy-Chapman model, and
Stern model. In the Stern model, the EDL is ’somewhat artificially’ divided
into two parts [34]. The inner part is a Stern layer and the outer part is
a diffuse layer (see Fig. 2.9). The Stern layer is a condensed structure of
specifically and non-specifically adsorbed species on the surface. Its thickness
is often assumed to be < 1 nm. On top of the Stern layer, there is a diffuse
layer, which results from the balance between coulomb attraction and thermal
diffusion. We call the interface between the Stern layer and the diffuse layer
the Stern plane. The characteristic dimension of the diffuse layer thickness
is known as the Debye length, which is determined by the concentrations of
the electrolyte. The ionic strength is I∞ = 1

2

∑
i Zi

2ni(∞), where i denotes
each ionic species, ni(∞) is its bulk concentration and Zi is its valency. The
reciprocal of the Debye length is

κ =

√
2I∞e2

εε0kBT
. (2.19)

The charge density in the diffuse layer decreases to zero when moving
from the interface to the bulk, i.e.

∑
i Zini(∞) = 0. The density of the ionic

species obeys the Boltzmann relation:

ni(φ) = ni(∞)exp(
−eZiφ
kBT

), (2.20)

where φ is the local potential. The charge-potential relation is governed by
the Poisson equation:

∇2φ =
−ρ
εε0

, (2.21)

where ρ =
∑
i eZini(φ) is the charge density. Unifying Eqs. (2.20) and (2.21),

we obtain the well-known Poisson-Boltzmann (P-B) equation:

∇2φ =
−e
εε0

∑
i

Zini(∞)exp(
−eZiφ
kBT

), (2.22)
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Figure 2.9: (a) A schematic representation of the electrical double layer
(EDL) structure on the surface of an isolated plane. It is comprised of a
compact stern layer and a diffuse layer. At large distances, h → ∞, the po-
tential and the charge density drop to zero. (b) The EDL structure between
two adjacent plates when the diffuse layers are overlapping.

Boundary conditions for the P-B equation:
Charge regulation To solve the PB equation we need expressions for the
surface charge or surface potential. There are three types of boundary con-
ditions under consideration: constant charge (CC), constant potential (CP),
and charge regulation (CR). The CC and CP boundary conditions are often
used [31], for instance, when the surface potential of a conductive surface is
fixed. The CR boundary condition is more realistic for force spectroscopy,
such as to analyze force measurements between an AFM tip and a sample
surface in presence of electrolytes. It is more realistic because the presence of
the tip regulates the distribution of ions in the film between tip and substrate
and consequently the charge on the sample surface (and the tip). Physically,
the diffuse layers from the tip and the substrate are overlapping, then the
concentrations of the ions are changed, and eventually the surface charge is
changed. Therefore, we need to formulate a boundary such that it accounts
for the fact that the charge density of the surface (and the tip) changes with
the separation between them. The CR boundary condition is constructed
from surface complexation models [32,35–37].

Surface complexation models As an example, we consider two surface
reactions: deprontonation and adsorption of cations. The deprotonation of
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surface groups is common, especially metal oxides immersed in water,

∼ SH 
∼ S− +H+, (2.23)

with an equilibrium constant,

KH =
{S−}[H+]s
{SH}

, (2.24)

where {S−} ({SH}) is the site density of the deprotonated (undeprotonated)
surface group. The deprotonated surface group may be taken by the counter-
ions in the solution to form a surface complex. It results in another surface
reaction:

∼ SCZc−1 
∼ S− + CZc, (2.25)

with an equilibrium constant,

KC =
{S−}[CZc]d
{SCZc−1}

, (2.26)

where Zc is the valency of the cation C. The total site density Γ is conserved:

Γ = {S−}+ {SH}+ {SCZc−1}. (2.27)

Unifying Eqs. (2.23), (2.25) and (2.27), we obtain a matrix, 1 1 1
−[H+]s KH 0
−[CZc]d 0 KC

 {S−}
{SH}
{SCZc−1}

 =

Γ
0
0

 (2.28)

Note that the concentrations of the ions ([H+]s and [CZc]d) are the values
at the surface and the Stern plane, respectively, which are different from the
bulk. They follow the Boltzmann relation:

[H+]s = [H+]∞exp(
−eφs
kBT

) (2.29)

[CZc]d = [CZc]∞exp(
−eZcφd
kBT

) (2.30)

Here φs is the surface potential. The surface potential is related to the
potential at the Stern plane by considering the capacitance of the Stern layer,
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Cs = σ
φs−φd

= −e{S−}
φs−φd

. Eventually, we have established the CR boundary
condition:

σ = f(φs;KH ,KC ,Γ, [H
+]∞, [C

Zc]∞, Cs) (2.31)

We note that the extracted surface charge σ is essentially the net surface
charge, i.e. the opposite of the diffuse charge.

The P-B theory for describing the EDL is a mean-field approach. It does
not catch the discrete nature of the solution at the molecular scale. When
the liquid film is only molecularly thick, the non-DLVO forces are dominant.
The non-DLVO forces include solvation forces, hydrophobic forces and steric
forces [38]. The hydrophobic force is the attractive interaction between two
hydrophobic surfaces in water. The steric force originates from the volume
exclusion effect, existing between two rough surfaces. Each type of non-DLVO
forces is a subject of interest. We confine ourselves to discussing solvation
forces in the study of non-DLVO forces.

Solvation forces

The first oscillatory solvation forces were measured in an inert organic liquid
between two atomically smooth macroscopic mica sheets in 1980 [39], using
a surface forces apparatus (SFA) (see Fig. 2.10). It is a remarkable break-
through in the investigation of the surface force: It is the first direct evidence
that the interfacial liquid is not bulk-like, and that the solvation structure
is periodic, echoing the results from computer simulations [40]. Layering is
caused by excluded volume effects and comparable with the pair-probability
distribution of molecules around a tagged molecule in the bulk, that is, it
is not monotonic but oscillatory. When an atomically flat wall is present,
the molecules are attracted to the surface and form a quasi-discrete struc-
ture [38]. Several molecular diameters way from the surface, the effect tapers
off. Empirically, the oscillatory solvation force is described by [38]

F = f0 cos(
2πH

σ
) exp(−H

λ
), (2.32)

where f0 is the prefactor, H is the thickness of the confined film, σ is the
periodicity and λ is the decay length. The magnitude of F is usually larger
than the van der Waals force.

A dozen years after the first SFA measurements, the first AFM measure-
ments on such oscillatory forces were reported [41]. One major advantage of
AFM over SFA is that the samples are not limited to macroscopic (coated



24

Figure 2.10: Experimental results of the force F as a function separation
D. The attract regime (dashed line) is not measurable because of instability.
The inset at the bottom is a sketch of the surface force apparatus (SFA) set-
up. The surfaces are two cylindrically curved mica, R ≈ 1cm. The liquid is
octamethylcyclotetrasiloxane (OMCTS, [(CH3)2SiO]4). (adapted from [39]).
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Figure 2.11: The liquid structure near a smooth wall. The liquid has a
quasi-discrete structure and its density is oscillatory decaying as a function
of distance from the wall. (a) The interface between a single wall and non-
polar liquid. (b) Non-polar liquid confined between two walls. (c) Hydrated
ions and layered water near a charged wall.
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or not) mica sheets with a typical size R ≈ 1cm. It enables us to study
surface specificity of the solvation forces. Another advantage is that tip sizes
are available from nanoscale (R < 10nm) to microscale (R > 1µm). It en-
ables us to probe forces under different resolution. The tip, as an asperity of
certain roughness resembles more the realistic case in applications than the
atomically flat mica.

Hydration force The hydration force is a term dedicated to the solvation
force in water. The hydration forces occur when two hydrophilic surfaces are
placed in close proximity. The solvation structure of water near a (charged)
surface is much more complicated than the non-polar liquids (see Fig. 2.11).
The empirical evidence shows that the hydration forces are short-ranged,
negligible at separations > 4nm. Two types of hydration are distinguished
according to its origin: the primary hydration and the secondary hydration.
The primary hydration originates from the inherently adsorbed water on the
surface [42]. The secondary hydration originates from the hydration of solutes
adsorbed near the surface [42]. The hydration force is arguably one of the
core problems in physical chemistry [42].

To get clearer picture of the hydration forces, the surface specificity, ion
specificity and ion concentration dependence of the hydration forces have
been explored. Using SFA [43, 44], it is found that the strength of the hy-
dration force between two mica surfaces is correlated with the hydration
shell of adsorbed cations, that is, more hydrated ions give rise to stronger
hydration forces. For silica, it is the opposite. On silica coated mica, the
strength and range of the (monotonic) hydration forces decrease with in-
creasing degree of hydration of the cations in the background solutions.
For monovalent ions, the hydration force increases in the following order:
Li+ < Na+ < K+ < Cs+ [45]. AFM measurements with a nanoscopic
sharp silica tip on a mica substrate suggest the hydration forces increase
with the ionic strength and the valency of the cation [46].

The experimentally observed hydration force is not always oscillatory, as
described in Eq. (2.32), but can be monotonic. One appealing explanation for
this monotonic behavior is that the surface roughness smears out the original
oscillations due to the large rough contact area. It is plausible in the sense
that the diameter of a water molecule is only around 0.25nm. In a laboratory
environment, one can only prepare a few surfaces that are atomically smooth,
including cleaved graphite, mica.

From experimental perspective, it is not trivial to discriminate the hydra-
tion force from other forces. Practically, hydration forces are mostly obtained
by subtraction of the DLVO force from the total force [43–46]. The DLVO
force at the short range is extrapolated from the forces measured at the large
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separations, where the hydration force is negligible. It is vulnerable to criti-
cism on the ground that the extrapolation may not be justified, because, as
we know, the DLVO theory fails when the film thickness between two surfaces
is of the order of molecular size. Moreover, the DLVO force and hydration
force may not be additive.

2.3.2 Dynamic properties of molecularly thin films

It is unanimously recognized that the structure of interfacial liquid is different
from the bulk. However, it is still controversial whether and to what extent
the structural difference leads to peculiar dynamic properties, for instance
viscosity enhancement. It is mainly measured in two alternative ways: the
squeeze-out force for an approaching surface or the shear force for a laterally
moving surface over the confined liquid on a surface (the squeeze flow and
the Couette flow, see Fig. 2.12).

In most cases, the size of the plate is much larger than the thickness
of the confined film, R/h >> 1. For the squeeze flow, the pressure on the
plate follows the Reynolds equation, using the lubrication approximation for
axisymmetric systems with ”no slip” boundary conditions [47,48],

1

r

∂

∂r
(
rh3

η

∂p

∂r
) = −12v (2.33)

where v is the approach rate, h is the thin film thickness, and η is the viscosity.
The squeeze force is the integral of the pressure over the plate surface. For a
flat round disk, the damping coefficient is

γ =
∂F

∂v
= η

3πR4

2h3
. (2.34)

In the AFM measurements, the tip often has a finite curvature. In the case
of a sphere, Eq. (2.34) should be rewritten as

γ = η
6πR2

h
. (2.35)

Here R is the radius of the approaching spherical tip. In the case of Couette
flow, the coefficient of friction is

γ = η
πR2

h
. (2.36)
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Figure 2.12: Two kinds of measurement methods of the viscous dissipation in
confined liquids. (a) The squeeze flow. (b) The Couette flow. The thickness
of the confined film and the radius of the plate are denoted as h and R.

In the past two decades, controversial results were reported on the dy-
namic properties of confined liquids, such as viscosity and relaxation time [49].
With SFA and AFM, various liquids are investigated in different laboratories.
First, we review the experimental results on octamethylcyclotetrasiloxane
(OMCTS, [(CH3)2SiO]4), which is most widely used as ’model liquid’.

Analyzing SFA data, Klein reported a confinement-induced liquid-solid
transition [50, 51]. The transition is reversible and abrupt. It emerges when
the confined film is less than 7 molecular diameters thick. At the transition,
the mean viscosity of the confined liquids is increased by at least seven orders
of magnitudes.

Yoshizawa and Israelachvili postulated that when its thickness is pro-
gressively reduced, the confined film goes through three regimes: bulk-like,
mixed, and boundary (< 4 molecule diameters) regimes. The layering in the
boundary regime shows a liquid-crystalline structure [52]. These structures
can melt under shear. The solidification and shear-induced melting gives rise
to a stick-slip type of friction [53] (see Fig. 2.13). On the onset of slip, the
confined liquid melts again and stays in a liquid like structure with a slightly
increased thickness, giving rise to dilation.

The mica substrate used in SFA measurements is conventionally cut by
a hot Pt wire. In 2003, Christenson et al. confirmed that after cut the
mica surface is stained by Pt particles of ∼ 20nm in diameter and ∼ 2nm in
height [54,55].

Zhu and Granick [56] reexamined the measurements and reported that
the effective viscosity of the film is dependent on the approach rate: slow
compression gives unresolvable viscosity (experimental error ≈ 100 times of
the bulk viscosity) while quick compression leads to enhancement by five
orders of magnitude. The presence of Pt particles on the mica surface due to
the cut procedure could flaw the results of previous studies [50,52]. Therefore,
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Figure 2.13: (a) Phase transistion of stick-slip friction with confined liquids
(b) Friction-time traces with OMCTS sandwiched between two mica surfaces.
(adapted from [52])

the measurements were repeated with substrates free of Pt particles [57].
Nevertheless, the stick-slip friction was not reproduced [57].

Becker and Mugele analyzed the layer-by-layer expulsion of confined liquid
films, by describing the squeeze-out flow as a 2D Poiseuille flow [58] (see
Fig. 2.14). Inferred from the squeeze-out front line and interlayer sliding
friction, the reported viscosity is close to the bulk value, which does not
imply solidification.

In 2010, Bureau reconciled the conflicting observations by studying both
shear rheology and squeeze-out front measurements in the same experimental
run [59]. These measurements show that the shear viscosity is enhanced by 2
orders of magnitude and the confined liquid has nonlinear flow characteristics
akin to a supercooled liquid approaching its glass transition [60]. Again, the
stick-slip friction is not observed. The previously reported stick-slip friction
is attributed to the contamination with Pt particles on mica [50, 52, 57]. By
analyzing with the front line propagation, the results are consistent with
the observations reported by Becker and Mugele [58]. It is argued that the
squeeze-out front line is essentially ’a defect’ between the n layer and the n-1
layer, and therefore its propagation is controlled by permeation, not coherent
sliding of layers as Becker and Mugele proposed.

In 2015, Klein et al. reported again stick-slip friction in confined liq-
uids [61]. More importantly, they claimed that there occurs no fluidization
in the stick-slip friction process. This claim is based on the absence of dilation
in their measurements. The reasoning is as follows: If fluidization (melting
under shear) occurs, the density of the confined liquid film decreases. Then
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averaged over an area of 10�10 �m2 in the center of the
contact area. Four discrete steps can be clearly distin-
guished. Between the steps, the intensity is approximately
constant. Using conventional numerical procedures for
multilayer thin film interferometry [10,13], we converted
the intensity to the thickness of the liquid layer. The
reduction of film thickness in each step was found to be
�0:95� 0:1� nm. This shows that each step corresponded
to the expulsion of one layer of OMCTS molecules, as
expected based on earlier experiments [4–7]. The abso-
lute measurement of film thickness was less accurate.
Nevertheless, we can give upper and lower limits: For
two mica substrates in direct contact one typically ob-
serves strong adhesion. This was not the case in the
present experiments. Therefore there was at least one
layer of OMCTS present at the highest load. As for the
upper limit, the extensive literature on oscillatory force-
distance curves with OMCTS [4–7] indicates that films
with a thickness of n > 2 are not stable in the presence of
extensive surface flattening at pressures of �2 MPa, as
used in the present experiments.We are thus confident that
the minimum film thickness at the highest pressure was
either two layers or just one. In the following, we will
assume the latter.

In contrast to earlier SFA drainage experiments with
OMCTS [5], we were able to record two-dimensional
images of the dynamics during the expulsion process.
Figure 2 shows a series of images recorded during the
layering transition around t � 15 s in Fig. 1. It is clearly
seen that a bright area of reduced film thickness (n� 1)
first appears close to the center of the contact zone and
then continuously spreads. Upon nucleation of the (n� 1)
island, the compressed mica substrates relax inward lo-
cally. The elastic relaxation of the wall material converts
the applied normal force into a force parallel to the
substrates that drives the liquid expulsion. The width of

the boundary line between the n and the (n� 1) areas was
less than our optical resolution (�1 �m). From contin-
uum elasticity theory, we expect that it is of the order of
the mica thickness, i.e., 400 nm in the present experi-
ments. Since the gap width assumes noninteger values
within this boundary zone, we expect that the layered
structure does not prevail there [14]. Figure 3 illustrates
this situation schematically for the layer expulsion pro-
cess n � 3 ! n � 2.

From the data in Fig. 2 and from the corresponding
images of other transitions, we extracted the average
radius r�t� � �A�t�=	�1=2 of the area A�t� of thickness
(n� 1). Figure 4(a) shows the result for a series of four
consecutive layering transitions. As a function of film
thickness, the average speed of the boundary line as-
sumed values of 37 (5 ! 4), 32 (4 ! 3), 15 (3 ! 2),
and 3 �m=s (2 ! 1). This decrease indicates an increase
in friction. The corresponding average shear rates de-
creased from 7800 to 1600 s�1.

In order to extract quantitative information about the
viscosity of the liquid, we compared our results to a
theoretical model by Persson and Tosatti (PT) [1,15]. In
this model, the liquid film is treated as a two-dimensional
continuum. Its dynamics are governed by the balance
between the elastic driving force and a dissipative drag
force due to the sliding of the film with respect to the
substrate.

rp2D � ��2D�eff�: (1)

Here, p2D / Pd0 is the two-dimensional pressure and �
is the flow velocity. P is the applied normal force divided
by the contact area A0. �2D is the two-dimensional mass
density and d0 the thickness of one monolayer. �eff is the
effective drag coefficient. Its value, as determined from a
layering transition n ! n� 1, characterizes the dissipa-
tion within a film of thickness n. It was shown earlier that
various aspects of the dynamics of layering transitions
are correctly described by this model [9,16]. Under the
assumptions of circular symmetry, homogeneous pressure
P across the contact area, and position-independent fric-
tion �eff , A�t� is given by the implicit equation [15]

A�t�
A0

�
ln

�
A�t�
A0

�
�1

�
� �

t
�
: (2)

Here, � � ��2D�effA0�=�4	Pd0� is the total time of the
transition. The only adjustable parameter in this formula
is �eff . The fit curves are plotted as solid lines in Fig. 4(a).
The agreement with the experimental data shows that

FIG. 2. Dynamics of layer expulsion. Series of images taken
around t � 15 s in Fig. 1. �t between images: 0.3 s. Scale
bar: 25 �m. The ellipsoidal contact zone is gray in the initial
state. The bright island appearing in the center is thinner by
one monolayer (�0:95 nm). (Video clips can be viewed at
www.wetting.de/sfa.html.)

n=2                boundary zone                      n=3

v1 
v2 
v3 

FIG. 3. Schematic of an expulsion process n � 3 ! n � 2.
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Figure 2.14: Expulsion of a confined liquid film, measured by SFA with
multiple beam interferometry and video microscopy. The contact zone in
gray is the initial state. The edge of the bright part is the boundary between
n layer (dark) and n-1 layer (bright), i.e. the squeeze-out front line. Series
of images with time interval 0.3 sec. Scale bar 25µm. (adapted from [58])

the thickness of the film should increase, which is not observed within their
experimental resolution (100pm). The work is criticized by Isrealachavili et
al. and Granick et al. in terms of data interpretation and experimental reso-
lution. Isrealachavili et al. point out that melting of fluid does not necessarily
involve expansion [62]. Granick et al. argue that the argument by Klein et al.
is contradictory to their previous findings while Granick et al. obtained supe-
rior experimental resolution in thickness [63–65]. In their rebuttal, Klein et
al. argue that the work from Granick’s lab may be affected by contamination
of Pt particles and that ’dilation on melting is the rule’ [66].

Using SFA, one is not able to measure in the attraction regime where the
instability (’snap in’) occurs (see Figs. 2.4 and 2.10). Therefore, the force
distance curves from SFA are often not continuous. Recently, AFM has also
been used to probe the properties of confined liquid films. In AFM, it is able
to fulfill the condition for stability by using stiffer cantilevers and smaller tips.
Therefore, one can probe the visco-elasticity of confined films as a function
of the continuously controllable spacing between the two surfaces. However,
the optical information is often lost, from which SFA offers film thickness
and front line propagation.

Piezo excitation for the cantilever is most commonly used in AFM under
liquid because of its ease of use and low cost [19,20,26–28,67–71]. It is known
that the piezo excitation in liquid is problematic, as mentioned in Section 2.2.
Nevertheless, we still include the key findings with piezo excitation in the
review.

Using near-resonance AFM, Maali et al. observed a modulated dissipa-
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tion: The oscillatory stiffness of the film as a function of thickness is accompa-
nied by an oscillatory squeezing-out damping [67]. Using off-resonance AM,
Hoffmann et al. [68,69] also reported that the dissipation is oscillatory. More
importantly, it is dependent on the compression rate. Using a visco-elastic
Maxwell model, the authors converted the stiffness and damping coefficient
of the confined film to a relaxation time,

tR =
k

γωd2
(2.37)

where ωd is the oscillation frequency of the AFM tip.
Above a critical compression rate, the confined film is jammed and has

a large relaxation time, like solids (see Fig. 2.15). The authors also offered
an explanation for the oscillatory behavior of the dissipation: When the gap
height is commensurate with molecular size, the liquid molecules are in the
ordered state and thereby the film responds more elastic (stiffer but less
viscous) like solids under strain. In the incommensurate case, the film is in
the disorder state and softer, but it is more viscous. Therefore, the stiffness
of the film is ’out of phase’ with dissipation. The proposed interpretation
seems appealing because it is able to accommodate previous contradictory
findings [72].

de Beer et al. experimentally showed that the results depend on the drive
frequency, even if the motion of the cantilever base is taken into account in
the force inversion procedure [19] (see Fig. 2.16). Their results show that
in near-resonance AFM, the measured dissipation is coupled by conservative
forces, which results in prominent artificial oscillations in damping. Off-
resonance AFM, the results are less sensitive to the coupling. In this case,
the confined film is bulk-like down to 3 molecular layers and the local maxima
in dissipation are out of phase with the maxima interaction stiffness.

In another laboratory, a similar experiment was conducted by FM-AFM
with magnetic actuation, which is claimed to be artifact-free [23]. In contrast,
the dissipation is shown to be monotonic in the thickness dependence [23].
However, using near-resonance AM with the same driving method, de Beer
et al. again observed oscillatory dissipation, which is ’in phase’ with the
modulation in stiffness [30].

Viscous dissipation in 1 ∼ 4 layers of water

The debates in the SFA and the AFM community on the dissipation are not
restricted to simple liquids like OMCTS, but also include more complicated
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                                                              (b)                                 (d) 

  (a)                                 (c) 

Figure 2.15: (a) The stiffness (open circles) and damping coefficient (line
graph) as a function of the OMCTS film thickness. (b) The stiffness (bot-
tom, open circles) and the relaxation time (top, filled circles) calculated
through Eq. (2.37) as a function of the OMCTS film thickness. Approach
rate=1.2nm/s. (c) The relaxation time of water layers, compared to the
bulk. Approach rate=0.8nm/s. (d) Probability of solidification as a function
of approach rate (red for OMCTS, blue for Water). (adapted from [68,69])
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Figure 4. Frequency of the number of oscillations in
amplitude–distance curves from 174 measurements at six different
positions on different terraces of the HOPG (ω/ω0 = 0.75).

phase at a distance of 10 nm above the surface (i.e. outside
the range of the tip–sample interaction) and shift this value
manually to the value obtained from the model curve following
a procedure suggested by Sader and Jarvis [32] in the context
of frequency modulation AFM measurements. Failure to carry
out this procedure correctly leads to cross-coupling between
the phase and amplitude signal and thereby induces two
main effects: (i) the interaction stiffness and the interaction
damping do not decay to zero at large distance and (ii) artificial
oscillations in the dissipation are created in the case of
oscillatory conservative tip–sample forces (see [8, 13]).

Figure 5 shows the interaction stiffness and damping
extracted by inverting the curves shown in figure 3 using
equations (5) using the full frequency-dependent m and γc. The
conservative forces display a strongly oscillatory behaviour
that decays to zero within a few molecular layers, independent
of the applied frequency. The only significant trend (i.e.

beyond typical variations from curve to curve) is a slight
reduction of the amplitude of the force oscillations at the lowest
frequencies. Yet, as we will discuss below, this effect is
caused by the somewhat larger drive amplitude required in off-
resonance measurements.

The extracted total damping shows more variability
between the different drive frequencies. For ω/ω0 = 0.95 and
0.66, an oscillatory behaviour appears, similar to and exactly
out-of-phase with the interaction stiffness with superimposed
peaks. For the lowest drive frequency, the oscillatory behaviour
is absent, yet the peaks at d ≈ 0.9 and 1.7 nm remain visible.
Such sharp peaks in the total damping were consistently found
in many independent experiments with various cantilevers (Si
or gold-coated Si and for various tip radii and spring constants).
Note that the total damping at large distance approaches a
constant value γ∞

tot , which decreases with decreasing frequency
as expected from the expressions given in section 3.

The degree of consistency shown in figure 5 can only be
achieved using the complete mechanical model for acoustic
driving with deflection detection (see figure 1) including the
frequency-dependent damping and added mass presented in
section 4.1. Neglecting the frequency dependence of the
added mass and damping leads to substantial deviations of
the damping forces at low frequencies. If the base motion
is neglected (i.e. upon using a simple harmonic oscillator
model) both conservative and dissipative forces are completely
inconsistent between low and high frequencies, as expected
(see [14]). Both of these findings are obviously consistent
with the deviations found for the modelled frequency response
curves (figure 2).

4.2.2. Conservative forces and amplitude dependence. For
tip–surface distances beyond 1 nm, the conservative force
curves can be fitted rather well with an exponentially decaying
cosine profile (see figure 2, supplementary data available at

    ω / ω0 = 0.66    ω / ω0 = 0.16(a) (b) (c)
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Figure 2.16: The interaction stiffness and damping measured with one can-
tilever driven at different frequencies. The results with different drive fre-
quencies strongly deviate from each other. (adapted from [19])

liquids like water.

Klein et al. measured the viscosity of water under confinement, using
SFA [73, 74]. It is found that the viscosity of water of the subnanometer
thickness is only slightly increased, at most a factor of three. They argued
that water under confinement is not in the crystalline state (i.e. ice) because
the density of ice is less than water and hence the structure of ice is not
favored under confinement. Granick et al. found that friction in confined
interfacial water between two crystalline mica surfaces is not isotropic and
the shear viscosity oscillates by orders of magnitudes [75]. The argument is
that the interfacial water structure is templated (not ice-like though) by the
crystalline mica surface despite of the fact that the size of a water molecule
does not match with the surface lattice dimension. Using off-resonance AM,
Hoffmann et al. found that hydration layers behave like OMCTS under
compression [69]. At high compression rates (> 0.6nm/s, Rtip ≈ 100nm),
the relaxation time is higher than that of a solid (see Fig. 2.15). And the
damping variation with film thickness is also oscillatory as a function of the
film thickness.
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  (a)                                                          (b) 

Figure 2.17: (a) The differences between the mesoscopic measurement and
the nanoscopic measurement. In the nanoscopic measurement, only a few
molecules around the tip apex are probed. (b) The damping and the drive
signal as a function of separation. The measurement is carried out in water
on mica with a silica tip. (adapted from [25])

In contrast, using FM, Labuda et al. observed monotonic damping with
a sharp tip capable of rendering atomic-resolution images [25]. It is argued
that the difference in the tip size gives rise to different squeeze-out flows.
Under a tip with a few atoms at the apex, the water molecules are squeezed-
out without collective motion in each layer, which occurs in the case of a
mesoscale tip (see Fig. 2.17).

In the same line of reasoning, it is not surprising that SFA and AFM
measurements lead to different conclusions due to different confinement ge-
ometries. In SFA measurements, liquid is confined between two large atomi-
cally flat cylindrical surfaces (R ≈ 1cm). The contact zone is approximately
flat, > 20× 20µm2 (see Fig. 2.14). Nevertheless, in AFM, a tip of nanoscale
(R = 1 ∼ 100nm) is used and it may have an atomic scale apex [76], espe-
cially for coated ones [30]. The influence of tip shape has been corroborated
by Molecular Dynamics (MD) simulations [77].

2.3.3 Viscous dissipation in overlapping EDLs

In the previous sections, we introduced electrostatics (EDL) and hydrody-
namics (viscous dissipation) individually. Here, we turn our attention to
the coupling between electrostatics and hydrodynamics. The coupling was
first recognized in the colloid science community [78] and it remains unre-
solved [79]. Recently, it has drawn interest in the context of micro-/nano-
fluidics [80–87]. For optimal design of the nanofluidic devices, a deeper un-
derstanding of the viscous dissipation at charged interfaces is required, in
particular in case of overlapping EDLs originating from two facing surfaces.
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When two charged surfaces are positioned close to each other, screen-
ing charges are present in the gap, to neutralize the charges on the sur-
faces. The EDLs overlap. When a tangential pressure gradient is applied,
a streaming current (and potential) will be produced, because the flow car-
ries along a plug of charges [88]. The induced potential drives the charges
backwards. The counter flow of charges drags the solvent with them, which
is referred to as electroosmosis flow (see Fig. 2.18). As a result, the effective
flow rate goes down and thereby the apparent viscosity of the solution in-
creases. The charge-induced enhancement in apparent viscosity is called the
electro-viscous effect [89].

Recently, some attempts have been made to harvest energy through the
pressure-driven-flow induced streaming potential [81–83, 90–94]. The re-
ported energy conversion efficiency is still not satisfying (usually much less
than 10% [82, 93]). In the experiments, a hydrostatic pressure gradient is
applied across charged nanochannels filled with electrolytes. The classical
Helmholtz–Smoluchowski theory is often applied for describing the eletroki-
netic phenomena. In the thin double layer limit, the streaming potential
is [95]

ψstr =
ε0εζ∆p

ηKL
, (2.38)

where εε0 is permittivity of the bulk, ∆p is the pressure drop, η is the bulk
viscosity, and KL is the bulk conductivity, ζ is the zeta potential of the sur-
face [96]. In the Helmholtz–Smoluchowski theory using a continuum model,
many assumptions are made, such as no slip boundary condition, no surface
conductance, and no hydration. It has been suggested that surface conduc-
tance needs to be incorporated in the interpretation of many electrokinetic
phenomena [97]. However, surface conductance is usually not accessible. In
conventional techniques (such as streaming potential), the dissipation and the
surface potential are often entangled, as shown in Eq. (2.38). AFM force spec-
troscopy may be a good candidate for exploring the electro-hydrodynamic
effect, because it enable us to evaluate conservative forces and viscous dissi-
pation independently. In Chapter 5, we show measurements of viscous dis-
sipation in an EDL and we compare the measured dissipation enhancement
with theoretical insights.
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Figure 2.18: Electrokinetic phenomena in the overlapping EDLs. The pres-
sure driven flow produces the streaming current Istr and the streaming po-
tential. The streaming potential generates a conduction current Ic. The
ions in the conduction current drag along the solvent with them, i.e. the
electroosmosis flow.

2.4 Summary

In this chapter, we have introduced the principle of AFM and AFM force
spectroscopy. We also described thin film mediated forces, including the
DLVO forces and viscous dissipation. A brief review on experimental results
in thin liquid films shows that the dynamic properties of the thin liquid
film are not resolved yet. We reviewed the technical issues met in AFM
force spectroscopy in liquid and put emphasis on the necessity of validating
available techniques in liquid, in order to establish a reliable technique for
application in liquid. Using established techniques as a benchmark, it is
possible to examine other techniques and investigate other phenomena, such
as electro-hydrodynamic dissipation.
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Chapter 3

Atomic force microscopy
of confined liquids using
the thermal bending
fluctuations of the
cantilever

We use Atomic Force Microscopy (AFM) to measure the distance-dependent
solvation forces and the dissipation across liquid films of octamethylcyclote-
trasiloxane (OMCTS) confined between a silicon tip and a highly oriented
pyrolytic graphite (HOPG) substrate without active excitation of the can-
tilever. By analyzing the thermal bending fluctuations, we minimize possible
non-linearities of the tip-substrate interaction due to finite excitation ampli-
tudes because these fluctuations are smaller than typical one Angstrom, much
smaller than the characteristic interaction length. Moreover, we avoid the
need to determine the phase lag between cantilever excitation and response,
which suffers from complications due to hydrodynamic coupling between can-
tilever and fluid. Consistent results, and specially high quality dissipation
data, are obtained by analyzing the power spectrum and the time autocorre-
lation of the force fluctuations. We validate our approach by determining the
bulk viscosity of OMCTS using tips with a radius of approximately 1 µm at
tip-substrate separations > 5 nm. For sharp tips we consistently find an ex-
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ponentially decaying oscillatory tip-substrate interaction stiffness as well as a
clearly non-monotonic variation of the dissipation for tip-substrate distances
up to 8 and 6 nm, respectively. Both observations are in line with the results
of recent simulations which relate them to distance dependent transitions of
the molecular structure in the liquid.

3.1 Introduction

Understanding the properties of nano-confined liquids is of great importance
in numerous research fields, like biophysics [1] and nanofluidics [2], and indus-
trial applications, such as friction, wear and lubrication [3, 4]. In particular,
what happens when we squeeze-out a liquid between atomically flat surfaces?
At distances significantly larger than the molecule size, the drainage process
is described by the well-known Reynolds approximation [5] of the Navier-
Stokes equations. However, for nano-confined liquids, where the film thick-
ness is comparable to the molecular size, continuum physics breaks down and
the liquid film is squeezed out layer by layer [6,7]. These discrete transitions
and the layering configuration are caused by the molecular self-assembly of
the liquid close to solid walls. Upon confinement this gives rise to the con-
servative oscillatory solvation forces [8]. These solvation forces were first
measured in the 1980s [9] and are by now well-established [10–27]. However,
how molecular self-assembly affects the dynamics of the confined liquid is
still heavily debated due to contradicting experimental results.

In Surface Forces Apparatus (SFA) experiments, confinement-induced so-
lidification was observed when shearing the confined liquid [28, 29]. Other
studies [13] reported a viscoelastic shear response akin to jamming. Mea-
surements of the rupture process of squeezing out the liquid layer by layer
could be described using a discretized version of the Navier-Stokes equations
with a more or less bulk-like viscosity down to the last two layers [14, 20].
Recent experiments [22] and theoretical studies [30] indicate that some of
these apparent inconsistencies can be traced down to the strong structural
anisotropy in the confined liquid, which can lead to a highly anisotropic ef-
fective viscosity.

In more recent Atomic Force Microscopy (AFM) experiments with con-
fined liquids similar discrepancies have been observed. While some studies
report a monotonic increase in the viscous dissipation [10, 19, 26, 27], others
detect distance dependent features in the dissipation [11,12,17,18,21,23–25,
31, 32]. All these measurements were performed using various forms of dy-
namic AFM spectroscopy using actively driven cantilevers. Several problems
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may contribute to the discrepancies of the results reported in the literature.
In liquid the cantilever is subject to a strong mechanical coupling with the
fluid. As a consequence, the cantilever suffers from viscous friction with the
ambient fluid leading to a low overall quality factor of order unity. The damp-
ing due to the confined liquid is only a rather small addition to the overall
damping. Moreover, the coupling between the cantilever, the fluid, and the
surrounding liquid cell can give rise to additional resonances leading to the
well-known problem of a ’forest of peaks’, in particular for acoustically driven
cantilevers [26,33].

Optimizations of the cantilever holder [34, 35], dynamic models taking
into account the base motion of the cantilever [26, 36], as well as other (e.g.
magnetic) driving schemes [37–39] help to reduce these problems, yet, they
do not overcome the fundamental problem that the reconstruction of the
force is based on an inversion of the measured amplitude and phase (or reso-
nance frequency) and requires an accurate model of the cantilever dynamics
including in particular knowledge and calibration of the phase lag between
driving and response [40, 41]. In addition, the finite drive amplitude (e.g. in
excess of the molecular diameter) may ’smear out’ variations of interaction
and dissipation forces on smaller length scales [24].

To avoid these difficulties, we revisit the analysis of the thermal noise
signal to study the conservative and dissipative properties of confined liq-
uids [15, 42–47]. This method, which has by now become a standard tool to
determine the cantilever spring constant [42], minimizes the external pertur-
bation of the system and it eliminates the need of a phase measurement. We
investigate the influence of the tip-substrate interaction on the thermal noise
signal to determine both the distance-dependent interaction stiffness due to
conservative (oscillatory) tip-substrate interactions [15,43,44] and the inter-
action damping due to the local energy dissipation near the substrate. Our
approach extends earlier studies of visco-elastic properties of polymeric sys-
tems [45–47] and shear forces in confined liquids [48]. We record time series of
the noise signal using a high speed and broadband data capture and analyse
both their power spectral density (PSD) as well as the time autocorrelation
function (ACF) [49]. Notwithstanding earlier reports of differences regarding
effect of electronic noise [50] we find that both approaches yield consistent
results, as expected based on the Wiener-Khinchin theorem [51,52].

The conservative force and dissipation in the confined liquid are deter-
mined alternatively by fitting the obtained power spectra and autocorrelation
of the fluctuating tip displacement to a simple harmonic oscillator (SHO)
model of the cantilever. The amplitude of the cantilever motion, typically 50
pm at room temperature, is significantly smaller than that in dynamic AFM,
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thereby minimizing sample perturbation and ensuring the applicability of
linear response. To validate the thermal noise method we first determine the
bulk viscosity of the liquid by measuring the hydrodynamic dissipation using
relatively large cantilever tips, with a radius of about 1 µm. This verification
is referred to as Reynolds damping measurements in this chapter. Next, we
study the distance dependent interaction forces and dissipation, using smaller
tips with a radius of about 50 nm. Both the observed stiffness and damp-
ing oscillate as a function of the tip-substrate distance at distances below
6 nm as a consequence of the layering effects, in agreement with statistical
physics [53] and molecular dynamics (MD) simulations [54].

3.2 Methods

3.2.1 Materials

The experimental AFM set-up to obtain the thermal fluctuations as a func-
tion of tip-substrate distance is shown in Fig. 3.1(a). While ramping up and
down the substrate close to the tip as slow as possible, we monitor the fluc-
tuations of the deflection signal. As substrate we use freshly cleaved and
atomic flat highly oriented pyrolytic graphite, HOPG, with an in plane lat-
tice constant of 0.25 nm (Mikromasch grade ZYB). For the liquid we choose
octamethyl-cyclotetrasiloxane (OMCTS, as received from Fluka, purum ≥
99.0%) because its molecules have a relatively large diameter of 0.8 ∼ 0.9 nm.
The AFM device itself is a Veeco Multimode 8 with a Nanoscope V controller
and Veeco EV scanner. The AFM is housed in an acoustic isolation box and
operated at a constant temperature of 300 K. For the nano-confinement mea-
surements cantilevers with a sharp tip were used, from Mikromasch, NSC36
aluminum coated on the back side. They have a spring constant of kc = 1 ∼ 4
N/m, as determined in air using the thermal calibration method [42], and
a resonance frequency fr in liquid between 45 and 80 kHz, as determined
8 nm away from the substrate. For the Reynolds damping measurements
cantilevers with a relatively blunt silicon tip were used, from Team nanotech,
which were LRCH coated with aluminum on the back side. These have a kc
of ∼ 2 N/m and a fr in liquid of ∼ 25 kHz. Prior to the experiments can-
tilevers and fluid cell are rinsed in isopropanol and ethanol, after which the
cantilevers are treated for one minute in a plasma-cleaner (Harrick Plasma).
After the measurements the tips are characterized by high resolution SEM
(HR-SEM Zeiss LEO 1550) to estimate the tip radius and to make sure that
the cantilevers were clean [55]. The sharp tips turned out to have radii of
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(a) (b)

Figure 3.1: (a) Schematic representation of the experimental set-up. (b)
Friction microscopy image of HOPG (2 nm×2 nm) after Fourier filtering.

30 ∼ 70 nm, the blunt tips ∼ 900 nm.

3.2.2 Experimental procedures

As stated above, two kinds of experiments are conducted: one is done with
blunt tips to validate the thermal noise approach by measuring the Reynolds
damping; the other is done with sharp tips to probe the dynamics in the lay-
ered liquid. The experimental procedures are identical, but the experimental
parameters are slightly different.

The AFM is operated in force-distance mode. While the distance between
cantilever tip and substrate is varied periodically at low speed, the deflection
signal z(t) is monitored at a sampling rate of 500 kHz (i.e. over 6 times
the cantilever’s fundamental eigenfrequency) using a low pass filter with a
bandwidth of 200 kHz to prevent aliasing. To correct for the drift of the
piezo stage, due to thermal expansion or creep, we use a fixed (2 ∼ 4 nm)
maximum deflection of the cantilever as set point for the highest position
of the stage, i.e. as retraction threshold, after which the stage is retracted
backwards over a fixed distance before next approach is started. From the
variations in the approach distances we estimate that the drift during the
measurements is always less than 160 pm/s. Therefore we choose an approach
speed of 1 nm/s and a ramp size of 10 nm for the measurements with the
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sharp tips. During measurements with blunt tips, i.e. the Reynolds damping
measurements, the retraction speed, distance and threshold are 8 nm/s, 25
nm, and 4 nm, respectively. In both cases, these parameters guarantee data
acquisition time at acceptable drift.

In the case of sharp tips, the retraction threshold of 2 nm ensures hard
contact between the tip and the sample, i.e. all OMCTS will be squeezed out.
This is concluded from friction force images recorded at the same deflection
set point, which corresponds to a load of ∼ 5 nN. As shown in Fig. 3.1(b),
these data reveal a hexagonal lattice (lattice constant of 0.25nm) character-
istic for HOPG.

3.2.3 Model

Although the single harmonic oscillator (SHO) model is not fully appropri-
ate to describe the cantilever dynamics over a wide frequency range, see
Section 3.4 and the Appendix for discussion of this issue, the deviation from
the full solution is only a few percent within our fitting range, so this ap-
proach is more than sufficient. The SHO is driven by the Brownian force
along with tip-substrate interactions:

m∗z̈ + γcż + kcz = Fts + FB(t) (3.1)

where z is the tip position, m∗ the total effective mass (including the added
mass originating from the motion of the surrounding liquid), γc the vis-
cous damping around the cantilever, kc the intrinsic cantilever stiffness,
Fts the distance dependent tip-substrate interaction, and FB is the ran-
dom force due to Brownian motion, characterized by < FB >= 0 and
< FB(s)FB(s + t) >= 2γkBTδ(t), where kBT is the thermal energy and
δ(t) the Dirac delta function. According to the equipartition theorem, the
average potential energy of the cantilever, 1

2k < z2 >, is equal to 1
2kBT ,

so for a cantilever stiffness of 2 N/m the root-mean-square displacement of
the unperturbed thermal motion is around 46 pm at room temperature. This
amplitude is much smaller than characteristic length scale of the variations in
the tip-substrate interaction, which for OMCTS is about 0.9 nm. Therefore,
linearization of the tip-substrate force around the average tip displacement is
justified, i.e. Fint = F0− kintz− γintż, where kint is the interaction stiffness,
γint the interaction damping, and Eq. (3.1) can be rewritten as:

m∗z̈ + γż + kz = FB(t) (3.2)

where z is now the tip displacement with respect to its average position at
distance d, γ = γc + γint is the total damping coefficient and k = kc + kint
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the total stiffness. Solving Eq. (3.2) in the frequency domain, we get:

z[ω] = (k −m∗2 + jγω)−1FB [ω]

where j =
√
−1 is the imaginary unit. The PSD of the displacement z is

defined as:

Pzz(ω) = lim
ts→∞

(
1

ts
z[ω]z[ω]∗) (3.3)

where ts is the sampling time. According to the Wiener-Khinchin theorem
[51,52] the PSD of the Brownian force FB is related to its ACF as PFF (ω) =
2γkBT . Hence, Pzz(ω) can be rewritten as:

Pzz(ω) = Pw +
Po

(1− ( ωωr
)2)2 + ( ω

ωrQ
)2

(3.4)

where Pw accounts for the instrumental (white) noise; ωr is the resonance
frequency, Q the quality factor and Po a scaling factor. Both Q and ωr
depend on tip-substrate distance and are related to kint and γint by:

k = kint + kc = m∗ωr
2, (3.5a)

γ = γint + γc = m∗ωr/Q. (3.5b)

The effective mass m∗ is estimated by substituting the intrinsic cantilever
stiffness kc and the resonance frequency ωr, as measured in liquid away
from the substrate, where the tip-substrate interaction can be neglected,
into Eq. (3.2). As stated before the stiffness kc itself is obtained from the
thermal calibration procedure in air.

Another way to determine the interaction parameters is to measure the
ACF of the displacement signal z(t), defined as:

Rzz(t) =
1

ts

ts∫
0

z(s)z(s+ t)ds. (3.6)

Since Rzz(t) is equal to the inverse Fourier transform of the PSD, for Q > 0.5
one can show that [56]:

Rzz(t) =
kBT

m∗ωr2
exp(

−ωrt
2Q

)(cosω1t+
sinω1t√
(2Q)2 − 1

) +R0 (3.7)

where ωr =
√
k/m∗, ω1 = ωr

√
(1− (2Q)−2), and R0 a constant to compen-

sate for a possible background. By fitting Eq. (3.7) to the measured ACF
one again obtains values for Q and ωr.
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3.3 Data analysis

After we have recorded the tip displacement as a function of time during
ramping, this time sequence z(tn) is split up into small time intervals, each
of which contains 216 data points. From the displacement versus time se-
quence in each interval the background, i.e. best fitting straight line, is sub-
tracted before the time sequence is transformed into a power spectral density,
Eq. (3.3), using a standard fast-Fourier-transform algorithm to calculate z[ω].
Next, our model, Eq. (3.4) is fitted to the obtained Pzz(ω), revealing values
for kint(d) and γint(d) where d is the average tip-substrate distance during
the considered time interval. Alternatively, the ACF of the time sequence is
calculated with Eq. (3.6) and our model function, Eq. (3.7), is fitted to this
correlation, again resulting in best fit values for kint(d) and γint(d).

Although this analysis is straightforward, one has to keep in mind two
aspects. Firstly, the accuracy of the obtained values for Q and ωr depends
strongly onQ and the number of data pointsN in the time sequence. ForN =
216 and Q > 1.5 we obtain ∆Q/Q < 0.1 and ∆ωr/ωr < 0.01 during fitting.
The accuracy is further improved by averaging over several, typically 50,
approach curves. For Q < 1 the system is overdamped and the uncertainty
in both Q and ωr strongly increases with decreasing Q value. In the case
of sharp tips in our experiments, this occurs at d < 1.5 nm. Hence, the
method gives reliable results for distances larger than 1.5 nm. Secondly,
during the sampling of a time sequence the substrate is not stationary but
travels 0.13 nm; the tip-substrate distance changes between 0.07 nm and
0.24 nm depending on the tip-substrate interaction at that distance. In
all cases, this variation is sufficiently small compared to the diameter of the
OMCTS molecules, i.e. the length scale on which the tip-substrate interaction
is expected to vary.

3.4 Results

We first discuss the validation of our method using the Reynolds damp-
ing measurements with blunt tips of radius Rtip ≈ 900 nm. The inset of
Fig. 3.2(a) gives three exemplary power spectra with best fit curves at var-
ious distances indicated by the (colour matched) arrows in the main panel.
The spectra are extracted from 25 approach curves, measured consecutively
with the same tip. As the distance decreases, the peaks in the power spectra
become broader, i.e. the fitted Q values become smaller, and the resonance
shifts towards lower frequencies. From the fitted Q values we calculate the
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(a) (b)

Figure 3.2: (a) Damping coefficient versus tip-substrate distance extracted
from 25 approaches. Black line: averaged data, using a 25 points moving
average. Red curve: best fit (Eq. 3.8) to the data for damping coefficient.
The inset shows the measured (smoothed) PSD (symbols) at three different
distances - denoted by the arrows in the main graph (solid lines are fits to our
model function). (b) Inverse of Reynolds damping coefficient as a function of
tip-substrate distance. Black line: averaged data, using a 25 points moving
average. Red line: linear fit curve. The inset shows the SEM image of the
tip used in the experiments (R = 900 nm, red circle). Parameter values of
cantilever: kc = 1.91 ± 0.06N/m; fr = ωr/2π = 25.2 ± 0.3 kHz in liquid at
d ≈ 21 nm (m∗ = 7.61× 10−11 kg).

damping coefficient using Eq. (3.5b). The total damping increases monoton-
ically with decreasing tip-substrate distance. The expected hydrodynamic
Reynolds damping due to the confined liquid under the tip is given by

γ(d) = γc + 6πη
R2
tip

d−∆
(3.8)

where γc is the damping experienced by the cantilever beam, and ∆ is an
offset to compensate for the error in zero separation. η is the viscosity of the
liquid.

To ensure bulk behavior we exclude data at distances less than 5 nm
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from the fit. This lower limit is obtained from the results of measurements
with a sharp tip, see below. Fitting Eq. 3.8 to our data, we find a viscosity
η = 2.7 ± 0.2 mPa·s, in agreement with literature data: 2.2 ∼ 2.5 mPa·s
[24, 57]. For ∆ we obtain a value of about 0.8 nm, which indicates that an
equivalent of one molecular layer remains rigidly stuck to one of the two
the solid surfaces in qualitative agreement with earlier SFA measurements
[6,14]. To examine the quality of the fit, the inverse of the Reynolds damping
has been plotted versus tip-substrate distance in Fig. 3.2(b). The inverse
damping indeed shows a linear behaviour, down to the smallest tip-substrate
distances [58]. From this observation we conclude that the choice of the lower
bound of 5 nm in our analysis is not critical and that slip is absent in our
system (as expected for a complete wetting system).

We also validated the conservative tip-substrate forces by extracting the
force gradient from the distance-dependent resonance frequency. For sep-
arations larger than 9 nm, we find a monotonically increasing attraction
that can be described by van der Waals interaction between the tip and
graphite substrate across the liquid film (see Fig. S1 in Supplementary Infor-
mation 3.A.2). At d < 6 nm, the attraction becomes repulsive, with a weak
oscillatory component superimposed. While the oscillation has the expected
periodicity corresponding to molecular diameter, the features are not very
pronounced, presumably due to the poorly defined geometry of the large tips
on small scales.

Overall, these validation measurements demonstrate that our method
does yield quantitatively correct values for the forces, including in partic-
ular dissipative forces down to a few nanometers tip-substrate separation.
They provide a crucial link between well-established continuum physics and
the nano-scale behaviour to be described below, which has proven difficult
to achieve in many earlier studies of confined liquids.

In Figs. 3.3-3.5 we present the tip-substrate interactions measured with a
sharp tip close to the substrate. The main panel of Fig. 3.3 shows the average
deflection of the cantilever during approach up to the retraction threshold of 2
nm. The insets show the measured PSDs (right) and ACFs (left) at three dif-
ferent distances indicated by the (colour matched) arrows in the main graph.
The solid lines represent our model fits (Eqs. (3.4) and (3.7)) from which
we extract the values of ωr and Q. At distances corresponding to positive
(negative) force gradients, as denoted by an olive (blue) arrow, the resonance
frequency is shifted towards larger (smaller) frequencies. Correspondingly,
the magnitude of the autocorrelation function is reduced (increased) and the
position of the first zero crossing is shifted towards shorter (larger) times, in
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Figure 3.3: Measured cantilever deflection (grey) upon approach of the tip
towards the surface at 1 nm/s (black line, averaged data, using a 216 point
moving average). The inset shows the measured autocorrelations Rzz and
measured (smoothed) power spectrum density PSDs (symbols) at three dif-
ferent distances denoted by the arrows in the main graph (solid lines are fits
to our model function). Data at d < 1.5 nm are shadowed, because they are
not taken into account in further analysis, see Figs. 3.4 and 3.5. Cantilever
parameters: Rtip = 45 nm, kc = 2.71 ± 0.08 N/m; fr = 67.5 ± 0.2 kHz and
Q = 2.82± 0.08 at d = 8 nm (m∗ = 1.51× 10−11 kg).
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(a) (b)

Figure 3.4: Fitted resonance frequency (a) and quality factor (b) versus tip-
substrate distance extracted from 97 approaches, blue squares by the PSD
analysis, red dots by the ACF analysis. (a) The inset shows the resonance
frequency shifts and also the averaged one extracted by the PSD analysis. (b)
The inset shows the fitted quality factor and the averaged one by PSD anal-
ysis.

agreement with our expectations. For values of d < 1.5 nm, the cantilever
motion becomes overdamped and the fits to both the PSD and ACF no longer
yield reliable values.

We note here that the PSDs shown in Fig. 3.2(a) and Fig. 3.3, display
a small excess power at low frequencies, compared to the SHO fit. At the
same time, we slightly shift the ACFs vertically to make them decay to zero
for long times. We will explain the origin of these effects in the discussion
section.

In Fig. 3.4, we plot the values for (the shift in) the resonance frequency
ωr and the quality factor Q obtained from the analysis the PSD and the ACF
as a function of d. The data represent an average of 97 approach curves. The
individual curves were aligned by shifting the two peak positions at ∼ 2.4
nm and ∼ 3.3 nm in the resonance frequency profile (see Fig. 3.4) on top of
each other to compensate for residual drift. The offset per curve is typically
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(a) (b)

Figure 3.5: Interaction stiffness (a) and damping (b) versus distance. Blue
lines: results from the PSD analysis, red lines: results from the ACF analysis.
Both are smoothed using a 97 point moving average. (a) Solid black line:
best fit of the oscillatory decaying stiffness profile. The inset shows an SEM
image of the tip. (b) Solid black line: calculated Reynolds damping, using
the reference bulk viscosity and the tip radius obtained from the SEM image.
Dashed black line: obtained by shifting the black solid line 2 nm to the
right. Both calculated lines are offset vertically so that they are aligned
to experimental data at 8 nm. The inset shows a zoom-in of the average
damping coefficient obtained from the PSD analysis.

smaller than 0.1 nm (see Fig. S2 of the Supplementary Information 3.A.2).
Figure 3.4 clearly shows that the results from ACF and PSD analysis are
in perfect agreement. Both methods are thus equally viable and allow for
detecting oscillatory solvation forces up to distances of at least 8 nm, as the
variation of the resonance frequency shows. The inset of Fig. 3.4(a) suggests
that we can detect variations of the resonance frequency down to values of
∆f ≈ 50 Hz.

In Fig. 3.5, we show the interaction stiffness kint(d) and the interaction
damping γint(d) as extracted from data in Fig. 3.4 using Eq. (3.5) (assuming
γint = 0 at d = 8 nm). The shape of the conservative solvation force gradient
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is empirically described [6, 8]:

kint(d) = Kint exp
−(d+ ∆d)

ε
cos(

2π(d+ ∆d)

σ
) (3.9)

Here σ = 0.88 nm is the periodicity determined directly from the oscilla-
tory profile; the scaling factor Kint, the decay length ε and the offset ∆d
are obtained from the best fit. Data at a distance less than 2 nm are ex-
cluded from the procedure, because the uncertainty in fr and Q is too large.
The black curve in Fig. 3.5(a) is the best fit profile with Kint = 3.6 ± 0.1
N/m, ε = 1.39 ± 0.02 nm and ∆d = 0.194 ± 0.001 nm. To convert the
measured interaction stiffness kint to a normalized interaction force F/R we
integrate the local oscillatory pressure p(x) = −p∞ cos(2πx/σ) exp(−x/ε)
using the Derjaguin approximation [10], to obtain F (d) = 2πR

∫∞
d
p(x) dx

where x(r) = d + r2/(2R). From this calculation we obtain an amplitude
F/R = 9± 3 mN/m, where the tip radius R is characterized by SEM imag-
ing (see SEM image of the tip after use in Fig. 3.5(a)). The periodicity σ,
the decay length ε and the normalized interaction force F/R are in good
agreement with earlier measurements using SFA or AFM [8,24].

The interaction damping features clear oscillations superimposed onto an
overall increasing background, as shown in Fig. 3.5(b). Local maxima and
minima in the dissipation can be clearly distinguished between d = 2 nm
and 6 nm, i.e. over a much larger range than reported previously [24]. The
location of the local maxima coincides with the maxima in the interaction
stiffness in Fig. 3.5(a).

The absolute value of the dissipation is approximately 10 times higher
than the expectation based on the prediction of Reynolds theory, i.e. con-
tinuum hydrodynamics in combination with the bulk viscosity and ∆ = 0 in
Eq. (3.8), which is shown as a solid line in Fig. 3.5(b). If we follow earlier
suggestions [9, 14] to include a stagnant layer of finite thickness, the thus
corrected continuum model comes closer to the experimental data, as ex-
emplified by the dashed line in Fig. 3.5, which corresponds to ∆ = 2 nm.
Therefore, it is worth noting that for comparing the experimental data to
the continuum model, it is critical to take into account the (non)existence of
stagnant layers.

3.5 Discussion

Before we discuss our results, also in relation to earlier studies, we firstly
consider the advantages and disadvantages of the thermal noise approach in



3.5. Discussion 57

more detail.
Approximating the cantilever as an SHO - Although in the SHO

approach the cantilever is modeled as a point mass attached to a massless
spring it is rather accurate in describing the lowest vibrational mode of a
cantilever [59]. Because in the lowest oscillation mode all parts of the can-
tilever oscillate perfectly in phase with the tip. Hence, effective values for
the mass m∗, damping γc and stiffness kc of the cantilever, which can all
be determined by calibration measurements, are sufficient to describe the
cantilever dynamics. However, the cantilever bending depends also weakly
on the external load on the tip. This causes a small systematic error. Yet,
a decomposition of the cantilever into small segments for typical parameter
values (Q∼3) shows that the relative error in the interaction parameters kint
and γint with respect to kc and γc, is never larger than typically 3% for
|kint/kc| < 0.9 and |γint/γc| < 0.8 (see also Appendix). The experimental
error in the interaction stiffness and damping coefficient, after averaging over
typically 50 approach curves, is less than 1% and smaller than the systematic
error but of the same order of magnitude. If needed, the deviations presented
in the Appendix, can be used as correction factors.

Influence of noise and approach speed - The cantilever displacement
recorded as a function time, has been analyzed using both its PSD (in the
frequency domain) and its ACF (in the time), leading to identical results
within experimental error. The obtained PSDs (see Figs. 3.2 and 3.3) show
indeed no spurious resonance peaks as observed in the case of actively driven
cantilevers. However, a small white noise background is observed, as well as
an excess power at low frequencies (< 10 kHz). This low frequency excess
noise power is distance-dependent and hence originates only partially from
the electronic 1/f noise. A second contribution can be attributed to the
finite sampling time in combination with the approach speed of the substrate.
During the sampling time for each data block (216 points), the substrate is
displaced over 0.13 nm. This displacement leads to a variation of the tip-
substrate interaction and hence to a variation of the average tip position of at
most 0.1 nm per acquisition, which affects the calculation of the PSD. This
effect can be reduced by reducing the sampling time. Experimental tests show
indeed a strong reduction of this low frequency excess noise power. However,
at the same time the accuracy decreases. These findings were confirmed by
numerical simulations. In the time domain the white noise contribution to
the signal is only detected at zero time lag while the power excess at low
frequencies manifests itself by an offset in the ACF. These findings were also
confirmed by numerical simulation. In both approaches, the effects can be
fully taken into account, without introducing any systematic error in the
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analysis.
Comparison with acoustic or magnetic driving - As mentioned

above, we observe no spurious resonance in our PSDs, which can hardly
be prevented in acoustic actuation [26, 33]. Moreover, because the thermal
noise covers a broad frequency range it is sufficient to determine the PSD or
ACF, circumventing the tedious phase determination as necessary in acoustic
or magnetic driving. These spurious resonances and possible errors in the
phase determination give rise to an erroneous coupling of the conservative
and dissipative contributions in the analysis of the tip-substrate interactions.

Overall we can state that the thermal noise method is more sensitive than
methods proposed so far as long as the quality factor is greater than 1. The
detection threshold for the resonance frequency shift is 50 Hz at 70 kHz,
while variations in Q of 0.5% are detectable after averaging over typically
50 approach curves (see Fig. 3.4). For Q < 1, i.e. for small tip-substrate
distances, the method cannot be used. However, by optimizing the cantilever
geometry [60], the Q = 1 condition is reached for smaller distances.

Reynolds damping measurements - Measuring the Reynolds damp-
ing in the distance range from 5 to 20 nm we were able to validate the method
as can be concluded from Fig. 3.2. Indeed the expected d−1 dependence was
found as well as the right bulk viscosity of OMCTS at room temperature if we
allow for a small offset in the apparent tip-substrate distance of 0.8 nm. We
attribute this offset to a combination of possible local irregularities on the tip
surface [61, 62] and an uncertainty in our exact ’zero’ tip-substrate distance
(in contrast to the measurements with the sharp tip, we were unable to im-
age the graphite lattice with these blunt tips). Thus, within the experimental
accuracy no slip of the OMCTS on the HOPG substrate is observed in line
with complete wetting of OMCTS on HOPG. Alternatively, the offset can
be attributed to the existence of an immobile layer on the substrate causing
a negative slip-length (the zero-velocity plane is shifted inwards). Negative
slip-lengths have been reported in SFA studies on OMCTS confined between
two mica sheets [9, 14] and can in general be caused by commensurability
between the solid and the liquid [63]. Globally, OMCTS and graphite are
incommensurate. Yet, it was recently shown in MD simulations that specific
chemical interactions [64] or an interaction-induced geometric adjustment of
the atoms in the liquid-molecule to the surface [65] can also result in a neg-
ative slip length. However, there has been no direct evidence of these effects
occurring between OMCTS and graphite [66].

Solvation force and distance dependent dissipation - The results
obtained with sharp tips for tip-substrate distances ranging from 2 to 8 nm
show clearly the decaying oscillatory behavior of the stiffness due to the con-
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servative solvation force versus distance. The thermal noise method is sig-
nificantly more sensitive than earlier measurements using acoustically driven
cantilevers [24]. While those earlier measurements revealed excess dissipation
only upon squeezing out the last three layers of OMCTS up to a maximum
tip-substrate separation of approximately d = 2.4 nm, the current measure-
ments reveal an oscillatory structure in the dissipation up to d = 6 nm with
a total of five local maxima. Yet, the thermal noise method cannot probe
the liquid layers in immediate contact with the solid surface due to excessive
damping for d < 1.5 nm. According to Fig. 3.3, this implies that the local
maxima in the dissipation shown in Fig. 3.5(b) correspond to film thicknesses
of 3 to 7 molecular layers. The local maximum at the smallest tip-substrate
separation shown in Fig. 3.5(b) (at d ≈ 2.2 nm) thus corresponds to the peak
at the largest tip-substrate separation in Refs. [24] and [54] at d ≈ 2.4 nm.
(The absolute zero of the tip-substrate separation in Ref. [24] is off by ap-
proximately 0.6 nm.) This assignment is corroborated by the absolute value
of γint, which is approximately 10−6 Ns/m in both experiments. Comparing
the sensitivity of the two experiments reveals a gain of approximately one
order of magnitude in the present experiments.

The MD simulations reported in Ref. [54] suggest that the sharp excess
dissipation in upon squeezing out the layers in immediate contact with the
solid walls is related to confinement-induced transitions between very well
ordered (solid-like) films for film thicknesses of one, two, and perhaps three
molecular layers and rather disordered configurations for intermediate half-
integer numbers of molecular layers. Whether or not that scenario also ex-
tends to the much larger tip-substrate separations studied here is not clear.
At larger separations, thermal fluctuations as well as the tip geometry on
a larger scale may lead to increased disorder [67–69] and thus prevent the
crystalline arrangement found at smaller separations.

3.6 Conclusion

In summary, we measured the distance-dependent solvation forces and the
dissipation of OMCTS in the confinement between a silicon tip and an HOPG
substrate using atomic force microscopy. To obtain reliable results for the dis-
tance dependent dissipation in the confinement we employ the thermal noise
approach, which provides a resolution of approximately 50 Hz in frequency
shift and 10 nNs/m in damping coefficient as long as the quality factor is
larger than unity, which is the case for tip-substrate distances larger than
2 nm in the present experiments. To validate the method the distance de-
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pendent Reynolds damping and bulk viscosity of OMCTS were successfully
measured. Close to the substrate we were able to measure the interaction
stiffness due to the solvation forces in agreement with earlier findings, while
the damping also showed pronounced oscillations instead of monotonic be-
havior as a function of tip-substrate distance. From a technical perspective,
we presented a method to perform small amplitude force microscopy without
relying on a perfect spectral response, in both amplitude and phase, to the
external actuation of the cantilever, just by analyzing the thermal noise of
the cantilever, which also guarantees small amplitudes of typically 50 pm.
Moreover, it was shown that the thermal noise can be evaluated equally well
with the power spectral density as with the autocorrelation function.
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Figure A1: Sketch of the configuration considered.

3.A Appendix

3.A.1 Thermal vibrations of a cantilever beam with tip-
substrate interaction

As stated in Section 3.2.3, we model the cantilever dynamics as a single har-
monic oscillator (SHO) with only one resonance frequency. However, due to
its distributed mass and friction, the cantilever will show several vibrational
bending modes each with its own resonance frequency. In our experimental
approach we only consider the frequency response around the lowest (and
most prominent) resonance frequency. In this Appendix we will show that in
this frequency regime the cantilever behavior deviates only slightly form SHO
behavior, also in the presence of an interaction force at the tip of the can-
tilever. Moreover, we will quantify these deviations in terms of the interaction
stiffness and interaction damping as defined in Section 3.2.3, by comparing
the full frequency response with that of a best fitting SHO response.

We consider the cantilever as a chain of N distributed masses connected
by massless cantilever segments as depicted in Fig. A1. Bead n with mass m
exerts a force Bn on the cantilever which is equal to:

Bn = fn −mün − ζu̇n (a1)

where fn is the external (in this case Brownian) force on bead n, un its dis-
placement and ζ its friction coefficient. If the tip interacts with the substrate
we replace fN by fN − (kintuN + (γint + ζtip)u̇N +mtipüN ).
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Assuming N beads on the cantilever, with spacing a, we consider a single
segment n situated between mn−1 and mn. Both the total force F and torque
S should be zero on this segment:

F [n]
r − F

[n]
l =0 (a2)

S[n]
r + aF [n]

r − S
[n]
l =0 (a3)

where r stands for right and l for left.

Since F
[n]
r = Bn + F

[n+1]
l and S

[n]
r = S

[n+1]
l we define:

Fn = F [n]
r and Sn = S[n]

r (a4)

and Eq. (a3) reduces to:

Sn + aFn = Sn−1. (a5)

The force Fn is equal to the sum of all external forces Bm acting on the right
of segment n:

Fn =

N∑
m=n

Bm (a6)

while the torque Sn is equal to the sum of all external moments (m−n)aBm
acting on the right of segment n:

Sn = a

N∑
m=n

(m− n)Bm. (a7)

Solving the Force and torque balance on segment n one obtains relations
for the displacement u and the slope a du/dx of mass n and n− 1:

un−1 = un − u′n +
Sn/a

2κ
+
Fn
6κ

(a8)

u′n−1 = u′n −
Sn/a

κ
− Fn

2κ
(a9)

Sn−1 = Sn + aFn (a10)

Fn−1 = Fn +Bn−1 (a11)

where κ = EI/a3 and Bn = fn − qun with q(ω) = −mω2 + jζω. With
Eqs. (a8-a11) we can calculate all un and u′n values in the frequency domain
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starting from a guess for uN and u′N and we will end up with the linear
relations:

u0 = A0 uN +A1 u
′
N +

N∑
n=1

αnfn, (a12)

u′0 = A2 uN +A3 u
′
N +

N∑
n=1

βnfn. (a13)

By inversion of last two equations we can express uN and u′N in u0, u′0 and
the forces fn according:

uN =
A3

[A]
u0 −

A1

[A]
u′0 +

N∑
n=1

Gn fn , Gn =
βnA1 − αnA3

[A]
(a14)

u′N =
A0

[A]
u′0 −

A2

[A]
u0 +

N∑
n=1

Hn fn , Hn =
αnA2 − βnA0

[A]
(a15)

with [A] = A0A3−A1A2. The coefficients αn, βn and An can be calculated by
evaluating Eqs. (a8-a11) while setting one of the values (uN , u

′
N , f1, f2, .. , fN )

equal to one and keeping all the other values zero. Since we consider the
noise response we set both u0 and u′0 to zero for all frequencies. Because
the power spectral density (PSD) of the Brownian forces is constant, i.e.
Pf (ω) = 2ζkBT , the power spectral density Ps(ω) of the signal u′N (ω)/a is
given by (no interaction on the tip):

Ps(ω) =
1

a2

N∑
n=1

|Hn(ω)|2 Pfn(ω) =
2kBT

L2
N2

N∑
n=1

ζn |Hn(ω)|2 . (a16)

Taking into account the interaction force (and additional tip mass) on the
tip in the expression for fN , we replace it by fN−(kint+jωγint−maddedω

2)uN .
Hence, we obtain for our signal u′N :

u′N =

N∑
n=1

Hn fn −HN (kint + jωγint)uN (a17)

=

N∑
n=1

H [int]
n fn

with

H [int]
n = Hn −

HN (kint + jωγint)

1 +GN (kint + jωγint)
Gn. (a18)
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Because the interaction damping also modifies the random force on the
tip: PfN (ω) = 2kBT (ζN + γint), the power spectral density of our signal
becomes:

Ps(ω) =
2kBT

a2

(
(ζN + γint)

∣∣∣H [int]
N (ω)

∣∣∣2 + ζ

N−1∑
n=1

∣∣∣H [int]
n (ω)

∣∣∣2) . (a19)

To evaluate Eq. (a18-a19) numerically, we define a reference frequency
ω# =

√
kc/mtot, where kc = 3EI/L3. Than we get, with ν = ω/ω#, for the

relevant variables:

q = −mω2
#ν

2 + jζω# (a20)

m = αmtot/N (a21)

mN = (1− α+ α/N)mtot (a22)

ζ = α ζtot/N (a23)

ζN = (1− α+ α/N)ζtot (a24)

where (1−α)mtot is the mass of the tip. With Q−1 = ζtot/
√
mtotkc we arrive

at:

q =
αkc
N

(
−ν2 + jν/Q

)
(a25)

qN =
( α
N

+ 1− α
)
kc
(
−ν2 + jν/Q

)
(a26)

and

Ps(ν) =
2kBT

L2
N

{
α ζtot

N∑
n=1

∣∣∣H [int]
n

∣∣∣2 + ((1− α)Nζtot + γint)
∣∣∣H [int]

N

∣∣∣2}
(a27)

where H
[int]
n is a function of the complex quantity [kint +jQ−1(kc/ζtot) γint ν],

see Eq. (a18). We evaluated Eq. (a27) numerically varying kint/kc and
γint/ζtot, and fitted the obtained Ps(ν) curves to the SHO model. This
resulted in good fits with a low chi square per data point. From these fits
the values for kint/kc and γint/ζtot were recalculated and compared with
their original values. The systematic errors ∆kint = kfit

int − kint and ∆γint =
γfit

int − γint have been plotted in Figs. A2 and A3, where kint has been scaled
on kc and γint on ζtot.
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Figure A2 ∆kint vs (kint, γint) for N = 32 and α = 1.0. Note the vertical
scale is blown up with a factor 100. kint is taken relative to kc = 3EI/L3.
The systematic error in kint is in all cases less than 4 % of kc.
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Figure A3 ∆γint vs (kint, γint) for N = 32 and α = 1.0. Note the vertical scale
is blown up with a factor 100. γint is taken relative to ζtot. The systematic
error in γint is in all cases less than 3 % of ζtot.

3.A.2 Supplementary Information

Fit the measured interaction stiffness to van der Waals interaction

The interaction stiffness is measured with a silicon tip (Rtip = 900 nm, see
the inset of Fig. 3.2(b)). The system is modeled as a graphite semi-finite wall
and a spherical silicon particle with a native oxidized layer in the medium
of OMCTS. The averaged data is fitted to van der Waals interaction as
expressed in

kint(d) = −Asio −Rtip
3d3

− (Asi −Asio)Rtip
3(d+ h)3

+ ∆k (s1)

where the silica layer thickness h and the offset ∆k are parameters to fit.
The offset is to account for the deviation from the assumption that at the
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Figure S1: Measured interaction stiffness (measured data points in gray
dots, smoothed in black line) and the fit of van der Waals interaction (red)
from d > 9 nm. The inset is a zoom-in of the smoothed data and fit curve.

furthest measured distance the interaction stiffness is negligible at d = 21 nm
when we extract the interaction stiffness. The Hamaker constants of silicon
and silica are Asi = 3.49 × 10−19 J and Asio = 3.18 × 10−20 J respectively.
The averaged interaction stiffness from d > 9 nm is fitted by the red line in
Fig. S1. The fitted h is 2.89±0.06 nm, which agrees with typical thickness of
native silica on silicon. The fitted ∆k is very small, 0.0042±0.0003 N/m, i.e.
< 0.22% of kc, which justifies our assumption during extracting interaction
stiffness - the interaction stiffness at 21 nm is zero.

Distribution of offsets

From one sharp tip, 97 approach curves are analyzed. As stated in the result
section, the individual curves were aligned by shifting the two peak positions
at ∼ 2.4 nm and ∼ 3.3 nm in the resonance frequency profile (see Fig. 3.4)
on top of each other to compensate for residual drift. The offset distances
are plotted in the histogram below.
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Figure S2: Histogram of offset distances for aligning extracted results from
97 approaches.
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Chapter 4

Amplitude modulation
Atomic Force Microscopy,
is acoustic driving in liquid
quantitatively reliable?

Measuring quantitative tip-sample interaction forces in dynamic Atomic Force
Microscopy in fluids is challenging because of the strong damping of the am-
bient viscous medium and the fluid-mediated driving forces. This holds in
particular for the commonly used acoustic excitation of the cantilever os-
cillation. Here we present measurements of tip-sample interactions due to
conservative DLVO and hydration forces and viscous dissipation forces in
aqueous electrolytes using tips with radii varying from typical 20 nm for the
DLVO and hydration forces, to 1 µm for the viscous dissipation. The mea-
surements are analyzed using a simple harmonic oscillator model, continuous
beam theory with fluid-mediated excitation and thermal noise spectroscopy
(TNS). In all cases consistent conservative forces, deviating less than 40%
from each other, are obtained for all three approaches. The DLVO forces are
even within 5% of the theoretical expectations for all approaches. Accurate
measurements of dissipative forces within 15% of the predictions of macro-
scopic fluid dynamics require the use of TNS or continuous beam theory
including fluid-mediated driving. Taking this into account, acoustic driving
in liquid is quantitatively reliable.
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4.1 Introduction

In various disciplines of bioscience and nanoscience, one studies phenom-
ena on a nano scale, and tries to reveal the microstructure of the sample
at hand or to probe the strength of these structures. Atomic Force Micro-
copy (AFM) is a versatile tool for high-resolution imaging and nanoscopic
force spectroscopy [1–3]. It can be operated in several modes, such as con-
tact mode and non-contact mode, both used for imaging. To measure tip
substrate interactions one usually applies amplitude modulation (AM) or
frequency modulation (FM) in non-contact mode [4, 5]. For this several
actuation schemes have been developed, such as magnetic actuation [6, 7],
acoustic or piezo excitation [8] and photo thermal excitation [9, 10]. Among
them, photo thermal excitation is very promising, mainly because the force
analysis is straight forward and reliable, but it is not yet widely available.
Instead, amplitude modulation with acoustic excitation is still most widely
used because it is easy to implement and it is relatively cheap. In this case
the cantilever is acoustically driven by a piezo stack to which the cantilever
base has been attached. For force spectroscopy, amplitude and phase of the
tip deflection are measured. From this deflection the tip-sample interaction
forces can be obtained, for instance by modeling the tip of the cantilever
as a simple harmonic oscillator (SHO). This procedure is called force inver-
sion. For application under vacuum or ambient air, the cantilever dynamics
is well established. In contrast, when applied in liquid, the dynamics are
more complicated and its analysis is still under development. In vacuum,
the quality factor Q of the oscillator is generally larger than 1000. In liq-
uids, due to hydrodynamic loading, Q is usually less than 10. As a result,
the base motion amplitude becomes comparable to that of the cantilever tip
oscillations [7, 11, 12]. So the tip position is no longer proportional to the
measured deflection, but depends also on the base displacement. A compli-
cating factor is the unknown phase and amplitude of the base motion with
respect to the drive signal of the piezo. Under liquid the resonance peak
in the piezo-response spectrum of the cantilever itself is often obscured by
resonances due to the piezo, the surrounding fluid and the geometry, which
causes the ’forest of peaks’ often observed in acoustic driving [13, 14]. See
Fig. 4.1(b) for an example.

Recently, Raman and coworkers [14] showed that this forest of peaks is
caused by the frequency dependence of the amplitude and phase of the base
motion. This is in contradiction with the common assumption that the base
motion is just proportional to the electric driving signal with a frequency
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Figure 4.1: (a) Principle of AM-AFM force spectroscopy with piezo excitation
and optical deflection detection. The piezo also excites the cantilever via the
surrounding liquid. (b) Amplitude (black curve) and phase (red curve) of the
response function of a cantilever and its thermal spectrum; circles indicate
experimental values, the line represents the best fitting SHO curve.

independent proportionality constant. By considering the ratio of the can-
tilever deflection ut and its base motion zb one can correct for this omission.
However, the calculated response ut/zb is generally considerably smaller than
the experimentally obtained response. Again Raman and coworkers offered
an explanation: because the surrounding liquid is also excited by the piezo,
the cantilever is driven via the liquid, too [7,14] (see Fig. 4.1(a) for an artists
impression). They incorporated this secondary excitation into their analysis,
which asks for a full continuous beam analysis of the vibrating cantilever [14].
As amplitude and phase of the base motion are not known, nor the excitation
constant of the liquid mediated piezo driving, the measured amplitude and
phase of the cantilever deflection cannot directly be related to the interaction
forces. Besides a calibration of the resonance frequency and quality factor of
the cantilever under liquid, also a calibration procedure is required to deter-
mine the just mentioned unknowns. All these aspects are often overlooked
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when one uses the formulas of force inversion developed for AFM in vacuo.
This leads sometimes to contradictory results, specially in the observed dis-
sipation. For example, the forces measured in nano-confined liquids have
been debated intensively during the past decade [15]. Such discrepancies
were commonly attributed to differences in sample preparation and/or the
geometry of the probe apex, but can be attributed as well to this secondary
driving mechanism. Including the contribution of Raman and coworkers sev-
eral models, with different levels of complexity, are proposed to describe the
cantilever dynamics in AM-AFM. However, a quantitative validation of these
approaches is still missing. This motivates us to compare them for a number
of well characterized tip-substrate interactions with both the thermal noise
spectroscopy method [16] and theoretical models of these interactions.

In a previous investigation, we explored thermal noise spectroscopy (TNS)
and demonstrated its abilities when performing force inversion [16]. With
TNS the cantilever position only fluctuates due to thermal agitation by the
surrounding fluid. The interaction forces are extracted from the shift of the
resonance peak and the change in peak width in the power spectral density
(PSD) distribution due to these interactions. Hence, we eliminate the afore-
mentioned effects (unknown base motion, fluid mediated piezo driving) from
the force inversion procedure. But this approach has also some limitations.
It is not applicable when the cantilever motion is overdamped, which is fre-
quently encountered when the tip is in close vicinity of the substrate (d ≤ 1
nm). Moreover, since the driving force is stochastic, relatively long time se-
quences are required to get an accurate PSD. It typically takes a fraction of
a second to obtain a statistically reliable spectrum, and several seconds for
a full force distance curve. Hence, the technique is intrinsically slow. Thus,
although TNS provides the arguably cleanest and most reliable force inver-
sion procedure, it is not able to substitute force spectroscopy with active
excitation in all cases.

In this investigation we focus on the validation of AM force spectroscopy
using acoustic excitation, by measuring three different types of forces. The
results obtained from AM measurements are directly compared to TNS data
as obtained in the same experiment. The first experiment is the determina-
tion of the interaction forces [17] between a silica tip and a silica substrate in
close proximity in an electrolyte environment. To quantify the accuracy of
both approaches, these measurements are compared with theoretical calcula-
tions of the DLVO forces, taking into account charge regulation at the silica
substrate [18, 19]. We also investigate the hydrodynamic dissipation, when
a colloidal probe approaches a silica substrate, because in case of measuring
dissipative forces different researchers observe different behavior while they
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are rather unanimous about the conservative interactions [11, 20]. Again we
compare the results of these experiments with a theoretical calculation of
the Reynolds damping. At last we measure the oscillatory hydration forces
between the probe tip and an atomic smooth mica substrate. These hy-
dration force measurements have been debated intensively during the past
decade [21–25], but are quantitatively not well understood yet. In the force
inversion analysis of these experiments, we consider both the SHO approach
and the recently proposed continuous beam approach.

This chapter is organized as follows: first we review the force spectroscopy
under study in Section 4.2. Next, we discuss in Section 4.3 the experimental
details and the data analysis. In Section 4.4 we show the extracted force-
distance curves as obtained with the different methods and compare them
with our theoretical calculations. In Section 4.5 we discuss our results and
eventually, and in Section 4.6 we draw our conclusions.

4.2 Principles of force spectroscopy

In this section, we review the principles of AFM force spectroscopy using
acoustic actuation, both from an SHO perspective [11, 12] and using a con-
tinuous beam approach with some recently proposed modifications [14]. We
also briefly discuss TNS as developed in an earlier investigation [16].

4.2.1 Small amplitude modulation with piezo excitation

In the single harmonic oscillator (SHO) approximation an acoustically driven
AFM cantilever, interacting with a substrate, is described by the equation of
motion:

mcz̈ = kc(zb − z) + Fdrag + Fint (4.1)

where z is the momentary displacement with respect to the average interac-
tion distance d, mc the mass of the cantilever and kc its stiffness, while zb(t)
is the displacement of the base of the cantilever. The drag force on a sphere
with radius a oscillating with frequency ω in a liquid with density ρ and vis-
cosity η, is given by Fdrag = −γcż−maddz̈, where γc = 6πηa+3πa2(2ηρω)1/2

is the effective damping of the cantilever and madd = 2
3πa

3ρ+3πa2(2ηρ/ω)1/2

the added mass due to the surrounding liquid [26]. Moreover, the interac-
tion force is modeled as Fint = F0(d)− kintz − γintż with kint the interaction
stiffness and γint the interaction damping. After substitution of both expres-
sions for the forces in Eq. (4.1), this differential equation transforms in the
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frequency domain into an algebraic equation:

(kc −G∗(ω) +K∗(ω)) z̃ = kcz̃b (4.2)

where z̃(ω) is the Fourier transform of z(t), G∗(ω) = ω2meff − jωγc and
K∗(ω) = kint + jωγint with meff = m + madd and j the imaginary unit
(j2 = −1). However, according to Kiracofe and Raman [14] the piezo drives
the cantilever not only via the cantilever holder but also indirectly via the
surrounding liquid which is not stagnant anymore. Therefore they propose to
rewrite the interaction γcż+maddz̈ with the liquid as γc(ż−vf )+madd(z̈−v̇f ).
Here vf (t) =

∫∞
0
−Bf (t′)żb(t− t′)dt′ is the background fluid velocity at the

tip. It depends linearly on the base position history. Implementing these
changes Eq. (4.2) becomes:

(kc −G∗ +K∗)(ũt + z̃b) = (kc +G∗B∗f −mcω
2B∗f )z̃b (4.3)

where B∗f (ω) is the Fourier transform of Bf (t). We replaced z̃ by ũt + z̃b,
because in an AFM experiment not the position z̃ but the deflection ũt =
Aejφ = z̃ − z̃b is measured. The term ω2mcB

∗
f will be neglected, because

mc � meff for frequencies near the resonance frequency of the cantilever.
Thus:

ũt
z̃b

=
(1 +B∗f )G∗ −K∗

kc −G∗ +K∗
(4.4)

Away from the substrate, where K∗ = 0, we obtain:

ũ∞t
z̃b

=
(1 +B∗f )G∗

kc −G∗
(4.5)

The coefficients meff , kc, γc are obtained by measuring the power spectral
density in air and under liquid, away from the substrate in a separate proce-
dure called thermal calibration. So we can determine the interaction param-
eters kint = K ′ and γint = K ′′/ω using Eq. (4.4) and (4.5) without explicit
knowledge about z̃b:

K∗ =
C(1 +B∗f )G∗(kc −G∗)(1− Â)

C(1 +B∗f )G∗Â+ kc −G∗
(4.6)

where C = Csho = 1 and Â = ũt/ũ
∞
t = (A/A∞) ej(φ−φ∞). If fluid mediated

driving is not taken into account, i.e B∗f = 0, this approach is equivalent to
the treatment in ref. [11] and [12]. If ũt � z̃b, one can neglect z̃b in the left
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Figure 4.2: AM approach curves for calibration purposes. At large piezo
distance A∞ and φ∞ are determined while for small piezo distances when
the tip is in hard contact with the substrate, As and φs are determined.

hand side of Eq. (4.3) and Eq. (4.6) transforms to K∗ = (kc−G∗)(1− Â)/Â.
In this form it is mostly used for analyzing acoustic driving in air or in vacuo.

In general, to determine K∗ we first need to fix a value for B∗f . A reference
measurement away from the substrate is not enough anymore to determine
the unknown parameters z̃b and B∗f . Kiracofe and Raman [14] propose to
use also the deflection measurement when the tip is in hard contact with
the substrate. To obtain B∗f from this measurement, one must keep in mind
that the damping does not take place only at the tip but along the whole
cantilever. So one has to consider the cantilever shape oscillations z̃(x, ω),
where x is the coordinate along the beam. These shape oscillations can be
decomposed in several normal modes each with its characteristic shape ψn(x)
and resonance frequency ωn. If the cantilever is driven near the resonance
frequency of the lowest mode, contributions from the higher modes can be
neglected and again Eq. (4.6) can be derived but in this case with C = Ccbm,
given by:

Ccbm = ψ1(L)〈ψ1〉/〈ψ2
1〉 ' 1.57 (4.7)

Here the average has been defined as 〈f〉 = L−1
∫ L

0
f(x)dx. This modification

of the constant C takes into account the friction and mass distributed along
the cantilever beam (see S 1 of the Suppl. Info). To obtain an expression
for the constant B∗f we follow Raman and coworkers and consider the shape
function χ1(x) with resonance frequency ω̄1 in case the tip is in hard contact
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Figure 4.3: A typical approach curve as used in TNS. The inset shows the
three spectra generated from the fluctuating deflection signal (symbols) at 3
distances along the force curve, identified by arrows with a matching color,
as well as their fits to Eq. (4.9) (lines).

with the substrate. If we define ũst = Ase
jφs as the tip deflection when

it is in hard contact with the substrate, k̄c = kc(ω̄1/ω1)2, c1 = 〈ψ1〉/〈ψ2
1〉,

c1 = 〈χ1〉/〈χ2
1〉 and g1 = 〈gχ1〉/〈χ2

1〉 where g(x) = 1 − 3
2 (x/L)2 + 1

2 (x/L)3

(see Suppl. Info), we obtain for B∗f :

B∗f = − (kc −G∗)(G∗g1 + λ(kc −G∗))− c1G∗(kc −G∗)Âs
c1G∗(kc −G∗)− c1G∗(kc −G∗)Âs

(4.8)

where Âs = (As/A∞) ej(φs−φ∞) and λ = − 3
2 . Although our implementation

of this procedure differs in detail from the one given by Kiracofe and Raman
(compare our Suppl. Info with theirs), we have checked that the K∗ values
resulting from both implementations are identical.

4.2.2 Thermal noise spectroscopy

When using thermal noise spectroscopy (TNS), the cantilever is not driven
macroscopically but undergoes thermal vibrational fluctuations. As described
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in Ref. [16], the power spectral density (PSD) of these fluctuations,

P (ω) = Pw +
P0(

1− (ω/ω0)
2
)2

+ ω2/(Qω0)2

(4.9)

is measured for several tip-substrate distances. Here Pw accounts for the
instrumental (white) noise and P0 is a scaling factor. From these PSD’s
the quality factor Q and the resonance frequency ω0 are obtained by fitting
Eq. (4.9) to the data. The interaction parameters kint and γint are determined
from the changes in Q and ω0:

kint = kc

(
ω0

ω∞

)2
− kc and γint =

kc ω0

Qω2
∞
− γc (4.10)

In Fig. 4.3 an approach curve, i.e. deflection versus mean distance from
the substrate, has been given. The inset shows three spectra, measured at
different distances as indicated by the arrows with corresponding color in the
main figure, together with the best fits of Eq. (4.9).

4.3 Procedures and analysis

As mentioned in the introduction, we investigate three different phenomena
to test the force inversion procedures for both conservative and dissipative
forces. We measure the interaction and damping forces between a silica tip
and silica substrate in an electrolyte environment and on a slightly shorter
range the hydration forces between a silica tip and an atomic smooth mica
substrate. To compare the dissipative force with the macroscopic hydrody-
namic Reynolds damping we use a colloidal silica probe while measuring the
approach curves towards a silica surface. In all three cases we use both AM
and TNS.

4.3.1 Materials and procedures

Materials All experiments are performed with an aqueous salt solution of
NaCl with varying strength and pH (by adding HCl or NaOH). For the DLVO
and hydrodynamic dissipation measurements, we use a 10 mM concentration
of NaCl, resulting in a Debye length of approximately 3 nm. To increase the
surface charge on the silica surfaces – and so the DLVO interactions between
tip and substrate – we enhanced the deprotonation of the silanol groups by
adding NaOH resulting in a pH of 9. On the other hand, to suppress the
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electrostatic interaction in the dissipation experiments, we reduce the pH to
5 by adding HCl. For the hydration force measurements a freshly cleaved
mica substrate and a 400 mM solution are used. A high salt concentra-
tion has in this case two advantages. First, the hydration oscillations are
more pronounced, which leads to better reproducibility [21]. Second, the
electrostatic interactions are effectively screened and will not dominate the
oscillating hydration forces because the Debye length is less than 0.5 nm.

Procedures For the DLVO and hydration force measurements a Bruker
Multimode AFM is used with a Nanoscope V controller, E scanner and a fluid
cell made from glass. During the measurements, the fluid cell is sealed to
minimize evaporation. For the measurements with a colloidal probe a Bruker
Icon AFM is used because it is more convenient for handling different liquids.
The sample preparation and experimental settings are similar for all three
cases. Prior to the measurements, the silica substrate and cantilevers are
both rinsed in isopropanol and ethanol before they are cleaned in a plasma
chamber (Harrick Plasma) for several minutes. The DLVO measurements
are done with initially sharp tips obtained from Mikromasch (NSC36/Cr-Au
BS, nominal R ∼ 10 nm). To avoid variations of the tip curvature during
measurement, we flatten the cantilever tip after it is immersed in the liquid
by imaging the substrate in contact mode with a constant load of about
50 nN during approximately 10 minutes. Next, we calibrate the cantilever
parameters Q∞ = 4.10, ω∞/2π = 42.25 kHz and kc = 2.3 N/m by measuring
the thermal spectrum [27] at a tip-substrate separation of about 30 nm. The
actual AM measurements are done at a driving frequency, ω/2π = 41.00 kHz,
just below the initial resonance frequency and with an amplitude A∞ = 0.21
nm. We first measure amplitude and phase response as a function of the
piezo displacement down to distances where the tip is in hard contact with
the substrate. The approach curves have been plotted in Fig. 4.2. They are
used to determine As and φs. Additionally we capture 58 approach curves
at an approach speed of 100 nm/sec (amplitude, phase and static deflection
versus piezo displacement) avoiding hard contact in order not to damage the
tip, using a set-point for motion reversal at an amplitude A = 0.6A∞. The
averaged A(d) and φ(d) curves (where d is the tip-substrate distance) have
been plotted in Fig. 4.4(a). They are used for the force inversion calculations.

After the AM measurements thermal noise spectra are taken as a function
of piezo displacement. To obtain a full force distance curve, the substrate ap-
proaches the tip at a constant speed of 5 nm/s while the thermally fluctuating
deflection of the cantilever is captured at a rate of 500 kHz using a low-pass
filter with a cut-off frequency of 200 kHz. This is roughly four times the can-
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tilever resonance frequency ω∞ of about 50 kHz. The signal that drives the
substrate up and down is simultaneously monitored. The moment to reverse
the motion from approach to retraction is determined by the set-point of the
cantilever load, which is 2.5 nN. Defining this point as d = δ, where δ is a
constant close to zero nm, we correct during every approach-retraction cycle
for piezo drift which is about 0.1 nm/s. To obtain sufficient accuracy we
capture several approach curves, like in the AM measurements. The exact
number depends on the specific experiment and ranges typically from 10 to
100.

The hydrodynamic dissipation measurements (AM and TNS) are per-
formed using colloidal probe cantilevers (Team Nanotec LRCH/Cr-Au). The
approach speed is set to 100 nm/s in case of AM and reduced to 3 nm/s when
TNS is applied. For the hydration force measurements we use the same can-
tilevers as for the DLVO case, without blunting them before measurement,
but the settings are slightly different. It is known that the conservative part
of hydration forces is quasi-periodic at tip-substrate distances close to the di-
ameter of a water molecule, i.e 0.3 nm [21]. To probe this periodicity properly
with AM, the amplitude of the cantilever oscillation is set to 0.12 nm. Be-
cause this reduces the signal to noise ratio considerably, longer integration
times are required. So we reduce the approach speed in this case to 1 nm/s.
For TNS the approach speed is set to 0.3 nm/s. We have summarized all the
experimental settings in Table S2 of the Suppl. Info.

4.3.2 Data analysis

To analyze the AM data, we use both the conventional SHO model and the
continuous beam approach including the liquid mediated excitation contri-
bution. When we use the SHO model, we determine Â from the measured
A(d) ejφ(d) and A∞e

jφ∞ values and calculate K∗(d) using Eq. (4.6) with
Csho = 1 and B∗f = 0. Similarly, with the continuous beam approach, we

first calculate Âs from the measured As e
jφs and A∞e

jφ∞ values and apply
Eq. (4.8) to calculate B∗f . Then we determine Â and calculate K∗(d) again
with Eq. (4.6) but now with Ccbm = 1.57, see Eq. (4.7). For the DLVO force
measurements, we find B∗f = (0.577 + 1.157 j), indicating that excitation via
the fluid is significant. In case of the hydration force measurements, per-
formed with the same instrument, same cantilever and same liquid cell, we
obtain B∗f = (1.382 + 0.014 j), which is of the same order of magnitude but
has a different phase angle.This can be due to a slightly different mounting of
the cantilever in the cell. For the hydrodynamic dissipation measurements,
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performed with the Icon instrument, we get B∗f = (0.566− 0.142 j). Because
Ccbm|1 + B∗f | ∼ 3 we expect to find a clear discrepancy between the results
obtained with the SHO model and the continuous beam approach. This will
be further discussed in Section 4.4.

In the TNS analysis, the recorded displacement sequences during each
approach are divided into intervals of 215 points [16]. At the given approach
rate, the substrate travels less than 0.4 nm during each interval. Performing
hydration force measurements, it is even less, ∼ 0.02 nm. Consequently,
each interval can be associated with a single tip-substrate distance d with
a resolution of 0.2 (0.01) nm. To correct the time sequences for the (also
interaction dependent) average deflection of the cantilever, the best fitting
straight line to the sequence is substracted from that sequence, before it
is transformed into a PSD. Next Eq. (4.9) is fitted to the experimentally
obtained PSD from which ω0, Q, and using Eq. (4.10) also kint and γint are
determined. In the fitting process, the frequency data below 0.15 ω0 are
excluded to avoid contributions from the 1/f noise. Also the high frequency
data (above 2 ω0) are omitted because these mix up with contributions from
the first overtone. Figure 4.4(b) shows the ω0 and Q versus distance curves
obtained from the DLVO force measurements. They are the average of nine
consecutive approach curves.

To compare the results of the AM and TNS method with each other (and
with theoretical calculations), the tip-substrate distance should be known
accurately. This distance is defined by the piezo position relative to the
substrate plus the cantilever deflection. To determine the piezo position
relative to the substrate, we analyze the approach curve when the tip is in
hard contact with the substrate (see Figs. S1 and S2 of the Suppl. Info).
For deflections above 10 nm we fit a straight line to the measured deflection
versus piezo position curve (static deflection curve). Extrapolating this line to
deflection zero gives us the piezo position at which a non-deflected tip would
just touch the substrate. At this point the actual tip-substrate distance is
equal to the cantilever deflection (point P in Fig. S1 of the Suppl. Info).
Simultaneously with each AM and TNS approach curve we also measure the
static deflection curve. As these static deflection curves should match with
each other, we can determine the point P also for cases where no hard contact
was established, see the black and red curves in Fig. S1 of the suppl. info.
So we can determine the tip-substrate distance δ of the turning point in the
approach curves for all cases. For the DLVO force measurements the TNS
set point of 2.5 nN (i.e. a deflection of 1.1 nm) corresponds to a tip-substrate
distance at the turning point of δ ' 0.2 nm (the end point of the black noisy
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Figure 4.4: AM and TNS measurements in 10 mM NaCl on silica substrate.
(a) Amplitude and phase, the data are averaged over 52 approaches. The am-
plitude is normalized with respect to A∞. (b) ω0/ω∞ and Q as obtained from
the power spectra of the cantilever’s thermal motion. The data are extracted
from 9 approaches. Experimental parameters: Mikromasch NSC36/Cr-Au
BS, kc = 2.30 N/m, γc = 2.06 µNs/m, ω∞/2π = 42.25 kHz, ω/2π = 41.00
kHz, A∞ = 0.205 nm.
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curve in Fig. S1 of the Suppl. Info). The amplitude reduction set point of
A/A∞ = 60 % in AM corresponds to δ ' 0.7 nm (the end point of the red
noisy curve in Fig. S1). For the hydrodynamic dissipation measurements we
used a TNS set point of 20 nN, corresponding to δ ' 0.5 nm, while for AM we
used an amplitude reduction set point of A/A∞ = 25 %. This corresponds to
δ ' 3.7 nm. Measuring the hydration forces, we use another criterion. The
profile of kint(d) against piezo displacement shows clear maxima and minima.
These are used to align both the kint(d) and γint(d) curves such that the
average of the two largest local minima in kint(d) of all curves coincides. In
this way we not only optimize the accuracy of the tip-substrate distance, but
also prevent smearing out of the kint(d) and γint(d) curves when averaging
over a large number of curves.

4.4 Results

In this section, we present the results of the three experiments and, when
appropriate, compare them with theoretical predictions. The results from
the AM analysis using the simple harmonic oscillator model are referred to
as SHO, those of the continuous beam approach as CBM.

4.4.1 DLVO and squeeze-out force with sharp tips

Figure 4.4 shows the primary results from the DLVO force experiment. Both
the A(d), φ(d) and the ω0(d) curves show a characteristic transition near
a tip-substrate distance of 5 nm, reflecting the range of the electrostatic
interactions which is given by the Debye length, i.e. 3 nm for a 10 mM salt
solution. The resulting force gradient (interaction stiffness) and dissipation
have been shown in Fig 4.5. We observe a good agreement between the
interaction stiffness results obtained with TNS, CBM and SHO. All data
points agree with each other within 0.03 N/m. As an additional check, we also
determine the interaction stiffness from the static deflection versus distance
curves, by taking the derivative of the static deflection curve with respect
to distance, multiplied by the intrinsic stiffness of the cantilever kc, the gray
curve in Fig. 4.5. As can be observed from the figure, the obtained values
match well with the interaction stiffness that was measured using AM or TNS.
However, the interaction damping obtained from the SHO analysis deviates
from the other results, and reveals even an unrealistic negative interaction
damping coefficient.
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Figure 4.5: Interaction stiffness and damping coefficient versus distance as
obtained from AM using the SHO model (green line and circles), using the
CBM approach (red), from TNS (black) and from static deflection (gray).
The blue triangles represent the calculated interaction stiffness based on the
DLVO theory, Eq (4.11). The inset shows a SEM image of the contact area
(within the red contour) of the tip after use. Experimental settings are the
same as in Fig. 4.4.
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DLVO calculation The conservative DLVO force F between tip and
substrate results from three contributions, i.e. the osmotic, electrostatic and
van der Waals force:

F = S

{
kBT

∑
i

n∞i

(
e
−Zieφ
kBT − 1

)
− ε0εr

2

(
∂φ

∂x

)2
− AH

6πd3

}
(4.11)

Here S is the interaction area of the tip which was flattened as described in
Section 4.3.1. The first term within the braces represents the osmotic con-
tribution with φ the electric potential, e the elementary charge and kBT the
thermal energy. Zi is the valency and n∞i the bulk concentration of ions of
species i. In our experiment four ionic species are present, as there are cations
and anions from dissolved NaCl as well as hydroxide and hydrogen ions due
to auto hydrolysis. The second term represents the electrostatic contribu-
tion with ε0 the electric permittivity of vacuum and εr the relative dielectric
constant of water. In the third term, AH represents the Hamaker constant
and d the tip-substrate separation. Calculation of the osmotic and electro-
static contribution requires the solution of the electric potential between the
tip and the substrate. This potential is governed by the Poisson-Boltzmann
equation:

ε0εr
∂2φ

∂x2
= −

∑
i

eZin
∞
i e
−Zieφ
kBT (4.12)

Last equation is conventionally solved by assuming either constant charge
or constant potential on tip and substrate. These assumptions are justified
for large tip-substrate separations (where tip and substrate only weekly in-
teract with each other), but usually fail in the regime of small tip-substrate
distances. In this regime (κd < 10, where κ = (e2

∑
Z2
i n
∞
i /ε0εrkBT )1/2 is

the reciprocal Debye length) the local charge density and potential vary with
separation distance d to compensate the confinement-induced modification
of the surface chemistry. Hence, the boundary conditions for Eq. (4.12) are
controlled by charge regulation [19,28,29]:

σs = Fcr(φs; n
∞
i ,Γ, pKH , pKNa, CS) (4.13)

where σs is the surface charge density of the substrates and φs the surface po-
tential. Moreover, Γ = {S−}+{SH}+{SNa} is the total site density of surface
groups, pKH the equilibrium constant for protonation-deprotonation of the
Silica tip and substrate, ∼SH 
 ∼S−+H+, pKNa the equilibrium constant
for cation adsorption-desorption, ∼SNa
 ∼S−+Na+ and CS the capacity
of the Stern layer with thickness dS . The exact dependence of σs on φs has
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been given in the Suppl. Info, see also [19]. As [Na+], [Cl−], [H+], [OH−]
are known and Γ, pKH , pKNa, CS can be obtained from literature, only the
interaction area S is unknown. Therefore we use S as fitting parameter, when
we fit the calculated −∂dF (d) curve to the experimental kint values obtained
with TNS. Data at separations d < 2.5 nm are omitted from this procedure,
because the DLVO theory, as it is continuous in nature, is inadequate to
describe the interactions at these small distances [17]. An example of such
interactions is the hydration force we study in Fig. 4.7 (see Section 4.4.3).

The calculated interaction stiffness kint = −∂dF (d) has been plotted in
Fig. 4.5, too. It matches very convincingly with both the AM and TNS
results. The fitted tip area S is 1900 nm2. This is rather close to the area
obtained from the SEM image of the tip after use, which is approximately
2000 ± 100 nm2, see the inset of Fig. 4.5. This agreement with commonly
accepted theory demonstrates the validity of both approaches at least for the
conservative part of the tip-substrate interaction.

4.4.2 Hydrodynamic dissipation with a colloidal probe

In Fig. 4.6 the results from the colloidal probe force spectroscopy have been
shown. In this case the agreement between the TNS and AM results is still
reasonable but less convincing than in the previous case. For the interaction
damping γint we observe a fair agreement between the CBM and TNS results
although they deviate slightly for d < 6 nm. In this range the SHO results
for the damping coefficient are systematically smaller than those from the
other two approaches. The TNS results for the interaction stiffness kint agree
nicely with the stiffness calculated from the static deflection curve, which is
captured simultaneously with the AM amplitude and phase curves. However,
the AM results deviate significantly from both. The discrepancy starts at
about d = 8 nm, and it increases to about 50 % at 4 nm. Note that also in
this case SHO and CBM give the same results for the conservative part of the
interaction. The discrepancy between the TNS and CBM analysis is probably
caused by the accuracy with which the B∗f coefficient can be determined (see
Section 4.2.1). To determine B∗f one needs to measure As/A∞ (see Fig. S2 of
the Suppl. Info). However, in this case As/A∞ does not show a plateau for
large cantilever deflections, but increases with decreasing piezo distance with
a slope of −1 %/nm. So the estimate for As/A∞ is inaccurate. Specially the
obtained values for γint are sensitive to variations in As (see Fig. S3 of the
Suppl. Info).

For a colloidal probe near a flat substrate, the expected hydrodynamic
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Figure 4.6: Interaction stiffness and damping versus distance obtained with a
colloidal probe cantilever in a 10 mM NaCl solution on silica. The AM results
(CBM: red, SHO: green) are the average of 10 approach curves, TNS results
(black) of 3 approach curves. The interaction stiffness derived from static
deflection is given by the blue + symbols. The blue x symbols represent the
calculated damping coefficient. The inset shows a SEM of the tip after use.
The dashed red line indicates the curvature of the tip apex, R = 800 nm.
Experimental parameters: Team Nanotec LRCH/Cr-Au BS, kc = 4.13 N/m,
γc = 5.52 µNs/m, ω∞/2π = 35.60 kHz, Q∞ = 3.50, ω/2π = 34.00 kHz,
A∞ = 0.38 nm.
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Reynolds damping for a Newtonian liquid with viscosity η under no-slip con-
ditions is given by:

γint(d) = 6π
ηR2

tip

d−∆
− γoffset (4.14)

Since for practical reasons γint is defined to be zero for d ≥ dc = 25 nm,
γoffset = 6πηR2

tip/(dc −∆). ∆ is an offset to compensate for the uncertainty
in the tip-substrate separation. We fit Eq. (4.14) to the measured interac-
tion damping as obtained from the TNS analysis for separations larger than
2.4 nm, using ηR2

tip and ∆ as fitting parameters. We obtain for ηR2
tip =

(1.06±0.05)×10−15 Ns. The radius obtained from the SEM image of the tip
after use is 0.8± 0.1 µm, resulting in a viscosity η = 1.7± 0.4 mPa s, which
is almost twice the viscosity of pure water at T = 25 ◦C, η = 0.89 mPa s. As
both the tip and the substrate are negatively charged this discrepancy can be
caused by the electroviscous effect, which indeed under certain circumstances
can enhance the viscosity by at least 50% [30]. In a future publication we will
address this issue in more detail. For the offset in the tip-sample distance we
find ∆ = 0.8 nm. Last value suggests that there is a stagnant hydration layer
present at both the tip and the substrate with a thickness of about 0.3 nm,
as discussed by [31]. The remaining 0.2 nm is of the order of the accuracy
with which the tip-substrate distance can be determined.

We have masked the results in Fig. 4.6 for distances below 2.5 nm because
in this range the TNS data become inaccurate due to the low quality factor.
The agreement between the measured and the theoretical Reynolds damping
demonstrates that the TNS approach is not only valid for the conservative
part but also for the dissipative part of the tip-substrate interaction. The
CBM approach is in this case less accurate, leading to relative errors up to
15 %.

4.4.3 Oscillatory hydration force

As a final test case, we study oscillatory hydration forces between a silica tip
and mica in aqueous 0.4M NaCl solution. Oscillatory hydration forces are
less ideal as a validation case in the sense that there is no generally accepted
theory to compare to. At the same time, this makes them a particularly
interesting test case because of challenging open scientific questions. While
the conservative part of the force oscillations has been well established since
the early measurements with the Surface Forces Apparatus (SFA) in the
1980s [17, 31], the behavior of the dissipation in confined liquids has been a
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Figure 4.7: Interaction stiffness and damping coefficient versus distance of
an AFM tip in 400 mM NaCl on mica. The AM results (CBM: red curves,
SHO: blue dots) are averaged over 81 approaches, TNS results (black) over 30
approaches. The blue line represents the Reynolds damping for a tip radius
of 20 nm. The cantilever calibration as described in Fig. 4.4 is carried out
before recording the amplitude-phase-distance curves. The inset shows the
oscillations in the damping, visible in both TNS and CBM. Experimental pa-
rameters: Mikromasch NSC36/Cr-Au BS, kc = 1.00 N/m, γc = 1.66 µNs/m,
ω∞/2π = 29.11 kHz, Q∞ = 3.25, ω/2π = 29.40 kHz, A∞ = 0.12 nm.

subject of vivid debates ever since [6,8,15,20,25,32]. With the advent of dy-
namic AFM measurements that enable stabilization of arbitrary tip-sample
distances (no mechanical jump-to-contact instabilities) the focus of the at-
tention has shifted towards the specific question whether the strong modu-
lation of the conservative forces and the density of the fluids is reflected in a
non-monotonic dependence of the dissipation on the tip-sample distance [32].
Figure 4.7 shows the stiffness and the dissipative part of the hydration forces
as a function of tip-sample distance. All three methods, the TNS and the
SHO and CBM analysis of the actively driven AM-AFM measurements dis-
play oscillations of the stiffness at separations below 1nm. The distance
between adjacent peaks is 0.3± 0.03 nm, which is typical for the thickness of
a layer of water as reported before. The SHO and CBM analysis of the driven
measurements overlap perfectly, in line with the observations for the conser-
vative DLVO forces in Figs. 4.5 and 4.6. Both SHO and CBM measurements
display a somewhat smaller amplitude though, than the TNS measurement.
This is not surprising because we linearize the tip-sample interaction in the
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course of our data analysis (see section 4.2.1 ). In earlier measurements and
numerical calculations for the reference case of Octamethylcyclotetrasiloxane
(OMCTS), we quantified how the measured strength of oscillatory solvation
forces decreases with increasing cantilever oscillation amplitude [11]. It was
demonstrated there that the actual strength is only recovered for cantilever
amplitudes below approx. 10-15% of the diameter of the molecule in question.
For water, would require a drive amplitude below 50 pm, i.e. less than half
the value 0.12 nm used in our present measurements. Extrapolating from the
results in ref. [11], which assume that the solvation forces can be described
as an exponentially decaying cosine function, we find that the intrinsic am-
plitude of the oscillatory forces should be approximately 2.5 times stronger
than displayed in Fig. 4.7. The result is rather close in amplitude (≈ 30%
larger) compared to the TNS. Yet, the stiffness obtained by TNS displays a
slight negative background qualitatively consistent with the static deflection,
which is absent in the AM-AFM data. Upon integration, this would lead to
a net attractive force (see Suppl. Info). At this stage, we do not have an ex-
planation for this deviation. (It is tempting to apply existing force inversion
formulas for AM-AFM for arbitrary oscillation amplitudes [33]. Applying
this method indeed increases the amplitude of the oscillations in the recov-
ered solvation forces. Yet, we refrain from showing these data because this
approach, which is based on the Sader-Jarvis formalism, has been reported
to fail for dissipative forces, in particular in liquid environment and in the
presence of steep gradients of the conservative force [33, 34].) For the dis-
sipative forces, the SHO analysis strongly deviates from the result obtained
by both TNS and CBM, similar to the case of the viscous dissipation with
slightly blunted tips reported in Fig. 4.5. TNS becomes unreliable below ap-
prox. 0.25 nm, when the cantilever motion becomes overdamped. For larger
separations, however, TNS and CBM agree and both consistently reveal a
non-monotonic behavior of γint with local minima of the dissipation around
0.45 nm and 0.8 nm and consistent a local maximum around 0.6 nm (see
inset Fig. 4.7). Figure 4.7 also shows that the expected viscous dissipation
based on the bulk viscosity of water for an assumed tip radius of 20 nm is
consistent with the damping coefficient extracted from the experiments for
tip-sample distances beyond ≈ 0.6 nm. It is worthwhile to note that the
amount of energy dissipated in this flow is rather small. For the present sys-
tem, we can provide an upper limit of the power dissipated between tip and
sample by P ≈ γint(ωA)2 ≈ 4 × 10−18 W. For each oscillation cycle with a
period of τ = 30 µs, this corresponds to an amount of dissipated energy of
1×10−22 J ≈ 0.03 kBT . This very small number, which is roughly consistent
with the reports by Labuda et al. [25], corresponds to a fraction of the latent
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DLVO and Hydr. squeeze-out Osc. Hydration
Rtip = 40 nm Rtip = 1 µm Rtip = 20 nm

kc [N/m] 2.30 4.13 1.00
kmax

int [N/m] † 0.5 2.0 0.5
γc [µNs/m] 2.06 5.52 1.66
γmax

int [µNs/m] † 0.4 10.0 0.5

∆kint

kmax
int

∆γint

γmax
int

∆kint

kmax
int

∆γint

γmax
int

∆kint

kmax
int

∆γint

γmax
int

Static Defl. ±0.05 - ±0.02 - ±0.10] -
Theory ‡ ±0.05 - - ±0.01 - -
CBM ±0.05 ±0.15 +0.40 +0.08 ±0.30] ±0.13
SHO ±0.05 −1.25 +0.40 −0.10 ±0.30] ±1.00

Table 4.1: Relative deviations with respect to TNS for the three different
types of interactions. Indicated are the largest deviations, scaled on kc and
γc, respectively. (+) the measured values are systematically larger than the
corresponding TNS values; (−) they are systematically smaller; (±) the val-
ues scatter around the corresponding TNS values. (†) kmax

int and γmax
int are

an estimate of the maximum values in the considered distance range. (‡)
These values were obtained after fitting the theoretical model to the TNS
measurements, see text. (]) Values are based on the amplitude of the spatial
oscillation.

heat of melting per water molecule in the bulk ∆Hb = 6 kJ/mole ≈ 10−20 J.
This is consistent with the idea that the confined water layers remain highly
mobile and that the AFM measurement does not drive the system very far
out of equilibrium.

4.5 Discussion

To summarize our findings we collected all results in Table 4.1. As kint and
γint strongly vary with tip-substrate distance and can become very small for
larger distances, we scale the deviations ∆kint and ∆γint on the maxima kmax

int

and γmax
int , respectively. We observe that the static deflection measurements

are in good agreement with the corresponding TNS results. Also the the-
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oretical calculations are in good agreement with the TNS data; the values
obtained for the fit parameters are in both cases realistic, the fitted tip area
matches nicely with the value obtained from the SEM pictures, while also
the viscosity enhancement due to electroviscous dissipation seems realistic.

Moreover, the dissipative forces obtained with SHO deviate significantly
from those obtained from CBM or TNS. But in all experiments carried out
in this study, the conservative forces, which were extracted using the SHO
model, agree quantitatively with the values extracted using the continuous
beam model. While the latter is definitely superior in describing the details
of the actual motion of the cantilever, this observation implies that the effect
of the fluid-mediated excitation is implicitly corrected for by the calibration
procedure described in [11, 35], even if the actual base motion of the can-
tilever is not properly described as noted by Kiracofe and Raman [14]. This
observation is quite surprising and we do not have a simple physical expla-
nation for it. It is also at variance with the report in [14], but it is consistent
with our earlier findings [11]; the observed agreement is clear, both with the
TNS measurements and with the static deflection curves as well as with the
theoretical predictions. From a practical perspective, using the simpler SHO
model calibration procedures of refs. [11, 35] has the additional advantage
that it does not require hard mechanical contact between tip and sample.
While this crucial step of the calibration procedure in the continuous beam
model can obviously be carried out at the end of each experiment, it still
implies that the tip can be damaged. Ex situ characterization of the AFM
tip by high resolution scanning electron microscopy then no longer provides
the actual geometry during the measurements. At last we conclude from
Table 4.1 that all data obtained with the CBM approach are within 40%
accuracy in agreement with the corresponding TNS data.

While the main focus of our experiments was to provide an experimental
validation of the AM-AFM method proposed in ref. [14] using DLVO and
hydrodynamic squeeze-out forces, it is also worthwhile to comment on the
non-monotonic variations of the damping in the presence of oscillatory solva-
tion forces in Fig. 4.7, which is at variance with the conclusions in ref. [25].
Taking a step back, it is clear that early AM-AFM measurements [32] also
suffered from similar cross-talk between conservative and dissipative force
channels, as pointed out by Kaggwa et al. [20] and analyzed in detail by de
Beer et al. [11]. On the other hand, the early FM-AFM measurements with
OMCTS [20], neglected that a very similar coupling occurs in FM-AFM, too,
as demonstrated recently by Labuda et al. [25]. Moreover, the measurements
in [20] suffered from excessive drive amplitudes compared to the size of the
molecules and the use of force inversion formulas that have been reported
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to be questionable for the reconstruction of dissipative forces in the pres-
ence of strongly varying conservative forces [33, 34] and to the best of our
knowledge have not been validated for these conditions. As a consequence,
Kaggwa et al. concluded that even for OMCTS, the dissipation increases
monotonically with decreasing distance, which is in contrast to our more re-
cent TNS measurements with OMCTS [16] and AM-AFM [11] that both do
show non-monotonic dissipation. For water, the situation is similar. The
present AM-AFM and TNS measurements as well as the off-resonance AM-
AFM measurements by Khan et al. [36] show non-monotonic dissipation.
The FM-AFM measurements by Labuda et al. [25] do display oscillations in
the raw dissipation signal of their FM-AFM measurements, too, but they
attribute them exclusively to cross-talk between conservative and dissipa-
tive interactions. At the same time, the absolute order of magnitude of the
dissipated energy is the same. At this stage, we do not see any convincing
explanation for the differences between our data and ref. [25]. It should be
noted, though, that beyond the largely technical debates on measurement
and analysis procedures, evidence is growing that the question whether the
damping of tip-sample interaction forces in AFM measurements of confined
liquids is per se oscillatory or not may not be entirely well-posed. To explain
the atomic resolution contrast on one hand and the small but measurable
increase in dissipation at distances of 0.2-1 nm, Labuda et al. [25] invoke a
specific tip geometry consisting of an atomically small cluster that is respon-
sible for the high resolution and a substantially blunter part of the tip with a
rather large tip radius (50 nm). In fact, the tip was intentionally crashed into
the surface prior to the measurement in order to create the small cluster that
was need for high resolution imaging. Very plausibly they argue along with
earlier theoretical suggestions [37, 38] that the few water molecules involved
in mediating the interaction between the cluster and the surface cannot dissi-
pate enough energy to generate a measurable signal. The larger blunter part
is therefore invoke to explain the measured increase in dissipation. Whether
such an increase in dissipation is oscillatory or not depends on the resulting
local tip geometry, as has been confirmed by molecular dynamics simulations
with simple Lennard Jones systems [39]. Only blunt but smooth tips – in the
extreme case the two surfaces of an SFA – probe the intrinsic properties of a
confined liquid. Sharp tips, however, probe an intrinsically three-dimensional
system. From this perspective, a conclusion of the deviations between the
present measurements and ref. [25] could be that the uncertainties arising
from the unknown details of the tip geometry are actually more important
than the differences between measurement techniques of carefully executed
TNS, AM-AFM, and FM-AFM measurements.
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In this study we did not consider frequency modulation AFM force spec-
troscopy (FM-AFM) with piezo excitation under liquid. In AM-AFM, the
effect of the spurious peaks in the transfer function, which are caused by cell
geometry and the driving piezo as demonstrated by Kiracofe and Raman [14]
can be reduced to a single complex number. This number depends on the ex-
citation frequency. Yet, as long as the latter is kept constant and as long as it
is guaranteed that the spurious peaks do no change during the measurements
(e.g. due to evaporation of fluid), this contribution is canceled out by the
calibration measurement of the free amplitude. For FM-AFM, the excitation
frequency varies by definition as the forces between tip and sample change.
Hence, the frequency-dependent correction factor varies with tip-sample dis-
tance. As a consequence one has to determine the transfer function of the
driving piezo itself. This is possible, as demonstrated by Labuda et al. [10].
Yet, the resulting force inversion procedure is rather complex and we are not
aware of any validation study that quantifies the reliability of FM-AFM as
we do in this case for AM-AFM.

4.6 Conclusion

From our experimental comparison of amplitude modulation (AM) with acous-
tic excitation in liquid – with and without fluid mediated driving – with ther-
mal noise spectroscopy (TNS), we conclude that conservative forces can be
measured consistently within at least 40% accuracy for all three approaches.
If the drive amplitude is sufficiently small to justify linearization of the tip-
sample interaction, one can restrict oneself to the more straightforward small
amplitude analysis, in other cases the approach of de Beer et al. [11] or Katan
et al. [33] should be used. Weak interaction stiffnesses that decay or increase
monotonically with tip-substrate distance, like that of DLVO forces, can be
measured using sharp tips (interaction area ∼ 10−3 µm2) even within 5%
accuracy with all investigated approaches. Accurate measurement of dissi-
pative forces (within 10% of the predictions of macroscopic fluid dynamics)
requires thermal noise spectroscopy or the use of continuous beam theory,
including the fluid mediated driving contribution. Moreover, the AM ap-
proach is faster than TNS, because TNS demands a much larger amount
of data points to obtain reliable statistics. Hence, we have established that
both TNS and AM-AFM provide a reliable method for force spectroscopy
under liquid. Conservative forces can be determined by AM-AFM using the
more straightforward and widely used simple harmonic oscillator approach
with the same accuracy as when the continuous beam approach with fluid
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mediated driving is used. For dissipative forces one can use TNS or AM-
AFM provided that the fluid mediated driving of the cantilever is taken into
account.
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4.A Appendix

4.A.1 Dynamics of a cantilever driven by a piezo under
liquid

Here we follow the approach of Kiracofe and Raman [1] and Xu and Raman
[2] to analyze the behavior of an acoustically driven cantilever under liquid.
The partial differential equation describing the time dependent shape of a
vibrating cantilever under liquid reads:

EI ∂4
xz(x, t) + ρA∂2

t z(x, t) = fh(x, t) (a1)

where

fh(x, t) =

∫ ∞
0

−Γ(t′) (z̈(x, t− t′)− z̈f (x, t− t′)) dt′ (a2)

is the hydrodynamic force per unit length on the cantilever at position x. The
fluid velocity, caused by the piezo disturbance at that position, is indicated
with vf (x, t). This disturbance is assumed to depend linearly on the piezo
displacement at the base of the cantilever:

vf (x, t) =

∫ ∞
0

−Bf (x, t′) żb(t− t′) dt′ (a3)

where Bf describes the coupling. Translating these three equations to the
frequency domain yields:

EI ∂4
xz̃(x, ω)− ω2ρA z̃(x, ω) = f̃h(x, ω)

with
f̃h(x, ω) = ω2Γ∗(ω) {z̃(x, ω)− z̃f (x, ω)}
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and

z̃f (x, ω) = −B∗f (x, ω) z̃b(ω)

Note that B∗f (x, ω) relates the fluid velocity along the cantilever at position
x with the displacement of the driving piezo. This dependence on x has been
neglected. Moreover, B∗f (ω) corresponds with −Afluid(ω) as defined in [1].
Combining last three equations we get:

EI ∂4
xz̃(x, ω)− ω2ρA z̃(x, ω) = ω2Γ∗(ω)

(
z̃(x, ω) +B∗f (ω) z̃b(ω)

)
(a4)

To solve this equation they assume that the cantilever shape can be written
as a linear combination of the shape profiles belonging to the different modes
in free vibration:

z̃(x, ω) = w̃(x, ω) + z̃b(ω) (a5)

w̃(x, ω) =
∑
n

ũn(ω)ψn(x) (a6)

where ψ(x) is normalized such that Lψ′(L) = 1. This is different from
Kiracofe et al. but makes more sense because the measured signal will be
proportional to Lw̃′(L) =

∑
ũnLψ

′
n(L) in stead of w̃(L) =

∑
ũnψn(L).

Moreover, ψ′′′′n (x) = q4
nψn(x) with

(qnL)4 = ω2
n

L(ρA+ Γ′n)

EI/L3
(a7)

To fulfill the boundary conditions for free vibration:

ψ(0) = 0, ψ′(0) = 0, ψ′′(L) = 0 and ψ′′′(L) = 0 (a8)

one obtains for qnL the condition:

cos qnL cosh qnL+ 1 = 0 (a9)

The shape mode functions are given by:

ψn(x) = Sn(cosh qnx− cos qnx)− Cn(sinh qnx− sin qnx) (a10)

where

Sn =
sinh qnL+ sin qnL

2qnL sinh qnL sin qnL
, Cn =

cosh qnL+ cos qnL

2qnL sinh qnL sin qnL



100
Chapter 4. Amplitude modulation Atomic Force Microscopy,

is acoustic driving in liquid quantitatively reliable?

The values for qnL for the first 4 modes have been listed in Table S1, to-
gether with the corresponding resonance frequencies scaled on the reference
frequency:

ωref =

√
EI/L3

L(ρA+ Γ′n)

For higher modes the qnL values are just given by qnL = (n− 1
2 )π.

n qnL/π νn
1 0.596863 003.5160
2 1.494176 022.0344
3 2.500247 061.6972
4 3.499989 120.9019

Table S1: The numerical values for qn and νn = ωn/ωref for the first 4
modes.

Substituting Eqs. (a5) and (a6) into Eq. (a4) we get:∑
n

(
EI q4

n − ω2(ρA+ Γ∗)
)
ũnψn(x) = ω2(ρA+ Γ∗[1 +B∗f ])z̃b (a11)

Using orthogonality of the mode functions, Eq. (a11) is left and right mul-
tiplied with ψm(x) and integrated over the length L of the cantilever:

(
EI q4

m − ω2(ρA+ Γ∗)
)
ũm〈ψ2

m〉 = ω2z̃b(ρA+ Γ∗[1 +B∗f ])〈ψm〉 (a12)

where the average is defined by 〈f〉 = L−1
∫ L

0
f(x) dx. Defining cm =

〈ψm〉/〈ψ2
m〉 we arrive at:

ũm
z̃b

=
cm ω

2L(ρA+ Γ∗ + Γ∗B∗f )

EI/L3 (qmL)4 − ω2L(ρA+ Γ∗)
(a13)

If we measure close to the first resonance peak of the cantilever, i.e. w̃ =∑
n ũnψn(L) ' ũ1ψ1(L), so Lw̃′ ' ũ1Lψ

′
1(L) = ũ1, we can rewrite Eq. (a13)

as:

A∞e
jφ∞

Abejφb
= c1

ω2meff − jωγc + ω2maddB
∗
f − jωγcB∗f

kc − ω2meff + jωγc

= c1
G∗(1 +B∗f )− ω2mcB

∗
f

kc −G∗

(a14)
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where kc = EI/L3 (q1L)4 is the cantilever stiffness, mc = LρA its mass,
madd = LΓ′ the added mass, meff = mc + madd, and γc = −ωLΓ′′ the
cantilever background damping. Moreover, G∗ = ω2meff − jωγc). Taking
also in account that ρA� Γ′, Eq. (a14) reduces to:

A∞e
jφ∞

Abejφb
= c1

G∗(1 +B∗f )

kc −G∗
(a15)

Following the same line of thought we will derive an expression forAse
jφs/Abe

jφb

in case the tip is in hard contact with the substrate. Now the cantilever de-
flection is described as:

w̃(x, ω) =
∑
n

ũn(ω)χn(x) (a16)

with boundary conditions χ(0) = χ′(0) = χ′′(L) = χ(L) = 0. To obey these
conditions the values of qnL are in this case given by:

tan qnL = tanh qnL (a17)

or in good approximation:

q0L = 0, qnL = (n+
1

4
)π (n ≥ 1) (a18)

The shape functions χn(x) are identical to the ψn(x), only the values for
qnL and qnL are different. The reason for this similar form of ψ and χ is
because both obey the boundary conditions χ(0) = χ′(0) = χ′′(L) = 0. They
differ in the 4th boundary condition resulting in different expressions qnL for
each mode. To solve Eq. (a4):

EI ∂4
xz̃(x, ω)− ω2ρA z̃(x, ω) = ω2Γ∗(ω)

{
z̃(x, ω) +B∗f (ω) z̃b(ω)

}
for the hard contact case, the cantilever shape can be written as a linear
combination of the shape profiles belonging to the different modes in vibration
in hard contact:

z̃(x, ω) = w̃(x, ω) + g(x)z̃b(ω) (a19)

w̃(x, ω) =
∑
n

ũn(ω)χn(x) (a20)

where g(x) is a function with g(0) = 1 and g′(0) = g(L) = g′′(L) = 0, just to
match the boundary conditions for χ(x) with those for z̃(x, ω). The function
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g(x) = 1 − 1
2 (x/L)2(3 − x/L) fulfills these requirements. Moreover its 4th

derivative is zero. Substituting Eqs. (a19) and (a20) into Eq. (a4) we get:

∑
n

(
EI q4

n − ω2(ρA+ Γ∗)
)
ũnχn(x) = ω2[(ρA+ Γ∗)g(x) +B∗fΓ∗]z̃b (a21)

Using orthogonality of the mode functions once more, Eq.(a21) is left and
right multiplied with χm(x) and integrated over the length L of the cantilever:

(
EI q4

m − ω2(ρA+ Γ∗)
)
ũm〈χ2

m〉 = ω2[(ρA+Γ∗)〈g χm〉+B∗fΓ∗〈χm〉]z̃b (a22)

Defining cm = 〈χm〉/〈χ2
m〉 and gm = 〈gχm〉/〈χ2

m〉, we arrive at:

ũm
z̃b

=
ω2L (gm(ρA+ Γ∗) + cmΓ∗B∗f )

EI/L3 (qmL)4 − ω2L(ρA+ Γ∗)
(a23)

The signal measured at the detector is given by:

Lz̃′(L) =
∑
n

ũnLχ
′
n(L) + Lg′(L)z̃b

Because Lχ′n(L) = 1 by normalization and Lg′(L) = λ = − 3
2 , we obtain:

Lz̃′(L)

z̃b
=

∑
n ũn
z̃b

+ λ

As we are driving at a frequency below the first resonance frequency, again
Kiracofe et al. assume that

∑
n ũn ' ũ1 and the final result reads:

Lz̃′(L)

z̃b
=

ω2L (g1(ρA+ Γ∗) + c1Γ∗B∗f )

EI/L3 (q1L)4 − ω2L(ρA+ Γ∗)
+ λ

or:
Ase

jφs

Abejφb
=
G∗(g1 + c1B

∗
f )

kc −G∗
+ λ (a24)

where kc = EI/L3(q1L)4.

Finally, to obtain an expression for (Aejφ)/(Abe
jφb) Kiracofe et al. state

(see Eq. (39) of suppl. info in [1]):

[kc − ω2meff + jωγc +K∗]ũ1 = [c1 (ω2meff − jωγc)(1 +B∗f )−K∗/ψ1(L)]z̃b
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where K∗ = kint + jωγint, and we arrive at:

Aejφ

Abejφb
=
c1G

∗(1 +B∗f )−K∗/ψ1(L)

kc −G∗ +K∗
(a25)

Summarizing our main results, we have obtained the following expressions:

Â =
Aejφ

A∞ejφ∞
=

(c1G
∗(1 +B∗f )−K∗/ψ1(L))(kc −G∗)
c1G∗(1 +B∗f )(kc −G∗ +K∗)

(a26)

Âs =
Ase

jφs

A∞ejφ∞
=
kc −G∗

kc −G∗
G∗(g1 + c1B

∗
f ) + λ(kc −G∗)

c1G∗(1 +B∗f )
(a27)

from which the unknowns B∗f , Abe
jφb and K∗ can be determined using the

experimentally obtained Aejφ, A∞e
jφ∞ and Ase

jφs . The other quantities
are known from calculation.

First we determine B∗f :

B∗f =
c1G

∗(kc −G∗)Âs − (kc −G∗)(G∗g1 + λ(kc −G∗))
c1G∗(kc −G∗)− c1G∗(kc −G∗)Âs

(a28)

Next we determine K∗ from Eqs. (a26) and (a27):

K∗ =
G∗(kc −G∗)(1 +B∗f )(1− Â)

G∗(1 +B∗f )Â+ (kc −G∗)/(c1ψ1(L))
(a29)

Eqs. (a28) and (a29) are our final result. From numerical calculations,
we get the values for the four coefficients, c1 = 2.1556, ψ1(L) = 0.7265,
g1 = −2.9128, and c1 = −4.9133.

4.A.2 Supplementary Information

Experimental settings, calibration of tip-substrate dis-
tance

In Table S2 the experimental settings are given for all three types of measure-
ments: DLVO force, hydrodynamic dissipation, and hydration force, which
are done with both AMS and TNS.

Figures S1 and S2 show how the tip-substrate distance is determine from
the static deflection curves.
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Type of interaction DLVO Hydro. diss. Hydration
Method AMS TNS AMS TNS AMS TNS
Approach rate (nm/s) 100 5 100 3 1 0.3
Retract rate (nm/s) 100 100 100 60 1 6
Ramp distance (nm) 50 50 100 30 5 3
Number of approaches 52 9 10 3 81 30
Amplitude∗ (pm) 205 43 380 32 120 65

Table S2: Experimental settings of all three measurements with AMS and
TNS. ∗ for TNS Amplitude means: rms value.
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Figure S1: Determination of the tip-substrate separation from the measured
static deflection against piezo displacement. The data is from the DLVO force
measurement. The straight line (blue) is the linear fit of deflection against
piezo displacement (for static deflection from 10 nm to 26 nm, as shown
in the inset). Then the tip-substrate separation is the horizontal distance
between each data point and the linear fit line. For TNS approaches (black),
the minimum separation δ, shown as a back double arrow, is 0.20 nm, for
AMS (red) 0.68 nm.
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Figure S2: Determination of the tip-substrate separation for the mea-
surement of hydrodynamic dissipation. The straight line (blue) is the linear
fit of deflection against piezo displacement (for static deflection from 6 nm
to 16 nm, as shown in the inset). The amplitude response measured simulta-
neously are plotted in gray. For TNS approaches (dark grey), the minimum
separation δ, shown as a double arrow, is 0.50 nm, for AMS (red) 3.70 nm.

Charge regulation and DLVO force calculation

For the formulation of charge regulation (CR) boundary on silica surface,
we adopt the Stern layer model of electric double layer with considera-
tion of two surface reactions [3]: (1) deprotonation of surface silanol group
SiOH � SiO− + H+ with pKHon 0 plane; (2) adsorption of electrolyte
cations SiONa � SiO− + Na+ with pKNa on s plane (or Stern plane). In
addition, for the conservation of silanol group on silica surface, one can write
{SiO−} + {SiOH} + {SiONa} = Γ, where represents the surface site den-
sity and is the site density of silanol group originally present on silica surface.
Then the site densities of three surface species can be solved from the follow
matrix equation 1 1 1

−[H+]0 KH 0
−[Na+]s 0 KNa

 {SiO−}
{SiOH}
{SiONa}

 =

 Γ
0
0


where KH = 10−pKH and KNa = 10−pKNa are equilibrium constants of
the aforementioned two surface reactions. It should be noted that solu-
tions of three surface species involve the volume proton concentration at
0 plane ([H+]0) and the volume cation concentration at the s plane ([Na+]s)
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which can be evaluated according to the Boltzmann distribution as [H+]0 =
[H+]∞e

−eψ0/kBT and [Na+]s = [Na+]∞e
−eψs/kBT , respectively. The sub-

scripts 0, s and ∞ denote surface of silica, Stern plane and the bulk solution
(far from the solid surface), respectively. The surface charge is neutralized
by the charge inside diffuse part of electric double layer, or the diffuse layer
charge σd, which implies σd = −e{SiO−}.

To formulate a CR boundary condition, we express the surface charge
density, σd, in terms of ψs, the potential at the s plane. Therefore we relate
ψ0 with the surface charge σ0 as ψ0 − ψs = σ0/Cs
(where Cs denotes the capacitance of the Stern layer) while the charge den-
sity at the 0 plane σ0 = −e{SiO−} − e{SiONa}. With this we solve
the matrix equiation given above, obtaining the CR boundary condition
σd = Fcr(ψs, [NaCl]∞, pH,Γ, Cs, pKH , pKNa), where pH = − log10[H+]∞.
Table S3 summarizes the parameters used in the DLVO force calculation.

Deprotonation pKH 6.90 [3]
Cation adsorption pKNa 1.65 [3]

Stern layer capacitance CS 2.9 F/m2 [4]
Site density of silanol group Γ 8/nm2 [4]

Hamaker constant AH 0.65× 10−20 [5,6]
Stern layer thickness dS 0.4 nm [7,8]

pH of the solution 9
Interaction area S fitting parameter

Table S3: Silica parameters used in the DLVO force calculation with
charge regulation

Influence of uncertainty in As/A∞

From the hydrodynamic dissipation measurement with a colloidal probe, the
AM calibration approaches are shown in Fig. S2. The amplitude does not
reach a plateau when the cantilever is in contact with the substrate, which
is unlike the phase. This disallows us to determine the exact value of the
amplitude on surface, As. We test three values for As/A∞, which are 0.118
(the minimum from calibration approaches), 0.158 (used for the results in the
main text) and 0.263 (above this, we get unrealistically negative dissipation).
The results are shown in Fig. S3.
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Figure S3: Results from force inversion with different values for As/A∞,
0.118 (gray), 0.158 (red), and 0.263 (purple).

Comparison between the static deflection and TNS in the
hydration force measurement
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Figure S4: Forces obtained from the static deflection (raw data in grey,
average in black) and TNS (in blue) in the hydration force measurement.
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Appl. Phys. Lett. 88 08615

[13] Putman C A J, Van der Werf K O, De Grooth B G, Van Hulst N F and
Greve J 1983 Phys. Rev. Lett. 51 1336-1339

[14] Kiracofe D and Raman A 2011 Nanotechnology 22 485502

[15] de Beer S, den Otter W K, van den Ende D, Briels W J and Mugele F
2012 Euro Phys. Lett. 97 46001

[16] Liu F, de Beer S, van den Ende D and Mugele F 2013 Phys. Rev. E 87
062406

[17] Israelachvili J 1991 Intermolecular and Surface Forces 2nd ed (Academic
press, London)



110 Bibliography

[18] Iler R K 1979 The Chemistry of Silica (John Wiley and sons, New York)

[19] Zhao C, Ebeling D, Siretanu I, van den Ende D, and Mugele F 2015
Nanoscale Doi: 10.1039/C5NR05261K

[20] Kaggwa G B, Kilpatrick J I, Sader J E and Jarvis S P 2008 Appl. Phys.
Lett. 93 011909

[21] Kilpatrick J I, Loh S H and Jarvis S P 2013 J. Am. Chem. Soc. 135
2628

[22] Herruzo E T, Asakawa H, Fukuma T and Garcia R 2013 Nanoscale 7
2678

[23] Fukuma T, Higgins M J and Jarvis S P 2007 J. Chem. Phys. 92 3603

[24] Argyris D, Phan A, Striolo A, and Ashby P D 2013 J. Phys. Chem. C
117 10433

[25] Labuda A, Kobayashi K, Suzuki K, Yamada H and Grütter P 2013
Phys.Rev. Lett. 110 066102

[26] Landau L D, Lifshitz E M 1987 Fluid Mechanics (Pergamom Press,
Oxford)

[27] Butt H J and Jaschke M 1995 Nanotechnology 6 1

[28] Mugele F, Bera B, Cavalli A, Siretanu I, Maestro A, Duits MHG, Cohen-
Stuart M, van den Ende D, Stocker I, and Collins I 2015 Sci. Rep. 5
10519

[29] Zhmud B V, Meurk A and Bergstrom L 2000 Colloids and Surfaces A:
Physicochem. Eng. Aspects 164 3

[30] Rice C L, Whitehead R 1965 J. Phys. Chem. 69 4017

[31] Israelachvili J N 1986 J. Colloid and Interface Sci. 110 263

[32] Maali A, Cohen-Bouhacina T, Couturier G and Aimé J-P 2006 Phys.
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Chapter 5

Viscous dissipation in
overlapping electric double
layers

We investigate the enhancement of the hydrodynamic dissipation in a flow
through the overlapping electric double layers, which is between tip and sub-
strate in Atomic Force Microscopy. We observe that the dissipation en-
hancement is correlated with the surface charge at tip and substrate, and
it is maximal for a tip-substrate distance of about the Debye length. We
compare our findings with a simple lubrication model, where the excess ion
distribution in the electrolyte film between tip and substrate is considered
to be trapped and modeled as body force, acting on the flow and therefore
causing an enhancement of the dissipation. This model describes our exper-
imental findings qualitatively. The order of magnitude is also quantitatively
in agreement with the experiments, but the calculated length scale at which
maximum enhancement occurs is much larger than the observed length scale.
For large distances, the enhancement scales approximately with the inverse
of the ionic strength as expected. However, near close contact, the behavior
is not understood. Considering also viscosity enhancement due to the strong
local electric fields in the double layer does not solve this issue. The fact that
the issue remains unresolved may be due to the poorly understood effects of
ionic transport and hydration in the Stern part of the electric double layer.
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5.1 Introduction

Most solid surfaces become charged upon contact with aqueous solutions.
Examples include mineral surfaces, polymers, metal oxides, and biological
materials [1–4]. The surface charge is screened by the counter ions present
in the electrolyte that are attracted towards the surface. The resulting ionic
distribution is called the electric double layer (EDL), a combination of a com-
pact Stern layer and a diffuse layer [5]. In various disciplines of science and
technology, including electrochemistry, [6] colloid science [5] and nanofluidic
applications [7], the understanding of the phenomena occurring in the EDL
is very important. In particular, understanding the coupling between elec-
trostatics and hydrodynamics is key to interpreting various measurements,
including streaming potential, zeta potential, and viscosity of suspensions.
Great efforts have been made to understand the properties of the EDL, in-
cluding EDL mediated interfacial forces and in particular dynamic effects
such as enhanced viscous dissipation in the EDL. Nevertheless, the coupling
between hydrodynamics and electrostatics in the EDL remains unresolved.

The charge distribution in the diffuse layer is conventionally described
by the Poisson-Boltzmann (PB) equation. The PB theory, as a mean-field
approach, is a convenient tool and it has been widely applied for about a
century. One of the most prevailing applications is the prediction of the
EDL force. The EDL force and the van der Waals force constitute the well-
known DLVO force, named after the pioneers Derjaguin, Landau, Verwey
and Overbeek [1].

DLVO theory is arguably the most successful theory in soft matter inter-
facial science. In colloid science, the DLVO forces are able to explain, often
even quantitatively, various phenomena like the stability, aggregation and
adsorption behavior of colloidal suspensions [5]. At present, the atomic force
microscope and the surface force apparatus [1] are widely used to probe the
DLVO force between two charged substrates in an electrolyte environment.
The force-distance curves are measured with Ångstrom distance resolution
and pico-Newton force resolution. The surface charge density is extracted
by fitting the force-distance curves to the DLVO theory. In most cases, the
theory predicts the measured forces very well [8–10]. However, it fails at
small separations of a few molecular layers. In this regime, the discrete na-
ture of the molecules comes into the picture and therefore non-DLVO forces,
for instance solvation forces (e.g. hydration force for water), are more domi-
nant [1].

It is not surprising that continuum theories break down near a substrate.
Molecular dynamics (MD) simulations and density functional theory (DFT),
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have shed light on the complexity of the interface, which is reflected in the
position dependent density, viscosity, and electric permittivity [11]. It also
leads to ion specific effects [12, 13]. It is of vast interest to know how to
connect the non-continuum effects near the substrate to the bulk phenomena
and to what extent continuum theories are applicable [11, 14]. A good ex-
ample is the electroviscous effect, an unresolved issue in colloid science [15],
that has been revisited recently in the context of nanofluidics [16].

Consider a channel with charged walls that is filled with electrolyte. When
a hydrostatic pressure gradient is applied, the flow will carry the mobile
screening charges in the diffuse part of the EDL downstream. As a result,
a streaming current (and potential) is produced. This energy conversion
scheme enables the conversion of pressure and fluid flow to electrical energy.
It is attractive because it seems environmental friendly. Therefore, it has
already been a ’hot’ topic in nanofluidics research for a decade [16–21]. In
the classical picture, the pressure-driven streaming current is balanced by an
electric conduction current. In analogy with a battery in a closed circuit, the
battery produces current/potential, but inside the battery the net current
must be zero. The conduction ions will drag the solvent with it, which is
called electro-osmosis. The opposite electro-osmotic flow effectively reduces
the flow rate and leads to an increase of the apparent viscosity of the solution.
This phenomenon is known as the electro-viscous effect [22].

The electro-viscous effect was originally introduced in colloid science when
researchers tried to explain the increment in the viscosity of suspensions of
charged particles [23]. The screening charges around the particle affect the
flow field and thereby enhance the dissipation. Therefore, the viscosity of a
diluted suspension containing charged particles, is strongly underestimated
by the well-known Einstein relation for hard sphere suspensions [15]. Due to
the complex coupling between electrostatics and hydrodynamics when consid-
ering the flow of a suspension of charged colloids, adequate theory to describe
the limited experimental data is still lacking [15]. In nanofluidic channels,
the degree of complexity is largely reduced, mainly because the laminar flow
profile is straightforward. Nevertheless, discrepancies between theory in the
PB framework and the experiments are frequently reported [16,24–26].

There are several hurdles to take before one can get a sound quantitative
picture of electro-viscous dissipation, as there is the determination of i) the
surface charge (or potential), ii) the hydrodynamic boundary conditions, iii)
the mobility of the ions and iv) the ionic charge distribution in the electrolyte
near the charged surfaces. There exists an intricate interplay between these
parameters, as will be shown below.

First of all, we consider the surface charge (or potential). It is an im-
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portant parameter for predicting among others the EDL force, but it is not
easily accessible. Conventionally, it is measured via titration or electroki-
netic techniques [5], including electrophoresis [27]. In electrophoresis, the
well-known Smoluchowski theory, still in the framework of the PB theory, is
widely applied for determination of ζ potentials at the shear plane [27]. The
shear plane is conceptually between the hydrodynamic stagnant layer and
the hydrodynamic mobile layer occurring in the flow over a charged surface
caused by an external electric field. Although the concept of a shear plane
is widely applied in the colloid community, [28] there is no definitive way
to locate it. The measured ζ potentials for supposedly the same interfaces
often vary considerably, depending on the choice of measuring technique or
theory [29].

Secondly, the hydrodynamic boundary conditions are an important factor.
It has been shown theoretically that for a slip boundary, in the framework
of the PB theory, the electro-viscous effect is larger compared to the case of
no-slip boundary [30]. It is because for a slip boundary the shear near the
boundary is strongly reduced, and therefore the overall viscous dissipation
decreases, while the streaming potential is amplified [31].

Thirdly, the dynamic properties of the ions at charged interfaces has not
been resolved. The concept of a dynamic Stern layer has been proposed for
remedying the discrepancies between the ζ potentials measured in different
studies [27]. It assumes that the ions between the substrate and the shear
plane are mobile. But it is not clear to what extent their mobility differs from
bulk mobility. Note that the majority of the counter ions reside below the
shear plane. The ion densities below the shear plane are appreciably higher
than in the diffuse layer. Hence, ion-ion correlations and ion-crowding effects
may come into play [32].

Fourthly, the properties of water near the substrate are modified by the
ion distribution and the electric field strength at the substrate, which are
not captured by a continuum theory. It is well-established that the water
molecules, due to their strong dipole moment, are aligned along the electric
field [33]. As a result, the permittivity of the water goes down, which is called
permittivity saturation [34]. Moreover, because the rotational orientation of
water molecules gets trapped in a strong electric field, the resistance to shear
flow increases with increasing field strength and therefore the viscosity is
increased, η = η0(1 + fveE

2), where η0 is the bulk viscosity of water, fve
is the visco-electric coefficient and E is the electric field strength. This en-
hancement is known as the visco-electric effect. It has been tested for various
polar organic solvents with different molecular dipole moments [35]. Based
on the extrapolation from these data, Lyklema and Overbeek estimated the
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visco-electric coefficient fve for water as 10−15(m/V )2. Although it is highly
desirable to measure fve directly, because of its relevance in electrokinetic
transport phenomena [34], to the best of our knowledge, there are no defini-
tive measurements of fve after the pioneering work by Hunter [36].

The electroviscous effect was investigated by measuring the pressure drop
across a nano/micro channel filled with electrolyte solution. A discrepancy
has been found between theoretical prediction and observation, e.g. the mea-
sured enhancement is often larger than predictions based on the PB the-
ory [16, 37]. Several groups studied the electro-viscous effect by monitoring
the spontaneous filling of nanocapillaries by an electrolyte solution due to
capillary pressure [24–26]. From the filling speed, the apparent viscosity is
extracted, using the classical Washburn formula [38]. From the limited num-
ber of studies, controversial findings have been reported. Tas and van den
Berg et al. reported an increase by 20 ∼ 30% of apparent viscosity [24]. Later
they reported an even larger enhancement, which was partially attributed to
the possible existence of a solidified water layer on the channel walls [25].
Another group reported an enhancement by 1% at most in the apparent vis-
cosity for all practical cases [26]. There are two caveats with this method.
The filling process is affected by unpredictable pinning and depinning at the
contact line due to surface roughness and heterogeneity [39]. Moreover, the
emergence of trapped air bubbles can partially block the flow. Nanochannels
are often fabricated from silica by chemically etching. It causes a surface
roughness, which depends on the etching time [16]. To fabricate distinct and
well-defined nanochannels is still a major challenge in nanofluidics [40].

The just described complexity of electrolyte flow over charged substrates
motivated us to explore alternative routes to investigate the electro-hydrodynamics.
Here we propose a new approach: nanoscopic AFM force spectroscopy. We
use an AFM to study viscous dissipation in overlapping EDLs, e.g. dissipa-
tion in a thin film of electrolytes confined between two charged surfaces. The
two charged surfaces, on one side the sample substrate and on the other side
the AFM tip, consist both of silica. The physical and chemical properties
of silica surfaces are well documented. A silica surface is hydrophilic, pre-
venting water to slip over it [41]. The (negative) surface charge of silica is
controlled by its surface chemistry and can be regulated by varying the pH
and concentration of electrolyte in the bulk.

An AFM based study has the following advantages. First of all, the sys-
tem is well controlled. The surface roughness of the substrate, thermally
grown silica, is on the order of an Ångstrom. Secondly, the conservative
DLVO force and the dissipation can be measured simultaneously as a func-
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Fig.1(a) schematic presentation of the system (b) transfer function of cantilever…. 
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Figure 5.1: (a) A sketch of the electric double layer. (b) Schematic presenta-
tion of the experimental set-up. The cantilever is oscillated photo-thermally
by a blue laser spot with a periodically varying intensity. The deflection of
the cantilever is detected by reflecting the red laser onto a four quadrant
detector. The electrolyte is confined between the tip of an AFM cantilever
and the silica substrate. The oscillating tip generates two types of flows: a
pressure driven flow (PDF) and an oppositely directed electro-osmotic flow
(EOS).

tion of tip-substrate separation by ramping the oscillating AFM tip up and
down to the substrate. From the electrostatic force-distance curves, we are
able to evaluate the distance-dependent surface charge by analyzing the ionic
concentration profiles and the charge-potential relation at both substrates.
It enables us to evaluate the viscous dissipation in relation to the relevant
electro-chemical parameters that characterize the overlapping double layers.

We observe a strong correlation between surface charge and enhanced
dissipation. Using the surface charge and potential distribution as obtained
from our DLVO analysis, we consider two contributions to the electro-viscous
effect: the trapping of ions in the electrolyte film and the viscosity enhance-
ment due to the locally very high electric field strength. The measured dissi-
pation enhancement is qualitatively in agreement with the prediction of the
simple model, based on PB theory and considering the excess charge trapped
in the electrolyte film. Quantitative differences can possibly be attributed,
amongst others, to surface conduction, reduced ion diffusivity or electric field
enhanced viscosity.
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5.2 Methods

We perform measurements with two AFM probes of different tip geometry,
a colloidal probe and a nanoscale tip. The nanoscale tip is flattened by
rubbing against the substrate of the sample (see Chapter 4 for details), to
enhance both the stability of the tip and the strength of the interaction forces.
The measurement procedures are only different in minor details. Below we
illustrate the methods with the measurements conducted with a colloid probe.

5.2.1 AFM force spectroscopy with photo-thermal ex-
citation

Using amplitude modulation (AM) AFM we probe the amplitude and phase
response of the cantilever tip. We drive the bending of the cantilever by lo-
cally heating it with a laser beam, using the so-called photothermal drive
principle [42]. The laser intensity I varies harmonically as I = I0(1 +
exp(jωt)) where ω is the driving frequency and I0 the amplitude of the oscil-
lating intensity. Due to the oscillating temperature field over the cantilever,
resulting from this heating process, the relation between force F and tip dis-
placement z is not simply given by F = kcz, where kc is the effective stiffness
of the cantilever, but by:

F = kc(z − zT ) (5.1)

where zT is the zero-load-deflection due to the temperature enhancement
along the beam caused by the laser radiation with intensity I. According
to linear response theory, zT can be written, for small thermal variations, as
zT (t) =

∫∞
0
AT (t′)I(t−t′)dt′ or in the frequency domain as zT (ω) = A?T (ω)I0.

The amplitude and phase of the tip displacement, z(ω) = Aejφ, are measured
as a function of the tip-substrate distance h, to probe the influence of the
tip substrate interaction on the oscillation behavior of the cantilever tip.
To analyze the measured response in terms of the tip substrate interaction,
we model the motion of the cantilever tip as a simple harmonic oscillator
(SHO) [43–47]:

m∗z̈ + γcż + kcz = kczT (t) + Fts(h+ z, ż) (5.2)

where m∗ = kc/ω0
2 the effective mass of the cantilever including the added

mass due to the surrounding liquid, ω0 the resonance frequency, γc = kc/(ω0Q)
its damping coefficient, Q the quality factor of the oscillator and Fts the
tip-sample interaction force. When the amplitude of the tip oscillation is
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sufficiently small, compared to the characteristic interaction length, the tip-
sample interaction force can be linearized as:

Fts(h+ z, ż) = Fts(h, 0)− kintz − γintż, (5.3)

where kint = −∂Fts/∂h is the interaction stiffness, γint the interaction damp-
ing coefficient and Fts(h, 0) the equilibrium force at distance h. In this study,
the linearization is justified because the oscillation amplitude is less than 1
nm, which is much smaller than the characteristic length of the interaction
force, as can be judged from the amplitude and phase curves in Fig. 5.3. Sub-
stituting Eq. (5.3) into Eq. (5.2), we can rewrite Eq. (5.2) in the frequency
domain as:

(kc −m?ω2 + jγcω) z(ω) = kcI0A
?
T − (kint + jγintω) z(ω) (5.4)

Writing z(ω) = Aejφ and A?T = AT e
jφT the transfer function becomes:

Aejφ

I0
=

kcAT e
jφT

kc −m?ω2 + jγcω + kint + jγintω
(5.5)

Calibration and force inversion

Before we can use Eq. (5.5) to determine kint and γint from Aejφ, we have to
calibrate the cantilever parameters kc, γc and m?. The stiffness kc is obtained
from the thermal noise spectrum of the cantilever [48] when the cantilever
is not in contact with the substrate, i.e. h > 1 µm. The mass m? and the
damping coefficient γc are obtained from the resonance frequency ω0 and the
quality Q of the oscillator under liquid. The hydrodynamic loading on the
cantilever beam varies with tip-substrate separation, but it is constant over
the distances 150 nm < h < 1µm [49]. In this range h is much smaller than
the height of the tip cone. Therefore, ω0 and Q are calibrated using the
thermal noise spectrum measured at a distance of 140 nm from the surface.
At this separation, the tip-substrate interaction is supposed to be negligible.

In our case (tip R = 1080 nm, water viscosity 0.8 mPa·s at the measure-
ment temperature 30◦C), the damping under the tip is approximately 100
nNs/m at 140 nm (see Eq. (5.19)), which is much smaller than the damping
of the cantilever beam, typically around 5% of γc. Nevertheless, for the sake
of accuracy, in the following analysis the minor damping γint at the largest
separation is taken into account.

The resonance frequency ω0 and the quality factor Q are obtained by fit-
ting the power spectral density of the SHO to the measured thermal spectral
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density. Figure 5.2 shows a typical noise spectrum together with the pho-
tothermal response function, both measured at a distance of 140 nm. We can
observe a slight difference between both spectra. This difference is caused
by the thermal driving coefficient A?T in Eq. (5.5) which is a function of the
driving frequency ω.

Once we have determined the cantilever parameters we can use Eq. (5.5)
to derive the force inversion equations. Because the thermal driving coeffi-
cient A?T is not known, we also measure Aejφ at a distance of 140 nm from
the substrate, where both kint and γint are zero. We denote this value as
A∞e

jφ∞ . Considering the ratio A/A∞ ej(φ−φ∞) we obtain with Eq. (5.5):

Aejφ

A∞ejφ∞
=

kc −m?ω2 + jγcω

kc −m?ω2 + jγcω + kint + jγintω
(5.6)

from which we obtain the force inversion formulas [10,45]:

kint = kc[1− (
ω

ω0
)2]
A∞ cos(φ− φ∞)−A

A
+ γcω

A∞ sin(φ− φ∞)

A
(5.7)

and

γint = γc
A∞ cos(φ− φ∞)−A

A
− kc[1− (

ω

ω0
)2]
A∞ sin(φ− φ∞)

ωA
(5.8)

5.2.2 Materials

For the AFM experiments, we used a silicon wafer with a thermally grown
silica layer of 90 nm thickness on top. The sample is firmly glued, using
epoxy, to a stainless puck, which is magnetically clamped to the piezo stage
of the AFM. The RMS roughness of the surface is approximately 0.2 nm for
a 1µm × 1µm area. Prior to use, the substrate is rinsed with consecutively
isopropanol, ethanol and ultrapure water (MilliQ Inc.) in a sonication bath
for 10 min. After drying with a jet of N2, it is exposed to a plasma of residual
air (Harrick Plasma) for 30 min. The cantilevers are cleaned in a similar
manner without using a sonication bath. The solutions are prepared by
dissolving NaCl (Sigma Aldrich) in ultrapure water. The pH of the electrolyte
solution is controlled by adding NaOH to the solution. The resulting pH
value is measured using a probe (HI 1053, HANNA Instruments). For our
measurements we used 5 different solutions, aiming for: pH 5.7/1 mM, pH
9.3/0.1 mM, pH 9.3/1 mM, pH 9.3/10 mM, and for reference purposes pH
5.7/100 mM. To obtain the desired concentrations, first a stock solution of 1
M NaCl was used. From the stock solution, 10 ml amounts of 100, 10, 1 and
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0.1 mM NaCl were obtained by repeated dilution. The pH of these diluted
solutions was 5.7. To set the pH to 9.3, 10 µl of 0.1 M NaOH is added to
10 ml NaCl solutions. As we will show below, the lowest concentration turns
out to be 0.2 in stead of 0.1 mM, most probably due to slight contamination
of the sample for instance due to non-perfect fluid exchange in the measuring
cell.

5.2.3 Instrumentation and experimental procedures

The measurements are performed using an Asylum ES AFM equipped with
photo-thermal excitation (Blue drive), a sealed fluid cell and a temperature
control unit. We use two types of AFM cantilevers, either with a colloidal
probe or a small tip with a flattened contact surface. The cantilever of the
colloidal probe is a rectangular beam with a cone-shaped silicon tip (Team
nanotec, LRCH, R = 1080 nm). The beam is a bi-layer of typically 1.5 µm
thick silicon with a 50 nm thick coating of gold. Length and width of the
beam are about 150 and 15 µm, respectively. The total tip cone height is
typically 15 µm and the full-cone angle 45◦. The cantilever of the small tip is
a rectangular beam with dimensions 130× 35× 2 µm3, coated with a 50 nm
gold layer (Mikromasch, HQ:NSC35/Cr-Au BS, R = 8 nm). The cone height
is approximately 15 µm. To avoid variations of the tip curvature during the
measurements, we flatten the cantilever tip after it is immersed in the liquid
by imaging the substrate in contact mode with a constant load of about 50
nN over approximately 10 minutes. The resulting radius of the contact area
is 40 nm, as determined from a SEM image taken after the experiments were
performed.

The AFM cantilever is completely immersed in a droplet of electrolyte
that is sandwiched between the substrate and the top of the cell. The volume
of the droplet is 0.2 mL. The electrolyte is injected and removed via a pair
of plastic syringes (free of lubricants). To exchange the electrolytes, a new
solution is injected via the inlet while the mixed solution is sucked out via
the outlet of the fluid cell. The exchange stops after injecting 4 mL, which
is assumed to be sufficient to remove all the original liquid. After exchange
of electrolyte, we wait approximately 10 min to equilibrate the system. The
AFM scanner is placed in a chamber with the temperature set to 30 ◦C.

For the actual measurement of the tip-sample interactions, the cantilever
is driven at a fixed frequency (ω ≈ 0.7ω0 for the colloidal probe, ω ≈ 0.97ω0

for the small tip) by an intensity-modulated blue laser diode that is focused
on the gold coated topside of the cantilever close to its base. This direct
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Figure 5.2: (a) Example of an amplitude- (black) and phase- (blue) distance
curve, measured with a colloidal tip. The fluid is pH 5.7/100 mM NaCl so-
lution. The amplitude is normalized by A∞, the phase φ is with respect to
φ∞, both measured at 140 nm. (b) Measured frequency response of the same
cantilever (amplitude: black dots, phase: blue dots) under photo-thermal ex-
citation in liquid. The red lines represent the calculated response using the
cantilever parameters determined from its thermal noise spectrum. Experi-
mental parameters: kc = 0.66 N/m, Q = 3, ω0/2π = 16.11 kHz, ω/2π = 11
kHz and A∞ ≈ 0.8 nm.

photo-thermal driving prevents the excitation of extra resonances (’forest of
peaks’) usually observed with acoustic driving [46], that complicates the anal-
ysis severely, as described in the preceding chapter [10]. Figure 5.2 shows a
very smooth transfer function which is characteristic for photo-thermal ex-
citation. The amplitude of the cantilever oscillation is set to approximately
0.8 nm by tuning the intensity of the blue laser. For each amplitude- or
phase-distance curve, the distance between cantilever and surface is ramped
from 140 to 0 nm at a ramp velocity of 75 nm/s. For each fluid composi-
tion we measure typically 10 to 30 approach curves. Without photo-thermal
excitation, the static deflection against the piezo displacement is captured
for calibration of the tip-substrate separation (see the preceding chapter for
more detail). It takes approximately 20 to 30 minutes to measure one fluid
composition. Judging from the amplitude- and phase-distance curves, the
tip-sample interaction does not vary within this timespan. This implies that
the pH level stays constant and the solution does not suffer from adsorption
of, for instance, CO2 and that the tip does not degrade.

Before exchanging the solution, the cantilever is withdrawn from the sur-
face by approximately 1 µm, using the AFM piezo. The position of the
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Figure 5.3: Amplitude (a) and phase (b) response of the colloidal probe can-
tilever as a function of tip-substrate separation. The amplitude is normalized
by A∞, the phase is with respect to φ∞ = 0. From these data the interaction
stiffness kint (c) and interaction damping γint (d) are determined.

driving laser and the detection laser is kept fixed with respect to the can-
tilever throughout all the measurements. In Fig. 5.3, we show the captured
amplitude and phase response as a function of the tip-substrate separation.

5.3 Results

In this section we present our experimental results obtained with a colloidal
probe and with a flattened tip, which has a much smaller interaction area.
Although in detail quite different, the results obtained with the two tips show
the same trends. Unless otherwise stated, the reported data are measured
with a colloidal probe cantilever.
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5.3.1 Conservative forces and surface charge

In Fig. 5.3, the primary results of our measurements with the colloidal probe
have been presented. The characteristic transition near a tip-substrate dis-
tance of 5 nm, in the A(h) and the φ(h) curves, as given in Fig. 5.3 (a) and
(b), reflects the range of the electrostatic interactions which is given by the
Debye length κ−1. For a 1 mM salt solution it is approximately 10 nm. The
resulting force gradient (interaction stiffness) in Fig. 5.3(c) shows this depen-
dence on κ−1 even better: the final exponential decays are 1/3.2, 1/10 and
1/18 nm−1 for 10, 1 and 0.1 mM (pH = 9.3), respectively, see also Fig. 5.4(d).
For 10 and 1 mM these values match with the estimated Debye lengths of 3
and 10 nm. For the lowest concentration we conclude from this observation
that the intended concentration of 0.1 mM is in fact 0.2 mM. At these low
concentrations the solutions are very sensitive to slight contamination of the
sample for instance due to non-perfect fluid exchange in the measuring cell,
which can explain the observed deviation. To relate the measured interaction
stiffness with the electrostatic properties of the electrolyte film between tip
and substrate, we consider DLVO theory and charge regulation.

DLVO calculation

In the DLVO force analysis, we follow the method presented in Ref. [9]. The
conservative DLVO force F between tip and substrate results from three
contributions, i.e. the osmotic, electrostatic and van der Waals force:

F =

∫ ∞
0

{Πosm(h) + Πel(h) + ΠvdW (h)} 2πrdr (5.9)

where h = h0 + r2/(2Rtip) represents the tip-substrate distance h0 and the
shape of the tip r2/(2Rtip). Hence, the corresponding force gradient or in-
teraction stiffness kint = −∂Fint/∂h0 will be given by:

kint(h) = 2πRtip {Πosm(h) + Πel(h) + ΠvdW (h)}

The first term within the braces represents the osmotic contribution:

Πosm(h) = kBT
∑
i

n∞i

(
e
−Zieφ
kBT − 1

)
(5.10)

with φ the electric potential, e the elementary charge and kBT the thermal
energy. Zi is the valency and n∞i the bulk concentration of ions of species
i. In our experiment four ionic species are present, as there are cations and
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anions from dissolved NaCl as well as hydroxide and hydrogen ions due to
auto-hydrolysis. The second term represents the electrostatic contribution:

Πel(h) = − 1
2ε0εr

(
∂φ

∂z

)2
(5.11)

with ε0 the electric permittivity of vacuum and εr the relative dielectric
constant of water. The third term represents the van der Waals forces:

ΠvdW(h) = − AH
6πh3

(5.12)

AH represents the Hamaker constant. Note that Πosm and Πel depend on
both the tip-substrate distance h and the coordinate z, measured perpendic-
ular to the surfaces, but their sum turns out to depend only on h. Calculation
of the osmotic and electrostatic contribution requires the solution of the elec-
tric potential between the tip and the substrate. This potential is governed
by the Poisson-Boltzmann equation:

ε0εr
∂2φ

∂z2
= −

∑
i

eZin
∞
i e
−Zieφ
kBT (5.13)

Last equation is conventionally solved by assuming either constant charge or
constant potential on tip and substrate. These assumptions are justified for
large tip-substrate separations (where tip and substrate only weakly interact
with each other), but usually fail in the regime of small tip-substrate dis-
tances [9]. In this regime (κh < 10, where κ = (e2

∑
Z2
i n
∞
i /ε0εrkBT )1/2 is

the reciprocal Debye length) the local charge density and potential vary with
separation distance h to compensate the confinement-induced modification
of the surface chemistry. We consider two surface reactions, deprotonation
of the silanol groups and adsorption of Na+ on the deprotonated sites [9]:

`SiOH 
 `SiO− +H+

`SiONa 
 `SiO− +Na+
(5.14)

with equilibrium constants

KH = 10−pKH =
{SiO−}[H+]s
{SiOH}

(5.15)

and

KNa = 10−pKNa =
{SiO−}[Na+]d
{SiONa}

(5.16)
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respectively. Here the index s indicates the surface itself and d the boundary
between the Stern layer and the diffuse part of the double layer. The total
site density is conserved:

Γ = {SiOH}+ {SiONa}+ {SiO−}
= {SiO−}

(
1 + 10pKH [H+]s + 10pKNa [Na+]d

) (5.17)

Note that the distribution of Na+ and H+ ions is governed by the Boltzmann
relation, and their concentrations near the tip and substrate differ from the
bulk. The surface potential φs is related to the diffuse layer potential φd via
the Stern layer capacitance: Cs = εε0/ds = σ/(φs − φd). Combining Eqs.
(5.15) to (5.17) the surface charge σ = −e{SiO−} can be expressed as:

σ(φs) =
−eΓ

1 +

(
[H+]∞
KH

+ e
eσds

εε0kBT
[Na+]∞
KNa

)
e
− eφs

kBT

(5.18)

Note that the surface charge is essentially 0-plane charge plus Stern layer, i.e.
equal to diffuse layer charge in magnitude.

Extracting the surface charge

Equation (5.18) provides the boundary conditions for Eq. (5.13). The bulk
concentration of the ions is known. The site density and the stern layer ca-
pacitance are more consistently reported in literature than the pK values of
the considered reactions [9]. Therefore, we take pKH and pKNa as the pa-
rameters to fit. For each pair of pK values we can evaluate kcalc

int numerically
as a function of tip-substrate distance h and compare them with the exper-
imentally found kexp

int . The fit quality is characterized by a merit function
1/χ2 = 1/

∑
j [k

calc
int (j)− kexp

int (j)]2 [9]. During the fitting, data at separations
h < 5 nm are disregarded, because the DLVO theory as such will work down
to smaller separations than 5 nm, but the geometry in the colloidal probe
case is not that well known. In Fig. 5.4(a), we show the merit function for
the data measured at pH 9.3/1 mM. The function is normalized by its max-
imum. It is worthwhile to note that the best fitting pairs are not unique.
This is because the force gradient kint is governed by σ, which is a function
of both pKH and pKNa, as shown in Eq. (5.18). The decrease of charge by
promoting deprotonation, e.g. decreasing the pKH, can be fully compensated
by promoting at the same time cation adsorption, e.g. increasing the pKNa.
This explains the strong correlation between the optimal values of pKH and



126

pK
Na

p
K

H

 

 

0 1 2 3 4
3

4

5

6

7

8

9

0

0.2

0.4

0.6

0.8

1
pH9.3 1mM 

pH5.7 1mM 

pH9.3 0.2mM 
pH9.3 1mM 

pH9.3 10mM 

pK
Na

p
K

H

 

 

0 1 2 3 4
3

4

5

6

7

8

9

-0.4

-0.3

-0.2

-0.1

0  (a)                                                (b) 

  (c)                                                 (d) 

Fig.4 

0 10 20 30 40 50
0.01

0.1

1
 pH5.7 1mM

 pH9.3 0.2mM

 pH9.3 1mM

 pH9.3 10mM

 

 

2

R


e
l [

N
/m

]

h [nm]

Figure 5.4: (a) The normalized merit function for the tested (pKH , pKNa)
pairs for a solution with pH 9.3/1 mM. (b) The contour plot of the surface
charge; the blue line matches the maximum merit curve in (a). (c) The
normalized merit function for the tested (pKH , pKNa) pairs for all four
solutions. (d) The electrostatic part of the measured interaction stiffness
versus tip-substrate distance (dots) and the best fitting calculated curves
(lines) for the four solutions: pH 5.7/1 mM (light blue), pH 9.3/0.2 mM
(black), pH 9.3/1 mM (blue) and pH 9.3/10 mM (red).
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colloidal tip small tip
pH [NaCl]/mM (aimed) pKH pKNa pKH pKNa

5.7

1 (1) 6.00 1.75 - -
4 (1) - - 7.22 2.47
20 (10) - - 7.22 2.31
100 (100) - - - -

9.3

0.2 (0.1) 8.35 1.78 - -
2 (1) 7.84 1.78 8.99 1.69
10 (10) 8.35 1.78 - -
20 (10) - - 8.61 1.78
100 (100) - - 8.86 1.61

Table 5.1: The best fitting pK values obtained for the several electrolyte
solutions. Note: The aimed [NaCl] concentrations are given in brackets.

pKNa as observed in Fig. 5.4(a). Ideally, we should get a smooth continuous
optimal merit curve. However, because the spacing between the tested pair
values is finite, a slight variation along the optimal merit curve is observed.
This variation can be suppressed by decreasing this spacing, at the expense
of considerably longer calculation times. In Fig. 5.4(b) the merit functions
for all relevant electrolyte solutions have been shown. Because the strength
of the compensation mechanism just described, is different for every solution,
we expect different optimal merit curves. However, provided that the equilib-
rium constants are invariant under pH or ionic strength variation (and that
the experimental errors are negligible), we expect one unique (pKNa, pKH)
pair for all conditions, and all the curves should cross this unique point. As we
observe from Fig. 5.4(b) the maximum merit curves for pH=9.3 indeed cross
each other almost in a single point near (pKNa, pKH) = (1.7±0.1, 8.2±0.4).
But the curve for pH=5.7 strongly deviates. So, we get a quasi-triangular re-
gion near (pKNa, pKH) = (2.0±0.4, 7±1.4). These values are in agreement
with previous findings [9, 50, 51]. As the value of this optimum is consider-
ably lower than the optimum for only pH=9.3, we conclude that we can not
describe the charge regulation with the simple surface complexation model
used here. Given the complexity of the EDL as shown in Ref. [12], it is not
surprising that the structure may actually be more complex than a single
pK pair suggests. However, on the level of surface charge determination the
approach is quite successful. As can be seen from Fig. 5.4(b), the individual
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Figure 5.5: (a) The calculated surface charge as a function of separation
distance. The color scheme is the same as in Fig. 5.3. (b) The surface charge
versus dimensionless potential as obtained from charge regulation (full lines)
and from the PB equation (Grahame equation, dotted lines), for the four
solutions. The crossing of corresponding curves indicate the actual surface
charge at large tip-substrate separations.

optimal merit curves nicely coincides with the curves for constant charge.

In Fig. 5.4(d), the best fitting interaction stiffness curves are compared
with the experimental data, showing in all cases a nice agreement between fit
and experiment. The resulting optimal pK values for the individual curves
have been listed in Table 5.1. In Fig. 5.5(a), the resulting surface charge
is shown as a function of the tip-surface separation. The magnitude of the
surface charge decreases with decreasing separation. This is a consequence
of the charge regulation: the concentration of both H+ and Na+ increases
in the overlapping diffuse layer when it becomes thinner. Therefore, the
chemical equilibrium shifts towards a higher H+ and Na+ adsorption, reduc-
ing the number of charged sites on the substrates. As expected, the surface
charge dramatically increases when the pH changes from 5.7 to 9.3. At high
pH, deprotonation of the silica substrate is favored which results in a more
negative surface. At a Na+ concentration of 1 mM, the surface charge in-
creases from -0.07 to -0.13 e/nm2. The concentration dependence as observed
in Fig. 5.5(b) is less obvious. On the one hand due to the increasing bulk
concentration of the sodium, [Na+]∞, the equilibrium should shift towards
a higher sodium adsorption. This is represented by the shift of the charge
regulation curves (Eq. (5.18), the full lines in Fig. 5.5) to the right with in-
creasing concentration. But on the other hand the Debye length (which is
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hardly affected by pH variation) decreases. This steepens the solution of the
Poisson Boltzmann equation (Eq. (5.13), the dotted lines in Fig. 5.5) with
increasing concentration. This means the adsorption is reduced. The net ef-
fect is a gradual increase of the surface charge with increasing concentration
as can be observed from the downward shift in the crossing points.

The corresponding data for a small tip cantilever are presented in Fig. 5.6.
Panel (a) shows the measured interaction stiffness (only electrostatic part)
compared with the best fitting calculated curves. Again, the agreement is
satisfactory.

In the fitting procedure, the data for h < 3 nm are excluded from the
analysis to avoid the influence of hydration forces. The concentrations are
corrected, as shown in Table 5.1, using the decaying length of the electrostatic
force gradient kel. Due to lack of data points, the data for pH 5.7/100
mM have not been analyzed. For the other fluid compositions, the resulting
surface charge as a function of tip-substrate distance is given in panel (c). The
same trends are observed as discussed for the colloidal probe in Fig. 5.5. From
the merit curves (not shown), we observe qualitatively the same behavior as
for the colloidal probe: For pH=9.3, the maximum merit curves cross each
other near a single point (pKNa, pKH) = (1.7±0.1, 8.8±0.2) while the curves
for pH=5.7 meet each other near (pKNa, pKH) = (2.4± 0.1, 7.3± 0.2). All
pK values have been collected in Table 5.1. The results for the colloidal probe
differ slightly from those for the small tip, but the deviations are close to the
uncertainties of the pK values.

5.3.2 Dissipation and ionic charge distribution

In Fig. 5.3(d), the measured viscous dissipation coefficients, γint, have been
plotted as a function of the tip-substrate distance, h. Again, a clear depen-
dence on ionic strength and pH is visible. For reference, we calculate the
hydrodynamic dissipation for a spherical tip approaching a flat substrate.
Assuming no slip on the tip or the substrate, the hydrodynamic dissipation
coefficient γref is (for h0/Rtip � 1) given by:

γref(h0) = ηb
6πR2

tip

h0
(5.19)

where ηb is the bulk viscosity of the solution, h0 the separation between the
tip apex and the substrate. The viscosity of water at 30◦C is 0.8 mPa·s.
We expect that the measured dissipation for the pH 5.7/100 mM solution
behaves for h > 10 nm like the reference because, for this curve, the surface
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Figure 5.6: Results obtained with a small flattened tip. (a) The measured
electrostatic force gradient and the fit with the DLVO theory. The data
at h < 3 nm were excluded from the fit. The inset is an SEM image of
the tip after use. The contour of the flat part is highlighted in red. (b)
The measured damping coefficient. The dash lines represent the calculated
dissipation, assuming no electro-viscous enhancement, for a round disk of
R = 40 nm (gray line) and for a spherical tip with R = 40 nm (black line).
(c) Extracted surface charge density as a function of tip-substrate separation.
(d) The damping enhancement with respect to the reference case, pH 5.7/100
mM. Experimental parameters: kc = 5.46 N/m, Q = 5.3, ω0/2π = 62.75 kHz,
ω/2π = 61.20 kHz and A∞ ≈ 0.9 nm.
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Figure 5.7: Log-log plots of the dissipation coefficient, γint, measured in
nNs/m, versus tip-substrate distance h. The reference case, pH 5.7/100 mM,
has been plotted in green. Other curves are: pH 9.3/0.2 mM (black), pH 9.3/1
mM (blue), pH 9.3/10 mM (red) and pH 5.7/1 mM (light blue). The dashed

line has a slope -1. (a) Uncorrected dissipation coefficient, γ
(unc)
int versus h.

(b) Corrected γint versus h. The correction for the damping coefficient at h
= 140 nm is taken as γoffset = 90 nNs/m. (c) Corrected γint versus h. Now
γoffset is considered variable for the different fluid compositions.

charge is fully screened within the first 10 nm due to the short Debye length
of 3 nm.

Before we compare the calculated dissipation with the measured one, we
evaluate the effect of the calibration procedure on the measured damping
coefficient. We determined the value for γc by assuming that at 140 nm the
interaction with the substrate is negligible. However, for a colloidal probe
with a radius of 1.08 µm the hydrodynamic damping is approximately 90
nNs/m as we learn from Eq. (5.19), while we obtained from our callibration
γc ≈ 2.17 µNs/m. The uncorrected dissipation coefficients in Fig. 5.7(a)
deviate strongly from the expected h−1 behavior for h > 100 nm and asymp-
totes towards zero near h = 140 nm (log h = 2.146). If we correct for this
effect by adding the estimated γoffset = 90 nNs/m to all measured dissipation
values, the resulting curves in Fig. 5.7(b) show now approximately the ex-
pected h−1 asymptotic behavior, but have all the same value at h = 140 nm.
If we optimize every single curve for a h−1 asymptotic behavior, we obtain
the curves in Fig. 5.7(c). However, except for the reference case, we do not
know the exact limiting slope of the dissipation curves, because we do not
know the limiting behavior of the enhancement. In fact, for the correction in
Fig. 5.7(c), we assume that the enhancement is negligible for say h > 80 nm.
So we may assume that panel b and c of Fig. 5.7 show the lower and upper
bound for the real dissipation behavior. To get a better impression of this
uncertainty we plot in Fig. 5.8 the reciprocal dissipation coefficient versus the
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Figure 5.8: (a) The measured reciprocal dissipation coefficient versus tip-
substrate distance. The reference case, pH 5.7/100 mM, has been plotted in
green. The dashed line represents the calculated Reynolds damping, using
Eq. 5.19. The damping coefficient at the tail is taken as the same, γint
(h=140 nm) = 90 nNs/m. (b) The reciprocal dissipation coefficient versus
tip-substrate distance. The damping coefficient at h=140 nm is considered
as a variable for different fluid compositions.

tip-substrate distance h for these two cases. For h > 50 nm the deviation is
clear, but for h < 30 nm the corresponding curves in both panels are identical
and we consider them as reliable. Therefore, we analyze the dissipation data
only for 3 < h < 30 nm.

The calculated Reynolds dissipation, Eq. (5.19), has been fitted to the
corrected damping coefficients, measured for pH 5.7/100 mM, see Fig. 5.9.
The fitted value for the viscosity is 0.77 mPa·s, which is in excellent agreement
with the bulk viscosity of the solution, i.e. 0.8 mPa·s at 30 ◦C. It also confirms
the no slip assumption, which is in agreement with previous findings [52].

In contrast to the data measured at pH 5.7/100 mM, the dissipation,
γint(h), measured for the other four electrolyte solutions significantly deviates
from the Reynolds dissipation. This implies that the dissipation, and so the
friction, in the electrolyte film depends on the ionic charge distribution. We
take γint(h) measured for the solution with pH 5.7/100 mM as the ”zero
charge” reference γref(h) and calculate the enhancement of the dissipation
which we define as cev = γint(h)/γref(h)−1. In Fig. 5.10(a) the enhancement
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Figure 5.9: The measured (a) and calculated (b) reciprocal dissipation coef-
ficients versus tip-substrate distance. The dotted line in (a) represents the
Reynolds fit. The curves in (b) have been calculated with Eq. 5.25. Color
scheme as before.

cev versus h has been shown for several electrolyte solutions. When the tip
approaches the substrate (decreasing separation), the enhancement increases
monotonically until it reaches a maximum around h ≈ 3 nm. On further
approach the enhancement decreases again, but then the tip is so close to the
interface that non-electric interactions like van der Waals forces and solvation
forces come into play. Therefore we do not consider these short distances in
our analysis.

In Fig. 5.6 (b) and (c) we present the damping data collected with the
small flattened tip. Panel (b) shows a log-log plot of γint versus h. The
overall slope is rather close to h−2, which is in between h−1, as expected
for a spherical tip, and h−3 as expected for a disk-like tip. Because the
interaction area is much smaller than that of a colloidal tip, the data for
h > 10 nm are dominated by noise, which limits the distance range of our
analysis. Because the surface charge for the pH 5.7/100 mM solution is
very low, |σ| < 0.01 e/nm2, we use this solution as a reference to calculate
the damping enhancement, which is given in panel (d). To understand the
dissipation behavior, we consider two effects, which are known in literature
as the electro-viscous effect [22] and the visco-electric effect [34].
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Figure 5.10: The measured (a) and calculated (b) cev coefficients as a function
of tip-substrate distance. Color scheme as before.

Electro-viscous effect

Due to the charge density on the substrate and tip surface, counter ions ac-
cumulate in the electrolyte film between the tip and the substrate, where
the ions are trapped in the local potential field. This causes an additional
body force on the electrolyte film that hinders the squeeze-out of liquid in
the thin film when the tip approaches the substrate. This enhances the dis-
sipation. To estimate this enhancement more quantitatively we assume that
the ion distribution relaxes fast to its equilibrium distribution at the momen-
tary tip-substrate distance on a timescale much shorter than the squeeze-out
timescale. Knowing the mobility of the excess ions and their distribution in
the film, we can calculate the resulting body force on the liquid and take this
force into account when we calculate the pressure needed to squeeze-out the
liquid from the film. The governing equations for the flow field u are given
by:

∇ · u = 0 (5.20)

and:

ρ

(
∂u

∂t
+ u · ∇u

)
= −∇p+ η∇2u + fb (5.21)

Here ρ is the density of the electrolyte, η its viscosity and fb is the effective
body force acting on the liquid. Because the equilibration time of the ions is
short compared to the characteristic time of the oscillating flow, ωh2/Dion '
5×10−3 for ω/2π = 10 kHz, h = 10 nm and Dion ' 10−9 m2/s, we assume the
equilibrium ion distributions, in stead of solving the Nernst-Planck equation
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for the ion densities and fluxes. Therefore, we model the body force, in radial
direction,

fb = −|n+ − n−| kBT
Dion

ur (5.22)

where n+ and n− are the local cation and anion concentration, while Dion

is the ion diffusion coefficient, in this case determined by the cation because
both surfaces are negatively charged. Moreover, because h2ρ/µt0 ' 5×10−6,
hρU0/µ ' 10−6 and (h/R)2 ≤ 4× 10−2 Eq. (5.20) and (5.21) reduce to:

1

r
∂r(rur) + ∂zuz = 0

∂rp = η ∂2
zur − | sinh(eφ/kBT )| 2n∞kBT

Dion
ur

Because φ(r, z) is known from our DLVO analysis, and ∂rp does not depend
on z, we can solve ur(z) for given r from

∂2
zur =

∂rp

η
+ | sinh(eφ/kBT )| 2n∞kBT

ηDion
ur (5.23)

with the boundary conditions ur(0) = ur(h) = 0 to get the flow profile.
We mention that the Stern layer is assumed to be immobile and is not to
yield under stress. Hence, separation h=0 is reached when the Stern layers
touch each other. From the flow profile, ur(z), we calculate 〈ur〉 = −rU0/2h,
to establish a relation between ∂rp and U0. Here U0 is the speed of the
cantilever tip with respect to the substrate. The dissipative force is eventually
calculated from the ∂rp profile under the tip:

Fdiss = π

∫ ∞
0

r2∂rp dr (5.24)

Eventually, we obtain for a spherical tip and a flat substrate:

γint =
Fdiss

U0
= πηR2

tip

∫ ∞
h0

(h− h0) dh

h3 I(h)
(5.25)

where I(h) = (hU0)−1
∫ h

0
ur(z, h) dz, depends on the double layer properties,

see Eq. 5.23. In Appendix A we explain in detail how the actual calculations
are performed. The results of this calculation will be presented and discussed
in Section 5.4.
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Figure 5.11: The electric field strength in the film between substrate and tip
for h = 10 nm (lines) and h = 5 nm (dots) for pH 9.3/0.2 mM (black), pH
9.3/1 mM (blue), pH 9.3/10 mM (red) and pH 5.7/1 mM (light blue).

Visco-electric effect

In this section, we consider the electro-viscous effect, i.e. the effect of the
viscosity increment due to the local electric field [34]. This increment is
proportional to the electric field strength: η = η0(1 + fveE

2), where η0 is the
zero field viscosity. The coefficient fve has never been conclusively measured
for water but it is estimated to be approximately 10−15 (V/m)−2 [36]. To
evaluate the significance of the visco-electric effect we need to know field
strength in the liquid film. Just for an order of magnitude estimate, we simply
approximate the tip-surface geometry as two parallel plates and neglect the
electro-viscous effect in this case. When we solved the PB equation with
charge regulation boundary conditions, we obtained the field strength in the
diffuse layer for all separations and all fluid compositions.

In Fig. 5.11, the electric field in the gap is shown for the cases of h =
5 and h = 10 nm. Close to the wall, the electric field is in the order of
107 V/m. In the middle of the gap, the field strength decays to zero due to
the symmetry of the equally charged parallel plate geometry. To get an upper
bound estimation, we choose for fve three times the literature estimate, fve =
3 × 10−15 (V/m)−2, when we calculate the η(z, h) dependence. With this
dependence we recalculate the pressure gradient and finally the dissipation
enhancement in the film for the case of a parabolic tip, see Appendix B for
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Figure 5.12: The measured (a) and calculated (b) viscosity enhancement
coefficients, cve, as a function of tip-substrate distance. Color scheme as
before.

more details.

The resulting enhancement of the dissipation has been plotted for all used
solutions in Fig. 5.12(b). The enhancement is maximal around h = 3 nm.
Between 3 and 30 nm, it decreases gradually with increasing film thickness.
Below 3 nm, the enhancement drops rapidly. The solution of pH 9.3/10
mM gives the maximum enhancement, which is approximately a factor two.
So, also in this case the calculated effect is of the same order of magnitude
but slightly smaller than the measured increment. Qualitatively, the cve
coefficient differs from the measured γint/γref − 1. However, the length scale
matches better, the maximal enhancement is observed close to κh < 1. On
the other hand the concentration dependence for large distances is more off.
Hence, both the electro-viscous and visco-electric effect only partially explain
the observed dissipation behavior.

5.4 Discussion

Using the expressions presented in last section, we calculated for each con-
sidered fluid composition the dissipation γint(h). The input data for the
calculations are the same as for the surface charge determination and have
been listed in Table 5.1. The results have been plotted as 1/γint versus h
in Fig. 5.9(b), which should be compared with the experimental results in
Fig. 5.9(a). From both plots we observe that for large separations the dissi-
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[NaCl] [mM] δexp δcalc κ−1 [nm]
0.2 4.5 38 18

1 3 16 10
10 < 1 6 3

Table 5.2: The effective thickness δ of the enhanced-dissipation-layer in rela-
tion to the Debye length κ−1 for the three salt concentrations used at pH =
9.3; for pH 5.7/1 mM we obtain the same results as for pH 9.3/1 mM.

pation increases with decreasing concentration, while at close distances this
trend vanishes. This can be explained from the thickness of the diffuse dou-
ble layer, characterized by the Debye length, which increases with decreasing
concentration (ionic strength). At large separations the double layers do not
overlap and due to the higher friction in the double layer, the flow restricts
itself to the middle region of the gap avoiding the double layer. This middle
region is broader for high concentrations, leading to a lower flow resistance
or dissipation. On the other hand at close distances, the double layers do
overlap, so the flow is forced trough the double layer and the enhancement is
not determined by the Debye length any longer. This effect has also been ob-
served for flowing suspensions of colloidal particles which where coated with
a dense polymer brush [53–55]. At low concentrations the flow avoids the
brushes and the viscosity is determined by the volume fraction based on the
dressed particle diameter including the polymer brush, while at high concen-
trations the flow is forced trough the brushes and the viscosity is determined
by the bare particle volume fraction. By extrapolating the large distance
behavior in Fig. 5.9 towards 1/γint = 0, we obtain the effective thickness
δ of the double layer both from our experiments and calculations (see also
Appendix A). The results have been collected in Table 5.2. Indeed, both the
experimental and calculated values for δ scale with the Debye length, but the
calculations overestimate the thickness by approximately a factor 5.

To get a better view on the dissipation enhancement at small tip-substrate
distances, we plot cev = γint/γref − 1 as a function of h in Fig. 5.10(a) for
the measured cev−m and in Fig. 5.10(b) for the calculated cev. From the cal-
culations, we see that in this regime the enhancement in dissipation depends
on both the surface charge and the Debye length. The enhancement is not
monotonic with respect to the tip-substrate distance. It shows a maximum
at a distance of approximately 1.5 times the Debye length, i.e. κh ≈ 1.5.
These maxima in cev range from 0.6 for 10 mM to 1.2 for 0.2 mM. For
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κh > 2, the enhancement decreases with a decay length approximately equal
to 10 κ−1. At small distances for κh < 1.5, the enhancement drops rapidly.
There are two reasons for this decrease. The ”zero field” dissipation in-
creases dramatically, γint ∼ h−3

local while the excess ion density increases only
with (n+ − n−) ∼ h−1

local, where hlocal is the local height in the gap. More-
over, charge regulation dramatically decreases both the surface charge and
the excess ion density in the gap, when h→ 0. This behavior is qualitatively
in agreement with our experimental observations. However, quantitatively
several deviations are observed. Although the order of magnitude is correct
the experimentally observed maximal enhancement is larger than the calcu-
lated one. Moreover, the experimental maxima appear at smaller distances
than the calculated ones, specially at the lowest concentration. Looking at
the cev values for large h, experiment and calculation show the same trend:
the cev for 10 and 1 mM are approximately the same while the 0.2 mM so-
lution shows a clearly lower value. However, for h < 10 nm experiment and
calculation show different trends: experimentally the pH 9.3/1 mM solution
shows the largest effect while the calculation shows the largest effect for the
pH 9.3/0.2 mM solution.

Earlier approaches

The hydrodynamic drag force for two charged surfaces that approach each
other in an electrolyte solution, has been investigated theoretically, [56–58]
considering the ionic concentration dynamics in more detail. In these ap-
proaches the excess ions are not considered to be trapped, but the squeezing-
out flow of the ions in the electrolyte film is opposed by an inward electro-
osmotic flow to conserve the charge neutrality in the film. This osmotic flow
is driven by a streaming potential, which is established by the initial outflow
of ions.

Chun and Ladd give a detailed analysis [56], including the case of two
parallel plates. In their analysis, the system is considered quasi-static and the
narrow gap approximation is applied, using the same arguments as we have
given above. They also obtained a numerical estimation for cev for two plates
in NaCl solutions, considering both constant charge and constant potential as
boundary conditions for the PB equation. The different boundary conditions
have only a minor effect on the calculated cev values. Their results show
that the electro-viscous coefficient increases gradually when the gap height
decreases from κh = 10 to κh = 3 to cev = 0.4. It decreases sharply when
the separation is further reduced from κh = 3, and it approaches zero when
κh → 0. The maximum enhancement (< 50%) is much smaller than our
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experimental observation. If we consider a parabolic tip on a flat surface, the
electro-viscous coefficient cev is expected to be smaller, as shown in Ref. [57]
for the case of two spherical particles and the deviations between predictions
and measurements become even larger. Hence our cev calculations are in line
with this more elaborated modelling, which is also not able to explain the
enhanced dissipation quantitatively.

Comparing a colloidal probe with a small flattened tip

The force gradient measured with a small tip is also fitted with the DLVO
theory, see Fig. 5.6 (a). The interaction area is approximated to be a round
disk with a radius R = 40 nm. The resulting surface charge has been plotted
in Fig. 5.6 (c). The concentration and pH dependence of the surface charge
are in agreement with the results obtained with the colloidal probe. The
values of the surface charge are typically 50 % lower than those measured
with the colloidal probe. This may be caused by slight differences in the
experimental procedures. For instance, the small tip is flattened in situ,
which may result in different site density of surface groups from the tip side.

The damping measured with a small flattened tip is also compared with
pure hydrodynamic dissipation, see Fig. 5.6 (b). In the calculations we con-
sider the tip as a flat round disk or as spherical, both with a radius of R = 40
nm. For a flat disk, instead of using Eq. 5.19, the damping coefficient is
expressed as γint = 1.5πηbR

4/h3.
The experimental data qualitatively show a distance dependence similar

to that of a flat disk. The deviation may originate from the complex geometry
of the real tip (see the inset in Fig. 5.6). More importantly, the enhancement
in dissipation is reproduced. In line with the colloidal probe measurements,
the dissipation at 5 nm is enhanced by approximately 100 to 200 %, see
Fig. 5.6(d). Because the colloidal probe measurements already deviate a lot
from the theoretical predictions, the dissipation enhancement measured with
a small flattened tip is not compared with any theory.

Ionic dissipation in the Stern layer

Neither the electro-viscous nor the viscous-electric effect could explain the
enhanced dissipation in overlapping EDLs qualitatively. What else could
explain this enhancement?

In our analysis, we assume that the Stern layer is rigid, i.e. at the zero
separation the Stern layers of the two surfaces are in contact with each other,
and the ions in the Stern layer are considered as immobile. This assumption
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may not hold. In colloid science, surface conductance is often invoked to
reconcile the measured surface potential or streaming potential with theo-
retical calculations [14, 29, 59, 60]. It is plausible that the ions in the Stern
layer are quite mobile. Hence, the Stern layer may yield under stress, and
can be penetrated by the tip near zero separation. Given the fact that the
Stern layer usually embodies much more ions than the diffuse layer, the ionic
friction in the Stern layer may contribute considerably to the overall energy
dissipation. In power generation measurements with pressure driven flow
in nanochannels, the efficiency of the energy conversion is often much lower
than expected. The excessive dissipation is then attributed to ionic friction
in the Stern layer [59].

Viscosity of interfacial water

Another plausible explanation is that the water in the proximity of the
charged surface is differently structured which can lead to a significant en-
hancement of its viscosity. Enhancement due to polarization effects was al-
ready considered in the visco-electric enhancement, but it is well-known that
interfacial water forms also a layered structure in which the water molecules
have a preferred orientation. This layering effect can increase the enhance-
ment even more. Layering is consistently observed in SFA and AFM mea-
surements [1,10] and X-ray spectroscopy [33]. Moreover, the sum frequency
generation (SFG) spectroscopy has revealed that the dipole moment of water
molecules aligns with the electric field at the interface [61]. A stronger electric
field leads to a more pronounced orientation [62], restricting the molecules in
their rotation and therefore to a larger viscosity. Recently, Versch et al. [63]
reported that the viscosity of water at a charged electrode could be magnified
up to a few orders by increasing the surface charge. This is evidenced by the
exceptionally slow Brownian diffusion of nano particles near the charged in-
terface [63]. These interfacial water layers could be present in our system as
well. It is possible to estimate the thickness of these layers by assuming that
they are immobile, i.e. and show a negative slip length. For a pH 9.3/0.2
mM solution, which shows the most pronounced enhancement in dissipation,
the stagnant layer is approximately 2.5 nm thick at most on both the tip and
the substrate. This value is in the same range as the reported thickness of
’superviscous’ interfacial water [64].
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Uncertainty in ’zero’ distance and finite γint at the largest separa-
tion

The experimental uncertainty in the assumed ’zero’ is approximately 0.5 nm.
For our reference case (pH 5.7/100 mM), the bulk viscosity is nicely recovered
without introducing an offset in the tip-substrate separation. It means that
the ’zero’ is determined in good accuracy. Moreover, we observe that the
force gradient (kint) strongly decreases within 1 nm from the substrate, due
to the van der Waals contribution, which dominates at these short distances.
Note that the dissipation data measured with a colloidal probe (γint ∝ 1/h)
are less sensitive to the error in separation than those measured with a small
flattened tip (γint ∝ 1/h3). Therefore, we give more credit to the data
measured with a colloidal probe.

However, for a colloidal probe the dissipation enhancement is sensitive to
a minor error in the calibration of γc as discussed in section 5.3.2. It limits
our discussion on the data measured close to the surface. This problem does
not exist for a small flattened tip, because the dissipation decays faster with
separation. As shown in Fig. 5.6(b), the linear relationship between log γint

and log h holds even at the largest separations (15 nm) without correcting
for a finite γint value, as we did for the colloidal probe.

5.5 Conclusion

We have studied the hydrodynamic dissipation in overlapping electric double
layers, using AFM amplitude modulation force spectroscopy. The AFM study
has a unique advantage over conventional approaches. It enables independent
and simultaneous determination of both the surface charge and the hydro-
dynamic dissipation as a function of the tip-substrate distance by analyzing
the conservative and dissipative part of the measured force-distance curves.
Our analysis shows that with AFM force spectroscopy one can measure the
surface charge accurately.

From force measurements in various fluid compositions, we observe that
the viscous dissipation is correlated with the surface charges on tip and sub-
strate as well as the ionic strength (e.g. Debye length) in the electrolyte
film. Using the measured surface charges, the enhancement in dissipation is
numerically calculated from the friction due to the excess ions in the diffuse
layer. The experimental data agree qualitatively with the calculations, the
order of magnitudes are correctly reproduced, but the characteristic length
scales do not match. Previous theoretical studies, taking into account the
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full dynamics of the ion distribution in the electrolyte film, corroborate our
calculations and do not explain the deviations between experiment and calcu-
lation. To reconcile the disagreement, the visco-electric effect has been taken
into consideration. Consequently, the characteristic length scales match quite
well with the observations, but the visco-electric effect does not explain all
observations quantitatively.

Our analysis shows that the description of an electric double layer using
a mean field approach may be not sufficient when it comes to electro-hydro-
dynamic dissipation. We suggest that the interfacial water layer at a charged
surface, a few nanometers thick, is superviscous and/or the conductance of
the Stern layer may contribute substantially to viscous dissipation. However,
the complex interplay between surface charge, structure of interfacial water
layers and surface conductance is far from resolved, yet.
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5.A Appendix

A: Description of the actual dissipation calculation

To perform the actual calculation we make Eq 5.23 dimensionless:

∂2
ζwr =

h2∂rp

ηu0
+ | sinh(ψ)| 2n∞kBTh

2

ηDion
wr

where ψ = eφ/kBT , wr = ur/u0 and ζ = z/h. Defining:

h2∂rp

ηu0
= −1

and
ηDion

2n∞kBT
= δ2

we end up with:

∂2
ζwr = (h/δ)2 | sinh(ψ)|wr − 1 (a1)
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We can write the solution of this equation formally as wr(ζ) = f(ζ, h),
where wr(0) = wr(1) = 0 meets the no slip boundary conditions. Appendix

C describes how to do this. Then 〈wr〉 =
∫ 1

0
f(ζ, h)dζ and

〈ur〉 =
−h2∂rp

η

∫ 1

0

f(ζ, h)dζ =
−rU0

2h

where U0 is the speed of the probe. Hence we obtain:

∂rp =
ηrU0

2h3
∫ 1

0
f(ζ, h)dζ

(a2)

and with Eq. (5.24):

γint =
Fdiss

U0
= 1

2πη

∫ ∞
0

r3 dr

h3
∫ 1

0
f(ζ, h)dζ

(a3)

We will analyze the dissipation assuming a spherical tip and a flat substrate.
So Eq. (a2) can be written as:

γint =
Fdiss

U0
= πηR2

tip

∫ ∞
h0

(h− h0) dh

h3 I(h)
(a4)

where I(h) =
∫ 1

0
f(ζ, h)dζ. Last equation is identical with Eq. (5.25).

Note 1: Both δ and κ depend on the ionic strength n∞, in such way that:

κδ =

√
e2ηDion

εε0(kBT )2
' 1.5

Note 2: In case no surface charges are present, i.e. for ψ(z) = 0, the flow
profile is just parabolic: ∂2

ζwr = −1. Hence, f(ζ, h) = 1
2 (ζ − ζ2) and we get

the well known result:

Fdiss = πηU0

∫ ∞
0

r3 dr

h3
∫ 1

0
(ζ − ζ2) dζ

= 6πηU0

∫ ∞
0

r3 dr

h3

For parallel disks this reduces to:

Fdiss =
3πηU0R

4

2h3

while for a sphere-plate geometry, characterized with h = h0 + 1
2r

2/Rtip, we
obtain the Reynolds dissipation force:

Fdiss = 6πηU0

R2
tip

h0
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B: Calculation of the cve coefficient

According to Lyklema [34] the viscosity of water depends on the electric field
strength according:

η(E) = η0(1 + fveE
2) (a5)

where fve ≈ 10−15 m2/V2 is the visco-electric coefficient. As the field
strength varies with position we must consider the position dependence of
the viscosity when solving the continuity and Navier-Stokes equations:

∇ · u = 0 (a6)

and:

ρ

(
∂u

∂t
+ u · ∇u

)
= −∇p+ η∇2u+ 2(∇η) ·D − e (n+ − n−)∇φ (a7)

while the stress tensor itself is given by:

τ = −pδ + 2ηD + εε0

(
∇φ∇φ− 1

2 (∇φ)2δ
)

(a8)

where D = 1
2

(
∇u+ (∇u )T

)
is the rate of strain tensor. We investigate

these relations in a parallel plate geometry in the limit h/R� 1. Here h(r)
is the gap height and R the characteristic radial distance. Neglecting inertia
and the ∂rφ term, Eq. (a7) reduces to:

∂rp = ∂z(η ∂zur) (a9)

while the continuity relation reads:

〈ur〉(r) =
1

h

∫ h

0

ur(r, z)dz =
−rU0

2h(r)
(a10)

where U0 is the velocity of the upper surface (i.e. the tip). To continue, we
rewrite Eq. (a9) in dimensionless form as:

∂ζ(ηr ∂ζwr) =
h2∂rp

η0u0
(a11)

with ζ = z/h, ηr = η/η0 and wr = ur/u0. Because ∂z∂rp = 0 we can choose
u0 = −h2∂rp/η0 and write last equation as:

∂ζ(ηr ∂ζwr) = −1 (a12)
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The solution is again formally given by wr = g(ζ, h) and 〈wr〉 =
∫ 1

0
g(ζ, h) dζ.

Because 〈ur〉 = −h2∂rp/η0 〈wr〉, we obtain for the pressure gradient:

∂rp =
η0rU0

2h3
∫ 1

0
g(ζ, h)dζ

(a13)

which is, when one replaces g(ζ, h) with f(ζ, h), identical with Eq. (a3).
Hence, also the expression for γint is given again by :

γint =
Fdiss

U0
= πηR2

tip

∫ ∞
h0

(h− h0) dh

h3 I(h)
(a14)

where in this case I(h) =
∫ 1

0
g(ζ, h)dζ.

To take into account both the electro-viscous and the visco-electric effect
we can use the same approach and generalize our result by considering g(ζ, h)
as the solution of:

∂ζ(ηr ∂ζwr) = (h/δ)2 | sinh(ψ)|wr − 1 (a15)

where in this case δ2 = η0Dion/(2n∞kBT ). Again, γint can be calculated
with Eq. (a14).

C: Solution of the differential equations for wr(ζ)

Because Eqs. (a1) and (a12) are equal to Eq. (a15), for ηr = 1 and δ−1 = 0,
respectively, we only need to describe how to solve last equation. To do so,
we define q(ζ) = ηr∂ζwr and rewrite the second order differential equation
as two first order equations:

∂ζwr = q/ηr (a16)

∂ζq = (h/δ)2 | sinh(ψ)|wr − 1 (a17)

This set is solved using an iterative Runge Kutta integration scheme, with the
boundary conditions wr(0) = 0 and q(0) = qguess. In the iteration process we
optimize qguess in such a way that eventually the second boundary condition
for wr, i.e. wr(1) = 0, is fulfilled, too. This is achieved by taking an upper
and lower limit for qguess, take qguess as the average of these two limits and
calculate wr(1) by applying the integration routine. If wr(1) > 0 we replace
the upper limit by qguess, otherwise the lower limit by qguess and repeat the
process. In this way we restrict the possible values for qguess to an interval
that decreases every iteration by a factor two, until the difference between
upper and lower limit is small enough.
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Summary

Solid-liquid interfaces are not only omnipresent in our daily lives, but also
in many applications in industry and technology. However, our fundamental
understanding of the physical properties of these interfaces is far from com-
plete. In this thesis, we study properties, such as solvation forces, DLVO
forces and electro-hydrodynamic dissipation of solid-liquid interfaces by the
use of AFM. Thereby, we study various methods of AFM force spectroscopy,
to find reliable and efficient measurements under liquid. Techniques explored
include thermal noise spectroscopy (TNS), amplitude modulation (AM) with
piezo excitation and photothermal excitation. With these techniques, we in-
vestigate solvation forces in non-polar liquids and water, DLVO forces, and
electro-hydrodynamic dissipation in the electric double layer (EDL).

A liquid confined between two solid surfaces is a topic of intense research
in geoscience, tribology, and biophysics. The AFM, as an important tool for
nanoscopic force measurements, has been used to probe the viscoelastic dy-
namics of nano confined liquids. The discrepancies between results obtained
with different AFM methods are often attributed to various technical reasons,
such as incomplete understanding of the dynamics of a cantilever under liquid
and differences in tip geometry. In Chapter 3, we explore TNS in the context
of nano confined liquids. By measuring the thermal fluctuations of a can-
tilever, we measure solvation forces and hydrodynamic dissipation in confined
liquids. In TNS, the cantilever dynamics under liquid are approximated as
a simple harmonic oscillator (SHO). We show, theoretically and experimen-
tally, that the approximation is sufficiently accurate within the experimental
error in practical cases, for instance the viscosity of a non-polar liquid is
measured with an accuracy of approximately 20%. With a nanoscopic tip,
we observe oscillatory solvation forces and non-monotonic dissipation, which
can be correlated to a layered structure of confined liquids. Our results are in
line with the idea that the continuum theory breaks down when it comes to
confined liquid films of molecular thickness. Despite all of its strength, TNS
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is slow and its accuracy goes down dramatically in an overdamped system.
The AM force spectroscopy with piezo excitation, faster than TNS, is

one of the most widely used methods. Its reliability under liquid is open to
discussion, in particular, when it comes to quantitative measurements. In
Chapter 4, the reliability of piezo-excited AM in comparison with TNS is in-
vestigated. In the data analysis of piezo-excited AM, both the conventional
point-mass model and the recently proposed continuum beam approach are
examined through the measurements of DLVO forces, solvation forces, and
the hydrodynamic dissipation in aqueous electrolyte solutions. Our results
show that piezo-excited AM (the continuum beam approach) is reliable if the
fluid excitation is taken into account. The point-mass model fails qualita-
tively for determining the dissipative part of the interactions. In this study,
we also observe that the dissipation in the hydration layers is non-monotonic
with respect to thickness, which reflects the discrete nature of the hydration
films. Moreover, we observe that the hydrodynamic dissipation in the EDL
is enhanced substantially, compared to the bulk.

Understanding the coupling between electrostatics and hydrodynamics is
important for nanofluidics and colloid science. Conventional techniques of-
ten only allow us to measure either the electrostatic force or the dissipation.
To overcome this problem, we propose to investigate electro-hydrodynamics
with AFM in Chapter 5. The measurements are performed with aqueous
electrolytes at different pH levels and concentrations, such that the surface
charge and screening strength are adjusted. From the data obtained in the
case of strong screening, the viscosity of the bulk liquid is accurately de-
rived, which shows the validity of our approach. From electrostatic forces,
we obtain the charge distribution in the gap between tip and substrate by
solving the Poisson-Boltzmann equation with charge regulation boundary
conditions. We observe that the viscous dissipation is correlated with the
charge density in the diffuse layer. The observed enhancement cannot be
successfully rationalized according to the theories on the electro-viscous ef-
fect or the visco-electric effect, but can only be qualitatively explained. It
may be due to the poorly understood ionic transport near a charged surface
or the increased viscosity of interfacial water.



Samenvatting

Grensvlakken tussen vaste stoffen en vloeistoffen komen we niet alleen veel
tegen in ons dagelijks leven, maar ook in toepassingen van de industrie en
wetenschap. Echter, ons fundamenteel begrip van de fysische eigenschappen
van deze grensvlakken is ver van compleet. In dit werk bestuderen we eigen-
schappen zoals solvatatie krachten, elektrostatische krachten en elektrohy-
drodynamische dissipatie aan grensvlakken met een atomic force microscoop
(AFM). We bestuderen ook verschillende technieken van AFM krachtenspec-
troscopie, om een betrouwbare en efficiënte manier te vinden van metingen
doen in een vloeistof. De technieken die bestudeerd zijn, zijn thermische ruis
spectroscopie (TNS), amplitude modulatie (AM) met piezo excitatie en foto-
thermische excitatie. Met deze technieken onderzoeken we solvatatie krachten
in non-polaire vloeistoffen en water, DLVO krachten en elektrohydrodynami-
sche dissipatie in de elektrische dubbellaag.

Er wordt in veel verschillende disciplines onderzoek gedaan naar het ge-
drag van vloeistof wat zich tussen twee oppervlakken bevindt. Voorbeelden
zijn aardwetenschappen, wrijvingsleer, en biowetenschappen. De AFM, een
belangrijke apparaat voor het doen van nanoscopische krachtmetingen, is
gebruikt om elektro viskeuze eigenschappen van begrensde vloeistoffen te
meten. De discrepantie die gevonden wordt tussen resultaten die verkre-
gen zijn met verschillende AFM technieken, wordt vaak toegeschreven aan
verscheidene technische redenen, zoals een incompleet begrip van cantilever
dynamica in vloeistof of verschil in de tip geometrie. In hoofdstuk 3 verken-
nen we de TNS techniek in de context van nano begrensde vloeistoffen. Met
de thermische fluctuaties van de cantilever, meten we de solvatatie krachten
en de hydrodynamische dissipatie van begrensde vloeistoffen. In TNS wordt
de beweging van de cantilever benaderd als een simpele harmonische oscilla-
tor (SHO). We laten theoretisch en experimenteel zien dat deze benadering
voldoende nauwkeurig is binnen de experimentele fout in normale gevallen;
de viscositeit van een non-polaire vloeistof kan binnen een 20% nauwkeu-
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righeid benaderd worden. Met een nanoscopische tip zien we oscillerende
solvatatiekrachten en non-monotonische dissipatie, die gerelateerd zijn aan
een georganiseerde structuur van de begrensde vloeistof. Onze resultaten
zijn consistent met het idee dat de continuüm theorie niet meer geldt, omdat
de begrensde vloeistof in de ordegrote is van een molecuul. Ondanks de dui-
delijke voordelen, is TNS erg langzaam en gaat de nauwkeurigheid omlaag in
een over-gedempt systeem.

Amplitude modulatie met piezo excitatie is de meeste gebruikte techniek
en is sneller dan TNS. De betrouwbaarheid in vloeistoffen is echter nog twij-
felachtig, met name in het geval van kwantitatieve metingen. In hoofdstuk
4 vergelijken we de betrouwbaarheid van piezo geëxciteerde amplitude mo-
dulatie met de thermische ruis spectroscopie. In de data analyse van de
piezo geëxciteerde AM worden beide het conventionele puntmassa model en
het recent ontwikkelde continuüm model vergeleken met behulp van DLVO
krachten, solvatatie krachten en hydrodynamische dissipatie in elektrolytische
oplossingen. Onze resultaten laten zien dat piezo geëxciteerde AM (gebruik
makende van het continuüm model) betrouwbaar is als er ook rekening wordt
gehouden met de excitatie van de omringende vloeistof. Het puntmassa mo-
del kan niet gebruikt worden om het dissipatieve gedeelte van de interactie
te beschrijven omdat deze kwalitatief niet klopt. In deze studie wordt ook
aangetoond dat de dissipatie in hydratatielagen niet monotoon van karakter
is in vergelijking met de dikte, wat de discrete natuur van de hydratatielagen
toont. Bovendien, zien we dat de hydrodynamische dissipatie versterkt is in
de elektrische dubbellaag vergeleken met de bulk.

Het begrijpen van de koppeling tussen elektrostatische krachten en hy-
drodynamica is belangrijk voor nanofluidics en colloidwetenschap. Conven-
tionele technieken zijn vaak alleen in staat om de elektrostatische kracht of
de dissipatie te meten. Om dit probleem op te lossen, gebruiken we AFM
om elektrohydrodynamica te bestuderen, wat beschreven wordt in hoofd-
stuk 5. De metingen zijn gedaan in elektrolytische oplossingen met verschil-
lende pH en zout concentraties. Uit de data waarbij de oppervlakte lading
grotendeels geneutraliseerd is kan de viscositeit van de bulk vloeistof nauw-
keurig bepaald worden, wat onze aanpak valideert. Van de elektrostatische
krachten krijgen we de ladingsverdeling tussen de cantilever en substraat
door de Poisson-Boltzmann vergelijking op te lossen met ladingsnormerende
grensvoorwaarden. We zien dat de viskeuze dissipatie is gecorreleerd met
de ladingsdichtheid in de diffusieve laag. De geobserveerde verhoogde elek-
troviskeuze dissipatie kan niet succesvol gerationaliseerd worden volgens de
bestaande theorieën over elektro viskeuze effecten, maar kan alleen kwalitatief
verklaard worden. Dit komt waarschijnlijk doordat het ionentransport langs



155

een geladen oppervlak slecht voorspeld kan worden of doordat de viscositeit
van het water aan het grensoppervlak verhoogd is.
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