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Chapter 1

Introduction

The first fundamental step in the development of scanning probe microscopy has

been the invention of the scanning tunneling microscope (STM) [1, 2] by Gerd Binnig

and Heinrich Rohrer in 1981. A probe, in form of a conductive tip, is rastered across

the surface measuring the tip-surface interaction, in this case a tunnel current, at

every point. While brilliant in imaging and manipulation at the atomic scale, STM

is limited to electrically conductive surfaces. The next major development has been

the introduction of the atomic force microscope (AFM) in 1986 [3]. For this method,

a sharp tip is placed on the surface and the forces between the tip and surface are

measured. To determine the strength of these forces most commonly the tip is

placed on the end of a cantilever. A further milestone of scanning probe microscopy

development is marked by the introduction of atomic resolution force microscopy by

the non-contact technique (NC-AFM) [4, 5]. This technique is based on observing

the frequency shift of the oscillating cantilever.

The stiffness of the cantilever allows for a direct correlation of the cantilever displace-

ment to the force acting on the tip. For the widely used, commercially available,

silicon micro-cantilevers, the readout of the signal occurs optically by either beam

deflection [6–8] or interferometric detection [9–13]. The quality and noise level of

this readout is aside from the atomic configuration of the tip and the properties of

the cantilever, the crucial factor for the quality of the recorded images.

The cantilever is highly sensitive to external forces resulting in a shift of the can-

tilever resonance frequency [14–16]. In a NC-AFM with the tip being close to the

surface, external forces originate from different types of tip-sample interaction [17–

19]. However, the high sensitivity to minute external forces can also be utilized to

detect forces of opto-mechanical origin [20, 21].

In this work, the detailed characterization and optimization of an interferometric

readout in an NC-AFM setup is described. The interferometric detection allows

for highly precise positioning and readout in addition to the advantage of having

a precise reference length in the laser light wavelength. This facilitates a precise

amplitude calibration and cantilever stiffness measurement.
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Between the reflective cantilever and the fiber-end, an optical cavity is formed, which

has to be characterized to fully understand the physics occurring in the interfero-

metric setup. Most interesting and useful is the observation of opto-mechanical

interactions between the cavity light field and the highly sensitive cantilever.

In this work it is demonstrated that the opto-mechanical interaction with a cavity

light field has a significant impact on characteristic cantilever oscillation properties,

allowing a control of the cantilever motion within reasonable boundaries. This can

be utilized to optimize the setup for the desired tip-sample interaction, to reduce

the noise level and possibly to increase the tip-sample interaction time.

In chapter 2, an overview of the basic working principles of the NC-AFM as well

as the cantilever dynamics is presented. In chapter 3 the experimental setup is

described including fundamental improvements and repairs.

The precise positioning of the fiber-end above the cantilever is of critical impor-

tance to achieve optimal signal-to-noise performance. A systematic approach for

accurate alignment, as well as the implications of deficient fiber-cantilever configu-

rations are described in chapter 4. This systematic alignment results in an improved

displacement noise spectral density greatly decreasing with the optimal alignment

of fiber-end and cantilever.

To determine the interferometer characteristics and to quantify optical loss, a new

physical property namely the Fabry-Pérot enhancement factor F̃ is introduced in

chapter 5. This figure of merit is a direct measure for the light intensity interacting

with the cantilever in relation to the reference beam intensity. The sinusoidally

modulated light field results in an opto-mechanical modification of the cantilever

restoring force and an observable amplitude dependent frequency shift. The for-

malism developed to describe this allows a quantitative assessment of the ratio of

opto-mechanical force relative to the cantilever restoring force. The measurable ra-

tio in combination with the exact quantification of the light intensity interacting

with the cantilever further allows an in-situ measurement of the cantilever stiffness

with remarkable precision.

The opto-mechanical interaction is investigated in depth in chapter 6 and shown to

impact other characteristic properties of the oscillator. Most noticeable is a drop of

the fundamental mode quality factor and an increased amplitude response. A dis-

crete numerical model describing the cantilever as a 1D linear chain of mass points

is implemented to explain the experimental results. The model discloses a mecha-

nism of re-distributing vibrational energy from the fundamental mode oscillation to

higher modes and modes of a pinned cantilever, depending on the strength of the

opto-mechanical coupling.



Chapter 2

Fundamentals

2.1 NC-AFM principle

A non-contact atomic force microscope (NC-AFM) is based on an oscillating probe

interacting with the sample [10, 14–16]. A common, commercially available realiza-

tion is a probe that is etched from silicon, having a tip on an silicon micro-cantilever

[22–24]. The forces acting on the tip lead to a deflection of the cantilever that is

according to Hookes’ law proportional to the force. The readout of this deflection

can occur either by beam deflection [6–8] or by interferometric displacement detec-

tion [9–13] as depicted in Fig. 2.1, where an optical fiber is placed directly above the

cantilever for interferometric readout.

For NC-AFM operation, the cantilever is excited to oscillate at its resonance fre-

quency fres by a piezo element driven with an excitation voltage Vexc. The PLL

circuit [25–27] is responsible for the dynamic cantilever oscillation. For a cantilever

subject to an external force fres deviates from the eigenfrequency f0 yielding a char-

acteristic frequency shift ∆f = fres − f0, that is forwarded as signal to the scan

controller. The PLL always ensures that the cantilever is mechanically driven with

the right phase, frequency and voltage for an oscillation at fres with constant am-

plitude.

The scan controller rasterizes the tip over the surface by applying appropriate volt-

ages to the x and y electrodes of the scanner piezo. There are two major methods of

operation. For constant height measurements, the z-component of the piezo is not

changed and the signal ∆f is used as the information of the surface [28, 29]. This

operation mode can only be chosen for sufficiently flat surfaces and requires a ∆f(z)

calibration for height information. For constant ∆f measurements, a PI-feedback

loop drives the z component of the scanner piezo to keep ∆f at a pre-defined set-

point ∆fset. In this mode of operation, the position of the z-piezo is recorded as the
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Figure 2.1: Schematic of an NC-AFM scan head with optical fiber for interferometric detection,

cantilever and XYZ- tube piezo for sample positioning and scanning.

topography signal [30, 31]. The amount of detail in the resulting image crucially

depends on the correct parameters of the PI feedback loop and ∆fset.
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2.2 Interference

The phenomenon of interference is best described using the wave character of light.

Two or more waves are superimposed to form a resulting wave of larger or smaller

amplitude. To simplify this in the presented context only original waves of identical

frequency, polarization and with a constant phase relation (also infinite coherence

length) are described, resulting in a static interference pattern.

First, we look at the displacement U1(r, t) and U2(r, t) of two waves with the angular

frequency ω at the position r. For an electromagnetic wave the displacement is given

by the strength of the electric field.

U1(r, t) = A1(r) e
−i(ωt−ϕ1)

U2(r, t) = A2(r) e
−i(ωt−ϕ2) (2.1)

with An(r)being the amplitude and ϕn the phase of wave n at position r.

From these, the measurable intensity In(r) can be determined by multiplying Un(r, t)

with the complex conjugate U∗n(r, t) and integrating it over time. For an electro-

magnetic wave In(r) represents the light intensity.

In(r) =

∫
Un(r, t) U∗n(r, t) dt (2.2)

that can be simplified for a single wave to In(r) = (An(r))2. Note that the phase

information is lost in the step of the integration and the resulting intensity is not

suitable for the description of interference.

For two waves interfering, the local displacement U(r, t) is according to the super-

position principle given by:

U(r, t) = A1(r) e
−i(ωt−ϕ1) + A2(r) e

−i(ωt−ϕ2)

= (A1(r) e
iϕ1 + A2(r) e

iϕ2) e−i(ωt) (2.3)

resulting in the interference intensity

In(r) =

∫
U(r, t) U∗(r, t) dt = I1(r) + I2(r) + 2

√
I1(r)I2(r) cos(ϕ1 − ϕ2) (2.4)

To illustrate this, in Fig. 2.2 the displacement for two waves with different amplitude

and phase relations are shown.
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Figure 2.2: Schematic of the displacement of wave 1 (blue) and wave 2 (red) resulting in a inter-

ference displacement (black) for constructive interference (a), destructive interference

(b), phase shift of π
2 (c), and destructive interference with different amplitudes (d).

In Fig. 2.2(a) the two waves have the same amplitude A1 =A2 and phase ϕ1 =ϕ2

resulting in constructive interference with A= 2A1 yielding I = 4I1.

For destructive interference in Fig. 2.2(b) the amplitude is identical A1 =A2 but

there is a phase shift ϕ1 =ϕ2 + π resulting in A= 0 and I = 0.

A phase shift of ϕ1 =ϕ2 + π
2

and A1 =A2 shown in Fig. 2.2(c) yields A=
√

2A2 and

thus I = 2I1 that would be expected for a superposition of two non-coherent beams.

Finally Fig. 2.2(d) shows destructive interference ϕ1 =ϕ2 + π of two waves with

a different amplitude A1 = 2A2 resulting in A= 1
2
A1 and I = 1

4
I1. This also can be

simplified by virtually splitting A1 into two coherent beams with an amplitude equal

to A2 of which one is canceled out because of destructive interference.

The superposition of several beams can be straightforwardly accomplished utilizing

the same method. It is crucial to ensure that all light beams are coherent and the

superposition is done using the complex displacements.
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2.2.1 Michelson interferometer

The classical two beam interferometer first was described as the famous Michelson-

Morley experiment in 1887 [32]. The schematic of a simple Michelson interferometer

setup is shown in Fig. 2.3(a). One coherent monochromatic light beam, for example

from a laser, is split into two coherent beams via a semi transparent (3 dB) mirror.

The light travels in the two paths to separate mirrors. The distance of one of these

mirrors is variable. Both beams are reflected back to the semi transparent mirror

where they are combined into one beam projected onto the screen where it forms a

characteristic interference pattern Fig. 2.3(b).

Figure 2.3: (a) schematic of a Michelson interferometer with light source, semi transparent mirror,

reflective mirrors and screen. (b) Typical interference pattern with concentric rings

around the central main maximum.

The rings are a sinusoidal pattern of with minima for the interference condition

∆d = (2n+ 1)
λ

4
(2.5)

with ∆d the distance difference of the two mirrors, λ the wavelength of the utilized

light and n ∈ N, For the maxima the interference condition

∆d = n
λ

2
(2.6)

is resulting in neighboring maxima have a phase difference of exactly 2π.

Increasing the distance d of one of the mirrors leads to an increase or decrease of the

diameter of the rings with a central maximum being either generated or removed.

The pattern on the screen repeats itself for every distance increase of d=n λ
2

with n

being a natural number and because the optical path length increases or decreases

by twice the distance.
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2.2.2 Fabry-Pérot interferometer

One of the most common examples of multi-beam interference is the Fabry-Pérot

interferometer typically used in form of an etalon in spectroscopy, lasers, and optical

telecommunication [33] for precise wavelength selection within a certain free spectral

range [34]. The light beam is reflected several times between two surfaces interfering

several times and resulting in an amplitude superelevation inside the medium or

cavity between the reflective surfaces.

In Fig.2.4(a) a schematic of multiple light beams inside the Fabry-Pérot interfer-

ometer is shown. The incoming beam with the power Pin is coupled into the inter-

ferometer formed by two interfaces with reflectivities R1 and R2 that are separated

by the distance d. There is constructive interference for distances of d=nλ with

n ∈ N. In case of destructive interference for d= (n+ 1/2)λ with n ∈ N the light is

not transmitted.

Figure 2.4: (a) schematic of multiple light beams inside the Fabry-Pérot interferometer interfering

with each other to form the transmitted light power Pout (b) schematic of constructive

(red) and destructive (green) interference inside the Fabry-Pérot interferometer.

The quality of the Fabry-Pérot interferometer is characterized by the Finesse F ,

that is defined as

F =
∆λ

δλ
(2.7)

with δλ being the full width at half maximum of the transmitted wavelength and

the free spectral range ∆λ being the distance between two transmission maxima. F
can be calculated by utilizing the reflectivity of the interface by

F =
π

2
arcsin(F−1)−1 (2.8)

with F being the coefficient of finesse defined as

F =
4
√
R1R2

(1−√R1R2)2
. (2.9)



14 CHAPTER 2: Fundamentals

This is for significant multi-beam interference commonly approximated by

F =
π 4
√
R1R2

1−√R1R2

. (2.10)

The transmission T of an ideal Fabry-Pérot interferometer is given by

T =
1

1 + F (sin(π d
λ
))2
. (2.11)

As a result, for constructive interference the transmission is Tmax = 1 and the re-

flectivity of the interferometer Rmin = 1-Tmax = 0. For destructive interference the

minimum transmission Tmin is given by

Tmin =
1

1 + F
. (2.12)

In contrast to the Michelson interferometer, there is always light transmitted even in

a minimum where the amount crucially depends on F and thus on F . This directly

translates into a modulation depth M of

M =
Tmax − Tmin
Tmax + Tmin

=
1− (1 + F )−1

1 + (1 + F )−1
(2.13)

for the transmitted beam power.

2.3 Vibrational modes of the cantilever

The modal structure of the cantilever is important to know since a external force

can result in an anharmonic cantilever movement. Any periodic movement can be

fractionized into the a set of harmonic oscillations of the fundamental oscillation

modes by the Fourier analysis [36–38].

Figure 2.5: Sketch of a cantilever with the lenght L in y direction with a deflection A in z direction

as a outline.

The differential equation of movement yields the fundamental oscillation mode and

also higher transversal modes (in direction z) along the cantilever long axis with
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length L (y direction) shown in Fig. 2.5 . Note, the width of the cantilever (in x

direction) is relevant for torsional modes, that are not described in this scope.

The differential equation of motion is for the cantilever is given by

%Γ
d2z(y, t)

dt2
+ E I

d4z(y, t)

d4y
= 0, (2.14)

with % the density of the cantilever material, E Young’s modulus of the material as

well as the cantilever cross-section Γ and the inertia I [39]. For a cantilever fixed at

one end (y= 0) representing the cantilever fixed at its support chip, the boundary

conditions for this position are:

z(0, t) = 0

dz(0, t)

dy
= 0 (2.15)

representing a fixed position and vanishing speed.

For a freely oscillating cantilever at the other end (y=L), the necessary boundary

conditions are:

d2z(L, t)

dy2
= 0

d3z(L, t)

dy3
= 0 (2.16)

representing a vanishing torque and external force at the free end.

In case of a pined cantilever end at (y=L) the cantilever experiences a force at its

end with F ∝ d3z(L,t)
dy3

, the appropriate boundary conditions are:

z(L, t) = 0

d2z(L, t)

dy2
= 0 (2.17)

Representing a pinned position at y=L and vanishing torque.

The solution to the differential equation is according to Ref. [39] the sum over all

free and pinned vibrational modes

z =
∑

An f/p sin(ωn f/p t+ ϕn f/p) Φn f/p (2.18)

With An f/p the amplitude, ϕn f/p the phase shift and Φn f/p the shape of the nth free

(f) or pinned (p) mode.

The shape is described by:

Φn f/p =
(
sin
(
αn f/p

)
+ sinh

(
αn f/p

)) (
cos
(
αn f/p

y

L

)
− cosh

(
αn f/p

y

L

))

−
(
cos
(
αn f/p

)
+ cosh

(
αn f/p

)) (
sin
(
αn f/p

y

L

)
− sinh

(
αn f/p

y

L

))
(2.19)
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Figure 2.6: Schematic of the first four transversal vibration modes of the free and pined cantilever.

with αn f = (n− 1
2
)π for the free modes and αn p = (n− 1

4
)π for the pinned modes.

The shapes of the first 4 free and pined cantilever modes are depicted in Fig. 2.6. In

most cases in the literature, there is no discrimination made between pinned and free

modes. In such cases, the enumerated modes usually refer to the free modes and this

standardization will also be followed in this work if not explicitly declared otherwise.

For example, the eigenfrequency f0 denotes the fundamental free eigenfrequency f0f .

2.4 Frequency shift from external forces

Additional forces Fext(z) applied to the tip of the cantilever oscillating in one of its

modes, generally results in a shift of the resonance frequency fres as the potential in

which the cantilever oscillates is changed. Depending on the details of the force-over-

distance profile, this further results in an shift of the fundamental mode resonance

frequency as well as energy transfer into higher harmonic modes [40, 41]. The

external force can originate, for example, from a tip-sample interaction or in the

case of interferometric displacement detection, from opto-mechanical interactions.

The equation of motion for the fundamental mode (with a regular frequency ω0) of a

one-dimensional oscillator in direction of z with the mass m and the spring constant

k is given by the differential equation,

mz̈ + kz +
mω0

Q
ż = Fexc cos(ωt) + Fext(z) (2.20)

where the cantilever is mechanically driven by the force Fexc to oscillate at the

frequency ω and has a quality factor of Q.

To solve this differential equation the response is fractionized into an infinite set of
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harmonic oscillations by the Fourier ansatz:

z(t) =
∞∑

i=0

Ai−1 cos(iωt) (2.21)

In case of vanishing external force (Fext(z) = 0), the amplitude response A(ω) can

be according to Ref. [42] calculated by:

A(ω) =
Fexc
m

√
(ω2

0 − ω2) + (ωω0/Q)2
−1

(2.22)

Yielding an amplitude A0 of the fundamental mode of

A0 = A(ω = ω0) =
QFexc
k

, (2.23)

because this represents a harmonic oscillator all higher mode amplitudes vanish

An6=0 = 0 (2.24)

and the fundamental eigenfrequency is given by

ω0 =
2π

T0
=

√
k

m
(2.25)

where T0 is the fundamental period of the oscillation.

The energy of the oscillation can be calculated by the potential energy at the reversal

point yielding

E0 =
1

2
kA2

0 (2.26)

To calculate the influence of the external force F (z), Eqn. 2.20 is simplified to the

quasi static case without driving or damping forces yielding

mz̈ = −kz + Fext(z) (2.27)

with the Fourier ansatz (Eqn. 2.21), this leads to the equation

Fext(z) =
∞∑

i=0

Ai−1(−(iω)2m+ k) cos(iωt) (2.28)

To extract the frequency shift associated with the interaction, this equation is mul-

tiplied by cos(iωt) and then integrated over one oscillation period T yielding the

modal amplitude

Ai−1(−(iω)2m+ k) =
ω

π(1 + δ0i)

∫ T

0

Fext(z(t)) cos(iωt)dt (2.29)
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Resulting for i= 1 in the amplitude for the fundamental mode amplitude

A0(−(ω)2m+ k) =
ω

π

∫ T

0

Fext(z(t)) cos(ωt)dt (2.30)

Directly leading to a characteristic frequency shift of the fundamental free mode

δω=ω − ω0 by calculating the integral [42]

δω(F (z), ω0, k, A) = −ω0

k

1

A2
0

∫ T

0

Fext(z(t)) cos(nω0t)dt (2.31)

= −ω0

k

2

πA2
0

∫ A0

−A0

Fext(z)z√
A2

0 − z2
dz

where in the second integral the parametrization is substituted from the oscillation

period to the position integrated over one cycle.

For small amplitudes or linear forces, the perturbation can be approximated to an

effective interaction spring constant δFext(z)
δz

= kext, yielding the simplified equation

for the shifted resonance frequency

ω =

√
k + kext
m

=

√
k∗

m
(2.32)

where k∗ is the effective spring constant including the interaction. This results in a

frequency shift of

δf =
1

2π

(√
k + kext
m

−
√
k

m

)
, (2.33)

That can by approximated for small deviations of the effective spring by

δf ≈ 1

2π

√
km

(
1 +

1

2

kext
k
− 1

)
=
f0
2k

δFext
δz

(2.34)

The external force is in general not a linear function of z yielding an anharmonic

oscillation.

If the integral of Fext(z) over one oscillation cycle does not vanish Eqn.2.29 yields

for n= 0

A−1 =
ω

2πk

∫ T

0

Fext(A0 cos(ωt))dt (2.35)

representing the mean deflection due to a non-vanishing average external force.

For i< 1, Eqn.2.29, with the substitution u= cos(ωt) yields as shown in Ref. [43] for

the higher cantilever modes, that are described in chapter 2.3

Ai−1 =
1

2πk

2ω2
0

ω2
0 − i2ω2

∫ 1

−1
Fext(A0(1 + u))

Ti(u)√
1− u2

du (2.36)
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with Ti(u) being the Chebyshev polynomial [44] given by

Ti(u) = cos(i cos−1(u)) (2.37)

The nth free mode is given by the index i= 2n + 1 while the nth pinned mode is

indexed by i= 2(n+ 1). The mode with the index i= 0 describes a static cantilever

deflection as evident from Eqn. 2.35.

Note, that these amplitudes don’t vanish for an arbitrary external force Fext, re-

sulting in a complex modal structure. From this modal structure it is possible to

calculate the shape of Fext(z) if the amplitude for enough higher modes are measured

[41].

Two important examples for the external force Fext(z) are the tip-sample interaction

due to a Lenard-Jones potential FLJ(z) and the opto-mechanical interaction with a

cavity light field FO(z). Both result in a change of the harmonic cantilever potential

as sketched in Fig. 2.7.

Figure 2.7: Schematic representation of the harmonic cantilever potential Ecant superimposed

with (left) tip sample interaction via the Lenard-Jones potential ELJ and (right) with

the opto-mechanical potential EO resulting in modified total potentials EtotLJ and

EtotO, respectively.

Note, that the resulting interaction spring constant kext is negative for attractive

forces, yielding in lower resonance frequency fres, consequently δf < 0 [45, 46],

while repulsive forces result in a higher fres, consequently δf > 0 [47]. For the

opto-mechanical force, however, the sign of kext is fringe dependent known as the

optical spring effect [48–50].

Both depicted interactions result not only in a shift of the fundamental frequency,

but also significant excitation of higher cantilever modes.
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2.5 Tip-sample interaction

The small tip in a NC-AFM is subject to forces originating from the interaction

with the sample surface. The forces are transmitted to the oscillating cantilever,

changing the oscillatory behavior, most important the resonance frequency. In gen-

eral the forces between bodies are derived from intermolecular forces. The forces

can originate from different kinds of interaction, resulting in short and long range

forces as well strong and weak interaction.

2.5.1 Pauli repulsion force

The Pauli repulsion is a result of the Pauli exclusion principle, stating that two

fermions (here electrons) can not occupy the same quantum state. When the dis-

tance between two atoms is decreased the electron orbitals overlap. If the orbitals

are occupied, the electrons can not be forced into the same state resulting in a strong

and very short range repulsive force. The force can be approximately described by

the potential over distance r varying as

EPauli(r) =
(σ
r

)a
(2.38)

with σ being the characteristic distance. For a hard sphere repulsion σ equals the

sphere diameter and a→∞. For other applications, for example the Lennard-Jones

potential a power law with a= 12 is assumed.

From this potential the Pauli repulsion force can be determined by

FPauli(r) =
d

dr

(σ
r

)a
(2.39)

Note that for hard sphere repulsion this results in a repulsive force inside the sphere

while being equal 0 outside.

In principle there is also nuclear core-core Pauli repulsion between atomic cores.

However, the involved energy and distances are not achievable in NC-AFM. In the

context of intermolecular forces and NC-AFM Pauli repulsion is always with regard

to the electrons.

2.5.2 Coulomb force

Coulomb forces are forces between charges q1 and q2. The force is attractive for

oppositely charged objects or repulsive for same charged objects and can be stated

for the distance r

FCoulomb =
1

4πε0

q1q2
r2

(2.40)
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with ε0 = 8.987× 109 V m
As

being Coulombs constant. This directly translates into the

Coulomb potential

ECoulomb =
1

4πε0

q1q2
r
. (2.41)

The Coulomb interaction can be observed directly in NC-AFM in form of a long

range force that is a result of the interaction between the sample and a tip charge.

However, it is also responsible for some indirectly observed forces being one of the

fundamental physical interactions.

2.5.3 Polarization forces

Polarization occurs when a polarizeable medium is inside an electric field where

either mobile charges are repositioned or intrinsic dipoles (quadrupole etc.) are

oriented. One of the best known examples for mobile charges is the introduction

of mirror charges behind the surface of a conducting material for an approached

charged object. Another well known example is the orientation of molecules with a

dipole moment, for example water molecules. A dipole moment can also be induced

by an external field, by slightly changing the central position of electron orbits

around the nucleus.

In NC-AFM, several forms of polarization can occur that all have a different force-

over-distance profile ranging from ∼ r−1 for the introduction of image charges in a

metallic tip to ∼ r−6 for Debye and London exchange for a polar tip configuration.

The exact mechanism and amount of polarization is usually difficult to determine

in NC-AFM [35].

2.5.4 Van der Waals forces

Van der Waals forces are residual attractive or repulsive forces between molecules

or atoms that are, for example, responsible for the inter-layer force of graphite. The

force itself is a result of retardation effects in the quantum mechanical perturbation

theory but can be simplified into tree kinds of dipole interactions:

� The Keesom force that is the interaction of two permanent dipoles by orien-

tation.

� The Debye force that is the interaction between one permanent dipole and the

accordingly induced dipole.

� The London dispersion force, that is the force between two instantaneous

dipole induced by fluctuations.

The resulting van der Waals potential has typically a distance dependance of ∼ r−6.
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2.5.5 Lenard-Jones interaction

The Lenard-Jones potential is a simple model potential that approximates the in-

teraction potential of objects (like the tip in NC-AFM) with a uncharged surface.

The Lenard-Jones potential is given by

ELJ = E0

[(r0
r

)12
− 2

(r0
r

)6]
. (2.42)

with r0 the equilibrium distance that typically is 2-8 Å and −E0 the potential depth.

The Lenard-Jones potential is a superposition of an attractive force for example due

to van der Waals forces and a short rage repulsive force due to Pauli repulsion.

Figure 2.8: sketch of a Lenard-Jones potential with the equilibrium distance r0 and potential

depth −E0 that is a superposition of an attractive potential ∼ r−6 and a repulsive

component ∼ r−12.

The resulting potential over distance profile shown in Fig. 2.8 is negligible attractive

for large distances (ELJ → 0 for r →∞). There is a stable equilibrium distance at

r → r0 with the potential depth of −E0. For short distances r≤ r0, the potential is

repulsive with a divergence for r → 0 observing the Pauli exclusion principle.
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2.5.6 Covalent bond interaction

Chemical bonds in form of covalent bonds have no simple formal description since

the strength is determined by the overlap of the orbitals. In overlapping orbitals,

the atoms share an electron resulting in filled atomic orbitals and in a lowered total

energy. The strength of a covalent bond is highly dependent on the chemical element

of the tip and the sample as well as their imidiate surroundings. The typical covalent

bond has an energy of 2-8 eV and an equilibrium distance of 1-3 Å. Although, the

energy per bond is quite high the resulting force is small, because typically only a

couple of bonds are formed between a tip and the sample due to the small tip radius.

2.6 Opto-mechanical forces

Opto-mechanical forces describe the interaction of a light field with a mechanical

device. Usually this interaction is small compared to other forces. To obtain ob-

servable interaction, there has to be enough light compared to the other interactions

either resulting high high light power or small device dimensions. Opto-mechanics

are best described utilizing the particle aspect of light. There are two main aspects

of interaction.

Each photon carries the energy Ephoton =h c
λ

with h being the Planck constant, c

the speed of light and λ the wavelength. This energy can be absorbed, leading to

excited states or after thermalisation to a rise in temperature. This local rise in

temperature is called bolometric effect and results in a change in physical properties

like elasticity or length due to thermal expansion.

All opto-mechanical effects investigated in this work can be explained by the radia-

tion pressure that is the sum of all photon momenta acting on a mechanical device.

The photons can either be absorbed transferring their momentum onto the device

or reflected transferring twice the momentum. Note, that for reflection the energy

transfer per photon, typically is negligible, because of the large discrepancy of the

involved masses. The energy transfer can be experimentally observed by a red or

blue shift of the reflected light [51–53]

A photon has the momentum

pphoton =
hν

c
=
h

λ
(2.43)

and the energy

Ephoton = hν =
hc

λ
(2.44)



For a uninterrupted beam with the power P is given by

P =

∫
IdA (2.45)

with I the light intensity and dA a differential element of a closed surface that

contains the source. However, the beam power is in experiments typically directly

measured via a power meter. For the illuminated surface area there is a flux of

N =
P ∆t

hν
(2.46)

photons in the time interval ∆t, having an overall impulse of

ptotal = N
hν

c
=
P ∆t

hν
· hν
c

=
P ∆t

c
(2.47)

In case of reflection at the interface, the momentum transfer is doubled.

prad = 2 ptotal = 2
P ∆t

c
(2.48)

For a constant flux the continuous impulse transfer can be translated into a constant

force.

Frad =
prad
∆t

= 2
P

c
(2.49)

Resulting in the radiation pressure

Frad
S

= 2
P

S c
(2.50)



Chapter 3

Setup

3.1 UHV system

To avoid surface contamination [54–57] and a reduction of the cantilever Q-factor

[58], NC-AFM measurements and sample preparation are performed under ultra-

high vacuum (UHV) conditions. The original design of the pre-existing home built

setup is described in detail in Ref. [59]. This setup was improved in several areas

and necessary repairs carried out. The UHV setup is divided into the three vacuum

recipients: load-lock, preparation chamber and microscope chamber, each specialized

in different working stages in the typical surface science workflow.

Figure 3.1: Photograph of the load-lock from the outside (left) and the revolving magazine for

samples and cantilevers (right).

The load-lock shown in Fig. 3.1 is a small chamber designed for a fast transfer of sam-

ples and cantilevers into the UHV setup. Inside the load-lock is a revolving magazine

with space for four samples and for cantilevers on a transfer beam. The chamber is

evacuated with a turbo-molecular pump (type TurboVac 50, Oerlikon Leybold Vac-

uum GmbH, Cologne, Germany) and pressure monitored by a hot filament pressure

gauge (type UHV-24, Varian Technologies, Santa Clara, USA). After evacuating
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the load-lock for 4 to 6 h, the base pressure is usually good enough for a transfer

pload≤ 10−7 mbar. To decrease contamination of the preparation chamber and to

pre-clean the transferred samples and cantilevers, the load lock can be baked out at

120 ◦C. The bakeout procedure decreases the base pressure to pload≤ 4× 10−9 mbar

and increases the evacuation time to 12 h.

The preparation chamber shown in Fig. 3.2 is designed to facilitate all necessary

preparation steps for samples and cantilever tips. The chamber is evacuated by a va-

riety of pumping systems consisting of a turbo-molecular pump (TurboVac TMP151,

Oerlikon Leybold Vacuum GmbH, Cologne, Germany), an ion pump with built in

titanium sublimation pump (StarCell300, Varian Deutschland GmbH, Darmstadt,

Germany) and a sorption pump (CapaciTorr D 200 Pump. Saes Getters, Milan,

Italy). For more details see section 3.4.7.

The samples can be transferred to all positions and into the two adjacent chambers

by a motor operated transfer beam and a wobble stick. A modified version of the

LED illumination module (see section 3.4.4) directly delivers light into the chamber

for optimal handling. It contains a resistive heater to anneal samples at temperatures

up to 500 ◦C, a scalpel for cleaving ionic crystals, an ion gun for tip and sample

etching (for details see section 3.4.6) and a thermal deposition spectroscopy setup

(for details see section 3.4.5). The chamber also contained an evaporator filled with

C60 molecules for in-situ molecular beam epitaxy, however, it is currently removed

for maintenance and to free up space for other experiments.

Figure 3.2: Photograph of the preparation chamber from the front (left) and the back (right).
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Figure 3.3: Microscope chamber with

scan head in the lower part,

cryostat and connectors on

the top.

The microscope chamber shown in Fig. 3.3 most

notably contains a liquid nitrogen / liquid he-

lium double bath cryostat enclosing the NC-

AFM scan head and facilitating measurements

at cryogenic temperatures. The chamber is evac-

uated by an ion pump with built in titan deposi-

tion pump (type StarCell 300, Varian Deutsch-

land GmbH, Darmstadt, Germany) and indi-

rectly pumped via the preparation chamber.

Then operated at crogenic temperatures the

large surface area of the cryostat acts as a sorp-

tion pump, improving the vacuum int the ex-

treme high vacuum (XHV) regime with a base

pressure of pcryo≤ 1 × 10−12 mbar. Note, that

the scan-head is kept at a slightly higher tem-

perature, so that the residual gasses condensate

on the cryostat and not the sample surface or

cantilever.

All connections necessary for the scan-head are

internally feed trough the cryostat and exposed

by the appropriate connectors on the top.

The double cryostat even when operated at room

temperature offers good thermal insulation of

the scan head, resulting in a small thermal drift.

However, this also results in an increased time

necessary for the bakeout procedure after this

chamber has been exposed to ambient air, for

example during to repairs.

For more details of the UHV setup see Ref. [59].
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3.2 NC-AFM scan head

The scan head is built similar to the one introduced in Ref. [60] with interferometric

displacement detection. The cylindrical scan head shown in Fig. 3.4 is manufactured

from a single block of macor glass-ceramic containing the sub-assembly modules for

fiber movement, cantilever mount and sample mount and movement.

Figure 3.4: Macor NC-AFM scan head containing the sub-assembly modules for (top) fiber move-

ment, (middle) cantilever mount and (bottom) sample mount and movement.
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The optical fiber (I) that is approached from the top is glued in a ferule (II) that

is bent by 15◦ with respect to the vertical axis to match the cantilever angle. The

fiber-end is coarse approached with a piezoelectric actuator moving the triangular

sapphire prism (III) along the vertical axis towards the cantilever mounted in the

middle of the scan head with a step size of 0.4 µm.

The cantilever with its support chip (IV) is glued on top of a dovetail cantilever

holder (V) that is clamped into position by two side braces on a piezo stage (VI)

facilitating cantilever excitation. The cantilever holder has an angle of α= 15◦ with

respect to the horizontally aligned sample surface to ensure that the tip at the

cantilever end approaches the sample surface first.

The sample (VII) is approached from the bottom by a piezoelectric actuator moving

the hexagonal sapphire prism (VIII) upwards containing the tube piezo (IX) for

generating the scanning motion. The sample-stage including prism and scanning

piezo can be moved laterally by a set of coarse steppers in the lower body of the

scan head (not shown).

The actuators for fiber and sample approach, as well as the coarse sample movement

are electrically driven by a stepper control system (type PMC100, RHK Technology

Inc., Troy(MI), USA).

For more details of the scan-head see Ref. [59].
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3.3 Interferometer

The interferometer utilized for cantilever displacement detection is the key compo-

nent of this setup. Most of the components for the interferometer are setup outside

the UHV chamber (shown in Fig. 3.5).

Figure 3.5: Photograph of part of the interferometric detection system that installed outside the

UHV chamber. It consists of diode laser (I), Faraday isolator (II), variable absorber

(III), 3 dB coupler (IV) and diode pre-amplifier combinations (V) and (VI).

The light source is a stabilized laser light source (I) (type 48TA-142037, Schäfter

+ Kirchhoff GmbH, Hamburg, Germany) operated at a wavelength of λ= 782 nm

with the output power optimized for low noise operation. To protect the laser diode

from light reflected back, a Faraday isolator (II) is placed directly adjunct to the

laser. The power of the light coupled into the interferometer is optically adjusted

by a variable absorber (III) operated by a micrometer screw. The light is feed into

port A of the 3 dB coupler (IV) that divides the beam in two parts with identical

light power P exiting at ports C and D. The 3 dB splitting as shown in Fig. 3.6 on

ports C and D is confirmed by a measurement with an optical power meter (type

TQ8210, Advantest, Tokyo, Japan). Port C is used as the power monitor while light
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from port D is directed onto the cantilever via the optical fiber guiding the light

into the UHV chamber. The interferometric signal Psig at port B is converted into a

proportional voltage signal Vsig via either a home-built detector diode / pre-amplifier

combination (V) or a balanced photo detector (VI) (Nirvana detector Model 2007,

Newport Corporation, Irvine, USA) processing Psig at the signal input and P at the

reference input.

Figure 3.6: Schematic representation of the interferometer setup, signal path and cavity parame-

ters. Signal power Psig and power monitor P are either measured with a power meter

or processed with a photo detectordor dynamic operation.

A single mode optical fiber with a core diameter of 4.0 µm (type Hi780, Corning

Inc., Corning, New York, USA) optimized for transmission of light of the utilized

wavelength is used to transmit the light to the scan head where the interference

signal is generated. The fiber is threaded trough the cryostat including a tightly

wound reserve coil inside the vacuum, containing about 3 m of fiber for new fiber-end

cleaves and repairs. The resulting fiber length of ≥ 4 m is longer than the coherence

length of the laser light ensuring that the detected interference signal is originating

at the scan head and not due to interference at the connectors.

The interferometer is formed by the cleaved fiber-end positioned with a distance

d above the reflective cantilever shown in Fig. 3.7. In this setup properties of a

Michelson interferometer and a Fabry-Pérot interferometer are combined, resulting

in complex interference. The interferometer effectively consists of a Michelson inter-

ferometer that has a optical cavity with variable finesse instead of a reflective mirror

in one arm. The theoretical finesse F of the cavity can be calculated by Eqn. 2.10 as

a function of the fiber reflectivity Rf and cantilever reflectivity Rc , yielding in this

case up to F = 1.65. The light intensities in the interferometer forming the signal

are sketched in Fig 3.8.

Light with the intensity Iinc hits the cleaved fiber-end, where Iref =Rf Iinc is re-

flected back forming the reference beam for the Michelson type interference. The

remaining light with the intensity Iinc-Iref exits the fiber and enters the cavity where

it subject to multi-beam interference similar to light in a Fabry-Pérot interferome-

ter. Part of the modulated intensity is of the cavity is coupled back into the fiber
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Figure 3.7: Photograph of the interferometer used for cantilever displacement detection formed by

the fiber-end and the cantilever. The reflection in the mirror shows the lateral position

of the fiber at the end of the cantilever.

as Icav where it interferes with Iref to form the signal intensity Isig.

A significant difference to the Fabry-Pérot interferometer is the behavior if the cavity

is completely removed, in this case by removing the cantilever. For the Fabry-Pérot

interferometer this results in complete transmission or Psig =P , however, for the

interferometer in the NC-AFM setup, the detected signal is Psig =Pref . This has to

be taken into consideration for all properties characterizing the cavity, most notable

the finesse F . This in combination with the optical loss occurring in the cavity

results in a complex interplay in the interferometric signal described in detail in

section 5.

Figure 3.8: Sketch of the optical fiber supplying the incident beam with intensity Iinc and the

internally reflected beam with intensity Iref as well as a beam with intensity Icav
created by the optical field in the optical cavity.
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3.4 System modification and extension

3.4.1 Bakeout and pump controller

The double bath cryostat is designed to have a good thermal insulation. Although

this is desired for increasing the holding time of the cryostat temperature and to

equalize temperature spikes, this also results in a slow heat transfer while bakeout.

Furthermore, the bakeout temperature has to be limited to below 120 ◦C, because of

some sensitive materials close to the cryostat resulting in an increased UHV bakeout

time. A typical process involving the microscope chamber results in a heat up time

of 5 to 7 days and up to 3 days of holding time followed by another 5 days of cool

down time.

Arround the preparation and microscope chambers a bakeout tent is erected, that

is heated by two air flow heaters (Tectra Physikalische Instrumente, Frankfurt, Ger-

many ) 2500 W each. The connectors at the top of the cryostat are outside of the

heating tent and heated separately by a 400 W 3m long strip heater (HemiHeating,

Sondertalje, Sweden). The manipulator and load-lock each are heated by a 600 W

5m long strip heater (HemiHeating, Sondertalje, Sweden). The iongetter pumps

have built-in heating elements that also contain overheating protection.

Figure 3.9: Bakeout controller in front view (left) and inner workings with high power solid

state relays (right).

The lengthy bakeout process can be automated for the most part, disencumbering

from the constant observation and adjustment usually necessary. For this purpose,

in cooperation with the electronic workshop of the University of Osnabrück, the

bakeout controller shown in Fig. 3.9, has been designed facilitating automatic tem-

perature adjustment during the ramp-up, holding time and a controlled cooling

down period. The bakeout controller contains five programmable PID temperature

controllers (type CAL E6C, West Control Solutions, Gurnee, USA) each responsible

for different zones. The temperature in these zones (manipulator, cryostat, iongetter
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pump, chamber and air) are monitored by type-K thermocouples and can be ad-

justed to different target temperatures. The rise-up and holding time is controlled

by an electronic count down timer (type TC 24.21, HugoMueller, Schwenningen,

Germany) allowing time frames of up to 100 h with 1 s accuracy.

There are several security interlocks in place to avoid damage to the system in case

of any malfunction. The first interlock in place shuts down the bakeout process in

case of power or pump failure. Furthermore, all temperature controllers are pro-

grammed with a zone specific over-temperature protection resulting in a shutdown

of all heating devices. The scan head temperature is constantly monitored by a

diode connected to a temperature monitor (type 218, Lakeshore Cryotronics, West-

erville, USA) and an interlock circuit is activated in case of over-heating. As a last

interlock ensuring safe operation, a bimetallic switch with a closing temperature of

160 ◦C is placed at the chamber frame.

Zone manipulator cryostat iongetterpump chamber air

Target Temp. [◦C] 95 100 160 160 145

Shutdown Temp. [◦C] 140 120 180 170 160

Table 3.1: Target and shutdown temperatures of the different zones for the bakeout controller.

3.4.2 Cantilever preparation

For the commercially available cantilevers used in this NC-AFM setup the cantilever

support chip has to be mounted on a dovetail brace. The cantilever support chip is

fixed into position with conductive epoxy glue (type EpoTek EE 129, Epoxy Tech-

nology, Inc., Billerica, USA) and then aligned correctly. The scan head only allows

for 20µm lateral adjustment of the fiber position above the cantilever, resulting in

the necessity of a precise cantilever positioning when gluing. For that purpose, an

optical microscope with a camera and a sample stage with build in braces for the

dovetail is used.

To determine the correct position a already pre-existing cantilever with good inter-

ferometric signal is necessary. Before the cantilever and support chip is removed

from the dovetail holder, its exact position is marked on a transparent sheet taped

to the monitor (see Fig. 3.10). First, the microscope is focused on the cantilever and

the outlines of cantilever and support chip drawn onto the sheet. If the cantilever is

misaligned when mounted in the scan-head an estimated corrected position is drawn

onto the sheet as the new target position. To obtain precise positioning, the micro-



3.4. System modification and extension 35

Figure 3.10: Marking of the position of a reference cantilever on a transparent sheet glued onto

the screen showing the microscope image.

scope is then focused on the mounting stage and characteristic groves and ridges are

outlined onto the sheet.

Note, that the procedure of generating alignment sheets has to be repeated for every

dovetail brace, because the manufacturing tolerances result in a noticeable different

alignment. All dovetail holders and alignment sheets are identified by a unique set

of markings on the left and right brace. The best aligned sheets are kept as master

sheets for new dovetail braces to yield a suitable first alignment.

After this, the old cantilever support chip is removed by heating the glue to a

temperature of 200 ◦C, where it decomposes and the residues are carefully removed

with sand paper. A fresh cantilever is placed on the dovetail brace and fixed into

position with a thin layer of conductive epoxy glue. The glue allows for a position

adjustment for about 1 hour. To align the cantilever support chip accurately, the

dovetail is placed under the optical microscope and the position of the image frame

is adjusted by the outlined groves and ridges. The position of the support chip is

manually adjusted to match the outlined cantilever and support chip position (see

Fig. 3.11). For the precise movement, a soft cloth is carefully stroked along the

desired direction inducing small movement steps due to friction.
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Figure 3.11: Positioning the cantilever and support chip on the dovetail brace by stroking the chip

with a piece of cloth.

After the positioning is confirmed to be correct, the epoxy is cured for 24 hours inside

the optical microscope to avoid any further movement. To ensure best physical

contact, the epoxy is cured outside the vacuum for additional 24 hours.

3.4.3 Cantilever selection

The cantilevers are besides the interferometer the most critical part for NC-AFM

signal generation. In pursuit of optimal signal, better interferometer alignment (see

chapter 4) and improved signal response, several cantilever types have been tested.

For interferometric detection, the first property that should be considered is the

reflectivity of the cantilever Rc. This is especially critical since the utilized laser

light source is emitting light with a wavelength of λ= 782 nm corresponding to a

photon energy of 1.58 eV that is slightly larger than the 1.11 eV silicon band-gap,

This results in unwanted adsorption of the laser light and the formation of electron

hole pairs in the intrinsic semiconducting silicon material. The nominal reflectivity

for a cantilever manufactured form silicon at the wavelength of operation isRc≈ 33 %

[62]. To increase this value the backside of the cantilever is for some types coated

by a thin reflective layer of aluminum yielding Rc≈ 90 % or gold yielding Rc≈ 95 %.

The low reflectivity of the uncoated cantilever, result in a small absolute inter-

ferometric signal Psig and predominant Michelson interference for all fiber-end to

cantilever distances d. This excludes them from consideration for the study of opto-

mechanical effects.
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Another important property are the dimensions of the cantilever consisting of the

length l, width w and thickness t. Not only are wider cantilevers easier to accu-

rately align, but also have a larger mirror area that is important to reduce optical

loss for a large fiber-end-to-cantilever distance d when illuminated by a divergent

beam. Furthermore, fiber-end cantilever tilt can results in an undesirable shift in

the interferometric pattern. The length of the cantilever has to be larger then the

radius of the fiber cladding with some additional buffer to avoid damaging the fiber

by hitting the support chip.

The last parameter that has to be considered when choosing the cantilever type is

stiffness k. The higher the stiffness, the less susceptible is the cantilever to external

forces, for example originating from tip-sample interaction, opto-mechanical inter-

action and noise. The energy stored in the cantilever oscillation E0 is a function of

k and the oscillation amplitude A0.

E0 =
1

2
k A2

0 (3.1)

This energy in the oscillation can serve as a rule of thumb measure for the stability

of an oscillation and the sensitivity to uniform noise. As a result high k are desired

for smaller amplitudes in NC-AFM and better noise levels.

Type f0 [fm/
√
Hz] k [N/m] Rc l [µm] w [µm]

CONTR 13 0.2 90% 450 50

FM 75 2.8 33% 225 28

FMR 75 2.8 90% 225 28

SSS-SEIH 130 15 33% 225 33

NCLR 190 48 90% 225 38

NCHR 320 42 90% 125 30

Table 3.2: Comparison of characteristic properties of different cantilevers for NC-AFM usage (types

FM, FMR, SS-SEIH, NCLR and NCHR) and a cantilever designed for contact AFM

(type CONT), all commercially produced by NanoWorld (NanoWorld Holding AG,

Schaffhausen, Switzerland).

In table 3.2 an overview of the cantilever types CONTR, FM, FMR, SSS-SEIH,

NCLR and NCHR all commercially produced by NanoWorld (NanoWorld, Schaffhausen,

Switzerland) and their critical properties is listed. The non reflective types NCL,

NCH and CONT where not tested since the signal penalty early on disqualified

these. Exemplary for the dimensions the types CONTR, NCH and NCLR shown

besides a dovetail mounted cantilever in Fig. 3.12.
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Figure 3.12: Typical cantilevers used for NC-AFM measurements with different physical dimen-

sions. From left to right the types CONTR, NCLR, NCH all commercially produced

by NanoWorld (NanoWorld Holding AG, Schaffhausen, Switzerland) and NCLR fixed

on top of a dovetail cantilever holder.

The systematic tests yielded that out of this lineup the NCLR type clearly is best

suited for the operation in NC-AFM with interferometric cantilever deflection de-

tection. The NCHR type that is typically used for beam-deflection NC-AFM and

the SSS-SEIH type have performed well and are also suited for reliable NC-AFM

operation. The cantilever types CONTR and FMR are, due to their low k, well

suited for the study of opto-mechanical effects, but are less suitable for NC-AFM

operation.

Note, that all coated cantilevers exhibit a significantly lower Q than the uncoated

version, due to the interface of the silicon with the reflective material deposited on

the backside dissipating the oscillation energy [63]. But this drop in Q is deemed

acceptable when compared to the gain in signal and signal noise performance only

accessible for coated cantilevers.



3.4. System modification and extension 39

3.4.4 LED illumination module

To optimize the fiber position above the cantilever in the UHV environment, the

best possible image from a camera observing it is necessary. The Image quality

not only depends on the camera (type DFK 41BF02, The Imaging Source, Bremen,

Germany) but also the proper illumination of cantilever and fiber. The lighting is

difficult because the light passes through a small opening in the cryo-shield then the

scan head and finally trough another opening into the camera. All elements have to

be perfectly aligned to achieve optimal visibility of the fiber-end and cantilever.

Before the modification, a goose-neck lamp was used as an illumination source and

results where not satisfactory as shown in Fig. 3.13. Also it lacked reproducibility

and thus the ability to directly compare different fiber or cantilever positions.

Figure 3.13: Picture with gooseneck lamp (left) where the cantilever is barely visible and LED

module (right) where the cantilever is clearly visible and even the fiber core can

be seen.

To improve the illumination, a LED-module directly mounted onto the window

flange (Fig. 3.14) was developed. The core of the module are three individual ad-

dressable white high power LEDs (type XM-L, Cree inc. Durham, USA) with an

efficiency of 95 lm/W and a maximum luminous flux of 1100 lm at 12 W each. The

LEDs are mounted inside an aluminum body that is capable of passively dissi-

pating 20 W at 60 ◦C. Since the maximum junction temperature of the LEDs is

Tjunc = 95 ◦C, this is deemed adequate especially as not all LEDs are needed at full

power for the illumination.
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Figure 3.14: LED module with LEDs off (left) and two LEDs operating at low power (right).

The LEDs are driven by a stabilized power supply (type E030-3, Delta Elektronika

B.V., Zierikzee, Netherlands) in restricted current mode to avoid overload. The con-

nection diagram (Fig. 3.15) allows to adjust the illumination direction by selecting

the active LEDs.

Figure 3.15: Connection diagram of LED illumination module, enabling operation of every possible

combination of LEDs (single, double in every combination and all three).
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3.4.5 Thermal desorption spectroscopy setup

Thermal desorption spectroscopy (TDS) is the method of observing molecules and

atoms emitted from a surface while it is heated up. This allows one to analyze ad-

sorption energies of molecules and to monitor changes in material composition. The

TDS setup shown in Fig.3.16, is a modification of a pre-existing electron beam heater

that has been modified so that the sample holder is positioned below a commercial

mass spectrometer (e-Vision+, MKS instruments, Andover, MA, USA).

Figure 3.16: TDS setup in with the mass spectrometer ca. 2 cm above the red glowing sample

holder at a temperature of 900 ◦C in front (left) and isometric view (right).

A new type of sample holder shown in Fig. 3.17 is designed to holster flat samples of

a size of up to 6 mm × 6 mm and a thickness of 1 mm. The sample is clamped by a

tantalum shield covering a small part of the sample on the left and right side. The

design of the sample holder is based on the specifications for the transfer system

and NC-AFM scan head to facilitate easy sample transfer and for complimentary

NC-AFM measurements.

A platform is built into the sample holder to ensure the sample is at the topmost part

and thus closest to the AFM tip and mass-spectrometer, respectively. The overall

compressed design also ensures there are no sharp edges at the top and bottom part

to reduce field emission when placed at high voltage.
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Figure 3.17: Sample holder in version 1 and improved version 2. On the top sketch of the sample

holder and shield from top and side view, in the middle prototype manufactured from

stainless steel in top and side view. On the bottom end result manufactured from

TZM. Note that the holding mechanism on both version 2 sample holders has been

broken of due to embrittlement of the material after several high temperature cycles.

Based on a graphic from Ref. [64].

The sample holder is subject to high thermal stress while annealing, resulting in

embrittlement of the material. To increase the lifetime for the large number of cycles

needed in an annealing series, a special material: titanium molybdenum zirconium

(TZM) (Goodfellow GmbH, Bad Nauheim, Germany), that is more resilient then

pure molybdenum, is used for the sample holder. This increases the lifetime of the

sample holder to ≥ 20 h and ≥ 6 cycles at 1000 ◦C. Note, that every ramp-up cycle

is additionally embritteling the sample holder, resulting in a reduced lifetime.
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The sample holder is placed in a setup for electron beam heating, and at a high

positive electrical potential with respect to the electron emitting filament, so it

attracts and accelerates electrons emitted from the hot filament. The filament is

kept at ground to direct the electrons onto the sample holder rather than other

parts of the setup. Note, that it is of crucial importance, that the emission filament

is significantly closer to the sample holding plate than the mass spectrometer to

avoid unwanted current-flow trough the spectrometer.

The electron beam heater is calibrated by placing a type K thermocouple on the

sample holder and generate the calibration curves with regards to the electrical power

shown in Fig. 3.18 taken from [64]. Note that the temperature for no active electron

beam is already elevated, because of the thermic radiation of the hot filament heating

the sample holder to 250 ◦C.

Figure 3.18: Temperature calibration curve for the sample holder temperature measured by a

type-K thermocouple over electron beam power deposited. Based on a graphic from

Ref. [64].
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3.4.6 Reactive ion source

Usually sputter guns are operated with noble gases most commonly argon as the

work medium. The ion source in this setup was exchanged to a type IQE 12/38

(SPECS Surface Nano Analysis GmbH, Berlin, Germany) that offers several benefits.

For practical application, the ability to scan an area of 10 mm× 10 mm with a spot

size of 160 µm to 1000 µm simplifies etching small targets like AFM tips as shown in

Fig. 3.19 while at the same time enabling large area etching for example on sample

surfaces.

Figure 3.19: Photograph of the front of the ion source placed ca. 4 cm above a cantilever as target.

The most distinguishing property of the ion source is the Y2O3 coated iridium ring

filament. This filament has a vastly increased lifetime and allows for operation with

reactive gasses like N2, H2 and hydrocarbons. This enables reactive etching and ion

implantation with an energy of 0.5 keV to 5 keV.

3.4.7 Sorption pump

To improve the vacuum conditions, the pumping rate has been substantially in-

creased by a sorption pump (type CapaciTorr D200 Pump. Saes Getters, Milan,

Italy) with a nominal pumping speed of 200 l/h for H2, is installed so the adsorption
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material is directly placed into the main recipient of the preparation chamber. The

sorption pump has a gas type dependent pump rate, that is especially good for the

most abundant common residual gases in the UHV chamber, for example H2, H2O,

O2, CO2 and N2. Note, that the pumping rate for noble gasses helium and argon is

negligible. Noteworthy is the high pumping efficiency for gases that are difficult to

pump by other means (for example H2 with a turbomolecular pump).

The getter material is a chemical activated zeolite material with a surface area of

roughly 500 m2/g that needs to be activated and regularly regenerated by heating it

to 400 ◦C under HV/UHV conditions after the chamber has been exposed to ambient

air. Otherwise, the pump runs virtually maintenance free. The power free operation

results in vibration free pumping and a significantly increased vacuum hold time of

the setup in case of power failure. Mass spectra taken under ideal conditions, before

and after the pump was installed are shown in Fig. 3.20. A dramatic improvement

in the partial pressures of the most common residual gases, as well as the overall

pressure measured by ion gauge improved form 8 × 10−10 mbar to 1 × 10−11 mbar

directly after bakeout.

Figure 3.20: Mass spectra of the residual gasses inside the chamber after a fresh bakeout with-

out (red) and with (green) the sorption pump. Note, partial pressures below

1× 10−13 mbar are not detected reliable by the utilized mass spectrometer.

The better partial pressure results in a much longer lifetime of cleaved crystal sur-

faces, for example, calcite or KBr and also allows to prepare a very reactive surface,

for example a clean silicon surface with a 7×7 reconstruction [65, 66]. Furthermore,

the detection threshold for the TDS setup is decreased by lowering the measurement

background.
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3.5 Repairs

Repairs are a natural occurrence for a experimental setup and small, uncritical

repairs need not to be described in detail. The repairs described in this section

are either critical for proper NC-AFM operation or show some tricks of the trade,

speeding up repairs and improving results for future incidences.

3.5.1 Missconnection of scanning piezos

The images taken with the NC-AFM on calcite always showed good quality overview

images with well reproduced step edges. However, high quality detail images as well

as reliable positioning of the tip where not possible. Much more astonishing was,

that the step edges where oriented in the same direction for several different crystal

cleaves and AFM tips. This is statistically unlikely and pointed to a systematic

problem with the scanning motion.

Figure 3.21: Matlab simulation of a expected AFM image over a periodic structure in arbitrary

units with a single vacancy located at 240× 240 (left). Matlab simulation of the

resulting picture with crossed wires for the x and the y direction of the scanning

piezo (right).

A straightforward Matlab (The MathWorks, Inc., Natick, Massachusetts, USA) sim-

ulation of an test sample surface is generated by filling a matrix with the virtual

signal values of S= sin(x)× sin(y) resulting in a square repetitive pattern. To sim-

ulate the impact onto a single point, the repetition around the central point for

225 < x < 250 and 225 < y < 250 is set to S= 0. Then the signal is ”scanned”

by copying individual elements one by one into a result array Sres(xres, yres). For

the undisturbed signal the location is calculated by xres = 1/2(x− (−x)) and yres =



3.5. Repairs 47

1/2(y− (−y)). To simulate the crossed wires this is changed to xres = 1/2(x− (−y))

and yres = 1/2(y − (−x)) resulting in diagonal lines.

The images created by this simulation confirmed, that for the observed systematical

error crossed wires between the -x and the +y direction of the scanner are respon-

sible. As a quick fix and confirmation this is the culprit, the cables on the scan

controller where exchanged, yielding a error free scanning motion. Later on when

other service and repair needed the microscope to be dismantled the crossed wires

were fixed inside the scan-head.

3.5.2 Cleaving of the optical fiber

One of the more critical and difficult repairs is a fresh cleave of the fiber-end, for

example after it gets damaged. Because it is most likely to occur in the future and

is of vital importance for good interferometer operation, the necessary steps are

described here in detail.

First, the cryostat has to be completely removed from the UHV chamber and the

inner liquid helium cryostat dismantled from the outer liquid nitrogen cryostat.

Special care has to be taken when removing the connecting screws next to the feed-

through of the optical fiber.

Next the fiber positioning setup of the sapphire prism for the walker and the piezo

have to be carefully removed. For this, the walker is placed at its lowest position

resting on the plate where the cantilever is mounted. It is necessary to de-solder the

connection wires of the fiber piezo and the ferule bias from the connection base in

the scan-head. Then, the pressure plate holding the walker mechanism in place is

removed and the front set of walker piezos is moved to the side. The sapphire prism

is then removed by lifting it upwards and out while at the same time, the fiber is

fed down from the reservoir.

When the fiber positioning mechanism is placed on the preparation desk the fiber

is cut at the outlet of the piezo tube. The remaining fiber clipping inside the piezo

and ferule has to be dislodged by carefully removing the epoxy glue. Great care has

to be taken to precisely remove the epoxy residue in the ferule without damaging

or bending it.

In the most crucial step, the fiber is freshly cleaved by an ultrasonic fiber cleaver

(type FKII, Photon Kinetics Inc., Beaverton USA). In the first preparation step

the fiber is threaded trough the thoroughly cleaned piezo and ferule leaving about

10 cm of spare fiber on the ferule side. To be able to judge the quality of the cleave

the laser and detection system of the interferometer has to be reconnected to the

fiber using an additional extension fiber. The optical power meter (type TQ8210,
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Advantest, Tokyo, Japan) is used determine the power P fed into the fiber, as well

as the power exciting the fiber Pexit. Since when the broken fiber was removed by

clipping the fiber, the reflection is likely not good, although, diffraction might occur,

the loss factor floss describing the optical loss in the fiber on the way from the beam

splitter to the fiber-end can be estimated by

Pexit ≈ floss P. (3.2)

If this is similar to the previously determined loss factor (at the time this document

is written floss = 0.44 ± 0.02), the fiber can be assumed to be undamaged. For a

cleaved fiber end instead a cut one the loss factor can be more precisely determined

by

Pexit = floss P −
floss
Pref

. (3.3)

Figure 3.22: Removal of the outer nylon fiber cladding by soaking it in acetone for 30 to

60 minutes.

Next the outer nylon fiber cladding has to be removed on the last 5 cm exposing the

inner glass cladding and core for the cleave. The easiest way to accomplish this is

to soak the fiber for 30 to 60 minutes in acetone drawn into a syringe as shown in

Fig. 3.22 and afterward mechanically stripe the softened nylon cladding away. Note,

that the exposed glass fiber is highly sensitive to mechanical stress and can break

easily and should, therefore, be handled with greatest care. The fiber is then placed

into the ultrasonic cleaver as shown in Fig. 3.23 with the blade placed so that about

5 mm of the stripped part will remain after the cleave. The fiber is put under a

tension of 200 mN by a spring load moving the clamp at the free end (right). After

everything is fixed in place, the ultrasonic blade is used to mark the fiber and initiate

the self cleave of the fiber under tension.

To judge the quality of the cleave, the fiber-end reflectivity is determined by

Rf =
1

(floss)2
P∞sig
P

. (3.4)
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The theoretically maximum possible value of 3.84 % is determined by the diffraction

index of the fiber core material (n= 1.48 at 800 nm according to the data sheet).

For the interferometric detection system to properly work, the goal for Rf should be

3.5 % or higher. For lower results, the accurate value of floss should be determined by

Eqn. 3.3 before a fresh cleave. After a good cleave is achieved, the fiber is retracted

into the ferule until about 5 mm are remaining and the nylon cladding is flush with

the ferule. The fiber is fixed into position with conductive epoxy glue (type EpoTek

EE 129, Epoxy Technology, Inc., Billerica, USA) and clamped into position by

spring loaded tweezers. After a setting time of at least 48 hrs the reflectivity has to

be rechecked before re-assembly of the scan-head!

Figure 3.23: Fiber placed in the ultrasonic cleaver and put under tension by a spring load at the

right brace. The ultrasonic blade in the middle will be slowly approached from the

top until it marks the fiber initiating a cleave.

For the assembly, the sapphire prism is placed inside the walker mechanism and the

excess fiber rewound into the reserve coil. Then, the front walker piezos are posi-

tioned at the appropriate positions on the prism and the pressure plate used to fixate

them. To determine the correct pressure exerted by the pressure plate, the walker

is moved up and down a specific distance and timed for this movement. The move-

ment speed should be equal for the up and down motion, the speed can be adjusted

by loosening or tightening the four mounting screws appropriately. Afterwards, the

fiber piezo connections have to be re-soldered to the connection base.

The alignment of the fiber to the tilted cantilever has likely been changed by the

repair. To determine the correct alignment, a large target, for example a cantilever

support chip, is placed onto a dovetail cantilever holder. Then, the fiber-end is
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approached to a distance of about 500 µm. The bending of the ferule is, if necessary,

carefully adjusted for maximum reflected signal intensity Psig indicating best possible

angular alignment.

Note, that the lateral position of the fiber has likely also changed so a new set of

reference cantilevers should be prepared by in scan-head positioning and gluing,

before the cryostat is reassembled.

3.5.3 Excitation piezo stack

The braces for the dovetail cantilever holder are placed separately on a ceramic

place on top of the piezo stack responsible for the cantilever excitation. While

exchanging the cantilever holder resulting in lateral forces this plate broke. Closer

inspection of the broken off part shown in Fig. 3.24 revealed that the glue had a

substantial amount of bubbles inside reducing the actual contact area drastically

and, thus, weakening the connection. Also the fracture occurred at the position of

the soldering point for the bias voltage connection that is likely to have been further

weekend by the heat of the soldering process.

Figure 3.24: Top (left) and bottom (right) view of the broken of piece of the ceramics con-

taining one guide rail for the dovetail holder.
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For repair, the piezo stack was completely removed from the scan-head. Then, the

glue residues on both sides have been carefully removed by sand paper and the

plates checked to be well fitting at the edges. The broken part then was carefully

re-attached by an even spread of epoxy glue (type TorrSeal, Agilent Technologies,

Inc., Delaware, USA) and cured for 48 hrs at room temperature while clamped down,

to avoid the formation of bubbles. The bias connection was re-attached with con-

ductive epoxy glue (type EpoTek EE 129, Epoxy Technology, Inc., Billerica, USA)

to avoid partial decomposition of the glue by the soldering process. After care-

fully re-installing the excitation stack and the cantilever mounting system into the

scan head, the re-alignment was sufficiently good to receive a signal response from

previously prepared cantilevers indicating only a minute shift in positions (< 30µm).

Further experiments showed that the cantilever excitation sensitivity increased by

a factor of about 100, so a new set of voltage-dividers for the excitation voltage

where required. The reason behind this dramatic increase is not known, either the

transmission of energy trough the completely re-attached plate was improved or a

electrical connection on the excitation piezo was also broken before and fixed while

reinstalling the stack.

3.5.4 Dovetail brace

After several years of operation with regular cantilever exchanges the guiding brace

broke off the base-plate as shown in Fig. 3.25. Distinguishing this repair from the

excitation piezo stack repair is that the scan head was not dismantled and the broken

part was repaired in place. This has besides a reduced repair effort, the additional

advantage of keeping the calibration intact. First, the broken piece was carefully

cleaned with sand paper to remove any residue of glue. The glue residues on the

ceramic plate were only partially cleaned to leave some orientation stoppers.

Figure 3.25: NC-AFM scan head with broken guiding brace for the dovetail cantilever

holder(left). The broken of piece showed uneven epoxy glue distribution weaken-

ing the bond (right).



The guiding rail was re-attached with TorrSeal epoxy glue (Agilent Technologies,

Inc., Delaware, USA) and positioned at the same spot using the residue glue stop-

pers. To hold the brace in position a long, uncleaved calcite crystal in a sample

holder was used to clamp it in position via the sample stepper as showed in Fig 3.26.

A ridge of additional glue was placed on the outside of this and the other brace to

strengthen the connection and to reduce the chance of future damage.

Figure 3.26: A piece of uncleaved calcite crystal in a sample holder used to clamp the piece

into position.



Chapter 4

Understanding interferometry for

micro-cantilever displacement

detection

For a precise measurement of the cantilever displacement, the position of the fiber-

end above the cantilever is of critical importance. The small mirror area of the

cantilever combined with the even smaller fiber core diameter of 4µm and signif-

icant beam divergence result in a high otical loss and an optimal lateral position.

Finding this position is a time consuming process, that has to be performed for every

cantilever. Furthermore the fiber-end-to-cantilever distance d has to be adjusted so

that the cantilever resting position is at the steepest part of the sinusoidal intensity

modulation, resulting in an optimal interferometric signal per deflection. This dis-

tance is subject to small shifts as a result of thermal drift and piezo creep, requiring

frequent readjustments. Having a systematic approach for these adjustments is key

for reliable day to day NC-AFM operation.

The importance of interferometer configuration and lateral adjustment can directly

be observed in the impact on detection system properties, most crucial the signal

noise performance.
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A. von Schmidsfeld, T. Nörenberg, M. Temmen and M. Reichling

Abstract

Interferometric displacement detection in a cantilever based non-contact atomic

force microscope (NC-AFM) operated in ultra-high vacuum is demonstrated for

the Michelson and Fabry-Pérot modes of operation. Each mode is addressed by

appropriately adjusting the distance between the fiber-end delivering and collect-

ing light and a highly reflective micro-cantilever, both together forming the inter-

ferometric cavity. For a precise measurement of the cantilever displacement, the

relative positioning of fiber and cantilever is of critical importance. We describe a

systematic approach for accurate alignment as well as the implications of deficient

fiber-cantilever configurations. In the Fabry-Pérot regime, the displacement noise

spectral density strongly decreases with decreasing distance between the fiber-end

and the cantilever, yielding a noise floor of 24 fm/
√
Hz under optimum conditions.



Chapter 5

Controlling the opto-mechanics of

a cantilever in an interferometer

via cavity loss

The interferometer in the NC-AFM setup consists of an optical cavity working sim-

ilar to a Fabry-Pérot interferometer in combination with a reference interference

arm working similar to a Michelson interferometer. The light intensity inside the

cavity is amplified by multi-beam interference and subject to optical loss, due to the

divergent beam.

A detailed understanding of the involved light intensities and parameters is key

to understand the exact interferometer characteristics and to identify the opto-

mechanical interaction. Since the cavity light field is modulated, also the opto-

mechanical force on the cantilever is modulated over the oscillation cycle. The

impact of the sinusoidally modulated cavity light field onto the oscillating cantilever

has to be experimentally measured and quantified.
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Abstract

In a non-contact atomic force microscope (NC-AFM), based on interferometric can-

tilever displacement detection, the optical return loss of the system is tunable via

the distance between the fiber end and the cantilever. We utilize this for tuning

the interferometer from a predominant Michelson to a predominant Fabry-PÃ©rot

characteristics and introduce the Fabry-Pérot enhancement factor as a quantitative

measurement for multibeam interference in the cavity. This experimentally eas-

ily accessible and adjustable parameter provides a control of the opto-mechanical

interaction between the cavity light field and the cantilever. The quantitative as-

sessment of the light pressure acting on the cantilever oscillating in the cavity via

the frequency shift allows an in-situ measurement of the cantilever stiffness with

remarkable precision.



Chapter 6

Controlling the dynamics of an

oscillating micro-cantilever by a,

spatially modulated light field

The improved interferometer alignment and control over the interferometric prop-

erties result in an optical cavity with significant multi-beam interference close to

the theoretical limit for the involved reflectivities. As a result the amount of light

interacting with the cantilever is enhanced by the Fabry-Pérot cavity. In combi-

nation with the high sensitivity of the cantilever to minute external forces, this

results in significant opto-mechanical interaction between the cavity light field and

the cantilever affecting characteristic properties of the oscillation motion.

The in chapter 5 calculated ratio of opto-mechanical force to the cantilever restoring

force allows for an in-depth description of the interaction and modified oscillatory

motion. The precise understanding of the resulting higher harmonic oscillation is

key in using these effects to improve operational parameters for NC-AFM as outlined

in chapter 7.
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We investigate the dynamics of an oscillating micro-cantilever as a part of an interferometer detecting
the cantilever displacement that is a measure for the total force acting on the cantilever. Experiment
and numerical simulation show that the interaction of the light field in the interferometer cavity
with the cantilever results in a small shift of the resonance frequency and a significant drop of
the effective modal Q-factor Qeff

0 of the fundamental mode if the oscillation covers a large fraction

of the interferometric fringe. The drop in Qeff
0 is caused by a shift of oscillation energy from

the fundamental mode of the free cantilever to higher harmonic modes and to modes of a pinned
cantilever. The strong excitation of additional cantilever modes results from the spatially modulated
light field partially pinning the free end of the cantilever at the edges of the interferometric fringes
in conjunction with a positive feedback effect caused by the opto-mechanical potential. The degree
of pinning can be controlled by adjusting the light energy stored in the cavity and allows a control
of the cantilever phase space trajectory.

A micro-cantilever is an elastic beam, clamped at one end
that may oscillate at the other end. The eigenfrequency
f0 of its fundamental oscillation mode is defined by the
cantilever modal stiffness k0 and its effective mass [1, 2].
Oscillating cantilevers are widely used in physical mea-
surement technology, most prominent in the non-contact
atomic force microscope (NC-AFM) [3], where recent de-
velopments point to highly specific imaging by measuring
the response of several cantilever oscillation modes [4] to
the tip-sample interaction [5–8]. For such applications,
the modal Q-factor Qn of the cantilever, that is a mea-
sure for the energy dissipated per oscillation cycle of a
specific mode, is an important figure of merit [9, 10]. A
common method of detecting cantilever displacement is
interferometry, what implies that the cantilever is illu-
minated by light, that may strongly interact with the
cantilever. Great progress has been made in understand-
ing oscillating cantilever dynamics, in the presence of a
strong light field [11–15].
We use a micro-cantilever in a measurement setup typi-
cally used in NC-AFM [16–19] for high resolution imaging
in the ultra-high vacuum and at cryogenic temperatures
[20–23]. The cantilever is mechanically driven with a
piezo and the oscillatory displacement is measured by an
optical fiber positioned above the free end of the can-
tilever. The light guided to the cantilever is partially
reflected at the fiber end and at the cantilever surface
[24–27] resulting in a Michelson type interference. Addi-
tionally, the gap between the fiber end and the cantilever
forms an optical cavity resulting in Fabry-Pérot type in-
terference due to multiply reflected beams [28]. Such kind
of interferometric displacement sensing has been proven
to have a high sensitivity for the detection of minute ex-
ternal forces acting on the cantilever [11, 18, 19, 21, 23].
The free cantilever is an elastic beam following Hooke’s
law ideally yielding a strictly harmonic oscillation upon
appropriate excitation. Here, however, we investigate
deviations from this harmonic motion due to the cav-

ity light field interacting with the free cantilever end
by exerting radiation pressure [12, 28], a phenomenon
commonly referred to as opto-mechanical coupling. The
opto-mechanical effects observed here have a significant
impact on the cantilever dynamics. We point out, how-
ever, that the oscillation is dominated by mechanical
properties of the cantilever and not by the cavity light
field as it is the case in opto-mechanical coupling ex-
periments reported by other authors, for instance in
Refs. [29–31].
By combining experiments with simulation, we quantita-
tively determine the impact of the opto-mechanical cou-
pling on f0 and Q0 of the cantilever, both shifted to ef-
fective values fres and Qeff

0 , respectively [12, 33–35]. By

analyzing variations in fres, Q
eff
0 and the effective am-

plitude response Aeff , we show that the dynamics of the
cantilever in the spatially modulated light field of the
cavity is effectively that of a cantilever partially pinned
at the free end [36–38]. By this pinning, we open can-
tilever oscillation modes, that are non-existent for the
freely oscillating cantilever and that have considerably
higher eigenfrequencies than the fundamental mode. The
strength of the pinning and, hence, the non-linearity of
the cantilever oscillation can be controlled by the light
energy stored in the cavity.
Experiments are performed in a NC-AFM setup based
on interferometric detection similar to systems described
earlier [21, 25]. The end of the optical fiber is positioned
close to the cantilever backside by coarse motion with
a piezo stepper motor and with sub-nm precision via a
XYZ-tube-scanner-piezo. The cantilever is excited to me-
chanical oscillation by applying a sinusoidally oscillating
voltage with amplitude Vexc to a piezo integrated in the
holding mechanism of the cantilever support chip. A re-
duction of the Q-factor by ambient air [42] is avoided by
operation in ultra-high vacuum.
Interferometric experiments are performed with a fiber-
optic interferometer and with methods and parameters
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described in detail in Ref. [41]. To maximize the light
intensity interacting with the cantilever, the interferom-
eter is operated in the Fabry-Pérot configuration [28]
with a finesse of F =1.65 by positioning the fiber end
at a distance of d=17 µm, where a modulation depth
of 53.8% over one fringe is achieved. All measurements
are performed on two neighboring positive and negative
fringes, with identical minimum and maximum light in-
tensities differing only in the intensity gradient. Exper-
iments are carried out at room temperature and with a
reflective coated cantilever. As outlined in Ref. [28], this
ensures that the effects of opto-mechanical coupling are
due to photon pressure rather than bolometric interac-
tion [14, 21, 39] that dominate if the cantilever has a low
reflectivity [40].
To determine the effective cantilever properties, the can-
tilever response Aeff is measured for a frequency sweep
around the resonance frequency for fixed excitation volt-
age Vexc ranging from 10mV to 380mV by the HF2
lock-in amplifier (Zurich instruments, Zürich, Switzer-
land) and from the resulting response curves, the fre-

quency shift δf = fres − f0 and modal Q-Factor Qeff
0 of

the cantilever are determined. The frequency shift δf is
plotted as a function of the excitation voltage Vexc for
light power values P of 50 µW, 100 µW, 200 µW, 300 µW
and 400 µW as shown in FIG. 1(a) where experiments
are performed for the positiv and the negativ fringe,
respectively (see inset of FIG. 2 and Ref. [41]). At a
light power of 400 µW, we find a hyper-linear increase
in the frequency shift to -1.48Hz for the positive fringe
and to -1.31Hz for the negative fringe. From these fre-
quency shift values, we deduce the cantilever stiffness
following procedures outlined in Ref. [28]. For a light
power of 50 µW, the stiffness is on both fringes iden-
tical k±(50 µW)=53.9±1.4N/m. For a light power of
400 µW, we find k+(400 µW)=58.7±0.6N/m for the pos-
itive fringe, k−(400 µW)=52.0±0.6N/m for the negative
fringe and an intrinsic value of k=55.4±0.6N/m.

The modal Q-factor of the fundamental mode Qeff
0 is

plotted as a function of Vexc for the same light power val-
ues in FIG. 1(b). For small amplitudes (≤ 25 nm) Qeff

0

has a constant value of 13500 assumed to be close to the
intrinsic value [10]. However, for larger amplitudes and

a light power above 100 µW, Qeff
0 drops significantly and

we find a value below 5000 for 400 µW. The modal Q-
factor Qeff

0 is split between the positive and the negative
fringe, most prominent for 200 µW and 300 µW.
To determine the critical light power needed for a sig-
nificant drop of Qeff

0 , we study Qeff
0 as a function of the

light power for positive and negative fringes, respectively,
for A=A

λ/8 =97.75 nm, i.e. an oscillation covering the
entire fringe [41]. The results shown in FIG. 2 exhibit for
P < 140 µW a split between the fringes of the interferom-
eter that is due to the previously described optical spring
effect [40, 43–45]. The onset of the drop of Qeff

0 occurs
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FIG. 1. Frequency shift δf (a), modal Q-Factor Qeff
0 (b) and

amplitude response Aeff (c) of a cantilever oscillating in a
light field plotted as a function of the cantilever excitation
voltage Vexc for different values of the light power P . The
inset in frame (c) is an illustration of oscillation modes of a
free and a partially pinned cantilever.

for the negative fringe at 160 µW significantly later than
that for the positive fringe at 120 µW. The earlier onset
at the positive fringe is easily explained by the gradient
of the laser field pointing in the same direction as the ra-
diation pressure. Above 360 µW, both curves merge and
the overall development is virtually identical.
The drop in the Q-factor is not the result of mode cool-
ing or self-excited oscillation [46–49, 51], but due to a
change in the character from a freely oscillating to a par-
tially pinned cantilever (see inset in FIG. 1(c)), where
energy is shifted from the fundamental mode to other
modes. Evidence for this is found when investigating the
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tude of A

λ/8. The inset is a schematic representation of the
interferometer signal Isig as a function of the fiber-cantilever
distance d illustrating measurements on positive and negative
fringes, respectively.

amplitude response of the cantilever to the excitation as

shown in FIG. 1(c). The amplitude response for V
λ/8
exc is

A
λ/8, independent of the light power and fringe, hence,

there is no light-induced damping or excitation of the
cantilever at this point. The lack of a visible amplitude
increase or decrease at this point of the maximum inten-
sity is besides the quantitative results shown in Ref. [28]
clear-cut proof that bolometric effects are negligible. For
small light power, the amplitude scales linearly over the
entire range of Vexc values. However, for a light power
above 100 µW, the amplitude of the oscillation exhibits
a more complex response. For small Vexc, the amplitude
response is more than twice the expected value, but lev-
els off for large oscillation amplitudes so that all curves
meet at A=A

λ/8. This behavior can straightforwardly be
explained by the light field driving the cantilever towards
the edges of the fringe, but not any further

To explain this and the energy transfer from the fun-
damental mode to higher modes and modes of the
pinned cantilever quantitatively, we implement a numer-
ical model describing the cantilever as a 1D linear chain
of 215 mass points m connected via springs of stiffness
k. All of these springs are assumed to perfectly follow
Hooke’s law with the additional opto-mechanical force
FO(d) as derived in Ref. [28] applied to the last element
representing the cantilever free end. After initial dis-
placement and settling of the following cantilever oscil-
lation, the movement of the mass points is fractionated
into the first four vibration modes of a free and a pinned
cantilever schematically depicted in the inset of FIG. 3
via a discrete Fourier transform yielding quantitatively
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FIG. 3. Simulation of the energy distribution over the first
modes for a cantilever excited to oscillation in the fundamen-
tal mode with an amplitude of λ/8 as a function of the light
power (solid lines). The energy of the fundamental mode is
compared to respective experimental values (solid squares).
The inset schematically shows the first four free and pinned
cantilever modes.

the energy distribution over the oscillation modes. For
details of this simulation see the supplemental material.
This simulation is run for 450 light power values P rang-
ing from 0 to 450 µW. In FIG. 3, we show the simulation
result for the fraction of oscillation energy that is present
in the fundamental mode as a function of P (black solid
line) together with the experimentally observed energy
loss in this mode (black squares), extracted from the drop

of Qeff
0 as seen in FIG. 1(b). Further, we plot simulation

result for the energy contribution of higher modes of the
free cantilever, as well as modes of a pinned cantilever
that are excited with significant spectral power (color
solid lines). As a result, we find that the experimentally
observed loss in energy in the fundamental mode can al-
most quantitatively be described by the gain of energy in
the other modes, most prominently pinned modes. Note,
that pinning describes a boundary condition defining the
position of the cantilever end, but not its slope in contrast
to a clamped beam where the position and the slope of
the beam end are defined [4]. Partial pinning is accom-
plished here by the opto-mechanical interaction. This
interaction increases the residence time of the cantilever
at the border of the fringes where the opto-mechanical
potential has shallow minima (see suplemental material
for explanation). As illustrated in the inset of Fig. 1(c),
pinning allows the cantilever to oscillate in a set of modes
that is not accessible to the free cantilever. As the degree
of pinning depends on the slope of the opto-mechanical
potential, energy transfer to pinned modes is observed
only for high light power P and large amplitude oscilla-
tion. The high efficiency of the mode coupling is a result
of the anharmonic deformation of the total potential fa-
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cilitating the excitation of higher and pinned modes.
To understand the high efficiency of the mode coupling
in view of the ratio between modes, restoring force and
opto-mechanical force, it is best to look at the mechanical
excitation driving the cantilever oscillation. The energy
needed for the excitation is 2π/Qeff

0 of the cantilever os-
cillation energy [50]. As Qeff

n values of the higher modes
are generally quite high, this implies that only a minute
excitation of a mode due to the non-harmonic poten-
tial coupling is needed to yield a significant excitation
of higher modes. The interferometer adjustment that is
chosen such that the resting position is at the steepest,
linear part of the interferometric signal, results in a con-
stant phase shift of 90◦ between the harmonic cantilever
motion at f0 and the modulated opto-mechanical force.
This results in a unidirectional force towards the edge of
the interferometric fringe acting over the integral of the
cantilever motion. Effectively, the opto-mechanical force
is due to its position dependance self-tuning to the res-
onance frequency of the cantilever, and therefore yields
a positive feedback effect. In a second run of simula-
tions, the position z and momentum p of the last mass
point are logged for light intensities of 100 µW, 200 µW,
300 µW and 400 µW, and an excitation of 25% 75% and
100% of the cantilever elastic energy corresponding to
A=A

λ/8. The resulting trajectories in phase space taken
from the last oscillation cycle shown in FIG. 4 describe
the movement of the cantilever tip. For a light intensity
below 100 µW, the phase plots are perfectly circular, as
expected for the harmonic oscillator. For a light intensity
above 100 µW, the trajectories are elliptically deformed
explaining the experimentally observed increase in am-
plitude for an excitation of 25% (see FIG. 1(c)). In this
case, the radiation pressure drives the cantilever to the
edges of the fringe towards the potential minimum. For
75% excitation, this is also observed, however, the tra-
jectory is flattening out towards the maximum displace-
ment. At an excitation of 100%, the maximum ampli-
tude reaches exactly λ/8 for all light intensities and the
flattening increases, due to the partial pinning of the can-
tilever. Effectively, the oscillation dynamics of the can-
tilever is altered by the sinusoidally modulated light field
so that the cantilever end rests longer at the edges of the
fringe than for a weak light field. Since the force driving
it to these edges is a function of P , the holding time and
also the effective amplitude Aeff can easily be controlled.
In conclusion, if a spatially modulated light field inter-
acts with the free end of an oscillating cantilever in a self-
tuning configuration, the integral opto-mechanical force
over several oscillation periods can significantly influence
the energy balance between oscillation modes. This is
seen as a small shift of the cantilever resonance frequency
accompanied by a dramatic reduction in the fundamen-
tal mode Q-factor. This can quantitatively be explained
by the transition of the oscillation of a free cantilever
to that of a partially pinned cantilever. Since the light
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FIG. 4. Model trajectories in phase space of the last mass
point of the cantilever for excitation energies of 25%, 75% and
100% of the energy needed to reach an oscillation amplitude
of λ/8 plotted for different values of light power P .

field in an interferometric cavity including a cantilever
and, thus, the radiation pressure are self-tuning to the
cantilever motion, mode coupling is achieved with high
efficiency. Note, that this effect is fundamentally differ-
ent from the weak opto-mechanical coupling of modes
with similar eigenfrequencies as it has, for instance been
observed for membrane type oscillators in a very strong
light field [49]. Here we observe strong coupling between
modes having very different eigenfrequencies in a rela-
tively weak light field where modes are made accessible
by optically induced pinning of the cantilever.
The observed modal structure is similar to the one of
a mechanically pinned cantilever [37, 38]. However, in
our case the dynamics can be controlled as the energy
transfer between modes is tunable by the light power.
By adjusting the cantilever excitation amplitude, we can
further control the cantilever movement in phase space.
This specially facilitates increasing the residence time of
the cantilever at the edges of the interferometric fringes
what might be of practical use in NC-AFM to increase
the tip-sample interaction and to stabilize imaging and
spectroscopy. A viable scenario would, for instance, be
a strong excitation of the cantilever at the fundamental
mode to stabilize the tip at a certain minimum tip-surface
distance, while using high-Q harmonic modes for probing
the tip-surface interaction. This opens new a horizon for
stable and highly specific multi-mode non-contact force
microscopy.
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Controlling the dynamics of an oscillating micro-cantilever by a spatially modulated

light field
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Fachbereich Physik, Universität Osnabrück, Barbarastraße 7, 49076 Osnabrück, Germany

I. OPTO-MECHANICAL FORCE AND POTENTIAL

The opto-mechanical force acting on the cantilever FO(z) is due to radiation pressure that is proportional to the
light intensity interacting with the cantilever. To determine the relative strength of the radiation pressure and,
thus, the impact on the cantilever oscillation, it is compared to the reference force FH(λ8 ) that is the restoring force

of the cantilever at a deflection of z= λ
8 . For a low finesse cavity, the light intensity modulation in the cavity is

approximately sinusoidal and, consequently, FO(z) is a sine function of the cantilever deflection in the light field.
The opto-mechanical force is separable in into a fringe dependent static part α±(P ), representing the mean radiation
pressure, and a fringe dependent modulated part β±(P ) yielding

FO(z) = k
λ

8

(
α±(P ) + β±(P ) sin(

π

2

8

λ
z)

)
(S1)

where k is the cantilever stiffness that we use for normalization rather than the fringe-dependent effective values k±

that are close to k
Note, that α± and β± are basically linearly depending on P with small deviation resulting from the details of the
opto-mechanical interaction. While α±, represents the static radiation pressure on a cantilever at z=0nm is constant
for a given P , β± is pre-factor of the term sinusoidally varying with z. The strength of the modulated force can
be determined by the method described in Ref. [S2] that is based on measuring the frequency shift δf±

λ/8 for large

amplitude oscillations as a function of the light power P .

β±(P ) =
FO(

λ
8 )

F±(λ8 )
≈ −2

δf±
λ/8(P )

f0
(1 + 0.18)2 (S2)

where f0 is the cantilever eingenfrequency.
The modulation in forces is basically identical to the modulation of the optical power and, therefore, it is straight-

forward to determine α± from the experimentally observed optical modulation depth M via the ratio M = β±(P )
α±(P ) if

β± is known. From Eqn. S1, the opto-mechanical potential EO can be determined by integrating the opto-mechanical
force yielding:

EO(z) =

∫
FO(z) dz = k

λ

8

(
α±(P )z − β±(P )

λ

4π
cos(

π

2

8

λ
z)

)
(S3)

The resulting EO shown in Fig. S1, is the derivation from the harmonic potential EH for the unperturbed cantilever
oscillation. This potential is a model of the opto-mechanical interaction analogue to the potential presented in Fig. 12
of Rev. [S3], with the crucial difference that it has a local maximum at the resting position of the cantilever and
minima at the edges of the fringe as a result of our interferometer adjustment with the resting position at the steepest
part of the sinusoidal modulation.
The local maximum at the metastable position z=0nm has a small curvature at this position, resulting in an

amplitude increase for small cantilever displacements deflections as it is observed in Fig. 1(c) of the main text.
The local minima at the edges of the interferometric fringes at z=±λ

8 =±97.75 nm result in pinning the cantilever
at this position. It might be counter intuitive at first, that one of these pinning positions is located at the intensity
minimum, however, this is a combined effect of the opto-mechanical potential, the unidirectional radiation pressure
and the harmonic cantilever potential.
It is important to note that the local maximum at z=0nm as well as the local minima at z=±λ

8 have a low curvature.
The resulting perturbation of the harmonic cantilever potential is for small amplitudes nearly harmonic by itself and
thus not capable of efficiently coupling modes, explaining why no significant mode coupling is observed for amplitudes
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FIG. S1. Normalized potential resulting from the of the radiation pressure as a function of the cantilever position z. A local
maximum is found at the rest position of the cantilever and two local minima at the edges of the fringe. Note, that the rest
position is shifted from z=0 due to the action of the radiation pressure.

smaller than 25 nm. For small oscillations around z=0nm and small power P , the motion is harmonic by nature
and perceived as a shift of the cantilever stiffness to effective values in opposite directions for positive and negative
fringes, respectively. This phenomenon is commonly referred to as the optical spring effect.
However, for large amplitude and high light power the opto-mechanical potential acting on the free end of the can-
tilever leads to partial pinning of the cantilever at the points of maximum deflection of the oscillation. Therefore,
significant mode coupling due to this pinning is observable for oscillation amplitudes covering a significant fraction of
the an-harmonic parts of the opto-mechanical potential as described in the main text.
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II. SIMULATION OF THE CANTILEVER DYNAMICS

To explain the energy transfer from the fundamental mode to higher modes and modes of the pinned cantilever
quantitatively, we implement a discrete numerical model describing the cantilever as a 1D linear chain of n points of
mass m connected via identical springs of stiffness k. The simulation is optimized for fast calculations rather then full
flexibility, enabling it to run on consumer grade hardware. It is programmed in the C programming language relying
on a controlling python script for parameter change and recompilation.

A. Setup

The cantilever is divided along the length axis into n points of equal mass m, further on referred to as elements,
connected by n − 1 springs of equal stiffness k as shown in Fig. S2. Neglecting longitudinal as well as torsional
motions, we consider transversal oscillation modes where the element i is affected only by masses at neighboring
positions zi−1 and zi+1. The interaction is given by Hookes law with a force constant k.

Fi−1,i = −k(zi − zi−1)

Fi+1,i = −k(zi − zi+1)

These forces describe the elastic response of the cantilever while the opto-mechanical force is treated as an addition,
described in the following section.

m

m

m
m

m

k

k

k

k

z0

z1

m

zn-1

zn

F (z)O i
z

FIG. S2. Setup for the simulation of the cantilever as a 1D linear chain of n points with mass m connected via identical springs
of stiffness k. The variable i indexes the position along the cantilever in discrete steps. Onto the last element i=n the position
dependent opto-mechanical force FO(z) is applied.

B. Opto-mechanical interaction

It is evident that in this system, an additional static force affects only the mean displacement of the cantilever and not
its oscillation. Without loss of generality, we consider the case of M =1 and yield from Eqn. S1 the opto-mechanical
force with a minimum of FO(−λ/8)= 0

FO(z) = k
λ

8
β(P )

(
1 + sin(

π

2

8

λ
z)

)
(S4)

For simplicity, we neglect the fringe splitting and only consider the positive fringe. As shown in Ref.[S2], FO scales
linearly with light power P . For the simulation, the value of β(P ) is determined by a fit to the frequency shift data
shown in Fig. 1(a) of the main text.
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C. Starting conditions

As starting conditions for the simulation we place, the first and last element at positions

z0,0 = 0

zn,0 = −λ

8

And initially unknown values zi,0 for all other elements. To introduce the time coordinate, we extend the notation to
zi,j , with j enumerating the iteration step. The position of the last element is chosen such, that the opto-mechanical
force vanishes for the positive fringe, resulting in identical starting conditions for all values of P .
To achieve this position at the free end, a hypothetical external force Fext is necessary compensating the cantilever
spring force. To achieve this, each of the n− 1 springs exert an equal force of

Fi =
Fext

n− 1
= −k

λ

8(n− 1)
(S5)

on neighboring elements.
The total force exerted by the cantilever system is

Fext =
n−1∑

i=0

Fi = (n− 1)×−k
λ

8(n− 1)
= −k × λ

8
. (S6)

This defines the starting position zi,0 for each mass element. Note, that these positions differ from the dynamic
positions of the oscillating cantilever. This results in a settling time needed for reaching the cantilever steady-state
positions.
The energy in the system Estart is the sum of the energies stored in the individual springs

EStart =
1

2
k

n∑

i=1

((zi,0 − zi−1,0)
8

λ
)2 (S7)

Oscillation movement is started by removing Fext.

D. Step iteration

The simulation is carried out by calculating the change in the position zi,j → zi,j+1 and velocity vi,j → vi,j+1 for
each mass point m for the time step j → j + 1. The number of steps for one full oscillation cycle is a function of the
step width ∆t. It is critical, that the step interval of this time step ∆t is small enough to get a fine mapping of the
oscillation.
For the first element i=0, the boundary conditions of the fixed end results in the simple conditions:

z0,j+1 = 0

v0,j+1 = 0 (S8)

For each simulated step, the forces on mass elements i=1...n-1 are calculated by:

Fi,j = −k(zi,j − zi−1,j)− k(zi,j − zi+1,j)

= k(zi+1,j + zi−1,j − 2zi,j) (S9)

The last element n of the chain is subject to the restoring force of element n− 1 and the displacement dependent
sinusoidal opto-mechanical force.

Fn,j = −k(zn,j − zn−1,j) + k
λ

8
β(P )× (1 + sin(

π

2

8

λ
zn,j)) (S10)

This directly translates into the acceleration ai for all elements

ai,j =
Fi,j

m
, (S11)
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resulting in a speed

vi,j+1 = vi,j∆tai,j (S12)

and in the position change to

zi,j+1 = zi,j +∆t vi,j+1 (S13)

What is a valid approximation if ∆t is a small fraction of the cantilever oscillation period.

E. Parametrization and Optimization

Simulation quality, precision and run time crucially depend on the parameters chosen for n and ∆t. n has to be large
enough so that the 1D linear chain is a good approximation of the cantilever and the iterations are able to reproduce
the shape of the higher modes. We have chosen n=215 for this purpose resulting in roughly 8192 elements to sample
one anti-node of the fourth pinned mode 4p. The other critical parameter is ∆t, that has to be small enough so that
the incremental steps sample the harmonic oscillation of each mass point well enough to be Fourier analyzed. We
scale the time by the dimensionless oscillation period T0 and chose ∆t=1024−1.
To simplify the simulation, the deflection is chosen to be in units of λ

8 resulting a deflection of z=±1 for the
minimum/maximum (fringe dependent). We next introduce dimensionless quantities m=1 and k=1 resulting in the
force calculations. For each simulated step, the forces on mass elements i=1...n are calculated by:

Fi,j = zi+1,j + zi−1,j − 2zi,j for i = 1...n− 1

Fn,j = (zn−1,j − zn,j) + β(P )× (1 + sin(
π

2
zn,j)) for i = n

This is also removing several multiplications from other calculations, for example,

ai =
1

m
× k(zi+1,j + zi−1,j − 2zi,j) (S14)

is simplified to

ai = zi+1,j + zi−1,j − 2zi,j . (S15)

Furthermore, the parameters β(P ), ∆t and n are set fix in the header file allowing these factors to be inlined by the
compiler. The parameter β(P ) is changed for each independent simulation cycle by a Phyton script facilitating an
automatic recompilation and storage of results.
The simulation is optimized by several measures to limit the running time and to devote the processing time to
precision with many elements and a small step size ∆t. The parameter n is chosen such that the arrays of 64 bit /
8 byte double variable align with the 4 kbyte memory pages. For n=215 this amounts to 256 kbyte for one set (ai,
di,j or vi,j) so that all parameters needed for the calculating cycle fit into the second level cache of the processor. For
the time resolved sets zi,j and vi,j this results in two-dimensional arrays of 1.6GB for result storage each, still fitting
into the computer main memory.
To improve running time, the following gcc compiler optimizations are used: -o2 general optimizations by the com-
piler, for example static array size initiations and parameter inlineing; -march=native optimization of the code for
the native CPU architecture, including the generation of an AVX vector optimized code; -funroll-loops unrolling
the main loop iterating over the n elements removing the conditional jumps (at the cost of code size increase); To
reduce the time for the recompilation for each value of P , ccache is used.
The FFTW library is recompiled with the same optimizations applied to the main program. This recompilation is
only necessary once since the generated library is linked to the main program.
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F. Data recording

The oscillation is left to settle for 3 × 106 oscillation steps into the steady-state condition while not recording the
time development of this settling. Note, that the recording after the settling is starting at an arbitrary position zi,0
and speed vi,0 for the cantilever elements, that are initial values of the settled oscillation. Starting from this, the
elements zi,j and vi,j are recorded into an array resulting in a time domain representation of the cantilever oscillation.
Furthermore, after each step for 32 equally spaced elements along the cantilever, the current displacement and velocity
is compared to the starting value to determine if one full cycle has passed, expressed in the condition:

32∑

a=1

|(za n
32 ,j

− za n
32 ,0

)|+ |(va n
32 ,j

− va n
32 ,0

)| ≤ ǫ (S16)

For the utilized parametrization and optimizations the values of zi,j and vi,j range from -1 to 1, resulting in an
appropriate value for ǫ= 64

n .
The amount of elements j recorded in the array after the condition is fulfilled, is a measure for the period of the
oscillation. Note, that this value is slightly varying with the parameter β(P ) representing the shift in the resonance
frequency observed in Fig. 1(a) of the main text. TRecording the full cycle of the lowest frequency mode ensures that
also all higher frequency modes are encompassed by the simulation.

G. Fourier analysis

To separate the cantilever oscillation into its harmonic modes, a discrete Fourier analysis in the implementation of
the highly optimized FFTW library [S4] is used. This transforms the time domain arrays zi,j and vi,j into frequency
domain arrays zi,f and vi,f .
The resulting arrays show characteristic peaks representing the harmonic modes of the cantilever. The peak positions
are identified by detecting for values of zi,f ≥ 0.01. or vi,f ≥ 0.01 at any position i of the cantilever. To determine the
energy in the respective mode, zi,f and vi,f for a each populated mode are transformed back into the time domain,
where the energy in the mode (distinguished by their array index in the frequency domain) is calculated by.

Ef =

n∑

i=1

1

2
m(vfi,0)

2 +
1

2
k(zfi,0 − zfi−1,0)

2 (S17)

resulting in the energy distribution for the oscillatory modes. Note, that the value of j=0 represents an arbitrary
point of the oscillation after it has settled into the steady state (see section II F).

H. Validity testing

First, the simulation is tested for convergence by checking the total energy in the oscillation every 100 simulation
steps.

Ej =
n∑

i=1

m
1

2
(vi,j)

2 +
1

2
k(zi,ji− zi−1,j)

2 (S18)

The energy is required to be constant within the limit (∆Ej+1 = |Ej+1 − Ej | ≤ 0.01) since there is no dissipation or
external excitation. Furthermore, it is checked that the oscillation covers the whole fringe by checking that in the
recorded data, there exist points with zn,j ≤−0.99 and zn,j ≥ 0.99. These conditions have to be set with a margin of
error of 1% taken into consideration because of rounding errors.
For a value of β(P )= 2.67 × 10−4 (P =400 µW), the modes of zi,f and vi,f in the frequency space are each inverse
Fourier separately transformed back into time domain. For the populated array indexes f corresponding to the excited
modes are then searched in the time domain for their point of maximum displacement

vfj =

n∑

i=1

|vfi,j | ≤ ǫ (S19)
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and the corresponding displacement variables zfi,j(f) are checked to be in agreement with the predicted shape of the

cantilever modes that are described in Ref. [S5] as

Φn = (sin(αn) + sinh(αn)) · (cos(αn
x

L
)− cosh(αn

x

L
))

− (cos(αn) + cosh(αn)) · (sin(αn
x

L
)− sinh(αn

x

L
)) (S20)

The mode selection parameter αn is for the nth free mode, αn =(n− 1
2 )π and for the nth pinned mode αn =(n− 1

4 )π.
As a side effect of this transformation, the static cantilever deflection is determined with the shape of the fundamental
mode representing a shift of the resting position by the average radiation pressure over one oscillation. The observed
shift is found to be qualitatively right but not quantitatively correct since the static radiation pressure offset determined
by α(P ) is not implemented in the simulation.
For a last check, we note that the simulation yielded a simulation time of about 6500 steps for one fundamental mode
period determined by the abort condition in Eqn. S16. The expected period of the oscillator is given by:

T0 = 2π

√
m

k
(S21)

resulting with the utilized parametrization in a step count for the unperturbed oscillation of

T

∆t
= 6434 (S22)

that is in perfect agreement, given the expected slight variation due to β(P )

[S1] J. Lübbe, L. Tröger, S. Torbrügge, R. Bechstein, C. Richter, A. Kühnle and M. Reichling, Meas. Sci. Technol. 21, 125501
(2010).

[S2] A. von Schmidsfeld and M. Reichling, Appl. Phys.Lett. 107, 123111 (2015).
[S3] M. Aspelmeyer, J. Kippenberg and F. Marquardt, Rev. Mod. Phys. 86, 1391 (2014).
[S4] M. Frigo and S.G. Johnson, Proc. IEEE 93 (2), 216-231 (2005).
[S5] H. J. Butt and M. Jaschke, Nanotechnology 6, 1 (1995).





Chapter 7

Ongoing work and outlook

7.1 Opto-mechanical reduction of system noise

In chapter 4, a remarkable noise level of 24 fm/
√
Hz achievable by fine tuning the

interferometric detection system has been demonstrated. Furthermore, it was con-

cluded, that the fringe dependency as well as the power dependency in the noise

floor is partially result of opto-mechanical interaction of the cantilever with the

cavity light field. In ongoing work, the underlying principles responsible for the

remarkable system displacement noise reduction are examined in detail, to advan-

tageously manipulate the noise levels.

The cantilever is a harmonic oscillator that is thermally excited to oscillate at its

fundamental mode containing the energy 1
2
kBT (with kB Boltzmann constant), when

in equilibrium with a thermal bath at temperature T . This results in a small but

precisely measurable oscillation of the cantilever, even if it is not mechanically ex-

cited [67]. To ensure that there is no external source for the observed excitation all

unused piezos are terminated with a 50 Ω resistor and the scan head is mechanically

damped via two sets of active pneumatic dampers and an eddy current damper.

From the thermal spectra (examples shown in Fig. 7.1), the Q-factor Qth
0 and noise

floor dzds can be determined [67, 68]. The fringe dependent cantilever stiffness k± is

determined by a method relating the intrinsic stiffness to the optical spring constant

as described in detail in chapter 5.

The noise floor dz consist of cantilever thermal noise dzth and detection system noise

dzds, where dzth defines the ultimate limit in NC-AFM signal detection [67]. To

measure the background noise floor dzds, the average asymptotic signal to the left and

right of the thermal peak in the spectra is utilizing the exact amplitude calibration

of the interferometer (see chapter 4).

From the spectra the cantilever temperature can be determined by integrating dzth

71
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around the thermal peak and determine energy resulting in the relation found in

[67],

T =
1

kB

2Dz
th/(πk0f0Q0)

(1− (f/f0)2)2 + (f/f0Q0)2
. (7.1)

To calculate the cantilever temperature utilizing this relation, the detection system

noise dzds resonance frequency f and Q-factor Q0 can be determined by a fit to the

frequency spectrum of the thermally excited cantilever. Note, that the cantilever

fundamental mode stiffness k0 has to be determined by another method.

In measurements the observed temperature differs significantly from the expected

value, because additional forces onto the cantilever, especially opto-mechanical forces,

alter the oscillation dynamic from the assumed harmonic oscillator. The resulting

temperature is called virtual temperature Tvirt to distinguish it from the thermal

bath temperature T and to underline that the differing results encompass addi-

tional effects that have to be taken into consideration when determining the can-

tilever temperature from its oscillatory behavior. To systematically investigate the

Figure 7.1: Noise floor, cantilever stiffness and Q-factor measurement from the thermal peak for

the positive and negative fringe at a fiber-cantilever distance of 18 µm.

opto-mechanical effect onto the thermally excited cantilever Qth
0 , k, dzds and Tvirt

where determined for two neighboring fringes with, identical values for Pmax and

Pmin at three distances representing characteristic interferometer configurations and

results shown in Tab. 7.1. The absolute light power coupled into the interferometer

P = 400 µW is kept constant for all configurations while the effective light intensity

opto-mechanically interacting with the cantilever and the values of Pmax and Pmin
are varying for different values of d, due to different optical loss.

The distance of d= 18 µm typically for the NC-AFM measurements is close to the

cantilever with a large Fabry-Pérot enhancement factor of F̃ = 25.8. The second
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distance of d= 160 µm represents strongly degraded Fabry-Pérot interference with

F̃ = 2.1 resulting in similar signal intensities and modulation depth of Michelson

interference. At d= 510 µm maximum Michelson interference is realized with F̃ = 1.9

close to the theoretical limit for the ideal Michelson interferometer.

d [µm] F̃ Qth
0 k [N/m] dzds [fm/

√
Hz] Tvirt [K]

18 (FP+) 25.8 18031 63.0 33 235

18 (FP-) 25.8 18925 60.6 44 195

160 (FP+) 2.1 17545 62.1 1755 290

160 (FP-) 2.1 19376 61.7 2220 172

510 (M+) 1.9 17911 61.9 988 318

510 (M-) 1.9 19081 61.8 1065 244

Table 7.1: Q-factor Qth
0 , cantilever stiffness k, noise floor dzds and virtual cantilever temperature

Tvirt from thermal peek measurements for the positive and negative fringe for three

characteristic distances at d= 18 µm, 160 µm and 510 µm.

The Q-factor for small amplitudes exhibits a fringe dependent value as expected

for a linear interaction [69]. Note, that Qth
0 is not subject to the large drop in the

effective modal Q-facter Qeff
0 observed in chapter 6 even for large light power P ,

because of the small oscillation amplitude, resulting in a close to linear, harmonic

radiation pressure. For all fringes, the measured Qth−
0 for the negative fringe is larger

than Qth+
0 for the positive fringes and is in agreement with Fig. 2 in chapter 6 below

the critical light power.

The cantilever stiffness k± exhibits a split due to the optical spring effect, i.e. an

effective cantilever stiffness that is increased or decreased depending on the slope of

the interference fringe [70, 71]. The amount of light opto-mechanically interacting

with the cantilever crucially determines how pronounced this split is. The mean

value between positive and negative fringe is within measurement accuracy constant

kmean = 61.9 N/m that is the intrinsic cantilever stiffness.

In the Fabry-Pérot regime, for a distance of 18µm the noise floor is 33 fm/
√
Hz for

the positive fringe and 44 fm/
√
Hz for the negative fringe. The positive fringe ex-

hibits a 25 % better noise floor. For the degraded Fabry-Pérot regime at d= 160 µm

with high optical loss the noise floor rises to 2000 fm/
√
Hz. This can be directly

explained by the strongly reduced interferometric signal resulting very small ampli-

tude calibration factor. In the optimum Michelson configuration at d= 510 µm, the

noise level is about 1000 fm/
√
Hz significantly worse than for the optimal Fabry-

Pérot configuration but a factor 2 better than for d= 160 µm with similar signal

amplitudes and F̃ .
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The fact that the noise floor is fringe dependent for identical power levels and that

it is more pronounced for Fabry-Pérot than for Michelson interference yields evi-

dence that the system noise is not limited by the detection system noise dzds, but

rather by the modified mechanical cantilever spectral noise dzth. The fact that the

achievable noise level for the positive fringe is always better than for the negative

fringe despite identical signals Pmax and Pmin, directly points to the mechanical can-

tilever noise as a limiting factor that can be directly influenced by opto-mechanics.

One possible explanation is that the partial pinning of the front of the cantilever

described in chapter 6 results in a localized suppression of statistical movement and

thus mechanical cantilever noise.

For all three configurations the thermal peak integral, corresponding to Tvirt, shows

a significant split between the fringes due to fringe dependent cooling and heating

by the optical spring effect [70, 71]. Surprising is, that for the Fabry-Pérot config-

urations Tvirt is for both fringes below the thermal bath temperature of the scan

head T = 302 K. A possible explanation is that besides the fundamental cantilever

mode, further modes are available to the system by mode coupling (see chapter 6).

The noise and energy in the pinned modes is invisible to the detection system, since

these modes have an oscillation node at the fiber position. This enables measure-

ments at lower noise floors and better signal to noise ratios without having to lower

the thermal bath temperature T by cooling the scan head down. Curiously the

positive fringe, exhibiting the larger cantilever stiffness k and lower noise level dzds,

exhibits the higher modal temperature Tvirt, this directly excludes modal cooling

as the mechanism behind the observed noise reduction, although it likely plays an

active part in the observed limit.

For further work, a systematic investigation should aim to determine the underlying

mechanisms and absolute limit of the noise suppression and modal cooling. This

results in improved parameters for NC-AFM operation and as a further step in an

improved scan-head that is capable of better resolution without the necessity of

cryogenic temperatures.

For these investigations, a larger set of cantilevers should be systematically examined

for the minimum achievable noise level and their modal temperature to determine

the underlying mechanisms. Furthermore, a secondary detection mechanism that

is capable of detecting the pinned modes, for example beam deflection, should be

implemented, to directly observe the energy transfer into these modes.
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7.2 Large amplitude NC-AFM

Typical forces in NC-AFM have a short range, for example the Lenard-Jones po-

tential has a typical equilibrium distance r0 of about 7 Å for graphite resulting in a

significant force over a distance of about 2 nm. For the tip-sample interaction result-

ing in a frequency shift the integral interaction over one oscillation period (Eqn. 2.32)

is the significant parameter. This directly yields that for small amplitudes of the

harmonic oscillation, the observed frequency shift for the same interaction is larger,

because the mean distance as well as the residence time in the close proximity is

maximal. A practical application is utilizing tuning fork sensors [72–74] having a

high stiffness and allowing operation with oscillation amplitudes below 1 nm.

However, large amplitudes have experimental benefits in many practical applica-

tions: The signal in beam deflection and interferometric displacement detection is

directly related to the amplitude. Furthermore, a large amplitude equals to more

oscillation energy of the cantilever resulting in an stable oscillation that is less sus-

ceptible to snap-into contact. The higher harmonic cantilever oscillation described

in detail in chapter 6 generates the opportunity of another method to increase the

interaction integral by increasing the residence time of the cantilever close to the

surface.

Figure 7.2: Sketch of the free and the by the cavity light field partially pinned cantilever.

The complex cantilever oscillation resulting from the opto-mechanical force acting

on the formerly free end contains modes of a pinned cantilever (see chapter 2.3). The

pinned modes have an oscillation anti-node at the cantilever end resulting in no tip

movement at this position for the pure pinned modes. For a compound cantilever

oscillation sketched in Fig. 7.2, containing free and pinned modes the resulting tip

movement is more complex. The pinning position depends on the additional poten-

tial. In case of an opto-mechanical interaction with the interferometer light field,

pinning positions are at the edges of the interferometric fringes. This offers the



76 CHAPTER 7: Ongoing work and outlook

possibility to increase the interaction time by choosing such a pinning site to be at

the reversal point of the oscillation closest to the surface. To minimize impact onto

the oscillation for example due to asymmetric forces or amplitude over-excitation as

described in chapter 6, the cantilever oscillation amplitude should cover exactly one

interferometric fringe.

Figure 7.3: (a) Model trajectories in phase space of the last mass point of the cantilever for an

oscillation amplitude of λ/8 plotted for different values of P . (b) Detail of the upper

turn-point with 2 % marked gray.

The resulting movement is, at the points of maximum pinning, dramatically altered

observable in the trajectories in phase space shown in Fig. 7.3. The figures are cre-

ated by the same algorithm introduced chapter 6. The resulting oscillation proved

stable even for an simulated increase of the opto-mechanical interaction by a factor of

25. Any discrepancy of the plot from the circle observed for P = 100 µW represents

an anharmonic alteration of the periodic oscillation. The most crucial alteration

in this case is the flattening of the curves for the points of maximum displacement

z=±1. In Fig. 7.3(b) the displacement of 2 % around the upper turn-point, corre-

sponding to the typical tip-sample interaction length, is marked gray. The curve is

for P = 10 mW double the width than for the harmonic oscillation at P = 100 µW.

Note, that the numerical simulation does not yield the increase in interaction time

quantitatively, since the variation in the cantilever stiffness for higher modes is not

taken into consideration, but should be of the same order of magnitude.

To further study this effect and test the possible limits to pinning the available

laser power P should be increased or softer cantilevers, for example type FMR

(see chapter 3.4.3) to maximize the relative strength of the opto-mechanical effects.

When sufficient pinning is achieved images of a reference sample should be taken at

small and large oscillation amplitudes directly comparing the difference in contrast

and image detail.
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7.3 Tip-induced surface contamination

Despite great noise performance and precise calibration achieving atomic resolution

proved to be difficult with the setup. During scanning, the examined samples accu-

mulat surface contamination within minutes - much more rapid than expected from

the base pressure in the chamber. This effect has been observed on several differ-

ent samples, systematically preventing atomic resolution and could not be reduced

by extended tip preparation. Curiously this contamination is not observed for a

scan-head operating at cryogenic temperatures.

To determine the origin of the contamination, long term imaging on a freshly UHV-

cleaved calcite crystal is started immediately after the cleave, for the Fabry-Pérot

and the Michelson interferometer configurations at room temperature and a base

pressure of 2× 10−10 mbar.

Figure 7.4: Surface scans at +0h,+2h,+4h,+6h,+8h and +10h while continuously scanning the

same 1 µm×1 µm area for 10 hours for Fabry-Pérot interference. The increasing surface

contamination results in a decreasing surface roughness as the adsorbate film grows.

First, the interferometer is calibrated for Fabry-Pérot interference and the freshly

cleaved calcite sample approached to the cantilever. After successful approach and

determination of suitable scanning parameters, the tip is retracted by the scanning

piezo by about 5µm and the sample is laterally repositioned by the sample stepper

by about 20 µm to bypass residual contamination in the scanning area that can occur
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during the approach process. First, a large area overview image of 5 µm×5 µm is

taken. After zooming in the same 1 µm×1 µm area is continuously scanned for 10

hours with an cantilever oscillation amplitude A= 16 nm and a detuning of 10 Hz.

In figure 7.4, some of the scans are presented tracking the development of the sur-

face contamination. At the beginning (+0h) the surface is contaminated by sparse

adsorbates. The contamination continuously rises over time (+2h) until it nearly

forms a monolayer after +4h. The growth from there continuous slower and more

evenly (+6h and +8h) until nearly a second layer is formed at the end of the mea-

surement after +10h. Note, that the change in image framing is due to drift over

the course of the long time scan as a result of a change in ambient temperature in

the laboratory by 6 ◦C.

Figure 7.5: Overview scans with an area 5 µm×5 µm before the continuous scan for 10 hours right

after the continuous scan and the next day for Fabry-Pérot interference.

The contamination of the film can be more prominently seen in the 5 µm×5 µm

overview scans taken before the first picture in Fig. 7.4 and after the continuous

scanning, as well as the next day shown in Fig. 7.5. In the first image the step

edges of calcite are clearly visible and the sample is only contaminated by sparse

adsorbates. After continuously scanning a smaller area indicated by the red square

for 10 hours, there is a large scale contamination in the scanned area. The adsorbates

have a height of about 3 Å (size of calcite steps about 10 Å) and seem to flood out of

the scanned area, but the non-scanned areas are as sparsely contaminated as before.

After this scan, the tip is retracted until the next day when the contamination

deliquesces, but is still clearly visible especially at the step edges of the calcite

substrate.

After the last measurement in the Fabry-Pérot mode, the tip is retracted, the in-

terferometer is reconfigured for Michelson operation and the sample is moved by

the sample stepper by about 20 µm. After some settling time the continuous scan-

ning is repeated in Michelson configuration with identical scan size of 1µm×1 µm,

cantilever oscillation amplitude A= 16 nm, detuning of 10 Hz and scan time of 10

hours.
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Figure 7.6: Surface scans at +0h,+5h and +10h while continuously scanning the same 1 µm×1 µm

area and 3 µm×3 µm overview right after the continuous scan for Michelson interfer-

ence.

The results shown in Fig. 7.6 exhibit no noticeable increase in surface contamination

over the scan time. The fact that the contamination could be switched off besides

having identical tip, oscillation amplitude and detuning (cantilever-surface distance)

points towards a further effect of the interferometric cantilever displacement detec-

tion being responsible for the deposition of the adsorbates.

Additional measurements are carried out for a different tip with a smaller a scan area

of 500 nm×500 nm and a continuous scan time of 24h to see if the contamination is

size dependent or the rate is constant and if there is a maximum of contamination.

Furthermore, for the experiment the interferometer is first configured for Michelson

operation to ensure that the observed effect in the previous measurement is not

an artifact of a depleted reservoir. The other scanning parameters of amplitude

A= 18 nm and a detuning of 35 Hz are kept constant during the whole series.

Figure 7.7: Surface scans at +0h,+6h,+12h,+18h and +24h while continuously scanning the

same 500 nm×500 nm area and 2 µm×2 µm overview right after the continuous scan

for Michelson interference.
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For Michelson interference shown in Fig. 7.7, even with an increased continuous scan

time and reduced scan area the amount of adsorbates at the surface is roughly con-

stant. Even in the overview scan after 24h of continuous scanning no additional con-

tamination effects are visible. Note, that this mode is not suited for atomic resolution

imaging of sample surfaces because of the high noise floor of about 1000 fm/
√
Hz.

After reconfiguring the interferometer for Fabry-Pérot operation, measurements are

repeated with identical parameters and the results shown in Fig. 7.8. For this config-

uration, the adsorbates are at first deposited at the step edges. Confirming previous

experiments, only two full layers are deposited after which the deposition is halted.

In the larger 2 µm×2 µm, scan the area of deposition is clearly visible although the

image quality suffered in the affected area seen by an increased line noise.

Figure 7.8: Surface scans at +0h,+6h,+12h,+18h and +24h while continuously scanning the

same 500 nm×500 nm area and 2 µm×2 µm overview right after the continuous scan

for Fabry-Pérot interference.

These series of measurements yield that there is a mechanism linking the deposition

of adsorbates to the current configuration of the interferometric cantilever displace-

ment detection system. The current working theory (for a sketch see Fig. 7.9) is,

that the strong modulated cavity light field of the Fabry-Pérot interferometer acts

as an optically trap for molecules [75–77] from the residual gas.
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The maximum light field intensity is modulated by the oscillating cantilever, result-

ing in a motion of the trapped molecules with the distinct direction of the radiation

pressure. Since the optical cavity is ideally located at the backside of the cantilever

right at the position of the tip - the molecules condensate at the cantilever move by

diffusion to the tip and are finally deposited on the surface.

Figure 7.9: Sketch of the working theory behind the increased amount on adsorbates for Fabry-

Pérot interferometric displacement detection. The strong spatially modulated light

field in the optical cavity acts as an optical trap compensating molecules of the residual

gas. A portion of the condensate molecules are forming a film of adsorbates on the

tip from where they are transferred onto the surface.

Future work in this field should be systematically determining the critical light field

intensity necessary for the condensation to occur. Furthermore, a systematic inves-

tigation could yield a relation between the residual gas pressure, the light intensity

and the interferometric fringe with the deposition rate for adsorbates. Provided the

dependence on the involved parameters is well known, two possibilities for surface

modification and analysis can be developped. Molecules can be deposited onto dif-

ferent locations of the surface with high precision and rate, for example to study the

reactivity of different locations. On a fully reactive surface, atomic scale structures

could be written by moving the tip along a predefined path. Since the current work-

ing theory is, that the deposited adsorbents are condensed molecules of the residual

gas, the reservoir for this dip-pen type writing is for all practical purposes infinite.
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7.4 Annealing and thermal desorption spectroscopy

on diamond

Nitogen-Vacency (NV ) centers are optically active defects in diamond consisting of

a substitutal nitrogen atom and a neighboring lattice vacancy. The charged state

NV − is a single photon emitter that does not fade over time [78, 79] and can be

utilized as a quantum state with a spin that can be manipulated at room temperature

[80, 81].

Some modifications on the preparation chamber have been developed to facilitate

the preparation steps necessary for the creation of NV centers in diamond. The high

temperature capable TDS setup (see chapter 3.4.5) is suited to anneal the samples

at a temperature above 700 ◦C to increase the mobility of vacancies to facilitate

nucleation at a substitutianal nitrogen forming NV centers [82].

To figure out the optimal annealing time and temperature, TDS spectra where taken

while annealing diamond with high concentration of nitrogen (N < 200 ppm type

145-500, Element Six GmbH, Frankfurt, Germany). The sample is annealed at tem-

peratures of 500 ◦C to 900 ◦C in steps of 10 ◦C while measuring thermal desorption

and for steps of 50 ◦C checked for a change optical fluorescence and transmission.

The sample clearly showes desorption of molecules with the atomic mass 28 at-

tributed to CO or N2 starting at a temperature of about 700 ◦C [83]. There is an

observable change in the optical fluorescence that can be attributed to the formation

of NV centers correlated to the TDS spectra [84].

For diamonds with a high concentration of nitrogen the generation of vacancies by

irradiation with a electron beam and subsequent annealing is a tested method [85–

87]. A sample holder (shown in Fig. 7.10) has been constructed that exposes the

diamond to the electron beam in the TDS setup. The energy of these electrons can

be adjusted in the range of 10 eV to 5000 eV. The electron flux can be adjusted by

the current trough the hot filament electron source. Note, that for a high electron

flux, electron irradiation also heats the sample. The electrons impacting the dia-

mond surface disturb the crystal lattice brake chemical bonds and create vacancies.

Since the penetration depth of electrons is low, the vacancies are created close to

the surface. A proof of concept for the formation of vacancies showes substantial

graphitization in the process that can be easily removed by chemical treatment.

The correct dosage of irradiation and the formation of NV centers will be subject

of future experiments.

For diamond samples with a low concentration of nitrogen, the ion source can be

used for direct implantation of nitrogen that is a compound of the working media

N2 or NH3 and accelerated to an implantation energy of 0.5 keV to 5 keV. The
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Figure 7.10: Photograph of the top (left) and bottom (right) view of the special TDS sample

holder that exposes the diamond to the electron beam. Some thermally induced

micro fractures are already visible in the bottom view.

impact not only should implant the nitrogen, but also create vacancy defects in the

surrounding area by depositing energy into the crystal lattice.



Chapter 8

Summary

In this work, the interferometric cantilever displacement detection in non-contact

atomic force microscopy (NC-AFM) is in fundamental aspects explored and op-

timized. Furthermore, the opto-mechanical interaction of the light field with the

cantilever is investigated in detail. Cantilevers are harmonic oscillators that are de-

signed to have a high sensitivity for the detection of minute external forces typically

originating from tip-sample interaction. In this work, however, the high sensitivity

is used for detailed studies of opto-mechanical forces due to the radiation pressure

of the light interacting with the cantilever.

The interferometer in the NC-AFM setup consists of an optical cavity working sim-

ilar to a Fabry-Pérot interferometer in combination with a reference interference

arm working similar to a Michelson interferometer. The light intensity inside the

cavity is amplified by multi-beam interference quantified by the finesse F and is sig-

nificantly increased for reflectively coated cantilevers. The interferometer combines

multi-beam interference with a reference beam resulting in a complex superposi-

tion of beams forming the interferometric intensity modulation signal encompassing

features of a Michelson and a Fabry-Pérot interferometer.

In this dissertation, it is shown that the character of the interferometer can be

adjusted from predominant Michelson to predominant Fabry-Pérot characteristics.

The mechanism to control the character of the interferometer is the optical loss

inside the cavity that can be adjusted by the fiber-end-to-cantilever distance d.

However, the optical loss also depends on the lateral positioning of the fiber-end

above the cantilever. A systematic approach for accurate alignment, by using 3D

intensity maps and intensity-over-distance curves, as well as the implications of defi-

cient fiber-cantilever configurations are described. The impact of the interferometer

configuration on the detection system noise floor is investigated, yielding an im-

provement from a previous value of 320 fm/
√
Hz to a noise floor of only 24 fm/

√
Hz

for a cantilever with 55 N/m stiffness.
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To quantify the optical loss in the cavity and to compare interferometer configura-

tions, a new physical property, namely, the Fabry-Pérot enhancement factor F̃ is

introduced. This figure of merit of the optical fiber interferometer is a direct mea-

sure for the light intensity interacting with the cantilever compared to the reference

beam intensity reflected back inside the fiber.

Measuring F̃ yields the cavity amplification and loss that is independent of the prop-

erties of the feed-line and input light power. For all practical purposes F̃ behaves

similar to a cavity finesse F , but is more suited to characterize the compound inter-

ferometric setup. The quantification of the optical loss yields an exact knowledge

of the amount of light interacting with the cantilever that is crucial to understand

opto-mechanical effects.

All opto-mechanical effects investigated in this work can be explained by the ra-

diation pressure acting on the cantilever in the cavity light field. Since the cavity

light field is a sinusoidal function of d, the resulting force also varies sinusoidally

during the course of one oscillation cycle. It is a key result of this work that the

sinusoidal modification of the cantilever restoring force can be described analogue

to the restoring force of a pendulum. This results in an observable amplitude de-

pendent frequency shift of the cantilever oscillation, allowing a calculation of the

ratio of the opto-mechanical force relative to the cantilever restoring force. Because

of the exact quantification of the light intensity interacting with the cantilever, this

yields an exact value for the restoring force and thus allows an in-situ measurement

of the cantilever stiffness with remarkable precision.

Further investigation of the cantilever oscillation yields that other characteristic

properties of the oscillation are significantly modified by the opto-mechanical in-

teraction. The observed effective fundamental mode Q-factor drops significantly

while the cantilever amplitude response to a certain excitation voltage increases. To

explain this counter intuitive behavior, a discrete numerical model describing the

cantilever as a 1D linear chain of mass points is implemented. This model yields

that the additional opto-mechanical force acting on the cantilever end results in

a partial pinning of the cantilever at the edges of the interferometric fringes. The

effect of partial pinning is a major discovery of this work and explains all experimen-

tal results. Pinning efficiently shifts energy from the fundamental mode to higher

modes and modes of a pinned cantilever, resulting in a complex modal structure.

The degree of pinning and thus the oscillatory behavior can be controlled by the

light power in the cavity.

In described ongoing and future work, the control over the cantilever oscillation

motion can be utilized to further decrease the noise floor of the detection system.

Pinning of the cantilever can, further be utilized to increase the interaction time be-

tween the tip and surface likely resulting in an increased contrast for large oscillation

amplitude NC-AFM measurements.
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und ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe. Die

aus anderen Quellen direkt oder indirekt übernommenen Daten und Konzepte sind

unter Angaben der Quelle gekennzeichnet.

Bei der Auswahl und Auswertung folgenden Materials haben mir die nachstehend

aufgeführten Personen in der jeweils beschriebenen Weise unentgeltlich geholfen:

� G.D. Lam und L. Steenken die im Rahmen ihrer Bachelorarbeiten den Test

und die Kalibrierung des TDS Aufbaus durchführten.

Weitere Personen waren an der inhaltlichen materiellen Erstellung der vorliegenden

Arbeit nicht beteiligt. Insbesondere habe ich hierfür nicht die entgeltliche Hilfe von

Vermittlungs - bzw. Beratungsdiensten (Promotionsberater oder andere Personen)

in Anspruch genommen. Niemand hat von mir unmittelbar oder mittelbar geldw-

erte Leistungen für Arbeiten erhalten, die im Zusammenhang mit dem Inhalt der

vorgelegten Dissertation stehen.

Die Arbeit wurde bisher weder im In - noch im Ausland in gleicher oder in ähnlicher

Form einer anderen Prüfungsbehörde vorgelegt.

Osnabrück, 18. März 2016


	Introduction
	Fundamentals
	NC-AFM principle
	Interference
	Michelson interferometer
	Fabry-Pérot interferometer

	Vibrational modes of the cantilever
	Frequency shift from external forces
	Tip-sample interaction
	Pauli repulsion force
	Coulomb force
	Polarization forces
	Van der Waals forces
	Lenard-Jones interaction
	Covalent bond interaction

	Opto-mechanical forces

	Setup
	UHV system
	NC-AFM scan head
	Interferometer
	System modification and extension
	Bakeout and pump controller
	Cantilever preparation
	Cantilever selection
	LED illumination module
	Thermal desorption spectroscopy setup
	Reactive ion source
	Sorption pump

	Repairs
	Missconnection of scanning piezos
	Cleaving of the optical fiber
	Excitation piezo stack
	Dovetail brace


	Understanding interferometry for micro-cantilever displacement detection
	Controlling the opto-mechanics of a cantilever in an interferometer via cavity loss
	Controlling the dynamics of an oscillating micro-cantilever by a, spatially modulated light field
	Ongoing work and outlook
	Opto-mechanical reduction of system noise
	Large amplitude NC-AFM
	Tip-induced surface contamination
	Annealing and thermal desorption spectroscopy on diamond

	Summary

