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Abstract

This research aims to develop a Scanning Tunneling Microscope (STM) at
milli-Kelvin temperatures inside a dry-dilution refrigerator, at the Oost-
erkamp Group. Getting the STM to operate properly in these extreme con-
ditions will allow us to do scanning and spectroscopy measurements with
improved resolution. However, these extreme conditions also give rise to
challenges. Specifically, we analyse the contributions of the pulse tube,
which causes mechanical and acoustical vibrations. We determined that
the dominant vibrations entered through microphonics around the I/V-
converter and its cables. This gave rise to 30 pARMS noise. By mounting
the I/V-converter directly to the cryostat and fixing the cables we success-
fully reduced the effect of microphonics to an upper-bound of 4 pARMS,
and see potential to improve on this result. Through the feedback system
this upper-bound would give rise to 0.02 Å RMS amplitude oscillations of
the tip-sample distance. This should not prevent us from achieving step-
edge resolution or atomic resolution. Furthermore, we present new scans
at room-temperature with significantly improved resolution and a scan at
ultra-low temperature with a visible step-edge for the first time since 2014.
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Chapter 1
Introduction

We humans want to understand the world we live in, and science is a way
to make progress. It is based on doing observations, analysis and drawing
conclusions, to understand and predict the future. To do observations we
need to be able to look. To the largest objects around us like stars and black
holes but also the smallest objects like atoms and electrons. We need ’eyes’.
In the 16th century the first telescope was build in the Netherlands, an ap-
paratus to look at the largest structures in the cosmos and allowed us to
observe radiation dating back to the very beginning of our universe. Three
centuries later, in 1981, G. Binning and H. Rohrer [3], invented the Scan-
ning Tunneling Microscope (STM), a ‘telescope’ to observe the smaller par-
ticles in our universe. An instrument that is able to observe samples with
atomic resolution, i.e. the ability to distinguish individual atoms. Decades
later this technology has produced us many images with atomic resolution
[12, 20, 1, 18, 2], allowing us to study the realm of the smallest.

While the physical principles behind the STM are relatively straightfor-
ward, the conditions at which we, at the Oosterkamp Group, try to achieve
atomic resolution are highly challenging. Namely, by placing our STMs
inside a dry dilution refrigerator, striving to operate in extreme condi-
tions with ultra-low temperatures, ultra-high vacuum and high acoustical-
, mechanical- and electromagnetic isolation. These conditions would lead
us to scans with higher spatial resolution and spectroscopy with higher en-
ergy resolution. Allowing us to better explore the properties of materials,
ultimately using them to our advantage. At the Oosterkamp Group atomic
resolution scans inside a dry-dilution refrigerator have been achieved by
den Haan et al. (2014)[12]. However, progress laid still for a couple of
years and the ability to produce a scan with atomic resolution, as well as
some of the experience, was lost. Until K. van Deelen started his PhD on
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8 Introduction

developing STMs again. The most recent STM makes use of new cryo-
walking technology to approach the tip to the sample. The cryo-walker
operates in the lowest loss factor regime of the piezo material, resulting
in the lowest heat dissipation [27]. Walking and approaching with these
new motors was successful, although not yet consistent enough. Scans at
room temperature seem to indicate height differences, but the resolution
is not good enough to observe clear step-edges, let alone atomic resolu-
tion. Scans done with the STMs inside an operating dry dilution refriger-
ator show no signs of atomic features up to now. One of the challenges of
achieving a high resolution is reducing all the sources of noise and interfer-
ence. To this matter, the dry dilution refrigerator has many benefits, but it
also causes mechanical and acoustical vibrations due to the so called pulse
tube, that is needed for the cooling mechanism. At this point the severity
of the vibrating pulse tube is unknown. Will it prevent us from achieving
atomic resolution? And how do we reduce its contribution?

This research is about developing and implementing the Basic-STM at
the Oosterkamp Group, such that it can consistently approach and do mea-
surements with improved resolution at milli-Kelvin temperatures inside
a dry dilution refrigerator. Furthermore, we want to understand the dif-
ferent noise sources and reduce their contributions as much as possible.
To this end, we have analyzed one of the contributors to the mechanical
noise, the pulse tube, which pumps at 1.4Hz. Finally, we analyse scanning
measurements with improved resolution.

In chapter 2 we lay down the theoretical background and other important
aspects. We will describe the physical principle behind the STM, what
kind of measurements we can do with it and what are the challenges for
achieving a high resolution. Furthermore, we explain what a cryostat is
and describe the unique aspects of the cryostat that houses our STMs. In
chapter 3 we explain the methodology and implementation. We will ex-
plain how we produced tips and samples and how we were able to ap-
proach the tip delicately to the sample, without crashing. Furthermore,
we map out the different noise sources we are facing and explain how
we are going to analyse the contributions of the pulse tube. In chapter 4
we present the experiments that we have conducted in order to explore the
contribution from the pulse tube, discuss our findings and explain how we
succeeded to reduce the effect of microphonics. Lastly, we present scan-
ning results. In chapter 5 we draw our conclusion and give an outlook.

8
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Chapter 2
Theory

In this chapter we cover the theoretical background upon which this re-
search is based on. We start by describing the physical principles behind
an STM and the electrical components that compose it. Furthermore, we
explain the types of measurements an STM allows us to conduct, why they
are relevant and why they are challenging. Finally, we close the chapter
by explaining the unique properties of the Marshmallow cryostat, the dry-
dilution refrigerator that houses our STMs.

2.1 Scanning Tunneling Microscope (STM)

The STM relies on a quantum mechanical phenomenon called quantum
tunneling. The effect that a charged particle can overcome - and ’tunnel’
through - a potential barrier while, if viewed classically, it does not have
enough energy to overcome that barrier [21]. By bringing a conducting
tip close enough to a conducting sample and applying a bias voltage Vb,
such that the wave-form of the particle crosses the gap, a tunnel-current
will start to flow [28]. Now, the magnitude of this current I(z) depends
exponentially on the distance between the two objects z through [7]:

I(z) = I(0)e−2κz (2.1)

where, κ =
√

2mΦ/h̄, is the decay constant, m is the mass of the charge
carrier and h̄ is the reduced Planck’s constant. The Fermi work function,
Φ = V0 − EF [30], describes the minimum energy that is required to re-
move an electron from the Fermi level of the metal EF to the vacuum level
V0 [7]. I(0) is the impinging current at z = 0 [7], determined by the bias
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10 Theory

voltage Vb we apply to the sample. A graphical representation of the expo-
nential decay through a 1D vacuum barrier is presented in fig. 2.1. Since
the tunnel-current depends on the distance between the tip and the sample
z, we can use its magnitude as a measure for the distance, when keeping
the bias voltage constant. Additionally, we can change the bias voltage
while keeping the distance constant and observer how this influences the
tip-current. Next to the distance dependency, the tunnel-current also de-
pends on what is called the density of states (DOS), which has profound
implications that we will discuss in sec. 2.2. Ultimately these properties
and principles give rise to two types of measurements called scanning and
spectroscopy, which we will explain more thoroughly in sec. 2.2. The basic
schematics of the STM are shown in fig. 2.2.

Figure 2.1: Representation of the exponential decay of the wave function Ψ(z)
through a 1D vacuum barrier extending from z = 0 to z = z0. Inspired on a
figure from F. Trixler (2019) [30]. Φ denotes the local Fermi work function, i.e. the
minimum energy required to remove an electron from the metal to the vacuum
level V0 [30]. With a bias voltage Vb applied on the sample causing the Fermi
level of the sample EF,s to shift with respect to the Fermi level of the tip EF,t. Blue
denotes occupied states.

10
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2.1 Scanning Tunneling Microscope (STM) 11

Figure 2.2: Schematics of a Scanning Tunneling Microscope (STM) from: [25]. The
tunnel-current is amplified by the ’Tunnel current amplifier’ or ’I/V-converter’
and sent tho the PI-feedback controller in order to control the voltages on the
scan tube. The scan (Data processing and display) is from den Haan et al. [12], in
which the atomic structure of graphene is visible, at 15mK.

Tip and sample

The tip must have a couple of properties. First of all, since the principle be-
hind the STM is quantum tunneling of electrons, we need a material that
contains free-electrons. Hence, tips are made from metals. Furthermore,
it is desired that the Local Density of States (LDOS), a physical property
of a material that will be explained in section 2.2, is as flat as possible, be-
cause this way we can separate the properties from the sample from those
of the tip. Finally, in order to achieve atomic resolution, the tip needs to be
atomically sharp. Preferably a single atom thick, however, this is hard to
achieve [5]. Generally, the apex of the tip is of the order of tens of nanome-
ters. Which means that the tip is many atoms wide. However, some atoms
will be sticking out more than others, which become the dominating con-
tribution to the current. If multiple equally sticking-out-atoms are close
to each other, 1 nm for instance, the current will equally flow along both
paths, effectively causing a feature to be measured twice, we call this a
double-tip, which is undesired as it spreads the spatial resolution. In the
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12 Theory

appendix we present an example of a scan where we observed the effect
of a double-tip (fig. 4.13). Mainly there are two methods for producing
sharp tips: cutting and etching. The cutting method uses basic scissors at
a 45 degrees angle cut while having simultaneous tension on both sides of
the wire [22]. The second method, and the method that we implemented
for our research is that of electrochemical etching. The wire is placed inside
a conducting ring containing a meniscus of basic solution. Then, by ap-
plying a voltage across the wire and the ring, chemical etching occurs at
the wire, close to the ring, making it locally thinner. [22]. In section 3.1 we
explain our implementation of etching the STM-tips.

To characterize and calibrate our STM we especially desire a well known
sample, that is also easy to replace. Furthermore, it is desired that it con-
tains flat surfaces of conductive crystal, called terraces. Because, if the sur-
face contains very steep edges and height differences, the feedback will
have a harder time at keeping a constant current. Usually, a sample con-
tains multiple terraces of different heights. At some point a new terrace is
formed on top of an existing layer. Typically, the two layers differ in height
by a single atom. In section 3.1 we explain why we used Highly Oriented
Pyrolytic Graphite (HOPG) as our sample and how we prepared it.

Piezo elements and scan tube

In order to manoeuvre the tip and sample with high precision at the atomic
scale, i.e. Ångström distances, we make use of piezoelectric actuators. Who’s
functioning relies on the piezoelectric effect, discovered in 1880 by two French
brothers, Jacques and Pierre Curie [10], where applying pressure to cer-
tain crystals result in an electric charge. Later they also discovered the
inverse piezoelectric effect, where applying an electrical field results in the
generation of mechanical strain. For these materials there are regimes of
applied electrical field that cause linear but most importantly predictable
mechanical strain. Which makes it consistent, precise and functional. The
total strain depends on the total capacitance of the piezo which typically
reduces 4 or 5 times in the ultra cold conditions of the cryostat. This is
relevant because there is a maximum voltage that we can apply to each
piezo, which makes it extra challenging to operate these piezo motors at
ultra low temperatures.

In an STM, piezos are used in two types of components: the motors and
the scan tube. The motors are used to approach the tip to the desired loca-
tion of the sample. This is a very delicate process as the tip may not crash
into the sample. In section 3.2 we discuss how we succeeded in doing this.

12
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2.1 Scanning Tunneling Microscope (STM) 13

Figure 2.3: The electrodes layout of the scan tube. Left: cross section. Right:
sideview. Brown parts are the electrodes that are connected to the piezo crystal
denoted in beige. Right: Example of a tilt in the X-direction of the scan tube. In
this case we’ve applied a voltage across X+, X−, causing a tilt in the X-direction.
Notice that this also caused a shift in the Z-coordinate of the tip. Thus, if we want
to stay at the same Z-coordinate the Z-piezo needs to extend as well.

Once close enough, the scan tube is used to bring the tip into tunneling-
range and scan a sample. The scan tube is a piezo crystal that contains 5
electrodes, X+, X−, Y+, Y− to tilt the tip into the X and Y directions and Z
to extend or retract the tip. The piezo-layout is shown in figure 2.3. Fur-
thermore, an example of a tilt into the X-direction is also shown in figure
2.3. Different than you might initially expect, to do a scan all 5 piezos
are being used at the same time. Because when we tilt the tip into some
X,Y-direction, the Z-coordinate of the tip will automatically decrease (see
figure 2.3), to accommodate for this the Z-piezo needs to extend as well.

Lock-in amplifier, I/V-converter and low-pass filter

In the previous sections we described the fundamental constituents of the
STM. Here, we describe our measurement devices, such as a lock-in am-
plifier, an I/V-converter and a low-pass filter. This section explains why
we use these in our setup.

In many cases when working on the setup or doing measurement we
are working with oscillating signals, but also with noisy signals. A lock-in
amplifier is extremely good at extracting the amplitude of a periodic sig-
nal at a certain frequency. One of the first instances where we make use
of the lock-in amplifier is when we are approaching the tip to the sample.
As explained in section 3.2, the amplitude at a specific frequency is what
determines the capacitance read-out of the STM-junction, which allows us
to observe if the tip is indeed moving towards the sample. Moreover, as
we will cover in section 2.2, we can use the lock-in amplifier to do spec-
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14 Theory

troscopy and produce dI/dV-curves.
The I/V-converter (or ”Tunnel current amplifier” in figure 2.2), is used

to convert and amplify the tunneling current into a measurable voltage.
Because a voltage is more easy to record and can be connected to several
measurement devices without interfering with the signal. Such an I/V-
converter also has a specific gain G. In our case, we can expect a tip-current
of the order ∼ 1 nA, and we set the gain G to 109, such that we convert the
tip-current to 1V voltage. We want to amplify it because measuring, with
precision, a signal of the order of ∼ 1nA would be challenging. For this re-
search we used the Femto DLCPA-200 current amplifier, which contributes
a noise floor that we cover in section 3.3.

Finally, we also connect a low-pass filter to the tip-current cable be-
fore recording it with the DAQ (Digital to Analog converter). Our signal
contains noise throughout the entire frequency range (white noise for in-
stance). If we are going to measure our signal using a certain sampling
frequency, all the noise of the higher frequencies will still enter and show
up incorrectly at low frequencies [14], making troubleshooting and hunt-
ing down noise and interference difficult. Therefore, we are looking for
a component that is able to cut-off signals above a certain frequency fc,
i.e. a low-pass filter. We attached a second order RC low-pass filter with
cutoff-frequency fc = 200Hz. Second order meaning that the filter has a
-40 dB/dec decay of the signal after the cut-off frequency.

2.2 Scanning and Spectroscopy

Now that we have explained the principle components of an STM, we
will proceed with explaining what types of measurements we can do with
it, how do we produce such measurements and what are challenges and
limiting factors to consider. Generally, we use the STM for two types of
measurements: scanning and spectroscopy. Where scanning is done over an
entire area of the sample, spectroscopy is done at a specific location. Both
having their one set of challenges.

Scanning

First of all, we can scan the sample, meaning that we move the tip in a grid
across the sample, either in a constant height mode, or in a constant cur-
rent mode. In constant height mode we keep the tip at a constant height (Z),
in tunneling range, while moving past the atoms (X,Y). The topography
and LDOS will change and with that the current we measure as well. In

14
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2.2 Scanning and Spectroscopy 15

constant current mode, while moving past the atomic structure, we change
the height of the tip (using the Z-piezo on the scan tube, sec. 2.1), in order
to maintain a constant current. The change in height is automated by a
PI-feedback system. If the measured current exceeds the desired set-point
value, the voltage to the scan tube is lowered such that the tip-sample
distance increases, which decreases the tunnel current. The proportional
(P) feedback is proportional to the error between the current value and
the set-point, while the integral (I) feedback provides an integration of the
past values as well, and can average out parts of the deviations. The PI-
feedback is either analogically determined in the LPM-rack, a control com-
ponent developed by Leiden Probe Miscroscopy (LPM). Or digitally using
Nanonis, which nowadays is fast enough and in our experience more con-
venient. If feedback is able to completely stabilize the current at a constant
value, then all the topographical information is given by the feedback sig-
nal, as we can relate this to a change in height. While the constant height
mode is generally faster, it is harder to extract the precise topographic fea-
tures of a sample. Also, the risk of crashing the tip is higher as it will not
retract the tip when it moves too close to the sample. Furthermore, piezo-
creep can be a problem, the effect where the crystal continues to expand
after we stop to apply a voltage. The main disadvantage of the constant
current mode is that the integration time of the PI-feedback slows done
the scanning.

What is interesting, is that we are not actually measuring the physi-
cal topography. We are measuring something that is closely related to the
physical topography, and therefore ‘interpret’ a scan as the topography,
while we are in fact measuring the amount of electrons that could pos-
sibly tunnel at each specific location. If this amount would only depend
on the height, our measurement would be a direct measurement of the
physical topography. However, apart from the geometry, the current also
depends on what is called the Density of States (DOS) [28], the amount of
different states, at a specific energy level, that are available for electrons
to occupy. This DOS varies from point to point and from energy level
to energy level, called the Local Density Of States (LDOS). It is one of the
most useful quantities for understanding and fundamentally describing
the conductive properties of materials. For instance properties that have
an electric or optical origin can be deduced from the DOS [29].

Generally, the units for x and y in scans are expressed in nanometers
(10−9 m), while z is expressed in picometers (10−12 m) [7]. Obtaining a
scan with atomic resolution has successfully been done in the Oosterkamp
Group by den Haan et al. in 2014 [12] (figure 2.7), in a different cryostat,
but never since. Progress laid still for a couple of years and the ability to
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16 Theory

produce a scan with atomic resolution inside a dry dilution refrigerator,
as well as some of the experience, was lost. Until K. van Deelen started
his PhD on STM in the Oosterkamp Group. Only at room temperature, a
scan that seems to indicate height-differences has been achieved by K. van
Deelen and M. Stallen in 2023 (fig. 2.6), but the resolution is not good
enough to observe clear step-edges, let alone atomic resolution. Achieving
a scan with improved resolution or possibly with atomic resolution, at
ultra-low temperatures is one of the aims of this research.

Resolution of scanning

A sample has different types of features. Bigger features that are easier
to distinguish, and smaller features, that require a better resolution. The
largest and therefore easiest feature that we could measure is a step-edge,
the transition where one terrace lays on another one. This is a feature that
is conveniently apparent when scanning a surface of several hundreds of
nanometers (see figures 2.6 and 4.12). The great size of the surface and
a relatively fast scan speed (one line/s = thousands of atoms/s), with re-
spect to a scan aiming to distinguish individual atoms, means that the
integration time of the integral feedback covers many more atoms, aver-
aging out part of the features and the noise. Typically, the two layers differ
in height by a single or sometimes multiple atoms. As will be explained
later in section 3.1, we used HOPG, for which the distance between two
single layers is about 3.35Å. Hence, a step-edge will always be a multi-
ple of 3.35Å. If we want our STM to distinguish individual step-edges,
we need a resolution sufficiently below 3.35 Å. There is no exact rule as to
what resolution one needs in order to be able to distinguish features that
are a certain distance apart, but our first assumption is that we need a res-
olution at least half of the feature we are trying to observe. Which means
that the amplitude of our uncertainty may not exceed 1.7 Å, as visualised
in figure 2.4, for constant height mode.

But, what does this mean for the measured current while moving past
step-edges that separate terraces of different heights, when scanning in
constant height mode. And what does this mean for the allowed current-
noise? Relation 2.1 relates the tunnel-current and tip-sample distance and
describes the exponential decay of current with increasing distance. Which
implies that for every 1 Å increase in distance, the current increases roughly
10 times. Let’s try to get a feeling for the amount of noise we are allowed
to have, in order to still obtain a certain resolution for a certain set-point
Isp and bias voltage Vb. From equation 2.1 we know that the measured
tip-current around a set-point Isp(z0) would cause the tip-sample distance

16
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2.2 Scanning and Spectroscopy 17

to be z0 according to:

Isp(z0)

I(0)
= e−2κz0 (2.2)

Where, κ = 5.123
√

ϕ(eV)/nm−1. C.J. Chen [7] lists the typical values
of work functions ϕ and corresponding decay constants κ, also including
Tungsten (W), in Table 1.1. Typical value for κ are all around κ = 10nm−1,
so we take this value here as well. Furthermore, we know if the tip-sample
distance decreases with ∆z, the measured tip-current I(z0 − ∆z) will in-
crease and be related through:

I(z0 − ∆z)
I(0)

= e−2κ(z0−∆z) (2.3)

Now, we can find the relation between the measured tip-current around a
set-point Isp(z0) and the measured tip-current I(z0 − ∆z) if the tip-sample
distance has been increased by ∆z, by dividing equations 2.2 and 2.3, such
that we obtain:

I(z0 − ∆z)
Isp(z0)

=
e−2κ(z0−∆z)

e−2κz0
(2.4)

Which reduces to the following relation:

I(z0 − ∆z)
Isp(z0)

= e2κ∆z (2.5)

Using relation 2.5, we can determine the order of the currents in constant
height mode, while moving past step-edges separating terraces of different
heights, and assuming a noise not more than half the feature we are trying
to distinguish. The resulting currents are shown in figure 2.4. For instance,
substituting Isp = 100pA, κ = 10nm−1 and ∆z = 0.17nm, the right hand
side of equation 2.5 reduces to e2·10·0.17 ∼ 30. Meaning that the resulting
current when observing a feature 1.7 Å closer, would be 30 ∗ Isp = 3 nA.
Likewise, if due to vibrations the tip moves 1.7 Å closer, the measured cur-
rent will be 3 nA. On the other hand, a feature 1.7 Å farther would result
in a current e2·10·−0.17 ∼ 0.03 times smaller, i.e. 3 pA. When the tip crosses
a step-edge seperating two layers of graphene, the atoms in the next layer
produce a current of 100 fA, and if due to vibrations the tip-sample dis-
tance increases by 1.7Å, we reach 4 fA, which is already drowned by the
noise floor of the I/V-converter (sec. 3.3). This problem does not arise
when measuring in constant current mode, which has the benefit that we
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18 Theory

ensure measuring the tip-current in a regime that we desire. This way, we
do not have to worry that our signal is drowned by other noise floors.

Figure 2.4: Schematic representation of the current when scanning in constant
height mode across step-edges. Black: pure contribution of HOPG layers. Blue:
measured data including the noise. In this case the amplitude of the noise, 1.7
Å, is half of the feature we are trying to distinguish, the distance between two
layers of HOPG 3.35Å. This ensures that we are able to distinguish the feature.
Furthermore, it shows how a change of height at the order of HOPG features
influences the measured current.

18
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2.2 Scanning and Spectroscopy 19

The next goal would be the ability to distinguish the individual carbon
atoms. One could think that this again only requires us to be able to dis-
tinguish the distance between an atom and the underlying layer of HOPG.
Unfortunately, it is not as straightforward as that. The measured current is
the sum of the contributions of all the neighbouring atoms. And because
the current decays exponentially with distance, the configuration and con-
tribution of the nearest neighbours, next-nearest neighbours, next-next-
nearest neighbours, and so on, differs at each tip-location. We have visu-
alised this concept in fig. 2.5, which is a 1D simplified model, because in
reality atoms in consecutive layers are not in the same plane. Now, atomic
resolution, i.e. the ability to distinguish individual atoms actually implies
being able to distinguish the magnitude of the current directly above an
atom, to that of the current when hovering between atoms. Which are
both of higher magnitude then when measuring exclusively atoms in the
2nd layer. This difference reveals why one needs a better resolution to dis-
tinguish individual atoms, compared to distinguishing layers of HOPG.
For future research it would be interesting to quantify this difference in
needed resolution by simulating the positions of the atoms and the result-
ing contribution to the measured current using the characteristic lengths
of HOPG and the hexagonal and three dimensional geometry. Probably
limiting ourselves to the nearest and next-nearest atoms to prevent a too
complex or time-consuming calculation. Furthermore, striving for atomic
resolution gives rise to another challenge related to the integral component
of the PI-feedback. In order for the integral component not to average-out
contributions of individual atoms, the integration time may not be larger
than the time it takes for the scan tube to pass an atom. For instance, if we
make a 2.14 nm × 2.14 nm scan (fig. 2.7), containing roughly 9 × 9 atoms,
and we scan with 1 line/s, this implies that the scan tube takes about 1/9 =
0.11 seconds per atom. This puts a limit at 0.11 seconds to our integration
time, which means that we are very sensitive to noise up to 1/0.11 = 9Hz.
Pointing to the need to suppress low frequency mechanical and acoustic
noise, like the 1.4 Hz noise caused by the pulse tube.

A finer feature, that requires an even higher resolution, would be one
that many atoms collectively form, like the “herringbone” reconstruction
of gold for instance. Where every atom is positioned only slightly higher
or lower to its neighbour and together, on a greater scale, forms a finer
structure.
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20 Theory

Figure 2.5: Schematic representation of the measured current when the tip moves
past the atoms and the step-edge drawn below. This is a simplified model as we
only look in one dimension, moreover, in reality the atoms between layers are
not in the same plane. For each tip location the nearest and next-nearest neigh-
bours are indicated. The measured current is a sum of the contributions of all the
neighbouring atoms. Since the current decays exponentially with distance, the
highest current will be measured when right above an atom (left scenario). Fur-
thermore, the measured current when hovering between atoms of the 1st layer
(middle scenario) will be significantly higher, then when those 1st layer atoms do
not contribute (right scenario). Therefore, the resolution one needs to distinguish
individual atoms (left arrow) is higher than the resolution needed to distinguish
two layers (right arrow).
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Figure 2.6: ∼ 350 nm × 350 nm scan by K. van Deelen and M. Stallen with Cam-
era and the Probe-head STM before this research started. This is also the starting
point for this research. Notice that height step-edges seem visible, however, vi-
sually the resolution does not look good yet. Right: line-plot of the 1D lines on
the scan, which seem to consistently show the same step-height, suggesting that
these indeed indicate step-edges. Analysed with free and open-source SPM anal-
ysis program Gwyddion

Figure 2.7: Figure and caption by den Haan et al.in 2014 [12]. “Constant current
STM image at 15 mK (2.14 nm x 2.14 nm), showing atomic resolution on HOPG (left to
right scan), the right to left scan image is shown in the inset. ”
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Spectroscopy

Secondly, we can use STM to do spectroscopy. Instead of rastering the tip
over the sample, we stay at one specific location, apply a range of different
bias voltages Vb on the sample and observe what happens to the tunnel-
current I, giving us a I/V-curve. In figure 2.8 we show schematically one
of those instances where a certain bias voltage has been applied to the
sample, effectively raising the Fermi level of the valence electrons of the
sample with respect to that of the tip. The Fermi level is the energy level
up to which the electrons occupy the available states. States above this
level can only be occupied by electrons of higher energy. Since, electrons
want to occupy the lowest possible available energy state, the electrons in
the sample with higher energy than the Fermi level of the tip will want
to tunnel to the tip (fig. 2.8), if allowed. This current is what we call the
tunnel-current, I(z) in equation 2.1. Now, because the tunnel-current I(z)
depends on the amount of electrons within the marked region in figure
2.8, which in turn depends on the LDOS of the sample and tip, measur-
ing this tunnel-current allows us to determine the combined result of the
LDOS of the sample and the tip [17]. By choosing a tip that has a con-
stant LDOS at the energy regime where we are measuring, we can assume
all the deviations in the I/V-curve are because of changes in the LDOS of
the sample. These deviations are more clearly observed in the derivative,
i.e. the dI/dV-curve. This way we can use STM to determine the DOS of
materials.

We can determine the dI/dV in two different ways. First of all, we can
numerically take the derivative of the I/V curve. However, this is prone to
noise and error, because we would be numerically taking the derivative of
discrete data points. Therefore, the resulting derivative between adjacent
points could be very noisy and unrealistically high or low because of noise
in the data. To circumvent this there is a second procedure to determining
the dI/dV curve, visualised in figure 2.9.

At every bias voltage VDC we slightly oscillate around it at a certain
frequency f and amplitude VAC, and measure the tip-current I during the
oscillation. Because of the bias voltage oscillating at a frequency f , the
tip-current we measure will also oscillate at frequency f . With the lock-
in amplifier we can then extract the amplitude of the oscillation of the
tip-current IAC. And through relation 2.6 we can determine the dI/dV-
curve. Where the approximation of dI/dV becomes better upon choosing
a smaller ∆V.

dI/dV ≈ ∆I/∆V = IAC/VAC (2.6)

22

Version of March 7, 2024– Created March 7, 2024 - 11:58



2.2 Scanning and Spectroscopy 23

Figure 2.8: Example of Density of States (DOS) of the tip and sample. On the ver-
tical axis the energy level, on the horizontal axis the amount of different available
states for electrons to occupy. With a bias voltage Vb applied on the sample caus-
ing the Fermi level of the sample EF,s to shift with respect to the Fermi level of the
tip EF,t. Blue denotes occupied states. The electrons within the marked area will
tunnel from the sample to the tip when the tip-sample-distance reaches tunneling
range after approaching.

Figure 2.9: 1st & 2nd: Schematic example of I/V-curve and corresponding dI/dV-
curve. 3rd: Schematic representation of the second method to determine the
dI/dV-curve (sec. 2.2). Oscillate ∆V around a certain bias voltage Vb, and mea-
sure the corresponding change in the tip-current ∆I. Then, determine dI/dV fol-
lowing eq. 2.6.
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For spectroscopy the measurement is even more delicate than for scan-
ning. While for scanning we want a certain threshold resolution to ob-
serve features qualitatively, for spectroscopy we are more quantitatively
interested in the measurement. The stability and precision with which are
able to apply the bias Vb and measure the current I(z) is more relevant
now. Furthermore, also the temperature of the STM is more important
now. The higher the temperature, the less sharp the Fermi work function
is, the more the spread we have on features, we call this phenomenon ther-
mal broadening. For future research it would be interesting to investigate
quantitatively what threshold resolutions we want to aim for, in order to
produce high quality spectroscopy. In our group a dI/dV-curve has not yet
been produced. This is another goal for the Oosterkamp Group. A schematic
example of such an I/V-curve and corresponding dI/dV-curve is shown
in figure 2.9. Zhang et al. 2016 [33] produced a dI/dV-curve for HOPG,
their result is shown figure 2.10.

Figure 2.10: Figures and caption from Zhang et al. 2016 [33]. “Atomically resolved
STM image and tunneling spectrum on HOPG surface. (a) Topographic image of HOPG
surface with a tungsten tip at 16.8 K. The set point is 0.1 nA / -200 mV. (b) dI/dV
spectrum on HOPG with a bias modulation of 14 mVrms at 439.7 Hz. The tunneling gap
was set at 0.5 nA -1V before the feedback was turned off.”.
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2.3 Cryostat - Marshmallow 25

2.3 Cryostat - Marshmallow

While the physical principles behind STM are relatively straightforward,
the conditions at which we, at the Oosterkamp Group are trying to achieve
it are challenging. At sub-Kelvin temperatures, while trying to eliminate
all forms of noise and vibrations as much as possible. We strive conditions
with ultra-cold temperatures, ultra-high vacuum, acoustical-, mechanical-
and electrical isolation. For this we make place our STMs into cryostats,
which are 3He/4He - dilution refrigerators. A concept that was realized
in 1965 in the Kamerlingh Onnes Laboratorium at Leiden University [8]. Af-
ter the necessary pre-cooling of the 4K-plate, the further cooling power is
caused by the heat of mixing the two Helium isotopes. A schematic rep-
resentation of the dry dilution system is presented in figure 2.11. On the
mixing chamber plate resides the mixing chamber, into which a mixture of
3He and 4He is pumped. Here, a concentrated phase (∼ 100% 3He) lies on
top of a diluted phase (∼ 6 %3He). The 3He dilutes as it goes through the
phase boundary separating the two phases. This is an endothermic pro-
cess meaning that it absorbs heat from the mixing chamber. This method
allows us to reach milli-Kelvin temperatures on the mixing plate. At the
Oosterkamp Group we have multiple cryostats. For this research we place
our STMs into the Marshmallow cryostat, visible in figure 2.11.

Pulse tube vibrations

More specifically, Marshmallow is a dry dilution refrigerator, meaning that
the pre-cooling is done by a pulse tube (PT). Which has the advantage
over a wet dilution refrigerators in that it reduces the labor intensity of
pre-cooling, where helium needs to be refilled regularly [12]. However,
the disadvantage of a PT refrigerator is that it pumps at 1.4Hz, causing
mechanical and acoustical vibrations. The setup already contains some
vibration isolution: all the plates below the Still-plate (1K) are hanging
freely in springs. Also, the pumps are attached to a different frame. How-
ever, still we expect some of the pulse tube vibrations to enter our system.
Therefore, it is necessary to quantify the vibrations caused by the PT, and
the resulting effect on our scanning and spectroscopy. To determine the
severity of it and what we can do to reduce it. Investigating the noise con-
tribution of the pulse tube is one of the core questions that we will address
in this research.
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Exchangeable probe

Unique about the Marshmallow cryostat, is that there is a cylindrical section
cut out through the middle of the plates. This allows for an exchangeable
probe to be inserted. A component that allows a relatively quick exchange
of the experiments and components that are mounted onto to the probe,
without having to completely open the entire cryostat and pausing the
other experiments. In the absence of a probe and before one can modify
an experiment, one has to open Marshmallow completely. It has to warm
back up, which takes a couple of days to a week. After doing the necessary
modifications, the cooling down takes another couple of days to a week.
Altogether the cycle can take up to two weeks. This is time-consuming
and also hard to manage with the other experiments that might want to
continue measuring. This is where the exchangeable probe comes in. The
idea is that we can take out the probe, modify the mounted experiments
and put the probe back into the cryostat, all while keeping the cryostat un-
der reasonable conditions. The exchangeable probe has been developed
by Leiden Spin Imaging (LSI) (now part of Onnes Technologies) and arrived
at the Oosterkamp Group, we have tested the exchange mechanism and it
functioned as planned. We observed that taking out the probe caused the
mixing chamber (MC) plate to increase a couple of Kelvin and we are con-
fident that we can keep the MC plate under 4K. On the other hand, in-
serting the probe back in caused the MC plate to increase more then 10
Kelvins, depending on how long we kept the probe outside. This could
be alleviated somewhat by pre-cooling the prove at the 50K and 4K plates,
which are cooled by the pulse tube, which delivers a lot of cooling power.
We are working on connecting thermometers inside the probe to monitor
the pre-cooling process. We have not yet used the probe for the exchange
of experiments.
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Figure 2.11: Left: schematic representation of the lowest four plates and the
dry dilution system. Right: ‘Marshmallow’ the dry dilution refrigerator when
opened, i.e. the radiation shields and vacuum chambers are not attached.
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Chapter 3
Methods and Implementation

This chapter covers the methods and specifics of our set-up in order to
strive for quality measurements. We start by describing how we prepared
our tips and samples. Followed by an explanation about how we ap-
proached our tip to the sample without crashing the tip. Finally, we map
out the different noise and interference sources and explain what measure-
ments we can do in order to analyse the contribution of the pulse tube.

The Oosterkamp Group develops two STMs, which are named Basic-
STM and the Probe head (PH) STM. Both STMs have different advantages
and disadvantages over each other. The PH-STM is much smaller and
would fit into the exchangeable probe, that can be inserted into or re-
moved from the cryostat, which makes it more flexible to use and adjust
without disrupting the other experiments in the cryostat. On the other
hand, the Basic-STM makes use of the new ’Linear Cryo-Walker’ motors
from Onnes Technologies which have advantages over the stick-slip-motors
that will be discussed in section 3.2. The other parts of the setup, like the
tip, sample and electronics are essentially the same. By developing two
STMs, that slightly differ from each other, the Oosterkamp Group has two
chances to make it work. In this thesis we focus on the implementation
and results of the Basic-STM.
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Figure 3.1: The Basic STM setup is mounted onto gold-plated copper that serves
as electrical shielding against the other experiments in the Marshmallow cryostat.
Schematics of the Basic STM are shown in fig. 3.3.

3.1 Tip and sample implementation

We start by explaining how we make our tips and how to treat a tip in-
situ. Furthermore, we discuss a possibly new method to etch significantly
sharper tips. Lastly, we explain how we prepared our samples.

Tip preparation

As explained in section 2.1, to achieve atomic resolution, it is required that
we have a tip that is as sharp as possible. Preferably one atom thick, al-
though this is incredibly hard to achieve [5]. For this research we chose to
make Tungsten (W) tips. This, because we know that it has a relatively flat
density of states, which is desired because then we can use it to determine
the density of states of our sample as explained in section 2.2. Also, Tung-
sten is relatively rigid which makes it less sensitive to vibrations and easy
to etch.

We made tips with 0.5mm� and 0.25mm� Tungsten wire. We started
with preparing the wire by sanding it with Scotch-Brite to sand off the oxi-
dation, cleaning it in a 50/50 mixture of isopronanol and acetone, followed
by putting it in the sonicator for roughly 3 minutes. Then, we produced

30
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our tips according to the lamellae drop-off method, where we electrochemi-
cally etch the Tungsten wire. A schematic representation of our setup is
shown in figure 3.2. We clamp the Tungsten wire and run it through a
wire guide that prevents the wire from sticking out in random directions.
By dropping a little amount of the basic solution on a small loop, which
the Tungsten wire penetrates, a small meniscus is formed inside the loop
that encloses the Tungsten wire. For this research we used a basic solu-
tion of NaOH in water. We produced this solution by dropping 80 NaOH
pellets (0.1 g/pellet) inside 40 mL of demineralized (demi) water, grad-
ually adding the pellets to prevent overheating. After about 20 minutes
the pellets were completely dissolved into the water. The molar masses
of H2O and NaOH are about 18 and 40 g/mol and 40 mL of H2O weighs
40 g. Thus, we have 2.22 mols of water molecules and about 0.2 mols of
NaOH molecules. This means our basic solution contained about 9% of
NaOH. The length of the tip is determined by the amount it sticks out
under the meniscus. For this research we made tips of approximately 5-10
mm. Then, by applying a ∼3.3V between the loop (cathode) and the Tung-
sten wire (anode), the Tungsten wire will start to etch away at the place
where the meniscus meets the Tungsten wire. According to the chemical
reaction as described in Ibe et al. (1990) [13]. This happens slowly and
takes about 10-15 minutes, depending on the initial thickness/diameter of
the wire, until the part inside the meniscus is etched away and the con-
nection breaks. This fallen wire, now with an extremely thin apex, is our
tip. We chose this orientation because we think this way we also have the
benefits of gravity pulling the apex even thinner in the last seconds before
the connection breaks. However, we are not certain about this, as we are
not able to optically validate this assumption. When it falls we need to
catch it softly without touching the apex in order not to ruin it. For this,
we place a glass cup filled with shaving foam under the location where
the tip will fall, because shaving foam is very light and easily compress-
ible. This way the tip falls into the shaving foam with the apex sticking
out, and not touching anything.

Cathode 6 H2O + 6 e− −−→ 3 H2(g) + 6 OH−

Anode W(s) + 8 OH− −−→ WO4
2 + 4 H2O + 6 e−

W(s) + 2 OH− + 2 H2O −−→ WO4
2 + 3 H2(g)
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Figure 3.2: Schematic representation of our tip-etch setup.

After we produced a tip, we picked it up with inverted tweezers and
cleaned it by dipping it into a 50/50 mixture of isopropanol and acetone,
dipping it into water and blowing the excess of with the compressed Nitro-
gen gun. When we dipped our tip into any of the liquids we made sure to
dip the tail of the tip first such don’t break the surface tension of the liquid
with the tip apex, which risks blunting the tip. When a tip was properly
cleaned, we stored it in desiccator that is filled with Nitrogen. This helps
prevent oxidation and with that extends the life-time of our tips.

32

Version of March 7, 2024– Created March 7, 2024 - 11:58
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Tip treatment in-situ

Even if we set-up a ’perfectly’ sharp and clean tip onto the STM and into
the cryostat, this does not ensure a good tip throughout the operation.
Many things can cause the tip to blunt or contaminate and deteriorate. If
necessary, there is a local smoothening method at our disposal, developed
by Feenstra et al. (1987) [11]. We apply a large enough bias voltage Vb to
the sample, generating a field-emission current at the tip, that will cause
the apex to melt [7] and a new apex is formed, hopefully yielding better
results. One can do this until a stable I/V-curve is observed. The melting
will cause local damage to the sample, which is why it is advised to move
the tip to an unused area of the sample before starting this procedure.

Tip method discussion

According to Bowen Li et al. (2019) [5], through the conventional DC
electrochemical etching method it is difficult to produce tips with radius
smaller than 100 nm. Furthermore, they propose that the double-electrolyte
etching method is an efficient method to produce smaller tips. More than
half of the produced tips were smaller than 50 nm. They even produced
tips with 8mm radius. This is further supported by Yingzi et al. (2018)
[19], who also implemented this method, and obtained 40% of the fabri-
cated tips to have 20-40 nm diameter and 30 % below 20 nm diameter. We
expect that having smaller tips increases the odds of having an atomically
sharp tip. Additionally, the capacitance between the tip and the sample
C2 in figure 3.5 will become greater and a greater capacitance could con-
tribute to reduction of the voltage-noise across the junction, and with that
the effective temperature of the STM. This method might be interesting for
the Oosterkamp Group as well to implement. However, at this stage of our
STM development, the tips have to be good enough to distinguish the fea-
tures, which they are. Improving the tips is therefore something further
on the agenda. Therefore, we have not implemented this method for this
research.

Sample preparation

The process for preparing our sample is less rigorous then preparing the
tips. And that is also because we use a relatively easy and forgiving mate-
rial, namely, Highly Oriented Pyrolytic Graphite (HOPG). As explained in
Patil et al. (2017), HOPG consists of layers of carbon atoms that are weakly
bonded together by the van der Waals force. A single 2D layer of carbon
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atoms is called graphene and can be considered as one atomic layer of
graphite [23]. Graphene has a hexagonal structure of carbon atoms with
two lattice constants of |a1| = |a2| = 2.46Å [16], that represent the distance
between nearest neighbours in the lattice. The distance between two lay-
ers is about 3.35 Å [24]. The weak van der Waals bonding between the lay-
ers allows us to easily produce a clean and atomically smooth surface by
cleaving HOPG, making HOPG a commonly used sample for STM mea-
surements [6]. Also, HOPG is relatively inert, does not react with Oxygen
and materials do not stick to it, keeping the HOPG clean. Furthermore, the
properties of HOPG are well known, therefore we can use it to benchmark
and calibrate our set-up, before trying other materials. To cleave HOPG,
we stick Scotch Tape onto a piece of HOPG and peel it off. Because of the
weak van der Waals bonding between the layers, we peel of a couple of
layers of HOPG, leaving us with a clean layer of HOPG. We did this a cou-
ple of times until the surface looked clean. Which we assumed to be the
case if we observe a single reflective layer without interuptions. Then, we
looked at it under a microscope to see if we indeed have a clean surface.
Whenever something happens that damages our surface, we can peel of a
couple of layers and obtain a clean surface again.

34
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3.2 Approaching

Before being able to do scanning or spectroscopy with our STMs, the tip has
to be within tunneling range of the sample. The process of bringing the
tip carefully close to the sample is what we call approaching. Approaching
is a delicate process because we need to move the tip incredibly close to
the sample, in the order of Ångströms (0.1 nm), while the tip could start at
a distance of 1mm, without crashing it. Crashing could blunt the tip and
requires the production of a new one. Approaching consists of two phases:
the coarse-approach and the fine-approach. During the coarse-approach we
brutally take steps, without sensing if we are near the sample. During the
fine-approach, before we take a step, we extend the scan tube to sense if
the sample is near. And only if it is not, we take a step.

For the Basic-STM we are able to move the tip by attaching the scan
tube to cryo-walkers produced by Onnes Technology, as shown in figure 3.3.
The walker can take steps at ultra-low temperatures that are smaller than
a micrometer. The walking mechanism is visualised in fig. 3.4. The walker
consists of 2 ’legs’, each have a pairs of lift piezos with a shear piezo in
between. 1 step is taken by first extending 1 of the lift piezos and extending
the other (lifting 1 foot), and then deform the shear piezo (depending on
the walk direction), and lastly extend/contract the lift piezos back (putting
the foot back on the ground). This is repeated for the other ’leg’, such that
2 steps completes a walk cycle.

Figure 3.3: Schematic representation of how the tip and sample are connected
to the Onnes-cryo-walkers. Notice that the scan tube and sample holders are
attached to the darkblue slider and not to the lightblue part which is there to apply
a counter pressure. Schematics of the cryo-walkers are from Onnes Technologies
[26].
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Getting the cryo-walkers to walk properly is challenging because a sweet
spot has to be found within a large parameter space. The motor contains 9
tuneable parameters, 4 ’Amp’ parameters, 4 ’Off’ parameters and 1 ’Shear’
parameter, that determine the voltage put on each of the piezos in the
cryo-walkers from fig. 3.4. Furthermore, the parameters differ for differ-
ent types of movement. Approaching and retracting differ, the Z-motor
and X-motor also differ from each other and a change in temperature also
changes the parameters. For these reasons, we suggest tuning and check-
ing the parameters every time before one aims to walk with the motors.
We did this by choosing the maximum allowed voltage for each parame-
ter, and then decreasing the parameters individually as much as possible
until performance start to drop drastically. However, some values only
work in combinations. This requires a lot of trial and error. Currently, in
cold conditions we are able to approach and retract the Z and X motor
with parameters below. These values where found together with David
Coffey, the application scientist of Onnes Technologies. 80V on the lifts was
enough to move at room temperature, but we saw no movement when
cooling down. It turned out that it was critical to also retract (negative off-
set) the other lift piezos when taking a step. This gave just enough space
for the walker to take steps.

Amp : AA, AB, BA, BB = 80, 80, 100, 100
O f f : AA, AB, BA, BB = 70, 70,−80,−80

Shear : 320

The new cryo-walking technology is an improvement to the older stick-
slip mechanism, that is present in the probe head (PH) STM. One of the
benefits can be seen in figure 3.4, the legs can actively make and break me-
chanical connections with slider, while the slip-stick mechanism relies on
friction [26]. This friction turns into heat and too much heat is undesired
in our aim for ultra-low-temperature conditions. 1 minute of full speed
movement caused heating from 100 mK to 2 K, which is highly undesir-
able when working in a shared fridge, possible ruining the experiments of
our colleagues. Another benefit is the capacitance-based position sensor
of the walker which we can use to determine if the slider is moving.

36
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Figure 3.4: Figures from Onnes Technologies [26]. The cryo-walking mechanism in
the Onnes-motors. The walker contains ’lift-piezos’ that extend and contract in the
lateral direction, indicated by the vertical arrows. And ’shear-piezos’ that deform
in the horizontal direction, indicated by the horizontal arrows. The time-line is
from left to right and then from top to bottom. First: legs 1 and 3 shrink and legs
2 and 4 shear. Then, legs 1 and 3 extend back. Next, legs 2 and 4 shrink and
legs 1 and 3 shear. Then, legs 2 and 4 extend back. The process repeats. The lift
piezos are attatched to the motor casing (light blue), which stays still at all times.
The slider can move along ball bearings with respect to the motor casing, and is
pressed tightly between the piezo legs and the casing by a spring. By attaching
the scan tube or sample to a slider as shown in figure 3.3, we can move it precisely.

As mentioned, approaching consists of two phases: the coarse-approach
and the fine-approach. During both phases we only take steps with the
walker to which the tip is attached, i.e. the left walker in figure 3.3. The
coarse-approach is characterized by manually taking steps that bring the
tip closer to the sample without actively checking if they will crash be-
fore taking a step. One only does this in regions for which the sample
is not near. To evaluate how close the tip is to the sample we follow the
procedure developed by de Voogd et al. [31], who suggested that the ab-
solute tip-sample capacitance shows generic behaviour as a function of
the distance, independent of the tip. Namely, we can view the absolute
tip-sample capacitance as the contribution of two different capacitors con-
nected in parallel, the capacitance between the tip-holder and the sample
C1 and the capacitance between the tip and the sample C2, as can be seen in
figure 3.5. Now, because a capacitance depends on the distance d between
the two plates as well as the area A of each plate, through: C = ϵA/d,
with ϵ the permittivity of the vacuum between the plates. The contribu-
tion to the total capacitance of C2 will only become relevant when the tip
approaches near tunneling range. Whereas up to that point C1 was dom-
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Figure 3.5: We may view the total absolute tip-sample capacitance CTOT as the
combination of the capacitance between the tip-holder and the sample C1 and the
capacitance between the tip and the sample C2 connected in parallel. Because of
the different geometries and materials of the components C1 and C2, the relative
contribution to CTOT will depend on the distance d between the tip and the sam-
ple. While C1 will dominate for the most part, at some point the contribution of
the tip C2 will start to dominate. This is the indication to start the fine-approach.

inating. And because the dimensions of the tip and the holder, and thus
the dependence of A on d are so different, the slopes of the capacitance vs.
distance will differ. During the coarse-approach we monitor this total tip-
sample capacitance using the lock-in amplifier we mentioned in sec. 2.1. By
applying an AC bias to the sample at a specific frequency, and measuring
the transmitted signal at the tip, we can deduce the capacitance. A sud-
den increase of the slope indicates that we are near the tunneling range
and that it is time to start the fine-approach. A schematic example of the
change of slopes that we would expect is shown in figure 3.5. However,
in practice we approached our tip manually, by eye, close to the sample
and then started the fine-approach immediately, which takes significantly
longer. Because we have not yet investigated what capacitance indicates
the change of slopes, or set-up a system to clearly indicate the change of
slopes.

While the coarse-approach is done manually, the fine-approach is com-
pletely automated and run digitally by an Scanning Probe Microscopy (SPM)
controller. In our case we started with the completely analog controller
called Camera, but we were happy to temporarily use Nanonis, which is
digital and more user friendly (built in scopes, full parameter control, such
as scan tube Z-voltage). The program controls when to sense and when to
take a step. Before it takes a step it senses whether the tip is in tunneling
region. Sensing is done by slowly ramping up the voltage on the Z-piezo
of the scan tube. This will cause the tip to gradually extend. During the
sense it keeps track of the tip-current. If at some point it measures a tip-

38
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current above a certain threshold (in our case around 100 pA - 1nA), the
scan tube immediately retracts the tip and the SPM controller announces
that the tip has ‘approached’. It will not take a step anymore, because this
would result in a crash of the tip. If during the sense it does not measure
a tip-current it will proceed by taking a step forward after which a new
sense will start. This procedure repeats until the tip is approached. The
advantage of the fine-approach is that the tip should never crash into the
sample, if a coarse-step is smaller than the range of a sense. We made sure
that a coarse step never exceeds half the sense range. The disadvantage
is that it takes much longer since it has to sense before every step. In this
research the full sense - extending and returning to initial position - was
set to take about 0.5-2 second. But, one can change the duration of a sense
to any value, as long as it is not too fast. After the tip has successfully ap-
proached the sample can be scanned, or spectroscopy can be performed,
with the SPM controller. In building, testing and calibrating the STM we
were glad to be able to borrow an SPM controller called Nanonis, as it is
more user friendly and shows all signals such as the current, the out-put
of the lock-in amplifier, etc. live through time and is therefore easier to
learn from. However, our group does not yet own a Nanonis setup yet. We
could only borrow it and this was not always possible.
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3.3 Noise, interference and how to analyse
the pulse tube contribution

In this section we want to map out the different sources that we are deal-
ing with. Furthermore, we will explain how we are going to analyse the
contribution of the pulse tube and why we are interested in investigating
the pulse tube in the first place.

If the previous steps are completed successfully, i.e. we are measuring a
tunnel-current with a clean tip and sample, without having crashed the
tip, we are ready to do measurements. At this point, the resolution of
our setup depends upon three factors. First of all, how precise we are
able to apply our bias voltage Vb, where the DC-component is generated
by the SPM-controller and the AC component is generated by the lock-in
amplifier. Secondly, how precise we are able to measure our tip-current
I(z) using the DAQ. And lastly, how much noise there is in the system.
As will become clear, currently the noise and interference sources are the
limiting factors. To this end we want to map out the different noise and
interference sources to investigate the severity and determine what we can
do to improve it.

Figure 3.6: Simplified schematics of the electrical circuit of the STM. Excluded is
for instance the scan tube.

40
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Figure 3.7: Fourier transform of the bias voltage Vb, with AC component at fre-
quency f = 896Hz with amplitude 1 mV and DC component of 1 V. Notice that
the noise floor lies around 10−7V/

√
Hz, significantly lower than our signal when

doing measurements, fully connected and in tunneling range (fig. 4.1). There-
fore, at this point, we do not worry about the noise contribution from generating
a bias.

Figure 3.8: Fourier transform of the tip-current at room temperature, out of tun-
neling range, with pulse tube off. The noise floor lies around 10−6 − 10−7V/

√
Hz.

However, a significant amount of 50 Hz enters our system, a noise source that we
would like to reduce.
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Noise and interfering sources

The noise on the tip-current has a couple of contributions that are well
known. First of all, the Femto DLCPA-200 I/V-converter contributes a noise
floor of:

SFEMTO = 4.3 f A/
√

Hz [9] (up to 1 kHz)

= 4.3µV/
√

Hz

Where in the last line we applied the ×109 gain. Generally, we always
measure voltages, meaning that whenever we are talking about a current
noise, we have measured a voltage and applied the gain to convert it to
a current. Looking at the current noise caused by the I/V-converter we
now know that whenever we analyse a tip-current in the Fourier domain
(section 4), the noise floor should be at least, at 10−6 line. This serves
as a sanity check as well. Additionally, we have a contribution due to
the discrete nature of electrical charge, called shot noise [15]. For a tunnel
current at 1 nA this is given by:

SIshot = 2eI0

= 2 · 1.6 · 10−19 · 10−9 A2/Hz

= 3.2 · 10−28 A2/Hz

→ 1.8 · 10−14 A/
√

Hz

= 18 fA/
√

Hz

= 18 µV/
√

Hz

Where, e = 1.6 · 10−19C is the elementary charge, I0 = 10−9A is the tip-
current which for our STMs is of the order of a nanoampere (nA). Notice
that the shot noise is higher than the noise floor of the I/V-converter. This
is a positive thing, because this means that we are in principle able to mea-
sure the shot noise, which is also one of the goals at the Oosterkamp Group.

Next, we have the thermal noise (or Johnson noise) naturally caused
by the resistance of an electrical component. It is constant for every fre-
quency, also called white noise, up to a certain cutoff frequency fc [32].
The individual components and resistances will contribute to this, but we
have not investigated exactly which components this includes. But, as we
will show: a rough estimate suggests that this source of noise will not be
the first of our concerns. Looking at eq. 3.1, we observe that the total
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noise is linearly proportional to the temperature, as well as the resistance.
Since the resistance of electrical components drops with decreasing tem-
perature, we assume that the contribution to the noise of the components
at room temperature will be leading over that of the ultra-cold compo-
nents. Thus, we think it is acceptable to only look at the room temperature
contributions for now.

SVR@Troom
= 4kBTR (3.1)

= 4 · 1.38 · 10−23 · 293 · 3 V2/Hz

= 4.85 · 10−20 V2/Hz

→ 2.2 · 10−4 µV/
√

Hz

Where, kB = 1.38 · 10−23 J · K−1 is the Boltzmann constant, T = 293K is
room-temperature and R = 3Ω is the resistance of 10 meters of BNC cable
(save overestimation). And we measured 1 meter of BNC to have a resis-
tance of ∼ 0.3Ω. Notice that this contribution is four orders of magnitude
smaller than the contributions of the I/V-converter and the shot-noise. The
total resistance of the components should be 4 orders of magnitude higher,
i.e. 10.000 Ω instead of the currently approximated 1Ω, to start being rele-
vant. Hence, for now this noise source is not our first concern.

Of the noise sources above, we know roughly the height of the noise floor
and there is no way around it. But, we also have sources with a lesser
known noise floor. For instance, the components of the STM have a certain
temperature and therefore radiate. Which with a temperature of 10 mK
would correspond to about 1 GHz of radiation through kbT = h f . Where,
h = 2.63 · 10−34 J · s is the Planck constant. However, it should be noted
that the heat dissipation at these temperatures is not as straightforward.
Next to that, we have thermal noise due to the effective electron temperature.
Even though our tip and sample can reach sub-Kelvin temperatures, the
electrons that tunnel through the tip-sample junction started their jour-
ney from outside the cryostat, at room temperature. Meaning that they
will not have necessarily reached the sub-Kelvin temperatures of the tip
and sample, causing thermal noise. There is a whole branch of research
dedicated to quantifying this effect and determining how to minimize the
consequences of it. In this research we do not delve into this matter. An-
other important property of the system that in future research we would
like to quantify is the piezo creep of the piezo electric components in our
setup, such as the scan tube or the linear cryo-walkers that we use for
coarse movement of the sample and tip.
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Furthermore, we have interfering sources to which we dedicate great
effort in order to decrease the contributions. These interfering sources in-
clude mechanical, radiation and acoustical interference. The pulse tube is one
of the sources that contributes mechanical and acoustical interference.

Pulse tube contribution analysis method

We expect that the pulse tube vibrations are one of the prominent noise
sources as during operation at milli-Kelvin temperatures the pulse tube is
pumping Helium back and forth at ∼1.4 Hz, causing vibrations. There-
fore, it is valuable to quantify the contribution and determine the severity.
The pulse tube pumps at 1.4Hz and is physically connected to the cryo-
stat. This will cause mechanical and acoustical vibrations, of which we
think former is dominating. The cryostat has vibration isolation, but is
it effective enough at reducing the 1.4Hz vibrations caused by the pulse
tube? Because if not, the STM might need its own mass-spring system to
reduce the vibrations caused by the Pulse tube even more. We want to
find out the magnitude of the oscillations, as well as the location where
the vibrations enter the system.

We expect that the pulse tube vibrations enter the tip-current circuit
at the tip-sample, because the tip and sample will vibrate relative to each
other, and at the input of the the I/V-converter through microphonics: vi-
brations inside a coax cable results in a changing self capacitance which
results in an oscillating current. This current will also be amplified and
present in our signal. Then, through the feedback-loop the oscillations
will always effect the tip-current, and with that the position of the tip. This
will cause oscillations at 1.4Hz and its multiples, with a certain amplitude,
which eventually cause an uncertainty in our measurements and reduces
our resolution. We are interested in this amplitude because we can com-
pare it to the resolution we want to achieve (section 2.2) to see whether it
is negligible or not. In order to investigate this, we make little changes to
the setup and observe what effect it has on the spectrum of the tip-current.
We measured the tip-current in the various cases listed below:

• Different bias voltages Vb while keeping the set-point constant

• With or without feedback at a certain set-point

• In or out tunneling-range

Then, by analyzing the data in the Fourier domain allows us to draw con-
clusions. In the next section we will investigate the contributions and
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features at 1.4Hz and the multiples of 1.4, both qualitatively and quan-
titatively, and compare the different measurements. For the quantitative
analysis we compute the Power Spectral Density which shows the power
distribution at each frequency [4]. The area under a curve then gives the
power contribution of a certain frequency component, such as the contri-
butions of the Pulse tube at 1.4Hz and its multiples. Furthermore, we will
explain how we can relate the power in the vibrations to the physical am-
plitude of the tip-sample distance and the corresponding impact on the
resolution. Finally, we want to put this into perspective by comparing it
to the desired resolution, the values we find in literature and the value we
would expect if we model the STM as a mass-spring system.

Mass-spring model of pulse tube vibrations

As we discussed in the previous section, we expect the vibrations of the
pulse tube to enter through microphonics or the changing tip-sample dis-
tance. We can already quantify the expected vibrations caused by the
changing tip-sample distance. And use this value later to compare it with
what we measure. We relate the Z-motion of the plate that the STM is
mounted on to the motion of the tip, by modeling the STM tip as an effec-
tive mass mtip that is connected to the body of the STM with an effective
spring constant κSTM. The STM has an internal resonance frequency of:

ωSTM = 2π fres =

√
κSTM

mtip
(3.2)

that is typically 1 kHz for a stiff STM and can be as high as 10 kHz for a
very stiff STM, according to Prof. dr. ir. Tjerk Oosterkamp. Then, when the
plate onto which the STM is mounted accelerates upward because of the
vibrating pulse tube at 1.4 Hz, there must be force on the effective mass
that we call:

Ftip = mtip · atip

= mtip · ω2Aplate (3.3)

Where, Aplate is the amplitude of the up-down motion of the Mixing Cham-
ber (MC) plate onto which the STM is mounted. Which according to Prof.
dr. ir. Tjerk Oosterkamp is around 1-10 µm at 1.4 Hz. Now, by modeling the
the STM tip as an effective mass connected to the body of the STM, this
force must come from the stiffness of the STM. So, we have:
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Figure 3.9: Schematics of modeling the STM as an effective mass that is connected
to the body of the STM with an effective spring constant.

Ftip = κSTM · xtip−sample

= mtipω2
STM · xtip−sample (3.4)

Where substituted eq. 3.2. Now, by equating eqs. 3.3 and 3.4 and simpli-
fying the terms we arrive at:

xtip−sample = Aplate ·
ω2

ω2
STM

(3.5)

We can fill in eq. 3.5 using the boundary values for Aplate and ωSTM to
obtain a worst case and best case scenario. In the worst case, we have a
not so stiff STM with ωSTM = 1kHz and an amplitude of the up-down
motion that is Aplate=10µm. This results in the tip-sample distance to be
xtip−sample = 0.2Å. In the best case we have a very stiff STM with ωSTM =
10kHz and an amplitude of the up-down motion that is Aplate=1µm. This
results in the tip-sample distance to be xtip−sample = 0.0002Å. Therefore,
we suggest that:

The pulse tube is expected to cause the tip-sample distance
to vibrate between 0.0002 − 0.2Å

46
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Chapter 4
Measurements, Results and
Discussions

This chapter presents and discusses the results of various measurements
conducted with the Basic-STM at room temperature and at ultra-low tem-
peratures. At ultra-low temperatures the STM will experience vibrations
due to the pulse tube pumping of He4 back and forth, which is necessary
to achieve sub-kelvin temperatures. We expect this to be the main cause
of mechanical vibrations at low frequencies, and that it could stop us from
achieving atomic resolution. We present analysis of tip-current spectra,
centered around investigating the contribution of the pulse tube, while
varying the bias voltage, with or without feedback and in or out tunneling
regime. The motivation for varying these variables is explained in sec. 3.3.
Finally, we present our scanning results.

4.1 Ultra cold spectra analysis
Varying biases (in tunneling)

We are interested to know what the effect of the pulse tube (PT) is. Is it
present in the spectrum? And where does it enter the circuit? How is it ef-
fected upon changing the setup such as changing the tip-sample distance?
And what power does the PT contribute to the total noise? To this end, we
measured the tunnel-current with different bias voltages Vb, while keeping
the set-point constant at 100 pA. A constant set-point means that increas-
ing the bias effectively means decreasing the tip-sample distance. All these
measurements were done in tunneling regime. For each Vb we measured
in feedback and with the feedback frozen. By freezing the feedback we
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Figure 4.1: Fourier spectra of the tip-current for different bias voltages Vb and
with feedback on/off. The multiples of the pulse tube are clearly visible. All
measurements were done in tunneling regime. 50 Hz peaks are also visible.

are able to observe the raw contribution of the pulse tube. And with feed-
back on, we the peaks of the pulse tube to be reduced. Every time, before
choosing a new bias, we have put the system in feedback such that the tip
can change the distance accordingly upon increasing the bias, to keep the
current chosen by the set-point.

In figure 4.1 we present the spectra of our measurements. The PT peaks
and its multiples are clearly visible. But it is difficult to compare the mea-
surements, and with that to see whether the peaks are dependent on the
bias (i.e. tip sample distance) or having the system in feedback or not. To
investigate this we zoom into the multiples. We present the main peak (1.4
Hz) and the first two multiple (2.8 & 4.2 Hz) in figure 4.2. What becomes
apparent is that the PT peaks are all equally high, independent of the bias
voltage Vb, or having the system in feedback or not.

We want to investigate this quantitatively as well. To do this, we in-
tegrate the power densities around the PT multiples. We found that the
PT peaks are apparent in the spectra until the 21th multiple of 1.4 Hz, that
means until around 29.4Hz. Therefore, to make calculations more man-
ageable, we only added the contributions of the PT until the 21th multiple.
Also, we noticed that the 21th multiple of the PT occurs at 29.36 Hz, which
implies that:

The pulse tube pumps at 29.36/21 ∼ 1.398 Hz
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Figure 4.2: First three pulse tube peaks (1.4 Hz, 2.8 Hz and 4.2 Hz). The contribu-
tion of the PT to the noise spectrum is independent of the bias voltage and thus
the tip-sample distance.

For every multiple of the PT we integrate the power within 0.2 Hz around
the multiple (as plotted in fig. 4.2). We estimated by eye that this would be
a region that ensures us that we add the entirety of a peak, without adding
too much of the surrounding background noise. The peaks of the multi-
ples are generally orders of magnitude higher than the background noise,
therefore, we expect the contribution of the actual peak to be leading over
the background noise. And thus, having a possibly too wide range is not
too big of an issue. Doing these calculations yield the values presented
in table 4.1. The different measurements have surprisingly equal contri-
bution from the PT. On average the contribution of the PT until the 21th
multiple is ⟨σ2⟩ ∼ 0.000872V2. Taking the square-root we obtain root-
mean-square value. Where in the last equality we use the fact that the
I/V-converter has a gain of 109.

VRMS = σ ∼ 30 mVRMS = 30 pARMS

Now, to the feedback system it does not matter where the noise enters the
system. If the feedback works properly it will respond and actuate the
scan tube to counter the 30 pARMS oscillation at 1.4 Hz. At a set-point
of 100 pA this is achieved if the tip oscillates with an RMS amplitude of
∼ 0.18 Å. Because, assuming a linear regime, the current would counter
oscillate between RMS values 70 pA and 130 pA. Then, through equation
2.5, we know this corresponds to a - 0.18 Å to + 0.13 Å oscillation around
z0 in figure 2.4.

The pulse tube will cause the tip to vibrate
with an RMS amplitude of ∼ 0.18Å
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Measurement σ2 [V2
RMS] σ [mVRMS]

Vb = 0.5 & feedback 0.000905 30.1
Vb = 0.5 & frozen 0.000846 29.1

Vb = 1.0 & feedback 0.000897 29.9
Vb = 1.0 & frozen 0.000862 29.9

Vb = 1.5 & feedback 0.000844 29.4
Vb = 1.5 & frozen 0.000845 29.0

Vb = 2.0 & feedback 0.000905 29.1
Vb = 2.0 & frozen 0.000873 30.1

Table 4.1: Power contribution of the noise caused by the PT.

Figure 4.3: Contribution of the PT multiples until the 21th multiple. We observe
that the contribution of the PT is the same for all the measurements that were
done, with different biases and with feedback on/off. Note: the continuous line
is used to easily separate the measurements, but misleading as the contributions
only hold AT the multiples.
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Conclusion and discussion

Our results propose that the pulse tube contributes 30 pARMS of vibra-
tions to the tip-current, with properly functioning feedback, this results
in a vibration of the tip of ∼ 0.18Å. We suggest that this does not pre-
vent us from achieving step-edge resolution, but do not know yet if this
prevents us from achieving atomic resolution. Furthermore, we propose
that the dominant contribution of PT vibrations enters due to microphon-
ics around the I/V-converter and its cables, explain why we think we can
reduce this effect and give an advice on how to do so.

We suggest two dominant sources through which the vibrations may en-
ter the system. First of all, the pulse tube could cause the tip-sample dis-
tance to change, in turn changing the tip-current through eq. 2.1. Sec-
ondly, the pulse tube could cause vibrations of the I/V-converter and its
cables which due to microphonics enter as currents. Figures 4.2 and 4.3
show that the PT peaks are independent on the bias and with that the
tip-sample distance. Which leads us to the conclusion that the main con-
tribution from the PT is not due to an oscillation in sample tip distance
and we hypothesise that currently the vibrations are due to microphonics
of the I/V-converter and its cables. If the main contributor would be the
vibration of the tip or the sample, we would expect that increasing or de-
creasing the tip-sample distance would result in less or more transmission
of the vibration, respectively. Because, for every 1Å increase in tip-sample
distance, the current increases roughly 10 times. We do not observe this.
Additionally, while doing various measurements and playing around with
the setup, we noticed that the I/V-converter is very sensitive to vibrations.
When we touched it lightly by hand, we would immediately notice this in
the current. We suggest to try to reduce the effect of microphonics around
the I/V-converter. After the tip-current goes through the I/V-converter
it becomes a voltage signal, which is less prone to microphonics than a
current signal. Therefore, we assume the microphonics enter before the
I/V-converter, around the point where we connect to the cryostat wiring
to the 2-point mini LEMO cable and the connection with the I/V-converter.

Initially the I/V-converter was fixed on the inner frame, which vibrates
at 1.4Hz, with a layer of foam in between, in the hopes that this would
lessen the PT vibrations. By hanging the I/V-converter in springs we
might reduce these PT vibrations. However, these springs can still trans-
mit vibrations at its own resonance frequency. Another suggestion would
be to mount the I/V-converter onto the cryostat and to fix the coax wire
firmly to the frame. This way we ensure that, although vibrating, all com-
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ponents vibrate equally, reducing relative vibrations, and with that micro-
phonics.

Furthermore, in figures 4.2 and 4.3 we observe that the observed spectra
did not depend on turning feedback on or off. This leads us to the con-
clusion that the feedback system was not working properly. Good func-
tioning feedback should be able to reduce the effect of a 1.4Hz vibration.
We have not resolved the cause of this result. We think it might have to do
with a very large integration time which is not able to respond to 1.4Hz vi-
brations. However, when choosing different set-points, we observed that
the tip-current reached the new set-point within roughly half a second.
First of all, indicating that the scan tube is working. And secondly, sug-
gesting that the integration time was not too long. We suggest to do this
experiment again, with these considerations in mind, and to also record
the the voltage that is sent to the Z-piezo.

Finally, we want to put the contribution of the pulse tube into perspec-
tive. We measured that the PT contributes a 30 pARMS, which through the
feedback system we expect to cause a vibration of the tip with an RMS
amplitude of ∼ 0.18Å. We know that the distance between two layers of
HOPG is about 3.35 Å [6] and the distance between nearest neighbours in
an HOPG sample is about 2.46 Å [16]. Thus, the vibrations caused by the
PT cause vibrations to the tip that are more then a tenfold smaller than the
features we are trying to distinguish for step-edge resolution. Therefore,
at this point, we suggest that the contribution of the pulse tube will not
prevent us from achieving step-edge resolution. To determine whether
it could prevent us from achieving atomic resolution we would need to
quantify the change in current caused by individual atoms. For this we
suggest a better literature research or to simulate the measured current
caused by neighbouring atoms as described in sec. 2.2. Having said that,
Den Haan et al. (2014) [12] achieved atomic resolution in the Oosterkamp
group and presented their measured spectra as well (figs. 2.6 & 4.4). Their
pulse tube contribution was of the order of 1pARMS (adding the 1.4 Hz
multiples). Which is 30 times lower then what we measured for our set-
up. The 30 times better result makes it reasonable to assume that we are
currently doing something sub-optimal and so we want to try to reduce
the effect of microphonics.
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Figure 4.4: Figure and caption from A. den Haan et al. 2014 [12]: ”Tunnel-
spectrum for several tunneling current set-points. Most of the noise (peaks) visi-
ble in the out of tunneling spectrum are due to microphonics”

4.2 Ultra cold spectra analysis
Out of tunneling vs. in tunneling

In the previous section we reasoned that the 30 pARMS noise, caused by
the PT, is not due to a vibrating tip or sample. In this section we present
another route to validate this claim. If the current PT contribution is not
caused by the changing tip-sample distance, we must have an equal con-
tribution when out of tunneling range. In this section we present spec-
tra of tip-current measurements out of tunneling range, which show a PT
contribution of 30 pARMS. Equal to the PT contribution of tip-current mea-
surements in tunneling range (sec. 4.1). Further supporting the conclusion
that, at this point, the dominating vibrations are entering around the I/V-
converter and the cables due to microphonics.
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Figure 4.5: First three pulse tube peaks (1.4 Hz, 2.8 Hz and 4.2 Hz). The contribu-
tion of the PT to the noise spectrum is the same for a tip-current out of tunneling
range and in tunneling range.

Figure 4.6: Contribution of the PT multiples until the 21th multiple. Out of tunnel
PT contributions follow the in tunnel measurements well up to the 14 multiple.
Note: the continuous line is used to easily separate the measurements, but mis-
leading as the contributions only hold AT the multiples.

54

Version of March 7, 2024– Created March 7, 2024 - 11:58



4.3 Room temperature spectra analysis
Changing set-up to reduce microphonics 55

4.3 Room temperature spectra analysis
Changing set-up to reduce microphonics

Now that we hypothesized that the 30 pARMS noise caused by the PT is
due to microphonics around the I/V-converter, we want to try to improve
the setup. In this section we present our solution and how it resulted in
reduction of microphonics. Initially, the I/V-converter was mounted onto
the inner frame, with a piece of foam in between, because we thought this
would add vibration isolation. Now, we think that this setup is disad-
vantageous and causes the connection between the cable and the cryostat
to vibrate differently from the connection between the cable and the I/V-
converter (red cable with blue tape in fig. 4.7). This relative motion would
then be the source of the microphonics. In order to reduce this relative
motion we mounted the I/V-converter directly to the cryostat as shown
in fig. 4.7 and fixed the wire firmly to the frame. This way we ensure,
although vibrating, all components vibrate equally, reducing relative vi-
brations, and with that microphonics.

Figure 4.7: Picture of how we mounted the I/V-converter to the cryostat to reduce
microphonics of the cables.
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Result

At room-temperature we measured the tunneling current with feedback
on and off. In fig. 4.8 we present the spectra. We clearly observe that hav-
ing the system in feedback reduces the noise. Furthermore, the pulse tube
peaks are not visible anymore as they are drowned by the noise floor. We
can follow the exact same procedure as described in sec. 4.1 to determine
the contribution to the noise around the pulse tube peaks by integrating
the power densities 0.2 Hz around the peaks, up until the 21th multiple.
Even though the pulse tube peaks are now drowned by the noise floor,
the value serves as an upper-bound. Doing this calculation yields that the
upper bound to the noise contribution of the pulse tube is:

VRMS = 4 mVRMS = 4 pARMS

Furthermore, using eq. 2.5, and the 100 pA set-point, we can relate this
noise to a vibration of the tip. Doing this calculation yields that the upper-
bound of the pulse tube vibrations would cause the tip to vibrate with an
RMS amplitude of ∼ 0.02Å.

Figure 4.8: Spectra of the tunnel-current at 100 pA set-point, with I/V-converter
mounted to the cryostat. With feedback frozen we only observe the 1.4 Hz peak.
Furthermore, we get a significant noise contribution at low frequencies. Different
from our first measurements in sec. 4.1, we now observe significantly less noise
when having the system in feedback. Also, in feedback the PT peaks are not
visible anymore.
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Figure 4.9: Spectra of fig. 4.8, zoomed-in to visualise the pulse tube peaks. Notice
that all the pulse tube peaks, that are prominently visible in the spectra from sec.
4.1 (old spectrum), are not visible anymore and drowned by the noise floor.

Conclusion and discussion

After improving the set-up to reduce the effect of microphonics the pulse
tube peaks are no longer visible anymore, as they are drowned by the noise
floor. This means that the upper-bound of the noise contribution from
the pulse tube at 100 pA set-point is 4 pARMS, 4% of the set-point, which
through the feedback system would lead to ∼ 0.02Å. This value is within
the range of 0.0002− 0.2Å that we expect the mechanical vibration to cause
if we model the STM as a mass-spring system (sec. 3.3). This should not
prevent us from achieving step-edge resolution and we are very hopeful
that it should also not prevent us from achieving atomic resolution, as the
oscillation is more than hundred times smaller than the distance between
HOPG layers (3.35 Å [6]) or the distance between neighbouring carbon
atoms (2.46 Å [16]). Our upper-bound to the pulse tube contribution is
now only 4 times larger than the actual contribution measured by den
Haan et al. [12]. Which is promising as we still see potential to improve
on our result.

Namely, we discovered that doing measurements with feedback frozen
is very hard due to piezo creep. In fig. 4.10 we plot the current of which
we calculated the Fourier transform to produce the spectra from figs. 4.8
and 4.9. Taking the Fourier transform of the entire measurement leads to
a drastically raised noise floor and a 34 pARMS pulse tube peak at 1.4 Hz.
However, this is misleading as the current did not stay at 100 pA, rather it
increased to 10 nA. At 1 nA, 4% leads to 40 pARMS. At 10 nA, 4% leads to
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400 pARMS noise. But the noise only makes sense when we can relate it to
a certain set-point. Therefore, for the Fourier transform we only used the
first 15 seconds, where the current was relatively constant around 10-300
pA. Still this range is large and can be improved, but it already leads to an
upper-bound of 4 pARMS at 100 pA set-point. To improve on this result
we suggest to repeat this measurement, but to wait until the piezo creep
has finished before starting the measurement. By monitoring capacitive
read-out of the lock-in amplifier, which we can use as a measure for the
tip-sample distance, we observed that the piezo creep slowly stagnates
but that it takes more than an hour to reach a relatively constant situa-
tion, at room-temperature. Also, we would like to do the measurement at
ultra-low temperatures. To investigate if that makes a difference. But the
piezo-creep will be even slower at these temperatures. To keep track of the
piezo-creep we suggest monitoring the capacitive read-out of the lock-in
amplifier.

Lastly, in fig. 4.8 we observe that having the system in feedback re-
duces the noise significantly as we would expect properly functioning
feedback to do. We have not found the reason as to why we did not ob-
serve this distinction in our measurements of sec. 4.1. To confirm whether
feedback is working properly we also investigated the spectra of the feeed-
back signal that is sent to the Z-piezo, both in feedback and with feedback
frozen. Results are shown in fig. 4.11. As we would expect from prop-
erly functioning feedback, the spectrum in feedback lies much higher than
with feedback frozen. Also, pulse tube peaks are visible in the spectrum
of the feedback signal, meaning that the feedback system is correctly re-
sponding to the pulse tube vibrations in the current.
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Figure 4.10: Tunnel-current measurements that we used to produce the spectra
from figs. 4.8 and 4.9. The current with feedback frozen is increasing due to piezo
creep. Therefore, for the frozen measurement, we only used the first 15 seconds
(green) to calculate the FFT.

Figure 4.11: Spectra of the feedback signal that is sent to the Z-piezo of the scan
tube. The feedback signal lies significantly higher than with feedback frozen and
shows peaks around the PT multiples.
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4.4 Scanning

In this section we present our scanning result with the Basic-STM and
Nanonis, at room temperature and at ultra-low temperature.

Room-temperature

At room temperature we achieved a scan with clearly visible step-edges
and an improved resolution compared to the scan we achieved a couple of
months ago which is shown in fig. 2.6. The scan in fig. 2.6 was produced
with a setup containing a different STM, digital program (Camera), tip and
sample. It is not clear what caused this improved resolution. But, the
different program Nanonis allowed for better tuning during test scans and
searching for good scan locations, which helped us while scanning.

Figure 4.12: Room temperature scan with the Basic-STM done in constant current
mode. 3µm ×3µm. The step-edges are visible and the resolution has significantly
improved. Right: line-plot of the 1D lines on the scan. When step edges are
clearly visible we can use the line plot to calibrate our setup, as a step-edge should
be a multiple of 3.35 Å (sec. 3.1).

Ultra-low temperature

At ultra-low temperatures we were not able to produce scans with such
clear features as fig. 4.12. It is not clear what caused this, but it is clear that
scanning at ultra-cold temperatures is more challenging. Also, initially
the motors were not able to move at ultra-low temperatures, so significant
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Figure 4.13: 300 nm × 300 nm scan at ultra-low temperatures with a double-tip,
causing features to appear double.

time was spent on optimizing the parameters as explained in sec. 3.2. An-
other factor that makes scanning at these temperatures more challenging,
is the 4-5 times reduced range of the scan tube, as we are at maximum
scanning a surface 4-5 times smaller than fig. 4.12, making it less likely
to come across a step edge, which is the first visible feature, so without it
is very hard to fine tune the STM. Fortunately, we also have a coarse X-
motor, so we can approach at multiple spots on the sample, and search for
a step edge. After extensive search we were able to observe what seems to
be a step-edge. We also found out that we were scanning with a double-tip
(sec. 2.1), as the features appear twice.
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Chapter 5
General Conclusion and Outlook

One of the aims of this research was to investigate and quantify the noise
on the tip-current caused by the vibrations of the pulse tube. We found
that the dominant contribution entered through microphonics around the
I/V-converter and the cables that are connected to it, rather than a chang-
ing tip-sample distance. This gave rise to 30 pARMS noise with clear pulse
tube peaks. By mounting the I/V-converter directly to the cryostat and fix-
ing the 2-point mini LEMO cable firmly to the inner frame we successfully
reduced the effect of microphonics. The pulse tube peaks are no longer
visible and drowned by the noise floor. Integrating the power spectral
density around the pulse tube peaks gives an upper-bound to the pulse
tube vibrations of 4 pARMS, which corresponds to 4% of the set-point.

With a properly operating feedback system, the 4 pARMS noise will
cause the scan tube to counter oscillate at 1.4 Hz with an RMS amplitude
of ∼ 0.02Å, which is within the range of 0.0002 − 0.2Å that we expect
the mechanical vibration to cause if we model the STM as a mass-spring
system (sec. 3.3). Furthermore, this vibration is more than hundred times
smaller than the distance between HOPG layers (3.35 Å [6]) or the distance
between neighbouring carbon atoms (2.46 Å [16]). Therefore, we believe
that the oscillations of the pulse tube will not prevent us from achieving
step-edge resolution. And are very hopeful that it will also not prevent
us from achieving atomic resolution. Thus, at this point, we do not see
the need for another mass-spring system specifically for the STM. Having
said that, den Haan et al. (2014) [12] achieved atomic resolution with a
pulse tube contributions around 1 pARMS, only 4 times larger than our
upper-bound, that we even see potential for to improve on by doing new
measurements of the feedback frozen current, this time at ultra-low tem-
peratures and by first letting the piezo creep stagnate. To monitor this
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one can keep track of the capacitive read-out of the STM-junction on the
lock-in amplifier.

Furthermore, we were able to produce new scanning results at room-
temperature (fig. 4.12) that show a significant improvement in resolution
compared to the starting point of this project (fig. 2.6). We clearly observe
the step-edges and the line-plot shows sharp distinctions between the size
of step-edges. Also, we were able to observe features at ultra-low temper-
atures for the first time since 2014. We devote part of this improvement to
a better digital analysis system called Nanonis and believe that purchasing
this operating system will help the Oosterkamp Group doing quality mea-
surements in the future. Now that we have drastically reduced the effect
of microphonics it is very exciting to do new scanning and spectroscopy
measurements ones Marshmallow is cooled down again.
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