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Abstract

Scanning Tunneling Microscopy (STM) is a technique with which the surfaces of metals,
semiconductors and superconductors are investigated. A bias voltage is applied between the
atomically sharp tip of the microscope and the surface of the sample. Through the tunneling
of electrons between the tip and sample a constant current is established and the surface
of the sample can be investigated. When using a new scanning tunneling microscope small
vibrations can disrupt the delicate experiments. Sources of these vibrations can be external,
such as pumps, or internal, such as vibrations leaking in from the computer. In this thesis we
show how these vibrations can be investigated and reduced to 0.2pm peak to peak in order
to make the microscope fully operational. Electrical wires, vibrations from the building and
pumps have been found to be sources of these vibrations causing noise in the measurements.
After reducing these vibrations it was shown that benchmark experiments could be conduc-
ted. These experiments include scanning tunneling spectroscopy, taking atomic resolution
images and atomic manipulation. By comparing the results of the experiments to literature
it can be confirmed that the results match and therefore results of upcoming research can
be trusted.
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1 Introduction

Scanning Tunneling Microscopy (STM) is a frequently used technique these days in research
of metals, semiconductors, superconductors and more. [1] [2] [3] [4] The atomic resolution and
possibility to be combined with Scanning Tunneling Spectroscopy (STS) give rise to the ability
to examine the smallest details of the sample. The 1986 Nobel prize in physics was awarded
to Dr. Gerd Binnig and Dr. Heinrich Rohrer for the design of the first scanning tunneling
microscope. [5] Since then the technique has come a long way and STM’s are commercially
available from companies such as Scienta Omicron and HRK. Sigma Surface Science is a new
company in the field. By creating new measuring heads, control systems and cryostats they are
trying to design microscopes suiting the needs of the scientific community. In this report the
bath cryostat STM of Sigma Surface Science shall be evaluated. It will be shown how one is
able to use the full potential an STM. As is the truth for every new technology, one has to fix
the little bugs and teething problems that are inevitably present in new apparatus. With the
ability to do research at the atomic scale these little issues can already be a large problem in
terms of results as will be shown later in the report. Fixing problems is key to reach the full
potential of a machine but in order to perform all the experiments the researcher wants it is also
important to equip the system with attachments specifically designed for certain investigations.
All of these specific attachments and solutions to problems shall be discussed in this report on
the Ultra-High Vaccuum (UHV) bath cryostat SPM of Sigma Surface Science they have named
the POLAR. Cu(111) and Pb(100) crystals have been used . First these crystals have to be
prepared and the noise has to be reduced.

A Cu(111) crystal will be used to do most of the benchmark experiments on as copper crystals
have been extensively investigated over the years. It is known how to prepare the surface and it
is known that copper has some interesting features in it’s band structure. The first one of these
features in the band structure of Cu(111) is a surface state at —450mV . All noble metals’ (111)
surface [6] |7] have a surface state similar to this. This electronic state is an occupied state in the
electronic band structure of the surface Brillouin zone at point I". Electrons occupying this state
can only scatter into the bulk if they change their momentum and/or energy. As shown already
in 1994 by Hormandinger, the surface state of Cu(111) can be visualized by STS [8]. This is
a good benchmark to investigate whether the STS on the POLAR microscope works properly.
The second reason for using Cu(111) is that artificial lattices can be built on a copper surface
using CO molecules. This has been done by Gomes et al. and Slot et al. [9] [10] These artificial
lattices have not yet been investigated in a magnetic field, which can be a very interesting field
of research due to potential Zeeman splitting of energy levels.

Pb(100) is not as well investigated as Cu(111) but it has interesting properties, like super-
conductivity and strong spin-orbit coupling. Since it hasn’t been investigated as thoroughly as
Cu(111) it is possible that it will be difficult to work it but the possible interesting researches that
could be conducted on lead outweigh the possible problems. First of all lead is a superconductor
at sufficient low temperatures [11]. Below 7.2K lead will turn into a type 1 superconductor. A
type one superconductor can only conduct currents with zero resistance if the external magnetic
field is below a critical level. Furthermore there has to be no internal magnetic field. These
restrictions make that type 1 superconductors have been of limited usefulness thus far. Nonethe-
less they are of interest in the scientific world and maybe at some point a more practical use will
be found. The second interesting feature of lead is that is has strong spin orbit coupling. Lead
is much heavier than copper meaning the spin orbit coupling is much stronger. This spin orbit
coupling makes for less scattering to the bulk, making for less broadening in STS spectra. [12]



2 Introduction of the POLAR UHV STM

Let’s first have a look at the microscope, shown in figure [I} and focus on the features that make
this STM different from other microscopes currently on the market. There are two types of
cryostats with the capability of lowering the temperature of the measuring head to 4.5K, flow
cryostats and bath cryostats. Flow cryostats rely on a flow of liquid helium through the system
in which the measuring head is placed. With a stable flow of liquid helium, a stable temperature
can be achieved. However this flow usually causes noise in the system and the temperature can
fluctuate. The POLAR STM therefore uses a bath cryostat to lower the temperature of the
measuring head to 4.5K (liquid helium temperature). This cryostat is shown in the left of figure
and looks like a large stainless steel barrel. To reach the low temperatures, the measuring
head is surrounded by the cryostat which is filled with liquid helium. To make sure the helium
does not evaporate within hours, the vessel containing the helium is surrounded by another
vessel containing liquid nitrogen. Van der Lit et al. [13] designed a cryostat in which the liquid
helium can last for 2.5 days until the helium has evaporated and the machine (including the
measuring head) starts to warm up. When no experiments are running the microscope will stay
cold for 2.5 days which means the system will stay cold over the weekend, which is nice for the
researchers. The new POLAR STM has no such problem as the manufacturers have managed to
create a cryostat in which the helium will only evaporate at a rate of about 1 litre per 24 hours.
Considering the vessel containing the liquid helium has a capacity of 10 litres this logically means
that it only has to be filled every 10 days. This allows for better planning for the researchers,
as well as less problems when important measurements are running. When an experiment is
running longer than liquid helium is present in the bath cryostat, the tip is retracted a little bit
and the cryostat can be filled without the tip crashing into the sample. There is one drawback
of the POLAR STM, and that is the holding time of the liquid nitrogen. The liquid nitrogen is
needed to keep the liquid helium as cold as possible to make sure it indeed holds for 10 days. In
this machine the liquid nitrogen evaporates in 3 days. This means that it is still necessary to fill
the nitrogen every 3 days and therefore handle the machine. It is however still a big advantage
to have a long holding time for helium as filling liquid helium requires more time. Another
disadvantage of filling helium in comparison to filling nitrogen is that the transfer line used for
filling helium is inserted into the microscope and can therefore introduce more vibrations to the
measuring head and crash the tip.

The second interesting feature of this machine is the vertical magnetic field which can be
applied to the measuring head of the microscope. A 57 magnetic field can be activated and
this can lead to new possibilities in terms of research. This is all placed in a stainless steel
body which allows for ultra high vacuum, down to 10~''mbar. In order to reach these low
pressures a couple of pumps are used: an ion pump, Titanium sublimation pump (TSP) and turbo
pump for every chamber. The turbo pumps are used when relatively high pressures have to be
reached, for example during evaporation of material or leaking in argon for crystal preparation.
These turbo pumps are switched off after the pressure has dropped again, to 10~ '%mbar as
the vibration produced by these pumps can interfere with the measurements in the microscope.
Furthermore this machine is highly adaptable in terms of personal requests of the researchers
using the machine. There are many ports attached to all sides of the entire microscope which
can be used to attach all kinds of measuring equipment. On this STM a 4-pocket evaporator
(shown in figure [1] in the middle of the image pointing downwards) and ion gun are attached to
the preparation chamber and a leak valve connected to a bottle of CO at the STM chamber.

An important part of such a machine is the software which controls the microscope. The
software delivered with the POLAR STM is called SXM software and is also a new program
with some bugs. The bugs encountered during the the year of research have been fixed by the



software developers of Sigma Surface Science and shall therefore not be treated in this report.

Figure 1: Photograph of the POLAR UHV STM as it is currently standing at the condensed
matter and interfaces group in Utrecht



3 Theory

In this report it is assumed that basic knowledge of the workings of an STM are known to the
reader. A detailed description can be found in many books and courses and shall therefore not
be repeated in this report. [14] [15] Nonetheless a short summary of some important theory used
in this report for the benchmark experiments shall be discussed below.

3.1 Scanning tunneling microscopy

Scanning Tunneling Microscopy is a useful technique in the analysis of semiconductors and
metals. [1] [2] [14] An atomically sharp tip is approached to the surface of the sample. By
applying a bias voltage tunneling current between tip and sample is created when the tip is
close enough. The microscope can be setup in two different ways, constant current and constant
height mode. In order to maintain a constant current a feedback loop is used. This feedback loop
monitors the current and adjusts the height of the tip accordingly to keep the current stable.
When the feedback loop is opened the tip will maintain a constant height, this is used when
doing spectroscopy and shall be explained in the next section. Constant current mode is used
while scanning as the feedback loop will ensure the tip retracts when scanning over high objects
on the crystal surface. While scanning over the surface, every change in height on the surface
changes the tunneling current, the tip reacts by adjusting for this such that the tunneling current
remains stable. This reaction leads to a change in height of the tip and this is interpreted by
software and can than be shown as a height profile or topology image. Since the end of the tip is,
ideally, only one atom in size this can lead to resolution up to the point where individual atoms
and molecules can be distinguished.

3.2 Scanning tunneling spectroscopy

An important tool in the world of Scanning Tunneling Microscopy is Scanning Tunneling Spec-
troscopy (STS) [16]. STS allows the researcher to examine the electronic structure of a specific
location on the sample. After positioning the tip, the bias voltage is set at a constant voltage
and the feedback loop is opened. As mentioned before the tip shall maintain a constant height
if the feedback loop is opened. When scanning the feedback loop is always closed because large
height differences in the sample would crash the tip in the sample. After this a range in voltage
is set over which the researcher wishes to investigate the sample. The current is measured and
from this a I/V spectrum is created. The derivative of this spectrum is used more in research
as the dI/dV is directly related to the local density of states (LDOS) of both the sample as well
as the tip. The fact that one measures both the tip and the sample can be both an interesting
feature to investigate as well as a problem in the desired measurements [17] [1§]. A lock-in amp-
lifier is used to directly record the dI/dV signal instead of numerically calculating it from the
I/V spectrum. The lock-in amplifier applies a small sinusoidal modulation in the bias voltage
which in turn creates a small sinusoidal response in the tunneling current. The amplitude of this
response is directly influenced by the slope of the I/V signal. The signal is passed through a
low pass filter which filters out signals with a frequency higher than a predetermined limit. This
process significantly increases the signal to noise ratio with comparison to the mathematically
derived dI/dV spectrum. |16] [19] An interesting example of a dI/dV curve is a curve of a noble
metals (111) surface [6] |7]. Noble metals have a so called surface state. This electronic state is
an occupied state in the electronic band structure of the surface Brillouin zone. Figure [2shows a
dI/dV spectrum of Ag(111) and the corresponding band structure. how the peak of the spectrum
originates from the electronic surface state in the band structure. Electrons occupying this state
can only scatter into the bulk if they change their momentum and/or energy. [7]
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Figure 2: The surface state of Ag(111). Left: dI/dV spectrum taken by STS on Ag(111) showing
a peak at -69mV. Right: Schematic representation of the surface state in the band structure.

As mentioned, the dI/dV curves are proportional to the LDOS and are therefore an important
tool in understanding the artificial lattices. In equation (1] this proportionality between dI/dV
signal and the LDOS is shown.

O o pulBy = V) p(B)) &
In this equation p is the density of states (DOS) of either the tip (t) or the sample (s), Er
is the Fermi energy and eV is the bias voltage. A high signal in the dI/dV spectrum indicates a
larger amount of electrons tunneling at that energy, which means a higher LDOS as it is measured
at one point of the sample. This includes the DOS of the tip and the DOS of the sample. A
spectrum taken on the substrate will therefore always be influenced by the DOS of the tip. When
a different material is deposited on the substrate it is possible to remove both the DOS of the
tip as well as the DOS of the substrate and only measure the DOS of the adsorbate. By dividing
the spectrum taken on the adsorbate by the spectrum taken on the crystal surface, the spectrum
that remains is only the DOS of adsorbate . An important requirement for this to work is
that the tip isn’t changed in any way when both spectra are recorded. This technique is very
useful when one is looking at specific points in artificial lattices and therefore the benchmark
experiments on STS shall be important to see if the STM works as desired and the spectra taken
can be trusted in further research.

3.3 Atomic manipulation using scanning tunneling microscopy

In 1990, Eigler showed that it was possible to manipulate individual atoms the surface of a
substrate using an STM. He did this by recreating the name of the company he was employed
by, IBM. 3 years later Eigler teamed up with Crommie from the university of Berkeley and showed
that the manipulation of atoms using STM was not just a fun trick but was actually useful for
the scientific world. They built a quantum coral by placing Fe atoms in a ring on Cu(111)
and in the process showed that surface state electrons of the Cu(111) could be confined.
This has been used and refined ever since and is for example used by Gomes et al. as well as
Slot et al. EI] to create artificial lattices and is called lateral manipulation, but this is not
the only method of manipulating atoms using an STM tip. It is also possible to do vertical
manipulation, using this method one approaches the tip of the STM to the atom or molecule



one wants to manipulate and lifts this particle of the surface. After one moves the tip and
particle to the desired location one approaches the surface with the tip and drops the particle
back on the surface [22] [23]. In this research this method is not used because of two issues.
First of all, it is very difficult to reproducibly pick up one particle and place it back on the
surface with high accuracy. Secondly it is hard to detach the particle from the tip after the
manipulation is completed. Lateral manipulation employs a somewhat similar technique, the tip
of the STM is approached to the adatom but instead of lifting the particle, the tip approaches the
adparticle and while maintaining the close distance moves over the surface dragging or pushing
the particle along as shown in figure [8] To approach the tip to the surface the bias voltage is
decreased and the tunneling current is increased. Meyer et al. [24] already reported in 1997,
using the lateral manipulation method, settings for manipulating CO molecules and Pb atoms
on a Cu(211) surface at temperatures of 15 to 80K . For the manipulation of Pb atoms they used
a resistance of 400 - 600 k2. To put this in context this is compared with the values of the paper
of Slot et al. [10]. in which they manipulate CO on a Cu(111) crystal. The parameters used in
that paper are 10mV for the bias voltage and 40n A for the setpoint current. Using R = % with
R the resistance, U the bias voltage and I the tunnel current, the resistance is calculated to be
250 k€2. In this research the temperature is 4.5K, thus taking this difference in temperature into
account it was decided to initially use the 250 k€2 settings for manipulating CO molecules on
Cu(111) and on Pb(100). If manipulation turns out to be unsuccessful the current, and therefore
the resistance, shall be increased.

e o

Figure 3: Schematic representation of lateral manipulation using a Scanning Tunneling Micro-
scope. Cu atoms of the substrate are shown in yellow, the black atoms represent carbon atoms
and oxygen atoms are shown in red [25].



4 Results and discussion

In order to investigate whether the machine is working in such a way that the results can
be trusted, it is necessary to do a set of benchmark experiments. These experiments will be
described in this section and involve noise reduction, taking images with atomic resolution and
taking spectra on copper and lead. These benchmark experiments will be compared with known
literature and with the previous knowledge of the group, to investigate whether the results match
and further results can be trusted. The exact methods and settings in order to achieve these
results in the benchmark experiments and therefore the methods on how to use the machine for
new research have been documented in a manual. This manual was written largely by the author
and a digital copy is available upon request. The software used for the manual is OneNote as this
is a convenient program which can be used whilst operating the Sigma Surface Science POLAR
STM. This program does not convert well to I4TEXand is therefore not included as copy in the
supplementary information.

4.1 Crystal preparation

When starting experiments in an STM, whether used or new, is to clean the crystal one is going
to investigate. In this case a Cu(111) and Pb(100) were used to investigate the capabilities of
the POLAR. Cu(111) has been investigated by many groups and therefore the procedure for
this is well known. The crystals were ordered from Surface Preparation Laboratory (SPL) and
then placed into the vacuum. It does not require any additional cleaning steps before inserting
the sample into the vacuum. The Cu(111) crystal is cleaned by annealing and sputtering steps.
The annealing step is to ensure that the surface smooths out by heating up the crystal and the
sputtering steps are to clean particles off the surface by means of shooting ions at the crystal.
The exact settings are different per microscope, for this machine and crystal we have decided
to anneal it to 600C° for 5 minutes. This is alternated with 15 minute sputter sessions using
8.5 % 10 %mbar (2 x 10~ %mbar base pressure) of argon which is ionized and accelerated towards
the Cu(111) crystal with 3kV and 10mA. These two steps are alternated for at least 3 cycles
to clean the crystal. The last sputter step is done at 1kV instead of 3kV/, this gives less energy
to the ions. The last anneal step is only heated to 550C°. By keeping the temperature lower,
defects from deeper within the crystal do not surface thus leaving a cleaner surface with less
defects. Cleaning a Pb(100) crystal is less trivial, which is one of the reasons why Pb(100) is not
used as much for research. The biggest problem with lead is that it is a much softer crystal than
for example copper. A cleaning procedure using acetic acid and aceton, before putting it in the
vacuum of the STM, was experimented with before with little success. [26] A cleaning procedure
using only sputtering with Ar ions and annealing was decided upon. The settings to do this were
changed, with respect to the cleaning procedure of Cu(111), as the Ar ions could damage the
crystal structure of the Pb(100) due to the softness of the crystal. The melting point of lead is
also lower than the melting point of copper thus the annealing temperature was adjusted. We
chose to anneal to 200C° and sputter with 0.75kV and 10mA for 30 minutes. Since lead is also
much more reactive than copper the decision was made to clean the crystal for multiple days.
This resulted in more than 20 cycles of sputtering and annealing. As will be later shown, this
was proven to be effective. If the crystals come from ambient conditions and are prepared for the
first time the procedure has to be repeated multiple times as there is more dirt on the crystal.
Once they have been cleaned it is easier to remove the dirt and irregularities. It was decided
that the Cu crystal would only need one or two cycles to be cleaned and the Pb crystal would
need about five cycles.
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4.2 Noise reduction

A clean crystal is a good start however this does not mean that one can immediately make nice
STM pictures. Two factors are very important to make good STM pictures, the first is a sharp
tip and the second factor is low noise levels. The first factor is a problem that has haunted the
STM community for years, there does not seem to be a good procedure to get a reliable tip. For
now the way to sharpen a tip is to either apply a quick bias pulse through the tip or poke the tip a
couple of nanometres into the surface. Some have tried to quantify how a certain tip sharpening
procedure changes the tip but this is still debatable. [27] In contrast, reducing noise levels is not
difficult but it is very important. Every little vibration coming from pumps, electronics and all
other sources can be isolated and one can think of a solution to remove these noises.

First step in noise reduction is to distinguish which kind of frequencies are interrupting with
the signal of the STM. We scan in single point mode, which means the tip is not scanning across
the sample but instead is hovering stationary at one point maintaining the reference feedback
current. This way all the vibrations the tip ”feels” come from outside noise. The integrated
oscilloscope is now used to identify the different frequencies and one can identify where they
come from by changing one thing on the machine and doing the same single point measurement
again. The changes that can be made are for example, turning off attached electronics like the
helium depth indicator, or grounding certain contacts. The vibrations measured are not directly
relatable when looking at the oscilloscope, however the built-in oscilloscope has the option to
perform a Fourier transform of the signal and with that transform the signal into a frequency
measured in hertz.

Figure [4h and [@b show a cropped version of the built-in oscilloscope and the Fourier trans-
formed signal. In black the signal of the height trace is shown and in red the signal of the current.
We have focused on the red signal for the noise reduction measurement but it should be very
similar when looking at the black height noise signal. In figure[4h a peak is shown and the cursor
(black vertical line) is placed on top of the peak to determine the frequency and amplitude of
this noise. In the bottom right corner the frequency in hertz is shown to be 389.4Hz, in the
bottom left the amplitude for the height trace is shown, which is 16nm and right of that is the
amplitude of the current noise and this is 6.325nA. Normal settings to scan are a reference cur-
rent of 1nA and therefore a noise of 6.325n A will significantly alter the signal and measurements
taken with this noise are not reliable. The source of this noise was the lock-in amplifier for doing
STS, the lock-in amplifier applies voltage amplitude with a certain frequency to the tip for the
measurements. The oscilloscope can be turned off in the software, eliminating this noise from
the measurement. In figure [@p the source of the noise was removed and the signal seems much
noisier, this is because of scaling. Scaling changes the size of the y-axis in the built-in oscilloscope
in order to visualize the smaller noise signals. This signal changes with every measurement as
the noise that is left does not have a specific frequency but rather a broad range of frequencies.
These are mostly due to natural vibrations of the tip and machine and these can not be elimin-
ated. The numbers in the bottom left show the amplitude of the noise at the marker, 1.170pm
and 636.3f A for the topo and current respectively. This is a much lower level and shall therefore
interfere significantly less with the measurements. In table [I] the noise created by the lock-in
amplifier, has not been implemented as the frequency changes depending on the value you enter
in the SXM software. Table [1| shows the different frequencies found using this procedure with
the POLAR UHV STM and the solutions to reduce or eliminate the noise.

11
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Figure 4: Cropped image of the Fourier transform of the signal shown in the built-in oscilloscope
of the SXM software, (a) A peak is visible at 389.4H z, created by the lock-in amplifier. (b) The
source of the noise has been eliminated reducing the noise level.

Table 1: Noise identification, using the Fourier transform of the signal, and solutions for noise

reduction

Frequency (Hz) | Determined source Solution
1-10 Natural movement of the building Actlve vibration dampening feet
installed
50 Helium depth indicator Turned off He depth indicator
50 & 300 Oil pump for CO line Turned off pump
68 & 136 Stage not released properly Raised the measuring head
80 Turbo pump Turned off turbo pump
Pi filter attached at temperature
100 Temperature controller controller feed-through
Leaking in from the computer via
SUkHz the bias voltage feed-through SUkHz filter attached
. Leaking in from the computer and . .
Other high fre- .| Changed to cable with ferrite cores
- stepper motor through electronic and turned off stepper moto
quency noise feed-throughs nd turn pper motor

The first and most prominent frequency, or rather range of frequencies, are the 1 to 10Hz
frequencies corresponding to the natural movement of the building. When such a sensitive
machine is placed in a quite old building movement of the building will always be a problem as
it was not built for low noise experimentation. Ideally an STM is placed in a building with a
floor disconnected from the rest of the building. Before the installation of the POLAR STM it
was already known that a separate floor would not be possible and to limit the noise from the
building a different solution was found. Active vibration dampening feet were installed beneath
the machine to reduce the vibrations caused by the building. Active vibration dampening works
just like noise canceling headphones, they measure the frequency of the noise and produce a
counter signal to dampen the noise. In this case three of these feet were installed to dampen the
noise as much as possible. In figure [1| these feet are visible beneath the entire system as three
black boxes. The second source of noise was discovered to be the helium depth indicator with a
frequency of 50H z. By simply turning off the indicator the noise disappeared, since the rate of
evaporation was monitored over the course of a couple of months it was shown that this matches
the 1 litre per day evaporation rate predicted by Sigma Surface Science. Using this knowledge
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the helium depth indicator can be turned off during use and only be turned on shortly in the
morning to check if there isn’t any abnormal change in the evaporation rate.

Multiple different frequencies originated from two turbo pumps used to create and maintain
the UHV in the microscope. One additional oil pump is used to flush the carbon monoxide
line if needed. All of these pumps are usually not in use when doing experiments. The 68 and
136 H z noise problems were quite prominent throughout a couple of measurements on multiple
different days. The measuring head was not lifted properly into the cryostat and was therefore
in contact with the bottom of the cryostat. When the measuring head is lifted properly it hangs
in springs which dampen vibrations in the microscope. Not lifting the measuring head was a
fault of the researchers, however it is important to know what kind of frequency is present in the
system when such a mistake is made. For future reference if these frequencies are measured again
whereas the stage was lifted properly this could mean a problem with the lifting mechanism.

The temperature controller used on the POLAR STM also caused vibrations in the measure-
ments. 100H z noise leaked in via the electronics cable connecting the STM to the temperature
controller. A filter was installed between the cable and the feed-through at the microscope to
filter out low frequency noise coming from the controller. Disconnecting the temperature con-
troller would also suffice however this would mean connecting and disconnecting the cable on a
daily basis and this might cause wear to the connection.

High frequency noise is difficult to investigate as it isn’t shown in the built-in oscilloscope and
is therefore taken care of by the developer before installing the microscope. Unfortunately it is
always possible for the developer to miss one or two of these frequencies. This is not a problem
for the normal scanning mode, however it is possible that this kind of noise has a negative
effect on spectra taken with STS. These problems presented itself while trying to measure the
superconducting gap of the Pb(100) crystal, which shall be discussed later in the report. An
employee from Sigma Surface Science helped to investigate the sources of the high frequency
noise and together, solutions to the problem were found. The first source turned out to be the
stepper motor which is used to move the manipulator arm, this is easily fixed by turning off
the stepper motor when taking spectra. The second source was found to be coming from the
computer and leaking in via the cable of the bias voltage. Two solutions were found to effectively
dampen this noise. The cable was exchanged for a cable with ferrite cores attached to it, and an
additional high frequency filter was attached at the feed-through.

After the reduction of the noise it was possible to take a single point measurement with a
noise level of 0.2pm peak to peak shown in figurds] A dY is shown of 78.90 fm per segment, the
blue measurement has the largest peak to peak distance and is therefore the noisiest. We can
now calculate the peak to peak noise level: 2.5%78.90 =~ 200 fm or 0.2pm was reached after noise
reduction. This is a level which will not significantly interfere with any measurements. To give
an indication, the imaged size of a Cu molecule in the Cu(111) lattice, in the STM, is 255pm.
Therefore the noise level is 0.1% of a Cu atom.

3¢ = 78.90fm | Min = -195 Sfm: Max = 199 1fm

Figure 5: Single point measurement after reducing all the noise. Every line represents a single
point measurement and therefore the peak to peak distance of the blue line is 0.2pm

13



4.3 Atomic resolution

After the crystals are clean and flat, and the noise level is as low as possible, atomic resolution
images of the crystal can be taken. The reason to investigate atomic resolution images of a crystal
is to determine the angle of the crystal. Every crystal is placed differently onto the sample plate
and therefore the exact angles for the closed packed rows of the crystal are different per sample.
It is useful to know this angle in order to correct for this while building a lattice. This correction
can be done in the software in order to determine the exact locations where the adparticles
should go. This is especially useful since it is usually not possible to have atomic resolution
while also scanning particles on the surface due to a limit in resolution. Figure [6h shows the
atomic resolution of a Cu(111) crystal including the crystal structure inserted. From this image
the angle of the closed packed row of the Cu(111) was determined to be 23.5 degrees. Figure
@b shows the Pb(100) crystal, in which the close packed row is nearly level with the horizontal
line of the scan window. An interesting addition of the image of the Pb(100) crystal is the step
edge on the right hand side of figure [Bb. The atoms on the far right of the image are one layer
lower than the atoms on the left, in an STM image this is visible as a darker colour tone. Lastly
in figure [B and d a monolayer of CO molecules is shown. This monolayer was deposited on a
Cu(111) crystal and was part of an experiment to deposit carbon monoxide molecules on the
crystal surface as will be explained in more detail in the next section.
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Figure 6: Atomic resolution images of (a) Cu(111) and (b) Pb(100) with inserts of a schematic
atomic lattice. (¢) CO monolayer on top of a Cu(111) surface. (d) Zoom in of the CO monolayer
revealing the hexagonal phase.
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4.4 Atomic Manipulation

The noise levels have been reduced and the crystals are clean, the next step to take to ensure
that the machine is fully functional for our upcoming research is atomic/molecular manipulations.
The first thing to do is evaporate carbon monoxide onto the crystal, with which the lattices will
be build. For still unknown reasons CO shows up as a depression on the Cu(111) surface. On,
for example, Au(111) it shows up as a protrusion. [28] The multiple shields around the cryostat,
that make sure the holding time for the helium is ten days, are aligned such that there is a line of
sight to the crystal from the leak valve. As the chamber is at room temperature and the crystal
is at roughly 4.5K, the crystal (and measuring head) will act as a cryo-pump ensuring that the
CO will indeed end up at the crystal. In a new microscope the exact settings of how much
CO should be evaporated in the SPM chamber to get a certain coverage is unknown, therefore
this is a trial and error situation. One of the first attempts, using a pressure of 3 * 10~Smbar
(6 * 10~ %mbar base pressure) for 60 seconds, showed a coverage shown in the previous section
in figure |§|c This was determined by Wortmann et al. [29] as a CO monolayer on copper, visible
by the hexagonal structure As it is impossible to manipulate individual CO molecules this way,
therefore the procedure to evaporate CO should be adjusted to get a lower coverage on the
Cu(111) crystal. The pressure was adjusted to 1% 10~8mbar for 90 seconds and a lower coverage
of CO molecules was achieved, as shown in figure [Th. Individual molecules are visible and the
monolayer has been removed. Depending on the lattice one wants to build one can opt to deposit
more CO. A higher coverage is preferable as one does not have to move hundreds of nanometres
to collect the amount of molecules necessary. The difficulty with determining the dosage of CO
on the crystal as a function the pressure is that the exact pressure when leaking in CO is not the
only variable. The difference between the base pressure and the pressure when leaking in CO is
more important. When the base pressure is already in the 10™?mbar range the coverage will be
less than when the base pressure is in the 1071%mbar range.

The software window shown in figure is the lateral manipulations window of the SXM
software used for this STM. The development of this part of the software was finished September
2018. In this window settings can be changed which make it possible to execute lateral manip-
ulations. The first important setting is the speed at which the tip moves. The usual speed of
the tip while scanning is about 10-20 nanometres per second. While doing manipulations it is
imperative that the tip moves slower, a speed in the order of 1nm/s has turned out to work for
this microscope. Moving the tip too fast can result in the detachment of the adatom halfway
through the manipulation, or the tip just moves over the molecule and does not drag it along
at all. Without the option in the manipulation tool to change the speed, one would have to
manually change the speed of the tip after every manipulation which takes too much time for
efficient building of lattices. The next setting in this window of interest is the possibility to add a
confirmation trace after the manipulation. This can be used to confirm if the manipulation was
successful or not. To do this the tip goes back to it’s original scanning settings and retraces the
manipulation line and shows the height difference of the trace. As the CO molecule shows up as a
depression the height trace shows a dip at the location of the CO and thus if the CO has moved,
the dip should be visible at the end of the trace. The last important settings shown in figure
is the possibility to set the current and voltage setpoints and as mentioned before in section |3.3
changing these settings are necessary to approach the particle with the tip. For manipulations
of CO on Cu(111) the same parameters are used as in the paper of Slot et al. [10]: 40nA and
20mV . The settings for manipulating adparticles on Pb(100) will have to be discovered via trial
and error as nobody has reported on this before. The settings that will be used in the beginning
of the experiments will be the same as the ones for manipulating CO on Cu(111) and from there
on adjustments can be made if necessary.
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Figure 7: (a) CO molecules on a Cu(111) surface shown as black dots, with a decent coverage
for building artificial lattices. (b) Lateral manipulation window of SXM software with options
to change the speed of the tip, the setpoints, a delay and the possibility to visualize up to 6
channels.

Figure [§] shows a height trace of a successful manipulation. On the x-axis it shows the
amount of points set in the software which can be converted to distance if desired. This is not
necessary in building of lattices as we are generally only interested in the result and not in the
manipulation itself per-se. The y-axis shows the height of the tip. This trace does supply valuable
information, the 7 peaks shown in the trace mean that the tip has sudden "hops” pretty much
at similar distances. These "hops” have been determined to be the CO molecule under the tip
hopping from top site to top site of copper atoms in the crystal. Before the scan has crossed the
location again with the confirmation scan it is possible to tell if the manipulation was successful,
this is not the most reliable tool but it can help speed things up when building a lattice, as the
confirmation trace takes time.

The first successful manipulations that created a diamond shaped structure that was built, in
the POLAR STV, is shown in figure[0h. This is a lattice build using CO molecules on top of the
Cu(111) crystal. An interesting observation is that all of the CO molecules which are normally
imaged as a black dot now have a bright spot in the middle. This was shown to be a CO molecule
on the tip by Bartels et al. and it got attached on the tip during a manipulation attempt.
This shows a drawback of atomic manipulation, getting a CO molecule stuck on your tip is a
problem as it is virtually impossible to manipulate with a CO on the tip. Luckily this does not
occur that often and it is easy to remove the CO molecule from the tip using a bias pulse. The
creation of this lattice shows that atomic manipulations work and the settings reported in this
section can be used in upcoming research. No further building was conducted as the tip changed
after this image was taken but this is a proof of concept that the manipulation of CO molecules
on a Cu(111) crystal works in this UHV SPM.

Investigations were conducted on Pb(100), because this material has not been the subject
of much research. The reason is that lead is a very soft metal and it was hypothesized that
manipulations on lead are impossible. CO was evaporated onto the crystal using the same
settings as the evaporation on copper and particles were seen on the surface. Interestingly these
particles are shown in the scan as protrusions instead of depressions, as on Cu(111). On Au(111)
they are also shown as protrusions so this is not an anomaly. Manipulations were attempted
using the same current and voltage settings but the tip crashed often, thus the current was
lowered from 40nA to 20nA. Manipulations were working better for the lower current setting,
the tip did not crash anymore. The drawback of a 20n A setting for the current is that only 10% of
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Figure 8: Height trace of the tip during a successful manipulation of a CO molecule on Cu(111)
over roughly 2nm

the manipulation attempts was successful. In figure[9p and figure O a successful manipulation on
Pb(100) is shown. The letter U was created after manipulating 7 separate particles were moved
into place. In these pictures a couple of features can be seen which are of interest. Firstly at the
bottom left of the U a black spot can be seen, this is a vacancy in the Pb crystal lattice. Where
this atom has gone is uncertain but it could be that it is one of the particles in the U. This is
an indication that the particles might not all be CO molecules. The second interesting feature is
the shadow next to some of the particles, it is especially visible near the top two particles of the
U. These shadows sometimes appear after a successful manipulation, it seems that the crystal
lattice beneath the particles that are manipulated adjusts slightly. This coincides with the fact
that sometimes atoms in the substrate, get pushed or pulled out of the crystal surface.

As there is controversy about the identity of the particles, it was decided to evaporate more
CO onto the crystal to investigate the coverage. Even while evaporating at a pressure of 3 %
10~%mbar (6 * 1071%mbar base pressure) for 1 minute, the same which led to a CO monolayer
on Cu(111), a similar coverage of adparticles was found on Pb(100) after evaporating with the
same pressures for 10 seconds. This is a strong indication that the particles on the surface of the
Pb crystal are Pb adatoms and not CO molecules. To confirm this hypothesis a DFT simulation
was run for CO molecules on Pb(100) and Pb(110). The results are shown in figure In both
simulations CO does not bind to Pb(100) or Pb(110) at all, which confirms the hypothesis that
the adparticles are Pb adatoms and that manipulation of Pb adatoms is possible on a Pb(100)
surface. Further research shall most likely not be conducted on Pb(100) as building a lattice will
be difficult with the problems discussed previously.
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Figure 9: (a) Lattice built of CO molecules on a Cu(111) crystal, imaged using a CO tip. (b)
Manipulation attempt of an adparticle on a Pb(100) crystal in the direction of the arrow. A
vacancy in the crystal lattice is visible left of the U. Next to most adparticles shadows can be
seen related to distortions in the crystal lattice. (¢) Successful manipulation of an adparticle on
Pb(100)

a ¢1.84nm b
I 4.01nm

o 0%
a‘o"s @ 0.0

Figure 10: Screenshots of the simulation of CO on Pb(100) with Cu, C and O atoms showing
in black, white and red respectively. Left: Initial starting settings with the C-Cu distance at
1.84nm, these settings are the stabilized settings for a CO molecule on Cu(111). Right: After
the simulation has ran the CO molecule moved away from the Cu crystal surface
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4.5 Spectroscopy measurements

Hormandinger showed in 1994 that Cu(111) has a surface state around —450mV and that this sur-
face state can be visualized using STS. [g]. Figure shows the dI/dV spectrum Hormandinger
measured using STS. The research of Hormandinger was repeated on the POLAR STM and the
result is shown in figure [[Ip. A sharp rise is visible in both spectra around —450mV which
corresponds to the surface state. There are some small differences when comparing the spectrum
taken by Hormandinger and the spectrum taken on the POLAR STM. The reason for these small
differences in the spectrum is that, as mentioned in section[3.2] STS is a technique that measures
the LDOS of both the tip and sample, so every spectrum will be slightly different depending
on the material and shape of the tip. A couple of conclusions were drawn from this benchmark
experiment. Firstly it was confirmed that the remaining noise does not have a large effect on the
spectrum. Secondly the settings used to measure this dI/dV spectrum are correct for spectra
in this voltage range. Meaning that if a lattice has been built and spectra are taken around
this energy range they can be used to get decent spectra. The settings which were investigated
include the settings for the lock-in amplifier, delays and acquisition time. All of these settings
for doing STS spectra in the range of —1 to 1V can be found in the manual.
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Figure 11: A surface state on Cu(111). (a) dI/dV taken with ST'S on Cu(111) showing a peak
at —450mV, measured by Hormandinger et al. [8]. (b) dI/dV taken on Cu(111) on the POLAR
STM showing a similar spectrum as (a). The red curve is a fitted curve to the data points and
the blue curve is a smoothed fit.

We want to conduct experiments on lead and therefore it is important to do benchmark
experiments on clean Pb as well. In 1994 Wurde et al. [31] theoretically showed the band
structures of Pb (100) and Pb(110) and he showed that the surface states are very close to the
bulk states and not in a range which is properly measurable with STS. There is, however, another
feature in the band structure of lead which is of interest. This is a gap of a couple of mV around
0V, called the superconducting gap. The origin of this gap is that two electrons form a Cooper
pair and the energy gain from this formation is the gap near the Fermi energy. |[32] The formation
of a Cooper pair state of the electrons is the origin of superconductivity. This discovery and the
theory behind it led to the Nobel prize in physics for John Bardeen, Leon Cooper and John
Schrieffer. [32] [33]

Since the energy of this gap is so small, any noise might interrupt the possibility to visualize
the superconducting gap in STS experiments. This is where the high frequency noise mentioned in
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the noise reduction section comes into play. While this noise was present the superconducting
gap is not visible as shown in figure [[2h. After the high frequency noises were quenched using a
filter and a cable with ferrite cores, the gap could be observed, shown in figure[I2b and [I2b. The
centre of the SC gap shown in figure [I2p is not located at the 0V point, there could be multiple
reasons for this. It is possible that the calibration was slightly off during the measurement, or
that the tip had some instability while taking this measurement. At an earlier moment, while
installing the filter and ferrite core cable, a dI/dV spectrum was recorded with the location of the
SC gap indeed around the Fermi energy. This spectrum is shown in figure [I2k. This spectrum
was taken by Albrecht Feltz from Sigma Surface Science on the POLAR STM in Utrecht. The
width of the SC gap in figure and were determined to be 6mV which corresponds
to literature. From these benchmark experiments it can be concluded that STS works as
expected and the high frequency noise is reduced enough to do very sensitive measurements.
The correct settings for different spectra were written down in the manual.
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Figure 12: (a,b,c) dI/dV spectrum taken on Pb(100) at the voltage range at which a supercon-
ducting gap is expected. (a) Due to high frequency noise the SC gap is not visible. (b) After
reducing the high frequency noise, a superconducting gap of 6mV is visible, however not at the
OV point. (c) Same spectrum as (b),except the correct location of the SC gap is shown. This
spectrum was taken by Albrecht Feltz.

21



5 Summary and Conclusion

In this report it was shown what is needed to create a working STM machine and which possible
problems one might encounter while operating this machine. In order to make the POLAR STM
fully operational we reduced the noise level to 2pm peak to peak. We identified the frequencies
of the noise on the built-in oscilloscope and one by one found solutions to reduce the noise.
We used filters, noise dampening feet and ferrite core cables to reduce the noise level. After
the noise was reduced, we showed that it is possible to clean both Cu(111) and Pb(100) with
annealing and sputtering with argon ions and that atomic resolution images can be taken of
the clean crystals. We also showed that it is possible to do Scanning Tunneling Spectroscopy
on Cu(111) and Pb(100). We showed it was possible to visualize the surface state of Cu(111)
and the superconducting gap of Pb(100). From these spectra is was concluded that the high
frequency noise was reduced and did not interfere with the measurement. CO molecules were
evaporated on a Cu(111) crystal and we showed manipulation of these molecules. Lastly we
showed that atomic manipulation was also possible with Pb adatoms on the Pb(100) surface and
that CO molecules do not adsorb to the lead crystal surface. From this result we concluded that
Pb(100) is an unsuitable crystal for creating artificial lattices of CO on the surface.

6 Outlook

Due to currently running, unpublished, research this part of the thesis has been removed.
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