
Towards Scanning Tunneling Microscopy in a Dry Dilution
Refrigerator
Stallen, Martijn

Citation
Stallen, M. (2023). Towards Scanning Tunneling Microscopy in a Dry Dilution Refrigerator.
 
Version: Not Applicable (or Unknown)

License: License to inclusion and publication of a Bachelor or Master Thesis,
2023

Downloaded from: https://hdl.handle.net/1887/3630918
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:7
https://hdl.handle.net/1887/license:7
https://hdl.handle.net/1887/3630918


Towards Scanning Tunneling
Microscopy in a Dry Dilution

Refrigerator

THESIS

submitted in partial fulfillment of the
requirements for the degree of

BACHELOR OF SCIENCE
in

PHYSICS

Author : M. J. J. Stallen
Student ID : s2966670
Supervisor : Prof.dr.ir. T. H. Oosterkamp

K. van Deelen MSc
Second corrector : Prof.dr. J. M. van Ruitenbeek

Leiden, The Netherlands, July 7, 2023





Towards Scanning Tunneling
Microscopy in a Dry Dilution

Refrigerator

M. J. J. Stallen

Huygens-Kamerlingh Onnes Laboratory, Leiden University
P.O. Box 9500, 2300 RA Leiden, The Netherlands

July 7, 2023

Abstract

Scanning Tunneling Microscopy (STM) is a technique that allows its user
to make scans of the surface topography of a sample. Via a capacitive ap-
proach, a tip is brought in close proximity to the sample, by which eventu-
ally a tunneling current is measured that is used to obtain a scan. It can be
interesting to do STM experiments at extremely low temperatures (< 4 K),
which can be done by placing an STM into a dilution refrigerator. It is dif-
ficult to do so in a dry dilution refrigerator, because of the pulse tube sys-
tem that brings lots of mechanical vibrations. This research shows the per-
formance of the newly developed ‘PAN-motor’ and ‘linear cryo-walkers’,
two new types of motors for STM-approaches at extremely low temper-
atures. The cryo-walkers in particular have allowed for a full approach
at millikelvin temperatures due to its low heat dissipation, whereas this
approach normally has to be done above 4 K. By realizing dry dilution re-
frigerator STM, more research at millikelvin temperatures would be made
possible, due to these dry dilution refrigerators being closed systems, al-
lowing for time-unlimited measurements. This advancement could allow
for experiments with low Tc superconductors, or shot noise experiments
with the new Multi-LC circuit, that has shown to enable the measurement
of shot noise with a total measuring time of τ ≈ 98 h.
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Chapter 1
Introduction

In 1983, Gerd Binnig and Heinrich Rohrer had a paper published on their
realization of Scanning Tunneling Microscopy (STM) [1], for which they
would receive the Nobel Prize for Physics in 1986 [2]. This new, revolu-
tionary technology would yield a new way of mapping surface topogra-
phies. Ever since its discovery, STM has been used in numerous fields [3–
5] and is still a very active topic of research in physics [6–8].

Another field in which STM can be used, is the study of materials at
extremely low temperatures (below 4 K). To reach these temperatures, an
STM can be placed within a wet dilution refrigerator [9, 10] or, while less
common, a dry dilution refrigerator [11]. Under these cryogenic condi-
tions, it is possible to measure shot noise in an STM, which has previously
been used to study the nature of charge transport in superconductors [7].
In the Oosterkamp Group at Leiden University, we aim to enable shot
noise measurements at multiple frequencies in the MHz regime by use of
the so-called ‘Multi-LC’ circuit, that uses a combination of LC-resonators
and a SQUID. These measurements can in the future be achieved by work-
ing at millikelvin temperatures with an STM connected to the Multi-LC
circuit.

For this project, the performance at sub-kelvin temperatures of two
STM’s is tested, differing from each other by the type of motor respon-
sible for tip movement. The probehead STM (PH-STM) makes use of
six slip-stick piezo actuators in a configuration called ‘the PAN-motor’,
whereas the Basic STM uses newly designed ‘linear cryo-walkers’. Both
STM’s have been developed by Leiden Probe Microscopy (LPM). To test
these at extremely low temperatures, they were placed in the Marshmallow
cryostat of the Oosterkamp Group. The Marshmallow is a dry dilution re-
frigerator, designed by Leiden Cryogenics, which has been customized to
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8 Introduction

have a great vibration isolation system (VIS). Early work on the VIS was
presented by den Haan et al. in 2014 on the Olaf cryostat, and in more re-
cent work the VIS in Marshmallow has allowed for MRFM measurements
at a sub-femtonewton scale [12].

By achieving dry dilution fridge STM, a great new milestone would
be reached. Firstly, dry dilution refrigerators lack the need for a constant
input of cryogenic fluids, being a closed system, which is a clear advan-
tage over wet dilution refrigerators, that do require such constant input.
This requirement limits the time of experiments to the available amount
of liquid He, whereas a dry dilution refrigerator could theoretically run
forever. One disadvantage is the large amount of vibrational noise intro-
duced by the pulse tube. The effects of these vibrations on experiments
can be alleviated, by hanging the experiments on long, rigid springs.

Secondly, if the tested STM’s show low enough heat dissipation, they
could enable STM experiments at sub-100mK temperatures, which would
allow for the study of extremely low temperature Tc superconductors like
tungsten (∼15mK) [13] and iridium (∼112 mK) [14]. The aforementioned
shot noise measurements would be easier under these conditions, as the
amount of thermal noise is greatly reduced in comparison to other shot
noise measurements at temperatures of 4 K and upwards [7]. Another ex-
ample is the use of a superconducting STM-tip to perform Scanning Tun-
neling Spectroscopy (STS), which is greatly facilitated by the extremely
low temperatures.

This thesis shall discuss the performed experiments and its implica-
tions. Whilst the performance of the PH-STM’s slip-stick actuators has
been tested at RT as well (Ch. 4), both the PH-STM and Basic STM were
placed in a dilution refrigerator to test for their performance (Ch. 5 &
6). At extremely low temperatures, the capacitance of the piezoelectric
elements in the motors can decrease drastically, possibly preventing all
movement. This movement was tested for via performing capacitive ap-
proaches, as proposed by de Voogd et al. [15]. An attempt at making scans
with both STM’s has also been made (Ch. 4, 5 & 6). Finally, a study on the
usability of the mentioned Multi-LC circuit for shot noise measurements
has been performed (Ch. 7).

8
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Chapter 2
Theory

Within this first chapter, theory relevant for the project shall be discussed.
This includes some general considerations on the Scanning Tunneling Mi-
croscope (STM) - what conditions an STM-tip and sample should abide
to, and theory regarding piezoelectric elements - followed by theory rel-
evant to the STM-circuit. The chapter shall be rounded off with a short
discussion on cryostats.

2.1 Scanning Tunneling Microscope

With the invention of STM, a new branch of microscopy took shape that
focuses on the formation of images of surface structures using a physical
scanning probe. In STM, a tip is brought very close (generally tens of mi-
crometers) to a sample by use of a motor, after which a voltage is set on
said sample. Due to the fact that the tip and sample are not in contact
with each other, they form a finite potential well, causing a tunneling cur-
rent to flow. Subsequently, the tunneling current is amplified (as the order
of magnitude of the current is ∼1 nA) and converted to a voltage using
an I/V-converter. The tunneling current can be related to the distance s
between tip and sample, given a DC sample bias Vbias, through [16]

ITC ∝ Vbias · e−2κs (2.1)

where κ is a decay constant, that is dependent on the effective tunneling
barrier height. After a tunneling current is measured, a feedback system is
initiated to keep the current at a constant level, after which a piezoelectric
tube scanner will perform a scan. Since the magnitude of the current is
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10 Theory

related to the distance between tip and sample, relative distances can be
mapped by use of the voltage that is sent to stay in constant current.

Figure 2.1: Schematic overview of an STM-setup. [17].

2.1.1 STM-Tip

A first part of the setup to delve into more deeply is the STM-tip, as there
are a few requirements that such a tip should adhere to. These involve
both the shape of the tip as the material that is chosen.

The material that a tip is made out of should abide by two condi-
tions [18]. Firstly, the material should be a free-electron metal. Secondly,
the material should have a DOS that is as flat as possible, as is shown by
the Tersoff-Hamann model [19, 20].

Ideally, one wants the tip to be as sharp as possible, such that the apex
of the tip is of a nanometric scale [18]. Obtaining such a sharp tip is not
realistic in practice, but it is important to strive for it to be as sharp as
possible. When the apex is thicker, a tunneling current will occur over a
larger area, causing a lower spatial resolution.

The preparation of such a tip can be done in multiple ways [21–25].
One example is cutting, where a wire cutter is used at an angle of ∼45◦ to
manually cut a wire into a sharp tip [21]. Another method is DC electro-
chemical etching [22], which will be elaborated upon further in Sec. 3.1.1.
A method can be chosen dependent on the choice of material and environ-
ment in which the tip is used.

10
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2.2 Piezoelectric Elements 11

If an STM setup is placed within a dilution fridge that can cool down
to sub-kelvin temperatures, one can consider to choose a tip material that
is superconducting under these conditions [25]. Once a superconducting
tip is used, one creates an SNN Josephson tunnel-junction between the tip
and sample (or an SNS junction, if the sample is also superconducting). By
performing IV-curve analysis, a method becomes available to see whether
the tip has reached its critical temperature [5].

2.1.2 Sample

When performing tests on STM-instrumentation, sample choice can be-
come somewhat arbitrary, as long as its of good enough quality that it can
actually be used for STM-experiments. In this case, it is the best option
to choose a sample that is easy and forgiving to work with, which comes
with a few requirements that the sample should comply with. Firstly, one
can consider to work with a material that has a well-known and recog-
nizable lattice structure. Secondly, the sample should be approximately
inert, and easy to handle and prepare. Finally, if the sample contains very
steep inhomogeneities, such as grooves or large incisions, it could lead to
problems during scans, which should therefore also be prevented.

It could also be interesting to choose a sample that is superconducting
at low temperatures, when a superconducting material is taken for the
tip [25]. This way, one could turn the STM-junction into an SNS Josephson
junction, which could for example be interesting to examine the non-zero
conductance anomaly in Scanning Tunneling Spectroscopy at extremely
low temperatures [26].

2.2 Piezoelectric Elements

Each STM will contain some kinds of piezoelectric elements: piezoelectric
tube scanners to perform STM scans, sense piezos to measure for tunnel-
ing currents, and sometimes the attenuators responsible for moving the
tip are of a piezoelectric nature.

The principle behind these piezos is the inverse piezoelectric effect: by
applying a voltage V over a side of a rectangular piece of piezoelectric
material, a strain is generated. The normal strain is defined as (analogous
for y and z):

εx ≡ δx
x

(2.2)
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12 Theory

A relation between the applied voltage and generated strain can be for-
mulated via the piezoelectric constant. It is defined as the ratio between
a strain component and a component of the applied electrical field den-
sity [27]. For example:

dzx ≡ εx

Ez
(2.3)

which relates to the voltage via Ez ∝ V.

Figure 2.2: Two-dimensional depiction of the inverse piezoelectric effect. A volt-
age V is applied, which in turn generates a strain in all directions on the piezo-
electric material.

Piezoelectric elements also contain capacitances. It can be taken as
a general rule that the strain also scales with the capacitance, and thus
ε ∝ CV. At cryogenic temperatures, this proportionality can become an
issue [28]. The capacitance of piezos can drastically decrease at such tem-
peratures, meaning that the extension of the piezo will also severely re-
duce. This decrease needs to be taken into account when working with
a piezo in a cryostat; tips can approach and retract at room temperature
(RT), but might not move when the temperature gets too low.

Two simple examples of a piezo used in STM are the lift piezo and
sense piezo. These are both used in STM to provide a small motion in one
direction.

2.2.1 Slip-Stick

The slip-stick motion is a method for the approach that is commonly used
in STM (e.g. [29, 30]). A piezoelectric element is clamped in between the

12
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2.2 Piezoelectric Elements 13

‘fixed world’ and the experiment. The latter two are commonly pulled to-
wards each other by means of a spring, such that tightness can be adjusted.
Once a voltage is set over the piezo, it will experience a strain, which in
turn exerts a driving force Fd on the experiment. There is also a frictional
force Fw exerted on the experiment. Once Fd > Fw for a certain strain, the
experiment will ‘slip’ away, whereas if Fd ≤ Fw, the experiment will ‘stick’
in place. Since slip-stick involves much friction, it should be noted that a
lot of heat dissipation comes along with it.

Consider using a trapezoidal wave as the pulse driving the piezo. Note
that the slope of trapezoid sides determine the magnitude of the driving
force. In this case, the driving force forward and backward is equal, by
which there will be no net displacement for the experiment. This motion
would be a ‘stick-stick’ or ‘slip-slip’ maneuver. To achieve motion for-
ward, a ‘slip-stick’ maneuver, the pulse needs to be altered such that the
upward slope delivers a driving force Fd > Fw, while the downward slope
exerts a driving force Fd < Fw (other way around for stick-slip).

In a vertical configuration, gravity also plays a role. To move the ex-
periment upwards, the driving force should be Fd > Fw + Fg. On the other
hand, to move the experiment downwards, the driving force should be
Fd > Fw − Fg.

Figure 2.3: Schematic for slip-stick. Due to the strain of a piezo, a driving force Fd
is exerted on the experiment, while a frictional force Fw is exerted in the opposite
direction.

2.2.2 Tube Scanner

To perform scans, many STM’s have a piezoelectric tube scanner. A tube
scanner consists of an inner and outer tube, see also Fig. 2.4. The inner
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14 Theory

tube is connected to the z-voltage, which enables the tube scanner to pro-
vide a strain in the z-direction. The outer tube is divided into 4 quadrants,
two for shear movement in the x-direction (via voltages V+

x and V−
x ), anal-

ogous for the y-direction (via voltages V+
y and V−

y ). These strains provide
the motion required to perform scans with STM. The provided strains de-
pend on these voltages via:

εx ∝ (V+
x − V−

x ) and εy ∝ (V+
y − V−

y ) (2.4)

Figure 2.4: Cross section of a tube scanner, consisting of an inner and outer tube.

2.3 Components of the Electrical Circuit

An STM is part of a larger electronic circuit. This next section shall discuss
some of the other components of such an electrical circuit.

2.3.1 I/V-Converter

Tunneling currents can be expected to be of the order ∼1 nA, which would
require a very sensitive device to detect. Furthermore, it is more conve-
nient to measure a voltage than a current. For these two reasons, ampli-
fication and conversion to a voltage, an I/V-converter is typically imple-
mented into an STM setup. A gain G will be used to denote the amplifica-
tion.

14
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2.3 Components of the Electrical Circuit 15

When a coaxial cable is used for the tunneling current towards the I/V-
converter, the parasitic capacitance can be an issue due to the microphone
effect [31]. The current noise caused by this parasitic capacitance is:

Ic =
dQc

dt
= Cpar

dVc

dt
+ Vc

dCpar

dt
(2.5)

where the subscript c indicates ‘coaxial cable’. The parasitic capacitance
of a coaxial cable is proportional with its length [32]. Considering that
acoustic noise can cause deformations in the coaxial cable, a change in ca-
pacitance can occur, resulting in a current noise. It is therefore very typical
for STM setups to make sure that such a coaxial cable between tip and
I/V-converter is as short as possible [33].

2.3.2 Lock-In Amplifier

Once an STM-tip and sample are in very close proximity of one another,
a tunneling current can be measured. Effectively, the STM-junction can
be considered to be a resistor. However, apart from this resistive compo-
nent to the voltage that originates from the I/V-converter, there is also a
capacitive component that turns out to be useful, as it can be used to per-
form a so-called capacitive approach, as described by de Voogd et al. [15].
This approach uses the capacitance of the STM-junction as a measure of
distance between tip and sample.

The capacitive approach requires a readout of only the capacitive com-
ponent of the voltage, which is the reason why a lock-in amplifier is an
excellent addition to an STM-setup. A useful feature of a capacitor is that
it introduces a phase shift, whereas a resistor introduces no such phase
shift. Some lock-in amplifiers have an auto-lock function that is able to
use this accumulated phase difference to give a separate readout of the
capacitive and resistive component of the signal, which is exactly what is
desired.

Given the out-of-phase component Y, I/V-converter gain G, and lock-
in reference frequency f and AC voltage Vre f , de Voogd poses the follow-
ing formula to find the capacitance of the STM-junction:

C =
Y

2π f GVre f
(2.6)

by which also:

σC = C ·
√
(

σY

Y
)2 + (

σf

f
)2 + (

σVre f

Vre f
)2 (2.7)
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16 Theory

At distances d far from the sample (as seen from the perspective of the tip),
the parasitic capacitance between the tip holder and sample dominates, as
they act as a parallel plate capacitor

C ≈
ϵ0Apar

Lpar + d
(2.8)

with ϵ0 the permittivity of free space, Apar the surface area of the tip holder,
and Lpar the length of the tip outside of its holder (thus Lpar + d is the dis-
tance between the tip holder and sample). When the tip gets closer to the
sample, the shape of the tip apex will start to play a role and eventually
dominate; as the apex is not infinitely thin, it will function as its own par-
allel plate capacitor that will be dominant at a close enough distance from
the sample. To get a reference of what this looks like, see Fig. 2.5.

Figure 2.5: Tip-sample capacitance as simulated and measured by de Voogd et
al. for a Joule Thompson STM (JT-STM) [15]. The blue line represents a lower
boundary parallel plate capacitance between sample and tip-holder. The per-
formed measurements (black) seemed to agree well with the simulations (red).

2.4 Cryostat

There is two different types of dilution refrigerators: ‘wet’ and ‘dry’ ones.
The difference between a wet and dry dilution refrigerators the method
used for precooling. A wet dilution fridge precools by use of cryogenic
fluids; liquid nitrogen at 77 K and a liquid 4He-bath. This method requires
a constant input of 4He, which is time-limiting as the available amount of
cryogenic fluid is finite. A dry dilution fridge on the other hand, makes use
of a cryocooler as the method of precooling. Such a device uses alternative
methods to cool down instead of cryogenic fluids. Dry dilution refrigera-
tors bring along the advantage that they are closed systems, which means

16
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2.4 Cryostat 17

that they could theoretically continue to run forever. An example of a cry-
ocooler is a pulse tube (PT) [34]. A PT operates by pumping 4He through
the system in a cycle of compression and decompression. The downside
of a PT is the mechanical vibrations that it brings.

A dilution refrigerator has multiple plates, of which the bottom four
are shown in Fig. 2.6. The 4K-plate is only subjected to the precooling,
by which it can reach temperatures around 4 K. To further cool down the
lower plates, a mixture of 3He and 4He is used, which is pumped into
the mixing chamber (MC) that resides on top of the mixing chamber plate
(MC-plate). Within the MC there is an equilibrium between He in a con-
centrated and dilute phase. Once 3He crosses the phase boundary sepa-
rating these two phases, the 3He dilutes, which costs energy. This energy
is taken from the environment, resulting in the cooling power for the MC-
plate.

As 3He-atoms are fermions, and 4He-atoms bosons, more atoms of the
latter can occupy the ground and first excited states. This fact results in
the boiling point of 3He being lower than that of 4He. Considering that
the mixture is gaining energy because of the dilution, its entropy rises.
Temperature and pressure are regulated in a way, such that this entropy
increase results in the vaporization of mostly 3He. This vaporization hap-
pens in the still, which is located on the still plate. A pump circulates the
vaporized He back towards the MC. To regain an equilibrium, 3He in the
concentrated phase is diluted again, by which the cycle repeats itself.

Version of July 7, 2023– Created July 7, 2023 - 11:30
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18 Theory

Figure 2.6: Schematic of a dilution fridge’s lowest four plates, including the sys-
tem that takes care of the 3He circulation. The 4K-plate is precooled with 4He
(wet) or a cryocooler such as a pulse tube (dry), whereas the rest of the plates ob-
tain their final temperature due to the processes happening in the mixing cham-
ber and still. Liquid He is shown in blue and the flow of He gas is indicated with
red arrows [35].

18
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Chapter 3
Methods

Within this chapter, a discussion is presented on how to use an STM-setup
to obtain a scan. The first step is to prepare an STM-tip to use as a probe
in the two used STM’s: the probehead STM (PH-STM) and the Basic STM.
The process of obtaining an STM-scan can be divided into 4 steps: a coarse
approach to make some large steps at the start, a fine approach to dili-
gently reach a tunneling current, a feedback system to stay at a constant
tunneling current and finally the scan itself.

The methodology for the PH-STM and Basic STM is mostly the same,
apart from the motors that are used in the STM’s to make the tip stage
move, and a segment of the manner of controlling these drivers. The
entire process from the fine approach will be regulated with a program
called CAMERA (Computer Aided Measurement Environment for Real-
time Atomic imaging), which has been designed by the Electronics De-
partment (ELD) at Leiden University, in cooperation with Leiden Probe
Microscopy (LPM) [36]. CAMERA is able to control the STM’s via a set of
drivers that are contained in a rack that will fittingly be referred to as the
‘LPM-rack’.

3.1 Tip & Sample Preparation

Before any STM can be performed, it is necessary to choose and prepare
a suitable STM-tip and sample. This section shall discuss the required
methodology.
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3.1.1 STM-Tip

The tip material that was chosen for this project is tungsten (W). Tungsten
is a free-electron metal and has a flat DOS at the Fermi-level, causing it to
be suitable as material for an STM-tip. It is also known to be very hard,
which makes it easier to work with [37]. W, together with Pt-Ir [23], is one
of the most commonly used materials for STM-tips [38]. To obtain a quali-
tatively good tip, tungsten can be DC electrochemically etched with NaOH
or KOH as the used base [24]. Tungsten oxidizes rather quickly [39], mean-
ing that they should regularly be replaced if one wants to obtain high res-
olution scans. Note that it won’t oxidize in vacuum, which it is in inside
the cryostat during and after cooldown.

For the DC-electrochemical NaOH-solution was chosen to work with,
as it is less aggressive than KOH and thus safer to work with. The etch-
ing station that was used, was borrowed from the van Ruitenbeek lab at
Leiden University. The wires that are used for the tips in the PH-STM and
the Basic STM are of 5mm� and 1.25mm� respectively. These thicknesses
were chosen for being the best fit in their respective tip holders.

A schematic of the setup can be seen in Fig. 3.1. To prepare the wire, it
needed to be cleaned first to remove greases and other organic materials.
The existing oxide layer was scraped off with sanding paper, after which
it was placed in a sonicator, in a glass container filled half with acetone,
half with isopropanol. After it had been in the sonicator for ∼10 minutes,
it was rinsed with acetone, followed by isopropanol and purified water.
The gold loop that is used in the setup got the same treatment with the
sonicator.

The wire is placed in a clamp and is guided through a wire guide, to
ensure that the tip will hang perpendicular to the gold ring. To obtain
∼1 cm tips, the wire sticks out under the gold loop by this amount. The
gold wire and tungsten wire are connected to the DC-power supply by
use of two alligator clips, with the gold wire acting as the cathode, and
the tungsten wire consequently as the anode. A measuring cup filled with
shaving cream is placed below the wire and gold loop to catch the tip once
it falls, without damaging it.

20
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3.1 Tip & Sample Preparation 21

Figure 3.1: Schematic of the setup for DC electrochemically etching. The gold
wire and wire guide are in reality held by two clamps, attached to a base behind
the setup, to keep them in place. These clamps were kept out of the image to keep
the image clear.

A 1 M NaOH-solution was prepared under a fume hood. To start the
etching process, a thin film of the NaOH-solution is applied to the gold
ring, and the DC-power supply is turned on at 3.350 V. During the etching
process, the following electrochemical reactions take place [24]:

(Cathode:) 6H2O + 6e− → 3H2(g) + 6OH− (3.1)

(Anode:) W(s) + 8OH− → WO2−
4 + 4H2O + 6e− (3.2)

(Overall:) W(s) + 2OH− + 2H2O → WO2−
4 + 3H2(g) (3.3)

The tungsten that is etched off of the tip turns into the salt WO2−
4 ,

that precipitates onto the gold loop. The gold loop is therefore carefully
cleaned on occasion with a Kimtech™ wipe (after turning the DC power
supply off). It should also be noted that H2-gas is released as a byproduct.
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22 Methods

The amount that is released is not at all dangerous, but the experiment
could be done in a fume hood if one prefers to do so.

The observed tip shape arises from the meniscus that the NaOH-solution
will create due to surface tension. As the concentration of OH− is higher
at the base of the meniscus than at the top, the rate of etching is enhanced,
causing the tip to take shape. Eventually, the tensile strength in the wire
cannot sustain the weight of the tip underneath the gold ring, and the tip
will drop [24].

Figure 3.2: Schematic of the etching procedure. In the first image, a meniscus
has been applied, after which the tungsten wire is etched over time until the tip
breaks off.

(a) (b)

Figure 3.3: One of the STM-tips (a) and one of the HOPG samples (b). The images
were made via an optical microscope.

22
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3.2 Coarse Approach 23

3.1.2 Sample

A material that complies with all of the requirements mentioned in Sec.
2.1 is graphite. The lattice structure of graphene (a monolayer of graphite)
is well known to be of an hexagonal nature and has two lattice constants
|a⃗1| = |a⃗2| = 2.46 Å [40]. The used material within this project is HOPG,
Highly Oriented Pyrolytic Graphite. The advantage of this type of graphite
is the low mosaic spread angle (0.3◦-3◦) [41], causing the terraces of the lat-
tice structure to be considerably flat. This material is also relatively inert,
making it easy and forgiving to work with [42]. HOPG can be cleaved
with scotch tape, which makes it easy to prepare for STM-experiments.
Note that HOPG is not a superconductor.

To prepare HOPG, the sample can be ‘cleaved’. Graphite is a Van der
Waals material, meaning that the only force keeping layers of graphene
together is the Van der Waals force. This property allows for the use of
scotch tape to cleave off a few layers of graphene at a time, making sample
preparation very practical: once a sample is damaged, cleaving it a few
times should in turn make it smoother until it is usable again. One of the
HOPG samples, after it has been cleaved, can be seen in 3.3b.

3.2 Coarse Approach

The first step towards obtaining an STM-scan is the coarse approach. The
tip will have to travel a relatively long distance as compared to the even-
tual distance between tip and sample. If the start of the approach would
be as slow as the final stages of the approach, the entire process would take
too much time. Therefore a capacitive approach (See also: Sec. 2.3) can be
used to take the first, coarse steps, as described by de Voogd et al. [15].

The progression of the measured capacitance during the coarse ap-
proach can be used as an indicator for when to initiate the fine approach.
When the capacitance between tip apex and sample is seen to start dom-
inating, it is best to stop the coarse approach and move on to the fine ap-
proach. This method ensures that a lot of time is saved in the first stages
of the approach and makes it possible to make larger steps safely.

The lock-in amplifier that complies with the in Sec. 2.3 mentioned de-
sires, and that was used during this project, is the Stanford Research In-
struments SR830 [43]. This lock-in is fully analog, meaning that other in-
struments are necessary to digitize the measurements. The device has an
accuracy of σVre f = ±1 mV and σf = ±0.01 Hz . For the capacitive read-
out, both STM’s use a National Instruments (NI) myDAQ [44] to digitize
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the data. The I/V-converter used to amplify and convert the current to a
voltage is a FEMTO DLPCA-200 [45]. The maximal gain of this device is
Gmax = 109.

To obtain an absolute capacitance of the STM-junction, one measures
the out-of phase component Y of the voltage originating from the I/V-
converter with the lock-in. To amplify Y, an AC bias voltage VAC is sent
along with the DC bias. This AC bias voltage is later set to zero during
the fine approach. During the measurement of Y, Eq. 2.6 can be used to
convert said voltage to a capacitance. This capacitance can then be plotted
as a function of the amount of taken steps to obtain a visualization of the
approach while it is running.

3.3 Fine Approach

After the coarse approach has been completed, it is time to approach more
delicately. For this reason, the fine approach procedure consists of 2 alter-
nating parts: a sense and a coarse step. A schematic of the fine approach
procedure can be seen in Fig. 3.4

The fine approach always starts with a sense, through a full extension
of the sense piezo. This sense is done to show if the tip is (accidentally)
already in the tunneling regime. To be able to make this claim, the mea-
sured voltage is compared to a voltage limit that is defined beforehand.
If the tip senses a voltage that is above this threshold, the fine approach
stops. If on the other hand the setpoint isn’t reached, the sense piezo gets
fully retracted. After this retraction, a coarse step is made. The size of this
step should not exceed 0.4 times the size of the full sense piezo range, to
ensure that the coarse step doesn’t push the tip fully through the range in
which a tunneling current can be measured. When this step is completed,
a new sense is performed and the process repeats itself again and again
until eventually a tunneling current is measured.

As mentioned earlier, the fine approach is regulated through CAM-
ERA. Once CAMERA’s ‘approach mode’ is turned on, the fine approach
becomes fully automated and it automatically stops once a tunneling cur-
rent is measured. Once a successful sense has occurred, two more manual
senses are performed to confirm that there is in fact a tunneling current.
After approach mode is turned off, the sense piezo will be extended to-
wards the location where a tunneling current was last sensed and is placed
in feedback to ensure a constant current.

24
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3.4 Feedback & Constant Current 25

Figure 3.4: Schematic of the procedure of the fine approach. Each sense is fol-
lowed by a coarse step.

3.4 Feedback & Constant Current

To be able to perform a scan later on, it is essential to ensure that the tip can
be kept at a constant distance from the sample (and thus at a constant cur-
rent). To facilitate this constant distance, PI-feedback is used to keep the
tip at a pre-determined voltage setpoint. The PI-controller that regulates
this feedback system is one of the parts of the LPM-rack.

The proportional part of PI-feedback is used to rather roughly work
towards the predetermined voltage setpoint. The integral feedback pro-
vides an integration, effectively averaging the signal out to lower devia-
tions from the setpoint. A derivative attribution could also be added to
perform PID-feedback. This term would be able to compensate for very
large changes in voltage, due to for example large inhomogeneities in the
sample. The derivative term is however deemed to not be necessary, as
the sample can be cleaved to prevent such large grooves.

To allow for (proportional) feedback on a current that is exponentially
dependent on distance, a logarithmic amplifier is used, that is part of the
LPM-rack. It located after the PI-controller, as the controller still does a
comparison to a voltage setpoint for proportional feedback.
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3.5 STM-Scan

Once the tip is in feedback in the tunneling regime, it is possible to per-
form a scan. By using the tube scanner, the tip is moved above an area
with predetermined dimensions at a constant distance from the sample.
The voltage that is applied w.r.t. the voltage setpoint to the lift piezo to
compensate for the structure of the sample, is a direct measure of relative
height differences in the sample. By mapping these voltages as a function
of position, one effectively creates a 2D-plot of the surface topography.

To see if a scan is an actual scan of the surface, and not noise that is
being measured, two scans are made at once: left-to-right (L2R) and right-
to-left (R2L). When a scan is started, it starts by doing one line of L2R, after
which it repeats the same line backwards, R2L. If these two scans show
good resemblance, it may be assumed that an actual scan of the surface is
being performed, due to the fact that noise is of a random nature.

To be able to obtain atomic resolution in a scan, the distance between
pixels should be smaller than the lattice constant of the material. For ex-
ample, for HOPG, with a lattice constant a = 2.46 Å [40], the distance
between pixels should ideally be less than half of that, say <1 Å, to obtain
a qualitatively good image.

3.6 PH-STM & Basic STM

As mentioned, two types of STM are being used during this project, the
PH-STM and the Basic STM. One major part distinguishes the two: the
motors that are responsible for making the tip stage move. Nevertheless,
the rest of the setup is close to identical.

3.6.1 Probehead STM

The PH-STM, that was designed by LPM, owes its name to its distinctly
shaped encasing, the probe head (see also: Fig. 3.5). With the wider half
of the probe head as the top side, the tip stage is located within the bottom
part of the device, with the tip pointing up towards the sample. The tip
stage and sample can be lowered through an opening at the top into the
probe head and locked in place by use of bayonet mounts. The opening
can in turn be closed with another bayonet mount. This specific design
allows for the attachment of an elevator system that enables the already
performed in-situ [46], but also the new ’in-operando’ tip exchange and
sample preparation. This would make it possible to perform these two
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3.6 PH-STM & Basic STM 27

actions, while the dilution refrigerator remains turned on. The special de-
sign of the elevator allows for use in a dry dilution refrigerator, without
compromising any part of the vibration isolation system (VIS) of the cryo-
stat.

Figure 3.5: Image of the Basic STM and PH-STM, placed atop the MC-plate.

The PH-STM makes use of six slip-stick piezo actuators. These actua-
tors are distributed evenly along the sides of the stage that the tip stage
is inserted into, in pairs of two: the ‘PAN-configuration’. To perform a
coarse step, all six actuators start their slip-stick motion at once, pushing
the stage upwards. For stability reasons, not all the actuators end the ma-
neuver at the same time; they all retract one by one to keep the stage more
stable when compared to all six retracting at once.

A disadvantage of using the PAN-motor is the occurrence of (lots of)
friction due to the slip-stick maneuver being used. This could in turn re-
sult in lots of heat dissipation, which could prevent a large amount of steps
in short time intervals at low temperatures, due to too much heat build-up
for the dilution refrigerator to handle.

It is expected that the capacitances of the piezoelectric elements of the
PAN-motor will drop to ∼20%-33% of the original capacitance as has been

Version of July 7, 2023– Created July 7, 2023 - 11:30

27



28 Methods

determined earlier by K. van Deelen of the Oosterkamp Group at Leiden
University. Other piezoelectric elements beside the PAN-motor that are
contained in the PH-STM, are a sense piezo to sense for tunneling currents,
and a tube scanner to perform scans.

To drive the actuators, a specially designed motor driver is used. This
driver was designed to send signals specifically for the PAN-motor. These
signals are regular slip-stick pulses, apart from the fact that it has six slopes
downwards, separated by an equal amount of time; one for each of the
piezos. The max voltage output of the motor driver is 240 V, but as the
scope that is used to do a read out of the driving signal gives the voltage in
Vpp, the signal voltage will be referred to in this unit. Hence, the maximal
voltage output of the driver is Vmax = 480 Vpp.

3.6.2 Basic STM

The other STM that is used in this project is the Basic STM, which has also
been designed by LPM. The STM is encased within a massive copper box,
that has been coated with gold paint. The movement of the tip is parallel
to the ground, meaning that the tip and sample are placed at a 90◦ degree
angle with respect to the PH-STM. This positioning accommodates for the
newly designed ‘linear cryo-walkers’, from Onnes Technologies.

The goal with the Basic STM was to test the performance of these new
linear cryo-walkers at sub-kelvin temperatures. The walker consists of
two pairs of lift piezos, both attached to a separate shear piezo. To move,
two diagonally displaced piezos lift up, and the shear piezos moves these
two ‘legs’ forward, after which they come back down again. Afterwards,
the other pair of legs does the same. This way of walking offers more
stability than for example the alternating movement of the front and back
pair of legs.

Since the Basic STM contains piezoelectric elements as well, capaci-
tances shall again decrease under cryogenic conditions. No specific per-
centages are known (yet), but for simplicity reasons, the same decrease
shall be assumed as for the PH-STM: a decrease towards ∼20% to 33% of
the original capacitance. The Basic STM also has a pulse tube scanner and
a sense piezo.

With the Basic STM comes a motor driver made by Onnes Technolo-
gies, accompanied by a Labview program made by LPM. The driver al-
lows for maximal voltages Vli f t,max = 300 V and Vshear,max = 320 V on the
lift and shear piezos respectively. The voltages to be applied can be ad-
justed with the Labview program. It further allows for switching between
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approach & retract mode, and allows for tinkering with the pulses sent to
the piezos.

The cryo-walkers have a major advantage compared to slip-stick ac-
tuators: during their walk they cause close to no friction. This method
of moving forward in turn results in the fact that close to no heat dissi-
pation occurs, which should allow for approaches at sub-kelvin temper-
atures, whereas normally the approach in a dilution refrigerator is per-
formed above 4 K, due of the friction of slip-stick motors.
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Chapter 4
Room Temperature PH-STM

The PH-STM had to be tested at RT first, before it could be mounted
into the cryostat, unlike the Basic STM, whose performance at RT was
tested externally. These tests for the PH-STM include tests for the gen-
eral methodology, tests for the optimal orientation of the experiment and
tests to get an idea of the expected performance at low temperatures.

4.1 Capacitive Approach

The first test that was done, is to see whether the capacitive approach
works as expected. A capacitive approach will be performed, until a crash
is registered through an overload in Y, to make sure that the tip can move
all the way to the sample. The approach was performed with V = 480
Vpp, a Gain G = 109, a DC bias VDC = 100 mV and an AC bias VAC = 100
mV, at a reference frequency f = 877 Hz.

The approach was successful and a crash was registered. Afterwards,
a retraction and a new approach were performed. The readout of the out-
of-phase component Y is shown in Fig. 4.1a & 4.1b. It shows the expected
behavior as described by de Voogd et al. and as discussed in Sec. 2.3.
These values for Y are also converted to an absolute capacitance via 2.6,
and are shown in 4.1c & 4.1d.

4.2 Fine Approach & RT Scans

With the capacitive approach working well, it is time to move towards a
tunneling current and a scan. A fine approach is done at V = 240 Vpp, 1
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(a) (b)

(c) (d)

Figure 4.1: Display of the retraction and approach with the PH-STM at 480 Vpp.
(a-b) show plots of the out-of-phase component Y, whereas (c-d) show the abso-
lute capacitance C.

step at a time, each followed by a sense. The fine approach is done with
a gain G = 109, DC bias VDC = 100 mV and zero AC bias. A current
threshold of I = 1.0 nA seemed justified, as the sense measurements at
a non-tunneling distance from the sample would not exceed I = (0.55 ±
0.10) nA.

Eventually, a tunneling current was indeed measured and confirmed
by two more manual senses. Approach mode is turned off, after which
feedback automatically starts. For this run, a voltage setpoint Vset = 3.51
V was used, with PI-feedback parameters P = −29.1 dB and I = 7.33 Hz,
and an LPF cut-off frequency LLPF = 991 Hz. As the PI-parameters and
Vset can only be adjusted physically on the LPM-rack, the determination of
their values was a matter of slowly working towards the subjectively best
signal on the scope, which resulted in the aforementioned values. Subse-
quently, a scan was performed for a sample area of 250x250nm, with an
image at 256x257px resolution (See Fig. 4.2).

32
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With HOPG being a 2D-material that is cleaved with scotch tape, one
would indeed expect to see terraces when scanning at such a distance from
the sample. The cleaving will after all not result in a perfectly homoge-
neous sample. As these terraces are observed, it is a good indication that
this scan was successful.

A next and final step at room temperature can be to obtain atomic reso-
lution images. Some adjustments are required however to get to this mile-
stone. For starters, the STM can be placed in a more vibrationally isolated
environment. An available object that can accommodate such vibration
isolation is the Acoustic Vibration Isolation Box, or AVIB for short. The
AVIB is a box that is hanging by four bungee cords, that is able to com-
pensate for acoustic vibrations. The bungee cords effectively act as a low-
pass filter, while the STM moving along in a local inertial frame in the box
should lower the effect of low-frequency vibrations.

Due to deadlines concerning the upcoming cold run of the cryostat
however, no time was left to find a significant enough improvement for
the scans.

Figure 4.2: The first successful scan at 250x250nm, 256x256px; Vset = 3.51 V, I =
7.33 Hz, P = -29.1 dB & fLPF = 991 Hz.
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4.3 Testing for Expected Cryostat Performance

Before the PH-STM can go into the cryostat for a cold run, it is necessary
to gain an idea of whether the tip stage will move at all when the STM is
at low temperatures. Since the strain generated in the piezoelectric actu-
ators scales with C · V, the motor’s performance can be simulated at RT.
As mentioned, the capacitance is expected to decrease to ∼20%-33% of the
original capacitance at cryogenic temperatures. Therefore, to simulate the
movement with C<1K ∼ 1

5CRT at Vmax = 480 Vpp, one can try to perform
approaches and retractions with CRT at V ∼ 1

5Vmax. If the tip moves at
these lower voltages at room temperature, it could indicate that it will also
move at max voltage under cryogenic conditions.

These measurements were performed until a voltage was reached at
which the force upwards could not overcome friction and gravity. The
relevant parameters are the gain G = 109, DC bias VDC = 40 mV and zero
AC bias. The relevant results are shown in Fig. 4.3.

In general, the retraction seems to go well at all voltages that were
tested at. It can be concluded that the retraction should most likely show
no problems in the cryostat.

The approach is a different story. It seems to be much slower than
the retraction, as no upward movement could be observed under 110 Vpp.
This difference was to be expected to some extent due to gravity also play-
ing a role. The rate at which the approach happens should not matter, as
the approach in the cryostat needs to be performed only once.

To conclude: at room temperature, tip movement in both directions
can be observed up to a voltage of 110 Vpp, which is ∼23% of the maximal
driving voltage. A 77% capacitance decrease can seemingly be compen-
sated for, which might not be sufficient if the made assumption about the
capacitance decrease was correct. The results are however good enough
for the PH-STM to be considered as a part of the next cold run in the cryo-
stat.

4.4 STM Orientation

Since the approach, the movement in the direction against gravity, seems
to be the most difficult, it could be a suggestion to place the STM sideways
or upside-down. If either positioning provides better observed movement,
it would currently be preferred over vertical positioning.

It should be noted that a different orientation of the STM is not viable
for the future, as the proposed elevator system for in situ sample prepa-
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(a) (b)

(c) (d)

Figure 4.3: Display of the capacitive retraction and approach at 4 chosen driving
voltages. From top to bottom: (a-b) 110 Vpp and (c-d) 106 Vpp.

ration requires for the STM to be standing right-side-up. However, the
milestones that are hoped to be reached during the first cold run is only to
observe movement, and to obtain a scan (at hopefully atomic resolution).
The elevator system will not yet be used, and it would therefore be fine if
the STM were placed horizontally or upside-down for now.

One could wonder why this more ‘hacky’ way is preferred over tak-
ing the STM apart and finding the problem that is causing the compara-
tively worse approach. This option was considered, but out of fear that
taking the STM apart could give rise to different issues, and keeping the
mentioned milestones in mind, the decision was made to delay taking the
PH-STM apart to after the cold run.

Capacitive approaches were performed at the different orientations,
but no significant improvement was observed. This result led to the deci-
sion to continue on with the regular STM orientation.
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Chapter 5
Extremely Low Temperature
PH-STM

With the PH-STM being tested at room temperature, and showing reason-
ably promising movement, it is ready to be placed in the cryostat. This
chapter will discuss the performed preparations before cooldown, and the
results after.

5.1 Preparation at RT

As a first step in the preparation, the entire setup was moved atop the MK-
profile frame, that supports the cabinets above the cryostat. This move had
to be done to avoid the presence of ground loops within the electrical cir-
cuit, whereas the cryostat itself has a common ground that can be accessed
from this location. The only two components of the setup that are not lo-
cated there are the FEMTO I/V-converter and the measurement PC that
controls CAMERA. The FEMTO is placed on the inner frame of the cryo-
stat, as this spot is the safest location in the direct vicinity of the outgoing
cable trees, such that the amount of pre-amplified noise from the micro-
phone effect can be minimized. From here, it can still be connected to the
common ground. The PC is still on the measurement hall floor and is con-
nected to the rest of the setup via optical fibers to avoid the occurrence of
ground loops.

In principle, the rest of the setup with the STM in the cryostat is not
that much different as compared to the RT-setup, apart from some addi-
tional wiring between the measurement devices at RT and the STM in the
cryostat. An image of the PH-STM in the cryostat can be seen in Fig. 3.5.
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The STM is located directly on top of the MC-plate. The probehead
itself is coated with a gold layer to ensure good thermal contact with its
mount, that is made of copper. The copper was polished very diligently
with ethanol, while wearing gloves, as copper is known to get tarnished
really easily. It would have been even better to have the contact points
of the mount coated in gold as well, but due to a limited amount of gold
coating, it was not possible in time before the cryostat closed. The use
of gold-on-gold, gold-on-copper and copper-on-copper is very commonly
used in the Oosterkamp Group to ensure proper thermal contact. This
thermal contact is necessary, such that heat can flow away from the STM
and can thus cool down.

To test whether the whole setup was connected correctly and is func-
tioning well, short approach and retract tests were done at 300 Vpp. This
test was not done for multiple voltages, as the goal was to test whether it
would move at all after being installed into the cryostat at RT.

5.2 Results after Cooldown

After the cooldown for this run of the Marshmallow had concluded, it reached
a final temperature of approximately 1 K at the MC-, 50mK- and 1K-plate,
which is higher than it normally is, but low enough to perform the desired
measurements. The major part of the decrease in capacitance should have
happened already at higher temperatures [28].

As before, the first test for movement is the capacitive approach. A
precautionary sense indicated no tunneling current in range. The motor
driver was set for retraction at its maximal voltage, 480 Vpp. Continuous
pulses were sent for 10 seconds, after which no movement was detected
via the capacitive readout. This measurements was repeated once more to
no avail. A next attempt was to repeat this measurement at 480 Vpp, but
this time for 1 minute.

After the last mentioned measurement was completed, again no move-
ment was detected. Moreover, the dilution refrigerator had been turned
off automatically. During this minute of attempted retraction, the MC-
plate had warmed up to 2.5K, at which point a safety mechanism in the
dilution fridge is activated. At low pressure, the boiling point of a liquid
drops. This decrease is also the case for liquid 4He, whose boiling point
will drop below 2 K under the vacuum conditions that the STM is in. Aside
from the 3He, also 4He starts to vaporize, which will in turn be too much
for the dilution refrigerator’s compressor to handle; the dilution fridge
gets turned off completely. The temperature rise went unnoticed, as the
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temperature went up so fast, that it happened in between the automated
temperature measurements on the MC-plate.

With temperature increasing within a minute, accompanied by no ob-
served movement, it seems as if an approach at temperatures below 4 K
is not feasible. This process would most likely take too long, even if the
tip started to show movement after some time; even if any motion could
be detected after minutes of pulses, it would have to be continuously in-
terrupted to prevent too much of a temperature rise. The consequence is
that the coarse approach with the PAN-motor should be done before the
dilution refrigerator is turned on, with an attempt to keep the tip in feed-
back during the further cooldown. This approach would be above 4 K,
meaning that there will be no vaporization of 4He to cause problems.

After the cryostat had heated up back to RT, some quick retractions
and approaches were attempted. Even at the maximal driving voltage,
no movement could be observed, in both possible directions. This find-
ing suggests that something malfunctioned/broke during cooldown. The
reason for the malfunction of the PH-STM is yet to be found.
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Chapter 6
Basic STM

The Basic STM is the second Scanning Tunneling Microscope in the project.
The necessary tests at room temperature were already done by D. Coffey
Blanco from LPM, having reached atomic resolution images of HOPG. The
results at RT for the motors, aptly named ‘linear cryo-walkers’, showed
amazing prowess [47]. Low heat dissipation and excellent movement at
cryogenic temperatures could be expected. The next step is to examine its
performance in a dilution refrigerator: do the linear cryo-walkers move
well at sub-kelvin temperatures and do they allow for a scan at cryogenic
temperatures in a dry dilution refrigerator?

6.1 Preparation at RT

The Basic STM itself was placed on the MC-plate of the Marshmallow. See
Fig. 3.5 for an image of the Basic STM in the dilution refrigerator. The box
containing the STM is made out of copper and coated with gold, which
should ensure proper thermalization. Its contact surface is cleaned with
ethanol and placed on top of the MC-plate. One day before placing the
STM in the cryostat, a new tungsten tip was placed into its tip holder.

The FEMTO is again located on the inner frame of the cryostat, ensur-
ing the lowest amount of pre-amplified microphonic noise. The measurement-
PC that controls CAMERA is again placed on the floor of the measurement
hall, while being connected to the rest of the setup via optical fibers to
avoid ground loops.

Once in the cryostat, short approach and retract tests were performed.
Movement was tested for at (Vli f t, Vshear) = (150 V, 320 V) – before the
black dotted line – and (Vli f t, Vshear) = (30 V, 64 V), a fifth of the maximally
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allowed output – after the black dotted line. Due to logistics with the
Marshmallow – several measurements had to be done in a few hours – these
were the only measurements that was time for in this run.

The cryo-walkers performed as they should, being able to move at both
sets of voltages (See Fig. 6.1). With the motors running well on the last set
of voltages, there is reason to be optimistic about its performance at sub-
kelvin temperatures. A decrease in Vli f t and Vshear by a factor of 5 results
in motion that is still very noticeable. By approximating that the distance
to the sample for the last approach is large, the capacitance/out-of-phase
component is by approximation still linear. A linear fit then reveals the
ratio between the two rates, see also Fig. 6.2. The resulting ratio is 7.8 ±
0.7, following basic error propagation for f = a2/a1; indicating that the
decrease in rate of movement for voltage scales faster than linearly.

The performance of the linear cryo-walkers seems excellent at RT, even
at low voltages. It should most certainly be good enough to be part of
the next cold run in the cryostat. This view was confirmed even more
during tests at RT before the subsequent cold run. Before this run, there
was enough time to perform a proper approach at (Vli f t, Vshear) = (30 V,
64 V). The results are shown in Fig. 6.3. The behavior that is observed
is exactly as expected, with the tip holder-sample capacitance dominating
at larger distances, and a contribution of the tip-sample capacitance being
clearly visible close by the sample.

6.2 Results after Cooldown

After the cooldown for this run of the Marshmallow had concluded, the
MC-plate reached a final temperature of TMC ≈ 70 mK. Due to other ex-
periments also being present and connected to the MC-plate, this temper-
ature can go up to about TMC ≈ 100 mK.

6.2.1 Approaches

With the MC-plate having been cooled down to <100 mK, the Basic STM
is ready to perform measurements with. A retraction was attempted first,
at (Vli f t, Vshear) = (150 V, 300 V). The capacitive readout seemed to show
that the tip was moving, following the expected curve. After 75 steps of
retraction, the approach was initiated. As the tip moved quicker than ex-
pected, it was chosen to immediately perform a fine approach until CAM-
ERA measured a voltage higher than the setpoint (tunneling current or
crash). This approach took a total of 178 steps.

42
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Figure 6.1: Out-of-phase component Y measurements after the Basic STM was
placed in the Marshmallow.

Figure 6.2: Final approach with the Basic STM at RT in the cryostat, accompanied
by two linear fits performed for the two different sets of voltages.
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Figure 6.3: Approach at RT before the subsequent cold run took place. The mea-
surements were performed at a fifth of the maximal voltage.

44
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This process was repeated four consecutive times later that afternoon,
to see the consistency of the movement. The amount of steps used can be
seen in Table 6.1, and the measurements can be seen in Fig. 6.4a-d, where
the out-of-phase component is again converted to an absolute capacitance
via Eq. 2.6. Fig. 6.4e-f show the average taken over the four final, consec-
utive measurements. The first approach is not brought into this average,
as the starting position seemed to differ much from the rest. This differ-
ence is most likely due to the fact that the first measurement was done
way earlier, implying that there is a drift, or that some kind of mechanical
vibration might have led to a slight shift in position.

The rate by which the tip seemed to retract and approach is very con-
sistent, and is considerably fast when compared to the measurements at
RT: over 180 steps, a rise of 0.5 mV is detected, while at RT, at (Vshear, Vli f t)
= (30 V, 64 V), a rise of 0.15 mV is detected after 35 steps. It therefore seems
as if the capacitance of the piezos of the linear cryo-walker have decreased
by less than a factor of 5. The retraction showed the same consistent be-
havior that has shown before, clearly following the expected behavior for a
capacitive approach. The approach on the other hand, does seem to show
some deviation from the expected curve. At the start of the approach, the
capacitance rose quicker than expected, but flattened out a little to return
to the expected behavior..

1 2 3 4 5
Retract 75 75 75 75 75
Approach 178 180 180 184 178

Table 6.1: Amount of steps taken to retract and re-approach for five measure-
ments. The amount of steps for the retraction was equal on purpose, chosen for
no particular reason; the amount of steps for the approach was the amount nec-
essary to reach the voltage setpoint in CAMERA.

6.2.2 Scan at 70 mK

All 5 times, the approach was stopped because of a tunneling current be-
ing sensed. Manually performed senses showed currents of the order 9.8
nA / 9.9 nA, indicating an overload, suggesting that the tip crashed into
the sample and was unable to measure a tunneling current. A suspicion
was that this result could be due to the walkers standing somewhat skew,
or a flake of HOPG being stuck on the sample. If the latter were the prob-
lem, it could be fixed by sending a 10 ms pulse of 1 V onto the tip, which
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can help with getting such a flake off the tip. Afterwards, a retraction was
performed, followed by a few large shear steps parallel to the sample, to
prevent that this flake could get picked up again during an approach. By
making these shear steps, the possibility arises that the first of the two
mentioned problems could accidentally be solved.

After a new approach, a tunneling current seemed to be found. Man-
ual senses sometimes still led to an overload, but a tunneling current was
measured about 3/4th of the time. Therefore, feedback was turned on and
a scan was started. The relevant parameters were Vset = 3.88 V, P = −28.2
dB, I = 7.33 Hz, and fLPF = 997 Hz. The scans were, again, too noisy.

An explanation for the noisy scans could be that the tip has most likely
crashed a lot during the first attempts at an approach. A large amount of
crashes would have caused the tip to be blunt and/or crooked, resulting
in a lower spatial resolution and introducing less consistent results. This
problem can be resolved in future cold runs by inserting a new tip into
the tip holder of the STM. Another reason for the noisy scans could be
the mechanical vibrations from the pulse tube. This can however not be
confirmed until measurements have been performed with a new tip that
is not damaged through crashing.

46
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(a) (b)

(c) (d)

(e) (f)

Figure 6.4: Display of the capacitive readout for the retraction and approach with
the Basic STM at 100 mK; (a-b) Out-of-phase component Y, (c-d) Y converted to an
absolute capacitance C and (e-f) The absolute capacitance for the average, taken
over the final 4 measurements..
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Chapter 7
Multi-LC

Superconductors are still a very active topic of research. Bardeen-Cooper-
Schrieffer (BCS) theory, postulated in 1957, is currently the best attempt
at a theoretical understanding of superconductivity [48]. It follows from
BCS-theory that electrons can get bound into ‘Cooper pairs’ that would
be the main cause of the superconductive properties that are observed in
experiments. This bounding implies that the main charge carrier in a su-
perconductive medium no longer has charge qe = e, but qCP = 2e, which
will cause the shot noise level to increase. If a device can be made that is
sensitive enough to be able to distinctly measure the shot noise, it would
theoretically be possible to directly show the presence of Cooper pairs.

At temperatures of T ∼ 4 K, shot noise measurements have already
been achieved by Bastiaans et al. in the Allen lab at Leiden University [7].
An amplifier was created by use of an High-Electron Mobility Transistor
(HEMT) and where necessary, parts of the setup were placed in a 4 K He-
bath.

If one strives to do these shot noise measurements at temperatures of
the order T ∼ 20 mK , a HEMT could no longer be used [49]. A posed
alternative is the ‘Multi-LC circuit’ (See Fig. 7.1). This circuit is especially
designed for use in STM as a possible method of measuring shot noise in
these extremely low temperature environments. It uses a SQUID, a su-
perconducting quantum interference device, that can effectively be used
as an amplifier at sub-kelvin temperatures. It has yet to be implemented
in a circuit containing an STM, but progress has been made towards the
analysis, showing an exciting prospect.
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Lprim,in

L1 L2

C1 C2 C3 C4

L3 L4
C0

Lprim,out

Lsec,in Linput

Lsec,out

Figure 7.1: Schematic of the Multi-LC circuit. From left to right: the circuit starts
with a primary transformer to transfer electric energy towards the LC-resonators
that make up the Multi-LC. The inductor of the primary resonator is electrically
linked to the SQUID on the right via the second transformer. This way, the LC-
resonators are fully modular.

7.1 Theory

To understand how the Multi-LC circuit can be used, some theory needs to
be presented. The topics to be discussed are the components of the circuit,
some theory on the analysis of the noise spectra, and a mention of the
relevant noise sources.

The components of the Multi-LC circuit can be divided up into 3 parts:
the LC-resonators, the transformer and the SQUID. These components
shall be discussed one by one, accompanied by formulae describing what
is measured and how to convert them from one part to another.

7.1.1 LC-resonators

The Multi-LC circuit relies on having alternating resonances and anti-resonances.
The theoretical foundation for such a circuit is described by Foster’s reac-
tance theorem [50]. Foster postulates that a circuit containing such alter-
nating (anti-)resonances has the following complex impedance:

Z = −iH
(ω2

1 − ω2)(ω2
3 − ω2) . . . (ω2

2n−1 − ω2)

ω(ω2
2 − ω2) . . . (ω2n−2 − ω2)

(7.1)

where H ≥ 0 and with (anti-)resonance frequencies 0 = ω0 ≤ ω1 ≤
· · · ≤ ω2n−1 ≤ ω2n = ∞. It clearly follows from this formula that the
complex impedance will have zeroes at odd integer resonance frequencies,
and poles for even integers. H defines the complex impedance at ω ≫
ω2n−1, as

lim
ω→∞

Z(ω) = −iH
−ω2

ω
= iHω (7.2)
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7.1 Theory 51

by which can be seen that H has units of inductance (units of impedance
per Hz).

In the Multi-LC circuit, resonance frequencies are provided via LC-
resonators. The complex impedance of a capacitor and inductor are, re-
spectively:

ZC = 1/iωC and ZL = iωL (7.3)

When an inductor and capacitor are placed in parallel, their impedances
can be added reciprocally:

ZLC =
1

1/ZL + 1/ZC
=

iωL
1 − (ω/ωr)2 (7.4)

with ωr = 1/
√

LC the resonance frequency.
Looking at the behavior of such a peak (see Fig. 7.2), it can be observed

that the magnitude of the impedance increases until it reaches a pole at
ωr, after which the impedance shall decrease towards 0. In other words, a
resonance is always enclosed in between two anti-resonances. With four
LC-resonators placed in series, a pattern of alternating (anti-)resonances
should emerge. This behavior is also confirmed through simulations in
MicroCap.

Due to the concept of duality in electrical circuitry (including paral-
lel ↔ series, and capacitor ↔ inductor) [51], having four LC-resonators
placed in series is equivalent to having 4 sets of a capacitor and inductor
in series, placed in parallel to one another. This is why the final circuit
diagram of the Multi-LC looks it does in Fig. 7.1.

How to apply Foster’s reactance theorem to obtain proper values for
the relevant inductances and capacitances can be found in the work by van
Deelen [51]. The relevant parameters for this project are Lsec,in = 79 µH
and Lsec,out = 2 µH. As the resonance frequencies only depend on the
chosen capacitances and inductances, they could be chosen to be in the
MHz-regime, where there should be little to no 1/f- and mechanical noise.
If the entire circuit works as intended, the dominant noise sources that are
left should only be thermal noise, and shot noise if an an STM is connected
to the circuit.

The idea is that no current will run through these LC-components at
the anti-resonances, causing all current to flow through the ‘primary’ LC-
resonator. This should be the cause of resonance peaks in the noise spec-
trum of the circuit, occurring at the anti-resonance frequencies of the LC-
resonators. Having multiple peaks should aid in doing a more accurate
analysis. Considering the fact that thermal and shot noise are both types
of white noise, all peaks should yield approximately equal results.
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(a) (b)

Figure 7.2: Plots of log10(|Z|) for: (a) A single LC-resonator, and (b) An exem-
plary case of an impedance as described by Foster [51]. The impedance of Fig. b
is purely theoretical, where the (anti-)resonances alternate every 0.25 MHz, in a
bandwidth ranging from 1 MHz to 3 MHz.

Since all current flows through the primary LC-resonator at resonance,
it is expected that all energy under the resonance peaks is stored in the
inductor belonging to said LC-resonator. With the current as presumably
the only dominant degree of freedom, this would, via the equipartition
theorem, imply that

1
2

LI2 =
1
2

kBTe f f or Te f f =
LI2

kB
(7.5)

where L is the inductance of the inductor, I the current current running
through the LC-resonator at resonance, kB the Boltzmann constant and
Te f f an effective temperature. Te f f hypothetically is the temperature of the
Multi-LC circuit, but would larger than this temperature in the presence
of alternative energy sources, such as vibrational modes.

7.1.2 Transformer

A transformer is located in between the Multi-LC and SQUID. Due to the
fact that the coil of the primary LC-resonator and the primary coil of the
transformer have a different inductance, there is a conversion factor for
the current on both sides of this junction. The relation for this factor can
be derived for two ideal coils using Faraday’s law of induction and energy
conservation. There is also non-perfect coupling that needs to be taken
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into account. This conversion factor, that will be called Ht f , is given by

Ht f = κ ·
√

Lsec,out

Lsec,in
such that ILC = Ht f · Iin (7.6)

where κ ≈ 0.5 [51] is the coupling constant between the primary and
secondary coil, and Iin the current through the input coil for the SQUID.

7.1.3 SQUID

The component on the right side of the circuit diagram in Fig. 7.1 is the
SQUID, that is used to measure a signal originating from the LC-circuit.
SQUID’s are able to very sensitively measure magnetic flux. The flux in
question, Φin, is induced by a current Iin on the input coil, which is the
secondary coil of the transformer. These are related mutual inductance
between the SQUID and the input coil.

Φin =
Iin

1/Min
(7.7)

where 1/Min = 0.21µA/Φ0 [52] is the mutual inductance between the
SQUID and input coil. Note that Φin is thus given as a multiple of the
magnetic flux quantum Φ0 = 2.1 · 10−15 Tm2.

A SQUID has to be tuned before each new use, by which is meant that
some parts of its control need to be adjusted, such that it finds its ‘working
point’. To keep the SQUID at its working point for as long as possible, two
types of feedback, negative and positive, with a custom feedback system
can be attempted. Every time the SQUID is tuned, it changes the readout
with the SQUID ever so slightly. Therefore, one needs to do a new calibra-
tion to obtain the correct conversion between the incoming flux and the
measured voltage VSQ. To do this conversion, there is the transfer coeffi-
cient VΦ, that describes the slope of the V-Φ curve at the working point of
the SQUID in units of V/Φ0 (See 7.3). This coefficient can effectively be
regarded as the voltage that is measured per incoming flux quantum. The
transfer coefficient can be calculated with [52].

VΦ =
dy
dx

·
Vperiod

m · 2000
(7.8)

where dy/dx is the slope at the working point in the V-Φ curve, in [V/V]
units. Vperiod is the voltage per period as displayed on the interface. The
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factor 2000 and m originate from the amplification of Amp-mode, and mag-
nification in the interface respectively. Using VΦ, one is able to define the
relation

VSQ = VΦ · Φin (7.9)

The SQUID also has a ‘flux noise’ of 1 µΦ0.

7.1.4 Noise Spectrum Analysis

Using equations 7.6-7.9, the conversion factor G is defined (units of con-
ductance),

G ≡ κ ·
√

Lsec,out

Lsec,in
· 1

Min
· m · 2000

dy/dx · Vperiod
(7.10)

such that
ILC = G · VSQ and SI = G2 · SV (7.11)

to convert from a voltage to current power spectral density (PSD).
The resonance peaks of the Multi-LC will by approximation have the

shape of a Lorentzian [53]. A function describing such a Lorentzian is of
the form

SI = A · ∆ f
( f − fres)2 + ∆ f 2 (7.12)

where A is a scale parameter, fres the resonance frequency and ∆ f the half
width at half maximum (HWHM). The quality factor Q is related to the
other parameters via

Q =
fres

2∆ f
(7.13)

If one wants to be able to make any claims on whether shot noise can be
measured with the Multi-LC circuit, the signal-to-noise ratio (SNR) should
be considered. For this experiment, (once an STM is actually connected to
the Multi-LC and assuming that there is only thermal noise) the SNR is
defined as:

SNR =
Pshot

Pthermal
=

σ2
shot

σ2
thermal

=
Sshot

Sthermal
(7.14)

where Sshot and Sthermal are the theoretical shot, and thermal noise cur-
rent PSD. The final step in the derivation above holds because of both shot
and thermal noise being types of white noise. To be able to measure the
shot noise, an SNR greater than 1 is required. If the SNR is too small, one
can perform multiple measurements to improve it, such that the noise is
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averaged out. Doing N such measurements, improves the SNR by a factor√
N.

Finally, it is relevant to calculate how much time it will take to do N
measurements. Suppose a peak is well-defined with n data points. Then
the time constant to obtain the required resolution for one measurement is

T =
1

fspacing
=

1
2∆ f /n

=
nQ

2 fres
(7.15)

where fspacing is the difference in frequency between two data points. The
total measurement time τ to achieve the required SNRreq becomes:

τ ≡ N · T = (
SNRreq

SNR
)2 · nQ

2 fres
(7.16)

7.1.5 Noise Sources

Each electrical circuit will contain resistive components; albeit a resistor,
wiring, etc. These components will deliver thermal noise, that results from
the thermal agitation of charge carriers within an electrical conductor [54].
The voltage power spectral density (PSD) resulting from this component
is

SV = 4kBTR (7.17)

with kB the Boltzmann constant, T the temperature of said component and
R its resistance. This voltage PSD is in turn converted to a current PSD via
Eq. 7.10.

Another type of noise that is usually considered for STM, is shot noise.
An electric current is the result of many electrons, discrete packages of
charge, flowing through the circuit. This will allow for statistical varia-
tions that get more noticeable, the lower the amount of electrons; this is
observed as shot noise [54]. The caused current noise spectral density can
be quantified as:

SI = 2qI0 (7.18)

where I0 is the average tunneling current and q the charge of the charge
carriers. For an ordinary average tunneling current of 1 nA, this would
imply a noise current of IRMS = 17.9 fA/

√
Hz.

Other types of ordinarily dominant noise include 1/f-, 50Hz-noise and
mechanical noise. Both 1/f- and 50Hz-noise can be avoided by working in
the MHz-regime. Mechanical noise is expected to not be dominant, as the
used cryostat has great vibration isolation [11, 12].
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7.2 Methods

The Multi-LC is placed on the MC-plate of the ‘Yeti’ cryostat of the Oost-
erkamp Group. The Yeti is, just like the Marshmallow, a dry dilution re-
frigerator. A thermometer and heater are connected to the MC-plate, to be
able to regulate and do measurements at different temperatures.

A Zürich Instruments HF2LI 50 MHz Lock-in Amplifier is used to ob-
tain the noise spectra [55]. A lock-in uses AM-modulation and LPF’s to
allow for measurements in specific frequency slices, which makes it very
suitable as a measurement device for this experiment. On the lock-in, a
center frequency and bandwidth are chosen that determine the frequency
slice along which is measured. The input impedance of this type of lock-in
is 1 MΩ.

A choice can be made to either do a large sweep of an entire 1-6 MHz-
spectrum or to look at a smaller slice, just around a resonance peak. Firstly,
some large sweeps are done to locate the resonance peaks, by using a small
input voltage from the lock-in. Subsequently, the peaks can be examined
individually. Per peak, 5 measurements with a bandwidth of 50 kHz are
done. A suspected resonance frequency is chosen as center frequency for
the first measurement. The other measurements have a center frequency
that is shifted by ±5 kHz and ±10 kHz with respect to the suspected cen-
ter frequency. This action was taken as the lock-in always measures a little
more signal at the center frequency, which can be considered to be an ar-
tifact. Afterwards, an average is performed over the 5 measurements to
obtain a single voltage PSD. This should also significantly lower the con-
tribution of the mentioned artifact.

Measurements were done at two separate temperatures. If it is ob-
served during the analysis that the found values for Te f f do not comply
with the expected temperatures of the circuit, having measurements at
several temperatures can aid in understanding what is going wrong. For
example, since the thermal voltage noise is proportional to temperature
(Eq. 7.17), it should show linear behavior for increasing temperature.

7.3 Analysis

The starting point for the analysis is the voltage PSD acquired during mea-
surements from the lock-in. Using Eq. 7.10, the voltage PSD can be con-
verted to a current PSD. It is now possible to derive three quantities that
are sought after.

The first one is the noise current that is amplified at the resonance
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peaks. By dividing by the shape of the peak, one finds the level of the
current noise. The shape of the peaks, a Lorentzian, can be found through
a fit, by minimizing χ2. The fit function is given by Eq. 7.12.

After dividing by the shape of the Lorentzian, a constant noise current
PSD is found. By integrating over a given bandwidth ∆ f I and dividing the
resulting value by said bandwidth (and taking the square root), one finds
the current noise root mean square (RMS) IRMS [A/

√
Hz].

When the found value for IRMS is greater than desired, multiple mea-
surements can be performed to improve the SNR. The time that is conse-
quently required to perform these measurements is given by Eq. 7.16.

The second quantity is an effective temperature. By integrating over
a bandwidth ∆ fT for the area under the peak, the energy stored in the
inductor can be found. Subsequently, by using Eq. 7.5, a value for Te f f can
be determined.

Finally, one can determine the usability of the circuit for shot noise
measurements. Using Eq. 7.16, and the parameters found during earlier
parts of the analysis, one can calculate the total measurement time that it
takes to obtain an SNR of 1.

7.4 Results & Discussion

The first measurements were performed at an MC-plate temperature T1 ≈
100 mK, whereas the second measurements were performed after the heater
was used to heat up the MC-plate to T2 ≈ 600 mK. To make well-founded
claims about temperature-related effects, measurements at more temper-
atures should have been performed. Alas, only these two measurements
could be done due to a malfunctioning turbo-pump in the cryostat during
the cold run. Measurements could have been performed at higher temper-
atures, but this would have been close to the regime in which the SQUID
starts to give unreliable data.

7.4.1 Calibration

The first step in the analysis is to perform a calibration for both measure-
ments. The used V/Φ-curves can be seen in Fig. 7.3.

T=100mK: The plot shows that dy/dx = 1.75/0.44 V/V, Vperiod = 0.54
V and m = 10. Using Eq. 7.10 and the other known parameters, a value
for G is found: G1 = 1.56 · 10−4 A/V.

T=600mK: The plot shows that dy/dx = 1.675/0.37 V/V, Vperiod = 0.47
V and m = 10. Using Eq. 7.10 and the other known parameters, a value

Version of July 7, 2023– Created July 7, 2023 - 11:30

57



58 Multi-LC

for G is found: G2 = 1.57 · 10−4 A/V.

(a) (b)

Figure 7.3: V/Φ-curves of the SQUID for the performed measurements (left: 100
mK - right: 600 mK). The red line indicates Vperiod, the purple line indicates the
slope dy/dx and the teal circle shows the interface magnification m.

7.4.2 Spectrum Sweeps

Two kinds of large spectrum sweeps were performed. First (at 100 mK),
a larger sweep is performed at different types of feedback and input volt-
ages, see Fig. 7.4a. Four resonance peaks can be detected; two more peaks
only occur for positive feedback. These peaks are most likely not reso-
nance peaks of the LC-circuit, considering the fact that no phase shift is
detected. The peaks most likely originate from the positive feedback it-
self. The other four peaks that are observed seem to occur in all three
measurements, and all have a phase shift, indicating that these are most
likely the resonance peaks that are sought for. The first peak is somewhat
different from the rest, seemingly having a higher maximum and a smaller
Q-factor with respect to the other peaks. It will be taken into the analysis
regardless, to examine it further.

The second sweep was a little more zoomed in, ranging from 2MHz
to 4.5 MHz, see Fig. 7.4b. The primary goal of this sweep was to see the
spectrum that is predicted by Foster, as can be seen in Fig. 7.2b. By choos-
ing a high input voltage (1 mV), the noise is negligible, and the expected
spectrum starts to take shape (green curve). This measurement also shows
a few extra peaks for positive feedback, that will be attributed to the feed-
back itself.

Subsequently, the measurements for individual peaks are done, as de-
scribed by the Methods section. The raw data for one of the peaks is shown
in Fig. 7.5.
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(a)

(b)

Figure 7.4: (a) gold: no feedback, red: pos. feedback, green: neg. feedback (all at
100 µV). (b) green: neg. feedback at 1 mV, purple: neg. feedback at 100 µV, pink:
neg. feedback at 10 µV, red: pos. feedback at 1 mV

7.4.3 Resonance Peak Analysis

With the found values for G1 and G2, it will now be possible to carry out
the rest of the analysis. Using a Python script, the analysis is carried out
following the Analysis section. This yielded the results that are shown in
table 7.1.

Following Eq. 7.17, the thermal voltage noise should be proportional
to temperature. Therefore, if the found IRMS values are only of a thermal
nature, their squares should all show linear behavior as a function of tem-
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Figure 7.5: Raw data for the 3rd resonance peak during the measurements at 100
mK. s indicates which measurement a given color depicts.

perature. Hence,
σ2

T2

σ2
T1

=
T2

T1
=

600 mK
100 mK

(7.19)

The results of this are plotted in Fig. 7.6. It should be noted that in the
presence of an extra noise source that is independent of temperature, this
proportion is smaller. After all

σ2
T2
+ C

σ2
T1
+ C

<
σ2

T2

σ2
T1

(7.20)

for C > 0, which has to hold for the mentioned case.
The found thermal RMS currents are still relatively high when com-

pared to that of shot noise, differing by a factor ∼100 for the ‘best’ peaks.
Say the best peak, judging by lowest theoretical SNR, was chosen to per-
form shot noise measurements. The SNR follows from Eq. 7.18 and 7.14,
with I0 = 1 nA/

√
Hz and q = e, and the square of IRMS taken as the ther-

mal current PSD. The best peak would then be the fourth peak (at fr =
5.82 MHz) at 100 mK, with

SNR =
2qI0

I2
RMS

=
320 fA2/ Hz

3.69 pA2/ Hz
= 8.67 · 10−5
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T 100mK 600mK
1 2 3 4 1 2 3 4

fr [MHz] 1.18 2.98 3.64 5.82 1.18 2.98 3.64 5.82
Q 1313 2984 3494 3085 1165 9384 3193 2992
IRMS [pA/

√
Hz] 12.9 3.99 2.01 1.92 26.9 12.6 5.88 2.34

Te f f [K] 1684 309 158 151 6769 3867 1079 279
Table 7.1: Results from the resonance peak analysis of two measurements with
the Multi-LC. From top to bottom: resonance frequency fr and Q-factor Q of the
resonance peak, RMS noise current IRMS and effective temperature Te f f .

Subsequently, assuming that a resonance peak is defined well enough for
n = 10 data points, taking the Q-factor Q = 3085 of the peak, to find via
Eq. 7.15 that the time constant for 1 measurement is T = 2.65 ms. To then
achieve an SNR of 1, according to Eq. 7.16, the required total measurement
time would have to approximately be τ ≈ 98 hours.

7.4.4 Discussion

The Q-factors, apart from one peak, seem to be consistent. At the two dif-
ferent temperatures, the Q-factor remains approximately the same, which
should be expected for as low of a temperature rise as 0.5 K. The Q-factor
of the second peak at 600 mK is abnormally high, which brings the validity
of this measurement into question. The Q-factor seems to also be some-
what consistent over the peaks of the highest three measurements, with
the first peak having a much lower Q-factor. Something that has been sus-
pected, and wondered about, is whether the resonance at 1.18 MHz is the
resonance frequency of the primary resonator. Its behavior seems to differ
much from that of the other three peaks, indicating that the other three
are most likely really from the LC-resonators, resulting in the conclusion
that there might be another resonance peak that was not detected during
the spectrum sweeps. This could be due to human error or due to a faulty
element in the circuit.

It is difficult to make claims on the nature of the found IRMS: due to the
fact that there are measurements at only two temperatures, all claims that
are made are non-conclusive. If the four data points were to be trusted,
two argue in favor of an extra noise source, whereas the other two are
only possible in the case of another temperature-dependent noise source.
Possible sources of noise could be thermal noise from the lock-in that is at
RT (SV = 1.61 · 10−14 V2/Hz), or the flux noise of the SQUID (ILC,SQUID =
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Figure 7.6: Determination of the ratio between the voltage noise at 100 mK and
600 mK. When the measurements are trusted, all peaks should lay underneath
the dotted line.

16.7 fA/
√

Hz). These both do not seem to be sufficiently large.
The nature of Te f f should also be brought into question. The found

values for Te f f do not agree with the temperatures of the MC-plate at the
time of measurement. With the question on whether all noise is of a ther-
mal nature being unanswered, this is not an illogical result. However, the
validity of the calculations for Te f f is also still under investigation. For ex-
ample: is it correct to choose the inductance L of the primary LC-resonator
or should the other inductances also be taken into account? Is any energy
stored in the capacitor of the LC-resonator? More experiments need to be
performed to answer these questions.

Currently, the assumption has been made that n = 10, is a sufficient
amount of data points to recognize a Lorentzian in a resonance peak well
enough. A more precise number for n is something that should be looked
into to ensure more accurate predictions on a total measurement time. This
could be done by running simulations/fits on sliced data sets. If one de-
fines an accuracy to which extent the fit has to comply, one can determine
a more precise value for n.

The total time for one measurement with an SNR of 1 was approxi-
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mately 100 hours. This result touches on why dry dilution refrigerator
STM can be so important. With an STM in a wet dilution refrigerator,
measurements that take 100 hours are not realistic. In a dry dilution re-
frigerator however, this is something that could theoretically be done. The
Multi-LC circuit might not be the best example, since it has shown its
shortcomings and needs some more close examination, there are definitely
experiments out there that can really benefit from such long measurement
times (or even longer) at cryogenic temperatures.
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Chapter 8
Conclusion

The main goal for this project was to test the performance of the motors of
the two STM’s at cryogenic temperatures. The linear cryo-walkers from
Onnes Technologies have shown to be able to perform a complete ap-
proach and a scan at sub-kelvin temperatures, resulting in very low heat
dissipation. The STM showed great prowess and the prospect of a new
cold run with an undamaged tip is exciting, hopefully resulting in atomic
resolution scans. The Basic STM seems like a great option for dry dilution
refrigerator STM.

The PH-STM has not shown equally good results. The PAN-motor
showed less motion at RT already with regards to the cryo-walkers, and
seems to have fully malfunctioned during the cooldown of the Marshmal-
low. The slip-stick piezos have shown to produce large amounts of heat,
which speaks against using the configuration to do a coarse approach at
temperatures under 4 K. A recommendation would be to try creating a
design in which the cryo-walkers could be integrated into the PH-STM.
This way, the PH-STM could be used in the future in combination with
the proposed elevator system for in operando tip exchange and sample
preparation.

The developed analysis for the Multi-LC has shown that the circuit is
usable to some extent. Some doubt can can be cast over some of the mea-
surements, so the validity of the result needs to be reconsidered. Perform-
ing new measurements in a new cold run of Yeti would be recommended.
Meanwhile, a single measurement with large enough SNR would require
approximately four days of continuous measuring, as τ ≈ 98 h. This is a
large amount, but not infeasible. It should also be noted that the measure-
ments and analysis have been done with the first, non-optimized version
of the circuit, implying that the total measuring time can only be improved
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upon. The long amount of time does however emphasize why dry dilu-
tion refrigerator STM can be so useful, as multiple four days long mea-
surements would not be feasible in a wet dilution refrigerator.
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