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Chapter 1

Introduction

The growing demand for faster, cheaper andmore reliable technology and electronics
pushes scientists to create newmaterials with the desired characteristics. Challenges
need to be overcome, by working at the borders of what is already known in the
eld of chemistry and physics. These two subjects are dened by the dictionary as:
chemistry - a science that deals with the composition, structure, and properties of
substances and with the transformations that they undergo 1; physics - the scientic
study of matter and energy and the eect that they have on each other2. As such, in
the search for novel electronic properties (physics), new compositions and structures
(chemistry) will have to be found.

Physical properties of materials are intrinsically determined by the elements in
the material. The conguration of electrons around the atomic cores together with
the interaction between the atoms in a solid determine the electronic properties of the
material. The electrons can be bound completely to an atom core, delocalised over an
entire molecule or forming strong or weak bonds between two neighbouring atoms.
To understand and change electronic properties of materials, it is crucial to control
the location of electrons themselves. We need a system that is not limited by the
atomic cores and allows large degrees of freedom in positioning electrons where we
want them.

Quantum simulators are tools that allow us to investigate properties of a (com-
plex) quantum system by using a quantum system that is simpler to control and
measure3. Many dierent platforms have been developed, ranging from ultra-cold
atoms4 to photonic systems 5 and superconducting circuits6. For example, ultra-cold
atoms in optical lattices have been used to create well-dened potentials correspond-
ing to a Lieb lattice 7,8, while microwave circuits can be used to probe topological
modes in lattices9. These techniques can investigate certain material properties by
using model systems that focus on that property. Articial electronic simulators
mimic the electronic properties of real materials but allow a high degree of freedom
to modify and tune said properties.
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1 | Introduction

The scanning tunnelling microscope (STM) was invented nearly 40 years ago 10,11

and has proved to be a key instrument in creating articial electronic simulators.
The atomically sharp tip can scan surfaces with a sub-nanometre resolution at small
distances by detecting currents in the nA range, or even smaller. The tip can also be
used tomanipulate individual atoms or molecules and place them at desired locations
on the crystal 12–14. Controlled manipulation of Fe atoms on a Cu(111) surface lead
to one of the rst articial quantum simulators: a quantum corral 15,16. The Cu(111)
crystal surface hosts a surface state which indicates that there is a two-dimensional
electron gas at its surface. A ring of Fe atoms forms a conning potential barrier for
the electron waves. The trapped electrons act as a small two-dimensional atom, an
articial atom. Articial atoms can be used as building blocks for articial molecules
and even larger lattices.

The eld of articial electronic lattices was kick-started by a seminal paper in
2012 by Gomes et al. 17. Here, they realised “molecular graphene” by creating an
electronic honeycomb lattice by placing an anti-lattice of CO molecules on Cu(111).
The local density of states of this articial graphene lattice corresponded to that of
real graphene: the Dirac cones could be measured. By tweaking the positions of the
CO molecules they could engineer n- and p-doped graphene or an articial strain in
the lattice giving rise to pseudo-magnetic elds.

STM investigations into articial structures have used a wide range of substrates
and adsorbates. For example: Cu atoms with an attractive potential were aligned into
monoatomic chains on Cu(111) 14. Vacancy sites in a chlorine monolayer on Cu(100)
could also be manipulated after which they couple together, forming lattices 18,19.

All these platforms can be used to study the electronic properties of lattices and
geometries that might not be physically feasible in real materials. This atomic-scale
conguration of the lattices allows for a ne-grained approach to tuning electronic
properties by integration of controlled defects or lattice design modications. By im-
plementing the lattice geometries designed with articial lattices into semiconductor
quantum wells, the adjusted electronic properties can be transferred back into real
materials20,21.

1.1 Outline of thesis

Each platform has advantages and disadvantages. The ease of manipulation of CO
molecules on Cu(111) is benecial for the research performed in the rst half of this
thesis. However, the limitations in energy resolution lead to investigation of new
platforms considered in the second half of this thesis.

Chapter 3 describes the creation of an articial electronic honeycomb lattice by
placing CO molecules on a Cu(111) surface. This lattice has electronic properties sim-
ilar to the well-known graphene, but is improved such that orbitals at higher energy
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1.1 | Outline of thesis

can be visualised as well. The eect on s and p orbital states can now be investigated
at separate energy ranges. Mun-tin calculations correlate well with the experimen-
tal results.

Chapter 4 describes the investigation into the eect of an external perpendicular
magnetic eld on conned electrons. These quantum corrals are studied theoretically
with a spin-resolved mun-tin approach and by experiments performed in a 5 T
magnetic eld. Here, four dierent corrals are used: rectangular vs. circular and
small vs. large.

Chapter 5 describes the rst steps in our research group in using a semiconduct-
ing surface (InAs(111)A) as a substrate for articial lattices. As we use a semicon-
ducting surface rather than the metallic Cu(111), the energy resolution is improved
allowing much more complex electronic articial lattices to be built. We build and
analyse an articial atom created by vertical manipulation of In adatoms. A theoret-
ical mun-tin model for the In/InAs(111)A platform is developed as well and used to
predict results on an SSH chain.

Chapter 6 describes a dierent aspect of STM experiments, focusing on machine
learning. An STM generally works best when the tip is atomically sharp. Manu-
ally improving the tip apex is possible, but it is a tedious and long-winded approach
based partially on luck. An automated programme, based on a convolutional neural
network, is developed to determine if an image of Si(111) is acquired by a sharp tip.
This neural network is trained on synthetic data describing the main features of the
Si(111) surface.

3



1 | Introduction

Bibliography

1 "Chemistry". Merriam Webster. https://www.merriam-
webster.com/dictionary/chemistry, 2021.

2 "Physics". Cambridge Dictionary. https://dictionary.cambridge.org/dictionary/ en-
glish/physics, 2021.

3 A. Trabesinger. Quantum simulation. Nature Physics, 8(4):263, 2012.

4 I. Bloch, J. Dalibard, and S. Nascimbène. Quantum simulations with ultracold
quantum gases. Nature Physics, 8(4):267–276, 2012.

5 A. Aspuru-Guzik and P. Walther. Photonic quantum simulators. Nature Physics,
8(4):285–291, 2012.

6 A.A. Houck, H.E. Türeci, and J. Koch. On-chip quantum simulation with super-
conducting circuits. Nature Physics, 8(4):292–299, 2012.

7 C. Gross and I. Bloch. Quantum simulations with ultracold atoms in optical lat-
tices. Science, 357(6355):995–1001, 2017.

8 V. Apaja, M. Hyrkäs, and M. Manninen. Flat bands, Dirac cones, and atom dy-
namics in an optical lattice. Physical Review A, 82(4):3–6, 2010.

9 C.W. Peterson, T. Li, W.A. Benalcazar, T.L. Hughes, and G. Bahl. A fractional
corner anomaly reveals higher-order topology. Science, 368(6495):1114–1118, 2020.

10 G. Binnig, H. Rohrer, Ch. Gerber, and E. Weibel. Surface Studies by Scanning
Tunneling Microscopy. Physical Review Letters, 49(1):57–61, 1982.

11 G. Binnig and H. Rohrer. Scanning Tunneling Microscopy—from Birth to Adoles-
cence (Nobel Lecture). Review of Modern Physics, 59(3):615–625, 1987.

12 D.M. Eigler and E.K. Schweizer. Positioning single atoms with scanning tun-
nelling microscope. Nature, 344:524–526, 1990.

13 L. Bartels, G. Meyer, and K.H. Rieder. Basic steps involved in the lateral manipula-
tion of single CO molecules and rows of CO molecules. Chemical Physics Letters,
273:371–375, 1997.

14 S. Fölsch, P. Hyldgaard, R. Koch, and K. H. Ploog. Quantum Connement in
Monatomic Cu Chains on Cu(111). Physical Review Letters, 92(5):4, 2004.

15 M.F. Crommie, C.P. Lutz, and D.M. Eigler. Connement of Electrons to Quantum
Corrals on a Metal Surface. Science, 262(5131):218–220, 1993.

4



BIBLIOGRAPHY

16 M.F. Crommie, C.P. Lutz, D.M. Eigler, and E.J. Heller. Waves on a Metal Surface
and Quantum Corrals. Surface Review and Letters, 2(1):127–137, 1995.

17 K.K. Gomes, W. Mar, W. Ko, F. Guinea, and H.C. Manoharan. Designer Dirac
fermions and topological phases in molecular graphene. Nature, 483(7389):306–
310, 2012.

18 F.E. Kal, M.P. Rebergen, E. Fahrenfort, J. Girovsky, R. Toskovic, J.L. Lado,
J. Fernández-Rossier, and A.F. Otte. A kilobyte rewritable atomic memory. Nature
Nanotechnology, 11(11):926–929, 2016.

19 R. Drost, T. Ojanen, A. Harju, and P. Liljeroth. Topological states in engineered
atomic lattices. Nature Physics, 13(7):668–671, 2017.

20 A. Tadjine, G. Allan, and C. Delerue. From lattice Hamiltonians to tunable band
structures by lithographic design. Physical Review B, 94(7):1–13, 2016.

21 L.C. Post, T. Xu, N.A. Franchina Vergel, A. Tadjine, Y. Lambert, F. Vaurette,
D. Yarekha, L. Desplanque, D. Stiévenard, X. Wallart, B. Grandidier, C. Delerue,
and D. Vanmaekelbergh. Triangular nanoperforation and band engineering of
InGaAs quantum wells: A lithographic route toward Dirac cones in III-V semi-
conductors. Nanotechnology, 30(15):1–15, 2019.

5



1 | Introduction

6



Chapter 2

Theory

This chapter describes all concepts needed to understand this thesis. It includes infor-
mation about construction and subsequent analysis steps involved with creating and
measuring articial lattices in a scanning tunnelling microscope (STM). Two distinct
platforms will be described where an emphasis is placed on the physical possibilities
and limitations of these methods. A short description of the theoretical mun-tin
approach is included. Experimental details concerning preparatory steps are listed
at the end of each chapter.

2.1 Scanning Tunnelling Microscopy

The scanning tunnellingmicroscope (STM)was invented in 1982 by Binnig and Rohrer 1

and lead to a Nobel prize in physics several years later2. It is based on a surprisingly
simple concept, see Fig. 2.1a,b, where a metallic tip is brought into close proximity
(generally less than a nm) of a conducting crystal surface. A bias voltage is applied
to the tip-sample junction, leading to a small tunnel current on the order of nA. This
current is generated by electrons tunnelling from the sample, through a potential
barrier generated by the junction spacing, to the most protruding atom on the tip
or vice-versa. To enhance the stability of the junction and therefore the investigated
materials, our STM is cooled to 4 K with liquid He and operates in ultra-high vacuum
regimes.

The tunnel current depends exponentially on the tip-sample distance𝑑 according
to the following formula

𝐼 = 𝐼0 · 10−^ ·𝑑 (2.1)

with 𝐼 the tunnel current, 𝑑 the tip-sample separation, and ^ the decay constant
which is dependent on the work function of the material (on the order of 1 Å−1)3.
The larger the tip-sample distance, the lower the amount of electrons that tunnel
through the vacuum barrier and the lower the measured current is. In constant-
current scanning mode, a feedback loop will keep the tunnelling current constant
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Figure 2.1 Schematic diagram showing the basic setup of an STM. (a) The tip (grey) is
brought into close proximity of the sample (gold) by piezo-electric motors. A bias voltage
is applied to tip in reference to the sample or vice-versa. The current (on the order of nA) is
measured. (b) The most protruding atoms form the actual measurement position of the tip.
As it scans the surface a current flows from the sample to tip or vice-versa. (c) Schematic
representation of electrons tunnelling from the sample DOS through the vacuum barrier to
the tip.

while raster-scanning a surface area. If, for example, the tunnelling current increases,
either due to a terrace, a protruding atom or due to an increased local density of
states (LDOS), the tip will retract to keep the current constant. This is the standard
scanning mode as it saves the tip apex from contacting the surface. The tunnelling
current 𝐼 therefore allows the STM to “see” atoms, molecules and sub-nanometre
patterning. Another option is to keep the tip height 𝑧 (not to be confused with tip-
sample separation 𝑑) constant, so-called constant-height scanning. The tip will now
not react to changes of the surface, which means that the current signal will increase
when the surface is higher. In real STM systems, this technique needs to be performed
with plane-subtraction to prevent the macroscopic slope of the sample dominating
the signal.

The extreme precision and resolution of the STM allows very local measurements
which require the tip to hover over a single location. Scanning tunnelling spec-
troscopy can be used to probe the local density of states at various positions on a
crystal4. Figure 2.1c shows a schematic representation of the tunnel junction. On the
left, the sample DOS corresponds to that of the Cu(111) surface state (vide infra). The
tip is given a bias voltage relative to the grounded sample. Electrons tunnel through
the potential barrier generated by the vacuum to the tip DOS. This happens for en-
ergies up to the bias voltage 𝐸𝑉 . By changing the bias voltage, the sample DOS can
be determined.

The tip apex is an important factor in image quality. If the tip is atomically sharp,
then the utmost atom will conduct much more current compared to other atoms
of the tip. This gives sharp images where individual adatoms can be discerned as
circular protrusions and crystal plateau edges are sharp. The images become blurry
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2.1 | Scanning Tunnelling Microscopy

when a second atom of the tip is at the same height as the rst or very close to it.
The current now has multiple pathways to travel through from sample to tip. This
results in duplication of features, e.g. a single adatom may look like two or more.
This is an unwanted tip state and it can be improved by inserting the tip shortly
into the sample and/or applying voltage pulses to the tunnel junction 1. The tip has
now acquired a new conguration of atoms at the tip apex. If you are lucky, this
is now atomically sharp, otherwise the procedure is repeated. It is clear that this
process, called tip preparation, is crucial but becomes time-consuming and tedious.
In Chapter 6, we explore the possibilities of automating this process using machine
learning techniques to automatically recognise images acquired with good and bad
tip apices.

2.1.1 Scanning Tunnelling Spectroscopy

Standard scanning is a function of positions 𝑥 and 𝑦 and produces structural infor-
mation about the sample. To investigate the local density of states of surfaces one
uses dierential conductance spectroscopywhich is a function of the bias voltage V 3.
In principle, a voltage sweep can be performed, while the current signal is tracked.
A numerical derivation is then used to obtain the dierential conductance (𝑑𝐼/𝑑𝑉 )
signal which is proportional to the LDOS. Although such sweeps are fast, the signal
to noise ratio can be improved considerably by using a lock-in detection method. A
small modulation in the range of 5-20mV rms amplitude is applied to the bias voltage
signal. A voltage sweep is performed as mentioned before, but now with a longer in-
tegration time at each voltage. At every point the current signal is measured, which,
in contrast to earlier, is not constant any more. Figure 2.2a shows an I (V) curve taken
on the Cu(111) surface in green. To illustrate this process, two voltages are indicated
in grey where a modulation with a frequency 𝑓𝑚𝑜𝑑 is applied to the bias voltage𝑉𝑚𝑜𝑑 .
The LDOS inuences the modulation detected in the corresponding current signal.
If there is a high electron density at a certain voltage, the slope of the I(V) curve
will increase. The modulation detected in the current signal depends on this slope
which can be seen as 𝐼𝑚𝑜𝑑,1 and 𝐼𝑚𝑜𝑑,2. The amplitude of 𝐼𝑚𝑜𝑑,2 is smaller than that
of 𝐼𝑚𝑜𝑑,1 and corresponds to a decrease in LDOS. The 𝑑𝐼/𝑑𝑉 signal, that is propor-
tional to the LDOS, is shown in panel b. Here, an onset around -0.45 V corresponds
to the Cu(111) surface state. The density of the surface state slowly decays until it is
negligible around 0.5 V.

The frequency of all signals is the same and allows the lock-in amplier to work
properly. The lock-in technique adds the modulated current signal to a phase-shifted
pure modulation signal. These two signals can be represented in Fourier space by a
single frequency, which are subsequently multiplied by each other. As the modu-
lation frequencies of 𝑉𝑚𝑜𝑑 and 𝐼𝑚𝑜𝑑 are the same, the multiplication results in one
frequency at 0Hz, the DC component, and one at 2 · 𝑓𝑚𝑜𝑑 . A low-pass lter is applied
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Figure 2.2 (a) 𝐼 (V) curve taken on a Cu(111) surface. A modulation applied to the bias volt-
age is indicated in grey. The amplitudes of the signals are shown by purple arrows. (b) Corre-
sponding 𝑑𝐼/𝑑𝑉 curve taken on Cu(111) showing the onset of the surface state around -0.45 V.

to cut o all other frequencies except for the DC component. This value is the 𝑑𝐼/𝑑𝑉
value shown in panel b for every voltage value 5.

Spectroscopy in this way is limited to a single tip position 𝑥 and 𝑦. To investigate
the electron density over a certain area, the bias voltage is xed while an area is
scanned. This happens at constant height adjusted by plane subtraction. This is
similar to the constant-height technique described in the previous section, however
here, the small bias modulation is also applied. This technique generates spatial maps
at certain voltages. Each pixel in this map corresponds to the electron density at that
specic voltage.

2.2 Subtrates and absorbates

This thesis investigates articial lattices built on two substrates: the Cu(111) surface
patterned with CO molecules and the InAs(111)A surface patterned by In adatoms.
Although both crystal substrates have a density of electrons located at their surface
(two-dimensional electron gas or 2DEG), they are caused by two dierent eects.

2.2.1 CO on Cu(111)

A pure copper crystal unit cell has an FCC symmetry, which means that the Cu(111)
plane has a hexagonal symmetry. Each copper atom has six nearest neighbours in the
plane. Shockley-type surface states exist at the interface between the metal crystal
and vacuum6. We use this two-dimensional electron gas as our reservoir of elec-
trons for building articial lattices. CO molecules are bound on top of surface Cu
atoms. They act as repulsive barriers for the surface state electrons. Many groups
have used CO/Cu(111) to create various systems such as logic circuits 7, and molecular
graphene8, see also the next section on articial lattices. As can be seen in Fig. 2.3a,
the surface state of Cu(111) starts around -0.45 eV and forms a parabola that intersects
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2.2 | Subtrates and absorbates

the bulk bands (grey) around 0.3 eV9. In this energy window, the surface state can
be patterned by placing CO molecules on top changing the LDOS. Above 0.3 eV the
coupling to bulk states becomes so strong that the surface state is not usable any
more.
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Figure 2.3 (a) Cu(111) has a surface state (green) which is located in a pseudo-gap of the bulk
Cu bands (grey). (b) Bending of the conduction and valence bands at the junction between
semi-conductor and vacuum gives rise to a 2DEG (green) at the InAs surface just below EF.

2.2.2 In on InAs(111)A

To visualise more states with limited energy windows, one can do two things. In-
crease the energy window, or increase the resolution with which you can see states
within the same energy window. Using InAs(111)A surfaces as a substrate enables us
to have states with much less broadening than the Cu(111) surface 10–12. This is due to
the presence of a band gap in the semiconductor InAs. Coupling of electronic states
to the bulk bands of InAs is therefore less than in Cu(111). Band bending occurs at the
interface of semiconductor crystals with vacuum, with InAs surfaces known to have
bending bands causing the bottom of the conduction band to dip below the Fermi
level, see also panel b in Fig. 2.3 10,13. This means that a two-dimensional electron
gas is formed by the electrons that are lling the bottom of the CB up to the Fermi
energy. These electrons hardly interact with the many bulk states as they are split
in energy, see Fig. 2.3b. This density of electrons can be patterned by positioning In
adatoms on the surface. These adatoms are positively charged as they donate an elec-
tron to the conduction band of the InAs surface 10. They have an attractive potential
and therefore accumulate surface electrons around each atom. Positioning multiple
atoms next to each other creates extended electron potentials 14,15.

2.2.3 Atom and molecule manipulation

When evaporating molecules or atoms onto a surface, the distribution is random. To
create ordered structures, the adsorbates need to be moved to the desired locations.
This can be done in the STM by twomethods: lateral and vertical manipulation3,16–18.
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Some adsorbates can be dragged successfully over the surface resulting in lateral
manipulation. Here, the adsorbate does not leave the surface 19. CO molecules are
susceptible to lateral manipulation and can be placed with atomic precision8,17. Lat-
eral manipulation is explained in further detail in Fig. 2.4. Panel a shows a Cu(111)
surface with CO molecules. The tip is positioned above a CO molecule. The bias
voltage and current setpoint are changed such that the tip approaches the molecule
(tunnelling resistance is on the order of 250 kΩ). The CO molecule feels the inu-
ence of the tip and will follow the tip when moved. The height prole of the tip is
shown in panel b, where the atomic corrugation of the surface below the manipu-
lated molecule is visible. Positioning of the CO molecule is done by retracting the
tip at a certain position. The reliability of such manipulations nears 100% when the
tip apex is perfectly shaped. A non-ideal tip apex might still be able to manipulate
molecules in one direction only or drop them halfway. CO molecules sit on top-sites
of the Cu(111) surface20. The precise placement of the scatterer molecules is of ex-
treme importance as some relative positions are not stable 7. If the tip retracts while
the molecule is above a hollow site, it will “snap” to one of the three surrounding
top-site positions. A round of short atom-length manipulations is often needed.

Indium adatoms cannot be dragged over the surface. Manipulation of the In
adatoms is possible by vertical pick-up and deposition at the desired location 11. Fig-
ure 2.4c shows the process of this vertical manipulation. In atoms are picked up by
approaching the tip toward the absorbed In atom, with the bias such that a tunnel
current more than a µA is measured. The voltage sign is ipped. This inverted volt-
age is the trigger for the In adatom to ip from being on the sample to being on the
tip apex. This ip is shown in panel d where 𝐼 (z) curves are shown. The current is
tracked during approach of the tip to the adsorbate. The jump in current indicates
transfer from sample to tip. With the In adatom now at the tip apex, the tip can now
be manoeuvred in any direction and even used to scan. Deposition of the In atom
is similar, the tip is brought into close-contact with the sample but then at positive
voltage. The In atom is dropped from the tip apex. In contrast to the lateral manip-
ulation of CO molecules, a failed vertical manipulation often leads to a changed tip
apex, or substrate, which instantly hampers subsequent attempts.

2.3 Artificial laices

This thesis uses articial lattices to simulate properties of electrons. These articial
electronic lattices are built atom-by-atom on atomically at substrates using atomic
manipulation in an STM. The STM allows construction and subsequent measure-
ments and analysis in the same system.

In physical materials, lattices are constructed of many atoms. These atoms have
electronic states corresponding to orbitals. By conning surface-state electrons, we

12
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Figure 2.4 Atom manipulation with an STM tip. (a) Lateral manipulation occurs by ap-
proaching the tip to the adsorbate which is then dragged or pushed along the surface at high
currents. When the tip retracts, the adsorbate stays in place. (b) Tip height vs. distance traces.
(c) Vertical manipulation occurs by approaching the tip to the adsorbate and swapping the
sign of the bias voltage. The adsorbate transfers from the sample to the tip aer which the
tip can be positioned above the desired location and the process is reversed. (d) Current vs.
tip height when picking up an adsorbate.
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Figure 2.5 (a) STM topograph of a quantum corral made by placing Fe atoms on a Cu(111)
surface showing the 5s orbital state.21. (b) 𝑑𝐼/𝑑𝑉 spectrum taken at the centre of the corral
shown in a. The spectrum shows well defined energy states. Adapted from22. (c) Schematic
diagram showing a smaller corral made by placing CO molecules (black) on a Cu(111) sur-
face.23(d) Two 𝑑𝐼/𝑑𝑉 maps corresponding to the two peaks of 1s and 1p states shown in panel
e. (e) 𝑑𝐼/𝑑𝑉 spectra taken at the centre (black) and o-centre locations (red). The locations
are indicated in panel c. The 1s and 1p states are separated in energy.
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can create articial atoms as well, see Fig. 2.5. Panel a shows a quantum corral
created by placing Fe atoms on a Cu(111) substrate. These adatoms conne the surface
state of Cu(111) into a circular potential, similar to the particle-in-a-box model. This
two-dimensional articial atom also shows electronic states shown in panel b. This
spectrum is taken at the centre of the corral and shows peaks when the electron
density is high. Orbitals with a high intensity at the centre of the corral correspond
to s-type states. The 1s to 6s orbital states are indicated with the 5s state at the same
energy as the topograph in panel a. The wave pattern in the corral also shows ve
peaks and four nodal circles.

Spectra at the centre show s-type orbitals, but p-type orbitals have a node at
the centre of an atom24. This is also the case in articial atoms, see Fig. 2.5c-e. A
smaller corral is built using CO molecules on a Cu(111) surface. Panel d shows 𝑑𝐼/𝑑𝑉
maps (related to the squared wave function at a certain energy). At -0.17 V, a high
electron density is seen at the centre where a node is seen at 0.21 V. This corresponds
to the delocalised 1s state and the 1p state, respectively. The spectra shown in panel
e are taken at the positions indicated by the coloured dots in panel c. The 1s state is
strongest at the centre (black), but is also visible at the o-centre position (red). The
1p state is only visible at the o-centre location.

Such quantum corrals can be used to simulate real atoms. Coupling atoms to-
gether also works in the articial electronic regime25. Dimers, consisting of two
articial atoms, form bonding and anti-bonding states. Enlarging systems to longer
chains of articial atoms also gives rise to states corresponding to particle-in-a-box
models 15. This holds for articial lattices generated by repulsive potentials (e.g.
CO/Cu(111)) as well as attractive potentials (e.g. In/InAs(111)A).

Figure 2.6 shows how to emulate the honeycomb lattice geometry with attractive
and repulsive scatterers. Panel a shows the generic honeycomb lattice drawn in the
standard chemical fashion. The electrons would be located around the atoms and
bonds. This is shown in green in panel b. This is also a description of the attractive
potential. Placing attractive atoms (e.g. In adatoms) in a honeycomb pattern gen-
erates an electron density that is shaped into a honeycomb lattice. Panel c shows
the placement of repulsive CO molecules (black) in an anti-lattice of the honeycomb
lattice. Therefore, the electron density is pushed into a honeycomb lattice.

The exact placement of articial atoms is crucial for determining the lattice prop-
erties. For example, CO molecules sit on top-sites of the Cu(111) substrate while In
adatoms sit in vacancies of the In top layer of InAs(111)A. These available positions
have a six-fold geometry and quantise the placement of molecules and adatoms. The
placement of the attractive or repulsive scatterers has to be tuned such that the result-
ing electron density simulates the desired lattice geometry. The design of articial
lattices is helped very much by calculations with the mun-tin model.
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(a) (c)(b)

Figure 2.6 (a) A typical schematic chemical structure of a honeycomb laice. (b) the elec-
tron density of a honeycomb laice is indicated by green shading. An aractive potential
keeps the electrons close to the desired locations. (c) A repulsive potential is placed in an
anti-laice (black) that forces the electrons into a honeycomb paern.

2.4 Muin-tin calculations

Data acquired by experiments is not always clear-cut and needs comparison to other
methods to understand the outcome. This is where theory comes into play. It can
predict properties of systems before experiments are performed and can help inter-
pret the acquired experimental results. In this thesis, the main theoretical tool is the
mun-tin model. Here, a potential landscape in a 2DEG is generated to describe
lattices26. A clean crystal surface hosting a 2DEG is theoretically described as a
smooth potential. Any scatterers or defects can be added to this model by includ-
ing areas with a dierent potential. The resulting potential can be described as an
upside-down mun tin, see Fig. 2.7.

Figure 2.7 Upside-down muin tin. The high parts of the tin can be seen as an area with
increased potential compared to the background levels. Photo by Jee van den Broeke.

The repulsive potential of CO molecules is accounted for by a disc with a radius
of 0.3 nm and a height of 0.9 eV27–31, while the attractive potential of In adatoms
required Gaussian potentials with a depth of -1.5 eV and a FWHM of 0.60 nm. These
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2.4 | Muin-tin calculations

values were estimated and rened for multiple lattices and are specic for the exact
combination of surface and adsorbate.

The dened potential landscape 𝑉 (𝑥,𝑦) is the one of the few parameters for the
mun-tin model. Using the correct eective mass for the surface electrons𝑚∗ the
following two-dimensional, one-electron Schrödinger equation is used:

−ℏ2
2𝑚∗∇

2Ψ +𝑉 (𝑥,𝑦)Ψ = 𝐸Ψ (2.2)

For a dened potential landscape, this Schrödinger equation is now solved for a
particle-in-an-intricate-box. For large and nite lattice designs, this cannot be solved
analytically and needs to be solved numerically. The system is divided into an 𝑛 · 𝑛
grid with a resolution of three grid points per substrate lattice site, nding an op-
timum between calculation time and precision. Periodic boundary conditions are
applied, however, a buer distance is added to avoid unwanted energy states occur-
ring between two “neighbouring” lattices.

∇2Ψ is derived numerically per grid point in both directions using derivative
matrices while the potential is also discretised into 𝑛 · 𝑛 grid points. The resulting
discrete Hamiltonian is:

𝐻 =
−ℏ2
2𝑚∗ (D

2
𝑥 + D2

𝑦) + V. (2.3)

For complex lattices,𝐻 becomes a very large matrix. Solving this would take a lot
of time and this process is therefore simplied. The eigenvalues are approximated nu-
merically rather than calculated exactly. Matrix diagonalisation algorithms are most
ecient solving eigenvalues with the highest magnitude and we are interested in
the lowest-lying eigenvalues. To improve the eciency, Eq. 2.3 is inverted such that
the solved eigenvalues with largest magnitude now correspond to the lowest-lying
eigenvalues that we are interested in. Also, as much of the matrix has no information
and is zero, sparse matrices were applied and solved using the Lanczos algorithm32.

The wave functions and energies of of the lattices are now calculated and can be
compared to the experimental results. LDOS spectra and maps can be generated by
plotting the sum ofwave function probabilities at a certain location and/or energy. As
experimental spectra have a nite broadening this is simulated by using a Lorentzian
distribution with certain widths rather than the calculated delta functions.

Simulating lattices subjected to a magnetic eld requires a small adjustment to
the mun-tin model, this is described in Chapter 4.
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Chapter 3

p Orbital flat band and Dirac cone in the
artificial electronic honeycomb laice

Abstract
Theory anticipates that the in-plane px, py orbitals in a honeycomb laice lead to
potentially useful quantum electronic phases. So far, p orbital bands were only re-
alised for cold atoms in optical laices and for light and exciton-polaritons in pho-
tonic crystals. For electrons, in-plane p orbital physics is diicult to access since
natural electronic honeycomb laices, such as graphene and silicene, show strong
s–p hybridisation. Here, we report on electronic honeycomb laices prepared on a
Cu(111) surface in a scanning tunnelling microscope that, by design, show (nearly)
pure orbital bands, including the p orbital flat band and Dirac cone.

This chapter is based on Gardenier and van den Broeke et al. (2020) 1. The author
of this thesis performed the experiments and corresponding analysis. J.J. van den
Broeke did the theoretical calculations. Both authors contributed equally to the
manuscript.
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3 | p Orbital flat band and Dirac cone in the artificial honeycomb laice

3.1 Introduction

The electronic properties of two-dimensional solids, including materials with Dirac
bands and topological insulators, are largely determined by the geometry of the
atomic lattice and the nature of the interacting orbitals2,3. Natural electronic hon-
eycomb systems show interesting results, but there is considerable hybridisation be-
tween dierent types of orbitals4. In graphene, the most studied electronic honey-
comb lattice, the s- and in-plane 𝑝𝑥 , 𝑝𝑦 orbitals of the carbon atoms hybridise and
form 𝑠𝑝2 electronic bands, the lower one being completely lled 5. This lled band
leads to a very strong in-plane bonding between the carbon atoms, but is not elec-
tronically active. The remaining 𝑝𝑧 orbitals (perpendicular to the graphene plane)
form 𝜋 bonds, resulting in two bands touching at the (K, K’) Dirac points at which
the Fermi energy is situated. The linear energy-wave vector dispersion (Dirac cone)
around the (K, K’) points is responsible for the electronic properties of graphene 5.
Figure 3.1 shows two bands touching at K and K’ points forming Dirac cones in blue.

E

kx

ky

Figure 3.1 A schematic overview of the band structure of an electronic honeycomb laice in
three dimensions. The lowest two bands (blue) are dispersive and correspond to the s orbital
Dirac cone. At higher energies a p orbital flat band occurs followed by two dispersive bands
forming the p orbital Dirac cone followed by a second p orbital flat band (orange).

Graphene is a honeycomb lattice, but does not have the complete electronic struc-
ture of a generic honeycomb lattice. The generic honeycomb lattice has a system of
in-plane 𝑝𝑥 , 𝑝𝑦 orbitals providing an electronic at band, due to geometric frustra-
tion, and a p-type Dirac cone 5–7. The in-plane p orbitals in the trigonal honeycomb
lattice cannot form conventional bonding–antibonding combinations; their interac-
tion gives rise to complex interference patterns. As a result, the four in-plane p bands
consist of a non-dispersive at band, followed by two dispersive bands forming a
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Dirac cone at higher energy, followed by another at band; see the orange bands in
Fig. 3.1 for a three-dimensional schematic diagram of the p orbital bands.

Intrinsic spin-orbit coupling will open a gap at the Dirac point (the quantum
spin Hall eect) and detach the at band from the Dirac cone, making it topologi-
cal4,8. Since the kinetic energy is quenched in the at band, the dominant energy
scale is set by interactions. It has been predicted that this will lead to interesting
quantum phases, such as unconventional superconductivity and Wigner crystals6,9.
The physics of in-plane p orbitals has been studied with ultracold atoms in optical
lattices9–13, light in photonic systems 14, exciton-polaritons in a semiconductor pillar
array 15,16, and has been theoretically investigated for real layered materials 17. How-
ever, an experimental realisation of an electronic material in which the physics of
in-plane p orbitals can emerge by design has not yet been reported.

3.2 Results and discussion

Here, we report solid-state designs for non-interacting electrons in which the physics
of in-plane p orbitals fully emerge. This work is inspired by the work of Gomes
et al. who reported an articial electronic honeycomb lattice based on the surface
state electrons of a Cu(111) surface 18. In that work, the connement of the surface
state electrons in a honeycomb geometry by CO molecules leads to a Dirac cone
formed by the rst two surface bands at the high symmetry K point. It has been
shown afterwards that this concept can be extended to create systems with dierent
geometries 19, fractal structures20, non-trivial topology21,22 and multiple orbitals by
changing the size of the lattice sites23. Using this last concept, we design honeycomb
lattices consisting of atomic sites with a variable degree of quantum connement, and
electronic coupling between them. Mun-tin calculations show that it is possible to
create lattices in which the on-site s orbitals and p orbitals are suciently separated
in energy such that s-p hybridisation can be avoided and Dirac-cones and a at band
emerge with nearly pure p orbital character. The band structure is experimentally
investigated by measurement of the local density of states and wave function map-
ping.

The theoretically designed honeycomb lattices are presented in Fig. 3.2, with the
original lattice by Gomes et al. 18 (Fig. 1a), and two geometries where the splitting of s-
and p orbitals is enhanced (vide infra, Fig. 3.2b and c). The electronic band structure
of these lattices is calculated by solving the Schrödinger equation with a mun-
tin potential accounting for the rosettes of CO molecules as repulsive scatterers24.
A broadening of 40meV is used in the mun-tin calculations to account for the
intrinsic coupling of surface and bulk states in the CO/Cu(111) system. The resulting
band structures are presented in Fig. 3.2d-f. In addition, the mun-tin band structure
is tted with a tight-binding model based on articial atomic sites in a honeycomb
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Figure 3.2 Designs for artificial atoms in a honeycomb laice, corresponding band struc-
tures and LDOS spectra. (a-c) Schemes of a Cu(111) surface (copper) and the positions of the
CO molecules (black) defining the on-site energies of the s- and p orbitals and their inter-site
coupling. The laice sites are indicated in green, the bridge sites with purple crosses. (a) The
laice reported by Gomes et al. 18, with a honeycomb laice vector of 1.92 nm. (b) Laice with
single-ringed CO rosees as scaering islands and a honeycomb laice vector of 3.58 nm, cor-
responding to 14 Cu atoms, (c) laice with double-ringed CO rosees as scaering islands, the
laice vector is also 3.58 nm. (d-f) Corresponding band structures calculated by the muin-tin
approximation. The band structures for the designs in (b) and (c) reflect (nearly) separated
s (blue) and p (orange) orbital bands. (g-i) The LDOS for these three designs; green for the
on-site positions, purple for the bridge positions between the sites. Blue arrows indicate the
s orbital Dirac point, orange arrows indicate the p orbital flat band and the p orbital Dirac
point. A broadening of 40meV is included to account for scaering with the bulk.
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lattice; each atomic site has one s orbital and two in-plane p orbitals, and s-s, s-p
and p-p hopping between neighbouring sites is assumed. Excellent agreement is
obtained between the two band structures for all but the highest bands, as the tight
binding calculation does not take bands of energies higher than the p orbitals into
account (see appendix sections A3.6 and A3.7 for more details and tted parameters).
The calculations predict a single Dirac cone (blue colour) for the lattice by Gomes et
al. (Fig. 3.2d and g), in agreement with the experimental results reported. For this
lattice, calculations show that the next band (orange colour) is strongly dispersive
and extends outside the Cu(111) surface state energy window (-0.45 V to +0.50V).
To be able to lower the energy of the p bands, the lattice constant is increased 18,23.
Additionally, to be able to separate the on-site s- and p orbitals, the on-site quantum
connement is increased by using single and double CO rosettes as potential barriers.

The design presented in Fig. 3.2b is based on single CO rosettes23. In this case,
two dispersive s orbital bands emerge, forming a Dirac cone (blue). The four p or-
bital bands (orange) contain a (nearly) at band and two dispersive bands forming
a Dirac cone. This lattice was also realised experimentally. The results obtained
on the single-ringed CO rosette lattice will not be discussed here due to the simi-
larity with the double-ringed rosette. See the Appendix for an extended discussion
(Fig. A3.2). In this single-ringed design, the s and p bands are not separated. In
the context of real materials, similar-sized lattices of graphene in a graphane matrix
have been considered by DFT and tight-binding calculations; in this system, there
is strong hybridisation between the carbon s and in-plane 𝑝𝑥 , 𝑝𝑦 orbitals, while the
Dirac properties arise from the coupling of the perpendicular 𝑝𝑧 orbitals25.

In order to prevent this s-p hybridisation, the on-site s and p energy levels must be
better separated by quantum connement. This is achieved with the lattice presented
in Fig. 3.2c (double-ringed CO rosettes as scatterers), showing the p orbital at band
and Dirac cone, well separated in energy from the lower s Dirac cone. The LDOS
calculated for designs in panels b and c (Fig. 3.2h and i) display a double peak with a
minimum, reecting the s Dirac cone, followed by a single peak with high LDOS due
to the p orbital at band, followed by a second double peak due to the p orbital Dirac
cone. This indicates that our lattices are appropriate electronic quantum simulators
for the study of the in-plane p orbital physics.

First, an overall electronic characterisation of the experimental honeycomb lat-
tice according to the design shown in Fig. 3.2c is presented. Fig. 3.3 shows a scanning
tunnelling microscope image using a Cu tip (a) and a CO-terminated tip (b).

The articial honeycomb lattices studied in this work are prepared by creating a
potential energy landscape to force the electrons of the Cu(111) surface state into a
honeycomb geometry. The potential energy landscape is obtained by placing repul-
sive CO molecules acting as scatterers in rosettes, e.g. see Fig. 3.3. Fig. 3.3b presents
a similar lattice imaged with a CO tip, allowing the visualisation of the individual CO
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(a) (b)

Figure 3.3 Topographs of the artificial electronic honeyomb laice made by repulsive
double-layered CO rosees. (a) Constant current STM image (0.5 V, 0.3 nA) of the honey-
comb laice with a laice vector of 3.58 nm. The potential landscape is obtained by using
double-ringed CO rosees (black) as repulsive scaerers for the surface state of the under-
lying Cu(111) surface (grey). (b) Constant current STM image (-0.4 V, 0.5 nA) of a honeycomb
laice with a laice vector of 3.86 nm imaged with a CO-terminated tip. Each double-ringed
rosee consists of 18 COmolecules, which can be seen as individual circular protrusions. Sev-
eral defects or misplaced CO molecules can be spoed. Scale bars are 5 nm.

molecules (absorbed on top of Cu atoms) as circular protrusions in each rosette, and
even misplaced CO molecules. Also notice that there are additional CO scatterers
around the lattice to isolate the lattice from the rest of the Cu(111) surface state. The
purpose is to form articial atomic sites located between the repulsive rosettes.

The LDOS of the two dierent lattice sites can be probedwith scanning tunnelling
spectroscopy by placing the metallic Cu-coated tip above the centre of the articial
sites (green circles in Fig. 3.3a) and on bridge sites between the lattice sites (purple
crosses); the bias voltagewas changed over the entire voltage region of the Cu surface
state between𝑉 = -0.4 and +0.5 V. The LDOS, i.e. normalised𝑑𝐼/𝑑𝑉 vs. bias voltage 18,
spectra on the on-site and bridge site positions are presented in Fig. 3.4, see Fig.
A3.1 for details; they should be compared with the theoretical mun-tin spectra, for
convenience replotted from Fig. 3.2i in light colours.

The rst double peak (peaks 1 and 3) corresponds to two s orbital bands form-
ing a Dirac cone, the minimum indicates the Dirac point (point 2). The two maxima
correspond to the high LDOS at the M points (see Appendix); if the overlap integral
between neighbouring s orbitals is neglected, the distance between these two max-
ima provide a good estimation for two times the hopping term between the nearest-
neighbour s orbitals, i.e. 2𝑡𝑠𝑠 (see Appendix). The 𝑡𝑠𝑠 value that we obtain is 45meV.
From a tight-binding t, taking the overlap into account, we nd 60meV. The two
s orbital bands do not show the typical bonding (lowest s band) and anti-bonding

26



3.2 | Results and discussion

no
rm

al
is

ed
 d

iff
er

en
tia

l c
on

du
ct

an
ce

 (a
.u

.)

Voltage (V)

1.8

1.6

1.4

1.2

1.0

0.8

0.40.20.0-0.2-0.4

1

2 6

4

3

75

2∙tss 1.5∙tppσ

Figure 3.4 Scanning tunnelling spectroscopy of an artificial honeycomb laice with sepa-
rated s- and p bands. The LDOS, i.e. 𝑑𝐼/𝑑𝑉𝑙𝑎𝑡𝑡𝑖𝑐𝑒 / 𝑑𝐼/𝑑𝑉𝐶𝑢 , vs. bias voltage 𝑉 , measured by
scanning tunnelling spectroscopy, on top of the artificial atom sites (green) and bridge sites
(purple). The LDOS calculated using the muin-tin approach is reploed in light green and
light purple for comparison. The magnitudes of 𝑡𝑠𝑠 and 𝑡𝑝𝑝𝜎 are indicated.

(higher s band) character. An analytical tight-binding model presented in A3.8, pro-
vides a detailed explanation.

Around 𝑉 = 0V, a very strong LDOS peak is observed on the bridge sites, while
the LDOS on the lattice sites is very low (peak 4). A comparison with the mun-
tin band structure, and the tight-binding t to it, reveals that this strong resonance
localised between the sites is due to the at band originating from p orbitals. The
high electron probability observed between the lattice sites will be discussed in detail
below. Between 0.1 and 0.4 V, a second double peak with a minimum can be found.
Comparison with calculations shows that this feature reects the dispersive p orbital
bands; the minimum corresponds to the Dirac point (point 6), the lower maximum
(peak 5) reects the high LDOS at the M point. The maximum at higher energy
(peak 7) corresponds to the third and fourth p orbital bands. If the orbital overlap
and residual s-p hybridisation are neglected, the energy dierence between the at
band maximum and the Dirac point is 1.5 𝑡𝑝𝑝𝜎 ; from this, 𝑡𝑝𝑝𝜎 is found to be 160meV.
From the mun-tin calculations combined with a tight-binding t a value of 127meV
is found (see Table A3.1).

Although dierential conductance spectroscopy gives enough information per-
taining to the LDOS across the lattice, it is illustrative to show dierential conduc-
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tance, or wave function maps. In this manner, the electron distribution in real space
for a certain energy is mapped to a single image.
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Figure 3.5 Dierential conductancemaps of an artificial honeycomb laice: s orbital region.
(a-c) Spatially resolved LDOSmaps in the energy region of the lowest Dirac cone (points 1-3 in
Fig. 3.4 measured at constant height with (d, e, f) the same maps calculated with a muin-tin
potential landscape. The high density of states at the sites reflect s orbital bands. Scale bars
are 5 nm.

Figures 3.5a-c display energy-resolved LDOS maps in the energy region of the s
bands measured over the entire lattice at a constant tip-sample distance, while the
panels below (Fig. 3.5d-f) show the electron probabilities calculated with the mun-
tin model. There is a good agreement between the observed and calculated LDOS;
the large on-site LDOS reects the on-site s orbitals, the LDOS at the Dirac point is
much lower, but does not vanish completely. This reects a certain broadening of
the resonances due to the coupling of the lattice states with surface states outside
the lattice and with Cu bulk states. A discussion of the LDOS maps in the s band
region from the tight-binding perspective is given in Fig. A3.9.

Maps of the electron probability measured in the energy region of the p bands
are presented in Figs. 3.6a and b; Figs. 3.6c and d show the calculated results. The
electron probability pattern at the at-band energy has a very high electron prob-
ability between the sites, and a very low probability on the sites [Figs. 3.6a, c and
inserts]. In addition, the electron probability (LDOS) map in the region of the p or-
bital Dirac cone show detailed patterning [Figs. 3.6b, d and inserts], see also Fig. 3.7.
The low on-site electron probability on the centre of the lattice sites show that these
two bands are formed from p orbitals.
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Figure 3.6 Electron probability (LDOS) maps in the energy region of the p orbital flat band
and p orbital Dirac cone obtained by energy-resolved scanning tunnelling microscopy at con-
stant height. Spatially resolved LDOS measured at (a) the flat band energy (point 4 in Fig.
3.4b) showing paerns of very high electron probability at bridge sites, and very low proba-
bility on the atomic sites; (b) in the energy region of the p orbital Dirac cone (point 7 in Fig.
3.4b). Several bright spots assigned to mobile hydrogen species are visible in the maps; how-
ever, these spots do not perturb the observed paern. The LDOS calculated using a muin-tin
approach for (c) the flat band showing a paern of large electron densities between the sites,
and very low electron density on the sites, to be compared with the experimental result in
panel a; (d) the energy region of the p orbital Dirac cone, showing a good agreement with
the intriguing paerns experimentally observed. More information can be found later in this
chapter. The inserts show a magnification. Scale bars are 5 nm.
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Figure 3.7 Tight-binding calculation of the interference paerns of the in-plane 𝑝𝑥 , 𝑝𝑦 or-
bitals in the honeycomb geometry and the resulting electron probabilities in the p-type flat
band. (a) Scheme of the Brillouin zone with Γ, M and K points indicated. The yellow (red)
circles denote the positions in the zone used in panel b. (b) Two spatial paerns due to in-
terference of the 𝑝𝑥 , 𝑝𝑦 orbitals in the honeycomb geometry at the flat band energy (-0.01 V)
at the two points in the Brillouin zone indicated in panel a. Artificial atom sites (green) and
bridge sites (purple) are indicated. (c) The overall electron probability at the flat band energy
obtained from the interference paerns (see panel b) and summed over the entire Brillouin
zone. Strong electron probabilities are observed on bridge sites (purple crosses) as in the ex-
perimental maps. (d) Representation of the electron probability map at the flat band energy
by construction of Wannier-like eigenstates from p orbitals organised around a hexagon. The
dark blue colour indicates high electron probability. See also Fig. 3.8c.

30



3.2 | Results and discussion

The intricately patterned electron probabilities observed in the energy region of
the p orbital bands in the honeycomb lattice require further investigation. The inter-
action of in-plane p orbitals at the sites of a honeycomb lattice can best be described
as orbital interference by geometric frustration4. We have calculated these interfer-
ence patterns by using the original tight-binding theory4,6, see Fig. 3.7. The results of
themun-tin calculations combinedwith a tight-binding parameter t are presented
in Figs. A3.7c and d. At the at band energy, dierent points in the Brillouin zone
show distinct interference patterns from the in-plane p orbitals, two of them being
presented in Fig. 3.7a and b. The overall sum of the electron probability patterns over
the Brillouin zone at the energy of the at band is presented in Fig. 3.7c, showing a
strongly enhanced electron probability on the bridge sites, in full agreement with the
experimental results. Likewise, as originally proposed by Wu et al.6, Wannier-like
eigenstates with the at band energy can be constructed around each CO rosette of
articial sites resulting in a high electron probability between the lattice sites (also
called bridge sites), see Fig. 3.7d. This spatial electron probability pattern in the at
band agrees with the experimental results and the result of mun-tin calculations,
see Fig. 3.6. In addition, a comparison between Fig. 3.6b and d shows that the spa-
tial patterns of the LDOS in the p orbital Dirac region are well reproduced by the
mun-tin calculations.
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Figure 3.8 Dierential LDOS conductance maps acquired for the laice of Fig. 3.3a in the
energy region of the p orbital Dirac cone. (a) Electron probability map taken at 180mV (lower
energy maximum of p orbital Dirac cone). The atomic sites have a low intensity while the
bridge sites have an even lower intensity. The rings of high intensity around the CO rosees
show a modulation in the intensity as well. (b) Electron probability map taken at 240mV
(p orbital Dirac point). The atomic sites have a low intensity while the bridge sites have a
slightly higher intensity. The insets show an enlargement. Scale bar is 5 nm. (c) Scheme of
the intensities around an artificial site for the region of p orbital Dirac cone. The artificial
site has low intensity (light grey), the bridge sites have even lower intensity (dark grey). Each
rosee is circumvented with high LDOS intensity, resulting in a triangle of high intensity
around each artificial site.
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The dierential LDOS conductance maps acquired in the energy region of the
p orbital Dirac cone are very detailed and typical (Fig. 3.8a and b). There is high
intensity close to the rosettes, very weak intensity on the sites and even weaker
intensity between the sites. As a guide to the eye, a scheme is presented in Fig.
3.8c where the CO rosettes are left uncoloured for clarity. At the Dirac point, the
rings of high intensity around the rosettes are nearly uniform. For both peaks (M
points) around the Dirac point, the high intensities form trigonal arrays around each
articial site.

3.3 Conclusion and outlook

Our results show that solid-state electronic honeycomb lattices can be designed in
such a way that in-plane p orbital physics fully emerges. The design is purely based
on the lattice geometry and the degree of quantum connement and inter-site cou-
pling. These concepts can, therefore, be directly transferred to two-dimensional
semiconductors inwhich the honeycomb geometry is lithographically patterned26–29,
or, obtained by nanocrystal assembly8,30. Such honeycomb semiconductors can be
incorporated in transistor-type devices in which the Fermi level and thus the density
of the electron gas can be fully controlled29,31. For instance, a partial lling of the at
band can result in electronic Wigner crystals, magnetic phases and superconduc-
tivity4,6. Hence, we present a feasible geometric platform for real materials open-
ing the gate to unexpected electronic quantum phases, both in the single-particle
regime8,24,32,33 as in the regime with strong interactions34–36.
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Appendix

A3.1 Methods

The measurements were obtained in a Scienta Omicron LT-STM. It was operated at a
base temperature of 4.5 K andwith a pressure in the 10−10 mbar range. A clean Cu(111)
surface was prepared by multiple sputtering and annealing cycles37. CO molecules
were deposited on the sample placed in a cooled measurement head by leaking in gas
at a pressure of 2 · 10-10 mbar for 3minutes. The STM tips were PtIr coated with Cu
due to tip preparation. Atomic scale lateral manipulation of the CO molecules was
performed to build the honeycomb lattices using previously obtained parameters of
40 nA and 10mV 18,38,39. Unless mentioned otherwise, all STM topography images
were acquired at a constant current of 1 nA and 500mV. Wave function mapping and
dierential conductance spectroscopy were performed using constant-height mode
with a lock-in amplier providing a 273Hz bias modulation with an amplitude be-
tween 5 and 20mV rms. Experimental data was analysed with the SPM analysis
software Gwyddion 2.49 and/or Python 3.7.

The design of the CO rosettes was determined by previously acquired knowledge
about CO manipulation 18 and mun-tin band structure calculations. The double-
ringed rosette consists of 18 CO molecules arranged in two rings placed around a
central (empty) Cu lattice site as shown in Fig. 3.2c. This central site was left clear
for ease of building. The rosettes were placed at a 3.58 nm spacing (14 Cu atomic
sites) along close-packed Cu atomic rows.

All band structures and theoretical LDOS maps shown in Fig. 3.2-3.6 of the main
text were calculated using the mun-tin model. The surface state of Cu(111) is mod-
elled as a two-dimensional electron gas with an eective electron mass of 0.42 times
the free electron mass, at a constant potential. The CO molecules are portrayed as
discs with a diameter of 0.6 nm and a repulsive potential of 0.9 eV. These parameters
were used previously to successfully describe the CO on Cu(111) system 19. When CO
molecules were placed close together and the radii overlapped, the potential of that
area was added together and increased to 1.8 eV. The one electron Schrödinger equa-
tion was solved numerically for this system to determine the band structure (periodic
case) and LDOS maps (nite size). For the LDOS maps, Neumann boundary condi-
tions were applied. In order to obtain the maps shown, a broadening of 0.04 eV was
included.
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A3.2 Eect of normalising the raw spectra by various techniques

In order to correct for the eects from the Cu sample and Cu tip, all dierential
conductance spectra in this chapter are presented as normalised spectra. This is
done following a method used by Gomes et al. 18. The raw spectra are divided by
an averaged 𝑑𝐼/𝑑𝑉 spectrum obtained on the bare Cu(111) surface, acquired with
exactly the same settings and the same tip. This procedure should remove LDOS
components contributed by the tip and the Cu(111) sample. Spectra on both the single-
and double-ringed rosette lattices give reproducible results during normalisation, a
good indication that this normalisation technique is sound.
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Figure A3.1 Eect of normalising the raw spectra by various techniques. The (𝑑𝐼/𝑑𝑉 ) vs.
𝑉 spectra were acquired on the laice presented in Fig. 3.4a, formed by an anti-dot laice of
double-ringed CO rosees. (a) Averaged spectra taken on two dierent symmetry positions
in the laice; on the centre of the atomic laice sites (green) and at bridge sites in between
(purple). The surface state measured on bare Cu(111) is shown in orange. (b) The same spectra,
but with the Cu(111) 𝑑𝐼/𝑑𝑉 background subtracted. (c) The same spectra but divided by the
Cu(111) 𝑑𝐼/𝑑𝑉 .

In Fig. A3.1, the eect of two dierent normalisation techniques is demonstrated.
In panel a the raw spectra taken on bare Cu(111), and on lattice sites and bridge sites
are shown. First, the eect of quantum connement in the lattice can be seen by
the onset of resonances at higher energy than the onset of the bare surface state.
Second, one can already see the peaks and valleys of interest in the spectra taken on
the two positions in the lattice. However, the spectral intensities of the lattice should
be corrected for the background related to substrate and tip. In panel b, the 𝑑𝐼/𝑑𝑉
of the Cu(111) is subtracted; a horizontal line through zero would form a reference.
In panel c the raw spectra are divided by the Cu(111) background spectra; thus a
horizontal line through 1 would now form a reference value. The spurious peak at
0V (green line in raw spectrum) is absent in both cases. The procedure shown in
panel c is the procedure used to represent the LDOS in the main text.
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A3.3 Dierential conductance spectra and maps of the single-ringed CO
rosee honeycomb laice
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Figure A3.2 Eect of normalising the raw spectra on an artificial honeycomb laice formed
by single-ringed CO rosees by various techniques. The (𝑑𝐼/𝑑𝑉 ) vs. 𝑉 spectra were acquired
on the laice presented in Fig. 3.2b, formed by an anti-dot laice of single-ringed CO rosees.
(a) Averaged spectra taken on two dierent symmetry positions in the laice; on the centre
of the atomic laice sites (green) and at bridge sites in between (purple). The surface state
measured on bare Cu(111) is shown in orange. (b) The same spectra, but with the Cu(111)𝑑𝐼/𝑑𝑉
background subtracted. (c) The same spectra but divided by the Cu(111) 𝑑𝐼/𝑑𝑉 .

The eect of the two normalisation techniques is shown in Fig. A3.1: subtraction
(panel b) and division (panel c). In panel a, in orange, we show an averaged spectrum
taken on Cu(111), notice that this spectrum shows an increase in intensity above -
0.2 V. This feature is also visible in the spectra taken on the atomic lattice sites (green)
and bridge sites (purple). Subtraction of the𝑑𝐼/𝑑𝑉 of the Cu(111) background partially
corrects for this, but it is possible that features in the lattice LDOS remain clouded
above 0.1 V.

In the region below 0.2 V, the bare and normalised spectra obtained on this lattice
show clear features corresponding to the LDOS of the articial lattice. The two peaks
at -330 and -210mV are assigned to the s orbital Dirac cone, more specically to
the M points around the Dirac point at -290mV at K. The strong feature at -0.1 V
measured at the bridge sites reects the p orbital at band. The results are similar to
those obtained with a lattice created with double-ringed CO rosettes. The large dip
in intensity at -0.4 V corresponds to a normalisation artefact and has no relevance
for the band structure.

The spatial distribution of the LDOS over the lattice is presented in Fig. A3.3.
At -330mV, the LDOS intensity is strong on the lattice sites. The LDOS intensity
is minimal at the Dirac point at -290mV. At the second peak of the Dirac cone, at
-210mV, the intensity is high again on the lattice sites. The mun-tin calculations
reproduce the experimental maps well.

Figure A3.3 shows that there is a strong resonance peak at -90mV for the bridge
sites. This peak is absent on the atomic sites. Comparison with our mun-tin and
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Figure A3.3 Electron probability maps obtained on an artificial honeycomb laice formed
by single-ringed CO rosees. (a-c) LDOSmaps corresponding to the s orbital Dirac cone taken
at the first maximum at -330mV, the Dirac point at -290mV and the second maximum at -
210mV. The maxima reflect the M points of the Dirac cone. (d-f) Corresponding muin-tin
calculations for the electron probability corresponding to the maps in panels a-c. (g) LDOS
map corresponding to the p orbital flat band at -90mV, showing zero intensity on the laice
sites and very strong intensity in between the sites. (h) LDOS map corresponding to higher
energy p orbital bands at +70mV. (i, j) Corresponding muin-tin calculations for the electron
probability corresponding to the maps in panels g and h, respectively. Scale bars are 5 nm.
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tight-binding calculations show that this peak reects the p orbital at band (seemain
text). The spatial distribution of the LDOS shows the remarkably strong intensity of
the LDOS between the atomic sites, in full agreement with the results obtained on the
double-ringed articial lattice presented in the main text. Although the spectra are
not very dierent around 70mV, we observe patterning throughout the lattice in the
LDOS maps. This pattern corresponds to measurements taken on the double-ringed
CO rosette lattice.

A3.4 Validation of spectrum features vs. laice size

All spectra shown in this chapter so far are taken on one of the central lattice points
sites. This raises the question of how large a nite sized articial lattice needs to be to
show the properties of a periodic lattice. To check that the LDOS measurements are
similar throughout the entire lattice, we obtain 100 spectra along a line to visualise
the uniformity (Fig. A3.4). Periodic intensity plots show the strong reproducibility
of the LDOS on dierent sites across the lattice. At 0V, the high intensity on bridge
sites reecting the p orbital at band is reproducibly observed. The orange sites
closer to the rosettes show high intensity above 0.2 V due to the peaks of the p orbital
Dirac cone, in line with the maps presented in Fig. 3.6 and 3.7. Panel d shows that
the interesting features corresponding to the p orbital are already visible from the
outside ring inwards.

A3.5 Contrast adjustment

The contrast of the dierential conductance maps shown in the main text can be
adjusted such that the internal contrast of the CO rosettes is more visible. Figure
A3.5 shows two 𝑑𝐼/𝑑𝑉 maps (+150mV and +330mV) with an adjusted colour scale.
The central missing CO molecule shows up as brighter spots.

A3.6 Tight-binding analysis of the s and p orbital bands in artificial honey-
comb laices

In the main text, the experimental spectra and spatial LDOS maps are compared with
a mun-tin calculation (see Figs. 3.4, 3.5 and 3.6), showing a very good agreement
between experiment and theory. It is however very insightful to also perform sim-
ple tight-binding (TB) calculations, in order to show which atomic site orbitals are
involved in the band formation and to estimate the strength of the coupling between
specic orbitals.

In the TB approximation, we assume that due to the repulsive potential of the
CO rosettes, atomic sites can be dened, with s and p orbitals (see Fig. A3.6a). We
can choose the on-site energy of the s and (two) p energy levels, they are denoted
as 𝑒𝑠 and 𝑒𝑝 . The interaction energy, i.e. hopping (in eV) between the s orbitals of
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Figure A3.4 A check of the uniformity of the LDOS across the artificial laice of Fig. 3.4 by
dierential conductance spectra acquired along lines in the laice (a) An STM image of the
laice with two dashed black lines indicating the line traces along which spectra are taken.
100 spectra are taken along line A, consecutively on the green laice sites, the purple positions
between the laice sites, and orange positions closer to the CO rosees. On line B, 15 spectra
are taken on green and purple sites. The scale bar is 5 nm. (b, c) Individual representative
spectra taken on lines A and B, respectively. (d, e) Coloured LDOS intensity plots obtained
from all 100 (15) spectra taken on line A (B), respectively, presented in a (line position – bias)
frame. The arrows indicate the locations corresponding to the coloured locations in panel a.
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Figure A3.5 Two dierential conductance maps taken at positive bias showing the internal
contrast of the CO rosees.
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two neighbouring sites is denoted by 𝑡𝑠𝑠 , the hopping between s and in-plane 𝑝𝑥 and
𝑝𝑦 orbitals by 𝑡𝑠𝑝 , the 𝜎 type interaction integral between the in-plane p orbitals on
adjacent sites by 𝑡𝑝𝑝𝜎 , and the 𝜋 hopping between in-plane p orbitals by 𝑡𝑝𝑝𝜋 . These
hoppings are depicted in Fig. A3.6a. We neglect the on-site orbitals at higher energy
in this simple approximation. The TB Hamiltonian is:(

𝐻1 𝐻2
𝐻

†
2 𝐻1

)
(3.1)

with;

𝐻1 =
©«
𝑒𝑠 0 0
0 𝑒𝑝 0
0 0 𝑒𝑝

ª®®¬ (3.2)

and;

𝐻2 =
©«
𝑡𝑠𝑠 (𝑤 + 2𝑣) cos[𝑚]) 𝑡𝑠𝑝 (−𝑤 + 𝑒−

𝑣
2 cos[𝑚]) 𝑡𝑠𝑝𝑖

√
3𝑣 sin(𝑚)

𝑡𝑠𝑝 (𝑤 − 𝑣 cos[𝑚]) −𝑡𝑝𝑝𝜎𝑤 − ( 𝑡𝑝𝑝𝜎2 − 3𝑡𝑝𝑝𝜋
2 )𝑣 cos(𝑚) −(𝑡𝑝𝑝𝜎 + 𝑡𝑝𝑝𝜋 ) 𝑖

√
3

2 𝑣 sin(𝑚)
−𝑡𝑠𝑝𝑖

√
3𝑣 sin(𝑚) −(𝑡𝑝𝑝𝜎 + 𝑡𝑝𝑝𝜋 ) 𝑖

√
3

2 𝑣 sin(𝑚) 𝑡𝑝𝑝𝜋𝑤 − ( 3𝑡𝑝𝑝𝜎2 − 𝑡𝑝𝑝𝜋

2 )𝑣 cos(𝑚)

ª®®¬
(3.3)

where𝑚 =
𝑘𝑦

2 , 𝑣 = 𝑒
− 𝑖𝑘𝑥

2
√
3 and𝑤 = 𝑒

𝑖𝑘𝑥√
3 .

In Fig. A3.6b-f, we show how dierent hopping parameters inuence the band
structure. Here, we neglect the overlap integrals. If 𝑡𝑠𝑝 is zero, there is no hopping
between the s and p orbitals, thus no hybridisation, and the bands formed should have
pure s character (two bands) and pure p character (four bands). The s bands form a
Dirac cone with the Dirac point at zero energy. The orthogonal in-plane p orbitals
are not commensurable with the trigonal binding structure (see Fig. 3.7). This results
in two at bands, with a Dirac cone between these at bands (Fig. A3.6b). If 𝑡𝑝𝑝𝜋 is
non-zero, the two at bands acquire a dispersion, while the p orbital Dirac point is
preserved. Here we also take 𝑡𝑝𝑝𝜋 equal to 𝑡𝑝𝑝𝜎 , resulting in a fourfold degeneracy
of the p bands at the Γ point, see Fig. A3.6c.

In Fig. A3.6d and e we show what happens if the energy dierence between the
on-site p and s orbitals is lowered and if s-p hopping is allowed. First, in panel d,
we show the bands with reduced on-site energy dierence, but still with 𝑡𝑠𝑝 being
zero. This results in unrealistic crossing points between the s and p bands. The in-
troduction of hopping between s and p orbitals of adjacent sites results in a grouping
of three lower bands and three higher bands, separated by a gap. There is a down-
wards shift of the lower Dirac cone, and an upwards shift of the second Dirac cone.
The lower at band touches the lower Dirac cone. Finally, panel f shows an example
if all hopping parameters are non-zero; the two Dirac cones are preserved, but the
originally at bands obtain a dispersion due to 𝜋 hopping.
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Figure A3.6 Tight-binding band structures, for various values of the hopping parameters.
(a) Scheme of the possible hoppings between s and in-plane p orbitals of adjacent atomic
sites in the honeycomb laice. (b) A generic band structure for pure s and p orbital bands, by
assuming there is no coupling between s and p orbitals, i.e. 𝑡𝑠𝑝 = 0 and no 𝜋 hopping. (c) A
band structure showing the eect of 𝜋 hopping between the in-plane p orbitals, resulting in
some dispersion of the bands that were flat in panel b. (d-f) The eect of reducing the energy
dierence between the on-site s and p energy levels. (d) Bands cross as 𝑡𝑠𝑝 is set equal to zero.
(e) The eect of s-p coupling results in two groups of (sp2) bands, with Dirac cones and flat
bands. (f) When 𝑡𝑝𝑝𝜋 is set to non-zero, the formerly flat bands obtain a dispersion.

A3.7 Parameterisation of the tight-bindinghoppings in order to obtainmax-
imum agreement with the experimental results and themuin-tin ap-
proximation

In the main text, the experimental results are compared with a mun-tin calculation
of the band structure. The potential landscape of the individual COmolecules and CO
rosettes on Cu(111) can be modelled using a mun-tin (MT) potential. This is done
by adding disk-shaped potential barriers to an otherwise at potential landscape, re-
sulting in an upside-down mun tin like structure. In this work, disk diameters of
0.6 nm and potential heights of 0.9 eV were used to account for each CO. By analyt-
ically Fourier-transforming the mun-tin potential landscape and using Bloch-type
wave functions, we calculate the electronic band structure for electrons in the hon-
eycomb lattices presented in Fig. 3.2.

In order to be able to discuss the strength of the hoppings between the on-site s
and p orbitals, we have varied the tight-binding (TB) hoppings and on-site energies
in order to obtain the best agreement between the MT band structure (in agreement
with experimental results) and the TB approximation. Here, we have also accounted
for the overlap integrals in the TB calculation; orbital overlap between the s orbitals
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is denoted as 𝑠𝑠𝑠 , between the s and in-plane p orbitals as 𝑠𝑠𝑝 , and between in-plane
p orbitals as 𝑠𝑝𝑝𝜎 and 𝑠𝑝𝑝𝜋 .

We have varied the TB parameters such that theMT and TB band structures agree
as well as possible. In nding the best agreement, we focus on the lower bands, and
allow for dierences between TB and MT results for the higher p orbital bands. The
MT and TB band structures and the corresponding designs are shown in Fig. A3.7.
It can be seen that the s and p orbital bands of the experimentally studied lattices
can be well approximated with a TB model with s and p orbitals only, except for
the highest p band. The corresponding parameters are given in Table A3.1. Because
there are 10 tting parameters, this t might not be unique. We would like to remark
that the relative values of the main hopping parameters 𝑡𝑠𝑠 and 𝑡𝑝𝑝𝜎 seem to be very
reasonable, seen from a chemical orbital perspective. We show calculations for a
lattice similar to the one studied previously by Gomes et al. 18, the two lattices that
we have examined, and a lattice with a triple-ringed CO rosette. When the rosettes
are enlarged, on-site quantum connement increases the energy dierence between
the on-site s and p energy levels.

The increasing agreement between TB and MT with increasing connement has
several origins. First, orbitals higher than p are not incorporated in the TB model.
The inuence of these orbitals on the lower bands is not completely neglectable and
is automatically taken into account in the MT calculations, but not in the TB calcula-
tions. Thus, the simple TB approximation becomes more accurate when the energy
dierence between the on-site energy levels increases. In addition, the s and p orbital
bands becomemore purewhen the on-site energy separation between the s levels and
p levels increases. We were able to design articial lattices that unambiguously show
two separated Dirac cones and a at band.

A second factor that improves the TB approximation is that for increasingly
larger rosettes, the inuence of the orbital overlap and 𝑡𝑝𝑝𝜋 hopping decreases. When
𝑡𝑝𝑝𝜋 becomes neglectable, the lowest and highest p orbital bands lose their dispersion
and become genuine at bands.

Table A3.1 Fiing parameters for the designs shown in Fig. A3.7. Units, where applicable
are eV.

𝑡𝑠𝑠 𝑡𝑠𝑝 𝑡𝑝𝑝𝜎 𝑡𝑝𝑝𝜋 𝑒𝑠 𝑒𝑝 𝑠𝑠𝑠 𝑠𝑠𝑝 𝑠𝑝𝑝𝜎 𝑠𝑝𝑝𝜋

single CO -0.09 -0.09 -0.11 -0.11 -0.24 -0.075 0.06 0.06 0.15 0.15
single-ringed rosette -0.07 -0.09 -0.105 -0.045 -0.22 0.105 0.06 0.07 0.2 0.1
double-ringed rosette -0.062 -0.06 -0.1265 -0.00825 -0.22 0.185 0.1 0.1 0.05 0.05
triple-ringed rosette -0.034 -0.05 -0.131 0 0.01 0.49 0.04 0.01 0.03 0.01
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Figure A3.7 Each panel contains a unit cell (blue diamond) of the corresponding laice
with CO molecules portrayed as brown discs. The corresponding band structures are shown
next to it with the muin-tin results in blue and tight-binding results in red. The tight-binding
hopping and overlap parameters are presented in Table A3.1. (a) The laice reported by Gomes
et al. 18 with a single CO molecule as scaerer. (b) A laice with single-ringed CO rosees
as scaerers. (c) A laice with double-ringed CO rosees as scaerers. (d) A laice with
triple-ringed CO rosees (not experimentally studied).

A3.8 Analytic tight-binding model for the electronic honeycomb laice in
the absence of hybridisation, broadening and orbital overlap

DOS and spatially-resolved LDOS maps in the s sector

We have calculated the local density of states 𝐿𝐷𝑂𝑆 (𝐸, r) in the absence of broaden-
ing, at energy 𝐸 and position r using

𝐿𝐷𝑂𝑆 (𝐸, r) =
∑︁

k,𝛼
|Ψk,𝛼 (r) |2𝛿 (𝐸 − 𝐸k,𝛼 ) (3.4)

whereΨk,𝛼 (r) is a state in band 𝛼 , with lattice momentum k, and energy 𝐸k,𝛼 . Due
to the presence of the delta function, the 𝐿𝐷𝑂𝑆 (𝐸, r) can be rewritten as an integral
over a constant-energy path in the Brillouin zone of the honeycomb lattice.

In the absence of s-p hybridisation, the energy bands in the s sector are given
by40:

𝐸k,± = ±𝑡𝑠𝑠 |𝑢 (k) | (3.5)

where the zero of energy is set at the Dirac point, 𝑡𝑠𝑠 is the hopping between
nearest-neighbour s orbitals, and 𝑢 (k) is dened as

∑3
𝑗=1 𝑒

𝑖k·𝛿 𝑗 , with the vectors 𝛿 𝑗
pointing to nearest neighbours of a site. By symmetry, the weight of each eigenstate
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Ψk,𝛼 (r) is the same on the two Bloch waves formed by the s orbitals on the sub-
lattices A and B. However, the phase between the two contributions diers by the
angle \k = Arg𝑢 (k). Since 𝐸k,± does not depend on \k, the phase can be seen as a
pseudo-spin degree of freedom. 5

Figure A3.8a depicts constant-energy paths in the Brillouin zone. Close to zero
energy, since the allowed states form cones around (K, K’), the paths consists of tiny
(blue) circles, as shown at 𝐸 = ±0.2𝑡𝑠𝑠 . The radius of the circles goes to zero at the
Dirac point where the DOS vanishes. At increasing energy from the Dirac point,
the constant-energy path tends to deviate from the circular shape. For 𝐸 = ±𝑡𝑠𝑠 , the
constant-energy path becomes a hexagon that touches the edge of the Brillouin zone
at theMpoints. This leads to amaximumof the LDOS at these energies. In this simple
model, in which hybridisation with p orbitals is excluded and the overlap integral is
neglected, the distance in energy between the two peak maxima in the LDOS(E) plot
of the s bands is equal to 2|𝑡𝑠𝑠 |. This is used in the main text for a rst estimation of
|𝑡𝑠𝑠 |. This value can be compared with the value obtained from a tight-binding model
by tting the 6 lowest bands (s and p bands), including s-p hybridisation, and taking
the overlap integrals into account.

Spatially-resolved LDOSmaps are obtained by integrating |Ψk,𝛼 (r) |2 on the constant-
energy paths (Fig. A3.8a). In a tight-binding representation with one s orbital 𝜙𝑠 (r−
R𝑖 ) on each site R𝑖 , the LDOS for any allowed energy 𝐸 close to the Dirac point is
just the superposition of the squared s orbitals, i.e.,

∑
𝑖 |𝜙𝑠 (r − R𝑖 ) |2. The extra terms

in |Ψk,𝛼 (r) |2, which come from the cross terms between nearest-neighbour s orbitals,
cancel out after integration over constant-energy paths because they are propor-
tional to cos(\k). This is one explanation for the experimental results presented in
Fig. 3.4: the two peaks reecting the high density of states at the M points of the
s orbital Dirac cone are nearly symmetrical in intensity, when measured on atomic
sites (green curve in Fig. 3.4b) and on bridge sites (purple curve in Fig. 3.4b). This
also explains the experimental LDOS maps of Fig. 3.5a and c, with high intensities on
the atomic sites and weaker intensity between the sites. However, in Fig. A3.9 we do
not see the same symmetry eect. This can be understood as a consequence of the
contribution of the energies far away from the Dirac point, where the approxima-
tion explained above is not valid. The symmetric density of states on the bridge sites
can alternatively be explained by the inuence of s-p hybridisation in the highest s
orbital that is not taken into account in Fig. A3.9.

DOS and spatially-resolved LDOS maps in the p sector

The four energy bands (Fig. A3.8b) in a pure 𝑝𝑥 , 𝑝𝑦 model (no s-p hybridisation) with
negligible 𝜋 coupling are given by
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𝐸k,1 = − 3
2𝑡𝑝𝑝𝜎 𝐸k,4 = −𝐸k,1

𝐸k,2 = − 1
2𝑡𝑝𝑝𝜎 |𝑢 (k) |

2 𝐸k,3 = −𝐸k,2
(3.6)

where 𝑡𝑝𝑝𝜎 is the hopping term of 𝜎 type between nearest-neighbour p orbitals6,9.
The second and third bands have the same dispersion as the s orbital bands, pro-
vided that 𝑡𝑠𝑠 is replaced by

𝑡𝑝𝑝𝜎

2 . The description with constant-energy paths, shown
above, remains valid after this substitution. In particular, the DOS vanishes at zero
energy (Dirac point) and presents a maximum at 𝐸 = ± 𝑡𝑝𝑝𝜎

2 , when the constant-
energy paths form a hexagon connecting the M points of the Brillouin zone. The
rst and fourth bands in this 𝑝𝑥 , 𝑝𝑦 model are totally at, giving rise to the DOS
in the form of Dirac delta functions at 𝐸 = ±3 𝑡𝑝𝑝𝜎2 in absence of extra sources of
broadening or dispersion (absence of 𝜋 bonding or s-p hybridisation).

Comparison between the band structure for the pure 𝑝𝑥 , 𝑝𝑦 model (Fig. A3.8b)
and the band structure calculated by solving the Schrödinger equation with a mun-
tin potential (Fig. 3.2f) shows that the lowest at band and the p orbital Dirac cone are
well distinguishable in the mun-tin results and in the experimental LDOS spectra.
The main dierences appear in the upper part of the band structure due to strong
coupling with higher-energy orbitals. This leads to a down shift of the dispersive
band 𝐸k,3, especially at the Γ point. In addition, the upper band 𝐸k,4 is not at any-
more. It is thus wise to use the lowest bands to estimate the value of 𝑡𝑝𝑝𝜎 from the
experimental LDOS results, Fig. A3.8b and the values given in the main text.

Whereas the LDOS maps close to the Dirac point do not depend on energy in
the s orbital model, the situation is totally dierent in the p orbital model due to the
orbital degree of freedom6,9. The orbital conguration on each site strongly varies
with k, explaining the remarkable patterns that were observed and presented in Fig.
3.6. In the case of the at bands, the eigenstates Ψk,𝛼 (r) can be written either in terms
of Bloch states or, alternatively, as a linear superposition of Wannier-like localized
states, which are all degenerate. One localised state exists per hexagonal plaque-
tte6,9. The conguration in terms of p orbitals for the lowest at band is depicted in
Fig. A3.8c (see also Fig. 3.7). One p orbital is tangential to the hexagon; as a con-
sequence, the other p orbital on the same site is then parallel to the bond external
to the hexagon. The atness of the band is explained by the cancellation of hopping
terms to neighbouring loops (interference eect) in absence of 𝜋 bonding. In this
conguration, the LDOS map on nearest-neighbour atoms A and B is given by the
squared amplitude of the two localized eigenstates that share this bond. Fig. A3.8c
presents the summed amplitude calculated using a 𝑝𝑥 orbital of the form 𝑥 · 𝑒

−|r|
𝛾 ,

where 𝛾 = 0.25𝑎, 𝑎 being the lattice vector (same denition for 𝑝𝑦). It can be seen
that the LDOS amplitude is very high at the centre between two adjacent sites of the
hexagon, in agreement with the experimental results and the mun-tin calculations,
see main text.
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(a) (b) (c)

Figure A3.8 Tight-binding analysis without hybridisation. (a) Constant-energy paths in
the Brillouin zone of the honeycomb laice for dierent energies around the Dirac points
at (K, K’). Blue cones around (K, K’): 𝐸 = ±0.2𝑡𝑠𝑠 , green curves around (K, K’): 𝐸 = ±0.7𝑡𝑠𝑠 ,
red hexagon 𝐸 = ±𝑡𝑠𝑠 (b) p Orbital band structure for a tight-binding model with in-plane
𝑝𝑥,𝑦 orbitals in a honeycomb laice, in absence of 𝜋 coupling (𝑡𝑝𝑝𝜋 = 0) and hybridisation.
The energies are given in units of 𝑡𝑝𝑝𝜎 . (c) Localised eigenstates for the lowest flat band in
two neighbouring hexagons (red and green colours, respectively). The sum of the squared
amplitude of these two eigenstates is shown along the bond common to the two hexagons.

A3.9 Calculation of the LDOS(E) spectra by using the tight-binding approx-
imation

Using the tight-binding model, we can obtain the eigenvectors corresponding to
each energy 𝐸𝑛 (𝑘) in the band structure, where 𝑛 denotes the band number. This
gives the wave function distribution over the orbitals and sublattice sites for that en-
ergy. We approximate the s orbitals as normalised Gaussians 𝐴𝑒− 𝑥2

𝑟 , the p orbitals
as 𝐵𝑒− 𝑥2

𝑟 sin𝜙 for the 𝑝𝑦 orbital and 𝐵𝑒−
𝑥2
𝑟 cos𝜙 for the 𝑝𝑥 orbital, where 𝐴 and 𝐵

are normalisation constants, 𝑟 is proportional to the lattice size, 𝑟 =
√
3

10 𝑎, with 𝑎 the
lattice spacing, and𝜙 the angle with respect to the horizontal axis. Using this approx-
imation, we can calculate the wave function Ψ(𝑥,𝑦)𝐸𝑛 (𝑘) . If we nowwish to calculate
the LDOS for an energy 𝐸, we can sum Ψ(𝑥,𝑦)𝐸𝑛 (𝑘) over n and a (dense enough) k
grid, where each contribution is weighted by the broadening 𝐿[𝐸𝑛 (𝑘)−𝐸]. Here 𝐿(𝑥)
is given by 𝑏

[𝑥2+( 𝑏2 )2 ]
with b the broadening of 0.04 eV.

In Fig. A3.9, a simple tight-binding analysis of the spectra, band structure and
wave function maps of a periodic system for the lattice with the double rosettes is
shown. On the lattice sites, the s orbital Dirac cone is manifested, but the p orbital
bands have nearly zero intensity due to the nodal planes. The p orbital at bands and
the p orbital Dirac cone are mostly localised on the bridge sites. In this tight-binding
calculation, no s-p hybridisation or 𝑡𝑝𝑝𝜋 are taken into account, the overlap integrals
(which are small compared to the hoppings, see Table A3.1) have been neglected.
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Figure A3.9 (Top) Spectra are shown for three positions in the laice: artificial atomic sites
(blue), bridge sites (red) and very close to a CO rosee (green). Inset shows the band structure.
(Boom) LDOS maps corresponding to the interesting features in the spectra with no orbital
overlap, s-p hybridisation or 𝑡𝑝𝑝𝜋 .
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A3.10 Comparison of the experimental results obtained on the artificial lat-
tice with double-ringed rosees (Fig. 3.2c) with the muin-tin calcu-
lations

Figure A3.10 shows a comparison between experimental results and mufn-tin cal-
culations. Overall, an excellent agreement is found between experimental and theo-
retical LDOS maps for the energy region with the s orbital Dirac cone and p orbital
at band, and a reasonable agreement for the region of the p orbital Dirac cone.

First row: Experimental spectra (left) and the mun-tin calculations (right). The
numbers are related to the LDOSmaps below. Notice that the orange spectrum (close
to the rosettes) was taken with a dierent tip. Peaks 1-5 are at the same position, but
have a slightly dierent relative intensity. This can either be due to a remaining eect
of the tip change, but could, in our view, also be caused due to the fact of the very
close proximity of the position of measurement to the CO rosette. Insert: A sketch
of the locations at which the spectra were taken.

Second and third row: Experimental electron probability (LDOS) maps acquired
at constant-heights at the spectral features (numbers 1-7). The intriguing LDOS map
at the at band (point 4) has been summarised in a sketch that emphasises the high
electron density (yellow) between the articial sites (grey circles on the hexagon).
The high intensity regions between the sites form plaquettes around each hexagon
of the honeycomb lattice.

Fourth and fth row: LDOSmaps calculated with themun-tinmodel. Themaps
1-4 are in excellent agreement with the corresponding experimental results. The
calculated maps 5 and 6 (rst peak of the p orbital Dirac cone and Dirac point) show
intricate and rapid oscillations in intensity that dier from those in the experimental
spectrum; in addition, the calculated overall intensity is much weaker than observed
experimentally. In contrast, the calculated LDOS map 7, at the second peak of the
Dirac cone, is in very reasonable agreement with the experimental result shown at
330mV. As in our mun-tin approach, the CO’s are modelled as vertical potential
barriers, the mun-tin results in close proximity to the CO barriers become less
accurate. For convenience, the detailed LDOS pattern found in the region of the
p orbital Dirac cone is sketched again. The regions of high intensity are indicated
in yellow. Each articial atom (grey circle) is surrounded by three regions of high
intensity (yellow disks) and with three regions of very low intensity (black regions
at bridge sites). The regions of high intensity (yellow) form hexagonal plaquettes.
The low intensity regions (bridge sites) form plaquettes around each hexagon of the
honeycomb lattice. The scale bars are 5 nm.
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Figure A3.10 Comparison of the experimental results obtained on the artificial laice with
double-ringed rosees (Fig. 3.2c) with the muin-tin calculations.
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A3.11 Three-dimensional 𝐸 (𝑘𝑥 , 𝑘𝑦) diagram of the band structure of the ar-
tificial laice in Fig. 3.2c

In this chapter, multiple representations have been shown of the band structure for
the experimentally realised design presented in Fig. 3.2c. Figure A3.11 shows a three-
dimensional representation of this bandstructure.

(a)

(b)

Figure A3.11 (a,b) Three 𝐸 (𝑘𝑥 , 𝑘𝑦) diagrams at various viewing angles of the band structure
corresponding to the double-ringed rosee laice calculated with the muin-tin (a) and tight-
binding (b) approach.
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Chapter 4

Artificial atoms in a magnetic field - the
eects of spin and orbital momentum in

quantum corrals

Abstract
Recently artificial laices have been shown to have a lot of potential, especially for
tuning band structures at will. Thus far, all experimental observations on artificial
electronic laices can be understood without taking the spin degree of freedom into
account. This raises the question if signatures due to the electron spin can be de-
tected in artificial electronic laices. Here, the interplay between magnetic field,
orbital angular momenta and spin in quantum corrals is investigated by muin-tin
calculations and experiments on the CO/Cu(111) system. We find that the magnetic
field shis the energy levels of circular and rectangular quantum corrals, as detected
by a non spin-polarised tip. The influence of the angular momentum is probed by
studying the eect of the magnetic field on the s- and p-type orbitals. From muin-
tin simulations, we find that the magnetic field couples to the spin and orbital an-
gular momentum eects with approximately equal strength, for both circular and
rectangular corrals.

The author of this thesis performed the experiments and corresponding analysis.
J.J. van den Broeke did the theoretical calculations.
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4 | Artificial atoms in a magnetic field

4.1 Introduction

Atommanipulation in a scanning tunnelling microscope (STM) can be used to create
systems that do not exist in nature, such as 2D analogues of real crystals 1, mirages2

and even logical circuits3. The eect of spin in these articial structures has not been
investigated yet. To understand the eect in lattices, it is useful to rst look at the
building blocks of these large lattices, quantum corrals. Quantum corrals can be seen
as two-dimensional articial atoms.

Quantum corrals were one of the rst structures built in an STM and showed
standing wave patterns, corresponding to the electronic states, due to the conne-
ment of the surface state electrons within a ring of adatoms4. Since then, many
groups have created quantum corrals on dierent combinations of substrates and
adatoms 5,6 and used them to investigate other properties such as atom diusion 7 and
electron scattering 5. Quantum corrals can be utilised as the building blocks for larger
articial lattices8. They can also form a bond to real atoms placed above them9. The
possibility to exploit the spin degree of freedom would further enhance the possibil-
ities already available for articial lattices, such as the quantum spin Hall eect 10.

The spin angular momentum of an electron is one of the quantum numbers that
determines how electrons ll electronic states. The Pauli exclusion principle states
that two electrons with the same quantum numbers (including spin) cannot occupy
the same electronic state 11. Therefore, if an orbital is probed, it will contain elec-
trons which all have a dierent combination of quantum numbers. Each orbital can
be lled by two electrons having a spin 1

2 and −
1
2 . A simple way of probing orbitals is

by scanning tunnelling spectroscopy. The spin 1
2 and −

1
2 electrons can then be dier-

entiated by using a spin-polarised tip 12. This technique, however, is not without its
limitations in terms of creating a non-interfering tip apex while measuring sensitive
samples.

Circular quantum corrals are used to study the inuence of spin and orbital mo-
menta contributions. S-type orbitals have zero orbital momentum while p-type or-
bitals have an orbital momentum of one. As these orbitals can be separated in en-
ergy in articial quantum corrals, there is a possibility to directly distinguish spin
eects (applicable for both s- and p-type orbitals) from orbital momentum eects
(only present for p-type orbitals). Mun-tin calculations show that the orbital mo-
mentum coupling with the magnetic eld has eects on the same order of magnitude
as the spin coupling.

To gain a solid understanding of the interplay between orbital momentum, spin
and magnetic eld in articial lattices, two dierent shapes of corrals are investi-
gated. For circular quantum corrals, the solutions to the time-independent Schrödinger
equation depend on two quantum numbers, which are directly related to the main
and orbital quantum numbers in real atoms. Hence, the orbital angular momentum
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4.2 | Muin-tin calculations in a magnetic field

is a well-dened quantum number. In contrast, for rectangular quantum corrals, the
orbital angular momentum is not well-dened. This raises the question if angular
momentum is important for rectangular quantum corrals, and bears important im-
plications to what extent these systems mimic real atoms.

In this chapter, the results of a study of small quantum corrals (with a diameter
from 2.56 to 4.09 nm) formed by a ring of CO molecules placed on a Cu(111) surface
are described. Two examples of such corrals are shown in Figure 4.1a and b. The
black circles show the position of the CO molecules with a barrier height of 0.9 eV
on the Cu(111) surface (orange). The corresponding potential well limit is indicated
by the dashed white shapes. While this potential well has innite potential barriers,
a quantum corral has limited barriers. Ideally, the barrier height or width would be
increased by adding extra layers of CO molecules to reduce coupling to the Cu(111)
surface state. Experimentally, placing CO molecules that close to each other proved
to be non-trivial.

4.2 Muin-tin calculations in a magnetic field

In order to predict the experimental results, a mun-tin simulation was used. In this
framework, the surface state is described as a two dimensional electron gas with a
potential landscape dened by the CO molecules. A CO molecule is described as a
repulsive potential disc with a diameter of 0.6 nm and a height of 0.9 eV. In this man-
ner, the potential landscape for the electrons is formed. Larger systems are created
by placing these discs at the positions of the COmolecules and subsequently numeri-
cally solving the Schrödinger equation. This method has yielded excellent agreement
with measurements in earlier works without magnetic elds 1,13–16.

Here, this model is extended to also include magnetic eld eects. Without a
magnetic eld, the system is described by the following Hamiltonian:

𝐻 =
p2

2𝑚∗ +𝑉 (𝑥,𝑦), (4.1)

with p the momentum,𝑚∗ the eective mass of the electrons at the Cu(111) surface,
and 𝑉 (𝑥,𝑦) the mun-tin potential. A magnetic eld can be added to this formula
by transforming p → p−𝑞Awith A the magnetic vector potential and 𝑞 the electron
charge. However, as the electrons also have spin, we must add the coupling between
the spin magnetic moment and the magnetic eld, the spin Zeeman term, as well.
Thus we obtain:

𝐻 =
(p − 𝑞A)2

2𝑚∗ − 𝑞

𝑚∗ S · B +𝑉 (𝑥,𝑦), (4.2)

with S the electron spin operator. As the electrons are moving in a two dimensional
(𝑥,𝑦) plane and the magnetic eld is perpendicular to this plane, we can rewrite this
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Figure 4.1 Muin-tin calculations on circular and rectangular quantum corrals. Schematic
placement of COmolecules (black) on a Cu(111) background (orange) to simulate a circular (a)
quantum corral with a diameter of 2.56 nm and a rectangular (b) quantum corral with dimen-
sions of 2.56 by 2.66 nm. The potential well is indicated by the dashed white lines. Muin-tin
spectra taken at zero magnetic field with spin included for a circular (c) and rectangular (d)
potential well at the centre (o-centre) locations in purple (green).
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4.3 | antum corrals vs. potential wells

to get:

𝐻 =
p2

2𝑚∗ − 𝑞

2𝑚∗ (L + 2S) · B + 𝑞2B2

8𝑚∗ r
2 +𝑉 (𝑥,𝑦), (4.3)

where L is the angular momentum, r is the position vector and the symmetric gauge
A = 1

2B × r has been used.
The Hamiltonian now has multiple terms, one of which scales with B2 and is

always present irrespective of the angular momentum or spin moment. The impor-
tance of these is given by the rst term which scales linearly with the magnetic eld
B. Now, the inuence of the orbital angular momentum can be studied by looking
at s- and p-type orbitals (with L = 0 and L ≠ 0 respectively). The spin eect should
be present for both types of orbitals and can be investigated by selectively turning
it o in calculations. Quantitatively, p-type orbitals should be inuenced equally by
the spin and orbital angular momentum eects ( L = 1, S = ± 1

2 ).

4.3 antum corrals vs. potential wells

A quantum corral connes electrons into a circular area which approximates the
standard particle-in-a-box model with the box being a 2D circular innite potential
well. Solving the Schrödinger equation for such an innite well gives eigenenergies
and wave functions corresponding to 17:

𝜙𝑛,𝑙 (𝑟, \ ) ∝ 𝐽 |𝑙 | (
𝑗 |𝑙 |,𝑛𝑟

𝑎
)𝑒𝑖𝑙\ , 𝐸𝑛,𝑙 =

ℏ2 𝑗2|𝑙 |,𝑛
2𝑚∗𝑎2

(4.4)

respectively, where 𝑛 = 0, 1, 2, ... and 𝑙 = 0,±1,±2, .... 𝑗 |𝑙 |,𝑛 is the n-th crossing of
zero of the |𝑙 |-th Bessel function and the angular momentum 𝐿 is given by 𝐿 = ℏ𝑙 . The
local density of states these solutions generate is plotted in the bottom row of Fig. 4.1.
Here, a Lorentzian broadening of 40meV has been included for better comparison to
the CO on copper system.

In this work, we will be focusing on the three lowest energy solutions (𝜙1,0 and
𝜙1,±1). 𝜙1,0, also sometimes referred to as the 1s solution for its similarity to the atomic
solution, has a high density of states in the centre and gradually becomes lower to-
wards the edge (also see Appendix). This corresponds to the lowest energy peak
around -200mV in the local density of states plot (Fig. 4.1c). At higher energy, ap-
proximately 180mV, the peak corresponding to the degenerate 𝜙1,±1 (1p) solutions is
visible. As the radial component is proportional to a higher than zero Bessel function,
these solutions have no density of states in the centre. A quantum corral is similar
to the circular well potential, but there is less connement by CO molecules. Addi-
tionally, the experimental quantum corral does not have a full circular symmetry. In
the quantum corral design shown in Fig. 4.1 these dierences have been minimised,
the circular symmetry has been maintained as much as possible on the hexagonal
copper grid.
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4 | Artificial atoms in a magnetic field

The solutions for a rectangular well potential with walls at 𝑥,𝑦 = 0 and 𝑥,𝑦,= 𝐿

are given by:

𝜙𝑛,𝑘 (𝑥,𝑦) ∝ sin(𝜋𝑛
𝐿
𝑥) sin(𝜋𝑘

𝐿
𝑦), 𝐸𝑛,𝑘 =

ℏ2𝜋2 (𝑛2 + 𝑘2)
2𝑚∗𝐿2

(4.5)

Here, the s- (𝑛 = 1, 𝑘 = 1) and p-type solutions (𝑛 = 2, 𝑘 = 1 and 𝑛 = 2, 𝑘 = 2)
can be approximated by a well potential. The rectangular well (Fig. 4.1d) shows
similar features to the circular well. The 1s orbital occurs at -0.200V and is strongly
visible in spectra taken at the centre of the corral. The o-centre spectrum has a
lower intensity of the 1s orbital, but a strong peak corresponding to the 1p orbital
at +0.180V. Comparing the eects on the two orbital types and locations allows the
distinction between spin and orbital momenta coupling to an applied magnetic eld.

4.4 Subtracted spectra

Using the Hamiltonian from Eq. 4.3, we can predict how a magnetic eld perpendic-
ular to the surface will inuence the quantum corral solutions. As a magnetic eld
cannot generate new electronic states, its inuence on the electronic structure is best
visualised by subtracting two spectra from each other. The broadening of dierential
conductance spectra is Lorentzian. If a single electronic state splits, it will give two
smaller Lorentzians. If the split is small, this will result in a shorter, wider peak. An
illustrative scheme is shown in Fig. 4.2. Here, a pure Lorentzian curve is plotted in
black. For small splitting, the red curve is found. Clearly, the energy resolution is
insucient to resolve the split peaks. Subtracting the red curve from the black one
(see panel b) enhances the dierence and forms a peak-dip-peak structure. The more
splitting that occurs (green and blue curves), the larger the peak-dip-peak structure
becomes in the subtracted spectra.

Figure 4.3 shows subtracted mun-tin spectra taken at the centre of the quantum
wells shown in Fig. 4.1. The 0 T spectrum is subtracted from the 5 T spectrum which
gives dierence spectra with various peak structures. Spectra taken at the centre of
the corrals show the 1s peak (-200mV). If the spin Zeeman term is (not) included in
the Hamiltonian, the solid (dashed) line is obtained. The absence of the spin term
shows up as a small wiggle for the 1s orbital indicating a very small linear shift of
the peak at 5 T compared to 0 T (due to the term proportional to 𝐵2 in Eq. 4.3). If the
spin term is included (solid line), splitting of the peak occurs. This term causes the
spin up and spin down electrons to shift to lower and higher energies respectively
due to coupling of the spin momentum to the magnetic eld.

The green spectra show equivalent spectra but taken 0.5 nm o centre. Now, not
only the 1s orbital (𝑙 = 0) is probed, but also the p-type orbital (𝑙 ≠ 0) located at
+180mV which has a node at the centre of the corral. The 1p orbital shows an inter-
esting feature; the peak-dip-peak structure is present even when the spin term is not
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Figure 4.2 Subtracting split Lorentzians. (a) A pure Lorentzian is shown in black. Three
strengths of spliing are illustrated by the curves in red, green and blue; (b) Subtracted spectra
showing a peak-dip-peak structure. The depth increases with the strength of spliing.
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Figure 4.3 Subtracted spectra taken on a circular (a) and rectangular (b) quantum well at
the centre (o-centre) of the corral in purple (green). Solid lines include all terms in the Hamil-
tonian, dashed (dash-doed) lines indicate the results if the spin Zeeman (orbital momentum)
term is excluded from the Hamiltonian. The spectra are arbitrarily oset.
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included in the calculation (dashed line). Here, the orbitals with angular momentum
(𝑙 ≠ 0) are split by the magnetic eld. Realise that s-type orbitals have no angular
momentum and therefore do not split. If the spin term is included in the Hamiltonian,
all orbitals in both the circular and rectangular quantum corrals gain an additional
splitting irrespective of the angular momentum.

The dash-dotted lines show the results when only the Zeeman term is added to
the Hamiltonian (the orbital momentum is excluded). For the s orbital, there is no
dierence when comparing the results to the total Hamiltonian. This is expected
as 𝑙 = 0 and the splitting occurs due to the Zeeman term. It is interesting to see
that the p orbital (𝑙 ≠ 0) is positioned at lower energies, around +150mV, but still
shows a splitting of the peak when subjected to a magnetic eld. The rectangular
and circular corrals show that the Zeeman term and the orbital momentum coupling
both contribute to the total eect of the magnetic eld shown in the solid line.

STM experiments should be able to visualise a splitting of peaks, also with a non
spin-polarised tip. Spectra at the centre of a corral can therefore be used to probe the
inuence of the magnetic eld on the LDOS of the quantum corral. By focusing on
a certain orbital (𝑙 = 0 or 𝑙 ≠ 0), it is possible to determine if it is a spin eect of the
magnetic eld, or an orbital eect.

4.5 Measurements

To investigate the eect of spin and angular momentum on corrals, four dierent cor-
rals were built: a small circle, a small rectangle, a large rectangle and a large circle.
The exact dimensions can be inferred from Fig. 4.4. The top row shows the place-
ment of the CO molecules in a schematic manner. The bottom row contains STM to-
pographs showing the perfect placement of the CO molecules on the Cu(111) surface
resulting in the quantum corrals. Dierential conductance spectroscopy was per-
formed at the centre and o-centre locations of all corrals (purple and green crosses
in Fig. 4.4). The resulting spectra show peaks corresponding to s and p orbitals4. The
normalised spectra are shown in Fig. 4.5. The individual orbitals are indicated. The
small corrals show peaks at -0.2 V and 0.2 V corresponding to the 1s and 1p states,
respectively. The large corrals allow higher-lying orbitals to be visible in the energy
range visible in the CO/Cu(111) system. Here, the 1s, 1p, 1d and 2s states are indicated.
All states with 𝑙 ≠ 0 are only visible at o-centre locations.

Spectra acquired at 0 and 5 T are subsequently subtracted from each other to
enhance the dierences. The subtracted spectra are shown in Fig. 4.6). Mun-
tin calculations are shown in light colours and show peak-dip-peak structures as
in the ideal theoretical quantum wells. The general trend of the experimental data
in dark has a reasonable agreement to the mun-tin calculations. Some features
(e.g. the 1s orbital of the small circle at -0.2 V) match very well. All data above
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Figure 4.4 Schematic (top) and experimental (boom) images of corrals. CO molecules
(black) onCu(111). (a) A small circular corral with a diameter of 2.56 nm. (b) A small rectangular
corral of 2.66 x 2.56 nm. (c) A large rectangular corral of of 3.98 x 4.09 nm. (d) A double-layered
large circular corral with a diameter of 4.09 nm. The positions at which spectra are taken are
shown by the purple (centre) and green (o-centre) crosses. A small 2D-FFT filter was applied
to the experimental images. Scale bar is 1 nm.
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Figure 4.5 Experimental (dark) spectra compared to muin-tin spectra (light) taken at cen-
tre locations (purple) and o-centre locations (green). The experimental data is normalised
by dividing by the Cu(111) background spectrum. The muin-tin results are calculated for the
exact placement of CO molecules shown in Fig. 4.4.
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0.3 V is broadened signicantly in the experiments due to couplingwith bulk states 18.
Therefore, features lying at higher energies are assigned less importance. To still look
at 1s and 1p orbital states, larger corrals were used, as displayed in panel c. Here, a
large (nearly) rectangular corral is investigated. The o-centre measurements show
reasonable overlap with the theory, especially when looking at the 1p and 1d states
(-0.2 V and 0V respectively.)

The mismatch of the experimentally realised corrals and the theoretical quan-
tum well results (Fig. 4.3) is assigned to several factors. First, the exact location of
the spectra plays a large role. A small oset when determining the position of the tip
at 5 T compared to 0 T can result in mismatched spectra. Single-ringed corrals were
built because of the speed and ease of manipulation. However, these three corrals
show non-ideal signatures (a multitude of peaks and dips rather than well-dened
peak-dip-peak structures) in the theoretical subtracted spectra indicating that cou-
pling of the corrals states to the surrounding 2DEG of the Cu surface state is inu-
encing the measurements of pure orbital states. The coupling between the quan-
tum corral and the surrounding 2DEG can be reduced by adding a second ring of
CO molecules around the rst ring of scatterers. This will eectively broaden the
tunnelling barrier for electrons to travel from within to outside the corral. Experi-
mentally, this is rather dicult as CO molecules can start to cascade other molecules
when placed too close to each other3.
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Figure 4.6 Subtracted dierential conductance spectroscopy on the small circular, small
rectangular and large rectangular quantum corrals. Experimental results (muin-tin calcula-
tions) are in dark (light) colours. Boom (top) row is taken at the centre (o-centre) positions
indicated in Fig. 4.4. The experimental spectra are aligned horizontally by eye to the theoret-
ical results.
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Figure 4.7 Subtracted dierential conductance spectroscopy on a large double-ringed cir-
cular corral. Experimental results (muin-tin calculations) are in dark (light) colours. Boom
(Top) row is taken at the centre (o-centre) positions indicated in Fig. 4.4.

One double-ringed corral was completed giving a clear agreement between the
experimental and theoretical results. Figure 4.7 shows subtracted spectra (5 T - 0 T)
taken on the larger circular corral that has a double ring of CO molecules. The pur-
ple spectrum is taken in the centre of the corral and shows very clear peak-dip-peak
structures around -0.2 V and 0.15 V. These dips correspond to the 1s and 2s orbitals
respectively. The same can be seen in the green subtracted spectra taken at o-
centre locations. The dips at -0.1 V and 0.05 V correspond to the 1p and 1d orbitals re-
spectively. Overall, the experimental data matches the mun-tin calculations (light
coulours) very well, if extra broadening is taken into account. As the splitting of the
peaks occurs at s orbital locations (centre) and at p orbital locations (o-centre), the
eect of orbital angular momentum is not very clear. Theoretically the depth of dips
in the subtracted spectra at (o-) centre locations could yieldmore information on the
relative inuence of spin or angular momentum contributing to the peak splitting,
however, the experimental spectra are not accurate enough to give a quantitative
result.

It is clear that the double-ringed circular corral yields better results than the
single-ringed systems. It would be necessary to construct a double-ringed rectan-
gular corral rst to accurately determine the strength of orbital angular momentum
in a rectangular articial atom of a similar size.
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4.6 Conclusion and outlook

The eect of a perpendicular magnetic eld on corrals (or articial atoms) was in-
vestigated by theoretical mun-tin calculations and experiments in an STM. The
coupling of the spin to the magnetic eld (Zeeman eect) and the orbital angular mo-
mentum to the magnetic eld both yield a splitting of the electronic states. This small
eect is best visible when subtracting the dierential conductance spectra at 5 and
0T. The Zeeman eect causes a splitting of s and p orbital peaks when the spin term
is included, while the orbital angular momentum only has eect on the p orbitals.
The presence of the Zeeman eect was investigated by performing manipulations of
CO molecules on the Cu(111) surface to create corrals of various shapes and sizes and
subsequent dierential conductance measurements. A double-walled circular corral
showed conclusive evidence that Zeeman splitting occurs at 5 T. Single-walled cir-
cular and rectangular corrals of various sizes were also constructed and measured.
These corrals are modelled eectively by the mun-tin calculations with included
spin-term, and the experiments clearly show a signicant eect of the magnetic eld
on the LDOS. However, they do not only show the expected peak-dip-peak structure
that would be assigned to the Zeeman splitting.

As s orbitals have no angular momentum but p orbitals do, the energy splitting
of each orbital peak could allow the investigation of angular momentum eects. In
the mun-tin calculations, the rectangular corrals, despite having no dened an-
gular momentum, still show a splitting of the p orbital peak due to the coupling of
the orbital momentum to the magnetic eld. This indicates that rectangular corrals
approximate real atomic systems. Unfortunately, experimental verication of the
orbital angular momentum was not successful as the rectangular corrals were built
with single layered walls, for which the coupling to the 2DEG surrounding the corral
is not negligible.

Although caution should be applied to the interpretation of the single-walled
corrals, the theoretical spectra do follow the same trends as seen in the mun-tin
spectra. Accurate positioning of the tip at high magnetic elds is not an easy task
and could improve the quality of individual subtracted spectra immensely.

Further experiments should be performed, where attention must be paid to the
decoupling of the states within the corral to the surrounding 2DEG. This can be done
by adding a second wall around the inner single wall of CO molecules. During our
measurements, the double wall close to the rst wall proved dicult to construct
in a stable manner. An improvement could be made by placing the second wall at a
small distance from the rst, thereby alleviating the experimental diculty of placing
CO molecules close to one another while retaining the eective strengthening of the
repulsive CO barrier. In this manner, conclusive evidence of the angular momentum
coupling to the magnetic eld could be obtained.
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Appendix

A4.1 Methods

The experimental data shown here was acquired on a Scienta Omicron POLAR bath
cryostat LT-STM with a TRIBUS measurement head at 4.5 K and a base pressure of
5 · 10-10 mbar. The microscope also featured a perpendicular magnetic eld of up to
5 T.

A clean Cu(111) surface was prepared by repeated cycles of dynamic sputtering
with Ar (1 kV, 10mA) and annealing to 858 °C 19. The crystal was subsequently trans-
ferred to the TRIBUSmeasuring head where it was cooled to 4.5 K. A decent coverage
of CO molecules was obtained by leaking CO gas into the SPM chamber for 10 min-
utes at a pressure of 3 · 10-8 mbar.

CO molecules adsorb to top sites on the Cu(111) surface and can be manipulated
laterally with a high degree of control as described in various previous articles 1,3,20.
A Cu-coated PtIr or W tip was used for manipulation and topographic scanning.

The dierential conductance was measured at various positions in the corrals by
scanning tunnelling spectroscopy. Typical spectrocopy parameters used were: 5mV
amplitude rms, 973Hz, setpoint of -0.5 V, 1 nA.

Dierential conductance spectra at 0 and 5 T cannot simply be subtracted from
each other due tomultiple reasons. Firstly, the spectra taken in the corral still have an
eect of the tip and Cu(111) background DOS incorporated. To compensate for this,
standard normalisation techniques are used 16,20. the spectra are scaled by the height
of the surface state onset. Subsequently, they are divided by the Cu(111) background
spectrum. Secondly, as the application of a magnetic eld cannot modify the total
amount of electrons, the area under the 1s peak can be normalised to 1. Now, when
subtracting spectra at 0 T from spectra at 5 T, the dierence is located around 0. These
spectra are shown in the main text.

A4.2 Bessel functions

An innite quantum well connes electrons into an ideal situation where all states
are quantised. In an innite well, the wave functions have a strict boundary condi-
tion, namely that they must be zero at the edges of the well. An ideal circular quan-
tum corral has the same condition, and the wave function shape can be described by
Bessel functions4,21. A 0𝑡ℎ order Bessel function has a non-zero value at 𝑥 = 0 which
is the centre of the corral. This corresponds to s-type orbitals having no nodes at the
centre of a corral. Higher order Bessel functions all have a node at 0 corresponding
to orbitals with higher angular momentum quantum numbers (𝑙 ≠ 0). An STM can
only measure the electron probability, corresponding to the squared wave function
|Ψ|2. A schematic depiction of the four lowest lying squared wave functions is shown
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in Figure A4.1. These wave functions correspond to the four lowest lying states in a
small circular quantum corral; 1s, 1p, 1d and 2s.

(a) (b)

(c) (d)

Figure A4.1 Schematic representation of the squared wave function cross section corre-
sponding to the four lowest lying orbitals; (a) 1s, (b) 1p, (c) 1d (d) 2s.

A4.3 Eect of box size on muin-tin calculations

Although mun-tin calculations are generally quick and easy, the time needed to
complete can increase signicantly when working with larger systems and/or higher
pixel densities. To create the whole system, the coordinates of the CO scatterers are
loaded after which the system is padded with a certain number of empty sites on
all sides to simulate the Cu(111) surface. A very large padding will require a higher
number of wave functions and grid points to perform calculations to the same pre-
cision as smaller systems. No padding results in large inuences of the box shape on
the resulting mun-tin potential. Also, the total box is replicated in all directions,
causing a system with no padding to duplicate CO molecules on the box edge. To vi-
sualise the inuence of the box size on the results, calculations are performed on the
small circular corral system with padding ranging from 0 to 50Cu-Cu distances (0
to 12.78 nm). Figure A4.2 shows the position of the 1s and 1p orbital states versus the
padding. With less than 5 Cu-Cu distances added, the peak positions are strongly
inuenced and do not follow a clear trend. From 5 Cu-Cu distances and above, a
trend can be seen where the peak positions slowly drop by 20 to 50mV and reach
a plateau. This does not seem like a large shift, but can inuence the alignment of
theory and experimental results signicantly. For all MT calculations in this chapter,
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Figure A4.2 The maximum peak position for the 1s and 1p orbital peaks in the small circular
corral. The x-axis denotes the added padding to the edges of the corral positions in units of
a0 (Cu-Cu distance of 0.256 nm).

a padding layer of 15 was used, this being an optimum between convergence and
speed of calculations.
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Chapter 5

Exploring the possibilities of InAs(111)A as
a new platform for artificial laices with

muin-tin calculations and STM
experiments

Abstract
Artificial laices are ideal candidates for systematic investigations of analogues of
quantum materials. Artificial laices can be defect-free; moreover, the electronic ef-
fects of deciding parameters (geometry, interactions) can be varied and thus studied
in an independent way. The scanning tunnellingmicroscope allows both the creation
of and subsequent measurement on these artificial laices. The versatile and known
CO/Cu(111) systemhas started to reach its limitsmainly due to broadening caused by
coupling of the 2DEG to bulk states. Therefore, we start investigating new substrates
with less broadening. Here, we show theoretical and experimental results on the
In/InAs(111)A platform. A muin-tin model is adapted for this system and calibrated
to previous experimental results. Two dierent InAs(111)A surfaces are explored to
find ideal conditions for creating large-scale artificial laices. Vertical manipulation
is used to build test structures of 10 atoms long which show particle-in-a-box fea-
tures. A preliminary theoretical outlook on how to realise an SSH chain is included.
This chapter contains the start of the investigation into quantum structures built
by using In adatoms on the InAs(111)A surface. We find that vertical manipulations
can cause defect formation in the substrate. These defects are detrimental to the
properties of the artificial laices. If experimental procedures can be developed that
avoid defect formation, the InAs(111)A platform shows great promise for creation and
measurements of large and complex artificial structures.
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5.1 Introduction

Articial lattices made in a scanning tunneling microscope (STM) have gained a lot
of attention in recent years 1–6. Various substrates and adsorbates can be used to
pattern a two-dimensional electron gas (2DEG), e.g. CO/Cu(111)4–6. These substrates
can, for example, be metal surfaces hosting surface states. Other options include the
Cl/Cu(100) platform3,7, that uses defect states caused by missing Cl atoms on the
surface. Using a metal means that bulk states will always be present. States at the
surface can then couple to the bulk states, thereby inducing broadening to electronic
states8. The Cu(111) surface is a good example, where the surface state couples to
the bulk states causing a broadening of nearly 80meV8. This is large compared to
the available energy scale of Cu(111) which is close to 0.8 eV. The LDOS of larger and
more complex articial lattices cannot be measured accurately anymore when two
states are observed as a single peak in the tunnelling spectrum, also see Chapter 4.
It is therefore of great importance to nd systems with a better energy resolution.

Coupling to bulk states can be reduced by working on semiconductor surfaces.
Band bending at vacuum-crystal interfaces can generate a 2DEG at energies within
band gaps9,10. States can be better resolved if the peak broadening is reduced. The
InAs(111)A substrate has been studied extensively by the group of Fölsch. Arti-
cial atoms formed by assembling several In adatoms show resonances as narrow as
20meV 11–14. The (111) surface is In-terminated and has a (2x2) In vacancy reconstruc-
tion as shown in Fig. 5.1a. The surface In atoms are shown in orange while the As
atoms in the layer below are shown in purple. The unit cell is indicated by a black
parallelogramwith a unit vector of 0.857 nm. Each unit cell contains one vacancy site
which can host an In adatom. These show up as protrusions in an STM topograph,
see panel b.

In this chapter, we investigate this new platform for the creation of large arti-
cial electronic lattices. The InAs(111)A surface is more complex than the Cu(111)
surface. To create clean and stable surfaces, the preparation techniques must there-
fore be investigated. All reported studies on manipulation of In on InAs(111)A used
MBE-grown surfaces 15. However, commercial wafers grown by the LEC-technique
are readily available. We compare both substrates with and without the addition
of extra In adatoms. While CO molecules are moved using lateral manipulation, In
adatoms require vertical manipulation. Much of the success rate depends on the tip
apex 11. The tip apex changes when an In adatom is picked up or put down. This
changed tip apex also inuences the regular topographic scanning. We look at the
vertical manipulation process and how reliable it is in our system. With the acquired
knowledge, an experimental chain of 10 In adatoms is made. The results are analysed
by dierential conductance spectroscopy and compared to an adapted mun-tin ap-
proach. The chapter is concluded with a theoretical outlook on the possible creation
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Figure 5.1 The InAs(111)A surface structure. (a) Schematic representation of the In termi-
nated surface (orange) with the underlying layer of As atoms (purple). An In adatom is shown
on a vacancy site in dark orange. The unit cell, with a unit vector of 0.857 nm is indicated in
black. (b) An experimental scan of the InAs(111)A surface with an In adatom siing on a va-
cancy site (dark patches).

of an SSH chain on the InAs(111)A platform. The mun-tin model is described in
detail below.

5.2 Theory

5.2.1 Muin-tin model

When deciding on a suitable conguration of adatoms to create articial lattices,
calculations can save a lot of time compared to building each conguration sepa-
rately. For the CO/Cu(111) system, the mun-tin model has proven its worth many
times4,16–18. Based on this success and high correlation between theoretical and ex-
perimental results, a mun-tin approach for In adatoms on InAs(111)A would be
highly desirable. Especially as our group has little previous experience with this plat-
form, the MT approach could be used for high-throughput testing of ideal congura-
tions of In adatoms. The following section describes the development of a mun-tin
approximation for InAs(111)A. It is heavily based on previous work on the CO/Cu(111)
system in our group. A potential landscape is dened by placing scatterers with a cer-
tain potential height and prole on a grid. The Schrödinger equation is subsequently
solved numerically for this complicated box giving the eigenvalues and energies. The
CO/Cu(111) system uses positive (repulsive) potentials to simulate the CO scatterers.
This chapter focusses on In adatoms that act as attractive centres for electrons at the
surface 12. Therefore, several changes are made:

• The lattice spacing is adjusted to 0.857 nm for the InAs(111) (2x2) vacancy re-
construction.
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• The In adatoms are represented by a region of negative potential to create
attractive potential wells rather than repulsive regions.

• A Gaussian prole is used to balance between the high level of electron con-
nement to the adatomswhile accounting for the long-range coupling between
two articial atoms. Each adatom is simulated by a Gaussian prole with a
certain depth and a FWHM. In the future, this will also allow incorporation of
spin-orbit coupling 19.

• The eective mass of the electron at the surface is taken to be 0.0420,21.

To nd the best parameters for the Gaussian proles, a comparison was made
to systems that have been measured experimentally by Fölsch et al.22. It concerns
an articial molecule created by placing two 6-atom chains of In adatoms next to
each other, see Fig. 5.2a. A real molecule has bonding and anti-bonding states where
the energy separation depends on the coupling strength between the two atoms. A
stronger bond causes a larger energy splitting. In this articial system, the spacing
between the two articial atoms also determines the energy splitting of a bonding and
anti-bonding state. This energy splitting is visualised in panel b, where theoretical
spectra are shown. Each spectrum is obtained on a molecule with a spacing ranging
from 1 lattice site (blue) to 7 lattice sites (pink). The coupling strength between the
articial atoms decreases, therefore the energy splitting between the bonding and
anti-bonding states decreases.

Figure 5.2c shows the energy splitting obtained using a Gaussian prole for In
adatoms in the mun-tin calculations. The red line shows the experimental results
obtained by Fölsch et al22. Here, a spectrum was taken alongside an articial atom
(black cross in panel a). For each spacing, a new spectrum is acquired. The bonding
and anti-bonding states appear as peaks in the spectrum. The energy dierence be-
tween these two states is plotted against the physical spacing between the articial
atoms.

The green line is the best match from the mun-tin results obtained with a Gaus-
sian prole with a depth of -1.5 V and a FWHM of 0.7 · 𝑎0 = 0.60 nm. It is clear that
there is an oset of nearly 20mV. This oset is visible at all distances. Finding the
right parameters is a balancing issue where the coupling strength at short and long
distances must be matched. The mun-tin code was optimised with two parameters:
the depth and width of the Gaussian proles assigned to each adatom. Two exam-
ples are included in panel c: the yellow and blue curves are the results obtained with
a deeper and shallower Gaussian potential (-2.0 V and -1.0 V respectively) and the
same FWHM. The coupling at small spacing increases when the potential well for
each In adatom is deeper. The potential barrier between the articial atoms at short
distances becomes thinner, leading to a larger coupling strength. This is shown in
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Figure 5.2 Calibration of the MT model by investigating the spliing of bonding and anti-
bonding states of an In dimer22. (a) Schematic diagram showing the location of In adatoms
(orange) on the InAs(111)A surface. The distance d between the two chains is determined by
the number of vacancy sites in between. (b) Muin-tin spectra of artificial molecules with
varying spliing taken alongside one of the artificial atoms (marked by a black cross in panel
a). The spectra are oset vertically. (c) The energy spliing between bonding and anti-bonding
states vs. the gap between the two In artificial atoms. The red line shows the experimental
results by Fölsch et al.22. The green line shows the best-fiing results obtained with a Gaus-
sian muin-tin model. The oset is constant while the slope has been optimised. The blue
and yellow curves are calculated with shallower and deeper Gaussian potentials, respectively.
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the yellow line. Using the deeper potential causes the orbital states to drop in energy.
This also increases the relative potential barrier height between the articial atoms
at larger spacing.

Using shallower potential wells (blue line) has the opposite eect. At large spac-
ing the coupling strength approaches the experimental value, while at small spacing,
the coupling strength is weaker. All three parameter sets have similar splitting at a
gap size of 4𝑎𝑜 . Note that similar line proles are obtained by using deeper, but nar-
rower Gaussian proles: e.g. a depth of -2.0 V and a FWHM of 0.6 · 𝑎0 = 0.51 nm has
virtually identical properties as a depth of -1.5 V and a FWHM of 0.7 · 𝑎0 = 0.60 nm.

Other line proles such as Lorentzian and Laplacian distributions have been con-
sidered. These do not result in better correlationwith the experimental values. Adding
a second shallow but broad Gaussian to the rst relatively sharp Gaussian proles
is expected to increase the long-range coupling strength while hardly inuencing
the short-range coupling. This approach also does not result in better correlation.
It is clear that the potential prole has room for improvements. For the rest of this
chapter, the single Gaussian prole is used.

5.3 Experimental results

The experiments were carried out in a Scienta Omicron POLAR LT-STM. It is oper-
ated at a base temperature of 4.5 K and with a pressure in the 10-10 mbar range.

5.3.1 Surface treatment

To experimentally create and measure articial lattices, a clean substrate is required.
So far, all research has been performed on Molecular Beam Epitaxy (MBE)-grown
substrates. To investigate the need for MBE-grown layers, a comparison is made
between commercially available InAs(111)A wafers and MBE-grown wafers.

InAs(111)A wafers (500 µm, undoped, n-type) were bought from WaferTech Ltd.
These wafers are grown by the Liquid Encapsulated Czochralski (LEC) method. It
was cleaned by repeated sputtering (pAr = 8.5 ·10−6 mbar, 15min) and annealing steps
(750 K, 30min)23. The samples were investigated in the STM, see Fig. 5.3a. Here,
many subsurface defects can be seen, while fewer native In adatoms were found. A
subsurface defect is indicated by the red arrow. These show as fuzzy circles with a
diameter of roughly 3 nm. A single In adatom is indicated by the green arrow. It is
well-dened and easily distinguishable from subsurface defects. This high ratio of
defects to In adatoms is undesirable as the defects do not only inuence the topo-
graphic images, but also the electronic states of subsequent articial lattices.

A more pure surface can be grown by using MBE techniques. An LEC-grown
wafer was coated by a 100 nm thick MBE-grown layer of pure InAs at the IEMN in
Lille. An additional protective As capping layer was desorped in our vacuum system
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by heating the wafer to 520K for several hours. This yields the InAs(111)A (2x2)
surface below. This surface is portrayed in panel b. Again, a desired In adatom,
and undesired subsurface defect are indicated by green and red arrows, respectively.
Comparison to panel a shows a large reduction in defect density. The adatom density
is similar. The MBE-grown sample is considered more suitable for construction of
articial lattices due to the availability of larger area’s with fewer subsurface defects.
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Figure 5.3 STM topographs comparing the quality of InAs(111)A surfaces. (a,b) LEC- and
MBE-grown surfaces, with native In adatoms (subsurface defects) indicated with green (red)
arrows. (c,d) LEC- and MBE-grown surfaces, with extra In evaporated onto the cold crystal.
Single In adatoms and clusters are indicated by green and blue arrows respectively.

The native concentration of In adatoms is low (1 per 200 nm2) on both types
of samples24. Articial lattices require high local densities of adatoms, therefore a
higher In adatom concentration is needed. Additional In adatoms were evaporated
onto the cold surface using an e-beam evaporator lled with pure In pellets. A 1
or 2 keV lament potential was used for 20 s with a ux of 5 nA. Figure 5.3c and d
show the resulting surface after evaporation of In with accelerating voltages of 2 keV
and 1 keV, respectively. Blue arrows indicate clusters of In which can be compared
to the individual In adatoms indicated by the green arrows. It is clear that a lower
accelerating voltage gives a better ratio of desired individual In adatoms to undesired
clusters. Panel c is an LEC-grown surface and as such, the subsurface defects are
seen as well. These do not correlate to the positions of In clusters, i.e. the growth
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method of the substrate does not inuence the location of extra evaporated In. This
is judged by eye: the larger subsurface defects would still show around the clusters
if they were on top of each other. Combining the comparisons of growth methods
and evaporation parameters, it is clear that panel d (MBE, 1 keV) is a suitable surface
to use for construction and measurements of articial lattices.

5.3.2 Atom manipulation

In adatoms can be manipulated vertically to the desired location 11. This process is
described in more detail in the Chapter 2, but consists of two main steps: transfer
of the adatom from the sample to the tip and vice-versa. These two processes were
investigated to gain experience with vertical manipulation and subsequent building
of larger articial structures. This was done by recording I(z) curves, the tunnel
current dependent on the tip height. Both manipulation steps were performed with
the feedback loop disengaged at a set point of 1 nA and 0.5 V.

The tip material is a cut PtIr wire. The tip apex was conditioned by repeated tip-
sample indentations at high bias voltages. This resulted in an agglomeration of In at
the tip apex, suitable for vertical manipulation 11.

Picking up individual In adatoms is visualised in Fig. 5.4a and d. After positioning
the tip above the desired In adatom (green circle), the feedback loop is disengaged.
The bias voltage is switched to 1.25 V after which the tip is slowly approached to the
surface 11. Characteristic I(z) proles (obtained in 80% of the 68 recorded successful
sample-to-tip transfers) are shown in panel g. Here, the current I increases with
decreasing tip height z until a jump occurs to lower currents. The tip is subsequently
retracted during which the current gradually decreases again. Upon scanning of the
surface, the adatom has disappeared o the surface, see the absence of an adatom in
panel d.

Not all sample-to-tip transfers occurred without additional problems. Roughly a
third resulted in the additional creation of a hole in the substrate surface, see panel
e. These holes correspond to additional In atoms being removed from the crystal
surface. We have not found a method to restore these holes by replacing In atoms
from the tip. In half of the transfers that created holes, a dierent I(z) prole was
acquired. Some examples are shown in panel h. The current increases in a similar
fashion as in panel g, after which (multiple) current jumps are seen, either showing
bi-stable states (blue), plateaus (green) or complete saturation of the current signal
(orange).

The range of the tip-sample distance during (partially) successful transfers from
sample to tip is similar for manipulations that created a hole or not. Therefore, it is
not possible to assign I(z) proles to certain results with a high condence.

Depositing In atoms from the tip to the surface is illustrated in the right-hand
column of Fig. 5.4. The blue circle shows the location of the deposited atom. After
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Figure 5.4 Vertical manipulation steps of In adatoms. Topographical images showing the
situation before (a,b,c) and aer (d,e,f) vertical manipulation stepswere performed. The circles
indicate where the tip was positioned before manipulations steps. Scale bars are 2 nm. (g,h,i)
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Characteristic tip-to-sample transfers.
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positioning the tip, the feedback loop is disengaged and the bias voltage is set to -1 V.
The tip is slowly approached to the surface. Panel i shows characteristic I(z) proles
acquired in half of the 36 recorded instance of this process. In a similar fashion to the
sample-to-tip transfers, a jump in the current signal indicates the transfer of an atom
from the tip to the surface. Retracting the tip to the setpoint value does not result in
further changes in the current.

Deposition of adatoms is often successful, however, sometimes too successful. In
half of the attempts, multiple In adatoms were deposited creating smaller or larger
blobs on the surface. These can subsequently be reduced by removing In atom-by-
atomwith sample-to-tip transfers. As the sample-to-tip transfers can also cause holes
in the surface, this is not a simple task.

According to literature, to pick up In adatoms, the tip apex is ideally not atomi-
cally sharp, but blunt 10. Scanning the surface with a blunt tip is possible and can give
an indication of the tip apex conguration. Fig. 5.4b was imaged with a non-sharp
tip. Each adatom is duplicated on a slight diagonal. The non sharp apex therefore
has the place for an In adatom to sit forming an atomically sharp tip, as can be seen
in panel e.

5.3.3 In10 chain

Using the atom manipulation as described above, an In10-chain was built along the
[12̄1] direction on the InAs surface. A chain of In adatoms must be longer than 5
atoms to show atomic states and subsequently be called an articial atom22. The
resulting articial atom should show states similar to a conned particle-in-a-box
system. A delocalised state corresponding to an s-type orbital will occur rst, fol-
lowed at higher energy by states with one node in the centre, such as the p-type
states, a state with two nodes etc.25. These states can be measured by dierential
conductance spectroscopy. Regions with a high density of states will show as peaks,
while a low density will appear as dips in the spectra.

Figure 5.5a shows a topograph of the chain. The coloured crosses correspond to
the locations at which spectra were taken. Dierential conductance spectroscopy
was performed using constant-height mode with a digital lock-in amplier provid-
ing a 973Hz bias modulation with a 5mV rms amplitude. The spectra in panel b
(solid lines) are normalised by dividing them by background spectra taken on the
bare InAs(111) surface. The spectra do not show very sharp peaks, however, litera-
ture suggests that the conduction band minimum occurs around -0.2 V 10. This would
mean that all peaks at lower energies can be disregarded. Our measurements do not
show a clear onset in spectra around -0.2 V, however, the dip around -0.13 V occurs
in every single spectrum. We tentatively take this dip as the onset of the conduc-
tion band minimum. Looking at higher energies shows a feature at -0.1 V where the
intensity is higher in the centre of the articial atom (green spectra). Subsequently,
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at -0.07 V, a node is seen in spectra taken around the centre, while the intensity is
higher at the edges of the chain (red and purple spectra). This assignment of peaks
is preliminary, but is backed by the MT spectra (dashed lines). The mun-tin spec-
tra are aligned with the onset at -0.13 V. They show clear s- and p-type orbital states
corresponding to the experimental spectra. The spacing between the s and p orbital
states is reproduced correctly. A contour plot of the experimental spectra is shown
in panel c. Here, the bias voltage is still on the horizontal axis, while the vertical
axis indicates the position of the spectra (indicated by the coloured crosses). A light
colour in the plot corresponds to peaks in the spectra. An s-type orbital has inten-
sity in the centre and can be seen around -0.1 V. The indicated p-type orbital shows
a clear node at the central positions. The p-type states extend to the red edge, but
not completely to the purple edge. It is known that defects (or extra adatoms) close
to the articial structures can inuence the electronic nature to a large extent22. In
Fig. 5.5a multiple black holes in the 2x2 reconstruction can be seen, corresponding
to missing surface atoms. Considering the close proximity to the chain, these could
have signicant impact on the electronic states measured on the In10 chain, leading
to oset and distorted spectra, compared to the MT results.

5.4 Perspective on creating an artificial SSH chain

The theoretical and experimental foundation for using In adatoms on InAs(111)A for
articial lattices has been given in the previous sections. As a perspective on what
type of experiments could follow, this section will describe some preliminary results
obtained by simulating a Su-Schrieer-Heeger (SSH) chain26,27. The SSH chain is de-
scribed by atoms connected by alternating single and double bonds. This is illustrated
in Fig. 5.6. Here, In6 chains are used as articial atoms (orange circles). The articial
atoms are aligned next to each at certain distances, where the distance determines
the bond strength or coupling between them (see section 5.2.1). The interested reader
is directed to basic works explaining the theoretical background of the SSH chain in
more detail28,29. Three chains are investigated:

• An atomic chain where the bond strength does not alternate (𝑡1 = 𝑡2). We
expect to see signatures corresponding to a long molecule. A delocalised s-
type state should be followed by a p-type state with a node in the centre etc.;

• A trivial SSH chain with (𝑡1 > 𝑡2). This chain consists of coupled dimers and is
expected to show a bonding and anti-bonding state separated by a band gap;

• A non-trivial or topological SSH chain with (𝑡1 < 𝑡2). This chain is expected to
show similar features to the trivial chain when looking at the centre. However,
the most interesting states are localised at the ends of the chain and are found
in the middle of the band gap.
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Figure 5.6 Artificial chains created by artificial In6 atoms (orange circles). A schematic
diagram of the atom and bonds are shown in black. (a) Atomic chain with 𝑡1 = 𝑡2 (b) Trivial
SSH chain with 𝑡1 > 𝑡2. (c) Non-trivial or topological SSH chain with 𝑡1 < 𝑡2. The distances
are indicated for each bond length.

The mun-tin model calculates the eigenstates and values which can be pre-
sented as wave function maps and LDOS spectra. For the three chains described
above, the maps and spectra are presented in Fig. 5.7. The maps in the left column
show the electron density at certain energies corresponding to the spectra in the
column on the right. The atomic chain (𝑡1 = 𝑡2) shows a delocalised s-type state at
-72mV. The delocalisation is seen in map 1, and the spectra show that the intensity
is higher in the centre (red) compared to the edge (green). Map 2 shows a higher-
energy state where multiple nodes are seen. The intensity at the centre is very low,
while elsewhere along the chain multiple locations have higher electron density.

Maps 3 and 4 show the trivial SSH chain (𝑡1 > 𝑡2) at two energies close to each
other. This highlights small variations in the electron density along the chain. How-
ever, generally the spectra taken at the centre and edge have similar features. As
expected, both spectra (taken at the centre and edge) show a band gap from -30mV
to 10 mV. The non-trivial SSH chain (𝑡1 < 𝑡2) is shown in the bottom row. Map 5 is
taken at the energy corresponding to the bonding state of the chain. This state has
higher intensity at the centre compared to the edge. The whole spectrum shows a
band gap similar to that seen in the trivial SSH chain. Map 6 highlights the topolog-
ical state in the centre of the band gap. This state is clearly highly localised at the
edges (note the scale in the LDOS).

Although thesemun-tin results are preliminary, the results obtained on the SSH
chain follow the expectations. The mun-tin model parameters can be improved
by experimental realisation and characterisation of this lattice in an STM. The In
on InAs(111)A platform shows a large potential to be used for investigations into
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topological materials. This would not only be limited to the SSH chain, but could
also be extended to the 2D SSH chain, where fractional charge has been predicted to
occur30.

5.5 Conclusion and outlook

This chapter describes the rst steps towards using In adatoms on an InAs(111)A sub-
strate as a new platform for articial lattices. This system has less coupling to bulk
states allowing the electronic states of lattices to show a higher energy resolution.
A theoretical background was developed by adapting a previously-used mun-tin
model to simulate attractive potentials rather than repulsive scatterers. This adapted
model was calibrated to experimental results of bonding and anti-bonding states of
linear articial molecules22. The results acquiredwith this mun-tinmodel are qual-
itative rather than quantitative, further improvements on the potential landscape
could enhance these results. Commercially available InAs(111)A wafers (LEC-grown)
were found to have a too high subsurface defect density to be useful for articial
lattices. A clean InAs(111)A-(2x2) reconstructed surface was acquired by using an
MBE-grown layer on top of an LEC-grown crystal. Single In adatoms were deposited
on this surface by e-beam evaporation. Vertical manipulation was used to move the
adatoms to desired locations. An articial atom of 10 adatoms long was built show-
ing features corresponding to atomic states in the dierential conductance spectra
and mun-tin spectra. An SSH chain was investigated theoretically, highlighting
the potential for using In adatoms as attractive potential wells to form large articial
structures. Challenges lie mainly in improving the reliability of the vertical manipu-
lation. Also, the accuracy of the theoretical model can be enhanced. Together these
techniques could allow reliable predictions and experimental verication of a large
variety of articial lattices showcasing physics such as topological end states3,31 and
at bands 5.
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Chapter 6

Automated tip preparation by machine
learning on Si(111)

Abstract
Automating the repetitive parts of experiments reduces errors, makes eicient use
of expensive resources, and frees up time for other activities. In scanning tunnelling
microscopy, tip conditioning or preparation is a crucial and time consuming process.
In this chapter, synthetically generated images of a Si(111) 7x7 surface reconstruction
were used to train an ensemble of ten neural networks. These networks, based on
the ResNet V2 architecture, were subsequently used to classify previously acquired
experimental images of the same surface, thereby distinguishing good tips from bad
tips. The resulting precision for good tips was 85% and the recall was 82%. Aer
implementation of the ensemble into an automated process, real-time validation
was performed in a running scanning tunnelling microscope. On average, a tip state
classified as “good” was reached within 10 scans, or 20 minutes. The precision was
77% over 31 runs.
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6.1 Introduction

Scanning tunnellingmicroscopy is based on the tunnelling of electrons from a sample
to the tip apex or vice versa 1. For nearly all uses, a well-dened tip apex is needed.
This could either be atomically sharp, to visualise individual atoms of a surface, or
sharp enough to see adatoms or molecules on the sample surface. The process of
acquiring such a tip apex is called tip preparation and can be performed by inden-
tation of the tip into the substrate, applying voltage pulses to the tunnel junction
or a combination of the two2. Tip preparation is an inherently random process, the
tip apex (and thus the tip and image quality) can change with each preparation step.
That said, there have been eorts to create a reproducible method for tip prepara-
tion3. Finding a good tip can take an experienced researcher anywhere from several
minutes to days, with little indication of the required time-scale.

Automating the tip preparation process primarily gives researchers more time
for other tasks. Secondly, using a software-based grading for the quality of a tip re-
moves the researcher-dependent bias. This bias is not only dierent between two
researchers, it can also change during a single tip preparation session. After ten bad
images, one is more inclined to think of a partially good image to be good enough.
Developing programs to classify scanning tunnelling microscope images into cate-
gories “good” and “bad” is therefore a process multiple groups are involved in4,5. It is
not a given, however, that an automated program will reduce the time needed for tip
preparation. Automated software does have the advantage of utilising down-time of
researchers such as (lunch) breaks or night time.

In this chapter, we develop an automated tip preparation tool based on neural
networks trained on synthetic data. Neural networks are a part of machine learning
that is rising in popularity as processing power increases while costs are decreasing6.
Neural networks are modelled on how a brain works, and are exceptionally good at
image classication 7. Classication tasks fall under the category “supervised learn-
ing”, which needs labelled data to work with. For scanning tunnelling microscopy,
many experimental images would need to be acquired and subsequently labelled.
This process is an arduous task, especially when considering that training works
better with more data. The bias induced by human categorisation is also a problem.
The creation of a labelled database can be more ecient by using synthetic data. The
synthetic data is generated pre-labelled, eliminating the labelling process by multi-
ple researchers. Training classication networks on simulated data is not new in
image recognition in general8,9, especially when labelled datasets are sparse. This
technique is, however, not standard for STM yet. The creation of synthetic data is a
delicate process, where crucial information is programmed to distinguish good im-
ages and bad images. This chapter focuses on the surface reconstruction of Si(111). A
short description of this substrate is included below.
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6.1.1 Si(111) surface

Previous experimental work in our group has focused mainly on Cu(111) surfaces and
patterning by CO molecules 10–14. As a logical extension, several students worked
on the automation of tip preparation on the Cu(111) surface, either by detecting the
quality of images, or of dI/dV spectra 15–17. The rst steps were made by training
neural networks on experimentally acquired data which required extensive labeling.
Later research used synthetic data. Here, we also train networks on synthetic data.
While copper is a metal and therefore has a certain method of tip preparation, the
same is not true for semiconductors, given the existence of a band gap. Extending the
techniques rst applied to Cu(111) to a semiconductor surface, will greatly enhance
the usefulness of the automated tip preparation method.

Experimental

Si(111) is one the most investigated surfaces in scanning tunnelling microscopy, and
has a highly recognisable 7x7 reconstruction 18,19. Silicon is a semiconductor, which
means that scanning at bias voltages within the band gap is not possible while the
feedback loop is enabled. If the tip apex is indented into the surface, it can also
become coated with Si, leading to unstable regimes for scanning where the band gap
of the tip and sample start to overlap. A recognisable scan, taken at a bias voltage of
1 V, shows the reconstructed surface with clear atomic resolution. Figure 6.1 shows
the 7x7 reconstruction with the unit cell indicated by the white diamond.

Figure 6.1 Si(111) surface with a 7x7 reconstruction. The unit cell is indicated by the white
diamond. I = 0.1 nA, V = 1 V, scale bar is 5 nm.
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Synthetic Data

The more training images that are available, the better a network can be trained.
To this purpose we generate 20,000 synthetic images of a Si(111) background using
Python scripts. The unit cell dimensions of a Si(111) 7x7 reconstructed unit cell are
dened and a white circle is placed at each coordinate corresponding to a surface
Si atom. Using a randomised script, several of these atoms are then removed again
to account for the missing surface atoms. All pixel values in the images are scaled
between 0 and 1.

As the tip condition can vary wildly during experiments, and especially during
tip preparation, the synthetic data should include many dierent image types in the
training database. To this end, a division is made in the database: half of the synthetic
images, so 10,000 images, are good images, see Fig. 6.2a. They show a clear 7x7
surface reconstruction. As in experimentally acquired images, some surface atoms
are missing, creating black areas of varying size. A random noise lter is applied to
the resulting image to simulate the small uctuations also seen in STM imaging.

The other half of the synthetic database consists of bad images. These are created
by applying various lters to good synthetic images. As the tip generated image
artifacts (so-called tip eects, instabilities, etc.) are not substrate specic, we utilise
the image kernels previously used for Cu(111) 15,16:

• A blunt tip will not show atomic contrast and can be described by applying a
7x7 Gaussian lter to a good image, see Fig. 6.2b;

• A noisy image is generated by applying a simple noise lter with an arbitrary
intensity to a good image,see Fig. 6.2c;

• A double tip occurs when there is not just one atom at the tip apex that is
involved in the tunnelling process. The second atom can be close to the pri-
mary tip and cause a shadow or blurred features in certain directions. If the
secondary atom is further away, the whole image can eectively be copied by
the same distance due to a complete second tunnelling channel opening up.
To simulate this synthetically, we use a lter of a random size with a random
intensity in a random direction. The lter is applied to each pixel value in the
image and essentially copies the image several pixels further, see Fig. 6.2d.

• The atom at the tip apex can be in a meta- or unstable position. Scanning
over a small protrusion or thermal uctuations can make the atom shift po-
sition, thereby inuencing the tip-sample distance. The feedback loop will
then approach or retract the tip to regain the tunnel current setpoint. This
action shows up in images as a contrast shift as can be seen in Fig. 6.2e and f,
where the contrast shifts occur less or more frequently respectively. The un-
stable tip is sometimes called telegraph noise as the tip switches between two
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states. Synthetically, these images are generated by shifting part of the image
to higher or lower values (e) and back again (f).

To enhance the number of images available for training, image augmentationwas
used. Specically, each image was rotated by 90°, 180°and 270°and then added to the
training set. This quadruples the training dataset with very little use of processing
power.

It is good to realise that we are simulating clean Si(111) surfaces imaged with
various tip congurations. Later, when using an automated script for experimental
verication, unclean areas on the sample surface are avoided using simple corruga-
tion lters. Images with a large height corrugation will not be classied as the Si(111)
7x7 reconstruction is then not visible.

(a)

(d) (e) (f)(b) (c)

Blunt tip

Noise Tip change

Unstable tip

Double tip

Figure 6.2 Generating synthetic Si(111) images. (a) randomly generated synthetic good im-
age. The following filters are applied to the image in (a) to visualise various types of bad tips:
(b) Gaussian blurring for a blunt tip, (c) random noise, (d) double tip features, (e) contrast
shis due to tip changes and (f) telegraph noise due to unstable tips. Synthetic images are
200x200 pixels, the scale bar is 5 nm.

It is important that the synthetic data resembles the experimental images. It is
equally important that smaller artifacts do not appear during the generation of the
data: otherwise, the network can start to overtrain on these artifacts. A comparison
of experimental and synthetic data is shown in Fig. 6.3. At rst glance, we manage
to reproduce experimental images well.

6.1.2 Neural networks

Neural networks are essentially scripts that adapt their results according to howwell
they perform. If the rst result is not correct, that method of manipulating the input
will get a low weight, while a correct prediction will receive a higher grade. This
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(a) (b)

(c) (d)

Figure 6.3 Comparison between experimental (top row) and synthetic data (boom row)
depicting the 7x7 surface reconstruction of Si(111). (a) Experimental image with a good tip. (b)
Experimental image with a bad tip. (c) Synthetic image with a good tip. (d) Synthetic image
with a bad tip. Scale bars are 5 nm.
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process is iterated in so-called epochs. The more epochs are run, the better the net-
work performs, but if too many epochs are used the model becomes “overtrained”
where it only learns the specic details of the input data, rather than themore general
features. This is also called feature loss or vanishing gradient20.

During training, a train-test split is made of the available labelled training data. A
portion, in this case 10 %, is held behind to use for testing later, while 90% is used for
the actual training. This division can be xed, or can be randomised. A randomised
split is useful as an ensemble of neural networks can then be trained, which all start
with a slightly dierent split into training data and testing data. When asking the
networks for a prediction of an unlabelled image, the average value of all networks
in the ensemble is taken. This generally gives an increase in precision and recall of
several percent21,22.

As this thesis does not focus solely on neural networks, the interested reader is
referred to these resources23,24.

Network architecture

The crucial deciding factor for the choice of network architecture is the performance
during experiments. In our case, this implies that there is no “ideal” network ar-
chitecture, as long as it works: the prediction of an image is precise and not too
slow. In previous internal work on the Cu(111) surface 16,17, a slightly modied ver-
sion of the well-known VGG-16 achitecture was used25. It formed a starting point
for this investigation. Very quickly, however, it became clear that the Si(111) images
were almost always being classied as “bad”. By modifying the threshold value, pre-
cisions of more than 90% could be achieved, however the recall never rose above
20%. A low recall means that tip preparation steps are performed when it is not nec-
cessary (see section “Performance”). Several iterations of hyperparameter tuning of
the minivgg (shallow VGG network) and LeNet architectures 7 also did not result in
well-performing networks.

ResNet (residual network) was developed in 2014 by He et al. and won the rst
prize for image classication in a prestigious challenge26,27. Previous network archi-
tectures were becoming deeper with an increase in precision, but were often becom-
ing overtrained. A residual network is perhaps better suited for pattern recognition
as the residual module not only uses the output data of the layer before it, but also
data from layers preceding that layer. This removes an eect known as vanishing
gradient, where information of previous layers is gradually lost while progressing
through deep layered networks. We presume that the previously mentioned archi-
tectures were either too shallow (minivgg) or lost the features of individual atoms
while progressing through the layers (VGG-16 and LeNet).

In this chapter we used an adapted version of the ResNet V2 architecture, see Fig.
6.4. ResNet V2 utilises pre-activation of layers instead of post-activation as in version
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128. The residual module is repeated many times (in our case 9 times) and contains a
so-called bottleneck structure that reduces the size of the image with every lter.

200x200x1

BN = Batch Normalisation
C = Convolutional �lter
AP = Average Pooling
D = Dense layers
SM = Softmax classi�er

AP
BN

200x200x1

C1

200x200x64

C2

C3

100x100x128

100x100x128

Residual module x9

Bottleneck

12800x1x1

D SM

Bottleneck:
(1x1)-(3x3)-(1x1) 
BN-ReLU-Conv2D

Figure 6.4 Schematic diagram of the ResNet architecture. On the le an input image is
fed through the network. Convolution filters increase the amount of channels, while the
dimensions are reduced.

The network starts with a training image, which is normalised such that the pixel
value distribution is the same for all images in the whole batch. A rst convolution
layer is applied after which the actual residual module starts. The residual module
consists of two parts. The top image is processed through a so-called bottle-neck
structure. The bottleneck structure consists of three blocks, each with a Batch Nor-
malisation step, an Activation layer and the crucial Convolution step. Batch normal-
isation is applied in the rst step. Here, the input is normalised such that it matches
the mean of the training data batch of 8 images29. A ReLu activation layer then crops
all negative valued data and returns the same value for positively valued data. The
Convolution step uses a 1x1 matrix in the rst and third blocks, while the second
block uses a 3x3 matrix.

The bottom part is processed once through a 1x1 convolutional lter. Both outputs
are added to each other. This process is repeated 9 times after which the output is fed
into an 8x8 average pooling step and subsequent dense layers resulting in a 1D fully
connected array. A “softmax” classier gives the output as a percentage between 0
and 1 for “good” and “bad”.

We train 10 networks with the same conguration to make an ensemble. Due to
the randomised train-test split, this will give a small increase in performance.

Performance

A common method to show the performance of a neural network is a confusion
matrix. It displays four categories for images with the distinction made between
those that are actually “good” or “bad” and those that have been predicted to be
“good” or “bad”. The left (right) column shows how many images were predicted
bad (good) by the network while the top (bottom) row show how many images are
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actually bad (good). In a perfect network, only the top left and bottom right cells
would be lled, giving only true positive and true negative counts.

Table 6.1 Example of a confusion matrix.

Predicted “bad” Predicted “good”
Actual “bad” true negative false positive
Actual “good” false negative true positive

Real neural networks rarely reach 100% correct predictions. There are often dis-
crepancies leading to false negatives (images incorrectly classied as “bad”) or false
positives (incorrectly classied as “good”). The precision, for a certain category, is
the percentage of images that the network predicts to be good that are actually good.
A high precision indicates that the network correctly identies the images. Recall is
the percentage of actually good images that are recognised. A network with a low
recall will miss many good images.

For each image, the network outputs two values that describe the condence
that the image is “good” or“bad”. These values are between 0 and 1. In the example
above, a predicted “good” image has a value for good >0.5 while a predicted “bad”
image has a value <0.5. This is called the threshold value and can be changed. A
higher threshold of 0.9 will only accept images with a prediction >0.9 for “good” as
“good”. The choice of threshold thus inuences the precision and recall greatly.

In this chapter, we focus on both the precision and the recall. The network must
have a high precision, as too many false positive classications make the automation
worthless. The recall cannot be too low either. A low recall indicates that many good
images are classied as bad, and therefore needlessly lengthens the process.

6.2 Results and discussion

A network can be trained and tested on previously acquired and labelled data and
perform perfectly. The only way to check if it works for our purpose is to allow it
to classify experimentally acquired data. Therefore, the network was rst validated
using unseen synthetic data and subsequently using real experimental data acquired
previously on Si(111) at various voltages. Experienced researchers still need to manu-
ally classify the experimental images acquired during the testing. This encompasses
checking that the networks assignments (whether “good” or “bad”) are actually cor-
rect. It also involves making sure that the network runs on all types of images such
that the results are not biased.
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6.2.1 Validation of ResNet with unseen synthetic data

During training, a portion of the data is used to test the neural network after each
epoch. In principle, these separated images have never been “seen” by the network
architecture in that instance and can therefore be used to validate the performance
of the networks. However, during the tuning process of the hyper parameters and
architectures, all networks use this same database. A chance exists that the resulting
network is overtted to exactly this database.

To check how the network performs on fresh images which have never been
passed though network training, 2,000 new images were generated. All of them
start as a randomised “good” image, after which 1,000 of them are fed through the
“bad” lters. Each lter (Noise, Gaussian blur, Tip change, Unstable and Double tip)
is passed over 200 images, all subsequently labelled as “bad”. The scripts used to
generate the randomised lters are the same as used for the larger database. The
images are classied by the ResNet ensemble of 10 individual networks trained in
the previous section and the performance is evaluated. The confusion matrix (for a
threshold of 0.2) is shown in the table below.

Table 6.2 Confusion matrix for the ResNet ensemble validated on unseen synthetic data
with a threshold of 0.2.

Predicted “bad” Predicted “good”
Actual “bad” 744 243
Actual “good” 0 993

A remarkable point is the absence of false negative results, i.e. the recall, for
“good” images, is 100%. All good images are correctly identied. The precision is

993
243+993 = 80 %. Changing the threshold to 0.99 increases the precision to 90%without
lowering the recall, see Table 6.3. From these results, we can conclude that the net-
works have not overtted to the synthetic data and can classify experimental images
as well.

Table 6.3 Confusion matrix for the ResNet ensemble validated on unseen synthetic data
with a threshold of 0.99.

Predicted “bad” Predicted “good”
Actual “bad” 882 105
Actual “good” 0 993
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6.2.2 Validation of ResNet with experimental data

Validating the results on experimental data is crucial to assess the relationship be-
tween synthetic and experimental data. The experimental images used in this sec-
tion were acquired at various voltages and subsequently labelled by experienced re-
searchers based on the circularity and visibility of the Si atoms in the 7x7 reconstruc-
tion.

The performance of the network can be visualised by a confusion matrix. This
does require the choice of a threshold. Instead of generating multiple confusion ma-
trices for several thresholds, the results can be plotted in a precision-recall graph.
This shows the trade-o between the precision and recall for a certain threshold (see
Figure 6.5). A high area-under-the-curve is an ideal situation as that indicates a high
precision (correct classication) and a high recall (low amount of false negatives).

Figure 6.5 shows the precision along the y-axis with the recall along the x-axis.
For this network, the recall is highly dependent on the threshold. The blue line shows
which precision and corresponding recall values the network would obtain at certain
labelled thresholds. For a threshold of 0.001, the precision is ∼ 80% with a recall of
∼ 90%. Increasing the threshold to 0.5 does increase the precision to 95 %, but reduces
the recall to 50%. Tuning hyper parameters is needed to nd a balance between speed
and accuracy of the network in real time.
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0.005
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Figure 6.5 Performance graph for the ResNet ensemble. Precision vs. recall for various
thresholds (number along the blue line). The area under the graph is 0.93, which in an ideal
case would be 1.0

Table 6.4 shows a confusion matrix for the results acquired on the ResNet ensem-
ble with a threshold of 0.01. Here the precision is 85 % with a recall of 82 %.
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Table 6.4 Confusion matrix for the ResNet ensemble of 10 networks validated on previously
acquired experimental data with a threshold of 0.01.

Predicted “bad” Predicted “good”
Actual “bad” 172 26
Actual “good” 34 150

This confusion matrix is valid for a threshold of 0.01, which means that the net-
work must assign an image more than 1 % “good” for it to be classied as good. For
this ResNet ensemble, the precision is 150

26+150 = 85 %.
Comparing these experimental results to the validation on synthetic data shows

some minor inconsistencies. For example, the precision is higher for the experimen-
tal database, while the recall is lower. The performance of the network on previ-
ously acquired experimental data was deemed sucient to implement it in a fully
functional tip-preparation tool. Note that the precision of the outcome of the tip-
preparation process during real-time performance can be improved by requiring that
the tool yields “good” predictions for at least 3 consecutive images acquired at dif-
ferent locations.

6.2.3 Real-time validation of ResNet

The neural network is validated by performing 41 complete runs in an STM, starting
from an image that is classied as “bad”. Images of a Si(111) surface are acquired
at a bias voltage of 1 V and a current setpoint of 0.5 nA. Subsequently each image
is classied by the neural network ensemble. If the image is classied below the
threshold of 0.2, tip preparation steps (voltage pulses up to 7 V) are performed and
a new area is scanned. If three subsequent images receive a rating higher than the
threshold (to enhance precision), it is counted as one run. The rst image of each
run is thenmanually classied by experienced researchers. According to the previous
section, we tried classicationwith a threshold of 0.01. This consistently gave a lower
precision than expected, so a threshold of 0.2 is used for the following validation.
Figure 6.6 shows examples of the rst and last scans of various runs. Already at rst
glance, the bottom scans are better images than the top scans.

The number of scans needed to reach a good scan is shown in Fig. 6.7. Here, the
three colours indicate three selection options that are possible. In blue, all runs that
reached three consecutive “good” images were counted. This results in an average of
7.6 scans (and tip preparation steps) to reach a “good” tip. The precision is however
unexpectedly low at 71 %. Upon closer manual inspection, several images were not
actually “good” and fall under the category “false positives”. This only happened,
however, with runs in which there was only one (minor) tip preparation step between
a “bad” image and a “good” image. Removing all runs with a length of 1 (green)
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Figure 6.6 The top row shows the first scans of individual runs. All images are deemed
“bad”, some are clearly double or have lines due to tip changes. The boom row shows corre-
sponding scans once the run has completed. All tip states of the boom row are (far) beer
than they started with and are deemed acceptable to use. Scale bar is 5 nm.

increases the average time needed to reach a “good” tip from 7.6 to 9.7 images, but
more importantly removed many false positives and increases the precision to 77 %.
Articially increasing the threshold to 0.5 removes even more runs which then do
not qualify. A higher threshold will mean that more images are classied as “bad”,
which should increase the time needed for one run. We see a small decrease from 9.7
to 9.2 scans, which is attributed to the small data set we are using for an average. The
precision, however is improved. Also see Table 6.5 comparing the raw data. This 0.5
threshold eect is articial as the program did not run with a threshold of 0.5 and
would have possibly rejected more images during the run.

Table 6.5 Raw values corresponding to the various selection rules also shown in the his-
togram in Fig. 6.7

Precision (%) qualifying runs (#) average, median
scans needed (#)

0.2 71 41 7.6, 5
0.2, >1 length 77 31 9.7, 7
0.5, >1 length 82 11 9.2, 8

With the current scan settings of the STM, a single image takes 2 minutes to
complete. In the three selections above, the average time to complete a successful
run increases from 15 minutes to 20 minutes. In experimental conditions, this is not
going to make much dierence, while the precision is increased by 10%. The median
value of each run is also given to highlight the fact that the distribution of scans is
skewed to the short time-scale. More runs take less time than the average run. There
are a few runs that skew the average heavily as they take nearly 30 scans to complete.
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Figure 6.7 Histogram showing the number of subsequent scans Simplicity needs to take
(with tip preparation steps in between) to reach an image classified as good. A threshold of
0.2 is used.

6.3 Conclusion and outlook

This chapter describes the development and application of an ensemble of neural net-
works based on the ResNet architecture26 on automated tip preparation on a Si(111)
surface in an STM. The current state is a fully functional automated program that
can produce a good tip apex in roughly 20 minutes. A manual check shows that the
precision of the classication is 77 %. The precision can be improved by specifying a
higher threshold. This is especially useful if the program can run overnight.

These results show that researchers can save time and eort by allowing an auto-
mated program to perform tip preparation. Also, in the long run, extra time is saved
by training the networks on synthetically generated images. This is a hidden time-
saving factor, as the manual acquisition and subsequent (potentially biased) labeling
of thousands of images takes weeks.

Reaching this level of accuracy on Si(111) also indicates that tip preparation on
semiconductor surfaces can benet from synthetic data-based neural networks. To-
gether with previous results acquired on CO/Cu(111) 16,17, synthetic data now proves
its worth for bothmetallic and semiconducting substrates. Adapting these techniques
for new substrates, with or without scattering adsorbates, can be an ecient process,
especially considering that many lters corresponding to “bad” tip eects, such as
double or unstable tips, have already been developed. Generating accurate synthetic
data for a new substrate is an iterative process, but the accuracy and time saving that
is achieved heavily outweighs the initial investment.
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Improvements to the performance of the current program are always possible.
These could include a revision of the synthetic database. The current program has
a 20% false positives rate. An improvement in the precision could be achieved by
discovering an underlying pattern in this category. Adapting the synthetic database
to include this category should reduce the false positive rate. However, the current
precision of 80% is already acceptable for experimentalists. Additional ne-tuning
of the hyper parameters of the network, or a dierent network architecture entirely,
could lead to a more rened time-scale versus threshold relationship. This would
allow experimentalists to tune the threshold for the time-scale available, for example
accepting a lower performance when speed is required and vice-versa.

Although experienced scientists will always be needed, each repetitive step that
can be automated30 ultimately leavesmore time for investigation of the actual physics
behind the experiment.
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Appendix

A6.1 Soware methods

The tip preparation process is automated by using the program Simplicity (version
2.0.2.0, see Fig. A6.1). This program was developed by Stephan Zevenhuizen in the
Condensed Matter and Interfaces group at Utrecht University. Simplicity can con-
nect to the Matrix software controlling the STM, gaining complete control of all in-
put and output data channels. Scans are automatically taken and sent to a remote
server where an ensemble of neural networks classies the image. If the resulting
score is lower than the supplied threshold, a predened tip preparation step will be
performed.

All machine learning code is written in Python 3.6/3.7 with usage of the Keras31,
Tensorow 2.3.032 and OpenCV packages33.

The 10 networks forming the ResNet ensemble are trained with a randomised
90/10 train/test split. The learning rate was 10−6, the batch size was 8 and the number
of epochs each network trained was 30.

During the network architecture development and tuning of hyper parameters,
the performance is evaluated by the test data (split portion of synthetic data), as well
as an experimental dataset. These nearly 1,000 validation images are acquired at a
constant current of 0.1 nA at 3 or 5 V, with 200x200 pixels, a size of 20x20 nm and
with a time constant of 2-4ms/pixel. The image size and resolution are chosen such
that the surface reconstruction is visible at large scale and that the scans are acquired
on an acceptable time scale. An automated script records these images over a large
area on a Si(111) substrate which are then classied manually by three scientists into
categories “good” and “bad”. There is a negligible dierence in performance of net-
works when validated with either of the three experimental datasets.

The real-time validation of the ResNet ensemble using Simplicity has the same
settings as above, but with a bias voltage of 1 V. In this manner, if a good tip is found,
there is be a high probability that the tip would image at higher bias voltages as well.

A6.2 Experimental methods

The experimental images of the Si(111) wafer are obtained in a Scienta Omicron LT-
STM. It is operated at a base temperature of 4.5 K andwith a pressure in the 10-10 mbar
range. The Si wafer is cleaned by direct current heating to approximately 1173 K
for 1 hour. Subsequent ashing to higher temperatures (minimum of 20 times) is
repeated until the pressure in the chamber does not increase for 30 s. The crystal is
allowed to cool to room temperature and transferred to the cold sample stage as soon
as possible. The tip material is a cut PtIr wire.
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Figure A6.1 Simplicity. A flaened topography scan is shown in the main window. To
the right and boom edges several parameters can be set. The threshold value (green), the
voltage at which the tip preparation is performed (red), the depth of a tip crash and the speed
at which it (dis)engages (blue) and counters before an action is performed (purple). The log
shows scan classifications and performed actions.

109



6 | Automated tip preparation by machine learning on Si(111)

Bibliography

1 G. Binnig, H. Rohrer, Ch. Gerber, and E. Weibel. Surface Studies by Scanning
Tunneling Microscopy. Physical Review Letters, 49(1):57–61, 1982.

2 B. Voigtlander. Scanning Probe Microscopy. Springer-Verlag Berlin Heidelberg,
2015.

3 S. Tewari, K.M. Bastiaans, M.P. Allan, and J.M. van Ruitenbeek. Robust proce-
dure for creating and characterizing the atomic structure of scanning tunneling
microscope tips. Beilstein Journal of Nanotechnology, 8(1):2389–2395, 2017.

4 O. Gordon, P. D’Hondt, L. Knij, S.E. Freeney, F. Junqueira, P. Moriarty, and
I. Swart. Scanning tunneling state recognition with multi-class neural network
ensembles. Review of Scientic Instruments, 90:103704, 2019.

5 A. Krull, P. Hirsch, C. Rother, A. Schirin, and C. Krull. Articial-intelligence-
driven scanning probe microscopy. Communications Physics, 3(54):1–8, 2020.

6 W.D. Nordhaus. Two centuries of productivity growth in computing. The Journal
of Economic History, 67(1):128–159, 2007.

7 Y. LeCun, B. Boser, J.S. Denker, D. Henderson, R.E. Howard, W. Hubbard, and L.D.
Jackel. Backpropagation Applied to Handwritten Zip code Recognition. Neural
Computation, 1:541–551, 1989.

8 M. Rahnemoonfar and C. Sheppard. Deep Count: Fruit Counting Based on Deep
Simulated Learning. Sensors, 17(905):1–12, 2017.

9 C. Cai and B. Li. Training deep convolution network with synthetic data for ar-
chitectural morphological prototype classication. Frontiers of Architectural Re-
search, 10(2):1–13, 2020.

10 M.R. Slot, T.S. Gardenier, P.H. Jacobse, G.C.P. van Miert, S.N. Kempkes, S.J.M.
Zevenhuizen, C. Morais Smith, D. Vanmaekelbergh, and I. Swart. Experimen-
tal realization and characterization of an electronic Lieb lattice. Nature Physics,
13(7):672–676, 2017.

11 S. Kempkes. Manipulating building blocks of matter: The quantum simulation of
electronic lattice models. PhD thesis, Utrecht University, 2020.

12 S.E. Freeney, J.J. van den Broeke, A.J.J. Harsveld van der Veen, I. Swart, and
C. Morais Smith. Edge-Dependent Topology in Kekulé Lattices. Physical Review
Letters, 124(23):236404, 2020.

110



BIBLIOGRAPHY

13 S.E. Freeney, S.T.P. Borman, J.W. Harteveld, and I. Swart. Coupling quantum cor-
rals to form articial molecules. SciPost Physics, 9(6):1–18, 2020.

14 T.S. Gardenier, J.J. van den Broeke, J.R. Moes, I. Swart, C. Delerue, M.R. Slot,
C. Morais Smith, and D. Vanmaekelbergh. p Orbital Flat Band and Dirac Cone
in the Electronic Honeycomb Lattice. ACS Nano, 14:13638–13644, 2020.

15 L. Knij, S.E. Freeney, and I. Swart. First Steps Towards Developing an Auto-focus
Option For Scanning Probe Microsocopes. B.sc. thesis, Utrecht University, 2018.

16 G.C. Arends and I. Swart. Autonomous Tip Preparation for STM using Machine
Learning on Simulated Data. B.sc. thesis, Utrecht University, 2021.

17 A. Vlasblom and I. Swart. Automatic In Situ Tip State Conditioning for Scanning
Tunneling Spectroscopy on Cu (111). M.sc. thesis, Utrecht University, 2021.

18 B.A. Joyce. Some aspects of the surface behaviour of silicon. Surface Science,
35:1–7, 1973.

19 R.M. Feenstra and M.A. Lutz. Formation of the 5×5 reconstruction on cleaved
Si(111) surfaces studied by scanning tunneling microscopy. Physical Review B,
42(8):5391–5394, 1990.

20 Y. Bengio, P. Simard, and P. Frasconi. Learning Long-Term Dependencies with
Gradient Descent is Dicult. IEEE Transactions on Neural Networks, 5(2):157–166,
1994.

21 S. Hashem, B. Schmeiser, and Y. Yih. Optimal linear combinations of neural net-
works: an overview. In Proceedings of 1994 IEEE International Conference on Neural
Networks, volume 3, pages 1507–1512. IEEE, 1994.

22 R. Maclin and J.W. Shavlik. Combining the Predictions of Multiple Classiers:
Using Competitive Learning to Initialize Neural Networks. In Proceedings of the
Fourteenth International Joint Conference on Articial Intelligence, pages 524–530,
1995.

23 C.C. Aggarwal. Neural Networks and Deep Learning. Springer International Pub-
lishing, 2018.

24 M.A. Nielsen. Neural Networks and Deep Learning. Determination Press, 2015.

25 K. Simonyan and A. Zisserman. Very Deep Convolutional Networks for Large-
Scale Image Recognition. arXiv, 1409.1556(6), 2015.

26 K. He, X. Zhang, S. Ren, and J. Sun. Deep Residual Learning for Image Recogni-
tion. arXiv, 1512.03358(1), 2015.

111



6 | Automated tip preparation by machine learning on Si(111)

27 O. Russakovsky, J. Deng, H. Su, J. Krause, S. Satheesh, S. Ma, Z. Huang, A. Karpa-
thy, A. Khosla, M. Bernstein, A.C. Berg, and L. Fei-Fei. ImageNet Large Scale Vi-
sual Recognition Challenge. International Journal of Computer Vision, 115(3):211–
252, 2015.

28 A. Sachan. Understand and Implement ResNets. cv-tricks.com/keras/understand-
implement-resnets, 2021.

29 S. Ioe and C. Szegedy. Batch Normalization: Accelerating Deep Network Train-
ing by Reducing Internal Covariate Shift. arXiv, 1502.03167(3), 2015.

30 R.J. Celotta, S.B. Balakirsky, A.P. Fein, F.M. Hess, G.M. Rutter, and J.A. Stroscio.
Invited article: Autonomous assembly of atomically perfect nanostructures using
a scanning tunneling microscope. Review of Scientic Instruments, 85:121301, 2014.

31 F. Chollet. Keras. keras.io, 2015.

32 M. Abadi, A. Agarwal, P. Barham, E. Brevdo, Z. Chen, C. Citro, G.S. Corrado,
A. Davis, J. Dean, M. Devin, S. Ghemawat, I. Goodfellow, A. Harp, G. Irving, M. Is-
ard, R. Jozefowicz, Y. Jia, L. Kaiser, M. Kudlur, J. Levenberg, D. Mané, M. Schuster,
R. Monga, S. Moore, D. Murray, C. Olah, J. Shlens, B. Steiner, I. Sutskever, K. Tal-
war, P. Tucker, V. Vanhoucke, V. Vasudevan, F. Viégas, O. Vinyals, P. Warden,
M. Wattenberg, M. Wicke, Y. Yu, and X. Zheng. TensorFlow: A System for Large-
Scale Machine Learning. tensorow.org, 2015.

33 G. Bradski. The OpenCV Library. Dr. Dobb’s Journal of Software Tools, 2000.

112



Chapter 7

Summaries

7.1 Summary in English

This thesis describes research on the properties of electrons conned to very small
articial lattices. We investigate the properties of electrons and how they can be
modied. Here, we will give a short introduction and summarise the main results.

The extensive generation and transfer of information in our society demands
extraordinary electronic circuits for data processing and storage. Electricity can be
seen as a continuous ow of electrons moving through an electric circuit. If the ow
is higher, the current is higher. The voltage applied to this circuit determines the
energy each electron carries. The resistance in circuits for computing processes is
dominated by the scattering of electrons with the lattice (vibrations) of the material.
This resistance causes a loss in energy by generating warmth and determines how
much voltage is needed to keep the same amount of electrons owing.

Metals (e.g. copper or gold), semiconductors (e.g. silicon or indium arsenide)
and insulators (e.g. rubber) allow electrons to pass with varying ease. In a similar
fashion, electrons will act dierently depending on their environment. By shaping
the environment into a particular shape, we can allow electrons to move with very
little friction. This can signicantly improve the eciency of electronic systems.
To do this, we can place the electrons in a honeycomb pattern. If we measure the
properties of these electrons, it turns out that some move very quickly, while at other
voltages they don’t move at all.

In this thesis we take a fundamental look at how the behaviour of an electron is
inuenced by the surroundings. All experiments in this thesis are performed using
a scanning tunnelling microscope or STM.

7.1.1 How does an STM work?

Figure 7.1a shows the STM that was used for most experiments. It is a large machine
used to look at very small particles, molecules and atoms. An STM works on the
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basis of tunnelling. This describes the probability and possibility that an electron can
pass through a barrier. An electric circuit does not work unless the circuit is closed.
If you cut a wire, the electrons have nowhere to ow to. This is true at the scale we
are used to (mm-cm), but it changes when we place the two ends of the wire very
very close to each other. There is a chance that an electron could jump through the
air barrier and tunnel from one end of the wire to the other.

2 nm
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(e)

(d)

(c)(b)

5 
m
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m

Figure 7.1 (a) The author next to the STM on which most experiments were performed. (b)
Schematic depiction and photo of the tip. (c) Schematic description and photo of the copper
crystal. The schematic diagrams are by Scienta Omicron. (d) STM image of a flat lead crystal
surface. The individual atoms are neatly arranged in a crystal structure. (e) Carbon monoxide
molecules are visualised as black circles on a copper crystal surface.

The STM has such a circuit but then with a very thin and sharp needle, or tip, that
can scan over a crystal surface, see Fig. 7.1b and c. The tip ends just above the crystal
at a distance of roughly 1 nanometre (0.000000001m). Electrons can jump from the
tip to the crystal or vice versa. The separation distance between the tip and sample
is a very precise way to control the amount of electrons tunnelling. The larger the
distance, the lower the current is. We keep the current constant by using small piezo-
electric elements that canmove the tip up and down. By scanning over the surface we
can now “feel” atoms in a way similar to Braille. If an atom or molecules sticks out of
the surface, the current increases and the tip will retract slightly to keep the current
constant at our setpoint value. The height signal of the tip is recorded as a topograph,
see Fig. 7.1d. Here, you see individual lead atoms all nicely lined up in a crystal lattice.
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The background in Fig. 7.1e shows a copper crystal with carbon monoxide molecules
visualised as black circles. Note the value above the scale bar! We are looking at
atoms and molecules that are smaller than a nanometre. To compare, this is as if we
are using the Sky Tower in Auckland to look at the surface of a human hair.

We cannot only look at these individual atoms, we can also pick them up and put
them down again. Aside from being very fun to do, we can use this process to make
well-ordered lattices. The crystals surfaces that we use all host a two-dimensional
electron gas. This means that there is a constant density of electrons everywhere
on the surface. Atoms or molecules that are on the surface disturb this density by
repelling or attracting electrons. It can be compared to a shallow puddle of water in
which we place cups or rocks. The fact that we place a rock means that water cannot
exist at the same location (repulsive). The cups can be lled with extra water and are
therefore deemed to be an attractive force. By placing atoms or molecules (attractive
and repulsive) at certain locations we can force the electrons (water) into patterns
and make articial lattices.

7.1.2 What can you do with artificial laices?

Articial lattices can be built with atomic precision and without defects. This makes
them extremely useful to conne electrons in a lattice and study the properties of
these conned electrons. Many patterns and lattices do not exist in nature as atoms
will not bond together in that way. An STM allows us to force electrons into these
patterns and investigate them. An example of an articial lattice can be seen in Fig.
7.2a. The measurements that visualise the properties of electrons or energy states
are called spectra. To acquire a spectrum we vary the voltage between the tip and
the sample with the lattice on it. At every voltage the electrons behave dierently
depending on the pattern they are in. In the end we get graphs such as shown in
7.2b. We can see peaks at dierent voltages. This means that, at that voltage, many
electrons can ow from the lattice to the tip. We call this an energy state or reso-
nance. Are these resonances the same at all places in the lattice? Not always, this is
visualised in Fig. 7.2c and d. These show energy state maps of the lattice in panel a
but taken at dierent voltages. Light spots showwhere many electrons can be found,
while dark spots have fewer electrons. The distribution of electrons throughout the
lattice changes depending on the voltage used for the map. This type of images and
graphs are used and shown for dierent lattices throughout this thesis.
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Figure 7.2 (a) A honeycomb laice constructed from carbon monoxide molecules (black) on
a copper crystal (grey). (b) Spectra taken on the honeycomb laice (green and purple were
taken at dierent locations). (c) An electron density map where the green locations have a
high density. (d) An electron density map where the purple locations have a high density. The
scale bar is 5 nm long.
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7.1.3 What is done in each chapter?

This thesis starts with an introduction and some theory. Then, four subjects are
discussed in separate chapters showing the main results of 4 years of research:

• Chapter 3 describes the creation of an articial electronic honeycomb lattice
made by placing carbon monoxide molecules on a copper crystal. This lattice
has properties similar to the well-known graphene, however, it is adapted to
also clearly show electrons in states at higher energy.

• Chapter 4 describes the theoretical and experimental eect of a magnetic eld
on the energy states of conned electrons. We study quantum corrals of dif-
ferent sizes and shapes.

• Chapter 5 describes the rst steps in using a semiconductor (indium arsenide)
crystal as a new substrate for articial lattices. As we are using a semiconduc-
tor instead of a metal, the peaks in the energy spectra will be sharper. This is
benecial for more complex lattices.

• Chapter 6 describes a dierent aspect of STM. An STMworks best when the tip
is sharp and ends in one atom. It is possible to manually sharpen the tip apex,
but this is a long and repetitive process. We develop an automated program
that can learn when the tip is sharp and therefore allow tip preparation to be
performed without human intervention.
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7.2 Samenvaing in het Nederlands

In dit proefschrift wordt onderzoek gedaan naar de eigenschappen van elektronen
die zij opgesloten in zeer kleine kunstmatige roosters. Hier wordt een introductie in
gegeven en worden de belangrijkste resultaten van het proefschrift samengevat.

De enorme hoeveelheden data die geproduceerd en gedeeld worden in onze hui-
dige samenleving vereisen buitengewone elektrische circuits voor dataverwerking
en -opslag. Elektriciteit is in beginsel een continue rij aan elektronen die door een
stroomcircuit bewegen. Als ermeer elektronen per seconde bewegen dan is de stroom
hoger. Hoemeer spanning er op het circuit staat, hoe meer energie elk elektron heeft.
De weerstand in elektrische circuits in computers wordt grotendeels bepaald door
de mate waarin elektronen botsen met (vibraties van) het omliggende rooster. Deze
weerstand leidt tot energieverlies in de vorm van warmte en bepaalt onder andere
de spanning die nodig is om evenveel elektronen toch door een materiaal te laten
stromen.

Metalen (denk aan bijvoorbeeld koper of goud), halfgeleiders (bijvoorbeeld sili-
cium of indium arsenide) en isolatoren (bijvoorbeeld rubber) laten elektronen op ver-
schillende manieren door. Elektronen gedragen zich dus anders afhankelijk van hun
omgeving. Door hun omgeving op een bepaalde manier vorm te geven, kunnen we
elektronen met heel weinig weerstand laten stromen, wat de eciëntie van een sys-
teem behoorlijk kan vergroten. Om dit te bereiken, plaatsen wij de elektronen in
bijvoorbeeld een honingraatpatroon. Als we de eigenschappen van de elektronen
in dit patroon meten, dan blijkt dat ze bij sommige spanningen heel snel kunnen
bewegen, en dat er bij andere spanningen geen elektronen bewegen.

In dit proefschrift onderzoeken we fundamenteel hoe de omgeving van elektro-
nen invloed heeft op het gedrag van elektronen. Alle experimenten in dit proefschrift
zijn uitgevoerd in een rastertunnelmicroscoop (Engels: scanning tunnelling micro-
scope - STM).

7.2.1 Hoe werkt een STM?

Figuur 7.3a laat de STM zien, die we hebben gebruikt voor het uitvoeren van de
meeste experimenten. Het is een groot apparaat om hele kleine deeltjes, moleculen
en atomen te kunnen zien. Een STM werkt op principe van tunnelling. Dit beschrijft
de mogelijkheid dat een elektron door een barrière kan bewegen. Een stroomcir-
cuit werkt niet tenzij het gesloten is, immers: als je twee draden loskoppelt, dan
kunnen de elektronen nergens heen. Op grote schaal klopt dat, maar als je twee
draden loskoppelt en vervolgens erg dichtbij elkaar brengt, dan bestaat er een kans
dat enkele elektronen kunnen overspringen. Een elektron tunnelt dan van de ene
draad door de luchtbarrière naar de andere draad.
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Figure 7.3 (a) De auteur naast de STM waar de meeste metingen op zijn gedaan. (b)
schematische weergave en foto van de naald. (c) schematische weergave en foto van een
koperkristal. De schematische figuren zijn van Scienta Omicron. (d) STM plaatje van het op-
pervlak van een vlak loodkristal. Alle atomen liggen netjes naast elkaar. (e) Koolstofmonoxide
moleculen zijn als zwarte cirkels te zien op een koperkristal.
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De STM bevat net zo’n stroomcircuit, maar dan met een hele dunne en scherpe
naald dat over een kristaloppervlak beweegt, zie Figuur 7.3b en c. De naald raakt het
oppervlak net niet, er zit een afstand van ongeveer 1 nanometer tussen (0.000000001m).
Er kunnen elektronen overspringen van de naald naar het kristal of andersom. De af-
stand tussen naald en kristal is een erg gevoelige manier om de stroom te meten. Hoe
groter de afstand, hoe minder stroom er kan worden gemeten. We houden de stroom
constant door kleine motoren die de naald op en neer kunnen bewegen. Door nu
over het oppervlak te bewegen kunnen we de atomen in het kristal “voelen”, verge-
lijkbaar met het Brailleschrift. Als een atoom of molecuul uitsteekt, dan wordt de
stroom hoger en trekt de naald zich terug zodat de stroom weer terugkomt op de
ingestelde waarde. De hoogtesignaal van de naald wordt opgenomen als een plaatje,
zie Figuur 7.3d. Hier zie je individuele lood atomen netjes geordend naast elkaar
liggen. In Figuur 7.3e is de achtergrond een koperkristal met daarbovenop koolstof-
monoxide moleculen die als zwarte cirkels te zien zijn. Let op de schaalgrootte; we
zijn hier atomen en moleculen aan het bekijken die kleiner zijn dan een nanometer
met een naald van een paar millimeter lang. Ter vergelijking, dit is alsof je vanaf
Pieterburen in Groningen een boek kan lezen dat op de Pietersberg in Limburg staat.

De individuele atomen kunnen niet alleen gezien worden, we kunnen ze ook
oppakken en weer neerzetten. Naast dat dit erg leuk is om te doen, kunnen we zo ook
mooi geordende roosters maken. De kristallen die wij gebruiken hebben allemaal een
twee-dimensionaal elektronengas aan het oppervlak. Dit betekent dat er overal op
het oppervlak een vaste concentratie aan elektronen ligt. Losse atomen of moleculen
die op het kristal liggen verstoren deze elektronenconcentratie door ze af te stoten
of door ze aan te trekken. Het is te vergelijken met een ondiepe plas water waar
steentjes of kopjes in worden gelegd. Daar waar stenen liggen kan het water niet zijn
en wordt het afgestoten (repulsief). Daar waar kopjes liggen kan juist meer water
zijn, dit is dus een aantrekkende kracht. Door de moleculen of atomen (steentjes en
kopjes) op bepaalde plekken te leggen zorgen we ervoor dat de elektronen (water) in
een bepaalde patroon liggen en zodoende kunstmatige roosters vormen.

7.2.2 Wat kun je met kunstmatige roosters?

Kunstmatige roosters zijn heel geordend en zonder defecten te bouwen. Dit maakt ze
uitermate geschikt om de eigenschappen van opgesloten elektronen in een rooster
te bepalen. Veel patronen komen niet voor in de natuur, omdat atomen het niet jn
vinden om zo gerangschikt te worden. In een STM kunnen we elektronen toch wel
in die vorm krijgen en onderzoeken. Een voorbeeld van een rooster is in Figuur 7.4a
te zien. De metingen die de eigenschappen van de elektronen (energietoestanden)
blootleggen noemenwe spectra. Bij een spectrum variërenwe de spanning die tussen
de naald en het kristal met bovenliggend rooster zit. Bij elke spanning gedragen de
elektronen zich anders afhankelijk van het patroon waar ze in liggen. Uiteindelijk
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krijgen we guren zoals te zien in Figuur 7.4b. Hier zijn pieken te zien bij bepaalde
spanningen. Dat betekent dat er bij die spanning veel elektronen vanuit het kunst-
matige rooster naar de naald kunnen springen, we noemen dit een energietoestand.
Liggen deze energietoestanden overal in het rooster? Niet altijd, dit is te zien in
Figuur 7.4c en d. Bij twee verschillende spanningen is een energietoestandenkaart
opgenomen van het rooster dat in a te zien is. Lichte vlekken geven aan waar er
veel elektronen zijn, een donkere plek geeft aan dat er weinig elektronen zijn. De
verdeling van elektronen over het rooster is anders als je bij een andere spanning
meet. Zulke plaatjes en guren voor verschillende roosters staan verspreid door dit
proefschrift.
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Figure 7.4 (a) Een honingraatrooster gemaakt uit koolstofmonoxide moleculen (zwart) op
een koperkristal (grijs). (b) Spectra opgenomen op het honingraatrooster (groen en paars op
verschillende plekken) (c) Een energietoestandskaart waarbij de groene plekken hoge elektro-
nendichtheid hebben. (d) Een energietoestandskaart waarbij de paarse plekken hoge elektro-
nendichtheid hebben. De schaalaanduiding is 5 nm.
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7.2.3 Welk hoofdstuk beschrij wat?

Naast een inleiding en theorie hoofdstuk bevat dit proefschrift vier inhoudelijke
hoofdstukken.

• Hoofdstuk 3 beschrijft het maken van een kunstmatig honingraatrooster met
koolstofmonoxide moleculen op een koperkristal. Dit rooster lijkt op het wel-
bekende grafeen, maar wordt aangepast zodat er ook elektronen in hogere en-
ergietoestanden onderscheiden kunnen worden.

• Hoofdstuk 4 beschrijft theoretisch en experimenteel wat het eect is van een
magneetveld op de energietoestanden van elektronen als zeworden opgesloten
in een kleine cirkel of vierkant.

• Hoofdstuk 5 beschrijft de eerste stappen van het gebruik van een halfgelei-
der (indium arsenide) als een nieuw kristaloppervlak voor kunstmatige roost-
ers. Omdat we nu een halfgeleider gebruiken in plaats van een metaal, zijn de
pieken in spectra smaller wat bevordelijk is voor complexe roosters.

• Hoofdstuk 6 beschrijft een heel ander onderwerp. Een STM werkt het best als
de naald scherp is en op één enkel atoom eindigt. Het uiteinde van de naald kan
je handmatig scherp maken, maar dit is een langdurig en repeterend proces.
We ontwikkelen een geautomatiseerd computerprogramma dat zelf kan leren
wanneer de naald scherp is. Zo kan tip preparatie worden uitgevoerd zonder
tussenkomst van een persoon.
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