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Abstract

Surface Polymorph Prediction using Bayesian Learning:
To Monolayer Coverage and Beyond

Alexander Egger
Institute of Solid State Physics, Graz University of Technology

Finding and synthesizing materials with tailor-made properties are central goals of material
science. Interfaces are an especially interesting area of research. In their vicinity, materials
can form vastly different polymorphs than in an extended bulk material. With those unique
polymorphs, exceptional physical properties arise. To find out which of these possible poly-
morphs actually form, one needs to calculate the Gibbs free energy of each with high accuracy.
This level of accuracy necessitates computationally expensive dispersion-corrected density func-
tional theory (DFT). At the same time, the number of possible polymorphs is basically infinite.
Consequently, conducting one DFT simulation for each possible polymorph is impossible.

SAMPLE is a machine-learning-based approach to solve this problem for commensurate phases.
By combining physically motivated coarse graining of the search space with Bayesian linear
regression we can predict the Gibbs free energy of an exhaustive set of polymorphs at reasonable
computational cost while preserving the level of accuracy of dispersion-corrected DFT.

In this work, the SAMPLE approach is applied to close-packed polymorphs of increasing cov-
erage in order to study potential structural transitions. Above the full monolayer coverage of
flat-lying (face-on oriented) molecules, the question arises whether adsorbate molecules either
switch to an upright-standing orientation (edge-on) or if they start to form a second layer.

To resolve this question, we first implement and benchmark multiple design of experiment
schemes in order to optimize the training set selection such that the desired level of accuracy
can be achieved with as few DFT calculations as possible. We then employ SAMPLE to find all
polymorphs of the first adsorbate layer up to high packing density and arrange them in a surface
phase diagram. Based on this information, selected bilayer polymorphs are built. We find that
densely-packed monolayers of upright-standing molecules have a lower Gibbs free energy than
bilayers with the same total coverage. Therefore, we predict a coverage-driven phase transition
from flat-lying to upright-standing adsorbate molecules in the first monolayer.

Finally, we calculate the vibrational spectrum and molecular orbital density of states (MODOS)
of predicted polymorphs. We find that — in contrast to current knowledge — no charge transfer
to the second adsorbate layer occurs. Consequently, the experimentally-observed singly-charged
species does not correspond to TCNE molecules in the second adsorbate layer but instead to
upright-standing TCNE molecules in the first monolayer.



Kurzfassung
Struktursuche auf Oberflachen mit Bayes’schem Lernen

Alexander Egger
Institut fir Festkorperphysik, Technische Universitit Graz

Die Herstellung mafligeschneiderter Materialien ist eines der groflen Ziele der Materialwis-
senschaft. Ein besonders interessantes Fachgebiet sind hierbei Oberflichen und Grenzschichten:
In deren Nahe ist es moglich, dass Materialien vollkommen andere Polymorphe bilden als in
einem ausgedehnten Festkorper. Diese Oberflichenpolymorphe konnen wiederum auflergewohn-
liche Materialeigenschaften mit sich bringen. Um vorherzusagen, welche Polymorphe sich
bilden, muss die Gibbs-Energie jedes moglichen Polymorphs mit hoher Genauigkeit bestimmt
werden. Allerdings erfordert diese Genauigkeit die Nutzung ressourcenintensive Rechenmeth-
oden und gleichzeitig ist die Anzahl der moglichen Polymorphe im Grunde unendlich weshalb
eine direkte Simulation aller moglichen Polymorphe unmoglich ist.

SAMPLE ist ein Ansatz, um dieses Problem fiir kommensurable Phasen mittels maschinellen
Lernens zu losen. Die Kombination von physikalisch motivierter Diskretisierung des Suchraums
mit Bayes’scher Linearer Regression ermoglicht uns die Gibbs-Energie eines umfassenden Sets
von Polymorphen mit vertretbaren Berechnungskosten und unter Erhaltung der Genauigkeit
von dispersionkorrigierter Dichtefunktionaltheorie (DFT) zu bestimmen.

In dieser Arbeit wird SAMPLE auf dicht gepackte Polymorphe mit ansteigendem Bedeckungs-
grad angewandt, um mogliche strukturelle Phasentiiberginge zu untersuchen. Sobald Bedeck-
ungsgrade iiber dem einer vollen Monolage liegender Molekiilen erreicht werden, stellt sich die
Frage, ob Adsorbatmolekiile entweder zu einer stehenden Orientierung wechseln oder, ob sie
beginnen eine zweite Lage zu bilden.

Um diese Frage zu beantworten, implementieren und vergleichen wir zuerst mehrere Strate-
gien aus dem Bereich der statistischen Versuchsplanung. Dies ermoglicht uns die notwendige
Genauigkeit mit einer moglichst geringen Anzahl an Trainingsdaten — und damit moglichst
geringen Berechnungskosten — zu erreichen. Anschliefend bestimmen wir mit SAMPLE alle
Polymorphe der ersten Adsorbatlage bis zu hohen Packungsdichten und visualisieren diese Poly-
morphe in einem Phasendiagramm. Basierend darauf, werden ausgewéhlte Doppelschichten
erstellt und anhand der Gibbs-Energie mit dicht gepackten Monolagen verglichen. Dieser Ver-
gleich zeigt, dass dicht gepackte Monolagen bestehend aus aufrecht stehenden TCNE-Molekiilen
energetisch glinstiger sind als Doppelschichten des selben Bedeckungsgrades. Dementsprechend
ist bei steigender Bedeckungsdichte ein Phasentiibergang von liegenden zu stehenden TCNE-
Molekiilen in der ersten Adsorbatlage zu erwarten.

Abschlielend simulieren wir die Schwingungsspektren und die Zustandsdichte der Molekiil-
orbitale (MODOS) der vorhergesagten Phasen. Wir stellen fest, dass — im Widerspruch zum
bisherigen Wissensstand — kein Ladungstransfer in die zweite Adsorbatlage stattfindet. Dem-
entsprechend konnen auch die experimentell beobachteten Vibrationsfrequenzen einfach geladener
TCNE-Molekiile nicht mit Molekiilen in der zweiten Adsorbatlage erklart werden. Vielmehr
sind diese Vibrationsfrequenzen auf tatsédchlich einfach geladene, stehende TCNE-Molekiile in
der ersten Adsorbatlage zuriickzufithren.



Preamble

As often in science, every single contribution is built upon the fundament of prior work. There-
fore, I would like to clarify which parts of this study present techniques that were invented by
my colleagues and other scientists and which parts present my own work.

Chapter 1: Introduction
This chapter mainly summarizes general scientific knowledge. Used resources are noted
in the text. An exception to that is chapter 1.2.1 Calculating Gibb’s Free Energy for an
Adsorbate Layer. The model that is presented in this chapter is based on Ref. [6] as well
as Ref. [7] but it is specifically tailored to the studied system by Lukas Hormann and me.

Chapter 2: SAMPLE — Surface Adsorbate Prediction With Little Effort

While I contribute to the current implementation of SAMPLE — which consists of several
modules of python code — the foundations of this tool were laid by my colleagues before
I started this thesis. Consequently, the first publications [8, 9] concerning this approach
were done without contributions from my side, while the latest one already contains con-
tributions done by me [10]. The studied system of TCNE on Cu(111) was previously
described by Veronika Obersteiner [11] and in a proof-of-concept of the SAMPLE ap-
proach by Michael Scherbela [12]. Therefore, I start from his local adsorption geometries.
However, 1 additionally optimized these geometries, as different DFT settings are used in
this study to ensure fully converged calculations.

Chapter 3: Increasing the Packing Density
This is the point where the core of my contribution starts. The test system, as well as
all evaluations for the benchmarks, were created by me. The training set selections based
on the A-; E-; G-, and V-optimality criteria are implemented solely by me, while the
D-optimality criterion was already previously implemented by Michael Scherbela [12] but
has been improved by me.

Chapter 4: Results: Predicted Polymorphs
Work and results presented in this chapter are done entirely by me.

Chapter 5: Comparison to Experiment
Apart from the presented experiment [13] itself, this chapter is based solely on my work.



Bring’ vor, was wahr ist;
Schreib’ so, dass es klar ist
Und verficht’s, bis es mit dir gar ist!

LUDWIG BOLTZMANN

Vorlesungen iiber die Principe der Mechanik
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1. Introduction

To obtain physical properties of a material it often is not sufficient to know its chemical com-
position, but also its exact structure is significant. As a simple example, diamond and graphite
have the same chemical composition — they both consist solely of carbon — but they have vastly
different properties. Such different forms of one material having different crystal structures are

called polymorphs.

In a bulk crystal — like diamond and graphite — the basis of the crystal is infinitely repeated in
all three dimensions. In adsorbate layers, however, that periodicity is broken in the direction
perpendicular to the surface. While polymorph formation in the second- and higher adsorbate
layers is mostly governed by intermolecular interactions, the adsorbates in the first layer are
strongly influenced by the molecule-substrate interactions. Consequently, each adsorbate layer
can form a specific crystal lattice and hence show distinct physical properties. An example
of such behavior is given by pentacene adsorbate layers on boron nitride (see Figure 1.1).
Right at the substrate surface pentacene adsorbs as a non-conducting wetting layer of flat-lying
molecules. Additional deposition then leads to the formation of a layer of upright-standing,
tilted molecules on top of the wetting layer. This first layer (1L) displays features of hopping
transport and a mobility of 4 = 1.6 em?/V's. On top of that forms a second layer (2L) consisting
of molecules which are less tilted then the ones in the first layer. This low tilting allows for a
consecutive overlap of m-orbital leading to a high charge carrier mobility (¢ & 3 cm?/V's) and

a bandlike transport mechanism [15].
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Figure 1.1.: Adsorbate layers of pentacene on boron nitride. Image taken from Ref. [15].

Predicting such complicated adsorbate layers directly from first principles would be a great step
in the search for optimized materials. For now, however, making predictions for the system
presented above is out of reach as the computational cost of the necessary simulations increases
rapidly with the size of the studied system. Consequently, we choose a slightly smaller system:
TCNE (tetracyanoethylene) on Cu(111). On Cu(111) a single, isolated TCNE molecule adsorbs
in a flat-lying geometry with the four cyano groups slightly bend towards the surface. With fur-
ther deposition the interaction between the adsorbed molecules becomes more important and at



Chapter 1. Introduction 2

some point, Pauli repulsion will inhibit any closer packing of flat-lying TCNE molecules on the
surface. At this point two fundamentally different scenarios are possible: A second adsorption
layer could form on top of the first layer with no major reconstruction of the first layer. In
an alternative scenario, the molecules of the first layer flip up and assume an upright-standing
orientation (see Figure 1.2). The upright-standing TCNE molecules display a much weaker ad-
sorption energy than the flat-lying ones. However, as their footprint is only approximately half
as big, the packing density can be doubled without reducing the intermolecular distances.

>

Increasing coverage

Figure 1.2.: Illustration of two possible scenarios upon deposition beyond the full monolayer
coverage of flat-lying molecules.

To answer that question, we first have to find all polymorphs that the first layer can assume
for a wide range of coverages. In the thermodynamic equilibrium, the polymorph that forms at
a specific coverage is that one with the lowest Gibbs free energy (see chapter 1.2.1). The main
contribution to the Gibbs free energy lies in the adsorption energy of each possible polymorph.
As the energetic differences of competing polymorphs can be in the range of a few meV’, we need
sufficiently accurate methods like dispersion-corrected density functional theory (DFT) (see
chapter 1.3.1). Unfortunately, such simulations are computationally far too costly to simulate
every possible polymorph — even more so as there is in principle an infinite number of possible
polymorphs. Therefore, we make use of sophisticated structure search algorithms. A short
overview of structure search algorithms is given in chapter 1.1 and a more detailed look into
the chosen method (SAMPLE) is then presented in chapter 2. The SAMPLE approach allows
us to create an exhaustive set of possible polymorphs and predict their adsorption energies with
an accuracy level comparable to DFT calculations, but with far less computational costs.

With these basics, we approach the core of this study: predicting the structure of an adsorbate
layer of TCNE on Cu(111). We start from low adsorbate coverage, go via adsorbate layers of full
monolayer coverage, and then apply the SAMPLE approach on upright-standing molecules.

It turns out that especially for those densely-packed systems the choice of the training data,
which is used for the SAMPLE approach, has a major influence on the prediction accuracy.
Selecting these training points randomly is not a sufficient strategy to achieve the necessary
prediction quality at reasonably training set sizes. To tackle this problem, we implement
different training set selections strategies. These strategies are then benchmark on a simplified
version of the studied system in order to determine which one performs best (see chapter 3).

Having that, we switch back to the full surface system and fit SAMPLE’s energy model using a
D-optimally selected training set. Using this energy model, we then predict the adsorption en-
ergies of all discretized monolayer polymorphs (chapter 4.2). Based on energetically favorable
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monolayers we build bilayer polymorphs as described in chapter 4.3. In the following chap-
ter 4.4 we combine all obtained polymorphs to create a surface phase diagram which allows
us to determine how the surface structure changes with temperature and partial pressure of
TCNE in the gas phase. With that knowledge, a comparison of the Gibbs free energy of a
bilayer phase with that of a monolayer phase of equivalent coverage is conducted (chapter 4.4).
This comparison is used to determine at which external conditions (pressure, temperature) the
transition from a monolayer phase to a bilayer takes place.

To obtain additional information and enable a comparison to experimental data [13] we calculate
the vibrational modes and frequencies of selected polymorphs. (see chapter 5) We find that
the experimentally observed vibrational frequencies match those which are expected from our
predictions. However, we also find that the formerly postulated existence of charge transfer
to the second adsorbate layer conflicts with the vibrational frequencies that we calculated for
adsorbates in the second layer. To confirm this finding, we additionally calculate the molecular
orbital density of states (MODOS) for representative adsorption geometries. Again, we see that
the experimentally observed singly charged adsorbate species cannot correspond to molecules
in the second layer, but to upright-standing TCNE molecules in the first adsorbate layer.

1.1. Structure Search

As we want to find the polymorph that forms on a surface under specific conditions, we are
in the field of (computational) structure search. As the term ’structure search’ is used for two
different problems, let us clarify the differences of those:

Local Structure Search
The mathematical problem of finding a local extremum of a function is denoted as local
optimization. A local extremum is defined as a point in parameter space where all partial
derivatives are zero. Local structure search (also known as local geometry optimization)
is a special case of that problem. In this case the parameter space is spanned by the
coordinates of all atoms whose position shall be optimized and the target function is
replaced by the potential energy surface (PES). A local minimum then equates to a
geometry where each infinitely small deviation of one atom leads to an increase in energy.

Two characteristics of local optimization are important:

Firstly, potential energy surfaces usually have several local minima. Finding one of those
does not give any information about the ’quality’ of that local minimum — i.e. the energy
in that local minimum might be far from the global minimum. Secondly, the stability
and efficiency of local optimization algorithms typically depend strongly on the starting
point. Consequently, it is essential to start from a geometry that is already as close to
the minimum as possible.

The most straightforward approach for local optimization is the gradient descent al-
gorithm where the direction of each optimization step is given by the gradient of the
potential energy surface. Even this simple algorithm is guaranteed to find the minimum,
but there is no upper limit to the number of necessary steps. An improved method is
the Broyden-Fletcher-Goldfarb-Shanno algorithm (BFGS) [16] belonging to the class of
quasi-Newton methods. The basic idea is to locally approximate the potential energy
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surface with an harmonic function. This harmonic function is defined by a Hessian ma-
trix that is estimated at the first step and then continuously improved using the local
gradient. Within that approximation a one-dimensional line search is performed to find
the next optimization point.

Global Structure Search

When we want to find the energetically most favorable polymorph a local structure search
would only lead us to the next locally optimal polymorph. — i.e. a polymorph geometry
that cannot be improved by infinitesimally small deviations. In the general case, however,
the search space corresponds to a non-conver potential energy surface — i.e. there are
multiple local minima which are separated by energy barriers. Finding the lowest local
minimum — the global minimum — is known as global structure search. This task is
fundamentally more challenging and less straight-forward than local structure search. For
instance, there is in general no way to verify that a found minimum is indeed represents
the global minimum of the search space.

Commonly used methods like Genetic Algorithms [17] or Neuronal Networks [18] which
typically perform best with large training sets. Obtaining such large training sets of DF'T
calculations for surface systems is however hindered by the high computational costs.
Therefore, we will use a more efficient method based on coarse-graining and Bayesian
linear regression which will be explained more in detail later.

In this study both types of structure search are used. The main task of finding the polymorph
that forms in thermodynamic equilibrium is a global structure search problem. In order to
find this minimum efficiently we build up the guess polymorphs out of adsorbate molecules
which are locally optimized. For that step the BFGS-algorithm is used as implemented in
FHI-aims [19]. Furthermore, local structure search is used to find optimized geometries for the
bilayer polymorphs constructed in chapter 4.3.

1.2. Physics of Surface Systems

When we want to find the best polymorph what we need first is a good definition for what is
meant by ’best’ polymorph. In the previous chapter we defined that rather mathematically as
the global minimum of some non-convex function. It might seem apparent to use the adsorption
energy of each polymorph for this no-convex function and, therefore, define the "best’ polymorph
as that one which has the lowest adsorption energy. However, as the adsorbate layer is in
contact with the surrounding gas, the situation becomes slightly more complex. In this case,
TCNE molecules can adsorb to the surface or desorb to the gas phase. As the surrounding
gas phase is several magnitudes larger than the studied surface, we can treat it as a reservoir
of potential adsorbate molecules. Furthermore, in most experiments pressure and temperature
are approximately constant (but different from zero!). Under these conditions the relevant
thermodynamic potential is Gibbs free energy G. The polymorph that corresponds to the
global minimum of Gibbs free energy constitutes the ground state of the studied system. In this
study, we assume thermodynamic equilibrium, meaning that the adsorbate layer will always
assume its ground state — even if the corresponding global minimum is surrounded by high
energy barriers. In experiments this condition is challenging to achieve, but it can be aspired
using e.g. hot-wall epitaxy. Now that we know we are searching for the polymorph of lowest
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Gibbs free energy, we just need to know how to calculate the Gibbs free energy for the studied
surface system.

1.2.1. Calculating Gibb’s Free Energy for an Adsorbate Layer

The physics in the following section is mainly based on Rogal/Reuter [6] as well as Beret/Ghir-
inghelli [7].

To calculate the Gibbs free energy of each possible polymorph, we model the initial state before
deposition and the final state when the adsorbate layer has formed as illustrated in Figure 1.3.
The initial state is the ’clean’ system that consists of the gas phase and the substrate without
any adsorbed molecules as sketched on the left side of Figure 1.3. This initial state is identical
for all possible polymorphs. On the contrary, each possible polymorph corresponds to a different
final state. These final states are modeled as illustrated on the right side of the aforementioned
figure. The ’best’ polymorph is then the one where the Gibbs free energy decreases the most
from the initial 'clean’ state to the final state that includes the adsorbate layer. To calculate
this difference, we split up both the initial as well as the final state into three parts:

1. The gas phase above a certain height —i.e. that part of the gas phase, which is unaffected
by the adsorbate layer.

2. The lower layers of the substrate. This part is not influenced by the interface, too, and
can, therefore, be described in both states by the same Gibbs free energy Gyps:-

3. Finally, we have the vicinity of the interface. This is the only part that is changed during
the deposition (in the approximation of this model).
This part consists of N,4s molecules which represent the adsorbate layer of the final state
and are part of the gas phase in the initial state. Furthermore, it holds N atoms of
the uppermost layers of the substrate. In the initial state, we can describe the chemical
potential of each of those molecules/atoms with fi5qs and fisupst, respectively. In the final
state, however, we cannot split the contribution of single particles that easily, but we have
to describe the Gibbs free energy of this part of the unit cell at once (G f(Nads, Noubst))-
With that, the difference in Gibbs free energy is given by:

AG == Gf(Nads> Nsubst) - Nsubst Hsubst — Nads ,ugas (11)

In this study, we conduct a geometry optimization for each polymorph that is plotted in the
phase diagram. In this optimization, we include the uppermost substrate layers while the lower
layers are assumed to stay constant. Consequently, the change of Gibbs free energy of the
substrate, G (0, Ngupst), is included in the adsorption energy of the adsorbates and, hence, we
can substitute as following:

Gf(Nads) = Gf(Nsubsta Nads) - Nsubst Hsubst (12)

With that, we can simplify equation 1.1

AG = Gf(Nads) - Nads Hgas (13)
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before deposition after deposition
gas phase gas phase Ggas
gas phase adsorb \
Nads Hgas 2 AG
substrate substrate
Nsupst Hsubse — [— G (Nsubst)
substrate substrate Gsubst

Figure 1.3.: Schematic view of the studied interface system

Furthermore, for a homogeneous surface, AG scales linearly with the lateral system size and
so we are allowed to define the change in the free energy per area: A~.

Ay = AG/A (1.4)
1
Afyads = Z (Gf(Nads) - Nads /l'gas> (15)

Aa4s consists two contributions: First, G(Nags), the Gibbs free energy of N,qs adsorbed
molecules: This term depends on properties like the adsorption energy of the adsorbates,
therefore it has a different value for each possible polymorph. The other term, Nygs figas,
only depends on the external conditions pressure and temperature, but not on the specific
polymorph that forms on the surface.

Let us first have a look at G'f(Nyas).
In general, Gibbs free energy G is given by:

G=> i Ny=F+p-V=U-T-S+p-V (1.6)

When we split off the configurational part F°*/ and the vibrational part F¥® from the total
Helmholtz free energy F we are left with EPFT which denotes the ground state energy of N,q,
TCNE molecules in the adsorbate layer. We will come back to that term later.

Gf(Nads) - fDFT(Nads) + F]fonf(Nads) + F}}ib(Nads) +p : Vf(Nads) (17)

Now we use equation 1.6 to split F**/ and F® further up into the inner energy (U) and the
entropic contribution (7°S). For F*"/ the inner energy vanishes, and it therefore consists only
of the entropic part 7'S"/. The vibrational part F*® consists of the zero-point energy E4FF
(which is not covered in EP¥T) and the vibrational entropy T'.Sv® [20].
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Fconf — o Tsconf (18)
Fvib — EZPE o Tsm'b

With that we update equation 1.5:

1 con V1
Aads = A ( JPFT(Nads) _TSf f(Nads) +EJ?PE<Nad8) _TSf b(NadS)+p'Vf<Nad5) — Nads MQGS)
(1.10)

Now let us turn to the chemical potential u of the molecules in gas phase. Under the assumption
of an ideal gas, the chemical potential u at a given temperature T and pressure p is given by:

figas(T, p) = —;] (ksT in (Q) +pV) (1.11)
Z%ts — ]\1” (qtrcms qrot qvibqelectr qnucl) N (1 ) 12)

Q4. denotes the partition function of N indistinguishable particles. Inserting Q'y, into equa-
tion 1.11 and evaluating the logarithm yields the separated contributions to pigs(7, p) where

the factor % accounting for the indistinguishable states has been moved into ™",

v

I (1.13)

ﬂgas(Tap) — Mtrans + Iurot + Iuvib + Iuelectr + lunucl o
g leads to ugl;;”, the electronic contribution of the chemical potential, which is described
by Eﬁf T the ground state energy of one molecule in gas phase obtained via density functional
theory. ¢™ can be neglected since the nuclear states will hardly change in the studied pro-
cesses. The vibrational contribution ¢? results in ,u;jibs and will be dealt with later.

The remaining translational and rotational contributions (u'"*"* and u"°") can be calculated
analytically under the assumption of an ideal gas. In the following text these two contribu-
tions will be denoted as Apiges(T, p) to shorten the equations. Note that the formula for S,

(equation 1.18) is only valid for non-linear molecules like TCNE.?

tigas (T, p) = Eot ™ + pie, + Apigas(T', p) (1.14)
A,ugas(T7p) = Etrcms + Erot - T (Strans + Srot) (115)
3 3
Etrans + Erot = Cy trans + Co,rot + (Cv - Cp) - iijT + ikBT + kBT (116)
2rm\ /% (kpT)°/? 5
rans — kgl -k 1.1
St B N (( 12 ) D + 9 B ( 7)

S 1 8m2kgT 3/2 3
Srot = kB In ( lzl_Il ;I'L < 12 > —+ ikB (118)

I; ... moments of inertia of the molecule in the gas phase
o ... number of rotational symmetry equivalents of the molecule in the gas phase;
TCNE: point group = Dap; orene = 4 (Ref. [22, table 10.1])

2A more detailed derivation of these terms can be found in Ref. [21, 22]. For the actual calculations the
implementation of the python package ASE [23] has been used.
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Inserting fi445(7", p) from equation 1.14 into Gibbs free energy per area Av,qs (equation 1.5)
leads to:

1

A’yads = Z EfDFT(NadS> ScOnf( ads) + EZPE<Nads) TSMb( ads) +p Vf<Nads)

— Nuas (gt + ity + Mttgas (T p)) ] (1.19)

In analogy to AG (see equation 1.1) we define the adsorption energy EPET(N,4,) as the change

in the inner energy of N,4, molecules upon adsorption from the gas phase.

EaDdfT(Nads) - E]PFT(Nads) - NadsEgDafT (120)
EDFT Na ; 1 con
AYads = “dS/(ld) + 5 [ TS5 (Nugs) + EFPP (Nogy) — TS (Nags) + p - Vi(Nags)

- Nads (u;;l; + A,ugaS(T7p)) :| (121)

To estimate the maximal size of the work term 1/A - p-Vy(N,q4) we assume a maximal pressure
of 10° Pa and a height of the adsorbate layer of at most 1 nm. Even in this upper limit the
contribution of the work term is three orders of magnitude smaller than the typical adsorption
energies which are in the range of 1 to 10 eV /nm?. Consequently, we can safely neglect this
term.

1
TP Vi(Naas) < 10° Pa -1 nm = 10° - 1077 J/m?
6-10'%eV
<107t
- 1018 nm?2
< 1 meV/nm? (1.22)

Next we search for an upper limit for the configurational entropy contribution TSCO"f (Naas)-

To that end we model Sconf (Naas) as an arrangement of k defect sites in Ny total adsorptlon
sites for each unit cell. Furthermore, we make use of the Stirling formula in equation 1.23. To
find an upper limit we assume a rather high defect density of k/N,qs = 0.1 (equation 1.24).

1 con, 1 con
5 5 f(Nads)z—ZT s
1 Nads!
~ kpT - In | ™
A ”(k! (Nads—k:)!>
1 k Noads k
~ —— kgT - N, -l — 1) —In(1- 1.2
A b ads [Nads n( k ) n( Nads)] ( 3)
N,
~— st 0.3 kT (1.24)

At a room temperature this approximation results in a configurational entropy in the order of
10 meV per adsorption site® or equivalently 10 to 40 meV//nm?. This upper limit is still a good

P Assuming a coverage in the range of 1 to 5 adsorbate molecules per nm?
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deal smaller than the adsorption energies but already in the same order of magnitude as the
numerical accuracy of DF'T calculations® — which is a level of accuracy that we do not want to
sacrifice.

However, as we are interested in differences between polymorphs, most of this contribution
cancels out. For two phases with identical defect density and identical coverage © = N,4/A
there is no difference in configurational entropy at all. For different coverages ©;, O the
difference in configurational entropy can be approximated as 0.3 kgT - (©; — O3). Hence, we
are allowed to neglect this contribution as long as we do comparisons between polymorphs of
identical or similar coverage.

vib
gas

vib

Finally let us have a look at the vibrational contributions F i (Nags) and p
up into a zero point energy and an entropic contribution.

which are split

F})ib(Nads) — Naas ,uzzfg = E]%PE<Nads) =T S;ib<Nad5) — Naas EZLE + Naas T' - Svib

gas gas

= AEZPE(Nygs) — T - AS"®(Nogs) (1.25)

Calculating vibrational properties is far costlier than calculating properties like the adsorption
energy (see chapter 5.2). For the gas phase terms EZFF and SY% this would still be possible
as we assume all TCNE molecules in the gas phase to be identical. For the adsorbate terms
E7PE(Nags) and S (Nqas), however, not only the calculations are far more costly due to the
additional substrate atoms, but most importantly these terms have different values for each

possible polymorph!

From equation 1.25 we see that only the change of the vibrational modes is relevant — therefore
it might be possible to concentrate on a few most relevant modes. Additionally, for comparisons
between polymorphs only the differences in their vibrational modes contribute and all changes
that are equal for different configurations cancel out. At the same time this means that including
only the vibrational terms of the gas phase molecules would worsen the results. All in all we
are currently forced to neglect the vibrational terms.

Applying all those considerations to equation 1.21 gives us a final approximation for the Gibb’s
free energy of adsorption A7v,4s. Furthermore, we plug equations 1.16, 1.18, and 1.17 into
equation 1.15 to obtain an approximation for Ap.s(T', p).

EDFT Na s
M = ot Nete) g (1) (1.20
2rm 3/2 knT 5/2 T 3 812k T 3/2
Apgas(T,p) = —kpT In < 12 ) ( Bp) + \{7_ [J R <hQB> (1.27)
i=1

1.2.2. Calculating the Adsorption Energy

An important aspect of equation 1.26 is that when we rank polymorphs of identical coverage
O by their Gibbs free energy only the adsorption energy FE,q4, is relevant, as the contribution
of the chemical potential is identical.

In equation 1.20 EPIT is defined as the difference in the inner energy of N,4, molecules upon

adsorption from the gas phase. For the practical use, however, we cannot calculate the energy

°DFT settings are converged to the order of 10 meV per unit cell.
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of the adsorbed molecules directly. What we can calculate is the energy of a substrate covered
by the adsorbate layer and the same substrate without the adsorbate layer. The difference
yields the total energy of the adsorbed molecules in that unit cell?.

E}PFT(Nads> = Efull geometry — Esubstv‘ate (128)

Inserting this definition in equation 1.20 gives:

E£§T<Nads) = Efull geometry — Esubstrate - NadsE;Da};T (129)

Furthermore, we define the mean adsorption energy per adsorbate molecule and the mean
adsorption energy per surface area.

EDFT Na <
Eads, per molecule — mdsjv(d) (130)
ads
EDFT Na s
Eads, per area — W = Eads, per molecule * S) (131)

1.3. Electronic Structure Theory

The following chapter is based on Introduction to computational chemistry by Frank Jensen [24]

All good things start with the Schrodinger equation [25], more precisely the time-independent
Schrodinger equation: A
HY = EV (1.32)

For a system of atom, nuclei, and electrons the Hamiltonian H is given by:

H=T,+Vyn+T.+ Ve + V.. (1.33)
A —h
T, =y —V? 1.34
> Smg (1.34)
~ 1 ZAZB€2

dmeo o524 |Rp — Ra|

A —h
T, =
A 1 —Z 46>
Vn—e - Z Ae—» (137)
Ameo 3 |7 — Ral
1 e?

ey S | — T3
B,j>1 17 J

\& (1.36)

Viee (1.38)

As the nuclei are far heavier than the electrons we assume that the electronic problem can be
separated from that of the nuclei. l.e. we find a solution for the positions of the electrons
assuming constant positions of the nuclei. This commonly used assumption is known as Born-
Oppenheimer approximation [26]. Within that approximation the purely nuclear terms T, and

dWith a coverage of N,4s adsorbate molecules per unit cell.
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V. can be removed from the Hamiltonian of the electronic problem as they only add a constant
contribution to the eigenvalues.

FIBO = Te + Vn—e + ‘76—6 (139)

But still, in this many-body problem each electron adds three spatial dimensions and one
spin dimension to the problem. Therefore, for a system of N electrons we have to find a
4 N-dimensional wave function.

1.3.1. Density Functional Theory

Hohenberg and Kohn [27] showed that there exists a functional Eppr[p] that establishes a one-
to-one correspondence between the electron density p(r, o) of the many-body wave function and
its ground state properties. Hence, instead of searching for the high-dimensional ground state
wave function, one directly calculates the electron density and from there on properties like the
ground state energy Eppr. The electron density is given by the square of the wave function
summed over all electrons. Therefore, switching from the wave function to the electron density
reduces the dimensionality of the problem from 4N to 4, where N is the number of electrons.
This implies that the dimensionality does not grow with the number of electrons anymore.
This proof provides the basic principle for density functional theory (DFT). Unfortunately,
Hohenberg and Kohn only showed that there exists such a functional, but they provided no
analytical form of that functional.

In analogy to equation 1.39 the (unknown) functional Eppr[p] is split up into the kinetic
functional T, [p], the functional E, .[p] describing the interaction between nuclei and electrons
and the functional E,.[p] for the interaction between electrons and electrons. E. .[p] is then
further split up into a Coulombic part J[p| and the exchange functional Kp|.

Epprlp] = Te[p] + Enelp] + Eee[p] (1.40)
= Te[p] + Enelp] + J[p] + Kp]
(1.41)

E,.. and J[p| can be described classically:

Za( RA
Z/ \RA—ﬂ

_,,

2//p F)’);‘ dFdF (1.42)

For the general case T.[p] and K|[p] are still unknown. For the special case of a uniform
electron gas Thomas, Fermi and Dirac found functionals for 7,[p| and K[p| (Thomas-Fermi-
Dirac model). This model works reasonably well for metallic systems but is a very poor model
for every system with abrupt changes in the electron density — like atoms and molecules.

A major step towards actual application of the DF'T approach was done by Walter Kohn and
Lu Jeu Sham [28]. Their fundamental improvement was to split the kinetic functional T, [p] into
two parts: A major part of T,[p] is already covered by the kinetic energy Ts of a auxiliary, non-
interacting electron gas which can be solved exactly. We are then left with a comparably small
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correction F,.. The price that comes with this Kohn-Sham approach is that auxiliary orbitals
¢ have to be re-introduced to describe the auxiliary electrons and hence the dimensionality is
increased again.

It might seem as if this approach only shifted the problem to the new exchange-correlation
functional F,.. However, since E,. makes up only a small part of the total energy, a bad
approximation for F,. has far less influence on the result than a bad approximation for the full
kinetic functional T;[p].

To obtain the major contribution Ts a special Hamiltonian operator H, is introduced that
allows to adjust the interaction strength of the electrons:

I:—,A = Te + ‘7ext(/\) + )“76—6 (143)

A = 1 reproduces the real system: Vext()\zl) = Vn_e whereas the other extremum A = 0
represents a purely hypothetical system of non-interacting electrons where Vext()\) is adjusted
such that the electron density stays constant. For this system of non-interacting electrons
the exact kinetic energy functional can be written using an anti-symmetrized wave function
composed of molecular orbitals (the Slater determinant):

. I
Ts = i — 2 |y 1.44
5= 3Gl = 5, 910 (1.44)
The full DFT functional can now be written as:
Epprlp) = Ts[p) + Enelp] + J[p] + Exclp] (1.45)

This expression for Eppr must be equivalent to the expression in equation 1.40 and hence we
can explicitly express the remaining exchange-correlation functional E,.[p].

Eelp] = (Telp] — Tslp]) + (Eeelpl — Jlp]) (1.46)

The term in the first parenthesis of equation 1.46 corresponds to that share of the kinetic
functional T,[p] which is not covered by Ts[p|]. This missing kinetic correlation energy must,
therefore, be included in this exchange-correlation functional. The term in the second paren-
thesis stands for the potential correlation and the exchange energy.

To sort different models for the exchange-correlation functionals, Perdew’s ladder [29] was
introduced. This hypothetical ladder starts from the crude approximation of missing the non-
interaction electron gas to the heavenly realms of chemical accuracy. Each rung of this ladder
corresponds to one class of functionals with (typically) increasing accuracy at the cost of in-
creasing model complexity and, therefore, increasing computational cost.

Local Density Approximation (LDA)
The first rung, the Local Density Approximation, is the most basic approximation for the
exchange-correlation functional E,.[p]. It is based on the assumption that the electron
density varies only slowly and thus p(7) can be at least locally approximated by a uniform
electron gas for which the exchange energy is given analytically (Thomas-Fermi-Dirac
model). Consequently, this approximation works well for metals but not so well for atoms
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and molecules. For the case of different electronic densities of the two spin channels, this
approach is generalized to the Local Spin Density Approximation (LSDA).

Generalized Gradient Approximation (GGA)
To model systems with non-vanishing electronic density gradients, gradient-corrected
methods were introduced. Unfortunately, simply including the gradient Ap actually leads
to worse results than the Local Density Approximation. To overcome this problem func-
tionals with several parameters were introduced. These parameters are either fitted using
empirical data or such that they fulfill certain theoretical conditions.

Common examples of empirically fitted GGA functionals are the B8§ exchange functional
proposed by A. D. Becke [30] and the LYP correlation functional introduced by Lee, Yang,
and Parr [31]. Often those two functionals are used in combination, which is consequently
denoted as BLYP.

Another common functional, that in contrast to B§8 and LYP is not based on empiric
data but on theoretical conditions, is the PBFE-functional introduced by Perdew, Burke
and Ernzerhof [32].

Meta-GGA or higher order gradient methods
The next rung corresponds to the next higher is to add higher derivatives of the electronic
density, namely, the second-order term (Laplacian, V?p) or, equivalently, the orbital
kinetic energy density 7.

Examples of meta-GGA methods are the correlation functionals B95 by Becke [33], the
SCAN functional [34], and the TPSS functional [35].

Hyper-GGA or hybrid methods
One approach to improve the approximation is to mix the exchange-correlation functional
with Hartree-Fock exact exchange. One of the simplest hybrid methods mixes one half

of the LDA functional with one half of exact exchange. Consequently, this approach it
known as Half-and-Half (H+H) method.

The next logical step is to replace the LDA-contribution by a GGA-functional. This is
done, for instance, in the Becke three parameter functional(B3) which — as the name
suggests — uses three mixing parameters. One often used version of this approach is
the B3SLYP approach which uses the B§8 exchange and the LYP correlation functional
(equation 1.47, Ref. [24]. These functionals are then combined with exact exchange by
the three parameters a, b, and ¢ which are empirically fitted to experiments.

EB3LYP — (1 — q) EEPA 4 Bt L pAEDP 4 (1 — ¢)EEPA 4 cpIYF (1.47)

Another commonly used hybrid functional is PBE(Q [36] which mixes three parts of PBE
exchange with one part of Hartree-Fock exchange while the correlation is evaluated at
PBE level.

1
ExPcBEO — EfCGA 4 Z(E;?F o ExGGA) (148)

Generalized random phase approximation (RPA)
For the accurate description of several effect — for instance van der Waals interactions —
virtual (unoccupied) orbitals are necessary. Methods that include such virtual orbitals
constitute the highest rung of Jacob’s ladder.
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Another classification that can be made for exchange-correlation functionals is if the used pa-
rameters are either derived from theoretical considerations or if they are fitted to experimental
data. Those functionals that are based on experimental data (e.g. BLYP and B3LYP) typi-
cally yield best results for system which are similar to those on which they were parametrized.
Typically, these parametrization sets include molecular systems and, hence, empirically fitted
functionals are often used for such molecular systems. On the other hand, non-empirical func-
tions (e.g. PW91 and PBE) are more generally applicable and, therefore, more often used for
periodic systems like metals.

1.3.2. Charge Partitioning — Mulliken Population Analysis

For the comparison with the experimental data we need to know how the spatial charge dis-
tribution on the TCNE molecules changes upon adsorption and more specifically how these
charge rearrangements differ for different adsorption geometries.

However, all charge partitioning schemes have one big, common problem: There is no physical
observable and consequently no unique definition of how to assign the charge density of the
molecule to single atoms. Consequently, several different partitioning schemes exist, with each
of them using different definitions and each of them yielding different results. One popular
scheme is the Mulliken population analysis [37]. This scheme is a rather simple one and has
several imperfections, but still it allows at least for a qualitative analysis of charge transfer
processes and is therefore a useful tool for better understanding of the adsorption process.

In a molecule, electronic orbitals are typically not limited to just one atom, but they are spread
out over the whole molecule. Consequently, they are called molecular orbitals (MOs). The
total electron density p of a molecule can be split up into contributions p; corresponding to
each of those molecular orbitals.

pi(7) = ¢7(7) (1.49)

When we expand those molecular orbitals in a set of non-orthogonal basis functions X, with
coefficients c,, the square of the MOs is given by:

Mbasz's

¢?: Z CaicﬁiXaXB (150)
afB

The second index 3 had to be introduced as the square of the MOs using non-orthogonal basis
functions contains non-vanishing off-diagonal elements.

The total number of electrons N, of a molecule is obtained by integrating the charge density of
each MO over dr’ and then summing over all MOs with weights n; accounting for the occupation
of each MO.

No'rb

Nelec = Z nl/p(F)dF (151)
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Applying equations 1.49 and 1.50 yields:

Norp Mpasis

Nelec = Z TLZ/ Z CaiC,giXaX/ng (152)
) af

Mpasis  Norb

= Z Z NiCaiCpi /XQXQCZT? (153)
af 7

Myasis
= > Dag Sas (1.54)

apf

Norp
Daﬁ = Z NiCaiCpi (155)
Sup = [ XalXsdF (1.56)

Here we introduced the density matrix D,s accounting for the occupation of basis functions
X, and Xj as well as the overlap matrix S,5 accounting for the spatial overlap of that pair of
basis functions.

The elementwise(!) product D,g S,s yields a matrix that is used by the Mulliken Population
Analysis. At this point we face two challenges:

First, we have to assign the elements of that matrix to the basis functions X. The diagonal
elements D,, S.. are easy, they solely contribute to the basis function X,. The off-diagonal
clements, however, indicate electrons that are shared by both basis functions &, and Xs. Here,
Mulliken population analysis uses the most straightforward way of assigning one half to each
contributing basis function. This is actually a rather strong simplification as it does not consider
differences in the electronegativity of the involved atoms. Additionally, this scheme does not
guarantee that the matrix elements are bound by 0 and 2 as it would be expected from a
physical standpoint.

The second decision lies in the assignment of basis function to atoms. Gladly, in the case
of atom-centered orbitals (as they are used in FHI-aims) there is a natural correspondence
between basis functions and atoms. But even in this seemingly clear case, problems can occur.
Diffuse basis functions extend by design into regions far from the nucleus they are centered
on. If there is another nucleus in that region the diffuse basis function might describe electron
density that would more reasonably be assigned to the second nucleus and not that nucleus on
which the basis function is centered. Furthermore, when we enlarge the basis set — i.e. we use
more basis functions — this effect does not vanish, but it actually becomes even worse.

With these assumptions we can formulate the Mulliken electron population p4 for an atom A.
As each off-diagonal element occurs twice in the D,3S,p-matrix, the assignment factor of 1/2

cancels out.
Mbasis Mbasis

pa= 2. D Dap S (1.57)

a€cA B

The gross charge on that atom is then given by Q4 = Z4—p4 with Z4 being the atomic number.
One final limitation should be noted on Mulliken population analysis: It does not reproduce
multipole moments (dipole, quadrupole, etc.), i.e. calculating the multipole moments of the
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molecule from the Mulliken charges will not lead to the same result as a direct integral over
the electron density p(7).

There are several alternative charge partitioning schemes. A very brief overview shall be given
in the following:

Lowdin analysis
This is merely a variation of Mulliken population analysis which generalizes the multi-
plication DS to S"DS™ ! with n = 1/2. This orthogonalization step leads to a more
reasonable assignment of the electrons to the atoms which, for instance, limits the occu-
pation numbers to the range of 0 to 2. On the other hand, this scheme is not rotational
invariant anymore.

Electrostatic potential (ESP) charges

The idea of this approach is to first calculate the electrostatic potential in a region around
the studied atoms. Subsequently, point charges are placed on the positions of the nuclei
with the amount of charge chosen such that they reproduce the external electrostatic
potential. This leads directly to the strength of this approach: in contrast to other
charge partition schemes, the evaluated charges can correctly reproduce the electrostatic
behavior! A problem of this scheme can be the fitting procedure: For instance, in a close
packing of atoms, there is simply too little space between the atoms to enable a good
fitting accuracy.

Bader charges / Atoms in molecules

This analysis is based on the electron density. The boundary between two atoms is
then defined as that line where the gradient of the electronic density is zero. The electron
density inside this boundary is then integrated and assigned to the corresponding nucleus.
In the general case, this nucleus is not in the exact center of this region of electron density
and, therefore, these Bader charges do not reproduce electrostatics. A benefit of this
approach is that the evaluated saddle point of the electron density between the atoms is
also a measure for the strength of this bond.

Hirshfeld charges
In this partition scheme, electron density p(7) is assigned to neighboring nuclei according
to the electron density that virtual free atoms, placed on these nuclei, would have in 7.
The difference between this assigned charge and the charge of the free atom is then used
as partial charge of that atom. This scheme is, for instance, used for the Tkatchenko-
Scheffler van der Waals correction [38].
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2. SAMPLE - Surface Adsorbate
Prediction With Little Effort

Surface Adsorbate Polymorph Prediction with Little Effort (SAMPLE) [8, 9, 10] is an ap-
proach for global structure search that is based on Bayesian linear regression. It enables the
prediction of physical properties for an exhaustive set of candidate polymorphs with an accuracy
of the same order of magnitude as the numerical accuracy of DFT calculations.

The following chapter 2.1 collects all fundamental assumptions and limitations of the SAMPLE
approach. Chapter 2.2 then explains how the physical system is modeled, i.e., it will describe
(I) how the search space is discretized into so called configurations and (II) the energy model
that will be used for the predictions. Finally, chapter 2.3 presents how machine learning is
employed to find the best set of fitting parameters for the energy model.

For the further way from the predicted adsorption energies, via ab initio thermodynamics, to
the surface phase diagram please see chapter 1.2 as well as the results in chapter 4.2 ff.

2.1. Assumptions and Limitations

The SAMPLE approach is a powerful tool. However, to enable efficient training and prediction
of immense numbers of candidate polymorphs, it is limited to a specific range of operations.

Commensurable Structures

Adsorbate layers are commensurable on a specific surface if the unit cell of the adsorbate
layer can be defined using only integer multiples of the substrate unit vectors. This im-
plicates that each periodic unit of the adsorbate layer ’sees’ an identical patch of surface
below it. This characteristic is typically fulfilled if the corrugation of the potential energy
surface is high — i.e. when the energy barrier between two local adsorption geometries is
higher than the interaction energy of two molecules sitting in those local minima. Com-
mensurability of the adsorbate layer is a necessary assumption for the SAMPLE approach
as it allows us to describe the surface system with periodic unit cells.

Thermodynamic equilibrium
For evaluations like the surface phase diagram, we assume that the adsorbate layer as-
sumes the global minimum of Gibbs free energy for each combination of pressure and
temperature. However, just like mathematical optimization algorithms do not always
find the global optimum of a function, physical systems do not always assume the global
energetic optimum. FEnergetic barriers can separate local minima from the global en-
ergetic minimum and hence lead to the formation of kinetically trapped states. In the
SAMPLE approach such metastable states are part of the search space and hence they
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are included in the predictions. As of now, however, the heights and positions of energy
barriers between such states are unknown and therefore we must assume that always that
polymorph which corresponds to the global energetic minimum will form. Furthermore,
we do not model the detailed formation kinetics of the second layer but we assume a
layer-by-layer growth and then compare the final homogeneous bilayer polymorphs with
corresponding monolayer polymorphs.

Geometry relaxation

The candidate polymorphs are built out of building blocks named local adsorption geome-
tries (see chapter 2.2.1). The geometry of these local adsorption geometries are optimized
before they are combined to candidate polymorphs, but not after that step. Especially
when two neighboring molecules get very close (limited by d,,) strong pair interac-
tions and consequently large energy gradients occur. In that case it might be beneficial
for molecules to deviate from their local adsorption geometry to greatly lower the pair-
interaction energy at the cost of only a little increase in potential energy.

On the one hand, preliminary tests showed that this case indeed occurs and that geometry
optimizations of those candidate polymorphs can result in rather strong changes in the
geometry in which adsorbate molecules even move into different local adsorption geome-
tries. On the other hand, configurations with high interaction energies leading to such
problems are obviously energetically not particularly favorable anyway. Furthermore, if
the molecules move into different local adsorption geometries, then these polymorphs can
be neglected since that target polymorph is already included in the search space.

During the geometry optimization of local adsorption geometries, the substrate is kept
fixed as otherwise the final polymorphs could not be built out of multiple local adsorption
geometries.

For the comparison of monolayer and bilayer polymorphs a more extensive geometry op-
timization is used which is described in chapter 4.3.

Minimal distance d,,;,

A minimal intermolecular distance d,,;, is necessary since the interaction energies diverge
for small distances due to Pauli repulsion. This threshold introduces an artificial limit
to the search space and could, in principle, lead to missing relevant polymorphs. The
value for this parameter is estimated from the interaction energies of dimers in the gas
phase. In hindsight, the obtained results (see discussion of Figure 4.3) reassure the choice
of the d,,;, as they indicate that there are no energetically favorable polymorphs with
intermolecular distances below that threshold.

2.2. Modeling the System

2.2.1. Coarse Graining of the Search Space

If we assume rigid molecules and a fixed adsorption height, each single molecule in the adsorbate
layer would have five continuous degrees of freedom (two spatial and three rotational ones).
When we further assume that the adsorbate molecules form commensurate structures consisting
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of unit cells with up to N molecules in the basis we would end up with 5 N continuous degrees of
freedom in total. If we would now attempt a straight forward discretization using only 10 steps
for each degree of freedom, we would get 10°" distinct combinations. Allowing for a maximum
number of three different molecules per unit cell, this would result in 10> combinations. For
the presented system one DFT calculation takes around 100 core hours. Consequently, even
with a very low rate of 0.01 €/h.ye, conducting a brute force calculation of all combinations
would cost roughly 1 quadrillion € — definitely unfeasible!

Fortunately, in the studied system the potential energy surface for single molecules is strongly
corrugated. This means that there are adsorption positions and -orientations which are ener-
getically far more favorable than others and those favorable geometries are separated by energy
barriers. Each single molecule aims to assume one of these local adsorption geometries which
can be found using local geometry optimization from different starting points.

For the system of TCNE on Cu(111) there are three local adsorption geometries that are
oriented flat-lying (face-on oriented) and eight local adsorption geometries in which the TCNE
molecule is upright-standing (edge-on oriented) as can be seen in Figure 2.1

bridge-top top

bridge- hollow-

flat-lying

bridge-
hollow

upright-standing
C=C parallel

bridge-top hollow hollow top-top
upright-standing
C=C perpendicular

top-top bridge-top top-bridge bridge-top

Figure 2.1.: Local adsorption geometries for TCNE on Cu(111) sorted by adsorption energy.
First row: flat-lying
Second row: upright-standing — central C=C bond parallel to substrate surface
Third row: upright-standing — central C=C bond perpendicular to substrate
surface. This type of local adsorption geometries is not used in this study (see
text).
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These local adsorption geometries were originally obtained by Michael Scherbela [12]. T used his
geometries as starting points, conducted a local geometry optimization and removed numerical
deviations from the symmetry axes by averaging the molecule coordinates with respect to each
symmetry axis.

For TCNE on Cu(111), the adsorption geometries with the central C=C bond orientated per-
pendicular to the surface are generally energetically less favorable than those adsorption geome-
tries where this bond is oriented parallel to the surface. This energetic difference also persists
when the pair interactions are included (for details, see Appendix A). Furthermore, the TCNE
molecule is approximately square. Hence both orientations of the upright-standing molecules
have nearly identical surface footprints and, therefore, the maximal packing density of both
orientations is nearly identical, too. Considering all those properties, it seems highly unlikely
that the local adsorption geometries with the C=C bond perpendicular to the surface are part
of relevant polymorphs. Consequently, only the flat-lying local adsorption geometries as well
as those upright-standing geometries where the central C=C bond is parallel to the substrate
surface are used in the present study.

To construct a specific polymorph, we have to define its unit cell as well as the arrangement of
the molecules inside that unit cell (see Figure 2.2). To that end, we first create all unit cells
that can be built on the chosen substrate up to a maximum area A,,.,. A large share of those
unit cells is equivalent due to symmetries of the substrate. Therefore, we apply all symmetry
operations of the substrate to each unit cell and compare the transformed geometries. Of all
sets of symmetry equivalent unit cells only one unique instance is kept. Further details on this
step can be found in [10, 39].

0 3

Local Adsorption Unit Cells Configurations
Geometries

_ _ . J

Figure 2.2.: Configurations are discretized, commensurate adsorbate layers consisting of lo-
cally optimized single-molecule adsorption geometries in a periodic repetition
unit.

Each of those unit cells then serves as one starting point to build configurations. For that
endeavor we make use of the fact that each unit cell consist of several substrate cells which
are spanned by the substrate lattice as can be seen in the first image of Figure 2.3. Due
to the translational symmetry of the substrate, all substrate cells are equivalent, and each
local adsorption geometry can be placed in each substrate cell. Therefore, the exact adsorption
geometry of one molecule can be defined using two indices: one for the local adsorption geometry
that it assumes and one for the substrate cell in which it is placed.
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0000

Figure 2.3.: Each local adsorption geometry is proposed to be placed in each substrate cell. If
the resulting geometry contains no inter-atomic distance below d,,;, the proposed
configuration is added to the pool of possible configurations.

We now start with the first unit cell and put one molecule in the first substrate cell using
the first local adsorption geometry. For this first molecule all substrate cells are translational
invariant. Hence, we are allowed to place it in the first substrate cell (the one nearest to the
origin) without loss of generality. Then we take a second molecule and propose to place it in the
next substrate cell using one of the local adsorption geometries. Collisions between this new
molecule and all already placed ones are calculated using the Euclidean distances of each atom
of the first molecule with each atom of the second one. If one of these distances falls below
a predefined threshold the new geometry is rejected. This procedure yields a tree of possible
configurations. Each branch of that tree is extended until no further molecule can be placed or
until the aspired number of molecules per unit cell (n,,,) is reached (whatever happens first).
All configurations that fit n,,, molecules without collisions are added to the set of possible
configurations. All those configurations will later be used for prediction and evaluation. In this
study the maximal unit cell size is limited by A,,,. = 36 A,. with A,. = 0.0564 nm? being
the surface area of a substrate unit cell. n,,, is set to 1, 2, and 3. This way, nearly 11 million
configurations consisting of 1, 2 or 3 TCNE molecules are created in 215 different unit cells
having a surface area of up to 2.03 nm?.

2.2.2. Energy Model

Now that we have created an exhaustive set of configurations we have to introduce an energy
model that will later enable us to predict the adsorption energy of each configuration.

The total adsorption energy of a configuration can be separated into one-body terms E;, two-
body terms E;; and higher order terms (equation 2.1). In the case of adsorbate layers, the
one-body terms correspond to the interaction energies between each single adsorbed molecule
and the substrate. The two-body terms account for the energy of each pairwise interaction.
Higher order terms account for all interactions which include at least three molecules, and
which cannot be described by a sum of two-body interactions.

E=> E+ > Bij+.. (2.1)

AVEAS]
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In the present study this series expansion is truncated after one- and two-body terms. It should
be noted that we do not limit the two-body terms to nearest neighbors but instead include all
pairs up to a certain maximal distance d,,, which typically also includes next nearest neighbors.
This cutoff parameter is chosen high enough such that pair energies above that distance can be
safely neglected.?

Epea= Y. Ny-Uy+ > N,-V, (2.2)

geoms pairs

Figure 2.4.: Energy model for the adsorption energy of a configuration
Red lines represent interactions between molecules and the substrate (U,)
Green lines represent interactions interactions between molecules (V},)

The main benefit of introducing this energy model is that it limits the number of free parameters.
Without this energy model each new configuration would correspond to a new free parameter
that needs to be fitted. With this model we have one parameter for each local adsorption
geometry as well as one parameter for each distinct pair of molecules. The number of local
adsorption geometries is constant since they are predefined and as we use a maximum cutoff
distance the number of distinct pairs is limited, too. Each new configuration is build up out
of the fixed set of local adsorption geometries and molecule pairs. Therefore, the complexity
of our model — i.e. the number of free parameters — does not increase with the number of
configurations anymore!

For each configuration the fitting parameters U, and V,, are combined into a line vector < and
the corresponding coefficients N, and NV, are combined into one column vector N. For a whole

set of configurations these vectors N are then combined to the model matriz X so that we can
write the energy model very compactly:

X =N No)” 3
(‘D = (Ul’ ° Ungeoms’ ‘/1’ ° Vnpairs)
Epea = X &7 2.5

2.3. Machine Learning

2.3.1. Bayesian Linear Regression

Now we have defined an energy model for the studied system. But with that we also introduced
a set of parameters” & for which we have to find the best values.

2In this study dy,q = 1.6 nm is chosen. The fitted interaction energies for pairs of such a distance are around
or below 1 meV.

PIn this study, seven fitting parameters are used for the one-body interactions (one for each local adsorption
geometry) and 502 fitting parameters for the two-body interactions.
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So what are ’best values’?

The property that we want to predict is the adsorption energy obtained via density functional
theory Eppr. For the training of the model we calculate this energy for a set of configurations
(the training set) which has the model matrix X. If we assume any specific set of fitting
parameters W, we could use the energy model and predict the adsorption energies of that training
set as Epred = X&T. The difference between these predictions and the actual, calculated DFT-
energies .., of the training set could then be minimized.

However, DFT calculation always include some amount of numerical uncertainties. Trying to
fit the DFT energies exactly could lead to overfitting, namely fitting numerical noise instead of
physical interactions. To avoid this, we simply account for the numerical uncertainties ¢ when
comparing the predicted energies Epred and the calculated energies Eyqin-

Etrain = _’pred +é= XCUT +€ (26)

We model the numerical uncertainties as a Gaussian distribution N with mean 0 and variance
02 .- The probability for a speciﬁc set of energies Ejrain is therefore given by a Gaussian
distribution A" with mean X&7 and variance 02 1o+ A reasonable value for o,,,4¢ is given by the
level of accuracy to which the DFT calculations are converged. In this study, ,,04es = 0.01 eV

is chosen.

Eppr = Epea+ €= X3" + € (2.7)
p(Etrain | (3777—) = p((?: Etrain - XC‘_})T | (,U) N(Xw Umodel)
=3 Erain - X_)T
P(Etrain | &, m) o exp (—( L 5 Gy’ ) (2.8)
2Umoolel

In principle, one could now take the derivative of p(ﬁtmm | &, ) with respect to & and equal it to
zero to find the set of parameters which fit best with the 'measured’ values Etram — this would be
a linear regression fitted with a maximum likelihood estimation. There is just one big problem:
Since density functional calculations are computationally so costly, we typically have fewer
training points then fitting parameters and consequently the system is under-determined.

This is where Bayesian comes into linear regression. Actually, even before we consider the train-
ing data we have some prior knowledge about the fitting parameters. As an example, we know
that interactions between molecules are typically stronger for close pairs than for pairs which
are farther apart. When we account for this, and several other, physically motivated, assump-
tions, some sets of fitting parameters & are more likely than others. Mathematically speaking,
we have prior knowledge 7 that is encoded as a prior probability distribution p(dJ | 7).

Bayesian linear regression now makes use of the Bayesian theorem (2.9) to combine this prior
knowledge p(J | ) with the likelihood stemming from the training data p(Eyqin | @, 7).

. prior likelihood
posterior — A
e e y — N -
Al p(w ’ 7T> p(Etrain | W77T)

p(w ’ Eirain, T) = (2'9)

p(ﬁtrain ‘ 7T)
~—_—————

model evidence
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The combined posterior probability distribution p(@ | Etmm, ) tells us which set of parameters
is most reasonable from a physical perspective (enforced by the prior) AND at the same time
fit the training data well (enforced by the likelihood). Figure 2.5 illustrates this characteristic:
First, the prior knowledge is used to localize the range of possible values within a comparably
broad range. This step is crucial since it allows us find reasonable fitting parameters even for
interactions that never show up in the training data! For all interactions that show up in the
training data — and those interaction that are similar to them — we then further narrow down
the range of interaction energies using the likelihood of the training data.

Prior knowledge
- With training

Probability density

Interaction energy

Figure 2.5.: Schematic, one-dimensional illustration of the learning process
wg and w; denote the most likely interaction energies of the prior / posterior
probability distribution.

Let us have another look at the Bayes’ theorem (equation 2.9). It includes two new terms which
we have not yet defined. First, there is the model evidence p(ﬁtmm | 7) in the denominator.
This factor becomes relevant if we want to compare different models. In the current use case,
however, it cancels out as it yields the same value for all &.

The second new term, p( | 7), is important as it accounts for the prior knowledge. In general,
we model the prior probability distribution of each parameter as a Gaussian with mean value
w, and a corresponding variance ¢%. Combining these Gaussian probability distributions of
cach p(w; | m) over the full vector & of interaction energies leads to a multivariate Gaussian

(equation 2.10).

p(@ | 7)o exp (—;@ G (- wp)) (2.10)

The covariance matrix C’p is the multi-dimensional equivalent to the single-dimensional vari-
ances o2 and it additionally accounts for the correlation between different interaction energies
w;. The covariance matrix will be explained more in detail in section 2.3.2 and 2.3.3.

Plugging this general formula for the prior into Bayes’ theorem allows us to state the full
posterior probability distribution of the fitting parameters:

g L., . IR,
p(w|Et7"aina7T)O<eXp(_Z(W_WP)T Opl(w—wp))-exp (_

2
2Umodel

E_)mm—)?_‘T2
(£ ~ )> (2.11)

prior likelihood
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Now, with the prior knowledge, the system is not under-determined anymore, and we can apply
the maximum likelihood method to find that set of interaction parameters &w* that corresponds
to the maximum of the posterior probability distribution. Consequently, the derivative of
p(d | Eirains 7) with respect to & must be equal to zero for & = J*.

(& | Eyrain, ) L0 (2.12)

o5 7

W=*

As the posterior probability distribution consists of exponential functions, its derivative is given
by the functions itself times the derivatives of the exponents.

A 9 ety (Birgin — X&)
p(w |Etrain77r) ' % (_<W_WP)T Cpl (W_Wp) - 2 ) )

=0 (2.13)

= =

wW=w

The first term of equation 2.13 (the posterior probability distribution) does not become zero
for any finite argument®. Consequently, the second term (the derivative) must become equal to
zero to fulfill the equation.

A1/ = . XT (Etrain - XW*) |
—C (T — &) + 5 =0 (2.14)
O imodel
. XTX . XTEyrain
(0—1 + ) G = O, 4 S —trein (2.15)
p 2 p p 2
Omodel O model

A A —1 A —
. XTX . X7 Eyrin
& (Op—l + - ) Cola, + —rn (2.16)

model

model

G-t . likelihood
pos

Finally, we have found an explicit expression for «*, the best estimate for the set of interaction
energies! From the structure of that expression we can clearly see how the prior estimates &,
are refined using the likelihood of the training data. Furthermore, we can identify the first
term as the inverse of the new posterior covariance matrix C'post which again consists of a prior
contribution and a contribution of the training data.

. A XTX
C;:oit = C;l + 5 (2].7)
O imodel

Since both the prior and the likelihood are modeled by Gaussian functions, the posterior prob-
ability distribution can written as a multivariate Gaussian using the estimated interaction
energies and the posterior covariance.

= 1
p(u_j | Et'raz'n7 7T) X exp (_2<("_j - ("_j*)T O_l ((’U - aj*)) (218)

Due to this iterative structure of the learning process, we have two options if we later want
to add more training data: Either we start again from the prior knowledge and learn on all
training points at once. Alternatively, we can use the posterior probability distribution which
already includes the old training data as new prior and then update it using the likelihood of

¢Assuming o2, ,.; # 0.
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the new training data. Both approaches are equivalent as can be derived from the structure
of the Bayes’ theorem (equation 2.9). The second approach in principle saves computational
time, however, as we are limited to small training sets the computational cost for the fitting
process is generally negligible.

2.3.2. Defining the Priors

In the last chapter we derived a formula for the best estimate of the interaction energies &W* as
a function of the priors and the training data (equation 2.16). The next step now is to exactly
define the priors. (The other contribution — the training data — will be discussed more in detail
in chapter 3.2.)

Since the prior is modeled as a multivariate Gaussian distribution, it is defined by two proper-
ties: the mean values &, and the corresponding prior covariance matrix C,.

Prior Interaction Energies &,

Let us first have a look at the prior interaction energies &,. This vector actually consists
of two parts: the prior one-body interactions &, 104y and the prior two-body interactions
Wp2body (In analogy with equation 2.4).As prior of the one-body interactions Wy 1504y We
use the adsorption energy of a single, isolated adsorbate molecule in a large unit cell?.
For the two-body interactions &y 2pedy We have no solid prior knowledge. In general, the
molecules might attract or repulse each other and we do not want to introduce any bias
at this point. Consequently we set the prior mean of the two-body interactions @ apody
to zero and allow for large variances 03,4, around this mean value.

Prior Covariance Matrix C,

Next, we need to define the prior covariance matrix C’p. The elements on the diagonal
of this matrix account for the variance of each interaction energy while the off-diagonal
elements account for the correlation between each set of two interaction energies.
Similar to the mean values, the covariance matrix consists of two parts: one block for
the one-body interactions and another one for the two-body interactions. The adsorption
energies of local geometries (the one-body terms) are assumed not to be correlated with
the pair interaction energies (the two-body terms). Therefore, C’p decomposes into a block
matrix consisting of those two blocks.

Clivod 0
C, = v 2.19
P [ 0 Cobody ] (2.19)

Prior Covariance of One-Body Interactions C}j04,
The diagonal elements of C’lbody stand for the prior variance of the adsorption energy of
each local adsorption geometry. Or in other words, these elements encode how sure we
are about our prior guesses for the adsorption energies of single molecules.

The main uncertainty for these adsorption energies comes from an effect called charge
depolarization. Upon adsorption charge can be transferred between the substrate and

4Due to the periodic nature of the unit cells, even a single molecule is affected by the interaction energy with
its periodic replica. Therefore, ’large’ means that the lattice vectors of the unit cell must be in the order of
1 nm such that these interactions have decayed nearly to zero.
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the adsorbate molecule and the amount of this charge transfer influences the strength of
the adsorption energy. This effect is stronger for a single, isolated molecule than for a
molecule that is situated in the middle of a full monolayer as there are in the latter case
simply less substrate atoms from which each adsorbate molecule can draw charge from.

Consequently, we can use the adsorption energies of single, isolated molecules as prior,
but we have to allow for deviations between these values and the adsorption energies of
molecules in full monolayers. To this end we introduce the hyperparameter oip04, that
controls the prior one-body interaction uncertainty. We set o1poqy = 0.2 €V with 0.2 eV
being approximately 10 % of the total adsorption energy. The adsorption energies of
all local adsorption geometries have approximately the same variance and there is no
correlation between different local adsorption geometries. Therefore, the prior covariance
matrix C’lbody of local adsorption geometries is given by a unitary matrix times o7,,4,-

élbody = U%body ! (220)

Prior Covariance of Two-Body Interactions Cly,,

The diagonal elements of the prior covariance matrix again denote the variance of each
interaction. However, in contrast to the one-body interactions, assuming one identical
variance for all two-body interactions would not be optimal. As noted before, even without
training data we know that interaction energies that correspond to close pairs typically
vary much stronger than interaction energies of far separated pairs which will be always
close to zero. Consequently, we model the prior two-body variances as an exponentially
decaying function:

(CQbOdy)l’fi = a;body,i ’ U;body,i (221)

* mazx dz - dmin
T2body,i — 92body * EXP <—T> (2.22)

O9pody 1€T€ denotes the maximal variance which is reached at the minimal intermolecular

distance d; = dpin. From there on o3, ; decays with a rate that is determined by the
decay length 7. For d; = d,,;, + T the variance decays to % of the maximum. This way, 7
defines what is meant by close pairs and far separated pairs.

The choice of the hyperparameter oy05 can be based on physical knowledge and ex-
perience. Pair interactions for this system are typically in the range of at most a few
hundred meV. Interestingly, bigger values for that parameter seem to lead to slightly
better predictions (see Appendix: B) and so we choose o507, = 1 €V as a conservative

value allowing for a broad spread.

The decay length 7 has to be chosen such that it roughly follows the actual decay of the
interaction and 03,,,, should decay to the range of meV for distances near the cut-off
distance d,q.. In this study, 7 = 0.3 nm is chosen as the molecule-molecule interactions
in this system decay rather quickly.

Defining the prior covariance of two-body interactions will be a bit more complicated.
At the same time this part of the prior covariance is crucial for the efficiency of Bayesian
linear regression and thus the efficiency of the SAMPLE approach! Therefore, we devote
the full next section to that topic.
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2.3.3. Distinguishing Pairs — Feature Vectors and Correlation

When we discussed the covariance matrix of the one-body interactions we assumed that the ad-
sorption energies of different local adsorption geometries are uncorrelated. This means that the
off-diagonal elements of the covariance matrix C’gbgdy are all zero and so each of the adsorption
energies has to be optimized independently. This is of course not optimal with respect to com-
putational time, but for local adsorption geometries there is simply no physically meaningful
correlation between their corresponding adsorption energies.

For the two-body interaction the situation looks completely different. First of all, there are far
more fitting parameters for two-body interactions than for the one-body interactions. Conse-
quently, fitting them efficiently has a much bigger influence on the total efficiency compared to
the fitting of the one-body interactions. But most importantly, for two-body interactions there
clearly is a correlation between different interaction energies. Figure 2.6 displays two pairs of
molecules which are definitely not exactly equal. At the same time these two pairs are not com-
pletely different either and consequently their interaction energies will not be not completely
different, too. This is exactly what correlation means and what allows us to train our energy
model with as little training data as possible and still achieve good prediction accuracy.

Figure 2.6.: Similar pairs of adsorbate molecules typically also have similar interaction ener-
gies. With the help of feature vectors, we can use this characteristic to improve
the training efficiency.

However, to use this kind of knowledge, we have to define ’similarity of pairs’ in a mathematical
way. To make this possible we first need to find some kind of fingerprint to identify each distinct
pair — this fingerprint’ is commonly called a feature vector. With that we can then define a
measure for the similarity between pairs.

Such a feature vector should obey the following criteria:

Uniqueness
Different pairs must lead to different feature vectors. This criterion is compulsory since
otherwise we are not able to reliably distinguish different pairs which might have different
interaction energies.

Conservation of symmetries
Pairs which are physically identical should always lead to the same feature vector. E.g.
if one pair can be transformed into another one by a symmetry transformation of the
substrate, these pairs are equivalent and should be described by one common fitting
parameter. This condition is not compulsory, but it helps minimizing the number of
fitting parameter and therefore improves the efficiency of the SAMPLE-algorithm.
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Similarity
Similar pairs should lead to similar feature vectors. This is necessary to correctly account
for correlation of interaction energies.

In this study an approach similar to Coulomb matrices[40] is used. On each molecule we choose
a set of 'marker’ atoms. Choosing the outermost ones proved to be effective (for TCNE: the
four nitrogens). Then the distances d, between each of those atoms on one molecule to each of
the corresponding atoms on the second molecule are calculated as illustrated in Figure 2.7.

Figure 2.7.: Illustration of the distances used for construction of the feature vector. Shortest
distances are highlighted for visibility but for this system currently all distances
are taken into account.

A problem of Coulomb matrices is that they are not invariant with respect to rotation. If we
rotate one of the interacting TCNE molecules by 180 degrees, their interaction energy must not
change as this is a symmetry operation of TCNE. However, to construct a Coulomb matrix the
atoms of the involved molecules have to be enumerated and, consequently, the list of distances
changes if the order of the atoms is changed. We avoid this problem by sorting the obtained
distances by their length in ascending order.

At this point, it is possible to use only the first n.,, distances to save computational time.
However, for the present system, that step is not necessary and therefore all 16 distances are
used.

The pair interactions typically change far more rapidly in the range of small intermolecular
distances. Consequently, we need to have a finer resolution for such close-range features than
for features corresponding to far separated pairs. To achieve that, we model the feature values
fa as an inverse power function of the pair distance (see equation 2.23). Furthermore, the
distances are scaled by the minimal intermolecular distance d,,;,. This way the feature values
fo can range from one for d,, = d;, to approximately zero for dy, > d,nin. The exponent (decay
power n) must be chosen greater than one to yield the desired effect on the feature resolution.
Higher values for n result in more aggressive scaling. Using a decay power n in the range of
two to three empirically proofed to work best (see Appendix B).

dmin "
o= (%) (2.23)

Using equation 2.23 each pair of molecules is now represented by vector f in the feature space.
The dimensionality of this feature space is determined by the number of interatomic distances
which is 16 in this study. Defining a similarity between these pairs is now rather straightforward.
We use the Ll-norm, also known as Manhattan norm, to measure the distance between two
feature vectors in the feature space and then divide that distance by the correlation length .
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The correlation length is a hyperparameter that scales the feature space. Small values for &
lead to less correlation between features whereas high values for £ introduce correlations even

for features which are not that similar. For the diagonal elements (Cpgr )i (the variances) both
features are identical, and this term becomes one.

With that the covariance of two pairs ¢ and j can be written as the product of their stan-
dard deviations times their similarity which is given by an exponential function of their scaled
distance in feature space.

(CQbody)i,j = O2body,i * O2body,j * €XP (_TJ (224)

similarity

variances

If there were only flat-lying molecules, we could immediately use equation 2.24 to calculate
the covariance. However, in order to study densely-packed polymorphs, we need to include
upright-standing molecules as well. This leads to a problem which is illustrated in Figure 2.8.
Since the feature vectors depend only on the relative position of the molecules, but not on
their absolute position, they cannot distinguish a pair of flat-lying molecules from a pair of two
upright-standing molecules. This fact would violate the first criterion of the feature vectors
— the uniqueness. Flat-lying adsorbate molecules and upright-standing ones have different
electronic structures and, consequently, we cannot assume that they result in identical two-
body interactions.

Figure 2.8.: Feature vector of a pair of flat-lying molecules and a pair of standing molecules.
Note the nearly identical geometry of the distance vectors.

To overcome this problem, three different types of pairs are defined: flat, mized and stand-
ing. The flat and standing groups contain pairs consisting of two flat-lying molecules or
two upright-standing molecules, respectively, while the mized-type is used for interactions of
upright-standing molecules with flat-lying molecules. We then introduce a factor B; ; and set
it to zero if the two pairs ¢ and j have different types and one for identical types.

B; ; = d (type;, type;) (2.25)

This procedure removes the correlation of those pairs which cannot be distinguished by the
feature vector, or in other words: It tells the SAMPLE algorithm to learn those pairs indepen-
dently. With this modification, the prior covariance matrix splits up into three uncorrelated
block matrices corresponding to the three types of pairs (see Figure 2.9).



Chapter 2. SAMPLE — Surface Adsorbate Prediction With Little Effort 31

high correlation

no correlation

(a) correlated covariance matrix

i (b) blockwise covariance matrix
without factor B; ;

including factor B; ;

Figure 2.9.: To ensure the uniqueness of feature vectors the covariance between different types
of interactions is set to zero.

With this new factor, the covariance (égbody)iyj between each pair of two-body interaction
energies reads as following:

A Hf_ JF'HL1
(Cbody)ii = Tobody.i * Tabody,; * €XP | ————=—| - By (2.26)
5 S~~~
variances split types
similarity

One technical detail is yet missing: To obtain all features, we create all possible pairs of two
adsorbate molecules in the discretization of the adsorption sites. However, there is no point
in using different fitting parameters if two pairs are extremely similar. Therefore, if two pairs
lead to feature vectors which are separated in the feature space by less than a minimal feature
distance A f, both are fitted with the same two-body interaction energy. In this study a minimal
feature distance of Af = 0.02 is chosen. A summary of all chosen hyperparameters is given
in Table 2.1 and additional data describing the sensitivity of these parameters can be found in
Appendix B.

parameter symbol  value
prior one-body interaction uncertainty  oipoay 0.2 eV
prior two-body interaction uncertainty — og,00 1.0 eV
real space decay length T 0.3 nm
model uncertainty Omoder~ 0.01 eV
feature correlation length & 1.0
decay power n -2
feature threshold Af 0.02
minimal intermolecular distance Amin 0.26 nm
maximal intermolecular distance Armax 1.6 nm

Table 2.1.: Chosen set of hyperparameters
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3. Increasing the Packing Density

A central aim of this thesis is to study how the adsorbate layer changes when the coverage is
increased. To that end, we first find the adsorbate layers that form at sub-monolayer cover-
age. At such low coverage, the energetically most favorable configurations consist of flat-lying
molecules, since this is the preferred orientation of single, isolated adsorbate molecules. When
we increase the coverage, the molecules are forced into configurations with smaller intermolec-
ular distances. At some point molecules start to flip from the flat-lying orientation to an
upright-standing orientation as these standing molecules have a smaller footprint on the sur-
face than the lying ones and consequently the standing molecules can pack more densely at the
same intermolecular distances.

Unfortunately, these standing molecules are more delicate than the flat-lying ones. As a simple,
geometric example, when we place two flat-lying TCNE molecules next to other, not more than
two cyano groups — which account for the strongest interactions — can come into close range. On
the other hand, in exactly upright-standing TCNE molecules, there are always two cyano groups
exactly above each other. Consequently, when we place two standing TCNE molecules next to
other, instead of one or two cyano groups, two or four of them come into close contact. This
implies, that also the interactions of those molecules increase far more rapidly with decreasing
intermolecular distance.

To investigate and overcome this problem, a test system is built (see chapter 3.1) such that we
can cheaply create lots of training data and, based on that, study different training set selection
strategies (see chapter 3.2).

3.1. Test System 'Gas Phase’

Preliminary tests with the existing algorithm showed that the prediction quality was often not
sufficiently stable. In particular, the prediction quality fluctuated heavily find different training
sets of identical size. This is a problem, as it complicates all evaluations that rely on a stable
prediction quality. For instance, when we search for an optimal set of hyperparameters, we
need to resolve rather small changes of the prediction accuracy. When the prediction quality,
however, fluctuates heavily with different training sets, we cannot resolve those small differences
anymore. On the other hand, this problem is also a chance, as it shows that a well-chosen
training set can further improve our prediction quality.

To investigate this problem more systematically, we need to evaluate the adsorption energy via
density functional theory (DFT) for a large set of configurations. From that pool of calculated
configurations, we could then choose several different training sets and compare their resulting
prediction accuracy. However, conducting a large set of simulations on the full surface system
would result in immense computational costs. Therefore, a simplified test system is created
for these investigations: The configurations of this test system are at first build as described
in section 2.2.1 but then the substrate is removed from the final geometry before starting the
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DFT calculations. Hence this system can be seen as a two-dimensional monolayer of molecules
in vacuum. Consequently, all interactions with the surface vanish, but all molecule-molecule
interactions persist. Note that the discretization of the local adsorption geometries is still used
— i.e. each single molecule must still assume one of the local adsorption geometries that it
would assume on the substrate surface.

For all unit cells with 3 to 36 surface atoms such ’gas phase’-configurations are built using
a minimal intermolecular distance d,,;, = 0.26 nm. For up to two molecules, this results in
approximately 3-10° configurations. From those configurations, two sets of 1000 configurations
each are randomly chosen. The first set (flat) contains only flat-lying molecules (with respect
to the removed surface) and the second one (standing) contains only standing molecules.?

Each of these sets is then split up into a training pool of n,.,; = 500 configurations from which
the training sets will be chosen as well as a test set of n;.; = 500 configurations which will be
solely used to evaluate the prediction accuracy. These two sets are chosen randomly but kept
fixed throughout all further evaluations.

To compare the nature of the flat set and the standing set, we now choose ten randomly drawn
training sets from each of their respective training pools.® With each of these training sets
the energy model is fitted and with that the adsorption energy E,..q; of each configuration in
the test set is predicted. Each of those predicted energies is then compared to the adsorption
energy of that configuration evaluated directly via first principles calculation Eppr;. From
that difference the root mean square error (RMSE) is calculated.

1

RMSE = \/Z (Epred,i - EDFT,i>2 (31)
est i
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When we now compare the prediction accuracy that we obtain from training sets of those two
different types of configurations (Figure 3.1), we clearly see that the flat-lying molecules lead to
a rather small spread and stable, accurate predictions for all training sets containing more than
about 100 configurations. On the other hand, the training on the upright-standing molecules
has severe problems. Sometimes we end up with a poor prediction accuracy even with training
sets of 200 configurations! But at the same time, we see that good training sets do ezist for this
type of configurations. So we need to make sure that we always choose such a good training
set.

But before that, let us quickly have a look on the interaction energies that occur in those
two different sets. A histogram of those interaction energies is shown in Figure 3.2. Most
configurations have interaction energies of less than 100 meV (the y-axis is truncated at 30
counts). However, we also see some configurations with exceptionally high interaction energies
E > 200 meV and nearly all of those configurations consist of standing molecules. These
configurations contain pairs of standing molecules with minimal intermolecular distances just
slightly above the threshold d,,,;,. As we have discussed before, the repulsion between such pairs
of standing molecules increases particularly rapidly due to the higher number of interacting
cyano groups. Additionally, due to the discretized local adsorption geometries, only specific
intermolecular distances can exist. This leads to the large energetic gaps between configurations

aA third set of 1000 configurations with each of them consisting of exactly one standing and one lying molecule
per unit cell has been chosen, too. The characteristics of this set are always somewhere between the other
two, which is why it is not further used for any of the evaluations.

PThese training sets are chosen subsequently. Le., a training set of n configurations consists of the training set
with (n — 1) configuration plus one new configuration.
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Figure 3.1.: Comparison of prediction accuracy as a function of the training set size for con-
figurations consisting of flat-lying and upright-standing molecules, respectively.

as we see it for instance in the range of 250 meV to 300 meV'. A way to deal with these problems
is to improve the training set selection such that the configurations of these training sets include
as many and as diverse interactions as possible.
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Figure 3.2.: Distribution of interaction energies in the flat and standing sets of the 'gas phase’
system. Count is truncated at 30.
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3.2. Training Set Selection

The following section deals with the challenge of choosing the most efficient training set, i.e. a
training set which allows us to improve the prediction quality as much as possible while needing
as few DFT calculations as possible.

To that end, we need some indicator of the quality of a training set. Based on that indicator
we can then can rank the training sets, select the best one and then calculate their adsorption
energies using DFT.

The accuracy of the predicted energies would be the most straightforward indicator, but of
course the exact prediction accuracy is only known as soon as we have conducted the training
and checked the predictions on a test set. So, we would have to first invest a lot of cpu time
and could only afterwards see if this training set was indeed a good choice.

Fortunately, from the fitting process of Bayesian linear regression we obtain not only the set
of most likely fitting parameters (the interaction energies w*), but we additionally receive the
full posterior probability distribution p(dJ | Etrain; 7) for those parameters! On top of that, the
posterior covariance depends only on the interaction which occur in the configurations of the
training set but not on the adsorption energies of these configurations - i.e. we do not need
the actual DFT calculations to know the shape of p(w | Eygin, 7)! With that in mind, we can
propose multiple training sets and calculate the posterior covariance matrix that we would gain
from each of them. Based on that posterior covariance matrix we can then choose the optimal
training set.

A schematic illustration of the posterior probability distribution for the strongly simplified case
of a single fitting parameter w, is given in Figure 2.5. In this one-dimensional illustration the
shape of p(dJ | o ) is given by its variance and it is obvious that we have to minimize this
variance to maximize the accuracy of the corresponding fitting parameter. Since the variance
is a real valued scalar, there exists a well-defined order relation. Consequently, if there was
only a single fitting parameter, we would simply choose that training set which decreases the
posterior variance of that fitting parameter the most.

However, when we leave this minimal example and increase the number of parameters from
one to two, the situation immediately becomes more complicated. For two parameters®, the
posterior probability distribution becomes a bivariate Gaussian as depicted in Figure 3.3. Fur-
thermore, the scalar variance o of the one-dimensional example becomes a matrix: the posterior
covariance matrix C'post which we have already seen in section 2.3.1 (equation 2.17).

The diagonal elements of C'post correspond to the squared variance of the posterior probability
distribution p(w; | Eirains 7) of each fitting parameter. The off-diagonal elements indicate the
correlation of the fitting parameters. le., a positive (negative) off-diagonal element (C');
implies that a large value for w; increases (decreases) the probability for a large value for ws.
The reverse implication (from wy to wy) is true as well since C’post is symmetric. Please bear in
mind that the elements of the covariance matrix are — in contrast to the correlation matrix —
in general not normed to the range of —1 to +1.

One way to understand the covariance matrix better, is to find its eigenvalues \; and eigenvec-
tors 1; by solving the eigenvalue problem C,,s; ¥ = AVV. The eigenvectors v can be understood

°The general case of n fitting parameters does not differ substantially from the presented special case of n = 2
anymore - it just becomes harder to visualize, which is why here the two-dimensional case is presented.
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in the following way: If we would create a new parameter from a linear combination of fitting
parameters with weights defined by an eigenvector 7, the resulting, combined parameter would
have a variance equal to that eigenvalue A which corresponds to . This characteristic is visu-
alized in Figure 3.3 for two different covariance matrices. The ellipses in this plot depict lines
of constant probability of the bivariate probability distribution defined by C'post.

4 4
3 3
2 2
1 1
3 0 3 0
—1 —1
. 10 . 1 0.7
) Chost <0 1) —2 Cost <0.7 1 )
A t7(Cpost) 2.00 A t7(Cpost) 2.00
-3 D: |Cpost| 1.00 -3 D: |Cpost| 0.51
E: max \; 1.00 E: max \; 1.70
—4

4, 3517 0 1 2 3 4 4 -3 _9_1 0 1 2 3 4
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Figure 3.3.: Iso-probability contours at 1o, 20, and 30 of two bivariate Gaussian distributions
defined by different covariance matrices Cpps.

With that, let us go back to the original question: how can we define which posterior covariance
matrix — and therefore which training set — is the best one? As there exists no unique order
relation for matrices in general, there exists no such definition for the covariance matrix, ei-
ther. Consequently, in the multi-dimensional case, we cannot decide which is the best training
set as straightforwardly as in the one-dimensional case. However, there are some reasonable
choices (optimality criteria) to define such an order relationship which will be presented in the
following.

A minor detail is yet missing before we can dive into the zoo of optimality criteria: Up to now,

we implicitly assumed that the posterior covariance matrix C’post is obtained from some fixed

training set with model matrix X. As we now deal with different training sets, we have to use

a more explicit notation. A A

XT(&) X (&)
2

ODFT

Crost(&) = 1 + (3.2)
Furthermore, we will use W, (&;) to denote the score of a proposed training set &; evaluated with
a particular optimality criterion «. In all presented optimality criteria, the training set that
achieves the lowest score is considered as the best one.

A-Optimality
The A-optimality criterion aims to minimize the Average variance of the fitting param-
eters [41]. This is achieved by minimizing the trace of the covariance matrix which is
equivalent to the sum of the eigenvalues .

d

\IJA(ft) - t?"( Apost(gt)) = Z /\z (33)

i
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This criterion does not take into account the off-diagonal elements of the covariance ma-
trix. Therefore, it yields the same score for training sets where the occurring interactions
are highly correlated as for a training set with uncorrelated interactions. This is demon-
strated by by the identical A-optimality-scores of the different covariance matrices in
Figure 3.3.

D-Optimality
The D-optimality criterion aims to minimize the generalized variance of the parameter es-
timates. This is achieved by minimizing the product of the eigenvalues \ of the covariance
matrix or equivalently minimizing its Determinant [42, 43].

U (&) = [ A = Cpout(&)] (34)

It is therefore proportional of the area of the iso-probability curve and so this criterion
minimizes the region of possible values for the fitting parameters.

An equivalent, but maybe more comprehensible interpretation of the D-optimality can be
derived using the information matrix M (&;) which is a direct measure of the knowledge
that we obtain from the prior and the training set combined, compared to a completely
flat prior (= a constant probability distribution). Obviously, we want to maximize this
information gain.

The information matrix M (&) is defined as the inverse of the covariance matrix and,
hence, the inverse D-optimality is given by the determinant of M (&;) (equation 3.5). Each
configuration that is added to the training set increases | X7 (&)X (&)| and, therefore, the
determinant of the information matrix. In that sense, D-optimality corresponds to that
training set (of constant size) that increases the information gain, measured by M (&), the
most. Apart from its descriptive benefit, this formulation of D-optimality saves a costly
computational step as we directly maximize the determinant of the inverted posterior

covariance matrix CA'p’Oﬁt( ¢) (that we have to calculate anyway) instead of applying another

inversion just to minimize the determinant of the resulting C'post. This equivalence of
maximization and minimization of the inverse is a specific property of the determinant?,
which is why this trick cannot be applied to the other optimality criteria.

- N
W 6) = [Cte)| = ) = |6t X)X (S (3.5)
9DFT
E-Optimality
The E-optimality criterion minimizes the maximal or Extremal variance of parameter
estimates.
V(&) = max i (3.6)

dCompare to equation 3.4: The eigenvalues N, of the inverse covariance C‘Z;)it(ft) are given by the 1/\;. The

determinant of C’;Oit(ft) is then given by the product of those eigenvalues A} = 1/\;. Furthermore, inversion
and product operator can be swapped, i.e. the product of the inverse eigenvalues is equivalent to the inverse
of the product of eigenvalues. For a sum (A-optimality) or maximum function (E-optimality) instead of the

product, this correspondence does not hold.
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Consequently, this criterion should first reduce the uncertainty of the interaction energies
of close pairs as they have the highest prior uncertainty. However, this criterion might
then underestimate the combined influence of far separated pairs, which have low prior
uncertainties but occur more often.

All the optimality presented above have in common that they aim to minimize the uncertainty
of the fitting parameters, i.e. the one-body and two-body interaction energies. However, these
parameters are just an intermediate step towards the predicted adsorption energies of full
configurations. So, we could instead directly aim to minimize the prediction uncertainty of
configurations.

The predicted adsorption energy of one configuration = is given by a sum of the interaction
energies Epeq(x) = N (r) @T. In that sense, a configuration is similar to an eigenvector of
the covariance matrix. As we have seen at the beginning of this section, the variance of an
eigenvector corresponds to the variance of the multivariate Gaussian in the direction of that
eigenvector. In analogy to that, we project the multivariate Gaussian onto the model vector
N (z) to obtain the marginal probability distribution for a configuration z. The variance of
that probability distribution then tells us what prediction uncertainty we can expect on that

configuration x if we train on a specific training set &;.

0% (&, 2) = N7 (2) Cpost(&) N(2) (3.7)

Of course, we do not want to base the training set selection on the prediction of a single
configuration. Instead, we define an evaluation set £ on which the expected prediction accuracy
is evaluated. So we apply equation 3.7 and obtain a vector that consists of the expected
variances of each configuration of the evaluation set &, assuming that the energy model has
been fitted on the proposed training set &;.

P (6) = [ (Gnr) o P (Ew) . o (Gnan)] (35)

In order to use these variances for the training set selection, we have to make two more deci-
sions:

1. For the full evaluation set, we obtain a vector of variances. Similar to matrices, there
are multiple, different ways to define an order relation for vectors. Possible properties to
define for such an order relation are, for instance, the sum (or equivalently, the average)
or the maximum of the variances.

2. The choice of the evaluation set &.. The basic choice would be to use all created configu-
rations, which would consequently lead to a good prediction accuracy in the whole search
space. However, we could also choose &, such, that the training is tailored onto a specific
range of configurations. For instance, when we are most interested in configurations of
high coverage, we would use such configurations for the evaluation set and hence end up
with a training set that leads to most accurate predictions specifically on that region of
the search space.

G-Optimality
For the G-optimality criterion, we sort the training set by the maximal prediction variance
of all configurations of the evaluation set. Hence, we aim to minimize the deviation of the
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worst prediction of that evaluation set and in that sense this criterion is the counterpart
to the E-optimality criterion.

Ve (&, &) = max o (&, ;) (3.9)

z;€&e

V-Optimality
V-Optimality (also known as IV-Optimality) is similar to the A-optimality criterion as it
aims to minimize the Integrated Variance of the predictions. Originally, this criterion is
defined on a continuous design space R, in contrast to our discretized design space £ [43].

Uy (& R) = [ o) () da (3.10)
TERe

Where p(x) stands for the density at the point x € R.. In our discrete design space these

points x; become configurations. Consequently, the continuous region of interest R, is

replaced by the evaluation set &, and the integral becomes a sum. The V-optimality score

for a training set & and a discrete evaluation set &, therefore reads:

Uy (&,&) = Z w(w;) 02(&7%’) (3.11)

mzegc

The weights w(z;) are the counterpart to the densities u(x;) and can be used to put
more weight on specific configurations. Furthermore, when we divide Wy (&, &) by the
size of the evaluation set, we obtain the more intuitive average variance for that specific
combination of training- and evaluation set [41]. Of course, this does not change the
outcome of this criterion.

In combination with the choice of the evaluation set &., these optimality criteria could be
used together in an interesting way: One could first concentrate on exploration — i.e. to limit
the worst-case uncertainty, a first training set is chosen using the G-optimality criterion in
conjunction with a large evaluation set that is representative for all possible configurations.
Based on that, a subsequent exploitation step could be done: A second training set would
be chosen based on the V-optimality criterion in combination with a smaller evaluation set of
promising, low energy configurations. This way, one would end up with a rough estimate of the
full potential energy surface and a precise estimate in the most important range of low energy
configurations.

With all that, one should not forget that this broad exploration is actually a strength of the
SAMPLE approach. In contrast to other machine learning methods that quickly concentrate
their evaluation area around the lowest minima, the SAMPLE approach is able to predict the
whole potential energy surface. From that, one can not only find the global minimum, but also
other local minima which correspond to metastable states and can be important as well (e.g.
in the form of defects).

3.2.1. Fedorov Exchange algorithm

In principle, one could now do an exhaustive search by creating all possible training sets,
calculating the optimality of each of them using one of the presented criteria and finally use
that proposed training set which achieves the best score. However, the number of possible
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training sets having k configurations, chosen from a pool of n configurations, is given by the
binomial coefficient #'),k, If we want to choose a set of 100 configurations from a pool of
300 thousand possible configurations there are approximately 5 - 10268 possible choices.® It is,

therefore, absolutely impossible to directly evaluate each possible training set.

An alternative, iterative approach by Fedorov [44] is used to overcome this problem. A sketch
of our implementation of Fedorov’s algorithm is given in Figure 3.4.

Re-initialization loop: break if n ¢ reached

reint

Improvement loop: break if no swap found OR iterations reached

max

For each configuration in current training set:

| Propose to remove current configuration ‘

For each configuration in training pool:

| Evaluate change of optimality score ‘

es
| Found beneficial swap(s)? }y—’| Apply best one ‘

| Found beneficial swap(s)? ‘

yes no

| Repeat improvement loop ‘ | End improvement loop ‘

| Store optimized training set and corresponding optimality score ‘

Figure 3.4.: Implementation of the Fedorov exchange algorithm

To start the algorithm, we propose a randomly chosen, initial training set (re-initialization
loop). This set is now denoted as current (proposed) training set which we aim to optimize.
Furthermore, we define the training pool as the set of all configurations that can be added to
the current training set.

Now, we subsequently select each configuration from the current training set. For each
of these configurations, we then we propose each configurations of the training pool as
replacement for the selected configuration. Each of those proposed swaps is rated using the
chosen optimality criterion. As soon as we have proposed each configuration of the training
pool once, we check whether at least one of those proposed swaps would be beneficial — i.e. if
it would lead to a better score according to the chosen optimality criterion. If one or multiple

°For the studied system there are 300 048 configurations with a maximum of two molecules in the unit cell.
Since the energy model is truncated after the two-body interactions, all interactions can be found in the
subset of those configurations which have two molecules in their unit cell.
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beneficial swaps are found, we immediately apply the best one of those This search for a
beneficial swap is repeated for each configuration of the current training set.

When we have finished the last configuration of the current training set, we check whether
beneficial swaps were found during the loop over the current training set. If at least one
beneficial swap was found — and, consequently, the current training set was improved during
that loop — the whole improvement loop is repeated. If no beneficial swap was found, the
current training set has reached a local minimum with respect to one-configuration swaps and
so we can end this loop. Additionally, we stop improving the current training set if a maximal
number of allowed iterations has been reached. In this study, the maximal number of allowed
iterations is set to 10. However, most swaps happen during the first iteration and usually the
search converged after three or four iterations, therefore this threshold is hardly ever reached.

Now, we have a training set that constitutes a local minimum as it cannot be improved any fur-
ther by swapping any single configuration with one from the training pool. It might, however,
still be possible to jump from the current locally optimized training set to a better one by swap-
ping two or more configurations simultaneously. Though, including these multi-configuration
swaps into Fedorov’s algorithm would increase the computational complexity immensely as we
would have to consider all combination of configurations: In the extreme case of swapping the
whole training set, we would be back to the original 5-103%® possible choices! Therefore, we in-
stead repeat the whole procedure from several randomly-chosen initial training sets and use the
best optimized training set found in those runs. The validity of this approach can be checked
immediately by comparing the outcomes of these runs. It turned out that most of the time
most runs lead to the same minimum indicating that this one is indeed the global minimum.
Moreover, even training sets that correspond to other local minima yield optimality scores far
better than almost all random initial sets —i.e. these locally optimal training set are nearly as
good as the set that constitutes the global minimum.

Apart from this re-initialization step, the algorithm is fully deterministic. This property is
highly valuable — e.g. for the comparison of different hyper parameters we have to avoid any
noise coming from randomly-chosen training sets.

3.3. Comparison of Optimality Criteria

The optimality criteria presented in chapter 3.2 were implemented! and will now be bench-
marked based on the training sets they select from the training pool. As we have seen, the
standing set as it is introduced in chapter 3.1 is the most interesting one, hence this one is used
for the following evaluation.

For each optimality criterion, sets of n..;, configurations are chosen independently with 1,4,
increasing stepwise from 5 to 100. To ensure that the training set selection start from the
same initial training sets for each optimality criterion, the pseudo-random number generator
that selects these initial sets is re-seeded to the same value (42) whenever we switch to a new
optimality criterion.

As evaluation set for the G- and V-optimality criterion, we use the training pool from which
the training sets are chosen. The training pool is completely separated from the test set — on

fThe D-optimality criterion has been implemented before by Michael Scherbela [45] but, due to a bug, not all
possible swaps were considered and the resulting training sets were, therefore, not fully optimized.
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which the RMSE is evaluated — and so this choice of the evaluation set represents the general
case and does not introduce any kind of overfitting.

The evolution of the prediction accuracy that results from these training sets is displayed in
Figure 3.5. Five series of randomly drawn training sets have been added for comparison.
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Figure 3.5.: Evolution of prediction accuracy for different training set selection strategies.

The main insight that we gain from this comparison, is that all optimality criteria perform
significantly better than random selection for all training set sizes 7.5 > 20. Furthermore,
for large training sets ny.q;, > 60 the prediction accuracies are virtually identical for all imple-
mented optimality criteria.

For small training sets, the differences between the optimality criteria are larger. However, for
such small training sets, each new data point can shift several interaction energies at the same
time. This leads to fluctuations like the one we see in the G-optimality curve at n4.q,, = 20.
Consequently, we need to use larger training sets such that the prediction accuracy is nearly
converged. With that, we are back in the range of n.., > 60 where all optimality criteria

are significantly better than a random selection, but there are hardly any differences between
them. (Each of the optimality criteria leads to an RMSE of 4 to 5 meV at ny.q;,, = 100.)

As we have to decide on one of those optimality criteria and all of them perform equally well
in the relevant range, we consider other, lesser factors. One factor that does not matter in
theory, but can matter in real life, is the computational run time of the algorithm. For all
those presented optimality criteria, the run time scales with the size of the training set to
be chosen and the size of the training pool. The effort to find a G- or V-optimal training
set additionally scales with the size of the evaluation set. Hence, for a broad search these
two algorithms might become computationally costly. From the remaining optimality criteria,
the E-optimality criterion is the slowest as it involves the maximum function which inhibits
some mathematical simplifications. The D-optimality criterion, on the other hand, can be
equivalently used in its inverse form (equation 3.5) which saves us one costly matrix inversion.
Furthermore, this criterion in principle includes A-optimality as it considers the diagonal- and
off-diagonal elements of the covariance matrix. All in all, we decide to use the D-optimality
criterion for all further evaluations, but it should be noted, that any of the other presented
optimality criteria would probably perform equally as well.
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4. Results: Predicted Polymorphs

Now that we have a machine learning approach to predict the adsorption energy of discretized
polymorphs and we know how to select a good training set, we switch back from the test system
to the actual surface system.

The following chapters 4.1 and 4.2 will describe all polymorphs of the first adsorbate layer
together with their predicted adsorption energy. These predicted energies enable us to find out
which polymorph forms in thermodynamic equilibrium at low coverages.

Having that we turn towards bilayers to resolve the question whether a monolayer of densely-
packed, upright-standing molecules or a bilayer polymorph is energetically more favorable at
an increased coverage. To that end, we calculate the Gibbs free energy as a function of the
chemical potential for all monolayer polymorphs and selected bilayers.

Finally, we compare our findings with an experiment. More precisely, this comparison will be
based on the vibrational frequencies and the density of states of the molecular orbitals which
we calculate for specific representative polymorphs.

4.1. Training on Full Surface System

From the exhaustive set of 3 - 10° configurations, 300 configurations are chosen using the D-
optimality criterion. This step results in a set consisting of 63 flat, 136 mized and 101 standing
configurations. The apparent imbalance between the size of these sets comes from the different
number of local adsorption geometries in each of these sets. More local adsorption geometries
lead to more different interactions which necessitates larger training sets to achieve a similar
prediction accuracy. At the same time, some configurations of each type have to be spared
for the test set. Therefore, we want to make sure that the full training set contains at least
100 configurations of each of the aforementioned types. To that end, we choose another 50
standing configurations — again using the D-optimality criterion whereby we account for the
already chosen configurations.

To ensure that the one-body interactions can be learned properly, for each of the seven local ad-
sorption geometries one additional configuration is build consisting of only one molecule in that
local adsorption geometry in a large unit cell having 36 substrate surface atoms. Furthermore,
as soon as we have found the energetically most favorable flat and standing configurations we
check their adsorption energy directly via DFT calculations and then added those configura-
tions to the available DFT data. With all that we end up with a set of 359 configurations
together with the corresponding dispersion-corrected DFT calculations (settings are listed in
Appendix D). The distribution of these configurations is as following: 117 flat, 136 mized and
106 standing.

From this source set a D-optimal subset of 300 configurations is chosen as training pool and
the remaining calculated configurations are used as test set.
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In order to monitor the evolution of the prediction accuracy, training sets of increasing size
are drawn D-optimally from that training pool. The energy model is fitted independently on
each of these training sets and for each fitted model the RMSE of the energy prediction is
evaluated on the test test (Figure 4.1). The dashed, black line indicates the thermal energy at
room temperature (kgT'), which marks the level of accuracy that the predictions should not
exceed.

The difference between the blue curve (mized) and the orange curve (blockwise) corresponds
to the problem of distinguishing the feature vectors of flat and standing pairs of molecules as
discussed in chapter 2.3.3. For small training sets of n < 30 training points the basic learner
yields in some cases better prediction accuracies. This behavior is expected, since this learner
assumes more correlations and therefore need fewer fitting parameters, leading to a higher
learning rate. However, in the most relevant range of n > 50 training points the modified learner
has finally fitted most of its parameter and consistently yields a better prediction accuracy than
the other learner which is not able to completely separate the different types of interactions.
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Figure 4.1.: Prediction accuracy on the full surface system.
blockwise indicates the use of the improved prior covariance matrix in which the
correlation between different types of interactions is set to zero. Note that the
RMSE is shown on a logarithmic scale.
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4.2. Adsorption Energies of Monolayers

For the actual predictions, Bayesian linear regression is trained on the whole D-optimally chosen
training set. For each of the 10 972 902 configurations with up to three molecules per unit cell,
the adsorption energy is predicted and then divided by the number of molecules. Figure 4.3
shows those energies plotted as a function of the coverage ©. Each predicted energy is depicted
by a small horizontal dash. The colors indicate the three different types of configurations. Green
dashes (standing) depict the adsorption energy of those configurations which consist purely of
upright-standing molecules, blue dashes (flat) those of flat-lying molecules, and orange dashes
(mized) correspond to those configurations that contain both types of adsorption geometries.
The different width of the dashes has no physical meaning; it only ensures that all markers can
be seen.

In the range of low coverage (i.e. sparse configurations), flat configurations reach the strongest
adsorption energy per molecule. This is as expected since each single, isolated molecule has
a stronger adsorption energy when it is adsorbed in a flat-lying geometry than in an upright-
standing orientation and at the same time pair interaction energies are comparably weak at
low coverage.

Going towards higher coverage (e.g. from © = 0.5 Nygsorpate/nm?* to © = 1.5 Nygsorbate/nm?),
the predicted adsorption energy of flat configurations decreases. Back in the energy model
we defined the adsorption energy as one-body interactions between molecules and the surface
plus two-body interactions of all pairs of molecules. Furthermore, the one-body interactions
are approximately equal for different configurations that consist of the same local adsorption
geometries. Consequently, the fact that the predicted adsorption energy decreases indicates that
the two-body interaction energies decrease — i.e. pairs of flat-lying molecules with attractive
interactions must exist.

Slightly below a coverage of © = 2 Nygsorpate/nm?* the adsorption energy of those flat configura-
tions reaches a minimum and starts to rise from here on. This corresponds to the point where
the molecules are forced to lower their pair-distances below the equilibrium distance, which
leads to the increase in energy. The minimal intermolecular distance d,,;, = 2.6 A limits this
trend as it is not possible to form any configuration with a coverage © > 2.3 Nygsorbate/nm?>
using only flat-lying molecules without undercutting this minimal intermolecular distance. The
fact that the energetic minimum occurs before this point indicates that the choice of d,,;, is ad-
equate. To create reasonable configurations with coverages higher than © = 2.3 Nygsorbate/ nm?
at least one upright-standing molecule must be used in those configurations. In an intermedi-
ate range up to 3 Nagsorpate/nm? the mized configurations are the energetically most favorable
ones until even those cannot be packed any denser and only configurations consisting purely
of upright-standing molecule remain. However, in terms of the adsorption energy per molecule
the standing molecules never outperform the flat-lying ones.

As we have just seen, we can learn a lot from the energy per area of the polymorphs. However, as
described in chapter 1.2, at full monolayer coverage and under the assumption that a reservoir of
adsorbates exists, the property that is actually minimized is the Gibbs free energy of adsorption
(equation 1.26). The Gibbs free energy consists of the chemical potential 1 in gas phase and the
adsorption energy per area. However, 1 only plays a role when we compare configurations with
(largely) different coverages. Consequently, to find out which configuration is the energetically
most favorable one at a specific coverage, we only need the adsorption energy per area which
is shown in Figure 4.4. This transformation changes the situation completely. Due to their
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higher packing density, the mired and standing configurations become more relevant and the
energetic minimum shifts to a configuration consisting of upright-standing molecules.

As the chemical potential u is equal to zero at a temperature of 7' = 0 K, the adsorption
energy per area — as depicted in Figure 4.4 — corresponds to the Gibbs free energy of those
configurations at T'=0 K.

Using the predicted adsorption energies, we can identify three important configurations that
are described in the following as well as listed in 4.2.

Monolayer flat A This is the flat configuration with lowest energy per molecule. Both
molecules in the unit cell of this configuration assume the energetically most favorable
local adsorption geometry.

Monolayer flat B This is the flat configuration with lowest energy per area. It consists of
the same local adsorption geometries as flat A but has a smaller unit cell consisting of
just one adsorbate molecule and it is slightly denser packed. This configuration will be
later used for the flat-on-flat bilayer.

Monolayer standing The configuration with lowest energy per area of all standing configu-
rations. It will be later used for the flat-on-standing bilayer.

e C & DEY

O)

0 D) <

name Flat B Standing
Identifier (3,3-33 | 1,1 0,5) (3-21,2|1]0) (4,0-1,3 [ 12,17,20 | 0,4,5)
Coverage 1.97 Nags/nm? 2.22 Nogs/nm? 4.43 N,qs/nm?
Epred, por mol —2.05eV _1.98 eV 1726V

Epred, per area —4.04 eV /nm? —4.39 eV/nm? —7.62 eV/nm?

Figure 4.2.: Selected monolayer configurations
Epreq -.. predicted adsorption energy (per area and per molecule)
Identifier ... internal code to describe the unit cell, the local adsorption geom-
etry, and the position of those (corresponding to the three parts of the identifier
which are separated by vertical bars).
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4.3. Building Bilayer Configurations

A central question of this study is: How does the structure of the adsorbate layers change
with increasing coverage. A major part of this question, namely how the structure of the first
adsorbate layer changes as a function of the coverage, can be solved directly from the predicted
adsorption energies that are shown in the previous section. However, to answer the question if —
and at which point — the transition to bilayer polymorphs happens we obviously have to create
such bilayer polymorphs and then compare them with densely-packed monolayer polymorphs.
This step will be described in the following section.

In general, the interaction with the substrate is much stronger in the first layer than in the
second layer and so molecules "prefer’ to adsorb in the first layer. However, when the packing
density is increased the intermolecular distances have to shrink and with that the Pauli repulsion
between molecules starts to increase rapidly. Consequently, at some point it becomes energeti-
cally more favorable to form a second adsorbate layer instead of a densely packed monolayer.
In fact, the phase transition in the first layer (from flat-lying to upright-standing molecules)
might never be reached because the molecules already moved to the second layer before the
transition point is reached.

To resolve this question, we have to compare the Gibbs free energy of densely-packed monolayers
with that of bilayers that have the same number of molecules per substrate surface area. But
of course, this comparison only makes sense if we compare the monolayers to the energetically
most favorable bilayer polymorphs. So, we have to find them. Unfortunately, there are several
reasons why we cannot apply the SAMPLE approach straightforward to bilayer polymorphs.

The main difference between this task and that of finding the best polymorphs of the first layer
is that for the first layer we had a well-defined supporting layer: the surface of the substrate
which is kept fixed during the structure search. For the second layer the supporting layer is
given by the first layer for which lots of different polymorphs exist and which is not as rigid as
the substrate. Therefore, we face two major challenges:

1. For the first layer, it can be justified to neglect the relaxation of the substrate atoms below
it, since these atoms are limited in their movement and a relaxation of the substrate
surface leads to similar energy offsets for all local adsorption geometries. Contrary to
that, the first adsorbate layer might show major reconstructions when a second layer
is built on top of it and these reconstructions will be different for different polymorphs
of the second layer. Consequently, the first and the second adsorbate layer cannot be
evaluated independently but we have to evaluate the reconstructions of all combinations.
This means that the number of possible polymorphs is approximately squared!

2. For the first layer, the periodic unit is given by the substrate lattice, meaning that the
surface of each substrate unit cell is equivalent. For the second adsorbate layer, however,
the periodic unit is defined by the unit cell of the first layer which is typically at least an
order of magnitude bigger than the substrate unit cell. Therefore, the potential energy
surface of the unit cell is much bigger and hence finding local adsorption geometries of
the second layer needs much more computational time. On top of that, each first layer
constitutes a different surface, so we would need to find a new set of second-layer local
adsorption geometries for each first layer.

Considering those obstacles two approaches seem feasible:
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» Second-layer local adsorption geometries

Similar to the first layer, one could employ methods like Gaussian process regression to
find local minima of the potential energy surface for a single molecule in the second layer.
Once these building blocks are found, they could be added to the energy model and in
that way one could overcome the configuration explosion concerning combinations of the
first and second layer. This approach seems most promising for rather stable first layers,
like phases consisting of flat-lying molecules. It is, however, unclear how building blocks
for the second layer can be found such that they can be used with (most of) all first layer
building blocks. Furthermore, this approach does not account for reconstructions of the
first layer.

o Build second layer on top of promising first layers and conduct geometry op-
timization
In this approach, one would pick a set of most relevant first layer polymorphs — e.g. ener-
getically favorable, stable, close-packed configurations. An additional adsorbate molecule
is then placed on top of this first layer in a reasonable (guessed) second layer adsorption
geometry. From that starting point, a local geometry optimization of both adsorbate
layers has to be done. On the one hand, this approach is less systematic due to the
necessary choice of the guess geometries. But on the other hand, it allows to check for
reconstructions of the first layer.

As we need to check if reconstructions of the first layer occur in the studied system, we have
to choose the second approach.

For the first layer, we pick two very complementary configurations: The first configuration is
that one which has the lowest adsorption energy per area of all flat configurations. We choose
this configuration as it represents the most close-packed monolayer that can be built using
only flat-lying local adsorption geometries and without going below the intermolecular distance
threshold d,;,. This configuration is depicted in Figure 4.2 (flat B) and it corresponds to the
lowest orange dash in Figure 4.4. It consists of one flat-lying molecule in a unit cell that contains
8 surface atoms. Therefore, it has a coverage of ©,, = % Nuds/Nawbstrate = 2-22 Nags/nm?. Two
guess-bilayers are built from this first layer: One is denoted as flat-on-flat/vertical as the
second-layer molecule is put exactly above the molecule of the first layer. The other is named
flat-on-flat /shifted as the second-layer molecule is additionally shifted horizontally such that
the center of its central C=C-bond is situated above a nitrogen of the TCNE that is adsorbed
in the first layer. Both of these flat-on-flat bilayer geometries consist of two molecules per
adsorbate unit cell and therefore have a coverage of ©q, = % Nuds/Noubstrate = 4.43 Nags/nm?.
We will later compare this bilayer with a densely packed monolayer of the same total coverage®
to find out if TCNE rather forms such a densely packed monolayer or if it transforms directly
to a bilayer.

To study the behavior at even higher coverages, we additionally start from a densely packed
monolayer-configuration. Namely, we pick that configuration which reaches the lowest energy
per area of all configurations — the lowest green dash (configuration standing) in Figure 4.4.
It consists of three standing molecules in a unit cell which has twelve surface copper atoms:
Oy, = % Nuds/Naubstrate = 443 Nags/nm?. To build a bilayer from that, we place an additional
TCNE molecule right above the two molecules that stand parallel to each other (see right

aThe term total coverage here denotes the total number of molecules of all adsorbate layers divided by the
substrate surface area.
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hand side of Figure 4.5). The resulting bilayer — which will be named flat-on-standing — has a
coverage of Oy, = % Nuds/Nawbstrate = 5.91 Nags/nm?.

As these bilayers are only guessed geometries, we have to conduct local geometry optimizations
with these configurations as starting points. To that end, we first optimize the first adsorbate
layer (before we add the second layer to the geometry). In that step we also include the two
uppermost layers of the substrate into the optimization procedure. I.e. the lower lying layers
of the substrate are constrained, but the two uppermost layers of the substrate can adapt
to the adsorbate layer above it. We then constrain the complete substrate, add the second
layer as described above and optimize the geometry of both adsorbate layers. To improve
the convergence speed for optimization of the flat-on-standing bilayer, we conduct additional
optimization runs of the second layer during which we keep the first layer fixed. Furthermore,
after twelve optimization steps it becomes obvious that the adsorption energy of the flat-on-
flat /vertical configurations converges to a level far above the flat-on-flat/shifted configuration.
Therefore, the flat-on-flat/vertical configuration is dropped and only the flat-on-flat/shifted
configuration is used in the further evaluations using the shortened name flat-on-flat.

A detail of the nomenclature should be clarified at this point: Up to now, we always dealt
with configurations —i.e. discretized polymorphs that consist of molecules in their undisturbed
local adsorption geometry. But as soon as we optimize the geometry of these configurations,
the constituting molecules are not anymore exactly in these local adsorption geometries. Con-
sequently, we will not call these optimized geometries configurations, but switch back to the
more general term polymorph.

We end up with two different, optimized bilayers polymorphs: (see Figure 4.5)

Bilayer: flat-on-flat The first layer of this polymorph is similar to the monolayer configuration
flat B, on which it is based (see Figure 4.2). During the geometry optimization, the
molecule in the second layer tilts from its flat orientation to an orientation that has an
angle of © ~ 25° with respect to the surface plane. Furthermore, this molecule loses its
bending and assume a planar geometry.

Bilayer: flat-on-standing The first layer of this polymorph is based on the monolayer con-
figuration standing. The molecule that is adsorbed in the second layer is less tilted than
that in the flat-on-flat polymorph (© = 18°). This difference probably stems from the
weaker packing density of this second layer compared to the second layer of the flat-on-flat
polymorph.
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Figure 4.5.: Front- and top view of the two bilayer polymorphs that are used for comparison
with densely-packed monolayer polymorphs. The red edges mark molecules of
the second layer. The unit cell of the adsorbate layer is indicated in black.

4.4. Comparing Monolayers and Bilayers —
Surface Phase Diagram

Now that we have an exhaustive set of monolayers and selected bilayers, we can calculate Gibbs
free energy for each of them as derived in chapter 1.2.1 (eq. 1.26). However, we must be careful
when comparing the monolayer configurations with the bilayer polymorphs that we just built.
The bilayers polymorphs are locally optimized. In contrast to that, the monolayer configu-
rations are built from locally optimized adsorption geometries but have not been geometry
optimized after these local adsorption geometries have been combined to configurations.

To resolve this discrepancy, we first create a separate, preliminary plot of Gibbs free energy
versus chemical potential only for the monolayer configurations. From that data, we find all
those configurations, which — at any chemical potential — yield the lowest Gibbs free energy
of all configurations. For each configuration of that subset we then conduct a local geometry
optimization that includes the adsorbates as well as the two uppermost substrate layers. These
optimized monolayers can now be safely compared to the optimized bilayers.
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Figure 4.6 shows the Gibbs free energy of the optimized mono- and bilayers as a function of the
chemical potential 1, which itself is a function of pressure and temperature. p = 0 eV/molecule
corresponds to either infinitely high partial pressure of TCNE in the gas phase and/or a tem-
perature of 0 K. On the other hand, a more negative chemical potential corresponds to lower
partial gas pressure and/or higher temperature.
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Figure 4.6.: Gibbs free energy of selected configurations
At p = 0 eV/molecule, the Gibbs free energy is identical to the energy per area of
that configuration. The derivative with respect to p corresponds to the coverage.

Let us start at the very left-hand side of the plot — i.e at low partial gas pressure and/or
high temperature. Below p = —2.5 eV/molecule the chemical potential of the molecules in
gas phase is so strong that no stable adsorbate layer forms on the surface — this threshold
is indicated by the dashed horizontal line. When we then continue towards higher pressure
and/or lower temperature, the first phase that reaches a negative Gibbs free energy is one
that consists purely of flat-lying molecules (yellow, Monolayer: flat). At a chemical potential
p ~ —1.5eV/molecule and above, a mixed configuration (red, Monolayer: mized) leads to a
lower Gibbs free energy than the flat configuration. Shortly after that point, a configuration
consisting purely of densely-packed upright-standing molecules becomes the energetically most
favorable one (blue, Monolayer: standing).

Turning to the two bilayer polymorphs we see that the one with the lower coverage (gray, Bi-
layer: flat-on-flat) at no point becomes the energetically most favorably polymorph. In fact, the
energetic difference to the most favorable polymorph is at all times larger than 1 eV /molecule!
Furthermore, this gray curve is exactly parallel to the blue one (Monolayer: standing). This is
no coincidence but due to the fact that we created this bilayer such that is has the same total
coverage as the densely-packed monolayer and in the chosen model the coverage © corresponds
to the derivative of Gibbs free energy with respect to p. In contrast to that, the bilayer of
higher coverage (green, Bilayer: flat-on-standing) finally crosses the Gibbs free energy of the
densely-packed monolayer at weak low temperature and/or high pressure.



Chapter 4. Results: Predicted Polymorphs 53

From these findings we can conclude that indeed a phase transition from flat-lying to upright-
standing molecules occurs at around p > —1.5eV/molecule. Furthermore, we can eliminate
the possibility that this transition is masked by a bilayer polymorph as the studied bilayer
polymorphs are far higher in Gibbs free energy at this point. Only at a lower temperature
and/or higher pressure a transition towards bilayer polymorphs is predicted. The difference
between both evaluated bilayers indicates that possible bilayers (and multilayers) would form
on top of a first layer consisting of upright-standing TCNE molecules.

As the chemical potential is a function of partial gas pressure and temperature (eq. 1.27)
we can transform the previous plot into a more descriptive two-dimensional surface phase
diagram (Figure 4.7). Low chemical potential here corresponds to high temperature and/or
low partial pressure — i.e. the lower right corner. Going from here towards high pressure and
low temperature we can read the same progression as in the previous plot.

It should be noted here that this phase diagram is mostly of qualitative nature. It is a useful tool
to visualize the succession of predicted polymorphs. However, due to glancing intersection in
the Gibbs free energy curves, small prediction errors can shift the boundaries between surface
phases by large amounts. Furthermore, one should keep in mind that the bilayer flat-on-
standing represents the edge of the studied search area. Consequently, at low temperatures
(i.e. on the very left hand side of the phase diagram) other polymorphs which are currently
not part of the search space — for instance such with more than two layers — could potentially
replace the flat-on-standing bilayer. However, this limitation does not affect the outcome of
this study, as we do not rely on this specific range of the phase diagram.
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Figure 4.7.: Surface phase diagram.
Each combination of pressure p and temperature 7' leads to a chemical potential
wu(p,T). The color at each point (p,T") corresponds to the configuration, which
has the lowest Gibbs free energy for u(p,T').
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5. Comparison to Experiment

To check the predicted phases, we will now compare them with an experiment. Unfortunately,
for the studied combination of substrate and adsorbate material, not a lot of experiments
exist. However, we found one by Wulf Erley and Harald Ibach [13] in which they measured the
formation of the adsorbate layers in an indirect way.

In the following we will quickly summarize the experimental setup they used. Then we discuss
the involved techniques and which simulations we can use to compare our polymorphs with
their results. Finally, we conduct those simulations and discuss the findings.

5.1. Summary of the Experiment

In the experiment [13], TCNE is deposited from the gas phase onto a cleaned Cu(111) surface
in ultrahigh vacuum (UHV) at a temperature of 7' = 100 K. At several points during the
deposition process, the coverage is measured using auger electron spectroscopy (AES). The
coverage at each of these deposition steps is estimated by comparing the ratio of the Cay75 and
the Cuggy peak of the AES measurements with reference values obtained from a monolayer
of CO on Cu(111). Additionally, electron energy loss spectra (EELS) were measured with an
electron energy of 5.0 eV and a resolution of A = 30 em™! at each of those steps. A more
detailed explanation of the experimental setup is given in the original publication [46].

The central method of this experiment is electron energy loss spectroscopy (EELS). In this
technique a beam of well-defined kinetic energy is directed onto the material. When inelastic
scattering of the electron beam occurs, energy is transferred from that beam to the speci-
men. This energy loss of the beam can then be measured using an energy dispersive electron
detector.

An important inelastic scattering process are excitations of vibrational modes of the adsorbate
molecules. Hence, the positions of the peaks in the EELS curve indicate which vibrational
frequencies and corresponding vibrational modes can be stimulated in the specimen. At the
same time, the vibrational frequencies of a molecule depend on its geometry, its local environ-
ment and its electronic structure. Furthermore, when additional charge is accumulated on the
molecule its electronic structure changes. With all that the vibrational spectrum becomes a
function of the charge distribution of the molecule.

In the interpretation of the experiment the inverse of this relationship is used: At each depo-
sition step, the observed frequencies are compared to the literature values for neutral, singly-,
doubly- and triply-charged TCNE. This way, the experimenters estimate the electronic gross
charge of all adsorbed TCNE molecules. As the gross charge changes with the position and
orientation of an adsorbate molecule, the experimenters are able to see at which points of the
deposition process new ’types’ of adsorbate molecules appear.
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Back to the experiment: At low coverage Erley and Ibach see, among other EELS-peaks, one
at a frequency of 7. &~ 1275¢m ™" (see Table 5.1). This vibration is interpreted as symmetric
stretching mode of the central C=C double bond of a doubly to triply charged TCNE molecule
(see Figure 5.1). They conclude that this multiply ionized species corresponds to flat-lying
TCNE molecules in the first adsorption layer.

Upon increasing the coverage, they observe a new peak at 7, ~ 1375 em~!. This vibration

belongs to the same C=C stretching mode, but the frequency shift indicates that the adsorbate
molecules that lead to this vibration are roughly singly charged. From that, they conclude that
at this point — at an Auger value of Coro/Cugog =~ 0.11 — a full monolayer coverage must have
been reached and now molecules start to form a second layer on top of the first one.

At about twice that coverage — Caza/Clugey ~ 0.24 — another new peak with a frequency of
approximately 7., ~ 1565 ¢m~! becomes visible. This peak corresponds again to the same
vibrational mode but this time under the assumption that the corresponding TCNE molecule
is neutral. This leads to the conclusion that now the second layer is filled up, too, and so
adsorbate molecules are forced into higher layers in which they interact only weakly with the
substrate and hence maintain their neutral charge state.

molecule ‘ Uee | cm™!

low coverage / first layer 1275
medium coverage / second layer 1375
high coverage / higher layers 1565

Table 5.1.: Experimental vibration frequencies of the C=C stretching mode measured via
EELS in different adsorbate geometries.

Figure 5.1.: Symmetric stretching mode of the central C=C double bond of TCNE

In a follow-up paper, the main findings of the experiment were summarized:

‘Evidence has been found that TCNE adsorbs as multiply charged species (TCNE*~|
x = 2 to 3) in the first layer, as singly charged anions (TCNE™) in the second layer,
and as neutral molecules (TCNE?) in all subsequent layers. (Wulf Erley [47])

5.2. Vibrational Calculations

Now that we know the experiment, we need a way to compare its results with the properties
of the polymorphs that we predict. One property that can be used for this comparison are the
vibrational frequencies. To calculate these, we must first make sure that the geometry of the
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molecules in consideration represent a local minimum of the potential energy surface. This is
achieved by a local geometry optimization. If a geometry is not in such a local minimum, but
in a saddle point or local maxima, a distortion of the geometry would lead to a lower energy
and hence to an imaginary vibrational frequency in that direction.

To actually calculate the vibrational modes the harmonic approximation is used. Within this
approximation the second derivatives of the energy of the molecule, or equivalently the first
derivatives of the forces, correspond to the molecule’s force constant matrix (Hessian matrix).

OPE  OF,

Hi | — pu—
" al‘l a.Ij 8$Z

(5.1)

FHI-aims supports analytical calculation of forces, but currently not the analytical calculation
of the second derivatives (i.e. the Hessian matrix). Therefore, forces are calculated directly in
FHI-aims and the second derivatives are subsequently calculated using finite differences of the
forces.

To that end, we set up a series of DFT calculations. In each calculation one atom of the
molecule in consideration is displaced from its equilibrium position while all other atoms are
kept in their original position. For the displacement a small, constant shift of 6 = £0.0025 A
in x-, y- or z-direction is used.

For all these distorted geometries the forces on all atoms are calculated, divided by the displace-
ment 0 and then added to the Hessian matrix. The eigenmodes of that Hessian then provide
the vibrational modes of the atoms and the eigenvalues yield their vibrational frequencies.

5.2.1. Calculated Vibrational Frequencies

For the vibrational analysis we choose the following representative adsorption geometries:

First layer, flat-lying This is the adsorption geometry of the TCNE in the configuration Mono-
layer Flat B which occurs at low coverage.

First layer, standing Here we use the local adsorption geometry of a single upright-standing
TCNE molecule with the central C=C bond parallel to the surface. (see geometry ‘bridge-
top’ in Figure 2.1). This molecule is evaluated in a unit cell of four times four surface
atoms.

Second layer, flat-on-flat This geometry corresponds to the molecule in the second layer of
bilayer Flat-on-flat (see Figure 4.5 (a)).

Second layer, flat-on-standing This is the adsorbate molecule that forms the second layer
of bilayer Flat-on-standing (see Figure 4.5 (b)).

Gas phase As a reference, we additionally calculate the vibrational modes of neutral, singly,
and doubly charged TCNE in their relaxed geometry in the gas phase.

All vibration calculations are done in FHI-aims [19] using the PBE functional [32] and the
vdW*¥/ correction [38]. To compare the experiment with our predictions, we calculate the vi-
brational frequencies of the predicted configurations. We then visually inspected the calculated
vibrations in Avogadro [48] and selected that vibrational mode that corresponds to a symmetric
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stretching of the bond between the two central carbon atoms. Table 5.2 shows the frequencies
of these modes.

FHI-aims, PBE

Adsorbate geometry Uee | cm™!
First layer, flat-lying 1263
First layer, upright-standing 1341
Second layer, flat-on-flat 1482
Second layer, flat-on-standing 1512
Gas phase ¢g = —2 g, 1273
Gas phase ¢q = —1 ¢, 1375
Gas phase q =0 q. 1491

Table 5.2.: Calculated vibration frequencies of the C=C stretching mode for the adsorbate
molecules as well as in the gas phase for different charge states.

A first glance at the calculated values shows that the frequency of this vibrational mode in-
creases when we go from the flat-lying, via an upright-standing to the second-layer adsorption
geometries (the first four calculations). Furthermore, the difference between the two second-
layer geometries (flat-on-flat and flat-on-standing) Av.. = 30 em™! is significantly smaller then
the two steps before.

Figure 5.2 combines the calculated vibration frequencies with the experimental data. The
frequencies of the flat-lying geometry (blue, dashed) fit nicely with the experimental data of
the first-layer geometry (blue, continuous). Both frequencies are very close to the vibrational
frequency of a doubly charged molecule in vacuum (black dashed line, 1273 em™!). This
finding supports the experimental interpretation that at low coverage TCNE adsorbs as an
approximately doubly charged species in a flat-lying orientation.

The next peak of the EELS spectrum is situated at 1375 em ™!, which is exactly the vibrational
frequency that we calculate for the singly charged molecule in the gas phase. Hence, we confirm
that this EELS-peak corresponds to a singly charged TCNE molecule.

However, there are also discrepancies: First of all, the calculated frequency of the standing
molecule (orange, dashed) is lower than the expected, experimental value (orange, continuous)
as well as the gas phase value (black, dashed). However, the difference (A, = 34 cm™!) lies
still within the range of error for this type of calculation.

More importantly, the experiment suggests that the singly charged species of TCNE corresponds
to adsorbates in the second adsorbate layer. But when we have a look at the vibrational
frequencies of the second-layer adsorbates (both green dashed lines) we see that they are far
from the frequency of the singly-charged species! Both, the second layer that is situated on top
of a flat layer (flat-on-flat, dark green, dashed) as well as the second layer on top of a standing
layer (flat-on-standing, light green, dashed) lead to vibrational frequencies very close to that
of a neutral molecule in the gas phase (A, = 9 em™ and Ap, = 21 em™?!, respectively).
Consequently, a TCNE molecule that is adsorbed in the second layer appears to be nearly
neutral regardless if the first layer consists of flat-lying or upright-standing TCNE molecules.

From the vibrational data we can conclude that in contrast to the interpretation of the ex-
periment, the singly charged species cannot be explained by TCNE molecules adsorbed in the
second layer. Instead, the experimentally observed singly charged species fits the vibrational
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properties of upright-standing TCNE molecules in the first adsorbate layer which are predicted
using the SAMPLE approach.

At this point, the attentive reader certainly observed the discrepancy between the calculated
second-layer geometries (green, dashed) and the experimental value that is attributed to the
neutral species (green, continuous). Although this difference does not alter the results of
the evaluation additional calculations concerning this issue are conducted and can be found
Appendix C).

m— Exp. (X —)
Exp. (-) Experimental

== Exp. (0)

== = Calc. gas phase
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Calc. standing I | |
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, [ . L 1L |
1200 1300 1400 1500 1600

Frequency / cm™!

Figure 5.2.: Vibration frequencies of the central C=C double bond.
Experimental data is listed in Table 5.1
Calculated data (including gas phase) is listed in Table 5.2

5.3. MODOS

Another, alternative way to analyze the predicted polymorphs is to evaluate the molecular or-
bitals. From their occupation, we are not only able to calculate the gross charge of the adsorbed
molecule, but we can also understand why molecular bonds are strengthened or weakened upon
adsorption.

When a molecule is adsorbed onto a surface, it is possible that electrons are transferred from the
surface to the adsorbate (or vice versa). The additional electrons will then occupy molecular
orbitals of the adsorbate molecule. Two important molecular orbitals of neutral TCNE in
the gas phase are depicted in Figure 5.3: The highest occupied molecular orbital (HOMO)
contributes to the double-bond of the two central carbon atoms while the lowest unoccupied
molecular orbital (LUMO) has a node between those two carbon atoms and therefore is anti-
bonding with respect to that bond. Consequently, when the LUMO gets filled, the bond
between the central carbon atoms gets weaker and the corresponding vibrational frequency is
decreased as we have seen in the vibrational calculations.

To quantify the change of the occupation of the LUMO, we project the density of states (DOS)
of the molecule in its adsorbate state onto the molecular orbitals of the gas phase state — i.e.
the state that the molecule would assume in the gas phase. This projection is called molecular
orbital density of states (MODOS) [49] and we conduct it using a Fortran script written by
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Yong Xu (FHI, Berlin, Germany) based on the PhD thesis of Lorenz Romaner [50]. Having
done that, we integrate the DOS of each of molecular orbital from minus infinity up to the
Fermi energy Er to obtain the occupation of that molecular orbital (see Figure 5.4 and 5.5).

(a) HOMO (b) LUMO

Figure 5.3.: Highest occupied and lowest unoccupied molecular orbital of neutral TCNE in
the gas phase

5.3.1. Occupation of the LUMO

For this evaluation we took the same adsorption geometries as in the vibrational calculations
with one change: To simplify the plots only the flat-on-standing geometry is used as example
of a bilayer but not the flat-on-flat bilayer which shows similar results.

Figure 5.4 displays the molecular orbital density of states as a function of the energy. The
shading indicates the occupied states below the Fermi energy Er. The uppermost curve cor-
responds to a TCNE molecule that is adsorbed in the second layer on top of a first layer of
upright-standing molecules. The two obvious peaks in the DOS correspond to the HOMO and
LUMO of TCNE in the gas phase. A quick glance at this shaded area already reveals that the
HOMO of TCNE stays filled upon adsorption, and the LUMO stays completely empty —i.e. in
contrast to the experimental findings, we observe no substantial charge transfer to the second
layer. To quantify this observation, the occupation of each molecular orbital is calculated and
displayed in Figure 5.5. In this plot the HOMO and LUMO correspond to molecular orbitals
32 and 33, respectively. The occupation of each molecular orbital is given by the integral over
the density of states of that orbital up to the Fermi energy Er. Indeed, the occupation of the
LUMO (molecular orbital 33) of the second layer adsorption geometry is zero. #

Proceeding with the standing adsorption geometry, we see that its LUMO is approximately half
filled (0.8 of 2 possible electrons or equivalently 41 %). In contrast to that, the LUMO of the
flat adsorption geometry is nearly filled (1.6 electrons, 79 %).

An interesting effect can be seen in the molecular orbitals 20 to 30. These orbitals are fully
occupied if the molecule is in the gas phase as well as when the molecule is adsorbed in the
second layer. When the molecule is adsorbed in the first layer, however, the molecule hybridizes
with the substrate and electrons move from the metal substrate to the LUMO of the adsorbate.

2The flat-on-flat bilayer show a very minor filling of the LUMO: 0.14 of 2 possible electrons or equivalently
7%
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As a counter-effect electrons of lower lying molecular orbitals are pushed back into the substrate
— an effect known as back-donation.

Second layer I
HOMO : LUMO
@ I
= I
© - 1
+ | Standing
s HOMO LUMO :
> I
- 1
7] — ]
5 Flat :
(a] LUMO 1
-3 -2 -1 o 1 2 3

Figure 5.4.: MODOS of a TCNE molecule in different adsorption geometries.

(a) flat-lying geometry, (b) standing geometry, and (c) adsorbate geometry in the
second layer (on top of a first layer of upright-standing molecules).
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Figure 5.5.: Occupation of molecular orbitals for different adsorption geometries.

The percentage is given relative to the maximum occupation of two electrons per
molecular orbital.
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Conclusion and Outlook

In this work, the SAMPLE approach was applied to predict surface polymorphs of TCNE on
Cu(111). The main question to be answered was: Which surface polymorphs form when the
coverage is increased above the full-monolayer coverage of flat-lying TCNE molecules? Two
scenarios arise: KEither a densely-packed monolayer consisting of upright-standing adsorbates
forms or a second layer forms on top of the first one. To answer the question, we first had to
find all monolayer polymorphs including densely-packed ones.

As densely-packed polymorphs show particularly high pairwise interaction energies, their pre-
diction necessitates sophisticated selection of the training data that constitutes the input for
the chosen machine learning approach. To that end, we implemented training set selection
strategies based on several different optimality criteria. Subsequently, we benchmarked these
strategies on a test system.

With that, we then employed the SAMPLE approach to predict the adsorption energies of an
exhaustive set of discretized monolayer polymorphs (named configurations). With those pre-
dicted energies and the help of ab initio thermodynamics, we are able to find those polymorphs
that are expected to form in thermodynamic equilibrium. Consequently, we created a surface
phase diagram for a wide range of partial gas pressures and temperatures.

Based on these monolayer polymorphs we created several bilayer polymorph candidates and
optimized them using local geometry optimization. Including these bilayer polymorphs into the
surface phase diagram revealed that densely-packed monolayers consisting of upright-standing
TCNE molecules are energetically more favorable than bilayer polymorphs of the same total
coverage. We, therefore, predict that a phase transition from flat-lying to upright-standing
molecules occurs in the first adsorbate layer when the coverage is increased above that of a
full monolayer of flat-lying TCNE molecules. Only at even lower temperature and/or higher
partial gas pressure — when the packing density of the upright-standing molecules becomes too
high — bilayer polymorphs form.

To verify our prediction, we compared them to an existing experiment. Therefore, we calculated
the vibrational modes and frequencies as well as evaluated the molecular density of states
(MODOS).

In accordance with the experiment, we found neutral, singly-, and doubly charged species
of TCNE in the adsorbate polymorphs. Furthermore, we found these species in the same
succession as in the experiment: doubly charged TCNE below the full monolayer coverage of
flat-lying TCNE (© = 2.2 N,q,/nm?), singly charged TCNE at twice that coverage and neutral
TCNE at even higher coverage.

In contrast to the experimental findings, we did not see any polymorph that contains singly
charged TCNE in the second adsorbate layer. Consequently, we do not corroborate the inter-
pretation that charge transfer to the second layer occurs in this system. Rather, we found the
singly charged species of TCNE in the form of upright-standing TCNE molecules in the first
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adsorbate layer. With these findings, we predict the existence of a phase transition in the first
adsorbate layer from flat-lying molecules to upright-standing ones.

During this study, some starting points for future improvements became clear:

Currently, the structure search for bilayers is based on several guess polymorphs which are used
as starting points for geometry optimizations. Although this was a useful approach to answer
the specific questions raised above, it is a step that could be replaced by a more systematic
approach. Namely, one could build an exhaustive set of second layer polymorphs by repeating
the local adsorption geometry approach as proposed in chapter 4.3.

Furthermore, the current feature vector that describes pairwise interactions only depends on
the relative position of molecules. In order to distinguish pairs of flat-lying molecules from
upright-standing pairs and mixed pairs, we had to introduce an additional dimension that
completely separates these feature spaces (see chapter 2.3.3). This approach works well as long
as the orientation of the adsorbate molecules is restricted to two discrete possibilities (lying
and standing). However, as soon as we include the possibility of continuously tilted adsorbates
a full decorrelation between them would not make sense anymore. Instead one would have to
include a continuous feature that accounts for the tilting angle of the adsorbate molecule with
respect to the surface.
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Appendix

A. Upright-Standing Adsorbates: parallel vs.
perpendicular

As discussed in section 2.2.1, there are in total three types of local adsorption geometries: flat-
lying ones, upright-standing ones with the bond of the two central carbon atoms parallel to the
substrate surface, and upright-standing ones where that bond is oriented perpendicular to the
surface (see Figure 2.1). As the TCNE molecule is approximately square, both upright-standing
orientations result in a similar footprint on the substrate surface (as illustrated in Figure 1.2).
Furthermore, it turned out that all local adsorption geometries with the C=C-parallel orienta-
tion have significantly stronger adsorption energies than their C=C-perpendicular counterparts.
As illustrated in Figure A1, each of the parallel orientated local adsorption geometries leads
to an adsorption energy that is at least AE = 270 meV lower than the perpendicular oriented
counterparts. With all those facts, there is no obvious reason why any energetically favorable
polymorph should include upright-standing C=C-parallel TCNE instead of upright-standing
C=C-perpendicular TCNE.

Still, there is one possibility that needs to be ruled out before we can safely neglect the per-
pendicular orientation: If the intermolecular interactions of adsorbates in the perpendicular
orientation are highly favorable compared to the interactions of parallel adsorbates this could
over-compensate for the weaker single-body interactions. To check the two-body interactions,
a series of geometries containing all three combinations of these two upright-standing types are
created.

Figure A2 shows the first series of such calculations. We use those two local adsorption geome-
tries of the parallel and perpendicular orientation that have the smallest energetic difference —
i.e. number 6 and 7 in Figure Al. Furthermore, we choose the positions of those molecules
on the substrate lattice such that they stand in direct opposition — i.e. all other pairs can be
expected to have even lower pair interactions. With these two choices, these pairs constitute the
edge case with the minimal difference in one-body adsorption energy and high pair interaction
energy. If the energy of none of these pairs can be decreased by using perpendicular oriented
molecules, the same should be true for all other possible pairs.

Below the illustrations, the energetic difference between each configuration and the parallel-
parallel configuration is listed. The index GO in AFEgo indicates that these energies were
obtained after a local geometry optimization was applied to the depicted geometries. In con-
trast to that, AEgp is obtained without geometry optimization (single point). Both config-
urations that contain molecules with the central C=C bond perpendicular to the surface are
significantly higher in energy then the pair where both molecules are in the parallel orientation.
Consequently, even if we account for pairwise interactions the perpendicular oriented TCNE do
not become favorable.
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Figure A1l.: Adsorption energy of all local adsorption geometries
Annotated is the smallest energetic difference between the two types upright-
standing molecules. The order of the local adsorption geometries corresponds to
that in Figure 2.1

To close even the last possible loophole, we created another series of calculations where the
molecules are even closer. The distance between the local adsorption geometries cannot be
chosen continuously as they are per definition restricted to specific positions relative to the
substrate lattice. In this case, both local adsorption geometries are centered directly above a
copper atom (top position). Therefore, the only pair that is closer than the one above is one
were both molecules sit on neighboring substrate atoms (Figure A3. In these pairs the minimal
distance between the molecules is only d ~ 2.2 A. This distance is already smaller than the
minimal distance of the predicted configurations (d,,, = 2.6 A). Furthermore, here we can
only list single point energies as this distance is so small that during geometry optimization
the molecules would simply slide into different local adsorption geometries to increase the
intermolecular distance. Even in this extreme case, the pair interactions are too weak to make
any of the pairs that include a perpendicular oriented TCNE molecule energetically favorable
compared to the parallel-parallel pair.
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Figure A2.: Energetic difference between pairs of the two types of upright-standing local ad-
sorption geometries calculated in the periodic unit cell indicated by the black
rhombus.

Minimal intermolecular distance: d ~ 4.4A
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sorption geometries calculated in the periodic unit cell indicated by the black
rhombus.

Minimal intermolecular distance: d ~ 2.2A
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B. Hyperparameter Optimization

To find an optimized set of hyperparameters, sweeps over a wide range of values are done for
each hyperparameter (see Figure A4). For each value in these sweeps Bayesian linear regression
is fitted with training sets of varying size, where each training set is chosen D-optimally using
the current set of hyperparameters.

Two of these hyperparameters (Intermolecular distance cutoff dy.. and model uncertainty
Omodet) Show only weak changes in the prediction accuracy on variation of the parameter.
Therefore, 0,041 is chosen such that it meets the convergence criterion that is used for the
DF'T settings.

The Intermolecular distance cutoff is chosen such that the intermolecular interactions have
decayed to a few meVl/ at this distance.

For the decay power n all values > —2 lead to good prediction accuracies whereas more negative
values (resulting in a steeper decay) lead to far worse predictions.

The feature threshold Af yields best results for Af < 0.02. For large training sets a smaller
feature threshold could deliver even slightly better performance, however, at the cost of increased
computational cost since smaller Af results in a higher number of features.

We observe that larger real space decay length T result in a better prediction accuracy for the
largest training set (n = 300) while all smaller training sets yield better predictions for smaller
7. We, therefore, use the compromise of 7 = 3.0 A.

Similarly, for the feature correlation length & a value of 1.0 has been chosen as it yields good
predictions in conjunction with large training sets and, at the same time, avoids the steep
increase in prediction error that occurs for smaller values of ¢ with small training sets.

max

Finally, the prior two-body uncertainty oo, shows a rather flat behavior with slightly better
results for larger values. Since larger values for o507 correspond to a broader prior probability
density distribution for the two-body interactions, we rather use a more conservative guess of

mar __
iy = 1.0 €V .
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C. Additional Vibration Calculations

As described in chapter 5.2.1, discrepancies are found between specific calculated vibrational
frequencies and experimentally observed frequencies. The frequencies of the two studied second-
layer adsorbates are determined as 7., = 1482 em™! and 7., = 1512 em ™!, respectively. Both
values fit well with the frequency that is calculated for the neutral TCNE molecule in the gas
phase (.. = 1491 em™1). In contrast to that, the experimentally observed frequency that is
suspected to correspond to this adsorption geometry is significantly larger: 7., = 1565 em™!,
Av,. ~ (50 — 80) em™!

Table A.1 summarizes the experimental data and opposes it to literature values as well as our
calculated frequencies. From the first two columns, we see that the frequencies measured in the
studied experiment match the literature values for the 7._. frequencies of TCNE in different
charge states withing A7, ~ 10 cm™!. These literature values also fit the calculated frequencies
for TCNE in different charge states — except in the neutral form.

Calculated
(gas phase, FHI-aims, PBE)
TCNE form ‘ Uee /| cm™! | TCNE form ‘ Uee /| em™! | TCNE form ‘ Uee | cm™!

Experimental Literature

Low coverage 1275 [TCNE]?~ 1260 TCNE*~ 1273
Medium coverage 1375 [TCNE]5~ | 1364, 1385 | TCNE!~ 1375
High coverage 1565 TCNE 1570 TCNE 1491

Table A.1.: Experimental vibration frequencies of the C=C stretching mode measured via
EELS in different adsorbate geometries as well as literature values taken from
[51] and the corresponding frequencies calculated in FHI-aims.

To rule out problems that are specific to the used DFT code or the chosen exchange-correlation
functional, we conduct additional vibration calculations in Gaussian16[52] using a 6-311G**
basis set and the PBE and B3LYP functionals.

To compensate systematic errors, scaling factors — that are specific for the chosen functional
and basis function — are commonly used. For full transparency, we list both the raw data,
as well as scaled frequencies (Table A.3). For the calculation based on Pople type basis sets
tabulated scaling factors are available (Ref. [53]). As there are no scaling factors specifically for
the 6-311++G** basis set, we used the equivalent factor for this basis set without the diffuse
functions (6-311G**).

XC functional Basis functions Scaling factor
PBE 6 —311G** 0.991
B3LYP 6 —311G™* 0.967

Table A.2.: Scaling factors for vibrational calculations in Gaussianl6; taken from Ref. [53]

For the numerical vibration calculations of FHI-aims, no tabulated correction factors are avail-
able. Empiric knowledge by Simon Erker (University of Technology, Graz) points to a scaling
factor of 1. ~ 1.02 for calculations concerning the C=C bond.



Appendix D. DFT Settings 69

FHI-aims FHI-aims Gaussian  Gaussian  QGaussian  Gaussian

PBE PBE PBE PBE B3LYP B3LYP
raw data scaled raw scaled raw scaled
TCNE form | 7.. /em™ e /em™ e/ em™ Do/ em™ Do/ em™ Do [ em™
TCNE?- 1273 1298 1250 1238 1280 1237
TCNE!~ 1375 1403 1382 1370 1424 1377
TCNE 1491 1521 1515 1501 1580 1528

Table A.3.: Calculated vibration frequencies of the C=C stretching mode of TCNE in the gas
phase with different charge states. ’scaled’ indicates this use of scaling factors.
Calculations done in FHI-aims use numerical atomic orbitals as listed in Appendix
D while Gaussian calculations are conducted using the 6-311++G** basis set.

Applying the assumed scaling factor to the data calculated in FHI-aims (second column) shifts
the frequency of the neutral molecule into the correct direction. However, at the same time this
scaling shifts the frequencies of the other two charge states away from the experimental values.
Looking at the frequencies calculated in Gaussian using the PBE functional, we see that the
scaled frequency for TCNE?™ is too low by about 40 ¢m™!, the frequency for TCNE!'~ fits
nicely and the frequency for neutral TCNE is still too low by about 60 cm™!. When we switch
to the BSLYP functional the first two frequencies stay roughly the same. Interestingly, thou,
the frequency of the neutral TCNE molecule shifts by 27 em ™! towards the experimental value.
Using this calculation scheme all three calculated frequencies end up within Av = 40 em ™!
with respect to the experimental values.

However, benchmark papers name typical errors of Av = 45 em™! for PBE and Av = 85 em ™!

for BSLYP (both on a 6-31++G* basis set, averaged over 32 small molecules of the Gaussian
G2 test set; see Ref. [54]). Similarly, Ref. [55] reports errors of about 4 % (corresponding to
A =60 em™! at 7 = 1500 cm~!). Consequently, the error that is observed in the vibrational
frequencies of the neutral molecule is not unusual, but rather the nearly perfect agreements of
the other calculated frequencies with the experimental values are coincidental.

D. DFT Settings

For all single point calculations (i.e. no geometry optimizations) settings are used as displayed
in Listing 5.1. All surface calculations are done with seven layers of Cu. To reduce the compu-
tational costs while still describing processes like charge transfer adequately two different levels
of quality are used for the basis sets of the substrate atoms. The uppermost three layers, which
interact directly with the adsorbates, are described using more rigorous settings (see Listing
5.2). On the other hand, the lower lying substrate layers mainly serve as an electron reservoir
and, hence, can be described using more rough settings (Listing 5.3). For a more detailed pre-
sentation of this approach, please see Ref. [56]. The number of both types of substrate layers
— as well as all other significant settings — have been converged to an uncertainty in the range
of AE =10 meV. For the k-points Monkhorst-Pack grids [57] with a maximal k-point spacing
of Ak = Z—g are used.
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Listing 5.1: Settings used in the single point DFT calculations

# General Settings:

xc  pbe

spin none

charge 0

relativistic atomic_ zora scalar
occupation_type gaussian 0.1
k_points__external k_list.in

# Convergence Criteria:
sc_accuracy_rho le—2
sc_accuracy_etot le—5H
sc_accuracy_ forces 1le—3
sc_iter limit 200

# Mixer:
preconditioner kerker 1.5
charge_mix_param 0.05

# Other Settings:

vdw__correction hirshfeld .true.
RI_method 1vl_ fast
use__dipole_correction .true.
compensate__multipole_errors .true.
collect eigenvectors .false.
vdw__pair_ignore Cu Cu

Listing 5.2: Basis set settings for species Cu

species Cu

hirshfeld param 59 10.9 2.4
nucleus 29

mass 63.546

1 hartree 6

cut_pot 4.6 2.0 1.0
basis_dep_ cutoff 1le—3
radial base 53 7.0
radial_multiplier 1

# Angular grid divisions
angular_grids specified
division 0.3478 50
division 0.6638 110
division 0.9718 194
division 1.1992 302
division 1.5920 434
outer_ grid 434

# Minimal basis functions
valence 4 s 1.
valence 3 p 6.
valence 3 d 10.
ion_occ 4 s 0.
ion_occ 3 p 6.
ion _occ 3 d 9.

# Additional basis functions
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ionic 4 p auto
hydro 4 f 7.4
hydro 3 s 2.6
hydro 3 d 5

Listing 5.3: Basis set settings for species Cu_ reallylight

species Cu_reallylight

hirshfeld param 59 10.9 2.4
nucleus 29

mass 63.546

1 hartree 4

cut_pot 3.5 1.5 1.0
basis_dep_ cutoff 1le—3
radial base 53 5.0
radial_multiplier 1

# Angular grid divisions
angular__grids specified
division 0.3478 50
division 0.6638 110
division 0.9718 194
outer_grid 194

# Minimal basis functions
valence 4 s 1.
valence 3 p 6.
valence 3 d 10.
ion_occ 4 s O.
ion_occ 3 p 6.
ion_occ 3 d 9.

# Additional basis functions
ionic 4 p auto

Listing 5.4: Basis set settings for species C

species C

nucleus 6

mass 12.0107

1 _hartree 6

cut_pot 4.0 2.0 1.0
basis_dep_cutoff le—4
radial base 34 7.0
radial_multiplier 2

# Angular grid divisions
angular_grids specified
division 0.2187 50
division 0.4416 110
division 0.6335 194
division 0.7727 302
division 0.8772 434
outer__grid 434

# Minimal basis functions
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valence 2 s
valence 2 p
ion occ 2 s
ion_occ 2 p

o= NN

# Additional basis functions
hydro 1.7

hydro
hydro
hydro
hydro
hydro
hydro
hydro
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Listing 5.5: Basis set settings for species N

species N

nucleus 7

mass 14.0067

1 hartree 6

cut_pot 4.0 2.0 1.0
basis__dep__cutoff le—4
radial base 35 7.0
radial_multiplier 2

# Angular grid divisions
angular_grids specified
division 0.1841 50
division 0.3514 110
division 0.5126 194
division 0.6292 302
division 0.6939 434
outer__grid 434

# Minimal basis functions
valence 2 s 2.

valence 2 p
ion occ 2 s
ion_occ 2 p

N~ W

# Additional basis functions
hydro 1.
hydro
hydro
hydro
hydro
hydro
hydro
hydro

W Ut — Wk WwN
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