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screen.Thank you Arthur and Michiel for the great friendship these last few years. Thank you Jelle for this
pleasant year together at the CMM. Although he only joined halfway through the thesis year, thank you Bavo
for all those lighthearted moments in our office.A formal thanks goes out to Ghent University, for offering
such a wonderful education opportunity and to the people of the High Performance Cluster - though I dis-
agree with my priority in their queuing system.

My family and friends are to be congratulated on suffering my mood swings throughout the thesis process.
If they were not having to hear me drone on insufferably about a subject they know or care little about, they
were facing my complaints on how long my calculations were queued on the hpc. Both my parents deserve
a very special thanks, not just in regards to the past year. Their trust in my decisions and patience with my
flaws are commendable.

A person who is no longer alive but to whom I owe an enormous gratitude is Ayn Rand. Had it not been
for the reading of “The Fountainhead” and “Atlas Shrugged”, I would have never resumed my engineering
studies. I would like to conclude with one of her quotes, which profoundly expresses the spirit of scientific
research:

When I disagree with a rational man, I let reality be our final arbiter; if I am right, he
will learn; if I am wrong, I will; one of us will win,but both will profit

Ayn Rand
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Overview

The surface properties of a material are important for many practical applications. The measurements of
these properties are often difficult and subject to large errors. Because of this, theoretical predictions can
present a significant contribution to surface science. In the last two decades, Density-Functional Theory has
become a popular tool for the ab initio modeling of surfaces. This study aims to asses the accuracy of DFT
for two important surface properties: work function and surface energy. The goal is to chart the general trend
for all material types, by defining the entire periodic table as test set and performing a rigorous statistical
analysis. It was found both the LDA and PBE functional produce work functions with an accuracy that
rivals the accuracy typically found for an experimental work function. Surface energies suffer from larger
inaccuracies with respect to experiment. It was concluded LDA is a better functional for predicting accurate
surface energies. This study provides a straightforward protocol which can be used by other researchers
— both theoretical and experimental — to derive expected experimental values from DFT-predicted surface
properties.
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Abstract— The surface properties of a material are important for many
practical applications. The measurements of these properties are often dif-
ficult and subject to large errors. Because of this, theoretical predictions
can present a significant contribution to surface science. In the last two
decades, Density-Functional Theory has become a popular tool for the ab
initio modeling of surfaces. This study aims to asses the accuracy of DFT for
two important surface properties: work function and surface energy. The
goal is to chart the general trend for all material types, by defining the en-
tire periodic table as test set and performing a rigorous statistical analysis.
This result can subsequently be used by other researchers — both theoretical
and experimental — to interpret DFT-predicted surface properties.

Keywords—surface energy, work function, density-functional theory, er-
ror estimates, benchmarking

I. INTRODUCTION

As Moore’s law still holds true, the capabilities of computational
physics continue to increase rapidly. Methods that solve the
Schrodinger equation to improve the understanding of physical
systems gain ever more prominence as their reach in system size
expands. One of these ab initio methods is Density-functional
theory (DFT). Within this framework, electron-electron interac-
tion that is not included in the electrostatic repulsion is approxi-
mated by a functional of the electron density.[1], [2]

Nowadays DFT can be used to model surfaces of most crys-
talline materials and calculate the relevant properties such as
surface energy and work function. Moreover, by calculating the
forces on the ions the optimized surface structure can be ob-
tained.

There have been a number of studies attempting to asses the
accuracy of DFT-predicted surface properties[3], [4], [5], [6].
Most of these studies only consider a limited test set of materi-
als and present only a qualitative comparison of DFT with ex-
periment. The present work aims to avoid both of these pitfalls
by including the entire periodic table in the test set and perform-
ing a rigorous statistical analysis on the comparison between ab
initio results and experiment. This approach mimics the one
taken by Lejaeghere et al.[7] in estimating the error of DFT pre-
dictions for bulk properties. The surface properties chosen as
benchmark quantities are the work function and surface energy.
For these two properties, experimental data is most abundant
and they can be derived from DFT calculations in a straightfor-
ward fashion.

S. De Waele conducted this work at the Center for Molecular Modeling, Ghent
University (UGent), Ghent, Belgium. E-mail: sdwaele.DeWaele @ugent.be .

II. METHODOLOGY
A. DFT calculations for surfaces.

To model the surface of a material in a 3D periodic code, a a slab
model is constructed from the bulk geometry by creating a su-
percell of N bulk atoms along a specific orientation and inserting
vacuum into this structure.

Slabs of atomic layers

_~ Unit cell

Fig. 1: Slabs of atomic layers for modeling a <100> surface for a face-centered
cubic (fcc) material.

This creates periodically repeated slabs of atomic layers that
each have two surfaces of a given crystallographic orientation.
To derive the surface energy o, the bulk energy Ejy, . is sub-
tracted IV times from the total slab energy F;,p and the result
is divided by two to account for there being a surface at each
side of the slab:

1
o= E(Eslab — N x Eyug) (1)

This corresponds to the energy required to create a surface with
area corresponding to the lateral size of the supercell. This area
must be taken into account to transform ¢ into a value compa-
rable to other calculations and experiment. To differentiate the
normalized surface energy from o, it is usually indicated by ~y
and expressed in #

Whereas the ab initio surface energy is derived from the com-
parison of two calculations (Eq. 1), the work function is can
be directly obtained from the slab calculation. By solving the
Kohn-Sham equations, the Fermi energy Er and the local elec-
trostatic potential energy V (7) are obtained. The work function
is then:



® = Vvvac - EF (2)

where V. is at a location in the vacuum where V () becomes
constant.

Ab initio calculations were performed for all elements from
Group 1 through Group 14 for all elements lighter than Bi, ex-
cept for H, B, Ga, In, Hg and Mn. For the cubic crystal structures
the {100}, {110} and {111} surfaces were taken into account.
For the hep structures the {0001}, {1010} and {1230} surfaces
were simulated. The (2 x 1){111} and the (2 x 1){100} sur-
face reconstructions for C, Si, Ge and Sn in the diamond lattice
were included. Sn was also considered in its tetragonal struc-
ture and C (graphite) is also included. Spin-polarized calcula-
tions were needed for the magnetic elements Fe, Co, Ni and
Cr, where the latter was also calculated in a non-magnetic state.
Convergence tests were performed for the meshing in reciprocal
space, cut-off energy, slab thicknesses and layers allowed to re-
lax. The imprecisions associated with these settings were never
larger than 60meV for work functions and never larger than 5%
for surface energies. The thickness of the vacuum in between
slabs was always chosen to be near 20A. Structure optimiza-
tion was performed with Methfessel-Paxton smearing[8], but
all other calculations used the Tetrahedron method with Blochl
corrections[9]. The Vienna Ab Initio Package (VASP) software
[10], [11], [12], [13] with frozen-core PAW potentials[14] was
used for all calculations. For all surfaces both the LDA[15] and
PBE[16] exchange-correlation functional were used to examine
the impact of a different level of theory.

B. Comparison with experiment

Measuring the surface energy of a solid is extremely difficult and
prone to large errors. Because of this, the most reliable source
for experimental data is a semi-empirical derivation of the solid
surface energies from the liquid surface tensions by Tyson and
Miller [17]. This derivation was applied for all elements in the
periodic table for which reliable liquid surface tensions could
be obtained. The size of the data set and the transparency of the
method make it possible to estimate a consistent error for the
obtained surface energies. The surface energies presented by
Tyson and Miller have no anisotropic information, they are sur-
face energies for a surface of “general orientation”. This ham-
pers the comparison with the DFT results, as these are intrin-
sically anisotropic. One can, however, derive the average sur-
face energy by assuming the transformation from one surface
into another to consist only of adding ledges to a flat surface,
or removing them. This reasoning stems from the TLK model
for surfaces[18]. It enables the deduction of, for example, the
general surface energy 7(6) in between the calculated surface
energies 100 and y11¢. In this manner it is possible to construct
a surface energy in a general direction from the ab initio calcu-
lations fit for comparison with experimental data.

Work function measurements are decidedly more precise than
surface energy measurements. The source of inaccuracies lies
in the presence of surface defects. Adsorbed impurities or struc-
tural surface defects can dramatically alter the measured work

function. A thorough review of available work function data was
recently made by Kawano[19]. Not all elements are included in
this review. Nevertheless, it provides a wealth of information
on the discrepancy between different experiments measuring the
work function for the same element and surface. By analyzing
this large data set, it is possible to determine accurate errors for
the elements reviewed by Kawano. From this analysis a gen-
eral accuracy of work function measurements can be estimated.
This is a useful tool for evaluating the well-known source of
work function data compiled by Michaelson[20], which lacks
rigorous discussion of experimental errors but provides data for
more elements than Kawano. For many elements there is only
a polycrystalline work function available, which corresponds to
a surface with facets of different crystallographic orientation. It
is the surface calculation yielding the lowest anisotropic work
function that corresponds best with the one that is measured for
a polycrystalline surface[21].

C. Statistical analysis

A theoretically expansive description of the methods used in this
section can be found in[22], but the emphasis here lies on the
interpretation of the statistical concepts for DFT error analysis.
As done previously in the work by Lejaeghere et al., a linear
regression using a standard least-squares fit was made between
the experimental data Y and DFT data X. The objective was
to characterize the DFT result as a prediction for experiment,
taking into account the fact it contains a size-dependent error (3
and a constant error 3s:

Y =050X+05 3

Given a population of DFT and experimental data (size V), the
maximum-likelihood estimates for 31 and (35 are found by min-
imizing the penalty function of the regression:

N
P =) (BiX;+ B2~ Y;)? “)

This penalty function is a measure for the residual error of the
data compared to the linear regression. An unbiased estimator
for this standard error on the regression (SER) is :

SER = \/Zq{v(&Xi + By = V)2

N -2 ©)

The SER of a linear regression on a data set of DFT and exper-
imental values is thus the expected residual error made by the
DFT prediction. If it were zero, DFT would model the actual
physical result perfectly but for a constant offset and a relative
error. These errors are obtained with respect to the entire data
set and thus are material independent.

The analysis becomes somewhat more intricate if there is an
imprecision on the experimental data. In this case, one cannot
simply punish each quadratic error equally harsh in the penalty
function. Instead, a weighted least-squares fit can be used which
normalizes the difference between the linear fit and the data
point to the standard deviation:
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Fig. 2: An illustration of the meaning of the SER. It is a variable, residual error
on top of a systematic deviation. Image by Lejaeghere et al.[7]
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K2
The weights o2 are determined by the experimental errors. The
SER is deduced in the same way from Py,c;gn¢ as it is from P for
the normal regression. Its interpretation is somewhat different
however, as it now becomes a dimensionless number due to the
normalization on the standard deviation. A perfect prediction
will no longer produce an SER equal to zero, but equal to one.
The residual error relative to the weighted regression can never
be smaller than the error on the experimental data.

III. RESULTS

The weighted linear regression explained in section II-C is ap-
plied to the data for surface energies and work functions. Both
for LDA and PBE, the predicted quantities are compared with
experiment in Figures 3 to 6. Be Cr are considered as strong
outliers with respect to the general trend. The bad performance
for both work function and surface energy of the former is sus-
pected to be caused by highly inaccurate experimental data. Cr,
on the other hand, has a strong magnetism at the surface which
might be the cause of the faulty surface energy. Both these el-
ements were omitted from the linear regression. They are how-
ever indicated in the figures to highlight their outlying position.

The results from the fitting procedures on the four comparisons
with experiment are shown in table 1. The nature of the errors is
different for work function and surface energy. Whereas surface
energy has no constant error for both LDA and PBE, the differ-
ence between PBE and experimental work functions is almost
constant. The trend of the LDA work functions is a mixture of
a constant and a size-dependent discrepancy with respect to ex-
periment. From the SER values it is clear LDA is a better func-
tional for obtaining surface energies. When the overestimating
trend is corrected for, i.e. one would scale the LDA result with
0.866, the residual error is significantly lower compared to the
one for PBE. The choice of functional is somewhat more diffi-
cult when accurate work functions are desired. LDA might have
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Fig. 3: Comparison of experimental to LDA work function, with the weighted
linear regression (blue line). The outlier Be is highlighted with a red circle.

Experimental Work Function (eV)
S~
T

Group I & II elements
¢ Transition metals

v Magnetic elements
Semi-conductors

p-type metals

| . | . |
22 3 4 5 6

PBE Work Function (eV)

Fig. 4: Comparison of experimental to PBE work function, with the weighted
linear regression (blue line). The outlier Be is highlighted with a red circle.

a slightly lower SER, but the fact that PBE has a very small size-
dependent error might be more interesting. The general trend
between LDA and PBE is almost perfectly linear, with a corre-
lation coefficient of = 0.99 for both work function and surface
energy.

P Slope % error Offset (eV) SER
LDA 0.924 8% 0.284 1.406
PBE 0.97 3% 0.378 1.536

04 Slope  %error  Offset (J/m?)  SER
LDA || 0.866 15 % 0.003 1.651
PBE || 1.046 -4% 0.024 1.95

TABLE I: The parameters of the weighted linear fits for work function and
surface energy for LDA and PBE without Cr and Be.

One must be careful when singling out individual elements from
the test set for comparison with experiment. The significance
of a difference between DFT and experiment should always be
weighed with respect to the experimental error. Nevertheless,
some periodic trends can clearly be observed in the results:

o The Ti group has work functions that are too low for both
LDA and PBE, although it should be noted the work function
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Fig. 5: Comparison of experimental to LDA surface energy, with the weighted
linear regression (blue line). The errors bars are derived from the Tyson and
Miller method. The outliers Be and Cr are highlighted with a red circle

functions and surface energies depends on the correct assess-
ment of the variance of the experimental data, but since those
for surface energies were taken rather large and those for work
functions are believed to be exact, the fact that the SER for the
latter were lower than for the former indicate DFT-predicted sur-
face energies are less reliable than work functions.

Another line of research, besides the direct comparison between
DFT and experiment, is to look for correlations with other ma-
terial properties. In a further step, the correlation between (ab-
solute or relative) errors made for a particular property can be
researched. A strong correlation between errors shed light on
the source of the error. DFT-calculated bulk properties and the
comparison with experiment were taken from the work by Le-
jaeghere et al.[7].
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Fig. 6: Comparison of experimental to PBE surface energy, with the weighted
linear regression (blue line). The errors bars are derived from the Tyson and
Miller method. The outliers Be and Cr are highlighted with a red circle

for Zr is deemed to be unreliable.

o The surface energy for Fe and Cr is significantly overesti-
mated for both LDA and PBE and their work function is un-
derestimated for PBE.

« Elements with almost-full or full d-shells have a surface en-
ergy below the regression line, especially the heavier elements.
The underestimation is worse for PBE than for LDA.

o The p-type metals show surface energies well below the gen-
eral trend.

o Ge and Si display elevated surface energies, with Ge also
showing a work function significantly below the regression line.
o The heavy elements (bottom row) tend to have less accurate
property predictions, especially for LDA. However these devia-
tions are not dramatic, as they are always contained within two
standard deviations.

The small SER for work functions for both LDA and PBE sug-
gests DFT-predicted work functions are as reliable as experi-
ment, although the nature of the inaccuracies is completely dif-
ferent for both methods. The prediction of surface energies
shows a larger SER. Comparison between the SER for work

|
400 600 800
PBE Cohesive Energy (kJ/mol)

Fig. 7: The surface energy and cohesive energy are strongly correlated. The
regression line is shown in blue.

An obvious question is whether the work function and surface
energy — both surface properties — are correlated. The correla-
tion coefficient r equals 0.53 for experiment and 0.57 for DFT.
The relation between cohesion energy and both surface proper-
ties explains the moderate correlation.

Surface energy is very strongly correlated with the cohesive en-
ergy. This can be understood from a broken bond model for
surface energy, where the energy associated to the removal of a
neighboring atom is equal to the bond strength. Stronger initial
bonding thus results in a higher surface energy (Figure 7).

One would expect stronger bonding also entails more strongly
bound electrons and a higher work function. This is somewhat
confirmed by » = 0.55 for DFT but not at all for experimental
values where r = 0.33. The absolute error on cohesive energy
is moderately (negatively) correlated (r = 0. — 48) with the ab-
solute error on work functions. The same can be said for relative
errors on the cohesive energies and surface energies (r = 0.59).
Both correlations show the importance of cohesive energy for
work function and surface energy, but the errors can only partly
be correlated.



Within DFT, volume per atom (V}) is negatively correlated in a
strong way with work functions (r = —0.76) (Figure 8), which
can also be observed in the experimental data (r = —0.83). The
errors on Vj are however not correlated at all with errors on the
work function. On the other hand, they are moderately nega-
tively correlated with errors on the surface energy (r = 0.59).
This is because surface energy is expressed in energy per sur-
face; when the size of the surface is overestimated, the surface
energy will be underestimated.
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Fig. 8: The work function and volume per atom are negatively correlated. The
regression line is shown in blue.

IV. CONCLUSION AND OUTLOOK

The goal of this work was to calculate work functions and sur-
face energies for the entire periodic table with DFT-PBE and
DFT-LDA and compare them to experiment. Such a large and
representative test set enables a rigorous statistical approach to
assess the accuracy of DFT-predicted surface properties. An
expansive undertaking of this kind would moreover produce a
guideline for how these ab initio results should be quantitatively
interpreted. It is believed the present study succeeds in making a
well-substantiated comparison between ab initio results and ex-
periment.

Although for some elements there are no experimental data and
for other elements no calculations were performed, a represen-
tative test set was obtained for the elemental metals. It was con-
cluded both LDA and PBE predict work functions very well for
most elements. The most notable exceptions were Ti, Zr, Hf and
Ge. Predicting accurate surface energies proved a more difficult
matter. These were too low for Pt, Ag, Au, T1, Sn and Pb. The
magnetic elements Fe and Cr were among the worst performers
for surface energy as well, especially for PBE.

A very strong correlation was found between cohesive energy
and surface energy. Work functions clearly correlated negatively
with volume per atom. The error on the volume and the error on
the cohesive energy that DFT makes with respect to experiment
are good predictors for the error it makes on surface energies.
No such clear markers were found for work function errors how-
ever.

A first step to improving the current study would be to include
those elements for which experimental data are available but no
calculations were performed. Surface properties for Mn, Hg,
B, Ga, In, As, Sb, Bi, Se and Te would greatly enrich the test
set. Simulating a greater variety of surface orientations would
provide a better surface energy for experimental comparison, es-
pecialy for the hexagonally close-packed elements.

This study limited itself to the use of VASP for performing the
calculations. Comparing with a different software could provide
a good estimate of the numerical precision of a general DFT
calculation. Moreover, using a code that utilizes an all-electron
LAPW method would be an interesting benchmarking study for
the surface properties obtained with VASP.
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Chapter 1

Introduction

Performing ab initio calculations entails starting from an unbiased theoretical principle in order to obtain an
observable quantity. When this starting point is the Schrédinger equation, every observable quantity can be
derived from the ab initio calculation. The — ambitious — goal is to solve a system entirely. Because of the
conscious choice to steer clear of any empirical input, the computations are not bound by the experimental
limitations. The feasibility or precision of the practical set-up is no longer a concern. Conversely, the validity
of the result largely depends on the ability to model the system at hand.

Because solving the Schrédinger equation is such a demanding task, being able to scale an atomic-size cal-
culation to real-world dimensions is the present challenge for ab initio material science. The unit cell of a
crystalline solid, most often of atomic size, represents an infinite translational symmetry. The innate beauty
of this symmetry is the wealth of macroscopic properties contained in such a small subspace of the entire
solid.

In reality, the translational symmetry in the crystalline solid is not infinite. At some point the crystal is termi-
nated or deformed. This is where surfaces, grain boundaries and impurities enter the problem. The famous
quote by Enrico Fermi “If God created the bulk, the Devil created the surface” highlights these annoying
breaks in the translation symmetry. Unfortunately, many material properties are especially governed by the
characteristics of this termination of the bulk and its interaction with the environment — adsorption, electric
contacts and topology of grain boundaries just to name a few.

As is the case for Newtonian mechanics, there is — in general — no analytic solution for the three-body
problem in quantum mechanics. Even the helium atom cannot be solved exactly. If one is to tackle the
Schrodinger equation for an entire unit cell — which may contain hundreds of interacting particles — a sound
numerical method is required. One of these which has become prominent over the past twenty years is
Density-Functional Theory (DFT), which will be explained in Chapter 3. Already in 1970 — 1971 it was
Walter Kohn himself, in collaboration with Lang, who proposed utilizing DFT for calculating work func-
tions and surface energies for simple metal surfaces!'>l Nowadays, DFT can be found in a variety of ab initio
surface studies. ! Despite this widespread application, there has not been a rigorous quantitative study on
the general accuracy of DFT for predicting these surface properties. The purpose of this thesis is to fill this
void. The test set consists of all elements in the entire periodic table, at least those which are experimentally
relevant. Benchmark properties will be the work function and surface energy. Not only can they be derived
fairly easily and unambiguously from a DFT calculation, but experimental values for both material properties



are also consistently available for the entire test set. When eventually a quantitative relation is established
between DFT and experiment, this can help other researchers, both experimental theoretical, to interpret the
DFT-predicted surface energies and work functions.

It is not a specific objective to discuss the accuracy for any individual material, but some interesting cases
will be examinedin detail. The emphasis lies on comparing two sets of data — theoretical and experimental
— which are each intrinsically consistent. This highlights the importance of a uniform experimental data set
and a consistent computational approach to obtain the ab initio data. Primarily focusing on a quantitative
comparison for an entire (large) test set is in stark contrast to previous comparisons of DFT surface calcula-
tions with experiment. Usually, the goal is to highlight specific shortcomings and adaptations of the theory
to improve correspondence with experiment. By evaluating a large and varied test set to establish a general
relation with ab initio prediction and experiment, the current work can serve as a guideline for correctly
assessing DFT-predicted surface properties. This thesis can be seen as an expansion on the recent work by
Lejaeghere et al.!*l, who quantified the accuracy of DFT for bulk properties. The manner in which DFT
results are compared to experimental data in this thesis is similar to the approach taken by Lejaeghere.

As comparison with experiment is in this case not a trivial matter — it never is — the next chapter will discuss
the available experimental data. The specifics of these data have a major impact on how the ab initio results
need to be evaluated. As already mentioned, chapter three will briefly explain DFT along with the technical
details of how a surface is exactly modeled within this framework. The aim of this chapter is to inform the
reader about DFT inasmuch as it is necessary to comprehend the calculations carried out within this work
— thus creating a document which is self-sufficient and accessible to anyone with a background in physics.
Chapter three is concluded with a short overview of DFT benchmarking. A number of interesting studies
comparing DFT surface calculatinos with experiment are summarized.

In chapter 4, the details of all simulations will be discussed. This chapter largely follows the workflow of
the thesis project itself, touching on a variety of problems as they were encountered during the process.
Some case studies are introduced in this chapter, serving the specific purpose of discussing these problems.
In chapter 5 all results will be bundled and compared statistically to experimental data. The details of the
statistical methods involved will be presented there as well.



Chapter 2

Experimental Data

Before discussing any aspect of the ab initio calculations, an evaluation of the available experimental data is
in order. The surface energy and work function were selected as benchmark properties because these are the
most commonly available surface properties. If one wishes to scan a large part of the periodic system in a
consistent manner, reliable experimental data for comparison are needed — preferably with precision errors —
for all elements.

2.1 Surface Energy

The surface energy of a solid is the minimum work required to create a surface. Measuring this energy is
not a straightforward task. Because of this inherent difficulty, a myriad of methods have been put forward
to try and obtain the surface free energy of solids. Almost all — reliable — methods are based on analyzing
the geometry of a structure in thermodynamic equilibrium, which is determined by the minimization of the
interface energies. A basic example set-up is shown in Figure 2.1 where a liquid drop is placed on a solid.
The solid and liquid can be of the same material, but this is not a necessity. The surface energies determine
the contact angle 6 through Young’s equation!, minimizing the surface free energy of the droplet:

Ysv =7Y¥sL + YLy cos(0) 2.1)

The surface energy of the liquid v,y can be measured separately — by measuring the bubble size of an inert
gas in the liquid for example — and the contact angle 6 between the liquid and solid can be observed in the
set-up. The difficulty consists in determining the solid-liquid interaction ys;. Most attempts to cope with
this problem involve assuming a general relation between g and the separate solid and liquid properties.
A short and clear overview of the most frequently used approximations was recently made by Ozcan and
Hasirci!”l in 2008. Although their research was limited to measuring — using several of those approxima-
tions — the surface free energy of polymeric films, the conclusion was a common one for all solids: direct
measurement of surface free energy is unacceptably imprecise with the range of results often as large as the
results themselves.

IThis equation has been around for moren than 200 years, but the correct general proof is not straightforward at all®!,
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Figure 2.1: Schematic drawing of a surface energy experiment. (!

The most common reference for surface energies of solids is the work by Tyson and Miller (1977)8!. Be-
cause of the large inaccuracies involved in experimental measurements, they constructed a model to extrap-
olate ygy from vy y — which can be measured a lot more accurately — at the melting temperature 7.

At the melting temperature it is assumed the solid-liquid-vapor interface of a material obeys ysy = ysr+7yLv.
This assumption follows from observing how solid metals cannot be heated above their melting temperature
T, which implies there is no nucleation barrier for surface melting: ysy > ysr + yry. If this inequality
is combined with the assumption that the surface does not melt below the melting temperature of the bulk
(which means ysy < ysp+7yLy), one indeed concludes ysy = ysr+7yry. This ignores any possible anisotropy
of vs; and only constitutes an average for the surface energy of the solid.

The problem is now reduced to determining the ratio ysy/yry. This ratio can be rewritten:

Ysv/vev = a/(1 — ) (2.2)

with @ = ysp/ysv.

The parameter « is a material — and orientation-dependent — constant and can be deduced by determining
Ys1./Ye» and ygp/ysv from experimental data — with y,, the interface energy of an average high-angle grain
boundary.

YsL/Ygp Was determined for Zn and Al by Miller and Chadwick (1967)°1. The dihedral angle ¢ of a solid
precipitate at a grain boundary, as shown in Figure 2.2, is determined by the relative magnitudes of ys; and
Yeb- The values for Zn and Al were used for all metals. The other ratio needed to obtain the parameter « is
derived in a similar way. At the triple junction of a surface and a grain boundary of a polycrystalline film,
the angle of the groove is determined by y,5/vsv (Figure 2.3). Experimental data for this ratio are available
for a number of materials and were summarized by Tyson and Miller!®!, yielding interesting information on
the material dependency. The ratio varies from 0.24 to 0.38 yet the authors chose to apply an average value
of 0.33.

Tyson and Miller claimed (their arguments are omitted here) the parameter @ = 0.15 + 0.03 to be largely
material independent — quite convenient as the ratio ys/ygp is derived solely from Zn and Al data. This
entails the material dependency of the surface free energy ysy is only present in the experimentally mea-



sured surface tension yry 2 and no anisotropic information is available. From the derivation of the factor «,
the ratio ;{i—‘L] equals 1.18 + 0.03. Tyson and Miller were not the first authors to try and evaluate this ratio,
other values in literature range from 1.09 to 1.33. When using their experimental data for comparison with
ab initio data, the large spread on this conversion factor according to different authors will be taken as the
standard error of the conversion.

grain
boundary

QO = dihedral
angle

Figure 2.2: The dihedral angle of a liquid precipitate Figure 2.3: Cross-section of a triple junction of a
at a grain broundary "] polycrystalline material near the surface. !

The above derivation only yields the surface energy of the solid at melting temperature, in a next step one
would wish to formulate the temperature dependence in a quantitative way. To extrapolate the surface ener-
gies to 0K, an estimation of the contributions to the surface entropy has to be made.’

This entropy consists of a configuration and vibration contribution:

dysv
dT

=5 =8p+ Sconf (23)

S ,ip originates in the altered vibrational modes of surface atoms compared to atoms in the bulk. Tyson!%!3]
used a Debye model to estimate (S ,;p)max = 0.8R per mole at the Debye temperature Tpp, with R the ideal
gas constant. When applying the Debye model to a variety of crystals, S;,/R does vary over a large range
(0.2 to 1.1). The vibrational modes associated with the entropy are activated with increasing temperature,
illustrated by the first slope in Figure 2.4 from OK to T = Tpp. At 0K they are all frozen. A linear increase
is then assumed up to the Debye temperature, which is taken at Tpg = 0.27,,. Typical Debye temperatures
for metals range from 0.17}, to 0.37,, 13!

Starting from about 7 = 0.5T},, surfaces undergo a roughing® transition. As structural defects become en-

There has been some (heated) discussion!'”! on the relationship between surface tension of a solid and its surface free energy
— the Shuttleworth equation. In this work surface tension is always used for liquids — which will not be often — and surface (free)
energy for a solid. What the impact of this recent discussion might be on the surface energies published by Tyson and Miller is
beyond the scope of this work and most likely not quantitatively meaningful.

3This ignores two other possible contributions. An electronic contribution from electrons occupying higher levels at increased
temperature and the energy of the phonons besides their entropy.

“roughing or roughening are both used in this meaning.



ergetically favourable, the surface becomes increasingly vicinal®. A linear evolution of S .., ¢ 1s assumed
between T = 0.5T,, and T = T, with S.,,7(T),) = R. Again, this is a quite crude approximation. The
evolution of the total entropy as a function of temperature is displayed in Figure 2.4.

S/R 1+~ _

05— —

T/T
m

Figure 2.4: The surface entropy S as a function of temperature in the simplified model of Tyson and Miller

There is now a function S(7") which can be used for the entropy of the surface. However, this is the en-
tropy per mole and it does not take into account the surface area A of one mole of material. Tyson!!3]
made an estimate of this for every element based on the molar volume. Note how this is an area where the
crystallographic orientation of the surface might be inserted into the entropy. However, as all anisotropic
characteristics were hitherto ignored, the most consistent approach is to derive the planar molar density from
the three-dimensional molar density. Eventually the following applies:

T
ST’ ..,
you(®) = ysuT) = [ 2 ar @4
T
Measurement of Transform to yg Derive ygy
Yiv(Tm) (Tw) (0K)

Figure 2.5: Summary of the process to obtain the surface free energy at OK.

In Figure 2.5 the basic steps in the scheme are shown. Reliable data for y,y are available only for 49 ele-
ments in the periodic table, of which 47 are highlighted in Figure 2.6. Tyson and Miller give experimental

3A term frequently used to describe real surfaces. It is most meaningful as an aberration from an ideal terrace-like surface.



values for uranium and neodymium as well, but these heavy elements will not be considered in this work.
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Figure 2.6: Elements for which a reliable surface energy can be derived are highlighted in green.

In the introduction to this paragraph, it was already mentioned that ab initio anisotropic surface energies need
to be compared with experimental ones that are of average orientation. It is a consistent problem in publica-
tions comparing DFT surface energies to experiment that the Tyson and Miller results are put in juxtaposition
to the ab initio data without an effort to make them coherent. For some elements — most prominently the
alkaline metals — there is hardly any anisotropy of the surface energy. Other elements can show a variation of
up to 20% in their surface energy depending on the orientation. How can the single average surface energy
be derived from three (in the cubic crystal case) or more calculated ones from differently oriented surfaces?

Let us phrase the question in another way: what is the relation between the surface energy of the low-
index (simple) surfaces that can be simulated’ and a general surface energy? If an analytic expression could
be constructed for a random direction, deriving an average surface energy would be straightforward. The
Terrace ledges kink (TLK) model!'* allows us to construct such a general surface energy. The starting
point is the terrace, the simple surface without any defects. When the orientation is slightly changed, ledges
are added to the surface. Let us demonstrate this with the {100} surface of a crystal with cubic symmetry.
Suppose this simple surface has a free energy contribution of g, expressed in energy per surface area. If one
now wishes to obtain the surface energy of a {510} surface, all it takes is to add a ledge — or step — every 5 unit
cells, as illustrated in Figure 2.7. Adding such a ledge comes at an energetic cost, which can be expressed as
a line defect in % Extending this idea of constructing random surface orientations using ledges to general
directions, the following expression applies: .

¥(6) = yo cos(0) + g sin(6) (2.5)

By using the calculated surface energies for some low-index directions the ratio g can be fitted; the phys-
ical meanings of b (the ledge energy) and a (the lattice parameter) are thus only of underlying theoretical
importance for the model. For a cubic sample for example, one then obtains a general expression for y(6)
for surfaces with their normal in the {110} planes and the {100} planes, of which there are six and three
respectively. Such a function y(6) for a surface energy in a general direction is called a Wulff plot.

%0One could argue the Tyson and Miller surface energies are not exactly linked to average directions, as grain boundaries and
surface orientations are typically thermodynamically favored orientations.

"In theory, all surface orientations can be simulated. The computational cost increases dramatically for higher-index planes.

8Strictly speaking, equation 2.5 is only valid for low angles 6, where there is no interaction between the ledges.
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Figure 2.7: Illustration of the construction of a higher-index surface. Adding a ledge increases both the
surface free energy and the surface itself.

Figure 2.8: A photograph of a (truncated) crystallite!">!, showing the differently oriented surfaces.

Whether or not the simple TLK model describes y(6) accurately across a large range of 8 is a valid point of
criticism. This is a good moment to utilize the experimental results regarding equilibrium shapes of crystal-
lites; such a crystallite is shown in Figure 2.8. These experimental data!!>~2% are very useful for evaluating
the anisotropy of the surface free energy, which determines the equilibrium shape °. The equilibrium shape is
determined by the Wulff construction, which can be derived from the Wulff plot. Starting from an experimen-
tal shape, one can trace back to the Wulff plot. Sadly, such experiments are extremely material dependent — as
the crystallites are grown on a substrate — and there is no self-consistent data set available for all the elements.

It is possible however, to use the results of Bombis!!'>! for Pb to evaluate whether Equation 2.5 renders sat-
isfactory results. In Figures 2.9 and 2.10, a very similar behavior is observed. The biggest discrepancies are
caused by the differences in the energies for the low-index directions, i.e. the accuracy of the DFT result!°.
This comparison is a convincing argument in favor of using the TLK model to obtain y(6).

°Quite recently — in 2002 and 2004 — there has even been an attempt!'>' 19! to determine the absolute surface free energy of the
researched metals, although this was only moderately successful.

19Tt must be emphasized this is for a crystallite at 206K — 473K. As the planar density of the atoms at a surface is dependent on
the surface orientation, the free energy contribution from the entropy is dependent on this orientation. This is yet another reason
why quantitatively comparing the crystallite data with DFT calculations is troublesome.
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Figure 2.9: The results presented by Bombis!!3 for Figure 2.10: Calculated y(6) in the {110} plane based
v(0) of Pb in the {110} plane. on ab initio simulations in this work.

When evaluating the above derivation from yry at T, to ysy at OK there are a couple of sources of errors.
Using the same ratio @ = yg/ysy for all materials ignores the material dependence. This simplification re-
sults in a £10% error for ysv(T},), an error estimate derived from the spread in the ratio % put forward by
different authors. When extrapolating to 0K, both the magnitude and the ranges for the contributions to the
entropy were chosen independently of the material. The estimates used entail a possible error of up to £50%
on the thermal correction term. It must be emphasized that the choices made in the derivation to simplify the
process were perceived to be good averages across all materials. Hence one would expect the method to be
overall quite accurate, although material dependent variations are described with limited precision (+10%).
The absence of large systematic deviations is of the utmost importance for statistical comparison with ab
initio data. Although the assumption is made that Tyson and Miller are correct on average and the Wulft
plots that are make describe their results, it should not be forgotten these might be sources of systematic

deviation.

2.2  Work Function

The Work Function is the difference in energy between the Fermi level of the solid and a point outside the
solid, sufficiently far removed from its surface so that no interaction with the surface is present. In con-
trast to measuring surface free energies, a variety of reliable methods exist to measure the work function ®
of a surface. In essence all experiments consist of extracting electrons from a surface — either by thermal
excitation (thermionic emission), photoexcitation (photoelectric effect) or an electric field (FERP, CPD) —
and measuring the resulting electron flux. However, the presence of defects and adsorbed impurities is the
main source of inaccuracy, not the specifics of the experimental set-up. Therefore it is not necessary to make
a distinction as to how the work function is obtained, since all methods yield —roughly — equivalent precision.

The work by Michaelson!?!!, published in 1977, still stands as the most prevalent reference for work func-
tions. The author reviewed available experimental data and selected preferred values for a large number of
elements at low-index orientations or polycrystalline samples. The experimental data that was selected has
in most cases survived the test of time, but little can be said about their precision in general. It is certainly
not the purpose to try and improve upon the choices of a seasoned experimentalist who is familiar with
the methods of work function measurement and sample preparation difficulties. It is important however, to



have some knowledge of the size and nature of the errors involved, if a sound statistical comparison is to be
performed with calculated work functions. According to Michaelson, a general error estimate of the error
is 0.1eV to 0.2¢V. Further on it will be clear that this is an optimistic estimate for a lot of materials. The
elements for which experimental data are available are represented in Figure 2.11.

H He
Be F Ne

Na Cl Ar
K Ca S Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge Br Kr
Sr Y Zr Nb Mo Tc Ru Rh Pd Ag I Xe

Cs Hf Ta W - Ir Pt Au At Rn

Figure 2.11: Elements for which a work function has been determined according to Michaelson. Color code:
green elements have anisotropic data, yellow is for polycrystalline samples and an element in red has only
unreliable data

A much more expansive effort was made by Kawano!?? in 2008 to evaluate the plethora of experimental
data. Like Michaelson, he eventually selected a preferred value, but in the process he also made a full
compendium of the work functions he used from literature. When scanning this large data set it becomes
apparent just how large the spread can be on the work function of a — simple — surface. For most materials
evaluated by Kawano, the experimental data spreads across an interval of 0.3eV to 0.6eV. This large varia-
tion indicates a substantially lower precision compared to the 0.2eV according to Michaelson. On the other
hand, for some surfaces the deviations are markedly smaller, which means comparing the experimental data
should be done in a weighted manner. The specifics of this weighted comparison will be explained in section
5.1. Unfortunately only a select few elements have a large number of reliable work function data, which
limits the number of materials Kawano has covered in his review compared to Michaelson’s. Although it
does add to the Michaelson data set due to the more recent date of publication, its main contribution lies in
the quantitative information on the work function errors. In the review by Kawano, temperature dependence
of the work function was also researched. The temperature coefficient for the work function was always
small (107 to 10‘4%). Because the temperature dependence is multiple orders of magnitude smaller than
the typical experimental precision, it was not taken into account in this work.

Many elements only have a work function for polycrystalline samples. Just as was the case for the surface
energy comparison, a transformation from the anisotropic work function calculations will be needed to match
the isotropic data. What is obtained exactly when the work function of a polycrystalline sample is measured?
Without delving too deeply into the specifics of the different experimental methods, a short explanation of
the set-up is in order. The well-known photoelectric experiment can serve as an illustrative representation of
a typical experiment (Figure 2.12). Most often the frequency of the incident light on the surface of which
one wishes to obtain the work function is tuned to be near the threshold. This means the facets of the sample
which have a higher work function will not contribute, as the photon energy is insufficient to excite the elec-
trons from these surfaces. As most experimental methods scan a sizable area of the sample — multiple grains
with different orientations — they actually measure the facets with the lowest work function (or other facets
with a work function very near to this lower bound). This conclusion is not only plausible, it was actually
confirmed in a review by Helandar %3,
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Figure 2.12: The schematics of a photoelectric experiment!>*l. The stopping potential is determined by the
frequency of the light and the work function of the emitter plate material.

The question now remaining is: what does the surface topology of the experimental samples look like?
Which surface orientations are present, are there any structural defects — often lowering the measured work
function — or adsorbed impurities — most likely rendering a higher value? It is impossible to deduce the
sample topology of all the polycrystalline work functions that will be used, lacking information about the
actual samples. It is possible however, to compare polycrystalline results with anisotropic data thanks to the
Kawano review, which sheds light on the topology of a general polycrystallince surface. The elements for
which both isotropic and anistropic data are available — there are 14 of them — show very little difference
between the lowest anistropic work function and the polycrystalline one, confirming the above reasoning
and the review by Helander. The average offset is 0.09¢V with a standard deviation of 0.2¢V — the data are
presented in Table 2.1. Compare this to the difference between the polycrystalline work functions and the
average of the anisotropic data for each element, where the difference is —0.17¢V with a standard deviation
of 0.15¢V. The lowest anistropic work functions clearly lie significantly closer to the polycrystalline exper-
imental data. Moreover, the deviation is no larger for the offset than it is for a set of experimental data of a
polycrystalline surface. It is clear one can safely proceed comparing the lowest calculated work function for
a certain element with the polycrystalline experimental work function.

There is now a sound procedure to formulate work functions and their errors. As the effort by the experienced
experimental reviewers can not be ignored, their selected values will be used. The error on an element
reviewed by Kawano (these elements are highlighted in Figure 2.13) will be determined by the spread on the
available data. For all other elements, a good standard error value is 0.32¢V. This was deemed to be a “safe”
estimate based on spreads for polycrystalline work functions in the Kawano data set. All experimental data
and errors used in this thesis work can be found in Appendix A.
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Material | @poiy (€V) | Piow (€V) | A2 (V) | Qaverage (V) | ATV (V)

Ni 4.87 4.64 0.23 5.05 -0.18
Rh 4.9 4.77 0.13 5.19 -0.29
Ir 5.27 5.42 -0.15 5.64 -0.37
Pd 5.24 5.08 0.16 5.41 -0.17
Pt 5.27 5.61 -0.34 5.76 -0.49
Cu 4.51 4.48 0.03 4.65 -0.14
Ag 4.36 4.16 0.20 4.41 -0.05
Au 5.31 5.29 0.02 5.34 -0.03
Al 4.23 4.21 0.02 4.28 -0.05
Nb 4.02 3.86 0.16 4.21 -0.19
w 4.55 4.38 0.17 4.75 -0.20
Ta 4.25 4.0 0.25 4.33 -0.08
Mo 4.6 4.09 0.51 4.48 0.12
Fe-a 4.66 4.59 0.07 4.86 -0.20
Si 4.6 471 -0.11 4.78 -0.18
Average A 0.09 -0.17
Deviation on A 0.20 0.15

Table 2.1: Comparison of the polycrystalline work function ®,,,;, with the lowest anisotropic work function
®,,,, and the average of the anisotropic work function ®yer4ge-
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Cs Ba Lu Hf/Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn

Figure 2.13: Elements for which Kawano reviewed the work function data. Color code: green elements have
anisotropic data and yellow is for polycrystalline samples.
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Chapter 3

Modeling a surface

In this section the aim is to provide a complete overview of how a surface is modeled and how the work
function and surface energy are derived — from theoretical background to practical implementation. It is
obviously not the goal of this chapter to present a rigorous background of Density-Functional Theory (DFT).
The main purpose is to present a succinct theoretical framework from which the reader can understand the
key computational properties that influence a DFT calculation for surfaces. A large part of the structure and
concepts in this section are based on the short introduction into DFT by Cottenier!>3. To end this chapter, a
short introduction to DFT benchmarking is presented with an emphasis on errors on surface properties.

3.1 Density-Functional Theory

3.1.1 The many-body wave function

The bare nature of a solid is a collection of nuclei and electrons. Within a spin-independent description,
all information on this system is contained within the wave function T(ﬁl, e ,ﬁN, 7, ..., 7)) with I?,- and 7;
the place coordinates for the N nuclei and n electrons respectively. According to quantum mechanics, the
time-independent many-body wave function can be found by solving the stationary Schrédinger equation:

h2 N V . hz n V 1 N.n 2Z 1 N,N ZZZ 1 nn 2
" Rl L/ Z ¢ > = Y S lw=EY (G
2 - 2 - m, 4ne |R ~ 7l 87‘(6() pr IR -R. I 87r60 e |7 — Fjl

Solving this differential equation is hampered in large part by the two-body operators of the electrostatic
interaction. If there would only be one-body operators present, one could simply decouple equation 3.1 to
single-particle differential equations.

A first simplification is performed by applying the Born-Oppenheimer approximation. Because the mass of
the nuclei is of the order of 10° times heavier than the electron mass, the nuclear positions are considered
static in the system. Clamping these nuclei to fixed positions neglects the V2 terms and the positions Ri
become parameters in the differential equation. The two-body operators for the 1nteract10n of the nuclei with
themselves and the electrons are now simplified and they determine the external potential for the n-electron
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many-body system.

N,n

Vexl(?la-u,?n):_ Z

i,j

ezZ,- + 1 NZN eZZiZj
R, — 7| 8760 £4|R; - R)|

(3.2)
i#j

The remaining part of the Hamiltonian only depends on the number of electrons n. One can write formally:

H=T+V +V.y (3.3)

universal

3.1.2 Hohenberg-Kohn theorems

The only term still obstructing a straightforward solution is the electron-electron repulsion. To cope with
this particular problem, a different approach to the Schrédinger equation is taken in DFT.

The postulates of quantum mechanics state that every observable quantity can be measured as the eigenvalue
of a corresponding operator O. The expectation value of the observable quantity for the system is thus deter-
mined by (Y|O|¥). The wave function is not the only fundamental quantum mechanical variable, as the first
Hohenberg-Kohn Theorem states 2!

"There is a one-to-one correspondence between the ground-state density p(F) of a many-electron system
(atom, molecule, solid) and the external potential V,y.”

As the density is defined as the chance of finding an electron at a location:

n
p() = (i, ..., 70| Y. 6 = PI¥(F, ..., 7)) (3.4)
i=1
this theorem entails the existence of a corresponding functional O[p] for every operator O with:

(PI01¥) = Olp] (3.5)
which means the ground-state density of an n-electron system contains as much information as its many-

body wave function. This is also true for the total ground-state energy of the system E = (V|H|¥) = E[p],
which also meets the second Hohenberg-Kohn theorem 2!

The ground-state total energy functional E|p] is of the form:

WHY) = (VIT + V) + (PVeu]P)
= Fuklpl + Veulpl = Fuxlpl + [ p(PVeu(HdF? (3.6)
= Ey,lpl]

14



Where the Hohenberg-Kohn density-functional Fyg is universal for any many-electron system with a given
number of electrons n, and the energy functional Ev,_[p] reaches its minimum for the ground-state density.

This last point of the Hohenberg-Kohn theorems — the variational access to p(r) via the energy functional
— provides us with a formal solution for the many-body equation. Although the Hohenberg-Kohn density-
functional Fyg is a universal functional applicable to any many-electron system, its real form is not explicitly
known. At this point DFT is still not a practical tool to solve the many-body problem.

3.1.3 The Kohn-Sham equations

Kohn and Sham proposed[?”! to decouple the differential equation by introducing a single-particle Hamil-
tonian Hgs. A full anti-symmetrical product (to meet the Pauli-exclusion principle) of the derived single-
particle orbitals can subsequently be constructed to obtain the many-electron wave function. The density
then becomes:

n
GEDN GG (3.7)
i=1
With ¢; the n lowest energy solutions of:
Hgs¢i = e (3.8)

One can compose the Kohn-Sham Hamiltonian in a way which is physically quite insightful:

I:IKS = fo + ‘A/H + ‘A/xc + Vext (39)

where T is the non-interacting single-particle kinetic energy:

. ?
To=—=—V? (3.10)
2m,
Vi the Hartree potential energy:
2 "
= [ £ 45 G.11)
dneo J |7 - 7|

and V,,, the interaction with the nuclei. The remaining contributions to the total energy are incorporated in
the exchange-correlation functional V,, which should incorporate all pairwise interactions not included in
the mean-field approach — p(7) being this mean field.

The latter functional is of course the Achilles’ heel of Kohn-Sham theory, as its exact universal form is
not explicitly known. The approximations to V,.! utilized in DFT will be the main source of error in the
calculations — the Kohn-Sham scheme would be exact if the universal functional V,. was known explicitly.
However, DFT calculations with even the simplest of approximations for the exchange-correlation energy

'Both E,. and V,, refer to the exchange-correlation contribution to the energy.
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perform remarkably well within a lot of physical systems.

The decoupling of the differential equation is thus performed by replacing the electron-electron interaction
with an electron-mean field interaction. The fact that this mean field is produced by the results of the de-
coupled equations themselves is not an obstruction. One can tackle this by starting from an initially guessed
density po(7) and calculating a new one. This iterative procedure is continued until the newly calculated den-
sity matches the old one. At this point the calculation is converged — within a certain precision requirement
— and the correct density is found. Most commonly the total ground-state energy is used as a convergence
criterion. A flow chart of the self-consistent field cycle can be seen in Figure 3.1.

Start from initial p,

Poiq 3 input Calculate H g [Pl

replace

—— Pod Derive ¢,

pnew

is pnew = pold ?

yes

SCF cycle converged |

Figure 3.1: Schematic overview of a self-consistent field (scf) cycle. No criterion for comparing p,; and
Prew 18 explicitly mentioned here.

It has to be stressed these orbitals ¢; have no physical meaning. They are only results of an assisting
independent-particle model. In a many-electron problem the electrons are correlated and only the full all-
electron wave function should be interpreted as a physical result of the self-consistent field cycle.

3.1.4 Explicit forms for E .

In a first approximation E,.[p] is only dependent on the local density — hence it is called the local density
approximation (LDA) 8,

EPp] = f p(Pec(p(P)dF (3.12)

No analytic expression is known for €,.(0(7)) but the lower and upper bound are known and numerical solu-
tions can be obtained by performing Monte Carlo simulations and meeting the limiting behavior.

The success of this simple form for E,.[p] lies in the fact that one is usually interested in some difference of
calculated quantities: energies of formation, adsorption energies, surface energies, vacancy energies, work
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functions, etc. For all such quantities a large cancellation of the error made by the approximate functional
takes place. For this reason LDA calculations have been included in this thesis.

A more accurate approach is to incorporate the gradient of the density Vp(7) in the exchange-correlation
functional. This family of functionals are called Generalized Gradient Approximation (GGA) functionals:

ESGA[p] = - f (CEP 4+ F(s(P)p*P (PdF 3.13)

Where CLP4 is the constant to obtain the LDA exchange contribution and s(7) = %3(%)' a dimensionless
gradient. The gradient can be included in a variety of ways, through the choice made for the functional
f(s(7)). Some approaches, like B88?%! for exchange, LYP!! for correlation or the P86 functional B! intro-
duce a fitting parameter for the function f. This in fact turns DFT into a semi-empirical method. Others,
like PW91 132! or PBE[3334 try to obey the exact behavior of the correlation functional. Especially PBE has
become very popular for condensed matter because of its wide applicability.

Until now, the electron spin has been ignored. For non-magnetic systems this is not a problem, since the
spin-up and spin-down populations are equivalent. If one wishes to incorporate magnetism however, the
electron density will have to be separated into a spin-up and spin-down density and the respective interac-
tions accounted for in the exchange-correlation potential.

Because the PBE functional incorporates the gradient of the density, one might expect it to outperform the
LDA functional for surfaces, as the electron density drops to zero quite rapidly in the vacuum. Although this
thesis restricts itself to these two functionals, nowadays it has become computationally viable to perform
DFT calculations for surfaces on a higher level of theory. In comparisons with literature for some specific
elements, these hybrid GGA’s will show up.

3.2 Computational implementation

The Kohn-Sham equations provide us with a set of decoupled eigenvalue problems. However, their solutions
are formally continuous functions. Within the finite memory of any electronic device used for computation,
these functions need to be represented by a set of finite numbers parametrizing a function of prescribed form.

3.2.1 Basis sets

The most common solution methods represent the Kohn-Sham single-particle orbitals |¢;) by a linear com-
bination of a set of basis functions {|¢}1’ > yees |¢%>}:

6y = ) chleh) (3.14)



Inserting this expansion into the Kohn-Sham equation %! yields:

J=1

B B
Hys Y ! |¢’;) =ay.c ‘¢§’> (3.15)
=1

Scalar multiplication with any ¢?, results in B equations:

B B
¢ (¢l Axs |¢?> =€) ¢ (¢’Zn|¢?) (3.16)
j=1 Jj=1
which can be contracted into matrix notation:
¢l ¢l
(ohl fxs |o2) ‘ l L=l P (sl \ l : (3.17)
Cp Ccp

this is a general eigenvalue equation, where the index i is dropped, stressing the fact B eigenvalues for the
energy and eigenvectors for the single-particle wave functions are obtained via one algebraic eigenvalue
problem. If the basis functions ¢” are orthonormal, equation 3.17 reduces to a normal eigenvalue problem.

Naturally, the choice of basis set — both the number and type of functions — will greatly influence the ac-
curacy of the expansion and, eventually, the obtained solutions. Including more functions into the basis set
will require a higher computational cost, as the matrix diagonalization becomes more demanding. Three
principle features of a basis set are its efficiency, a possible bias and its flexibility.

One idea for a basis set comes from quantum chemistry, which uses a linear combination of atomic or-
bitals (LCAO) to obtain single-particle wave functions. By choosing hydrogen-like wave functions centered
around the atomic positions, a basis set of which the functions already approximate the final solutions very
well is obtained. In this way, the basis set does not need to be large to represent the solutions accurately —
one refers to it as a very efficient basis.

The use of atomic orbitals becomes less successful when the electron density deviates strongly from an
atom-in-molecule behaviour. This is particularly true for metals, where electrons in high-energy orbitals
are delocalized from atomic positions. The orbitals around the Fermi level will however determine most
interesting chemical and physical properties (band gap, conductivity, reactivity and angular properties). In-
corporating more atomic basis functions does not guarantee an improved description of the higher orbitals, as
these are not necessarily well-matched by atomic orbitals — they form a biased set . For many solids a more
flexible basis set is desired, performing equally accurately for a variety of atomic species and configurations.

An approach that is less biased is to describe the Kohn-Sham orbitals as a linear combination of free-particle
wave functions:
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6P = D cpe™” (3.18)
i

Where the sum is formally taken over all vectors kK €Rin reciprocal space. At this point the basis set is
impossibly large. The symmetry of the periodic crystalline solid — represented by the crystal lattice — greatly
simplifies the problem however. As the Bloch theorem states:

Any eigenfunction ¢%(?) of the Hamiltonian in a crystal can be written as a product of a function u%(f’) that

has the periodicity of the lattice, and a plane wave %" with K any vector in the first Brillouin zone:

¢o(P) = ug(f)e”z’? (3.19)

Because of the periodicity of the function u%’(?) one can rewrite equation 3.18 as:

n _ nk ik
¢ = Zﬁ: e (3.20)

where the sum is taken over all reciprocal lattice points K. The crystal impulse K is an eigenvalue of the
Schrédinger equation of the crystalline sold. If one such eigenvalue Kis regarder, the expansion (Equation
3.20) is still over an infinite set, but it is countable. Moreover, truncating this set can be done on basis of
physical grounds. If one imposes a maximum value K., a maximum for the free-electron energy is set —
and thus the oscillation frequency of the density in space. Therefore it is usually called the cut-off energy:

K2
Ecur = — (321)
2m,

This means the sharply oscillating behavior of the density near the atomic nuclei is the determining factor
for the number of reciprocal points K needed in the basis set.

From the matrix representation 3.17 and the fact plane waves are orthogonal, the solution is now obtained
via a simple eigenvalue equation. For 2N electrons in a unit cell, the N lowest band indexes are the bound
solutions. The only choice left to be made is for which vectors K in the first Brillouin zone the Kohn-Sham
equations should be solved. The discrete number of values K should be sufficient to accurately numerically
evaluate the total energy integral in equation 3.22, where the sum is taken over all bands and Qp is the
volume of the first Brillouin zone.

N
1 - o
Epp = Z — fg ; ,(k)dk (3.22)



3.2.2 Pseudopotentials and augmented methods

In the previous section it was concluded a plane-wave basis can be constructed for every periodic potential,
by choosing a cut-off energy E.,; and a set of l?—points in the first Brillouin zone. Sadly, this still leaves us
with an unmanageable basis set size. Even for the valence electron density, the internodal distance near the
nucleus is too small for most elements , requiring a cut-off energy that results in basis sets with more than
millions of functions. Diagonalizing such a large matrix is not feasible.

There are several methods to try and reduce the required number of plane waves in the basis set. The first
stems from the chemical picture of molecules and solids. The behavior of the elctrons near the nucleus is
of little significance for the interatomic behavior. Yet it is near the nucleus that short-range oscillations in
the density are encountered, imposing the need for a very large basis set. A simple strategy is to replace
the external potential near the atomic positions. Such an adaptation should — if done correctly — leave the
properties of the compound largely unaltered. There is however no infallible procedure for generating such
a pseudopotential (PP). Its validity can only be shown by producing accurate results.

\{Jpscudo 7
’
/1N 1

~ ‘\ r

’ e
\"P/\/Z /

Vpscudo

Figure 3.2: A conceptual graphic showing the smoothing of the wave function by adapting the potential near
the atomic core. 3]

A more general approach is taken by Blochl, called the PAW method3%37], The ansatz is to construct an
operator 7~ which defines a transformation between full wave functions |¢) and pseudo-wave functions |q7)>
The latter are smooth functions in the regions of the atoms Qg — augmentation spheres — and hence require
only a fraction of the basis functions needed to describe the actual Kohn-Sham orbitals |¢). They can more-
over be expanded in a more efficient basis of so-called partial waves. As the pseudo-wave functions match
the original ones outside the augmentation spheres, 7~ may be written as

9y =7 |8) = > (1+7%)[3) (3.23)

R
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Where 7 is the zero-operator outside the augmentation spheres.
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Figure 3.3: A graphic illustrating the point of the operator 7. Slide by P.Blschl

Again, the entire point of the method is to smooth the wave functions close to the atoms. This is graphi-
cally depicted in Figure 3.3. By constructing an operator that defines the transformation between full and
pseudized wavefunctions there is now a method to efficiently perform the calculations — saving time and
memory — while still having access to the full Kohn-Sham orbitals.

The combination of the PAW method with plane waves and a frozen core ensures a good degree of accuracy
while providing the necessary quickness?®!, desirable because of the large number of calculations required
to obtain precise work functions and surface energies for all low-index surfaces across the entire periodic
table. The Vienna ab initio package (VASP) developed by Kresse et al. 32! will be used.

3.2.3 Mixing and smearing

During the explanation of the process described in Figure 3.1 the speed of convergence was not discussed.
Indeed it is not necessarily guaranteed that the density obtained from solving the Kohn-Sham equations will
yield an improved density. Because of this, the old and new density will be mixed into a density for the next
iteration in the self-consistent field cycle. This mixing process greatly reduces the time needed to conver-
gence the calculation. There are several mixing schemes available*3!, but for all calculations with VASP the
default Pulay “**! scheme will be used.

Another problem greatly hampering convergence occurs in metals. In a metal the highest occupied orbital
. g . . . . . .
crosses the Fermi energy at some £ in the first Brillouin zone. This means equation 3.22 in general becomes:

Sl ., L
Eu=Y g [ a6 - el (3.24)

n=1 Qpz
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with ® the temperature-dependent Fermi-Dirac distribution, determining the energetic distribution of the
electrons. As no temperature is included in DFT — indeed only the ground state density is meaningful — @ is
a step function. Approximating such a step function in reciprocal space requires a high density of Iz—points
in the first Brillouin zone, while the exact description of the step is not necessary for accurate energies. For
successive steps in the scf cycle, the lg—point where the valence band crosses the Fermi energy might move
around in between sampled lz—points. This abrupt change in occupation of I?—points hampers the conver-
gence greatly. To smooth out this process, one can approximate the step function by a smooth function —
introducing partial occupations. There are a couple of choices for such a smooth function. A physical finite-
temperature approach can be introduced, imposing a — very low — temperature and using the Fermi-Dirac
distribution. More successful approximations of the step functions can be obtained with Gaussian functions
or Hermite polynomials (Figure 3.5).

Another way to tackle the step function is by performing the integration in equation 3.24 somewhat more
intricately. By taking a weighted sum of a number of nearby k-points, each discrete part of the integral is
approximated more accurately. This is called the tetrahedron method.

Two general rules are to be obeyed with respect to the use of different smearing schemes. For all elements,
the tetrahedron smearing by Blochl#9! is considered as the most accurate method for total energies. On the
other hand, to obtain accurate forces for metals — important for optimizing the atomic positions for mini-
mal energy — the Methfessel-Paxton#’! scheme is required*?!, as the Blochl scheme is not variational with
respect to the partial occupations. The finite temperature parameter o, which determines the width of the ap-
proximating function, should be small enough not to influence the result of the calculation yet large enough
to aid the numerical convergence.

3.3 Using DFT for a surface simulation

In section 3.2.1 the use of a plane-wave basis was applied to the specific case of a crystalline solid. The
Bloch theorem however, applies to any periodic potential even if this periodicity is entirely manufactured. A
single isolated molecule may be equally accurately modeled, provided the size of the — manufactured — unit
cell is large enough as to avoid interaction between cells. In such cases, the integral in equation 3.22 may
be accurately calculated by using only one I?—point in reciprocal space for a non-periodic direction — thus
recovering some of the additional computation time caused by using a larger unit cell.

3.3.1 The unit cell

When using a three-dimensional periodic code, modeling a surface is done by creating slabs. These slabs are
created by stacking a number of layers corresponding to the bulk geometry and adding a significant amount
of vacuum in between slabs. The way the layers are stacked is determined by the orientation of the surface —
most often expressed by the direction perpendicular to the surface — and the bulk unit cell. The construction
and simplification of the slab unit cells was performed with aconvasp, a part of the aflow software pack-
age!48],

The translation symmetry entails the slabs are periodically repeated (Figure 3.4), but the periodicity along
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Slabs of atomic layers

Figure 3.5: Different orders of approximating the step function with the Methfessel-Paxton method (using
2 [49]

Hermite polynomials). The width of the distribution depends on the parameter o~.
the direction normal to the slabs is entirely non-physical. This should not matter, as the goal of the inserted
vacuum space is to separate the slabs sufficiently to remove all interaction. In this manner one creates two
surface layers per unit cell. For many common mono-atomic crystal structures and low-index directions —
the unit cell contains one atom per bulk layer. The following sections therefore assumes one atom per layer
in the unit cell. Any deviations are quite easily coped with however.

Special care should be taken to make sure one creates the same surface at both sides of the slab. In the general
case, stoichiometry and equal terminations might even be irreconcilable. Since only the pure elements are
simulated, most slabs will be very simple — the {100} surfaces and {111} slabs for the hcp and diamond
structures respectively forming notable exceptions (see sections 4.4 and 4.5).

3.3.2 Geometric optimization

In practice, the slabs will be constructed — for most elements — starting from the bulk equilibrium geometries
as calculated in the work of Lejaeghere et al.[*. The simple slab obtained from stacking a number of bulk

%In the case of Fermi-Dirac smearing, o is the finite temperature.
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layers and inserting vacuum is of course not a correct representation of a surface. In reality, even for perfectly
clean surfaces without, the atoms at the surface will relax into a different configuration. These altered ge-
ometries are divided into two classes: surface relaxations and surface reconstructions and are a consequence
of the removal of neighboring atoms — causing dangling bonds. A relaxation is simply the alteration of the
interlayer distance perpendicular to the slab plane. A reconstruction on the other hand, involves a displace-
ment parallel to the slab surface — leading to the formation of new atomic bonds. significant reconstructions
are found predominantly in surfaces of strongly covalent materials, whereas for metals or ionically bonded
crystals a simple relaxation is the only adaptation of the geometry.

Figure 3.6: The difference between a Si {100} slab allowed to reconstruct (right) or limited to a simple
relaxation (left)

Most DFT codes include several geometric optimization schemes, as does VASP. By calculating the Hessian

(the partial derivatives of the energy 0?- ai -) the alteration of the ionic positions to minimize the forces is
i0Xj

obtained. Through adaptation of the geometry, a configuration is reached where the energy is minimized and
the forces are zero — up to a certain precision.

It is not the objective to rigorously evaluate all possible reconstructions in this work, the focus is on ade-
quately simulating surfaces to obtain accurate work functions and surface energies. It is of little interest to
pursue a complicated reconstruction — the (7 x 7){111} superstructure of Si for example®” — when such an
altered geometry makes little energetic difference®. As such, only the — fairly simple — 2 X 1 reconstructions
of the diamond lattices (C, Si, Ge and Sn) were taken into account. Relaxations were always accounted for
and the number of layers in a slab allowed to relax was always determined by a thorough test. The details of
this testing will be discussed in the next chapter.

3.3.3 Surface Energy

The surface energy is the energy required to create a surface — usually expressed in # This is exactly what
has been done in the previous section by inserting vacuum into a supercell. The surface energy per surface
atom follows quite simply from the calculations:

Egw— E
o = slab bulk (325)
2
where Eg,;, is normalized to the number of atoms per layer and Ejp,;x normalized to the number of atoms in

the bulk unit cell. The factor 2 accounts for there being two surfaces in the slab unit cell. Note the use of the

3This manifests itself in the experimental difficulty to even obtain this complicated reconstruction for Si.
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symbol o for surface energy pe atom. Throughout this work y will be used for surface energy expressed in
# and o when the units are -2, This is to discern between the DFT result itself, where o directly follows

atom”’
from the calculations, and the eventual macroscopic surface energy for comparison between elements and

with experiment, where the surface area per atom has to be taken into account. In order to use equation 3.25
it is necessary to perform an additional calculation for the bulk material. This does not impose a significant
additional cost, as a calculation of a simple unit cell with only a few atoms is quick work by today’s standards.

The main problem with using equation 3.25 is comparing data from two different calculations. The slab and
the bulk material have a different unit cell — and thus Brillouin zone — both in shape and number of atoms.
Consequently the computational precision will be different — especially with respect to the meshing of the
first Brillouin zone. A slab unit cell is so large in one dimension, the corresponding reciprocal direction only
requires one point. Meshes in Iz—space for surfaces are therefor planar and in this work all K-meshes were
indicated with only two indexes. There is another reason why choosing a planar mesh is beneficial to the
slab model. As can be seen in Equation 3.20, this means the only part of the wave functions accounted for
has the same periodicity as the slabs. This helps suppressing interaction between slabs.

Boettger highlighted this problem and proposed a solution>!l. The idea is fairly simple: adding a layer of
bulk material to the slab will increase the energy Ey,; by the bulk energy.

Epux = EN,, — EN.) (3.26)

Where the superscript indicates the number of layers in the slab. The bulk energy is now derived from slab
calculations and equation 3.25 should render a more accurate surface energy.

The main question surrounding the method proposed by Boettger — and indeed the entire slab model — is:
how many layers should a slab contain? This can only be answered by increasing the slab thickness until the
relevant quantities convergence — in this case: work function and surface energy. In the converged limit, one
side of a slab should have no effect on the other end of the slab.

A more expansive approach was put forward by Fiorentini and Methfessel 52!, Instead of only relying on the
difference in energy between two slabs, it is possible to calculate the energy for a number of slabs of different
thickness. The bulk energy is subsequently derived as the slope of the linear fit to these energies. Once more
this procedure begs the question: what thickness should the slabs be? Furthermore the method by Fiorentini
and Methfessel increases the computational cost substantially. Does the improved accuracy — if there is any
— warrant the surplus of calculations to be performed?

The impact of the discrepancy between a bulk and surface calculation was evaluated by orienting the unit
cell in different ways. This results in the Brillouin zone being sampled at different grid points. In Figure
3.7 it can be seen how the result becomes gradually independent of the orientation. As an example Al is
shown, but the same convergent behavior can be observed for a number of tested materials ; in fact, Al was
chosen because those calculations were markedly more dependent on the l?—point meshing (as a worse case
scenario). The Boettger and Fiorentini & Methfessel methods for obtaining surface energies were proposed
in 1994 and 1996 respectively. Although their concern for comparing computational results is certainly jus-
tified, by today’s standards of computational capacity, using a high lg—point density for bulk simulations is
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Figure 3.7: Different unit cell orientations — and thus Figure 3.8: Evolution of the surface energy — ob-
reciprocal grids — for bulk aluminum. Denser mesh- tained through a bulk reference energy — with respect
ing removes the dependence of the final result on this to slab thickness for Mg {0001} slabs.

orientation.

cheap and ensures a high precision.

If Figure 3.7 shows the problem of a “computational mismatch” is somewhat outdated, Figure 3.8 uncovers
an inherent problem to the alternative methods. The variation in surface energy when adding a layer to the
slab is quite unpredictable. There will, for example, be a discrepancy of 3meV between the bulk energy de-
rived from the difference in energy of the 10-and 11-layer slab compared to the bulk energy derived from the
difference in energy of the 11-and 12-layer slab. If one were to derive bulk energies in this way (Boettger),
these variations will hamper the precision greatly resulting in bulk energies which could never improve upon
a separate bulk calculation. If one would wish to apply a linear fit to the slab energies to derive the bulk
energy (Fiorentini & Methfessel) one can see the influence of the region over which the fit is made. If in
Figure 3.8 the fit is made between 10 and 15 layers, the slope will different from the situation where the fit
is taken between 15 and 20 layers. Moreover, across a large range of slab thicknesses, there is no indication
of a constant mismatch between the bulk and slab calculations. This was to be expected, as adding layers of
bulk stabilizes the slab. It is intrinsically impossible to discern whether the evolution of the surface energy
with increasing thickness is a convergence of the slab calculation — an improvement of the model — or a
mismatch with the bulk energy — a computational imprecision.

In light of these observations, the best method for obtaining precise surface energies is believed to revolve
around a bulk calculation with high precision. Today, this can be done with a minimal investment and en-
sures satisfactory precision. The approach can be summarized as “Make sure each calculation is of sufficient
precision, converged up to a satisfactory level, and comparisons between calculations pose no problem”.

As will be explained in the next chapter, some materials were thoroughly tested — serving as a guide for the
entire periodic system. This included testing for slab thickness impact. From the results of these tests the
Fiorentini & Methfessel bulk energy can be derived, allowing us to assess the impact of the differing methods.

The bulk energy from the linear fit rarely differed more than 0.1 Z:i;‘; from the dedicated calculation.
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3.3.4 Work Function

The work function is the minimum thermodynamic work needed to remove an electron from the bulk of a
solid to the vacuum

® = Vyac — €r (3.27)

Here Vyac is the local potential — which can derived from the calculated density p(#) — at a point in space
far away (on an atomic scale) from the material. An inspection of the local potential V[p](#) is useful for
determining where Ey4¢ should be taken. It should be stressed here there is — in the calculations — no actual
removal of an electron, as is the case when experimentally measuring a work function. The local electron
potential is considered as a fixed scalar field. The validity of this approach hinges on the infinite amount of
electrons — due to periodic boundary conditions — such that the position or momentum of one single electron
does not influence the electronic layout of the solid.*

Local Potential

Figure 3.9: Schematic evolution of the local potential for a simple slab. For easy visual analysis, the potential
is averaged in space across the planes parallel to the slab.

A simplified example is depicted in Figure 3.9. In the vacuum region the local potential converges to a max-
imum. The analysis of the local potential obtained from the calculation is also an easy way of reviewing the
vacuum size.

Because the work function might suffer from fluctuations in the slab Fermi energy when slab thickness is
varied, Fall et al.’* proposed a method to avoid using this Fermi energy as reference point. Instead, one
would use the bulk Fermi energy and switch that to the energies in the slab by comparing the integrated local
potential V[p](7). A central part of the slab over which to integrate should be chosen to compare with the
bulk. As it turns out, the grid in real space used for the calculations should be quite dense to achieve a good
match between the integrated local potential of the bulk and the slab. The computational time and memory
required to incorporate this are beyond the scope of this thesis. In this work the Fermi energy was always
derived from the slab calculation itself.

4This remark is innately linked to the fact that DFT is only relevant for the electronic ground state. If one would wish to model
electron excitation in a truly accurate manner — say, for photon absorption — a time-dependent DFT (TDDFT) approach might
provide a crucial improvement. !

27



3.4 DFT benchmarking

Since the goal of this work is to benchmark DFT for surface properties, a short review of benchmarking in
literature helps to highlight the meaning of the present work and the gaps it attempts to fill. A general picture
of DFT benchmarking is needed first.

The most common types of DFT benchmark studies deviate from the present work in that they focus on
maximizing the accuracy for a particular materials property through evaluation of different functionals, for
example binding energies of H-bonded complexes ™! or non-bonding interactions®%!. The test set on which
benchmarking is performed is consequently limited. When a large test set is used, it usually involves bench-
marking chemical compounds, evaluating molecular thermochemistry with localized basis sets?’°1. Sadly,
these are of limited use for solid-state physics. There have been benchmark studies for solid-state proper-
ties[00-621 byt these focused on a specific subset of the elements, most often the fcc metals. Only the recent
work by Lejaeghere et al.!* sought to chart all possible shortcomings of a functional by including the entire
periodic table into the test set and by benchmarking a number of properties available from experiment. This
work is most notable for its rigorous statistical approach to comparing DFT results with experiment.

In the specific case of benchmarking DFT-predicted surface properties, most studies suffer the problem of
having a limited test set as well. Moreover, a lot of comparisons with experiment also focus on a spe-
cific property. However, different functionals tend to yield good accuracy for one property yet fail for an-
other!®3 For this reason, LDA and PBE are still the most popular functionals for describing a surface in
general.

One of the first expansive benchmark study for surface energies was performed by Vitos et al.[%*. The sur-
face energy was compared to experiment for a very large test set of 60 metals °>. The authors concluded
the GGA was a slightly more accurate functional, although the difference with LDA was marginal — PBE
underestimated the experimental surface energies with 7% whereas LDA made an overestimation of 8%.
Since this is a study from 1998, the number of atomic layers and the size of the vacuum in the slabs were
limited, less than 10 atomic layers and less than 10A vacuum. Moreover, relaxation of the surface atoms was
not taken into account. Although this does entail a limited precision, the results are still comparable to the
present work.

A more recent study by da Silva et al.[%] also included the evaluation of work functions and relaxation ef-
fects, analyzing the contracted interlayer spacing of the surface layers. It is however limited to a select test set
— only a few close-packed structures — which is representative for the full periodic table. The general trend
of lower work functions and surface energies for PBE compared to LDA is confirmed. A noteworthy obser-
vation is the incorrect interlayer spacing — compared to experiment — that was found for the Ti {0001} surface.

A very insightful study which discusses the variety of ways a surface energy or work function can be ob-
tained was recently carried out by Singh-Miller et al.[%®!. Relaxations, surface energies and work functions
were evaluated and compared with experiment. However, this was limited to a very specific test set — only
Al Pd, Pt, Au and Ti {0001}. The authors concluded neither PBE or LDA was a unanimously better choice,
although it is clear in their results LDA does approximate surface energies and work functions better, except

>The same experimental data that were used in this work®!, although Vitos et al. made no attempt to reconcile the anisotropic
DFT results with the isotropic experimental data.
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for Ti.

Very recently — less than a year ago — Wang and Wang[®”) presented simulations for 19 metals — both bcc and

fcc. Although this study only utilized the PBE functional, it is of interest since it also covered bcc elements
and used VASP for the calculations — making their results very interesting for comparison with the ones in
this work. However, simulations for hcp elements were not carried out.

It is sometimes claimed, for example by Hugosson et al.[®8], that the LDA functional offers more accurate
surface energies. This is never explained or substantiated in depth, only a weak explanation along the lines of
“LDA has better cancellation of errors” is given. This reasoning is not watertight. A more expansive reason-
ing is given by Kurth et al.[®®!, who highlight the difficulty of obtaining correct surface exchange-correlation
energies and how more complicated functionals fail to tackle this difficulty compared to LDA. Based on
benchmarking to a jellium model, they conclude the LDA functional overestimates the surface exchange
energy but strongly underestimates the surface correlation energy, whereas the reverse applies for PBE. The
fact that LDA would, as a net result, be a better functional for surfaces would result from a peculiar mixture
of the errors on exchange and correlation canceling out.

This short overview of surface benchmarking shows the void this work attempts to fill. A full quantitative
study of how well surface properties are estimated by DFT across the entire periodic table, for all crystal
structures is still unavailable. Moreover, the discussion concerning the comparison between LDA and GGA
might come closer to being settled by considering all elements. Especially the use of a more rigorous
statistical method might present a more clear picture of the accuracy.
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Chapter 4

Computational details

Being faced with the daunting task of carrying out ab initio simulations for all elements, the choice was
made to tackle one crystal structure at a time. The face-centered cubic (fcc) systems were an appropriate
starting point, because of their high symmetry and frequent occurrence across the periodic system. Choosing
a single crystal structure allowed for the evaluation of different electronic structures corresponding to the
different elements without being troubled by different geometries. This chapter is divided according to the
different crystal structures that were encountered. The magnetic elements will be discussed separately, as the
magnetic moments of the atoms near the surface are an interesting topic in itself, both from a computational
and an experimental point of view. Some elements undergo a phase transition between 0K and ambient
conditions, the latter begin relevant for comparison with experiment. Consequently, for some elements sim-
ulations were not performed for the ground-state crystal structure — such as Li and Na for example. There
are some interesting cases where there is a phase transition close to ambient conditions. In such instances
it is insightful to perform calculations for both crystal structures. Mn has a very complex crystal structure
at ambient temperatures — with 58 atoms in a cubic unit cell — and will therefor not be included in the test
set. There are experimental data for Ga, In and Hg, but their more complicated crystal structure resulted in
them falling outside the scope of this work. There are few experimental data available — either work func-
tions or surface energies — from Group V onwards, except for As, Sb, Bi,Te and Te. They are however not
included in this work. All results and relevant details of the surface calculations can be found in Appendix B.

It seems appropriate to present the details of the simulations in an order that mirrors the workflow of the
thesis. This will allow for the discussion of the specific problems as they were encountered. Before jumping
into the specifics of the atomic configurations, a short talk on the - seemingly - trivial part of a slab is dis-
cussed: the vacuum region.

4.1 Determining the vacuum size

The easiest modeling parameter to evaluate is the amount of vacuum needed to prevent interaction between
slabs. Typical values in literature range from 5A to 20A. Since only one-element materials are considered,
it is quite safe to state that the size of the vacuum is almost material independent; the requirement is for
the density to tail off sufficiently in between the slabs. As the primary concern is to obtain precise work
functions and surface energies, convergence of these quantities with respect to vacuum size is the objective.
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For the work function, this means the potential reaches a constant value at a distance far enough away from
the surface.

Achieving a constant well-behaved local potential in the vacuum region is not a straightforward matter. There
appear unpredictable, half-truncated oscillations in between the slabs(Figure 4.1). Indeed, upon inspection
of the electron density, (extremely) small yet apparently crucial oscillations occur inside the vacuum (Figure
4.2 on the left). These are not merely caused by an overly slow dampening of the tail of the electron density
away from the surface, they oscillate and become negative as well.
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Figure 4.1: A peculiar behavior of the local potential was observed when first performing slab calculations,
making the extraction of a precise work function impossible.
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Figure 4.2: The strange local potential (Figure 4.1) is a consequence of the negative charge densities (left)
- although these are extremely small. The density in the vacuum could be further damped (right) - and the
negative densities resolved - by imposing a more stringent convergence criterion.
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As the form of the local potential in Figure 4.1 suggests, these negative densities are clearly non-physical.
They are a consequence of utilizing a non-localized basis set (the plane-wave basis set) which has a hard
time precisely describing a zero density. The specific origin of the peculiar form of the local potential is a
consequence of the exchange-correlation functional not being defined for negative densities. Although in
most works discussing DFT work functions only the electrostatic part of the local potential is taken into
account - an example which was duly followed after encountering these problems - it is desirable to ob-
tain a realistic non-negative density in the vacuum region. This proved an extremely difficult task, as not
a single computational parameter seemed to alter the situation even in the slightest. Eventually an overall
high-precision calculation resulted in significantly reduced densities in between the slabs. As it turned out,
imposing a more stringent convergence criterion on the self-consistent field cycle made all the difference. To
ensure a well-behaving electron density for all subsequent calculations, the convergence criterion was set to
10~8¢V. Note how this is somewhat more demanding than the 10~*eV VASP default!*3.

With the problem of the oscillating local potential resolved, it can now be discussed how large the vacuum
should be to obtain precise work functions and surface energies. In Figure 4.4 the effect of the vacuum size
is investigated. As adding empty space to a unit cell does not increase computational demands too dramat-
ically — certainly not in the way an added atomic layer does — the aim was just to find a “safe setting”. Cs
was selected as test element. Since it is a heavy first-group element, its electron density is expected to tail
off relatively slow. One can conclude 10A vacuum is indeed somewhat of a minimum requirement. To be
absolutely safe, all calculations were performed with a vacuum of about 20A - the limited extra cost well
worth the peace of mind.'

4.2 Face-centered cubic

4.2.1 Crystallography

As a notation system for crystallographic planes the Miller indices are used, which are determined by the
reciprocal of the distances between the origin and the points where the plane intersects the coordinate
axes.These axes are defined by the basis vectors of the unit cell which described the crystal. Crystallo-
graphic directions are indicated with three indices determined by the expansion in these basis vectors. The
symmetry of the crystal systems will always be implicitly accounted for by denoting the families of planes
as {hkl} and the families of directions as <hkl>, whereby any permutation or reflection of the indices hkl
results in an equivalent plane or direction.

In a cubic crystal system, the {111}, {100} and {110} surfaces are quite simple. This allows for an easy slab
construction which doesn’t strain the spatial aptitude of the reader too much. Each atom in the face-centered
cubic (fcc) system (Figure 4.3) has twelve nearest neighbors and is equivalent, which means the termination
of the slabs can only be done in one way.

The {111} slab has an ABC stacking (see top left Figure 4.5) where all planes are equidistant and merely a

translation of each other. Three nearest neighbors are removed by creating the {111} surface. The base plane
of the primitive slab unit cell has a surface area of gaz, with a the lattice parameter (the side of the cubic

'In the case of the Cs test, increasing the vacuum from 12 to 22A only increased the calculation time by about 20%
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{100} {110} {111}

Figure 4.3: The conventional unit cell of the fcc crystal system and the low-index planes.

unit cell) the material dependent characteristic length, and a spacing between the layers of V3a.

Both the {100} and {110} slabs have an AB stacking (Figure 4.5). In the former, four nearest neighbors are
removed while in the latter, five of them are cut away. The number of nearest neighbors that are removed
is mentioned mainly to paint a qualitative picture of how the atomic configuration is changed for a surface
atom. It already provides some indication of what the anisotropy of the surface energy might look like. The
{100} slab has a base surface of % and an interlayer spacing of %, whereas the {110} slab has the least densely

packed layers with a base surface of % and a spacing of #@ between the atomic layers. Naturally, since the

slabs for an element are always derived from the same original bulk geometry, the planar density of atoms in
a layer is always inversely proportional to the spacing between the layers.

If symmetry is taken into account, the three aforementioned surfaces actually encompass 26 different orien-
tations of the normal of surfaces.® By virtue of the highly symmetric cubic crystal structure, three simple
surfaces thus already provide a wealth of directional information. Recalling the procedure put forward in
Chapter 2 to obtain an “average” surface energy - needed for comparison with experiment - creating the
Waulff plot from the simple surfaces. The three slabs for which the surface energies were calculated enable
the derivation of the surface energy for any random slab with their normals in the {110} or {100} planes. In
total, all directions in 9 planes are covered in this way. Figure 4.6 illustrates the density of “known” surface
energies that are obtained in this way. Note how these lines - for which the surface energy is derived - divide
the unit sphere in 6 surface triangles in every octant. A good approximation of the average surface energy in
such a surface triangle is to take the average across its borders:

These settings are the chosen settings for work function and surface energy convergence - see further on.
3“Surfaces with their normal in a direction” or “Surfaces normal to a direction” are both ineloquent ways of describing the
orientation of a surface. For brevity, we will talk about “The direction of a surface”.
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Figure 4.4: A convergence test of the inserted vacuum for a Cs {100} slab consisting of 19 layers. Calcula-
tions were performed with a 25 x 25 k-point grid and a 500eV cut-off energy.”
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where the knowledge of the functions y;(6) on the curves C; is used. As all the triangular segments have the
same surface area on the sphere and have the same sides, one integration like equation 4.1 is sufficient to
obtain the general isotropic surface energy.
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Figure 4.5: Cross-section (top) and top view (bottom) of the slabs modeling the low-index surfaces. From
left to right: the {111}, {100} and {110} slabs.

Figure 4.6: To paint a picture of the directions of the plane normals in three-dimensional space: the red dots
indicate a calculated direction, while the blue lines indicate the directions for which a surface energy was
derived.
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4.2.2 Model parameters and precision

The first step to obtaining precise ab initio results is to evaluate the impact of the computational parameters
and - in the case of surfaces - the slab model itself. There are three influential computational parameters and
two aspects of the slab which must be taken into account. The smearing scheme - and its width - will invoke
partial electron occupancies of the bands, which will certainly have an influence on the result. The general
rule is that tetrahedron smearing renders the most accurate energies“®! but it is unreliable for geometric opti-
mization, as the forces for metals are inaccurate, Methfessel-Paxton smearing should be used in this case [43],
The other two computational settings impacting the results are the cut-off energy and the lz—point density.
The influence of the former is easily evaluated, as it is mostly dependent on the PAW potential being used
and the quantity one wishes to predict. For each element, only the valence electron behavior outside the core
is important, a consequence of using PAW potentials with a frozen core. This results in the cut-off energy
being largely independent of the element at hand*. Unless stated otherwise, the cut-off for a calculation will
be 500eV - with the exception of C and Li, for which cut-off energies of 600eV and 800eV were chosen
respectively. These two elements require a larger cut-off(+3],
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Figure 4.7: The work function of Al {111} slabs with 13 layers as a function of the used Iz—point density.
Comparison of the work function obtained with different smearing schemes: tetrahedron method with Blochl
corrections and Methfessel-Paxton smearing with o = 0.01eV.

Both work function and surface energy are a lot more sensitive to the density of the meshing in reciprocal
space®. Moreover, using a finite-temperature smearing scheme, such as Methfessel-Paxton or Gaussian, re-
sults in huge variations of the work function with respect to a changing lz—point density (Figure 4.7). For this
reason, tetrahedron smearing - which offered a lot more stability - was used at all times, except for geometric

4A complete overview of the recommended cut-off energies for every PAW potential is presented in the VASP manual 3!, These
recommended cut-offs are mostly in the 250eV — 300eV region, some way short of the 500eV cut-off in this work. This is why the
values for C and Li were also scaled up to match this higher precision requirement.

SWhen comparisons have to be made, I?—point density will be expressed in A2; the result of multiplying the number of z-points
in the reciprocal plane , as I?—point grids for slabs are two-dimensional, with the base surface of the slab in real space (a factor of 47
is omitted for clarity) than the energy.
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optimization. Because of this choice, it was not crucial to test the setting of the o-parameter with respect
to work function or surface energy®. It should be chosen small enough to obtain precise forces which in
turn determine the relaxation and reconstruction. However, these are not sensitive at all to the o-parameter.
The l?—point meshing does have some notable impact on forces, the force on the top layer of course the most
important one. With respect to varying lg—point grids the precision was 10 to 152¢Y in the worst case (Al).
Precision demands on forces are less stringent than precision demands on surface energy or work function,
as they are only a contributor of second order to work functions or surface energies. To keep the workflow
simple and clear, o = 0.01eV is always used as the smearing parameter and the I?—point grid and slab thick-
ness for optimization were the ones obtained from convergence testing for work function and surface energy.

The slab thickness and the number of relaxed layers are structural degrees of freedom which influence the
end result. The goal of the structure is to accurately describe a real surface in order to derive both work func-
tion and surface energy, indicating the thickness and free layers should have no impact on these quantities.

It is a huge task to test all settings rigorously for all elements. There is however a justifiable shortcut that can
be made. By selecting a representative set of elements out of the entire fcc family, one can derive general
settings for all fcc elements. The crux of this method consist in selecting a set that sufficiently covers the
variation in the fcc family. A standard light transition element was chosen (Cu), along with an s-metal (Sr),

a p-metal (Al) and a heavy element (Au).

, | — [ : 3.96 ————T—— T ———
145 . 3958} / 7
4 r [
£ 3.956 | [
g 14a8 . S | &
> L3954 / =
< ] g | ks
23 1.446 Selected setting _| S 39521 (,f I
5] 5 |
5 = 3951 | -
S 1444 B | Selected setting
& = 3.948 | -
5 e |
2] ) /
3.946 - | -
1442 o L
1= 3.944 - -
L PN TN Y O U AU O N TRNTU NN HPR B B
12 14 16 18 20 22 24 I 12 13 14 15 16 17 18 19 20 21 22 23 24
Number of layers in slab

Number of layers in slab

Figure 4.8: Selecting a certain setting results in a residual computational imprecision. This is illustrated here
for both the surface energy and the work function of V {100} slabs of different thickness and a 27 X 27 k-point

grid.

Demanding a certain precision for work functions and surface energies a priori before carrying out any of
these convergence tests would be a flawed approach. For each element and setting a separate assessment
must be made of the return on investment with respect to the computational cost. When the choice for a
particular setting is made, this invariably entails a residual imprecision. Taking a stroll around the periodic
table, it is interesting to chart these imprecisions for all tested elements and settings. This is not only of in-
terest to gain insight in how precisely a DFT work function and surface energy can be calculated, but might
also be of importance when comparing with experiment. A “safe” estimate for the error associated with a

®In fact this was done anyway for Al, Sr, Au and Cu; the region o~ = 0.01eV to o = 0.1eV turned out to be an optimal range.
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particular setting is the distance between the minimum and maximum result when the setting is increased
beyond the chosen one. This procedure is illustrated in Figure 4.8.

For the fcc elements’ a peculiar behavior was observed with respect to varying slab thickness: a - seemingly
periodic - oscillatory evolution of the work function and surface energy (Figure 4.9), called a quantum size
effect (QSE). Apart from the Cu {110} slabs, the same problem was found for the {110} slabs of Ir, Pd, Pt,
Cu, Ag, Au and Pb. For Pb in particular, the {111} slab also showed the oscillations®.
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Figure 4.9: Quantum size effects for the Cu {110} slabs with a 27 x 17 l?—point grid. Especially the size of
the oscillations in the work function (right) are remarkable - compare with Figure 4.7 or 4.8.

The variations in work function - apart from the periodicity, the surface energies in Figure 4.9 are actually
quite precise - can be damped when thicker slabs are created. Why then, is this computational nuisance high-
lighted here? It turns out that this behavior can actually be observed experimentally7%7!! - in terms of the
surface energy. The “preferential” thickness of Pb films on Si {111} presents an informative case study and
especially the explanation formulated by Wei and Chou!”?! puts the matter in a new light. They investigated
the electronic levels with DFT, specifically the levels at the I'-point near the Fermi level. They related the
work function and surface energy oscillations to the variation in the placement of the additional electronic
levels right beneath the Fermi energy, i.e. the highest occupied orbital at the I'-point.

The most important part to take away from this explanation - in itself, it merely describes what is happening
electronically by using DFT - is that there is now an indicator for the occurrence of the QSE: when the lowest
occupied band steeply intersects the Fermi level, the levels in the slab will exhibit larger variations when the
thickness is varied. To weed out any other QSE, for all slabs of all elements three successive thicknesses
were evaluated - to weed out any other QSE.

Now all of the aforementioned difficulties have been solved, the settings and their precisions can be estab-
. . . g . . .
lished. In Table 4.1 the final settings for the test set are presented. With respect to k-point density there is
very little to conclude apart from the fact that most meshes resulting in converged quantities lie fairly close

"In all other convergence tests with respect to slab thickness, no such large and periodic oscillations were observed.
81n fact, the oscillations can also be observed in other slabs, but the cases specifically mentioned here were of note because of
the size of the oscillations and the increased slab thickness required to absolve them.
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Figure 4.10: When layers are added to the slab, the “original” band of the bulk is folded along the I' — L
direction. At the slab thickness where an extra fold (or point, when one only considers the I'-point) slumps

under the Fermi level there is an increase in surface energy - and vice versa. The figure is taken directly from
Wei and Chou. [7?!

together. Sr does seem to behave somewhat kinder to a coarser k-mesh. Creating a mesh with a planar
density of 6000A2 does seem to cover all the bases. As was mentioned before, a number of thicknesses were
evaluated for each surface to check for QSE. Based on the converged values for the test set (Table 4.1), the
slabs had 14, 15 and 16 layers in them. From the results for these three thicknesses, the optimal one was then
selected (meaning: the middle one of the three), unless of course QSE occurred, in which case thicker slabs
were needed. Al is somewhat of a more demanding element with respect to slab thickness, which is also
shown in its achieved precision with respect to slab thickness (Table 4.2). Relaxations do not entail large
imprecisions and using three free layers on each side of the slab is sufficient for all orientations.

As can be seen in Table 4.2, the main source of imprecision are the slab thickness and l?—meshing. Although
these computational errors are certainly not negligible - sometimes amounting to 2 —3% - they are very small
compared to the experimental deviations.
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Element | Slab Iz—points (10\2) Layers | Cut-off (eV) | Free Layers
{111} 4400 17 500 1
Al {100} 5100 15 500 2
{110} 2600 15 500 3
{111} 3300 11 400 3
Au {100} 3100 13 400 3
{110} 3600 21 400 3
{111} 3600 13 500 3
Cu {100} 3500 13 500 1
{110} 4100 21 500 3
{111} 2700 13 500 1
Sr {100} 1500 13 500 3
{110} 4300 12 500 1

Table 4.1: Settings for which satisfactory convergence of the surface energy and work function was obtain.

I?—points Layers Cut-off | Free Layers Total
Element | Slab | A Ao | AD Ao | AD Ao | AD Ao | AD Ac
{111} 10 4 | 25 4 |01 2 4 0 27 6
Al {100y | 18 3 |30 4 |01 2 0 0 35 5
{110} | 10 5 | 20 20 |01 2 3 2 23 21
{111} || 15 4 1 2 103 2 4 1 16 5
Au {100} || 6 2 6 4 103 2 |10 1 13 5
{110} || 3 5 10 2 103 2 1 0 10 6
{111} || 15 4 1 2 105 2 4 0 16 5
Cu {100} || 5 2 | 15 1 105 2 3 0 16 15
{110} || 5 2 110 6 |05 2 1 0 117
{111} || 5 2 10 0 |01 1 4 1 12 2
Sr {100} | 10 2 5 1 101 1 1 0 11 2
{110} | 7 2 120 2 01 1 1 0 21 3

Table 4.2: The precision associated with the settings chosen (Table 4.1) for fcc elements. Both A® and Ao
are in meV - o being the surface energy per surface atom.

4.3 Body centered cubic

The same procedure will be repeated for the bce crystal system: four representative elements are selected
and these are rigorously tested with respect to lz—meshing, slab thickness and number of free layers; cut-off
energy and the o-parameter are no different compared to fcc, as they are expected to be mainly dependent on
the sort of simulation, the quantities of interest and the chemical elements involved. K, V, Nb and W were
the elements of choice’. The base surface area and spacing between layers is presented in Table 4.3.

V and Nb are in the same group. Consequently, one would expect them to behave in a similar way, both in terms of simulation
parameters and results. It is interesting to evaluate whether this is actually true.
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4.3.1 Crystallography

The slabs for the low-index surfaces are again quite simple. The slabs have the same stacking periodicity as
for fcc - ABC for {111} and AB for {100} and {110} - and always one atom per layer in the slab unit cell,
but there are some stark differences between the structures. Instead of a twelve-fold configuration, the bcc
structure has eight nearest neighbors, which results in a more anisotropic structural character. The anisotropy
of the packing - ratio of the largest base surface area per atom and the smallest - is 2.45 where this was only
1.63 for fcc. All surface areas of the base of the slab unit cells are presented in Table 4.3

Orientation | FCC | BCC |
(11 | ¥a2 | V3

o

{100} < a?
2 2
{110} = |

Table 4.3: Comparison between fcc and bec surface areas per atom of the base of the slab unit cells.

It is also notable how the order of anisotropy has changed. Whereas for fcc the surface area increased -
and the packing decreases - from {111} to {110}, the opposite occurs in the bee structure. One should be
careful directly comparing the values in Table 4.3 as the fcc structure has 4 atoms in its conventional unit cell
(Figure 4.3), whereas the bcc structure has only two (Figure 4.11) which results in smaller lattice parameters
for the bcc structure, which is less densely packed in itself. The main purpose of Table 4.3 is to illustrate the
different anisotropy. The manner in which the isotropic surface energy is derived is of course the same as for
the fcc case, as the cubic symmetry is unchanged.
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Figure 4.11: The conventional unit cell of the bcc crystal system and the low-index planes.
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Figure 4.12: Cross-section (top) and top view (bottom) of the slabs modeling the low-index surfaces. From
left to right: the {111}, {100} and {110} slabs.

4.3.2 Model parameters and precision

It requires somewhat more computational effort to obtain precise work functions and surface energies for
. - . .
bce elements compared to fcc elements. Both thicker slabs and a denser k-mesh were required, yet still the

precision (Table 4.5) is not as high as it was for the fcc elements (Table 4.2).

Based on the results presented in Table 4.4, slabs of 22 layers for {111}, 19 layers for {100} and 15 layers for
{111} were used for all other bcc elements. In regard to I?—point density, K (potassium) required a notably
denser k-mesh compared to the other elements in the test set. Because of this different behavior to the tran-
sition metals, K was chosen as representative for the s-metals and the other three elements for the transition
metals. Relaxation demands were also markedly different compared to fcc elements. The {100} and {110}
slabs only needed one free layer — or none at all — to obtain a precise work function and surface energy. The

{111} slab optimization demanded more freedom and needed 4 free atomic layers.
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Element | Slab l?—points (A?) | Layers | Free Layers

{111} 4300 19 4

Nb {100} 10500 14 1
{110} 4100 11 1

{111} 17500 22 4

K {100} 12300 16 0
{110} 10500 15 1

{111} 8200 18 4

\Y% {100} 6500 18 1
{110} 8700 13 1

{111} 6400 21 4

W {100} 11000 15 1
{110} 7000 15 1

Table 4.4: The settings that were selected for the bec test set.

lz—points Layers | Free Layers Total
Element | Slab || A® Ao | AD Ao | AD Ao | AD Ao
{111} || 4 1 125 15| 4 4 26 16
Nb {100} || 7 2 |10 10| 7 13 14 17
{110} || 5 4 5 4 |10 5 12 8
{111}y 10 1 | 35 5 5 1 37 5
K {100} || 4 2 |15 2 1 0 16 3
{110} || 5 0|15 O 1 0 16 0
{111} || 3 1 160 10| 10 3 61 10
\Y% {100} || 3 1 8 4 110 5 13 6
{110} || 5 1 2 4 3 1 6 4
{111} || 4 1 135 10 10 8 37 13
A\ {100} || 6 1 120 6 6 9 22 11
{110} || 5 1 3 25 1 1 6 25

Table 4.5: The precision associated with the settings chosen (Table 4.4) for bcc elements. Both A® and Ao
are in meV - o being the surface energy per surface atom.

4.4 Diamond lattice

4.4.1 Crystallography

The diamond lattice is a cubic system as well, but the atomic structure is complicated by the two-atom motif.
As a consequence the {111} planes can be of two different terminations and the {110} planes have two atoms
per layer in the slab unit cell. The latter is just a modeling nuisance, increasing computational cost. but the
different interlayer spacings in the <111> direction beg the question: do both terminations occur in reality?

The matter is further complicated by surface reconstructions. C, Si, Ge and Sn are the four elements that
form a diamond crystal structure — although it is not the ground-state crystal structure for C. These Group IV
elements undergo sp° hybridization to allow for a four-fold configuration of strongly covalent bonds, form-
ing a less densely packed structure than metals. Because the bonds in these diamond structures are strongly
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{100} {110} {111}

Figure 4.13: The conventional unit cell of the diamond crystal system and the low-index miller planes.

directional and the structure is less dense, severe surface reconstructions will occur. As was mentioned in
chapter 3, the aim of this work is not to perform an exhaustive evaluation of all possible reconstructions,
such endeavors are quite prevalent in literature already. %7

Based on the work of previous authors (501 it is concluded that the primitive slab unit cell with two atoms
per layer is a satisfactory simulation of the {110} surface. Because there are two - non-equivalent - atoms per
layer, a reconstruction occurs “naturally”; one could call it a 1 X 1 reconstruction. The {111} and {100} do
have a dramatic reconfiguration of the top layers - both energetically and geometrically - and 2 X 1 recon-
structions willbe taken into account. In practice, the reconstructions are obtained by combining two slab unit
cells and slightly breaking the symmetry to initiate the geometrical adaptation. The argument for only taking
into account the 2 X 1 reconstructions is on the basis of the DFT study performed by Stekolnikov®!, which
showed more complicated reconstructions to be energetically quite close to the basic 2x 1 surface reconstruc-
tion.!” Because the surfaces of the elements in a diamond structure depend heavily on the reconstructions,
a discussion on layer packing and spacing - as was done for fcc and bcc - is not very interesting. As the
space group of the diamond lattice is the same as for the fcc lattice (Fm3m), the anisotropy in the packing is
also the same in relative terms. Since this is another case of cubic symmetry. Deriving the isotropic surface
energy is the performed in the same way as for fcc and bcc.

The surface energies presented in Table 4.6 highlight the importance of including the reconstruction: it low-
ers the surface energy more than any relaxation. The other significant energetic difference is between the
{111} and {111} slabs. The latter is the termination which only removes one of the four nearest neighbors,
whereas the former removes three. The difference in surface energy'! means one termination is more stable

10This manifests itself in the experimental difficulty of obtaining such a more complex top structure. The notorious 7 X 7 recon-
struction of Si {111} for example, requires specific annealing of the grown layer. !
"Only for Si was the reconstruction of the {111} slab taken into account. Although it causes a significant lowering of the surface
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Figure 4.15: The 2 x 1 {100} reconstructed surface of Si.

than the other. Only the most energetically stable surface is of interest for comparison with experiment. If a
layers is grown or a material is cracked!”>!, the surface that is more stable will be produced.

Although the impact of reconstruction and termination was discussed here by in terms of the surface energy,
the work function changes too when reconstructions are taken into account. It drops by about 5 —20% com-
pared to the work function for unreconstructed slabs.

A detailed account of the convergence tests is omitted here, as all elements with the diamond lattice are of
the same valence electron configuration, the settings used can be found in Appendix C. It was also compu-
tationally quite cheap to obtain very good precision on both work function and surface energy: the residual

imprecision is smaller than 15meV and 10;’:5:1/1.

energy, the geometry of the reconstructed surface still differs from the {111}
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Figure 4.16: The 2 x 1 {110} reconstructed surface of Si.

Relaxed | 2 x 1 Reconstructed
YGE) YGE)
(111} | 12.548 n/a
C {111} | 6.277 4.05
{100} || 8.737 5.198
(111} | 2.807 1.569
Si {111} || 1.574 1.361
{100} || 2.16 1.406
(111} | 1.815 n/a
Ge ({111} | 1.073 0.89
{100} || 1.389 1.003
(111} || 1.244 n/a
Sn {111} || 0.676 0.54
(100} || 0.894 0.628

Table 4.6: Effect of reconstruction on the surface energy and the difference in surface energy between two
different terminations for the diamond-type {111} slabs with PBE.
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4.4.2 Alternative crystal structures for C and Sn

Graphite Sn-a
Figure 4.17: The unit cells of C (graphite) and Sn-f8

For C and Sn, the diamond structure is not the only crystallographic phase of interest. The most stable con-
figuration for C is graphite, a hexagonal structure. Indeed, it is only because of the interesting properties and
coveted luxury C (Diamond) is well-known - its rarity is undisputed. The ground-state structure of Sn, on the
other hand, is a diamond configuration (Sn-a or gray tin) but at room temperature the most stable structure
is a tetragonal one (Sn-8 or white tin) - with an atom in the center and two on the faces (Figure 4.17). This is
important for comparison with work function data, although there is only one polycrystalline experimental
value.

In Chapter 2 it was stressed how there is no structural information in the experimental surface energies for
the solids as they were derived by Tyson and Miller. In light of this it is interesting to compare the surface
energy of the same elements, but in different (realistic ) configurations. The comparisons between bcc and
fcc Fe and between antiferromagnetic (AF) and non-magnetic (NM) Cr are also included.

Ground structure at 0K | Alternative structure
Y:5) e
Sn 0.688 0.457
C 0.119 5.173
Fe 2.713 2.388
Cr 3.31 3.748

Table 4.7: A comparison of the surface energy for the same element in a different crystallographic structures.
More information on the ground-state structures and alternative structures is provided in the text.

The differences from left to right in Table 4.7 show how cyrstal structure certainly has an influence on the
surface energy - as one would logically expect. For Fe and Cr one could argue these differences are still
within range of the error on experiment (0.26# for Fe and 0.27# for Cr), but for Sn it is very significant.

The huge difference between graphite and diamond is because of the unique graphite structure, which is
essentially made up out of weakly interacting graphene layers. Because these layers interact very little, vvan
der Waals forces play a significant role. Including dispersion interaction in an empirical way, by adding it
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after the electronic scf cycle, described graphite a lot better. This was done for PBE — the DFT-D method by
Grimme is not applicable to LDA — and the surface energy increased from 0.1 19# to 0.1 63#.

4.5 Hexagonal closed packed system

4.5.1 Crystallography

{0001} {1010} {1230}

Figure 4.18: The hcp crystal structure and the low-index planes that were modeled.

The fcc system is not the only crystal system which exhibits a maximal packing. The hexagonal close packed
(hep) structure is another atomic configuration which fills space optimally. Both systems will therefore show
similarities. Each atom again has twelve nearest neighbors and the {001} slabs are equivalent to the fcc {111}
slabs, but for an AB stacking periodicity instead of an ABC. The most important difference - and what really
discerns the hcp structure from bec and fcc - is the presence of two atoms in the motif. Just as was the case
for the diamond lattice, this will entail a number of complications for the slab unit cell.

As the hexagonal lattice is not cubic, two of the conventional lattice vectors are not orthogonal. These are
called d; and d@, — as shown in the top right of Figure 4.18 — to highlight their equal length. Both of them
are orthogonal to the ¢-vector, which is longer. Clearly, this crystal system is geometrically somewhat more
complicated than the cubic systems. The Miller indices illustrate this nicely: in a cubic system a plane
with Miller indices (hkl) has the neat property the direction [Ak{] is perpendicular to it. The symmetrically
equivalent planes and directions are also readily available through a simple permutation of the indexes. This
simplicity is not present in the hexagonal system. An indexing method which does offer a better understand-
ing is the Miller-Bravais system. The Miller-Bravais indices are in fact the same as the Miller indices but
add a fourth index, determined by the additional lattice vector d3, drawn in the top right of Figure 4.18. This
fourth index (named i) is equal to —(h + k) and is thus not independent of the first two, but symmetrically

48



equivalent planes can now be found by permutation of the three first indices of a plane (hkil). The Miller-
Bravais indices will be used to indicate all hep planes.
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Figure 4.19: Cross-section (top) and top view (bottom) of the slabs modeling the low-index surfaces. From
left to right: the {0001}, {1010} and {1230} slabs.

The {0001}, {1010} and {1230} slabs were simulated for all hcp elements, they are depicted in Figure 4.19.
As mentioned above, the {0001} surface is similar to the {111} surface of fcc. Both are the most densely
packed planes and each surface atom for these slabs retains nine of its twelve nearest neighbors. The other
two slabs are somewhat more complicated as the {IOTO} slab has two different terminations and the {12§0}
slab has two atoms in every layer. This is similar to what was observed for the {111} and {110} diamond
lattice slabs respectively. Just as was the case for the {111} slab of the diamond lattice, the termination of the
{1010} slab with the smallest spacing between the top two layers is energetically favored — typically by about
10% — since more nearest neighbors are removed. Consequently this is the termination that was simulated.

The other slabs in the hcp structure, where ¢ and & directions are mixed, are somewhat more of a nuisance.

This is particularly caused by the deviation of the £ ratio from the theoretical one - i.e. g ~ 1.633 for the
close-packed condition. Most elements will exhibit a slightly altered ratio, of which the deviation from the
ideal value is strongly dependent on electronic configuration.'?. This breaking of the symmetry for the actual
hcp elements causes the slabs to exhibit no short-range stacking periodicity. In the beginning, some of the
more complicated slabs of Ti were included during convergence testing, but poor convergence with respect
to l?—meshing and slab thickness combined with difficult convergence of the scf cycles forced us to conclude
they were beyond the scope of this thesis.

12Zn and Cd are stretched along the & axis to ratios of 1.88 and 1.89 respectively, whereas Sc and Y are compressed to 1.55 in
PBE bulk calculations.
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The omission of slabs with normals lying in between the [001] direction and the {0001} plane, means one
must now construct the general surface energy across an angle of 90 degrees. Equation 2.5 was never de-
rived for such large intervals and as a result it generates surface energies which are too large. As shown in
Table 4.8 for Ti, there are many planes with similar surface energies. If 2.5 were to be used, these would be
overestimated by as much as 25%.

Surface y(#) Surface y(m%)

{0001} | 1.952 || {1010} | 2.016

{1230} | 1.88 | {1011} | 2.141

{1231} | 2.031 | {1012} | 2.064
}

{1232} | 2.088 | {1013} | 2.156

Table 4.8: A high number of different slabs for Ti has a similar surface energy, limiting the angular range for
which equation 2.5 can be applied

An alternative scheme was devised to cope with this problem. The calculations for the {1231} slabs were
feasible for the lighter elements. As is shown in Table 4.9, the anisotropy of the surface energy is strongly
dependent on the valence electron configuration. This is a justification for extrapolating the surface energy
for the {1231} slabs of all hcp elements via their {1230} surface energy and the anisotropy of an electronically
similar element for which the {1231} surface energy was calculated. In a next step, the surface energies can
be derived for the directions inclined 17 degrees above the {1011} slab direction (indicated by green dots in
Figure 4.20) can be derived by assuming them to have the same anistropy with respect to the {1010} surface
energies as the {1231} have with respect to the {1230} surface energies.

Element ‘ Y1010 ‘ Y1230
Yooor | Y0001

Be 1.07 | .18
Mg 1.30 | 1.54
Y 0.97 | 1.01
Sc 0.95 | 0.99
Ti 1.03 | 0.96
Zr 1.05 | 1.05
Hf 1.08 | 1.07
Te 1.14 | 1.20
Re 1.10 | 1.18
Ru 112 [ 127
Os 1.14 | 1.37
Co 1.07 | 1.16
Zn 243 [ 3.13
cd 2.14 | 271
Tl 0.89 | 1.05

Table 4.9: The anisotropic character of the three slabs for which surface energies were calculated for all hcp
elements, ordered by group.

At this point there are five anisotropic surface energies for each hcp element, of which the spatial distribution
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Figure 4.20: As was done for the cubic case (Figure 4.6), this figure shows the direction of normals of planes
for which surface energies were calculated (red points), along with extrapolated data points - either on
anisotropic grounds (green dots), using equation 2.5 (blue line in the {0001} plane) or via linear interpolation
(other blue lines).

is shown in Figure 4.20. The surface energy in a general {101/} or {123/} direction is obtained with a linear
interpolation between the three surface energies that are known in each of these planes.'> Eventually two
averages which have an azimuth distance of 30 degrees are obtained, which can be bridged with equation 2.5.

Admittedly, the derivation of the isotropic surface energy is on of the greatest difficulties in this work. It
hinges on an assumed anisotropic behavior - though not without grounds - and, more importantly, uses a
simple linear interpolation to obtain the average surface energy. Although this approximative method was
sufficient within the limited framework of this thesis, there is definitely room for improvement when one is
able to invest more time and computational resources. The determination of a polycrystalline work function
was not influences by the procedure described above. The more difficult slabs never had a lower — sometimes
equal to the lowest — calculated work function than any of the three simple slabs. The lowest work functions
are generally found for the {1230} slabs which are perpendicular to nearest neighbor lines.

4.5.2 Computational parameters and precision

As mentioned previously, the hep is another closed packed structure like fcc. This leads to similar require-
ments on k-point density (Table 4.10 and Table 4.1). Apart from the specific case of Mg {1010}, two or
three free layers were always sufficient. Slab thicknesses are somewhat higher compared to the ones for fcc
elements.

The precision that was attained (Table 4.11) is again somewhat better than for the bcc elements, which really

130One could ask the question: why all the effort for the extra data point? The surface energy does not increase enough to warrant
the use of equation 2.5, but it still increases nevertheless and a simple interpolation between, say, the {1231} and {0001} slab surface
energy is insufficient.
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Element | Slab Iz—points (A2) | Layers | Free Layers
{0001} 3300 13 2
Ti {1010} 6700 20 2
{1230} 2900 15 2
{0001} 4000 16 2
Tl {1010} 6100 20 1
{1230} 5900 16 3
{0001} 1900 15 3
Re {1010} 6100 12 2
{1230} 1700 11 2
{0001} 3900 18 3
Mg | {1010} 6200 16 5
{1230} 4800 15 2

Table 4.10: Settings for the hcp test set for which work function and surface energy were deemed to be
sufficiently converged.

pose the highest demands on computational settings.

I?—points Layers | Free Layers Total
Element | Slab || A Ao | AD Ao | AD Ao || AD Ao
{0001} | 6 05| 6 2 3 0 9 2
Ti |[{1010}| 5 2|9 4|8 1 13 5
{110} 4 0|14 3 6 5 16 6
{0001} || 6 2 130 1 3 1 31 2
Tl {1010} || 5 3 140 8 3 0 40 9
{110} 3 3 120 5 5 1 21 6
{0001} || 8 3 5 3 2 10 10 11
Re {1010} || 10 1 9 10| 5 2 14 10
{110} 4 6 | 25 8 15 10 29 14
{0001} || 3 5 4 1 0 0 5 5
Mg {1010} || 6 3 130 3 6 5 31 7
{110} 9 0 |5 5 3 4 51 6

Table 4.11: The precision associated with the settings chosen (Table 4.10) for hcp elements. Both A® and
Ao are in meV, o being the surface energy per surface atom.

4.6 Magnetic elements

To incorporate magnetism into DFT, one must split the electron density into an “up density” and a “down
density”. The exchange-correlation functional must then account for the different interactions between the
densities. Although magnetism is one of the success stories for GGA’s!’%], there are still cases where there
are inconsistencies. For example the possibility of a ferromagnetic {100} surface for V caused some de-
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bate38771 which was settled only through recent high-accuracy experiment!’8/'4. In general, PBE is said
to overestimate magnetism whereas LDA underestimates it. The aim of these separate discussions of the
magnetic elements Ni, Fe, Cr and Co is to gain insight into the possible relation between magnetism and
surface properties. The magnetism at the surface can deviate substantially from the bulk magnetism and as
such might be a determining factor of the nature of the surface.

4.6.1 Nickel

Of all ground-state magnetic elements, ferromagnetic Ni has the smallest bulk magnetic moment. When the
surface is created, there is a slight increase (5 —20%) of the magnetic moment at the surface itself. There is a
quite intuitive reasoning to support this increase!””!. When neighboring atoms are removed from a top layer,
translational symmetry is broken and the coordination number of the top atoms is reduced. This causes the
d bands to narrow which enhance the paramagnetic state density.

Figure 4.21 shows that LDA results in a lower magnetic moment compared to PBE. Relative to the bulk
magnetic moment however, the surface magnetism behaves very similar.
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Figure 4.21: The change in the magnetic moment of Ni as a result of creating a surface.

4.6.2 Iron and Chrome

Fe has a much stronger magnetism than Ni. As it is also a less densely packed structure, the size of the
magnetic moments will be interesting to chart.

Figure 4.22 shows that the increase in magnetic moment near the surface is a lot more pronounced for Fe
compared to Ni. There are some discrepancies between LDA and PBE. Using the latter functional, the three
different surfaces behave quite similar with respect to the bulk level. However, using LDA, the {110} and

“For this work, additional spin-polarized calculations were performed for V to check for surface magnetism. Only a very small
insignificant magnetic moment was found (0.007p).

53



3 : 3r : , .
20 v (111} _2F vv (i) | ]
£osk ++ {100} B Py *+ {100} E
z T a4 {110} = 261 A4 {110} ]
g 27F — Bulk level| g 25F — Bulk level| ]
g 26; | Qo 24; .
g 7L 8 530 3
2 a5l 1 822 ]
2 [ g 2.1k 4
2 24r 7 & 0 ]
= 3 . > 1oF 5
2 | B sk ]
& 22 —— = 17k 1

- . 1.6~ 3
e T IIIE AIUTE R
Depth in surface (starting from top layer) Depth in surface (starting from top layer)

Figure 4.22: The change in the magnetic moment of Fe as a result of creating a surface.

{111} surfaces do seem to have a weaker surface magnetism compared to PBE.

Cr is quite a special case, as it is antiferromagnetic!3°!. The nearest neighbors have a negative coupling with
respect to magnetic moments, as they prefer to line up in opposite directions. This results in a spin-density
wave (SDW) - the spatial variation of the magnetic moments - along a <100> direction. The anti-coupling
is not fully opposite however, as the SDW has a period of about 21a (with a the lattice parameter). Because
describing the exact SDW would require a unit cell 21 times as large - and an adapted code - the common
choice was made to apply an SDW of one conventional unit cell.

To illustrate the surface magnetism more clearly, the absolute values of the magnetic moments are depicted
in Figure 4.23. In the one-cell approximation of the SDW, the {100} and {111} surfaces are coupled antifer-
romagnetically, whereas there is in-plane antiferromagnetism in the {110} surfaces (see Figure 4.23). There
is only a result for PBE, as antiferromagnetic Cr is not stable in the LDA approximation. Of all magnetic
elements, Cr shows by far the largest surface magnetism, although just as for the other magnetic elements it
tails off to the bulk level within a few layers of the surface.

Above 311K the magnetic order of Cr is lost. It might therefore be interesting to evaluate the difference in
work function and surface energy with a non-magnetic DFT calculation for Cr. Both the work function and
the surface energy increase for the non-magnetic case - although the {110} work function remains unaltered
(see Table 4.12). From this it is clear that the absence of antiferromagnetism does not only result in a less
stable bulk, but also in a less stable surface.
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Figure 4.23: The change in the magnitude of the magnetic moment of Cr as a result of creating a surface.

| Par(eV)  Oym(eV) | yar(h)  yam(GH)

{111} 3.74 4.09 341 3.57
{100} 3.86 4.017 3.13 3.748
{110} 4.8 4.824 2.85 3.313

Table 4.12: Difference between the work functions and surface energies of non-magnetic and antiferromag-
netic Cr.

4.6.3 Cobalt

Co has a higher bulk magnetic moment than Ni: with PBE one finds 1.632up compared to 0.642up for Ni.
The impact of creating a surface is however very similar. There is a slight elevation in the magnetic moment
for the top layer, which quickly drops off to the bulk level deeper into the slab (Figure 4.24).

Identically to the behavior seen in Cr and Ni, LDA and PBE show clearly different surface magnetic moments
which however show similar convergence behavior towards their respective bulk values.
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Figure 4.24: The change in the magnetic moment of Co as a result of creating a surface.
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Chapter 5

Results and discussion

In this chapter the work functions and surface energies calculated with DFT — with both the LDA and PBE
functional — are compared to experimental data. The goal is to evaluate how well the ab initio results predict
the measured work functions and surface energies. The term ideal predictor is not limited to the case where
all DFT results perfectly match the experimental data. If there is only a constant offset and a constant relative
error between theory and experiment, it can be stated the theory properly describes the physics of the actual
problem. The error analysis in this chapter will therefore accept a relative error and constant error and focus
rather on deviations of the tested elements with respect to the general trend. This alternative approach to
assessing the accuracy of DFT was put forward by Lejaeghere et al.[*l Because the statistical nuances of
such an analysis are somewhat more intricate than a simple error analysis, there is a short introduction to the
employed methods in the first section of this chapter. Theoretical background information for these methods
can be found in All of Nonparametric Statistics by Wasserman 811,

5.1 Linear regression and heteroscedasticity

One could simply calculate the mean difference between ab initio and experimental result and its standard
deviation, but this does not provide a lot of information about the nature of the errors. By only considering
the absolute error, the inaccuracy of DFT is supposedly independent of the size of the quantity. If one
puts forward the additional possibility of a relative error, the relation between the predicted value X and the
experiment Y is characterized by a relative error 8 and an absolute error 3;:

Y=81X+p (5.1

Performing a least-squares fit to the data set {X;, ¥;} is done by finding the parameters §; and 5, for which
the penalty function P is minimal:

P= 36X+ s - VY (52)

If X’ is the N X 2 matrix (N being the number of data points) with one column a constant — incorporating the
intercept — and the other column containing the X data, the solution to the problem is:
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B=xTx)"'x"Ty (5.3)

where the resulting 2 x 1 matrix /3 is the maximum-likelihood estimator for the intercept and slope.

When one has established the linear regression between experimental and theoretical values, the standard
error of the regression (SER) is a measure of how well the data are approximated by the linear behavior:

N . —_v.)2
SER:\/Zi(,B1XI+,32 Y))

N_2 54

In particular for an experiment versus DFT fit, this residual error is the size of material-dependent oscilla-
tions of the DFT values compared to the use of an ideal predictor. If there is no error on the experiment or
any imprecision on the DFT calculation, a zero SER would indicate DFT accurately describes all researched
materials except for a general constant and relative correction. A conceptual illustration of the SER on a
regression is depicted in Figure 5.1

Experimental property

¥ Sarctan(p)-45°
/

A J

Calculated property

Figure 5.1: An illustration of the meaning of the SER. It is a variable, residual error on top of a systematic
deviation. Image by Lejaeghere et al.[3?]

The experimental errors will determine a lower boundary for the SER. Since the variance due to experiment
will always be present, the expectation value for the SER is minimally one. The fitting problem becomes
somewhat more involved — though the procedure remains largely equivalent — when the error is different for
every X;; this is called heteroscedasticity in statistics. This is exactly the problem for experimental surface
energy and work function data. Luckily, these errors can be determined in both instances (see chapter 2
for discussion). With the knowledge of these errors oy, the following penalty function determines the
maximum-likelihood estimate of the regression parameters.’

IThis is only true when the errors follow a Gaussian distribution. As the fluctuations on both surface energies and work functions
are a caused by a multitude of non-correlated factors, one may assume this to be the case.

58



1
Pueighi = ), ——B1Ti + B2 = X))’ (5.5)

i exp,i

This penalty function gives rise to a weighted linear regression. It does not punish an absolute deviation from
experiment but rather a relative one with respect to the experimental precision. The experimental precision
can even be systematically over-or underestimated. Because the weighted penalty function needs to be min-
imized, the absolute size of the deviations does not influence the weighted regression, as long as their ratios
are well-determined. To recall the derivation of the errors: for work functions the spread in experimental
data is evaluated, whereas for surface energies the uncertainties in the method — conversion from yry to ysy
and temperature extrapolation — are taken into account. Especially for the surface energies, the validity of the
used standard deviation is uncertain. However, the most important aspect is they are derived in a consistent
manner.

The SER is defined in the same way as for a normal linear regression but with a different penalty function.
By weighting the squared residuals, the SER should be interpreted relative to the experimental error. As
such, the expectation value of the SER is always equal to or larger than one, in case of equality the residual
errors would only originate from the experimental errors. At this point the absolute value of the experimental
deviations does become important. If it is overestimated, the SER will be too small, possibly even smaller
than one. If two predictors are compared to the same set of experimental values, the SERs are of course still
a viable method of comparing the predictors. Comparing the residual spread for two different samples of
dependent variables is however influenced by the respective experimental data set.

5.2 Comparison between DFT and experiment

The experimental data sets have been selected to correctly incorporate their errors and to be self-consistent.
As such, the analysis should be approached from a statistical perspective, focusing on the entire data set.
Isolating certain elements and assessing how they stack up to experiment should be done with with careful
apprehension, never ignoring the statistical relevance of the comparison.

Cr and Be are two elements which behave quite erratically. Be is overall the worst element of the entire data
set. It misses the experimental mark by two to five standard deviations for both work function and surface
energy, for both LDA and PBE. It is hard to pinpoint an exact reason why the DFT results should be bad.
All other alkali and earth alkaline metals tend to perform really well. The result for the surface energy of
Be is comparable to the surface energy found by Vitos et al.[*). Even an all-electron FLAPW? calculation
deviates less than 0.1# from the presently obtained value!®*. There are strong arguments for suspecting
both the experimental work function and surface energy to be wrong. According to Tyson and Miller the
surface energy of Be is 1.628#, but another source claims it to be 2.7# (841 " This latter value is signifi-
cantly larger than the DFT results: 2.2# for PBE and 2.5# for LDA. The large difference between both
experimental values raises the question whether they are accurate®. Concerning the large error on the work
function, it originates from comparing a polycrystalline experimental work function with the lowest work

2FLAPW: full potential linearized augmented plane-wave. For a given exchange-correlation functional, this computational
method is often regarded as a benchmark for DFT calculations using pseudopotentials or PAW potentials.

3The experimental surface energies of de Boer et al.’®! have not been used because the values are very similar to Tyson and
Miller — except for one case: Be.
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function found for Be in the DFT calculations, which is the work function for the {1230} surface. There is
however also an anisotropic experimental work function available for the {0001} surface®!. For this sur-
face, the experimental work function (5.1eV) is lower than the DFT work function (5.321eV for PBE and
5.556¢eV for LDA), whereas the roles were reversed when comparing with the polycrystalline experimental
work function. Moreover, there is also a different polycrystalline work function(®%!, which is almost equal
to the PBE-predicted work function. As was the case for the surface energy, the large spread in the experi-
mental data does suggest inherent difficulties in the experiments for Be, which were also reported by Green
et al.[¥3]. Because of the large experimental deviation, it is advisable to remove the outlier.

In the case of Cr, the DFT-predicted work functions do not show extreme deviations with experiment, but
the predicted surface energy does. Its value is higher than the experimental one by more than four standard
deviations for both functionals — LDA performing the worst of both functionals. As Cr is the only antifer-
romagnetic material in the present data set, this aberration in the surface energy is most likely linked to a
poor description of this magnetism, either from a DFT perspective or in the experimental derivation of the
surface energy according to the Tyson and Miller protocol. In both cases, it is advisable to drop Cr from
the statistical evaluation as well. The impact of not including Cr and Be in the weighted linear regression is
quite big for surface energies*. For LDA it yields an overestimating trend of 15.5% instead of 19.9% and for
PBE an underestimation of 4.4% instead of 0%.

All data for comparison with experiment are summarized in Figures 5.2, 5.3, 5.4 and 5.5. The intercepts and
slopes — with resulting relative errors — are presented in Table 5.1. Whether experimental data or ab initio
data should be assigned to the y-axis is an important choice. With the experimental data on the y-axis, the
penalty of the fit (Equation 5.5) is the distance along the experimental axis, as it should be since DFT is the
predictor for the actual experimental value, which one wishes to characterize.All regressions depicted in this
chapter are performed without Cr or Be taken into account, although the data itself is still presented for both
elements.

4 Although the difference for the Cr and Be work functions is large too, the weight of this difference in the weighted linear
regression is low and it has little impact on the result of the regression.
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Figure 5.2: Comparison of experimental to LDA surface energies. The weighted linear regression (blue line)
is compared to the bisector(black line). Be and Cr are marked with a red circle.
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Figure 5.4: Comparison of experimental to LDA work functions. The weighted linear regression (blue line)
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The error of the surface energy with regard to experiment is almost entirely of a relative nature. For both
LDA and PBE the intercepts are almost zero. The LDA functional overestimates surface energies by 15% in
contrast to an underestimation of 4% by PBE. However, the SER for LDA is markedly smaller compared to
PBE. This suggests LDA is a better predictor for surface energy if one takes the relative error into account.
The implementation of the experimental error into a weighted regression is extremely important for both
LDA and PBE. Performing a regular regression yields SER values two to three times larger compared to the
weighted regression.’

Work Function || Slope Relative error  Offset (eV) SER
LDA 0.924 8% 0.284 1.406
PBE 0.97 3% 0.378 1.536

Surface Energy || Slope Relative error Offset (J/m?) SER
LDA 0.866 15 % 0.003 1.651
PBE 1.046 -4% 0.024 1.95

Table 5.1: The parameters of the weighted linear fits for work function and surface energy for LDA and PBE
without Cr and Be. The relative error is derived from the inverse of the slope.

The regression on the work function data renders a more complicated error image. Both LDA and PBE show
a comparable offset which highlights a continuous underestimation. For LDA, this constant underestimation
is mixed with a relative overestimation, visible in the linear fit in Figure 5.4, whereas PBE is largely dom-
inated by the continuous offset. Performing a normal regression on the work function data does not result
in a strongly different linear fit. Offsets increase by about 0.05¢V while the slopes and SER values hardly
change. This is some reassurance with regard to the possibility that some of the highly accurate experimental
work function data — with consequently large weights — might impact the fitting too severely.

Whether the errors for work function and surface energy are correlated is an interesting question. If they
were, it might point to a common cause for why modeled surfaces yield inadequate predictions. All corre-
lation coefficients in this work are Pearson’s coefficients applied to a sample, which for a data set {(x, y)} is
defined as:

_ = D0i-)
Vil =22 VE i - 57
Experimental work functions and surface energies are moderately correlated (r=0.53), which is reproduced

by the DFT results (r=0.57). The errors between DFT and experiment however — both absolute and relative
— are only weakly correlated (r = —0.27 and r = —0.31 respectively).

= Iy (5.6)

With the general trend of the LDA and PBE functionals with respect to experiment established, these results
can be used to transform a work function or surface energy obtained with DFT to its expected result. As
en example consider the surface energy for Be from the LDA calculation. It was argued that earlier the
experimental value for Be might be wrong. By multiplying the calculated value for Be (y = 2.506#) with
the slope of the general trend for LDA surface energies (0.866), the expected value for the Be surface energy

SFor comparison, the SER of the normal regression is still determined with the weights.
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is obtained: 2.17-%.
n

One might raise the question whether the relation between experimental and ab initio results is actually lin-
ear. There are two ways to evaluate this — besides a qualitative visual check. The first is the correlation
coefficient between both variables, which gives a measure for linearity. A second one is to add an additional
degree of freedom to the fit — a quadratic one for example — which might indicate a different relation. The
latter check was carried out for all fits but it never resulted in a significantly improved SER and the quadratic
term was always small. This suggest there is no higher-order term present in the behavior. The correlation
coefficients between experimental and ab initio data are always higher than 0.9, also strongly suggesting a
linear behavior.

To uncover possible periodic trends in the residual errors, one can simply display them for each element
within a periodic table (Figures 5.6, 5.7, 5.8 and 5.9). The elements that deviate significantly from the
weighted linear regression are highlighted in a darker shade. The shade is determined relative to the standard
deviation of the experiment. Although Cr and Be are not taken into account for the linear regression, the
residual errors for these elements are shown as well. There are some elements for which no reliable work
function is available according to Michaelson!?!!. These unreliable data are marked with an asterisk *.
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Figure 5.6: The residual error in eV for the LDA work function. A darker shade highlights badly performing
elements, relative to the experimental deviation.

Figure 5.7: The residual error in eV for the PBE work function. A darker shade highlights badly performing

elements, relative to the experimental deviation.



Figure 5.8: The residual error in # for the LDA surface energy. A darker shade highlights badly performing
elements, relative to the experimental deviation.

Figure 5.9: The residual error in # for the PBE surface energy. A darker shade highlights badly performing
elements, relative to the experimental deviation.
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Although singling out deviating elements must be done with a certain amount of apprehension because of
the experimental error, there are some trends that can be observed:

e The Ti group has work functions that are too low for both LDA and PBE, although it should be noted
the work function for Zr is deemed to be unreliable.

e The surface energy for Fe and Cr is significantly overestimated for both LDA and PBE and their work
function is underestimated for PBE.

e Elements with almost-full or full d-shells have a surface energy below the regression line, especially
the heavier elements. The underestimation is worse for PBE than for LDA.

e The p-type metals show surface energies well below the general trend.

e Ge and Si display elevated surface energies, with Ge also showing a work function significantly below
the regression line.

e The heavy elements (bottom row) tend to have less accurate property predictions, especially for LDA.
However these deviations are not dramatic, as they are always contained within two standard devia-
tions.

The errors for the magnetic elements, especially large for Cr, are not surprising. Recalling the discussion
on surface magnetism in the previous chapter, the error appears to be more severe for those elements with
the largest surface magnetism: Cr and Fe. One of the success stories of GGA functionals is the improved
description of magnetism over LDA7®!, which is reflected in smaller errors for surface energy. The fact that
PBE underestimates the work function and LDA produces better values is a remarkable observation.

It has already been discussed how da Silva et al.[%] found surface layer relaxations for Ti that were too
large compared to LEED experiment. Their results were more recently confirmed by Singh-Miller et al.[6%1 6
Although da Silva proposed hydrogen contamination to be a possible source of skewing the experimental
result, this discrepancy with experiment might point to specific deficiencies of DFT simulations for the Ti

group.

The problematic description of Zn and Cd within DFT is no surprise either, as electron correlation is cru-
cial for these elements with a full d-shell®”). The fact that LDA produces better surface energies than PBE
is possibly because the overbinding of LDA compensates for the absence of dispersion interactions within
DFT. In general, this bad performance of the elements in the right-hand side of the d-block and the heavier
p-type metals is also reflected in a poor description of the bulk cohesive energy found by Lejaeghere et al.[*.

Both Si and Ge have reconstructed surfaces and the overestimation of the surface energy might be a conse-
quence of DFT falling short of describing these accurately. Additionally Ge suffers from a work function
that is too low.

®This work does not compare with experiment for surface relaxations, because results from LEED experiments often suffer from
large inaccuracies; this is apparent in the research by Singh-Miller et al.
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The question which functional yields better surface properties does not have a straightforward answer, as was
to be expected. The SER for work functions is comparable. The fact that the systematic error on work func-
tions for PBE is only dominated by a continuous offset might be preferable, although LDA does yield more
accurate work functions. Concerning surface energies, both functionals display a purely relative systematic
deviation. Although this error is larger for LDA, the SER is considerably smaller — 1.651 compared to 1.95
for PBE. This makes LDA a more suitable functional for surface energies, except for magnetic materials.

Although the VASP calculations in this work already consider scalar relativistic contributions, this might not
suffice for the heavier elements. A comparison with a calculation including spin-orbit effects might indicate
whether the deviations for these heavier elements are the result of this limited incorporation of relativistic
effects.

When the LDA and PBE results are compared among themselves (Figures 5.10 and 5.11), a very strong linear
relation is found, with a correlation coefficient of 0.99 for both surface energy and work function. A linear
regression shows PBE work functions are in general 7% smaller than LDA work functions with no offset.
The SER is only 0.11eV. PBE surface energies are 15% smaller compared to LDA, with a small offset of
—0.074#. The SER is somewhat larger’ for surface energy comparison: 0.195#. The largest discrepancies
between LDA and PBE are — no surprises here — to be found for the magnetic elements.
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Figure 5.10: A comparison of the work function for LDA and PBE with the linear fit represented by the blue
line and the bisector by a black line.

"This quantitative comparison is made by considering the typical size of work functions and surface energies. The former range
from 2 — 6eV whereas the latter range from 0.1 — 4%.
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5.3 Correlation with bulk properties

Apart from the comparison with experiment, it is insightful to search for correlations between surface energy
or work function with bulk properties. Cohesive energy, bulk modulus and atomic density are three basic
properties that might reveal some insight into how the surface properties depend on the bulk properties. The
bulk properties were calculated by Lejaeghere et al.[*! for the elemental crystals using PBE, where the error
with respect to experiment was also evaluated. These errors themselves are interesting to compare with the
errors on the surface properties as well, as it might be possible to trace back the errors on the latter to the
ones on the former. As LDA and PBE results for surface properties are strongly correlated, only the PBE
results will be used henceforth.

To directly compare surface properties to bulk properties, the anisotropic data from the former must be re-
duced to a single value; this is a problem that has been encountered before. For the present purpose this can
be done in a variety of ways, provided it is done consistently so as to not skew the correlation result. To
maintain uniformity in this work the same values will be used as for the comparison with experimental data:
the lowest anisotropic work functions and the “isotropic” surface energies.

The most important property of a crystal is its cohesive energy. Indeed, the bonding strength of a material
has an impact on almost all of its properties. For experimental results, a strong correlation between cohesive
energy and surface energy is found with a correlation coefficient of 0.93. This is reproduced quite accurately
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by DFT with a 0.92 correlation coefficient (Figure 5.12). This strong correlation can be understood from a
simple broken bond model. When a surface is created, the atoms at the surface lose a number of neighboring
atoms — and the interaction with them. If these initial bonds were strong, it will be unfavorable to generate
the surface and the resulting surface energy will be high. Although both properties are strongly correlated,
the — relative — inaccuracies of DFT for surface energy and cohesive energy are only moderately correlated
(r = 0.59). This shows the cohesive energy is already a good predictor for the surface energy, but obtaining
accurate surface energies is dependent on more factors than merely getting the cohesive energy right.
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Figure 5.12: The surface energy and cohesive energy are strongly correlated. The regression line is shown
in blue.

Experimental work functions only correlate weakly with cohesive energies, but the correlation becomes
moderate within DFT results (r = 0.55). The absolute error on work function compared to experiment is
also moderately correlated with the absolute error on cohesive energy (r = 0.48). Just as was the case for
surface energy, it is not a strong indicator.

Since the bulk modulus By is proportional to the cohesive energy divided by molar volume!®®, the correla-
tions with By are very similar to those for cohesive energy. Moreover, it was found that Young’s modulus Y
is proportional to the sixth power of the work function.®®! As the bulk modulus is related to Young’s modu-
lus via Poisson’s ratio v through Yy = 3By(1 — 2v), one might expect the sixth power of the work function to
be proportional to the bulk modulus as well.®. For experimental work functions, indeed a slightly stronger
correlation (r = 0.67) was found between By and the sixth power of the work function than for the work
function itself (» = 0.63). Within DFT however, these roles are reversed with By showing a larger correlation
(r = 0.72) with DFT work functions than with the sixth power of the work function (r = 0.64). Neither the
relative nor the absolute errors on the bulk modulus correlate with errors on the work function. The errors

8This would of course ignore a relation between the work function and Poisson’s ratio.
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are therefore not connected, despite the bulk modulus being a better indicator for the work function.

Both experimentally and within DFT, the negative correlation between the volume per atom and the work
function is quite strong (Figure 5.13), with » = —0.83 and » = —0.76 respectively. This negative correlation
explains the periodicity of the work function, as first discussed by Michaelson?!. For elements in the same
period, filling subshells leads to smaller volumes in conjunction with higher work functions. For elements
in the same group, additional electrons also lead to increased volumes, once more coinciding with lower
work functions. For volume errors however, there was no correlation with errors on the work function. The
correlation between volume and surface energy is not as large (r = —0.65 and r = —0.61) as it is for work
functions. The relative error on volume is however moderately correlated (r = —0.59) to the relative error on
surface energy. This is understandable, since he surface energy is in # If DFT predicts a volume that is too
large, the surface energy will be too low.
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Figure 5.13: The work function and volume per atom are negatively correlated. The regression line is shown
in blue.

To conclude this section which bombards the reader with correlation coefficients, there are good predictors
for both surface energy and work function, i.e. cohesive energy and atomic density respectively. Robust pre-
dictors for the errors are absent however, especially for work functions; the error on the volume or cohesive
energy is a moderate indicator of the error on the surface energy. This absence of a smoking gun for errors,
especially for the work function, shows there are significant errors contained in DFT surface calculations,
specifically associated with the electronic density found at the surface itself.
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5.4 Analysis of the anisotropy

Little has been said thus far about the anisotropy of the surface energy or work function within a specific
element. Indeed, comparison with experiment is troublesome as anisotropic work function data are only
available for a limited number of elements. Concerning the surface energy, anisotropic information exists
from the equilibrium shape of crystallites, but this is at finite temperatures making a quantitative comparison
hard®?!. The goal of this section is rather to discuss the results themselves, and only for work functions will
a comparison be made with experiment. Since the anisotropy of PBE and LDA is very similar, only PBE
results will be discussed.

It was already explained how surface energy can be regarded as the energy required to break bonds. Within
this picture, cleaving along a plane with a high planar density of atoms should be easier, since the atoms
at the resulting surface have more neighbors left compared to a plane with a lower density. Following this
reasoning, the expected anisotropy for the fcc elements is y111<y100<Y110 Whereas for the bcc elements the
opposite should be true. The order for the hcp elements should be yo001 <Y, (79<¥230- In Figure 5.14 (left),
where the averages of the surface energies relative to the minimum are presented, this ranking is confirmed.
There are some exceptions however. The bcc elements Li, Mo and W have the lowest energy for the {100}
surfaces instead of the expected {110} surfaces. Ca and Sr slightly deviate from the trend of the fcc elements,
but they have a low anisotropy. The hcp transition metals show a clearly different behavior depending on
the number of electrons in the d-shell. Sc, Y and Ti break the expected anisotropy with the {1010} surface
having the lowest energy for Sc and Y and with Ti having the lowest surface energy for the {1230} surface.
Zn and Cd on the other hand do follow the normal hcp anisotropy, but with very large differences between
the orientations — up to a factor 3.
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Figure 5.14: The average anisotropy of the work function and surface energy for all fcc, bce and hep ele-
ments. Surface energies are presented relative to the minimum, work functions by the absolute difference to
the minimum.

When atoms are more closely packed at the surface, the work function is expected to be higher. This follows
from the same reasoning that was made for the anisotropy of the surface energy: breaking bonds destabilizes
the surface. A surface that is more densely packed, which means its atoms maintain more of their bonds,
will have electrons that are more strongly bound. This idea is supported by the negative correlation between
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molar volume and work function found in the previous section. Consequently, one expects the opposite order
for work function anisotropy compared to the order for surface energy. In Figure 5.14 (right) this is indeed
the conclusion from the average work function anisotropy for bce, fcc and hep. V, Nb and Mo are exceptions
for the bece trend, showing the lowest work function for the {100} surface. Cd is remarkable in that the {0001}
surface has the lowest work function, as well as having the lowest surface energy. Al deviates from the fcc
trend as the {110} surface has the lowest work function.
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Figure 5.15: Comparison of the PBE anistropy with experiment. The linear fit is shown in blue and the
bisector in black.

Figure 5.15 shows the comparison between PBE and experiment for the anisotropy of the work function, for
those elements for which anisotropic data is available. Although the spread might seem large, the SER is
lower than one?, indicating PBE describes the anisotropy very well.

°This is either a statistical anomaly — quite possible since the sample size is not that large — or it is because the errors on
experiment are correlated for the different surface orientations. To obtain the weight for the fit, the variances were summed. which
would overestimate the error if the covariance were not zero.
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Chapter 6

Conclusions and outlook

The goal of this thesis was to calculate work functions and surface energies for the entire periodic table with
DFT-PBE and DFT-LDA and compare them to experiment. Such a large and representative test set enables a
rigorous statistical approach to assess the general accuracy of DFT-predicted surface properties. This general
trend serves as a guideline for how these ab initio results should be quantitatively interpreted.

A problem with previous benchmark studies on the accuracy of DFT-predicted surface energies was the
comparison with experiment. By using the TLK model to deduce surface energies of random orientation,
it is believed the present work makes a better comparison with the available experimental data. Moreover,
the errors in the experimental methods were incorporated in the statistical comparison with DFT predictions.
Concerning work functions, other DFT studies usually limited the experimental data set to the review by
Michaelson.?!! By also including the recent review by Kawano!??), is not only the experimental data set
enlarged, but is also a thorough quantitative understanding of the error on work function measurements es-
tablished. Moreover, the protocol to compare a polycrystalline work function with the lowest anisotropic
DFT-predicted work function is crucial to construct the test set in a statistically consistent manner.

By performing surface calculations for such a large and varied test set, a rich database was compiled, con-
taining model parameters for surface simulations yielding converged work functions and surface energies.
This can serve as a guideline for future work, providing optimal settings and a measure of precision for the
three most common crystal structures: fcc, bce and hep. By virtue of the present computational capabilities,
surfaces that showed problematic convergence with respect to model parameters, for example those with
quantum size effects, were identified and rigorously tested to ensure sufficiently converged work functions
and surface energies.

By using a weighted linear regression to compare DFT to experiment, a more nuanced picture is obtained
with respect to the accuracy of the ab initio predictions. The surface energy is overestimated by 15% for
LDA, whereas PBE underestimates it by 4%. The work functions were underestimated with a constant er-
ror of 0.38¢eV by PBE, with an additional relative overestimation of 3%. The constant error dominates this
behavior. LDA work functions have a mixed error character. As is the case for PBE, there is an absolute
error of — 0.28eV — but the relative overestimation of 8% is more significant. These systematic deviations
are useful for extrapolating a specific DFT result to its expected experimental value. The material-dependent
deviations with respect to the general trend are a more interesting measure for a functional’s accuracy. This
is quantified by the standard error on the regression (SER). From this SER, it was concluded that both LDA
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and PBE predict work functions very well for most elements. Indeed, DFT-predicted work functions rival
the accuracy of the experimental methods. The most notable excpetions were Ti, Zr, Hf and Ge. Predicting
accurate surface energies proved a more difficult matter. These were too low for Pt, Ag, Au,Tl, Sn and Pb.
The magnetic elements Fe and Cr performed very badly for the surface energy and the work function. Al-
though LDA yields a larger systematic error for surface energy than PBE, the SER was smaller. This shows
LDA is a better functional for surface energy than PBE, provided corrections are made for the systematic
erTor.

Some clear electronic trends were observed in the residual errors. The surface energies of transition metals
with full or almost-full d-shells were underestimated by both PBE and LDA. The same observation was
made for the p-type metals. The work functions of the Ti group were underestimated by both functionals.
The magnetic elements suffered from above-average inaccuracies as well, with their LDA-predicted work
functions and PBE-predicted surface energies deviating most strongly from the general trend.

In an attempt to identify bulk properties which could predict surface properties, the Pearson correlation co-
efficient was evaluated between the bulk modulus, cohesive energy and the volume per atom on the one hand
and the work function and surface energy on the other hand. A very strong correlation was found between
cohesive energy and surface energy. In addition, work functions clearly correlated negatively with the vol-
ume per atom. The correlation between the errors with of the DFT-predicted properties with respect also
evaluated. The error on the volume and the error on the cohesive energy are good predictors for the error on
surface energy. No such clear markers were found for work function errors however. This indicates there is
a significant inaccuracy in DFT which ins inherent to the surface calculation itself.

A first step to improving the current study would be to include those elements for which experimental data
are available, as the elements with a tetragonal, rhombohedral or more exotic crystal structure are not in-
cluded in the test set of this study. Calculations for Mn, Hg, B, Ga, In, As, Sb, Bi, Se and Te would greatly
enrich the test set. Simulating a greater variety of surface orientations for the hexagonally close-packed el-
ements would provide a better surface energy for these elements to compare with experimental data, as the
method for deriving surface energies for general surface orientations in this work is not optimal.

Only scalar-relativistic effects were included in the present calculations. Incorporating spin-orbit effects into
the calculations could improve the results for the heavier elements. This study limited itself to the use of
VASP for performing the calculations. Comparing with a different software package could provide a good
estimate of the numerical precision of the employed PAW method. Especially utilizing the LAPW method
would be an interesting benchmark study for the surface properties obtained with VASP. It could improve the
results for the heavier elements, for which both the calculated work functions and surface energies showed
above-average deviations.

PBE and LDA are two functionals that have been around for some time, and as such presented an ideal
starting point for this benchmark study. The inclusion of other functionals is a logical next step. A classifi-
cation of which of the more advanced functionals show superior performance for which property would be
of tremendous value for future ab initio surface research. In this context, work function and surface energy
are of course only two properties of a surface. Especially the energetics and topology of adsorbates on a
surface are very interesting properties to benchmark as well, being very relevant for surface catalysis. Such a
study would require a different approach however, as adsorption on surfaces invariably focuses on a limited
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number of substrates and adsorbates.

Despite the large scope for improvement of the test set and further benchmarking, a comprehensive picture
is obtained for the general behavior of both work functions and surface energies with PBE and LDA. The
characterization of the general trend with respect to experiment already enables a more accurate quantitative
interpretation of DFT-predicted surface properties.
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Appendix A

Experimental data

All experimental data that were used in this work are bundled in this appendix. Work functions for which
only one experimental value was found were assigned an error of 0.32¢V. Those that were deemed unreliable

by Michaelson[>! have been indicated with an asterisk .

O(eV) y(#) O(eV) y(#)
Li 29+0.32 |0.522+005 [ I 5.27 £ 0.32 | 3.048 +0.33
Na 2.75+0.32 | 0.261 +£0.03 || Ir {111} 5.77 +0.03
K 23+0.32 | 0.145+0.02 || Ir {100} 5.72 £ 0.25
Rb 2.16+0.32 | 0.117 £0.01 || Ir {110} 542 +0.32
Cs 2.14 +£0.32 | 0.095 +0.01 || Ni 487 +0.25 | 2.38+0.26
Be 498 +0.32 | 1.628 £0.21 || Ni {111} | 528 +0.14
Mg 3.66 ¥ 0.785 + 0.08 || Ni {100} 523+0.2
Ca 2.87+£0.32 | 0.502 +0.06 || Ni {110} | 4.64+0.17
Sr 2.59+0.32 | 0.409 +0.05 || Pd 524 +0.31 | 2.003 +0.22
Ba 2.7+0.32 | 038+0.04 || Pd{111} 555+0.2
Sc 3.500 + 0.32 Pd {100} | 5.59 +0.26
Y 3.100 + 0.32 Pd {110} | 5.08 +0.23
Ti 4330 +0.32 | 1.989 +0.21 || Pt 527 +0.26 | 2.489 + 0.26
Zr 4.050 ® 1.909 + 0.2 || Pt{111} 5.86 +0.18
Hf 3.900 + 0.32 | 2.193 + 0.23 || Pt {100} 5.82 +0.13
A 434032 |2622+0.28 || Pt{110} 5.61 +0.2
Nb 4.02+0.18 | 2.655+0.29 || Cu 451+0.14 | 1.79+0.19
Nb {111} | 3.86+0.33 Cu {111} | 4.91+0.05
Nb {100} | 3.95+0.12 Cu {100} | 4.57 +0.09
Nb {110} | 4.83+0.14 Cu{l10} | 4.48+02
Ta 4.25+0.06 | 2.902+0.32 || Ag 436 +0.26 | 1.246 +0.13
Ta{l11} 4 +0.07 Ag (111} | 456 +0.11
Ta {100} 417 £0.32 Ag {100} | 4.5+0.32
Ta {110} 481 +0.16 Ag {110} | 4.16 £0.26
Cr 454032 |2354+£027 || Au 5.31+£0.24 | 1.506 + 0.16
Mo 46+0.16 |2907+0.32 | Au{l11} | 5.29+0.11
Mo {111} | 4.09 + 0.23 Au {100} | 5.41+0.32
Mo {100} | 4.4+0.13 Au {110} | 531+0.32




D(eV) y(=5) O(eV) y(=5)
Mo {110} | 4.96 +0.11 Zn 4334 0.993 + 0.1
W 4.55+0.05 | 3.265+0.37 || Zn {0001} | 4.9 +0.32 +
W {111} 438 +0.12 Cd 42209 0.762 + 0.08
W {100} 457 £0.13 Al 423 +044 | 1.143 £0.12
W {110} 5.31 +0.32 Al{111} | 428 £0.11
Re 495 +0.13 | 3.626 + 0.40 || A1{100} | 4.36 +0.32
Re {0001} | 5.13+0.12 Al{110} | 4.21+0.15
Fe 4.66+0.21 | 2417 +0.26 || Tl 3.84® 0.602 + 0.06
Fe {111} | 4.81 +0.32 C {0001} 47 +0.1
Fe {100} | 4.59 +0.26 Si 46+028 | 1.135+0.14
Fe {110} 5.19 + 0.06 Si{l111} 479 +0.15
Fe-y 472 +0.25 Si {100} 471 +0.08
Ru 475 +0.19 | 3.043 +0.33 || Si {110} 4.84 +0.1
Ru {0001} | 5.385 + 0.15 Ge 5.00+0.32 | 0.877 +0.1
Os 4.84 +0.07 | 3.439+0.38 || Sn 4.420) 0.709 + 0.07
Co 5+032 |2522+0.27 || Pb 425 +0.32 | 0.593 + 0.06
Rh 49+0.32 | 2659 +0.29
Rh {111} 55+0.14
Rh {100} | 5.29 +0.14
Rh {110} | 4.77 +0.08
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Appendix B

Results from the calculations

Layers  Free
k-mesh inslab layers | ®ppr(eV) ®rpa(eV) VPBE(#) VLDA(#)

Li {111} 31x31 22 4 2.83 2.925 0.537 0.599
{100} 39x39 19 1 3.018 3.135 0.463 0.52

{110} 47x47 15 1 3.225 3.359 0.493 0.561

Na {111} 25x25 22 4 2.614 2.756 0.249 0.295
{100} 33x33 19 1 2.651 2.796 0.221 0.264

{110} 39%x39 15 1 2.815 2.962 0.21 0.253

K {111} 27x27 22 4 2.206 2.362 0.13 0.162

{100} 21x21 16 1 2.217 2.372 0.116 0.145

{110} 33x33 15 1 2.358 2.52 0.106 0.133

Rb {111} 19x19 22 4 2.118 2.291 0.101 0.166
{100} 25x25 19 1 2.115 2.291 0.091 0.151

{110} 29x29 15 1 2.239 2.412 0.081 0.134

Cs {111} 19x19 22 4 1.978 2.168 0.08 0.113
{100} 25x25 19 1 1.97 2.161 0.072 0.101

{110} 21x21 15 1 2.07 2.245 0.061 0.087

Be {0001} || 21x21 18 3 5.321 5.556 1.803 2.089
{IOTO} 29x17 20 2 4.484 4.644 1.938 2.211

{1250} 17x17 15 2 3.83 4.035 2.128 2.381

{l2§l} 21x21 20 5 4.482 4.679 2.461 2.751

Mg {0001} || 21x21 18 3 3.705 3.871 0.448 0.644
{IOTO} 25x25 16 5 3.652 3.814 0.581 0.736

{12§0} 13x13 15 2 3.487 3.643 0.688 0.853

Ca {111} 19x19 15 3 2.923 3.012 0.465 0.56
{100} 19x19 17 3 2.765 2.848 0.458 0.539

{110} 21x13 15 3 2.81 2.949 0.54 0.634

Sr {111} 15x15 13 3 2.522 2.668 0.35 0.437

{100} 15x15 13 4 2.452 2.563 0.346 0.414

{110} 21x13 13 3 2.55 2.663 0.41 0.498

Ba {111} 21x21 22 4 2.319 2.575 0.39 0.495
{100} 27x27 19 1 2.323 2.54 0.321 0.412




Layers  Free
k-mesh inslab layers | ®pgr(eV) ®ppa(eV) ypee(:5) )’LDA(L#_
{110} 33x33 15 1 2.385 2.584 0.313 041
Sc {0001} || 21x21 18 3 3.334 3.556 1.271 1.458
{IOTO} 29x17 20 2 3.563 3.772 1.207 1.391
{1250} 13x13 15 2 3.18 3.346 1.264 1.445
{1251} 21x21 20 5 3.416 3.389 1.385 1.584
Y {0001} || 21x21 18 3 3.178 3.443 1.007 1.148
{IOTO} 29x17 20 2 3.315 3.471 0.974 1.126
{12§0} 13x13 15 2 3.005 3.196 1.017 1.164
Ti {0001} || 21x21 13 2 442 4.674 1.952 2.211
{IOTO} 29x17 20 2 3.896 4.226 2.016 2
{1250} 11x11 15 3 3.19 3.446 1.88 2.176
{1251} 19x19 12 3 3.512 3.797 2.031 2.32
Zr {0001} || 21x21 18 3 4.179 4.455 1.576 1.782
{IOTO} 29x17 20 2 3.837 4.164 1.65 1.856
{12§O} 13x13 15 2 3.089 3.391 1.651 1.898
Hf {0001} || 21x21 14 3 4.339 4,581 1.726 1.937
{IOTO} 29x17 20 2 3.939 4.207 1.867 2.081
{1250} 13x13 15 2 3.123 3.378 1.845 2.101
\Y% {111} 23x23 22 3 3.872 4.227 2.705 3.098
{100} 27x27 18 1 3.741 4.068 2.38 2.815
{110} 35x35 13 1 4.744 5.017 2.379 2.74
Nb {111} 25x25 25 4 3.838 4.146 2.345 2.715
{100} 33x33 16 1 3.547 3.859 2.302 2.736
{110} 21x21 11 1 4.489 4.77 2.068 2.381
Ta {111} 25x25 22 4 3.923 4.221 2.742 3.058
{100} 39x39 15 1 3.83 4.121 2.49 2.881
{110} 33x33 19 1 4,728 4,982 2.354 2.648
Cr (AF) {111} 31x31 22 2 3.741 3411
{100} 41x41 19 1 3.681 3.13
{110} 25x25 15 1 4.803 2.849
Cr(NM) {111} 31x31 22 2 4.09 4.392 3.57 4.082
{100} 41x41 19 1 4.017 4.355 3.748 4.192
{110} 25x25 15 1 4.824 5.127 3.313 3.76
Mo {111} 27x27 22 4 4.03 4.343 2.998 3.443
{100} 35x35 19 1 3.835 4.355 3.19 3.637
{110} 41x41 15 1 4.519 4.862 2772 3.117
w {111} 21x21 21 4 4.134 4414 3.555 3.958
{100} 33x33 19 1 4.096 4.44 4.034 4.427
{110} 31x31 15 1 4.777 5.05 3.282 3.655
Tc {0001} || 21x21 18 3 4.636 5.005 2.226 2.7143
{IOTO} 29x17 20 2 4.472 4.81 2.543 3.041
{1230} | 13x13 15 2 4.239 4.56 2.662 3.199
{12§1} 21x21 20 5 4.082 4.42 2.852 3.419
Re {0001} || 17x17 15 3 4.907 5.227 2.639 3.089

II



Layers  Free
K-mesh in slab layers

Dppr(eV) DrpaleV)

A

yree(E)  yLpaGh

{1010} | 29x17 12 2 4.68 4.986 2913 3.381

{1230} 9x9 11 2 4.492 4.769 3.111 3.613

Fe-a {111} || 31x31 22 3 3.862 4.541 2712 3.472
{100} || 41x41 19 2 3.894 4.41 2.53 3.442

{110} || 47x47 12 0 4.743 5.275 2.455 3.173

Fe-y {111} || 27x27 15 3 5.205 5.507 2.467 3.296
{100} | 25x25 13 3 4.739 5.18 1.906 3.84

{110} | 33x21 18 3 3.897 4.721 241 3.814

Ru {0001} || 21x21 18 3 4.993 5.372 2.675 3.239
{1010} || 29x17 20 2 4.784 5.148 2.986 3.584

{1230} || 13x13 15 2 4.43 4.78 3.405 4.076

(1231} || 21x21 20 5 4.383 4.739 3.328 4.003

Os {0001} || 21x21 18 3 5.302 5.638 2.997 3.494
{1010} || 29x17 20 2 5.062 5.386 3.403 3.956

{1230} || 13x13 15 2 4.782 5.071 4.091 4.719

Co {0001} || 21x21 18 3 4.925 5.386 2.128 2.768
{1010} | 29x17 20 2 4.703 5.136 2.267 2.954

{1230} | 13x13 15 2 4.389 4.806 2.461 3.253

{1231} | 21x21 20 5 4.328 4.764 2.622 3.408

Rh {111} || 25x25 14 3 5.138 5.536 2 2.558
{100} | 23x23 14 3 5.068 5.472 2.34 2.96

{110} || 27x17 14 3 4.583 4.961 2.388 3.045

Ir {111} || 25x25 15 3 5.514 5.86 2.297 2.817
{100} | 23x23 14 3 5.565 5.914 2.85 3.435

{110} || 27x17 19 3 4.97 5.314 2.881 3.512

Ni {111} || 29x29 11 3 5.02 5.497 1.916 2.506
{100} || 27x27 13 3 4.901 5.328 2.209 2.855

{110} | 33x21 15 3 4.488 4.949 2.262 2.945

Pd {111} || 25x25 14 3 5.244 5.651 0.253 0.402
{100} || 23x23 14 3 5.09 5.521 0.305 0.47

{110} || 27x17 16 3 4.834 5.216 0.322 0.483

bt {111} || 25x25 15 3 5.691 6.046 1.434 1.984
{100} || 23x23 15 3 5.673 6.04 1.834 2.405

{110} || 27x17 20 3 5.281 5.633 1.858 2.465

Cu {111} || 25x25 13 3 4.749 5.17 1.271 1.761
{100} || 23x23 13 3 4.492 4.88 1.42 1.951

{110} || 27x17 22 3 4.369 4.751 1.508 2.054

Ag {111} || 25x25 14 3 4.345 4.843 0.717 1.145
{100} || 23x23 15 3 4.223 4.676 0.802 1.268

{110} || 27x17 19 3 4.113 4.552 0.858 1.352

Au {111} || 21x21 13 3 5.114 5.528 0.699 1.123
{100} 19x19 13 3 5.082 5.46 0.857 1.334

{110} || 27x17 22 3 4.961 5.329 0.882 1.389

Zn {0001} || 21x21 18 3 4.075 4.442 0.308 0.506

III




Layers  Free
k-mesh inslab layers | ®ppp(eV) ®rpaeV) | yrse(h)  yipa(h)
{1010} || 29x17 20 2 4.334 4.702 0.747 1.102
{1230} || 13x13 15 2 4.026 4.299 0.965 1.389
{1231} | 21x21 20 5 4.126 4.432 0.943 1.356
Cd {0001} || 21x21 18 3 3.811 4.208 0.207 0.373
{1010} || 29x17 20 2 4.085 4.493 0.442 0.746
{1230} || 13x13 15 2 3.902 4.209 0.562 0.935
Al {111} 35x35 19 3 4.047 4216 0.816 0.972
{100} 33x33 19 3 4.255 4.415 0.94 1.106
{110} 39x25 21 3 4.045 4.207 0.998 1.173
Tl {0001} || 19x19 16 2 3.561 3.981 0.264 0.428
{1010} | 23x13 20 1 3.556 3.975 0.234 0.403
{1230} | 13x13 16 3 3.516 3.941 0.277 0.459
{1231} | 21x21 20 5 3.517 3.948 0.296 0.488
Graphite {0001} || 23x23 17 1 4.565 4.759 0.119 0.431
+D3 {0001} || 23x24 17 1 4.459 0.163

Diamond {111} 9x17 14 3 4.357 4.541 4.05 4.501
{100} 7x13 14 3 5.626 5.626 5.198 5.697
{110} 11x11 12 3 5.299 5.563 5.437 5.903
Si {111} 9x17 14 3 4.667 4811 1.361 1.513
{100} 7x13 14 3 4.563 4712 1.406 1.572
{110} 7x7 12 2 5.002 5.229 1.528 1.705
Ge {111} 9x17 14 3 4.381 4.551 0.89 1.156
{100} 7x13 14 3 4.482 4.722 1.003 1.269
{110} 11x11 12 3 4.743 4.993 1.235 2.007

Sn-a {111} 9x17 14 3 4.148 4.372 0.54 0.7
{100} 7x13 14 3 4.231 4.494 0.628 0.804
{110} 9x9 12 2 4.398 4.706 0.786 0.998
Sn-B {001} 11x11 19 3 4.015 4.26 0.507 0.732
{100} 7x13 16 1 3.954 4.199 0.369 0.576
{101} 15x15 14 4 4.009 4.28 0.421 0.624
{110} 11x15 16 2 4217 4.493 0.478 0.705
Pb {111} 21x21 22 3 3.763 4.08 0.253 0.402
{100} 19x19 15 3 3.796 4.101 0.305 0.47
{110} 25x25 15 3 3.727 4.029 0.322 0.483

v
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