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1. Introduction

"Oh, my dear, the questions never end. A lifetime is
simply a series of endless questions to be answered.”
Randall N. Bills

MechWarrior Dark Age # 27: Pandora’s Gambit

Modern steels are nowadays widely used in power plants [1-6], for structural applications [7-13],
including shipbuilding [12], offshore structures [13,14], e.g. sea platform, gas and oil pipeline
fabrication [15,16]. They are also used for railway purposes [17], in the automotive indus-
try [18-21], in engineering machinery like cutting tools [22—24], for armored protection [25-31]
and, of course, in the household [32], to name but a few examples.

In general, a steel is an alloy that consists mainly of iron with carbon addition in the range of
a few weight percent. lron itself exhibits good ductility, but hardness and strength are rather
low. The ground state of iron is the bcc crystal structure, also referred to as a-iron or ferrite
(Fig. 1.1(a)). It transforms to the fcc crystal structure, also referred to as ~y-iron or austenite
(Fig. 1.1(b)), above 912°C. The addition of carbon alters the mechanical properties which is
attributed to both the influence of carbon as solute element in the matrix and the formation
of precipitates. One of the most important precipitates is the carbide FesC (Fig. 1.2(a)), as
listed in the Fe-C phase diagram (Fig. 1.1(c)), and is called cementite. A lamellar mixture
of cementite and ferrite is referred to as pearlite (Fig. 1.2(b)). These three phases are the
common constituents of the so-called plain carbon steels. The mechanical properties of these
steels are determined by the carbon content and the heat treatment during fabrication, which
determines the type of host matrix and appearance of carbides in the microstructure of the
steels. Other important microstructures are bainite and martensite (Fig. 1.2(c,d)). Bainite
is formed in the temperature range between 250 and 550°C. The microstructure consist of
ferrite plates with parallel alignment which are accumulated in larger structures referred to as
sheaves. The sheaves are separated by low-misorientation boundaries or cementite particles.
Martensite is formed if austenitic steel is subject to rapid quenching. The transformation is
displacive, the austenitic lattice is deformed into the martensitic structure. This phase is of
importance because the formation of martensite makes the steel harder, but simultaneously
increases the brittleness.

Plain carbon steels represent only one type of steels. Other steel types have been developed
to have specific mechanical properties, in order to make the material suitable for specific
environments and applications. Thus, the actual mechanical properties of the steel may be used
for the classification of the various steel types. An example is the usage of the elongation and

15



1. Introduction

tensile strength as measure (Fig. 1.3). Designations of the various steel types are interstitial-
free (low content of interstitial elements), mild (carbon steels with low alloy content) or
bake-hardening (application of tempera-
ture in order to increase strength) steels.

(a) 0 (b) 0
0 o 9 0 go 9 Manganese-carbon steels represent an impor-
o oo 0>o tant steel type, as well as high-strength low-

alloy (HSLA) steels that incorporate addi-

09 09 oggoa tional elements compared to the mild steel.

The latter is also referred to as micro-alloyed

bee / ferrite / a-Fe fee / austenite / 1-Fe steel. Duplex-phase (DP) steels have a host

(c) Atomic % matrix consisting of both ferrite and austen-
s i S s . s s e e | ite. In complex-phase (CP) steels also bai-

00— nite and martensite appear in the microstruc-

1600/ ture, the latter being the hardest phase,

but also the most brittle one. Martensitic
or transformation-induced plasticity (TRIP)
steels contain a larger amount of marten-
site in the microstructure. TWIP (twinning-
induced plasticity) steels are austenitic steels
that obtain their exceptional mechanical
properties by deformations that results in
twinning. This leads to a finer microstruc-
ture which improves the mechanical prop-
erties. HFP (hot-press forming) steels are
processed in the austenitic state in a form-
N NS N S I WY AN WY Y s | ing press with water-cooled dies that quench

Weighs % Caton the material into the martensitic state. Ex-
Fe-C phase diagram tra advanced high-strength steels (X-AHSS)

Figure 1.1.: Crystal structure of (a) bcc and are under development in order to outclass
(b) fcc and (c) Fe-C phase diagram the mechanical properties of the conventional
(from Ref. [33]). advanced high-strength steels, i.e. DP, CP,

TRIP, HFP and martensitic steels [34].

Temperature [°C)

It is exactly this ability of adjusting the mechanical properties that makes steels so important.
The steel can be tailored in order to match specific requirements that make the material
suitable for many operational environments. Steels used in power plants are exposed to heat,
thus the material requires good creep properties [3—6], in terms of a high stability of the
microstructure, in order to prevent the materials’ failure. For structural applications, the steels
require high strength [8—13], wear resistance [11], good weldability [12,13] and toughness [13].
In the case of shipbuilding, sea platform and oil pipelines fabrication the steels require a good
corrosion resistance [14-16] as well as good weldability [39]. The former is also required
for steels used in the household [32]. Steels used in the automotive industry require good
corrosion resistance [18] besides high strength [19-21] if the materials is used in the chassis.
Low strength ultra-soft steels are required for parts with a complex geometry. For cutting

16



Figure 1.2.: Transmission electron microscopy micrographs of cementite particles in ferrite (a)
(from Ref. [35]) and martensite (d) (from Ref. [36]). Optical micrographs of ferrite
and pearlite (b) (from Ref. [37]) and bainite (c) (from Ref. [38]).

tools, the steels require a high hardness and wear resistance [24]. For armored protection, the
steels require good ballistic performance, in order to withstand the impact of a high-velocity
projectile. Obvious required properties are therefore good hardness and impact properties,
but recent investigations also highlight the importance of the microstructure on the ballistic
performance [29-31]. The ability to tailor the material in order to exhibit specific and required
properties is due to variations of the chemical composition of the basic material and varying
process parameters in manufacturing.

The chemical composition denotes the type and concentration of additional elements apart
from the main ingredients iron and carbon. However, these additional elements may not
only consist of elements which are added on purpose, in order to modify the operational
characteristics in an usually beneficial way. Already present traces of impurities in the material
may exhibit a detrimental impact on the mechanical properties, although their impact can be
usually negated by the addition of specific elements, which have a high affinity towards the
impurity elements. In the case of elements added on purpose, the impact on the steel usually
depends on the additive itself. Examples are the formation of specific precipitates which
may improve the hardness if the precipitates are very small. Or the precipitates reduce the
solute amount of specific elements which usually would deteriorate the mechanical properties.
Additives may also alter the microstructure by affecting the grain growth or the transformation
from austenite to ferrite. Some additives can also stabilize austenite at room temperature or
are able to prevent segregation of detrimental elements via a site competition effect. The
common additive elements in steel production are summarized in Fig. 1.4 among the common
impurities, which have a detrimental effect on the operational characteristics, and elements
where the actual impact, either overall beneficial or detrimental, depends on the nominal
concentration, the distribution and preferred site in the crystal lattice.

The common additive elements with a beneficial impact on the operational characteristics
are mostly 3d, a few early 4d transition metals, and tungsten from the 5d row. Titanium,
vanadium and niobium, for example, may be used to affect the grain growth, thus influencing
the grain size [40-42]. Addition of chromium and molybdenum exhibits a significant contri-
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Figure 1.3.: Elongation versus tensile strength for various steel types (from Ref. [34]).

bution to corrosion [43,44] and wear resistance [45,46]. Tungsten improves also the wear
resistance [47] as well as creep strength [48] and hardness [49]. Addition of manganese im-
proves the hardenability [50] and acts as deoxidizer. Nickel enhances the toughness [51,52].
Common additive elements in the p-block of the periodic table are predominantly the first and
second row elements. Aluminum affects the grain growth, leading to grain refinement [53,54],
and acts as deoxidizer similar to silicon, which additionally enhances the hardness [55, 56].
Addition of lead increases the machinability [57-60]. Cerium from the lanthanide series re-
moves sulfur from solid solution [61] and improves the corrosion resistance of stainless steels
by the formation of stable oxides [62,63]. Common impurities are hydrogen which promotes
embrittlement [64—68], oxygen which causes corrosion [69,70], and sulfur which decreases duc-
tility [71] if segregated to grain boundaries and enhances the corrosion process [72]. Helium
becomes important if the material is subject to irradiation (e.g. steels used in nuclear power
plants) and causes a loss of ductility [73] and promotes intergranular cracking [74]. Tin and
antimony also promote intergranular cracking if segregated to grain boundaries [75,76]. The
elements nitrogen and phosphorus are examples which do not fall clearly into one of the two
categories, and their actual impact on the mechanical properties often depends on additional
factors, e.g. the nominal concentration, the location or distribution within the material and
the actual form, i.e. whether it is still present as solute within the host matrix or bound in pre-
cipitates. Solute nitrogen makes steels brittle but nitrogen-containing precipitates increase the
toughness [77]. Nitrogen-containing coatings improve the corrosion resistance [78]. Phospho-
rus causes embrittlement if present at grain boundaries [79], but simultaneously the presence

18



11A 18 VIIIA

1
L 13 11A 14 IVA 15 VA 16 VIA 17 VIIA .
3 6941 |4 9012 5 10811 7 14007 9 1899 [10 20180
2 Li Be B . N F Ne
Lithium Berylium Boron Nitrogen Flourine Neon

11 22990 |12 24305 13 26982 |14 28086 |15 30974 17 35453 |18 39.048
3| Na Mg Al Si P Cl Ar
Sodium Magnesiom 311B 4 1VB 5VB 6 VIB 7VIIB 8VIIB  9VIIB 10VIIB 118 1211B Aluminium Silicon Phosphorus. Chiorine Argon

19 39098 |20 40078 |21 44956 |22 47.867 |23 50042 |24 5199 |25 54.938 27 58933 |28 58693 (29 63.546 |30 6539 |31 69.723 |32 7264 |33 74922 |34 7896 |35 79.904 |36 83.8
4 K Ca Sc Ti \" Cr Mn Co Ni Cu Zn Ga Ge As Se Br Kr
Potassium Calcium Scandium Titanium Vanadium Chromium Manganese Cobalt Nickel Copper. Zinc Gallium Germaniur m Arsenic Selenium Bromine Krypton

37 85468 |38 87.62 |39 88.906 |40 91.224 (41 92906 |42 9594 | 43 96 |44 10107 |45 10291 |46 10642 |47 107.87 |48 11241 |49 11482 52 1276 | 53 1269 (54 13129
5| Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Te 1 Xe
Rubidiom | Strontum Vitrum Ziconiom | Nebum | Mobbdenum | Technetiom | Rushenium Riodium | Paldium Siver Cadmium Indium Teluium lodine Xenon

55 13291 |56 137.33 57-71 72 17849 |73 18095 |74 18384 |75 18621 |76 19023 |77 19222 |78 19508 |79 19697 |80 20059 |81 20438 (82 2072 (83 20898 | 84 209 |85 210 | 86 222
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Caesium Barium Lanthanide Halfnium Tantalum Tungsten Rhenium Osmivm Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon

87 223 | 88 226 89-103 104 261 | 105 262 | 106 266 | 107 264 | 108 277 | 109 268 | 110 281 | 111 280 | 112 285 | 113 284 | 114 289 | 115 288 | 116 203 | 117 292 | 118 294
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Francium Radium Actinide | Rutherfordium |  Dubnium Seaborgium Bohrium Hassium Meitnerium | Darmstadtium | Roentgenium | Ununbium Ununtriom | Ununquadium | Ununpentium | Ununhexium | Ununseptium | Ununoctium

57 13891 |58 14012 |59 14091 |60 14424 145 |62 150.36 |63 15196 |64 15725 |65 158.93 | 66 16250 | 67 16493 |68 167.26 |69 16893 |70 173.04 |71 17497
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Lanthanum Cerium Praseodymium Neodymium | Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Veterbium Lutetium
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89 227 |90 23204 |91 23104 |92 23803 |93 237 | 94 244 | 95 243 | 96 247 | 97 247 | 98 251 | 99 252 | 100 257 | 101 258 | 102 259 | 103 262
Ac Th Pa U Np Pu Am Cm Bk Cf Es Frm Md No Lr

Actinium Thorium Protactinium Uranium Neptanium Plutonium Americium Curium Berkelium Californium | Einsteinium Fermium Mendelevium | Nobelium Lawrencium

Figure 1.4.: Important elements of the periodic table in steel manufacturing. Additives apart
from the main constituents (blue) may have an overall beneficial impact (green)
or the impact is dependent on additional factors and can be either detrimental
or beneficial (yellow). Impurities have an overall detrimental impact (red) on the
mechanical properties.

at grain boundaries is attributed to improve the hardenability [80]. Relative good strength and
toughness are achieved if the fabrication process ensures phosphorus to be finely dispersed and
the grain size to be small [81].

The microstructure of the steel is determined by the fabrication process that includes heat
treatment, i.e. applied temperature, holding time, cooling rate etc., and mechanical deforma-
tion during processing, e.g. (hot) rolling. Usually, the fabrication process consists of several
steps, which may include different applied temperatures, distracted by cooling sequences and
applications of mechanical deformation. These procedures influence the microstructure by af-
fecting the basic host matrix, the grain size and the formation and size of precipitates. It also
affects the diffusion of the elements in the material, thus determining the distribution in the
steel.

As both the chemical composition and the fabrication process determine the microstructure
and thus the mechanical properties of the steel, the design of new steels is a complicated task.
Slight variations in the concentration of a given additive or the parameters controlling heat
treatment may result in noticeable differences in the final microstructure of the steel. This
includes the crystal structure of the iron host matrix, the size of the grains and the existence of
precipitates in the host matrix or at grain boundaries, which effectively influence the mechanical
properties. In order to achieve the optimum impact on the mechanical properties, a detailed
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1. Introduction

knowledge of the behavior of specific additives is required with respect to, e.g, the diffusivity
and precipitation behavior, factors that are influenced by the chemical composition of the raw
material as well as the fabrication process. In this investigation, we focus on one of the specific
additives, namely boron.

Boron is one of the common additive elements in steel production, and although it is usually
added in very small quantities, often in the range of 100 parts per million (ppm) or less, it is
found to have a large impact on the mechanical properties of the steel [82]. However, the usage
of boron is not only restricted to these low contents, but relative large amounts of boron may
be used to form transition metal borides, which are used as hard and protective coatings on
the steel surfaces or alter the mechanical properties of the steel. Its attractiveness as alloying
element stems also from its ability to achieve the same effect on some mechanical properties
with less additive content compared to other alloying elements [83,84]. In addition, in times of
increasing costs for resources, boron is still a relative cheap alloying element [82,85], especially
compared to some of the transition metals usually used as alloying elements.

Iron borides in particular are widely used as hard and protective coatings on steel surfaces
in order to improve the wear and corrosion resistance of the steel [86-92]. The coating is
produced via the process of boriding (or boronizing) which includes the deposition of boron
on the surface and an additional heat treatment, e.g. in the form of laser irradiation [90] or a
thermochemical process [91], in order to form the borides on the steel surfaces. Iron borides
formed in the microstructure of steels, in contrast, can alter the mechanical properties in a
direct or indirect way. As an example for a direct influence, the formation of borides in high
boron steels improves the tensile strength [93]. Indirectly, the formation of borides depletes the
amount of boron in solid solution, thus properties dependent on this amount will be affected.

The addition of low boron contents is known to improve the hardenability of low-carbon and
low-alloy steels [82,94-108], the ductility at room [109] and high temperature [110-115], the
(fracture) toughness [116,117] and the creep behavior of both ferritic [118-124] and austenitic
stainless steels [125-131]. Furthermore, boron additions also improve the corrosion resis-
tance [132-134] and result in microstructure modification, e.g. refinement of austenitic [135]
and ferritic [136-138] grains. The variety of effects on the operational characteristics of the
steels arise from several different mechanisms, which require boron to be present as a solute
element or bound in precipitates and located appropriately in the microstructure.

Boron has the tendency to segregate to austenitic grain boundaries [139-141], although the
boron content at grain boundaries depends strongly on the applied temperature and holding
time [142-144] as well as the cooling rate [144,145]. If present as solute element, it improves
the hardenability of low-carbon and low-alloy steels [101] by retarding the ferritic/pearlitic
transformation, thus increasing the time range for the bainitic and martensitic transforma-
tion [102,103]. The mechanism responsible for an improvement of ductility by boron addition
depends on the type of host matrix. Below the austenite-ferrite transformation temperature,
the beneficial impact is attributed to intragranular formation of Feg3(B,C)g particles, acting
as nucleation sites for ferrite [111], or other carbides, that influence the microstructure [112].
In austenite, the beneficial impact is attributed to enhanced grain boundary cohesion due to
boron segregation [113] and the promotion of precipitate formation [114]. Improvement of
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toughness by boron addition is due to microstructure evolution, where boron additions lead
to a finer substructure of the steel [117]. With regard to creep resistance, the improvement
in ferritic steels by boron addition is attributed to boron enrichment of My3Cg carbides near
prior austenite grain boundaries, thus suppressing the coarsening of the carbides during creep
and maintaining a homogeneous distribution of fine My3C¢ carbides [120-123]. In austenitic
steels, the beneficial impact is primarily due to boronitride formation [125,126, 146]. We will
discuss the different mechanisms in detail in section 5 of this thesis.

Despite the variety of impacts of boron addition on some of the mechanical properties of the
steel, the similarity is in the dependence on the nominal boron content, the distribution and
the nature of boron, whether it is present as solute element or bound in precipitates, in order to
achieve a beneficial impact. As both the boron distribution and boron nature depend not only
on the fabrication process, primarily the heat treatment, but also on the presence of specific
additional elements in the raw material, it is therefore not surprising that, apart from varying
nominal boron contents in the literature in order to achieve optimum impact on the properties,
the overall impact of boron addition on the properties is still controversial [82,104-106]. Slight
deviations in boron content, the chemical composition of the raw material and differences in the
fabrication process may change the impact on the mechanical properties, even in a detrimental
way.

Based on the usage in the steel production, as outlined before, we will investigate the ordered
Fe-B compounds as well as the behavior of boron point defects in an iron host matrix. We will
restrict ourselves only to the class of ferritic steels, where the iron host matrix adopts the bcc
structure. The ordered compounds are investigated via the structure map approach and density
functional theory (DFT) calculations. The former method represents a classification scheme
and is in our investigation used to identify the governing factors that drive the compound
formation. The latter method addresses geometric, electronic and thermodynamic properties
of the compounds. DFT calculations are also applied in the investigation of boron point
defects in the iron host matrix. So far, a considerable number of DFT studies were devoted to
the behavior of boron point defects at grain boundaries [147-154], but corresponding studies
addressing boron point defects in bulk iron are rather sparse [155,156]. Our aim is to gain
insight into the behavior of boron point defects and whether and to which extent its behavior
differs from its nearest neighbors in the periodic table. As the influence of boron on the
mechanical properties is to a great extent determined by the distribution, we focus on the
factors that influence the distribution, namely the boron migration and interactions with other
point defects.

This thesis is structured as follows: Section 2 addresses the question of compound formation
via the structure map approach. After reviewing previous work on this topic, we first introduce
the concept of a polyhedron analysis, decompose the crystal structures into the coordination
polyhedra and present new structure maps for transition metal - sp-valent systems using the
available information from the polyhedron decomposition. Section 3 reviews the theoretical
background of density functional theory. In section 4 the binary Fe-B system is investigated
via DFT with respect to compound formation. Investigating not only the known stable and
metastable compounds, we also address the question of new viable ground states in the Fe-B
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1. Introduction

system, and discuss potential synthesis routes. Section 5 is devoted to the behavior of boron
point defects in ferrite, addressing the solution behavior, the migration, the impact on the
elastic properties of ferrite with varying boron content and the interaction of boron with other
point defects. Regarding the interaction, we predominantly focus on important elements in
the steel manufacturing that are located in the p-block of the periodic table (c.f. Fig. 1.4) as
well as hydrogen. Section 6 reflects the results with respect to the design of new steels. The
conclusions are then summarized in section 7. Details of the methodology are summarized in
the appendix.
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2. Structure Maps

"Deleting complications to try and find simplistic patterns,
simplistic solutions to puzzles, was a human approach.”
Neal Asher

The Technician

2.1. Introduction

The properties of steels and compound materials in general are a consequence of their chemi-
cal composition and microstructure. While the microstructure is to a large degree determined
by the fabrication process, the chemistry of compound formation is fully determined by the
constituent elements. The elements differ in the number of protons within the core, gener-
ally assigned as atomic number, and the corresponding number of electrons to achieve charge
neutrality. The electrons, or more precisely the electronic configuration of occupied and un-
occupied states, will determine not only elemental properties like, e.g., the volume or the
electronegativity, but also the corresponding crystal structure. However, the ambient condi-
tions are likely to influence the crystal structure. Examples are extreme temperature conditions
or the application of pressure which may not only promote phase transitions, but also changes
of the energetically preferred crystal structure.

Extending the concept to a mixture of two or more elements or constituents, three questions
regarding the crystal structures are raised [157]:

1. Will the mixture form a compound?
2. If compound formation occurs, at which compositions will the compounds appear?
3. Which crystal structures will the compounds adopt, dependent on the composition?

The third question refers to the observation that the same crystal structure can be adopted by
different chemical systems. For example, the prototypical NaCl-type crystal structure is not
only observed in the name-giving Na-Cl system, but also e.g. in Mn-O. However, due to the
different atomic size the cell volume and the internal coordinates of the atoms will vary, but the
symmetry of the cell, i.e. the Wyckoff positions and the space group, remains unchanged.

In the past years, several attempts have been made to find simple guidelines, or more precisely
order parameters, based on tabulated or derived atomic properties or other scales that provide
insight into whether a mixture of two or more elements is expected to form compounds and
which crystal structure will be adopted. These order parameters are either quantities chosen
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2. Structure Maps

from a representative scale, defined to clearly identify a given element, or derived quantities
based on the atomic properties of the constituent elements in the mixture or crystal structure.

e @60

The likeliness of compound formation or the
adopted prototypical crystal structure is then

uw‘:u;g“ plotted by a two- or three-dimensional di-
ol S ”Uh’g»: agram with the axes defined by the corre-
®o< 0oq sponding order parameters. By definition,

well chosen order parameters will yield firstly

a¥ o0 .

0%, 0%, oP8-FeB well defined areas consisting of the same
| | e9%e data points (compound formation or proto-
E 0%.0% s type) and secondly a minimum of overlap be-

Q’If/;u’; tween the different areas. A schematic rep-

ufdj resentation of a structure map is given in

0% o0 Fig. 2.1. The order parameters are calculated

Y from tabulated or derived atomic properties.

t116-MoB Adequate order parameters assign the differ-

ent prototypes to well-defined regions in the
) structure map. Ideally there is no overlap be-

Figure 2.1.: Schematic illustration of a struc- tween different prototypes.
ture map. Order parameters are
derived from atomic properties so
that the different prototypes ap-
pear in well-defined regions.

Identified guidelines may support efforts
made in materials science, as the design of
new materials is still a difficult and time-
consuming task. Simple correlations or rules
may introduce several applications in the de-
sign process. For example, cheaper elements could be identified to substitute an expensive
element without changing the crystal structure, as often mechanical or physical properties
tend to correlate with the underlying crystal structure. Furthermore, the rules could be used
to predict the crystal structures of given mixtures of binary or multicomponent systems, if
the system is known or expected to form compounds. This would be advantageous especially
for multicomponent systems that are increasingly difficult to sample both, theoretically and
experimentally.

This section is structured as follows: We will first summarize previous approaches to find
order parameters using either tabulated or derived atomic properties or other scales for the
classification of both the likeliness of compound formation and the adopted prototype. This
will be followed by an introduction into the concept of analyzing the atomic environment in a
crystal structure by the local polyhedra formed by the neighboring atoms. We will then present
the results for the identified order parameters, based on a polyhedra analysis of the crystal
structures, for a specific system: the binary transition metal - sp valent system. For simplicity
we will refer to this system as d-p system for the rest of the study. We will further extend
our approach to ternary systems, that have either two different d or p elements (i.e. d-d-p or
d-p-p), whereas we restrict the discussion of the ternary compounds to the crystal structures
that are adopted in the binary system. In the ternary systems, these crystal structures appear
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2.2. Previous Structure Maps

with mixed d or p elements at the Wyckoff sites. We further briefly discuss the predictive
ability of our structure maps.

2.2. Previous Structure Maps

2.2.1. Atomic Properties

In the 1960s until the 1980s the concept of order parameters and structure maps was established
and applied to several classes of compounds, as summarized in Tab. 2.1. The majority of
proposed order parameters are based on tabulated or derived atomic properties, and many
investigations use order parameters based on the electronic configuration (e.g. number of
valence electrons), the atomic size or an electronegativity scale. The only exception in Tab. 2.1
is the study by Phillips et al. [158] that used ionicity values determined from the compounds
as order parameters. The majority also used only two axes for the structure maps, except the
studies by Villars [159-161] that use three axes. A discussion regarding the general success of
the majority of structure maps listed in Tab. 2.1 is given in Ref. [159]. Deviations from ideal
separation appeared in many of the studies. Possible deviations were overlapping domains of
different compounds in the structure maps or the placement of single points that belong to
one compound into the domain of another. However, in some cases the overlapping domains
of different compounds were attributed to close geometrical relationships.

Class! Coordinates? Structures Ref.
XBYN-38 Ey vs C NaCl,c-ZnS,h-ZnS [158]
AB Y Nye AsLi,AuCd,FeB,GeS,MnP, [159]
vs [(rp +1s)A — (rp + 75)B] AlEr,CrB,AuCu,y-CuTi,
vs |AXMB| NaPb,WC,c-ZnS,h-ZnS,
HgS, TiAs,CsCl,FeSi,GeK,
NaCl,NaTI
A82 ENVB VOQ,CHFQ,A|H02,V2C, [160]
vs (rp +rs)a — (1p +75)B PbCly,CosSi,MoPty,SisZr,
vs AXMB CeCusg,a-GdSig,CusSb,

TiOQ,CaCQ,MOSiQ,CUA|2,
SioTh,AlB2,Cd2Ce,Cdls,
Calng,CI’SiQ,Mang,MgNig,

IX.Y non-transition elements; Z main group cations; W main group anion; T,U transition metals; M,N s,p,d
elements; A,B s,p,d,f elements; H halide, nitride, cyanide, nitrite; | d,f element; J p,d element

2C average ionic energy gap; Fn average covalent energy gap; AFE difference between the transition metal
and main group valence energy levels; 7 average principal quantum number; N, average group number;
AN, difference in group number; N, average number of holes in d band; XNy sum of valence electrons;
N average electron concentration; 7. tabulated atomic radii; Rs,R,, pseudopotential radii after St. John and
Bloch [162]; s, pseudopotential radii after Zunger [163]; AV/V size factor difference; AX© difference in
electronegativity after Gordy and Thomas [164]; AX™MPB difference in electronegativity after Martynov and
Batsanov [165]; AX "W difference in electronegativity after Watson and Bennett [166];
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c-FeSs,0-FeSo,MgCus

ABg ENVE Zr563,A|C|3,,B—CU3Ti, [161]
vs (1p +75)A — (1p +75)B FesC,YF3,BrsPu,CuTis,
vs AXMB CoGas,Al3Ti,NizP,AsNas,
NigSﬂ,ClgU,NigTi,DgHO,
LaFs,FeCls,AuCus,CrsSi,
ASgCO,BiFg
A3B5 Geth5,U355,Nb3P5,PU3PC|5,
RthU5,BgCr5,Si3W5,
Tthd5,Si3Mn5
XYNT"[(R, + Ry)x — (Rp + Ro)Y]| C,NaCl,CsCl,c-ZnS,h-ZnS [162]
vs |(Rp — Ro)x + (Rp — Ry)v|
MN [(rp + 7s)M — (p + 75)N| NaCl,CsCI,NiAs,PbO,CuT;, [163]
vs |[(rp — 7s)m + (1p — Ts)N| GeS,CuCd,FeSi,FeB,MnP,
NaTl,CrB,CoSn,SeTI,MoP,
KGe,LiO,AuCu,AsGe,NaSi,
NS,NaHg,KO,SiP,RbO,
NaP,HgClI,LiGe, TITe,NaPb
TU Ny vs |[AX B AuCd,AuCu,CrB,CsCl, [166]
~+-CuTi,o-FeCr
TU2 MgCUQ,ManQ,CUAIQ,MOSiQ,
NiTis,o-FeCr,MoPt,
TU3 AUCUg,CUTig,TiAlg,SnNig,
TiNig,WOg,J—FeCI’
XY T vs |[AXC| NaCl,c-ZnS,h-ZnS [167]
XZ NaCl,CsCl,c-ZnS,h-ZnS
XT NiAs,NaCl,MnP
XW2 CaFg,TiOQ,Cdlg,
MOSQ,NbSQ,PbC|2
XVV3 A|F63,COA53,CI’C|3,
Oé—ReO3,LaF3,A|F3
X2W3 a-A|203,L3203,Mn203,
Bi2Te3,Sb253
TU Ng vs AN, CrB,AuCu,AuCd,CsCl, [168]
Mg,FeB,Fe7W6,
~v-CuTi,a-FeCr
XT 3 Nye vs AE CsCI,NiAs,CuS,AuCd,NbPb, [169]
FeSi,FeB,MnP,CrB,CoSn,
MoP,CuAu,NaCl,ZnS, TiAs,
NbAs,NiS,CuTe,PdS,PtS,
CoGe,PbO
X2T TiOQ,lrSGQ,CC”Q,PdSQ,
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2.2. Previous Structure Maps

MoSis,PdP5,ReSo, FeAsS,
FeAss,AuSny, CuAly,PdSno,
CaFQ,NbASQ,PbC|QTiASQ,
CrSiQ,CUMgQ,TiSiQ,ZFSiQ,
GdSiQ,CUQSb,CaC|2,CU2Mg,
RUBQ,RGBQ,CQCQ,MOPQ,
A|BQ,Man2,ZrGaQ,F€Si2,
PbFCl,AuTeq,PdBis

AsBH4 (’I“p + TS)A Vs (T’p + TS)B AloMgOy4, ThgPy,FesCaOy4,KoS0y, [170]
Cr354,AIQBeO4,Kgl\/lgF4,Mn304,
AggHg|4,LigWO4,Y2CrS4,Yb354,

Pb304,AI2BaO4,Sr2PbO4,NagSO4,
KQPtC|4,K2Pd(NOg)4,CI’2CUO4,
KHSO4,LiKSO4,KNaSO4,
KQSO3(N202),N3(M002)PO4,
Ti2C304,BaQTiO4,HQSO4,H25€O4,
LigSO4,NagCrO4,(NH4)2CrO4,
NQQSQOg,(NH4)23203, BaHPO4,
CaHPO4,NaBePO4,NaH(PO3NH2),
K(UO2)VOy,BisPbS4,SbyFeSy,
ASQPbS4,SbQSnTe4,In22nS4

|J5 Te,A/re,B CaCU5,AuBe5,PrNigAI3,YNi2AI3, [17].]
VS ENve SmAg3‘5AI1,5,BaZn5,SmAg2,4AI2,6,
VS AXMB Nd3Nilng,CeC04B,CeC03Bg,

La RU3Si2,EI’Rh35i2,EI’|r3 Bg,
CGQ CO7 Bg,CGgCOH B4
TxUy N vs AV/V MgCus,MgZny,MgNis,Cr3Si, [172]
U—FeCI’,Ti5 Reg4,Cr0,16 M00.38C00.46,
Moz (Mo gNig.2)5Nig, WeFer

Table 2.1.: List of prior schemes for structure maps, including system and composition, the
atomic properties used for the axes and the crystal structures.

2.2.2. Mendeleev Number

Instead of using typical physical properties of the atoms, Pettifor proposed the chemical scale x
and the closely related Mendeleev number M as an appropriate coordinate to achieve the best
structural separation within two-dimensional maps [173]. The scale was defined as an unique
parameter by a single one-dimensional string running across the two-dimensional periodic table
with the constraints to vary in ascending order (linearly for the Mendeleev number M) across
the transition metals and the sp element series without hydrogen and the 2p elements as
they behave chemically distinct from the elements in the same group (Fig. 2.2). The Pauling
electronegativity scale for beryllium to fluorine has been used to set the magnitude of the
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Figure 2.2.: Elements put in sequential order by one-dimensional string running through modi-
fied periodic table, according to Mendeleev number. Group IIA elements beryllium
and magnesium have been grouped with Group IIB elements. Yttrium has been
put between terbium and dysprosium.

chemical scale. It has been later extended to include the lanthanides and actinides while
conserving the constraint that the variation of the scale within a group does not overlap and
mix with neighboring groups.

Structure maps using databases of observed binary AB crystalline phases and the proposed
chemical scale x as axis provided an excellent structural separation [173]. Subsequent studies
addressed other important composition apart from AB [174,175] as well as pseudobinary and
ternary phases [176,177]. A section of a Pettifor structure map for AB compounds is shown in
Fig. 2.3(a), focusing on compounds formed by a d- and p-block element, with a dataset from
Ref. [177]. The structure map places the most important AB structure types, cF8-NaCl and
cP2-CsCl in well defined, distant regions. cF8-ZnS and hP4-ZnO appear in adjacent regions.
The geometrically related compounds oP8-FeB, 0S8-TlI (also referred to as 0S8-CrB) and tl16-
MoB are located in adjacent regions. oP8-FeAs and hP4-NiAs appear in alternating regions
of phase stability. For comparison, we generated a Pettifor structure map with the dataset
we compiled for our structure maps with entries from the Pearson’s Crystal Database [178],
excluding all high-temperature, high-pressure and metastable phases. This allows us to discuss
differences in the datasets. These might arise due to new measurements in the various systems
that might add or change the AB compound. However, some differences may also be explained
by varying criteria when setting up the dataset, e.g. inclusion of high-temperature phases and
the inclusion /exclusion of compounds with defects, leading to an imperfect composition of the
AB compound. With our dataset the Pettifor structure map for AB compounds is modified in
a few regions (Fig. 2.3(b)). Apart from areas, where compounds are not listed anymore or the
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Figure 2.3.: Section of a Pettifor structure map for AB compounds, from (a) Ref. [177] and
(b) compiled with a dataset from Ref. [178]. Crystal structures that appear only
once are marked as 'other’.

prototype changed from a more frequently occurring crystal structure to a crystal structure
that appears only once, marked as 'other’, we observe also changes in the regions for the
most important AB crystal structures. The cP2-CsCl region is reduced and now embraced by
hP6-CoSn. We also note the slightly reduced oP8-FeAs and significantly reduced hP4-NiAs
regions. The cF8-NaCl region in the bottom right corner shows more variation in different
crystal structures. We also note the now misplaced 0S8-TIl compound which in the original
structure maps was resolved as tI16-MoB. However, there are also a few regions that are slightly
improved. The cF8-NaCl, cF8-ZnS and hP4-ZnO region in the top right corner appears more
ordered. hP2-WC compounds in the same row as cP8-FeSi have disappeared, thus reducing the
spread of hP2-WC in the structure map. We further note the improved ordering of cP8-FeSi
and hP4-NiAs next to cP2-CsCl.

The existence of such domains of structural stability were explained by a tight-binding model
providing a microscopic, quantum-mechanical explanation [179,180]. Despite the relatively
simple model, neglecting the s states and taking only into account the p and d states, it was
able to explain most of the observed stable domains of specific pd-bonded AB compounds.

2.2.3. Local Environment

The analysis of the atomic environment of constitutent atoms in compounds was often limited
to a few compounds containing specific elements, e.g. boron [181]. In order to generalize
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2. Structure Maps

a few of the known d-p compounds in terms of polyhedra-packing, Girgis and Villars [182]
analyzed the existing compounds with respect to the existing coordination polyhedra of the
constituent atoms, thus following the pioneering work by Frank and Kasper [183,184] on the
topologically close-packed phases adopted by transition metals. The main goal was not to
determine all existing coordination polyhedra, but to identify the ones needed to build the
underlying structure type.

Following Villars' work [159-161], Villars and
Hulliger [185] presented an attempt to link
the atomic properties of the constituent el-
ements with geometrical properties of the
crystallized compounds. Each prototype has
been analyzed in order to determine the coor-
dination polyhedra, i.e. the geometrical con-
struct formed around a central atom by its
neighbors. In order to determine the clos-
est or nearest neighbors of a central atom
that form the coordination polyhedron, the
authors used the maximum gap rule intro-
duced by Brunner and Schwarzenbach [186]
(Fig. 2.4). In this method, the calculated in-
teratomic distances between each atom and
its closest neighbors are investigated with re-
spect to a maximum gap. All atoms below
neighbor histogram showing the the maximum gap are the .nearest neighbors
. . . of the central atom. This is also referred to
normalized interatomic distances . .

. as atomic environment of the central atom.

between an atom and its closest . .
The coordination polyhedron is then deter-

neighbors. The interatomic dis- . ) .
. mined by the atoms of the atomic environ-
tances reveal a maximum gap. All ent
ment.

atoms below the maximum gap be-

long to the atomic environment of The authors considered all binary, ternary and

the central atom. quaternary compounds with the same coordi-

nation polyhedron on every atomic site, thus

the structures have been designated as single-environmental types. Weakly distorted polyhedra

were assigned with their undistorted versions, thus reducing the number of distinct coordina-

tion polyhedra found in the dataset to eight. The order parameter from prior studies [160, 161]
were modified to explicitly include the stoichiometry.

maximum gap

6 F
4
2
0 1 1
1.5 2
d/d,

min

Figure 2.4.: Schematic illustration of a nearest

In a series of subsequent studies, Daams, van Vucht and Villars extended the analysis of the
geometrical features to cubic intermetallic compounds [187], followed by Daams and Villars
investigating the rhombohedral [188], hexagonal [189] and tetragonal [190] intermetallic struc-
ture types. As the maximum gap rule was found to yield inconsistent results in some cases,
the authors proposed the maximum convex volume rule [187] to identify the nearest neighbors
where the maximum gap rule failed. Here, the coordination polyhedra is defined as the maxi-
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2.3. New Structure Maps for d-p Compounds

mum volume around one central atom enclosed by convex faces with all the coordinating atoms
lying at the intersections of at least three faces. Slightly distorted polyhedra were assigned
to their undistorted version, referred to as atomic environment type (AET). In a few crystal
structure types (often hydrogen containing ones or metals in combination with p elements) the
polyhedra analysis identified irregular AETs (IAET) which can not be described by a convex
volume.

The analysis of the underlying datasets separated into cubic, rhombohedral, hexagonal and
tetragonal intermetallic structure types revealed that among all the possible AET most of
the crystal structure types consisted of a given set of only a few AETs. The number of
most frequently occuring ones among the different cell types was consistently in the range of
approximately 20 AETs. Some of the AETs were found to be preferred in all the different cell
types, whereas especially the IAETs were often found to occur only in one cell type. The AETs
found in the corresponding crystal structure types were then used to define a generic term to
replace the prototype classification. The number of different coordination polyhedra found
within a structure was used to determine the environment type. Based on this classification,
the structures were then assigned to a coordination type, using the number and kind of the
AETs as selection criterion. This classification by the environment type significantly reduces
the number of different entries compared to the classification according to prototype.

Villars and Daams [191] extended the same approach to the chemical elements, including not
only the known ground states but also the low/high-temperature and high-pressure modifica-
tions. As the structure is determined by the bonding situation, the authors expected to find
both the same AETs for different elements having the same bonding situation and a tendency
towards single-environmental type, as higher order environmental types would imply varying
bonding situations at different atomic sites. Indeed, the authors identified a set of seven most
frequently occurring AETs among the periodic table. Using Zunger's pseudopotential radii and
the number of valence electrons, and separating structures obtained under normal conditions
from the low/high-temperature and high-pressure ones, the authors were able to explain the
occurrence of a specific AET as a volume and bonding effect.

About a decade later, Villars and co-workers [192] presented new structure maps for AB
compounds by combining the determination of the AETs with a new ordering scheme of the
Mendeleev number that is different from Ref. [173]. Each binary compound was decomposed
into the AETs of each constituent elements. For the simpler compounds, the decomposition
listed one or two different AETs. Structures with three or more different AETs were designated
as complex, and less frequently occurring AETs were grouped into a distinct class.

2.3. New Structure Maps for d-p Compounds

2.3.1. Verification of Experimental Data Set

The focus of this investigation are compounds that are formed by a transition metal and a
p-block element. In order to obtain the required information for the dataset, we scanned the
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Figure 2.5.: The focus is on compounds that are formed by a transition metal (red) and a
p-block element, excluding halogens and the noble gases. Elements in the p-block
are classified as non-metallic (purple), semi-metallic (blue) and metallic (cyan).
The separation between non-metallic and metallic elements runs approximately
diagonal through the p-block.

Pearson’s Crystal Database (PCD) [178] for entries. From the p-block elements, we exclude
the halogens and the noble gases (Fig. 2.5). The number of entries that list compounds
containing noble gases is negligible, as expected due to the completely filled shells of the noble
gases. For the halogen-containing compounds, we also observe a reduced number of entries
compared to the earlier p-block elements. Furthermore, the clear majority of these compounds
crystallizes in structure types that are only observed in the transition metal - halogen system,
i.e. these crystal structures are not observed in combination with a transition metal and an
earlier p-block element. Thus, we exclude the halogens due to the limited number of entries
in combination with the unique crystal structures that are only observed in the transition
metal - halogen system. From the entries in the PCD we compiled a list of compounds
that appear in the binary d-p system. These structure files were compared with the phase
diagrams listed in [193]. This allowed us to exclude metastable, high-temperature and high-
pressure compounds. Furthermore, we excluded compounds that were observed in thin films,
compounds that list the crystal geometry obtained by calculations and compounds that contain
defects, i.e. compounds with a non-integer composition due to partially occupied atomic sites.
This includes also structure files of phases that have full occupation in the PCD files, but are
explicitly listed as defect phases in the phase diagrams. For example, we excluded the hP4-
NiAs phase in the Co-S [194], Co-Se [195] and Ni-Te [196] system which lists structure files in
the PCD with perfect composition, but the corresponding phase diagram lists the compositions
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2.3. New Structure Maps for d-p Compounds

dxpy Pearson Symbol - Prototype (#)
4:1 cP5-FesN (4)
3:1 cP4-CusAu (12), cP8-Cr3Si (17), hP8-MgsCd (8), oP8-CusTi (3),
oP16-FesC (5), tI32-NisP (9), tP32-TisP (7)
5:2 hP42—Pd5Sb2 (3)
7:3 hP20-Th7Fes (4)
9:4 CugAly (3)
2:1 hP6-Co; 75Ge (7), hP9-FexP (6), oP12-CosSi (15), 0S24-Pd2As (3),
t112-CuAls (13), tP6-CusSb (6)
5:3 hP16-Mn;sSis (24), oP16-Rh;Ges (5), 0S16-Pt5Gas (3), t132-CrsB3 (4),
t132-W5Sis (9)
3:2 oP20-Ni3Sns (3), tP10-U3Sia (9), tP20-ZrsAls (3)
13:9 mS44—Ni13Ga9 (3)
11:8 CruGeg (3)
5:4 hP18-TisGay (3), oP36-Sm5Gey (5), tl18-TisTey (8), tP36-Zr5Siy (3)
6:5 0|44—V65i5 (3)
11:10 tI84-Ho11Geqg (5)
1:1 cF8-NaCl (20), cF8-ZnS (6), cP2-CsCl (13), cP8-FeSi (13), hP2-WC (5),
hP4-NiAs (23), hP4-ZnO (3), hP6-CoSn (4), oP8-FeAs (20), oP8-FeB (8),
0S8-Tll (14), tP2-CuAu (3), tI16-MoB (3)
3:4 CF56—F6304 (5), hP14-Nb3Te4 (3), mSl4—Cr354 (11), 0|14—TagB4 (6)
2:3 hP5—Ni2A|3 (8), hR30—A|203 (4), OF40—ZF2A|3 (4), OP40—RU2G€3 (3)
5:8 mS26—V558 (6)
1:2 cF12-CaFq (7), cP12-FeS, (19), hP3-AIB, (12), hP3-Cdls (8),
hP6-MoSs (4), hP9-CrSiy (6), mP12-CoSbs (8), mP12-VO; (3),
mS18-NbTey (3), oF24-TiSiz (3), oF48-MgaCu (3), oP6-FeAs; (9),
oP6-FeS;y (5), oP12-PbCly (3), 0S12-ZrSis (6), tI6-MoSis (3),
t112-CuAl, (13), t124-HfGay (4)
3:7 cl40-RusSn7 (6)
2:5 tP14-HgsMny (3)
1:3 cl32-CoAsz (7), cP4-CuzAu (6), mP8-ZrSes (4), tI8-TiAls (8),
tl16-ZrAls (4), tP16-Irlng (3)
2:9 mP22-CozAlg (3)
1:6 0528-MnAlg (3)
1:12 CF52—U812 (3), C|26—WA|12 (4)

Table 2.2.: List of important compositions and corresponding crystal structures, denoted by

Pearson symbol and prototype. The number of appearances is given in brackets.
Only structures which appear a minimum of three times for a given composition in
the considered system are listed. These compounds will be used as the dataset for
the structure maps.
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Cog.88S, Cog.gsSe and Nigp g Te, respectively. An exception is made if the stability range in the
corresponding phase diagram contains the perfect composition. Thus, cF8-NaCl is excluded in,
for example, the V-C [197] system, but kept in the Ti-C system [198]. However, we will test the
performance of our order parameters with respect to the appearance of defects in the crystal
structures. If phase diagrams list conflicting data, like two or more compounds for an identical
composition, the corresponding structure files are also excluded. Structure files for binary
systems, for which no phase diagram is listed in [193], are completely excluded. Furthermore,
we added entries that list ternary systems, d-d-p or d-p-p, that adopt crystal structures observed
in the binary systems. Here, the compounds appear with mixed d or p elements at the Wyckoff
sites. Due to the significantly reduced number of available experimental phase diagrams for
ternary systems in [193] compared to the binary systems, we dropped the comparison of the
entries with the phase diagrams in order to exclude unwanted entries. Instead, we simply
checked the entries for keywords in the structure files, that designated a compound as high-
temperature, high-pressure or metastable phase. Furthermore, we excluded compounds where
d and p elements mix at the same Wyckoff site. However, this represents clearly the minority
of entries. Only about 22% of the entries list compounds with mixed d and p elements at
the same Wyckoff site. We note that this behavior is predominantly observed for the p-block
elements that are designated as semi-metallic and metallic, c.f. Fig. 2.5.

The structure files from the revised dataset were transformed into the standard structural input
files for BOPfox [199,200]. The built-in polyhedron analysis [201] examined the structures with
respect to the coordination number (i.e. the number of nearest-neighbors), the composition
of the coordination polyhedron (i.e. the number of d and p elements in the coordination
polyhedron without the central atom), and the corresponding polyhedron type. The algorithm
to identify the nearest neighbors is based on a Voronoi construction [202]. The arrangement
of the atoms that have been identified to represent the atomic environment are compared to a
set of regular polyhedra in a database. The smallest polyhedron is the tetrahedron comprised
of four atoms, the largest one contains 39 atoms. The resemblance of the atomic environment
with the polyhedra in the database is calculated via a correlation method that consist of a
sorted histogram containing the differences in the normalized distances of two, three and four
atoms of the local environment. The histogram of the considered atom is compared with the
histograms of the polyhedra in the database, that consist of the same number of atoms as the
atomic environment. The resemblance for each value is calculated via a Gaussian function,
summarized and normalized with respect to the number of entries. This resemblance factor R
is defined in the range 0 < R < 1. The larger the value of R, the greater the resemblance of
a polyhedron with the reference polyhedron. Relating to the prior work by Daams, Villars and
co-workers, this repetition of determining the coordination polyhedron is due to the following
reasons: First, tests of the Voronoi construction revealed that this method is more robust
than the maximum gap rule, thus giving coordination numbers for crystal structures where the
maximum gap approach fails. Second, Daams, Villars and co-workers addressed only the cubic,
rhombohedral, hexagonal and tetragonal crystal structures. To our knowledge, no publications
addressing the orthorhombic, monoclinic and triclinic crystal structures are available. Third,
in the available publications the authors do not list the compositions of the coordination
polyhedra. For further analysis, we also calculated the volume of the coordination polyhedra
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Figure 2.6.: Compounds which are built of the same coordination polyhedra (left panel).
Schematic illustration of the listed coordination polyhedra (right panel).

with ghull-2011.1 [203].

Tab. 2.2 lists the most important compositions and corresponding crystal structures that appear
in the binary d-p system, denoted by Pearson symbol and the prototype. The number of
appearances in the considered system is given in brackets. Only structures which appear at
least three times are listed, and will provide the dataset for the structure maps. This results in
a total of 574 entries which crystallize in 83 different prototypes. 499 of these entries, which
crystallize in 64 different prototypes, are representatives of the most frequently occuring d:p
ratios: 1:1, 2:1/1:2, 3:1/1:3, 3:2/2:3, 3:4 and 5:3. Among these compositions, 216 entries
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Figure 2.7.: Distribution of 1:1 compounds in the binary d-p systems. We separate according
to p element. Structures that appear only once are marked as 'other’.

crystallize in prototypes that have only one or two representatives and are therefore excluded.
We explicitly distinguish between the compounds with identical composition, but swapped
ratio, as here the d and p elements occupy the opposite Wyckoff sites, thus the coordination
polyhedra vary for the d and p elements. We also note that Tab. 2.2 is not symmetric with
respect to the 1:1 composition. Compositions with both d- and p-rich compounds (e.g. 2:1/1:2
and 3:1/1:3) have usually a significantly larger number of entries for one d:p ratio, but not for
the swapped one. Furthermore, the less common compositions usually appear only for the d-
or p-rich compounds, but not for the opposite ones. Some of the compounds listed in Tab. 2.2
are built of the same coordination polyhedra. These are summarized in Fig. 2.6 among a
schematic illustration of the corresponding coordination polyhedral. The structural similarity
of the cubic, hexagonal and tetragonal compounds in Fig. 2.6 that is due to the appearance of
identical coordination polyhedra is in agreement with the findings in Refs. [185,187,189]. The
only exception is hP9-CrSis that according to our analysis is built of the same coordination
polyhedra as cP2-CsCl and tl6-MoSis, but Ref. [189] lists a coordination polyhedron that differs
from cP2-CsCl and tl6-MoSio. However, the coordination number is the same. This might
be attributed to different approaches in order to determine the coordination polyhedra. We
will refer to the structural similarity of the listed compounds when discussing the structure
maps.

14-1: tetrahedron, 5-2:triangular dipyramid, 6-1:octahedron, 9-4:triaugmented triangular prism, 10-
4: gyroelongated square dipyramid, 10-7: sphenocorona, 12-6: triangular orthobicupola, 12-9: cuboctahedron,
13-1: augmented hexagonal prism, 13-2:observed in x phase, 14-1:rhombic dodecahedron, 15-6: Frank-
Kasper CN15; index refers to entry in reference database implemented in BOPfox
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The distribution of compounds with 1:1 composition (Fig. 2.7), one of the richest compositions
with respect to the number and variety of compounds, presents a first insight into suitable
order parameters for the structure maps. For the most frequently appearing compounds,
boron reveals an oscillatory dependence on the corresponding d element and the resulting
crystal structure, that follows oP8-FeB—0S8-TIl—0P8-FeB—0S8-TIl for the 3d elements. 4d
and 5d have only 0S8-TIl and tl16-MoB. oP8-FeB and 0S8-TIl appear also with aluminum,
silicon, gallium and germanium, but far less frequent and shifted to the beginning of the d
rows. These three compounds are also close in the Pettifor structure map (c.f. Fig. 2.3). One
of the most important 1:1 compounds, cF8-NaCl, appears most frequently in the left of the
d row with nitrogen or carbon, and to a lesser extent with oxygen. For the other p elements,
the formation of these compounds is predominantly observed for manganese and yttrium. The
appearance of the second-most important 1:1 compound, cP2-CsCl, is predominantly observed
for early p elements with late d elements. Formation of cP8-FeSi is predominantly observed for
silicon and germanium with d elements in the middle of the d-block. This compound competes
with oP8-FeAs, that is formed with late d elements, and its appearance shifts to the left when
going right in the p-block. This compound then competes with hP4-NiAs, that is formed with
late and early d elements. The oscillatory dependence of compound formation on d elements
is also observed for antimony. The compounds cF8-ZnS and hP4-ZnO are only found in the
last d column. The distribution also shows that the first row p-block elements differ greatly
from the remaining p elements with respect to the type of compound. The short overview
of the distribution already highlights certain topics that have to be addressed with respect to
the structure maps. First of all, the oscillatory dependence of compound formation on the
d element is expected to occur also in the structure maps. Thus, a given compound might
appear not only in one region of the structure map, but several separated regions. ldeally,
these regions should be intersected by the compounds that also intersect in Fig. 2.7. Second,
the distribution of some compounds appear somewhat arbitrarily, without a simple, intuitive
rule of appearance. Separation into different regions for one and the same compounds might
also have to be taken into account for these cases.

The 2:1 compounds appear to a lesser extent in the d-p systems (Fig. 2.8). Boron pre-
dominantly crystallizes in the tl12-CuAly structure, that is also found to a lesser extent for
aluminum, silicon, gallium and germanium. This distribution is similar to the 1:1 compounds,
as discussed above. 0P12-CosSi appears predominantly for silicon, germanium and tin, and to
a lesser extent for p elements to the left and right. This compound competes with hP9-FesP
that appears to the right for silicon, and appears more often in combination with phospho-
rus. The 1:2 compounds, on the contrary, crystallize in a larger number and variety than
the 2:1 compounds. Boron favors to crystallize in hP3-AIB5y, predominantly with the early d
elements. In contrast to the boron-containing 2:1 compounds, this structure is not adopted in
combination with aluminum, silicon and germanium. Moreover, the tendency of adopting the
same crystal structure is more pronounced for identical columns and to a far lesser extent for
same rows. Exceptions are cF12-CaFs, t112-CuAl, and cP12-FeSs that also appear in adjacent
columns. oP6-FeS, appears in close vicinity to cP12-FeSs. We also note that some compounds
may appear with reversed composition, e.g. tl12-CuAls that appear for both d:p ratios, 2:1
and 1:2.
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Distribution of 2:1 (top) and 1:2 (bottom) compounds in the binary d-p systems.
Structures that appear only once are marked as 'other’.

In summary, we discussed the distribution of the different compounds in the most important
compositions 2:1, 1:1 and 1:2. Although we were able to highlight tendencies with respect to
compound formation dependent of p and d element, none of these tendencies was thoroughly

valid for all
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three compositions. This suggests that splitting the data might be necessary to
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Figure 2.9.: Polyhedron volumes for p and d sites for common compositions: (a) 1:1, (b) 2:1,
(c) 3:1, (d) 3:2, (e) 5:2,5:3,5:4, (f) 4:3,7:3. For compounds consisting of several
p or d sites, the polyhedron volume is averaged.

produce structure maps with little overlap. We will address this question in the following
sections.

2.3.2. Trends in Volume

As a first step, we analyzed the polyhedron volumes for the Wyckoff positions in the different
crystal structures of the dataset. We differentiate between polyhedron volumes for the p
and for the d sites. If a crystal structure has several Wyckoff positions occupied by a p
or d element, respectively, we average the corresponding volumes. Instead of assigning the
polyhedron volume of the d and p sites to the two axis, we rather use the minimum and
maximum values of the two polyhedron volumes for the axis. This helps us to account for
crystal structures where configurations also appear with swapped d and p elements, thus
inverting the d:p ratio. An example is the tl112-CuAly compound, that appears for both a d:p
ratio of 2:1 and 1:2, c.f. Fig. 2.8. Without using the minimum and maximum polyhedron
volumes, configurations with swapped d and p sites would be mirrored with respect to the
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identity.

Despite the number of different crystal structures, the polyhedron volumes of the p and d
elements for the most common compositions (Fig. 2.9) align along only a few branches. Three
distinct branches are found for the 1:1 composition (Fig. 2.9(a)), which are formed by thir-
teen different crystal structures. About five branches are identified for the 2:1 composition
(Fig. 2.9(b)). Three branches are found for the compositions 3:1 (Fig. 2.9(c)), 3:2 (Fig. 2.9(d))
and 5:2, 5:3 and 5:4 (Fig. 2.9(e)). Only two branches are observed for the compositions 4:3
and 7:3 (Fig. 2.9(f)).

2.3.3. Trends in Coordination Number

Furthermore, we investigated potential tendencies in the coordination number for each of the
considered p elements. In spite of the various crystal structures the d-p systems tend to
crystallize in, an analysis of the coordination number might reveal the favorite coordination
numbers for the specific p elements. This might already indicate why specific crystal structures
and compositions only appear for some of the p elements. Furthermore, such an approach
might reveal tendencies associated with the alloyed d element, and possibly the number of
valence electrons of the d element.

We first investigated the distribution of the coordination numbers among the Wyckoff sites
that are occupied by either the d or p element, and separate the histograms according to the p
element (Fig. 2.10). We note that a separation according to the d element significantly reduces
the information value of the histograms. We explicitly take into account all Wyckoff sites, and
at this point we do not average over the d- and p-occupied Wyckoff sites. The appearance is
normalized with respect to the total number of Wyckoff positions that are occupied by p or d
elements, respectively.

The first row of the p-block in the periodic table is much more restrictive with respect to the
coordination number than the remaining elements. Among the first row elements, nitrogen
stands out due to its restriction to be only six-fold coordinated. Boron is less restrictive,
but clearly favors to be nine-fold coordinated, while carbon prefers to be six-fold coordinated,
although both elements allow other coordination numbers. The peak of nine-fold coordination
for boron is due to the 1:1 compounds oP8-FeB, 0S8-Tll and tl16-MoB that are observed in
a number of TM-B systems (Fig. 2.7). The same compounds are responsible for the thirteen-
fold peak for the transition metals. Also hP3-AIBy contributes to the nine-fold peak for the
boron sites. The peaks for six-fold coordination for both carbon and nitrogen in the p and
d sites is mainly attributed to the 1:1 compounds cF8-NaCl and hP2-WC. Oxygen does not
clearly exhibit a favorite coordination number, the distribution is flattened compared to the
other first row elements. This distribution should be attributed to the complex oxygen-rich
phases in the Ti-O, V-O and Mo-O system, that have relative large, predominantly monoclinic
or triclinic unit cells with a large number of Wyckoff sites with small multiplicities. Comparing
the corresponding coordination numbers of the transition metals reveals the tendency to reduce
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Figure 2.10.: Distribution of coordination numbers for all Wyckoff sites in the crystal structures,
separated for the sites occupied by d and p elements. All values are normalized
with respect to the number of Wyckoff sites. Polonium is omitted as [193] lists
no phase diagram.

the coordination number with increasing number of valence electrons of the p-block element,
as expected.

Elements in the second, third and fourth row of the p-block behave differently to the first row
elements. The distribution of the coordination numbers is smeared out, although in most cases
a favorite coordination number can be identified. Aluminum, gallium and indium exhibit a peak
for twelve-fold coordination for both the p and d sites. Thallium in the fifth row resembles
this tendency to a lesser extent. As expected, for the remaining elements in the second, third
and fourth row, the coordination numbers and the relative appearance for both p and d sites
tend to decrease with increasing number of valence electrons of the p-block elements. Sulfur,
selenium and tellurium clearly favor six-fold coordination for the p sites, while for the d sites
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both the six-fold and eight-fold coordination is favored.

The p-block elements of the fifth row do not show comparable tendencies in the coordination
number. However, for these elements only a handful of phase diagrams are available [193],
thus due to a lack of sufficient data points no evaluation can be given. Compound formation
with thallium is only found for yttrium, palladium and platinum. Lead forms compounds with
scandium, yttrium, zirconium, rhodium, palladium, platinum and gold. Bismuth forms com-
pounds with titanium, manganese, nickel, yttrium, zirconium, rhodium, palladium, hafnium,
iridium and platinum. Polonium has been omitted because no phase diagrams are listed for
this element in [193].

We further compared the relationship between the global compound composition with the
local composition that is found in the different coordination polyhedra for the p and d Wyckoff
sites. Here, the term global compound composition refers to the normalized p content in
the compound, while the term local composition refers to the normalized p content in the
coordination polyhedron, that surrounds the d or p Wyckoff site, respectively. For the first row
p-block elements (Fig. 2.11), the coordination polyhedra for the d sites in binary d-p compounds
containing boron generally tend to resemble the global composition. However, some deviations
are observed in the middle of the transition metal block for boron-rich compounds. On the
contrary, the p site polyhedra have generally a much lower local composition compared to the
global value. For carbon a different tendency is observed, as the compounds in the TM-C
systems generally tend to ignore the global composition, and the p and d sites are mostly
surrounded by d and p elements, respectively. This is due to the preference of cF8-NaCl and
hP2-WC, which have the same, six-fold coordinated polyhedra for both the p and d sites. The
restrictive nature of nitrogen, that prefers to be surrounded by six atoms, is also illustrated by
the fact that none of the atoms in the coordination polyhedra may be nitrogen atoms. With
increasing number of d electrons of the transition metal, the overall appearance of stable d-p
compounds shifts from 1:1 composition (in general cF8-NaCl) to the transition metal-rich end.
This is further accompanied by the tendency of d sites to resemble the global composition
locally. For oxygen, the tendency of the d sites to resemble the global composition locally is
shifted to the right of the transition metal block. Systems to the left tend to deviate stronger
from the global composition, an exception being Cu-O and Ag-O.

The relationship between the global and local composition is different for the second row p-
block elements. We will restrict the further discussion to the second row elements aluminum,
silicon, phosphorus and sulfur, but the overall tendencies in the relationship between the global
and local composition are also valid for the later p-block elements. We refer to Fig. 2.10,
where we compiled the distribution of the coordination numbers for the p and d Wyckoff sites,
respectively. In these histograms, very similar tendencies in the distribution have been observed
for the second, third and fourth row elements. With regard to the relationship between the
global and local composition, we find that compounds containing aluminum generally tend to
mimic the global composition also locally. However, the d sites have usually a slightly larger
local composition, while the p sites have a slightly smaller local composition. Sites with d and p
elements, that are only surrounded by the other elements, are found for p sites at low p content
and d sites for large p contents. Silicon shows the same tendency of the d sites to mimic the
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global composition locally, but the composition of the p sites is shifted downwards. Much of
the overall tendencies are in line with boron. For phosphorus and sulfur, the appearance of p
sites that are only surrounded by d elements are shifted to larger p contents. Similarly, the
appearance of d sites being only surrounded by p elements are shifted to lower p contents.
This effect is stronger for sulfur than for phosphorus. This is in line with the histogram of the
distribution of coordination numbers (Fig. 2.10). Later p-block elements show the tendency to
favor smaller coordination numbers, and it is more likely to have a polyhedron that comprises
only the other element for lower coordination numbers. Phosphorus is more restrictive with
regard to the d sites. Here, the global composition is often in line with the local composition.
Sulfur is less restrictive in this case.

In summary, the analysis of the relationship between the global and local composition for both
the p and d sites dependent on the p concentration reveals a few distinct features. First of all,
the overall different chemical behavior of the first row p-block elements compared to the later
ones becomes also apparent in the relationships between the global and local composition.
Carbon and nitrogen usually prefer to have p and d sites that are surrounded only by the other
element. Oxygen behaves similar to a certain degree. However, the tendencies are different in
the oxygen-rich compounds in the Ti-O, V-O and Mo-O systems. Boron, on the other hand,
shows a few features that are also observed for the second row p-block elements: the d sites
tend to mimic the global composition, p sites have usually a smaller p content, and p (d) sites
that are surrounded only by the other elements are for low (high) p contents. Aluminum is
by far the most restrictive element that prefers to have the global composition locally. Silicon
resemblances boron with respect to the relationship between the global and local composition
for the d and respective p sites. Phosphorus and sulfur shift the appearance of p (d) sites
that are surrounded by the other elements to higher (lower) p contents. Many of the observed
tendencies are in line with trends that have been observed and discussed with regard to the
distribution of the coordination numbers for the p and d sites, respectively (Fig. 2.10).

2.3.4. New Order Parameters

In the previous sections we discussed trends regarding the polyhedron volumes and the com-
position of the coordination polyhedra that were obtained with a polyhedron analysis. These
results allowed also the introduction of new order parameters for our structure maps that
explicitly take into account information of the local environment of each Wyckoff site, as pro-
vided by the polyhedron analysis. By taking into account both atomic and compound-related
properties, our approach represents to some extent a link between previous approaches for
structure maps that used solely atomic properties (c.f. Tab. 2.1 in Sec. 2.2.1) and the dis-
cussion of the crystal structures in terms of the coordination polyhedra by Daams, Villars and
co-workers (c.f. Sec. 2.2.3). In our search for suitable order parameters that provide good
structural separation in the structure maps, we tested a set of tabulated or derived atomic and
compound-related properties, the latter obtained from the polyhedron analysis. As a result,
we identified a volumetric factor and a factor dependent on the electronic configuration as
suitable order parameters for the polyhedra-based structure maps. Both parameters depend
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on atomic and compound-related properties. The volumetric factor fy is defined as

—obh —oh
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as averaged polyhedron (ph) volume of the coordination polyhedra of the Wyckoff sites oc-
cupied by p and d elements, respectively. We used the averaged polyhedron volume, as the
compounds differ in the number of Wyckoff sites. Without averaging, by taking into account
the number of different Wyckoff sites that are occupied by a p or d element, respectively, more
complex compounds are expected to be automatically separated from the simpler compounds.
V¥ is the atomic volume of the constituent p or d element in its respective ground state (gs),
taken from Ref. [191]. Thus, the factor fy represents a measurement for the deviation of the
atomic volumes obtained in the respective crystal structures and the ground states. The factor
1/2 is introduced for normalization, so that perfect agreement between atomic and polyhedron
volume for both p and d elements results in the identity. The second factor is dependent on
the electronic configuration of the constituent elements. The electronegativity values of the p
elements are generally larger than for the d elements, i.e. it is more likely that the p elements
gain electrons form the d elements. Therefore, we choose a factor that depends on the number
of valence electrons for the d elements, but on the number of holes in the sp-band for the p
elements. This factor is defined as

Nq

¢ —_ = 23
I N, (2.3)

with

1 NWyckof‘f
Ni=——— Y nN"+nl(8—NP) , i€ (pd). (2.4)
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ng/d is the number of p or d elements, respectively, that are present in the coordination

polyhedron. NP/d is the number of valence electrons in the corresponding sd/sp-band of
the d or p element, respectively. Thus, the factor fx measures the difference in the electronic
configurations, given by the number of d and p elements that form the coordination polyhedron
and their respective number of valence electrons in the sp/sd-band, that are present at the d
and p sites in the crystal structures. Again, we include the number of Wyckoff sites in N; to
account for the complexity of each compound. We further reduce the range of the parameter
fn by defining

. , / . “d “p>
= min ,1 =min ( —,=—|. 2.5
IN 1 (fN /fN) 1 <Np N, ( )
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Figure 2.13.: Variation of the axis ratios of (a) hP3-AlB3 and (b) 0S8-TII for different chemical
systems and influence on the coordination number.

This restriction is not mandatory but is helpful to account for crystal structures where the p and
d Wyckoff sites are swapped. Examples are the NiAs-type that crystallizes in the Rh-B system,
which has swapped p and d Wyckoff sites compared to other systems, and the tl12-CuAl;
prototype that appears for both 2:1 and 1:2 d:p ratios (c.f. Fig. 2.8).

The equations for the volumetric and electronic factor, as presented in Egs. 2.1, 2.4 and 2.5,
are valid for the binary case. However, the extension of these equations to ternary d-d-p
or d-p-p systems that adopt binary crystal structures, the pseudobinaries, is straightforward.
In the volumetric factor (Eq. 2.1), the ground state volumes Vgsd are replaced by weighted
volumes, calculated from the ground state volumes of the mixing d or p elements and their
respective concentration in the pseudobinary. The mixing of two different d or p elements is
already accounted for in the polyhedron volumes. In the electronic factor, the appearance of
two different elements splits the factor ng/d into two contributions, and the magnitude of each
contribution depends on the concentration of the mixing elements at each Wyckoff site that
is part of the coordination polyhedron.

The order parameters introduced in this section depend explicitly on atomic and compound-
related properties. Approaches with only atomic-dependent order parameters are briefly dis-
cussed in Sec. A.1 of the appendix.

2.3.5. Restriction to the d-p System

In our investigation, we only considered compounds that are observed in the d-p system.
However, our approach of analyzing the local environment of each compound and using this
information to calculate the order parameters we have introduced in Sec. 2.3.4 is not restricted
to the d-p system only. In principle, this approach is applicable to any given chemical system,
e.g. S-S or s-p.
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However, there are two reasons why we restrict the investigation to the d-p system. First,
some crystal structures may only appear in a specific chemical system. If we consider all
chemical systems, these crystal structures might appear in lesser number than other compounds
that are observed in different chemical systems. In view of our approach of considering only
these compounds whose number of appearance is above a certain limit, some compounds we
considered in our investigation of the d-p system might not be considered if we take into
account additional chemical systems. Second and far more important, crystal structures that
appear in different chemical systems still maintain the Bravais lattice and symmetry group.
However, the atomic positions and axis ratios of the lattice might be significantly altered in
different chemical systems. Obviously, this will affect the coordination number and therefore
the coordination polyhedron.

In order to investigate the variation of the coordination numbers dependent on chemical system
and lattice parameters, we discuss two exemplary crystal structures that appear in various
chemical systems: hP3-AlBy and 0S8-TIl. Both crystal structures are relatively simple builds,
with only two Wyckoff sites each. hP3-AlIBy (Fig. 2.13(a)) is hexagonal, thus the c/a ratio is
the only degree of freedom. The observe a strict dependence of the coordination number on
the c/a ratio: 9/12 for both Wyckoff sites are observed in compounds with a c/a ratio close
to one, 11/14 and 9/18 are only observed in compounds with a c/a ratio below and above
one, respectively. The chemical systems s-p, s-d, p-p and d-f appear only with a specific c/a
ratio: s-d and d-f are only observed for a c/a ratio below one, while s-p and p-p have a c/a
ratio above one. p-f and p-d, in contrast, show c/a ratios above, below and close to one. Two
entries for the p-d system, Fe-B and W-B, show a c/a ratio close to one. However, both entries
are not considered in our investigation, as both compounds listed in [178] are not included
in the experimental phase diagrams in [193]. The single p-d entry for a c/a ratio below one
belongs to the Ga-Y system. Entries for a c/a ratio above one contain essentially boron. For
0S8-TIl (Fig. 2.13(b)), the b/a ratio correlates well with the c/a ratio. The chemical systems
s-p and p-f are concentrated at low axis ratios and have in general the coordination numbers
9/9,13,15. s-d, p-p and d-f and are mainly concentrated in the center of the diagram, while
d-d is shifted to larger axis ratios. The chemical systems in the center of the diagram have the
coordination numbers 9/9,13, a few of the d-f entries that are shifted to slightly larger axis
ratios and contain mainly gold have the coordination numbers 9/11. The d-d entries, placed
in a confined region close to the latter d-f entries, have only the coordination numbers 11/11.
Entries for the p-d system are located in general close to the p-f system with the coordination
numbers 9/13. However, the aluminum-containing compounds have significantly larger axis
ratios, and the coordination numbers are changed to 11/13. We note that for 0S8-TIl the
coordination numbers correlate stronger with the axis ratios than the chemical system. Apart
from 9/9 and 9/13 which usually mix, the specific coordination numbers are located in very
confined domains.

In our discussion of two exemplary compounds, hP3-AlB, and 0S8-TII, that appear in various
chemical systems we outlined the reasons why we restricted our investigation to one specific
chemical system. The variation in the atomic positions and the lattice parameters dependent on
chemical system influence the coordination numbers and therefore the coordination polyhedra.
Thus, we expect an increased variation in the order parameters. Hence, the overlap between
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Figure 2.14.: Correlation between d ground state volume and polyhedron volumes for the (a)
p- and (b) d-sites in the d-Si systems. Filled symbols represent binaries, open
symbols represent pseudobinaries with mixed d sites.

different crystal structures is expected to increase when considering different chemical systems
in the same structure map.

We further note that variation of the coordination numbers in the same chemical system,
as observed for hP3-AIBy and 0S8-Tll, appears in the clear minority of compounds we have
considered in our investigation. For the majority of compounds, the coordination numbers are
constant in the various d-p systems.

2.3.6. Estimation of Polyhedron Volumes

In Sec. 2.3.4 we introduced the order parameters that we used in the structure maps for
d-p systems. However, the usage of compound-related properties in our definition of the
order parameters, namely the polyhedron volume of the p- and d-sites that is required for fv
(Eq. 2.1), reduces the predictive ability of our structure maps, as the polyhedron volume of
compounds in systems that do not adopt the crystal structure is unknown. We note that the
electronic factor fx (Eq. 2.5) can be calculated for these systems.

Here, we propose an approach to estimate the polyhedron volume of compounds for systems
that do not adopt this crystal structure. As an example, we discuss the d-Si system at 1:1
composition that lists four compounds: cP8-FeSi, oP8-FeAs, oP8-FeB and 0S8-TIl. Investi-
gating the polyhedron volumes for the p- and d-sites of the binaries and pseudobinaries that
have mixed d sites shows an approximately linear correlation between the ground state volume
of the d element and the polyhedron volume. Thus, we are able to interpolate/extrapolate
the polyhedron volumes for both the p- and d-site from the ground state volume of the d
element that is listed in Ref. [191]. With the estimated value for the polyhedron volumes, we
are able to calculate fy and therefore the location of the compound in the structure map. We
demonstrate this procedure in Sec. A.2.
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Figure 2.15.: Structure map for 1:1 composition.

2.3.7. Binary Structure Maps

1:1 Composition With the aforementioned order parameters we compiled the structure map
for 1:1 composition given in Fig. 2.15. The accessible number of entries due to the separation
of the data set according to the global composition allows the usage of Eq. 2.5 instead of
Eq. 2.3 without sacrificing the overall good structural separation. Another advantage is the
ability to account for compounds which may appear with swapped Wyckoff positions for the
p and d elements, respectively. The most apparent feature of the structure map is the blank
area for large values of fyy and small values of fy, i.e. for large mismatches in the volumetric
or electronic factor. This indicates that the compounds may allow either for large mismatches
in the volumes for the Wyckoff positions with respect to the ground state volume or for large
mismatches in the number of electrons and holes, respectively, between the d and p Wyckoff
sites. Compounds consisting of polyhedra with low coordination numbers are located in the
low fv range, and the increase in fy is accompanied by an increase in the coordination number
of the corresponding polyhedra.

The two most important 1:1 compounds, cF8-NaCl and cP2-CsCl, are located in different
regions of the structure map. cF8-NaCl is bounded by hP2-WC to the left and by hP4-NiAs to
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the right. In both cases, the border between the structures is not a straight line, but shows an
oscillatory dependence on the volumetric and electronic factor. oP8-FeAs to the top right of
hP4-NiAs is located in a very confined region, with a small hP6-CoSn region to its right. Below
is the oP8-FeB, 0S8-TIl and tl16-MoB region. The Wyckoff sites of the three structure have
polyhedra with the same coordination number and composition. 0S8-TIl and tI16-MoB are also
built of the same coordination polyhedra (c.f. Fig. 2.6). The close geometrical relationships
of these structures were already described elsewhere [204]. This can account for the close
alignment of the three structures in the structure map. However, for the identical electronic
factor, 0S8-Tll is shifted towards lower volumetric factors, while tI16-MoB is shifted to higher
volumetric factors. The three deviating 0S8-TIl are due to aluminum, that significantly alters
the coordination number of the smaller polyhedron. To the right of hP6-CoSn is the also
confined cP8-FeSi region. tP2-CuAu is represented by few data points that are distributed in
the structure map with negligible overlap with other regions. hP4-ZnO and cF8-ZnS, on the
contrary, are located in a very confined region and overlap significantly. This is attributed to
the same coordination polyhedron both structures are built of (c.f. Fig. 2.6).

We further investigated the ability of the order parameters to account for defect structures.
Focusing on crystal structures that appear at least twice in the different d-p systems as defect
structures at ambient temperature, we checked cF8-NaCl, hP4-NiAs and tP2-CuAu. cF8-NaCl
(PdBo,lﬁg,VCQ,gg,YCO,gg) and hP4-NiAs (COSQ,gS,COSeo,Sg,TaN()Ag,,Hf0,67Te,Nio,gTe,ZrQ,(wTe)
appear only as defect structures with imperfect occupation of one of the Wyckoff sites. On
the contrary, defect structures of tP2-CuAu-type (Hgo 7Pb1.3,Mn1 33Gag67,Zr1.33In0.67) con-
tain Wyckoff sites that are occupied by both p and d elements, which results in the fractional
occupancy of these Wyckoff sites. Defect structures that appear at high temperatures were
excluded. Here, the appearance of defects is expected to be strongly influenced by the tem-
perature. We do not expect the chosen order parameters to be able to account for these
effects.

The structure map containing defect structures is shown in Fig. 2.16. Open symbols denote the
position if perfect occupation is assumed. The shift in the position due to fractional occupancy
is indicated by lines. Some of the aforementioned compounds are also listed with perfect
occupation, thus we can account for changes in the volumetric factor due to introduction of
defects. However, corresponding values are missing for the majority of the considered defect
structures, but the structure map containing defect structures shows that the volumetric factor
is only slightly affected. Thus, for defect structures without the volume for perfect occupation,
we simply assume that the volumetric factor is not affected.

For cF8-NaCl, the point for YCg 33 that is located in the hP4-NiAs region, if perfect occupancy
is assumed, is shifted to the lower boundary, just outside the region. The remaining two points
are placed in the vicinity of other NaCl-type points, if perfect occupancy is assumed, but the
shift places both again in the vicinity of other NaCl-type points. For hP4-NiAs, the two points
in the top left corner (Hfy 67 Te,Zry 67 Te) are shifted away from the cF8-NaCl region and closer
to other NiAs-type points. The three points in the region below are shifted closer to the
center of the hP4-NiAs region. The remaining point (TaNg45) that is placed between the
hP2-WC and cF8-NaCl region, if perfect occupancy is assumed, is shifted downwards, away
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Figure 2.16.: Structure map for 1:1 composition explicitly including defect structures shown by
filled symbols. Open symbols denote the position in the structure map if perfect
occupation is assumed. The shift in position by taking into account the fractional
occupancy is indicated by a line.

from the hP4-NiAs region. However, similar to Rh-B the occupation of the Wyckoff sites for
Ta-N is swapped with respect to the majority of NiAs-type compounds. This may explain why
this point is explicitly located in a different region. Furthermore, the placement at this point
does not overlap with other regions. For tP2-CuAu, the inclusion of the fractional occupancy
shifts the electronic parameter of the structures upwards. The volumetric parameter takes
into account the modified ground state volume, that is weighted according to the fraction of
p and d elements. This leads to the placement of one of the points in the cP2-CsCl region.
However, given the number of considered defect structures and the overall success in placing
these structures in the structure map suggests that the chosen order parameters are indeed
suitable and well-chosen.

2:1/1:2 Compositions The order parameters Eq. 2.1 and 2.5 resulted in overlapping regions
of appearance if d-rich and p-rich compounds are plotted in the same diagram. Therefore, we
separated the structure maps, plotting each for a d:p ratio of 2:1 and 1:2.
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Figure 2.17.: Structure map for a d:p ratio of 2:1.

The discussion of the distribution of d-rich and p-rich 2:1 compounds in Fig. 2.8 revealed
the preferred appearance of 2:1 compounds in the p-rich region. Thus, the structure map
for d-rich compounds of 2:1 composition (Fig. 2.17) presents only a few entries. Note also
the significantly reduced range for both the volumetric and electronic factor compared to the
1:1 structure map. Nevertheless, the overall structural separation is excellent. hP9-FesP,
tP6-CusSb and hP6-Co; 75Ge are located in well defined regions. The lower boundary of the
hP6-Co 75Ge region is close to the t112-CuAls region, but this is due to the appearance of both
compounds for aluminum and gallium in combination with early transition metals (Fig. 2.8).
oP12-CosSi is intersected by 0524-Pd,As. The reason for that is not apparent from Fig. 2.8.
The deviating oP12-Co4Si point is due to the appearance of this compound in the Y-Al system.
Formation of this compound is predominantly observed for late transition metals.

The corresponding structure map for the p-rich compounds reveals overall good structural
separation (Fig. 2.18). There are a few regions with some overlap, however this lack of
separation is predominantly due to close geometric relationships between crystal structures
that appear in the same region. Both FeSs compounds, cP12 and oP6, are built of the same
coordination polyhedra (c.f. Fig. 2.6). The same holds for tl12-CuAly and oF48-MgsCu.
mS18-NbTes has the same coordination numbers, but one of the polyhedra differs. Identical
coordination polyhedra are also found for tI6-MoSis, hP9-CrSiy and 0F24-TiSio. This accounts

53



2. Structure Maps

1 T T T T T T
o0 * *
“ “ s cF12-CaF,
09 F ° 1 e cP12-FeS,
- 5R = hP3-AIB,
0.8 ° i hP3-Cdl,
° * hP6'M082
hP9-CrSi,
07 + 4 = mP12-CoSb,
'Y A mP12-V02
Lo +  mS18-NbTe,
Z 06 . oF24-TiSi,
- . +  0OF48-Mg,Cu
05 L  wee . . | oP6-FeAs,
m  0P6-FeS,
e 0P12-PbCl,
o4 | com ]l + 0S12-ZrSi,
°® tI6-MoSi,
'.'.'. : t112-CuAl,
03} .o - * tI24-HfGa2
|
[ ]
02 | | | | | |
0.5 1 1.5 2 2.5 3 3.5 4
fv

Figure 2.18.: Structure map for a d:p ratio of 1:2.

for the close appearance and minor overlap. The appearance of the two isolated hP3-AIB,
is due to formation of these compounds for boron with late transition metals. Usually these
compounds prefer early transition metals (Fig. 2.8). Separation of hP3-Cdls in two distinct
regions, one encapsulated by the FeSs compounds, is due to formation of this compound for
early and late transition metals with p elements from the oxygen column. For the late transition
metals, hP3-Cdls is located adjacent to both FeSy compounds.

3:1/1:3 Compositions Following the approach in the previous section, we separated also
the 3:1 composition into d-rich and p-rich compounds. Contrary to the 2:1 composition, more
compounds with 3:1 composition appear in the d-rich region. In the corresponding structure
map (Fig. 2.19(a)), hP8-MgsCd, oP8-CusTi and cP4-CusAu appear nearly inseparable because
of the same coordination number, and same compositions of the coordination polyhedra. hP8-
MgsCd and oP8-CusTi are also built of the same coordination polyhedra (c.f. Fig. 2.6).
cP8-Cr3Si is intersected by the aforementioned compounds, but appears in a well defined
region. tI32-NigP and tP32-TisP differ only in an additional Wyckoff site for tP32-TizP that
is twelve-fold coordinated. oP16-Fe3C is not well localized.

Structural separation is much better in the p-rich 1:3 structure map (Fig. 2.19(b)). The three
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Figure 2.19.: Structure map for a d:p ratio of (a) 3:1 and (b) 1:3.

compounds cP4-CusAu, tI8-TiAls and tl16-ZrAls have the same coordination polyhedra (c.f.
Fig. 2.6) and compositions of the corresponding polyhedra. We observe a mixed tI8-TiAl3 and
tI16-ZrAls region with an identical electronic factor, but varying volumetric factor.

3:2/2:3,3:4,5:3 Compositions Due to the small number of entries for compounds with d:p
ratios of 3:2 and 2:3, the corresponding structure map contains both ratios (Fig. 2.20(a)).
Nevertheless, the compounds are localized in well-defined regions. The placement of hR30-
Al3O3 in the rather isolated region might be attributed to the relatively simple construction
with only two distinct coordination polyhedra. The other compounds have either three or four
distinct coordination polyhedra. The isolated point for hP5-NisAls is due to the Rh-Si system,
where the d and p elements swapped the Wyckoff sites. This comprises oP20-NizSns and
oP40-RusGey. tP10-Us3Sis is intersected by oF40-ZrsAls. The isolated point of tP10-U3Sis
does not result from swapped d and p Wyckoff sites.

We only show the structure map for a d:p ratio of 3:4 (Fig. 2.20(b)). The number of entries
with a d:p ratio of 4:3 is negligible, and the majority of compounds appear only once in the
d-p system. For the d:p ratio of 3:4, the four compounds that appear at least three times are
placed in well-defined regions. Most of the compounds are built of three distinct coordination
polyhedra, except ol14-Ta3B, that is built of four distinct ones.
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Figure 2.20.: Structure map for d:p ratio of (a) 3:2/2:3, (b) 3:4 and (c) 5:3.

The structure maps for a d:p ratio of 5:3 is shown in Fig. 2.20(c). The inverted 3:5 ratio shows
a negligible number of entries, and the majority of compounds appear only once in the d-p
system. For the d:p ratio of 5:3, the compounds are generally placed in well-defined regions
(Fig. 2.20(c)). tI32-W5Sis is encapsulated by hP16-Mn5Sis. However, there is no noticeable
similarity in their constituting coordination polyhedra. The regions for hP16-MnsSis and
t132-Cr; B3 overlap slightly, leaving one hP16-Mn5Sis point in the t132-Cr5B3 region and vice
versa.

Other Compositions We summarized compounds with compositions that appear less fre-
quently in a single structure map (Fig. 2.21). In this structure map, the overall structural
separation is excellent. Compounds with identical global compositions generally appear in
adjacent regions.

2.3.8. Pseudobinary Structure Maps

In the pseudobinary structure maps, we highlight the regions that were defined by the binary
compounds by plotting the boundary of the convex hull. For simplicity, we combine the datasets
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Figure 2.21.: Structure map for the less important compositions.

for compounds that are built of the same coordination polyhedra (Fig. 2.6) when calculating
the boundary of the convex hull.

In the pseudobinary structure maps we differentiate between pseudobinaries with perfect com-
position and pseudobinaries containing defects. In the former case, two d or p elements mix
at the same Wyckoff site, but in summary the composition is perfect, i.e. for a 1:1 compound
with two d elements mixed at the same Wyckoff site, we have dxd;,p with z+y=1. In the
latter case, either the mixed or the unmixed site deviates from perfect composition, i.e. for
a 1:1 compound we observe dXd;,pZ with x+y<1 and/or z<1. In our pseudobinary structure
maps, we mark the pseudobinaries with perfect composition with filled symbols and the defect
pseudobinaries with open symbols. We further include only the defect pseudobinaries where
the composition deviates at most 10% from the perfect composition.

1:1 Composition In the pseudobinary structure map for 1:1 composition, we combine the
datasets for cF8-ZnS and hP4-ZnO as well as 0S8-TIl and tl16-MoB when calculating the
boundary of the convex hull. For the latter compounds, we also added oP8-FeB due to the close
geometrical relationship [204]. The majority of pseudobinaries, with perfect composition and
defect-containing ones, are placed in the convex hull that is defined by the binary compounds.
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Figure 2.22.: Pseudobinary structure map for the 1:1 composition.

We observe some overlap between the hP2-WC/hP4-NiAs and cF8-NaCl regions. However,
this is caused by the minority of the hP2-WC and hP4-NiAs entries. For hP2-WC, the majority
of entries is placed in the lower region of the convex hull, where no cF8-NaCl entries appear.
For hP4-NiAs, the majority of entries appear for larger fy;, where no overlap occurs with cF8-
NaCl entries. Pseudobinaries of cF8-ZnS- and hP4-ZnO-type appear also for higher fx. This
is attributed to pseudobinaries with mixed d sites, where a late transition metal, as observed
in the binary case (Fig. 2.7), mixes with an earlier, predominantly 3d transition metal. The p-
block element belongs always to the oxygen column in the periodic table, and pseudobinaries
with mixed p elements are an exception. Pseudobinaries for cP2-CsCl, cP8-FeSi, 0S8-Tll
and tl16-MoB are placed in their respective convex hulls. oP8-FeB-type pseudobinaries are
not listed in [178]. For oP8-FeAs, a small number of entries is placed outside the convex
hull. These ones contain predominantly d elements which in the binary case do not form this
compound. However, some of these configurations are also placed within the convex hull.
The single hP6-CoSn point shifted to the right is peculiar. However, all of the three elements
forming this compound are also observed in the binary case. No pseudobinaries at ambient
temperatures and pressures are listed in [178] for the compounds that have not been addressed
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Figure 2.23.: Pseudobinary structure map for a d:p ratio of 2:1.

in this discussion.

2:1/1:2 Compositions The pseudobinary structure map for the d:p ratio of 2:1 is shown
in Fig. 2.23. Pseudobinary entries for hP6-Coq 75Ge, hP9-FesP, oP12-CosSi, tI12-CuAls and
tP6-CusSb are in general placed in or close to the convex hull defined by the binary entries.
The misplacement of some of the entries, like the single entry for hP6-Co; 75Ge that is placed
outside the convex hull and the two entries for hP9-FeyP that are shifted to the right and
bottom of the structure map, is attributed to the appearance of elements in the pseudobinary
that are not observed in the binary compounds. For hP9-FesP, the single defect pseudobinary
is placed in the convex hull.

For the pseudobinary structure maps for a d:p ratio of 1:2 (Fig. 2.24), we combine the datasets
for cP12- and oP6-FeSs, t112-CuAly and oF48-MgsoCu as well as for hP9-CrSiy, oF24-TiSis
and tl6-MoSiy when calculating the convex hull. All pseudobinary entries for cP12-FeSs except
one are placed in or very close to the convex hull. Entries for oP6-FeSs are placed outside
the pseudobinary cP12-FeSs region. In this case, the pseudobinaries cP12-FeS;/0P6-FeSq
show more ordering than the binaries, see the placement of the binaries in Fig. 2.18. For
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Figure 2.24.: Pseudobinary structure map for a d:p ratio of 1:2.

hP3-Cdls, the entries that are located close to the binary entries at the top/bottom represent
pseudobinaries where predominantly the p elements mix. However, we also observe a few
entries at the top of the convex hull where early transition metals mix at the d site. We do
not observe the mixture of late transition metals. The entries that align in between represent
pseudobinaries where an early transition metal mix with a late one at the d site. No mixing of
p elements is observed here. For the cP12-FeS,, oP6-FeSy and hP3-Cdly pseudobinaries we
note that there is only negligible overlap between these three structures: entries for hP3-Cdl,
with mixed early and late transition metals do not enter the cP12-FeSs/oP6-FeSy convex hull,
and the hP3-Cdly entries in the cP12-FeSy/oP6-FeSy convex hull do not mix with the cP12-
FeSy/0P6-FeSy entries. About half of the entries for mP12-VO5 are placed in the convex hull,
the rest is shifted to lower (higher) fv (fx) and is placed in the hP3-Cdly region. This is
attributed to the mixing of transition metals that do not crystallize in this compound in the
binary case. The same argument, the observation of pseudobinaries with elements that do not
appear in the binary case, also explains the few cF12-CaFs entries that are shifted into the
hP3-Cdl, region. All these pseudobinaries contain oxygen, while no stable oxygen-containing
cF12-CaF, compound is listed in Fig. 2.18. hP6-MoSs pseudobinaries appear only with mixed
d sites, that explains the shift along fx. To the right in the structure map, the pseudobinary
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Figure 2.25.: Pseudobinary structure map for a d:p ratio of (a) 3:1 and (b) 1:3.

entries for hP3-AlBy are placed in or close to the convex hull. Pseudobinary entries for tl12-
CuAly and oF48-MgsCu are also placed in the convex hull. At the top of the structure map,
pseudobinary entries for oP6-FeAss are all placed outside the binary region. However, this
behavior cannot be solely attributed to the appearance of elements in the pseudobinary which
do not appear in the binary compound. Even mixtures with elements that are observed in
the binary compound are placed outside the convex hull. For 0S12-ZrSis, all pseudobinary
entries are placed in or close to the convex hull. The same holds for pseudobinary entries for
hP9-CrSis, oF24-TiSis and tl6-MoSis. The single pseudobinary entries for mP12-CoSbs and
oP12-PbCl, are placed outside the convex hulls. Again, this is attributed to the appearance
of elements in the pseudobinaries not observed in the binary.

3:1/1:3 Compositions In the pseudobinary structure maps for a d:p ratio of 3:1 (Fig. 2.25(a)),
we combine the datasets for hP8-Mg3Cd and oP8-CusTi for the calculation of the convex hull.
Pseudobinary entries for cP4-CuszAu, cP8-Cr3Si and oP16FesC are placed in or very close to
the convex hull. For the structures that are built of the same coordination polyhedra, entries for
hP8-Mg3Cd are placed either close to oP8-CusTi or at higher fx. Although the convex hulls
of cP4-CusAu, oP16Fe3C and hP8-Mg3Cd/oP8-CusTi overlap significantly, the pseudobinary
entries are placed in well-defined regions with negligible overlap. Entries for tI32-Ni3P are also

61



2. Structure Maps

— hP5-NiyAl,
— hR30-Al,0;
OF40-Zr,Al, — hP16-Mn;Sig
—_— OP4O‘RU2G93 — hP1 4‘Nb3Te4 081 6'Pt5Ga3
— tP20-Zr3Al, ol14-TagB, — 1132-W,Si,
1
3223  (a)] |34, ' " o] |53/ ' " (0
09 N 1 F 1 F .
N — .
0.8 " 1t 1t .
1 [ ]
AN .
=z 0.7 4 F 4 r -
0.6 1 F 4 F E
0.5 1k 1t .
0.4 1t 41t -
1 1 1 1 1 1 1 1 1 1 1

1 15 2 25 3 35 4 1 1.5 2 2.5 3 2 25 3 3.5 4

Figure 2.26.: Pseudobinary structure map for d:p ratio of (a) 3:2/2:3, (b) 3:4 and (c) 5:3.

placed in or close to the convex hull. The single entry that is shifted to the right contains
boron with mixed transition metals. However, none of the binary compounds contains boron.
The performance of the pseudobinary entries for tP32-TisP is relatively poor. Many of the
entries are shifted to significantly higher fx and lower/higher fy. Again, this is attributed
to the appearance of elements in the pseudobinaries not observed in the binary compounds.
The majority of misplaced compounds contain boron, which is not observed in the binary
compounds, and transition metals with more d electrons than in the binary compounds.

In the pseudobinary structure map for a d:p ratio of 1:3 (Fig. 2.25(b)), we combine the
datasets of cP4-CusAu, tI8-TiAlg and tl16-ZrAls for the calculation of the convex hull. For
these compounds, all pseudobinary entries except one are placed in the convex hull. The
single exception is due to the appearance of copper in the pseudobinary: tI8-TiAls contains
in general only early transition metals. The single pseudobinary entries for mP8-ZrSe; and
tP16-IrIng are placed in the respective convex hulls. Some pseudobinary entries for cI32-CoAsg
are placed outside the convex hull. Again, this is attributed to the appearance of elements in
the pseudobinary that are not observed in the binary case. The majority of these elements,
both d and p elements, are located in the adjacent columns with respect to these elements
that form this compound in the binary case.

62



2.4. Summary

3:2/2:3,3:4,5,3 Compositions In the combined pseudobinary structure map for the d:p
ratio of 3:2 and 2:3 (Fig. 2.26(a)), the pseudobinary entries for hR30-Al;O3 are placed in or
close to the convex hull. The single pseudobinary entry for oP40-RusGegs is also placed in the
convex hull, while the single entry for tP20-Zr3Als is shifted to the left: this pseudobinary
contains gallium, which is not observed in the binary case. The majority of pseudobinary
entries for hP5-NisAls are placed close to the lower boundary of the convex hull, the single
point shifted to the right contains silicon. This causes the shift in fy;. For tP10-U3Sis, most of
the pseudobinary entries that are placed outside the convex hull contain later transition metals
(region above the convex hull) than observed in the binary case or earlier p-block elements
(singe point outside the left border).

In the pseudobinary structure map for a d:p ratio of 3:4 (Fig. 2.26(b)), the single entry for
hP14-Nb3Tey4 contains the transition metals hafnium and zirconium, which causes the shift
compared to the binary case that contains only niobium. The single cF56-Fe3Oy4 entry outside
the convex hull contains titanium: usually this compound contains only late transition metals.
For mS14-Cr3Sy and ol14-TaszBy, the majority of pseudobinary entries are placed either in
or close to the convex hulls. However, a few entries are shifted to higher f5;, and some
mS14-CrgSy entries are placed in the ol14-TagBy region. Most of these mS14-Cr3S, entries
contain tellurium in combination with chromium and a late transition metal. The misplaced
ol14-TagB, entries contain predominantly iron. We note that the misplacement is only in the
volumetric factor fy, but not in the electronic factor fy.

In the pseudobinary structure map for a d:p ratio of 5:3 (Fig. 2.26(c)), the majority of pseu-
dobinary entries for hP16-Mnj5Sis are placed in the convex hull. Entries for tI32-W5Sis are
concentrated in the top left region of the convex hull, a few entries are shifted to the right
and placed in the hP16-Mn5Sis region. This is due to the appearance of p elements that do
not appear in the binary compounds. For tI132-Cr5B3, a few entries are shifted to the left and
right of the convex hull. The ones to the left contain p elements not observed in the binary
compounds, the ones shifted to the right contain some transition metals not observed in the
binary compounds.

2.4. Summary

In this section we presented the decomposition of binary d-p compounds in their respective
coordination polyhedra, and used the information to define new order parameters for structure
maps. All compounds, binaries and pseudobinaries, that we considered in our investigation
were extracted from the Pearson’s Crystal Database [178]. For the binaries, we compared
the listed compounds with experimental phase diagrams [193] in order to exclude metastable,
high-temperature and high-pressure phases as well as phases observed in thin films and entries
with the crystal geometry obtained from calculations. We only considered phases that are
stable at ambient temperatures and pressures. Due to the reduced number of experimental
phase diagrams for ternary systems, we simply checked the pseudobinary entries for keywords
to identify the compounds that are stable at ambient temperature and pressure.
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The investigation of the coordination polyhedra, their respective coordination number and
composition for the various p elements demonstrated that the chemically distinct behavior of
the first row p-block elements boron, carbon, nitrogen and oxygen compared to the remaining
elements is also present in trends regarding the favorite coordination number and the compo-
sition of the coordination polyhedron, i.e. the number of d and p elements that represent the
coordination polyhedron. Carbon and nitrogen are the most restrictive elements with regard
to the favored coordination number, favoring six-fold coordination, followed by boron, favor-
ing nine-fold coordination, and oxygen. The trends regarding a favorite coordination number
are less clear for the remaining elements, as these show a larger variety of different crystal
structures. However, in general the coordination numbers decrease with increasing number of
valence p electrons, as expected.

The analysis of the polyhedron composition allowed the introduction of two order parameters,
one volumetric and one electronic factor, that depend explicitly on atomic and compound-
related properties. The volumetric factor relates the polyhedron volumes of the d/p sites to the
respective ground state volumes. The electronic factor compares the electronic configuration
of the coordination polyhedra for the d/p sites, respectively, by counting the number of valence
electrons in the sd-band for d elements and number of holes in the sp-band for p elements.
Applied to binaries, the order parameters we introduced resulted in overall good structural
separation in two-dimensional structure maps for the most common compositions in the d-p
system. Pseudobinaries were in general placed within the domains that were defined by the
binary entries. The appearance of pseudobinary entries that were placed outside the binary
domains was attributed to the appearance of p or d elements that do not adopt this compound
in the binary d-p system. The order parameters that we introduced were also able to account for
defects in the crystal structures, represented by fractionally occupied Wyckoff sites. Although
our order parameters depend explicitly on compound-related properties, we showed that the
predictive ability of the structure maps is not limited, as we demonstrated that it is in principle
possible to estimate the electronic and volumetric factor for hypothetical compounds.

So far, we focused on binary d-p and ternary d-d-p/d-p-p compounds that adopt binary crystal
structures. The latter is realized by mixing of the d or p elements at the same Wyckoff site.
In the next step we will extend the investigation to real ternary compounds. We note that
we require only slight modifications of the order parameters to be able to account for the
ternary compounds. Furthermore, the order parameters still require the explicit separation
of the compounds with respect to their respective global composition. This disagrees with
the concept of polyhedra-based structure maps, as the usage of the local composition for the
order parameter should make the global composition obsolete. An improvement in structural
separation is expected by identifying a suitable third axis.
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"I'm afraid we need to use...math!”
Professor Hubert J. Farnsworth
Futurama SO06E10: The Prisoner of Benda

In order to study, analyze and understand the physical and chemical properties of matter, the
solution of the Schrddinger equation [205], the equation to describe a system consisting of
electrons and nuclei, is required. Although the general form of the equation is known, the
actual solution is complicated due to the nature of the electrons, which cannot be treated as
classical point-like particles, but have to be described by wavefunctions that obey the rules of
quantum mechanics. Furthermore, electrons interact with each other via the Coulomb force,
thus the presence of an electron influences the behavior of other electrons. Therefore, the
solution of the Schrodinger equation for systems of many nuclei and electrons is a many-body
problem.

In the past, several approximate schemes have been proposed in order to solve the many-body
problem. This section gives an overview of some of the well-established approximate schemes.
The approach by Hartree [206] is based on the decomposition of the many-body wavefunc-
tion into single-electron wavefunctions, thus reducing the many-body Hamiltonian to a simpler
single-electron Hamiltonian that can be solved more easily. However, the Hartree approxima-
tion neglects that electrons are fermions, i.e. indistinguishable spin-1/2 particles, and have
to obey the Pauli principle. A modified Hartree approximation, referred to as Hartree-Fock
approximation [207,208], has been developed in order to account for the treatment of the
electrons as fermions. A different approximate scheme was developed by Thomas [209], and
independently by Fermi [210], who introduced the electronic density, derived from the many-
body wavefunction, as basic variable of the many-body problem. However, the approximations
used in this approach were too crude, leading to a very poor description of the electronic
system. Nevertheless, the Thomas-Fermi theory provided the basis for the development of
density functional theory. Hohenberg and Kohn [211] provided the mathematical proofs for
the validity of the electron density as basic variable of the many-body system, manifested in
two theorems, while in a subsequent study Kohn and Sham [212] provided a scheme for the
calculation of properties of a many-body system from the electronic density. As the theoret-
ical investigations in this study have been performed using the numerical implementation of
density functional theory, we will discuss this topic in more detail, including the fundamental
theorems, the corresponding equations provided by Kohn and Sham and the specific treatment
of many-body effects within density functional theory. We further discuss some approaches
regarding the numerical implementation of density functional theory and address the develop-
ment of approximate schemes in order to describe the electron-nucleus interaction. In the end,
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we provide an overview of some observations of density functional theory, but also focus on
limitations which arise from the underlying approximations.

3.1. Schrodinger Equation

The fundamental equation of quantum mechanics describing particles is the Schrodinger equa-
tion [205], which in its time-independent form and implicitly using the Born-Oppenheimer
approximation [213], thus separating the Hamiltonian and the wavefunction into an electronic
and ionic part, is written as

HU =EV, (3.1)

where H denotes the many-body electronic Hamiltonian for NV electrons
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and ¥ = V¥ ({7}, 07}) denotes the many-body electron wavefunction dependent on the spatial
coordinates 7; and the spin coordinate oj, and E denotes the energy of the system.

However, the non-linearity of the Schrodinger equation in view of the many-body Hamiltonian
and the wavefunction leads to only a few systems with analytical and exact solutions, including
hydrogen and the H; molecule. Systems with more electrons have to be solved numerically,
although numerically exact solutions are still limited to systems with only a few electrons. In
the past, several approximations of the Schrodinger equation have been developed that enable
the treatment of systems with several electrons, but sacrifice an exact formulation. Among the
proposed methods, two approaches stand out due to their relevance and success in describing
many-body systems: Hartree-Fock and density functional theory, the latter being used for
all calculations throughout this study. In the following the history and fundamentals of this
methods shall be shortly reviewed.

3.2. Hartree and Hartree-Fock Approximations

3.2.1. Hartree Approximation

The approach to solve the many-body problem in quantum mechanics proposed by Hartree [206]
in 1928 is based on the assumption that the many-body wavefunction can be written as a prod-
uct of single-electron wavefunctions and that the electrostatic field felt by an electron is due
to the potential of the nuclei together with the field created by all the other electrons. Only a
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3.2. Hartree and Hartree-Fock Approximations

few years later, Slater formulated the corresponding mathematical background of this theory,
obtained from a variational principle.

The many-body wavefunction is written as a product of single-electron wavefunctions

N
JIEG)] (3.3)
=1

and the single-electron wavefunctions are normalized to one. The Hamiltonian of the many-
body system is then written as

whereas the former part denotes the single-electron operator, consisting of the kinetic part and
the interaction with the nuclei, and the latter describes the interaction with the other electrons,
represented by the Coulomb electron-electron interaction. The factor 1/2 in the Coulomb
interaction is due to double counting. With Eq. 3.4, the expectation values becomes
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The Jj; are denoted as Coulomb integrals.

The variation of the energy with respect to the single-electron wavefunctions ¢! (%) leads
to Lagrange equations that provide single-electron Schrodinger equations. The variational
equation includes suitable boundary conditions to account for the normalization of the single-
electron wavefunctions and ¢; enter as Lagrange multiplier. The single-electron Schrodinger
equation for electron 7 reads

(—’*v o (B + [l 242119 ”2)@(7*) — anld. (36)
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The last term on the left-hand side in Eq. 3.6 represents the classical electrostatic potential
that is felt by electron i due to the charge distribution of the other electrons. The Lagrange
multipliers ¢; are identified as the energy of electrons .

The total energy of the system is not simply the sum of the single-electron energies ¢;. Owing
to the electrostatic potential that enters in Eq. 3.6 these contributions are counted twice, so
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that the total energy of a many-body system in the Hartree approximation is written as

N 1 N N

<(I)|H|<I>> = EHartree = Zﬁi - 5 Z Z Jij. (37)
=1 =1 j=1
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3.2.2. Hartree-Fock Approximation

Electrons in the Hartree approximation are not treated as fermions, i.e. indistinguishable spin-
1/2 particles, that obey the Pauli principle. Thus, in the Hartree approximation the description
of the many-body system is not complete. In the Hartree-Fock approximation, however, the
Pauli principle is accounted for by proposing an antisymmetrized many-body wavefunction in
form of a Slater determinant

Oyp (L, T2, ..., TN) = e o : : (38)
o1(ZN)  ¢2(@N) ... oN(ZN)

where the single variable ¥ = (7%, 07) comprises the spatial coordinates 7} and spin coordinates
oi. Expression 3.8 ensures that the sign of the wavefunction is changed when the coordinates
of two electrons are exchanged, which is in line with the Pauli principle that states that the
many-body wavefunction has to be antisymmetric upon particle exchange. The postulation of
a wavefunction of the form 3.8 is referred to as Hartree-Fock approximation [207,208].

The single-electron energy, the first term in Eq. 3.5, in the Hartree-Fock approximation that
contributes to the total energy of the many-body system is the same as in the Hartree ap-
proximation. In the two-electron term, however, a second contribution arises apart from the
Coulomb integrals that also appear in the Hartree approximation. This is due to the numbering
of the indexes, and these additional terms are referred to as exchange integrals that read

K= [ [ Endnsi@)6)

The difference to Jjj is that the wavefunctions ¢ and ¢* appear with different electrons in the
exchange integral Kj;.
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The total energy of a many-body system in the Hartree-Fock approximation resembles the
expression in the Hartree approximation. However, the exchange terms that were introduced
in the Hartree-Fock approximation enter additionally in the expression for the total energy of
the many-body system

N

N N
(Pur| H|®HF) = EHartree—Fock = Y & — %Z > (s (3.10)
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3.3. Density Functional Theory

Parallel to the development of the Hartree approximation that was discussed in the previous
section, a different approach was proposed by Thomas [209] in 1927, and independently by
Fermi [210] in 1928, which uses the full electronic density as the basic variable of the many-body
system. Thomas [209] and Fermi [210] introduced a differential equation for the electronic
density that, in contrast to the Hartree and Hartree-Fock approximation, prevented the usage
of single-electron wavefunctions. However, the overall success of this approach was limited,
mainly due to the poor description of the kinetic energy of the electrons that was unable to
sustain bound states. Nevertheless, the approach by Thomas and Fermi provided the basis
for the later development of density functional theory, based on the mathematical formula-
tion postulated by Hohenberg and Kohn [211] and the development of suitable equations to
determine the electronic density by Kohn and Sham [212].

3.3.1. Thomas-Fermi Approximation

Thomas [209] in 1927, and independently Fermi [210] in 1928, presented a scheme to derive the
energy of a many-body system solely using the electronic density as the fundamental variable.
In this scheme, the energy contributions to the total energy of the many-body systems consist of
a kinetic, correlation and exchange energy contribution. In order to construct these quantities
for the many-body system that is treated as an inhomogeneous electron gas, the authors
used expressions for the kinetic, correlation and exchange energy that were derived from the
homogeneous gas. Thus, in the Thomas-Fermi theory the inhomogeneous system is assumed to
be locally homogeneous, which allows the calculation of the kinetic, correlation and exchange
contribution for the inhomogeneous system. With the expression for the kinetic energy density,
the description of exchange according to Slater's expression for the homogeneous electron
gas [214,215], and the description of correlation according to, e.g., Wigner [216] the general
expression for the energy of a many-body system within Thomas-Fermi theory is written as

Err = cK/d rp(7)3 +/d 7 p(F)Vext (F) + = //d3 &y ’pf‘)p(ﬂ) (3.11)
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The usage of a variational scheme allows the search for the density p(7) that minimizes the
energy Erp, with the constraint that the integrated density is identical to the number of
electrons, i.e. N = [drp(7). The expression, where the constraint of fixed number of
electrons enters as Lagrange multiplier,

§ .
5oy (Brelel = [ o) = o 512
leads to
wo= chp( )% +Uext( ) /d3 I|7f(_;’ B %CXP(F)% + 55?7[_'3)] (313)

69



3. Electronic Structure Calculations

1 represents the chemical potential. Inverting the equation leads to an expression of the
density p(7) dependent on the external potential. However, due to the integral term and the
non-integer powers of the density the equation is, in practice, solved using iterative methods.

The relative crude approximations in the Thomas-Fermi theory, especially the treatment of the
kinetic energy, lead to relative poor results if applied to real many-body systems. However, the
Thomas-Fermi theory provided the basis for the later development of the density functional
theory. One of the main reasons for the success of the latter method is the improved treatment
of the kinetic energy. However, this improvement requires the introduction of single-electron
wavefunctions, that also occurred in the Hartree and Hartree-Fock approximation.

3.3.2. Hohenberg-Kohn Theorem

The Thomas-Fermi theory introduced the electronic density as fundamental variable in the
many-body system in order to determine the total energy of the many-body system. The
mathematical proof of the validity of such a concept was provided in 1964 by Hohenberg and
Kohn [211], who formulated the density functional theory as an exact theory for many-body
systems, based on two theorems, and the corollary that follow directly.

Theorem |: The ground state density determines univocally the external potential, except for
an additive constant, for any system of interacting particles.

Corollary I: Since the ground state density determines the external potential, it also determines
the full Hamiltonian, and thus the many-body wavefunction ®. Therefore, all properties of the

many-body system are completely determined by the ground state density.

Theorem Il: Eyx[p] is defined as universal functional in terms of the density, valid for any
external potential, in the form

Bualp] = Bl + [ drp(iv () (314)

with
Fuk[p] = Tp] + Eint[p]- (3.15)
For any external potential, the ground state energy of the system is represented by the global
minimum value of (3.14), and the density that minimizes the functional represents the exact

ground state density.

Corollary Il: The exact ground state energy and density are fully determined by the functional
EHK[p] alone.
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3.3.3. Kohn-Sham Equations

In order to account for the kinetic term in Eq. 3.15 whose explicit expression in terms of the
electronic density is unknown, Kohn and Sham [212] replaced the interacting many-body prob-
lem by an auxiliary non-interacting system, and it is assumed that the ground state density of
the original, interacting many-body system is identical to the non-interacting system. In prac-
tice, the auxiliary non-interacting system is represented by an antisymmetric wavefunction of
Slater determinant type, similar to the Hartree-Fock approximation, that allows the derivation
of the kinetic energy in therms of the single-electron wavefunctions. With this assumption,
Kohn and Sham derived single-electron equations can be considered exactly soluble with all
terms describing the many-body system incorporated in an exchange-correlation functional. By
solving the equations one finds the ground state density and energy of the original interacting
many-body problem within the accuracy determined by the approximations used to describe
the exchange and correlation.

The density of the auxiliary non-interacting system is derived from the single-electron wave-
functions ¢;(7) for each spin o as

RG] (3.16)

Thus the kinetic term for the independent-particle system is given by

o ZZ (6719°16) = Zz/d3r|w” B @)

g

The single-electron wavefunctions ¢{ (') are the IV, eigenfunctions with lowest energy of the
Hamiltonian

N m -
Hys = —%W + vks(7) (3.18)
and are obtained by solving the corresponding single-electron Schrodinger equation
His¢f = € 6] (3.19)

At this stage, the actual form of the potential vkg(7) is unknown.

Kohn and Sham also decomposed the term Ei,[p] in (3.15) describing the electron-electron
interaction in several contributions. The largest contribution is represented by the Hartree term,
which is simply the classical electrostatic energy, followed by an exchange term, that contributes
to a lesser extent and is known from Hartree-Fock theory (3.9). Despite the knowledge of the
exact form of the exchange energy, this term is usually approximated due to the relative costly
calculation of the exchange integrals. The smallest contribution is the correlation energy, which
comprises additional many-body interactions that have not been considered in the other two
terms. The introduction of the kinetic term for the non-interacting system in exchange for the
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3. Electronic Structure Calculations

kinetic term dependent on the electronic density in (3.15) leaves a kinetic correlation that is
added to the exchange and correlation term.

With this in mind, the universal density functional is written in the form
-
Fp] //d3 d3r ,p|:)p(f7;‘) + Elpl. (3.20)

Substituting the expression of F' into the total energy functional (3.14) yields the Kohn-Sham
functional

Exslp) = Tylo] + / @1 p(F)vexs (7) + Bitartreelp] + Excl)
_ 37“ v 3 .13 /P F)P@ﬂ)
— /d () vess //d raty B + Bl (621

In order to determine the so far missing expression for the Kohn-Sham potential vks(7), and
therefore the determination of the single-electron wavefunction ¢{, the Kohn-Sham functional
is minimized with respect to ¢{*. The variation principle yields

qfa* (EKS —e/d3rp ) =0. (3.22)

Variation of the Kohn-Sham functional with respect to the single-particle wavefunction leads
to

(5EKS 5T¢ R 5EHartree 5Exc 5p
= ex . 2
e e + | Vext (7) + 3p + 5o (3.23)
Using the relations
0Ty h? o2
5¢10'* - 2m ¢1 ( ) (324)
from (3.17) and
op
5o =¢7 (3.25)

we obtain a Schrodinger-like equation of the form (3.19) and identify the Lagrange parameter
as energy € of the single-electron wavefunction. With these results, the Kohn-Sham potential
is identified as

L OE 0 Fx
Uis(7) = vt (7) S S

Vext ('F‘) + 'UHartree(F) + UXC(F)' (326)

Equations (3.18), (3.19) and (3.26) are the well-known Kohn-Sham equations, with the re-
sulting density given by (3.16) and the total energy given by (3.21). The equations have to
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Figure 3.1.: Self-consistent loop for the solution of Kohn-Sham equations. Starting from a
trial input density, the Kohn-Sham equations are solved in order to obtain the
single-electron wavefunctions, and thus the output density. Self-consistency is
achieved if the output density agrees with the input density within the specified
limit. Otherwise a new input density for the next loop is calculated by mixing the
input and output density.

be solved in a self-consistent approach, similar to the Hartree and Hartree-Fock equations, as
the potential requires the input from the density, which is calculated from the single-electron
wavefunctions ¢{, but which are unknown at the beginning. Therefore, in the self-consistent
loop (Fig. 3.1) for the solution of the Kohn-Sham equations one starts from some trial density
and calculates the Kohn-Sham potential (3.26). Solving the Kohn-Sham equations (3.18) yield
the single-electron wavefunctions (3.19), from which the electron density (3.16) is obtained.
Self-consistency is achieved if the output density agrees with the input density within the spec-
ified accuracy. Otherwise a new input density for the next loop is calculated by mixing of the
input and output density.
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3.4. Exchange and Correlation in DFT

The crucial point in solving the one-electron Kohn-Sham equations is the knowledge of the
exchange and correlation energy expressed in the Ex.[p] term. However, the exact form of Ex.
as functional of the density p is unknown. Usually, the exchange and correlation energy are
written as stand-alone parameter, and the exchange-correlation energy is simply the sum of
both quantities, i.e. Fy. = Fx + F.. The exchange energy E\ is known in terms of the one-
particle wavefunctions, although this involves solving the computationally expensive exchange
integrals (3.9), but such a formulation for the correlation energy at the comparable level of
approximation is not available. Treating the exchange energy exactly might not compensate
for the errors introduced by approximating the correlation energy. Therefore, the exchange
and correlation energy are usually treated as a sum and at the same level of approximation.

This section is devoted to the development of suitable approximations for the exchange and
correlation energy, where both terms are treated in a similar manner. The local density ap-
proximation (LDA) has been proposed in the original work by Kohn and Sham, and worked
remarkable well despite the relatively simple approximation. The generalized gradient approx-
imations (GGA) have been developed later on and yield a notable improvement over LDA in
many cases. Ongoing work is devoted to improvement of the treatment of the exchange and
correlation energy, but as our investigation using DFT predominantly used an representative
of the GGAs to describe F., we restrict the discussion to only LDA and GGA.

3.4.1. Local Density Approximation

The local density approximation (LDA) was initially proposed in the work by Kohn and Sham,
as the authors argued that solids can be considered as being close to the limit of the homo-
geneous electron gas, where the exchange and correlation are local quantities. Within this
approximation, the exchange-correlation energy is simply

ELPA|) — / &1 p(7)Ehem ()] (327)

which represents an integral over all space with the exchange-correlation energy density ¢29™ ()]

at each point assumed to be the same as in a homogeneous electron gas with that density.

Therefore, the only information required is the exchange-correlation energy of the homogeneous
electron gas as function of the density. Indeed, analytical expressions for the exchange [214],
given as a simple analytic form, and correlation energy [217], derived from Monte Carlo meth-
ods, in the homogeneous electron gas were already known.

3.4.2. Generalized Gradient Approximation

Generalized gradient approximations have been developed in order to address inhomogeneities
in the electronic density. The step beyond the local density approximation is due to considering
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gradients of the electronic density. Within GGA, the exchange-correlation energy term is
written as

EGGA[ = / rp(F)exclp(), [9(7] (328)

_ / &1 p(P)E™ p(F)| Feep(7), [V p(7],

where 9™ [ (7)] is the exchange-correlation energy density for the homogeneous electron gas

and Fy. is a dimensionless quantity that can be properly chosen to modify the behavior at
large gradients in order to preserve desired properties.

So far, a variety of different forms of Fy. have been proposed. Widely used forms are the
so-called B88 by Becke [218], PW91 by Perdew and Wang [219], PBE by Perdew, Burke and
Ernzerhof [220] and the newly proposed PBEsol [221]. Among the different proposed forms of
Fy., some were explicitly fitted to experimental values, e.g. the BLYP [222], which has been
fitted to experimental molecular data, while other forms are simply chosen to satisfy as many
properties and limits as possible, without using any experimental input as fitting parameter,
e.g. PW91 [219] and PBE [220]. We tested our results with respect to different choices of
the xc functional, c.f. Sec. 4.3 and A.4.

3.5. Basis Sets and k-point Sampling

3.5.1. Basis Sets

Solving the many-body problem via Hartree or Hartree-Fock approximation or DFT requires
a mathematical representation of the corresponding single-electron wavefunctions. Using a
proper basis set ¢, (), each single-electron wavefunction is represented as a linear combinations
of the wavefunctions of the basis set

N
() = Y ciadalP). (3.29)
a=1

with ®; as single-electron wavefunction, ¢, are wavefunctions of the basis set of size or
dimension N, respectively, and c¢;, are expansion coefficients of the wavefunction 3.

The usage of a specific basis set often depends on the investigated atomic system, in order
to solve the electronic problem with minimum effort, i.e. the number of wavefunctions in the
basis set should be as small as possible. For molecular systems, the most common approach
is the expansion of the single-electron wavefunction, or molecular orbitals, in terms of atomic
orbitals, which are centered on the atomic nuclei. Examples for these atom-centered atomic
orbitals are Slater-type [223,224] or Gaussian-type [225] orbitals. A common approach for
periodic systems (often used in materials science) are plane wave basis sets. The advantage
is that plane waves naturally fulfill the periodic boundary conditions. This is in line with the
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Bloch theorem [226], stating that for a periodic system the wavefunctions must be composed
of a phase factor and a periodic part that captures the translational periodicity of the unit cell.
Plane waves are also the natural solution of the Schrodinger equation for a constant potential,
e.g. for a free electron.

3.5.2. k-point Sampling

Owing to the Bloch theorem, the electronic wavefunction must fulfill the same periodicity as the
unit cell, apart from a phase factor that is related of the wave vector k. The electronic charge
density is then calculated from the wavefunction, and as the system is periodic, the electronic
charge density is repeated in all periodic images of the unit cell. Therefore, using the Bloch
theorem reduces the problem of calculating an infinite number of electronic wavefunctions to
a problem of calculating a finite number of electronic wavefunctions at an infinite number
of points in the unit cell determined by the wave vector E denoted as k-points. However,
as the wavefunctions at k-points that are very close together will be almost identical, one
can approximate the infinite number of k-points by interpolating between a finite number of
k-points which are uniformly distributed in the unit cell. This is referred to as k-point mesh.
Here, one k-point of the finite set is representative for a region of k-points of the infinite set.
In practice, the number of required k-points is dependent on the system. Metallic systems,
for example, require finer k-point meshes as insulators or semiconductors because the Fermi
surface needs to be sampled precisely in a metal [227]. The number of required k-points can be
further reduced by taking into account the symmetry of the unit cell. k-points that sample the
same region in the unit cell will give identical results, thus it is sufficient to solve for one k-point
and introduce weight factors that account for the number of k-points that sample the same
region in the unit cell. The part of the Brillouin zone which contains all required information
in order to describe the whole zone is referred to as the irreducible wedge or irreducible part
of the Brillouin zone.

3.6. Pseudopotentials

According to the Bloch theorem the electronic wavefunction can be expanded using a discrete
set of plane waves. However, an extremely large plane wave basis set would be necessary
to describe the core electron wavefunction and the rapid oscillations of the valence electron
wavefunction in the core region. With the help of the pseudopotential approximation a much
smaller plane wave basis set is sufficient to describe the electronic system properly.

The basic idea of the pseudopotential approximation makes use of the fact that most of the
properties of solids are predominantly determined by the valence electrons, as these partic-
ipate in chemical bonding, and to a much lesser extent by the core electrons. Instead of
treating the core electrons explicitly in the calculation, in the pseudopotential approximation
the potential arising from the nucleus is replaced by a pseudopotential that contains both the
strong Coulomb potential of the nucleus and the effects of the core electrons on the valence
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electrons. Thus, the true wavefunctions of the valence electrons are replaced by new pseudo
wavefunctions. However, the pseudopotential has to be constructed in a way that the phase
shifts, or scattering properties, are identical to the original all-electron potential, although the
radial pseudo wavefunction has no nodes in the core region. Outside the core region the pseudo
wavefunction has to be identical to the true wavefunction of the valence electrons (Fig. 3.2).

The origin of modern pseudopotentials can
be attributed to the pioneering work by oy
pseudo

Phillips and Kleinmann [228], who showed T
that one can construct a smooth valence /\

wavefunction by a suitable combination of = \/ = >
P :

the core and true valence wavefunction,
an approach inspired by the orthogonalized
plane wave (OPW) method of Herring [229],
whereas the new smooth valence wavefunc-
tion is not orthogonalized to the core wave-
functions. The pseudo wavefunction satisfies
a modified Schrodinger equation, whereas
a new pseudo-Hamiltonian can be identified
which still reproduces the same eigenvalues
as the original Hamiltonian, and comprises a
modified potential, referred to as pseudopo-

V,

", Vpseudo

tential. Figure 3.2.: Schematic illustration of the all-
electron and pseudoelectron poten-

HOWeVer, in thIS approaCh the norma“ZGd tials and the Corresponding wave-

pseudo wavefunction had a different ampli- functions (after Ref. [227]).

tude compared to the true wavefunction, al-

though the shape of both wavefunctions was

identical. The mismatch in the amplitudes lead to incorrect charge distributions of the va-
lence electrons in the case of the pseudo wavefunctions, leading to an incorrect description of
the bonding properties. A suggested approach was to renormalize the pseudo wavefunction
in order to ensure the identity of the pseudo and true wavefunction outside the core region,
referred to as norm-conserving pseudopotentials [230,231]. In addition, the norm-conservation
condition also yields pseudopotentials that are accurate and transferable, i.e. pseudopotentials
constructed for a specific environment, e.g. a single atom, can also describe the properties of
the pseudo wavefunctions, and therefore the charge distribution of the valence electrons, in
different environments, e.g. molecules or solids.

One of the disadvantages of norm-conserving pseudopotentials is that they are still relatively
hard, i.e. the usage is computationally expensive as a relative large plane wave basis set is
required for computation. In order to construct smoother pseudopotentials, Vanderbilt [232]
proposed to decompose the pseudopotential into a sum of a smooth part and a rapidly varying
function that is localized on each ion, a procedure that is formally related to the OPW method
by Herring. These pseudopotentials result not only in less demanding calculations, but also
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improve the accuracy compared to the norm-conserving pseudopotentials, and are referred to
as ultrasoft pseudopotentials.

Also related to the OPW method is the approach by Blochl [233] referred to as projected aug-
mented wave (PAW) formulation. In this approach, the valence wavefunctions are expressed
as the sum of smooth pseudo wavefunctions and rapidly varying terms localized in the core
region. The main difference of the PAW formulation with respect to the concept of a pseu-
dopotential is that the PAW method keeps the all-electron wavefunction, including also the
core wavefunctions. In our investigation we used PAW potentials throughout.

3.7. Limitations of DFT

Although the physics and chemistry community accepted density functional theory as a versa-
tile tool to calculate the properties of molecules and solids, such as binding energies, activation
barriers or vibrational properties [234], there are a number of features that are not well re-
produced in DFT. The origin of this failure is predominantly due to the approximations that
have been introduced in the derivation of the Kohn-Sham single-electron equations. A few
well-known failures and limitations will be summarized in here, as well as developed methods
and approaches in order to provide a better and more accurate description of the system.

Density functional theory has been developed as a ground state theory. Therefore, physical
quantities which require a proper treatment of the excited states are often poorly described
and deviate from experimental results. A well-known failure of DFT is the tendency to un-
derestimate the band gaps compared to the experimental values [235,236]. Methods like the
GW approximation [237] or time-dependent DFT [238] can be used to calculate reliable ex-
citation energies, although the increased computational cost of these methods usually limits
their application.

Kohn and Hohenberg formulated density functional theory as an exact theory for many-body
systems, yielding the exact ground state energy if the exact form of the functional is known.
However, the exact form of the exchange and correlation energy is not known, and the con-
tribution to the total energy of a many-body system is represented by an approximation. Ob-
viously, the agreement of the obtained ground state properties of the considered system with
experimental values is highly dependent on the quality of the approximations. Although LDA
represents the simplest approximation of the exchange and correlation energy, it yields remark-
ably accurate values for a variety of physical properties of solids, while it fails for others. While
the geometry of molecules and solids are usually accurate, LDA tends to overbind, yielding
consistently shorter equilibrium distances and overestimates the binding energy compared to
experimental values [239]. The binding trends, however, are usually well described [240]. Fur-
thermore, LDA predicts the wrong ground state for some elements. An example is iron [241].
On the contrary, the GGAs provide a better description of binding and atomic energies [242],
among more accurate equilibrium distances. However, some properties of semiconductors and
noble metals are better described by LDA compared to GGA.
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Van der Waals interactions, arising from fluctuations in the dipole fields, represent a dynamical
correlation effect, that is not captured in either LDA or GGA [242]. Methods developed to
account for the van der Waals interaction enter as long-range part in the electron-electron
interaction [243].

Systems with strong correlation effects, usually transition metal oxides or rare-earth metal
compounds with localized and strongly interacting electrons, are also not well described within
standard DFT. A well-known approach in order to account for the strong correlation effects is
LDA+U [244], where an additional orbital-dependent interaction is taken into account for the
highly localized electrons.

3.8. Computational Details

All density functional theory calculations presented in the sections 4 and 5 use the projector
augmented waves method [233, 245] as implemented in VASP [246-249] and the Perdew-
Burke-Ernzerhof (PBE) functional [220] within the generalized gradient approximation (GGA)
for the exchange-correlation functional. As the ground state of iron is ferromagnetic, all
calculations have been performed spin-polarized, unless stated otherwise. For every element
we performed extensive convergence tests with respect to plane wave cutoff and k-point density
in order to assure the formation energy differences to be converged within less than typically
1-2meV/atom, see section A.4 in the appendix.

In section 4 we investigate the phase stability in the binary Fe-B system. The convergence
tests yield a plane wave cutoff of F.,y = 450eV and a k-point density of Ak = 0.022 A-1
and are primarily required for the suitable description of iron. Throughout the study, we use
k-point meshes of Monkhorst-Pack type [250,251]. We use the first-order Methfessel-Paxton
scheme for smearing with 0.1eV and the conjugate-gradient algorithm implemented in VASP
to optimize each structure with respect to atomic coordinates, cell volume and shape. After
optimization, the volume of the cell has been varied in the range of -5%:5% in 1% steps
and the total energy for each cell has been calculated using the tetrahedron method with
Blochl corrections. The equilibrium volume and total energy have been estimated by fitting
the resulting E (V') curve to the Murnaghan equation of state [252]. All calculations were
performed with the high-throughput environment strucscan (Sec. A.3).

In section 5 we investigate the behavior of boron point defects in a-iron. Apart from the
behavior of single boron point defects, we further investigated the interaction of boron with
other point defects. In particular, we considered hydrogen and elements from the first and
second row of the p-block in the periodic table that are important in steel manufacturing:
carbon, nitrogen, oxygen and aluminum, silicon, phosphorus, sulfur. In order to discuss trends
in the interaction associated with the number of valence electrons, we further considered
fluorine, neon, chlorine and argon. The convergence tests showed that the plane wave cutoff
and k-point density of the binary Fe-B system we used in section 4 is sufficient to describe
hydrogen, aluminum, silicon, phosphorus and sulfur, but carbon, nitrogen and oxygen require
an increase of the plane wave cutoff to E¢,t = 525€eV. In diagrams comparing the trends across
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the first p-block row, the corresponding configurations for the binary Fe-B system have been
recalculated using the higher plane wave cutoff. Additional calculations for the validation of
trends with the number of valence electrons have been performed with the same plane wave
cutoff as corresponding elements in the p-block row.

All convergence tests regarding the plane wave cutoff and the number of k-points for the
considered elements in this investigation are summarized in section A.4.
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"A man can't tamper with nature beyond certain limits.”
Howard Phillips Lovecraft
The Case of Charles Dexter Ward

4.1. Introduction

Among the binary systems that consist of a transition metal (TM) and a p-block element that
were investigated with the structure maps approach in chapter 2, the transition metal borides
stand out due to their considerable practical importance and fundamental interest for science,
technology and industrial applications. Examples for important properties are high melting
temperatures, high hardness, good creep resistance, high electrical and thermal conductivity
as well as chemical stability and inertness, which makes the transition metal borides ideal
materials to provide oxidation resistance at high temperatures [253-262]. Recently, the interest
in these materials has been renewed due to the discovery of superhard ReBg [263]. Its synthesis
followed a new design principle for new ultra-hard materials by combining small, strong covalent
bonding elements with large, electron-rich transition metals [264-266].

Iron borides in particular are widely used as hard and protective coatings on steel surfaces for
improved wear and corrosion resistance of the material [86-92]. The coating is produced via
the process of boriding (or boronizing) which includes the deposition of boron and an additional
heat treatment, e.g. in the form of laser irradiation [90] or a thermochemical process [91] to
form the borides.

Iron borides formed in the microstructure of high-boron steels improve the tensile strength [93]
of the steels, while boride formation reduces the hardenability of steels, as the hardenability
is related to the amount of solute boron located at grain boundaries. Heat treatment during
fabrication above certain temperatures leads to the formation of borides, which reduces the
amount of solute boron, thus reducing the impact on the hardenability of steels [267,268].

The experimental phase diagram [269-272] (Fig. 4.1(a)) from Ref. [272]) lists two compounds
in the Fe-B system, the first at a Fe-B composition of 2:1 and the second at a composition
of 1:1. The FeyB phase (Fig. 4.1(b)) corresponds to the Strukturbericht designation C16, the
CuAly prototype with a tetragonal unit cell with 12 atoms, having the space group 14/mcm
(space group # 140) and the Pearson symbol tI12 [273,274]. The FeB phase (Fig. 4.1(c))
corresponds to the Strukturbericht designation B27, the FeB prototype with an orthorhombic
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Figure 4.1.: (a) Fe-B phase diagram after Ref. [272] from [193]. Crystal structures of stable
compounds in Fe-B system: (b) tl12-Fe2B and (c) oP8-FeB. Crystal structures of
metastable compounds: (d) cF116-Fea3Bg, (e) oP16-FesB and (f) tI32-Fe3B.

unit cell with 8 atoms having the space group Pnma (# 62) and the Pearson symbol 0P8 [273,
274].

Experiments have also revealed the existence of two metastable compounds in the iron-rich
region, with the Fe:B composition 23:6 and 3:1. The Fey3Bg phase (Fig. 4.1(d)) is based
on the Strukturbericht designation D84, the Cro3Cq prototype with a 116-atom cubic unit
cell, space group Fm3m (# 225) and Pearson symbol cF116 [275]. The Fe3B compound is
known to crystallize in two different crystal structures. The first one (Fig. 4.1(e)) is based
on cementite (Strukturbericht designation D0y;), the Fe3C prototype with space group Pnma
(# 62) and Pearson symbol oP16 [276,277]. The second one (Fig. 4.1(f)) is based on the
NisP prototype with space group 14 (# 82) and Pearson symbol tI32 [277].

The electronic and structural properties as well as the stability of selected iron borides have
been addressed in previous theoretical studies [278-286]. A recent theoretical study scanned
the iron-rich domain up to 1:1 composition as well as the domain of dilute iron in boron,
calculating the stability of known stable and metastable compounds as well as a selection of
compounds from chemically similar binary systems [287]. However, the boron-rich domain in
the Fe-B system has not yet been addressed.

An experimental study by Voroshnin et al. [288] found evidence of a FeBy phase with a crystal
structure identical to AlIB,. However, this compound was not detected in subsequent studies,
and a FeBs phase is not listed in the latest experimental phase diagrams. The existence of a
FeBy phase of AIBs type was discussed in literature and is still a controversial issue [289,290].
Transition metal borides of AIB; type exist for the early transition metals. Reference [291] lists
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manganese, to the left of iron in the periodic table, as 3d element with the largest number of
valence electrons having a diboride phase of AIB5 type. However, the latest experimental phase
diagram of the Mn-B system lists the diboride of AIBy type as high-temperature phase [292].
We also do not list this phase in the Mn-B system (c.f. Fig. 2.8). It has been argued
that the governing factor determining the existence of a diboride of AIBs type is the size of
the transition metal, with the atomic size of iron being too small for the formation of this
phase [289]. Further, Duhaj and Hanic report the existence of a metastable FesB phase [293,
294] which transforms into the tetragonal Fe3sB phase after ageing. Hohnke and Parthe [204]
investigated the crystal structures of known monosilicides and monogermanides and suggest
that compounds which crystallize within the FeB structure in general have a low-temperature
modification, being isostructural to CrB. Experimental results also suggest that the Fe-B system
possesses a low-temperature modification at 1:1 composition. In their phase diagram, Portnoi
et al. [295] separated the 1:1 FeB phase into the low-temperature (designated as a-FeB) and
high-temperature (designated as 3-FeB) modification. However, the crystal structure of the
low-temperature modification is not resolved in the literature: Barinov et al. [296] found the
crystal structure of CrB as low-temperature modification while according to Kanaizuka [94,95] a
crystal intergrowth of both CrB and FeB represents the low-temperature modification. Portnoi
et al. [295] also list a boron-rich alloy in the phase diagram, referred to as FeB1g. The authors
assume this phase to be a distortion of one of the polymorphs of boron, namely S-rhombohedral
boron. In addition, Balani et al. [297] report the existence of a phase with even higher boron
content: a rhombohedral structure designated as FeB,g that is metastable.

In this section we will investigate the stability of compounds in the Fe-B system, with special
emphasis on the possible existence of boron-rich compounds. For the newly identified possible
ground states, we further discuss proper synthesis routes. Boron-rich TM-B have recently
attracted a lot of attention due to the discovery of the remarkable ReBs compound, which
exhibits superior hardness and is the first TM boride which can scratch diamond, the hardest
material known [263]. Due to the usage of iron borides, in general tl12-Fe;B and oP8-FeB,
in industry as hard and protective coatings on the steel surfaces [86-92], we briefly discuss
the expected mechanical properties of the newly identified possible ground states and compare
with the known Fe-B compounds and ReBs.

4.2. Heat of Formation

In order to determine the stability of a compound, we calculate the heat of formation FE,
defined as the energy difference between a compound and the corresponding ground states of
the elements of the compound, normalized to the energy per atom

By = EFe1,XBx - (]- - ZE)Egs,Fe - $Egs,B (41)

Ere,_,B, denotes the energy of a compound per atom while Eg r. and Eyg g are the energies
of the ground states of iron and boron per atom. x represents the boron content in the Fe; By
compounds. A negative value of Ef implies the stability of a compound against decomposition
into the basic constituents while a positive value means that decomposition will occur.
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The knowledge of the ground state is required for the correct reference energy Eg; and
therefore the correct estimation of phase stability. Iron is known to have a bcc structure below
912°C and to be ferromagnetic below the Curie temperature.

For boron the picture is more complicated: At ambient pressure, boron has two polymorphs
designated as a-rhombohedral (a-B) and S-rhombohedral (5-B) boron. At high temperatures,
B-B is referred to as the most stable polymorph [298]. However, theoretical investigations
show consistently a-B (hR12) being more stable than 8-B (hR105) at zero temperature [299—
303]. The inclusion of vibrational contributions stabilizes 3-B with respect to a-B at elevated
temperature [300, 301]. Furthermore, Widom et al. [302] showed that inclusion of fractional
occupations of some of the Wyckoff positions of 5-B leads to the stabilization of 5-B over a-B.
However, the altered occupation of the Wyckoff sites breaks the symmetry of the rhombohedral
unit cell. Recently, van Stetten et al. [303] modeled 3-B using a 106-atom cell including
fractional occupations and interstitial atoms, with a difference in the total energy of less than
1 meV/atom with respect to a-B. By inclusion of the zero point energy the 106-atom [(-B
structure is stabilized over a-B. Here, we will use a-B as boron ground state throughout this
study for the following reasons: First, the marginal total energy difference between a-B and
B-B of 1 meV /atom [303] is beyond the accuracy of standard DFT. Second, we do not include
the vibrational contributions.

4.3. Phase Stability

Input files for the crystal structures have been obtained from the Pearson's Crystal Database
(PCD) [178] and the database provided by the Naval Research Laboratory - Center for Compu-
tational Materials Science [304]. We focused on known prototypical crystal structures adopted
in transition metal - boron systems. Furthermore, we also considered additional crystal struc-
tures that are adopted by TMs and other light p-block elements as well as common TM-TM
compounds. A compilation of the calculated crystal structures with additional information is
given in Sec. A.5.

The heat of formation versus the boron content in Fe;_Bx compounds is shown in Fig. 4.2.
Connecting the crystal structures with the lowest E; represents the boundary of the convex
hull, defining the region of stable phases. Crystal structures above the convex hull are not
expected to exist, at least not at zero Kelvin, and to decompose into stable compounds and/or
the constituent elements in their ground state. Metastable phases which have been observed
in experiment are expected to have a heat of formation very close to the boundary of the
convex hull.

In agreement with the experimental phase diagram we observe a stable tl12-FesB compound
(Fig. 4.3(a)). The known metastable phases cF116-Fes3Bg and both FesB compounds are
very close to the boundary of the convex hull, with an energy difference of 19 meV /atom for
cF116-Feg3Bg, and 17 meV /atom and 22 meV /atom for Fe3B in the oP16-Fe3C and t132-NisP
crystal structure, respectively. On the iron-rich side, we further observe additional crystal
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Figure 4.2.: (a) Heat of formation E: for the considered crystal structures. (b-f) Relative
stability of the competing 1:1 crystal structures, oP8-FeB, 058-FeB, tl16-FeB,
dependent on xc functional. (g-j) Relative stability of the boron-rich phases, oP6-
FeBs, hP6-FeBsy, oP12-FeBsy, oP10-FeB, for various xc functionals.

structures with an energy difference in the range of 20 meV/atom towards the tie-line. 0S16-
ResB, t132-Cr;B3 and oP28-NiyBj are 19, 23 and 20 meV /atom above the tie-line, respectively.
Due to the small energy difference, these structures represent viable candidates for metastable
phases, although none of them were so far observed in experiment. At 1:1 composition, we
find three different crystal structures close in energy, namely oP8-FeB, 058-FeB and tl16-FeB.
The latter one has the lowest Ef, although the energy difference with the other two phases,
which are nearly degenerate, is very small, around 6 meV/atom. This finding disagrees with
the experimental phase diagram, that lists oP8-FeB as stable phase at 1:1 composition.

Because of the disagreement with respect to the most stable experimental 1:1 phase and the
very similar energies of the three crystal structures, we investigated the influence of the xc
functional on the stability sequence. The choice of the xc functional represents one of the
largest uncertainties in every DFT calculation. Thus, the most stable t116-FeB might be solely
an artifact of the PBE functional [220]. In addition, we checked the relative stability of oP8-,
0S8- and tl16-FeB with PW91 [219], the new PBEsol [221] and LDA [217,305] (Fig. 4.2(b-¢)).
Despite the usage of different functionals, all three crystal structures are very close in energy,
although we find a difference in the stability sequence. LDA is the only functional to favor 0S8-
FeB, while all three GGAs consistently favor tl116-FeB instead. Thus, the results are not solely
an artifact of the PBE functional, as other GGAs yield the same stability sequence. However,
the investigation of the vibrational properties of the three 1:1 compounds revealed that tl16-
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4. Iron-Boron Binary Compounds

FeB, at zero Kelvin marginally the most stable 1:1 compound, is destabilized at elevated
temperature as we could show in a collaboration with the group of AN Kolmogorov [306].
This may explain why tl16-FeB has never been observed in experiment.

The reason for the very close energies independent of the xc functional might be the close
geometrical relationship between the three crystal structures [204]. The close similarity in
the three compounds was already discussed in Sec. 2.3.7. While the type of coordination
polyhedra is not consistent among the three crystal structures, the coordination number and
composition of the coordination polyhedra for the iron and boron Wyckoff sites are identical.
This similarity becomes obvious in the nearest neighbor histograms (Fig. 4.3(b-d)). The boron
atoms in oP8 and 0S8 form infinite zigzag chains running along one of the crystallographic axes
of the crystal structure. The main difference between oP8 and 0S8 is how the boron chains
are arranged with respect to each other. In oP8 the neighboring chains are tilted with respect
to each other, while the second nearest neighbor chains have the same arrangement. In 0S8,
all boron chains have the same, parallel arrangement. tl16 has the same infinite zigzag boron
chains, but in this crystal structure the chains run along two different crystallographic axis.
Despite the differences in the alignment of the boron chains, the nearest neighbor histograms
of the three crystal structures highlight their similarities. Two histograms are shown for each
structure, taking into account the two non-equivalent sites of the three crystal structures,
one occupied by iron and the other by boron. The iron atoms are consistently surrounded by
seven boron and six iron atoms. The bond distances are virtually identical among the three
crystal structures, only the Fe-B distance in 0S8 differs slightly and splits into two distinct
distances. The boron atoms have consistently two boron and seven iron atoms as neighbors.
The distances between the boron atoms are also virtually identical. In fact, the differences in
the crystal structures only become obvious at distances above 3 A, where slight variations in
number of nearest neighbors and distances appear.

On the boron-rich side, the suggested FeBs phase of hP3-AIBs type is found to be unstable,
with an energy that is around 203 meV/atom above the tl16-FeB <> a-B tie-line. Taking
the experimentally accepted oP8-FeB as reference state, the FeBs of hP3-AIBy type is still
199 meV /atom above the tie-line. Thus, the existence of this phase can be ruled out. However,
two prototypes at 1:2 composition in the considered dataset, namely hP6-ReBs and oP6-
RuBg, are found below the t|16-FeB (oP8-FeB) <+ a-B tie-line by 15 (20) meV /atom and 14
(18) meV/atom, respectively. While the former prototype is somewhat surprising, the latter
prototype is known to appear in the Ru-B and Os-B system, with the two transition metals
located in the same column as iron in the periodic table. The boron atoms form 2D layers
in both phases, but have a different alignment (Fig. 4.3(e,f)). In oP6, the boron atoms align
in an armchair configuration, while zigzag chains are found in hP6. However, the polyhedron
analysis revealed that both phases are built of the same coordination polyhedra. Also the
nearest neighbor histograms reveal similarities in the number and distance of neighbors, at
least at short distances. The iron atoms are surrounded by eight boron atoms and six iron
atoms. The distances vary slightly in oP6, but remain unchanged in hP6. The boron atoms
have three boron and four iron atoms as nearest neighbors.

In a subsequent step and in close collaboration with AN Kolmogorov, ER Margine and S Shah
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Figure 4.3.: The crystal structures and nearest neighbor histograms for (a) tl12-FesB,
(b-d) oP8-,0S8-,tl16-FeB, (e-g) oP6-,hP6-,0P12-FeBy and (h) oP10-FeB.

(University of Oxford), the boron-rich region of the Fe-B system has been investigated with
the Module for Ab Initio Structure Evolution (MAISE) [307], that is linked with VASP and
enables an evolutionary algorithm search for lowest E crystal structures [306]. The search
has been constrained to 1:2, 1:3, 1:4 and 1:6 compositions that are most likely to occur. The
evolutionary algorithm search at 1:2 composition identified a new viable ground state with
simple orthorhombic Bravais lattice and 12 atoms in the unit cell, thus designated as oP12-
FeBg, below the t116-FeB (oP8-FeB) <+ a-B tie-line by 46 (50) meV /atom. Unlike the oP6 and
hP6 structures, the boron atoms form infinite chains instead of 2D layers (Fig. 4.3(g)). The
nearest neighbor histogram for iron shows ten neighboring boron atoms instead of eight, found
in oP6 and hP6. Furthermore, the distances vary more drastically than in oP6 and hP6. The
polyhedron analysis includes the four iron atoms as nearest-neighbors, thus the coordination
number of the iron site is fourteen. The boron atoms have four boron and five iron atoms as
neighbors, again exceeding the number of neighbors in oP6 and hP6. However, the alignment
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4. Iron-Boron Binary Compounds

in the boron chains leads to a wide scattering of the B-B distances for the closest neighbors,
a feature that has not been observed in the other crystal structures. Nevertheless, the nine-
fold coordination of the boron site is in line with trends regarding the coordination number
of boron (c.f. Fig. 2.10). At 1:4 composition, the evolutionary algorithm search identified a
new crystal structure with simple orthorhombic Bravais lattice and ten atoms in the unit cell,
thus designated as oP10-FeBy, that lies 18 (20) meV /atom below the tl16-FeB (oP8-FeB) «
a-B tie-line, but 10 meV/atom above the oP12-FeBy «+» a-B tie-line. This crystal structure is
geometrically closely related to the ol10-CrBy prototype, the main difference is the alignment
of the boron atoms, having a rectangular shape in 0l10-CrBy4, but forming parallelograms
in oP10-FeB4 (Fig. 4.3(h)). The newly identified crystal structure has three non-equivalent
sites, one occupied by iron and two by boron atoms. The nearest neighbor histograms show
iron to be surrounded by twelve boron atoms, the two different boron non-equivalent sites only
slightly varying in distance, and having no other iron atoms in the near vicinity. The polyhedron
analysis reveals the two boron sites to be eight-fold and nine-fold coordinated, respectively,
with five or six boron atoms, and three iron atoms. Again the boron-boron distances show
a scattering, but weaker than in oP12-FeBy. The different alignment of the boron network
in oP10-FeB4 compared to ol10-CrB, substantially changes the coordination numbers. In
0l10-CrBy, the transition metal site is fourteen-fold coordinated while the single boron site is
only seven-fold coordinated. Thus, the new arrangement of the boron network in oP10-FeBy
reduces the coordination number of the transition metal site, but increases the coordination
number for the boron sites. With inclusion of vibrational contributions both crystal structures
remain stable at elevated temperatures [306].

Again we investigated the influence of the xc functional on the relative stability of the boron-
rich compounds of interest (Fig. 4.3(f-i)). Independent of the xc functional, all considered
crystal structures lie below the oP8-FeB <+ a-B tie-line. Furthermore, the near degeneracy of
the energies of oP6-FeBsy and hP6-FeBs is consistently found in GGAs, while a larger difference
can be observed in the case of LDA.

Fe B E¢ (meV/atom) method
FesB « « -314 PAW-PBE this work
e « -330 USPP-PBE [283]
a 3 308 PAW-PW91 [287]
o 3 231 expt. [308]
v B -234 expt. [309]
FeB o «a -374 PAW-PBE this work
a 3 368 PAW-PW91 [287]
« B -369 expt. [308]
a 64 -335 expt. [309]

Table 4.1.: Comparison of the calculated E¥, given in meV /atom along with the used reference
states for iron and boron, for tI12-Fe;B and oP8-FeB with experimental and other
theoretical values.
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The calculated Ef values of the compounds in the experimental phase diagram, tI12-FesB and
oP8-FeB, are summarized in Tab. 4.1 along with other values from theory and experiment for
comparison as well as the reference state for iron and boron. Our calculated value for t112-FesB
is in very good agreement with previous studies, but deviates from experiment. However, the
experimental measurements have been performed at elevated temperature, while the results
obtained from theoretical investigations represent the total energy at zero Kelvin. Better
agreement with experiment might be achieved by taking into account further contributions,
e.g. the vibrational contribution to the total energy. For oP8-FeB, our calculated value agrees
well with both previous theoretical investigations and experimental measurements.

4.4. Possible Routes for Synthesis

Applied to the Cr-B system, the 0l10-CrB4 compound listed in experimental phase dia-
grams [310] was found to be unstable with respect to the newly identified oP10-FeBy pro-
totype. In addition, our investigation of the vibrational properties by Kolmogorov et al. [306]
showed the dynamical instability of the ol10-CrB4 compound, resulting in imaginary frequen-
cies. Although the boron network is substantially distorted when going from 0l10 to oP10,
the lattice parameters and simulated powder diffraction patterns are very similar, which may
be the reason why the crystal structure of CrBy was originally identified as ol10. A recent
experimental investigation confirmed the theoretical prediction, and found CrB4 to adopt the
oP10 structure [311]. With Fe-B and Cr-B both adopting the oP10 structure, one may as-
sume that the pseudobinary Fe,Cri_4 B4 will also adopt the oP10 structure under standard
synthesis conditions. Indeed, for the past synthesis of ternary Fe-Cr-B compounds, no special
requirements regarding the heat treatment or starting materials were mentioned, apart from
cold compacting of the metal boron powders [312,313]. Examples for such compounds are
the metal-rich MnBy-type compound [314], that due to the metal site occupation by iron
and chromium is a (Fe,Cr)2B compound, or the oP8-FeB- and 0S8-CrB-type compounds with
partial substitution of the host metal atom with chromium and iron, respectively [312,313].

The stability and geometrical as well as electronic properties of the pseudobinary oP10-
FexCr;_xB4 compound are investigated via the supercell approach. The supercells were created
by up to three repetitions of the oP10 unit cell along the three crystallographic axis, with the
largest considered supercell containing 180 atoms. Up to two defect iron (chromium) atoms
were introduced in the oP10-CrB; (oP10-FeB,4) supercell. In configurations with two de-
fects, we also considered variations in the distance between the iron and chromium defects,
respectively.

Stabilization of the pseudobinary oP10-Fe,Cr;_+B4 compound with respect to oP10-CrB,4 and
oP10-FeBy is dependent on the occupation pattern of the metal atoms (Fig. 4.4(a)). Several
configurations lie below the CrBy-FeBy tie-line. The largest stabilization is observed at x=0.5
with 28 meV /f.u. below the tie-line. This value is comparable to the contribution from config-
urational entropy, arising from the disorder in the population of the metal sites. At 1000 K and
x=0.5 the configurational entropy AGconf(T) = —kpT [xInz + (1 —2)In(l — )] is in the
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Figure 4.4.: (a) Relative stability, (b) volume per atom and (c) monoclinic distortion of pseu-
dobinary oP10-Fe,Cr;_+B4 compound. (d) Total and projected density of states
for lowest energy compounds at £=0,0.25,0.5,0.75,1.

range of 60 meV /f.u, if all occupations are degenerate in energy. At x=0.5 the iron-chromium
mixture has the same number of valence electrons as manganese, and the Mn-B phase dia-
gram [292] lists a compound at a TM:B composition of 1:4, namely mS10-MnB, [315]. Fol-
lowing the example of Osy ;W ;B2 that is known to crystallize in the ReBy prototype [261],
we investigated the relative stability of the pseudobinary Feq5Crg5B4 adopting the mS10-
MnB, structure. However, the lowest energy configuration of mS10-MnB, type is above the
FeB4<«>CrBy tie-line by 22 meV /f.u. Owing to the larger atomic size of chromium compared
to iron, the volume per atom in the pseudobinary oP10-Fe,Cr;_B4 decreases with increasing
iron content (Fig. 4.4(b)). The relationship is not exactly linear, and leaves a small excess
volume of the oP10-Fe,Cr;_4B4 compound. For some decorations of the metal atoms the or-
thorhombic unit cell is distorted into a monoclinic one (Fig. 4.4(c)). The compounds forming
the boundary of the convex hull have the largest distortion of the unit cell, represented by the
angle o between two crystallographic axes, although the overall magnitude in the distortion is
relatively small. The total and projected density of states (Fig. 4.4(d)) of the oP10-FexCry_«By
compounds drops rapidly at the Fermi level when going from oP10-FeB4 to oP10-CrBy4 and is
sensitive to the occupation pattern of the metal atoms at the iron-rich end.

Promotion of compound formation can also be achieved via application of medium pressures
in the range of a few GPa in multianvil or diamond anvil cells. Pressure might improve the
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thermodynamic stability or the reaction kinetics. Boron-rich CdB4 [316] and NdBg [317]
and metal-rich FesB [318] materials represent examples for this synthesis route. In close
collaboration with AN Kolmogorov we examined the response of the lowest energy compounds
listed in Sec. A.5 of the appendix to hydrostatic pressure [319]. For both oP12-FeBy and
oP10-FeB, the application of pressures lowers the corresponding formation energy. Thus the
application of pressure might be the key for successful synthesis of these compounds.

4.5. Mechanical Properties

Owing to the usage of the tl12-Fe;B and oP8-FeB phase as hard and protective coatings on
steel surfaces, we investigated the newly identified boron-rich borides with respect to their
mechanical properties, including also the expected hardness of the phases. This is of particular
interest, as generally the hardness tends to increase with boron content [261]. However, due
to the limitations of DFT with respect to the number of atoms in the considered systems,
we are only able to make a statement on the intrinsic or microscopic hardness, which is in
principle determined by the crystal geometry and the bond strength between adjacent atoms.
The macroscopic hardness, in contrast, of the material also depends on the grain size, grain
boundary orientation and the influence of defects.

In order to estimate the expected hardness, we follow two approaches. First, we determine
the shear modulus G by calculation of the elastic constants for a given set of borides, as G

FesB FeB FeBs FeB4 ReB,
t112 oP8 0S8  tl16 oP12 oP10 hP6
C11(GPa) 413 371 363 421 589 406 632
C12(GPa) 154 250 139 220 180 156 154
C13(GPa) 132 188 217 197 154 158 131
C2(GPa) 431 416 714 756
C3(GPa) 209 197 133 150
C33(GPa) 389 505 457 513 574 452 1005
Cy4(GPa) 148 207 189 184 274 217 248
C55(GPa) 118 202 201 143
Ce6(GPa) 157 194 178 195 220 224
B(GPa) 228 287 257 286 311 274 339
G(GPa) 143 138 153 157 231 187 266
Y (GPa) 355 358 383 399 556 457 632
v 0.24 029 025 027 0.20 0.22 0.19

Table 4.2.: Calculated single-crystal elastic constants Cj;, the bulk (B), shear (G), and Young's
(Y') moduli and Poisson ratio (v) for known and predicted Fe-B phases. Values for
hP6-ReB, are added for comparison.
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often correlates with the hardness [265, 266, 320-322], although a quantitative prediction of
the materials’ hardness based on the elastic properties alone is not possible [323]. Second,
we follow the scheme described by Simunek and Vackar [324] and Simunek [325, 326], that
allows to calculate the directionally dependent hardness based on the geometry of the crystal
structure.

In order to determine the mechanical properties of the borides, we calculated the elastic con-
stants by the application of a set of given strains on the crystal structure, leading to a de-
formation and therefore a change in the total energy of the system. The number of strain
operations is equal to the number of independent elastic constants for the structure, i.e. 3
for cubic cells, 4 for hexagonal ones, 6 for tetragonal and 9 for orthorhombic ones, leading to
a system of linear equations allowing to solve for the elastic constants Cj; dependent on the
energy-strain relationship (Sec. A.7). Using then the Voigt-Reuss-Hill theorem [327] allows to
determine the polycrystalline elastic (Young's) modulus Y and the shear modulus G for the
considered phases, as summarized in Tab. 4.2. The bulk modulus B and the Poisson’s ratio v
are derived from the Young's and shear modulus.

The calculated single-crystal elastic constants fulfill the corresponding stability criteria [328]
for cubic, tetragonal, orthorhombic and hexagonal cells, thus the crystal structures are me-
chanically stable. The elastic constants of the crystal structures listed in the experimental
phase diagram, tl12-Fe;B and oP8-FeB, vary but lead to very similar polycrystalline Young's
and shear modulus. The calculated single-crystal elastic constants for the competing crystal
structures at 1:1 composition, 0S8 and tl16, result in a larger Young's and shear modulus.
The slightly larger elastic moduli for t116 might be attributed to the boron chains running in
two directions instead of one, as found in oP8 and 0S8. The calculated elastic constants for
tl12-FesB are generally in good agreement with a previous DFT calculation [284]. We note
that the disagreements in some Cjj result in a very similar bulk modulus, but a significantly
increased shear (compared to 60.2 GPa) and Young's modulus (compared to 184.4 GPa) in our
case. However, our results for the shear and Young's modulus are in good agreement with DFT
results from Ref. [283]. Our calculated bulk modulus is close to the experimental value of B =
164 GPa [329] while our Young's modulus is in excellent agreement with experimental values
of Y = 290-343 GPa [330-333]. For oP8-FeB our calculated Young's modulus agrees well with
experimental values of Y = 284-350 GPa [332,333]. In the case of the newly identified pos-
sible ground state oP12-FeBy the polycrystalline Young's and shear modulus calculated from
the single-crystal elastic constants exceed the elastic moduli of the crystal structures with less
boron content. Values for hP6-ReB5 have been added for comparison. None of the elastic con-
stants or elastic moduli of oP12-FeBs surpass the corresponding values for hP6-ReB», which
are in good agreement with previous DFT [334-336] and experimental studies [263, 266, 337].
However, oP12-FeB, still represents an interesting candidate for further experimental inves-
tigation due to its promising mechanical properties. The single-crystal elastic constants and
polycrystalline elastic moduli for the crystal structure with the largest boron content, oP10-
FeBy4, are generally in the range or slightly larger than the corresponding values for tI12-FesB
and the three crystal structures at 1:1 composition. The reason for the superior single-crystal
elastic constants and polycrystalline elastic moduli of oP12-FeBy might be attributed to the
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peculiar geometry of the crystal structure, especially the disintegration of the typical 2D boron
layers found in other transition metal diborides into boron chains.

The original scheme proposed by Simunek and Vackar [324] provides a semi-empirical estima-
tion of the materials’ hardness based on the concept of bond strength. This parameter takes
the hardness proportional to an energy value for the corresponding elements divided by the
distance between the atoms and the number of nearest neighbors. Subsequent modifications
of this approach included using tabulated values for the energy scale, instead of first-principles
calculations [325], and the anisotropy of the hardness related to crystal orientation [326]. Us-
ing the tabulated values, Simunek estimated the hardness for hP6-ReBy to H(c) = 46.7 GPa,
H(a) = 39.7GPa and H(x) = 38.1 GPa, where x is perpendicular to a and c. The mean
value is H = 41.1 GPa, and falls in the middle within the range of experimentally measured
hardness of H = 30.1-55.5 GPa [263]. In the case of oP12-FeBy the hardness is calculated
to H(x)=45 GPa, H(y)=31GPa and H(z)=30GPa, with a mean value of about H=35 GPa.
For oP10-FeBy, the hardness is calculated to H(x)=35 GPa, H(y)=28 GPa and H(z)=35 GPa,
with a mean value of about H=33 GPa. Thus, the calculated values are consistent with the
previous approach: none of the calculated values of the iron borides for the hardness surpasses
the hardness for hP6-ReBs, and according to the calculated values oP12-FeBs would have an
improved hardness over oP10-FeBy.

4.6. Summary

The investigation of the phase stability in the binary Fe-B system with DFT revealed an
excellent agreement with the experimental phase diagram on the iron-rich side, regarding the
known stable and metastable compounds. We obtain a stable tI12-Fe;B phase, and the known
metastable phases oP16-Fe3B, tI32-Fe3B and cF116-Fey3Bg are close to the tie-line. At 1:1
composition we identified three crystal structures, oP8-FeB, 0S8-FeB and tl16-FeB, that are
very close in energy. This is independent of the xc functional and is primarily attributed to close
geometrical relationships between the three crystal structures, also apparent in the discussion
of the coordination polyhedra of these crystal structures in Sec. 2.3.7. oP8-FeB is listed in the
experimental phase diagram, and 0S8-FeB is assumed to represent the crystal structure of the
low-temperature modification in the Fe-B system. tI16-FeB is the most stable crystal structure
at zero Kelvin, but is expected to be destabilized at elevated temperature. On the boron-rich
side, the existence of a FeBy phase of AlBo-type, that has been observed in one experimental
study and whose existence has been a controversial issue, can be ruled out due to the large
energy difference towards the tie-line. In close collaboration with the group of AN Kolmogorov,
the application of an evolutionary algorithm for crystal structure prediction on the boron-rich
side of the experimental phase diagram revealed two viable ground states with the crystal
structures oP12-FeBy and oP10-FeBy, that have not yet been observed experimentally.

We further investigated possible synthesis routes for the newly identified viable ground states.
We showed that the oP10 compound may be realized as pseudobinary Fe,Cry_yB4 compound.
However, the stability of the pseudobinary with respect to oP10-Fe/CrBy is highly dependent
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on the occupation pattern of the metal atoms. The application of pressure may also be the
key for synthesis of both oP12-FeB, and oP10-FeBy, as pressure lowers the corresponding
formation energies.

As iron borides are used in industrial applications as hard and protective coatings, we investi-
gated the newly identified compounds with respect to their elastic properties and their potential
to serve as hard material. Both new crystal structures are predicted to possess superior elastic
properties compared to the known iron borides, and yield promising values for the hardness.
However, none of the newly identified compounds are expected to surpass the mechanical
properties of hP6-ReBs.

In this section we investigated ordered boron-containing compounds. We focused on the binary
Fe-B system and the ternary Fe-Cr-B system. As a step towards steel, we will focus in the
next section on boron point defects in a-iron. Since contemporary steels are multicomponent
alloys, we will further extend the investigation to other light elements that are important in
steel production.
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"Not what | came looking for, but treasures

often turn up when you're not looking.”

Kevin Killiany

MechWarrior Dark Age # 30: To Ride the Chimera

5.1. Introduction

5.1.1. Impact on Mechanical Properties

Modern steels are multicomponent alloys that combine the main ingredients iron and carbon
with a set of additional elements to achieve specific properties. Boron is a common additive
element, and is usually added in very small quantities, in the range of a few parts per million
(ppm). Nevertheless, even at these small concentrations, it is found to have a significant
impact on the mechanical properties [338].

The addition of boron leads to improved hardenability of low-carbon and low-alloy steels [82,94—
108], ductility at room [109] and high temperature [110-115], ultimate tensile strength [93],
(fracture) toughness [116, 117] and creep rupture properties of both ferritic [118-124] and
austenitic stainless steels [125-131]. Boron additives also improve the corrosion resistance [132—
134] and strongly affect the final microstructure of the steel [339-341], by e.g. affecting the
austenitic [135] and ferritic [136-138] grain size.

The variety of beneficial impacts on steel properties due to boron addition stem from several
mechanisms, which require boron to be present as a solute element or bound in precipitates and
located appropriately in the microstructure. The solution type and location of boron results
from a complex interplay between the fabrication process (e.g. temperature and cooling rate)
and the chemical composition of the base material (type and amount of additive elements or
already present impurities). This determines the distribution and solution type of boron, and
therefore the impact on the mechanical properties [342]. Experimental studies revealed a strong
tendency of boron to segregate to grain boundaries [139-141], although the amount of boron
at grain boundaries depends strongly on the applied temperature and holding time [142-144] as
well as the cooling rate [144,145]. Boron can also be present as solute atom, or bound in boron-
containing precipitates or borides [343,344], where the formation of the phases depends also on
temperature and holding time [345]. In precipitates of Fegs(B,C)¢ type, boron may be present
in the precipitates or enrich the austenitic matrix-precipitate interface [346]. Furthermore,
boron may still be present in precipitates or inclusions in the austenitic matrix. Experimental

95



5. Boron Point Defects in a-Iron

studies of ferritic steels found in general the same tendencies. Boron can segregate to the
ferritic grain boundaries [347], either as solute element or bound in precipitates [137, 344],
or be present in precipitates or inclusions in the ferritic matrix [348-350]. The effect of the
solution type and distribution on boron on some mechanical properties is discussed below.

Hardenability The improvement in the hardenability of low-carbon and low-alloy steels by
boron addition is primarily attributed to boron located at austenite grain boundaries [101].
This delays the ferritic/pearlitic transformation, thus increasing the time range for the bainitic
and martensitic transformation [102,103]. The improvement of the hardenability is by far the
most common application of boron addition. However, the beneficial impact of boron requires
its existence in solid solution, and its position at the grain boundaries. Because of varying
processing parameters and chemical compositions of the base material, it is therefore not
surprising to find different optimum boron contents providing the maximum hardenability [82,
104-106]. Excess boron and/or excessive fabrication temperatures can lead to the formation
of borides or boron-containing phases at the grain boundaries [94, 95, 107], and are reported
to have either no effect [106] or to effectively decrease the hardenability of the steel [108] by
reduction of boron in solid solution. Furthermore, the impact of boron is also dependent on the
carbon content, leading to a decreasing impact on the hardenability by boron with increasing
carbon content [103,107].

Ductility Steels subject to mechanical working, e.g. hot/cold rolling, in the fabrication pro-
cess require a high ductility in order to prevent the formation of cracks, leading to failure of the
material. In general, the steels show a reduced ductility in the temperature range associated
with the austenite-ferrite transformation. This is referred to as ductility through. The sug-
gested underlying mechanism [111] is crack formation in the thin ferrite layers along austenite
grain boundaries, thus promoting intergranular fracture, as ferrite is softer than austenite. With
decreasing temperature the ductility recovers, as the volume fraction of ferrite increases [351].
However, precipitates may also influence the ductility of the material, depending on their lo-
cation and size [352]. The addition of boron generally improves the so-called hot ductility
by reducing the ductility trough. However, the suggested mechanisms vary with chemical
composition of the steel as well as the fabrication temperature. Below the austenite-ferrite
transformation temperature, the beneficial impact of boron is attributed to intragranular for-
mation of Fey3(B,C)¢ particles, acting as nucleation sites for ferrite [111] or other carbides
that influence the microstructure [112]. In the austenite single-phase region, the beneficial
impact of boron is attributed to enhanced grain boundary cohesion by segregation to the grain
boundaries [113]. In the case of niobium-containing steels, boron enhances the segregation
and diffusion of niobium, and thereby promotes the precipitation of coarse Nb(C,N) particles
at grain boundaries [114]. Chown et al. [115] investigated the influence of the B:N ratio on
the hot ductility. A B:N ratio of 0.75 was found to entirely suppress the ductility trough,
and the impact was attributed to the formation of hexagonal BN, thus reducing the amount
of nitrogen in solid solution. Furthermore, the precipitation of other boron-containing phases
including carbon and nitrogen, that reduce the amount of carbon and nitrogen in solid solu-
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tion, are also expected to play an important role [114,353]. However, in the case of ferritic
steels with high chromium content boron was found to have a detrimental effect due to the
precipitation of iron- and chromium-containing borides [354]. Furthermore, a study by Li et
al. [355] attributed the beneficial impact of boron in preventing the segregation of sulfur to
the grain boundaries, which is known to reduce the ductility, while boron itself has no influence
on the ductility.

Tensile Strength An improvement in the ultimate tensile strength was found in alloys with
an unusually high boron content of 2.2wt % and a carbon content of 0.1wt % at low and
intermediate temperatures [93]. This improvement is mainly attributed to the microstructure,
consisting of ferrite and homogeneously distributed borides of FesB type. However, in Mn-C
duplex steels (coexisting ferrite and austenite) with boron additions in the range of a few ppm
the ultimate tensile strength decreased with increasing boron content, although the effect was
negligible compared to the influence of the annealing temperature during fabrication [356].

Toughness The improvement of the toughness is attributed to microstructure evolution,
where additions of boron in the ppm range result in a finer martensitic substructure after
quenching and a more dispersed substructure of martensite and carbides during temper-
ing [116]. However, the influence of the fracture toughness is dependent on boron con-
tent [117], and concentrations above a critical limit result in boride precipitation, which re-
duces the fracture toughness [83,357]. Furthermore, segregation of boron to grain boundaries
is reported to cause a reduction of fracture toughness [358].

Creep Properties The effect of boron on the creep properties, in particular the creep
strength, is attributed to its impact on the microstructure [119]. In Cr-W-Co-V-Nb fer-
ritic/martensitic stainless steel with 9wt % chromium the addition of boron prevents the
long-term degradation of creep strength and improves the time to rupture at low stresses,
but scarcely affects the time to rupture at high stresses. This is attributed to the enrichment
of Mo3Cg carbides near prior austenite grain boundaries with boron, thus suppressing the coars-
ening of the carbides during creep and maintaining a homogeneous distribution of fine My3Cq
carbides [120-123]. The addition of excess nitrogen results in formation of boronitride, that
reduce the amount of dissolved boron and the enrichment of boron in My3Cg carbides, which
leads to the promotion of accelerated creep [124]. In Cr-Ni-Mn-Si austenitic stainless steels
(type 304), in contrast, the formation of boronitride at the cavity surface increases the creep
rupture strength and ductility, particularly for longer rupture time, although simultaneously
the segregation of sulfur has to be prevented by addition of titanium or cerium [125,126]. In
type 347 stainless steels, both the formation of boronitride and segregation of boron to grain
boundaries are attributed to improve the creep strength and ductility [146]. Furthermore, the
beneficial impact of boron on the creep properties in Cr-Ni-Mo-Mn-Si austenitic stainless steels
is related to the behavior of carbide precipitation [127]. Austenitic steels with additive boron
subject to irradiation exhibit less reduction of the creep strength than the steel containing
an extremely low boron content. The authors suggested that boron prevents the responsible
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impurities from segregating to grain boundaries [128]. A subsequent study of the same steel
showed the effect of boron to be highly dependent on the heat treatment, effectively influ-
encing the boron distribution. Boron at grain boundaries improves the creep strength, while a
homogeneous distribution has the opposite effect, and the distribution itself has no effect on
the creep ductility [129].

5.1.2. Solution Character of Boron in Ferrite

As outlined, the impact of boron on the mechanical properties of the steels is primarily de-
termined by the concentration, the distribution and whether it is present as solute element or
bound in boron-containing precipitates. The factors that may influence the distribution and
form of boron are the diffusion and the interaction with point defects, and depend also on the
solution behavior of boron in a-iron. Although several experimental studies have addressed the
nature of boron in a-iron, predominantly focusing on the solution behavior, whether it enters
as substitutional or interstitial point defect, and the activation energies required for diffusion,
the picture is somewhat controversial.

A substitutional solution of boron has been proposed by Busby et al. [359] from diffusion
experiments using a spectroscopic analysis, yielding activation energies usually corresponding
to a substitutional migration mechanism, and by Strocchi et al. [360] and Ray et al. [361]
using a X-ray diffraction method to measure the variation of the lattice parameter of «a-Fe
dependent on boron content. The decrease of the lattice parameter in samples including boron
was attributed to a substitutional solution of boron in a-iron. The substitutional solution of
boron has also been highlighted in the review article by Bobkova et al. [338]. On the contrary,
internal friction measurement by Thomas et al. [362] suggested an interstitial solution of
boron. Measurements using the particle tracking autoradiography, which make use of the
10B(n,a)Li fission reaction, by Wang et al. [363] for bcc-based Fe-3%Si-B (in wt %) alloys
yield activation energies for diffusion which also suggest an interstitial solution of boron. Other
studies suggested an influence of alloying elements on the solution behavior of boron. Alloying
elements with an atomic diameter larger than iron expand the host lattice, thus expanding the
interstitial site and allowing boron to occupy these sites [364, 365]. Indeed, this mechanism
has been experimentally verified in Fe-Cr-B alloys [365]. Additionally, apart from an increased
lattice parameter of ferrite due to boron addition, thus indicating an interstitial solution,
an increased solubility of boron has been measured due to copper addition [366]. Hayashi
et al. [367] suggested that boron is able to occupy both the substitutional and interstitial
sites, with the larger amount of boron occupying the substitutional sites, and proposed a
dissociative (or Frank-Turnbull [368]) mechanism for boron diffusion, predominantly to explain
the deviating experimental data regarding boron diffusion. In this mechanism, a point defect
in a substitutional site dissociates into a vacancy and the point defect in an interstitial site or
vice versa.

Several experimental studies addressed the solution behavior of boron in a-iron. However,
the discrepancies in the results regarding the solution behavior may be attributed, at least to
some extent, to the varying temperature range at which the experiments have been performed
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and also to the chemical composition of the material. Impurities in the base material are
expected to influence and alter the experimental results, predominantly by stronger response
in the measurement and substantial interaction with boron.

From experimental studies, the interaction of boron with other point defects are only known
for a few elements. An attractive interaction is generally assumed between boron and carbon,
nitrogen and oxygen, due to the tendency to form precipitates, thus removing these elements
from solid solution [115, 344,350, 369]. An example is the addition of boron in order to bind
solute nitrogen in boronitride, that prevents solute nitrogen from exhibiting a detrimental
impact on the ductility [115]. An experimental probe analysis by Dubben et al. [370] on welds
revealed the existence of boron-carbon pairs and borons’ tendency to form small clusters with
carbon and oxygen.

Density functional theory studies of various light element in «a-iron addressed their solubility
and migration [371-374], point defect interactions [374-379] and elastic properties [380], but
such studies are rather sparse for boron, despite its usage in steel production. In a recent
theoretical study, Fors et al. [155] addressed the solution and migration of a single boron point
defect in a-iron using DFT. Their calculations supported the substitutional solution of boron
in a-iron, but a small formation energy difference with respect to boron in an interstitial site,
namely the octahedral one, indicates that a certain amount might still reside in interstitial sites.
Regarding the migration of boron, the calculated activation energies for substitutional and
interstitial mechanisms via first nearest-neighbor migration showed the interstitial mechanism
having a smaller activation energy than the substitutional one. A significant contribution to the
latter mechanism stems from the necessity of an adjacent vacancy, thus the vacancy formation
energy has to be interpreted as additional barrier. A subsequent theoretical study by Baik et
al. [156] supported the substitutional solution of boron in a-iron.

In this section we will investigate the interaction of boron point defects in a-iron using DFT.
Starting with one point defect in the host matrix, we first address the solution behavior of
boron and compare to experiment and recently published theoretical results [155]. Addressing
the migration of boron in a-iron, we further investigate the activation energies required for
migration using the nudged elastic band method for pathways based on the results for the
solution behavior. We also investigate the impact of substitutional point defects on the elastic
properties of a-iron, comparing the impact of boron, a vacancy, aluminum, silicon, phosphorus
and sulfur on the elastic constants and the directional dependence of the Young's modulus.
As a step towards multicomponent systems, we further investigate the interaction of a boron
point defect with a second one in the ferritic host matrix. Apart from a second boron and a
vacancy, we also consider hydrogen as well as important elements in steel production in the
first and second row of the p-block in the periodic table, namely carbon, nitrogen and oxygen
as well as aluminum, silicon, phosphorus and sulfur. The latter elements, including boron,
are also nearest neighbors in the periodic table, thus allowing us to study tendencies of the
interaction associated with the number of valence electrons as well as atomic size.
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5.2. Single Boron Point Defect

5.2.1. Supercell Construction

The solution behavior, the migration barriers, the influence on the elastic properties and the
interaction between point defects are investigated via a supercell approach. Using repetitions
of one cubic bcc unit cell along the three axis, large supercells are constructed, and the point
defects are introduced at specific position in the supercell. Defects enter either as substitutional
(SB) or interstitial atom in the tetrahedral (T'H) or octahedral (OH) site (Fig. 5.1(a-c)). The
tetrahedral defect is positioned in the center of a distorted tetrahedron formed by four iron
host atoms, with distances of either \/ga/Q or a between the host atoms, where a represents
the lattice constant. The point defect has the same distance of v/5a/4 to the four host atoms.
The octahedral defect is in the center of a distorted octahedron formed by six iron host atoms,
with distances of v/3a/2 between the corner and top/bottom host atoms and a distance of a
between the corner host atoms, respectively. The distance between a top/bottom atom and a
point defect is a/2, thereby smaller than the distance of a/v/2 between the point defect and
a corner host atom. Two point defects or one point defect and a host atom, respectively, can
form dumbbells in the (100), (110) or (111) direction (Fig. 5.1(d-f)). In supercells containing
two point defects, both may align along high-symmetry axes, and we refer to these directions
of defect alignment for the analysis of defect-defect interactions.

The introduction of a point defect influences the volume of the supercell. Therefore, calcu-
lations have been performed using two conditions regarding the optimization of the atomic
coordinates, cell shape and volume, unless stated otherwise. In the first set of calculations,
we fix the volume and shape and allow only atomic relaxation, whereas in the second set we
allow full relaxation including changes of supercell volume and shape. In calculations with
atomic relaxation we use our calculated lattice constant of a-Fe of 2.842 A that is in very
good agreement with experimental [381] and other theoretical values [155].

The migration barriers are determined using the nudged elastic band (NEB) method [382,383]
as implemented in VASP, and refined with the climbing-image nudged elastic band (CI-NEB)
method if required [384]. Due to the computational effort we used a 3 x 3 x 3 supercell and
only allowed atomic relaxation. A description of the method is given in Sec. A.6 following the
discussion in Refs. [382-384].

The scheme for the calculation of elastic constants is given in Sec. A.7 of the appendix. For
a-iron, we used a 1 X 1 x 1 bcc cell to determine the elastic constants. Introducing one point
defect in the host matrix, we used different supercell sizes (between 2 x 2 x 2 and 3 x 3 x 4)
in order to investigate varying point defect concentrations. In all calculations, only the ions
and the supercell volume were optimized, before the strain tensor for the calculation of elastic
constants was applied. The supercell was fixed to be cubic, as we implicitly assumed that
the defect atoms are randomly distributed, thus leaving the number of independent elastic
constants unchanged: C11, C12 and Clyy.
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Figure 5.1.: Point defect in the (a) substitutional, (b) tetrahedral and (c) octahedral site of
bcec. The tetrahedron and octahedron encapsulating the point defect marked in
red are highlighted, respectively. Point defects forming dumbbells with (d) (100),
(e) (110) and (f) (111) alignment. Dumbbells can be formed by two point defects
of the same or different kind, or by one point defect with a host atom.

5.2.2. Solution Behavior

We first address the solution behavior of boron in a-iron, thus identifying the preferred boron
site occupancies in the host matrix. The identification is crucial for the next steps in our
investigation. In the case of boron migration, the stable sites represent the initial and final
states of the migration process. Regarding the influence on the mechanical properties, e.g.
the elastic constants, this will be heavily affected by the solution behavior of boron.

In order to determine the stable solution sites, we calculated the corresponding formation
energy Er that is given by

E¢ = Epesx — Ere — Ex. (5.1)

Here, Eretx is the total energy of a ferritic host matrix containing a single point defect X,
FEge is the energy of the pure ferritic host matrix and Fx is the total energy of point defect
X in its corresponding ground state. In the case of boron, it is the a-B structure.

The calculated formation energies for a fully relaxed 4 x 4 x 4 supercell are summarized in
Tab. 5.1, along with corresponding formation energies for borons’ neighbors in the periodic
table: carbon, nitrogen and oxygen. The substitutional site of boron yields the lowest formation
energy, thus boron favors the replacement of an iron host atom instead of occupying an
interstitial position [385]. This is in agreement with Refs. [155] and [156], but these works
used an isolated boron atom as reference state for the calculation of the defect formation
energy. Therefore, we also give the difference in the formation energies which are independent
of the reference ground state. These formation energy differences indicate consistently that at
elevated temperature boron can also occupy the OH site, while the T H site is ruled out by
the large energy difference [155].

The substitutional solution of boron is different from its neighbors in the periodic table: car-
bon, [372] nitrogen [375] and oxygen [386] occupy the octahedral site, also apparent in the
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formation energies summarized in Tab. 5.1. The corresponding ground state energies were
calculated with carbon in diamond structure and nitrogen and oxygen as dimers. Baik et
al. [156] attributed the solution behavior of boron to its atomic radius that is too large to
occupy interstitial positions in a-iron [387]. Indeed, within the sequence B— C— N — O the
covalent radius decreases as 0.88 A —0.76 A — 0.71 A — 0.66 A [388]. This leads to consider-
able geometric modifications for point defects in the OH site. Compared to the unperturbed
state, the INN Fe-X (X=B,C,N,O) distances are elongated about 28% for boron, 25% for
carbon, in agreement with Ref. [155], and 24% for nitrogen and 26-27% for oxygen. The 2NN
Fe-X distances are nearly unaffected in the boron case, but contracted by 2% for carbon and
nitrogen, and elongated by 1% for oxygen. Weaker geometrical modifications occur for substi-
tutional point defects. The smaller radii of these elements compared to the iron radius result
in contraction of the 1NN Fe-X distances: 3-4% for boron, 5% for carbon, 4% for nitrogen,
and 3% for oxygen.

Given the listed atomic radii of the four p-block elements, for boron, carbon and nitrogen
the atomic size is clearly reflected in the magnitude of the distortion of the nearest-neighbor
distance, while the effect of substitutional and interstitial oxygen is quite peculiar. Despite the
lowest radii among the four elements, only about 75% of the radii of boron, oxygen is found
to have a nearly similar impact on the distortions of the nearest-neighbor distance as boron.

5.2.3. Migration Barriers

According to the formation energies of a single boron point defect, the SB or OH sites are
the most likely point defect sites in the ferritic matrix, thus representing viable initial and
final states for boron migration. In the calculation of the migration barriers of the solely
substitutional and interstitial mechanisms, we consider migration processes to the first (INN)
and second (2NN) nearest-neighbor position. As a dissociative (or Frank-Turnbull [368])
mechanism was proposed for analysis of available diffusion data [367], we also investigated a

B C N o)

Esp 0.73 2.96 3.06 1.17 this work
Eon 0.80 0.60 0.05 -0.45 this work
FErn 1.54 1.54 0.85 0.12 this work
Esg — Fon -0.07 2.36 3.01 1.62 this work
-0.06 2.34 Ref. [155]°

-0.17 2.09 Ref. [156]

FEsg — Eth -0.81 1.42 2.21 1.05 this work
-0.75 1.49 Ref. [155]°

Table 5.1.: Formation energy and differences of the formation energies (in eV) for substitutional
(SB), octahedral (OH) and tetrahedral (T'H) sites. “PAW, 128-atom cell, fully
relaxed, PW91; °FLAPW, 48-atom cell, ionic relaxation.
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Figure 5.2.: Migration path of boron for the (a,b) substitutional and (c,d) interstitial (octahe-
dral) configurations with final states in (a,c) first and (b,d) second nearest-neighbor
position and (e) the dissociative mechanism (upper panel) and calculated migra-
tion barriers (lower panel).

migration path with substitutional and interstitial sites as initial and final states, respectively.
From the possible migration paths, the SB — OHinn and SB — OHonn paths have been
omitted as boron is mechanically unstable in the OH site next to the vacancy, relaxing towards
the vacant site. We only considered boron in the 3NN OH site, as in this configuration boron
remains in the OH site.

The atomic geometries for the five migration paths are sketched in the upper panel of Fig. 5.2.
Configuration (a) and (b) show the migration of a point defect from the SB site to a 1NN
vacancy along (111) and a 2NN vacancy along (100), respectively. Configuration (c) and (d)
show the migration of a point defect from the OH site to a INN OH site along (100) and a
2NN OH site along (101), respectively. The dissociative mechanism is shown in configuration
(e), where boron in the SB site dissolves into boron in the 3NN OH site and a vacancy.
The paths of substitutional and dissociative (interstitial) migration were sampled with 7 (5)
images, respectively. The energy differences to the initial state with respect to the normalized
reaction coordinate for the different configurations are shown in the lower panel of Fig. 5.2.
For the substitutional and interstitial mechanisms (Fig. 5.2(a-d)), the energy difference is
symmetric with respect to the migration barrier, as the initial and final state are represented
by a boron point defect in the identical defect site. The calculated migration barriers are
summarized in Tab. 5.2, along with experimental and other theoretical values for boron and its
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closest neighbors in the periodic table, carbon, nitrogen and oxygen. For the latter elements,
the migration barriers have been calculated from the energy difference Ery — Eog, using a
3 x 3 x 3 supercell with fixed lattice parameter, the same setup that was used for the NEB
calculations. Values in brackets have been calculated with a 4 x 4 x 4 supercell for comparison,
in order to quantify finite size effects.

For boron, the calculated migration barrier for INN hops is in good agreement with Ref. [155]
and consistently lower than the barriers for 2NN hops, i.e. 0.17eV versus 1.06eV for the
substitutional mechanism and 0.70eV versus 1.26eV for the interstitial one. The SB —
SBinn hop has the lowest migration barrier, but requires an adjacent vacancy (OJ), thus the
vacancy formation energy adds to the migration barrier for the substitutional mechanism [155].
Our calculated vacancy formation energy of 2.19 eV is close to the vacancy formation energy in
Ref. [155]. However, we observe that an adjacent boron in the INN (2NN) site with respect to

atom migration path Emig(eV) method
B SB — SBINN 0.17 /2.26° PAW-PBE this work
SB — SBinx 0.15/2.31¢ PAW-PWO1 [155]
SB — SBonN 1.06 /2.98¢ PAW-PBE this work
OH — OHinN 0.70 (0.73) PAW-PBE this work
OH — OHixy 0.67 PAW-PWO1 [155]
0.65 expt. [362]
0.92 expt. [363]
OH — OHynw 1.26 PAW-PBE this work
SB — OHsnN 3.07 PAW-PBE this work
OH — SB3nN 0.79 PAW-PBE this work
C OH — OHinx 0.89 (0.95) PAW-PBE this work
OH — OHixx 0.86 PAW-PWO1 [372]
OH — OHinN 0.92 USPP-PW91 [375]
OH — OHiny 0.75 PAW-PBE [389]
0.81-0.87 expt. [390-393]
N OH — OHixy 0.72 (0.80) PAW-PBE this work
OH — OHiny 0.79 USPP-PWO1 [375]
0.76-0.80 expt. [300-392]
o) OH — OHnN 0.47 (0.57) PAW-PBE this work
0.93 expt. [394]

Table 5.2.: Calculated migration barriers for boron in a 3 x 3 x 3 supercell using the NEB
method. Values from Ref. [155] are listed for comparison, as well as Etyp — Eopn
for a 3 x 3 x 3 supercell with fixed lattice constant for carbon, nitrogen and oxygen
among experimental and other theoretical migration barriers. Values in brackets
are calculated for a fully relaxed 4 x 4 x 4 supercell, in order to quantify finite size
effects (“vacancy formation energy included).
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the vacant site reduces the vacancy formation energy to 2.09 eV (1.92eV). The reduction in the
vacancy formation energy can be attributed to B-{I interactions, see Sec. 5.3.3. Inclusion of the
distance-dependent vacancy formation energy increases the INN (2NN) migration barrier to
2.26eV (2.98¢eV). The migration of boron via the substitutional mechanism is further hindered
by the high barrier for vacancy migration of E = 0.55eV [393], the experimental value being
close to the theoretical value of 0.65 eV [395]. The relatively high migration barrier for vacancy
diffusion compared to the migration barrier for the substitutional INN hop implies that boron
would only jump back and forth to the vacant site, without actually migrating through the
crystal. In contrast, the formation of a vacancy is not required for the migration of interstitial
boron, and the calculated lowest migration barrier for the 1NN hop of 0.7 eV falls in between
experimental values of 0.65eV by Thomas et al. [362] and 0.92eV by Wang et al. for Fe-
3%Si-B alloys [363]. In the dissociative mechanism the migration barrier depends on the initial
state. The dissociation of boron in the SB site into a boron atom in the 3NN OH site
and a vacancy requires a comparably large energy of 3.07eV. This value exceeds the vacancy
formation energy in a-iron. The opposite mechanism of a boron in the OH site annihilating a
vacancy requires a significantly lower migration barrier of 0.79 eV. The sketched migration path
(Fig. 5.2(e)) indicates that this value arises from the required O Hsnny — O Honn hop, before
boron is dragged towards the vacancy. The deviation from the calculated OH — OHinN
migration barrier can be attributed to the geometric influence of the vacancy on the host iron
atoms, resulting in a slightly bent OHsyn — OHaonn path that circumvents the TH site.
Given the relatively low migration barriers for both interstitial boron and a vacancy, compared
to the vacancy formation energy and the energy required to release a substitutional boron,
the tendency of interstitial boron to annihilate adjacent vacancies implies a reduction of the
vacancy concentration and the vacancy mobility, at the expense of the mobility of boron.

In order to quantify finite size effects, we performed additional calculations for fully relaxed
4 x4 x4 supercells. The OH — OHynN migration barrier for boron yields 0.73 eV that is close
to the value obtained with NEB in a 3 x 3 x 3 bcc supercell with fixed lattice constant and
only ionic relaxation. Similar calculations for carbon, nitrogen and oxygen showed that finite
size effects influence the results by less than about 0.1eV. The calculated values for carbon
and nitrogen are in good agreement with previous theoretical and experimental results. For
oxygen, the calculated value agrees with a previous calculation [386], but deviates from the
experimental value, an indication that oxygen might diffuse by a different mechanism. This
has not yet been considered in a theoretical investigation.

5.2.4. Influence on Elastic Properties

The influence of boron content on the mechanical properties of a-iron was determined by
calculation of the elastic constants of a iron supercell containing a single boron point defects.
In order to model different boron content, we varied the size of the iron supercell containing
the boron atom. In this investigation, we considered boron only in the energetically favor-
able SB site. For comparison, we also determined the influence of a vacancy on the elastic
constants, as a vacancy exerts almost the same strain on the 1NN host iron atoms (3%-4%
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contraction) as boron in the SB site, and the influence of aluminum, silicon, phosphorus and
sulfur on the elastic constants. The latter elements are common additives or impurities in steel
manufacturing. Similar to boron the elements occupy substitutional sites in a-iron, which is
confirmed due to experimentally observed bcc-based Fe-Al [396, 397] and Fe-Si [398] alloys
and DFT calculations for silicon [374] and phosphorus [376] in a-iron. Sulfur is also referred to
occupy substitutional sites in a-iron [378]. This is in line with the calculated formation energy
differences of Esg — Eog = -2.18eV and Esg — Erg = -2.25eV. These values were calculated
for a 3 x 3 x 3 supercell with a fixed lattice constant. The set of considered point defects
(except for the vacancy) allows us to study the influence of atomic size and electronic config-
uration of the point defects on the elastic constants of a-iron. The directional-dependence of
Young's modulus Y of the Fe-X (X=B,0,Al,Si,P,S) alloys is then calculated from the elastic
constants.

The applied scheme for the determination of the elastic constants is given in Sec. A.7 of the
appendix. Throughout this investigation we kept the supercell shape cubic and optimized only
the atomic positions and the supercell size, before applying the strain tensors for calculation of
the elastic constants. This is motivated by the assumption that the defect atoms are randomly
distributed in the alloy and leave the number of independent elastic constants unchanged.
Usually, the optimization of the supercell shape would lead to a tetragonal distortion of the
supercell, if the number of repetitions of the basis bcc cell along the crystallographic axis is not
identical, thus leading to unequal distances between the point defects and its periodic image.
For tetragonal unit cells, the number of independent elastic constants increases to six. For
a 2 X 2 x 4 supercell, one of the considered supercells with largest discrepancy between the
number of repetitions, we therefore checked the tetragonal distortion evoked by substitutional
boron and a vacancy. The deviation of the c/a ratio is small, in the range of 0.4% for a
vacancy, and 0.1% for substitutional boron. We further calculated the elastic constants for the
2 x 2 x 4 supercell with a tetragonal distortion containing substitutional boron and a vacancy,
and compared with the elastic constants of a 2 x 2 x 4 supercell with cubic shape. In the
former case the corresponding elastic constants were averaged in order to compare with the
elastic constants for a cubic cell. However, the influence of the supercell shape on the elastic
constants was found to be negligible, thus validating our approach of assuming a random
distribution of the defect atoms and leaving the supercell shape cubic.

Elastic constants for a-iron yield C1; = 274 GPa, C12 = 149 GPa and Cy4 = 97 GPa, in very
good agreement to other theoretical values, and with similar overestimation (underestimation)
of the experimentally determined Cj; and Ci2 (C44) (see Ref. [380] and references therein).
The error bars for the calculated elastic constants of the Fe-X alloys (Fig. 5.3(a-c,g-i)) are esti-
mated from polynomials of different orders for the fit, along with a linear fit for the calculated
elastic constants as function of point defect concentration. Below a boron concentration of
approximately 3%, the influence of boron on the elastic constants is very similar to that of a
vacancy. The linear fit exhibits nearly the same slope for both boron and a vacancy (Tab. 5.3).
However, above a boron concentration of 3% the tendencies change substantially for the three
elastic constants C11, C12 and Cyy: C11 is only weakly dependent on the boron concentration,
while C'15 and Cy4 increase with boron concentration. In the considered defect concentration,
the increase in boron content nearly mitigates the effect of boron addition for Cia, while in
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Figure 5.3.: Calculated elastic constants C11, C12 and Cyy of ferritic Fe-X (X=B,,Al,Si,P,S)
alloys as function of defect concentration. Error bars are estimated from second-,
third- and fourth-order polynomials for the fit. The directional-dependence of
Young's modulus Y is shown for varying defect concentrations, calculated from
values of Cj; taken from the fit. Lines are only a guide to the eye.
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the case of Cy4 the addition of boron increases the elastic constant above the value for a-iron.
The increase of the aluminum content decreases both C1; and C42, with slopes very similar to
boron below 3% and a vacancy, but has only a weak effect on Cy4. An increase of both silicon
and phosphorus content decreases C71 and (4o, but simultaneously increases Cyy. Except
C11, which shows a larger slope in the case of silicon compared to phosphorus, C12 and Cyy
have a very similar dependence on the defect concentration. Trends in the elastic constants
for Fe-Al and Fe-Si are in line with a previous theoretical study [399]. Increasing the sulfur
content leads to reduction of both C7; and Ci2 with a larger slope when compared to silicon
and phosphorus. Clyy is also reduced with increasing sulfur content, with a slope that is in
between aluminum and a vacancy.

From the linear fit of the calculated elastic constants, we determined the directional dependence
of the Young's modulus [400] for different defect concentrations of the Fe-X alloys (Fig. 5.3(d-
fj-1)). The Young's modulus for a-iron has the lowest magnitude along (100) with a value
of Y190y = 169 GPa, while the largest value is found along (111) with Y(y;;) = 250 GPa,
which is a common feature of metals with cubic cells [401]. The calculated results agree
well with experimental values [401,402] of Y(jop, = 132-141GPa and Y{;;;y = 277-293 GPa.
Below a concentration of 3%, boron reduces the Young's modulus uniformly. The change in
the tendencies above a boron concentration of 3% is reflected in a further reduction of the
Young's modulus along the elastically soft (100) axis, while the elastically hard (111) axis shows
strengthening with increasing boron concentration. An increasing vacancy concentration leads
to uniform reduction of the Young's modulus. With increasing aluminum content, the Young's
modulus is reduced along the elastically soft (100) axis and to a lesser extent along the (110)
axis, while the elastically hard (111) receives marginal softening with increasing aluminum
content. An increase in the silicon content softens the Young's modulus along the (100)
axis, leaves the Young's modulus virtually unchanged along (110) and hardens the Young's
modulus along (111). For phosphorus, an increasing content leaves the Young's modulus
virtually unchanged along the (100) axis, and strengthens both the (110) and (111) axis.
Given the very similar slopes in the dependence of C15 and Cy4 on the silicon and phosphorus
content, we observe a very similar strengthening effect along the (111) axis, while the other
two crystallographic axes show phosphorus to be a more effective strengthener than silicon.
An increase in the sulfur content leads to uniform reduction of the Young's modulus, similar
to a vacancy, although sulfur reduces the Young's modulus to a lesser extent.

Kinks in the dependence of elastic constants with respect to defect concentration, that have
been observed at a boron content of approximately 3%, were also observed in Fe-Si alloys, but
affected only C11 with a minimum in Cy; at approximately 11at%  Si [403]. However, neither
volumetric nor magnetic effects (Fig. 5.4(a,b)) can be held responsible for the observed kink
in Fe-B alloys. The relationship between defect concentration and the modification of the
lattice constant and magnetic moment of the supercell is approximately linear for all point
defects we considered in our investigation. Boron and a vacancy reduce the supercell volume
with increasing defect concentration, whereas the reduction is more pronounced in the case of
boron. However, the slope is steeper compared to the experimental value from Ref. [360]. The
influence of aluminum, silicon and phosphorus on the supercell volume clearly reflects the larger
size of aluminum compared to iron and the decreasing atomic size when going from aluminum
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Figure 5.4.: (a) Relative lattice parameter modification and (b) reduction of normalized total
magnetic moment of ferritic Fe-X (X=B,,Al,Si,P,S) alloys as function of defect
concentration. Charge density difference of (c,e) 2 x 2 x 2 and (d,f) 3 x 3 x 3
supercells containing (c,d) a vacancy or (e,f) substitutional boron.

to silicon and phosphorus. The calculated parameter for the lattice constant modification due
to aluminum addition is larger than the experimental value in Ref. [396]. In our calculations,

Ci Ci2 Cug Aafag  Aa/ag ey  HWretrx/pre
<3%B 274-987x 149-481x 97-199z  -0.122z -0.081z 1-0.63x
>3%B 249-115z 1284175z 85+4289x -0.122x -0.081z% 1-0.63z

a 274-988x 149-529z 97-261z  -0.092x 1-0.58x

Al 274-1068x  149-496x 97-10x 0.090z 0.057z° 1-0.78z

Si 274-648x 149-369x 974315z  0.005zx -0.024z¢ 1-0.95x

P 274-389x 149-318z  97+276x  -0.024zx 1-0.88z

S 274-966x 149-645x 97-99z 0.048x 1-0.26x
Table 5.3.: Fit for the elastic constants, relative volume modification and reduction of mag-

netic moment of ferritic Fe-X (X=B,d,Al,Si,P,S) alloys as a function of defect
concentration for small defect contents. Experimental data for the lattice parame-
ter modification from ®Ref. [360], *Ref. [396] and “Ref. [398].
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silicon has a negligible effect on the lattice constant. However, Ref. [398] measured a more
pronounced and negative modification of the lattice parameter. The increasing lattice constant
with increasing sulfur content is not intuitive, as sulfur has a smaller tabulated atomic size than
phosphorus [388], thus a reduction of the lattice constant with increasing sulfur content would
be expected. We observed a similar effect with oxygen as a point defect in a-iron, that has the
smallest tabulated atomic size compared to boron, carbon and nitrogen, but exerts virtually
the same strain on the host iron lattice as boron, the element with the largest tabulated
atomic size among the four elements. This indicates that the effect might be attributed to the
electronic configuration, as oxygen and sulfur are in the same column of the periodic table. All
considered point defects reduce the magnetic moment with increasing defect concentration.
The magnitude of reduction decreases with the sequence Si—P — Al— B —0 —S. Again
the influence of boron and a vacancy is very similar, and again the impact is more pronounced
for boron.

In order to understand the change of the influence that boron has on the elastic constants
above a boron content of approximately 3%, we analyzed the distribution of the charge density
in the 2 X 2 x 2 and 3 x 3 x 3 supercell with a vacancy or a substitutional boron. These
supercells represent a point defect concentration of 6.25% and 1.85%, respectively. For a
vacancy, the difference in the charge density distribution is calculated according to

Ap = PFe+Op. — (PFe+D + pDFe)7 (52)

whereas pre4+0 is the charge density of a supercell with a vacancy, pn,, is the charge density
of a single iron atom at the position of the vacancy, and prei0y, is the charge density of
the supercell with an iron atom at the position of the vacancy at fixed geometry. A similar
equation is used in the case of substitutional boron

Ap = pre+B — (pFe + pB); (5.3)

with pre+p as the charge density of an iron supercell with a substitutional boron, pg. as charge
density of the same supercell without boron and fixed geometry, and pp as charge density of
a single boron atom in the supercell. The charge density difference plots (Fig. 5.4(c-f)) are
plotted in the [011] plane in order to discuss the modification of the charge density distribution
in between the INN and 2NN host Fe atoms with respect to the point defect. In the case of
a vacancy, both supercells (Fig. 5.4(c,d)) yield a virtually identical distribution of the charge
density. We find a gain in charge density towards the INN host iron atoms, along (111), and a
depletion in (100), without altering the charge density close to the 2NN host iron atoms. The
charge density difference plots for substitutional boron (Fig. 5.4(e,f)) are very similar in both
supercells. However, an exception is the charge density difference in the proximity of the 2NN
host iron atoms, and to a lesser extent, the charge density difference in the proximity of the
3NN host iron atoms. The depletion of the charge density close to the 2NN host iron atoms,
pointing towards boron, is stronger in the 2 x 2 x 2 supercell, while in the 3 x 3 x 3 supercell
the depletion is only half as strong. Additionally we observe a depletion on the opposite side,
pointing away from boron, with a similar magnitude. Towards the 3NN host iron atom, we
observe a small charge density gain in the 2 x 2 x 2 supercell, which cannot be observed in
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the 3 x 3 x 3 supercell. However, the magnitude is relatively small. In summary, the different
impact of boron on the elastic properties of a-iron above a boron content of approximately 3%
can be attributed to the formation of regular Fe-B (Fe-Fe-B) chains along the (100) axis in the
2x2x2 (3x3x3) supercell which influence the distribution of the charge density significantly.
The formation of regular Fe-[J or Fe-Fe-[1 chains, in contrast, does not have a notable impact
on the elastic properties in the investigated concentration range and no observable influence
on the charge density distribution.

5.3. Point Defect Interaction

5.3.1. Supercell Construction

In order to investigate the interaction between two point defects we constructed supercells that
include two point defects at different positions that vary in the distance. In some cases, the two
point defects may align along a high-symmetry crystallographic axis in the ferritic matrix. We
will highlight the axis in the corresponding diagrams in order to identify crystallographic axes
with pronounced interaction. Regarding the size of the supercell, we used a 4 x 4 x 4 supercell
throughout the investigation of point defect interaction. Tests with smaller unit cells showed
significant finite size effects in the 2 x 2 x 2 supercell, while tests with a 3 x 3 x 3 supercell for
boron-boron interaction showed good agreement with the larger 4 x 4 x 4 supercell. However,
for the smaller 3 x 3 x 3 supercell, we find larger discrepancies between the two relaxation
conditions, which will be discussed below.

The calculations were performed with two relaxation conditions regarding the atomic positions
and the supercell shape and volume. In the first set of calculations we only allowed relaxation
of the atoms, while the cell shape was kept cubic and the lattice constant was identical to
our calculated lattice constant of a-iron. In the second set of calculations we also allowed the
optimization of the supercell shape and volume. Calculations with these two conditions will
help to clarify whether volume effects play an important role in the interaction of boron with
other point defects.

In order to quantify the interaction between two point defects X and Y, we define the inter-
action energy Eiy x4y as

Bt x+Y = (BFes x4y + Ere) — (Eretx + Erety) - (5.4)

FErerx4y is the total energy of a supercell containing two point defects, Er. is the reference
energy of an a-iron cell, and Fp.1+x and Freyy are reference energies of a supercell containing
one point defect X or Y, respectively. According to this definition, a negative (positive)
interaction energy denotes attractive (repulsive) interaction.
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5.3.2. Boron - Boron

The calculated formation energies identified boron in a-iron as occupying the SB site with
a small formation energy difference to the OH site. Therefore, in the investigation of point
defect interactions we considered boron in both the SB and OH site. This leads to three
configurations: two boron atoms located at substitutional sites (SB-SB), one boron at a
substitutional and the other one at the octahedral interstitial site (SB-OH), and two boron
atoms located at the octahedral interstitial sites (OH-OH). We considered all possible con-
figurations of two point defects for both relaxation conditions, unless stated otherwise, which
leads to 13 supercells for the SB-SB case, 18 for the SB-OH case, and 31 for the OH-OH
case in the 4 x 4 x 4 bcc supercell with varying initial point defect separation.

For the SB-SB configurations (Fig. 5.5(a)) the 2NN arrangement along (100) (the elastically
soft axis in ferrite) is significantly more attractive than the 1NN arrangement along (111)
(the elastically hard axis in ferrite). This behavior is virtually independent on the relaxation
condition and quite different from, e.g. solely repulsive P-P [376] and attractive Cu-Cu [395]
interactions in a-iron that show a monotonic decay in the magnitude of the interaction en-
ergy with increasing point defect separation, regardless of the corresponding crystallographic
directions. The borons' differing tendency may be due to the elastic properties of a-iron:
the strong response in the interaction energy for the 2NN configuration may be evoked by
the elastic softness along the (100) axis, while the elastically hard (111) axis may prevent a
pronounced response in the interaction energy. For the 3NN arrangement along (110) and
larger point defect separations, the interaction energies are much weaker. Due to the finite
size of the considered supercell the interaction energy does not vanish at large separations.
The origin of the more pronounced interaction energy for the supercell with maximum point
defect separation is attributed to geometric effects in a highly symmetric network of boron
atoms. We confirm this by breaking the 4 x 4 x 4 symmetry with a 4 x 4 x 5 supercell which
reduces the interaction energy significantly (marked as x in Fig. 5.5(a)). In order to maintain
consistency, the reference energies, i.e. the values for the a-iron cell and a iron cell containing
one substitutional boron, were also calculated with the same 4 x 4 x 5 supercell.

The initial INN, 2NN and 4NN of the SB-OH configurations (Fig. 5.5(c)) stand out due to
large attractive interaction energies, which are virtually independent of the relaxation condition
and arise from considerable atomic relaxation of one or both of the boron point defects.
Supercells representing the INN (2NN) configuration relax to two boron atoms surrounding a
vacancy and form a (100) ({110)) dumbbell with a B-B distance of 1.71A (1.66 A). The third
possible alignment along (111) is energetically between the (110) and (100) dumbbell, with
a shorter B-B distance of 1.63 A. Hence, the observed sequence En10) < By < Eqiooy of
the B-B dumbbells is identical to the sequence of Fe-Fe dumbbells in a-iron [404]. The B-B
distances in the dumbbells are similar to the typical B-B distances of the intericosahedra bonds
which link the icosahedra units of the polymorphs a-boron and 3-boron. These intericosahedra
distances are shorter than the usual bond length within the icosahedra units [300]. Reported
values for the intericosahedra distances are 1.67 A for a-boron [302], and 1.624 A and 1.71 A for
B-boron [298], which agree well with the B-B distances observed in our calculations. The 3NN
configuration yields a weak repulsion, while the large attractive interaction energy of the 4NN

112



5.3. Point Defect Interaction

$ $
~ -02 -
ur ur
-0.3 | -0.3 e
-04 - v ful 1 -0.4 <100> 1
A jonic B-B SB-SB B-0 SB-SB
05 . . . . . . . .
1 2 3 4 5 6 7 8 9 10
dg_p (&)

Ei (€V)

ds_g (&)

Figure 5.5.: Interaction energy versus point defect separation for (a) B-B and (b) B-OO SB-SB,
(c) B-B SB-OH and (d) OH-OH with the high-symmetry crystallographic axis
indicated.

configuration is due to considerable atomic rearrangement: Boron in the OH site has been
dragged out from its initial position and aligned itself along the (111) axis. In this configuration,
the boron atom has one iron atom between itself and the second boron, i.e. it forms a B-Fe-B
complex. The remaining configurations yield very weak interaction energies, which are virtually
independent of the relaxation condition, with similar finite size effects as mentioned above.

For the OH-OH configurations (Fig. 5.5(d)), we used a full relaxation only for the 8 smallest
point defect separations. A notable effect of the relaxation condition is only observed for the
4NN and 7NN configuration where the octahedra surrounding both point defects have parallel
alignment with an unperturbed volume expansion along one crystallographic axis. The 1NN
configuration along the (100) axis yields strong repulsion, while weak attraction is found for
the 2NN configuration aligned along the (110) axis. This behavior is qualitatively different
to the purely repulsive interaction of C-C, C-N and N-N in a-iron [375,379]. The repulsive
INN B-B configuration, obtained with ionic and full relaxation of the supercells, disagrees
with a previous work that uses unrelaxed DFT calculations in combination with microscopic
elasticity theory [405]. For the 4NN configuration, aligned along (100), the interaction energy
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Figure 5.6.: Formation energy of boron complexes with up to six atoms incorporated into a
vacant site in a-iron.

depends on the initial boron positions. The data point shown in Fig. 5.5(d) corresponds to
two common corner host atoms (2NN) of the octahedron that are shared by the boron atoms.
The alternative configuration with common top/bottom host atom (1NN) is energetically
unfavorable with Ei, = 1.63eV (1.95eV) for calculations with full (ionic) relaxation. Simple
geometry might explain this large value by realizing that a single boron in the O H site elongates
the INN Fe-B distance by about 25%. This elongation is suppressed in the case of opposing
boron atoms that share one of the 1NN host iron atoms which increases the total energy of
the system. The remaining configurations show generally weak interaction energies, also along
the (111), (120) and (122) axes.

Due to the relatively large gain in the total energy from the formation of dumbbells in some
configurations of the SB-OH case, we investigated these configurations with respect to the
formation energy. Given the solution behavior of boron in ferrite (whether it enters in sub-
stitutional or interstitial sites) one might argue that boron tends to be present in another
configuration, that has not yet been observed experimentally, but still bears enough resem-
blance to a substitutional or interstitial solution to account for the different results regarding
the favorite defect site of boron in a-iron. A possible configuration is a B-B dumbbell, al-
though this would imply that boron tends to appear in pairs and less as pure point defects
in a-iron. Indeed, the calculation of the formation energy (Fig. 5.6) shows that the lowest
energy (110) dumbbell has a lower formation energy than the substitutional and interstitial
sites, although the formation energy is still positive. Nevertheless, the significantly reduced
formation energy of the B-B dumbbell indicates that boron as impurity might not be present as
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a single point defect, but rather binds to other boron atoms and forms dumbbells instead. This
idea is further supported by the synthesis of metastable, bcc-based Fe-B alloys with up to 12%
boron content, where, on average, two iron atoms were replaced by three boron atoms [361].
Following the idea of boron in a bound configuration instead of an isolated point defect, we
investigated the impact of further boron incorporation into the cavity on the formation energy,
by testing several alignments with boron complexes built of up to six atoms. The lowest energy
configuration for three boron atoms is a triangle formed by boron. In the case of four boron
atoms the lowest energy configuration is represented by the boron atoms forming a square
aligned along (100), thus increasing the distance towards the INN host iron atoms. However,
these configurations yield larger formation energies than the (110) dumbbell, but are smaller
than the configurations containing only one point defect. Other configurations with up to six
boron atoms and formation energies above 0.6 eV are shown for completeness in the right panel
of Fig. 5.6. In recent DFT studies, the trapping of defect atoms by single vacancies was also
observed for other light elements apart from boron. In a-iron, single vacancies can bind up to
two carbon and nitrogen atoms [375] and up to three hydrogen atoms [406]. For comparison,
in y-iron a single vacancy can trap up to six hydrogen atoms [407].

5.3.3. Boron - Vacancy

The B-0J interaction is important due to the influence of the boron mobility in a-iron [155].
The setup of the calculations was similar to B-B, except that we restricted boron occupation
to the SB site, as boron in the INN and 2NN OH site relative to the vacancy was found to
be unstable. In order to calculate the B-[1 distance, we determined the vacancy position as
the geometric center of the relaxed position of the eight INN host iron atoms. Comparing the
B-0OJ case (Fig. 5.5(b)) with the B-B SB-SB case (Fig. 5.5(a)) reveals a similar qualitative
tendency with an attractive interaction energy for the INN and 2NN configuration. While the
interaction energy for the 1NN configuration is about three times larger than the corresponding
interaction energy in the B-B case, we find a nearly identical value for the 2NN configurations.
Our calculated values for the interaction energy are in between previous theoretical estimates
of 0.091eV [408] and 0.47 eV [409].

This attractive interaction might affect the mobility of substitutional boron in two ways: First,
the attraction between boron and a vacancy increases the barrier for the vacancy migration
and thereby reduces the mobility of boron. Second, the attractive interaction introduces the
possibility of the migration of bound B-[J complexes. However, although this migration process
dominates in austenitic steels [141,143], predominantly due to a large binding energy of B-0J
complexes of 0.5 eV [410], no evidence of the migration of bound B-[J complexes was observed
in bcc-based Fe-3%Si alloys [347]. This supports the idea that substitutional boron is immobile
and the interstitial migration mechanism is the governing one.
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Figure 5.7.: Interaction energy versus point defect separation for (a) B-H SB-T'H and (b) and
OH-TH with high-symmetry crystallographic axis indicated.

5.3.4. Boron - Hydrogen

Hydrogen is a common but unwanted impurity in steels, as it is known to cause embrittlement.
In a-iron, hydrogen occupies the T'H site [371]. Therefore, we considered the SB-T'H and
OH-TH defect configurations with 17 and 37 different configurations, respectively, in order to
characterize the B-H interactions. Following our results for the B-B and B-[1 interaction, we
considered only closer distances of the OH-TH configurations, and the largest point defect
separation in the 4 x4 x4 supercell. In the SB-T H case, we considered all 17 configurations.

For the SB-T H configurations (Fig. 5.7(a)) the largest interaction energies are again found for
the smallest point defect separations. The closest possible arrangement of a boron in the SB
site and hydrogen in the T H, initially aligned along (120), is attractive and relaxed to a B-H
dumbbell aligned along (100), a tendency already observed in the SB-OH configurations for
the B-B case. Additional calculations for dumbbells aligned along (111) ((110)) yield repulsive
interaction energies with a B-H distance of 1.44 A (1.55A) and Ei,,; = 0.39eV (0.30eV). The
initially 2NN configuration (at 2.8 A in Fig. 5.7(a)) is repulsive, most likely due to distorted
local environments of both point defects that share two host iron atoms as 1NN neighbors.
The remaining configurations yield weak interaction energies with small deviations from the
zero-line due to the finite size of our supercell.

For the OH-T'H configurations (Fig. 5.7(b)) the initially closest arrangement along (100) is
mechanically unstable and hydrogen is pushed to the nearest TH along (100) with a weak
attractive (repulsive) interaction for full (ionic) relaxation. Thus, the initially second-closest
arrangement along (120) becomes the mechanically stable 1NN arrangement, which yields a
strong repulsive interaction energy. The calculated interaction energies for larger point defect
separations are weakly attractive.
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Figure 5.8.: Interaction energy versus point defect separation for (a) B-B/C/N/O SB-OH and
(b) OH-OH. SB-OH configurations with small point defect separation form

B-B/C/N/O dumbbells with different alignment and varying stability sequence.
(c) Energy barrier for the formation of (110) dumbbells in B-N and B-O.

5.3.5. Boron - Carbon, Nitrogen, Oxygen

In contrast to the substitutional solution of boron in a-iron, carbon [372], nitrogen [375] and
oxygen [386] occupy the OH site. Therefore, we only considered the SB-OH and OH-OH
configurations. We further considered only configurations with a distance of up to 7A (SB-
OH) and 5A (OH-OH), respectively, that we identified as interaction range in the calculations
of B-B interactions above.

Interaction energies for the SB-OH and OH-OH B-B configurations in this investigation
have been recalculated with the same plane wave cutoff used for B-C/N/O and are added for
comparison. For the SB-OH configurations (Fig. 5.8(a)) we observe the same tendency of
interaction energies for all types of second defect with the largest magnitude for B-B, followed
by B-O, and weaker magnitude for B-C and B-N. Similar to the B-B case, the INN (2NN)
configuration in the B-C case forms a (100) ((110)) dumbbell. However, in the B-N and B-O
case only the 1NN configuration formed a (100) dumbbell, while the 2NN configuration is
repulsive. Additional calculations of the (111) dumbbell for all cases and the (110) dumb-
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bells for B-N and B-O showed that B-C, B-N and B-O favor the (100) dumbbell, followed
by the (110) and (111) dumbbell. This is in contrast to B-B where we observe the stability
sequence (110), (111) and (100). The distance between both point defects within the dumb-
bells generally match typical bond lengths in bulk phases: distances for the B-C dumbbells
in the range of 1.50-1.58 A are typical B-C bond lengths found in the only carbide listed in
the experimental phase diagram [411], hR45-B13Cy [412], and agree well with tabulated B-C
bond lengths in organic compounds [413,414]. The only boronitride listed in the experimental
phase diagram [415], hR6-BN [416], with a B-N bond length of 1.446 A and the tabulated
values in Ref. [414] are close to our calculated B-N distances of 1.42-1.50 A in the dumbbells.
The B-O distances of 1.38-1.47 A for the dumbbells are longer than the bond length reported
in Ref. [413], but matches the tabulated values in Ref. [414]. In the 4NN configuration of
SB-OH B-B, the two boron atoms formed a B-Fe-B complex along (111) with an attrac-
tive interaction energy. In the B-C, B-N and B-O cases, however, the atoms in the OH site
remain in this position, but we observe relative large interaction energies. This effect might
be attributed to favorable geometric alignment with one of the host iron atoms as 1NN to
both point defects: boron in the SB and carbon, nitrogen and oxygen in the OH site. The
tendency of substitutional boron to contract INN Fe-B distances seems to match the tendency
of octahedral carbon, nitrogen and oxygen to elongate the INN Fe-X distance, and give rise to
the attractive interaction energy. The strongest geometric modifications are observed for B-0O,
which is consistent with the largest influence on the interaction energy. A recent atom probe
analysis on welds by Dubben et al. [370] identified the existence of B-C pairs and suggested
that boron forms small clusters with carbon and oxygen. Thus, the tendency of substitutional
boron to bind to these point defects is consistent with experimental results.

We further investigated the B-N and B-O case with respect to the repulsion which occurred
in the 2NN configuration (along (110)), which did not appear in the B-B and B-C case.
This indicates the existence of an additional barrier which hinders the formation of the (110)
dumbbell, which does not exist in the B-B and B-C case. We performed a CI-NEB calculation
in order to estimate the height of the barrier. For both the B-N and B-O case we used
the distant alignment, where boron (nitrogen and oxygen) remains in the SB (OH) site, as
initial and the forced, close alignment, i.e. the (110) dumbbell, as final state with 7 NEB
images along the path between them. The energy versus the point defect separation is shown
in Fig. 5.8(c). Here, we refrained from using the reaction coordinate as abscissas, as some
NEB images represented virtually identical energies and point defect separation, but differing
reaction coordinates. Thus, less than 7 points appear in Fig. 5.8(c), despite the usage of 7
NEB images. The plot shows clearly the existence of a migration barrier for both cases. We
find a higher barrier for B-N with a value of E2.N = 0.40eV compared to B-O with a barrier

mig
of Ep.° = 0.23eV.
The B-C/N/O dumbbells we investigated showed the stability sequence E(opy < E110) <
E(111) which is different from the stability sequence we observed for the B-B dumbbells. Here,
the sequence E1109) < E111) < E100) is unique among the boron-containing dumbbells we
have investigated, but the stability sequence is identical to the sequence of Fe-Fe dumbbells in
a-iron [404]. However, calculations for other single-type dumbbells containing carbon, nitrogen
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and oxygen show that the stability sequence of B-B and Fe-Fe dumbbells is not solely related
to the formation of dumbbells by atoms of the same type. The C-C and N-N dumbbells show
the same stability sequence that was observed for the B-C/N/O dumbbells (Tab. 5.4). For
these systems, we added the interaction energies if both point defects form a OH-O-OH
complex instead of a dumbbell. In this configuration, the interstitial point defects remain in
the OH site. Such complexes containing interstitial carbon and nitrogen have been addressed
in previous DFT studies [375,378,379]. However, these studies did not compare the stability
of the complexes with the stability of the dumbbells. For B-B, we note that the (100) and
(110) OH-O-OH complexes are not stable, and the boron atoms form a dumbbell instead. In
bce, a OH-O-OH complex with (111) alignment is not possible: this configuration represents
a dumbbell. For carbon, we find that dumbbell formation is favored over the OH-OO-OH
complex. This is inverted for nitrogen. For oxygen, the only mechanically stable configuration
along (100) is the OH-O-OH complex. Along (110) we observed a configuration that is
neither a dumbbell nor a OH-UJ-OH complex, with an interaction energy of iy = -2.07eV
that is in between the (100) OH-O-OH complex and the (111) dumbbell.

In the OH-OH configurations (Fig. 5.8(b)) all INN configurations exhibit a repulsive behavior
where the magnitude in the interaction energy increases with the number of valence electrons
from boron over carbon and nitrogen to oxygen. The same tendency of increasing interaction
energy is observed for the 2NN configurations, with a transition of attractive to repulsive
interaction energy when going from boron to carbon, and a different point defect separation for
B-O compared to the other three cases. We note that the trend of increasing interaction energy
with the number of valence electrons of the point defects was also observed in Refs. [379,405].
For the blocked 4NN configuration we find 1.55eV (1.95eV) with full (ionic) relaxation for
carbon, 1.50eV (1.90eV) for nitrogen and 1.46 eV (1.85¢eV) for oxygen. As in the case of B-B
(see Sec. IV.A), the lower interaction energies calculated with fully relaxed supercells can be
attributed to the volume expansion of the supercells that increases the distance between point
defects and common 1NN iron atom.

The attractive interaction for the 2NN B-B arrangement is not reproduced for B-C, B-N and
B-O. The investigation of the local magnetic moments for boron and the six host iron atoms
that form the octahedron surrounding the boron atoms reveals that the 2NN arrangement
differs substantially in the magnetic moment of the host iron atoms (Fig. 5.9(a)). For the

dumbbell OH-O-OH
(100) (110) (111) (100) (110)
B-B 112 “1.49 1.22 . .
c-C -1.66 -1.65 -1.19 -1.32 -0.36
N-N -0.22 0.34 1.29 -1.96 -0.74
0-0 - . -0.89 -3.54

Table 5.4.: Interaction energies (in eV) for single-type dumbbells and OH-0O-OH complexes.
All results are calculated with ionic relaxation only.
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Figure 5.9.: Local magnetic moments of point defects and the six nearest-neighbor host iron
atoms for (a) the four closest OH-OH B-B arrangements and (b) the 2NN OH-
OH B-X arrangement (X=B,C,N,0O). The six nearest-neighbor host iron atoms
form the octahedron that encapsulates the boron atoms. The local magnetic
moment of iron in a pure bcc structure is indicated by the dashed line.

INN, 3NN and 4NN arrangements the local magnetic moments are either slightly increased
compared to the magnetic moment of iron in pure bcc or reduced to a value of approximately
1.8 up, independent on the number of host iron atoms that both boron atoms share as nearest
neighbors. In the 2NN arrangement, both boron atoms share one of the top/bottom host
iron atoms, which forms the octahedron surrounding the boron atom. These host iron atoms
have a smaller distance to the boron atoms compared to the corner atoms of the octahedron.
The local magnetic moment of the shared host iron atom is significantly reduced compared
to the other cases. The remaining host iron atoms have local magnetic moments very similar
to the pure bulk value, or are reduced to a value of approximately 2 up. The boron atoms
align antiparallel to the iron atoms, with local magnetic moments in the range of -0.1 up
which is similar to the local magnetic moment of a single boron point defect in the OH site,
and independent of the B-B distance. However, the change in the local magnetic moment
of the iron atoms for the 2NN arrangement is not restricted to the B-B case. A similar
behavior is observed for the corresponding B-C and B-N configurations. Despite carbon and
nitrogen having the same tendency of their local magnetic moments to align antiparallel to the
iron atoms, with a similar magnitude compared to boron, the local magnetic moment of the
shared iron atom is reduced when going from boron to carbon and nitrogen. To some extent
the decrease in the local magnetic moment of the shared host iron atom coincides with the
corresponding interaction energy. However, this can not fully account for these tendencies, as
the 2NN B-O arrangement is also repulsive, but due to the larger point defect separation the
impact on the local magnetic moments of the host Fe atoms is less pronounced. Furthermore,
oxygen is the only considered point defect in this row of the periodic table which aligns its
local magnetic moment parallel to the host atoms.
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Figure 5.10.: Interaction energy versus point defect separation for (a) B-Al/Si/P/S SB-SB
and (b) OH-SB.

5.3.6. Boron - Aluminum, Silicon, Phosphorus, Sulfur

The elements aluminum, silicon, phosphor and sulfur in the second row of the p-block in
the periodic table are substitutional elements in a-iron. The investigation of point defect
interactions between boron and aluminum, silicon, phosphor and sulfur is performed with
boron in either the SB and OH site. The interaction of boron in the SB site (Fig. 5.10(a))
with silicon and phosphorus resembles the previously discussed SB-SB B-B and B-[J case.
In particular, we find a larger magnitude of the interaction energy for the 2NN configuration
with both point defect aligned along (100) as compared to the INN configuration with both
point defects aligned along (111). However, the interaction energy is very small in the case of
silicon. The interaction is different for aluminum, with an attractive interaction for the INN
configuration and a weaker repulsive interaction for the 2NN configuration. For sulfur both
the INN and 2NN arrangement yield an attractive interaction of similar strength. The overall
attractive interaction of substitutional boron with aluminum, silicon, phosphorus and sulfur is
in line with tendencies that we could identify for boron and a vacancy. Similar to these previous
cases, the relaxation condition has a very small effect on the interaction energy. Configurations
with larger point defect separation show small interaction energies. An exception is the 5NN
configuration with a dip in the interaction energy. This may be attributed to matching strain
effects, as in this configuration both point defects align along the (111) axis, with a host iron
atom in between, and the second row p-block element (boron) tends to increase (decrease)
the distance towards the shared host iron atom. The strongest effect is found for aluminum,
the largest considered second row p-block element, and decreases with atomic size: the effect
is weaker for silicon, which has a smaller atomic size compared to aluminum, and again weaker
for phosphorus and sulfur, which have a smaller atomic size compared to silicon.

With boron in the OH site (Fig. 5.10(b)), the INN and 2NN arrangements vyield repulsive
interactions for aluminum, silicon and phosphorus. The interaction energies for 1NN and
2NN B-S for only ionic and fully relaxed supercells are similar and overlap in Fig. 5.10(b).
For aluminum and silicon in the INN and 2NN arrangement both point defects remain in
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their initial SB and OH position, respectively, but for both phosphorus and sulfur the two
point defects form dumbbells, a tendency that has been previously observed for close SB-OH
configurations of B-B/C/N/O and close SB-T'H configurations of B-H. However, the solely
repulsive interaction for B-P deviates from these tendencies, where in general the most favorable
dumbbell was always attractive, while the behavior of B-S matches the tendency. Similar to
B-C/N/O the most favorite alignment is the (100) dumbbell for B-P and B-S, followed by the
(110) dumbbell. For completeness we also calculated the alignment along (111) for all four
configurations, but obtained consistently larger interaction energies compared to the other two
alignments. For aluminum, we obtain Ejy = 1.77eV (1.89eV) for full (ionic) relaxation, for
silicon Eiy = 1.21eV (1.30eV), for phosphorus Eiy, = 0.60eV (0.67eV) and for sulfur Fiy
= 0.30eV (0.37eV) (not included in Fig. 5.10(b)). Thus, the stability sequence of B-P and
B-S dumbbells matches the sequence of B-C/N/O dumbbells with E1g0y < E(110) < E111)-
The dip in the interaction energy for the 4NN arrangement has also been observed in SB-
OH configurations for B-B/C/N/O (Fig. 5.8(a)) and was related to matching strain effects.
Here, the interaction energy varies with atomic size of the second row p-block element, and is
weakest for aluminum, the largest element. It increases from silicon to phosphorus and sulfur
with decreasing atomic size. For the remaining configurations the interaction energies are weak
but never vanish due to the finite size of the supercell. Furthermore, the relaxation condition
has a negligible effect on the magnitude of the interaction energy.

5.4. Trends in Point Defect Interaction

In the investigation of the point defect interaction of boron located in either the SB or OH
site, we took into account a considerable number of elements that are important in steel
manufacturing. In particular, we considered hydrogen and the elements of interest in the first
(B,C,N,0) and second (Al,Si,P,S) row of the p-block of the periodic table. Furthermore, we
investigated the interaction between boron and a vacancy. However, despite the variety of
considered elements and configurations dependent on the favored defect site of the element,
certain trends in the interaction became apparent that were predominantly determined by the
defect site of boron and to a lesser extent by the type of the second point defect. Substitutional
boron tends to bind the second point defect, while interstitial boron located in the OH site
tends to repel it. The type of second point defect usually determines the magnitude in the
interaction.

The interaction energies are summarized in Fig. 5.11. The relaxation condition has an influ-
ence on the magnitude of the interaction energy, but not on the overall attractive/repulsive
tendency. Therefore, we show only results that were calculated with ionic relaxation. The
largest magnitudes of the interaction are obtained for the smallest point defect separations.
Thus, we summarize only the interaction energies for the 1NN and 2NN configuration if the
point defects remained in the defect site, or the three dumbbell alignments if a dumbbell is
formed. In order to discuss trends in the interaction energy associated with band-filling, i.e.
the number of valence electrons, we add results for the elements fluorine, neon, chlorine and
argon, that are substitutional elements in a-iron (Tab. 5.5). For chlorine and argon this is in
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Figure 5.11.: Interaction energies of boron with a second point defect for the closest arrange-
ments as obtained from ionic relaxation.

line with the other second row p-block elements. Fluorine and neon, in contrast, deviate from
their direct neighbors in the first row of the p-block. However, their substitutional solution in
a-iron is in line with boron. Furthermore, the addition of the remaining first and second row
p-block elements in general does not alter the observed trends that the attractive/repulsive
tendency is predominantly determined by the defect site of boron.

In order to understand the tendencies of the interaction between boron and other point de-
fects, that are dependent on the arrangement between both point defects and the type of
second point defect, we analyze the configurations with respect to volumetric effects and by
decomposing the interaction energies into the individual contributions. In the former case,
we investigate whether the attraction/repulsion and the magnitude of the interaction energy
can be related to the distortions of the host lattice, that are required for incorporation of the
point defects. In the latter case, we decompose the interaction energy into a mechanical and
chemical contribution. This approach was used to understand trends related to single point
defects at grain boundaries [147, 152, 154] or in the bulk material [155], but the extension to
systems containing two or more point defects is straightforward. We will briefly introduce the
concepts in the following sections.
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5.4.1. Geometric Factor

In the first step we investigated whether the changes and calculated magnitudes of the inter-
action energies might be related to the distortions of the host matrix that arise due to the
incorporation of substitutional and interstitial point defects. These distortions are reflected
in modified atomic positions of the host atoms that are shifted in order to accommodate the
point defect. This is stronger for the closest host atoms, and we refer to these atoms as the
local environment of a point defect. In Sec. 5.2.2, we already discussed the impact of single
substitutional and interstitial boron, carbon, nitrogen and oxygen atoms on the position of
the host iron atoms, reflected in the modified distances towards the 1NN and 2NN host iron
atoms.

Incorporation of a second point defect in close vicinity to an already present point defect in
the host matrix will additionally alter the atomic positions of the host atoms, as the host
matrix is distorted in order to accommodate the second point defect. With increasing distance
between the first and second point defect, the mutual distortion of the local environment
should decrease, and above a certain distance incorporation of a second point defect should
not alter the local environment of the first point defect. In order to quantify the distortion of
the local environment of a point defect due to presence of a second one, we first introduce a
volumetric measure for a single point defect ¢

avi= i Vo o gy (5.5)

Vio

Vi represents the volume of the local environment of point defect ¢ in a supercell containing
two point defects and Vjg as reference volume of the local environment in a supercell with only
one point defect 7, c.f. Sec. 5.2.2. For substitutional point defects and dumbbells, the local
environment is given by the eight 1NN host atoms. The local environment volume corresponds
to the volume of the cube that is spanned by the eight 1NN host atoms. Presence of a second
point defect in the near vicinity will distort the cube. For the tetrahedral and octahedral sites,
the local environment volume corresponds to the volume of the tetrahedron and octahedron,
respectively, that is formed by four and six host atoms around the point defect, c.f. Fig. 5.1(a-
c). For all systems except the dumbbell-forming ones the volumes V; and Vjy for each point
defect correspond to the same point defect site, i.e. located either in the SB, OH or T H site.
In dumbbell-forming systems, in contrast, we used the S B site for single point defects in order
to calculate the reference volume Vjg, although this site is not the favored one for hydrogen and

F Ne Cl Ar
Esg — Eon -0.77 -3.41 -2.29 -3.78
FEsg — ETh -1.03 -3.31 -2.30 -3.64

Table 5.5.: Formation energy difference in eV between substitutional and interstitial point de-
fects fluorine, neon, chlorine and argon in a-iron calculated with a 3 x 3 x 3 supercell
and ionic relaxation.
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some of the first row p-block elements. The calculation of the local environment volume was
carried out with ghull-2011.1 [203]. In order to define one parameter for each configuration
containing two point defects, we set the mean value as geometric factor

V=" (A +AV). (5.6)

1
2
According to the definition of Eq. 5.5 and 5.6, the geometric factor AV will be close to
zero above a certain distance between both point defects. This is in line with the distance-
dependent interaction energy that is close to zero for the configurations above a certain point
defect separation.

We further note that AV takes only into account the distortions of the host lattice that are
required for the incorporation of the point defects. However, this factor is not expected to
be able to account for the chemical interaction, e.g. bond formation, between the two point
defects at small separations.

5.4.2. Mechanical and Chemical Contribution

For a better understanding of the trends in the interaction energy, it is helpful to decompose
the interaction energy into a mechanical and chemical contribution. This approach was used
to understand trends of single point defects by decomposing the formation energies into a
mechanical and chemical contribution. We show that this concept can be easily extended to
configurations containing two or more point defects. The mechanical contribution is associated
with the energy that is required to distort the host lattice in order to accommodate the point
defect. In the case of the formation energy, this contribution is defined as the difference in
the energy of a relaxed host matrix containing a point defect, but the point defect removed
and the lattice geometry frozen, and the energy of an undisturbed host matrix without point
defect. For substitutional point defects, one can add and subtract the energy of a host
matrix containing a vacancy, so that after rearrangement of terms one obtains the sum of the
mechanical energy (with respect to the matrix containing a vacancy) and the vacancy formation
energy. The chemical contribution comprises the remaining energy, and is associated with the
bond formation of the incorporated point defect with the nearest host atoms.

As the interaction energy (Eq. 5.4) can be rewritten in terms of formation energies of the
contributing supercells, the concept of the decomposition into a mechanical and chemical
contribution can be extended to configurations containing two or more point defects. This
yields

Eunx+yy = Erxqy — (Erx + Ery)

Emech,XJrY + Echem,X+Y - (Emech,X + Echern,X + Emech,Y + Echem,Y)

(Emech,XJrY - Emech,X - Emech,Y) + (Echem,XJrY - EChem,X - Echem,Y)
= AEmech + AEchem- (57)
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5. Boron Point Defects in a-Iron

Thus, the interaction energy comprises a relative mechanical and chemical contribution, that
is calculated from the mechanical and chemical contributions between the supercell containing
two point defects and the two supercells containing one of the point defects. In this form,
Eq. 5.7 is valid for all solely interstitial and SB-OH /T H configurations, if in the latter case the
reference states are also one substitutional and one interstitial element. The vacancy formation
energy does not enter in Eq. 5.7 for SB-OH /T H configurations. Here, the parameter is
canceled as it enters in both E¢x,vy and Efx or Efy. In the case of two substitutional
elements, we obtain an additional term in Eq. 5.7 that represents the interaction energy between
two vacancies. Thus, Eq. 5.7 is modified to

Eintx+y = AFEmech + Eint,0-0 + AEchem. (5.8)

We note that Ej,;0-0 is not a constant value, like the vacancy formation energy itself, but
depends of the alignment and distance between the two vacancies that are introduced in the
iron host matrix.

For simplicity, we will hereafter drop the term relative when referring to the mechanical and
chemical contribution. When we refer to these two contributions, it corresponds to the differ-
ence in these contributions from the three supercells that contain the point defects.

5.4.3. Point Defects in Similar Sites

In the first step, we focus on the configurations with the point defects in similar sites, i.e. both
point defects in the SB site or both in one of the interstitial sites.

In configurations with both point defect in SB sites, we investigated the interaction among
boron and a second boron, a vacancy, and the second row p-block elements aluminum, silicon,
phosphorus and sulfur. We further added results for the remaining elements of the second
row in the p-block, chlorine and argon. For the INN and 2NN B-B and B-[J arrangements
(Fig. 5.11(a)), the interaction is attractive and more pronounced for the 2NN arrangement,
with both point defects aligned along (100), the elastically soft axis in a-iron. B-Al has the
same number of valence electrons as B-B, but the interaction is different, as for B-Al the
INN arrangement is attractive, and repulsive for the 2NN arrangement. The interaction for
B-Si and B-P is attractive and more pronounced for the 2NN arrangement than for the 1NN
arrangement, similar to B-B and B-[J. For B-S, both arrangements are attractive with a similar
magnitude in the interaction energy. Similar to B-Al, B-Cl and B-Ar have a more pronounced
interaction energy for the INN arrangement compared to the 2NN arrangement. In contrast
to B-Al, both arrangements are attractive.

The tendencies in the interaction and the influence on the elastic constants and directional-
dependence of Young's modulus (see Fig. 5.3) are similar for boron and a vacancy in the point
defect concentration we have considered. Therefore, we investigated the observed tendencies in
the point defect interactions with respect to the influence of the corresponding point defect on
the directional-dependence of Young's modulus. The advantage is that the closest arrangement
aligns along the axis of a-iron with the most pronounced Young's modulus. The 1NN (2NN)
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arrangement aligns along (111) ((100)), the elastically hard (soft) axis in a-iron. However,
while we observe similarities in the interaction and the influence on the elastic properties
for the configuration of boron and a vacancy, and silicon and phosphorus, it fails for sulfur.
This element exerts a slightly weaker reduction of the elastic properties as a vacancy, but
the tendency in the interaction differs significantly. The influence of aluminum on the elastic
properties, on the contrary, is unique among the considered point defects, as is the tendency
in the interaction.

With regard to the interaction to other point defects, substitutional boron resembles a vacancy.
This has already been observed in the impact of substitutional boron and a vacancy on the
elastic properties of a-iron, if the boron content is below 3% (see Fig. 5.3). Regarding point
defect interaction, SB-SB B-B and B-00 show the same attractive behavior for the 1NN
and 2NN configuration, with the larger magnitude for the 2NN configuration, that is virtually
identical for both B-B and B-[J. The 1NN interaction is more pronounced for B-[1. The
trends observed for the INN and 2NN arrangements for the B-Al/Si/P/S configurations on
band-filling, i.e. the number of valence electrons, are in line with trends for [J-Al/Si/P/S
interactions [417], that are parabolic-like for the INN and monotonically decreasing for the
2NN arrangements. In this study, the interaction between a vacancy and chlorine or argon,
respectively, was not addressed.

Regarding configurations with both point defects in interstitial sites, we investigated the inter-
action between boron and hydrogen and the first row p-block elements boron, carbon, nitrogen
and oxygen. For all considered configurations the interaction is more pronounced for the 1NN
arrangement compared to the 2NN arrangement (Fig. 5.11(b)) and is repulsive, except 2NN
B-B which shows attractive interaction.

For the first row p-block the interaction energy of the 1NN arrangement increases with band-
filling from boron to nitrogen, with a maximum in the interaction energy for nitrogen and
oxygen. The same holds for the 2NN arrangement, if oxygen is omitted due to the larger
point defect separation when compared to the other three elements (c.f. Fig. 5.8(b)). The
approximately linear dependence in the interaction energy from boron to nitrogen, omitting
oxygen, correlates with the decrease of the local magnetic moment of the 1NN host iron atom
that is shared by both point defects (c.f. Fig. 5.9(b)). The overall repulsive behavior of
interstitial boron resembles carbon and nitrogen. Previous DFT studies [375,379] showed that
C-C, C-N and N-N repel each other which suggests that carbon and nitrogen point defects in
a-iron will lie as far away from another as possible.

Geometric factor The calculation of the geometric factor AV was performed for all config-
urations with two point defects in similar sites. We considered the 1NN and 2NN arrangements
because the largest magnitudes in the interaction energy were observed for these arrangements.
The 3NN arrangement is taken into account as verification. Here the interaction energies were
small and the point defect separation is significantly larger. Hence, we expect less distortion
of the local environment due to the presence of a second point defect. Indeed, for the majority
of considered configurations, the geometric factor scales with the interaction energy. For the

127



5. Boron Point Defects in a-Iron

A jonic 4 full SB-SB A B-B B-P B-S v B-Cl
[ ionic | full OH-OH ® B-C C-C C-N C-0
v ionic v  full OH-TH H B-N B-O B-F N-N
2 T T 2 T T T T
(a) (b) (c)
15 F EHE
o 1 . 15 .
v S
1} = av
S| —
3 L 3 . K n o
= Ciy = [ P, o m N, /A 4 a 1t N
g i b A =
uir 0.5 i .A. a |.|'.|E
Py = LN
1 u 0 o] i Yogs bk A v i
o] & =
A By “
A
2 ! ! 1 1 0 ! ! 1 1
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
AV AV

Figure 5.12.: Geometric factor AV versus interaction energy for configurations with point de-
fects in (a) similar sites and (b) with dumbbell formation. (c) Shifted interaction
energies with respect to i, (AV = 0) for the dumbbell configurations. The
lines in (a) are only a guide for the eye.

interstitial configurations AV is predominantly positive, indicating an expansion of the local
environment volume at small point defect separations. However, this simple approach fails
to account for the attractive 2NN B-B configuration. For the configurations with both point
defects in SB sites, the magnitudes in AV and the interaction energy are much weaker. The
geometric factor is predominantly negative which indicates a compression of the local envi-
ronment volume at small point defect separations. However, the scatter in the data points is
much stronger, which means that this simple approach is not sufficient to explain the observed
values for the interaction energy. Furthermore, this approach relies on the local environment
formed by the neighboring host iron atoms. In the 1NN arrangement of two substitutional
point defects, however, one of the host iron atoms of the local environment is replaced by
the other point defect. Here, the corresponding local environment volume is calculated with
a virtual eight host iron atom with its position extrapolated from the other seven host iron
atoms.

Mechanical and chemical contribution The decomposition of the interaction energy into
the mechanical, chemical and [J-0J interaction energies is shown in Fig. 5.13. The O-UJ in-
teractions are attractive with an interaction energy of Ei -0 = -0.17eV (-0.26eV) for the
INN (2NN) arrangement. These values agree well with other calculations [378] and the larger
magnitude for the 2NN arrangement is in line with B-B/J/Si/P interactions (Fig. 5.13(a,b)).
For B-B and B-[J, the attractive interaction for the INN (2NN) arrangement can be mainly
attributed to the [J-0J interaction energy ([J-OJ interaction and chemical energy). The me-
chanical contribution has a positive value, thus the lattice distortions in order to accommodate
both point defects in close vicinity are more expensive than the incorporation of two single
point defects in separate supercells. The larger magnitude for the INN arrangement (along
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Figure 5.13.: Decomposition of the interaction energy into mechanical and chemical contri-
bution and [J-0J interaction energy for (a,b) INN and 2NN SB-SB and (c,d)
OH-OH configurations.

(111)) can be attributed to increased asymmetry in the host lattice distortion when compared
to the 2NN arrangement (along (100)). For the second row p-block elements, the trends
in the interaction energy for the INN arrangement can be decomposed into a monotonically
decreasing chemical and parabolic-like mechanical contribution, excepting the constant [J-[]
term. We note that the trend in the mechanical energy correlates inversely with the size of
the point defects in a-iron (c.f. Fig. 5.14). A larger size mismatch between boron and the
second-row p-block elements results in a more attractive mechanical contribution. For the
2NN arrangement, in contrast, the overall attractive interaction can be solely attributed to the
[O-0 term. The chemical contribution is consistently repulsive, in contrast to B-B/J, while
the mechanical contribution is relatively weak and negligible. The interaction energy decreases
when going from aluminum to sulfur and increases again for chlorine and argon: this change
in the trend can be attributed to the chemical contribution.

For the INN OH-OH configurations (Fig. 5.13(c)), the trends in the interaction energy are
determined by an increasing mechanical and parabolic-like chemical contribution with band-
filling. We note that the trend in the mechanical contribution does not correlate with the
required distortion of the host lattice in order to incorporate a single interstitial point defect.
The largest distortions were observed for boron and oxygen, and weaker distortions for carbon
and nitrogen, c.f. Sec. 5.2.2. This trend is not reflected in the mechanical contribution. For
the 2NN arrangement (Fig. 5.13(d)), the deviation of B-O from the monotonically increasing
interaction energy can be solely attributed to the deviating mechanical contribution. This is

in line with the significantly larger point defect separation that we observed for the B-O case
compared to B-B/C/N (c.f. Fig. 5.8(b)).

This analysis also reveals why the geometric factor AV is able to account for the trends in the
interaction energy for the interstitial configurations, but fails for the substitutional ones. Similar
to the mechanical contribution this factor represents distortions of the host lattice. For the
interstitial configurations, the mechanical contribution shows the same trend as the interaction
energy dependent on band-filling. This is not observed for the substitutional configurations.
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Figure 5.14.: (a) Tabulated covalent and (b) effective radii for s-block and p-block elements
in a-iron.

5.4.4. Point Defects in Different Sites

In all configurations with boron in the SB site and one of the first row p-block elements
B/C/N/O (H) in the OH (T H) site the closest arrangements always lead to dumbbell forma-
tion with a predominantly attractive interaction. We further observed dumbbell formation in
combination with fluorine, but not with neon. Again, substitutional boron resembles a vacancy,
as a binding tendency has been observed for J-C and O-N pairs [375,378,379]. For interstitial
boron, our investigations of [1-B pairs also revealed an attractive interaction, which actually
drags the interstitial boron towards the vacancy, thus annihilating the vacant site. In config-
urations with one of the second row p-block elements Al/Si/P/S/CI/Ar in the SB site and
boron in the OH site, the formation of the aforementioned dumbbells was only observed in the
case of B-P, B-S and B-Cl, while for B-Al, B-Si and B-Ar both point defects remained in their
respective defect site. In terms of band-filling, the interaction shows a parabolic dependence
for the first row p-block elements B/C/N/O (Fig. 5.11(c)) that is centered on carbon and
nitrogen. The kink in the interaction for B-F and B-Ne is due to the switched point defect
sites as reference values, as fluorine and neon are substitutional elements in a-iron. Therefore,
boron in the OH site was used as reference. Trends in the interaction energy for the dumbbells
for B-P/S/Cl (Fig. 5.11(d)) are similar to the isovalent systems B-N/O/F, while the energies
are shifted upwards for the second row p-block elements. For early p-block elements, we ob-
serve the same energy shift upwards for the second row p-block elements. However, for these
elements we do not observe the same trends among isovalent systems.

Role of atomic size The finding of dumbbell formation for phosphorus and sulfur was some-
what unexpected, given the relatively large atomic radius of the second row p-block elements
compared to hydrogen and the first row p-block elements. Tabulated covalent radii [388] for
the selected elements (Fig. 5.14(a)) show hydrogen to have the lowest covalent radius, which
is much smaller than the value for the other elements. For the first row p-block elements, the
covalent radius decreases with increasing number of valence electrons, except for the noble gas
neon. Second row p-block elements have larger radii, but the decay of covalent radius with

130



5.4. Trends in Point Defect Interaction

increasing number of valence electrons follows a very similar shape. This indicates that the
tendency to form dumbbells might be related to the atomic size of the constituent elements,
with dumbbell formation only below a certain threshold.

The incorporation of point defects into a host matrix alters the atomic positions of the nearest
host atoms, leading to a specific distance dependent on the element and its atomic size. In
order to quantify the atomic size of a given point defect in an a-iron host matrix and to be
able to compare the size with the tabulated radii, we define an effective radii of a point defect
as half of the distance between the 1NN host atoms and the point defect in the SB site. We
calculated the effective radii for all elements we considered in our investigation (Fig. 5.14(b)),
independent of whether or not the element favors the SB site. These effective radii will differ
from the tabulated values of atomic radii, as the size of an atom depends on its chemical
environment.

In contrast to the tabulated covalent radii, the effective radii for the first and second row
p-block elements show a parabolic-like dependence on the number of valence electrons, with
the center slightly shifted to lower number of valence electrons for the first row. A decreasing
effective radii, a trend that resembles the covalent radii, is only observed for the early p-block
elements. For the first row p-block elements, the effective radii are much larger compared
to the tabulated covalent radii. This is also true for hydrogen. Given the effective radius of
iron in the ferritic host matrix, all elements that formed a dumbbell, independent of favored
alignment, have a smaller effective radius. The elements, that did not form a dumbbell, in
particular neon, aluminum, silicon and argon, have an effective radius that is similar to or larger
than the effective radius of iron. Chlorine is the only exception from this general trend that
shows weakly bound dumbbells for an effective radius that is slightly larger than iron. This
finding indicates that the arrangement of two point defects as dumbbell might be determined
by the atomic size of the point defects in a-iron. We note that for the isovalent systems
which show the same trend in the interaction energy (B-N/P,B-O/S,B-F/Cl), a decrease of
effective radii leads to more stable dumbbells. This dependence is inverted for comparisons of
the interstitial elements boron, carbon, nitrogen and oxygen in the first p-block row.

Geometric factor Next, we investigated the relationship of the abovementioned geometric
factor with the interaction energy. As the two point defects forming a dumbbell surround a
vacancy, this represents a substitutional defect. Therefore, the local environment volume for
the dumbbells is given by the eight INN host iron atoms, thus V; = V5, and the corresponding
reference volume Vjy represents the local environment volume obtained from a supercell with
one point defect at the S'B site, despite the fact that this is not the favored site for hydrogen,
carbon, nitrogen and oxygen. The geometric parameter (Fig. 5.12(b)) is able to account
for the most stable alignment for boron-containing dumbbells. The favored alignment induces
throughout the weakest distortion of the local environment volume. For comparison, we further
calculated the corresponding dumbbells for the C-C, C-N, C-O and N-N configuration. We
restricted the calculation to the ionic relaxation, as the relaxation condition only affects the
magnitude in the interaction energy, but never the overall attractive/repulsive interaction.
The interaction energy for these configurations has been calculated using carbon, nitrogen
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Figure 5.15.: Decomposition of interaction energy into mechanical and chemical contribution
for (a,b,c) first and (d,e,f) second row SB-OH /TH configurations, separated
according to point defect orientation: (a,d) (100) /1NN, (b,e) (110)/2NN and
(c,f) and (111). We do not explicitly separate between the dumbbell-forming
systems and systems where no dumbbell was formed.

and oxygen in the OH site as reference state. All configurations favor the same stability
sequence as found in the B-C, B-N and B-O configuration, and the smallest geometric factor
is consistently associated with the largest interaction energy. This finding excludes that the
origin of the deviating sequence for B-B dumbbells is simply the formation of a dumbbell by
two point defects of the same type. However, our simple approach is not sufficient to explain
the whole stability sequence in terms of local environment distortions. For example, in the
case of B-B dumbbells the (111) has a larger interaction energy than the (100), but induces a
larger local environment distortion. As the relationship between the geometric factor AV and
the interaction energy E;,; resembles a parabola, we used a fit of the form a + b - 22 in order
to determine the value Eint(TV = 0), the interaction energy associated with zero distortion
of the local environment. This represents purely an energy contribution due to the different
point defects forming the dumbbell. Shifting Fiy; (Fig. 5.12(c)) with respect to Ein(AV = 0)
places the data points for the different configurations onto one parabola with a certain width
which increases with increasing geometric parameter, as dumbbells with boron and a first or
second row p-block elements follow slightly different trends.

Mechanical and chemical contribution For all SB-OH /T H configurations the mechan-
ical contribution is always lowest for configurations with both point defects aligned along
(100), followed by the (110) and (111) alignment (Fig. 5.15). We note that this is valid
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for both dumbbell-forming systems and systems that do not form dumbbells with (100) and
(110) orientation. This sequence of the mechanical contribution is in line with the overall
dumbbell stability sequence for the majority of dumbbell-forming systems, except B-B. For
dumbbell-forming systems, this sequence in the mechanical contribution can be attributed to
an increasing asymmetry in the host lattice distortions that are required to incorporate the
dumbbell. For the (100) dumbbell, the distortions are symmetric, because both dumbbell
atoms have a similar distance to four of the eight host iron atoms. This is reduced to two
host atoms in the (110) dumbbells and effectively to one host atom in the (111) dumbbells.
We further note that the mechanical contributions in the majority of configurations, except
for a few (111) dumbbells, contribute to attraction between both point defects. Furthermore,
the mechanical contribution is shifted upwards for the larger second row p-block elements
compared to the first row. The chemical contribution, in contrast, does not show an universal
stability sequence, as observed for the mechanical contribution, but is rather determined by
the combination of point defects. No clear trend is observed among isovalent systems: in
some cases the trends in the chemical contributions dependent on point defect alignment are
identical, e.g. B-Ne and B-Ar, while in other cases the trends differ substantially, e.g. B-N and
B-P. We further note that the trends in the interaction energy usually correlate well with the
chemical contributions, except for the (111) dumbbells with first row p-block elements. The
deviating dumbbell sequence for B-B can be attributed to the negligible chemical contribution
of the (100) alignment, compared to the attractive chemical contributions for the (110) and
(111) dumbbell, that shift the (100) dumbbell to higher interaction energies. This makes the
(110) the favorite dumbbell.

Trends in charge density difference The charge density difference that arises from incorpo-
rating the two point defects allows us to study trends of atomic position and the distribution of
the charge density with respect to atomic size and the number of valence electrons (Fig. 5.16).
We focus on the (100) alignment because it represents the most favorable alignment for the
majority of the considered configurations, except B-B which favors the (110) alignment. The
difference in the charge density is calculated according to

1

Ap = PRe+B4X — 3 (PFesB + PX + PFetrX + PB) (5.9)

with X € (B,C,N,0,Al,Si,P,S). Here, pro+B+x represents the charge density of the reference
system, pre+B and pretx is the charge density of a supercell where X and B has been removed,
respectively, and pp and px is the charge density of a supercell containing only B and X,
respectively. The factor 1/2 is due to double-counting. The charge density of supercells with
some of the atoms removed have been calculated with fixed atomic positions and supercell
shape and volume. This approach allows the identification of the change in charge distribution
solely due to the close arrangement of both point defects.

For the first row p-block elements (Fig. 5.16(a-d)), the alignment for B-B is symmetric with
respect to the vacant iron site. For the remaining dumbbells the larger element boron is closer
to the vacant iron site than the second element carbon, nitrogen and oxygen. The difference
in the charge density indicates an interaction between both point defects. The variation in the
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Figure 5.16.: Variation in the charge density evoked by incorporation of point defects aligned
along (100).

charge density with an increasing number of valence electrons becomes noticeable with the
charge density depletion at the second point defect directed towards boron and an increase in
the charge density directed to the opposite site, towards the 2NN host iron atom.

For the second row p-block elements (Fig. 5.16(e-h)), the larger element is dragged away from
the vacant iron site with increasing number of valence electrons, while boron is dragged closer
to the vacant site. This becomes obvious due to the decreasing charge density between boron
and the 2NN host iron atom with increasing number of valence electrons of the second point
defect, while simultaneously the magnitude in the charge density between both point defects
increases. The latter scales with the value of the interaction energy: the larger the magnitude
in the charge density, the smaller the interaction energy (c.f. Fig. 5.11(d)).

5.5. Summary

In this section we investigated the behavior of boron point defects in a-iron. We addressed
the solution behavior and the migration barriers of single boron atoms and investigated the
influence of boron on the elastic properties of a-iron. As a step towards multicomponent alloys
and steels, we further investigated the interaction of boron atoms with other point defects.
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Apart from hydrogen and a vacancy, we predominantly focused on important elements in the
steel production that are located in the first and second row of the p-block in the periodic
table. In particular, we considered boron, carbon, nitrogen and oxygen from the first and
aluminum, silicon, phosphorus and sulfur from the second row. In order to study trends with
band-filling we added results for the remaining first and second row p-block elements fluorine,
neon, chlorine and argon.

Regarding the solution behavior, the calculated formation energies indicate boron to be present
as substitutional element in a-iron. However, the formation energy of the octahedral site is
only marginally higher, in the range of 70 meV. This is in agreement with previous theoretical
investigations [155,156] and supports the controversial findings of experimental studies. The
calculated migration barriers for the substitutional and interstitial mechanism show consistently
smaller migration barriers for INN hops compared to 2NN hops. In total, the INN substitu-
tional mechanism yields the lowest migration barrier, but requires an adjacent vacancy. Thus,
the vacancy formation energy enters in the energy barrier for migration. Therefore, the mech-
anism with lowest migration barrier is the 1NN interstitial mechanism. We further investigated
the dissociative mechanism, with a substitutional boron dissolving into an interstitial boron and
a vacancy. Here, the migration barrier depends on the initial state, whether boron occupies
the substitutional or interstitial site. The energy that is required to release a substitutional
boron atom is relatively large and exceeds the vacancy formation energy in a-iron. Boron
migrating via the interstitial mechanism is likely to be trapped by vacancies. Investigation of
the influence of boron on the elastic properties of a-iron showed that boron has a virtually
identical effect on the elastic properties as a vacancy, if the boron content is below 3%. In this
range, the elastic constants and Young's modulus are decreased. Above 3% boron content,
the effect on the elastic constants and Young's modulus is qualitatively altered. This may be
attributed to a difference in the charge distribution associated with the formation of regular
Fe-B chains in the (100) or equivalent (010) and (001) directions.

The investigation of point defect interactions revealed that the attractive/repulsive interaction
is primarily determined by the position of boron in a-iron. Substitutional boron tends to bind
the second point defect, while interstitial boron tends to repel other point defects. We find
that these trends are independent of the position of the second point defect. The magnitude
in the interaction is primarily determined by the type of point defect. In order to understand
the trends and magnitudes of the interaction we decomposed the interaction energies into a
mechanical and chemical contribution, and further analyzed the magnitude of the host matrix
distortions that arise from the incorporation of the point defects in the host matrix. This
approach allowed us to identify the dominant contributions that determine the interactions.
This includes the attractive/repulsive interactions, the magnitude in the interaction energy and
the trend with band-filling. For INN/2NN OH-OH configurations, we find that the mechanical
contributions correlates well with the interaction energy. The general attractive interaction in
INN/2NN SB-SB configurations can be attributed to the contribution that represents the
attractive (- interaction. The majority of configurations with small point defect separation of
substitutional first and interstitial second point defects resulted in the formation of dumbbells.
All systems we considered favor the (100) alignment, except B-B which favors (110). The
preference of the (100) alignment is attributed to the weakest required distortion of the host
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iron atoms to incorporate the dumbbell. The asymmetry in the host matrix distortion increases
for the (110) and (111) dumbbell, reflected in an increase of the mechanical contribution. The
deviation of the B-B dumbbells is attributed to the negligible chemical contribution for the
(100) dumbbell, in contrast to the attractive contributions for (110) and (111) dumbbells,
which shifts the interaction energy of the (100) dumbbell upwards. This makes the (110)
dumbbell the preferred dumbbell. The formation of B-B dumbbells significantly reduces the
total energy of the system that results in significantly lower formation energies compared to
systems containing a single boron point defect. This raises the question whether boron point
defects are always present in bound configurations in the ferritic host matrix. In principle, this
finding would make the discussion whether boron enters as substitutional or interstitial point
defect obsolete.

To a certain degree, substitutional boron resembles a vacancy considering its impact on elastic
properties and its interactions with other point defects. For boron content below 3%, the
impact on the elastic constants C11, Ch2 and Cyy is virtually identical to the impact exerted
by vacancies. With respect to point defect interactions, SB-SB B-B and B-[J show the same
attractive interactions, with the larger magnitude for the 2NN arrangement. For (J-Al/Si/P/S
interactions [417], the INN (2NN) interaction yields the same parabolic-like (monotonically
decreasing) dependence on the number of valence electrons as observed in our study for boron.
The attractive interaction of SB-OH B-C and B-N pairs resemble the binding tendency for [I-
C and O-N pairs [375,378,379]. Interstitial boron, in contrast, resembles carbon and nitrogen
point defects in a-iron. The overall repulsive interactions for the point defect pairs we have
investigated match the behavior of interstitial C-C, C-N and N-N pairs [375, 379].

The present investigation revealed interesting properties of boron point defects in a-iron.
However, some of the results open up new questions. The investigated dissociative mechanism
revealed a strong affinity of interstitial boron to move towards vacancies, resulting in boron
being trapped in the vacancy, thus becoming a substitutional point defect. Given the usual
concentrations of temperature-induced vacancies and the relative small boron contents in the
range of a few ppm one may ask to which extent this affects the boron diffusivity in a-iron.
The observed formation of B-B dumbbells raises questions regarding the mobility of these
complexes. However, the vast number of possible migration paths of such complexes are far
too expensive to be addressed via DFT. The configurations that need to be accounted for
include the migration of the dumbbell itself, the migration of single boron atoms which leads
to a mechanism governed by dissociation and subsequent formation of dumbbells, and the
identification of possible intermediate states, like modification of the dumbbell alignment.

In this investigation we concentrated primarily on boron in bulk a-iron. We did not address
the behavior of boron at grain boundaries, although experiments revealed a strong tendency of
boron to segregate to grain boundaries and to contribute to grain boundary strengthening. A
number of theoretical studies already investigated boron point defects at grain boundaries, but
given the number of elements currently used in steel production, little attention was paid on
the influence of other point defects on the behavior of boron at grain boundaries. Furthermore,
we did not address the behavior of boron in bulk ~-Fe.
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"When all the profits and losses of victory ...
come to be weighed up there is one item which
will deny an estimate. That is knowledge.”
Sean Longden

T-Force

Structure maps We presented new structure maps for d-p compounds that use order param-
eters which explicitly take into account both atomic and compound-related properties. The
latter properties were obtained from a polyhedron analysis of the various crystal structures that
appear in the d-p system. We defined two quantities that represent a volumetric and electron-
count factor which provide overall good structural separation in the structure maps and are
therefore able to account for the factors that drive the formation of a specific compound. In
our structure maps, we considered binary d-p compounds, but we also checked the applicability
of the order parameters on ternary d-d-p or d-p-p systems that crystallize in pseudobinaries,
i.e. the ternary systems adopts a compound observed in a binary system by mixing d or p
elements at the same Wyckoff site. In general, the pseudobinary entries are located within the
domains defined by the binary entries. Pseudobinary entries that were placed outside the do-
mains in general contained d or p elements that do not form this compound in a binary system.
Furthermore, the order parameters were able to account for defects in the crystal structures,
represented by a fractional occupation of a Wyckoff site, that are observed at ambient tem-
peratures and pressures. These structure maps are expected to provide support in steel design.
Although the order parameters depend explicitly on atomic and compound-related properties,
the latter being unknown for chemical systems that do not form the compound, the predictive
ability of our structure maps is not limited. The electronic factor can be calculated because the
coordination number is a constant among the same crystal structure observed in various d-p el-
ements, except for very few crystal structures. For the volumetric factor the polyhedron volume
for the d and p elements can be estimated, as this value scales with the ground state volumes
of the d and p elements. This can be done with experimental entries, or in the case of a lack
of experimental data the information can be extracted from DFT calculations. Nevertheless,
further investigations are required with regard to the order parameters. The next step is the
application of the order parameter to ternary compounds that adopt ternary prototypes, and
comparing the location of these ternary compounds in the structure maps with the domains of
the pseudobinaries. Ideally, these ternary compounds should be placed in regions with zero or
negligible overlap with the binary/pseudobinary domains, unless the ternary crystal structure
possesses a close geometrical relationship with a binary crystal structure, reflected in identical
or very similar coordination polyhedra.
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Fe-B binaries The investigation of ordered structures in the Fe-B system revealed two new vi-
able ground states in the boron-rich region that have not yet been observed in experiment. The
polyhedron analysis revealed that the geometric properties are in line with other compounds
that are observed in transition metal - boron systems. Although the usual boron content in
steel production rarely exceeds a few ppm, local enrichment of boron atoms can occur due to
borons’ tendency to segregate to grain boundaries. Thus, in these sites the formation of the
new boron-rich phases might be promoted. This should result in a measurable effect on the
mechanical properties of the steel.

Fe-B compounds are also used as hard and protective coatings on steel surfaces. The boron
content is much higher in this case compared to the usual content added in steel production
as the formation of the borides has to be promoted. Compared to the known iron borides
that are listed in the experimental phase diagram, the newly identified boron-rich compounds
yield superior elastic properties. Also the hardness of the boron-rich compounds is expected to
exceed the hardness of the known borides, making them ideal candidates for hard and protective
coatings. However, in order to form the newly identified borides, the identification of adequate
fabrication parameters is necessary. Our investigation showed that pressure might promote the
formation of the two newly identified iron borides, while the boron-rich oP10-FeB, compound
might be realized as oP10-Fe,Cr;_«B4 pseudobinary. However, at this stage the experimental
verification and successful synthesis of these compounds has not yet been achieved.

Point defects The findings regarding the behavior of boron point defects in a-iron show
that boron differs greatly from its closest neighbors in the periodic table, carbon, nitrogen, and
oxygen, which are also present in steels as additive or impurity. The complexity is reflected
in experimental studies, which identified boron to be an effective but hard to control alloying
element, with a significant impact on the mechanical properties, if the fabrication process and
the chemical composition are able to ensure that boron is present in the proper form and
location in the microstructure.

Experimental studies on the solution behavior of boron in a-iron suggested different solution
types: boron occupies either substitutional or interstitial sites, or is even able to occupy both
sites, with the boron atoms distributed between the substitutional and interstitial sites. We find
in that boron prefers the substitutional site, in agreement with previous DFT studies. We also
find that the calculated formation energy difference between the substitutional and one of the
interstitial sites, namely the octahedral site, is in the range of 70 meV, which is small compared
to the formation energy differences of the closest neighbors, carbon, nitrogen and oxygen.
However, the investigation of point defect interactions in a-iron showed that boron tends to
bind to a second one via the formation of a dumbbell. This leads to a considerable reduction in
the formation energy, lower than for boron either in the substitutional or octahedral site. This
raises the question whether boron point defects are always present in bound configurations,
and are never present as single point defects occupying either the substitutional or interstitial
sites in the ferritic host matrix. In principle, this finding would be able to account for the
controversial experimental findings regarding the solution behavior of boron.

138



Our investigation of the interaction of boron atoms with other point defects, namely a vacancy,
hydrogen and elements of interest in the first and second row of the p-block in the periodic
table, showed that the attractive/repulsive trend in the interaction is primarily determined by
the position of the boron atom. Substitutional boron binds other point defects, while interstitial
boron tends to repel them. The magnitude in the interaction depends on the type of point
defect. For some interactions, we observed an non-monotonic decay of the magnitude in the
interaction energy with point defect interaction. Here, the most attractive configurations were
observed in the 2NN arrangement. Examples are the interaction between two substitutional
boron atoms, and one substitutional boron atom and a vacancy or phosphorus. It is therefore
interesting how the observed behavior in the interaction will affect the distribution of point
defects in the host material and to which extent this can be influenced or even controlled by
the fabrication parameters.

In the majority of configurations with substitutional boron and an interstitial point defect we
observed an attractive interaction between both point defects and the formation of a dumbbell.
This attractive interaction is in line with experimental findings for some of the elements we
considered in our investigations, e.g. carbon, nitrogen and oxygen, as an attractive interaction
between boron and these elements is generally assumed due to the formation of precipitates,
that remove these elements from solid solution. Other experiments revealed also the existence
of boron-carbon pairs in the ferritic host matrix. However, with respect to the usual boron
concentrations used in the steel production, it is questionable whether the tendency of boron
to bind other point defects would have a measurable effect on e.g. the diffusivity of any of
the elements which boron tend to bind to. On the contrary, the usually low boron contents
compared to other additives mean that the diffusion of boron is expected to be heavily affected
by the presence of other elements. This also includes vacancies which are important for the
mobility of boron in the substitutional sites, as in this mechanism an adjacent vacant site is
required for the migration.
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". .. but soon you shall see that every move,

every strike was meant to bring us to this.”

Vladimir Makarov

Call of Duty: Modern Warfare 3 (Redemption Trailer)

In this study we addressed the compound formation of binary d-p and ternary d-d-p/d-p-p
systems via a structure map approach by analyzing the local environment of each atomic site
and linking it to suitable atomic and compound-related properties. We further investigated
the Fe-B system due to its relevance in steel fabrication with respect to compound formation
as well as the behavior of boron point defects in a ferritic host matrix using DFT.

Using a built-in polyhedron analysis in BOPfox, we decomposed the compounds that appear
in binary d-p and pseudobinary d-d-p/d-p-p systems in their respective coordination numbers,
which serve as the basis for the order parameters for the structure maps. We only considered
compounds that are stable at ambient temperature and pressure. For that purpose, we com-
pared the entries for binary compounds in the Pearson’s Crystal Database with experimental
phase diagrams in order to exclude metastable, high-temperature and high-pressure phases as
well as phases that appear in thin films and entries that list the geometry obtained from cal-
culations. Due to the significantly reduced number of experimental phase diagrams for ternary
systems, we simply checked the pseudobinary entries for keywords to exclude the abovemen-
tioned phases. For the binary d-p compounds, the investigation of the coordination polyhedra,
their respective coordination number and the composition, i.e. the numbers of d and p elements
in the coordination polyhedra, for the various p elements revealed that the chemically distinct
behavior of the first row p-block elements boron, carbon, nitrogen and oxygen compared to the
remaining elements is also represented in trends regarding the favorite coordination number
and the composition of the coordination polyhedron. Nitrogen, and to a lesser extent carbon,
are the most restrictive elements with regard to favored coordination number, favoring six-fold
coordination, followed by boron, favoring nine-fold coordination, and oxygen. The trends re-
garding a favorite coordination number are less clear for the remaining elements, as these tend
to crystallize in a larger variety of different crystal structures. As expected, the coordination
numbers in general decrease with increasing number of valence p electrons. Analysis of the
coordination polyhedron volumes revealed relatively strict relationships for the ratios between
the volumes of the polyhedra that surround the d and p Wyckoff sites, respectively. As ex-
pected, the ratios between the d and p site polyhedron volumes are approximately constant
among identical crystal structures that crystallize in the d-p systems. We further observed
that even different crystal structures can yield virtually identical ratios between d and p site
polyhedron volumes. Thus, we obtained only a limited number of branches that represent the
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allowed polyhedron volume ratios. The analysis of the coordination polyhedra for each crystal
structure allowed the introduction of two order parameters, one volumetric and one electronic
factor, that in general result in overall good structural separation in two-dimensional structure
maps. Both order parameters depend explicitly on atomic and compound-related properties.
We presented structure maps for binary compounds for the most important compositions in the
d-p system. The extension to ternary phases that adopt binary crystal structures showed that
these pseudobinary entries were in general placed within the domains that were determined by
the binary entries. Pseudobinaries that were placed outside the binary domains contained in
general d or p elements that do not adopt this crystal structure in the binary d-p system. The
order parameters we introduced were also able to account for defects in the crystal structures.
Although our order parameters depend explicitly on atomic and compound-related properties,
the predictive ability of our structure maps is not limited. We showed that it is possible to
estimate the electronic and volumetric factor for d-p systems that do not adopt this crystal
structure. For the electronic factor, the coordination numbers are constant among identical
compounds, except for very few cases. For the volumetric factor, we showed that the polyhe-
dron volumes for elements, which do not adopt the compound of interest, can be estimated
due to an approximately linear relationship between the polyhedron and ground state volume.
Thus, we were able to determine the location of these hypothetical compounds in our struc-
ture maps. In our investigation, we did not introduce a third axis that depends explicitly on
the electronegativity. However, the electronegativity scale enters indirectly in the electronic
factor.

The investigation of the binary Fe-B system via DFT with respect to compound formation
reproduced the known stable phases, that are shown in the experimental phase diagram, as
well as the known metastable phases or low-temperature modifications described in literature.
In close collaboration with the group of AN Kolmogorov, University of Oxford, the application
of an evolutionary algorithm search identified a set of new viable ground states in the boron-
rich region, which so far have not been observed in experiment, namely a stable phase at 1:2
composition designated as oP12-FeBs and a phase at 1:4 composition designated as oP10-FeBy,
close to the boundary of the convex hull. The investigation of the newly identified compounds
with respect to trends regarding the coordination polyhedra revealed that both compounds
are in line with identified trends observed for the known compounds in the transition metal
- boron systems. We investigated the newly identified compounds with respect to suitable
synthesis routes. The formation of both compounds might be promoted by application of
pressure during fabrication, while the more boron-rich oP10-FeB4 might be realized as oP10-
FexCr;_«B4 pseudobinary. Due to the usage of iron borides as hard and protective coatings on
steel surfaces, we investigated the known stable compounds and newly predicted ground states
with respect to their mechanical properties, and found superior mechanical properties for both
predicted ground states with respect to the iron-rich iron borides that are used as coatings.
We observed that the compound at 1:2 composition exhibits superior mechanical properties
compared to the more boron-rich compound at 1:4 composition. This may be attributed to
the geometry of oP12-FeBo which combines a relatively low volume per atom ratio and the
boron atoms aligned in chains, in contrast to the alignment in boron nets like in hP6-ReBs,
which so far is the transition metal boride that exhibits the highest hardness in experimental
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measurements.

The investigation of boron point defects in a ferritic matrix focused on the solution behavior,
the migration, the impact on the elastic properties, and the interaction between a boron point
defect and a vacancy, hydrogen and elements of the first and second p-block row, that are
important in steel fabrication: in particular, we considered a second boron, carbon, nitrogen
and oxygen as well as aluminum, silicon, phosphorus and sulfur. In order to discuss trends
of the interaction with band-filing, we extended the investigation of point defect interaction
with the remaining elements of the first and second p-block row: fluorine, neon, chlorine and
argon. Owing to the controversial solution behavior of boron in a-iron - whether it occupies
substitutional or any of the interstitial sites - we calculated the corresponding formation energies
that in agreement with prior theoretical investigations showed boron to favor the substitutional
site. However, the formation energy of boron in one of the interstitial sites, namely the
octahedral site, is only marginally higher, in the range of 70 meV. This indicates that boron may
occupy this site at elevated temperature. Thus, the possibility of boron to occupy both sites is
in agreement with the different experimental findings of borons’ favored site in a-iron. Owing
to the possibility of boron to occupy different point defect sites, our investigation regarding
the migration included both substitutional and interstitial mechanisms as well as a dissociative
mechanism that has been put forward in order to interpret experimental diffusion data. For the
solely substitutional and interstitial mechanisms we considered 1NN and 2NN hops, and found
consistently the 1NN hops preferred over the 2NN hops. The lowest migration barrier is found
for the INN substitutional mechanism, but as this mechanism requires an adjacent vacancy, the
vacancy formation energy enters in the barrier. Therefore, the dominant process is represented
by the interstitial mechanism. Regarding the dissociative mechanism, we identified a strong
affinity of interstitial boron to move towards vacancies, as these configurations with boron in
1NN or 2NN position with respect to the vacancy are mechanically unstable, and the interstitial
boron relaxes towards the vacancy. Boron is mechanically stable in the 3NN interstitial position,
and the corresponding migration barriers in the dissociative mechanism depend on the initial
state. First, the release of substitutional boron requires a large energy which exceeds the
vacancy formation energy in a-iron. Second, boron migrating via an interstitial mechanism
is likely to be trapped if it approaches vacancies in the host matrix. As a consequence, the
tendency of interstitial boron to annihilate adjacent vacancies may cause a reduction of the
boron mobility. We further investigated the impact of substitutional boron on the elastic
properties of a-iron, and compared the impact to a vacancy, that has been found to exert a
similar strain on the 1NN host iron atoms as boron, and the substitutional elements aluminum,
silicon, phosphorus and sulfur. The impact of boron is very similar to the impact of vacancies,
reducing both the elastic constants and the Young's modulus. However, above a boron content
of 3% the impact on the elastic constants and the Young's modulus is substantially altered,
leading to increasing elastic constants with boron content and, with respect to the Young's
modulus, hardening (softening) of the elastically hard (111) (soft (100)) axis in a-iron. This
change is attributed to the formation of regular Fe-B chains in the unit cells. We did not observe
a similar behavior for Fe-Al/Si/P/S alloys in the point defect concentration we considered.
The attractive/repulsive interaction between boron and a second point defect is predominantly
determined by the boron position in the ferritic matrix and to a lesser extent determined by the
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type of second point defect. We find a general trend that substitutional boron binds a second
point defect, while interstitial boron tends to repel the point defect. In order to understand
the trends and magnitudes of the interaction we decomposed the interaction energies into a
mechanical and chemical contribution, and further analyzed the magnitude of the host matrix
distortions that arise from the incorporation of the point defects in the host matrix. This
approach allowed us to identify and discuss the dominant contributions that determine the
interactions. For two interstitial point defects, the trend in the interaction with band-filling is
primarily attributed to the mechanical contribution. For two substitutional point defects, the
overall attractive interaction can be attributed to the contribution that represents the attractive
[J-0J interactions. Trends in the interaction of substitutional boron resemble interactions of
vacancies with point defects. Interstitial boron, in contrast, behaves similar to carbon and
nitrogen which are interstitial point defects in a-iron. In the majority of configurations with
a substitutional and interstitial point defect we observed dumbbell formation for close point
defect separations. The appearance of dumbbell formation may be determined by the atomic
size of the point defects, as we predominantly observed dumbbell formation for elements that
have a smaller atomic size in a-iron compared to the atomic size of iron. The majority of
configurations favor the (100) dumbbell over the (110) and (111) dumbbells. This stability
sequence is attributed to the required host matrix distortions in order to incorporate the
dumbbell. The (100) dumbbell requires the weakest host matrix distortion. The asymmetry
in the host matrix distortion increases for the (110) and (111) dumbbells, reflected in an
increase of the mechanical contribution. The B-B dumbbell is the only exception, where the
(100) dumbbell is significantly shifted to higher interaction energies. The deviation of B-B is
attributed to a negligible chemical contribution for the (100) dumbbell which shifts the energy
of the configuration upwards. This makes the (110) dumbbell the preferred dumbbell.
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A.1. Atomic Properties-Based Structure Maps

Following prior approaches for structure maps, we first tried to identify order parameters which
are solely based on tabulated or derived atomic properties. In particular, we considered values
that represent the electronic configuration, the atomic size and the electronegativity of the
element. For the electronic configuration, we took into account the number of valence elec-
trons as well as the number of holes in the corresponding sd- or sp-band, respectively. For
the atomic size we considered the tabulated covalent and metallic radii, Zunger's pseudopo-
tential radii [163] and the atomic volumes by Villars et al. [191]. Furthermore, we considered
the Pauling [418,419], Mulliken [420,421], Allred-Rochow [422] and Martynov-Batsanov elec-
tronegativity scales [165]. We further considered the multiplicity 25+1 as well as the quantities
L and J for each element, but after first tests rejected these quantities.

For each quantity we introduced a set of functions that combine the corresponding values for
the d and p element. We tested the sorting of the data set according to the prototype, the
environmental type as well as the coordination number of the p-block element. In view of the
large number of possible combinations of order parameters for the two-dimensional structure
maps, we used the following approach: For every combination, we calculated the corresponding
position of each data point in the structure map, calculated the boundary of the convex hull
for the data points for the same prototype, environmental type or coordination number, and
estimated the success of the tested order parameters by an error A that is calculated from the
overlap between the regions

A= e 3 = Al
T N(N-1) < ,Z min (A8 AT (A1)

with A as overlap between the two regions Af and Aj. Taking the minimum of A{ and Ay
and the pre-factor ensures that 0< A <1. In an ideal structure map, the overlap between
the regions assigned to a different prototype etc. is zero. However, none of the tested
parameters provided overall good structural separation. Furthermore, order parameters that
provided comparatively good results for a specific composition, were unable to maintain their
utility if tested for other compositions, even if the composition was explicitly included in the
order parameters. Exemplary structure maps are shown in Fig. A.1 separated according to
prototype and the coordination number of the p-block element, which provided relatively low
overlap errors compared to other order parameters. Nevertheless, the overlap is significant,
therefore one would reject such order parameters. Note that different quantities are used for
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Figure A.1.: Order parameters based solely on atomic properties. We separated according to
(a) prototype and (b) coordination number of the p-block element. For the latter
we only considered crystal structures that have only one Wyckoff site occupied by
a p-block element.

the order parameters. Separation according to prototype yields best results with the number of
valence electrons and the Allred-Rochow electronegativity scale, while separation according to
coordination number works best with the volume according to Zunger's pseudopotential radii
and the Mulliken electronegativity scale.

Going a step further, we tested the approach using the maximal information coefficient [423],
that allows a measurement of the strength of the linear or non-linear relationship between two
variables. Due to the limitation of the provided executable [424] to be able to compare only
two variables at the same time, we followed the approach by Villars [159] who identified the
set of three order parameters by comparing which of them alone is able to provide good struc-
tural separation. However, the approach with the maximal information coefficient identified
in principle the same quantities (but usually not the same combinations of quantities) that
were already identified with the overlap approach. Nevertheless, the overall agreement in the
identified quantities is encouraging, and proves that the approach by simply calculating the
overlap is at least to some extent useful compared to well-developed statistical approaches.
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Figure A.2.: (a) Location of hypothetical d-Si 1:1 compounds in the structure map. (b) Dis-
tance between hypothetical and existing compounds versus total energy, shifted
with respect to Fiin.

In this section, we will briefly discuss a possible approach to use the predictive ability of
our structure maps in combination with the search for new viable ground states in chemical
systems using DFT calculations. For the demonstration we choose silicon-containing transition
metals alloys with 1:1 composition. First, in this system only four different crystal structures
are observed: cP8-FeSi, oP8-FeAs, oP8-FeB and 0S8-Tll (c.f. Fig. 2.7). The structures
appear in sufficient numbers, including also the pseudobinaries that contain silicon among two
transition metals, so that we can estimate the polyhedron volume for transition metals that
do not form this compound, see Sec. 2.3.6 and Fig. 2.14. Second, we observe a gap between
the 0S8-Tll/oP8-FeB and cP8-FeSi/oP8-FeAs regions where no stable 1:1 compounds are
listed. In addition, neither the entries in the PCD [178] nor the experimental phase diagrams
in [193] list any metastable, high-temperature or high-pressure phases at 1:1 composition for
vanadium, niobium, tantalum, molybdenum and tungsten. Thus, in an investigation addressing
the lowest-energy compound at 1:1 composition with DFT we do not have an indication what
this compound might be. For clarification, we skipped rhenium and technetium as entries in
the PCD show both elements to form the cP8-FeSi compound in combination with silicon at
1:1 composition.

We now discuss an approach to combine our structure maps with the selection of compounds
that are investigated with DFT. The aim is to use the information of the structure maps to
reduce the number of compounds that need to be investigated with DFT. From the binary
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1:1 structure map (Fig. 2.15) we already know the location of the stable silicon-containing
compounds. By estimating the polyhedron volume for transition metals that do not adopt
the crystal structures we are able to include the location for these hypothetical compounds
in our structure map. In Fig. A.2(a) we show both the known and hypothetical compounds.
Some of the hypothetical compounds are placed closer to the existing compounds than other.
With regard to our predictive ability of the structure map, a smaller distance of a hypotheti-
cal compound with respect to an existing compound should increase the probability that the
hypothetical compound represents the lowest-energy crystal structure in the chemical system.
In order to investigate this relationship, we performed DFT calculations for the five aforemen-
tioned transition metals in combination with silicon for the four crystal structures cP8-FeSi,
oP8-FeAs, oP8-FeB and 0S8-TIl. All calculations were performed with a plane wave cutoff of
FEews = 500eV and a k-point density of Ak = 0.02A~!. Fig. A.2(b) shows the total energy
of each compound for the five systems, shifted with respect to Fi,, i.e. the lowest energy
among the four crystal structures, with respect to the distance of the hypothetical compound
compared to the existing compounds in the d-Si system. We observe that in the systems
V/Mo/W-Si the hypothetical compound that has the smallest distance to the existing com-
pounds represents also the lowest-energy phase according to the DFT calculations: cF8-FeSi.
For Nb/Ta-Si we observe that according to the distance oP8-FeB should represent the lowest-
energy phase. However, DFT calculations show that this compound is only the second-lowest
phase in energy: 0S8-Tll is slightly lower in energy, but has a significantly increased distance
to the existing 0S8-TIl. We note that the large distance is mainly due to the variation of the
electronic factor fx. In contrast, the volumetric factor fy of the hypothetical Nb/Ta-Si com-
pounds agrees well with the existing compounds in the d-Si system. This disagreement might
be due to the close geometrical relationship between oP8-FeB and 0S8-TII [204] that results in
very similar total energies in the DFT calculation, with 0S8-TII preferred over oP8-FeB. This
is not represented in the distance, as the neighbors of niobium and tantalum to the left adopt
oP8-FeB.

In this section, we discussed the usage of our structure maps, in particular the predictive ability,
in combination with DFT calculations for the search of lowest-energy phases. Information from
existing compounds may be used to estimate values for elements that do not adopt the crystal
structure. That allows to determine the location of these hypothetical compounds in our
structure maps, and therefore the distance of these hypothetical compounds with respect to the
existing ones. A test for the d-Si system showed that in general the compounds with smallest
distance represent also the lowest-energy phase. However, compounds with close geometrical
relationships might have similar total energies, and the sequence is not well represented in the
distance value. Nonetheless, checking the location of hypothetical compounds in the structure
maps might significantly reduce the number of compounds that are investigated with DFT
calculations.
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" Effective soldiers require effective tools.”
Geoffrey Tolwyn
Wing Commander IV: The Price of Freedom

The availability of high-performance computer clusters require a well-defined and appropriate
high-throughput environment, that can also be adjusted easily, in order take full advantage of
the existing computational capabilities. This includes not only the subroutines for job submis-
sion, but also subroutines for job control as well as the ability to restart from a given point if
the calculation was interrupted. Further requirements for such a high-throughput environment
include the existence of a well-defined database of structure files and initial magnetic configu-
rations, if the calculation has to be performed spin-polarized, as input, as well as the ability to
choose the properties of interest, e.g. equilibrium volume, total energy, elastic constants etc.,
that need to be calculated and summarized in a compact way. Additionally required parameter
control the input parameter of the density functional theory package used for the calculations.
In the case of VASP, the parameter consist of the plane wave cutoff and the k-point density,
used as input for a built-in subroutine in order to compute the k-point mesh.

The high-throughput environment used at AMS is called strucscan and has been developed
by Prof. Ralf Drautz and Dr. Thomas Hammerschmidt. A schematic representation is given
in Fig. A.3. It comprises a database of structure files and corresponding initial magnetic
configurations, the required potentials for the different elements in the periodic table, a set
of csh/tcsh scripts and fortran code for job submission, control and evaluation, and a specific
machine file consisting of information for the job submission, e.g. queue, number of cores,
runtime, which are ordered by keyword. The scripts and fortran programs are kept as compact
as possible which has the advantage of easier modification and extension with additional tasks
and features.

The job creation is controlled by input files, which consist of information about the considered
chemical system, the required task, i.e. the properties of interest that need to be calculated,
and a list of structure files and corresponding initial magnetic configurations, if the calculations
have to be performed spin-polarized. Further entries control the VASP input parameter plane
wave cutoff and k-point density, as well as the xc functional that will be used for the specific
calculations, and a keyword controlling the submission parameter, i.e. name of the queue and
number of cores.

The information listed in the input file are passed to strucscan. In the first step, the required
subfolders are generated, using the information of the chemical system and the required task,
as well as by looping over the listed structure files, the plane wave cutoffs, the k-point densities
and the xc functionals. The subfolders will contain the job control files for VASP, including
also the potential and the structure file. In the next step, the corresponding submission script
is generated, consisting of all required steps in order to calculate the required properties, as
determined by the task in the input file. After submission, the steps listed in the submission
script are evaluated, including copying the required files in the subfolder, adjusting the job
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Ak list of structure
xC & magnetic files
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csh/tcsh, fortran strucscan
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generate subfolder
pre-process required files
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fitting

extract required information

Y
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Figure A.3.: Schematic representation of the high-throughput environment strucscan. The
environment comprises a database of structure files, initial magnetic configura-
tions and potentials, as provided by VASP, a set of csh/tcsh scripts and fortran
programs for job preparation, submission and evaluation, and a machine config-
uration file required for job start parameter. Input files for strucscan pass the
chemical system, the task, a list of structure files and initial magnetic configura-
tions, if spin-polarized calculations are required, and a set of required parameter
for VASP. Determined by the task, the sequence of required calculations is listed in
the submission script, and the required input files for VASP are copied into the cor-
responding subfolders. After successful completion of the calculations performed
by VASP, the results are evaluated and summarized.
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control parameters, starting the calculation, checking for successful completion of the calcu-
lation, post-processing the data, i.e. zipping required files while deleting unnecessary ones,
listing achieved steps in a separate file which is used as restart point if the calculation has
been interrupted or exceeded the allowed runtime, usage of fitting subroutines if necessary,
and summarizing the final results in separate files.

Already built-in tasks for ordered structures include the calculation of the equilibrium volume,
total energies and the bulk modulus of given structures via the calculation of the E(V') curve
and corresponding fits to second- and fourth order polynomials, as well as the Rose-Vinet and
Birch-Murnaghan equation of state. The author of this thesis included subroutines to calcu-
late the elastic constants and extended strucscan with the defect and transformation task.
Elastic constants for given structures are calculated either from stress-strain or energy-strain
relationships, with or without additional ionic relaxation after application of the strain tensor.
For defect structures, the input task controls predominantly the relaxation condition, including
a fixed calculation, ionic, volume and full relaxation, respectively. Additional parameter con-
trol the determination of the local magnetic moment for magnetic systems. Furthermore, the
transformation task uses an input structures together with a range for the variation of two axis
of the structure, allowing to determine the energy surface associated with the deformation of
a given structure, e.g. the Bain path.
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A.4. Convergence Tests & Exchange Correlation Functional

The first task before starting a serious investigation of a system comprises convergence tests for
the constituent elements, finding parameter for both the plane wave cutoff and the resolution
of the k-point mesh that yield converged total energies below a certain threshold, usually 1-
2meV /atom. For the considered elements in the investigation, we calculated the total energies
for bec, fcc, sc and the diamond structure and used the energy differences between two different
structures at the same plane wave cutoff and k-point density, thus constructing the mesh, as
convergence criterion. The four structures represent different bonding situations: bcc and fcc
are closely packed and important for transition metals, the diamond structure is usually found
in the p-block of the periodic table, e.g. carbon or silicon, and sc is added because it is the
simplest possible unit cell. All four structures have also the advantage of being cubic, thus
e.g. the c/a ratio does not enter as additional degree of freedom.

For all considered elements, we first started the convergence test for the k-point density while
keeping the plane wave cutoff fixed, and use approximately double the suggested value for
the plane wave cutoff as listed in the corresponding pseudopotential provided by VASP. We
then check the convergence of the energy differences with respect to k-point density, and the
final k-point density leading to converged values is defined by the worst case, i.e. the energy
difference between two structures that require the finest mesh. Using the observed k-point
density as input, we repeat the test for varying plane wave cutoffs, and the final value is again
determined by the worst case, i.e. the largest plane wave cutoffs needed to yield converged
energy differences for all combinations.

The convergence tests for iron, boron, carbon, nitrogen, oxygen and hydrogen are shown in
Fig. A.4 for the PBE and in Fig. A.5 for LDA. The right panel shows the results for varying
k-point densities at fixed plane wave cutoff, as described previously, and the left panel shows
the results for varying plane wave cutoffs with the k-point density that yields converged total
energy differences. In general, the different xc functionals have a negligible impact on the
values for the plane wave cutoff and the k-point density that yield converged total energies.
The convergence test of iron is presented for the nonmagnetic case. As the calculations for
iron have been performed spin-polarized throughout the study, we also checked the influence of
magnetism on the convergence test. We noticed larger variations in the total energies at very
low k-point densities and plane wave cutoffs due to oscillations between low-spin and high-
spin states, especially for fcc. Regarding the values that yield converged total energies, the
additional inclusion of magnetism showed no influence of the plane wave cutoff, but required
a small increment of the k-point density to 0.022 A~

Additional convergence tests for the elements aluminum, silicon, phosphorus and sulfur are
shown in Fig. A.6 only for PBE. The left panel shows again the variation of the k-point density
at fixed plane wave cutoff, and the right panel shows the result for varying plane wave cutoffs
at the k-point density that yield converged total energies.

In all cases, the found values for the plane wave cutoffs were smaller than the double of the
suggested value as listed in the pseudopotential, which were used as input for the first part of
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Figure A.4.: Convergence tests of k-point density (left panel) and plane wave cutoff (right
panel) for Fe/B/C/N/O/H for PBE.
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Figure A.5.: Convergence tests of k-point density (left panel) and plane wave cutoff (right
panel) for Fe/B/C/N/O/H for LDA.
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Figure A.6.: Convergence tests of k-point density (left panel) and plane wave cutoff (right
panel) for Al/Si/P/S for PBE.

the convergence test, in order to find the k-point density that yields converged results.

Regarding the xc functional describing the exchange and correlation, we used throughout the
study the formulation by Perdew, Burke and Ernzerhof [220]. This functional belongs to the
family of GGAs that usually exhibit a better description of bulk properties compared to LDA.
In the case of iron, the usage of the PBE functional also ensures that the ground state of iron
is represented by ferromagnetic bcc, while LDA fails and predicts nonmagnetic hcp as ground
state of iron [241], see Fig. A.7.

In the case of iron, LDA predicts nonmagnetic hcp as ground state structure. Additional spin-
polarized calculations of hcp with initially ferromagnetic and anti-ferromagnetic configurations
yield negligible magnetic moments, thus these energy-volume curves lie on top of each other.
The same behavior is found for fcc. All spin-polarized calculations with initially non-zero
magnetic moments yield negligible magnetic moments after convergence of the electron density.
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Figure A.7.: Crystal structures of bcc, fcc and hep (upper panel). Total energies for the crystal
structures with varying initial magnetic configurations for LDA and PBE.

In the case of bcc, the favored magnetic alignment is represented by the ferromagnetic case,
with the other configurations having a higher total energy. For PBE, the ground state of iron
is represented by bcc with a ferromagnetic configuration, in agreement with experiment. hcp,
the phase of iron appearing a high pressures and ambient temperatures, is energetically above
ferromagnetic bcc. The high-temperature phase fcc is energetically above the hcp phase, with
the double-layer anti-ferromagnetic configuration being the favorite configuration. In the case
of PBE, the different initial magnetic moments yield usually results with non-zero magnetic
moments, unlike LDA. However, this behavior is not expected to be solely determined by the
xc functional, as in the case of the PBE functional VASP employs the interpolation by Vosko
et al. [425] for the correlation part of the xc functional. This usually results in larger magnetic
moments.
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Table A.1 summarizes the results of the investigation of phase stability in the Fe-B system. The
considered crystal structures are listed with Pearson symbol, the name of the prototype, the
Strukturbericht designation if known, and the composition. The volume and energy per atom
and the bulk modulus have been calculated with DFT. Some crystal structures have different
prototypes, but virtually identical values for the volume, energy and bulk modulus. This is
due to close geometrical relationships between some crystal structures, which relax towards
the same structure if calculated in the Fe-B system. Structures denoted with an asterisk have
been identified by the MAISE module [307].

Pearson Prototype  Struktur-  Fe:B V (A3/atom) E (eV/atom) B (GPa)

Symbol bericht
tl18 NbNig - 8:1 10.856 -8.1923 154.81
hP6 CaCus D24 5:1 11.831 -7.3405 168.72
0520 PtSny D1, 5:1 10.714 -8.0429 168.32
cP5 Fe,C - 4:1 11.815 -7.5375 136.01
hP20 WBy - 4:1 11.926 -7.2515 132.37
mS10 MnBy - 4:1 10.523 -7.6325 217.04
ol10 CrBy - 4:1 11.164 -7.3281 172.33
oP10 FeB4* - 4:1 11.167 -7.5405 177.38
oP20 MgB4 - 4:1 10.863 -8.0408 174.86
t110 MoNiy D1, 4:1 9.288 -8.1421 290.22
cF116  Cro3Cs D84 23:6 10.344 -8.2643 214.91
cP4 aReO3 D0y 31 14.320 -7.3313 124.95
cP4 AuCus L1, 31 10.054 -7.9019 199.46
hP8 NasAs D01g 31 10.190 -8.0048 211.18
hP8 Ni3Sn D019 31 9.600 -7.9209 192.24
hP8 FesN - 31 10.557 -7.9840 184.05
hP8 ReBs - 31 10.352 -7.5535 216.96
hR8 Bils D05 3:1 10.369 -7.9683 180.68
mP8 FeBs* - 31 10.555 -7.9983 175.07
oP8 BCusTi DO, 31 9.409 -7.9018 198.23
oP16 FesC D011 31 9.861 -8.2298 194.21
0S16 ResB - 3:1 9.798 -8.2284 196.89
t16 AlsZr D023 31 9.828 -7.8842 170.38
tl16 SiUs DO 3:1 9.533 -7.9343 193.22
tl16 Ir3Si DO’ 31 10.062 -7.9027 202.54
t132 NizP - 31 9.654 -8.2254 221.73
tP4 CuTis L6g 31 10.052 -7.9025 203.52
mS28 Mn5Co - 5:2 9.680 -8.1825 216.66
hP20 ThrFes - 7:3 9.453 -8.1640 217.64
oP40 Cr;Cs D10, 7:3 9.526 -8.1697 226.76
cF12 CaF, C1 2:1 10.137 -7.9379 202.86
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CrSi2
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C15
C3
C32
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C22
C40
C14

C36
C34
C54
C18
C35
C23
C25
C37
C21
C46
C24
L'2
C5

C16

D53

C33

2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
5:3
5:3
3:2
3:2
3:2
3:2
3:2
3:2
11:8
4:3
4:3
4:3
54

11.075
13.013
9.537
9.0901
10.373
9.343
9.208
9.510
12.085
10.429
12.153
9.992
9.529
8.569
10.099
10.100
10.141
9.296
10.014
9.296
9.832
10.141
10.004
8.579
9.954
10.137
10.008
9.039
10.166
9.621
10.543
8.907
8.717
9.970
8.681
9.602
9.429
8.762
9.033
8.711
9.979
8.669
8.602
8.930

-6.7783
-6.8186
-7.2950
-7.8694
-7.5380
-8.0496
-8.1088
-7.7277
-7.0106
-7.5957
-7.0126
-7.8741
-7.7612
-7.9578
-7.9115
-7.9112
-7.9367
-8.1187
-7.8837
-8.1187
-7.8264
-7.8525
-7.8442
-7.9581
-7.8669
-7.9379
-7.7981
-8.1775
-7.7910
-7.7057
-7.8322
-8.0965
-7.7976
-7.7520
-7.8267
-7.7188
-7.6523
-8.0358
-7.7816
-7.9956
-7.5345
-7.8197
-8.0259
-7.8026

151.00
114.86
347.40
164.89
211.82
201.34
244.15
181.33
85.19
194.82
84.01
179.23
167.96
297.09
187.37
186.39
190.60
221.24
181.23
221.42
158.01
170.33
168.40
297.88
178.36
202.93
136.06
219.16
189.08
114.97
176.48
233.87
240.85
185.48
275.66
183.18
183.26
213.66
200.26
220.82
197.41
231.79
261.10
245.05
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t118 TisTey - 5:4 9.371 -7.5408 157.05
0522 V5Bsg - 6:5 8.566 -7.8090 219.99
hR13 FerWg D8; 7:6 9.716 -7.0692 136.38
cF8 NaCl Bl 1:1 8.595 -7.4578 248.75
cF8 ZnS B3 1:1 10.352 -7.5535 216.96
cF16 NaTl B32 1:1 8.395 -7.0311 263.09
cll6 CoU B. 1:1 7.698 -7.6679 303.07
cP2 CsCl B2 1:1 9.680 -8.1825 216.66
cP6 NbO - 1:1 9.702 -7.1355 207.20
cP8 FeSi B20 1:1 8.081 -7.6583 275.67
hP2 WC Bh 1:1 8.209 -7.7452 291.76
hP4 ZnS B4 1:1 10.863 -8.0408 174.86
hP4 NiAs B8 1:1 8.246 -7.7228 297.78
hP4 BN B12 1:1 8.247 -7.7227 297.06
hP8 AsTi B; 1:1 8.567 -7.6865 236.95
hR32 CuPt L1y 1:1 8.278 -7.4734 354.07
mP4 NiTi - 1:1 7.698 -7.6684 307.75
oF8 TIF B24 1:1 8.594 -7.4577 248.37
oP4 CuTe - 1:1 8.422 -7.5306 223.44
oP8 CoAs - 1:1 8.249 -7.7228 292.74
oP8 FeB B27 1:1 7.979 -7.9408 281.88
oP8 MnP B31 1:1 8.329 -7.6119 262.52
0S8 T B33 1:1 8.042 -7.9411 247.96
0S8 IrV - 1:1 7.695 -7.6685 309.65
t18 NbP - 1:1 8.329 -7.4280 198.26
tl16 SeTl B37 1:1 7.698 -7.6680 299.50
tl16 MoB Bg 1:1 8.043 -7.9470 282.31
tP2 AuCu L1 1:1 7.696 -7.6682 310.00
tP4 PbO B10 1:1 7.694 -7.6685 308.52
tP4 ~CuTi B11 1:1 7.915 -7.5972 283.66
hR13 FerWe D85 6:7 7.715 -7.4820 285.26
0522 V5B - 5:6 7.885 -7.7862 258.18
tl18 TisTey - 4:5 8.120 -7.4640 213.75
hP18 RhsB4 - 4:5 8.112 -7.6289 271.66
oP28 NiyBs - 3:4 7.998 -7.5304 240.13
ol14 TazBy - 3:4 7.772 -7.7022 262.90
t128 Mn30O4 - 3:4 10.127 -6.6265 181.03
oP38 Rui1Bsg - 8:11 8.458 -7.4515 215.42
0520 V3B3 - 2:3 7.659 -7.5886 252.50
tP10 SigUs D5, 2:3 8.027 -7.4001 256.12
hR5 NisSa D5, 2:3 9.219 -7.1476 208.24
hR5 BixTes C33 2:3 7.924 -7.0298 268.73
hP10 RusB3 - 2:3 7.900 -7.6301 274.35
cl80 Mn2O3 D53 2:3 8.370 -7.2583 239.62
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0S16
tl32
tP6
tl24
tl12
tl12
tl12
tl6
0S12
0S12
oP24
oP24
oP12
oP12
oP12
oP12
oP6
oP6
oP6
ol6
oF24
mS6
hP24
hP18
hP12
hP9
hP9
hP9
hP6
hP6
hP3
cP6
cF24
cF12
oP40
hP20
mS28
tP4
tl32
tl16
tl16
t16
0S16
oP16
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Pt5Gas
CI’5Bg
TiOy
GagHf
FEQB
CuAl;
TiOo
ThH»
HgBro
AUQV
AuTeg
TiOg
FeBQ*
COQSi
HgCly
PbCl,
RUBQ
CaClg
FeSo
ReSiz
TiSia
AuTeg
MgNiQ
Mg2N|
MgZno
CI’SiQ
FGQP
nAgZn
Re82
|nNi2
AlB,
Ag20
CusMg
CaFQ
CF7C3
Th7F€3
Mn5C2
CUTig
NisP
|I’35i
SiU3
Al3Zr
RegB
Fe3C

ca

C16
C5
L'2

C24

C46

C21

C37

C25

C23

C35

C18

Ch4

C34
C36

C14
C40
C22

B82
C32
C3
C15
C1
D10,

L6
DO’
DO

D023

D014

3:5
3:5
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
1:2
3.7
3.7
2:5
1:3
1:3
1:3
1:3
1:3
1:3
1:3

7.364
7.348

10.163

7.413
8.471
8.470
9.011
8.415
7.976
7.047
7.286
7.748
7.222
7.200
7.778
7.231
7.694
7.652
8.149
7.047
7.080
7.263
7.379
7.654
6.884
7.056
7.616
7.386
7.654
7.258
7.263

12.880

6.891
8.430
7.339
7.919
7.852
6.761
7.362
7.228
6.762
7.135
7.398
7.526

-7.2362
-7.2898
-6.4382
-7.2473
-7.0714
-7.0715
-6.5384
-6.8250
-7.2887
-7.2740
-7.3352
-7.3992
-7.5700
-7.3207
-7.3403
-7.4287
-7.5374
-7.3663
-6.9388
-7.2738
-7.4127
-7.3211
-7.1745
-7.4171
-7.0919
-7.3857
-6.9015
-7.3346
-7.5393
-6.7749
-7.3210
-5.8392
-7.0836
-6.8203
-7.2373
-6.9998
-7.0675
-6.6782
-6.9952
-6.9666
-6.6780
-6.9302
-7.0055
-7.1107

310.33
257.39
176.47
277.23
242.84
244.83
131.61
244.67
201.62
326.09
268.48
214.90
307.07
275.29
273.84
305.58
272.58
282.32
232.76
324.11
235.09
257.98
235.42
281.91
309.03
324.26
268.95
216.80
275.80
240.84
256.36
117.53
318.88
244.80
288.41
203.31
233.65
322.05
239.18
236.16
318.90
248.79
245.08
246.59



A.5. List of Binary Compounds

oP8 BCugTi DO, 1:3 6.911 -6.8731 235.51
mP38 FeBs* - 1:3 7.300 -7.3250 272.49
hR8 Bils DO0s 1:3 7.966 -7.0314 205.95
hP8 ReB3 - 1:3 6.922 -6.6879 276.22
hP8 FesN - 1:3 7.925 -6.4696 213.12
hP8 NisSn D019 1:3 6.756 -6.8128 294.27
hP8 NasAs D0;g 1:3 7.371 -6.8136 279.91
cP4 AuCus L1, 1:3 6.754 -6.6779 318.53
cP4 aReO3 D0y 1:3 12.841 -6.1361 130.13
cF116 Cra3Cs D84 6:23 7.630 -6.7028 227 .47
tl10 MoNiy D1, 1:4 6.581 -6.6425 287.82
oP20 MgB4 - 1:4 7.932 -6.8567 160.46
oP10 FeB4* - 1:4 7.189 -7.2029 265.29
ol10 CrBy - 1:4 7.301 -7.1766 265.40
mS10 MnB4 - 1:4 7.312 -7.1754 273.69
hP20 WB, - 1:4 7.203 -6.7478 317.50
cP5 Fe C - 1:4 8.568 -5.8690 174.44
0520 PtSny D1, 1:5 7.289 -6.7485 256.70
hP6 CaCus D24 1:5 6.583 -6.1002 254.09
tl18 NbNig - 1:8 6.435 -5.8416 211.15

Table A.1.: List of binary compounds considered in the investigation of phase stability in the
Fe-B system. We list the Pearson symbol, prototype, Strukturbericht designation
if known, composition, volume and energy per atom and bulk modulus. Structures
with an asterisk have been identified by the MAISE module [307].
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A.6. Nudged Elastic Band Method

The nudged elastic band (NEB) method is an approach to determine the minimum energy path
(MEP) that links two local minima on the potential energy surface. Any point on the path
defined by the MEP represents the energy minimum on the plane perpendicular to the path.
Thus, with respect to the energy barrier linking the two local minima, the approach yields
the minimum energy required to allow the transition from one local minimum to another, the
saddle point. Concrete examples for such an energy barrier are the activation energy required
for diffusion, where a point defect migrates from its position in the host matrix to an adjacent
one, or the energy required to induce a phase transformation.

In this context, the local minimum on the po-
tential energy surface is represented by a sta-
ble state, and the energy barrier on the MEP
is the minimum energy required to induce the
transition between both stable states. For
clarification, the stable state does not nec-
essary include the requirement of being en-
ergetically the most stable one, but requires
to be stable with respect to small distortions,
i.e. the slightly distorted state relaxes to-
wards the stable one.

The NEB method is referred to as chain-
of-states method, where the two local min-
ima, representing an initial and final state,
are linked by a series of images to represent
the pathway between both states. The NEB
Figure A.8.. 'I;he nudged elastic band force images are linked by spring forces to ensure
FiNEB comprises of the spring an equal distance between two adjacent im-
force F’is” parallel and the poten- ages. Usually, the images are constructed by
tial force ﬁii perpendicular to the simple linear interpolation of the atomic co-
tangent (from Ref. [383]). ordinates of the initial and final state. How-
ever, in some cases a different scheme might

yield a better initial guess of the path, e.g. when rotation occurs.

The setup of the images provides only a initial guess of the pathway. The converge of the
pathway towards the MEP is achieved with a force projection scheme during the actual compu-
tation. The total force on each image is represented by the potential force acting perpendicular
to the band and the spring forces acting parallel to the band (Fig. A.8). The tangent required
for the projections is defined as the unit vector to the neighboring image with higher energy.
The usage of the force projection scheme represents an improvement compared to the elastic
band method. The perpendicular part of the spring force and parallel part of the potential force
are not considered which lead in elastic band calculation to an overestimation of the saddle
point energy and a reduction of the path resolution in the area of the saddle point. Upon
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convergence of the images towards the MEP, the saddle point can be identified. However, due
to the limited number of images usually used, the resolution might be too coarse to clearly
identify the saddle point. In these cases, the climbing-image NEB (CI-NEB) method can be
used, where no spring force is acting on the image with highest energy, and a reflection of the
force along the tangent ensures the climbing of the image towards the saddle point.

The MEP is often visualized using the energy difference with respect to the initial state vs.
the reaction coordinate. The latter is defined as sum of the differences between two adjacent
images. Referring to the initial state as zeroth image, the reaction coordinate is for image m
is defined as

m m N 3
dym = Zdlq,l = Z
=1 =

=1 \ i=1j

2
(:c%j - a:}J_1> , (A.2)

1

where N represents the number of atoms in the system and :U}j represents the jth component
of the atomic position of atom i in image I. The reaction coordinate is given in A.
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A.7. Calculation of Elastic Constants

A.7.1. Theoretical Background

The elastic constants represent a mechanical property of a crystal describing the stiffness
against externally applied strain €. According to Hooke's Law, for small deformations the
energy of the crystal has a quadratically dependency on the strain, with the elastic constants
cijil as pre-factor.

Deformation of a given Bravais lattice results in the displacement of a given point &, whereas
the new position 4 is given by

3 3

Ou;
Uy = Z ai:pj.rj = Zeijxj. (A3)
Jj=1 J

1

eij is rewritten in the form

1 1
€ = 5 (€5 + e55) + 5 (eij — &) (A.4)
= €j T Wi

whereas ¢;; is called the strain tensor and wj; is called the rotation tensor. The usage of the
Voigt notation, taking into account the symmetry of the strain tensor, reduces the indexes to
zr — 1, yy — 2, zz — 3, yz = 4, xz — 5 and zy — 6, which leads to

€1 €6/2 €5/2
e=|e/2 e e/ (A.5)

65/2 64/2 €3

A Taylor expansion of the total energy with respect to the components of the strain tensor
yields

6 6
EWV{a) =E(WV)+VY o+ g S Cyeie; + Ol (A6)
i=1

3,j=1
with the second-order elastic constants

O — 1 O?E (V, {en})
Vv 0€;0¢;

(A7)
e=0

and the volume V corresponds to the equilibrium volume of the unstrained crystal.

The total number of independent elastic constants Cj; is 21. However, the symmetry of the
Bravais lattice reduces the number of the independent elastic constants. Cubic cells have only
three independent elastic constants (Cy1, Ci2, Cy4), tetragonal ones have six (C1, Ci2, Ci3,
033, 044, 066): orthorhombic ones nine (CH, 012, Clg, 022, 023, 033, 044, 055, 066) and
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hexagonal ones five (C11, Ci2, C13, C33, Cyq). Monoclinic unit cells have 13 and triclinic ones
have 21 independent elastic constants.

The application of a given set of independent strains leads to the determination of the elastic
constants. The number of required independent strains is equal to the number of independent
elastic constants, as determined by the given Bravais lattice. The strains ¢; can be individually
defined, e.g. in order to make use of the specific symmetry of the supercell or to conserve the
volume of the supercell. For the latter, the ¢ have to fulfill a specific requirement. Application
of the strains tensor € transforms the primitive vectors d@; of the unstrained lattice into the new

primitive vectors gi of the strained lattice via

by ay
by | =|a| (L+¢ (A.8)

bs a3

The conservation of the volume requires that
[1+¢f 21 (A.9)

which leads to

[2]\V]

€

1 2 2
(1 + 61) (1 + 62) (1 + 63) + 1646566 — (1 + 61) 654 — (1 + 62) 655 — (1 + 63) ; 1 (A.lO)

v

The used set of strains used throughout the investigation and the corresponding change in the
energy are summarized in Tab. A.2 for cubic cells, Tab. A.3 for tetragonal ones, Tab. A.4 for
orthorhombic ones and in Tab. A.5 for hexagonal unit cells. The set of strains for the cubic
and tetragonal cell follow the procedure described in Refs. [426,427].

strain € E5
1 €1 = (5, €9 = —5, €3 = (52/<1 + (52) V(CH — 012)52
2 €3 =102/(4—6%),66 =16 VCyy/2
3 €1 =€ =€3=20 3V(Ci + 2012)(52/2

Table A.2.: Applied parametrized strains to determine the three independent elastic constants
for the cubic unit cell. Unlisted ¢; in the second column are identical to zero.

For the cubic Bravais lattice, the set of strains (Tab. A.2) consist of a volume conserving
orthorhombic and monoclinic strain in order to determine a linear combination of C; and
C1a, and Cyy, respectively. The last strain is represented by a hydrostatic strain, which does
not conserve the volume of the unit cell.

The set of strains for the tetragonal Bravais lattice (Tab. A.3) consist of two non-volume
conserving tetragonal strains for the determination of the linear combination of C'; and (i,
and Cl3, respectively (strain 1 and 3), but require |d@;| = |d2| # |d3|. The set is completed with
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strain € FEy

1 €1=¢€3=90 V(Cn + 012)52

2 €1 =¢€=20 V(C1y + Cra + 2C33 — 4C13)62
€3 = — (02 +20) /(1 +6)?

3 €3 — ) V03352/2

4 €1 = (1 + 5)/(1 — (5) -1 V(CH — 022)52
&= /1 =8)/(1406) -1

5 €3 = 62/2 V402

€41=¢€5 =20
6 61:622\/1+52/4—1 VC66(52/2
€ =20

Table A.3.: Applied parametrized strains to determine the six independent elastic constants for
the tetragonal unit cell. Unlisted ¢; in the second column are identical to zero.

two additional volume conserving strains (strain 2 and 4), the former leading to a tetragonal
distortion and the latter to an orthorhombic one. The remaining elastic constants Cy4 and
Cge are obtained via two volume conserving monoclinic strains.

strain €i Es

1 €e1=0,6a=—0/(1+06) V(C11+ Coy —2C12)6%/2
2 €1 = 0,63 = *5/(1 + 5) V(Cll + Cs33 — 2013)52/2
3 €9 = 0,63 = —(5/(1 + 5) V(CQQ + C33 — 2023)(52/2
4 €1 = ) V01152/2

5 € =20 V(9202 /2

6 €3 =20 V3362 /2

7 €3 — 52/2, €4 — €5 = 1) V(C44 + 055)52/2

8 €a=02/2,e4=¢€5=10 V(Cua + Co6)0? /2

9 €1 = 52/2, €5 =€ =20 V(C55 + 066)52/2

Table A.4.: Applied parametrized strains to determine the nine independent elastic constants
for the orthorhombic unit cell. Unlisted ¢; in the second column are identical to
zero.

The set of strains for the orthorhombic Bravais lattice (Tab. A.4) consists of three volume
conserving orthorhombic strains, three non-volume conserving strains and additionally three
volume conserving monoclinic strains.

Strains 1, 2 and 4 in the set of strains for the hexagonal Bravais lattice (Tab. A.5) make use
of the given symmetry of the Bravais lattice, while strain 3 and 5 leads to distortion of the
Bravais lattice. Only strains 1,3 and 5 are volume conserving in this case.
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strain € FEy
1 €1 = €3 = 0,63 = —((52 + 25)/(1 + 5)2 V(Cn + Cia +2C33 — 4C13)52
2 €1 =€ =290 V(Cll + 012)52
3 €1 =0,ea=—0/(1+9) V(C1y — C12)d?
4 €3 — ) V03352/2
5 €3 =0%/2,e4 =106 V14622

Table A.5.: Applied parametrized strains to determine the five independent elastic constants
for the hexagonal unit cell. Unlisted ¢; in the second column are identical to zero.

A.7.2. Convergence Test for Elastic Constants

Calculations of elastic constants are more demanding with respect to plane wave cutoff and
the k-point mesh. This is due to the required distortions of the underlying Bravais lattice, that
cause a change of the symmetry of the Bravais lattice and therefore the number of k-points in
the irreducible Brillouin zone, and the dependence of the elastic constants on the total energy
of the distorted Bravais lattice. Thus, we performed convergence tests of the elastic constants
for iron in the ferromagnetic bcc structure, as among the elements that have been considered
in the calculation of the elastic constants iron represents the most demanding element with
respect to plane wave cutoff and required fineness of the k-point mesh.

The applied procedure is similar to the one described in Sec. A.4 in the appendix, except
that the three independent elastic constants C11, Ci2 and Cyy are used instead of the total
energy difference as convergence criteria. The plane wave cutoff and k-point density for iron as
found in the convergence test with respect to total energy differences were used as minimum
values, in order to ensure the convergence with respect to total energy. The convergence

T T T T T T T T T T T T T T
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o 285 ™ a Ecutoft = 650 €V S
[©] L ‘~ RN 1 L Ao Ao Rt Ny — A S
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3 N T U Ak =0.018 A7 ©
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Figure A.9.: Convergence tests with respect to (a) k-point density and (b) plane wave cutoff
for elastic constants of ferromagnetic bcc iron.
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tests for varying k-point mesh at fixed plane wave cutoff (Fig. A.9(a)) and varying plane wave
cutoff at fixed k-point mesh (Fig. A.9(b)) from the previous test yield convergence of the
three independent elastic constants within 1% at a plane wave cutoff of E.; = 525¢eV and a
k-point density of Ak = 0.018 A=1. These values were used throughout the investigation for
the calculation of elastic constants.
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